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RESUMEN 

 

Los virus son a menudo patógenos virulentos de las plantas, y éstas han 

desarrollado mecanismos defensivos que evitan o minimizan los efectos negativos 

de las infecciones virales. Las principales defensas de las plantas a los parásitos son 

la resistencia y la tolerancia. La resistencia es la capacidad del huésped de reducir la 

multiplicación del parásito, mientras que la tolerancia es la capacidad del huésped 

de reducir los efectos negativos de la infección en su eficacia biológica. Mientras la 

resistencia de las plantas a los virus ha recibido gran atención por parte de la 

investigación, poco se sabe de la tolerancia a los virus.  

En esta tesis hemos querido entender los mecanismos de tolerancia de 

Arabidopsis thaliana (L.) Heynh (Arabidopsis) al virus del mosaic del pepino, 

Cucumber mosaic virus (CMV). En primer lugar hemos analizado la especificidad de 

las defensas de Arabidopsis a virus. Para ello se infectaron seis genotipos silvestres 

de Arabidopsis con cinco virus que difieren en la estructura y expresión de sus 

genomas, gama de huéspedes y forma de transmisión. Sólo se observó una 

tolerancia efectiva ante CMV, y los resultados demostraron que los genotipos 

tolerantes redujeron el impacto de la infección en la producción de semillas 

reprogramando su desarrollo y dedicando una cantidad proporcionalmente mayor de 

recursos a reproducción que a crecimiento, en comparación con las plantas no 

infectadas.  La mutliplicación de los virus varió según la interacción virus x genotipo 

de huésped. Los resultados indican que la tolerancia efectiva es una respuesta de 

Arabidopsis específica de virus.  

El análisis de los determinantes genéticos de tolerancia a CMV en 

Arabidopsis había identificado tres loci de caracteres cuantitativos que se 

localizaban con tres genes represores de la floración FLOWERING LOCUS C (FLC), 

FRIGIDA (FRI) y Homeotic Agamous pathway gene (HUA2). Por tanto hemos 
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analizado el papel de los genes de floración en la tolerancia a CMV. Para ello se han 

infectado con CMV distintos genotipos de Arabidopsis con alelos funcionales o no 

funcionales de FLC, FRI or HUA2 en el contexto genético de Landsberg erecta o de 

Columbia. Los datos mostraron que la expresión de tolerancia requiere alta 

expresión de alelos funcionales de FLC, lo que se asocia con el aumento del periodo 

de crecimiento vegetativo y una mayor longevidad. El análisis de distintos alelos de 

FLC que difieren en cuanto a su capacidad de regular el tiempo de floración mostró 

que el efecto de FLC en tolerancia parece depender de una vía distinta que la 

represión de la floración.  

Por ultimo se ha cuantificado el nivel y el patrón de expresión de dos 

represores y dos promotores principales de la floración en los genotipos Landsberg 

erecta, no tolerante, y Llagostera, tolerante, a distintos tiempos tras la infección por 

CMV. Los resultados indican que tras la infección por CMV el genotipo tolerante se 

aumenta y retrasa la expresión de los represores de la floración, mientras lo 

contrario ocurre con los promotores.  

Este trabajo proporciona nueva evidencia de las relaciones entre vías de 

defensa a patógenos y de floración, un área de investigación poco explorada. Un 

mayor conocimiento de la relación entre floración y defensa es relevante para el 

desarrollo de nuevas estrategias que disminuyan el impacto de las infecciones 

virales en las plantas.  
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     ABSTRACT 

 

Viruses are often virulent parasites of plants. Plants have developed mechanisms to 

prevent or minimise the negative effects of virus infection. Resistance and tolerance 

are the two main plant defenses to parasites. Resistance is the ability of the host to 

limit the multiplication of the parasite within the host and tolerance is the ability of the 

host to diminish the negative impact of parasite infection on its fitness. Although 

resistance to plant viruses has been extensively studied, tolerance to plant viruses 

has received much less attention. 

In this thesis, we attempted to deduce the mechanism of tolerance to 

Cucumber mosaic virus (CMV) in Arabidopsis thaliana (L.) Heynh (Arabidopsis). 

Firstly, we analysed the specificity of defense responses to viral infections in 

Arabidopsis. To address this, we challenged six Arabidopsis wild genotypes with five 

viruses with different genomic structures, gene expression, host range and 

transmission modes. Effective tolerance was observed only upon CMV infection, and 

analyses showed that tolerant genotypes reduced the impact of infection on seed 

production by reprogramming their development and reallocating proportionally more 

resources to reproduction than to growth, as compared to non-infected plants. Virus 

multiplication varied according to the virus x host genotype interaction. Our results 

indicated that effective tolerance is a virus- specific defense response in Arabidopsis.  

While characterizing the genetic determinants of tolerance to CMV, the major 

quantitative trait loci co-mapped with three flowering repressor genes, FLOWERING 

LOCUS C (FLC), FRIGIDA (FRI) and Homeotic Agamous pathway gene (HUA2). 

Therefore, we analysed the role of flowering genes in the tolerance of Arabidopsis to 

CMV. To address this, we challenged genotypes of Arabidopsis, carrying functional 

or non-functional FLC, FRI or HUA2 alleles in the Landsberg erecta or Columbia 

background, with CMV. Analyses showed that the expression of genotype- specific 
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tolerance required a high FLC expression of a functional FLC allele and was 

associated with an increase in vegetative growth period and a longer lifespan. 

Furthermore, an analysis of different functional alleles of FLC in terms of efficacy of 

flowering time regulation showed that the effect of FLC in tolerance appeared to be 

from a different pathway than flowering repressing pathway. 

Lastly, we monitored the level and pattern of flowering gene expression of two 

major flowering promotors and repressors in a time-course experiment in non-

tolerant Landsberg erecta and tolerant Llagostera genotypes. Results suggested 

CMV infection indeed modulated the gene expression of flowering regulators during 

Arabidopsis development, so that in the tolerant genotype flowering repressor 

expression was both enhanced and delayed, with the opposite effects in flowering 

promoters. 

Our study elucidates novel evidences of links between defense pathways and 

flowering gene pathways. This is an under-pursued area and evidences in plant 

pathogenic interactions linking biotic stress and flowering gene pathways are very 

limited. An enhanced understanding of these processes and the link between them is 

relevant in future to strategize for avoiding pathogen- induced yield penalties in 

plants. 
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INTRODUCTION 

I. INTRODUCTION 

1.1 Viruses as plant parasites 

The majority of species on Earth are parasites (Thompson, 1994; Windsor, 1998; 

Poulin, 2014) and exploit all the free living taxa. It has been recognized that there are 

four parasites to every free living host (May, 1992). Parasitism involves an intimate 

contact between the host and the parasite along with the existence of a nutritional 

dependency of the parasite on the host. Based on the mode of parasitism and its 

effect on host, parasites could be categorized as biotrophs, parasites that derive 

nutrition from a living host cell, and necrotrophs, parasites that derive nutrition from 

dead cells and typically kill the host cells (D’Arcy et al., 2001). In plant-parasite 

interactions, not all parasites are able to cause an infection. The ability of the parasite 

to establish an infection is called infectivity. The ability of the parasite to interfere with 

one or more essential functions of the plant, thereby causing a disease, is called 

pathogenicity, a qualitative property. Virulence is defined as the disease severity or 

the negative effect of parasitism on the fitness of the host (Read, 1994; D’Arcy et al., 

2001). The evolution of virulence may determine important phenomena such as the 

emergence and re-emergence of pathogens and evolution of infectivity may help in 

determining host switches and host range expansion, and overcoming host 

resistance (Sacristán and García-Arenal, 2008). Moreover, pathogenicity and 

virulence evolution may also modulate the important role of pathogens in shaping 

ecosystem composition and dynamics (Read, 1994; Bull, 1994; Ebert and Hamilton, 

1996; Frank, 1996; Malmstrom et al., 2006; Berngruber et al., 2013). 

Viruses constitute a large section among all plant parasites; more than 1000 

different virus species and 40 viroid species infect crops (Agrios, 2005). Viruses may 

cause important losses in crops and play an important ecological role as modulators 

of the structural dynamics of host population and in the composition of  ecosystems 
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(Price, 1980; Anderson et al., 2004; Wren et al., 2006; Prendeville et al., 2014; 

Roossinck and García-Arenal, 2015; Fraile and GarcÍa-Arenal, 2016).   

The economic losses due to fungal and bacterial pathogens are well 

documented (Oerke and Dehne, 2004; Oerke, 2006); however the estimation of 

direct losses due to viral pathogens is often rendered difficult and unattributable on a 

global scale. This is due to several factors, especially because viral diseases are less 

conspicuous and lasts much longer leading to differences in loss assessment 

methodologies (Waterworth & Hadidi, 2005). In spite of these limitations, there have 

been various collections of losses-estimation data (Hull and Davies, 1992; 

Waterworth and Hadidi, 1998, 2005; Madden et al., 2007). It has been described that 

in the United Kingdom, crop losses jointly due to Barley yellow dwarf virus, Potato 

leafroll virus, Potato virus X, Potato virus Y and Beet yellows virus in their different 

host crops amount to 46 million to 111 million pounds annually (Hull and Davies, 

1992). In addition to annual losses, outbreaks or emergence of viral diseases is 

frequent and becomes an important economic factor in crop production. For example, 

since 1980s, a rapid emergence and geographical spread of Tomato spotted wilt 

virus has occurred and is widespread in many agricultural production areas on all 

continents mainly in warmer climatic zones, causing losses over 100 million of US 

dollars (Goldbach and Peters, 1994). In another example, previously identified 

vectors of Citrus tristeza virus (CTV), were not common in America but variation in 

CTV made the virus transmissible by Aphis gossypii (Costa and Grant, 1951; 

Wallace and Drake, 1951; Dickson et al., 1956) and in the 1940s CTV caused a loss 

of 30 million citrus trees in Brazil and Argentina. Epidemics followed in Florida in 

1951, Spain in 1956, Israel in 1970 and Venezuela in 1980s, causing losses of many 

millions of trees (reviewed in Moreno et al., 2008; Mahy and Van Regenmortel, 

2010). A new exceptionally severe CTV isolate outbreak was reported in Australia in 

1990 which posed a potential epidemic damage (Owen-Turner, 1990; Broadbent et 

al., 1992). 
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On the contrary, virus infection could also be advantageous for the host plant, 

for instance, Gibbs (1980) reported evidence of decreased herbivory on tymovirus- 

infected Kennedia rubicunda Vent. in Australia. Xu et al., (2008), described that virus 

infected plants showed an increase of tolerance to abiotic stress (drought) in 

comparison to uninfected controls. Hily et al., (2016) demonstrated that according to 

environmental conditions, plant viruses can be pleiotropic parasites along the 

antagonism–mutualism continuum. A three-way mutualistic symbiosis between plant-

fungus-virus is seen in the panic grass Dichanthelium lanuginosum, found in 

geothermal soils in Yellowstone National Park, USA, where it can grow at soil 

temperatures >50°C. The plant requires a fungal endophyte to survive at this 

temperature. In turn, the fungus requires a virus Curvularia thermal tolerance virus 

(CThTV), to confer this thermotolerance effect (Marquez et al., 2007). Hence, 

evidence suggests that effects of virus infection on plant fitness in natural 

ecosystems may vary largely according to the specific virus- host interaction and the 

environmental conditions. 

Pathogen infection often causes reduction of fitness of the hosts, and so 

hosts have developed various strategies to avoid or limit infection and to compensate 

for the costs of infection (Agnew et al., 2000). In plants, there are two major defense 

mechanisms: Resistance, which is the ability of the host to limit multiplication of 

parasite, and tolerance, which is the ability of the host to minimize the damage 

caused by parasite infection (Clarke, 1986). Host defenses may have a negative 

effect on parasite fitness. Hence, hosts and parasites may be modulators of the 

dynamics and genetic structure of each other’s populations, and hosts and 

pathogens may coevolve, defining coevolution as the process of reciprocal, adaptive 

genetic change in two or more species (Woolhouse et al., 2002). 
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1.2 Plant defenses against viruses 

The interaction between host plants and viruses may or may not lead to an initiation 

of infection. Unsuccessful or incompatible interactions are the ones that fail to 

establish an infection, and could be explained by immunity, which is defined as 

complete resistance of a plant to virus infection (reviewed by Bruening, 2006). If 

immunity occurs against all genotypes of a pathogen and in all genotypes of a 

particular plant species, the situation is referred to as non-host resistance  ( Fraser, 

1990; Palukaitis and Carr, 2008). On the other hand, successful or compatible 

interactions are the ones in which the host is not immune to the virus, and result into 

an infection. In this case, the host may respond with different defenses (Fraser, 

1990).  

1.2.1   Resistance 

According to its inheritance, resistance can be monogenic, i.e., determined by a 

single locus, or polygenic, determined by several loci. In polygenic resistance, 

resistance genes operate as quantitative trait loci (QTLs) and thus function additively 

in conferring resistance (Maule et al., 2007). 

 Most information on the mechanisms of resistance to viruses has been 

obtained from studies of interactions involving single dominant resistance (R) genes 

(de Ronde et al., 2014). The interaction of plants and viruses determined by R genes 

can be explained by the Gene- for- Gene (GFG) Model of host-parasite interaction, 

which was first proposed by Flor in 1955. Plant proteins encoded by resistance 

genes (R proteins) recognize corresponding proteins of the pathogen, encoded by 

avirulence genes (AVR). Recognition can be either through a direct R–AVR 

interaction or, more often, via multiprotein interactions, including AVR–host protein 

complexes, modified/unmodified host targets of AVR, and/or adapter proteins that 

mediate binding, stabilize, or localize R (Jones and Dangl, 2006; McDowell and 
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Simon, 2006; Friedman and Baker, 2007; Moffett, 2009). This recognition triggers 

defense responses which restrict pathogen multiplication and spread. R-gene 

determined resistance is often associated with a hypersensitive response (HR) 

involving localized host cell death at the site of infection. For most R genes the 

encoded proteins show considerable similarity in their organization, in which three 

functional domains have been defined: an N-terminal domain similar to either a 

Toll/interleukin-1 receptor (TIR) domain or a coiled-coiled (CC) protein domain; a 

nucleotide binding domain (NB); and a leucine-rich repeat (LRR) domain. There are 

exceptions such as for resistance gene Tm-1, which encodes a protein with a TIM 

barrel structure protein (Meshi et al., 1988; Ishibashi et al., 2012) or for resistance 

genes, RTM1, RTM2, which encode a lectin-like and a small heat shock protein, 

respectively (Decroocq et al., 2009; Cosson et al., 2012). TIR/CC-NB-LRR proteins 

are similar to those associated with resistance to bacteria, fungi, insects and 

nematodes (Jones and Dangl, 2001, 2006; Eitas and Dangl, 2010). Being highly 

variable in sequence, transfer and modification of NB-LRR proteins could confer 

resistance to multiple types of biotrophic pathogens, including viruses (Moffett, 2017). 

Any viral protein could be an AVR factor. For instance, in case of Cucumber mosaic 

virus (CMV) the coat protein is recognized by the CC-NB-LRR protein encoded by 

Arabidopsis thaliana (L.) Heynh (Arabidopsis). RCY1 gene (Takahashi et al., 2012; 

Ando et al., 2014), and the 2a protein is recognized by the TIR-NB-LRR protein 

encoded by Phaseolus vulgaris L. RT4-4 gene (Seo et al., 2006), both determining 

resistance to this virus.  

About 35% of monogenic resistance of plants to viruses is recessive 

(Khetarpal et al., 1998; Kang et al., 2005a). Monogenic recessive resistance could 

conform to another major model of host- parasite interaction: the Matching Allele 

(MA) model. An important difference between the GFG and MA models is that in the 

MA model, when the host recognizes the parasite, it leads to susceptibility rather 

than to resistance. Its key feature is that infection requires a specific match between 
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host and parasite genes. Polymorphisms for recessive resistance are in fact 

polymorphisms for impaired susceptibility, and this type of resistance is most often 

expressed as immunity at the cell level (Diaz-Pendon et al., 2004; Kang et al., 2005a; 

Maule et al., 2007). Several genes determining recessive resistance to viruses have 

been cloned and sequenced (Truniger and Aranda, 2009) and most encode  

translation initiation factors eIF4E and eIF4G or their isoforms, eIF(iso)4E and 

eIF(iso4)G (Sanfaçon, 2015). However, potential resistance genes beyond the 

translation initiation factor have also been documented (Hashimoto et al., 2016; 

Guiu-Aragonés et al., 2016). Viral gene products responsible for the expression or 

the breakdown of recessive resistance have been identified in most cases as the viral 

genome-linked protein (VPg), which is thought to interact with the initiation factors for 

cap-independent translation to occur (Palukaitis and Carr, 2008; Truniger and 

Aranda, 2009; Sanfaçon, 2015). For example, the lack of interaction between the 

VPg of several potyviruses and the eIF4E alleles encoded by Capsicum chinense 

Jacq.  at pvr1/pvr2 leads to impaired susceptibility to these potyviruses. (Kang et al., 

2005b and Ruffel et al., 2002, 2006; Charron et al., 2008; Jiang and Laliberté, 2011; 

Moury et al., 2014). One noteworthy exception is that of Melon necrotic spot virus 

(MNSV)- Cucumis melo L. system, in which the nsv gene codes for elF4E which 

interacts with the 3’ UTR of the viral RNA genome and impairs susceptibility in C. 

melo (Diaz et al., 2004; Nieto et al., 2006; Miras et al., 2014). 

 As mentioned above, resistance to viruses in plants may also be polygenically 

inherited, i.e. controlled by QTLs also referred to as Quantitative Resistance. QTLs 

for resistance to viruses have been mapped. For example,  several linkage groups 

have been identified to be associated with resistance in pepper to potyviruses 

(Caranta et al., 1997). Another more recent example is sha loci, majorly sha3, which 

confers resistance in several genotypes of Arabidopsis to Plum pox virus (PPV) 

(Pagny et al., 2012). Although few QTLs for resistance to viruses have been mapped 

(Maule et al., 2007), polygenic resistance has been used in crop breeding for virus 
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disease control, and virus genotypes overcoming these resistances have been 

reported (García-Arenal and Mcdonald, 2003; Gómez et al., 2009).  

 According to the resistance phenotype, Zaitlin and Hull (1987) described 

resistance may operate at four levels: inhibition of replication, restriction of infection 

to the initially infected cells, inhibition of cell-to-cell movement, and inhibition of 

systemic infection (long-distance movement). For example, the tomato resistance 

gene Tm1 encodes a protein that is able to inhibit replication of Tomato mosaic virus 

(ToMV) (Ishibashi et al., 2007; Ishibashi et al., 2014). Sulzinski et al., (1994) 

described subliminal Tobacco mosaic virus (TMV) infection in Saintpaulia ionantha H. 

Wendl. An example of inhibition of cell-to-cell movement is that of A. thaliana 

resistance to CMV determined by cum1-1 and cum2-1 alleles (Yoshii et al., 1998; 

Yoshii et al., 2004) whereas an example of inhibition of long distance movement of 

virus is that the V20 genotype of tobacco, which is  defective in supporting systemic 

infection by Tobacco etch virus (TEV) (Schaad et al., 1997). 

1.2.2   Tolerance 

Another major defense strategy of plants against parasites is tolerance, the ability of 

the host to decrease virulence regardless of the level of parasite multiplication within 

the host (Little et al., 2010; Råberg et al., 2014).  

According to its inheritance, tolerance may be monogenic or polygenic. In 

most known cases, it is polygenic (Clarke, 1986).  QTLs have also been mapped for 

tolerance to parasites (Weinig et al., 2003; Shrestha et al., 2007). A well-documented 

example of monogenic tolerance is that of Cucumis melo L. to Zuccini yellow mosaic 

virus (ZYMV) (Lecoq and Pitrat, 1984, Desbiez et al., 2002; Desbiez et al., 2003).  An 

example of the polygenic inheritance of tolerance is of tolerance to Cereal yellow 

dwarf virus (CYDV) in Hordeum vulgare L. Analysis revealed two major QTLs in 

Madre Selva (tolerant cultivar) on chromosomes 2H (Qcyd.MaBu-1) and 7H 

(Qcyd.MaBu- 2) and four minor QTLs from Butta 12 on chromosomes 3H, 4H, and 
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2H (Del Blanco et al., 2014). QTL for tolerance to CMV in Arabidopsis co-mapped 

with flowering pathway genes as discussed in the next section 1.3. (Pagán I., 

Doctoral Thesis, 2008). 

As compared to resistance, the mechanism of tolerance have been much less 

extensively analysed (Jeger et al., 2006; Fraile and García-Arenal, 2010) and 

limitedly understood. However, studies suggest that it may be related to the ability of 

the host to alter its life history program upon infection (Simms and Triplett, 1994; 

Mauricio et al., 1997; Pagán et al., 2008). Life-history theory predicts that parasitized 

hosts may modify optimal resource allocation by increasing the reproductive effort, 

and/or altering temporal life-history schedules to maximise fitness (Minchella, 1985; 

van Noordwijk & de Jong, 1986; Forbes, 1993; Perrin and Christie, 1996). 

Experimental support for this hypothesis derives mostly from studies of invertebrate 

animals and their parasites (e.g., Michalakis and Hochberg, 1994; Polak and 

Starmer, 1998; Chadwick and Little, 2005; Fredensborg and Poulin, 2006, Blair and 

Webster, 2007; Barribeau et al., 2010; Vale and Little, 2012). In plants the evidence 

is scarcer, but it has been shown that tolerance to herbivory or parasitism could be 

explained by reallocation of the resources of the host to reproduction (Strauss and 

Agrawal, 1999, Agrawal, 2000; Pagán et al., 2008; Fellous and Salvaudon, 2009). 

Examples include tolerance to apical meristem herbivory in Arabidopsis, which can 

be explained by increased resource allocation to reproduction resulting in higher 

branch and fruit numbers, and by longer life span (Weinig et al., 2003). Tolerance to 

the oomycete Hyaloperonospora arabidopsidis (Gäum.) Göker, Riethm., Voglmayr, 

Weiss & Oberw. in Arabidopsis is expressed during the vegetative growth period and 

compensates for rosette biomass loss (Salvaudon and Shykoff, 2013). In compliance 

with the life history theory, Pagán et al., (2008) described that tolerance to CMV in 

Arabidopsis was a result of the resource reallocation from growth to reproduction 

(described in detail in the next section 1.3). 
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Life history theory also predicts that the environmental conditions which affect 

the rate of mortality can modify the temporal traits of the life history of the organism in 

order to maximize their fitness (Williams, 1957). Models developed according to this 

hypothesis predict that infection by highly virulent pathogens will shorten the pre-

reproductive period so that the host shows early fecundity before the available 

resources are depleted, causing castration or host mortality (Michalakis & Hochberg, 

1994; Koella & Agnew, 1999; Agnew et al., 2000). On the contrary, infection by low 

virulence pathogens will increase the pre-reproductive period and hosts will show late 

fecundity, a mechanism which allows hosts to compensate for the damage caused by 

the infection (Hochberg et al., 1992; Gandon et al., 2002). Pagán et al., (2008) also 

showed that CMV-tolerant Arabidopsis plants reduced the length of their reproductive 

period and increased their lifespan as compared to the mock-inoculated counterparts 

(discussed in the next section 1.3). Evidence has shown that abiotic factors such as 

temperature, light intensity and plant density may influence the expression of 

tolerance (Hily et al., 2016; Pagán et al., 2009), described in detail in the section 1.3. 

 

1.3 Tolerance as a defense of Arabidopsis thaliana to Cucumber 

mosaic virus  

Arabidopsis thaliana (L.) Heynh (Brassicaceae) is an annual plant distributed 

worldwide after experiencing an expansion from its native range in Eurasia and North 

Africa (Hoffmann, 2002). Arabidopsis is a typical semelparous species, with two 

distinctly differentiated developmental periods in its post-embryonic life cycle- 

Vegetative growth and Reproductive periods. The vegetative growth period is marked 

by the production of a rosette of leaves and ceases when the vegetative meristem 

becomes an inflorescence meristem (Ausín et al., 2005). During the reproductive 

period the inflorescence grows, and is marked by the continuous production of new 

flowers and the development of older flowers into siliques. Plant senescence and 
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death end the reproductive period. Within this developmental schedule life history 

traits associated with the vegetative growth effort, total reproductive effort and 

progeny production are easily differentiated. The genetic structure of Arabidopsis in 

the Iberian Peninsula has been studied in much detail, demonstrating that it is a 

centre of genetic diversity for this species (Picó et al., 2008; Méndez-Vigo et al., 

2013; Brennan et al., 2014). Demographical analysis carried out in the Iberian 

Peninsula indicated that Arabidopsis populations are genetically heterogeneous and 

are composed of short lived genotypes, which do not require vernalization to 

complete their life-cycle and long lived genotypes, which require vernalization to 

complete their life-cycle. Their reproductive strategies are discussed in detail in 

Section 1.4. In the last few decades, Arabidopsis has emerged as the model 

organism for the molecular and genetic study of a wide range of plant traits, including 

resistance and tolerance against parasite infection (Somerville and Koornneef, 2002; 

Mysore and Ryu, 2004; Pagán et al., 2008; Shukla et al., 2017), host-parasite co-

evolution (Salvaudon et al., 2005; Pagán et al., 2007; Pagán et al., 2010; Hily et al., 

2014) and of life-history trait responses to abiotic stress associated with light, 

nutrients and water availability (Pigliucci and Kolodynska, 2002; Salvaudon et al., 

2005; Pigliucci and Kolodynska, 2006; Manzano-Piedras et al., 2014). 

 Cucumber mosaic virus (CMV) is a generalist virus that infects about 1,200 

plant species in more than 100 mono- and dicotyledonous families. CMV is in the top 

ten list for economically important plant viruses (Rybicki, 2015) and is found to be the 

most prevalent virus among five monitored viruses [Cucumber mosaic virus (CMV), 

Cauliflower mosaic virus (CaMV), Turnip crinkle virus (TCV), Turnip mosaic virus 

(TuMV) and Turnip yellow mosaic virus (TYMV) in natural populations of Arabidopsis 

in Central Spain (Pagán et al., 2010). CMV is horizontally transmitted by more than 

75 species of aphids in a non-persistent manner (Jacquemond, 2012). CMV is 

vertically transmitted through seeds with efficiencies that vary largely depending on 

the genotypes of CMV and the plant species and genotype; seed transmission rates 
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have been reported in Arabidopsis to vary between 2 and 8 % (Hily et al., 2014; 

Pagán et al., 2014). CMV has a messenger-sense, single-stranded, three-segmented 

RNA genome encapsidated in three isometric particles. The genomic structure, 

replication, gene expression, pathogenicity and genetic variability of CMV have been 

extensively analysed. CMV isolates are diverse and have been classified into two 

subgroups, subgroup I and subgroup II, based on the nucleotide sequence similarity 

of their genomic RNAs and may also differ in host range and in the severity of 

symptoms induced in common hosts [reviewed in (Palukaitis et al., 1992; Palukaitis 

and Garcia-Arenal, 2003; Jacquemond, 2012)]. 

 Analyses from wild Arabidopsis populations in central Spain have shown that 

CMV had a high incidence of up to 70% according to population and year (Pagán et 

al., 2010). This indicates that the Arabidopsis–CMV interaction is significant in 

nature. A study was conducted in which the infection of 21 wild genotypes of 

Arabidopsis representing the genetic variation of the species in Eurasia, with three 

CMV strains, Fny-CMV and De72-CMV (belonging to subgroup I of CMV isolates) 

and LS-CMV (belonging to subgroup II), showed that virus multiplication depended 

on the interaction of host genotype and virus strain, and that quantitative resistance 

to CMV was a host trait with moderate to high broad-sense heritability (Pagán et al., 

2007). These 21 genotypes were categorised into two groups namely, group 1, the 

genotypes with a longer lifecycle and group 2, the genotypes with a shorter lifecycle. 

