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1. INTRODUCTION




Plants have evolved an extraordinary degree of developmental plasticity to optimize their
growth and metabolism in response to the changing environmental conditions. Among the
environmental conditions, light is one of the important factors that is continually monitored
by the plants. To sense different features of light such as quality, quantity, direction, and
duration of photoperiod and also to integrate these signals to initiate the appropriate
physiological and developmental response, plants evolved a diverse set of photoreceptors
(Moller et al., 2002; Montgomery and Lagarias, 2002). In higher plants, there are four
families of such photoreceptors, classified by the wavelength of light they perceive: the
phytochrome family of photoreceptor which perceive red/far-red light (600-750 nm), and
cryptochromes and phototropins which perceive blue/UVA (320-500 nm) and UVR8 (280-

320 nm) which senses UV-B (Briggs and Christie, 2002; Rizzini et al., 2011).

Among these photoreceptors, phytochromes play a key role in regulating a wide variety of
photoresponses of plants, including seed germination, leaf and stem development, circadian
rhythms, shade avoidance and induction of flowering (Rockwell et al., 2006, Smith et al.,
2000). Phytochromes are chromoproteins with ca 120-KD molecular mass having covalently
attached linear tetrapyrrole chromophore (Rockwell et al., 2006). In vivo phytochromes can
form homodimers and/or heterodimers. One of the distinguishing characters of phytochrome
is the photochromicity between two distinct forms. Depending on quality of light
phytochrome can exist in two forms, a Pr form which is physiologically inactive, and absorbs
red light (R) and an active Pfr form which absorb, far-red light (FR). Having two distinct
forms endows phytochrome with the capacity to sense the relative amounts of R and FR in

Nature (Smith and Whitelam, 1990).

In higher plants phytochromes are encoded by a small gene family (Quail, 1991),
comprising of two distinct classes, light-labile and light-stable species. In tomato, light-labile

phytochrome species that predominates in etiolated plant tissue is encoded by the PHYA gene



and the gene product is referred to as PHYA. Other phytochrome genes in tomato encode the
apoproteins of light-stable phytochrome species, which include PHYB1, PHYB2, PHYE, and

PHYF (Pratt et al., 1997).

The role of different phytochromes and their interactions with other photoreceptors in
regulating photomorphogenic response have been facilitated by the isolation and
physiological charecterization of photomorphogenic mutants (von Arnim and Deng, 1996;
Fankhauser and Chory, 1997; Quail, 1997). The characterization of different phytochrome
mutants and transgenic lines generated using site-directed mutagenesis and similar other
techniques, have shown that different alleles of the same phytochrome species are immensely

useful for dissection of the role of different domains of phytochrome (Zhang et al., 2013).

Phytochrome protein comprises of several domains such as N-terminal photosensory PAS,
GAF, and PHY domain and a C terminal regulatory histidine kinase or histidine Kinase-
related domain (HKRD) (Rockwell et al., 2006). Though functions of many of these domains
are inferred from homology studies with other proteins, to unravel their specific biological
activities in light signalling, specific mutations are needed in each of the domains.
Availability of domain specific mutations would help to assign the biological functions of the
respective domains of the phytochrome. In addition to this, domain specific mutations can
also provide information about roles of the domain in dimerization with the same
phytochrome species polypeptide or with other phytochrome species polypeptide as

phytochrome exist in vivo as homo and/or heterodimer.

The present study was undertaken to analyse how the defect in different domains of these
two phytochrome genes may alter the physiological responses mediated by light. Considering
the importance of different domains of phytochrome on its biological activity, we attempted

to isolate an allelic series of Phytochrome A and B1 mutants through reverse genetic strategy



TILLING (Targeting Induced Local Lesions In Genomes). A related technique ECOTILLING
was also used to find out the natural variants of these two phytochrome genes present in
natural accessions and to analyse the altered light responses imparted by them. Finally, we

also analysed the sequence diversity in phytochrome genes.



