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SUMMARY 
 
 
In the last decade, a coordinated network of knowledge about the Solanaceae family has been 

created by the International Solanaceae Genome Project (SOL), whose final purpose is to explain 

how a common set of genes/proteins can result in a wide range of morphologically and ecologically 

distinct organisms like those in the Solanaceae family. This taxon includes more than 3000 species 

many of which evolved in the Andean/Amazonian regions of South America. Their habitats vary 

dramatically, from rain forests to deserts to high mountains. Moreover, the Solanaceae is the third 

most valuable crop family exceeded only by the grasses (e.g. rice, maize, wheat) and legumes (e.g. 

soybean), and the most valuable in terms of vegetable crops. It includes, among others, tomato, 

potato, eggplant, pepper, petunia, tobacco. 

Among Solanaceae, tomato was selected as a reference since it provides the smallest diploid 

genome (950 Mb) for which homozygous inbreds are available, as well as an advanced BAC-based 

physical map to start the sequencing. It also offers the vantage of short generation time, routine 

transformation technology, and availability of rich genetic and genomic resources. 

In this project, we merged structural and functional genomic approaches, in order to study in tomato 

one of the most important characters in terms of fitness and adaptation: flowering. We have focused 

our efforts in the study of genes involved in the photoperiodic regulatory pathway, since some wild 

tomato species, that growth between 0 and -25 degrees of latitude and between 0 and 3700 m of 

elevation, show different photoperiodic responses. These genes are members of three gene families, 

whose orthologs in Arabidopsis and rice play a key role in the regulation of flowering in 

dependence of day length. They are the TCOL (tomato CONSTANS-like), the CRYPTOCHROME 

and the GIGANTEA gene families. 

In chapter 2 we provide structural information on the organization and expression of the CRY, COL 

and GI gene families in tomato and we analyse the microsynteny with Arabidopsis. We also 

identify four new COL and one new GI gene. 
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In chapter 3 we investigate the sequence diversification of the three gene families during speciation 

in the tomato clade, using both sequencing and expression profiling approaches. In particular, we 

observed a high degree of diversifying selection for TCOL3, that presents also a geographical cline 

in the frequency of synonymous mutations, suggesting a role of this gene in adaptation to low 

latitudes. 

Finally, in chapter 4, we use four reverse genetic approaches (VIGS, RNAi, TILLING and 

overexpression) for a functional characterization of the tomato Cryptochrome gene family. Novel 

cry1b- and cry2- mutants and RNAi plants and CRY1a overexpressors are described for the first 

time and novel developmental and flowering phenotypes are attributed to the various genes.   
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1.1 The wolf peach 

 

Tomato is a perennial plant, which is cultivated as an annual crop. It belongs to the Solanaceae 

family, like potato, eggplant, pepper, tobacco and petunia. Morphological descriptions made from 

herbarium specimens placed tomato as belonging to the genus Lycopersicon. In 1694, Tournefort 

gave to cultivated tomatoes the name Lycopersicon, “wolf peach” in Greek, because in old German 

folklore, witches used plants of the nightshade family to evoke werewolves, a practice known as 

lycanthropy. In the 18th century Carl Linnaeus conjured up binomial nomenclature to name species 

and chose for tomato the name Solanum lycopersicum [1]. In 1768, Philip Miller changed the name 

in Lycopersicon esculentum (literally "edible wolf peach"), supporting that the differences from 

other Solanum species were relevant and enough to justify the different nomenclature [2]. A recent 

study, based on genetic and molecular markers, has shown that it is deeply nested in the Solanum 

genus, forming the sister clade to potato [3] . For this reason, Lycopersicon esculentum Mill. has 

been renamed Solanum lycopersicum L. 

 

1.2 Domestication 

 

Although wild tomato species are distributed in a relatively small habitat, the Andean region, the 

site of domestication remain uncertain. Two hypotheses have been proposed: Peru [4] and southern 

Mexico [5] [6]. The Mexican domestication hypothesis suggests that wild cherry tomatoes (S. 

lycopersicum var. cerasiforme) migrated from Peru into Meso-America, and became domesticated 

in Mexico (Fig.1) [5] [7]. 
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Figure 1. Origins and domestication of tomato. (Courtesy of Prof. Roger Chetelat – Department of Plant Sciences – UC 
Davis – USA) 
 

However, there is little information on when domestication occurred; during the conquest of 

Mexico in 1521, the Spanish observed that large-fruited types, a sign of human selection, were 

already being grown for food [8]. Linguistic records also support the theory of domestication in 

Central rather than South America. The modern name “tomato” is derived from the word “tomatl”, 

that defines this plant in the native language of the Aztecs [9]. In addition to these cultural 

considerations, genetic evidence also supports Central American domestication. Data from 

allozymes indicate that older European cultivars, that descend from tomatoes introduced by the 

Spanish explorers, are extremely homogeneous at most loci and are closely related to cultivars and 

wild cherry tomatoes from southern Mexico and Central America, but differ from those of South 

America [10]. 
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1.3 Nutritional and economic importance 

 

The tomato fruit and its products (e.g. ketchup, juices, soups and sauces) are widely utilized in the 

Western diet (8.21 kg of fruits and 32.6 kg of products per capita in 2003) [11]. Therefore, they 

have become the principal source of vitamin C (19 mg/100 g of fresh weight), provitamin A (623 

IU/100 g of fresh weight), and lycopene (3.0 mg/100 g of fresh weight) in the Western diet. The 

main flavonoids found in tomatoes are quercetin, kaempferol, and naringenin, with quercetin levels 

ranging from 0.03−2.77 mg/100 g in fresh tomatoes to 4.77 mg/100 g in processed tomato products. 

Fresh and processed tomato products supply about 2.0 g of quercetin annually per capita [12]. It 

also contains significant amounts of dietary fiber, iron, magnesium, niacin, potassium, phosphorus, 

riboflavin, sodium and thiamine [13].  

Tomato is low in saturated fat, cholesterol and sodium [14]. And unlike most foods, cooking or 

processing of tomato is beneficial to health. It increases the bioavailability of lycopene (e.g. in 

tomato paste, catsup, tomato soup, tomato sauce). This is because heating up tomato breaks down 

its cell walls and releases more lycopene. Eating tomatoes has more benefits (with all of its other 

ingredients) than taking lycopene alone [15]. 

The tomato is now grown worldwide for its edible fruits, with thousands of cultivars having been 

selected with varying fruit types, and for optimum growth in differing growing conditions. About 

130 million tons of tomatoes were produced in the world in 2008 [16] (Tab. 1). 

 
 
Table 1. Tomato top producers in 2008 according to FAOSTAT data. 
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1.4 Tomato as a model plant species 

 

Together with its economic importance, tomato has also become a model plant for research 

purposes [17] [18] [19] [20]: 

1. It is easy to cultivate in a wide range of environmental conditions, has a short life cycle and lends 

itself to horticultural manipulation including grafting or cutting. It grows as an indeterminate plant 

due to reiterate switches from vegetative to reproductive stages.  

2. Various types of explants can be cultured in vitro and plant regeneration is feasible, allowing 

efficient transformation procedures.  

3. It has several features that distinguish it from other model plant species: it is phylogenetically 

distant from maize, Arabidopsis, snapdragon, rice, Medicago or poplar. 

4. It is genetically the best characterized species bearing a fleshy fruit..  

5. The presence of related, wild interfertile species affords a great wealth of readily accessible 

germplasm and can be used as a source of genetic variability.  

6. It is a basic diploid with a small genome size (0.9 pg or 950 Mbases per haploid genome) [21].  

7. Stock collections and a large set of mutants are available (http://tgrc.ucdavis.edu/). Moreover, 

induced mutations, mainly generated through chemical ethylmethane sulfonate (EMS) and 

irradiation, are providing available screening populations and the possibility to identify new 

developmental genes (http:// zamir.sgn.cornell.edu/mutants/ - 

http://www.agrobios.it/tilling/index.html - http://tilling.ucdavis.edu/index.php/Tomato_Tilling). 

8. The development of genomic and sequencing resources (genetic and physical maps, ESTs, 

microarrays and a genome sequence (see chapter 2), have favoured an international sequencing 

project and are contributing to the current progress in understanding the biological bases of plant 

development (http://www.sgn.cornell.edu/). 
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1.5 Tomato wild species 

 

The tomato clade is evolutionarily a young group that has diversified to occupy a great variety of 

habitats. The age of the genus Solanum is estimated at ∼12 million years (My) based on nuclear 

(18S rDNA) and chloroplast markers ribulose-bisphosphate carboxylase large subunit (rbcL) and 

ATP Synthase B (atpB) [22], and the radiation of the tomato clade has been estimated as ∼7 My, 

based on four nuclear genes [23]. During this time, tomato species have evolved and occupied 

various habitats of the western coast of South America, from central Ecuador to northern Chile, 

including the Galapagos Islands. They range from sea level to above 3,000m in altitude, within 

various grades of xeric to mesic environments [24]. 

Based on morphological characters, phylogenetic relationships, and geographic distribution, 13 

species (Tab. 2), including the cultivated tomato (Solanum lycopersicum), and four closely related 

species have been recognized as part of the tomato clade (Fig. 2) [25]. 

 
 
Figure 2. Abstracted cladistic results of the 65 accessions of the 13 tomato species (ingroup sect. Lycopersicon) and ten 
outgroup taxa examined in the phylogenetic analysis of the GBSSI gene sequences by Peralta and Spooner (2001). 
Numbers indicate bootstrap values, and decay values are indicated between parentheses [26]. 
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Table 2. Species list for tomatoes and wild relatives (with equivalents in the previously recognized genus 
Lycopersicon, now part of a monophyletic Solanum), along with characteristic fruit colour, breeding system, and 
distribution [26]. 
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Wild tomato species are herbaceous plants, although they can also undergo secondary growth at the 

base of the stems and the main root. They are perennial and most of them flower regardless of day 

length, although in their natural habitats some wild tomatoes behave as annuals, probably because 

frost or drought kills the plants after the first growing season [27]. Some species flower only in 

short days if growth at mid-latitudes (Tab. 3). 

 
Table 3. Recommendations for flowering and reproducing wild tomato species from 
http://tgrc.ucdavis.edu/spprecommed.html 
 

Tomato leaves are characterized as pinnate with a continuum of leaf dissection (Fig. 3a). All 

members of the genus have perfect flowers (hermaphroditic) (Fig. 3b) and the breeding system 

varies from allogamous self-incompatible to facultative allogamous and self-compatible, to 

autogamous and self-compatible. The self-incompatibility system in tomatoes is gametophytic and 

controlled by a single, multiallelic S locus [28]. Fruits of all species are globose, bilocular berries, 

with the exception of few wild populations and many cultivated forms of S. lycopersicum, which 

are multilocular and can occur in many unusual shapes [29] (Fig. 3c). 
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a   b  

c  
 
Figure 3. Leaves (a), flowers (b) and fruits (c) of Solanum sect. Lycopersicon, sect. Juglandifolia and sect. 
Lycopersicoides. A. S. lycopersicum; B. S. pimpinellifolium; C. S. cheesmaniae; D. S. galapagense; E. S. neorickii; F. 
S. chmielewskii; G. S. arcanum; H. S. huaylasense; I. S. peruvianum; J. S. corneliomulleri; K. S. chilense; L. S. 
habrochaites; M. S. pennellii; N. S. ochranthum; O. S. juglandifolium; P. S. lycopersicoides; Q. S. sitiens. Scale bars 
3a: A, B, E-K, M, P, Q, 2 cm; C, D, 1 cm; L, N, O, 3 cm. Scale bars 3b: A-D, H-Q, 1 cm; E-G, 0,5 cm. Scale bars 3c: 
1cm. [30] 
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1.6 Transition to flowering 

 

In recent years, a great deal of progress has been made in understanding the molecular mechanisms 

that regulate flowering time, particularly in Arabidopsis. The transition to flowering is influenced 

by both endogenous and exogenous signals. A genetic regulatory network that integrates these 

signals has been elucidated in Arabidopsis using two complementary approaches: comparisons 

between naturally occurring ecotypes and the genetic analysis of mutations that result in early or 

late flowering phenotypes [31]. Genes have been positioned in several pathways that promote or 

repress flowering, depending on environmental or autonomous conditions, and how these pathways 

interact is an area of active study. Many models have been constructed and refined to obtain a 

network for flowering time control [32] [33] [34]. An integrated view [35] is shown in fig. 4. Four 

principal pathways (photoperiod, autonomous, vernalization, and gibberellin) converge to few key 

genes that integrate signals on the meristem identity genes LEAFY (LFY) and APETALA1 (AP1). 

Under appropriate conditions, their activities lead promote LFY and AP1 expression, which then 

mediate the switch to reproductive development in the shoot meristem. 

 
Figure 4. The genetic regulatory network controlling flowering time in Arabidopsis. The positive (arrows) and negative 
(bars) regulatory relationships are from reviews cited in the text. Genes in tinted boxes (FT, LFY and SOC1) integrate 
signals from multiple pathways. The dashed line depicts a possible connection between the autonomous pathway and 
the photoperiod pathway that is independent of FLC. [35] 
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In tomato, the main axis of the young plant is monopodial but, once the shoot apex is induced to 

flower and forms an inflorescence, further growth is sympodial. This latter growth is characterized 

by 3-4 nodes of vegetative growth before a terminal inflorescence is formed [36] (Fig. 5). 

Figure 5. Branching in Tomato [36]. 

 

The development of the first inflorescence is under the control of environmental and endogenous 

factors, the latter being of genetic and hormonal nature. Cultivated tomato is considered a day-

neutral plant since the time to flowering, as measured by the number of leaves developed before 

floral transition, is not affected by photoperiod [37]. In fact, some genes have been identified and 

characterized as members of an autonomous pathway controlling floral transition. In the initial 

monopodial segment, FALSIFLORA (FA) and SINGLE FLOWER TRUSS (SFT) promote floral 

transition [38] [39] [40], while SP regulates this process in the sympodial segments [41]. Mutations 

at either FA or SFT loci result in a photoperiod-independent late flowering phenotype and in 

abnormalities affecting inflorescence development. FA is orthologous to LFY [38]. SFT is 

orthologous to the Arabidopsis FT and triggers systemic signals that regulate floral transition and 

sympodial growth in tomato [42]. Double sft fa mutants are unable to flower, suggesting that FA 
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and SFT regulate floral transition by independent pathways. This agrees with the fact that FA 

expression is not affected by the sft mutation [39]. The fa mutation produces the opposite effect to 

sp, i.e. an increased number of vegetative nodes in the first sympodial segments. This feature, and 

the expression pattern of FA, proves its involvement in sympodial development. Although the 

function of SP seems to be antagonistic to FA, the vegetative-to-reproductive switch in the 

sympodial segment may depend on a balance between FA and SP transcription levels [38]. 

Likewise, a balance in the activities of SFT and SP could be responsible for the floral transition of 

both initial and sympodial segments [40]. 

Although tomato flowers autonomously, environmental cues can modify this developmental 

pattern. Low temperatures (10- 15°C) reduce the number of nodes up to the first inflorescence, and 

also the rate at which these leaves are produced. Similarly, a scarce but significant reduction in 

flowering time has been observed in many cultivars grown under short day conditions [43]. Most 

importantly, high irradiance accelerates flowering, an effect associated with a higher rate of leaf 

initiation and an increased assimilate availability in the meristem [37] [44]. Late flowering mutants 

uniflora (uf) and compound inflorescence (s) show enhanced phenotypes under winter conditions, 

namely low irradiance (daily light energy integral) and poor assimilate availability perceived by the 

apical meristem [45] [46]. As the fa sft double mutant, introducing sft into the uf background 

completely suppresses floral transition, which suggests that UF and SFT promote flowering but 

participating in parallel regulatory pathways [40]. Although the genetic interactions between UF 

and FA remain to be clarified, uf is epistatic over most of flowering mutations [47], indicating that 

UF is a key regulator of tomato flowering. Moreover, UF might function upstream to SFT as is 

indicated by the fact that constitutive expression of SFT rescues the flowering time phenotype of the 

uniflora mutant, substituting its high light requirements [42]. 