It was also observed that group 1 genotypes were more tolerant to CMV than group 2 

genotypes (Pagán et al., 2007). Further investigation showed that tolerance in group 

1 genotypes was attained through plastic modifications of life-history traits upon CMV 

infection: Tolerant Arabidopsis genotypes, such as Llagostera (Ll-0) or Cumbres 

mayores (Cum-0), reprogrammed their development, reallocated more resources to 

reproduction than to growth and reduced the length of reproductive period (Fig. 1.3.1, 

Pagán et. al, 2008). This was in accordance with the life history theory predictions 

discussed in section 2.2. 
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Figure 1.3.1 Effect of CMV infection on Arabidopsis life history traits: The effect of 

infection, estimated as the ratio between infected (i) and mock-inoculated (m) plants, shows 

reallocation of resources from growth to reproduction and reduction of reproductive period 

(from Pagán et al., 2008). 

 

 Plant defense is known to be modulated by environmental conditions 

(Cheng et al., 2013) suggesting that the outcome of plant-virus interactions would be 

environment- dependent, and since trade-offs limit resource allocation, adjustments 

to different environmental conditions might influence tolerance. Indeed, it was 

observed in Arabidopsis that temperature, light intensity (Hily et al., 2016) and plant 

density were modulators of resource allocation to growth and reproduction and of 

tolerance to CMV (Pagán et al., 2009). In experiments conducted by Hily et al., 

(2016) plants were grown under a large range of temperature and light conditions: 

three different temperatures (17°C, 22°C, and 27°C) and two light intensities (high 

light (HL), 220–250 µmol m-2 s-1, and low light (LL), 45–60 µmol m-2 s-1; so that six 

environments were assayed. In most conditions, genotypes of group 1 were more 

tolerant to CMV infection than those of group 2, which was associated with the 

capacity of plants to reallocate resources from growth to reproduction. Tolerance to 

TOLERANT NON-TOLERANT 
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CMV in most environmental conditions was also associated with an increase in both 

lifespan and vegetative growth period upon infection, which did not occur in the 

genotypes in which CMV virulence was higher. Tolerance was unrelated to virus 

multiplication, which was affected by environment but did not significantly differ 

according to genotype or genotype group. In experiments conducted by Pagán et al., 

(2009), two group 2 genotypes that showed low tolerance to CMV in the absence of 

competition, dedicated a higher proportion of resources to reproduction than to 

growth and decreased the direct cost of CMV infection as plant density increased, 

thus indicating a density-dependent tolerance to CMV infection. On the contrary, one 

group 1 genotype, that showed high tolerance to CMV in the absence of competition 

reduced tolerance when resource limitation occurred under competition at higher 

pant densities. 

 The estimation of the number and genome position of the segregating QTL 

in an experimental population is referred to as QTL mapping. In principle, any 

experimental segregating population can be used for QTL mapping. However, there 

are advantages to using mapping populations such as Recombinant Inbred Lines 

(RILs) or Introgression Lines (ILs), Near Isogenic Lines (NILs), Backcross Inbred 

Lines (BILs), or Congenic Lines (CLs). Such populations are practically homozygous 

and therefore phenotypic values can be based on multiple replicates, reducing the 

environmental effects and increasing the power to detect QTL (Koornneef et al., 

2004). To characterize the genetic determinants of Arabidopsis tolerance to CMV, 

QTLs for tolerance were mapped. Viral accumulation and life history traits, such as 

biomass, vegetative growth effort, reproductive growth effort and progeny production, 

were accounted for in parental Arabidopsis genotypes Landsberg erecta (Ler) and 

Llagostera (Ll-0) and in 129 RILs derived from a Ler x Ll-0 cross. Results indicated 

three major QTLs that co-mapped with three flowering genes,  namely, FLOWERING 

LOCUS C (FLC),  FRIGIDA (FRI) and MN 5-7 (consists of gene HUA2) as having a 
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major effect, and a gene, F2103, as having a minor effect on the variation of 

tolerance to CMV. (Pagán, I., Doctoral Thesis, 2008). 

1.4 Control of flowering time in Arabidopsis thaliana 

The most significant post-embryonic developmental transition during the lifecycle of 

angiosperm plants is the switch from vegetative to reproductive development. To 

achieve an optimal seed set, it is essential to correctly time the floral transition 

according to the favourable season or conditions ( Bernier, 1988; Simpson and Dean, 

2002).  

 Arabidopsis genotypes display two principal reproductive strategies: winter 

annual and rapid cycling habits. Most of the naturally occurring Arabidopsis 

genotypes are winter annuals that germinate in autumn, complete much of their 

vegetative development in late winter or early spring, and flower in late spring. In 

contrast, rapid cycling genotypes can germinate and flower more than once within a 

season. Unlike rapid cycling genotypes, winter annuals require the long cold 

treatment of winter (vernalization) to accelerate flowering (Simpson and Dean, 2002). 

 Flowering in a favourable season requires the existence of molecular 

mechanisms to continuously monitor environmental factors and to properly respond 

to the adequate conditions. In Arabidopsis, at least four different genetic pathways 

that control flowering have been defined (Mouradov et al., 2002; Blázquez et al., 

2003; Amasino, 2010; Srikanth and Schmid, 2011). The photoperiod pathway 

promotes flowering in response to the length of the day and the vernalization 

pathway promotes flowering in response to the prolonged exposure to cold 

temperature. Autonomous pathways are relatively independent of environmental 

cues. The gibberellin pathway refers to the endogenous concentration of the 

phytohormone gibberellic acid required for normal flowering patterns. Because the 

environmental factors controlling flowering time influence each other, cross-talks are 
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continually being discovered between intervening genes, reflecting plant plasticity 

(Bernier and Périlleux, 2005; Franklin, 2009; Lor and Olszewski, 2015).  

 Floral transition is marked by the establishment of a floral fate in the apical 

and lateral meristems and by the suppression of leaf production [reviewed in 

(Koornneef et al., 1998; Denay et al., 2017)]. It has been shown that the 

inflorescence development in A. thaliana is bi-directional with flowers being initiated 

acropetally and leaf primordia being suppressed basipetally (Hempel and Feldman, 

1994). As the floral meristem growth commences, there is a decline in the expression 

of flowering repressors to a critically low level. This results in the activation of the 

floral initiation process (FLIP) (Schultz and Haughn, 1993; Sung et al., 1992). The 

process of floral initiation is controlled by FLIP genes or Floral Meristem Identity 

genes, such as LEAFY (LFY), APETALA (AP1, AP2), CAULIFLOWER (CAL), 

FRUITFULL (FUL) and UNUSUAL FLORAL ORGANS (UFO) (Haughn et. al, 1995; 

Irish, 2010; Wellmer and Riechmann, 2010; Denay et al., 2017). 

 Several signalling pathways converge towards the regulation of floral 

meristem identity genes (Mouradov et al., 2002) resulting in flower response and 

morphogenesis, sequentially producing floral organs: the sepals, petals, stamens and 

carpels in a concentric ring or whorlly fashion (Steeves and Sussex, 1989; Smyth et 

al., 1990; Irish, 2010). The major identified flowering time pathways are briefly 

discussed in the following sections: 
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Figure 1.4.1 Overview of flowering time regulation in Arabidopsis. A simplified model for 

the integration of regulatory pathways of flowering time in Arabidopsis modified from 

Yamaguchi et al., (2005).  The model is depicting four primary pathways and secondary 

pathways such as ‘light quality’ and ‘ambient temperature’ as mentioned in detail in the text. 

Phloem is the site of pathway integration (represented by pink block).  

 

1.4.1 The photoperiod pathway 

Arabidopsis is considered a facultative long day plant since no known wild genotypes 

show any obligate photoperiod requirement to flower. However, it has been observed 

that the flower transition is accelerated as a response to long days (LD)  This 

photoperiod sensing ability requires i) detection and transduction of light signal, and 

ii) endogenous timer. Photosensory receptors, phytochromes (PHYA to PHYE) 

(Clack et al., 1994) and cryptochromes (CRY1, CRY2) (Lin, 2000) perceive light 

while the duration of day and night and daily rhythms is measured by the circadian 

clock oscillator (Yanovsky and Kay, 2001; Davis, 2002; Huang et al., 2012) and clock 

associated genes such as GIGANTEA (GI) (Park et al., 1999; Mizoguchi et al., 2005). 

The integration of day-length perception and time-keeping mechanism is linked 
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through CONSTANS (CO), a transcription factor with two B-box type zinc fingers 

(Putterill et al., 1995; Suárez-López et al., 2001; Imaizumi, 2010). CO in turn 

activates the floral pathway integrators, FLOWERING LOCUS T (FT) (Kardailsky et 

al., 1999; Kobayashi et al., 1999) and SUPPRESSOR OF OVEREXPRESSION OF 

CO1 (SOC1) (Samach et al, 2000; Lee and Lee, 2010). This results in the activation 

of floral identity genes AP1 and LFY, which promotes the floral transition (Simpson, 

2003; Moon et al., 2005) (Figure 1.4.1). 

 

1.4.2 The vernalization pathway 

The vernalization pathway is activated by the exposure to low temperature for a 

period of sufficient duration and accelerates flowering .In response to the cold, the 

expression of FLC is repressed and after an optimal duration, this FLC repression is 

maintained. The vernalization pathway involves the functions of the 

VERNALIZATION-INSENSITIVE 3 (VIN3) and MADS AFFECTING FLOWERING 2 

(MAF2) genes, which ensure that cold periods of insufficient duration will not cause 

flowering, and of the VERNALIZATION (VRN1-2) genes, which are necessary for the 

maintenance of FLC repression after the return to warm temperatures (Ratcliffe et al., 

2003; Sung and Amasino, 2004). 

 In the late flowering phenotype of winter-annual accessions of Arabidopsis, 

there is an interaction of two dominant genes, FLC and FRI (Michaels et al. 2000). 

FLC encodes a MADS domain-containing transcription factor, with high expression 

adequate to inhibit flowering until after winter (Sheldon et al. 1999). However, the 

FLC gene is only expressed to high levels in the presence of FRI and FRIGIDA-LIKE 

1 (FRL1), which encodes a protein with two coiled-coil domains that may be involved 

in protein-protein interaction (Johanson et al., 2000; Risk et al., 2010). The 

autonomous and vernalization pathways co-operate to down-regulate FLC 

expression. FLC expression is regulated by pathways that act antagonistically to 
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either promote or down-regulate its expression (Sheldon et al. 1999). However, in 

winter-annual accessions, active FRI alleles override the activity of the autonomous 

pathway and promote elevated levels of FLC mRNA expression (Michaels et al., 

1999). In contrast, many rapid cycling accessions have low FLC levels because FRI 

is inactive. Vernalization has no effect on FRI expression (Michaels et al., 2004); 

rather, vernalization appears to render FLC insensitive to the activating effects of FRI 

(reviewed in Amasino, 2010). 

 

1.4.3 The autonomous pathway 

The autonomous pathway refers to endogenous regulators that are independent of 

the photoperiod and gibberellin pathways (Amasino, 2010). The autonomous 

pathway includes genes whose mutants show a photoperiod-independent late 

flowering phenotype that can be reverted by vernalization (Martínez-Zapater and 

Somerville, 1990). These mutants delay flowering by increasing expression of FLC. 

Therefore, this pathway negatively regulates FLC expression in wild-type plants. 

Genes included in this pathway are FCA, FY, FPA, LUMINIDEPENDENS (LD), FLD, 

FVE and FLK (Redei, 1962; Koornneef et al., 1991; Sanda and Amasino, 1996; Lim 

et al., 2004; Mockler et al., 2004). The proteins encoded by the genes in the 

autonomous pathway generally fall into two broad functional categories: general 

chromatin remodelling and maintenance factors and proteins that affect RNA 

processing (Amasino, 2010; Ietswaart et al., 2012). One example of the former is 

FLD, shown to regulate FLC by preventing hyper-acetylation of the locus, thereby 

acting as a repressor of FLC transcription (He et al., 2003; Liu et al., 2007). An 

example of the latter is FLK, a putative RNA binding protein. The delayed flowering of 

flk was most likely caused by activation of FLC expression, which in turn resulted in 

the downregulation of FT and SOC1. (Hepworth et al., 2002; Lim et al., 2004). The 



 

47 
 

INTRODUCTION 

late-flowering phenotype could be suppressed by vernalization and application of 

exogenous gibberellins (Lim et al., 2004; Amasino, 2010).  

 

1.4.4 The gibberellins pathway 

Exogenous application of physiologically active Gibberellic Acid (GAs) has a 

flowering promoting effect on Arabidopsis (Langridge, 1957), whereas GA deficient 

and insensitive mutants have a late flowering phenotype in long day condition and fail 

to flower in short day condition (Wilson et al., 1992). The GA pathway is genetically 

distinct from the Phytochrome B (PHYB) repression (Blázquez and Weigel, 1999), 

vernalization (Michaels and Amasino, 1999; Chandler et al., 2000), autonomous 

(Chandler et al., 2000), and photoperiod (Reeves and Coupland, 2001; Putterill et al., 

1995) pathways (Simpson and Dean, 2002). Gibberellins have been shown to 

positively regulate the expression of flowering signal integrator genes such as SOC1 

and LFY (Blázquez and Weigel 2000; Moon et al., 2003). 

 

1.4.5 Integration of signals into pathways from environmental factors 

Light is one of the most important factors influencing flowering time. The diversity of 

light wavelengths and intensities are sensed in plants by small families of specialized 

photoreceptors. Hence, light quality is a component with relevant effects, an 

important manifestation of which is the shade-avoidance response (Ballare, 1999). 

Since the shadowed plants receive a decreased ratio of red to far-red light, due to the 

plant canopies, a series of developmental responses are triggered, including the 

acceleration of flowering.  

 Ambient temperature has been suggested to act through the autonomous 

pathway, as the fca and fve mutants were found to flower as late at 23 °C as at 16 

°C, (Westerman and Lawrence, 1970; Blázquez et al., 2003; Ibañez et al., 2017). 
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Higher ambient temperature causes a moderate acceleration of flowering time, night 

temperature may be more important than day temperature (Thingnaes et al., 2003). 

 Different types of abiotic and biotic stresses (Figure 1.4.2) influence 

regulation of flowering time in Arabidopsis and are associated with stress response 

and tolerance. However, this is still an under-explored and poorly understood area 

(Pigliucci et al., 1995; Pigliucci and Kolodynska, 2002; Kazan and Lyons, 2016; Cho 

et al., 2017). Flowering time regulation due to abiotic and biotic stresses has been 

discussed in the following subsections. 

 

1.4.5.1  Flowering time regulation under abiotic stress 

Drought often causes an early arrest of floral development and leads to sterility (Su 

et al., 2013). So to ensure survival during drought stress, plants often accelerate the 

flowering process, and this response is known as ‘drought escape’ (Sherrard and 

Maherali, 2006; Franks et al., 2007; Bernal et al., 2011; Franks, 2011). In 

Arabidopsis, drought stress accelerates flowering under long days but delays 

flowering under short days. GI is the key integrator in drought escape response 

which degrades the CYCLING DOF FACTOR (CDF) in turn allowing activation of CO 

and FT, promoting flowering (Sawa and Kay, 2011). 

 Salt stress delays flowering time in Arabidopsis (Kim et al., 2007), through 

DELLA proteins acting as negative regulators of GA signalling (Achard et al., 2006). 

Salt stress suppresses the expression of CO and FT, contributing to the delay in 

flowering (Kim et al., 2007; Li et al., 2007). The mechanism of GI action in salt 

tolerance has been elucidated in Arabidopsis (Kim et al., 2013). 

 The excess or deficit of certain nutrients can trigger a stress response that 

regulates flowering (Shinozaki et al., 1988; Tanaka et al., 1991; Kolár and Senková, 

2008; Wada and Takeno, 2010; Miyazaki et al., 2014). Low nitrate levels in 

Arabidopsis accelerate flowering (Marin et al., 2010; Liu et al., 2013) as well as low 
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sucrose levels (e.g. 1%) accelerate flowering whereas higher levels (e.g. 5%) delay 

flowering by regulating the expression of floral meristem genes such as LFY (Ohto et 

al., 2001).  

 

 

Figure 1.4.2  Alteration of flowering under stress. Abiotic and biotic stimuli converge on 

endogenous floral regulators that alter the flowering time as well as have function in tolerance 

to abiotic stress and biotic stress (modified from Kazan and Lyons, 2016). 

 

1.4.5.2  Flowering time regulation under biotic stress  

Biotic stress factors such as attack by herbivores and pathogens can have a 

significant effect on plant development including flowering (Kazan and Lyons, 2016; 

Cho et al., 2017). In natural ecotypes of Arabidopsis, infection of vascular wilt fungal 

pathogens cause regulation in flowering time. For example, early flowering time is 

positively associated with increased susceptibility to Verticillium spp. (Veronese et 

al., 2003). After Verticillium spp. infection, the susceptible genotype, Columbia (Col) 

shows early flowering while the tolerant (based on symptom severity) genotype, C24, 

flowers late upon infection (Veronese et al., 2003). On the contrary, late flowering is 
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associated with resistance to Fusarium oxysporum (Lyons et al., 2015). Further 

investigation revealed that the photoperiodic pathway regulator, GI promotes 

susceptibility to F. oxysporum (Lyons et al., 2015). 

 Genes affecting both flowering and plant defense have also been identified 

in plant- bacterial systems. Autonomous pathway proteins FLD and FPA promote 

susceptibility to bacterium Pseudomonas syringae in Arabidopsis (Lyons et al., 2013; 

Singh et al., 2013). In addition, lfy mutant shows increased resistance against P. 

syringae, suggesting that LFY diverts resources to flower development at the 

expense of plant defense (Winter et al., 2011).  

 Similar to fungal and bacterial pathogen infections, it has been observed 

that herbivory (Züst et al., 2011), soil microbes (Wagner et al., 2014) and endophytes 

(Poupin et al., 2013) also have distinct roles in accelerating or delaying flowering time 

in Arabidopsis. 

  Genes affecting both flowering and defense responses have also been 

identified in plant- virus systems. For example, circadian clock regulator gene, GI and 

the autonomous pathway regulator gene, FCA alter CaMV symptom development in 

Arabidopsis (Cecchini et al., 2002). Under long day conditions after CaMV infection, 

FCA mutant fca-1 and GI mutants, gi-11, gi-2 and gi-3, which delay flowering, 

developed severer symptoms than the wild type plants. Under short day conditions, 

symptom development in fca-1 mutant was similar to the wild type but in gi-11, gi-2 

and gi-3 mutants, symptoms progression in apical leaves was delayed relative to the 

wild type plants. However, the virus titre and distribution (apical and expanded 

leaves) of replicating CaMV was similar in mutants and wild type plants in both long 

day and short day conditions (Cecchini et al., 2002). 

 To summarize, the research on Arabidopsis has illuminated our current 

understanding of the processes involved in flowering regulation and development. 

However, it is also beginning to be evident that plants have evolved diverse 

mechanisms to regulate flowering under different biotic stresses affecting plant 
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defense responses. In this thesis, we attempt to understand the mechanism of 

tolerance to CMV in Arabidopsis and uncover the role of flowering genes in the 

tolerance to CMV. 

 



 

52 
 

 

  



 

53 
 

  

 

 

 

 

 

 

  

 

OBJECTIVES 





 

55 
 

OBJECTIVES 

II. OBJECTIVES 

 

The main objective of this thesis is to study the mechanism of tolerance to Cucumber 

mosaic virus in Arabidopsis thaliana. For the fulfilment of this objective, the aspects 

of tolerance that have been analysed are as follows: 

1) If tolerance is a virus-specific defense response in Arabidopsis thaliana 

2) If there is a relationship between resistance and tolerance 

3) If there is a role of flowering genes in tolerance to Cucumber mosaic virus in 

Arabidopsis thaliana 

4) If different functional alleles of FLC are associated with different levels of 

tolerance to Cucumber mosaic virus in Arabidopsis thaliana 

5) If there is a role of flowering genes in tolerance response to different viruses 

6) If flowering gene expression is modulated after Cucumber mosaic virus infection 

of Arabidopsis thaliana 

To achieve the above-stated objectives, different approaches have been followed as 

explained in sections 4.1 to 4.3. 
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III. MATERIAL AND METHODS 

3.1 Biological material 

3.1.1 Viruses 

A total of five viruses have been used to conduct experiments in this thesis. 

Cucumber mosaic virus (CMV, genus Cucumovirus, family Bromoviridae) 

strain Latuca saligna (LS-CMV) has been used to perform major experiments in this 

thesis. It was first obtained from biologically active clones (Zhang et al., 1994) and 

multiplied in Nicotiana clevelandii Gray plants.  After 15 days post inoculation, LS-

CMV virions were purified as in Lot et al. (1972) and viral RNA was extracted by 

virion disruption with phenol and sodium dodecyl sulphate. Viral RNA was stored at -

80º C. For experiments, it was multiplied in three weeks old N. clevelandii plants and 

the plant sap was used to infect Arabidopsis thaliana (L.) Heynh (Arabidopsis) plants. 

Turnip crinkle virus (TCV, genus Carmovirus, family Tombusviridae) strain 

Massachusetts (TCV-M) Infectious clone was kindly provided by Prof. Anne Simon, 

University of Maryland, USA. The infectious clone was digested with Sma I restriction 

enzyme and subsequently, in-vitro transcripts were obtained using T7 polymerase. 

Transcripts were stored at -80º C.  For experiments, using in- vitro transcripts, it was 

multiplied in three weeks old Nicotiana benthamiana Domin plants and the plant sap 

was used to infect Arabidopsis plants. 

Turnip mosaic virus (TuMV, genus Potyvirus, family Potyviridae) isolate 

United Kingdom 1 (TuMV- UK1). Purified viral RNA was kindly provided by Prof. 

Fernando Ponz, CBGP, UPM-INIA, Madrid, Spain. Viral RNA was stored at -80º C. 

For experiments, it was multiplied in three weeks old N. benthamiana plants and the 

plant sap was used to infect Arabidopsis plants. 
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Youcai mosaic virus (YoMV, genus Tobamovirus, family Virgaviridae) Strain 

Oilseed rape mosaic virus (YoMV-OSRMV) Purified virus of YoMV-OSRMV was 

kindly provided by Prof. Adrian Gibbs, Australian National University, Canberra, 

Australia. Viral RNA was stored at -20º C.  It was multiplied in Nicotiana tabacum L. 

cv. Samsun plants and the plant sap was used to infect Arabidopsis plants. 

Cauliflower mosaic virus (CaMV, genus Caulimovirus, family Caulimoviridae) 

isolate Cabbage John Innes (CaMV-BJI) The biologically active clone of CaMV 

isolate-BJI (Cabbage John Innes) was kindly provided by Dr. Stéphane Blanc, INRA, 

Montpellier, France. The infectious clone was digested with Sal I restriction enzyme 

and was used to infect three weeks old N. clevelandii plants. The plant sap was used 

to infect the Arabidopsis plants. 

3.1.2. Host plants and growth conditions 

Six wild Arabidopsis genotypes, twelve introgression lines (ILs), three mutant lines 

and one transgenic line (Table 3.1 and 3.2) were used as hosts for virus infection. ILs 

contain a genomic region from a donor parental accession into the genetic 

background of one of the genetically well characterized ecotypes (such as Ler or Col-

0) and are obtained by recurrent back crossing and selection. Seeds of the ILs, 

mutants and transgenic lines were kindly provided by Dr. Carlos Alonso-Blanco 

(CNB-CSIC, Madrid, Spain). 

 

Table 3.1 Wild  genotypes of A. thaliana 

Genotype Origin 

Col Columbia (unknown) 

Ler Landsberg (Polonia) 
Shak Shakdara (Tadjikistan) 

Cum-0 Cumbres Mayores (Spain) 

Kas-0 Kashmir (India) 

LI-0 Llagostera (Spain) 
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Table 3.2 Recombinant inbred lines (RILs), introgression lines (ILs), mutant lines and  

transgenic line of A. thaliana. 

 

ALLELE BACKGROUND DESCRIPTION REFERENCES 

35S FLC Ler 
Introduction of constitutively expressed FLC 
from Col into the Ler background 

Michaels and 
Amasino (1999) 

FRI Sf2 Ler 
Homozygous for the Sf2 allele of FRI in the 
Ler background, derived from F10 backcross 
population 

Lee et al., (1994) 

FLC Col Ler 
Homozygous for the Col allele of FLC in the 
Ler background, derived from F8 backcross 
population 

Koorneef et al., 
(1994) 

FLC Ll-0 Ler 
Homozygous for Ll-0 allele of FLC in the Ler 
background,derived from single seed descent 
up to F8 backcross population 

Sánchez-Bermejo et 
al., (2012) 

FLC Don Ler 
Homozygous for Don allele of FLC in the Ler 
background, derived from single seed 
descent upto F6 backcross population 

Mendez-Vigo et al., 
(2011), (2016) 

FLC Ri-0 Ler 
Homozygous for Ri-0 allele of FLC in the Ler 
background, derived from F5 backcross 
population 

Mendez-Vigo et al., 
(2013), (2016) 

FLC Col 
FRI Sf2 

Ler 
FLC Col combined with FRI-Sf2 by activation 
tagging mutagenesis 

Michaels and 
Amasino (1999); Ilha 
Lee et al., (2000) 

FLC Ll-0 
FRI Sf2 

Ler 
FLC Ll-0 combined with FRI-Sf2 by marker-
assisted selection in F2 population 

Provided by Dr.Carlos 
Alonso-Blanco 

FLC Don 
FRI Sf2 

Ler 
FLC Don combined with FRI-Sf2 by marker-
assisted selection in F2 population 

Provided by Dr.Carlos 
Alonso-Blanco 

FLC Ri-0 
FRI Sf2 

Ler 
FLC Ri-0 combined with FRI-Sf2 by marker-
assisted selection in F2 population 

Mendez- Vigo et al., 
(2016) 

HUA-2 Ler Wild type HUA2 in Ler backround 
Alonso-Blanco et al., 
(1998); Doyle et al., 
(2005) 

k21 
HUA2 

Ler K21 mutation in  hua2-Ler 
Chen and Meyerowitz 
(1999) 

FLC Sf2 Col-0 
Homozygous for the Sf2 allele of FLC in the 
Col background, derived from F7 backcross 
population 

Lee et al., (1994) 

FRI Sf2 Col-0 
Homozygous for the Sf2 allele of FRI in the 
Col background, derived from F8 backcross 
population 

Lee et al., (1994) 

flc2 FRI 
Sf2 

Col-0 
Fast-neutron flc allele in FRI-Sf2 in the Col 
background (FRI-Sf2/ FRI-Sf2; flc-2/flc-2) 

Michaels and 
Amasino (1999) 

flc3 FRI 
Sf2 

Col-0 
Fast-neutron flc allele in FRI-Sf2 in the Col 
background (FRI-Sf2/ FRI-Sf2; flc-3/flc-3) 

Michaels and 
Amasino (1999) 
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These Arabidopsis genotypes were initially multiplied simultaneously under the same 

greenhouse conditions to minimize maternal effects. For experiments, Arabidopsis 

seeds sown in a 3:1  mix of peat: vermiculite in 96 well trays were stratified in the 

dark at 4º for four days. The trays were then transferred to a growth chamber at 21º 

C or a greenhouse module at 21-23º C, both under long day conditions (16 hours 

light/ 8 hours dark) with light intensity of 220 – 250 µmol.S-1.m-2 and 65 – 70 % 

relative humidity. Ten day old seedlings were transplanted into individual 10 cm 

diameter pots containing the same substrate, in order to minimize space and 

resource limitation. Plants were either grown in the same chamber or a greenhouse 

module until the end of their life cycle. For vernalization, ten days old Arabidopsis 

seedlings were grown  at 4º C for five weeks in 8 hours light/ 16 hours darkness 

cycle.  

To assess seed viability, a germination assay was performed in which 200 

seeds per treatment (host genotype x virus) were plated in petri dishes on moist filter 

paper, stratified for four days in the dark at 4°C and incubated for four days at 21°C 

in a 16 hours light/ 8 hours dark cycle. Then, germinated seeds were counted and 

germination percentage was calculated. 

 

3.2 Virus inoculations 

Different types of inocula have been used for the propagation of the five viruses, 

namely viral RNA purified from virus particles, and in-vitro transcripts or DNA from 

the respective biologically active clone. Sap of the thus infected plant was then used 

to inoculate Arabidopsis plants. 