2. LITERATURE REVIEW




As sessile organisms, plants have evolved an extraordinary degree of developmental plasticity
to cope with the ever-changing environmental conditions that challenge the plant throughout
its life cycle. Light is one of the most important environmental factors that regulate plant
growth and development. Light plays a primary role in multiple responses in the plant life
cycle, including seed germination, seedling de-etiolation, phototropism, shade avoidance,
circadian rhythms and flowering time (collectively termed as photomorphogenesis). Plants
have evolved an array of photoreceptors, each responding to specific regions of the light
spectrum, to detect the presence or absence of light in addition to the duration, wavelength
and intensity of incident light. In higher plants, there are four families of such photoreceptors,
classified by the wavelength of light they perceive: the phytochrome family of photoreceptor
which perceive red/far-red light (600-750 nm), and cryptochromes and phototropins which
perceive blue/UVA (320-500 nm) and UVR8 (280-320 nm) which senses UV-B (Briggs and

Christie, 2002; Rizzini et al., 2011).

2.1 Plant Photoreceptors

2.1.1 The Blue Light Photoreceptors: Cryptochromes and Phototropins

A number of blue light mediated responses have been observed in plants, which include
phototropism, stomatal opening, inhibition of hypocotyl growth, and the induction of several
gene expressions. Cryptochromes and phototropins are the two plant photoreceptors mediate

the blue light-induced responses in plants.

Cryptochrome: In plants the cryptochrome family of UV-A/blue light photoreceptors,
participate in several physiological process, ranging from photomorphogenesis to entrainment
of the circadian clock. Their functions include inhibition of hypocotyl elongation (Ahmad and
Cashmore, 1993; Lin et al., 1998), anthocyanin accumulation (Ahmad et al., 1995), cotyledon

expansion (Botto et al., 2003), flowering time (Guo et al., 1998; Mockler et al., 1999;



Giliberto et al., 2005) and also the circadian clock (Devlin and Kay, 1999; Millar, 2003). The
cryptochromes families of photoreceptors are structurally similar to DNA photolyases
(Ahmad and Cashmore, 1993; Lin et al., 1998), but most of them do not possess any DNA
photolyase activity. DNA photolyases are flavoproteins found in microbes involved in
blue/UVA-dependent repair of DNA damage (Sancar, 2000; Lin, 2002). DNA photolyases
have an amino terminal photolyase homology region (PHR) noncovalently binding a
primary/catalytic FAD chromophore (Flavin Adenine Dinucleotide) and a second light-
harvesting chromophore, a pterin or deazaflavin (Lin et al., 1995; Sancar, 2003). Although
there is no detectable photolyase activity, cryptochromes contains an FAD and a pterin
(methenyltetrahydrofolate, MTHF) chromophore (Lin et al., 1995; Malhotra et al., 1995). In
addition to this, most plant cryptochromes have a distinctive carboxy-terminal domain (Lin

and Shalitin, 2003).

Phototropin: Phototropins (photl and phot2) that absorb UV-A/blue light have been
suggested to play an important role in phototropism, chloroplast movement, leaf expansion,
and stomatal opening (Takemiya 2005). The molecular characterization of an Arabidopsis
mutant impaired in phototropism, nphl (NONPHOTOTROPIC HYPOCOTYL 1), led to the
identification of phototropinl (Huala et al., 1997). Phototropins are members of a larger
family of proteins known as the LOV domain family (Crosson et al., 2003). The LOV domain
acts as a light, oxygen or voltage sensor domain (Huala et al., 1997; Taylor and Zhulin, 1999;
Crosson et al., 2003). The phototropin family of photoreceptors contains two repeated LOV
(Light, Oxygen, and Voltage) domains (designated as LOV1 and LOV2) in contrast to other
LOV domain family members (Huala et al., 1997; Crosson et al., 2003). Light sensing
function of these photoreceptors is mediated by LOV domain. The ability of the phototropins
to function as near-UV/blue light receptors is derived from the association of a single flavin

mononucleotide (FMN) with each LOV domain and the unique photocycle it undergoes in



dark and light states (Crosson et al., 2003; Kennis et al., 2003; Liscum et al., 2003).
Photoexcitation of the LOV domain results in receptor autophosphorylation and an initiation

of phototropin signalling by phototropins.