Light is perceived by the plant through photoreceptors, particularly red/far red light 

PHYTOCHROME (PHY) and blue light CRYPTOCHROME (CRY) receptors. Overexpression of 

tomato CRY2 does not alter the number of vegetative segments before the first flower but does 
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increase the number of days to the first floral anthesis [48]. Interestingly, a QTL mapping approach 

has revealed that the PHY2B gene, as well as FALSIFLORA, co-localize with major QTLs 

responsible for floral transition in this species, making them candidate genes for the domestication 

process of tomato [49]. 

Flowering of tomato is also modulated by hormones, though their roles during floral transition have 

been poorly studied. Gibberellins (GAs) promote tomato flowering since GA-deficient mutants 

require exogenous gibberellins to flower [50]. Elevated GA contents increase the number of leaves 

before flowering and the rate of leaf initiation [37]. Furthermore, in vitro experiments show that 

cytokinin-mediated stimulating effect on floral initiation could be inhibited by GA. Most probably, 

plant hormones modulate tomato flowering by gene interactions involving several regulatory 

pathways although the nature of such interactions is still unknown. 

Most flowering mutants characterized in tomato flower later than the corresponding wild type 

plants. Of fourty one flowering mutants identified by an “in silico” screening, only four showed an 

early flowering phenotype [51]. These observations, together with the influence of environmental 

cues on flowering time, suggest that selection of favourable combinations of flowering genes has 

played a crucial role throughout the tomato domestication process, enabling early flowering and 

ensuring fruit yield under several conditions. 

  

1.7 Flowering and photoperiod 

 

The time for reproduction in plants, including flowering, tuberization, and bulbing, is often 

controlled by photoperiod or daylength [52] [53]. In perennial plants, the photoperiodic control of 

the annual growth cycle is evenly important for survival and fitness, which in temperate areas is 

strongly controlled by photoperiod [54] [55] [56] [57]. 

During the last 15 years, great progress has been made in the molecular understanding of the 

photoperiodic induction of flowering, in particular in the model species Arabidopsis thaliana. An 
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obvious question is to what extent the molecular mechanisms of photoperiodic induction of 

flowering in A. thaliana are also shared by other species and other traits controlled by photoperiod. 

Within a species, accessions may respond to different daylengths, in relation to their geographical 

distribution and this suggests that this trait is associated with adaptation to growth at particular 

latitudes. Examples of such distributions include induction of flowering by daylength in cultivated 

populations of soybean (Glycine max) [58] and natural populations of Xanthium strumarium [59] or 

repression of bud growth in poplar (Populus spp.) [60]. 

Already at the beginning of the 20th century, Julien Tournois and Hans Klebs suggested that 

daylength was more important than light quantity for the induction of flowering [61] [62]. Few 

years later, it was clearly demonstrated that flowering and other responses were induced by long 

days in some species and by short days in others [63] [52]. The term photoperiodism was coined to 

identify this phenomenon. Garner and Allard classified plants into three main categories based on 

photoperiodic response, short-day plants (SDPs), long-day plants (LDPs), and day-neutral plants 

(DNPs). Soon, it became clear that the photoperiodic signal was perceived in leaves [64]. In several 

species, leaves exposed to inductive photoperiod induced flowering when they were grafted onto 

plants growing in non-inductive light conditions [65]. This discovery implied that the vector of the 

received photoperiod signal is a transmissible signal, a floral hormone or florigen [66]. 

 

1.7.1 Do plants measure daylength or nightlength?  

Even though daylength and nightlength are perfectly correlated in the 24 h cycle, plants could in 

principle measure the length of either the night or the day [67]. It is possible to distinguish these 

alternatives by varying them independently. In the SDP Xanthium strumarium, long nights induced 

flowering even if these were coupled with a long day, but short days did not induce flowering if the 

night was also short (Fig. 6) [68]. Further studies also showed that flowering could be prevented if 

the long night was interrupted with a light pulse (a night break), supporting the importance of the 

dark period. 
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Figure 6. Schematic illustration of typical responses of SDPs and LDPs to various combinations of light and dark. W, 
white light; R, red light; FR, far-red light; SDP, short day (dark-dominant) plant; LDP long day (light-dominant) plant. 
(SD) and (LD) indicated the photoperiod perceived by SDPs and LDPs [67]. 
 

In LDPs the situation is different. Generally they are less influenced by a night break treatment 

[53]. In contrast to SDPs, longer night interruptions are needed, and the flowering response is often 

semi-quantitative in nature. Furthermore, in contrast to SDPs, most LDPs require far-red light at the 

end of the light period to interpret the light period as a long day [69] [53]. If instead far-red light is 

followed by red light in the second part of the day, promotion of flowering is poor or absent (Fig. 

6). In SDPs, the light quality given in different parts of the light period has little effect on flowering.  

 

The mechanisms controlling photoperiodic flowering are best understood in Arabidopsis thaliana 

[70] [71], but no comprehensive analysis of quantitative variation in photoperiod response within 

this species has been reported. Although genetic differences at loci involved in vernalization are 

responsible for much of the variation in flowering time among Arabidopsis accessions, allelic 
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differences at genes contributing to the photoperiodic response can also have important effects on 

flowering time. Arabidopsis is a quantitative long-day plant that flowers earlier under long days 

(LDs) of spring and early summer than during short days (SD) of winter. This variation was mainly 

characterized by comparing flowering time under extreme LDs of 16 h and SDs of 8 or 10 h [72] 

[73] [74]. Commonly used laboratory accessions such as Columbia (Col) and Landsberg erecta 

(Ler) show a marked flowering response to daylength and were used to screen for mutations that 

impair photoperiodic flowering [75] [76]. The genes identified by these mutations defined a 

pathway that promotes flowering in response to LDs. GIGANTEA (GI), CONSTANS (CO), and FT 

are central to this pathway [77] [78] [79] [80] [81]. Transcription of each of these genes is regulated 

by the circadian clock [78] [81] [82], while CO activity is promoted by exposure to light both at the 

transcriptional and posttranscriptional levels [83] [84]. This complex regulation ensures that CO 

activates FT transcription only under LDs. 

Comparative studies in Arabidopsis, rice and Ipomoea nil have demonstrated that there is a highly 

conserved network of genes involved in the photoperiod pathway in both LD and SD plants [85] 

[86]. The basis for the differential flowering responses to photoperiod derive from duplications and 

changes in the expression of gene family members [87] [88], development of alternative flowering 

induction pathways that are unique to each species [89] [90] [88] [91] [92] and a reversal in the 

function of at least three genes in rice and Arabidopsis, GIGANTEA (GI), CONSTANS (CO or 

HD1), and FLOWERING TIME LOCUS T (FT or HD3A) [93] [94] [86] [95]. 

Although tremendous progress has been achieved in understanding which genes are involved in the 

regulation of flowering time and how different genes and gene families interact at the molecular 

level, our understanding of how flowering time is regulated under field conditions and how allelic 

variation and copy number variation in natural populations affects the flowering response of our 

major crop plants remains largely unknown. 
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1.7.2 LDP model: Arabidopsis 

CONSTANS is a key protein in photoperiod sensing in Arabidopsis: A key component of this 

model is the CONSTANS gene (CO) [77]. The expression of CO is controlled by the circadian 

clock, with a diurnal peak of expression during the night in short days [82]. However, the CO 

protein is degraded in darkness, so CO function can only be obtained if CO mRNA is also 

expressed before darkness. This is achieved in long days when light is present closer to the peak of 

CO mRNA expression but also because CO mRNA displays a broader peak of expression in long 

days. The broader peak of expression results from the activity of FLAVIN-BINDING, KELCH 

REPEAT, F-BOX (FKF1), which degrades a repressor of CO [84]. The end result is that CO protein 

accumulates only in long days, and then activates transcription of FT in vascular tissue. A number 

of recent studies strongly support that the FT protein then moves from the leaves to the shoot apical 

meristem (SAM), where it activates transcription factors that induce flowering [67]. 

A number of photoreceptors are important for the control of CO stability in light [83]. Phytochrome 

A and Cryptochrome 2 that are responsive to far-red and blue light, respectively, promote the 

stability of CO at the end of the day by repression of degradation. In contrast, Phytochrome B 

reduces the abundance of CO in red light, specifically in the morning. Recent models of the 

circadian clock of A. thaliana include at least three interlocked negative feedback loops [96] [97] 

[98]. One output of the circadian clock controls the transcription of CO through several genes 

including GI, FKF1, and CYCLING DOF FACTOR1 (CDF1). CDF1 exhibits its peak of expression 

early in the day, and acts as a repressor of CO transcription [84]. 

 

1.7.3 SDP model: rice 

The progress in understanding photoperiodic induction of flowering in the LDP Arabidopsis has 

inspired similar studies also in SDPs. Most of this work has so far focused on the 

monocotyledonous plant rice. It seems as if the function of the proposed florigen FT might be 

highly conserved in a wide range of plant species, but that the regulation of its expression 
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determines the various responses to photoperiod evident in LDPs, SDPs, and DNPs. Very early 

flowering is seen when FT homologues are overexpressed in rice [86] and Morning Glory (Ipomoea 

nil) [99], as well as in tobacco, tomato [40], and poplar [60] [100]. In rice, the induction of HD3A 

(an FT homologue) is mediated through a CO homologue HD1, but a different function of the rice 

HD1 homologue explains the short day response. In contrast to CO, HD1 represses HD3A in long 

days, but promotes HD3A expression and subsequent flowering in short days [101]. The reason for 

this divergent function of HD1 and CO is still unclear. The expression pattern of HD1 shows a 

similar diurnal pattern to CO, and HD1 function is probably controlled by phytochrome, as a mutant 

lacking functional phytochromes (photoperiod sensitivity 5, se5) is early flowering under all 

photoperiods, although it retains the diurnal expression pattern of HD1 [102]. These observations 

suggest that light activates HD1 to function as a repressor of HD3A, while in darkness HD1 instead 

acts as an activator of HD3A. 

The similar diurnal expression patterns of CO and HD1 suggest a similar regulation of their 

expression by a circadian clock. This hypothesis is supported by the presence of rice homologues to 

several genes in the Arabidopsis clock, such as GI, CCA1/LHY, TOC1, ZTL, and ELF3 [103]. The 

rice GI homologue OsGI has also been shown to regulate HD1 expression similarly to how GI 

regulates CO in Arabidopsis [94]. 
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2.1 Introduction 

 

2.1.1 Sequencing of the tomato genome 

The haploid genome of tomato comprises approximately 950 Mb of DNA, divided in 12 

chromosomes. More than 75% of the genome is constituted by heterochromatin and largely devoid 

of genes [1]. About 90% of genes are found in long contiguous stretches of gene-dense euchromatin 

located on the distal portions of each chromosome arm [2]. The heterochromatic fraction consists 

mostly of repetitive sequences. The genome is being sequenced by an international consortium of 

10 countries (including Italy) as part of a larger initiative called the “International Solanaceae 

Genome Project (SOL): Systems Approach to Diversity and Adaptation”, launched in November 

2003. 

Due to the high level of macro and micro-synteny in the Solanaceae, the first aim of the SOL 

project was to use an ordered BAC approach to generate a high quality sequence for the 

euchromatic portions of the tomato as a reference for the shotgun sequencing of other Solanaceae. 

The starting point chosen for sequencing the tomato genome were BACs anchored to the genetic 

map by overgo hybridization and AFLP technology. The overgos derived from approximately 1500 

markers from the tomato high density genetic map (http://solgenomics.net/index.pl), based on a 

single, common S. lycopersicum x S. pennellii F2 population (referred to as the F2-2000). These 

seed BACs were used as anchors from which to radiate the tiling path using BAC end sequence data 

available from an end sequence database, and to produce a fingerprint contig physical map. 

Validation of the physical map was carried out using fluorescent in-situ hybridization (FISH) on 

pachytene complements with entire BAC clones as probes [3] [4]. This sequencing approach was 

chosen because it provides the highest possible sequence quality. However, the main drawback of 

the BAC by BAC approach is that it is remarkably more expensive and slower than the a whole 

genome shotgun sequencing (WGS) approach, since novel “next generation” sequencing 

technologies have become applicable for the sequencing of complex genomes. 
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The BAC-by-BAC sequencing approach revealed itself to be slower and more challenging than 

expected. In 2008, after five years, several chromosomes had large gaps and the efforts to identify 

novel seed BACs within several of these gaps remained unsuccessful. Moreover, the gene density in 

heterochromatin was found to be higher than expected. For this reason, at the end of 2008 a “Next 

Generation Sequencing Initiative" was launched by 4 countries, including Italy, in order to produce 

a whole genome shotgun draft sequence of the tomato genome, anchored to a novel physical map, 

as a complement to the ongoing BAC-by-BAC sequencing effort of the euchromatin. The aim of 

the project was to obtain a Whole Genome Sequence based on: 

1: ~20x genome coverage in 454 shotgun and paired-end reads; 

2: ~30x genome coverage in SOLID paired-end reads; 

3: ~3x genome coverage in Sanger paired-end reads (plasmid, fosmid and BAC ends); 

4: A whole genome physical map based on 10X Genome Analyzer (Illumina). 

In little more than one year, a first assembly version of the tomato genome was released, with more 

than 90 Gb of data. Moreover, iTAG (International Tomato Annotation Group), a multinational 

consortium funded in part by the EU-SOL project, released a comprehensive and high quality 

annotation. The tomato genome shotgun sequence and annotation are available on 

http://solgenomics.net/index.pl and are constantly updated. 

 

2.1.2 IL mapping in tomato 

An introgression line (IL) library, consists of a set of lines, each of which carries a single, defined 

chromosome segment (introgressed segment) that originates from a donor species, in the genetic 

background of a closely related species. Chromosome segments are traced through crosses by 

genotyping the lines with a genome-wide panel of polymorphic markers that can distinguish 

between parental alleles (Fig 1). The production of such a library takes about ten generations. These 

lines provide an efficient tool for detecting and mapping valuable agronomic traits [5].  
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In tomato, RFLP (restriction fragment length polymorphism) markers have been used to develop a 

full-coverage IL library from a cross between the wild green-fruited species S. pennellii and the 

cultivated tomato S. lycopersicum cv. M82 [6] (Fig. 2). This IL library is successfully used for fine 

gene mapping in tomato (http://solgenomics.net/index.pl). 

 

a  b  

Figure 1a The wild species (green) is crossed as a male parent to an elite cultivated variety (red), and the F1 hybrid is 
backcrossed to the elite parent. Through recurrent backcrosses, the average proportion of the wild species genome is 
reduced by 50% in each generation. By the sixth backcross generation, independent plants can be isolated, each 
heterozygous for a different segment of the wild-species genome. Further self-pollination and selection leads to 
homozygosity at targeted introgressed segments [5] 
Figure 1b The S. pennellii library. a: Green fruits of the wild species S. pennellii. b: the lycopene-rich red fruits of S. 
lycopersicum, c | their F1 hybrid progeny, and d | six introgression lines (ILs) that show their different fruit colour and 
carotenoid-content phenotypes. Each line contains a single, marker-defined, wild-species-derived chromosome segment 
that harbours a gene that affects fruit phenotype. [5] 
 

2.2 Aim of the work 

 

Having contributed to the genomic sequencing, our first goal has been to produce structural 

genomic data on candidate genes controlling flowering in tomato. More specifically, a search for 

unknown paralogs and a study on microsynteny with other species was undertaken. Shared synteny 

can reflect merely co-inheritance, or selection for functional relationships between syntenic genes, 
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such as combinations of alleles that are advantageous when inherited together, or shared regulatory 

mechanisms. The genes selected for this thesis project are the TCOL (tomato CONSTANS-like), the 

CRYPTOCHROME and the GIGANTEA gene families. Their role in flowering induction is 

described in detail in chapters 1 and 3. While members of the TCOL and CRY families have been 

previously published in tomato [9] [10], the GIGANTEA gene(s) still await detailed 

characterization.  

 

2.3 Materials and methods  

 

2.3.1 Gene mapping via IL 

Primer pairs were designed to amplify, via PCR, about 800-1000 bp of the gene of interest, of both 

the IL library parentals: S. lycopersicum and S. pennellii. The “Oligo – Primer" analysis software 

was used from primer design. Amplification results were verified via agarose gel electrophoresis. 