To prepare the virus inoculum, 100 ng / µl purified viral RNA (for CMV, TuMV 

and YoMV) or 1µg in-vitro transcript/ plant (for TCV) was suspended in 0.1 M 

Na2HPO4. For CaMV, 5 µg of digested CaMV plasmid DNA/ plant was used as 
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inoculum. Three fully expanded leaves of the three weeks old propagation host plants 

were sprinkled with carborundum (silicon carbide, mesh number 400) which acts as 

an abrasive and subsequently, mechanically inoculated with 15 µl per leaf of the viral 

RNA or in-vitro transcript or DNA in 0.1 M Na2HPO4 solution.  

To inoculate using sap of infected host plants (Figure 3.1), the youngest 

leaves were ground in a mortar in phosphate buffer (0.5 M Na2HPO4, 1 M NaH2PO4 

pH 7.0) with  0.2 % DIECA (diethyldithiocarbamic acid) as a reducing agent. Three 

expanded leaves of Arabidopsis plants [stages 1.04–1.05 as in (Boyes et al., 2001)]  

were sprinkled with 0.2 %  carborundum and mechanically inoculated with 15 µl per 

plant of the inoculum. 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Virus propagation hosts  used to prepare  virus inocula. N. clevelandii plants 

infected with (A) LS-CMV,  or (E) CaMV-BJI; N. benthamiana plants infected with (B) TCV-M 

or (C) TuMV-UK1 and N. tabacum cv. Samsun infected with (D) YoMV-OSRMV 
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3.3 Nucleic acid extraction and analysis 

3.3.1 Extraction of plant RNA 

Total plant RNA was extracted using Trizol® reagent (Life Technologies, Carlsbad, 

CA, USA). 

Firstly, each sample, either the whole plant or three discs of rosette leaves 

(100 mg) were homogenized using mortar and pestle with liquid nitrogen until 

complete powder was obtained. Trizol® Reagent was added accordingly followed by 

chloroform partition, and RNA was precipitated from the aqueous phase using an 

equal volume (1:1) of isopropanol. RNA pelleted down through a high-speed 

centrifugation of 13,000 relative centrifugal force (g) at room temperature was 

subsequently washed with 70 % ethanol and air-dried before resuspension in 

autoclaved MiliQ  water. RNA was then purified by a phenol/chloroform extraction 

procedure using an equal volume of phenol:chloroform:isoamylalcohol (25:24:1) and 

re-precipitated using 0.1 volume of 3 M pH 5.2 sodium acetate and 2.5 volume of 

absolute ethanol. Finally, the pellet was re-suspended in 50 µl of autoclaved miliQ 

water.  

 

3.3.2 Extraction of plant DNA 

For extraction of the total plant DNA, three leaf discs of rosette leaves (100 mg) were 

homogenized in mortar and pestle using liquid nitrogen until complete powder was 

obtained. Extraction buffer (50 mM NaCl, 100 mM Tris-HCL pH 7.5, 50 mM EDTA pH 

8.0) along with RNAse A (10 mg/ml) were added to remove RNA contamination. 10 

% sodium dodecyl sulphate (SDS) and proteinase-K (100 mg/ml) treatment was 

given at 65º C for an effective cell lysis. This procedure was followed by a phenol-

chloroform extraction and DNA was then precipitated from the aqueous phase using 

absolute ethanol. DNA pelleted down through a centrifugation of 15,000 g at room 
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temperature and was washed with 70 % ethanol and air-dried before re-suspension 

in 50 µl of autoclaved miliQ water. 

The Nanodrop® spectrophotometer was used to evaluate the concentration of 

the extracted nucleic acid (ng/µl) and its purity through the calculated quality ratios. 

For RNA OD260/OD280 ratio should be between 2 and 2.2 and for DNA, OD260/OD280 

ratio should be close to 1.8. Integrity of the nucliec acid was assessed by agarose gel 

electrophoresis analysis with 1.2 % Agarose and Tris-Acetate-EDTA buffer (40mM 

Tris, 20mM Acetic Acid and 1mM EDTA) (Sambrook et al., 1989) . Ethidium bromide 

was used to visualize the nucleic acid. 

 

3.4 Virus detection and quantification of virus accumulation 

3.4.1 Virus detection and absolute quantification of virus accumulation 

Virus detection was performed using Reverse transcription-Polymerase Chain 

Reaction (conventional RT-PCR) using total plant RNA or conventional PCR on total 

plant DNA, depending upon the virus. Different primers were used for detection, as 

described in Table 3.3. For the absolute quantification of the titre of viruses in the 

infected plant, real time quantitative PCR was used. Plant tissue was harvested at 15 

dpi, and the RNA or DNA was extracted. Afterwards, for RNA viruses 0.16 - 4 ng of 

total RNA was added to the Brilliant III Ultra-fast SYBR Green qRT-PCR Master Mix 

(Agilent Technologies) according to manufacturer’s recommendations in a final 

volume of 10µl. Light Cycler 480 II real time PCR system (Roche) was used to 

quantify each sample in triplicates. For DNA virus, RT step was skipped and directly 

qPCR was performed. Plant RNA of the mock- inoculated control and water were 

used as negative control. To obtain the standard curve in the run, purified virus RNA 

or DNA was diluted  serially in 1: 10 ratio from 100 ng / µl to  0.1 fg / µl. RT-qPCR 

runs with an efficiency (E) of 80% to 100% and slope of the standard curve between 
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3.3 and 3.6 were considered for analysis. Dissociation curves were generated to 

ascertain that only one single product was produced and detected in each case. 

Primers used to perform real time quantitative PCR are presented in the Table 3.3. 

Virus accumulation was calculated from the standard curve in the qPCR run as 

nanograms of viral RNA or DNA/ microgram/ total plant RNA or DNA. 

 

Table 3.3 Primers used for the detection/quantification of viruses. 

 

 

 

3.4.2 Relative quantification of flowering genes  

For the relative quantification of the expression of flowering genes, a two-step 

quantification method was applied. Complementary DNA was prepared from 1 µg of 

total plant RNA and anchored Oligo (dT)18 primer using Transcriptor first strand 

cDNA synthesis kit (Roche Molecular Systems, Inc.), according to the manufacturer’s 

protocol. Primers for FLOWERING LOCUS C (FLC), FLOWERING LOCUS T (FT), 

SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1) and ubiquitin-conjugating 

enzyme (UBC) genes do not amplify the genomic DNA as the primers have been 

designed to span exon-exon junctions (Table 3.4). However, in case of FRIGIDA 

(FRI), to eliminate the amplification of genomic DNA, DNAse treatment was given to 

each sample using TURBO DNA-free™ Kit (Ambion, Life Technologies) before 
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production of cDNA. Afterwards, the prepared cDNA was added to the LightCycler® 

480  SYBR Green I Master ( Roche Molecular Systems, Inc.) in a final volume of 10 

µl. Each reaction was quantified in the Light Cycler 480 II real time PCR system 

(Roche Molecular Systems, Inc.). In each plate, expression of  UBC was quantified 

for normalization of value of flowering gene expression (Czechowski et. al, 2005) for 

each sample. 

  

Table 3.4 Primers used for amplification of each flowering regulator gene 

 

 

 

3.5 Parameters of life history traits of Arabidopsis thaliana 

Life history traits analysed in this thesis refer to the temporal schedule of plant 

development and to the allocation of resources to growth and reproduction. The 

temporal schedule of Arabidopsis development was quantified following Boyes et al. 

(2001), the span of the vegetative growth period (GP) was defined as the time from 

the end of stratification to the opening of first flower. The span of the reproductive 

period (RP) was defined as the time from the opening of the first flower until the first 

silique shatters. Finally, lifespan (LP) was defined as the period from seed 

germination until complete senescence. All these periods were measured in days.  

To analyse life histrory traits pertaining to allocation of resources and 

reproduction, rosette weight (RW) has been taken as a measure of vegetative growth 

effort. Weight of the reproductive structures that is the inflorescence stalk and the 
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siliques (IW) has been taken as a measure of the reproductive effort. Weight of the 

mature seeds (SW) has been taken as a measure of the progeny production as a 

proxy to fitness. Mature seeds were collected every two days after siliques shattered. 

Plants were harvested upon complete senescence and maintained at 65º in an oven 

until constant weight was reached. 

 

3.6 Statsitical analyses 

To assess if data of each variable were normally distributed, a Shapiro-Wilk test was 

conducted. A Levene’s test was performed to check for homogeneity of variance or 

homoscedasticity of the data. Distributions were not normal or homoscedastic for any 

variable, so analyses were done via a full factorial Generalized Linear Model (GzLM). 

Significance of differences among classes within each factor was determined by 

Fisher’s least significant difference test (LSD). Descriptive analyses of the data 

distribution has been performed by Skewness and Kurtosis tests and compared with 

Gaussian null distribution using t- tests. Linear regression analysis has been 

performed to test relationship between resource allocation and tolerance. Durbin-

Watson test was used to test for autocorrelation between regressors. Spearman’s 

correlation analysis has been perfomed to test correlation between viral accumulation 

and lifespan of genotypes. Frequency of viable seeds, plants producing flowers or 

seeds was compared by contingency tests. For all statistical analyses, the software 

SPSS v. 22 (SPSS Inc. Chicago, IL, USA) has been applied. 
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IV. RESULTS 

4.1 Analysis of the specificity of defense responses to virus 

infection in Arabidopsis 

The aim of this study was to ascertain i) if resource reallocation based tolerance is a 

general response of Arabidopsis to virus infection or a virus-specific host response, 

ii) if host defences differ according to the length of lifecycle of Arabidopsis 

genotypes and iii) to  understand the relationship between resistance and tolerance. 

To achieve these aims, Arabidopsis genotypes were challenged with five different 

virus species. The selected Arabidopsis genotypes had a short or a long life cycle, 

and had been shown to be non-tolerant or tolerant, respectively, to different strains 

of CMV in previous studies of our group (Pagán et al., 2007; Pagán et al., 2008). 

The viruses belonged to different genera and families so that they exemplify 

different genome expression strategies and, presumably, different modes of 

molecular interactions with the host plant. Also, these five virus species exemplify 

different life histories, which may determine their ecology and evolution as well as 

the patterns of host defence evolution.  

 

4.1.1 Experimental design 

Six Arabidopsis genotypes were tested against five viruses. Arabidopsis genotypes 

were Col-1, Ler and Shak (short-lived genotypes) and Cum-0, Kas-0 and Ll-0 (long-

lived genotypes). The five viruses were CMV, TCV, TuMV, YoMV and CaMV. For 

each treatment, including buffer mock-inoculated controls, eight replicate plants 

were included and arranged in a fully randomized design.  Viral accumulation at 15 

days post inoculation, effect of infection on rosette weight, inflorescence weight, 
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viable seed weight and biomass was quantified. Temporal life history traits until 

complete senescence were also noted. 

 

4.1.2 Symptoms of virus infection in Arabidopsis genotypes 

The six assayed Arabidopsis wild genotypes were systemically infected by the five 

assayed viruses, no immune or hypersensitive resistance responses were 

observed. The type and severity of symptoms depended on the specific interaction 

virus species per host genotype, and varied from asymptomatic (e.g., CMV in Cum-

0) to leaf distortion and extreme reduction of rosette growth with no inflorescence 

production (e.g., TuMV in Cum-0), with different degrees of leaf mottle and 

chlorosis, and growth reduction, in between these two extremes. Across host 

genotypes, CMV induced the mildest symptoms, and TCV and, particularly, TuMV, 

the most severe ones (Figure 4.1.1). The effect of infection on plant development 

varied largely according to the virus-host genotype interaction, sometimes resulting 

in plant sterilization: while all CMV, CaMV and YoMV-infected plants flowered and 

produced seed (except 2/8 YoMV-infected Kas-0 plants, which flowered but did not 

produce seed), all TCV-infected plants flowered but only 78.3% of them produced 

seed, and 61.8% of TuMV-infected plants flowered but only 17.6% produced seed 

(Annex Table A.1). The effect of TCV and TuMV infection on flower and seed 

production was more severe in the long life cycle host genotypes. Indeed, TuMV 

infection resulted in 100% of short life cycle genotype plants flowering and 31.6 % 

producing seeds (all of Col-1 genotype), while 13.3% of long life cycle genotype 

plants flowered and none produced seeds, differences being significant (χ2 = 3.78, 

P = 0.051). Also, 87.5% of TCV-infected short life cycle genotype plants produced 

seeds vs. 68.2% of long life cycle genotype plants, although this difference was not 

significant (χ2 = 2.78, P = 0.095). 
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Figure 4.1.1 Symptoms of virus infection in Arabidopsis. Symptoms at 15 dpi are shown 

for Col-1 (A-F) and Kas-0 (G-H). Plants are mock-inoculated (A, G) or infected by CMV (B, H), 

TCV (C, I), TuMV (D, J), YoMV (E, K) or CaMV (F, L). Symptoms are: Mild growth reduction 

(B, H); chlorosis, and severe stunting and leaf lamina reduction (C, D, I, J); or chlorosis, 

moderate stunting, and leaf lamina reduction (E, F, K, L). All scale bars represent 1 cm. 

 

4.1.3 Virus multiplication in Arabidopsis genotypes 

For all assayed virus species, multiplication was estimated by RT-qPCR 

quantification of viral RNA, or qPCR quantification of viral DNA, accumulation in 

systemically infected leaves at 15 dpi. The RNA/DNA accumulation of the different 

viruses varied over four orders of magnitude, being highest for TCV and lowest for 

CaMV (Table 1). GzLM analyses considering virus species and host life cycle length 

(short or long) as fixed factors, and host genotype nested to life cycle length as a 

random factor, in a full factorial model, showed that virus multiplication depended on 

all factors and on their interaction (Wald χ2 ≥ 19.01, P < 10-3). The effect of host 

genotype and life cycle length was solely due to TCV multiplication, which was 

highest in the short life cycle genotypes. Removal of TCV from this analysis resulted 

in a non-significant effect of host life cycle length. When multiplication across host 

genotypes was analysed for each virus separately, RNA/DNA accumulation 



 

74 
 

RESULTS 

significantly varied for all viruses (Wald χ2 ≥ 14.37, P ≤ 0.013) except for CMV (Wald 

χ2 (5, 27) = 8.105, P = 0.151) (Table 4.1.1). For each of the four viruses with significant 

differences, the six Arabidopsis genotypes ranked differently according to RNA/DNA 

accumulation, indicating that they differ in resistance to each of them. 

 

Table 4.1.1 Viral accumulation in Arabidopsis genotypesa 

 

a. Viral accumulation is expressed as ng of viral RNA or DNA/ µg/ total RNA or DNA. 

Data are mean ± standard error of at least four replicate plants. 

 

4.1.4 Effects of virus infection on Arabidopsis seed production 

The effect of virus infection on progeny production was quantified as the ratio of 

viable seeds produced by infected plants (SWi) relative to mock-inoculated controls 

(SWm). The ratio SWi/SWm is an estimation of tolerance which varies between 0 and 

1, with ratios > 1 indicating over-compensation. Importantly, this ratio is also an 

estimation of virulence, V, which is usually measured as its reciprocal (V= 1-

SWi/SWm), with negative values indicating positive effects of infection on host 

fitness. For estimating tolerance/virulence, the actual weight of seeds produced per 

plant was converted into weight of viable seeds by multiplying for the viability of 

seeds. The viability of seeds from infected plants, estimated as percent 

germination, did not differ for mock inoculated and CMV-, TuMV-, YoMV- or CaMV-

Host Genotype CMV TCV TuMV YoMV CaMV 

Col1 10.20±3.42 1283.64±225.94 1.63±0.43 3.61±1.21 0.15±0.06 

Ler 5.06±1.75 1510.42±281.47 2.50±0.32 8.44±1.25 0.24±0.11 

Shak 7.73±3.56 1978.54±326.42 0.50±0.058 3.86±0.70 0.19±0.10 

Ll-0 14.25±3.63 1133.64±168.73 0.58±0.05 3.43±0.59 0.18±0.04 

Cum-0 11.73±4.75 725.23±194.47 2.70±1.07 5.41±0.94 0.52±0.12 

Kas-0 6.75±2.66 655.92±124.85 2.92±0.82 2.26±0.59 1.42±0.57 
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infected plants. However, the viability of the seeds from Col-1, Ler, Shak and Ll-0 

TCV-infected plants was between 76% and 91% lower than that of the 

corresponding mock-inoculated controls (χ2 ≥ 11.45, P ≤ 10-3). Thus, in all the 

analyses below the values of SWi and SWm always refer to weight of viable seeds.  

               The ratio SWi/SWm varied largely according to the virus species-host 

genotype interaction (Figure 4.1.1, Annex Table A.1). It was not significantly 

different from 1 in the interactions of Kas-0, Cum-0 and Ll-0 with CMV (complete 

tolerance), and was 0 in the interaction of most host genotypes (except Col-1) with 

TuMV (maximum virulence). GzLM analyses, considering virus species and host 

genotype life cycle length as fixed factors, and host genotype nested to life cycle 

length as a random factor in a full factorial model, showed that SWi/SWm depended 

on all factors and their interaction (Wald χ2 ≥ 31.23, P < 10-3). The effect of CMV 

and TCV infection on seed production was higher in the short life cycle genotypes 

than in the long life cycle ones (Wald χ2 (1,34) = 33.10, P = 10-3 for CMV, Wald χ2 (1,46) 

= 4.11, P = 0.043 for TCV). The effect of TuMV infection on seed production was 

higher in the long life cycle genotypes than in the short life cycle ones (Wald χ2
(1,32) 

= 4.52, P = 0.034), which has limited meaning, as only TuMV-infected Col-1 plants 

produced seeds. The effects of YoMV and CaMV on seed production were similar 

for the short life cycle and the long life cycle genotypes (Wald χ2 ≤ 3.39, P ≥ 0.066). 

Note that, according to the hypotheses to be tested, these analyses focused on the 

factor “life cycle length”, and that the effect of infection on each individual host 

genotype did not always follow the above patterns (Figure 4.1.2). Indeed, as 

attested we detected significant effects of the interaction between the fixed factor 

“virus species” and the random factor “host genotype nested to life cycle length” on 

the SWi/SWm values.  
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Figure 4.1.2 Effect of virus infection on Arabidopsis growth and reproduction. The 

effects of infection by CMV, TCV, TuMV, YoMV and CaMV on growth and reproduction of six 

Arabidopsis wild genotypes are shown as the ratio of infected to mock-inoculated plants of 

their rosette weight (RWi/RWm, blue bars), inflorescence weight (IWi/IWm, red bars) and viable 

seed weight (SWi/SWm, green bars). Data are mean ± standard error of at least four 

replicated plants. 
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When the effect of virus infection on seed production was analysed separately for 

each virus over the six host genotypes, significant differences among host 

genotypes were found for all viruses (Wald χ2 ≥ 6.71, P ≤ 0.010). For TuMV no 

comparison was possible (Figure 4.1.2). 

The ratio SWi/SWm ranked differently for CMV, YoMV and TCV across host 

genotypes, indicating marked differences in virulence. Indeed, virulence was lowest 

for CMV (highest SWi/SWm ratio and thus highest tolerance), intermediate for YoMV 

and CaMV and extremely high for TCV and TuMV (i.e. lowest and ineffective 

tolerance), which nearly prevented seed production. 

 

4.1.5 Effects of virus infection on resource allocation to growth 

and reproduction 

The effect of virus infection on vegetative growth effort (growth effort) was 

quantified as the ratio of rosette weight of the infected to the mock-inoculated 

plants, RWi/RWm. Infection by all five viruses resulted in a reduction of rosette 

weight (Figure 4.1.2). The value of the ratio RWi/RWm depended on the virus 

species, the host genotype nested to life cycle length, and on the interactions virus 

x life cycle length and virus x host genotype nested to life cycle length (Wald χ2 ≥ 

187.55, P ≤ 10-3), but not on life cycle length (Wald χ2
(1,165) = 0.82, P = 0.345). The 

effect of TCV and YoMV on growth effort was higher in the short life cycle 

genotypes (Wald χ2 ≥ 11.49, P ≤ 0.001) and the opposite was observed for TuMV 

(Wald χ2
(1,32) = 88.60, P ≤ 10-3). No effect of life cycle length was detected for CMV 

and CaMV (Wald χ2 ≥ 0.36, P ≥ 0.223). When the effect of virus infection on growth 

effort was analysed separately for each virus over the six host genotypes, it 

significantly differed among host genotypes for all viruses (Wald χ2 ≥ 16.95, P ≤ 

0.005) (Figure 4.1.2). The ratio RWi/RWm ranked differently for each virus across 

host genotypes, indicating differential effects of virus infection on growth effort. 
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The effect of virus infection on the development of reproductive structures 

was quantified as the ratio of inflorescence weight of the infected to the mock-

inoculated plants, IWi/IWm. Infection by all five viruses resulted in a reduction of 

inflorescence weight (Figure 4.1.2). The value of the ratio IWi/IWm depended on the 

virus species, the life cycle length, the host genotype nested to life cycle length and 

all the interactions (Wald χ2 ≥ 75.30, P ≤ 10-3).  

For CMV and YoMV, the effect of infection on reproductive effort was higher 

in the short life cycle genotypes (Wald χ2 ≥ 16.32, P ≤ 10-3), again the opposite 

occurred for TuMV (Wald χ2 (1, 32) = 26.11, P = 10-3). TCV and CaMV infection had 

similar effects on reproductive structures in genotypes of both life cycle length groups 

(Wald χ2 ≥ 0.76, P ≥ 0.064). When the effect of virus infection on reproductive effort 

was analysed separately for each virus over the six host genotypes, it significantly 

differed among host genotypes for all viruses (Wald χ2 ≥ 54.56, P < 10-3) (Figure 

4.1.2). The ranking of the IWi/IWm values for each virus across host genotypes 

indicated differential effects of virus infection on IW as for SW and RW. 

Since Arabidopsis tolerance to CMV is attained by resource reallocation form 

growth to progeny production (Pagán et al., 2008), we analysed next the effect of 

virus infection on the ratio (SW/RW)i/(SW/RW)m. This ratio depended on the virus 

species, the life cycle length, the host genotype nested to life cycle length and their 

interactions (Wald χ2 ≥ 14.43, P ≤ 0.006). The value of the (SW/RW)i/(SW/RW)m ratio 

was higher in CMV-infected long life cycle genotypes, than in short life cycle ones 

(Wald χ2 (1,34) = 8.04, P = 0.005), indicating resource reallocation from growth to 

reproduction upon infection. This ratio was similar for long and short life cycle 

genotypes infected by TCV, YoMV and CaMV (Wald χ2 ≤ 2.29, P ≥ 0.130), although it 

differed for individual genotypes infected by TCV and YoMV (Figure 4.1.3). Resource 

reallocation was not a host response to infection by these viruses, with the exception 

of Kas-0 infected by YoMV (Figure 4.1.3). Plants infected by TuMV were not included 

in the analyses, as only infected Col-1 plants produced seed. 



 

79 
 

RESULTS 

 

 

 

Figure 4.1.3 Effect of virus infection on resource allocation to growth and 

reproduction in Arabidopsis. The effects of infection by CMV, TCV, TuMV, YoMV and 

CaMV on resource allocation in six Arabidopsis wild genotypes are shown as the ratio of 

viable seeds weight to rosette weight in infected to mock-inoculated plants 

[(SW/RW)i/(SW/RW)m, beige bars], and as the ratio of the inflorescence weight to rosette 

weight in infected to mock-inoculated plants [(IW/RW)i/(IW/RW)m, gray bars]. Data are mean 

± standard error of at least four replicated plants. Note the different scale in each panel. 
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It could be possible that resource reallocation from growth to reproduction 

occurred but did not yield differences in seed production. To test if this was the case, 

we analysed if there was resource reallocation form growth to the production of 

reproductive structures, as indicated by the ratio (IW/RW)i/(IW/RW)m. 

This ratio was dependent on virus species, host genotype nested to life cycle 

length and the interactions virus species x life cycle length and virus species x host 

genotype nested to life cycle length (Wald χ2 ≥ 22.47, P ≤ 10-3), but it did not depend 

on life cycle length (Wald χ2
(1,165) = 4.29, P = 0.117). The value of the 

(IW/RW)i/(IW/RW)m ratio was higher in CMV-infected long life cycle genotypes, than 

in short life cycle ones (Wald χ2 (1,34) = 7.49, P = 0.006), indicating resource 

reallocation from growth to reproduction upon infection. This ratio was similar for long 

and short life cycle genotypes infected by TCV, YoMV and CaMV (Wald χ2 ≤ 0.87, P 

≥ 0.351), although it differed for individual host genotypes infected by all viruses 

(Figure 4.1.3). Resource reallocation from growth to reproduction was not a host 

response to infection by these viruses, with the exception of Kas-0 infected by YoMV 

and CaMV, and of Shak infected by TCV and YoMV. The ratio (IW/RW)i/(IW/RW)m 

was significantly lower than 1 in all genotypes infected by TuMV (Figure 4.1.3). 

Note that, as for SWi/SWm, analyses of all traits reported in this section 

particularly focused on the factor “life cycle length”, and that the effect of infection on 

each individual host genotype not always followed the above described patterns 

(Figure 4.1.2, Figure 4.1.3 and Table Annex A.1), as indicated by the significant 

effects of the interaction between factors (virus species, host life cycle length and 

host genotype nested to life cycle length) detected in most analysed trait. 

In summary, reallocation of resources from vegetative growth to reproduction, 

both to the formation of reproductive structures and of progeny, is a specific 

response of plants from long life cycle genotypes to CMV infection, but is not a 

general response to virus infection. 
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4.1.6 Effects of virus infection on host developmental schedule 

To analyse if virus infection did affect the temporal schedule of Arabidopsis 

development we measured the total life span (LP), as well as the span of the growth 

and reproductive periods (GP and RP, respectively). LP is longer than GP + RP, as 

from the time the first silique shatters (end of RP) to complete plant senescence 

(end of LP) there is a period of silique maturation and progressive plant senescence 

that here is not analysed independently. 

The effect of infection on host life span (LPi/LPm) (Figure 4.1.4) depended on 

the virus species, the host genotype life cycle length, the host genotype nested to 

life cycle length, and the interactions between these factors (Wald χ2 ≥ 148.61, P < 

10-3). The effect of infection on LP differed for each assayed virus. In CMV-infected 

plants LPi/LPm was significantly different for long and short life cycle genotypes 

(Wald χ2 (1,4) = 1.00, P = 0.016). LP was longer upon infection in long life cycle 

genotypes and did not vary in short life cycle ones, as compared to mock-inoculated 

controls. In CaMV-infected plants LPi/LPm was also significantly different for long 

and short life cycle genotypes (Wald χ2 (1,4) = 6.87, P = 0.009), LP was shorter in 

long life cycle genotypes but was not altered in short life cycle ones. In TuMV-

infected plants LP was shorter than in the corresponding controls in all genotypes, 

this reduction being more severe for long than for short life cycle ones (Wald χ2
(1,4) = 

49.12, P < 10-3). Infection by TCV and YoMV did not have a life cycle length 

differential effect on LP (Wald χ2 ≤ 2.57, P ≥ 0.109). LP was observed to decrease 

only in some genotypes (e.g., Ler and Kas-0 for TCV, Ler for ToMV) and increased 

in the rest (Table Annex A.1). 
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Figure 4.1.4 Effect of viral infection on the temporal schedule of Arabidopsis 

development. The effects of infection by CMV, TCV, TuMV, YoMV and CaMV on the 

temporal schedule of development of six Arabidopsis wild genotypes are shown as the ratio 

of the length in infected to mock-inoculated plants of the vegetative growth period (GPi/GPm, 

yellow bars), reproductive period (RPi/RPm, blue bars) and lifespan (LPi/LPm, purple bars). 

Data are mean ± standard error of at least four replicated plants. 
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The effect of infection on the vegetative growth period (GPi/GPm) depended 

on the virus species, the host genotype life cycle length, the host genotype nested 

to life cycle length, and the interactions between these factors (Wald χ2 ≥ 24.31, P < 

10-3) (Figure 4.1.4).  

In TuMV-infected plants GPi/GPm was unaffected in short life cycle genotypes 

(Wald χ2 ≤ 2.09, P ≥ 0.091), but most long cycle genotype plants did never flower. 

Infection by CMV, TCV, YoMV and CaMV did not have a differential effect on GP 

according to genotype life cycle length (Wald χ2 ≤ 2.04, P ≥ 0.153). CMV infection 

did not affect GP in any genotype, TCV and YoMV infection resulted in an increase 

of GP in all genotypes except Kas-0, and CaMV infection resulted in the increase of 

the GP of Col-1 and Ler, not affecting the other genotypes (Table Annex A.1). 

Last, the effect of infection on the reproductive period (RPi/RPm) (Figure 

4.1.4) depended on the virus species, the host genotype life cycle length, the host 

genotype nested to life cycle length and the interaction virus species per host 

genotype nested to life cycle length (Wald χ2 ≥ 5.77, P ≤ 0.016), but not on the 

interaction virus species per life cycle length (Wald χ2 
(3,122) = 0.46, P = 0.928). 

Infection by CMV, CaMV and TuMV (in the only host genotype that flowered after 

infection, Col-1) did not affect RP in any genotype, TCV infection resulted in an 

increase of the RP in all genotypes, and YoMV infection resulted in the increase of 

RP in Shak, Cum-0 and Kas-0, a decrease in Ler, and had no effect on Col-1 or Ll-0 

(Table Annex A.1). 

In summary, the effect of infection on GP and LP, but not RP, depended on 

the host genotype life cycle length, but the sense and magnitude of the effect varied 

for each virus species. The effect of infection on RP varied according to host 

genotype and to virus species. 

 

 



 

84 
 

RESULTS 

4.1.7 Conclusions 

The response of six wild genotypes of Arabidopsis, with long or short life cycle 

lengths, to infection by five virus species with different life styles, genome 

organisation and expression, host ranges and transmission mechanisms was 

examined. Results showed that genotype-specific resistance to virus infection seems 

to be a general defense of Arabidopsis, as it was expressed towards a variety of 

virus species. Conversely, tolerance to virus infection associated to life-history trait 

modifications seems to be a narrow-spectrum response, observed here only towards 

CMV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

85 
 

RESULTS 

4.2 Role of flowering genes in tolerance to Cucumber mosaic 

virus in Arabidopsis thaliana 

4.2.1 Analysis of the role of flowering genes in the expression of 

tolerance 

The aim of this study was to analyse the role of flowering genes in the expression of 

tolerance to CMV in Arabidopsis. The rationale for this study is that tolerance is 

attained through changes in the host developmental schedule (See Results section 

4.1 and Pagán et al. 2008) and that QTLs for tolerance co-mapped with flowering 

genes FLC, FRI and HUA2 (Pagán, J.I., Doctoral Thesis, 2008). 

For this purpose, thirteen genotypes of Arabidopsis were selected as they 

carry functional or non-functional alleles of flowering genes, FLC, FRI and HUA2 

(Table 4.2.1.1). Col-0, Ler and Ll-0 wild genotypes of Arabidopsis were taken as 

controls. In the Col background, FLC-Sf2 and FRI-Sf2 introgression lines (IL) have 

been selected because they carry functional alleles of FLC and FRI respectively. 

Wild genotype, Col-0 lacks a functional FRI but has a weak FLC allele. Another 

selected IL in the Col background is flc-3 FRI Sf2, which carries a non-functional 

FLC but a functional FRI allele. In the Ler background, ILs carrying FLC-Col and 

FLC-Ll-0 have been selected as they both differentially express FLC and do not 

carry a functional FRI allele. FLC-Col, however carries a functional HUA2 allele 

which was co-introgressed with FLC. As Ler wild genotype does not have a 

functional allele of FRI, two ILs have been selected, FRI Sf2 Ler, for having a 

functional FRI allele, and FLC Ll-0 FRI Sf2 Ler, for having both FLC and FRI 

functional alleles. Ler allele of HUA2 contains a premature stop codon which 

renders its translations product non-functional, so IL HUA2-Ler and mutant line, K21 

HUA2 Ler have been selected for their functional HUA2 expression. Lastly, a 

transgenic line, 35S:FLC Col Ler which has constitutive expression of FLC-Col in 
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the Ler background, was included in the experiment (for further genotype details, 

refer to Material and Methods Table 3.2 and Table 4.2.1.1).  

 

 Table 4.2.1.1 Characteristics of Arabidopsis host genotypes analysed for 

tolerance  

 

a. Number of days until bolting ± standard error of mock-inoculated plants of eight replicates 

b. Genes have been labelled in each genotype according to the non-functional (-), weak (+) or 

functional allele (++, +++, ++++) expression, where each + denotes higher expression. 

 

 

These thirteen genotypes of Arabidopsis were infected with LS-CMV, and the 

experiment followed a fully randomised design with eight replicated plants per 

treatment or mock-inoculated controls. Plants were inoculated at a vegetative growth 

stage when they had developed 4- 5 rosette leaves (stage 1.04 of Boyes et. al, 2001) 

and maintained in a growth chamber under controlled conditions of 21 ºC, long day 

(16 hours light/ 8 hours dark) with 60-75 % relative humidity, until complete 

senescence. Depending upon the length of the vegetative period, the 13 genotypes 

Host Genotype Time to Boltinga HUA2b FRIb FLCb References 

Col-0 15.38 ± 0.42 + - + Johanson et al., (2000), Koornneef et. al, (1994) 

Ler 12.38 ± 0.26 - - + Johanson et al., (2000),  Doyle et al.,(2005), Schmalenbach et al.,(2014)  

Ll-0 44.50 ± 1.65 ++ ++ ++ Sánchez-Bermejo et al.,(2012) 

FLC Sf2 Col 18.25 ± 0.56 + - +++  Lee et al., (1994) 

FRI Sf2 Col 44.13 ± 1.59 + ++ +++  Lee et al., (1994) 

flc-3 FRI Sf2 Col 12.00 ± 0.00 + ++ - Michaels and Amasino (1999) 

FLC Col Ler 17.50 ± 0.94 + - ++ Koorneef et al., (1994) 

FLC Ll-0 Ler 23.00 ± 0.38 - - ++ Sanchez-Bermejo et al., (2012) 

FRI Sf2 Ler 17.00 ± 0.53 - ++ -  Lee et al., (1994) 

FLC Ll-0 FRI Sf2 Ler 51.25 ± 3.78 - ++ ++++ Provided by Dr.C. Alonso-Blanco 

HUA2 Ler 15.00 ± 1.04 + - + Alonso-Blanco et al., (1998); Doyle et al., (2005) 

K21 hua2 Ler 14.33 ± 0.18 + - + Chen and Meyerowitz (1999) 

35S:FLC Col Ler 12.00 ± 0.00 + - ++ Michaels and Amasino (1999) 
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range from early to late flowering genotypes. This is due to the presence or absence 

of functional alleles of the floral repressor genes FLC, FRI or HUA2 (Table 4.2.1.1). 

All the assayed Arabidopsis genotypes were susceptible to LS-CMV infection. 

Inoculation success was 82 %, and at least six replicates per treatment were infected 

with LS-CMV. No immune or hypersensitive responses were observed. Symptoms 

were mild in all cases and mostly expressed as growth reductions. 

 

4.2.1.1 Multiplication of CMV in Arabidopsis genotypes 

LS-CMV multiplication was quantified as viral RNA accumulation in systemically 

infected leaves at 15 dpi by RT-qPCR. Data are shown in Table 4.2.1.2. 

 

Table 4.2.1.2 Virus accumulation in thirteen Arabidopsis genotypesa 

 

 

 

 

 

 

 

 

 

 

 

 

a. Viral accumulation is expressed as ng of viral RNA/ µg / total RNA. Data are mean ± 

standard error of at least six replicate plants. 

 

Host Genotype Viral Accumulation 

Col-0 20.28 ± 4.66 

Ler 14.25 ± 3.11 

Ll-0 20.00 ± 2.10 

FLC Sf2 Col 28.57 ± 9.12 

FRI Sf2 Col 7.02 ± 4.69 

flc-3 FRI Sf2 Col 11.94 ± 2.14 

FLC Col Ler 20.43 ± 9.65 

FLC Ll-0 Ler 22.27 ± 10.75 

FRI Sf2 Ler 31.88 ± 13.39 

FLC Ll-0 FRI Sf2 Ler 17.21 ± 8.57 

HUA2 Ler 87.49 ± 28.54 

K21 HUA2 Ler 29.59 ± 10.57 

35S:FLC Col Ler 14.82 ± 5.14 
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It ranged from 7.02 ± 4.69 to 87.49 ± 28.54 ng of viral RNA/ µg / total plant RNA (in 

Table 4.2.1.2) and according to a GzLM analysis with host genotype as a fixed 

factor, virus accumulation did not depend on host genotype (Wald χ2 (12,70) = 11.168, 

P = 0.515). According to a Spearman’s Correlation analysis, virus accumulation and 

genotype lifespan were not correlated (R = -0.055, P = 0.624). 

 

4.2.1.2 Effect of CMV infection on seed production 

As in section 4.1, viable Seed Weight (SW) was taken as a measure of progeny 

production and the ratio SWi/SWm is taken as an estimation of tolerance. Data of 

SW are presented in Figure 4.2.1.1, and data of SWi/SWm are presented in Figure 

4.2.1.2.These figures arise from the data in Annex Table A.2.1.  

 

 

 

Figure 4.2.1.1 Effect of LS-CMV infection on progeny production by thirteen 

Arabidopsis genotypes. Progeny production was estimated as seed weight (g) of mock-

inoculated (light green bars) or infected plants (dark green bars). Data are mean ± standard 

error of at least six replicated plants.  
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Figure 4.2.1.2 Effect of LS-CMV infection on growth and reproduction of thirteen 

Arabidopsis genotypes. The effect of LS-CMV infection on the 13 Arabidopsis genotypes is 

shown as the ratio of infected to mock-inoculated plants of their rosette weight (RWi/RWm, 

blue bars), inflorescence weight (IWi/IWm, red bars) and seed weight (SWi/SWm, green bars). 

Data are mean ± standard error of at least six replicated plants. Genes have been labelled in 

each genotype according to the non-functional (-), weak (+) or functional allele (++, +++, 

++++) expression, where each + indicates higher expression. 

 

 

GzLM analysis considering host genotype as a fixed factor showed that SWi/SWm 

depended upon host genotype (Wald χ2 (12, 70) = 1240.60, P < 10-3). In Ll-0, FLC sf2 

Col, FRI Sf2 Col, FLC Col Ler and FLC Ll-0 FRI Sf2 Ler infected with LS-CMV, 

SWi/SWm varied between 0.93 ± 0.08 and 1.28 ± 0.20, not being in any case 

significantly different than 1 (t > -0.913, P > 0.221), indicating complete tolerance. In 

other genotypes infected with LS-CMV, SWi/SWm lied between 0.052 ± 0.01 and 0.86 

± 0.05, thus indicating tolerance ranged from extremely low to high (Figure 4.2.1.2). 
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It can also be observed from Figure 4.2.1.2 that a reduction of seed production in 

infected plants, as compared to the mock-inoculated control, occurs in the 

genotypes which a) do not carry a functional FLC allele or b) the functional FLC 

allele is unaccompanied by a functional FRI or HUA2 allele (Figure 4.2.1.2). To 

support this observation, GzLM analysis of SWi/SWm value distribution was 

performed considering the presence or absence of a functional FLC allele as a fixed 

factor. Results indicated that SWi/SWm was significantly higher for the genotypes 

carrying a functional FLC allele than for those carrying a non-functional FLC allele 

(Wald χ2 (1, 81) = 12.041, P = 0.001). Further, amongst the genotypes that carry a 

functional FLC allele, GzLM analysis considering the presence or absence of 

functional FRI/HUA2 as a fixed factor was performed. Results indicated that 

SWi/SWm was significantly higher for the genotypes that carry functional alleles of 

FRI/HUA2 than those genotypes carrying non-functional FRI/HUA2 alleles (Wald χ2 

(1, 41) = 4.327, P = 0.038). 

In conclusion, the expression of host genotype-specific tolerance to CMV, 

estimated as SWi/SWm, requires a functional FLC allele and a high expression of 

FLC. 

 

4.2.1.3 Effect of CMV infection on host resource allocation to 

growth and reproduction  

The effect of virus infection on vegetative growth effort was quantified as the ratio of 

rosette weight of the infected to the mock-inoculated control plants, RWi/RWm and 

the effect of virus infection on the development of reproductive structures was 

quantified as the ratio of inflorescence weight of the infected to the mock-inoculated 

plants, IWi/IWm. Data are shown in Figure 4.2.1.2. These figures arise from data in 

Annex Table A.2.2. GzLM analysis with host genotype as a fixed factor showed that 
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RWi/ RWm as well as IWi/IWm depended on the host genotype (Wald χ2 (12, 70) = 59.06, 

P ≤ 10-3 and Wald χ2 
(12, 70) = 828.20, P ≤ 10-3 respectively. To evaluate the allocation 

of resources to growth and reproduction, analysis of the effect of LS-CMV infection 

on the ratios of (SW/RW)i/(SW/RW)m and (IW/RW)i/(IW/RW)m was performed. GzLM 

analysis with host genotype as a fixed factor showed that the ratio 

(SW/RW)i/(SW/RW)m  depended on host genotypes (Wald χ2 (12, 70) = 611.08, P < 10-

3). Linear regression analysis was conducted between SWi/SWm and 

(SW/RW)i/(SW/RW)m to understand the relationship between resource allocation and 

tolerance (Figure 4.2.1.3). Regression was significant (R = 0.691, P < 10-3). Note that 

the regression analysis was valid, as according to the Durbin-Watson test for 

autocorrelation, autocorrelation between the two regressors could be rejected at a 

level of significance α = 0.05 (d = 1.757 for N= 83).  

 

 

 

 

Figure 4.2.1.3 Correlation between resource reallocation from growth to progeny 

production and tolerance to CMV in Arabidopsis 
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To test if there was reallocation of resources from vegetative growth to 

production of reproductive structures, the ratio (IW/RW)i/(IW/RW)m was analysed. 

GzLM analysis with host genotype as a fixed factor showed that the ratio depended 

on host genotypes (Wald χ2 (12, 70) = 447, P < 10-3) (Figure 4.2.1.4). Similar to 

(SW/RW)i/(SW/RW)m, linear regression analysis between (IW/RW)i/(IW/RW)m and 

SWi/SWm shows that there was a significant positive correlation between the two 

regressors (R = 0.526 and P < 10-3). 

 

 

 

 

Figure 4.2.1.4 Effect of LS-CMV infection on resource allocation to growth and 

reproduction in thirteen Arabidopsis genotypes. Data are ratios of seed weight to 

rosette weight in infected to mock-inoculated plants [(SW/RW)i/(SW/RW)m, beige bars], and 

ratios of inflorescence weight to rosette weight in infected to mock-inoculated plants 

[(IW/RW)i/(IW/RW)m, gray bars]. Data are mean ± standard error of at least six replicated 

plants. 

 

In summary, tolerance to CMV in thirteen Arabidopsis genotypes is positively 

associated with the reallocation of resources from vegetative growth to reproduction. 
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4.2.1.4 Effect of CMV infection on host developmental schedule 

To analyse the effect of LS-CMV infection on the developmental schedule of the 

host, three temporal life-history traits were analysed, Lifespan (LP), Vegetative 

Growth period (GP), Reproductive period (RP), as defined in section 4.1.6. Figure 

4.2.1.5 shows the effect of infection on LP, GP and RP, quantified as LPi/LPm, 

GPi/GPm and RPi/RPm repectively. 

 

 

 

Figure 4.2.1.5 Effect of LS-CMV infection on the temporal schedule of Arabidopsis 

development. The effects of infection by LS-CMV on the temporal schedule of development 

of the 13 Arabidopsis genotypes are shown as the ratio of the length in infected to mock-

inoculated plants of their vegetative growth period (GPi/GPm, yellow bars), reproductive 

period (RPi/RPm, blue bars) and lifespan (LPi/LPm, purple bars). Data are mean ± standard 

error of at least six replicated plants. 

 

A GzLM analysis of the values of LPi/LPm considering the host genotype as a 

fixed factor showed that LPi/LPm depended upon host genotypes (Wald χ2 (12, 70) = 

32.64, P = 10-3) (Figure 4.2.1.5; Annex Table A.2.3). A GzLM analysis considering 
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as a fixed factor the nature, tolerant or non-tolerant, of the host genotype, showed 

that the effect of infection on LP was different for tolerant and non-tolerant  

genotypes (Wald χ2 (1, 82) = 5.20, P = 0.023). The infection of LS-CMV resulted in a 

significant increase of LP in four of the tolerant genotypes (Ll-0, FLC Sf2 Col, FRI 

Sf2 Col and FLC Ll-0 FRI Sf2 Ler; t ≥ 2.66, P < 0.033), and in none of the non-

tolerant ones (t ≥ -0.45, P > 0.064). 

A GzLM analysis of the values of GPi/GPm considering the host genotype as 

fixed factor showed that GPi/GPm depended on host genotypes (Wald χ2 (12, 70) = 

76.85, P < 10-3) (Figure 4.2.1.5; Annex Table A.2.3). A GzLM analysis considering 

as a fixed factor the nature, tolerant or non-tolerant, of the host genotype, showed 

that the effect of infection on GP was different for tolerant and non-tolerant 

genotypes (Wald χ2 (1, 82) = 6.89, P = 0.009). The infection of LS-CMV resulted in a 

significant increase of GP in the six tolerant genotypes (Ll-0, FLC Sf2 Col, FRI Sf2 

Col, FLC Ll-0 FRI Sf2, HUA2 Ler and 35S:FLC Col Ler; t ≥ 2.51, P < 0.045), and in 

one of the non-tolerant one (flc-3 FRI Sf2 Col; t ≥ 3.42, P < 0.019). There was no 

variation in the other non-tolerant genotypes (t ≥ -0.53, P < 0.087). 

A GzLM analysis of the values of RPi/RPm considering the host genotype as a 

fixed factor showed that RPi/RPm depended on host genotypes (Wald χ2 (12, 70) = 

118.03, P < 10-3) (Figure 4.2.1.5; Annex Table A.2.3). A GzLM analysis considering 

as a fixed factor the nature, tolerant or non-tolerant, of the host genotype, showed 

that the effect of infection on RP was not significantly different for tolerant and non-

tolerant genotypes (Wald χ2 (1, 82) = 0.229, P = 0.632). 

In summary, CMV infection affects LP, GP and RP differently depending upon 

the host genotype, but in tolerant genotypes infection results in a significant 

increase of LP and GP, but not of RP. 
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4.2.1.5. Conclusions 

The analysis of the response to CMV infection of thirteen Arabidopsis genotypes 

carrying functional or non-functional FLC, FRI and HUA2 alleles showed that 

tolerance requires high expression of a functional FLC allele. Tolerance is associated 

with resource reallocation upon infection from vegetative growth to reproduction and 

with a delay in flowering time and an increase of the host lifespan.   
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4.2.2 Analysis of the effect of different functional alleles of 

FLC in the expression of tolerance 

It has been reported that different alleles of FLC differ in their inhibitory effect on 

flowering (Méndez-Vigo et al., 2016). Thus, it could be that these alleles also show 

different effectiveness in tolerance to CMV. To test this hypothesis, eight genotypes 

of Arabidopsis with different functional alleles of FLC introgressed in a Ler 

background, with or without functional alleles of FRI, were assayed for tolerance to 

LS-CMV. The FLC alleles were FLC-Col, FLC-Ri-0, FLC-Don-0 and FLC-Ll-0. As 

controls, Ler, LL-0 and 35S:FLC Col Ler were included in the experiment (see Table 

4.2.2.1 for a list of genotypes and Table 3.2 in Material and Methods for further 

information). The experiment followed a fully randomised design with eight 

replicated plants per treatment or mock-inoculated controls. Plants were infected at 

a vegetative growth stage when they had developed 4- 5 rosette leaves (stage 1.04 

of Boyes et al., 2001) and maintained in a growth chamber under controlled 

conditions of 21 ºC, long day (16 hours light/ 8 hours dark) with 60-75 % relative 

humidity, until complete senescence. Two genotypes, namely FLC Ri-0 FRI Sf2 Ler 

and FLC Col FRI Sf2 Ler did not bolt and remained in rosette stage until 

senescence, with a lifespan of 111.63 ± 0.60 and 117.2 ± 0.73 respectively. Thus, 

the experiment was repeated after a five-week vernalization treatment of the eleven 

genotypes. In both experiments, the same parameters as in the experiment 

reported in section 4.2.2, were quantified following the same procedures. 
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Table 4.2.2.1 Characteristics of Arabidopsis host genotypes analysed for effect 

of different FLC alleles in expression of tolerancea 

 

Host Genotype 

Time to 

Bolting References 

Ler 8.88 ± 0.13 Johanson et al., (2000),  Doyle et al.,(2005), Schmalenbach et al.,(2014)  

LI-0 34.75 ± 1.40 Sánchez-Bermejo et al.,(2012) 

35S:FLC Col Ler 8.88 ± 0.13 Michaels and Amasino (1999) 

FLC Col Ler 15.50 ± 0.57 Koorneef et al., (1994) 

FLC Ri-0 Ler 16.25 ± 0.50 Mendez-Vigo et al., (2011), (2016) 

FLC Don-0 Ler 47.38 ± 1.12 Mendez-Vigo et al., (2013), (2016) 

FLC Ll-0 Ler 15.00 ± 0.01 Sanchez-Bermejo et al., (2012) 

FLC-Col FRI Sf2 Ler 26.50 ± 0.29*  Michaels and Amasino (1999); Ilha Lee et al., (2000) 

FLC-Ri-0 FRI Sf2 Ler 32.50 ± 0.43* Mendez- Vigo et al., (2016) 

FLC-Don-0 FRI Sf2 Ler 47.75 ± 1.06 Provided by Dr. Carlos Alonso-Blanco 

FLC-Ll-0 FRI Sf2 Ler 41.50 ± 2.30 Provided by Dr. Carlos Alonso-Blanco 

 

a. Number of days until bolting (mean) ± standard error of mock-inoculated plants of eight 

replicates * indicates time to bolting in the vernalized plants 

 

4.2.2.1 Multiplication of CMV in Arabidopsis genotypes  

LS- CMV accumulation in the non-vernalised plants ranged from 5.07 ± 1.13 to 

29.69 ± 11.55 ng of Viral RNA/ µg/ total plant RNA (Table 4.2.2.2). According to a 

GzLM analysis with host genotype as a fixed factor, virus accumulation did not 

depend on host genotypes (Wald χ2 (10, 64) = 6.53, P = 0.768). Spearman’s 

correlation analysis shows that virus accumulation and genotype lifespan were not 

correlated (R= 0.155, P = 0.260). LS-CMV accumulation in the vernalized plants 

ranged from 1.73 ± 0.35 to 35.92 ± 24.87 ng of viral RNA/ µg/ total plant RNA 

(Table 4.2.2.2). 
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To check if vernalization treatment affected virus accumulation, a GzLM analysis 

was conducted for virus accumulation with host genotype and treatment, vernalized 

or non-vernalized, as factors. Result indicated that virus accumulation did not 

depend on host genotypes (Wald χ2 (10, 114) = 8.83, P = 0.548), treatment (Wald χ2 (1, 

114) = 2.75, P = 0.098) nor the interaction of host genotype and treatment (Wald χ2 

(10, 64) = 12.44, P = 0.256). According to the Spearman’s correlation test, virus 

accumulation and lifespan of vernalized genotypes were not correlated (R= -0.154, 

P = 0.211).  

 

Table 4.2.2.2 Virus accumulation of the eleven Arabidopsis genotypesa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a. Viral accumulation is expressed as ng of viral RNA/ µg / total RNA Data are mean ± 

standard error of at least four replicate plants. 

 

Host Genotype Non-Vernalized Vernalized 

Ler 17.10 ± 6.10 17.39 ± 8.48 

Ll-0 15.32 ± 3.98 12.15 ± 3.42 

35S:FLC Col Ler 12.77 ± 2.62 34.10 ± 12.95 

FLC Col Ler 9.10 ± 5.42 15.66 ± 5.99 

FLC Ri-0 Ler 29.69 ± 11.55 14.06 ± 7.60 

FLC Don-0 Ler 15.02 ± 5.94 10.55 ± 3.07 

FLC Ll-0 Ler 22.64 ± 7.90 18.57 ± 11.17 

FLC Ri-0 FRI sf2 Ler 15.03 ± 4.03 35.92 ± 24.87 

FLC Col FRI sf2 Ler 21.80 ± 4.40 1.73 ± 0.35 

FLC Don-0 FRI sf2 Ler 5.07 ± 1.13 19.92 ± 9.32 

FLC Ll-0 FRI sf2 Ler 17.12 ± 5.85 6.60  ± 3.63 
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4.2.2.2 Effect of different natural FLC alleles in seed production 

after CMV infection 

As in any other section of this work, tolerance has been estimated by the ratio 

SWi/SWm.  Data of SW are presented in Figure 4.2.2.1, and data of SWi/SWm are 

presented in Figure 4.2.2.2. These figures arise from data in Annex Table A.2.3. 

When plants had not been vernalised, a full factorial GzLM analysis considering host 

genotype as fixed factor showed that SWi/SWm depended upon host genotype (Wald 

X2 (8, 61) = 11.451, P < 10-3). SWi/SWm lied between 0.20 ± 0.05 and 1.11 ± 0.18, thus 

indicating that tolerance ranged from low to high (Figure 4.2.2.2). In Ll-0, FLC Col Ler 

and FLC Ll-0 FRI Sf2 Ler infected with LS-CMV, SWi/SWm ≥ 1.01 ± 0.01, but was not 

significantly different than 1 (t > 0.06, P > 0.587) thus indicating that complete 

tolerance was attained (Figure 4.2.2.1). Least significant difference (LSD) test after 

GzLM with host genotype as a factor showed that tolerance of FLC-Don-0 was 

significantly lower than of FLC-Ll-0 Ler (P = 0.04), FLC-Ri-0 Ler (P < 10-3) and FLC-

Col Ler (P < 10-3). Tolerance in FLC-Ll-0 Ler was also significantly lower than FLC-

Col Ler (P < 10-3) and tolerance in FLC-Don FRI Sf2 was significantly lower than 

FLC-Ll-0 FRI Sf2 (P = 0.027) (Figure 4.2.2.2). Hence, the different alleles of FLC 

ranked according to the expression of tolerance as FLC-Don-0 Ler < FLC-Ll-0 Ler = 

FLC-Ri-0 Ler = FLC-Don FRI Sf2 Ler = FLC-Col Ler = FLC-Ll-0 FRI Sf2 Ler.  

These results indicated that genotypes carrying different FLC alleles may express 

differential levels of tolerance.  
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Figure 4.2.2.1 Effect of LS-CMV infection on progeny production by nine Arabidopsis 

genotypes. Progeny production was estimated as seed weight (g) of mock-inoculated plants 

(light green bars) or infected plants (dark green bars). Data are mean ± standard error of at 

least four replicated plants.  

 

 

 

 

Figure 4.2.2.2 Effect of LS-CMV infection on Arabidopsis genotypes growth and 

reproduction. The effect of LS-CMV infection on the nine Arabidopsis genotype is shown as 

the ratio of infected to mock-inoculated plants of their rosette weight (RWi/RWm, blue bars), 

inflorescence weight (IWi/IWm, red bars) and seed weight (SWi/SWm, green bars). Data are 

mean ± standard error of at least four replicated plants. 
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After a five-week long vernalization treatment of the eleven Arabidopsis genotypes, 

all the plants flowered and produced seeds. SW data are presented in Figure 4.2.2.3 

and Annex Table A.2.5. SWi/SWm ranged between 0.66 ± 0.09 and 1.09 ± 0.06 

indicating tolerance varied from low to high (Figure 4.2.2.4). Results indicated that 

the effect of infection on progeny production was lower in host genotypes after a 

vernalization treatment. Both the genotypes FLC-Col FRI-Sf2 Ler and FLC-Ri-0 FRI 

Sf2 Ler, which did not flower in the non-vernalized conditions, exhibited complete 

tolerance to LS-CMV post vernalization (Figure 4.2.2.4). A GzLM analysis with host 

genotype as a fixed factor showed that SWi/SWm depended on the host genotype 

(Wald X2 (10, 55) = 4.65, P < 10-3). The GzLM analysis was followed by a LSD analysis.  