PCR products were sequenced with an ABI 3730 DNA Analyser. Sequences of S. lycopersicum and 

S. pennellii were aligned with the “CodonCode Aligner” software in order to detect SNPs or indels. 

One primer was designed to match the SNP/indel with its 3' terminus in order to discriminate, 

among the chromosome-specific DNA pools, the one that contains the S. pennellii sequence. The 

other primer was distant at least 70 bases (fragments that are too short are not detectable on agarose 

gels). Mutations that destabilize the double helix (like transversions or small indels) are preferable, 

but the method works well also with transitions on both primers. Parental DNAs (S. pennellii and S. 

lycopersicum) and chromosome-specific pools are the substrates for the PCR with the S. pennellii-

specific primers. Successful reactions are characterized by only two positive samples: S. pennellii 

and one of the IL chromosome pools. The procedure was repeated with single DNA sample of the 

positive pool in order to identify chromosomal region in which the gene maps. 
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2.3.2 Paralog identification  

The “SGN Blast” tool (http://solgenomics.net/tools/blast/) allows searching for nucleotide and 

amino acid sequences within the tomato genome assembly. Nucleotide sequences of candidate 

genes were submitted using the “BLASTN” algorithm, while the “TBLASTX” algorithm was used 

to submit amino acid sequences. The sequence database used was the “Tomato Whole Genome 

prerelease” (http://solgenomics.net/tomato/). For each submitted sequence, the tool identified the 

scaffold harbouring the sequences that produce significant alignments. A scaffold is a series of 

contigs that are in the right order and orientation, but are separated by gaps whose size is known. 

Sequences with significant score value (estimation based on sequence similarity) and e-value 

(expectation value, a measure of the reliability of the score value) were submitted to the NCBI 

database (http://www.ncbi.nlm.nih.gov/) in order to verify if the identified putative paralogs are 

already known. 

 

2.3.3 Shared Microsynteny 

Candidate genes can be associated to specific scaffolds as described above. The code of the scaffold 

and the position of the gene in the scaffold were used to visualize flanking annotated genes in the 

“SGN Genome Browser” (http://solgenomics.net/gbrowse/). A region of 100 Kb surrounding the 

gene was analysed and annotated flanking genes were listed. 

Microsynteny with Arabidopsis thaliana was verified, comparing the order of genes flanking the 

Arabidopsis ortholog. The Arabidopsis genome browser is available on AtEnsembl website 

(http://atensembl.arabidopsis.info/index.html). The Blast tool allows to localize the submitted 

sequence and to display flanking genes. Like for tomato, a region of 100 Kb surrounding the gene 

was analysed. 
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2.4 Results and discussion 

 

Many of the candidate genes involved in the tomato flowering pathway are members of multigene 

families (e.g PHY [8], CRY [9], COL [10], SP [11]). We verified, with the newest data available for 

the tomato genome, that no additional Cryptochrome genes are present in tomato, other than 

CRY1a, CRY1b, CRY2 and CRY3.  

TCOL1, TCOL2 and TCOL3 are known members of the TCOL family in tomato [10]. Our 

sequencing data demonstrate, in agreement with the newest genome sequence data, and unlike 

previously published [10], that TCOL2 is a pseudogene containing a frameshift mutation that 

produces a truncated polypeptide (143 amino acids instead of 341). In total, 6 putative TCOL genes 

and 1 TCOL pseudogene are present in tomato. compared to 17 COL genes in Arabidopsis [12], and 

16 in rice [13]. 

 
 
Table 1. Putative TCOL genes identified with the scaffold code and with the putative gene code produce by iTAG 
annotation. The chromosome position was provided by Shusei Sato at Kazusa (Japan). *: truncated polipeptide. 
 
 

We performed a phylogenetic analysis comparing the 6 tomato TCOL proteins with the 17  

Arabidopsis COL proteins. In Arabidopsis, the COL gene family is subdivided into three groups 

[12]. The first comprises CO and COL1 to COL5 (two B-box genes), the second comprises COL6 to 

COL8 and COL16 (one B-box genes), and the third comprises COL9 to COL15 (one CO-like B-box 

and one more diverged zinc finger domain). The phylogenetic distances were calculated using 

“MEGA4” software. A dendrogram is showed in figure 3. The results confirmed what has been 

previously observed: TCOL1 and TCOL3 belong to group I [10]. According to this analysis, five of 

the active tomato TCOL genes, including TCOL1-3, belong to group I and one to group III. 



 39 

 

Figure 2. Dendrogram of Arabidopsis and tomato COL proteins. The dendrogram respect the classification made by 
Robson et al. (2001) [12]. The evolutionary history was inferred using the Neighbor-Joining method [14]. The optimal 
tree with the sum of branch length = 5.74460019 is shown. The percentage of replicate trees in which the associated 
taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches [15]. The tree is drawn to 
scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. 
All positions containing alignment gaps and missing data were eliminated only in pairwise sequence comparisons 
(Pairwise deletion option). There were a total of 563 positions in the final dataset. Phylogenetic analyses were 
conducted in MEGA4 [16].  
 
 

We were also able to identify the tomato GIGANTEA (TGI) gene before the release of the genome 

sequence and annotation. The Arabidopsis GIGANTEA mRNA sequence was utilized to identify a 

homologous unigene in the tomato SGN database, used to design primers for direct amplification 

from tomato cDNA. This led to the identification of two distinct TGI paralogs, named TGI1 and 

TGI2. The data was confirmed once the genome sequence and the annotation were released. No 

other TGI paralogs were identified. The TGI1 and TGI2 proteins are equally distant from their 

Arabidopsis homolog (Fig 4).  
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Figure 3. Dendrogram of Arabidopsis and tomato GIGANTEA proteins. The evolutionary history was inferred using 
the Neighbor-Joining method [14]. The optimal tree with the sum of branch length = 0.36471962 is shown. The tree is 
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (Pairwise deletion option). There were a total of 1185 positions in the final dataset. Phylogenetic analyses 
were conducted in MEGA4 [16]. 
 

A phylogenetic analysis was performed also for the tomato and Arabidopsis Cryptochromes (Fig 5). 

The dendrogram provides evidence for a CRY1 gene duplication in the tomato clade. 

 

 

Figure 4. Dendrogram of Arabidopsis and tomato Cryptochrome proteins. The evolutionary history was inferred using 
the Neighbor-Joining method [14]. The optimal tree with the sum of branch length = 1.49819792 is shown. The 
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are 
shown next to the branches [15].. The tree is drawn to scale, with branch lengths in the same units as those of the 
evolutionary distances used to infer the phylogenetic tree. All positions containing alignment gaps and missing data 
were eliminated only in pairwise sequence comparisons (Pairwise deletion option). There were a total of 790 positions 
in the final dataset. Phylogenetic analyses were conducted in MEGA4 [16]. 
 

The four CRY genes, as well as TCOL1, TCOL3, TGI1 and TGI2 were all mapped using the IL 

mapping protocol and these data were compared with the scaffold mapping produced by the Shusei 

Sato at Kazusa (Japan). These mapping results are listed in the table 2. 
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Table 2. Map position of candidate genes. For each gene, the table provides the code of the scaffold of the genome 
release V1.0 (used for the annotation) and V1.03 (used for the scaffold mapping). Genetic marker that are close to the 
gene were used to estimate its genetic position (cM). The genetic positions were confirmed via IL mapping. 
 
 

Two interesting observations arise from the results. The first is that the three TCOL1-3 genes map 

in the same genomic region, in disagreement with previous work of Ben-Naim et al (2006), which 

placed TCOL2 and TCOL3 in tandem, and TCOL1 on a different genome region. The second is that 

TGI1 and CRY1a map in the same bin in chromosome 4 and TGI2 and CRY1b map in the same bin 

in chromosome 12. Data from the potato genome prerelease allow the identification of two CRY1 

and two GIGANTEA also in this species. The mapping data available for the potato genome are still 

too preliminary to evaluate synteny with tomato. However, we were able to verify that potato 

CRY1b and one of the two potato GIGANTEA belong to the same genomic region, and their relative 

distance is similar to that of their tomato orthologs (data not shown). The same analysis has been 

performed for Arabidopsis, which contains only one CRY1 and one GI, located on different 

chromosomes. Sequence data from the “Rice annotation project database” 

(http://rapdb.dna.affrc.go.jp/) indicates that also rice contains only one GI. Our working hypothesis 

is that CRY1 and GI moved together, and then the whole region was duplicated, in a common 

ancestor of tomato and potato.  
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Concerning the microsynteny shared between tomato and Arabidopsis, a region of 100 Kb 

containing the three TCOL genes was compared to a similar size that contains CONSTANS in the 

Arabidopsis genome. In this region, two COL genes are present in Arabidopsis, while 3 are present 

in tomato. They are all classified as member of the group I of the COL gene family, as mentioned 

above. Furthermore, protein sequence alignment allows the identification of three additional genes 

that are shared between the two species in this region (Table 3). The relative position and 

orientation of these three genes in Arabidopsis is inverted respect to their orthologs in tomato. Our 

hypothesis is that one of the TCOL genes was subjected to duplication and that a second inversion 

event generated a rearrangement between COL genes and the other three genes. A schematic 

representation is provided in figure 5. 

 

Figure 5. Schematic representation of microsynteny shared between Arabidopsis and tomato in the region harbouring 
TCOL genes belonging to the group I. Strand and distance between genes are indicated. 
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Table 3. Detailed information about the regions flanking Group A COL genes in Arabidopsis and tomato. The positions 
in the genome (or in the scaffold, for tomato) are plotted with the respective orientation of the genes. The encoded 
proteins that are syntenic are marked with specific colours. 



 44 

Preliminary expression levels of selected genes were obtained from 454 cDNA libraries from 5 

different tissues (Fig. 6). The read number is actually too low to have statistical significance but 

some observations can be done. TCOL2 seems to be not expressed in all tissues, expect for some 

reads in two berry stages, in agreement with the fact that it is a pseudogene. TCOL1 and TCOL3 are 

expressed predominantly in leaves. TGI1 and TGI2 present unexpected expression profiles, with 

lowest values in leaves, even if they are involved in circadian regulation. The CRY1a, 1b and 2 

genes are expressed in most tissues, especially in stem, leaf and mature green berry, while CRY3 

shows the lowest expression levels among all cryptochromes. 

 

Figure 6. Expression level of candidate genes normalized per million of reads. Data were obtained 
blasting the CDS vs the reads obtained by the 454 sequencing of the cDNA library, with a threshold 
identity of 95%. 
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3.1 Introduction 

 

3.1.1 CONSTANS  

CONSTANS in Arabidopsis 

As previously discussed in chapter 1, flower development is initiated at the shoot apex in response 

to environmental cues. Photoperiod is one of the most important of these cues. Genetic analysis in 

Arabidopsis identified a pathway of genes responsible for the initiation of flowering that is 

influenced by day length. The nuclear zinc-finger protein CONSTANS (CO, or AtCO) plays a 

central role in this pathway, and activates the transcription of FT in response to long days. CO acts 

non-cell autonomously to trigger flowering [1]. Although CO mRNA is expressed at low levels in 

wild-type plants [2], it is able to induce early flowering and complement the co mutation when 

expressed from phloem-specific promoters, but not from meristem-specific promoters [1]. Genetic 

approaches indicate that CO activates flowering through both FT-dependent and FT-independent 

processes and egulates the synthesis or transport of a systemic flowering signal [1].  Recently, CO 

was proposed to be part of a complex mechanism that allows Arabidopsis to distinguish between 

long and short days, through a combination of circadian-clock regulation and direct responsiveness 

to exposure to light [3] [4] [5] [6]. 

In situ hybridisation allowed to detect CO mRNA in the Shoot Apical Meristem and in young leaf 

primordia [7], while classical grafting experiments suggested that the perception of photoperiod 

occurs in the leaf, which is consistent with CO acting in phloem cells to promote flowering. This 

conclusion may imply that CO function is beyond flowering-time control, as heterologous 

expression of CO in potato delayed tuberisation, and this effect was graft transmissible [8]. 

 

CONSTANS-Like genes 

The Arabidopsis CONSTANS (AtCO) gene, belong to CONSTANS-Like (COL) genes group. These 

genes encode proteins containing two highly conserved domains: an N-terminal zinc-finger B- box 
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[9] domain, which is also found in animals, and a plant-specific C-terminal CCT domain [10] 

domain. COL genes have been identified in different plant species [11] and the genome of each of 

these plants seems to host large families of these genes. In Arabidopsis there are 17 COL genes 

[12], and at least 16 of them are present in rice [11]. 

The best-characterized COL proteins are AtCO [2] and rice Heading Date 1 [13]. They involve 

mediation of the photoperiodic induction of flowering. These proteins act by regulating 

transcription levels of floral integrators [14]. One such common integrator is encoded by 

FLOWERING LOCUS T (FT), [15] [16] in Arabidopsis and Heading Date 3A (HD3A), [17] in rice. 

Accumulation of FT or HD3A promotes flowering in both species, but AtCO activates FT 

expression [1] [18] [19] while HD1 seems to repress HD3A expression [20]. The accumulation of 

AtCO and HD1 occurs under long photoperiods [3] [6] and, as a result, extended photoperiods 

delay the transition to flowering in rice and promote it in Arabidopsis [14]. 

No DNA-binding activity has been demonstrated for AtCO or for any other COL protein but some 

of them function as transcription factors [21] [18], probably by interacting with other DNA-binding 

factors that target promoters [22]. 

 

Tomato CONSTANS-Like genes 

In Tomato, three COL genes (TCOL1, TCOL2 and TCOL3) were previously identified by screening, 

under low stringency, of a tomato genomic library with the AtCO gene as a probe [23]. According 

to these data, TCOL2 and TCOL3 are arranged in tandem while TCOL1 is located in a different 

region of the genome. We demonstrated in chapter 2 that this result is incorrect and that all three 

TCOL genes are arranged in tandem in the same genomic region. 

Furthermore, sequence data published in the same work [23] indicate that all three genes contain 

sequences encoding both B-boxes and a CCT domain and, TCOL2 encodes a polypeptide of 341 

amino acids (391 and 409 are the respective lengths of TCOL1 and TCOL3). This result is incorrect 
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too, and we demonstrate in this chapter that TCOL2 is composed of 143 amino acids, due to a 

frameshift mutation. 

The three TCOL genes belong to group I COL genes, which are represented in Arabidopsis by AtCO 

and COL1-5, and like them, an intron is located before the sequence encoding the conserved C-

terminal CCT domain. However, the three tomato genes have an additional intron at the 3' end of 

the B-box domain, creating a second exon that precisely defines the region encoding the activation 

domain (AD) of COL proteins [23]. Unlike Arabidopsis and rice, transition to flowering in 

cultivated tomato is not affected by photoperiod. Nevertheless, in all three species, flowering is 

accelerated by increased expression of FT-like genes [14] [24]. 35S:TCOL1 and 35S:TCOL3 tomato 

transgenic lines seem to have no alteration of the flowering time, while 35S:TCOL3 Arabidopsis 

transgenic lines consistently flowered slightly later under long days and earlier under short days 

[23]. This may imply that the regulation of the tomato FT ortholog might not be linked to levels of 

group I COL factors, or perhaps that the tomato ortholog of FT has lost promoter motifs required 

for recognition by COL transcriptional complexes, but not necessarily that TCOL genes are not 

involved in flowering induction in photoperiodic tomato wild species, since in Arabidopsis CO 

activates flowering through both FT-dependent and FT-independent pathways [1]. Because both 

TCOL1 and TCOL3 are under circadian regulation, they might mediate other photoperiodic or 

time-of-day-specific processes, like adaptation to different latitudes. 

 

3.1.2 Cryptochrome genes 

Cryptochromes in Arabidopsis 

Cryptochromes are flavin-containing blue/UV-A light photoreceptors, first discovered in plants. 

They share sequence similarity to photolyases, flavoproteins that catalyze the repair of UV light-

damaged DNA [25], but do not have photolyase activity [26] [27]. The first cryptochrome gene was 

isolated through the insertional cloning of an Arabidopsis mutant allelic to hy4 [28]. When 

Arabidopsis seedlings are grown under light, they have a shortened hypocotyl respect to seedlings 
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grown in the dark. The hy4 ⁄ cry1 mutant has hypocotyl longer than wild type when grown under 

blue or UV-A light [28] [29]. By contrast, the mutant appears similar to wild-type when grown 

under red or far-red light, where inhibition of hypocotyl growth is induced by the phytochrome 

photoreceptors [30]. 