However, according to the LSD analysis genotypes could not be grouped into 

classes: FLC Don-0 = Ler = FLC Ri-0 Ler = FLC Ll-0 Ler = 35S: FLC Col Ler = FLC 

Don-0 FRI Sf2 Ler = FLC Ll-0 FRI Sf2 Ler = FLC Col Ler = FLC Ri-0 FRI Sf2 Ler = 

FLC Col FRI Sf2 Ler = Ll-0.  

 

 

Figure 4.2.2.3Effect of LS-CMV infection on progeny production in eleven Arabidopsis 

genotypes post vernalization. Progeny production was estimated as seed weight (g) of 

mock-inoculated plants (light green bars) or infected plants (dark green bars). Data are 

mean ± standard error of at least four replicated plants. 
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Figure 4.2.2.4 Effect of LS-CMV infection on Arabidopsis genotypes growth and 

reproduction post vernalization. The effect of LS-CMV infection on the eleven genotypes 

of Arabidopsis is shown as the ratio infected to mock-inoculated plants of their rosette 

weight (RWi/RWm, blue bars), inflorescence weight (IWi/IWm, red bars) and seed weight 

(SWi/SWm, green bars). Data are mean ± standard error of at least four replicated plants.  

 

 

4.2.2.3 Effect of different natural FLC alleles on resource 

reallocation and host development after CMV infection  

GzLM analysis with host genotype as a fixed factor showed that both RWi/RWm and 

IWi/IWm depended on the host genotypes (Wald χ2 ≥ 26.26, P ≤ 10-3). GzLM analysis 

with host genotype as a fixed factor showed that resource reallocation from growth to 

progeny production, (SW/RW)i /(SW/RW)m , also depended on the host genotypes 

(Wald χ2 (8, 61) = 30.24, P = 0.001) (Figure 4.2.2.5). LSD analysis following the GzLM 

analysis with host genotype as factor showed that, similar to tolerance, different FLC 
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alleles ranked for resource reallocation as FLC-Don-0 Ler < FLC-Ll-0 Ler = FLC Don 

FRI Sf2 Ler = FLC-Col Ler = FLC-Ri-0 Ler = FLC Ll-0 FRI Sf2 Ler (P < 0.009).  Thus, 

like for tolerance, the degree of resource reallocation from growth to reproduction did 

not rank according to the efficiency of the different functional FLC alleles in terms of 

flowering time regulation. 

 

 

 

 

 

Figure 4.2.2.5 Effect of LS-CMV infection on Arabidopsis genotypes resource 

reallocation to growth and reproduction. The effect of LS-CMV infection on resource 

allocation in the nine Arabidopsis genotypes is shown as the ratio of the seed weight to 

rosette weight in infected to mock-inoculated plants [(SW/RW)i/(SW/RW)m, beige bars], and 

as the ratio of the inflorescence weight to rosette weight in infected to mock-inoculated 

plants [(IW/RW)i/(IW/RW)m, gray bars]. Data are mean ± standard error of at least four 

replicated plants.  
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Figure 4.2.2.6 Effect of LS-CMV infection on Arabidopsis genotypes resource 

reallocation to growth and reproduction post vernalization. The effect of LS-CMV 

infection on resource allocation in the eleven Arabidopsis genotypes are shown as the ratio 

of the seeds weight to rosette weight in infected to mock-inoculated plants 

[(SW/RW)i/(SW/RW)m, beige bars], and as the ratio of the inflorescence weight to rosette 

weight in infected to mock-inoculated plants [(IW/RW)i/(IW/RW)m, gray bars]. Data are mean 

± standard error of at least four replicated plants. 

 

 

Post-vernalization, plants of the nine genotypes responded similarly to the 

non-vernalized plants: the ratio (SW/RW)i/(SW/RW)m depended on host genotypes 

(Wald χ2 (10, 55) = 138.29, P ≤ 10-3) but did not rank according to the efficiency of 

different functional FLC allele in terms of flowering time regulation (Figure 4.2.2.6). 

In summary, after CMV infection, the degree resource of reallocation from growth to 

reproduction was lower in vernalized genotypes than the non-vernalized genotypes. 

However, the degree of resource reallocation in both vernalized and non-vernalized 

genotypes did not rank according to the efficiency of different functional FLC alleles 

in terms of flowering time regulation. 
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Data of LPi/LPm, GPi/GPm and RPi/RPm is presented in Figure 4.2.2.7 and 

Figure 4.2.2.8 for non-vernalized and vernalized plants respectively. These figures 

arise from the data in Annex Tables A.2.4 and Tables A.2.6. According to the GzLM 

analysis, with host genotype as a fixed factor, the effect of infection on the LP, GP 

and RP depended on the host genotypes in non-vernalized (Wald X2 
(8, 62) ≥ 3.40, P ≤ 

0.003) as well as in vernalized plants (Wald χ2 (10, 55) ≥ 160.53, P ≤ 10-3). Similar to 

previous experiments, LPi/LPm and GPi/GPm were higher in tolerant genotypes 

(Figure 4.2.2.7 and Figure 4.2.2.8), but were unrelated to the efficiency of FLC 

alleles. 

 

 

 

 

 

Figure 4.2.2.7 Effect of LS-CMV infection on the temporal schedule of Arabidopsis 

genotypes development. The effect of LS-CMV infection on the temporal schedule of 

development of the nine Arabidopsis genotypes is shown as the ratio of the length in 

infected to mock-inoculated plants of the vegetative growth period (GPi/GPm, yellow bars), 

reproductive period (RPi/RPm, blue bars) and lifespan (LPi/LPm, purple bars). Data are mean 

± standard error of at least four replicated plants. 
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Figure 4.2.2.8 Effect of LS-CMV infection on the temporal schedule of Arabidopsis 

genotypes development post vernalization. The effect of LS-CMV infection on the 

temporal schedule of development of the eleven Arabidopsis genotypes is shown as the ratio 

of the length in infected to mock-inoculated plants of the vegetative growth period (GPi/GPm, 

yellow bars), reproductive period (RPi/RPm, blue bars) and life span (LPi/LPm, purple bars). 

Data are mean ± standard error of at least four replicated plants. 

 

 

4.2.2.4 Conclusions 

Eleven Arabidopsis genotypes carrying different natural functional alleles of FLC 

were infected with CMV and analysed for their tolerance response to CMV. The 

results indicated that the level of the expression of tolerance to CMV does not relate 

to the efficiency of different functional FLC alleles in terms of flowering time 

regulation 
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4.2.3 Relationship between resistance and tolerance 

Spearman’s correlation analysis was performed between viral accumulation and the 

ratio SWi/SWm using all the values in Section 4.2.1 and Section 4.2.2, N = 212) and 

results indicated that there was no correlation between resistance and tolerance to 

CMV (R = -0.110, P = 0.111).  
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4.2.4 Role of flowering genes in tolerance to different viruses 

Since in the previous sections it was shown that tolerance is a host genotype-specific 

response to CMV infection that requires high expression of functional alleles of the 

flowering gene FLC, we hypothesize that the Arabidopsis genotypes with a high 

expression of FLC that were tolerant to CMV, would not be tolerant to other viruses. 

To test this hypothesis, three genotypes, FLC Sf2 Col, FRI Sf2 Col and FLC Col Ler , 

shown to be tolerant to CMV in previous sections (section 4.2.1.2) were assayed for 

tolerance to CMV, TCV, TuMV, YoMV and CaMV, as in section 4.1. The experiment 

was designed with eight replicated plants per treatment or mock-inoculated controls. 

The same parameters as in the experiment reported in section 4.2.2, were quantified 

following the same procedures. 

 

4.2.4.1 Symptoms of viral infection in selected Arabidopsis 

genotypes 

The three assayed Arabidopsis genotypes were systemically infected by the five 

assayed virus species, no immune or hypersensitive resistance responses were 

observed. The type and severity of symptoms depended on the specific interaction 

virus species per host genotype. The symptoms varied from mild rosette reduction 

(e.g. CMV in FLC Sf2 Col) to leaf distortion and extreme reduction in rosette growth 

with no inflorescence production (e.g., TuMV in FLC Col Ler), with different degrees 

of leaf mottle and chlorosis, and growth reduction, in between these two extremes 

(Figure 4.2.4.1). Particularly, TuMV, followed by TCV, produced the most severe 

symptoms, in both cases the effect of infection was so severe that it sometimes 

resulted in plant sterilization, while all the mock-inoculated controls, CMV-infected, 
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YoMV- infected and CaMV-infected plants flowered and produced seeds (Annex 

Table A.2.7). In case of TuMV, effect of infection was so severe that none of the 

plants flowered or produced seeds. In case of TCV, 15 out of 24 infected plants 

produced seeds. 

 

 

 

Figure 4.2.4.1 Symptoms of virus infection in Arabidopsis genotypes. Symptoms at 15 

dpi are shown for FLC Sf2 Col (A-F), FRI Sf2 Col (G-L) and FLC Col Ler (M-R). Plants are 

mock inoculated (A, G, M) or infected by CMV (B, H, N), TCV (C, I, O), TuMV (D, J, P), 

YoMV (E, K, Q) or CaMV (F, L, R). Symptoms are: Mild growth reduction (B, H, N); 

chlorosis, and severe stunting and leaf lamina reduction (C, D, I, J, O, P); or chlorosis, 

moderate stunting, and leaf lamina reduction (E, F, K, L, Q, R). All scale bars represent 1 

cm. 

 

4.2.4.2 Virus multiplication in Arabidopsis genotypes  

For all assayed virus species, virus multiplication was quantified as viral RNA/ DNA 

accumulation in systemically infected leaves at 15 dpi by RT-qPCR or qPCR 

respectively. The RNA/DNA accumulation of the different viruses varied over four 

orders of magnitude, being highest for YoMV and lowest for TuMV (Table 4.2.4.1). 
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Table 4.2.4.1 Viral accumulation in Arabidopsis genotypesa 

 

Introgression 

Line CMV TCV TuMV YoMV CaMV 

FLC Sf2 Col  14.29 ± 5.75 162.41 ± 22.59 0.51 ± 0.16 280.73 ± 38.74 0.21 ± 0.04 

FRI Sf2 Col 14.61 ± 3.57 195.95 ± 54.93 0.52 ± 0.29 189.64 ± 37.87 0.32 ± 0.09 

FLC Col Ler 14.01 ± 4.28 133.02 ± 27.46 0.07 ± 0.02 184.39 ± 23.44 0.33 ± 0.08 

 

a. Viral accumulation is expressed as ng of viral RNA or DNA/ µg/ total plant RNA or DNA. 

Data are mean ± standard error of at least five replicate plants. 

 

 

A full factorial GzLM analysis considering virus species and host genotype as fixed 

factors showed that viral accumulation depended on virus species (Wald χ2 (4, 89) = 

228.82, P < 10-3) and on the interaction of virus species and host genotype (Wald χ2 

(4, 89) = 20.30, P = 0.009) but not on host genotype as a factor (Wald χ2 (4, 89) = 5.72, P 

= 0.057). Spearman correlation analysis between virus accumulation and lifespan 

was performed separately for each virus: Lifespan was uncorrelated to virus 

accumulation for all the viruses (R ≥ -0.407, P ≥ 0.094). 

 

4.2.4.3 Effects of virus infection on seed production 

The viability of seeds from infected plants, estimated as percent germination, did not 

differ for mock- inoculated and CMV-, YoMV- or CaMV-infected plants. However, the 

viability of the seeds from FLC Col Ler TCV-infected plants was 87.5 %, lower [95% 

CL (0.82-0.92)] than that of the corresponding mock-inoculated controls [95% CL 

(0.96-0.99); Annex Table A.2.7]. The analyses below refer always to weight of viable 
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seeds. The ratio SWi/SWm varied largely according to the virus species-host 

genotype interaction (Figure 4.2.4.2).  

 

 

Figure 4.2.4.2 Effect of virus infection on Arabidopsis genotypes growth and 

reproduction. The effects of infection by CMV, TCV, TuMV, YoMV and CaMV on growth and 

reproduction of three Arabidopsis genotypes are shown as the ratio of infected to mock-

inoculated plants of their rosette weight (RWi/RWm, blue bars), inflorescence weight (IWi/IWm, 

red bars) and viable seed weight (SWi/SWm, green bars). Data are mean ± standard error of 

at least five replicated plants. Note the different Y-axis scale of TuMV panel. 
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A full factorial GzLM analysis considering virus species and host genotype as factors 

showed that SWi/SWm depended upon virus species (Wald χ2 (4, 93) = 629.88, P ≤ 10-3) 

and the interaction of virus species and host genotype (Wald χ2 (8, 93) = 47.15, P ≤ 10-

3), however, it did not depend upon the host genotype (Wald χ2 (2, 93) = 4.28, P = 

0.118). SWi/SWm was not significantly different from 1 in FLC Sf2 Col, FRI Sf2 Col 

and FLC Col Ler infected with CMV (t ≥ -1.519, P ≥ 0.051) exhibiting complete 

tolerance, and was 0 in all host genotypes infected with TuMV and in FRI Sf2 Col 

infected with TCV, thus exhibiting maximum virulence. Virulence was lowest for CMV 

(highest SWi/SWm ratio), intermediate for YoMV and CaMV and extremely high for 

TCV and TuMV, which nearly prevented seed production.  

To summarize, except for CMV, tolerance to other assayed viruses, was not 

attained in any selected genotype, in agreement with the hypothesis that flowering 

genes FLC and FRI play a role in the expression of CMV-specific tolerance. 

 

4.2.4.4 Effects of virus infection on resource reallocation and host 

development in Arabidopsis genotypes 

Infection by all five viruses resulted in a reduction of RW and IW (Figure 4.2.4.2; 

Table Annex A.2.7). A full factorial GzLM analysis with virus species and host 

genotypes as fixed factors showed that RWi/RWm and IWi/IWm depended on the virus 

species (Wald χ2 (4, 93) ≥ 1122.59, P ≤ 10-3), host genotypes (Wald χ2 (2, 93) ≥ 39.77, P 

≤ 10-3) as well as virus specie-host genotype interaction (Wald χ2 (8, 93) ≥ 99.86, P ≤ 

10-3). When the effect of virus infection on growth effort and reproductive effort was 

analysed separately for each virus over the three host genotypes, RWi/RWm 

significantly differed among host genotypes for all viruses except TuMV (Wald χ2 ≥ 

12.02, P ≤ 0.002) and IWi/IWm significantly differed among host genotypes for all 

viruses (Wald χ2 ≥ 6.08, P ≤ 0.04). The ratio RWi/RWm and IWi/IWm ranked differently 

for each virus across host genotypes, indicating differential effects of virus infection 
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on the vegetative growth effort and on the formation of reproductive structures 

(Figure 4.2.4.2). 

 

 

 

 

Figure 4.2.4.3 Effect of virus infection on resource allocation to growth and 

reproduction in Arabidopsis genotypes. The effect of infection by CMV, TCV, TuMV, 

YoMV and CaMV on resource allocation in the three assayed Arabidopsis genotypes are 

shown as the ratio of the infected to mock-inoculated plants of viable seed weight to rosette 

weight [(SW/RW)i/(SW/RW)m, beige bars], and as the ratio of the inflorescence weight to 

rosette weight in infected to mock-inoculated plants [(IW/RW)i/(IW/RW)m, gray bars]. Data are 

mean ± standard error of at least five replicated plants. Note the different Y-axis scale in TCV 

panel. TuMV is excluded because it did not produce inflorescence nor seeds. 

 

 

A Full factorial GzLM analysis with virus species and host genotype as fixed 

factors showed that the ratios (SW/RW)i/(SW/RW)m depended on the virus species 
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(Wald χ2 
(4, 93)  = 479.81, P ≤ 10-3) and the interaction between virus species and host 

genotype (Wald χ2 (8, 93)  = 57.08, P ≤ 10-3) but not on the host genotype as a factor 

(Wald χ2 
(2, 93) = 5.15, P = 0.076). As expected, (SW/RW)i/(SW/RW)m was significantly 

greater than 1 (t ≥ 3.782, P ≤ 0.009) in all three assayed genotypes in response to 

CMV infection. However, this ratio was also significantly higher than 1 in FLC Sf2 Col 

infected with YoMV  (t = 6.002, P = 0.001)  and in FLC Col Ler infected with CaMV  (t 

= 2.513, P = 0.046) indicating reallocation of resources to seed production. 

According to a full factorial GzLM analysis with virus species and host 

genotype as fixed factors, the ratio (IW/RW)i/(IW/RW)m, depended on the virus 

species (Wald χ2 (4, 93) = 540.12, P ≤ 10-3), the host genotype (Wald χ2 (2, 93) = 75.91, P 

≤ 10-3) as well as the interaction of virus species- host genotype (Wald χ2 (8, 93) = 

106.92, P ≤ 10-3). This ratio was significantly higher than 1 (t ≥ 4.143, P ≤ 0.006) in 

CMV infected FLC Sf2 Col-and FLC Col Ler and TCV- infected FLC Sf2 Col and FLC 

Col Ler (t ≥ 2.603, P ≤ 0.035), (Figure 4.2.4.2 and Figure 4.2.4.3).  

Similar to the (SW/RW)i/(SW/RW)m ratio, (IW/RW)i/(IW/RW)m was significantly 

higher than 1 in YoMV infected FLC Sf2 Col (t = 8.095, P ≤ 10-3)  and CaMV infected 

FLC Col Ler (t = 2.961, P = 0.025), both genotypes carry a functional  FLC allele and 

a non- functional  FRI allele (Figure 4.2.4.3). 

 

GzLM analysis with virus species and host genotype as fixed factors showed 

that LPi/LPm, GPi/GPm and RPi/RPm depended upon the virus species (Wald χ2 (4, 93) ≥ 

86.13, P ≤ 10-3), the host genotype (Wald χ2 (2, 93) ≥ 16.13, P ≤ 10-3) and the 

interaction of virus species and host genotype (Wald χ2 (8, 93) ≥ 36.38, P ≤ 10-3). 

According to the host genotype, infection of all of the five viruses had differential 

effect on LP (Wald χ2 ≥ 7.64, P ≤ 0.022), GP (Wald χ2 ≥ 12.69, P ≤ 0.002) and RP 

(Wald χ2 ≥ 69.10, P ≤ 10-3). Infection significantly increased LP in CMV-infected 

genotypes (t ≥ 5.384, P ≤ 0.006), TCV-infected genotypes (t ≥ 19.448, P ≤ 10-3) and 

YoMV-infected genotypes (t ≥ 3.518, P ≤ 0.01). On the contrary, infection significantly 
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decreased LP in TuMV-infected genotypes (t ≥ -29.633, P ≤ 10-3) and CaMV-infected 

FRI Sf2 Col and FLC Col Ler plants (t ≥ -4.260, P ≤ 0.005) (Figure 4.2.4.4). Infection 

significantly increase GP in CMV- infected genotypes (t ≥ 3.505, P ≤ 0.013), TCV-

infected FLC Sf2 Col and FLC Col Ler (t ≥ 21.748, P ≤ 10-3), YoMV-infected FRI Sf2 

Col and FLC Col Ler (t ≥ 4.374, P = 0.003) and CaMV infected FLC Sf2 Col and FLC 

Col Ler (t ≥ 2.985, P = 0.024) (Figure 4.2.4.4).  

 

To summarize, while FRI does not appear to play a role in resource 

reallocation as a response to other viruses, FLC might play a role in resource 

reallocation from growth to reproductive structures in response to other viruses, 

particularly TCV. Increase or decrease of respective LP, GP and RP and its extent 

varied for each virus species and any role of FLC or FRI did not emerge. 
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Figure 4.2.4.4 Effect of viral infection on the temporal schedule of Arabidopsis 

genotypes development. The effects of infection by CMV, TCV, TuMV, YoMV and CaMV 

on the temporal schedule of development of three Arabidopsis genotypes are shown as the 

ratio of the length in infected to mock-inoculated plants of the vegetative growth period 

(GPi/GPm, yellow bars), reproductive period (RPi/RPm, blue bars) and lifespan (LPi/LPm, 

purple bars). Data are mean ± standard error of at least five replicated plants. 
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4.2.4.5 Conclusions 

Three genotypes carrying functional alleles of FLC and FRI and previously known to 

be tolerant to CMV, were examined for their tolerance response to CMV, TCV, 

TuMV, YoMV and CaMV. Flowering genes appear to play a role in the expression of 

tolerance to CMV, but not in tolerance to any of the other viruses. However, FLC may 

play a role in resource reallocation to reproductive structures in response to infection 

by TCV, YoMV and CaMV that, however, does not result in tolerance. 
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4.3 Modulation of the expression of flowering regulator genes 

upon CMV infection in Arabidopsis 

Results in section 4.2 indicate that tolerance to CMV requires high expression of 

FLC, as it occurs in genotypes with functional alleles at FLC together with functional 

alleles at FRI or HUA-2. On the other hand, in different independent assays the 

tolerance of a genotype that expresses constitutively FLC, 35S:FLC Ler, was 

consistently lower than that of genotypes in which functional alleles of FLC had been 

introgressed, or the tolerant wild genotype Ll-0 (see Figures 4.2.1.2, 4.2.2.2 and 

4.2.2.4). These results suggest that tolerance may require an altered expression of 

FLC upon infection. To test this hypothesis, the expression of flowering regulator 

genes was monitored in the non-tolerant and tolerant, respectively, wild genotypes 

Ler and Ll-0. 

 

4.3.1 Experimental approach 

The expression of FLC, FRI, FT and SOC1 was quantified in plant tissues of 

LS-CMV-infected, or mock-inoculated plants at different times after inoculation. The 

experiment was performed four times, times at which the expression of fowering 

genes was quatified differing slightly among them. Results were consistent among 

experiments and only the results from one of the four experiments (Experiment IV) 

are fully presented in the main text, while results of the all experiments are presented 

in Annex Tables A.3.1 - A.3.4). In the presented experiments, gene expression was 

quantified at 0, 3, 6, 9, 12 and 17 dpi for Ll-0 and at 0, 3, 6 and 9 dpi for Ler. The 

different times are due to the different GP of Ll-0 and Ler, which flowered by 9 dpi. 

The experiment was fully randomised with eight replicated plants per treatment and 

time point. In addition, ten infected or mock-inoculated plants of each genotype were 
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maintained until senescence to analyse the expression of tolerance, in which viable 

seed weight,  

rosette weight and inflorescence weight was measured separately and their temporal 

developmental schedule was noted.  

For the quantification of gene expression, total RNA was extracted from all 

above- ground organs (Material & Methods section 3.3). It is important to stress that 

tissues were always harvested at the same time of the day (13.30 hours) and either 

immediately frozen in liquid nitrogen and stored at -80º C until extraction. The 

expression of each flowering regulator gene was normalized to the expression of 

UBC (Czechowski et. al, 2005). The effect of infection on each gene expression was 

estimated as the ratio between (gene/UBC) of the infected plants and (gene/UBC) of 

the mock-inoculated controls, i.e. (gene/UBC)i/(gene/UBC)m. 

 

4.3.2 Modulation of temporal schedule of host development upon 

CMV infection 

 Bolting and flowering were delayed in CMV- infected plants as compared to mock-

inoculated controls (Table 4.3.2). A GzLM analysis of bolting and flowering times with 

treatment (mock- inoculated or infected) as a factor showed that the delay in bolting 

and flowering was significant in the tolerant Ll-0 genotype (Wald χ2 ≥ 12.284, P ≤ 10-

3) but not in the non-tolerant Ler genotype (Wald χ2 ≥ 2.069, P ≥ 0.064) (Table 4.3.2).  

Similarly, LS-CMV infection resulted in a significant increase LP of Ll-0 (Wald χ2 (1, 18) 

= 39.283, P ≤ 10-3) but not of Ler (Wald χ2 (1, 17) = 4.092, P = 0.063) (Table 4.3.2). 
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Table 4.3.1 Effect on virus infection on temporal schedule of Arabidopsis 

genotype developmenta  

 

a. Data are in number of days (mean) ± standard error of at least eight replicates. Bold letters 

indicate significant differences in comparisons between mock-inoculated and infected plants 

of the same genotype with P < 0.05. 

 

 

4.3.3 Quantification of  the expression of flowering genes  

In Ll-0, the expression of four flowering genes was quantified FRI, FLC, FT and 

SOC1 at six different time points (Figure 4.3.2; Annex Table A.3.4) whereas in Ler 

genotype, the expression of three flowering genes FLC, SOC1 and FT  was 

quantified at four different time points (Figure 4.3.3; Annex Table A.3.4). 

Upon infection with LS-CMV, in the tolerant Ll-0 genotype, the expression of 

FRI as compared to mock-inoculated control plants, was higher after 9th dpi till 17th 

dpi (Figure 4.3.1 and Figure 4.3.2), with 17th dpi time point being significantly different 

than mock- inoculated control (Wald χ 2 = 6.81, P = 0.009). In Ler genotype, the Ler 

allele of FRI has a deletion at the start codon and hence the FRI-Ler is non-

functional. 

Upon infection with LS-CMV, in Ll-0 genotype, the expression of FLC was 

lower in the CMV-infected plants than in the mock-inoculated controls up till the 6th 

Host 

Genotype Treatment Bolting Flowering 

First Silique 

Shatter Lifespan 

LI-0 Mock-inoculated 31.0 ± 1.41 a 36.2 ± 0.95 a 56.9 ± 1.02 a 87.1 ± 0.80 a 

  LS-CMV 35.2 ± 0.87 b 41.7 ± 0.54 b 61.2 ± 0.49 b 94.5 ± 0.96 b 

Ler Mock-inoculated 11.8 ± 0.13 a 15.5 ± 0.37 a 33.6 ± 0.50 a 74.6 ± 0.34 a 

  LS-CMV 12.7 ± 0.21 a 16.1 ± 0.23 a 35.0 ± 0.37 b 75.9 ± 0.59 a 
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dpi. FLC expression was slightly higher at 9th dpi, significantly higher at 12th dpi (Wald 

χ 2 = 16.498, P ≤ 10-3) and continues to be higher in CMV-infected plants than in 

mock-inoculated controls at 17th dpi (Figure 4.3.1 and Figure 4.3.2). FLC expression 

in Ler was three degrees of magnitude less than in Ll-0. Upon LS-CMV infection, 

FLC expression was higher in CMV-infected Ler plants than in mock-inoculated 

control in 3rd dpi and 6th dpi (Wald χ 2 = 14.391, P ≤ 10-3). At 9th dpi, when both the 

infected and mock-inoculated plants had flowered, the FLC expression was similar in 

both infected and mock-inoculated control plants (Figure 4.3.1 and Figure 4.3.3). 

SOC1 expression was constantly higher in mock- inoculated Ll-0 plants than 

the infected Ll-0 plants, right from 3rd dpi to 17th dpi (Figure 4.3.1 and Figure 4.3.2). 

This indicates that in Ll-0 genotype, LS-CMV infection modulated gene expression of 

SOC1 very early in host development. On the contrary, in Ler genotype, the 

expression of SOC1 was constantly higher in the infected plants than the control 

plants right from the 3rd to the 9th dpi (Figure 4.3.1 and Figure 4.3.3). This could partly 

explain the greater delay of flowering in the Ll-0 genotype, upon LS-CMV infection 

(Section 4.3.2).  

FT expression was three degrees of magnitude higher in the Ler genotype as 

compared to Ll-0 genotype. Upon LS-CMV infection in Ll-0 genotype, similar to 

SOC1 expression, the expression of FT was constantly higher in the mock-inoculated 

controls than the infected plants, right from 3rd dpi to 17th dpi (Figure 4.3.1 and Figure 

4.3.2). In the Ler genotype, the expression of FT was significantly higher in the mock- 

inoculated control plants at 3rd dpi (Wald X2 = 5.97, P = 0.014) but at 6th dpi it was 

significantly higher in infected plants (Wald X2 = 6.52, P = 0.011) than mock-

inoculated controls. After the flowering in Ler, at 9th dpi, the expression of FT was 

similar in infected and mock-inoculated control plants (Figure 4.3.1 and Figure 4.3.3). 
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Figure 4.3.1 Effect on infection on FRI, FLC, SOC1 and FT gene expression. Blue bars 

represent Ll-0 genotype and red bars represent Ler genotype. Values of each gene 

expression have been first normalized by UBC expression value and effect of infection has 

been analysed as the ratio of infected and mock-inoculated controls (y-axis) over a time-

course (x-axis). Data are mean ± standard error of at least five plants. 