The Arabidopsis cry1 protein affects anthocyanin production and the expression of chalcone 

synthase gene. cry1 mutant plants are deficient in these responses [31]. CRY1 overexpressor plants 

are hyper sensible to blue ⁄ UV-A light, with transgenic seedlings exhibiting unusually short 

hypocotyls and high levels of anthocyanin [32]. CRY2, the second member of the Arabidopsis 

cryptochrome family, also affects hypocotyl elongation [33]. Both cry1 and cry2 mutations affect 

flowering time [34, 35]. Indeed cry2 is allelic to fha, first characterized as a late-flowering 

Arabidopsis mutant [36]. There is now evidence for a third cryptochrome gene (CRY3) in 

Arabidopsis, whose sequence is similar to Synechocystis CRY DASH (for Drosophila–Arabidopsis–

Synechocystis–Human), a transcriptional repressor [37]. Unlike classical plant cryptochromes, cry3 

lacks a C-terminal extension and it contains a transit peptide that directs cry3 into the mitochondria 

and chloroplast [38]. cry3 catalyses light-driven DNA repair like conventional photolyases, but 

lacks an efficient flipping mechanism for interaction with cyclobutane pyrimidine dimer (CPD) 

lesions within duplex DNA [39]. 

Genetic studies have demonstrated that cryptochromes interact with phytochromes in the regulation 

of photomorphogenic development, floral initiation, and in the entrainment of the circadian clock in 

Arabidopsis [40] [41] [42] [43] [44]. Concerning the floral initiation, cryptochromes act to enhance 

CO stability, whereas phytochrome B acts to promote CO degradation [6]. This antagonistic action 

of cryptochrome and phyB results in the generation of daily rhythms in CO abundance. A naturally 

found, gain-of-function allele of CRY2 is responsible for the early flowering in short days of the 

Cape Verde ecotype of Arabidopsis, with respect to its Northern European counterparts [45] [46]. 
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Cryptochromes in Tomato: 

S. lycopersicum is the second plant species in which cryptochromes were cloned and characterized 

[47] [48] . Four CRY genes have been identified in tomato: CRY1a, CRY1b, CRY2 and CRY3. 

Amino acid sequences of CRY1a/CRY1b and CRY2 are more similar to their Arabidopsis 

counterparts than to each other [48]. The functions of CRY1a and CRY2 have been characterized. 

Anti-sense transgenic tomato plants expressing reduced level of CRY1a and cry1a mutant had 

reduced response of blue light inhibition of long hypocotyls and blue light stimulation of 

anthocyanin accumulation [47] [49]. Analysis of single, double, and triple mutants of cry1a, phyA 

and phyB indicated that CRY1a acts with PHYA and PHYB to promote photomorphogenesis and 

increase anthocyanin accumulation, which is consistent with data from Arabidopsis. More recently, 

the function of CRY2 has been characterized through a combination of transgenic overexpression 

and virus-induced gene silencing (VIGS) [50]. Tomato CRY2 overexpressors exhibited shortened 

hypocotyl and internodes under both low- and high fluence blue light, while Arabidopsis cry2 

mutants showed enhanced hypocotyl elongation only under low fluence blue light [33]. Moreover, 

overexpression of CRY2 in tomato resulted in overproduction of anthocyanins and chlorophyll in 

leaves and of flavonoids and lycopene in fruits. It is interesting to note that the CRY2 

overexpressors displayed an unexpected delay in development, and in subsequent flowering, under 

both SD and LD conditions, and an increased outgrowth of axillary branches [50]. 

 

3.1.3 GIGANTEA 

GIGANTEA and the circadian clock in Arabidopsis 

Physiological experiments identified in the circadian clock the timekeeping mechanism that enables 

the measurement of photoperiod [18] [51]. The photoperiodic induction of flowering in Arabidopsis 

thaliana identified with forward genetics approach and the role of the circadian clock in 

photoperiodic time measurement was confirmed by demonstrating that transcription of the genes 

that act in this pathway is circadian clock controlled [52]. Mutations in one of these genes, 
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GIGANTEA (GI), both impair circadian rhythms and delay flowering. Arabidopsis GI encodes a 

protein of 1173 amino acids that has no homology with other biochemically characterized proteins 

[53] [54]. GI is highly conserved in seed plants, also monocotyledonous, such as rice [55], and in 

gymnosperms, such as loblolly pine (Pinus taeda).  

gi mutants are characterized by evident alterations in the circadian system regulation. The gi-1 and 

gi-2 mutations have reduced period length in circadian leaf movements, and gi-1 causes a similar 

effect in expression of the CHLOROPHYLL a/b BINDING PROTEIN (CAB) gene, whereas gi-2 

lengthens the period of the latter rhythm [54]. All gi alleles cause late flowering under LDs, in 

contrast with other mutations that cause short period rhythms, such as timing of cab expression1-1 

(toc1-1) or late elongated hypocotyl-11 (lhy-11), that induce early flowering under SDs [56] [57]. 

Some gi mutant alleles also cause a long hypocotyl phenotype in deetiolated seedlings, particularly 

under red light, suggesting impaired PHYB signaling [58]. Similarly, in gi-1 mutants, circadian 

period length is less sensitive to increasing light intensity than in wild-type plants [54]. 

 

Role of GI in promoting flowering in Arabidopsis 

The abundance of CO mRNA is reduced in gi mutants and the 35S:CO transgene suppresses the 

late flowering of gi mutants [3]. In early flowering mutants lhy-11 and cca1-1, GI is misexpressed 

due to impaired control of circadian and diurnal rhythms. The gi-3 mutation is epistatic to lhy-11 

cca1-1 under SDs and reduced CO expression in this background [59]. This supports the idea that 

GI promotes flowering by acting between the oscillator - which involves LHY/CCA1 - and CO. The 

epistasis of gi to the flowering phenotype of lhy-11 cca1-1 suggests that GI is essential for 

flowering controlled by circadian clock. Moreover, 35S:GI plants show a strong early- flowering 

phenotype and enhanced expression of CO and FT, demonstrating that GI expression is positively 

related to flowering-time gene expression. co-2 and ft-1 mutations partially suppress the effect on 

flowering of 35S:GI and lhy-11 cca1-1. This indicates that the mechanism by which GI promotes 

early flowering includes CO and its target gene FT [59]. 
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GI also appears to promote flowering by a second mechanism that is independent of CO and FT. 

The delay in flowering of lhy-11 cca1-1 caused by co-2 and ft-1 was weaker than that caused by gi-

3, suggesting that as well as promoting flowering by activating CO and FT, GI promotes flowering 

independently of these genes. Similarly, co-2 and ft-1 only partially suppressed the early flowering 

of 35S:GI plants [59]. 

 

3.2 Aim of the work 

 

As mentioned in the introduction, cultivated tomato (S. lycopersicum) is a day neutral plant that can 

flower regardless of the length of the day. However, some wild species that belong to the Solanum 

section Lycopersicon, and four closely related species of section Juglandifolia and section 

Lycopersicoides, behave like short day plants when growth at mid-latitudes (see chapter 1). Little 

information is available on the genetic control of tomato flowering time [60], while no information 

is available on the genetic mechanisms responsible for the photoperiodic induction of flowering in 

wild species.  The first aim of this thesis (chapter 2) was to provide structural information on the 

organization of the CRY, COL and GI gene families in totmato. The second aim (this chapter) is to 

investigate their sequence diversification during speciation in the tomato clade.  

 

3.3 Materials and methods  

 

3.3.1 Plant material and growth conditions 

Greenhouse 

The species selected for this thesis project are listed in table 1. Their pictures and geographical 

localization can be observed in the appendix. Seeds were obtained from the Tomato Genetics 

Resource Centre (TGRC) of Davis (USA). In order to induce flowering in short day species, plants 

were growth in greenhouse in winter. Seeds of wild species are more recalcitrant to germination 
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than seeds of the cultivated species. They were soaked in 2.7% sodium hypochlorite for 30 minutes. 

After bleaching, seeds were rinsed for 15 minutes. For germination, seeds were placed on wet 

blotter paper in plastic dishes at 25°C. Plantlets were moved to greenhouse, in pots (diameter: 25 

cm) in Vigorplant TN soil. In the first month, in order to encourage vegetative development, the 

photoperiod was set at 16 hours of light and 8 hours of dark, with temperature set at 25°C during 

the light period and at 20°C during the dark period. Then, it was set at 8 hours of light and 16 hours 

of dark to promote flowering also in short day species. For all the species, during fruit production, 

watering was reduced, while for S. habrochaites, it was reduced from the early vegetative stage, in 

order to prevent leaf edema. 

For genomic DNA extraction, leaf from 3 plants for each species were collected and used as fresh 

tissue or stored at -80°C. 

 

Table 1. List of selected species with their relative TGRC accession number, ordered by latitude value of the collection 
site. For each species it is also provided the elevation of the collection site, and the daylength preference according to 
TGRC. *: confirmed by photoperiodic experiment (data by Salomè Prat at CNB of Madrid (Spain). **: night break 
experiment disproves TGRC data that classified S. as short day (data by Salomè Prat at CNB of Madrid (Spain). 
 

Growth chambers 

In order to produce a diurnal expression pattern of selected genes, two sets of plants were growth in 

parallel under two different light conditions in climatic chambers: 

short day (SD): 16 hours of light (25°C) and 8 hours of dark (20°C). 

long day (LD): 8 hours of light (25°C) and 16 hours of dark (20°C). 

Light was provided by 3 Osram “L36W/865 cool day light” and 1 “L36W/77 Fluora” fluorescent 

tube, giving an irradiance of 130 µE m-2 s-1. For each light condition, leaf samples were collected 
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from 3 plants for each species at the stage of 4-5 internodes. Sampling was performed every 4 

hours, from 00 a.m. to 20 p.m. and leaves were stored at -80°C. 

 

3.3.1 Protocols 

Genomic DNA extraction 

Genomic DNA extraction was performed using the DNeasy Plant Kit (Qiagen) from fresh or frozen 

leaf tissue following the standard protocol (catalog n° 69104 and n°68163).  

 

Analytical PCR Primer design 

The “Oligo 7” software was utilized to design primer pairs in order to produce amplicons of 800-

1000 bp, suitable for subsequent Sanger sequencing. The annealing temperature varied between 50 

and 60°C and the primer size between 18 and 22 bases. 

 

Analytical PCR conditions 

Reaction were prepared in a total volume of 20 ul/sample:  

1x PCR Buffer,  

0.2 mM of dNTPs,  

50 ng of forward primer, 

50 ng of reverse primer, 

0.25 U of Taq polimerase, 

1 ng of DNA. 

 

Thermocycler conditions: 

94 °C x 2 min 

35 cycles: 94°C x 45 sec, Ta °C x 45 sec, 72 °C x 1.5 min.  

72°C x 5 min 
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Amplification results were verified via 1% agarose gel electrophoresis. PCR products were purified 

on Sephadex G100 (GE, catalog n° 17006002) and quantified using a Nanodrop spectrophotometer.  

 

Sequencing pipeline 

Purified PCR products were utilized as substrates for sequencing reactions. 

Reaction were prepared in a total volume of 10 ul/sample:  

1x BigDye Terminator sequencing buffer (AB, catalog n° 4336699),  

2 pmoles of forward OR reverse primer, 

0.33 uL of BigDye Terminator Ready Reaction mix (AB, catalog n° 4336611). 

 

Thermocycler conditions: 

30 cycles: 94 °C x 30 sec, 48 °C x 30 sec, 60 °C x 4 min.  

 

Sequencing reaction products were purified on Sephadex G50 (GE, catalog n° 17004202). Sample 

are eluted in 5 ul of ABI Prism Hi-Di Formamide (AB, catalog n° 43311320) and loaded into the 

ABI 3730 DNA Analyser. 

 

Sequence analysis 

All the sequence files were analysed with the “CodonCode Aligner” software in order to produce 

contigs, define coding regions and produce protein sequences for each selected gene in each 

species. The “MegAlign” software was used to produce alignments of the proteins with the “Clustal 

W” method.  

The “SIFT” software (Sorting intolerant from tolerant - http://blocks.fhcrc.org/sift/SIFT.html) was 

used to predict whether an amino acid substitution affects protein function. The prediction is based 

on database sequence homology and the physical properties of amino acids. SIFT values vary 

between 0 and 1. Values lower than 0.05 correspond to mutations that, theoretically, affect protein 
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function. Because SIFT usually under-estimates the number of deleterious mutations, we 

empirically identified values between 0.05 and 0.1 as possible deleterious mutations. For each SIFT 

value, the software return a quality value that indicate the goodness of the prediction. This value 

depends on the quality of the alignment with the sequences present in the database. 

 

Phylogenetic analysis 

Phylogeny was constructed with the “Mega4” software [61], using the “Neighbor Joining” method 

(NJ). The NJ method is a simplified version of the “minimum evolution” method, which uses 

distance measures to correct for multiple hits at the same sites, and chooses a topology showing the 

smallest value of the sum of all branches as an estimate of the correct tree. With the NJ method, the 

examination of different topologies is embedded in the algorithm, so that only one final tree is 

produced. This method does not require the assumption of a constant rate of evolution so it 

produces an unrooted tree. To tests of the reliability of the tree we used the bootstrap test with 500 

replicas and a random number of seeds. Sequence gaps are treated with the “pairwise deletion” 

option and the substitution model was the “p-distance”. 

 

RNA mini-prep extraction 

RNA extraction was performed with the RNeasy Plant mini Kit (Qiagen, catalog n° 74104) from 

frozen leaf tissue following the standard protocol.  

 

Real Time PCR  

The “Primer Express v2.0” software was utilized to design primer pairs in coding region in order to 

produce amplicons of 150 bp, in regions conserved among all the species analysed.  Primer pairs 

were tested through PCR assay (as described before) except for the PCR cycle that is: 35 cycles: 

95°C x 15 sec, 60°C x 1 min. Amplification results were verified via 2% agarose gel 

electrophoresis. PCR products were purified on Sephadex G100 and quantified with the Nanodrop 
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spectrophotometer. In order to obtain a standard curve for each amplicon, serial dilutions (factor 10) 

were prepared starting from 1ng/ul until 10ag/ul.  

3 replicas for each dilution from 1pg to 10ag were prepared in a total volume of 15 ul:  

1X SYBR Green Master Mix (AB, catalog n° 4364346), 

50 nM primer forward, 

50 nM primer reverse, 

1.5 ul of template. 

 

Thermocycler conditions: 

50 cycles: 95°C x 15 sec, 60°C x 1 min 

Real time PCR was performed using the ABI PRISM 7000 instrument.  

The same protocol has been used for the analysis of the unknown samples. 

 

Real time PCR primer pairs: 

Actin: 

forward: CCCCGCCATACTGGTGTGA 

reverse: CTCCTCAGGGGCAACACGAA 

TCOL1: 

forward: AGGGTGTGTGACAGTTGCCA 

reverse: GCTCGCAGGCTTCGCA 

TCOL3: 

forward: GTCGATGACTACTTGGATCTTGCA 

reverse: GTTTTCCCTGTCCGTCCTGA 

CRY1a 

forward: AGCTGGGTTCCAATTATCCTCTT 

reverse: TCAGCAGAGTCACCATGTCCTT 
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CRY1b  

forward: ATTTTAAGGCGTGGAGGCAA 

reverse: CCCCATGTCCAAGGAAGCT 

CRY2: 

forward: GTCGATGCAGGAATGAGGGA 

reverse: CTAAATCCGCGTCCAAGAGTG 

CRY3:  

forward: CCATGTTTGATGCCTGGAGA 

reverse: ATCCGCCAGTCGATGCC 

TGI1:  

forward: AGGCCGTTGTCTCCATGG 

reverse: TTCCAGAGCCACGAGAAGAAG 

TGI2 

forward: GATCTCAAGCCCCCATCAAG 

reverse: AGGTAGCAGTCTCGTAGCGAGAA 

 

3.4 Results and discussion 

 

In order to clarify the nature of the different flowering responses arising during tomato speciation, 

we studied three gene families involved in the photoperiodic regulatory pathway. For each gene, we 

performed a phylogenetic analysis, in order to assess the degree of evolutionary divergence between 

the different species. Selection modulates gene sequence evolution in different ways by 

constraining potential changes of amino acid sequences (purifying selection) or by favouring new 

and adaptive genetic variants (diversifying selection). The frequency of synonymoous and non-

synonymous changes in a pair of protein-coding sequences can be used to quantify the mode and 

strength of selection. Substitution rates vary across the genome and between species and this makes 

difficult a direct comparison solely based on non-synonymous substitutions. A standard approach to 
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control for variation in the underlying mutation rate is to calculate the ratio of the frequency of non-

synonymous changes per total number of possible non-synonymous changes (dN) to the frequency 

of synonymous changes per total number of possible synonymous changes (dS). This ratio (dN/dS) 

is then used as a measure of the strength of purifying vs diversifying selection. We calculated 

dN/dS over all species for each gene, while dS and dN values have been calculated for each 

species/gene with respect to S. lycopersicum.  