 

To make a more comprehensive and meaningful analysis of the differences in 

gene expression, the distribution of  gene expression values over the whole analysed 

period ( 0 to 9 or 0 to 17 dpi) was compared between infected and mock-inoculated 

plants for each genotype.   

In Ll-0, the distribution of the FRI expression values significantly departed 

from  the Gaussian null expectation in both infected and mock-inoculated plants. The 

distribution was significantly postively highly skewed in both infected and mock- 

inoculated plants ( t ≥ 3.78, P ≤ 10-3, Table 4.3.2). Distribution in mock-inoculated 

plants was significantly leptokurtic (t = 8.36, P ≤ 10-3), i.e. tails are longer and flatter 

with sharper central peak whereas distribution in infected plants are significantly near 
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mesokurtic (t = 3.39 , P ≤ 10-3), i.e. nearer to a normal distribution. This indicates the 

higher expression of FRI was delayed in infected plants as compared to mock-

inoculated plants (Figure 4.3.1). This is also supported by the area under the curve 

(AUC) which was higher in infected plants (0.57 ± 0.004) than in mock- inoculated 

plants (0.46 ± 0.004, Table 4.3.2). 

The distribution of values of FLC expression, significantly departed from the 

Gaussian null expectation, and was  moderately positively skewed in infected as well 

as mock-inoculated plants (t ≥ 2.20, P = 0.01, Table 4.3.2). The distribution in the 

mock-inoculated plants was positively platykurtic, i.e. tails are shorter and thinner 

with a lower central peak and data distributed on the left (t = 0.67, P = 0.25) whereas 

in infected plants was negatively platykurtic, i.e. more data was distributed on the 

right (t = -0.03, P = 0.49). This indicates that higher expression of FLC in the infected 

plants was delayed. This is also supported by the AUC which was higher in the 

infected plants (105.07 ± 0.44) than in mock- inoculated plants (95.02 ± 0.39, Table 

4.3.2). 

In contrast with FRI and FLC , the distribution of values of SOC1  expression, 

significantly departed from Gaussian null expectation, and was  highly negatively 

skewed in mock- inoculated as well as infected plants (t ≥ 3.85, P ≤ 10-3 ; Table 

4.3.2). The distribution was significantly platykurtic in both the mock inoculated plants 

(t = 2.37, P = 0.008) and the infected plants (t = 1.86, P = 0.03) but to a higher 

degree in the mock- inoculated plants (Figure 4.3.2 and Table 4.3.2). This indicates 

that the expression is higher in the mock-inoculated plants. This is supported by the 

AUC which was higher in mock- inoculated plants (2.87 ± 0.02) than the infected 

plants (1.85 ± 0.02; Table 4.3.2). 

Similar to SOC1, the distribution of values of FT  expression,  significantly 

departed from the Gaussian null expectation and was  highly negatively skewed in 

both mock-inoculated and infected plants (t ≥ 9.06, P ≤ 10-3, Table 4.3.2). The 

distribution was significantly leptokurtic in the mock- inoculated plants (t = 17.60, P ≤ 
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10-3) whereas significantly platykurtic in the infected plants (t = 1.74, P = 0.04). 

Indeed, the FT expression had a sharper central peak in mock-inoculated plants 

indicating higher expression of FT than in the infected plants. This is supported by 

the AUC which was higher in the mock-inoculated plants (0.13 ± 0.002)  than the 

infected plants (0.08 ± 0.0007, Table 4.3.2). 

 

 

 

 

 

Figure 4.3.2 FRI, FLC, SOC1 and FT gene expression in Ll-0 genotype. Blue bars 

represent mock-inoculated control and red bars represent LS-CMV infected plants. Values of 

each gene expression have been normalized by UBC expression value (y-axis) over a time-

course (x-axis). Data are mean ± standard error of at least five replicates. 
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Figure 4.3.3 FLC, SOC1 and FT gene expression in Ler genotype. Blue bars represent 

mock-inoculated control and red bars represent LS-CMV infected plants. Values of each gene 

expression have been normalized by UBC expression value (y-axis) over a time-course (x-

axis). Data are mean ± standard error of at least six replicates. 

 

 

In Ler, the distribution of FLC expression, significantly departed from the 

Gaussian null expectation and was significantly positively skewed in both mock-

inoculated and infected plants (t ≥ 1.89 , P = 0.03) . While the distribution in mock-

inoculated plants was platykurtic (t = 1.11 , P = 0.13), distribution in infected plants 

was significantly leptokurtic (t = 5.17, P ≤ 10-3) indicating the expression was higher 

in infected plants and earlier in time (Figure 4.3.3). 
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Table 4.3.2 Parameters describing the distribution of flowering gene expression 

values in mock-inoculated and CMV-infected plants. 

 

 
a. Data are value of the descriptive ± standard error. 

 

The distribution of values of SOC1 expression significantly departed from the 

Gaussian null expectation and was significantly highly positively skewed, in mock- 

inoculated (t = 2.51, P = 0.01) but not in infected (t = 0.74, P = 0.23) (Table 4.3.2, 

Figure 4.3.3) . The distribution was similar and platykurtic in both mock-inoculated 

and infected plants and kurtosis was not siginficant in either of the treatments ( t = 

0.65, P = 0.26; Figure 4.3.3). This indicated similar SOC1 expression levels in both 

mock-inoculated and infected plants. 

The distribution of values of  FT expression significantly departed from the  

Gaussian null expectation and was significantly highly positively skewed in both 

  Meana Median Std dev Skewnessa Kurtosisa Area Under Curvea 

Ll-0 (Mock Inoculated) 

FRI 0.0271 ± 0.0038 0.0210 0.0232 2.0306 ± 0.3828 6.2643 ± 0.7497 0.4626  ± 0.0039 

FLC 5.4550 ± 0.3780 4.8744 2.4498 0.8047 ± 0.3654 0.4793 ± 0.7166 95.017  ± 0.3895 

SOC1 0.1416 ± 0.0231 0.0733 0.1479 1.4228 ± 0.3695 1.7205 ± 0.7245 2.8726  ± 0.0238 

FT 0.0064 ± 0.0017 0.0035 0.0107 3.4687 ± 0.3828 13.198 ±  0.7497 0.1273  ± 0.0018 

Ll-0 (CMV Infected) 

FRI 0.0301 ± 0.0038 0.0240 0.0234 1.4462 ± 0.3828 2.5429± 0.7497 0.5647  ± 0.0039 

FLC 5.9919 ± 0.4249 5.4928 2.7535 0.7178 ± 0.3654 -0.0204 ± 0.7166 105.07  ± 0.4378 

SOC1 0.0995 ± 0.0164 0.0684 0.1049 1.3917 ± 0.3695 1.3442 ±  0.7245 1.8526  ± 0.0169 

FT 0.0045 ± 0.0007 0.0033 0.0044 1.3204 ± 0.3828 1.3011 ± 0.7497 0.0813  ± 0.0007 

Ler (Mock inoculated) 

FLC 0.0028 ± 0.0004 0.0026 0.0019 0.8356 ± 0.4405 0.9503 ± 0.8583 0.0236 ± 0.0004 

SOC1 0.4216 ± 0.0695 0.3416 0.3675 1.1095 ± 0.4405 0.5613 ± 0.8583 3.2889 ± 0.0727 

FT 0.0818 ± 0.0177 0.0468 0.0934 1.3710 ± 0.4405 1.1134 ± 0.8583 0.8176 ± 0.0185 

Ler (CMV Infected) 

FLC 0.0042 ± 0.0006 0.0033 0.0034 2.0301 ± 0.4405 4.4347 ± 0.8583 0.0396 ± 0.0007 

SOC1 0.4426 ± 0.0611 0.4243 0.3235 0.3255 ± 0.4405 1.1882 ± 0.8583 3.9648 ± 0.0640 

FT 0.0784 ± 0.0137 0.0551 0.0723 1.0562 ± 0.4405 0.6317 ± 0.8583 0.6934 ± 0.0143 
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mock-inoculated and infected plants (t ≥ 2.39 , P ≤ 0.01 ) (Table 4.2.2). Similar to 

SOC1  expression, the distribution was similar and non-significantly platykurtic in 

mock-inoculated (t = 1.30, P = 0.10) as well as infected plants (t = 0.74, P = 0.23). 

This indicated similar FT expression levels in both mock-inoculated and infected 

plants. 

 

To summarize, in the CMV- infected tolerant plants, the expression of FLC 

and FRI was higher, and delayed in time, and the expression of FT and SOC1 was 

lower than in mock-inoculated plants. Conversely, in CMV- infected non-tolerant 

plants, although FLC was higher, the distribution and level of FT and SOC1 

expression was similar in the infected and the mock-inoculated plants over a period 

of time. 

 

4.3.4 Conclusions 

In conclusion, monitoring of gene expression level and pattern over a time course in 

Ll-0 and Ler genotype indicated that expression of flowering regulator genes is 

indeed, modulated in CMV infected plants as compared with non-infected ones. In 

the tolerant Ll-0 genotype, FLC and FRI were stimulated whereas SOC1 and FT 

were suppressed. This contributes to a longer delay in flowering in the infected plant 

than the mock-inoculated control. In the non-tolerant Ler genotype, SOC1 and FT 

were not supressed contributing to flowering with a shorter delay in flowering than the 

mock-inoculated control. 
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V. DISCUSSION 

 Understanding the mechanisms of host defense to parasites is a central question in 

biology. The analysis of plant defenses to pathogens, including viruses, has focussed 

on resistance, i.e., on the mechanisms that decrease the probability of infection 

and/or the multiplication of the pathogen within the infected hosts (Råberg, 2014). 

The literature on the genetic basis and molecular mechanisms of plant resistance to 

viruses is extensive (for reviews see Truniger and Aranda, 2009; de Ronde et al., 

2014). One major conclusion of the accumulated evidence is that the level of 

resistance is specific for each host x virus interaction, often at the level of host and 

virus genotypes, and thus resistance is a major factor in plant-virus coevolution 

(Fraile and García-Arenal, 2010; Pagán et al., 2016). Other defenses of plants to 

pathogens have received considerably less attention (Jeger, 2006), which is certainly 

the case of tolerance. Tolerance is defined as a process that reduces the harm of 

parasite infection (i.e., virulence), regardless of the level of parasite multiplication 

(Little et al., 2010; Råberg, 2014), and its mechanisms and role in host-pathogen co-

evolution remain underexplored (Little et al., 2010; Best et al., 2014).  

In this thesis, we have examined if tolerance is a virus- specific defense 

response and if flowering genes play a role in tolerance to CMV in Arabidopsis. 

Further, we investigated if FLC expression is associated with different levels of 

tolerance to CMV in Arabidopsis. We also examined the role of flowering genes in 

tolerance response to other viruses. We also analysed the relationship of resistance 

and tolerance in our pathosystem. Lastly, we investigated if there is a modulation of 

flowering gene expression upon CMV infection in Arabidopsis. The results obtained 

have been interpreted as follows: 
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5.1 Effective tolerance based on resource allocation is a virus 

specific defense response in Arabidopsis thaliana  

We examined the response of six wild genotypes of Arabidopsis with long or 

short life cycle lengths to infection by five virus species with different life styles, 

genome organisation and expression, host ranges and transmission mechanisms. 

Our purpose was to analyse if both resistance and tolerance vary according to the 

host genotype x virus species interaction, and if tolerance to other viruses is 

associated with life cycle length, as reported for tolerance to CMV (Pagán et al. 2007, 

2008). The six assayed Arabidopsis genotypes differed in resistance to the five 

assayed virus species, as indicated by significant differences in virus multiplication, 

which depended on the host genotype x virus species interaction. Results also 

showed that the assayed viruses were virulent pathogens that significantly reduced 

plant growth and progeny production. The effect of virus infection on progeny 

production, measured by the ratio SWi/SWm that we take as an estimate of tolerance, 

also depended on the virus species x host genotype interaction. A positive correlation 

between parasite multiplication and virulence is assumed in most models of virulence 

evolution (Alizon et al., 2009) and has been shown for many animal and plant 

pathogens (Lipstich and Moxon, 1997; Sacristán and García-Arenal, 2008; Bull and 

Lauring, 2014), but does not always occur (Levin and Bull, 1994; Davies et al., 2001). 

The lack of correlation between these two traits has been explained by non-linear 

tolerance to infection (Miller et al., 2006). Indeed, our group has previously reported 

that in the Arabidopsis - CMV interaction the observed lack of correlation between 

virus multiplication and virulence was explained by host genotype-specific tolerance 

(Pagán et al., 2007). Hence, and in agreement with these previous reports (Pagán et 

al. 2007; Pagán et al., 2008) our results indicate that, in Arabidopsis, tolerance to 

virus infection is a genotype-specific response (Figure 4.1.2, Annex A.4.1). However, 
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effective genotype-specific tolerance to the other assayed viruses was not observed. 

The results of Section 4.1 show that when the assayed Arabidopsis genotypes are 

clustered according to their life cycle length, long life cycle genotypes (Cum-0, Ll-0 

and Kas-0, Group I genotypes in Pagán et al., 2007) are tolerant to CMV infection, 

which did not affect seed production. In the short life cycle genotypes (Col-1, Ler, 

Shak, Group II genotypes in Pagán et al., 2007), however, infection reduced seed 

production by about 40% (Figure 4.1.2). These results fully agree with previous ones 

(Pagán et al., 2008; Pagán et al., 2009; Hily et al., 2015), which showed that long-

lived Arabidopsis genotypes were more tolerant to infection by different CMV 

genotypes than short-lived genotypes. The observed host genotype differential 

responses are unrelated to rates of CMV multiplication, which did not differ for long- 

and short life cycle genotypes (Figure 4.1.2). Indeed, tolerance to CMV showed a 

high broad sense heritability (h2
b = 0.63), even higher than in previous reports 

(Pagán et al., 2007; Pagán et al., 2008). This indicates that the observed variation in 

the effect of CMV infection on seed production across plant genotypes is largely 

host-dependent and not a by-product of virus infection.  

It has been proposed that host tolerance to parasites can be achieved by 

resource reallocation to different fitness components. Life-history theory predicts that 

resource investment by organisms will be conditioned by trade-offs between resource 

allocation to different fitness components, such as growth, reproduction and survival, 

and the optimal resource allocation will depend on environmental conditions 

(Stearns, 1976). Theory proposes that under conditions that increase mortality rates, 

such as parasitism, hosts will reduce the allocation of resources to growth, and will 

allocate more resources to reproduction, to maximise fitness under these 

unfavourable conditions (Williams, 1966; Minchella, 1985; Forbes, 1993; Perrin et al., 

1996; Leventhal et al., 2014). However, there is more experimental evidence in 

support of this hypothesis from invertebrate animals-parasite studies (e.g., Michalakis 
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and Hochberg, 1994; Polak and Starmer, 1998; Chadwick and Little, 2005; 

Fredensborg and Poulin, 2006; Blair and Webster, 2007; Barribeau et al., 2010; Vale 

and Little, 2012) than plant-parasite studies (Agrawal, 2000; Pagán et al., 2008; 

Fellous and Salvaudon, 2009; Strauss and Agrawal, 1999).  Our results show that 

upon CMV infection tolerant genotypes reallocate resources from growth to 

reproduction. This is consistent with previous data from our group indicating that 

even though phenotypic plasticity in responses to CMV infection is modulated by 

environmental conditions such as infection time relative to host development (Pagán 

et al., 2007; Pagán et al., 2008), host plant density and virus incidence (Pagán et al., 

2009) or light and temperature conditions (Hily et al., 2015) resource reallocation 

from growth to reproduction is a consistent and specific response of tolerant 

genotypes. 

Life history theory also predicts that infection by highly virulent parasites, 

resulting in high host mortality rates, will result in shorter host pre-reproductive 

periods so that reproduction is achieved before resource depletion and death, while 

infection by low virulent parasites will delay host reproduction, allowing for 

compensation of parasite damage later in life (Hochberg et al., 1992; Gandon et al., 

2002). In agreement with these predictions, results also show that upon infection 

tolerance to CMV was also associated with an increase in both lifespan and 

vegetative growth period, LP and GP, which did not occur in the genotypes in which 

CMV virulence was higher. Thus, our present and past (Pagán et al., 2008; Pagán et 

al., 2009; Hily et al., 2015) results also agree with theoretical predictions on the 

modification of life-history traits in response to parasitism.  

Given the robustness of tolerance to CMV regardless of environmental 

conditions, it could be hypothesised that resource reallocation-based tolerance would 

also operate to decrease the harm due to infection by other viruses. However, the 

effect of infection by TCV, TuMV, YoMV and CaMV on seed production was always 
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as severe as in the CMV-non tolerant genotypes (for YoMV and CaMV) or was 

orders of magnitude more severe (for TCV and TuMV), so that no expression of 

tolerance comparable to that of the long life cycle genotypes to CMV was attained. In 

fact, no life cycle length-associated, or genotype-associated, resource reallocation 

from growth to reproduction was observed after infection by any of these viruses, 

with the notable exception of Kas-0 after infection by YoMV and CaMV, the two less 

virulent viruses after CMV. A possible explanation for this absence of resource 

reallocation-based tolerance is that a defense response based on resource 

reallocation was prevented by a high reduction of vegetative growth (RW) due to 

infection by these four viruses. This could be the case for infection by TCV in short 

life cycle genotypes and TuMV in long life cycle genotypes (RWi/RWm values of 0.07 

and 0.04, respectively) or, to a lesser degree, the case of infection by YoMV in both 

short and long life cycle genotypes (RWi/RWm values of 0.14 and 0.28, respectively). 

However, it would not apply for infection by CaMV of long life cycle genotypes, which 

results in a reduction of growth similar to that caused by CMV (RWi/RWm values of 

0.49 for CaMV, and 0.48 for CMV). These results strongly suggest that tolerance 

associated to resource reallocation from growth to reproduction is a specific 

response of some Arabidopsis genotypes to CMV infection, and that changes in 

resource reallocation after infection by TCV, TuMV, YoMV and CaMV can be 

attributed to virus use of host resources resulting in pathogenic effects of infection, 

rather than to responses that compensate for the negative effects of parasitism 

(Hochberg et al., 1992; Forbes, 1993; Perrin et al., 1996). In support of this 

interpretation it is worth mentioning that the broad-sense heritability in Arabidopsis 

genotypes of SWi/SWm and of (SW/RW)i/(SW/RW)m is much higher after infection by 

CMV (h2
b of 0.63 and 0.51, respectively) than after infection by any other virus (0.12 

< h2
b < 0.32 for SWi/SWm, and 0.08 < h2

b < 0.31 for (SW/RW)i/(SW/RW)m).  
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A further interesting observation is that, contrary to theoretical predictions 

(Hochberg et al., 1992; Gandon et al., 2002) the length of pre-reproductive period of 

infected plants was unrelated to the virulence of the infecting virus, as it was 

unaffected by the less virulent viruses CMV and CaMV, and was increased by the 

more virulent YoMV and TCV. The longer GP in the most virulent viruses may be 

explained by the complex regulation of the transition from growth to reproduction in 

Arabidopsis, which is determined by a variety of factors, including the attainment of a 

minimum rosette size (Smyth et al., 1990; Irish, 2010). This is best exemplified in the 

case of TuMV-infected plants, as most infected genotypes suffered great reductions 

in their rosette size and never flowered, the virus acting as a castrating parasite.  

In conclusion, genotype-specific resistance to virus infection seems to be a 

general defense of Arabidopsis to a variety of virus species. Conversely, tolerance to 

virus infection associated to life-history trait modifications seems to be a narrow-

spectrum response. This is an unexpected result at odds with theory and with 

observations of plant responses to cellular pathogens and herbivores. These findings 

contribute to a better understanding of plant-virus co-evolutionary dynamics, and 

suggest that some aspects of life history theory should be revisited in the case of 

plant-virus interactions. 

 

5.2 Mechanism of tolerance in Arabidopsis to CMV infection: Role 

of flowering genes 

5.2.1 A high expression of a functional FLC allele is required for 

tolerance to CMV 

Identification of QTLs for high tolerance to CMV in Arabidopsis had shown 

three QTLs that co-mapped with the flowering transition pathway genes, FLC, FRI 
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and HUA2 (Pagán J.I., Doctoral Thesis, 2008). These three genes are repressors of 

flowering and prolong the vegetative growth period. FLC functions as a repressor of 

flowering by binding to the promoter of, and supressing the expression, of FT and 

SOC1 (flowering promotors) in plants. FRI functions as a repressor of flowering by 

upregulating FLC in non-vernalized plants and HUA2 functions as a repressor by 

enhancing the expression of several genes that delay flowering including FLC 

(Amasino, 2010; Srikanth and Schmid, 2011). Moreover, tolerance to CMV is 

associated with alteration in the host developmental schedule (see section 4.1, 4.2 

and Pagán et al., 2008). In this context, our purpose was to analyse the possible role 

of flowering genes in the expression of tolerance to CMV infection in Arabidopsis 

Examination of genotypes carrying functional or non-functional alleles of 

flowering repressor genes showed that functional FLC alleles and a high expression 

of FLC are required both for genotype-specific tolerance to CMV and for resource 

reallocation from growth to reproduction. Tolerance and resource reallocation appear 

to be linked across the assayed Arabidopsis genotypes, and are positively correlated 

(section 4.2.1.2). In agreement with previous results of our group (Pagan et al., 2008; 

Hily et al., 2015), the tolerant genotypes had a longer lifespan and vegetative growth 

period than the mock-inoculated plants (section 4.2.1.4).  Studies have suggested 

there may be a link between defense pathways and flowering genes pathways 

(Kazan and Lyons, 2016) however, the evidence for this is very limited and the role of 

flowering genes in plant pathogen interactions remains largely unclear. Mutant 

analyses in Arabidopsis have identified a number of genes that affect both flowering 

time and plant defense (Kidd et al., 2009; Lai et al., 2014). Such genes have been 

identified in plant-fungal (Veronese et al., 2003; Lyons et al., 2015), plant-bacterial 

(Lyons et al., 2013; Singh et al., 2013) as well as plant-viral pathosystems (Cecchini 

et al., 2002). Upon infection by Verticillium spp. the more tolerant (based on symptom 

severity) wild genotype, C24 had a delayed flowering initiation and longer lifespan 
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unlike non-tolerant Col genotype which had an accelerated flowering and shorter 

lifespan. Further genetic investigations revealed that a Verticillium dahlia-tolerance 

(VET1) locus, likely to be additionally functioning as a negative regulator of the 

transition to flowering, was able to convey tolerance to Verticillium in C24 (Veronese 

et al., 2003). Similar to the Verticillium- Arabidopsis interaction, our results showed 

that the genotypes that are tolerant to CMV delayed flowering and increased the 

lifespan (Fig. 4.2.1.4), but in our system this was associated with high expression of 

another negative regulator of flowering, FLC. 

Studies had shown that upon infection of Arabidopsis by Fusarium 

oxysporium, there was a significant correlation between flowering time and F. 

oxysporum defense response such that late-flowering Arabidopsis genotypes 

showed enhanced resistance to F. oxysporum and the early flowering genotypes 

were more susceptible to the fungus. Further analysis showed that the late flowering, 

gigantea (gi) and autonomous pathway mutants showed enhanced resistance to F. 

oxysporum suggesting their role in susceptibility (Lyons et al., 2015). 

Involvement of flowering genes in Arabidopsis- bacterial interaction is not 

unknown. Studies show that the autonomous pathway genes FLD and FPA, which 

stimulate flowering by repressing FLC expression (He et al., 2003), promote 

susceptibility to Pseudomonas syringae in Arabidopsis (Lyons et al., 2013; Singh et 

al., 2013). An involvement of a flowering integrator gene LEAFY (LFY) emerges as 

the lfy mutant shows increased resistance against P. syringae (Winter et al., 2011). It 

was reported that LFY is involved in repressing plant responses to bacterial elicitors 

(flg22) and reducing resistance to bacterial colonization during meristem identity 

transition, suggesting LFY is involved in directing plant resources away from plant 

immune responses towards flower and fruit development (Winter et al., 2011). Our 

results show involvement of FLC in resource reallocation towards reproduction upon 

CMV infection in tolerant genotypes. A more relevant example to this thesis is of a 



 

141 
 

DISCUSSION 

plant-virus interaction, Arabidopsis- CaMV. It has been shown that GI and FCA alter 

CaMV symptom development in Arabidopsis while the virus titre and distribution of 

replicating CaMV in apical and expanded leaves is unaffected indicating a 

mechanism of tolerance (Cecchini et al., 2002). It is similar to our results as we show 

that FLC expression is involved in tolerance response while the virus multiplication is 

unaffected in CMV- tolerant and non-tolerant Arabidopsis genotypes and their 

lifespan (Table 4.1.1, Table 4.2.1.2 and Table 4.2.2.2). 

In crop plants, evidence is scarcer but available for resistance and flowering 

time regulation. QTL analyses conducted on crop plants have also identified 

significant associations between disease resistance and flowering time (e.g. Pinson 

et al., 2010; Van Inghelandt et al., 2012; Mizobuchi et al., 2013). The northern corn 

leaf blight (NCLB) disease in Zea mays L. is caused by Setosphaeria turcica. Genetic 

analysis of 1487 inbred lines showed a significant positive correlation between NCLB 

resistance and flowering time. Further analysis revealed an involvement of Vgt1, a 

non-coding sequence which is known to be regulating the flowering time gene 

ZmRap2.7 in Z.mays (Van Inghelandt et al., 2012). 

Thus, our study, combined with findings in other systems, suggest the 

existence of links between the flowering genes pathway and defense responses to 

biotic stress in plants. 

 

5.2.2 Role of FLC in tolerance to CMV appears to be through a different 

pathway than in flowering repression 

It is well understood that FLC is an important regulator of the transition from 

vegetative growth to reproduction. FLC is regulated by autonomous as well as 

environmental cues and different activities are integrated at FLC locus (Crevillén and 

Dean, 2011). Moreover, it has been identified that FLC is expressed widely in  
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various tissues of the plant (Sheldon et al., 2008) and the FLC protein targets are 

involved in various aspects of plant developmental pathways throughout the life 

history of the plant, including the juvenile-adult transition, flowering initiation and floral 

morphogenesis (Deng et al., 2011). A Gene Ontology analysis showed the 

transcription factor families enriched in FLC target genes. The study implied that FLC 

is likely to modulate the activity of a number of transcription factors that regulate 

important biological processes. Other than flowering initiation pathway genes, FLC 

binding targets are genes that are concerned with response to stress, as well as 

genes involved in reproductive and embryonic development (Figure 5.1).  

 

 

Figure 5.1 Classifications of Gene Ontology analysis for FLC target genes. FLC protein 

is likely to be modulating the activity of a number of transcription factors that regulate 

important biological processes. Different colours represent different levels of significance. 

Adapted from Deng et al, (2011). 
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While FLC expression is known to be associated with many abiotic stress responses, 

such as phosphorous deficiency (Kant et al., 2011), nitric oxide superfluity (He et al., 

2004) and stress-associated microRNAs [e.g. miR169 targets FLC activating 

transcription factors (Xu et al., 2014)] FLC association with biotic stress responses is 

much less known. Hence, our results showing that FLC is associated with tolerance 

to CMV infection is a novel and insightful addition to this area. 

Although it is evident from our results that the genotypes with high expression 

of FLC were tolerant to CMV and reallocated more resources to reproduction, the 

molecular basis of the role of the FLC is elusive.  Since it had been reported that 

different alleles of FLC modulate differentially the timing of flowering initiation 

depending upon the environment (Méndez-Vigo et al., 2016), we analysed the 

different alleles of FLC for different effectiveness of tolerance to CMV (section 4.2.2). 

Our result showed that the efficacy of FLC allele in terms of flowering time regulation 

was unrelated to the effectiveness of tolerance. At 21°C long day condition, FLC 

Don-0 Ler carries a stronger FLC allele in terms of efficiency of flowering time 

regulation, followed by FLC Col Ler and FLC Ri-0 Ler (Méndez-Vigo et al., 2016). 

However, FLC Don-0 Ler, which carries a functional FLC allele from the Don 

genotype of Southern Spain (Picó et al., 2008) was the least tolerant to CMV (Figure 

4.2.2.1; Annex A.2.3) both before and after vernalization. Among genotypes carrying 

a functional FRI allele, FLC-Col FRI Sf2 Ler genotype, which carries a functional FLC 

allele from Columbia was the most tolerant. This suggested that the effect of FLC in 

tolerance is not only through the effect of FLC of repressing flowering and increasing 

the vegetative growth period, rather through a different pathway than flowering 

repression. In support of this hypothesis we know that FLC-Don-0 Ler and FLC-Don-

0 FRI Sf2 Ler do not differ in their efficacy of flowering time regulation (Table 4.2.2.1) 

as FLC Don-0 Ler behaves insensitive to FRI allele under 21°C long day condition in 

terms of flowering time efficacy (Méndez-Vigo et al., 2016). However, in terms of 
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effectiveness of tolerance, FLC Don-0 Ler was significantly less tolerant than FLC 

Don-0 FRI Sf2 Ler (P ≤ 10-3; Figure 4.2.2.2). 

Consistent with the previous reports of our group that tolerance to CMV is 

resource reallocation based, our results showed that there is a positive correlation 

between tolerance to CMV and resource reallocation from growth to reproduction 

(Figure 4.2.1.3).  

Further, it was examined if the flowering genes play a role in the resource 

reallocation based tolerance to different viruses other than CMV. Results suggested 

that the genotypes carrying functional FLC and FRI, which were tolerant to CMV, 

were not tolerant to TCV, TuMV, YoMV or CaMV (Figure 4.2.4.2 and Annex A.2.7). 

However, there was resource reallocation from rosette (vegetative growth effort) to 

the reproductive structures (i.e. inflorescence or reproductive effort) in the genotypes 

carrying a functional allele of FLC infected with TCV, YoMV and CaMV. However, it 

did not result in tolerance (low SWi/SWm, Figure 4.2.3.3; Annex A.2.7). This could 

perhaps be because of a substantial reduction in the rosette growth as a result of 

virus infection. This result also suggests uncoupling of resource reallocation and 

tolerance, which in any analysed genotypes was coupled in case of CMV. This 

further contributes to the hypothesis that the role of FLC in tolerance is through a 

different pathway than in the repression of flowering. 

 

5.3 Tolerance of Arabidopsis to CMV is not traded against 

resistance 

Theory predicts that tolerance and resistance have significant fitness costs and 

having both defense strategies would incur higher costs. It will be redundant for the 

host to divert resource investment in the simultaneous expression of two different 

defense strategies for the same result. Therefore, proposed models predict a trade-
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off i.e. a negative correlation between resistance and tolerance (Fineblum and 

Rausher, 1995; Mauricio et al., 1997; Tiffin and Rausher, 1999; Mauricio, 2000; Tiffin, 

2000). Our results do not show any correlation between resistance and tolerance to 

CMV in Arabidopsis (section 4.3). Note that our data show genotype-specific 

differences in tolerance but not in resistance, but still a trade-off could have been 

unveiled by the analysis of the toal set of data for each analysed plant. This result is 

consistent with previous reports of the Arabidopsis-CMV system (Pagán et al., 2008) 

or CMV infection of Mimulus guttatus DC (Phrymaceae) (Carr et al., 2006). This lack 

of a negative correlation could be partly explained by the non- existence of costs of 

resistance and tolerance or because tolerance is linked with different host traits 

(Mauricio et al., 1997; Mauricio, 2000). 

 

5.4 Expression of flowering genes is altered after CMV infection of 

Arabidopsis 

Our results showed that tolerance of a genotype that expresses constitutively FLC, 

35S:FLC Col Ler, was consistently lower than that of genotypes in which functional 

alleles of FLC had been introgressed, or the tolerant wild genotype Ll-0 (see Figs. 

4.2.1.2, 4.2.2.2 and 4.2.2.4). These results suggested that tolerance may require an 

altered expression of FLC upon infection. For further investigations of flowering gene 

expressions, Ler and Ll-0 genotypes were selected. Ll-0 allele of FRI and Ll-0 allele 

of FLC are both functional alleles and contribute to the late flowering of the Ll-0 

genotype in the wild Arabidopsis population whereas Ler allele of FRI has a deletion 

of the start codon and Ler allele of FLC is a weak allele.  

Monitoring of gene expression level and pattern over a time course in Ll-0 

and Ler genotype indicated that expression of flowering regulator genes is indeed, 

modulated in CMV infected plants as compared with non-infected ones. In the 
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tolerant Ll-0 genotype, FLC and FRI were stimulated whereas SOC1 and FT were 

suppressed upon CMV infection. This at least partly contributes to a longer delay in 

flowering initiation in infected plants than the mock-inoculated control plants. In the 

non-tolerant Ler genotype, FT and SOC1 are not supressed upon CMV infection 

contributing to flowering initiation with a much shorter delay in the infected plants 

flowering than the mock-inoculated control (Figure 4.3.1, figure 4.3.2 and Table 

4.3.1).  

Alteration of the expression of genes raises interesting questions. In plants, 

microRNA (mi-RNA) have an essential role in the regulation of gene expression 

during development (Palatnik et al., 2003; Chen, 2012) and adaptation to a variety of 

abiotic stresses, such as drought, cold, salinity, and nutrient deficiency (Chiou et al., 

2006; Sunkar et al., 2007; Jeong and Green, 2013). More recently, studies have 

shown evidences for a role of mi-RNAs in the plant response to pathogen infection 

(Ruiz-Ferrer and Voinnet, 2009; Katiyar-Agarwal and Jin, 2010; Shivaprasad et al., 

2012, Campo et al., 2013; Staiger et al., 2013; Li et al., 2014). Virus infections 

interfere with the mi-RNA regulated gene expression, often determining 

developmental effects. Cillo et al., (2009) reported evidence of mi-RNA regulated 

gene expression alteration in Solanum lycopersicum L. cv. UC82 by different strains 

of CMV. In our case, we can speculate the alteration of the expression of flowering 

genes could be mi-RNA mediated but further investigation is necessary to conclude. 

 

To summarize, our studies not only show that tolerance is a virus- specific 

defense response but also describes the mechanism of tolerance to CMV in 

Arabidopsis and elucidates novel evidences of links between biotic stress tolerance 

and flowering gene pathways. This field remains to be pursued and can certainly be 

worth- exploring. Recently, studies have shown that GI, the photoperiod and 

circadian pathway flowering promotor, is emerging to be a master regulator of abiotic 
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and biotic stress tolerance and flowering time (for reviews, see Mishra and Panigrahi, 

2015; Kazan and Lyons, 2016). However, specifically our study links flowering 

repressor genes associated with defense responses. An enhanced understanding of 

these processes and the links between them could be relevant in future to handle the 

challenges of pathogen stress while avoiding pathogen- induced yield penalties in 

plants. 
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VI. CONCLUSIONS 

In this thesis, we have studied the mechanism of tolerance in Arabidopsis to 

Cucumber mosaic virus. The results obtained led to the following conclusions: 

1. The genotype-specific resistance to virus infection seems to be a general defense of 

Arabidopsis, as it was expressed towards a variety of virus species. Conversely, 

tolerance to virus infection associated to life-history trait modifications seems to be a 

narrow-spectrum response, observed only towards Cucumber mosaic virus infection. 

 

2. Contrary to the theoretical predictions of a negative correlation between resistance 

and tolerance, an absence of correlation between resistance and tolerance is 

observed in our pathosystem. 

3. A functional FLC allele and a high expression of FLC are required both for genotype-

specific tolerance to Cucumber mosaic virus and for resource reallocation from 

growth to reproduction. Tolerance and resource reallocation appear to be linked 

across the assayed Arabidopsis genotypes, and are positively correlated. 

 

4. Tolerance to Cucumber mosaic virus is associated with an increase in vegetative 

growth period and a longer lifespan of the Arabidopsis genotypes. 

 

5. The efficacy of FLC allele in terms of flowering time regulation is unrelated to the 

effectiveness of tolerance in Arabidopsis to Cucumber mosaic virus, which suggests 

that the role of FLC in tolerance is through a different pathway than in flowering 

repression. 

 

 

CONCLUSIONS 
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6. Flowering repressor genes appear to play a role in the expression of Cucumber 

mosaic virus- specific tolerance of Arabidopsis, and high expression of FLC is not 

associated with tolerance to other assayed viruses. However, high FLC expression is 

associated with resource reallocation upon infection by other viruses, which provides 

evidence of tolerance and resource reallocation not being linked phenomena. 

 

7. Expression of flowering genes is altered after Cucumber mosaic virus infection of 

Arabidopsis. In the tolerant genotype, FLC and FRI are stimulated whereas SOC1 

and FT are suppressed, contributing to a significant delay in flowering in the infected 

plants. In the non-tolerant genotype, SOC1 and FT are not suppressed and flowering 

is not significantly delayed in the infected plants. 

 

8. There appears to be a link between biotic stress tolerance and flowering regulation 

pathways. Our study elucidates novel evidences of role of flowering genes in plant 

pathogenic interaction, an under-explored field with limited evidences. 
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Table A.1 Life-history traits for six Arabidopsis wild genotypesa 

  %germ SW RW IW BM GP RP LP 

Col-1 
Mock-Inoculated 100 0.708±0.059 0.151±0.013 1.983±0.088 2.841±0.062 10.250±0.164 15.500±0.198 50.500±1.225 

CMV 100 0.602±0.050 0.110±0.010 1.650±0.063 2.362±0.114 11.400±0.510 16.200±0.583 51.000±0.837 
TCV 84.5 0.001±0.000 0.016±0.001 0.234±0.042 0.251±0.040 16.000±0.000 24.000±0.000 63.250±1.278 

TuMV 95.5 0.004±0.001 0.080±0.005 0.073±0.026 0.156±0.025 12.875±1.432 18.000±1.291 46.125±1.837 
YoMV 99.0 0.110±0.016 0.028±0.002 0.598±0.043 0.736±0.042 12.000±0.500 16.625±1.068 59.375±2.464 
CaMV 98.0 0.431±0.014 0.080±0.004 1.335±0.140 1.846±0.137 12.000±0.408 15.000±0.408 55.500±1.443 

Ler 
Mock-Inoculated 98.5 0.648±0.032 0.153±0.007 1.380±0.058 2.180±0.086 10.750±0.164 15.750±0.366 55.625±1.647 

CMV 99.5 0.382±0.021 0.077±0.006 0.937±0.052 1.396±0.046 11.286±0.421 15.857± 0.340 58.857±1.870 
TCV 89.4 .0001±0.000 0.007±0.000 0.068±0.012 0.076±0.012 17.500±0.267 24.250±0.629 49.875±0.766 

TuMV 0 0 0.046±0.008 0.032±0.007 0.078±0.012 11.500±0.342 - 39.000±0.683 
YoMV 98.5 0.073±0.011 0.022±0.003 0.260±0.029 0.355±0.037 12.000±0.327 14.500±0.189 50.250±0.313 
CaMV 98.0 0.300±0.031 0.060±0.009 0.468±0.048 0.827±0.048 12.500±0.500 14.000±0.707 58.000±1.354 
Shak 

Mock-Inoculated 99.5 0.698±0.054 0.215±0.026 1.994±0.195 2.906±0.252 14.000±0.707 16.500±0.627 50.750±0.491 
CMV 98.0 0.393±0.026 0.084±0.006 1.351±0.088 1.828±0.105 14.400±0.400 15.400±0.980 48.800±0.800 
TCV 81.5 0.002±0.000 0.010±0.001 0.384±0.082 0.402±0.083 19.125±0.581 28.125±1.302 63.875±0.972 

TuMV 0 0 0.056±0.009 0.062±0.018 0.118±0.025 15.200±1.114 - 43.400±1.965 
YoMV 100 0.037±0.005 0.020±0.004 0.740±0.065 0.797±0.072 16.375±0.680 21.125±0.718 54.750±1.146 
CaMV 100 0.272±0.035 0.080±0.011 0.943±0.048 1.294±0.045 14.000±1.000 15.750±0.479 48.750±0.750 

LL-0 
Mock-Inoculated 95.0 0.914±0.076 0.666±0.055 3.370±0.116 4.950±0.196 33.250±1.031 12.625±0.420 75.750±0.526 

CMV 96.5 0.894±0.030 0.346±0.045 3.278±0.242 4.518±0.244 34.800±1.497 9.600±1.913 81.200±0.970 
TCV 72.5 0.002±0.001 0.321±0.029 0.836±0.101 1.165±0.105 57.000±2.104 23.500±2.398 88.000±0.732 

TuMV 0 0 0.035±0.008 0 0.035±0.006 - - 32.750±0.530 
YoMV 96.5 0.161±0.025 0.316±0.035 1.535±0.123 2.012±0.141 44.250±1.989 12.500±1.102 86.375±0.680 
CaMV 98.0 0.513±0.078 0.348±0.024 1.674±0.089 2.535±0.091 35.750±1.702 11.750±0.479 69.000±0.577 

Cum-0 
Mock-Inoculated 83.0 0.928±0.056 1.413±0.150 4.294±0.087 6.634±0.164 25.875±1.807 17.875±0.743 69.875±0.227 

CMV 96.5 0.930±0.025 0.988±0.113 4.618±0.170 6.535±0.271 27.500±1.041 19.000±0.913 73.500±1.190 
TCV 84.5 0.002±0.001 0.509±0.060 1.387±0.080 1.898±0.072 44.375±1.625 27.600±1.208 82.625±0.730 

TuMV 0 0 0.071±0.019 0.001±0.001 0.072±0.013 - - 33.500±0.866 
YoMV 94.5 0.061±0.017 0.389±0.033 1.878±0.227 2.327±0.228 38.125±2.546 21.000±1.165 81.375±2.815 
CaMV 98.0 0.476±0.100 0.736±0.064 2.398±0.038 3.609±0.060 27.750±1.485 17.000±0.423 66.750±0.701 

Kas-0 
Mock-Inoculated 94.5 0.505±0.058 1.238±0.055 2.409±0.182 4.156±0.234 34.143±1.265 16.143±0.827 80.000±2.072 

CMV 98.0 0.612±0.080 0.394±0.068 2.264±0.097 3.270±0.180 34.000±1.773 18.500±0.972 86.833±0.694 
TCV 100 0.004±0.002 0.067±0.019 0.283±0.090 0.354±0.080 36.833±8.329 25.000±2.000 64.125±4.897 

TuMV 0 0 0.040±0.003 0.002±0.002 0.042±0.004 13.000±2.000 - 31.857±0.769 
YoMV 98.0 0.143±0.047 0.086±0.023 0.980±0.181 1.209±0.199 30.000±5.574 21.000±1.282 77.125±4.944 
CaMV 99.0 0.213±0.074 0.486±0.100 1.592±0.092 2.291±0.124 20.400±4.946 17.200±1.158 59.000±1.304 

a. SW, RW, IW and BM are in g, GP, RP and LP are in days. Data are mean ± standard error of 
at least four replicate plants 
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Table A.2.1 Resource allocation life-history traits of thirteen Arabidopsis genotypesa 

Host Genotype RWm RWi IWm IWi SWm SWi BMm BMi 

Col-0 0.14 ± 0.01 0.10 ± .004 1.60 ± 0.10 1.24 ± 0.10 0.90 ± 0.07 0.71 ± 0.08 2.64 ± 0.13 2.05 ± 0.16 

Ler 0.05 ± 0.01 0.04 ± .002 0.77 ± 0.08 0.57 ± 0.06 0.46 ± 0.04 0.35 ± 0.05 1.29 ± 0.12 0.96 ± 0.11 

Ll-0 0.99 ± 0.12 0.64 ± 0.03  2.71 ± 0.26 2.56 ± 0.10 0.94 ± 0.08 0.87 ± 0.07 4.64 ± 0.24 4.07 ± 0.11 

FLC Sf2 Col 0.23 ± 0.01 0.12 ± 0.01 1.60 ± 0.11 1.46 ± 0.13 0.68 ± 0.10 0.67 ± 0.06 2.51 ± 0.20 2.24 ± 0.20 

FRI Sf2 Col 1.35 ± 0.18 0.56 ± 0.12 1.72 ± 0.27 2.35 ± 0.30 0.46 ± 0.07 0.56 ± 0.09 3.53 ± 0.30 3.48 ± 0.43 

flc-3 FRI Sf2 Col 0.11 ± 0.01 0.09 ± 0.01 1.71 ± 0.11 1.34 ± 0.02 0.84 ± 0.11 0.67 ± 0.02 2.66 ± 0.20 2.10 ± 0.04 

FLC Col Ler 0.16 ± 0.01 0.10 ± 0.01 1.26 ± 0.06 1.27 ± 0.17 0.65 ± 0.06 0.71 ± 0.14 2.07 ± 0.11 2.08 ± 0.28 

FLC Ll-0 Ler 0.10 ± 0.01 0.08 ± 0.01 1.65 ± 0.06 1.43 ± 0.09 1.01 ± 0.04 0.87 ± 0.05 2.76 ± 0.10 2.39 ± 0.04 

FRI Sf2 Ler 0.22 ± 0.01 0.20 ± 0.07 1.68 ± 0.06 1.29 ± 0.07 0.81 ± 0.10 0.52 ± 0.07  2.70 ± 0.15 2.01 ± 0.07 

FLC Ll-0 FRI Sf2 Ler 1.26 ± 0.12 0.73 ± 0.09 1.69 ± 0.13 2.04 ± 0.18 0.38 ± 0.08 0.49 ± 0.08 3.33 ± 0.14 3.26 ± 0.23 

HUA2 Ler 0.12 ± 0.02  0.07 ± 0.02 1.05 ± 0.14 0.77 ± 0.10 0.52 ± 0.08 0.44 ± 0.05 1.69 ± 0.23 1.29 ± 0.16 

K21 hua2 Ler 0.05 ± 0.01 0.04 ± 0.01 1.22 ± 0.22 0.19 ± 0.03 0.54 ± 0.13 0.03 ± 0.01 1.81 ± 0.34 0.25 ± 0.03 

35S:FLC Col Ler 0.12 ± 0.01 0.06 ± 0.01 1.99 ± 0.10 1.11 ± 0.16 0.98 ± 0.11 0.82 ± 0.16 3.09 ± 0.20 1.99  0.27 
 

a. ‘m’ represents the trait values for mock-inoculated controls. ‘i’ represents the trait values for 
LS-CMV infected plants. Values are mean (g) ± standard error of at least five replicates. 

 

Table A.2.2 Temporal life-history traits of thirteen Arabidopsis genotypesa. 

Host Genotype GPm GPi RPm RPi LPm LPi 

Col-0 22.00 ± 0.27 22.17 ± 0.75 20.33 ± 0.53 22.50 ± 2.19 75.63 ± 1.68 77.67 ± 0.99 

Ler 18.50 ± 0.33 18.86 ± 0.40 19.33 ± 0.73 19.57 ± 0.78 77.00 ± 1.38 75.14 ± 2.87 

Ll-0 50.88 ± 1.57 52.86 ± 0.71 17.50 ± 0.62 19.71 ± 1.42 91.00 ± 0.98 94.57 ± 1.34 

FLC Sf2 Col 24.38 ± 0.71 27.63 ± 0.84 19.17 ± 0.72 19.00 ± 0.38 80.75 ± 3.54 86.63 ± 1.65 

FRI Sf2 Col 51.38 ± 1.75 61.14 ± 3.89 20.83 ±  1.06 21.14 ± 3.56 110.25 ± 4.56 120.43 ± 3.69 

flc-3 FRI Sf2 Col 16.75 ± 0.37 18.00 ± 0.37 20.83 ± 0.69 18.50 ± 0.50 74.75 ± 1.68 72.50 ± 3.48 

FLC Col Ler 24.63 ± 0.86 26.00 ± 1.63 22.00 ± 1.43 22.50 ± 1.77 73.00 ± 1.12 74.67 ± 1.84 

FLC Ll-0 Ler 28.63 ± 0.26 28.33 ± 0.67 19.00 ± 0.42 21.17 ± 0.31 70.63 ± 1.08 72.83 ± 1.85 

FRI Sf2 Ler 24.00 ± 0.53 28.00 ± 1.88 20.17 ± 0.82 20.83 ± 0.70 76.75 ± 2.70 79.67 ± 1.23 

FLC Ll-0 FRI Sf2 Ler 55.38 ± 3.39 62.67 ± 2.58 19.50 ± 0.50 21.34 ± 0.99 99.75 ± 0.88 106.17 ± 2.24 

HUA2 Ler 20.13 ± 1.38 23.71 ± 1.34 19.50 ± 0.30 19.14 ± 0.46 77.25 ± 2.96 80.43 ± 2.34 

K21 hua2 Ler 19.83 ± 0.76 19.40 ± 0.81 20.33 ± 0.66 20.00 ± 1.95 70.17 ± 2.31 68.60 ± 3.49 

35S:FLC Col Ler 17.13 ± 0.23 19.33 ± 0.21 21.17 ± 0.69 19.33 ± 0.80 75.50 ± 2.55 78.17 ± 2.14 
 

a. ‘m’ represents the trait values for mock-inoculated controls. ‘i’ represents the trait values for 
LS-CMV infected plants. Values are means (number of days) ± standard error of at least five 
replicates. 
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Table A.2.3 Resource allocation life-history traits of nine Arabidopsis genotypesa.  

Host Genotype RWm RWi IWm IWi SWm SWi BMm BMi 

Ler 0.09 ± 0.01 0.05 ± 0.01 1.50 ± 0.06 0.97 ± 0.06 0.77 ± 0.03 0.46 ± 0.04 2.36 ± 0.09 1.49 ± 0.10 

LI-0 0.59 ± 0.03 0.30 ± 0.05 3.18 ± 0.16 3.04 ± 0.43 0.78 ± 0.11 0.87 ± 0.14 4.55 ± 0.20 4.20 ± 0.54 

35S:FLC Ler 0.21 ± 0.02 0.16 ± 0.01 2.30 ± 0.12 2.01 ± 0.06 1.11 ± 0.11 0.99 ± 0.04 3.62 ± 0.22 3.16 ± 0.09 

FLC Col Ler 0.27 ± 0.03 0.20 ± 0.01 1.77 ± 0.12 1.79 ± 0.15 0.75 ± 0.08 0.76 ± 0.07 2.79 ± 0.19 2.75 ± 0.20 

FLC Ri-0 Ler 0.31 ± 0.03 0.15 ± 0.02 2.29 ± 0.15 1.60 ± 0.09 0.90 ± 0.11 0.59 ± 0.07 3.50 ± 0.24 2.34 ± 0.16 

FLC Don-0 Ler 0.96 ± 0.07 0.63 ± 0.13 1.34 ± 0.10 0.76 ± 0.15 0.24 ± 0.04 0.05 ± 0.01 2.54 ± 0.14 1.43 ± 0.15 

FLC Ll-0 Ler 0.20 ± 0.01 0.10 ± 0.03 1.99 ± 0.08 1.36 ± 0.13 1.13 ± 0.09 0.51 ± 0.06 3.32 ± 0.16 1.98 ± 0.16 

FLC-Don-0 FRI Sf2 Ler 1.02 ± 0.13 0.64 ± 0.03 1.64 ± 0.17 1.29 ± 0.21 0.31 ± 0.06 0.26 ± 0.01 2.98 ± 0.15 2.19 ± 0.22 

FLC-Ll-0 FRI Sf2 Ler 0.99 ± 0.12 0.58 ± 0.07 1.61 ± 0.19 1.26 ± 0.17 0.40 ± 0.08 0.42 ± 0.06 3.00 ± 0.19 2.26 ± 0.14 

 

a. ‘m’ represents the trait values for mock-inoculated controls. ‘i’ represents the trait values for 
LS-CMV infected plants. Values are mean (g) ± standard error of at least six replicates. 

 

 

Table A.2.4 Temporal life-history traits of nine Arabidopsis genotypesa.  

Host Genotype GPm GPi RPm RPi LPm LPi 

Ler 13.88 ± 0.35 13.86 ± 0.51 20.13 ± 0.58 20.43 ± 0.48 59.50 ± 1.50 55.71 ± 1.87 

LI-0 41.13 ± 1.48 46.25 ± 1.65 18.00 ± 0.50 20.50 ± 0.29 79.13 ± 0.44 84.50 ± 1.89 

35S:FLC Ler 11.50 ± 0.73 17.13 ± 0.90 24.63 ± 1.16 24.00 ± 1.51 65.00 ± 1.12 62.88 ± 1.57 

FLC Col Ler 21.25 ± 0.75 24.00 ± 0.53 21.75 ± 1.08 22.63 ± 0.98 70.63 ± 1.67 72.25 ± 2.54 

FLC Ri-0 Ler 23.13 ± 0.44 25.13 ± 0.61 19.88 ± 0.55 19.88 ± 0.85 73.00 ± 0.94 72.63 ± 1.80 

FLC Don-0 Ler 54.38 ± 1.13 61.29 ± 2.11 20.00 ± 0.63 17.00 ± 1.18 89.25 ± 1.78 93.71 ± 1.46 

FLC Ll-0 Ler 20.38 ± 0.38 21.50 ± 0.99 19.38 ± 0.32 19.00 ± 0.73 70.63 ± 0.84 72.50 ± 1.63 

FLC-Don-0 FRI Sf2 Ler 54.13 ± 1.11 56.43 ± 2.20 19.13 ± 0.79 21.71 ± 1.44 89.88 ± 0.81 97.57 ± 1.21 

FLC-Ll-0 FRI Sf2 Ler 50.50 ± 2.05 52.29 ± 3.43 19.25 ± 0.62 22.57 ± 0.84 86.88 ± 1.32 90.43 ± 1.94 

 

a. ‘m’ represents the trait values for mock-inoculated controls. ‘i’ represents the trait values for 
LS-CMV infected plants. Values are mean (number of days) ± standard error of at least six 
replicates. 
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Table A.2.5 Resource allocation life-history traits of eleven Arabidopsis genotypes post 

vernalizationa.  

Host Genotype RWm RWi IWm IWi SWm SWi BMm BMi 

Ler 0.12 ±  0.01 0.11 ± 0.01 1.43 ±  0.16 1.19 ± 0.13 1.06 ±  0.03 0.76 ± 0.07 2.61 ±  0.18 2.06 ± 0.19 

LI-0 0.28 ±  0.01 0.21 ± 0.01 2.75 ±  0.15 2.49 ± 0.13 1.25 ±  0.10 1.36 ± 0.05 4.28 ±  0.23 4.07 ± 0.17 

35S:FLC Ler 0.30 ±  0.03 0.24 ± 0.02 3.07 ±  0.06 2.62 ± 0.17 1.71 ±  0.03 1.41 ± 0.11 5.09 ±  0.07 4.28 ± 0.21 

FLC Col Ler 0.21 ±  0.01 0.16 ± 0.01 2.66 ±  0.17 2.16 ± 0.11 1.37 ±  0.14 1.32 ± 0.08 4.24 ±  0.30 3.64 ± 0.17 

FLC Ri-0 Ler 0.30 ±  0.04 0.22 ± 0.02 2.80 ±  0.10 2.23 ± 0.05 1.55 ±  0.10 1.14 ± 0.06 4.64 ±  0.18 3.59 ± 0.11 

FLC Don-0 Ler 0.44 ±  0.02 0.28 ± 0.01 2.30 ±  0.09 1.75 ± 0.05 1.54 ±  0.15 1.01 ± 0.01 4.28 ±  0.24 3.04 ± 0.07 

FLC Ll-0 Ler 0.20 ±  0.03 0.17 ± 0.02 1.74 ± 0.05 1.35 ± 0.13 1.03 ±  0.05 0.82 ± 0.09 2.96 ±  0.07 2.35 ± 0.20 

FLC-Col FRI Sf2 Ler 0.88 ±  0.09 0.65 ± 0.05 1.71 ± 0.08 2.05 ± 0.20 0.69 ± .004 0.73 ± 0.05 3.27 ± 0.13 3.43 ± 0.27 

FLC-Ri-0 FRI Sf2 Ler 0.99 ± 0.05 0.75 ± 0.09 2.89 ± 0.13 2.24 ± 0.18 0.88 ± 0.10 0.86 ± 0.08 4.76 ± 0.18 3.85 ± 0.25 

FLC-Don-0 FRI Sf2 Ler 0.47 ± 0.06 0.35 ± 0.03 2.46 ± 0.22 2.03 ± 0.11 1.31 ± 0.24 1.17 ± 0.06 4.24 ± 0.45 3.55 ± 0.14 

FLC-Ll-0 FRI Sf2 Ler 0.50 ± 0.04 0.36 ± 0.04 2.53 ± 0.17 2.26 ± 0.09 1.48 ± 0.11 1.40 ± 0.10 4.51 ± 0.28 4.02  0.11 
 

a. ‘m’ represents the trait values for mock-inoculated controls. ‘i’ represents the trait values for 
LS-CMV infected plants. Values are mean (g) ± standard error of at least four replicates. 