Furthermore, we analysed the protein sequences in order to identify mutations that separate short 

day species from day neutral species and we evaluated the strength of each identified amino acid 

mutation with SIFT. To get a deeper understanding of the role and importance that each gene has in 

the photoperiodic regulatory pathway, we measured the diurnal expression profiles in day neutral 

and short day species, in different photoperiodic conditions.  

The CRY and TCOL genes were the first to be analysed in all the 12 accessions selected for this 

thesis project. TCOL2 presents a frame-shift mutation (described in chapter 2) in all species, 

indicating that it is a pseudogene in the whole Lycopersicon section.  

As mentioned in chapter 2, we recently identified two GIGANTEA paralogs in tomato, named TGI1 

and TGI2. These two genes were studied in 6 of the 12 accessions.  

Dendrograms constructed with MEGA4 present a conserved structure for all the genes (Fig. 1, 3, 5, 

7, 9, 11, 13 and 15) and are consistent with data from previous work [62] [63]. No lateral gene 

transfer events seem to have occurred between the species for all the genes analyzed.  

Genes will be treated singularly, as they appear in the photoperiodic regulatory pathway:  

- Cryptochromes, the blue light photoreceptors that interact upstream with the circadian clock 

and in Arabidopsis are involved in the stabilization of CO under long days, 

- the tomato GIGANTEA gene family, whose ortholog in Arabidopsis acts between the 

circadian clock and CO, enhancing its expression. 

- TCOL1 and 3, whose Arabidopsis ortholog CO promotes flowering by activating the 

transcription of FT. 
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3.4.1 CRY1a 

This protein has the lower level of divergence between species, with the shortest sum of branch 

length (Fig. 1) and the lower number of amino acid mutations (Tab. 3) among all the genes 

analysed. Despite this, all 5 wild species that diverge from S. lycopersicum present predicted strong 

mutations (Tab. 3) One of the mutations is shared by the two phylogenetically most distant species, 

S. pennelli and the two accessions of S. habrochaites. 

 

 

Figure 1. cry1a protein dendrogram. The evolutionary history was inferred using the Neighbor-Joining method [64]. 
The optimal tree with the sum of branch length = 0.01325479 is shown. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches [65]. The tree is 
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (Pairwise deletion option). There were a total of 679 positions in the final dataset. Phylogenetic analyses 
were conducted in MEGA4 [61]. 
 
 
 

The low level of divergence between species is also observable from the absence of dN variation 

(Tab. 2). Is interesting to observe that the two accessions of S. arcanum diverge phylogenetically, 

with the accession LA2172 more close to S. lycopersicum than the LA2550. 



 63 

 
 
Table 2. Estimates of Codon-based Evolutionary Divergence between wild species and S. lycopersicum for CRY1a. The 
number of dN and dS from analysis between sequences is shown . All results are based on the pairwise analysis of 12 
sequences. Analyses were conducted using the Nei-Gojobori method in MEGA4 [66] [61]. All positions containing 
alignment gaps and missing data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). 
Data are ordered by latitude value. 
 
 
 

a 
 

b 
 
Table 3. SIFT values of substitution in cry1a. S. lycopersicum cv. Heinz has beenused as reference sequence. SIFT 
values lower than 0.05 (red) indicate that the substitution affect the protein function. Values between 0.05 and 0.1 
(orange) indicate possible deleterious substitutions. Values higher than 0.1 (black) indicate tolerated substitution. The 
prediction is based on sequence homology and the physical properties of amino acids. a: data grouped according to day 
length preference; b: data grouped according to latitude value. 
 

Expression of CRY1a shows a diurnal rhythm, and differs between day neutral and short day 

species, although not as expected. In day neutral species the expression peak of CRY1a is delayed in 

LD conditions, from ZT 8 to ZT 12 (ZT=Zeitgeber Time, i.e. hours after light is switched on) while 

in short day plants the expression peak is synchronized in LD and SD conditions (Fig. 2). This 

finding is somewhat puzzling, since cry proteins have been hypothesized in Arabidopsis to be 

positive regulators of flowering. On the other hand, as shown in Chapter 4, tomato cry1a and cry2 

are negative regulators of flowering. Thus, the expression of CRY1a at ZT8 in LD condition in short 
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day plants may be in agreement with its functional role as a negative regulator of flowering (chapter 

4). 

 

Figure 2. Diurnal oscillations of CRY1a transcripts analyzed by QRT-PCR in two different photoperiodic conditions: 
short day (SD: 8 hours of ligh and 16 hours of dark) and long day (LD: 16 hours of ligh and 8 hours of dark). Four 
species have been analysed: two day neutral species (S. lycopersicum and S.chmielewskii) and two short day species (S. 
arcanum and S. cheesmaniae). Results are expressed as relative mRNA abundance, after normalization with β-actin. 
Yellow and black lines represent light and dark periods, respectively. Time points are measured in hours from dawn. 
Data shown are the average of two biological and 3 technical replicates, with error bars representing standard deviation.  
 

In order to correlate expression and sequence data, we sequenced a part of the 5’UTR/promoter 

region of each gene. Since the tomato genome has been released recently, we based our work on 

sequences already present in the database. For CRY1a, about 590 bp before the start codon were 

available and about 500 were sequenced in the four species. According to iTAG data (see chapter 

2), 370 of the available 500 bp belong to the 5’ UTR region. In the remaining 130 bp only one 

mutation respect to S.lycopersicum has been identified in position -385 and is common to the four 

wild species. 
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3.4.2 CRY1b 

The protein has a higher level of divergence between species respect to cry1a (Fig. 3) and a higher 

number of total mutations identified in the amino acid sequence (Tab. 5), although the number of 

predicted strong mutations is lower than in cry1a. Again, the S. arcanum accessions diverge from 

each other. 

 

Figure 3. cry1b protein dendrogram. The evolutionary history was inferred using the Neighbor-Joining method [64]. 
The optimal tree with the sum of branch length = 0.03344768 is shown. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches [65]. The tree is 
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (Pairwise deletion option). There were a total of 583 positions in the final dataset. Phylogenetic analyses 
were conducted in MEGA4 [61].  
 

 

Table 4. Estimates of Codon-based Evolutionary Divergence between wild species and S. lycopersicum for CRY1b. The 
number of dN and dS from analysis between sequences is shown . All results are based on the pairwise analysis of 12 
sequences. Analyses were conducted using the Nei-Gojobori method in MEGA4 [66] [61]. All positions containing 
alignment gaps and missing data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). 
Data are ordered by latitude value. 
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b 
 
Table 5. SIFT values of substitution in cry1b. S. lycopersicum cv. Heinz has been used as reference sequence. SIFT 
values lower than 0.05 (red) indicate that the substitution affect the protein function. Values between 0.05 and 0.1 
(orange) indicate possible deleterious substitutions. Values higher than 0.1 (black) indicate tolerated substitution. The 
prediction is based on sequence homology and the physical properties of amino acids. a: data grouped according to day 
length preference; b: data grouped according to latitude value. 
 

The expression patterns of CRY1b are not significantly different in day neutral and short day 

species. The expression peak is found  at ZT12 in all conditions and genotypes, with the exception 

of S. arcanum, in which it is found at ZT8 in SD and ZT16 in LD conditions  (Fig. 4).
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Figure 4. Diurnal oscillations of CRY1b transcripts analyzed by QRT-PCR in two different photoperiodic condition: 
short day (SD: 8 hours of ligh and 16 hours of dark) and long day (LD: 16 hours of ligh and 8 hours of dark). Four 
species have been analysed: two day neutral species (S. lycopersicum and S.chmielewskii) and two short day species (S. 
arcanum and S. cheesmaniae). Results are expressed as relative mRNA abundance, after normalization with β-actin. 
Yellow and black lines represent light and dark periods, respectively. Time points are measured in hours from dawn. 
Data shown are the average of two biological replica and 3 technical replicates, with error bars representing standard 
deviation. 
 

For CRY1b, about 800 bp before the start codon were available and about 720 were sequenced in 

the four species. According to iTAG data, 496 of the available 720 bp belong to the 5’ UTR region. 

In the remaining 224 bp 15 mutation (SNP and indels) have been identified among all the wild 

species respect to S.lycopersicum. All the promoter mutations found in S. arcanum, in which the 

peak in LD  conditions is delayed respect to the other three species, are shared also by S. 

chmielewskii. 
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3.4.3 CRY2 

cry2 has a high level of divergence between species, with the sum of branch length about two times 

respect to cry1b and more than three times respect to cry1a (Fig. 5).  The number of predicted 

strong mutations is higher too, and they are all located close to the N-terminus, where the protein is 

more conserved in Arabidopsis and rice (Tab. 7). Here also there is a divergence between the two S. 

arcanum accessions. 

Figure 5. cry2 protein dendrogram. The evolutionary history was inferred using the Neighbor-Joining method [64]. The 
optimal tree with the sum of branch length = 0.05585835 is shown. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches [65]. The tree is 
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (Pairwise deletion option). There were a total of 647 positions in the final dataset. Phylogenetic analyses 
were conducted in MEGA4 [61]. 
 

 

Table 6. Estimates of Codon-based Evolutionary Divergence between wild species and S. lycopersicum for CRY2. The 
number of dN and dS from analysis between sequences is shown . All results are based on the pairwise analysis of 12 
sequences. Analyses were conducted using the Nei-Gojobori method in MEGA4 [66] [61]. All positions containing 
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alignment gaps and missing data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). 
Data are ordered by latitude value. 
 
 

 a 
 

 b 
 
Table 7. SIFT values of substitution in cry2. S. lycopersicum cv. Heinz has been used as reference sequence. SIFT 
values lower than 0.05 (red) indicate that the substitution affect the protein function. Values between 0.05 and 0.1 
(orange) indicate possible deleterious substitutions. Values higher than 0.1 (black) indicate tolerated substituion. The 
prediction is based on sequence homology and the physical properties of amino acids. a: data grouped according to day 
length preference; b: data grouped according to latitude value. 
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Similar to CRY1a, the expression peak is dealyed in LD conditions. No evident differences in 

expression are instead found in short day vs long day species (Fig 6). 

 

Figure 6. Diurnal oscillations of CRY2 transcripts analyzed by QRT-PCR in two different photoperiodic condition: 
short day (SD: 8 hours of ligh and 16 hours of dark) and long day (LD: 16 hours of ligh and 8 hours of dark). Four 
species have been analysed: two day neutral species (S. lycopersicum and S.chmielewskii) and two short day species (S. 
arcanum and S. cheesmaniae). Results are expressed as relative mRNA abundance, after normalization with β-actin. 
Yellow and black lines represent light and dark periods, respectively. Time points are measured in hours from dawn. 
Data shown are the average of two biological replica and 3 technical replicates, with error bars representing standard 
deviation. 
 
 

For CRY2, only 420 bp upstream of the start codon are available and about 340 were sequenced in 

the four species. According to iTAG, all this region belong to the 5’ UTR region. 
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3.4.3 CRY3 

The level of divergence between species is similar to cry1b (Fig. 7), but with a higher presence of 

predicted strong mutations, three of which are present in S. arcanum  LA2550 (Tab. 9).  

 
Figure 7. cry3 protein dendrogram. The evolutionary history was inferred using the Neighbor-Joining method [64]. The 
optimal tree with the sum of branch length = 0.03465467 is shown. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches [65]. The tree is 
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (Pairwise deletion option). There were a total of 577 positions in the final dataset. Phylogenetic analyses 
were conducted in MEGA4 [61]. 
 

 

Table 8. Estimates of Codon-based Evolutionary Divergence between wild species and S. lycopersicum for CRY3. The 
number of dN and dS from analysis between sequences is shown . All results are based on the pairwise analysis of 12 
sequences. Analyses were conducted using the Nei-Gojobori method in MEGA4 [66] [61]. All positions containing 
alignment gaps and missing data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). 
Data are ordered by latitude value. 
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Table 9. SIFT values of substitution in cry3. S. lycopersicum cv. Heinz has been used as reference sequence. SIFT 
values lower than 0.05 (red) indicate that the substitution affect the protein function. Values between 0.05 and 0.1 
(orange) indicate possible deleterious substitutions. Values higher than 0.1 (black) indicate tolerated substituion. The 
prediction is based on sequence homology and the physical properties of amino acids. a: data grouped according to day 
length preference; b: data grouped according to latitude value. 
 
 

In S. arcanum LA2550, the expression pattern differs strongly from the other species: in LD 

conditions an expression trough is observed, instead of a peak (Fig. 8). It is also noteworthy that S. 

arcanum cry3 contains 3 strong mutations, as predicted by SIFT, one of which is in a Methionine 

conserved in both Arabidopsis and Rice.   
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Figure 8. Diurnal oscillations of CRY3 transcripts analyzed by QRT-PCR in two different photoperiodic condition: 
short day (SD: 8 hours of ligh and 16 hours of dark) and long day (LD: 16 hours of ligh and 8 hours of dark). Four 
species have been analysed: two day neutral species (S. lycopersicum and S.chmielewskii) and two short day species (S. 
arcanum and S. cheesmaniae). Results are expressed as relative mRNA abundance, after normalization with β-actin. 
Yellow and black lines represent light and dark periods, respectively. Time points are measured in hours from dawn. 
Data shown are the average of two biological replica and 3 technical replicates, with error bars representing standard 
deviation. 
 
For CRY3, about 730 bp upstream of the start codon were available and about 650 were sequenced 

in the four species. No informations about 5’ UTR region are provided by iTAG. Assuming that 

also for CRY3 about 400 bp belong to the 5’ UTR, 250 bp of putative promoter are available. 36 

mutations (SNP and indels) have been identified among all the wild species with respect to 

S.lycopersicum. One of them is present only in S. arcanum and, according to “Jaspar Core” 

(http://jaspar.cgb.ki.se/cgi-bin/jaspar_db.pl), an eukaryotic transcription factor database, 

corresponds to a possible binding site of “squamosa”, a MADS-box protein that is involved in the 

control of floral architecture in Antirrhinum majus [67] (Fig. 9). 

 
Figure 9. Promoter motif recognized by “squamosa” MADS-box protein (boxed). A mutation in the last base is present 
in S. arcanum LA2550. 
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3.4.4 TGI1 

Although the analyses of TGI1 were conducted only on 6 species, it’s interesting to note that among 

them, a high degree of variability is present (Fig. 10 and Tab. 11), with a high percentage of 

predicted strong mutations in S. chilense and S. habrochaites.  

 

 
Figure 10. TGI1 protein dendrogram. The evolutionary history was inferred using the Neighbor-Joining method [64]. 
The optimal tree with the sum of branch length = 0.01285949 is shown. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches [65]. The tree is 
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (Pairwise deletion option). There were a total of 1167 positions in the final dataset. Phylogenetic analyses 
were conducted in MEGA4 [61]. 
 

 

 
Table 10. Estimates of Codon-based Evolutionary Divergence between wild species and S. lycopersicum for TGI1. The 
number of dN and dS from analysis between sequences is shown . All results are based on the pairwise analysis of 6 
sequences. Analyses were conducted using the Nei-Gojobori method in MEGA4 [66] [61]. All positions containing 
alignment gaps and missing data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). 
Data are ordered by latitude value. 
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Table 11. SIFT values of substitution in TGI1. S. lycopersicum cv. Heinz has been used as reference sequence. SIFT 
values lower than 0.05 (red) indicate that the substitution affect the protein function. Values between 0.05 and 0.1 
(orange) indicate possible deleterious substitutions. Values higher than 0.1 (black) indicate tolerated substituion. The 
prediction is based on sequence homology and the physical properties of amino acids. a: data grouped according to day 
length preference; b: data grouped according to latitude value. 
 

The expression pattern is highly conserved among the four analysed species, and presents a delay of 

the expression peak, from ZT8 to ZT12, in LD conditions (Fig. 11). 
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Figure 11. Diurnal oscillations of TGI1 transcripts analyzed by QRT-PCR in two different photoperiodic condition: 
short day (SD: 8 hours of ligh and 16 hours of dark) and long day (LD: 16 hours of ligh and 8 hours of dark). Four 
species have been analysed: two day neutral species (S. lycopersicum and S.chmielewskii) and two short day species (S. 
arcanum and S. cheesmaniae). Results are expressed as relative mRNA abundance, after normalization with β-actin. 
Yellow and black lines represent light and dark periods, respectively. Time points are measured in hours from dawn. 
Data shown are the average of two biological replica and 3 technical replicates, with error bars representing standard 
deviation. 
 

 

TGI1 was sequenced from cDNA and no promoter information is available, even if we do not 

expect alterations that can influence the expression of the gene in short day species. 
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3.4.5 TGI2 

As for TGI1, the analyses of TG2 were conducted only on 6 species. TGI2 presents a lower degree 

of variability among these species, with respect to TGI1 (Fig.12 and Tab. 13) even if, like in TGI1, 

most predicted strong mutations are found in S. chilense and S. habrochaites.  

 

Figure 12. TGI2 protein dendrogram. The evolutionary history was inferred using the Neighbor-Joining method [64]. 
The optimal tree with the sum of branch length = 0.01156812 is shown. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches [65]. The tree is 
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (Pairwise deletion option). There were a total of 1167 positions in the final dataset. Phylogenetic analyses 
were conducted in MEGA4 [61]. 
 

 

Table 12. Estimates of Codon-based Evolutionary Divergence between wild species and S. lycopersicum for TGI2. The 
number of dN and dS from analysis between sequences is shown . All results are based on the pairwise analysis of 6 
sequences. Analyses were conducted using the Nei-Gojobori method in MEGA4 [66] [61]. All positions containing 
alignment gaps and missing data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). 
Data are ordered by latitude value. 
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Table 13. SIFT values of substitution in TGI2. S. lycopersicum cv. Heinz has been used as reference sequence. SIFT 
values lower than 0.05 (red) indicate that the substitution affect the protein function. Values between 0.05 and 0.1 
(orange) indicate possible deleterious substitutions. Values higher than 0.1 (black) indicate tolerated substituion. The 
prediction is based on sequence homology and the physical properties of amino acids. a: data grouped according to day 
length preference; b: data grouped according to latitude value. 
 

Its expression pattern is very similar to TGI1 (Fig. 13). 
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Figure 13. Diurnal oscillations of TGI2 transcripts analyzed by QRT-PCR in two different photoperiodic condition: 
short day (SD: 8 hours of ligh and 16 hours of dark) and long day (LD: 16 hours of ligh and 8 hours of dark). Four 
species have been analysed: two day neutral species (S. lycopersicum and S.chmielewskii) and two short day species (S. 
arcanum and S. cheesmaniae). Results are expressed as relative mRNA abundance, after normalization with β-actin. 
Yellow and black lines represent light and dark periods, respectively. Time points are measured in hours from dawn. 
Data shown are the average of two biological replica and 3 technical replicates, with error bars representing standard 
deviation. 
 

Like for TGI1, TGI2 was sequenced from cDNA and no promoter information is available. 
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3.4.6 TCOL1 

TCOL1 has a high level of divergence between species, with a sum of branch lengths similar to 

cry2 (Fig. 14).  The predicted strong mutations are mainly associated to latitudes close to the 

Equator (Tab. 15). Also for TCOL1, there is a divergence between the S. arcanum accessions, but 

this time both have strong mutations. In particular, S. arcanum LA2550 presents a very strong 

mutation in position 169 with respect to both S. lycopersicum and Arabidopsis (Tab. 15) 

 

 

Figure 14. TCOL1 protein dendrogram. The evolutionary history was inferred using the Neighbor-Joining method [64]. 
The optimal tree with the sum of branch length = 0.04232120 is shown. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches [65]. The tree is 
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (Pairwise deletion option). There were a total of 391 positions in the final dataset. Phylogenetic analyses 
were conducted in MEGA4 [61]. 
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Table 14. Estimates of Codon-based Evolutionary Divergence between wild species and S. lycopersicum for TCOL1. 
The number of dN and dS from analysis between sequences is shown . All results are based on the pairwise analysis of 
12 sequences. Analyses were conducted using the Nei-Gojobori method in MEGA4 [66] [61]. All positions containing 
alignment gaps and missing data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). 
Data are ordered by latitude value. 
 
 
 

 a 
 

 b 
 
Table 15. SIFT values of substitution in TCOL1. S. lycopersicum cv. Heinz has been used as reference sequence. SIFT 
values lower than 0.05 (red) indicate that the substitution affect the protein function. Values between 0.05 and 0.1 
(orange) indicate possible deleterious substitutions. Values higher than 0.1 (black) indicate tolerated substituion. The 
prediction is based on sequence homology and the physical properties of amino acids. a: data grouped according to day 
length preference; b: data grouped according to latitude value. 
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The expression of TCOL1 is highly anticipated respect to CRY and TGI genes. The southernmost 

species (S. chmielewskii and S. arcanum) show an evident peak at ZT4 in LD conditions. In 

contrast, in S. cheesmaniae and S. lycopersicum, which are closer to the equator, this peak is less 

evident or absent (Fig. 15). 

  
 

 

Figure 15. Diurnal oscillations of TCOL1 transcripts analyzed by QRT-PCR in two different photoperiodic condition: 
short day (SD: 8 hours of ligh and 16 hours of dark) and long day (LD: 16 hours of ligh and 8 hours of dark). Four 
species have been analysed: two day neutral species (S. lycopersicum and S.chmielewskii) and two short day species (S. 
arcanum and S. cheesmaniae). Results are expressed as relative mRNA abundance, after normalization with β-actin. 
Yellow and black lines represent light and dark periods, respectively. Time points are measured in hours from dawn. 
Data shown are the average of two biological replica and 3 technical replicates, with error bars representing standard 
deviation. 
 

For TCOL1, about 1700 bp upstream of the start codon were available and about 1600 were 

sequenced in the four species. As for CRY3, no informations about 5’ UTR region are provided by 

iTAG. In TCOL3, the 5’ UTR starts in position -315. Assuming the same size for the 5’ UTR of 

TCOL1, about 1300 bp of putative promoter were analysed. 181 mutations (SNP and indels) have 

been identified among all the wild species respect to S.lycopersicum. Only 22 of them are present in 

S. cheesmaniae. For the most part, the other mutations are common to S. arcanum and S. 

chmieleswkii. 
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3.4.7 TCOL3 

TCOL3 presents the highest degree of divergence between species among all the genes analysed. 

The sum of the branch lengths is about two times with respect to TCOL1 (Fig. 16) and the number 

of mutations is impressive, especially of those predicted as strong (Tab. 17).  

 
 
Figure 16. TCOL3 protein dendrogram. The evolutionary history was inferred using the Neighbor-Joining method [64]. 
The optimal tree with the sum of branch length = 0.07933115 is shown. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches [65]. The tree is 
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (Pairwise deletion option). There were a total of 409 positions in the final dataset. Phylogenetic analyses 
were conducted in MEGA4 [61]. 
 

 

Table 16. Estimates of Codon-based Evolutionary Divergence between wild species and S. lycopersicum for TCOL3. 
The number of dN and dS from analysis between sequences is shown . All results are based on the pairwise analysis of 
12 sequences. Analyses were conducted using the Nei-Gojobori method in MEGA4 [66] [61]. All positions containing 
alignment gaps and missing data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). 
Data are ordered by latitude value. 
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 a 

 b 
 
Table 17. SIFT values of substitution in TCOL3. S. lycopersicum cv. Heinz has been used as reference sequence. SIFT 
values lower than 0.05 (red) indicate that the substitution affect the protein function. Values between 0.05 and 0.1 
(orange) indicate possible deleterious substitutions. Values higher than 0.1 (black) indicate tolerated substituion. The 
prediction is based on sequence homology and the physical properties of amino acids. a: data grouped according to day 
length preference; b: data grouped according to latitude value. 
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The expression pattern of TCOL3 in long day conditions is similar among the four species analysed, 

with a peak at ZT12 to 16, which is particularly evident in the southernmost species (Fig. 17). 

 

Figure 17. Diurnal oscillations of TCOL3 transcripts analyzed by QRT-PCR in two different photoperiodic conditions: 
short day (SD: 8 hours of ligh and 16 hours of dark) and long day (LD: 16 hours of ligh and 8 hours of dark). Four 
species have been analysed: two day neutral species (S. lycopersicum and S.chmielewskii) and two short day species (S. 
arcanum and S. cheesmaniae). Results are expressed as relative mRNA abundance, after normalization with β-actin. 
Yellow and black lines represent light and dark periods, respectively. Time points are measured in hours from dawn. 
Data shown are the average of two biological replica and 3 technical replicates, with error bars representing standard 
deviation. 
 

For TCOL3, only 200 bp before the start codon were available. Due to the presence of a cline in the 

dS values of this gene (see next paragraph), about 1500 bp upstream of the ATG were sequenced 

using a TAIL-PRC approach, in order to correlate dS values with mutations in the promoter. 

Despite the size of the sequenced region, only 26 mutations were identified in the three wild species 

with respect to S. lycopersicum. Only 3 of them are present in S. cheesmaniae. The other mutations 

are common to S. arcanum and S. chmieleswkii. 3 mutations are presents only in S. arcanum, but no 

correlation with transcription binding site motifs has been observed. 
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3.4.8 Gene functional divergence 

dN/dS values were calculated for each gene over all species (Tab. 18). According to these values, 

all the genes except TCOL3 are subjected to purifying selection, which indicate that amino acid 

mutations in these genes have a high probability of being deleterious. By contrast, TCOL3 presents 

a high degree of diversifying selection, coupled with a slower evolution at silent positions. 

 

Table 18. Estimates of Average Codon-based Evolutionary Divergence over all Sequence Pairs. The number of dN and 
dS and their ratio from averaging over all sequence pairs is shown. Results are based on the pairwise analysis of 12 
sequences for CRY and TCOL genes, and of 6 sequences for TGI genes. Analyses were conducted using the Nei-
Gojobori method in MEGA4 [66] [61]. All positions containing alignment gaps and missing data were eliminated only 
in pairwise sequence comparisons (Pairwise deletion option). 
 

According to the SIFT data, a high number of strong mutations are present in TCOL3 in the 

different species (Tab 16 and 17). Probably these mutations are implicated in adaptation to different 

environments. Also, a geographical cline in the dS of the TCOL3 gene is observed (Tab. 15 and Fig. 

18). This means that the evolution at silent positions in this gene is controlled by latitude, and thus 

may explain its slow evolution. 

 

Figure 18. Cline of TCOL3 dS values. dS values are ordered by latitude. 11 accessions are analysed respect to S. 
lycopersicum. The trend line has an R2  value of 0.72864. 
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A cline describes a transition area in which a series of biocommunities display a continuous 

gradient of a quantitative trait [68]. In this case, the dS value shows a progressive increase (with 

respect to S. lycopersicum) with increasing distances from the Equator. Since dS measures silent 

mutations, this cline cannot be a consequence of a selection on the TCOL3 protein. We hypothesize 

that it cline is due to linkage disequilibrium with promoter mutations that are associated to 

adaptation to low latitudes. These mutations, in turn, are responsible for enhancing the expression 

peak in LD, at ZT12 to 16, which is more evident in southernmost species (Fig. 17). No such 

geographical correlation was evident for the other genes (Tab 1, 3, 5, 7, 9, 11, 13). 

To confirm the cline data, we extended the analysis of dS to a higher number of accessions, selected 

to cover intermediate latitudes. 12 new accessions were selected, for a total of 24 (Tab. 19).  

 

Table 19. Estimates of Codon-based Evolutionary Divergence between wild species and S. lycopersicum for TCOL3. 
The number of dN and dS from analysis between sequences is shown . All results are based on the pairwise analysis of 
24 sequences. Analyses were conducted using the Nei-Gojobori method in MEGA4 [66] [61]. All positions containing 
alignment gaps and missing data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). 
Data are ordered by latitude value. 
 

The cline has been confirmed, with a stronger separation between northern and southern species 

(Fig 19).   
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Figure 19. Cline of TCOL3 dS values. dS values are ordered by latitude. 23 accessions are analysed respect to S. 
lycopersicum. The trend line has an R2  value of 0.64004. 
 

In order to verify the hypothesis of linkage disequilibrium, we sequenced 1.5 Kb 5' to the start 

codon of TCOL3. According to cDNA sequence data, the 5’ UTR is located from -315 to -92 bp 

with respect to the start codon. Only one mutation putatively connected with dS values has been 

identified in position -1111 (Fig. 20). Using “Jaspar Core” (http://jaspar.cgb.ki.se/cgi-

bin/jaspar_db.pl), a eukaryotic transcription factor database, we identified a binding motif for the 

AP2 MBD-like family, which is altered by this mutation. In Zea mays, this motif is recognized by 

ABI4, a protein involved in the regulation of ABA- and sugar-regulated pathways [69].  

 

Figure 20. Correlation between dS values and the mutation in the promoter site identified as an AP2 MBD-like binding 
motif (boxed). 
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The coding sequence data were used to identify mutations putatively connected with short day 

behaviour. All of them have been subjected to SIFT prediction (Tab. 2, 4, 6, 8, 10, 12, 14 ,16 and 

17) but no candidate short day-specific mutation has been identified so far. S. arcanum is the short 

day species that presents the higher number of strong mutations and that shows variable degrees of 

alteration in the expression pattern of CRY and TCOL genes.  

The TCOL genes are the most interesting, especially TCOL3, for their degree of geographical 

variation both in sequence and expression patterns: for TCOL1 a geographical variation is observed 

only in the expression pattern, while TCOL3 presents geographical variation in both expression 

patterns and primary sequence. This suggest that TCOL3, and perhaps also TCOL1, are involved in 

the adaptation to different latitudes. However, their expression differs: TCOL1 expression seems to 

ne promoted by dark periods while TCOL3 by light periods. A possible model is that the 

TCOL1/TCOL3 ratio is controlling flowering induction, or other photoperiodic responses. Further 

analyses have to be conducted in order to elucidate this phenomenon.  
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4.1 Introduction 

 

4.1.1 Functional genomics and reverse genetics 

Functional genomics is a field of molecular biology whose objective is the use of the vast wealth of 

data produced by genomic projects (e.g. genome sequencing projects) to describe gene (and protein) 

functions and interactions. Reverse genetics is an approach of functional genomics whose objective 

is to discover the function of a gene by analysing the phenotypic effects of specific alterations of its 

DNA sequence. This approach advances in the opposite direction of so-called forward genetics, 

which seeks to discover the genetic basis of a phenotype or trait. Forward genetics has been helpful 

in the understanding of many biological processes and is an excellent strategy for identifying genes 

that function in a particular process.  

Reverse genetics instead seeks to find what phenotypes arise as a result of perturbation of the 

function of particular genes. Using various techniques, gene function is altered and the effect on the 

development or behaviour of the organism is analyzed. Reverse genetics is useful, for example, in 

the functional investigation of traits controlled by gene families, something not very easy with 

forward genetics approaches [1]. In the past years, several reverse genetic approaches for plants 

have been developed [2] [3] [4] [5]. This, and the availability of complete sequenced genomes for 

many plant species  [6] [7] [8], including tomato [9] has boosted reverse genetics approaches. 