 

Table A.2.6 Temporal life-history traits of eleven Arabidopsis genotypes post vernalizationa.  

Host Genotype GPm GPi RPm RPi LPm LPi 

Ler 8.43 ± 0.37 7.86 ± 0.26 17.14 ± 0.26 20.71 ± 0.61 45.86 ± 0.46 47.29 ± 0.52 

LI-0 17.50 ± 0.53 18.43 ± 0.53 22.38 ± 0.73 22.29 ± 0.61 55.38 ± 0.78 54.57 ± 0.95 

35S:FLC Ler 6.00 ± 0.00 6.00 ± 0.00 18.00 ± 0.38 20.43 ± 0.30 46.00 ± 0.79 46.57 ± 0.43 

FLC Col Ler 12.00 ± 1.32 18.50 ± 0.56 21.75 ± 0.73 23.50 ± 0.34 56.50 ± 1.31  55.00 ± 1.18 

FLC Ri-0 Ler 14.50 ± 1.15 14.14 ± 0.46 18.50 ± 0.89 18.71 ± 0.52 56.17 ± 1.30 55.14 ± 1.03 

FLC Don-0 Ler 23.50 ± 0.29 23.33 ± 0.33 24.25 ± 0.25 21.00 ± 0.58 58.00 ± 0.58 56.33 ± 0.33 

FLC Ll-0 Ler 10.25 ± 1.18 10.17 ± 1.25 16.25 ± 0.63 17.00 ± 0.93  51.75 ± 0.63 55.00 ± 1.71 

FLC-Col FRI Sf2 Ler 29.25 ± 0.25 33.25 ± 0.63 25.25 ± 0.25 25.25 ± 0.95 64.00 ± 0.71 71.50 ± 1.26 

FLC-Ri-0 FRI Sf2 Ler 35.83 ± 0.31 38.40 ± 0.60 22.17 ± 0.40 23.20 ± 0.97 83.67 ± 2.17 82.00 ± 1.87 

FLC-Don-0 FRI Sf2 Ler 24.33 ± 0.56 25.88 ± 0.40 18.50 ± 0.56 19.88 ± 0.58 57.67 ± 1.43 59.88 ± 0.79 

FLC-Ll-0 FRI Sf2 Ler 23.00 ± 0.58 25.50 ± 0.56 19.75 ± 0.25 19.67 ± 0.76 60.00 ± 0.91 58.50 ± 1.06 

 

a.      ‘m’ represents the trait values for mock-inoculated controls. ‘i’ represents the trait values for LS-
CMV infected plants. Values are mean (number of days) ± standard error of at least four replicates. 
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Table A.2.7 Values of life-history traits for three Arabidopsis genotypesa. 

  RW IW SW BM GP RP LP 

FLC Sf2 Col 
 Mock-Inoculated 1.17 ± 0.11 3.27 ± 0.10 1.67 ± 0.08 6.11 ± 0.19 24.38 ± 0.78 21.00 ± 0.27 70.38 ± 0.42 

CMV 0.63 ± 0.05 2.97 ± 0.18 1.55 ± 0.08 5.15 ± 0.22 25.71 ± 0.29 21.86 ± 0.51 73.86 ± 0.40 

TCV 0.02 ± 0.01 1.30 ± 0.09 0.02 ± 0.01 1.34 ± 0.10 36.00 ± 0.53 44.63 ± 2.31 94.88 ± 1.26 

TuMV 0.03 ± 0.002 - - 0.03±0.002 - - 30.00 ± 0.00 

YoMV 0.10 ± 0.01 1.21 ± 0.05 0.63 ± 0.05 1.93 ± 0.08 27.00 ± 1.48 19.63 ± 0.75 83.75 ± 2.19 

CaMV 0.51 ± 0.10 1.28 ± 0.31 0.93 ± 0.19 2.72 ± 0.55 27.75 ± 0.80 21.63 ± 0.91 69.00 ± 0.96 

FRI Sf2 Col 
 Mock-Inoculated 1.77 ± 0.09 6.50 ± 0.24 0.41 ± 0.06 8.68 ± 0.30 39.88 ± 1.46 23.25 ± 0.77 92.13 ± 0.88 

CMV 1.05 ± 0.08 4.37 ± 0.54 0.59 ± 0.06 6.01 ± 0.55 45.80 ± 1.07 24.60 ± 0.68 97.40 ± 0.98 

TCV 0.86 ± 0.13 0.77 ± 0.12 - 1.63 ± 0.17 55.00 ± 5.31 - 106.00 ± 0.38 

TuMV 0.04 ± 0.01 - - 0.04 ± 0.01 - - 30.00 ± 0.01 

YoMV 0.37 ± 0.07 1.59 ± 0.08 0.15 ± 0.04 2.11 ± 0.11 50.00 ± 2.31 18.63 ± 1.52 108.63 ± 4.69 

CaMV 1.37 ± 0.12 4.02 ± 0.37 0.16 ± 0.06 5.56 ± 0.45 42.50 ± 2.92 22.50 ± 0.57 82.13 ± 1.42 

FLC Col Ler 
 Mock-Inoculated 1.08 ± 0.05 2.54 ± 0.11 1.51 ± 0.09 5.13 ± 0.22 23.63 ± 1.12 17.13 ± 0.90 63.50 ± 0.73 

CMV 0.73 ± 0.02 2.42 ± 0.14 1.41 ± 0.09 4.56 ± 0.14 25.29 ± 0.44 23.00 ± 0.54 70.00 ± 0.35 

TCV 0.05 ± 0.01 1.15 ± 0.18 0.01 ± 0.006 1.21 ± 0.19 37.88 ± 0.58 36.00 ± 1.97 84.63 ± 0.38 

TuMV 0.04 ± 0.01 - - 0.04 ± 0.01 - - 33.38 ± 1.02 

YoMV 0.14 ± 0.04 1.24 ± 0.08 0.39 ± 0.03 1.77 ± 0.10 32.50 ± 0.93 27.75 ± 1.22 80.88 ± 1.30 

CaMV 0.37 ± 0.04 1.63 ± 0.14 0.80 ± 0.11 2.80 ± 0.11 25.14 ± 0.48 23.57 ± 0.64 61.14 ± 0.52 

 

a. SW, RW, IW and BM are in g, GP, RP and LP are in days. Data are mean ± standard error of 
at least five replicate plants 
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ANNEXES 

A.3.1a Flowering genes expression over a time course experiment (Experiment I) a.  

  3 DPI 6 DPI 9 DPI 

Ll-0 (Mock Inoculated) 

FRI 0.0136 ± 0.0011  0.0068 ± 0.0009 0.0035 ± 0.0003 

FLC 4.0426 ± 0.3009 7.8717 ± 0.3942 7.5226 ± 0.2279 

SOC1 0.0779 ± 0.0210 0.2825 ± 0.0191 0.3800 ± 0.0521 

FT 0.0006 ± 0.0001 0.0055 ± 0.0004 0.0121 ± 0.0013 

Ll-0 (CMV Infected) 

FRI 0.0130 ± 0.0034 0.0128 ± 0.0016 0.0238 ± 0.0021 

FLC 8.4510 ± 0.4331 9.9330 ± 0.3791 10.7160 ± 0.2294 

SOC1 0.0396 ± 0.0086 0.2868 ± 0.0233 0.2365 ± 0.0125 

FT 0.0001 ± 0.0000 0.0035 ± 0.0005 0.0032 ± 0.0003 

Ler (Mock inoculated) 

FLC 0.0096 ± 0.0005 0.0055 ± 0.0005 0.0052 ± 0.0003 

SOC1 2.6849 ± 0.1914 3.2295 ± 0.3221 1.4352 ± 0.1126 

FT 0.1336 ± 0.0073 0.0954 ± 0.0112 0.2437 ± 0.0096 

Ler (CMV Infected) 

FLC 0.0070 ± 0.0004 0.0054 ± 0.0005 0.0057 ± 0.0004 

SOC1 2.3683 ± 0.1661 3.3229 ± 0.2045 2.7472 ± 0.0845 

FT 0.1787 ± 0.0110 0.1773 ± 0.0083 0.2850 ± 0.0214 

 

a. Values are gene expression normalized by UBC over a three time- point course. Values are 
mean ± standard error of at least five replicated plants. 

 

 

 

 

 

 

 

 

 



  

185 
 

ANNEXES 

A.3.1b Statistical Analysis of flowering gene expression distribution (Experiment I). 

 

 

a  Values are descriptive ± standard error  

  

Meana Median 

Std 

dev Skewnessa Skewness, t 

Skewness, 

P Kurtosisa Kurtosis, t Kurtosis, P Area Under Curvea 

Ll-0 (Mock Inoculated) 

FRI 0.0100 ± 0.0020 0.0065 0.0081 0.8299 ± 0.5497 1.5096 0.0656 -0.2948 ± 1.0632 -0.2773 0.3908 0.0460 ± 0.0021 

FLC 6.6847 ± 0.7525 6.7505 3.1025 0.0688 ± 0.5497 0.1251 0.4502 -0.9631 ± 1.0632 -0.9059 0.1825 40.963 ± 0.8139 

SOC1 0.2447 ± 0.0581 0.1731 0.2395 1.5307 ± 0.5497 2.7843 0.0027 3.0087 ± 1.0632 2.8299 0.0023 1.5343 ± 0.0628 

FT 0.0061 ± 0.0016 0.0047 0.0068 1.8793 ± 0.5497 3.4185 0.0003 4.3117 ± 1.0632 4.0554 0.0000 0.0355 ± 0.0018 

Ll-0 (CMV Infected) 

FRI 0.0173 ± 0.0042 0.0089 0.0172 1.0115 ± 0.5497 1.8400 0.0329 -0.5207 ± 1.0632 -0.4897 0.3122 0.0934 ± 0.0045 

FLC 9.2129 ± 0.7605 8.4269 3.1358 0.5056 ± 0.5497 0.9213 0.1784 -1.2469 ± 1.0632 -1.1728 0.1204 58.55 ± 0.8226 

SOC1 0.1835 ± 0.0384 0.1416 0.1584 0.6968 ± 0.5497 1.2676 0.0125 -0.6985 ± 1.0632 -0.6570 0.2556 1.2747 ± 0.0416 

FT 0.0024 ± 0.0006 0.0020 0.0026 1.3123 ± 0.5497 2.3870 0.0085 1.9282 ± 1.0632 1.8136 0.0349 0.0153 ± 0.0007 

Ler (Mock inoculated) 

FLC 0.0069 ± 0.0008 0.0053 0.0036 0.7990 ± 0.5363 1.4899 0.0681 -0.5116 ± 1.0378 -0.4929 0.3110 0.0385 ± 0.0009 

SOC1 2.5088 ± 0.3716 2.4454 1.5768 1.1247 ± 0.5363 2.0973 0.0180 2.3547 ± 1.0378 2.2689 0.0116 15.869 ± 0.4001 

FT 0.1576 ± 0.0198 0.1613 0.0839 0.3979 ± 0.5363 0.7420 0.2290 -0.3765 ± 1.0378 -0.3628 0.3584 0.8521 ± 0.0331 

Ler (CMV Infected) 

FLC 0.0063 ± 0.0007 0.0053 0.0031 0.6745 ± 0.5363 1.2578 0.1042 -0.7367 ± 1.0378 -0.7098 0.2389 0.0355 ± 0.0008 

SOC1 2.8866 ± 0.2659 2.7955 1.1280 0.3836 ± 0.5363 0.7154 0.2372 -0.6112 ± 1.0378 -0.5890 0.2779 17.642 ± 0.2862 

FT 0.2212 ± 0.0307 0.1986 0.1304 2.0695 ± 0.5363 3.8591 0.0001 3.9539 ± 1.0378 3.8099 0.0001 1.2275 ± 0.0213 
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ANNEXES 

 

A.3.2a Flowering genes expression over a time course experiment (Experiment II) a.  

  0 DPI 3 DPI 6 DPI 9 DPI 12 DPI 17 DPI 

Ll-0 (Mock Inoculated)       

FRI 0.0053 ± 0.0005 0.0073 ± 0.0032 0.0057  ± 0.0012 0.0162 ± 0.0072 0.0094 ± 0.0036 0.0069 ± 0.0020 

FLC 12.3829 ± 0.8610 11.2366 ± 1.3380 5.8125 ± 0.5066 5.2413 ± 1.1484 8.7588 ± 1.3717 11.1224 ± 1.0757 

SOC1 0.0417 ± 0.0133 0.0187 ± 0.0049 0.0460 ± 0.0107 0.0247 ± 0.0041 0.0498 ± 0.0148 0.1186 ± 0.0310 

FT 0.0023 ± 0.0006 0.0018 ± 0.0004 0.0022 ± 0.0012 0.0031 ± 0.0010 0.0007 ± 0.0002 0.0069 ± 0.0022 

Ll-0 (CMV Infected) 
 FRI 0.0019 ± 0.0010 0.0062 ± 0.0012 0.0234  ± 0.0086 0.0120 ± 0.0036 0.0115 ± 0.0054 0.0087 ± 0.0033 

FLC 12.3946 ± 2.0205 13.1056 ± 1.6918 8.3422 ± 1.4201 6.8629 ± 0.7649 7.6545 ± 0.7192 11.2054 ± 1.3563 

SOC1 0.0263 ± 0.0091 0.0208 ± 0.0059 0.1018 ± 0.0492 0.0331 ± 0.0073 0.0236 ± 0.0067 0.0674 ± 0.0145 

FT 0.0021 ± 0.0009 0.0016 ± 0.0007 0.0029 ± 0.0010 0.0012 ± 0.0003 0.0006 ± 0.0002 0.0026 ± 0.0006 

Ler (Mock inoculated) 
 FLC 0.0084  ± 0.0014 0.0087 ± 0.0025 0.0029 ± 0.0005 0.0032 ±  0.0006 - - 

SOC1 0.8765  ± 0.1518 0.7651 ± 0.0876 0.6876 ± 0.1805 2.0727 ± 0.3254 - - 

FT 0.1209 ± 0.0397 0.1745 ± 0.0270 0.0999 ± 0.0272 0.2299 ± 0.0190 - - 

Ler (CMV Infected) 
 FLC 0.0102  ± 0.0018 0.0075 ± 0.0023 0.0032 ± 0.0004 0.0034 ±  0.0006 - - 

SOC1 0.6762  ± 0.1098 0.1772 ± 0.0514 1.5662 ± 0.2783 0.6900 ± 0.1680 - - 

FT 0.1259 ± 0.0215  0.0656 ± 0.0182 0.1886 ± 0.0320 0.2357 ± 0.0750 - - 
 

a. Values are gene expression normalized by UBC up to a six time- point course. Values are 
mean ± standard error of at least five replicated plants. 
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ANNEXES 

A.3.2b Statistical Analysis of flowering gene expression distribution (Experiment II).  

 

a. Values are descriptive ± standard error 

  Meana Median Std dev Skewnessa Skewness, t 
Skewness, 

P Kurtosisa Kurtosis, t Kurtosis, P Area Under Curvea 

Ll-0 (Mock Inoculated) 

FRI 0.0104 ± 0.0022 0.0063 0.0134 2.7165 ± 0.4031 6.7398 0.0000 7.8189 ± 0.7879 9.9238 0.0000 0.1684 ± 0.0024 

FLC 8.5335 ± 0.6837 8.2848 3.9867 -0.0266 ± 0.4031 -0.0659 0.4737 -0.9823 ± 0.7879 -1.2468 0.1062 148.29 ± 0.7097 

SOC1 0.0367 ± 0.0052 0.0242 0.0306 0.9225 ± 0.4031 2.2888 0.0110 -0.3476 ± 0.7879 -0.4411 0.3296 0.8600 ± 0.0054 

FT 0.0022 ± 0.0004 0.0017 0.0021 2.3867 ± 0.4031 5.9214 0.0000 6.8634 ± 0.7879 8.7110 0.0000 0.0452 ± 0.0004 

Ll-0 (CMV Infected) 

FRI 0.0335 ± 0.0129 0.0071 0.0757 3.6764 ± 0.4031 9.1214 0.0000 14.5203 ± 0.7879 18.4291 0.0000 0.5379 ± 0.0134 

FLC 9.6436 ± 0.7343 8.4784 4.2814 0.6207 ± 0.4031 1.5400 0.0618 -0.6234 ± 0.7879 -0.7912 0.2144 162.16 ± 0.7622 

SOC1 0.0419 ± 0.0113 0.0269 0.0658 3.3762 ± 0.4031 8.3765 0.0000 11.4307 ± 0.7879 14.5079 0.0000 0.7698 ± 0.0117 

FT 0.0017 ± 0.0003 0.0010 0.0020 1.7551 ± 0.4031 4.3546 0.0000 2.3870 ± 0.7879 3.0295 0.0012 0.0289 ± 0.0004 

Ler (Mock inoculated) 

FLC 0.0064 ± 0.0010 0.0052 0.0051 1.8787 ± 0.4556 4.1240 0.0000 4.2371 ± 0.8865 4.7795 0.0000 0.5857 ± 0.0011 

SOC1 0.9860 ± 0.1515 0.8273 0.7726 2.3258 ± 0.4556 5.1053 0.0000 7.2889 ± 0.8865 8.2221 0.0000 8.3143 ± 0.1592 

FT 0.1415 ± 0.0187 0.1260 0.0952 0.6521 ± 0.4556 1.4315 0.0761 -0.2094 ±  0.8865 -0.2362 0.4067 1.4387 ± 0.0196 

Ll-0 (CMV Infected) 

FLC 0.0067 ± 0.0010 0.0044 0.0053 0.9860 ± 0.4556 2.1249 0.0168 -0.2664 ± 0.8865 -0.3005 0.3819 0.0527 ± 0.0011 

SOC1 0.6965 ± 0.1169 0.5317 0.5960 1.1161 ± 0.4556 2.4499 0.0071 0.8418 ±  0.8865 0.9495 0.1712 7.1070 ± 0.1228 

FT 0.1496 ± 0.0223 0.1371 0.1139 1.5329 ± 0.4556 3.3649 0.0004 3.5764 ±  0.8865 4.0342 0.0000 1.2556 ± 0.0235 
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ANNEXES 

A.3.3a Flowering genes expression over a time course experiment (Experiment III) a. 

 

a. Values are gene expression normalized by UBC up to a seven time- points course. Values are mean ± standard error of at least four replicated 
plants. 

  0 DPI 3 DPI 6 DPI 9 DPI 12 DPI 17 DPI 27 DPI 

Ll-0 (Mock Inoculated) 

FRI 0.0001 ± 0.0000 0.0003 ± 0.0001 0.0003 ± 0.0001 0.0023 ± 0.0011 0.0006 ± 0.0001 0.0014 ± 0.0005 9.0299 ± 1.8423 

FLC 0.4341 ± 0.1350 0.4383 ± 0.1216 0.1492 ± 0.0549 0.6101 ± 0.2610 0.1080 ± 0.0356  1.0844 ± 0.3012 0.2791 ± 0.0588 

SOC1 0.00009 ± 0.00007 0.00016 ± 0.00008 0.00137 ± 0.00061 0.00067 ± 0.00021 0.000677 ± 0.00038 0.00131 ± 0.00042 0.01945 ± 0.007 

FT 0.00013 ± 0.00006 0.00006 ± 0.00001 0.00001 ± 0.0000 0.00001 ± 0.0000 0.00001 ± 0.0000 0.00010 ± 0.00004 0.0014 ± 0.0004 

Ll-0 (CMV Infected) 

FRI 0.0001 ± 0.0000 0.0002 ± 0.0001 0.0006 ± 0.0002 0.0144 ± 0.0079 0.0015 ± 0.0005 0.3146 ± 0.1465 12.138 ± 3.1823 

FLC 0.3453 ± 0.1914 0.5119 ± 0.1900 0.3313 ± 0.0510 0.3287 ± 0.0699 0.5732 ± 0.1984 0.8213 ± 0.1969 0.6688 ± 0.1114 

SOC1 0.00005 ± 0.00002 0.00030 ± 0.00022 0.00061 ± 0.00032 0.00041 ± 0.00015 0.00130 ± 0.00060 0.00063 ± 0.00012 0.0034 ± 0.00099 

FT 0.00001 ± 0.00000 0.00001 ± 0.00000 0.00002 ± 0.00000 0.00002 ± 0.00001 0.00006 ± 0.00002 0.00014 ± 0.00007 0.00085 ± 0.00048 

Ler (Mock inoculated) 

FLC 0.0751 ± 0.0326 0.0188 ± 0.0044 0.0056 ± 0.0013 0.0047 ± 0.0011 - - - 

SOC1 0.0445 ± 0.0209 0.4183 ± 0.0799 0.0170 ± 0.0059 0.0122 ± 0.0048 - - - 

FT 0.0074 ±  0.0024 0.0576 ±  0.0232 0.0048 ±  0.0013 0.0066 ±  0.0022 - - - 

Ler (CMV Infected) 

FLC 0.0418 ± 0.0185 0.0025 ± 0.0008 0.0107 ± 0.0071 0.0038 ± 0.0010 - - - 

SOC1 0.0121 ± 0.0072 0.1382 ± 0.0558 0.0063 ± 0.0021 0.0085 ± 0.0041 - - - 

FT 0.0012 ± 0.0007 0.0119 ±  0.0089 0.0039 ±  0.0010 0.0067 ±  0.0020 - - - 
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ANNEXES 

A.3.3b Statistical Analysis of flowering gene expression distribution (Experiment III). 

 

a. Values are descriptive ± standard error

  Meana Median Std dev Skewnessa Skewness, t Skewness, P Kurtosisa Kurtosis, t Kurtosis, P Area Under Curvea 

Ll-0 (Mock Inoculated) 

FRI 0.0008 ± 0.0002 0.0004 0.0014 3.1798 ± 0.4145 7.6721 0.0000 11.046 ± 0.8094 13.6480 0.0000 45.172 ± 0.0003 

FLC 0.2975 ± 0.0704 0.1084 0.3985 1.4005 ± 0.4145 3.3792 0.0004 0.6605 ± 0.8094 0.8161 0.2072 13.844 ± 0.0733 

SOC1 0.0008  ± 0.0002 0.0002 0.0012 2.0150 ± 0.4145 4.8618 0.0000 3.6650 ± 0.8094 4.5282 0.0000 0.0476 ± 0.0002 

FT 0.0001  ± 0.0000 0.0000 0.0003 4.7870 ± 0.4145 11.5500 0.0000 24.835 ± 0.8094 30.6838 0.0000 0.0098 ± 0.0000 

Ll-0 (CMV Infected) 

FRI 0.0308  ± 0.0263 0.0005 0.1486 5.6014 ±  0.4145 13.5150 0.0000 31.557 ± 0.8094 38.9891 0.0000 63.102 ± 0.0273 

FLC 0.4882  ± 0.0643 0.4289 0.3637 1.2314 ± 0.4145 2.9712 0.0015 1.7478 ± 0.8094 2.1595 0.0154 15.963 ± 0.0669 

SOC1 0.0007  ± 0.0002 0.0003 0.0012 2.9281 ± 0.4145 7.0649 0.0000 9.1595 ± 0.8094 11.3168 0.0000 0.0340 ± 0.0002 

FT 0.0001 ± 0.0000 0.0000 0.0002 4.4787 ± 0.4145 10.8062 0.0000 21.997 ± 0.8094 27.1772 0.0000 0.0057 ± 0.0000 

Ler (Mock inoculated) 

FLC 0.0173 ± 0.0041 0.0089 0.0200 2.3242 ± 0.4723 4.9215 0.0000 6.8827 ± 0.9178 7.4994 0.0000 0.1462 ± 0.0043 

SOC1 0.1582 ± 0.0464 0.0352 0.2272 1.6186 ± 0.4723 3.4273 0.0003 1.9429 ±  0.9178 2.1170 0.0171 1.3937 ± 0.0489 

FT 0.0145 ± 0.0034 0.0079 0.0167 1.8493 ± 0.4723 3.9158 0.0000 3.0331 ± 0.9178 3.3049 0.0005 0.1468 ± 0.0036 

Ler (CMV Infected) 

FLC 0.0152 ± 0.0059 0.0033 0.0288 2.6297 ± 0.4723 5.5684 0.0000 6.9411 ± 0.9178 7.5629 0.0000 0.0990 ± 0.0062 

SOC1 0.0459 ± 0.0198 0.0108 0.0970 3.3753 ± 0.4723 7.1472 0.0000 12.6352 ± 0.9178 13.7671 0.0000 0.4620 ± 0.0209 

FT 0.0062 ± 0.0026 0.0037 0.0129 4.3876 ± 0.4723 9.2907 0.0000 20.4732 ± 0.9178 22.3074 0.0000 0.0575 ± 0.0028 
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ANNEXES 

A.3.4 Flowering genes expression over a time course experiment (Experiment IV) a.  

  0 DPI 3 DPI 6 DPI 9 DPI 12 DPI 17 DPI 

Ll-0 (Mock Inoculated)       

FRI 0.0043 ± 0.0013 0.0320 ± 0.0045 0.0416 ± 0.0151 0.0449 ± 0.0098 0.0247 ± 0.0034 0.0067 ± 0.0019 

FLC 3.4034 ± 0.5480 7.2491 ± 0.9342 5.1672 ± 1.0316 8.8616 ± 0.6825 3.9690 ± 0.3694 5.6865 ± 0.3403 

SOC1 0.0183 ± 0.0040 0.0434 ± 0.0060 0.0417 ± 0.0112 0.1183 ± 0.0281 0.3112 ± 0.0573 0.2658 ± 0.0448 

FT 0.00008 ± 0.00005 0.0018 ± 0.0010 0.0146 ± 0.0072 0.0107 ± 0.0010 0.0054 ± 0.0011 0.0095 ± 0.0022 

Ll-0 (CMV Infected) 
 FRI 0.0048 ± 0.0027 0.0209 ± 0.0069 0.0364 ± 0.0062 0.0474 ± 0.0167 0.0393 ± 0.0064 0.0189 ± 0.0027 

FLC 4.7869 ± 0.4368 3.8214 ± 0.7158 4.6762 ± 0.9290 7.7030 ± 1.2681 8.5525 ± 1.0073 6.6750 ± 0.5190 

SOC1 0.0236 ± 0.0046 0.0128 ± 0.0039 0.0461 ± 0.0187 0.0858 ± 0.0138 0.2262 ± 0.0448 0.2106 ± 0.0423 

FT 0.00012 ± 0.00004 0.0016 ± 0.0006 0.0071 ± 0.0025 0.0066 ± 0.0011 0.0043 ± 0.0007 0.0071 ± 0.0011 

Ler (Mock inoculated) 
 FLC 0.0035 ± 0.0008 0.0038 ± 0.0005 0.0008 ± 0.0002 0.0024 ± 0.0005 - - 

SOC1 0.1451 ± 0.0526 0.7456 ± 0.0685 0.1848 ± 0.0644 0.5915 ± 0.1255  - - 

FT 0.0119 ± 0.0054 0.1583 ± 0.0295 0.0291 ± 0.0075 0.1583 ± 0.0367 - - 

Ler (CMV Infected) 
 FLC 0.0024 ± 0.0011 0.0068 ± 0.0016 0.0028 ± 0.0006 0.0023 ± 0.0004 - - 

SOC1 0.2848 ± 0.0531 0.6892 ± 0.1380 0.0878 ± 0.0159 0.4451 ± 0.0977 - - 

FT 0.0086 ± 0.0052 0.0858 ± 0.0115 0.0688 ± 0.0152 0.1445 ± 0.0305 - - 
 

a. Values are gene expression normalized by UBC up to a six time- point course. Values are 
mean ± standard error of at least five replicated plants. 

 

 