 

Tomato is an excellent model plant for genomic research of Solanaceous plants, as well as for 

studying the development, ripening, and metabolism of fruit. In 2003, the International Solanaceae 

Project (SOL, www.sgn.cornell.edu ) was initiated by members from more than 30 countries, and 

the tomato genome sequencing project is now close to being complete with a pre-release of the 

genome in December 2009 (see chapter 2). 
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4.1.2 The EUSOL Project (http://www.eu-sol.net/) 

Eu-Sol is a research project funded by the European Commission. It is focussed on improving the 

quality of the Solanaceae family, in particular potatoes and tomatoes. The project involves 56 

partners from 15 different countries. The general aim of the project is to improve nutritional value, 

quality traits (e.g. taste, aroma, texture), productive traits (e.g. yield and resistance to biotic and 

abiotic stresses) and storage. 

To achieve the above, there are a number of secondary aims EU-SOL has to fulfil: 

1. To elucidate biochemical-molecular processes within tomato and potato that affect 

interesting agronomical traits;  

2. To identify genes that affect these processes  

3. To take advantage of the largely unexplored biodiversity in the tomato and potato by 

searching in wild relatives, alleles of these genes that could lead to improvements in the 

quality.  

4. To test these genes in elite cultivars and verify if they confer the desired quality.  

Module 5 of the project is concerned with developing structural and functional genomics 

technologies, such as genome sequence, microarrays, and tools for reverse genetics. 

 

4.1.4 PTGS 

RNA silencing is a gene regulatory mechanism that limits the transcript level by either suppressing 

transcription (transcriptional gene silencing, TGS) or by activating a sequence-specific RNA 

degradation process (post-transcriptional gene silencing, PTGS) [10]. This phenomenon was 

discovered by Fire et al. [11], who demonstrated the biochemical nature of inducers in gene 

silencing by introducing purified dsRNA directly into the body of Caenorhabditis elegans. The 

silencing a functional gene by exogenous application of dsRNA was termed RNA interference 

(RNAi). dsRNA is degraded into approximately 21 nucleotide RNAs, known as ‘small interfering 

RNAs’ (siRNAs), by the enzyme Dicer. These siRNAs then provide specificity to the 
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endonuclease-containing, RNA-induced silencing complex (RISC), which targets homologous host 

mRNA for degradation and the symptoms in the infected plant would reflect the loss of the function 

in the encoded protein [12-14] (Fig. 1). 

 

 

Figure 1. Mechanism of RNA interference (RNAi). The appearance of double stranded (ds) RNA 
within a cell (e.g. as a consequence of viral infection) triggers a complex response, which includes 
among other phenomena (e.g. interferon production and its consequences) a cascade of molecular 
events known as RNAi. During RNAi, the cellular enzyme Dicer binds to the dsRNA and cleaves it 
into short pieces of ~ 20 nucleotide pairs in length known as small interfering RNA (siRNA). These 
RNA pairs bind to the cellular enzyme called RNA-induced silencing complex (RISC) that uses one 
strand of the siRNA to bind to single stranded RNA molecules (i.e. mRNA) of complementary 
sequence. The nuclease activity of RISC then degrades the mRNA, thus silencing expression of the 
viral gene. [15] 
 
 
 

Post-transcriptional gene silencing can be induced in plants by viral vectors harbouring specific 

gene sequences [16] [17] [18]. Several techniques exist by which this silencing can be obtained: 

1. Virus-induced gene silencing (VIGS) [19] [20]. This technique has the advantage of being 

relatively fast and applicable also to plant species recalcitrant to transformation. 

2. The use of inverted repeat transgenes producing hairpin transcripts (hpRNA) [21]. 
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4.1.5 VIGS 

In early studies, VIGS was studied in Nicotiana benthamiana, a wild tobacco species that is highly 

susceptible to virus infection. The first RNA virus successfully used as a silencing vector was 

Tobacco mosaic virus (TMV), for the silencing of the phytoene desaturase (PDS) gene [19]. A more 

stable vector is based on Potato virus X (PVX) [22], but it has a more limited host range than TMV, 

with only three plant families having members that are susceptible to PVX infection compared with 

nine families for TMV [23]. However, both TMV and PVX-based vectors cause disease symptoms 

on inoculated plants, sometimes making the interpretation of phenotypes difficult [24]. 

Furthermore, these viruses are excluded from the meristems of their hosts, which precludes 

effective silencing of genes in those tissues [25] [24]. These limitations (meristem exclusion and 

host range) were overcome with the development of VIGS vectors based on Tobacco rattle virus 

(TRV) [26] [27] [24], that is able to spread more vigorously throughout the entire plant, including 

meristem tissue, even if the overall symptoms of infection are mild compared with other viruses. 

The use of a duplicated 35S promoter and a ribozyme at the C-terminus permit to obtain a more 

efficient production of viral RNA, as well as a number of amino acid changes in the viral sequence 

itself [27]. 

 

4.1.6 RNAi by ihpRNA 

To gain a stable and heritable gene silencing, transformation with hpRNA-expressing transgenes is 

necessary. hpRNA transgenes proved to be very effective for a wide range of target genes in various 

plant species [28]. Using intron-containing constructs (ihpRNA) containing sense/anti-sense arms 

ranging from 98 to 853 nt gave efficient silencing in a wide range of plant species, with generally 

90-100% of independent transgenic plants showing silencing. The degree of silencing with these 

constructs was much greater than that obtained using either co-suppression or anti-sense constructs. 

Moreover, variable levels of gene silencing can be achieved in different transgenic lines using the 

same ihpRNA construct [29], allowing selection of lines with different degrees of silencing. 
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Furthermore, the expression of ihpRNAs from inducible promoters can control the growth stages 

and plant organs in which the gene silencing have to be activated [30] [31]. 

 

4.1.7 Silencing vectors and Gateway technology 

VIGS and RNAi now have become be high-throughput methodologies, with the use of Invitrogen’s 

Gateway recombination-based cloning technology [32] to replace previously time-limiting 

conventional cloning steps. This feature is implemented both in pHELLSGATE ihpRNA vectors 

[33] [34] and in TRV-based VIGS vector [26]. 

 

4.1.8 TILLING 

Among several “reverse genetic” approaches developed, T-DNA technology is used with large 

success for the insertional mutagenesis in A. thaliana, and more recently in rice 

(http://signal.edu/cgi-bin/tdnaexpress – ahttp://signal.salk.edu/cgi-bin/RiceGE). However, this 

technique requires a vast population to have good chance to identify gene insertion s in specific 

genes with good probability. Second, it results in gene inactivation, which causes deleterious loss-

of-function phenotypes. And finally, it is based on transgenosis, a fact that prevents the use of its 

products due to existing legislation.  

In recent years, TILLING (Targeting Induced Local Lesions In Genomes) [35] [36], has appeared 

as a new emerging technology that doesn’t rely on genetic transformation techniques and allows 

systematic functional genomic studies in any plant. TILLING is a non-transgenic reverse genetic 

strategy that utilises chemical mutagenesis for inducing point mutations and sensitive molecular 

screening to identify them [37]. This strategy generates allelic series of the targeted genes, 

including hypo- and hypermorphs as well as knockouts, which makes it possible to dissect the 

function of a protein as well as to investigate the role of essential genes that are otherwise not likely 

to be recovered in genetic screens based on insertional mutagenesis. 
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Until now, the TILLING technique has been validated by its successful application in plants: 

Arabidopsis thaliana [38] [39], wheat (Triticum aestivum L.) [40], barley (Hordeum vulgare L.) 

[41], rice (Oryza sativa L.) [42] [43], maize (Zea mais L.) [44], soybean (Glycine max L.) [45], pea 

(Pisum sativum L.) [46], sorghum (Sorghum vulgare Pers.) [47], melon (Cucumis melo L.) [48], 

tomato (Solanum lycopersicon L.) [49] [50], Medicago truncatula [51]. TILLING has been applied 

on animals too: zebrafish (Danio rerio H.) [52], Drosophila melanogaster [53] and Caenorhabditis 

elegans [54]. 

TILLING applies advances in molecular biology investigations to the identification of genetic 

variation at the level of a single base pair. TILLING consists of three main steps (Fig. 2): 

1. Development of a mutagenized population. 

2. Development of TILLING platform: DNA preparation and pooling. 

3. Mutation discovery by molecular screening. 

 

To obtain mutagenized plant populations, point mutations are induced by treating seeds with a 

chemical mutagen. The ideal mutagen for TILLING induces, with a high frequency in the 

genome, single nucleotide substitutions. The most common mutagen used to develop a 

TILLING population is ethylmethansulfonate (EMS) that generates a high density of point 

mutations, including nonsense and missense mutations [55] [56]. 
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Figure 2. TILLING strategy for rice. After seed mutagenesis, chimaeric M1 plants are allowed to self-pollinate and a 
single M2 plant is grown to provide DNA for mutation discovery and seed for banking. DNAs are pooled eightfold and 
arrayed in a two-dimensional format on 96-well plates. After PCR amplification of target genes, heteroduplexes are 
formed upon heating and annealing, and then digested using crude celery juice extract containing the CEL I nuclease. 
Cut strands are separated by denaturing polyacrylamide gel electrophoresis, and visualized by fluorescence detection 
using a Li-Cor DNA analyzer. The presence of cut products in two pools identifies the individual harboring the 
polymorphism. [42] 
 

 

4.2 Aim of the work 

 

In order to carry out functional characterization of CRY genes, we applied the above reverse 

genetic techniques. This work is performed in the frame of EUSOL workpackage 5.3 (tools for 

functional analysis of genes in tomato and potato) and it consisted in the generation and comparison 

of RNAi, VIGS and TILLING lines for CRY1a, CRY1b and CRY2. The functions of these genes 

have been described in chapter 3. The project has both technical and scientific objectives, including 

the comparison of the three reverse genetic techniques, in order to identify the most fast and 

efficient reverse genetics method, and the characterization of the function of the three CRY genes in 

tomato. 
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4.3 Materials and methods  

 

4.3.1 Gateway Technology for cloning in TRV and pHELLSGATE12 

The same silencing fragments were cloned in TRV VIGS-vector [27] and pHELLSGATE12 

hpRNA- vector, using the Gateway technology from INVITROGEN.  The method is described in 

the Gateway manual: http://tools.invitrogen.com/content/sfs/manuals/gatewayman.pdf For silencing 

of the CRY genes, a region in the 3' UTR was chosen presenting minimal sequence homology 

between the three genes, in order to avoid cross-silencing. The silencing fragments were produced 

with PCR amplification from cDNA using specific attB primer pairs: 

 

CRY1a:  

forward: GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGGACCAATATGTTGGTGA 

reverse: GGGGACCACTTTGTACAAGAAAGCTGGGTCTAATTAGTTCCAGGACTTC 

fragment size: 512 bp. 

 

CRY1b:  

forward: GGGGACAAGTTTGTACAAAAAAGCAGGCTAATATCGATGTAATGCAAGAA 

reverse: GGGGACCACTTTGTACAAGAAAGCTGGGTCACACACAGGTTAAGAAAG;  

fragment size: 207 bp. 

 

CRY2: 

forward: GGGGACAAGTTTGTACAAAAAAGCAGGCTGTGAATACTTCACATG 

reverse: GGGGACCACTTTGTACAAGAAAGCTGGGTGAGGGAATCATCGCA 

fragment size: 553 bp. 

After the first Gateway cloning step (BP reaction), the entry clone is used in the LR reaction in 

combination with the destination vector: TRV2 for VIGS and pHELLSGATE12 for hpRNA 
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4.3.2 VIGS 

The VIGS protocol was carried out according to [57], with some modification: 

 

A. tumefaciens growth 

Single colonies of A. tumefaciens strain GV3101 containing each TRV derivative were screened via 

PCR specific primer pairs in order to verify the presence of the silencing vectors: 

TRVRNA1 for: GAAAATATTGCTGCGCCTAACG  

TRVRNA1 rev: ACCTGCCACGGTTCGAAGTA  

TRVRNA2 up1 TACCAAGGCGAACACTGG  

TRVRNA2 dw1 TAACGTCATGCATTACATG 

A 1 ml culture of A. tumefaciens strain GV3101 containing each TRV derivative was grown 8-10 h 

at 28°C in Luria-Bertani (LB) medium containing 50 µg ml-1 kanamycin and 100 µg ml-1 

rifampicin.  Cultures containing A. tumefaciens with pTRV2 were transferred into 40 ml of LB with 

antibiotics and the same for A. tumefaciens pTRV1 strain. Then they were shaken overnight at 

28°C. A. tumefaciens cells were pelleted, washed, re-suspended in infiltration buffer to a final 

OD600 of 2.0 (pTRV1) or 2.0 (pTRV2), and shaken slowly for 3 h or overnight at room 

temperature, prior to infiltration.  

Infiltration buffer: (10 mM MgCl2, 10 mM MES (pH 5.6), 200 µM acetosyringone) 

 

Infiltration 

Just prior to infiltrating the suspension, Silwet L-77 was added to the suspension to a final 

concentration of 0.04%. Plants were infected with both TRV1 and TRV2 when the first pair of 

leaves had emerged, usually at 2-3 weeks after sowing. The plant was completely submerged into 

the Agrobacterium suspension by turning it upside down into a plastic plate placed in a vacuum 

dessicator, and a vacuum was pulled for 1 min and 30 sec to a maximum of 29,5 Hg and slowly 
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released.  Plants were placed in the dark overnight, then in photoperiodic conditions of 16 hours oh 

light and 8 hours of dark, with constant temperature of 18°C. 

 

Molecular screening 

In order to verify the silencing efficiency of the CRY genes, RNA isolation was performed 

(according to [58]) four weeks after infection. Real-time RT-PCR was used to evaluate transcript 

abundance (see protocol in chapter 3) with the following primers: 

 

CRY1a: 

cry1 rt up2: GTCGTGAGCTTGATCGGATTG  

cry1 rt dw2: CGCCGGACATATTCCCC  

 

CRY1b: 

cry1b rt up2: ACCGGTACCCTACCTGATGGTT 

cry1b rt dw2: AAGCCATCGTCGAACATATTCC 

CRY2: 

cry2 rt up3: GAGCGCCTCGATAACCCA 

cry2 rt dw3: GCCCTCCGGATCATAATTGA  

 

4.3.3 RNAi 

Plant transformation 

Cotyledons of S. lycopersicum cv. Moneymaker have been used for transformation with 

Agrobacterium tumefaciens as vector, according to [59].  

In order to isolate independent transformation events, only one regenerant has been selected from 

each cocultivated tomato explant.  Putative regenerants were checked by PCR using two transgene-
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specific primer pairs, one for the first Gateway box, with the fragment cloned in sense orientation, 

and one for the second Gateway box, with the fragment cloned in antisense orientation: 

 

I box: 

PH12-4UP: ATTCCATTGCCCAGCTAT 

PH12-4DW: AATTCCTCGAGACCACTT 

 

II box: 

PH12-2UP1: GATTGATTACAGTTGGGAA 

PH12-2DW1: AGGATCTGAGCTACACATG 

 

In vivo culture and climatic conditions 

PCR-positive, rooted tomato plantlets were adapted in greenhouse in pots (diameter: 25 cm) in a 

Vigorplant TN soil. Photoperiod was set at 16 hours of light and 8 hours of dark, with temperature 

set at 25°C during the light period and at 20°C during the dark period. During fruit production, 

watering was reduced. 

Seed harvesting 

Seeds are harvested from mature fruit (10-15 days after breaker stage) and treated with 100 mM 

HCL for 20 minutes, then washed extensively under tap water and dried overnight on filter paper. 

They are stored at room temperature with silica gel in sealed tubes. 

 

Blue light screening 

Germination and plantlet growth was performed in Magenta boxes (SIGMA), placed in growth 

chambers with 16 hours of blue light and 8 hours of dark, with temperature set at 25°C during the 

light period and at 20°C during the dark period. 

Blue light source: Osram 67 lamp with Lee Dark Blue N° 119 filter. 
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Two different light conditions have been tested:  

High irradiance (15 µE m-2 s-1) by closing Magenta with its normal lid; 

Low irradiance (2 µE m-2 s-1) by adding one layer of Lee Neutral Density N° 211 filter. 

Hypocotyl length was measured after 7 days. 

 

4.3.4 TILLING 

M82 EMS population 

A population of S. lycopersicum cv. M82 was mutagenized by EMS at the Hebrew University of 

Jerusalem by Prof. Dani Zamir [60]. M82 EMS collection was obtained by treating seed by 0.5% of 

EMS, corresponding to LD15. After treating seeds by EMS, M1 and M2 generations were produced 

and, at the end, a total of 6000 M2 families were phenotyped and organized in 15 “Classes” and 48 

“Subclasses” in the SGN database (http://zamir.sgn.cornell.edu/mutants/). A TILLING platform 

was generated from M3 4759 families, for each family, DNAs were extracted from six independent 

plants. The platform is organized in 7 bulk plates that derive from 50 independent DNA plates. 

Each bulk plate contains 96 pools of 8 samples, for a total of 768 samples [61]. 

 

Figure 3. TILLING platform construction. Bulk plates are generated from the pooling of individual plates. 
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TILLING analysis 

Molecular analyses were carried out according to [36], with some modifications according to [46]: 

 

Nested PCR 

PCR amplification was based on nested-PCR.  

The first PCR amplification was a standard PCR reaction using target-specific primers and pooled 

DNA from bulk plates: 

25 ng of DNA,  

1x PCR Buffer, 

0.2 mM of dNTPs,  

0.4 µM of forward standard primer, 

0.4 µM of reverse standard primer, 

1 U of Taq polimerase. 

Thermocycler conditions: 

94°C x 2 min 

30 cycles: 94 °C x 15 sec, Ta °C x 20 sec, 72 °C x 1 min.  

72°C x 5 min 

Ta (annealing temperature) is primer pair-specific. 

 

Amplification products were separated in 2% TAE agarose gel with 0,5 µg/ml of ethidium bromide, 

using 100 bp DNA ladder (Biolabs) as molecular weight marker. The second PCR amplification 

was a standard PCR reaction using one microliter of the first PCR and target-specific inner primers 

carrying a universal labelled at the 5'end with infra-red dyes IRD700 and IRD800 (LI-COR®, 

Lincoln, NE, USA): 
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1 ul of the first PCR 

1x PCR Buffer,  

0.2 mM di dNTPs,  

0.4 µM forward IRD700 inner primer, 

0.4 µM reverse IRD800 inner primer, 

1 U of Taq polimerase. 

 

Thermocycler conditions: 

94°C x 2 min 

35 cycles: 94 °C x 15 sec, Ta °C x 20 sec, 72 °C x 1 min.  

72°C x 5 min 

Ta (annealing temperature) is primer pair specific. 

Amplification products were separated in 2% TAE agarose gel with 0,5 µg/ml of ethidium bromide, 

using 100 bp DNA ladder (Biolabs) as molecular weight marker. Gel imaging was performed with 

“Quantity One Quantitation Software” v. 4.2. 

  

Heteroduplex formation 

After the second PCR, samples were subjected to denaturation and renaturation steps, in order to 

produce mismatch (heteroduplex), in the polymorphic sites between mutated and wild type DNA: 

94 °C x 10 min followed by slow temperature decreasing from 94 °C to 8 °C (-0.1 °C/sec) 

 

Endonuclease digestion 

Endonuclease ENDO1 [62] recognizes mismatch sites present in the amplicons and produces a 

cleavage. This cleavage causes, after denaturation, to the formation of four fragments, two of which 

are labeled with fluorochromes: IRD700 for the “forward” fragment and IRD800 for the “reverse” 

fragment. 
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Digestion was performed with: 

60 ng of PCR product,  

3 µl of digestion buffer 10x, 

3 µl of ENDO1 endonuclease (diluted 1:5000 with elution buffer), 

final volume: 30 µl.  

Incubation: 45 °C x 20 min followed by addition of 5 µl of EDTA 0.15 M and ice storage. 

Digestion buffer 10X: 0.1 M Hepes pH 7.5; 0.1 M MgSO4; 0.02% Triton X-100; 0.1 M Kcl. 

Elution buffer: 50 mM Tris HCl pH8; 100mM KCl; 10 µM ZnCl2;0.01% Triton X-100; 50% 

glycerol; 20 µg/ml acetylated BSA) 

Purification 

Digestion products were purified on Sephadex G50 columns (SephadexTM G-50 Superfine, 

Amersham Biosciences) using Millipore 96 wells filtration plate (MultiScreen-HV, MAHVN4550).  

Purified samples were dried at 65 °C for 1 hour and resuspended in 5 ul of formamide loading dye. 

 

Formamide loading dye: 

94% Formamide, 

10mM EDTA pH8, 

0.05% Xilene cyanol, 

0,05% Bromophenol blue. 

 

Denaturing polyacrylamide gel preparation 

25 cm polyacrylamide gel for “Li-Cor 4300 fragment analyser” were prepared with: 

25 ml of 6,5 % KB plus Gel Matrix (LICOR), 

280 µl of APS 10% 

28 µl TEMED. 
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Electrophoretic run and fragment analysis 

Before loading samples in the polyacrylamide gel, they were denaturated at 93 °C x 3 min. 

Electrophoretic runs were performed in a “Li-Cor 4300 fragment analyser” using TBE 1X buffer 

and the following run conditions: 1500V, 40W, 40mA, and 45°C. 

 

Sequencing 

Positive samples were subjected to Sanger sequencing in order to identify the exact mutation site 

and the type of mutation. 

 

In vivo culture and growth conditions, seed harvesting and blue light screening 

see paragraph 4.3.3. 

 

4.4 Results and discussion 

 

4.4.1 VIGS 

The gene silencing based on plants agro-infection with TRV (bipartite positive sense RNA virus) 

has been tested using the phytoene desaturase (PDS) gene, in order to optimize the method with a 

visible phenotype. When PDS is silenced by VIGS, inhibition of carotenoid biosynthesis occurs and 

leaves are characterized by photo-bleached regions. The silencing efficiency can be correlated with 

the ratio of photo-bleached/green area of the leaf. We adopted the vacuum infiltration method with 

tomato cv. Moneymaker plantlets at the stage of two true leaves. Four weeks after infiltration, 

plants infected with TRV/PDS show a strong photo-bleached phenotype (Fig. 4). 
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Figure 4. Photo-bleached phenotype in tomato plantlets two weeks after infiltration with 
TRV/PDS. 
 

 Furthermore, we assessed the efficiency of the method in fruits of the tomato MicroTom cultivar, 

in which the efficient inhibition of carotenoid biosynthesis produces yellow fruits, instead of red. 

The carpopodium of 1-2 day-old fruits was infected with a needless syringe and we obtained 

efficient silencing (Fig. 5). 

 

Figure 5. Inhibition of lycopene accumulation occurs in fruits infected with TRV/PDS.  
 

The method was then tested with TRV/CRY1a, TRV/CRY1b and TRV/CRY2 vectors. Inconsistent 

results were obtained with wild type plants, with only a weak increase in internode length and no 

alteration in leaf pigmentation (Fig. 6), while the expected phenotypes are longer internodes and 

less pigmented leaves (see below).  
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Figure 6. Phenotypes of plants length infected with TRV/CRY1a, TRV/CRY1b and TRV/CRY2, 
compared with those infected with empty TRV. 
.  
To test the functionality of our TRV/CRY constructs, we infected transgenic plants overexpressing 

CRY2  [63] with TRV/CRY2. The internode shortening induced by CRY2 overexpression was 

reversed  (Fig 7), in agreement with previous literature on the silencing of transgenes [63] [20]. 

 

Figure 7. VIGS silencing mediated by TRV/CRY2 vector reverts the short internode phenotype of 
35S::CRY2 palnts. 
 
 

The expression levels of the endogenous CRY genes were measured in leaf tissues collected from 

TRV/CRY-infected plants, four weeks after the infection, when photo-bleached phenotypes in 

TRV/PDS-infected plants became evident. TRV/- plants have been used as control. The data 

indicate a 30 to 50% reduction in the mRNA levels of the three genes (Fig 8). 
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Figure 8. Relative mRNA abundance, after normalization with β-actin, of CRY1a, CRY1b and 
CRY2 genes in plants infected respectively with TRV/CRY1a, TRV/CRY1b, TRV/CRY2. TRV/- has 
been used as control. Data shown are the average of two biological and three technical replicas, 
with error bars representing standard deviation. 
 

Our main conclusion is that VIGS shows best results in the silencing of genes with a localized 

phenotype, like pigment accumulation, while its applicability decreases in the silencing of genes 

with systemic effects, like Cryptochromes. 

 

4.4.2 RNAi 

 
RNAi lines have been obtained for the three candidate genes. pHg-12_CRY1b and pHg-12_CRY2 

T1 lines have been subjected to screening under blue light (Fig 9). T1 indicates the progeny of 

transformed plants (T0). Three different RNAi lines have been analysed for each gene, both in high 

and low irradiance. Wild type, cry1a mutant and overexpressors of the three genes have been used 

as controls. 
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Figure 9. Seedlings growth in Magenta box under blue light. Original colour (upper) and false 
colour (lower) image after 7 days of growth. 
 

In high irradiance conditions, for both CRY2 and CRY1b, two lines showed strong and reliable 

phenotypes (lines 6 and 18 for CRY2 and lines 11 and 3 for CRY1b), while the third showed an 

intermediate phenotype  (Fig. 10). 

 

Figure 10. Seedling length after a treatment of 7 days with blue light (high irradiance, 15 µE m-2 s-

1). Data shown are the average of 12 biological replicas, with error bars representing standard 
deviation. 
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In low irradiance, only pHg-12_CRY2 lines 6 and 8 showed a strong and reliable phenotype while 

all the pHg-12_CRY1b lines showed an intermediate phenotype  (Fig. 11). 

 

 

Figure 11. Seedling length after a treatment of 7 days with blue light (low irradiance, 2 µE m-2 s-1). 
Data shown are the average of 12 biological replicas, with error bars representing standard 
deviation. 
 

Our conclusions are that RNAi shows strong, reliable phenotypes already in the T1 generation. 

CRY2 seems to control both high and low irradiance blue light responses while CRY1b is mainly 

involved in high irradiance responses.   

 

4.4.2 TILLING 

 
4759 M3 families of the M82 EMS TILLING platform were screened and mutations were detected 

in the three CRY genes using the mismatch-specific endonuclease ENDO1 as previously described 

[46]. Individual mutant lines were identified following a pool deconvolution step and Li-Cor 

visualization. Then, mutated nucleotides were identified by sequencing. 
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A total of 14 mutations were identified: 6 on CRY1a, 3 on CRY1b, and 5 on CRY2. The putative 

impact of the missense mutations on the function of the tilled genes was analysed by SIFT (see 

chapter 3) (Tab. 1). 

 

Table 1. List of mutations identified in the three selected genes, with their position and the SIFT 

value. 

 

Phenotyping of these mutant lines is necessary to understand if the single nucleotide mutation 

affects protein function. Multiplication and genotyping of mutant lines were necessary before 

starting the phenotyping and is actually in progress. Many lines are still heterozygous or have a low 

germination rate. In spite of this, a first screening of a cry1b- mutant and a cry2- mutant, show 

hypocotyl elongation under blue light (Fig 12).  
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Figure 12. Seedling length after a treatment of 7 days with blue light (low irradiance, 2 µE m-2 s-1; 
high irradiance 15 µE m-2 s-1). Measures of individual seedlings are shown. 
 

Thus, in both mutants, both predicted protein function and phenotype are affected. Until now, no 

cry1b- and cry2- mutants have been described in tomato and these preliminary results, resulting 

both from RNAi and TILLING, open interesting perspectives for the functional characterization of 

CRY1b and CRY2.  Both genes seem to be functional. On the technical side, we conclude that VIGS 

is a fast and high throughput method, but is unreliable for developmental phenotypes, while RNAi 

is slower and has a medium throughput, but shows robust phenotypes already in T1. TILLING is 

slower than RNAi but has the same throughput, with the advantage that allelic series are obtained 

and it is a non-GMO method. 

 

 
 
 
 
 
 

4.5 Preliminary characterization of 35S::CRY1a lines 
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In order to produce a complete set of functional data for cryptochrome genes, overexpressor lines of 

CRY1a have been obtained. Overexpressors of CRY2 were previously described [63]. A complete 

characterization of 35S::CRY1a is actually in progress in our laboratory. However, data on the 

flowering time of three overexpressor lines have been obtained and reported in this thesis, as 

complementary data on the importance of cryptochromes in the regulation of flowering. We 

measured the number of days from germination to the anthesis of the first flower, in green house 

conditions under long days, as described in paragraph 4.3.3. Data are shown in figure 13. 

 

Figure 12. Number of days from seed germination to the anthesis of the first flower. Three 35S::CRY1a lines are 
analysed, with wild type, cry1a- mutant and overexpressor of CRY2 as controls. Data shown are the average of three 
biological replicas, with error bars representing standard deviation. 
 

The data indicate that, in one of the lines, the overexpression of CRY1a induce a delay in flowering, 

in agreement with the phenotype of the mutant cry1a-, in which flowering is slightly anticipated 

with respect to the wild type. However, the effect of CRY1a in retarding flowering, seems to be less 

strong than that of CRY2. 
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ABBREVIATIONS 

 

ABA, abscisic acid 

AFLP , Amplified fragment length polymorphism 

BAC , bacterial artificial chromosome 

cDNA, complementary DNA 

dN, numbers of  non-synonymous substitutions per non-synonymous site 

DNA, deoxyribonucleic acid 

DNP, day neutral plant 

dNTPs, deoxynucleotide triphosphates 

dS, numbers of synonymous substitutions per synonymous site 

dsRNA, double-stranded RNA 

EMS, ethylmethane sulfonate  

EST, expressed sequence tagess 

FISH, fluorescent in-situ hybridization 

GA, Gibberellins  

GBSSI , Granule-bound starch synthase 

GMO , genetically modified organism 

hpRNA, hairpin RNA  

ihpRNA, intron-containing hpRNA 

IL, introgression line 

iTAG, International Tomato Annotation Group 

IU, international unit 

LD, long day 

LD15, lethal dose 15% 

LDP, long day plant 
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mRNA, messenger RNA 

PCR , polymerase chain reaction 

pHg-12, pHellsgate 12  

PTGS, post-transcriptional gene silencing 

pTRV, plasmid TRV 

PVX, Potato virus X 

QTL, quantitative trati locus 

RFLP, restriction fragment length polymorphism 

RISC, RNA-induced silencing complex 

RNA, ribonucleic acid 

RNAi, RNA interference 

SAM, shoot apical meristem  

SD, short day 

SDP, short day plant 

SGN , SOL genomic network 

siRNA, small interfering RNA 

SNP, single nucleotide polymorphism 

SOL, Solanaceae Genome Project 

TAIL-PCR, thermal asymmetric interlaced PCR 

Taq, DNA polymerase from Thermus acquaticus 

TGRC, Tomato Genetics Resource Centre  

TILLING, Targeting Induced Local Lesions In Genomes 

TMV, Tobacco mosaic virus 

TRV, Tobacco rattle virus 

UTR , untranslated region 

VIGS, virus induced gene silencing 
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WGS, whole genome shotgun sequencing 

ZT , Zeitgeber time 

 

Genes 

 

ABI4, ABA-INSENSITIVE 4  

AP1, APETALA1  

AP2, Activator protein 2 alpha 

CAB, CHLOROPHYLL a/b BINDING PROTEIN  

CCA, CIRCADIAN CLOCK ASSOCIATED 

CDF1, CYCLING DOF FACTOR1 

CO, CONSTANS 

COL, CONSTANS-like 

CRY, Cryptochrome 

FA, FALSIFLORA  

FKF1, FLAVIN-BINDING, KELCH REPEAT, F-BOX 

FT, FLOWERING LOCUS T 

GI, GIGANTEA 

HD1, Heading date 1 

HD3a, Heading date 3a 

LFY, LEAFY  

LHY, LATE ELONGATED HYPOCOTYL 

MBD, Methyl-CpG binding domain 

PDS, Phytoene desaturase  

PHY, Phytochrome 

S, COMPOUND INFLORESCENCE 
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SFT, SINGLE FLOWER TRUSS 

TCOL, tomato CONSTANS-like 

TGI, tomato GIGANTEA 

TOC, TIMING OF CAB EXPRESSION 

UF, UNIFLORA 
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