2.1.2 UV-B Receptor: The UVR8

Though UV-B radiation represents a very small fraction of the sunlight that reaches the earth
surface (290-320 nm), it is an important signal in plants which elicit a variety of response
including cellular damage (Baker et al., 1997; Sullivan and Rozema, 1999), induction of
flavonoid (Beggs and Wellman, 1994), inhibition of hypocotyl elongation (Ballaré et al.,
1991), stomatal opening (Eisinger et al., 2003), and phototropism (Baskin and lino, 1987;
Eisinger et al., 2003; Shinkle et al., 2004). The UV RESISTANCE LOCUS 8 (UVRS) in
Arabidopsis has been recently established to be a UV-B photoreceptor (reviewed by Heijde
and Ulm, 2012). UVRS8 is a B-propeller protein localised both in the cytoplasm and the
nucleus and its abundance is unaffected by UV-B or other light qualities (Favory et al., 2009;
Kaiserli and Jenkins, 2007). However, upon UV-B irradiation, the constitutive UVRS8 levels
in cell are redistributed, resulting in the accumulation of this molecule in the nucleus (Kaiserli

and Jenkins, 2007).

2.1.3 The Red/Far Red Light Receptors: Phytochromes

Plant phytochromes are members of a wide spread family of red/far-red responsive
photosensors that are found also in cyanobacteria (cyanobacterial phytochromes Cphl and
Cph2) as well as in purple and nonphotosynthetic bacteria (bacteriophytochromes; BphP) and
even fungi (fungal phytochromes; Fph family) (Montgomery and Lagarias, 2002;
Blumenstein et al., 2005; Froehlich et al., 2005; Karniol et al., 2005). Members of the
phytochrome family proteins share a common architecture consisting of an N-terminal

photosensory region with three conserved domains (termed P2 or PAS domain, P3 or GAF



domain, and P4 or PHY domain) and a C-terminal regulatory histidine kinase or histidine
kinase related domain (HKRD) (Montgomery and Lagarias, 2002; Rockwell et al., 2006).
Plant phytochromes are different from other members of the phytochrome family in that they
have an additional N-terminal extension termed P1 known to inhibit dark reversion (Vierstra,
1993) and two additional regulatory PAS domains important for nuclear localization

(Rockwell et al., 2006).

2.2 Phytochrome Structure

In solution, phytochromes are homo/hetero dimers of two 120-KD proteins, each covalently
attached to a linear tetrapyrrole (phytochromobilin) via a thioether linkage to a unique
cysteine. The phytochrome chromoprotein can be divided into two globular domains: an
amino-terminal chromophore binding photosensory (signal input) domain and a carboxy
terminal domain believed to act as a regulatory, dimerization, and signal output domain. The
N-terminal photosensory domain consists of three conserved domains termed P2 (PAS
domain), P3 (GAF domain), and P4 (PHY domain) (Rockwll et al., 2006; Montgomery and
Lagarias, 2002; Wu and Lagarias, 2000). Plant phytochromes have an additional N-terminal
extension termed P1 (NTE), which is known to inhibit dark reversion (Vierstra, 1993). A
conserved cysteine residue present in the P3 domain forms a thioether linkage with the A ring
of phytochromobilin and also autocatalyzes the bilin ligation reaction (Kendrick and
Kronenberg, 1994; Wu and Lagarias, 2000). The role of P4 domain is to interact with the D
ring of the chromophore to maintain its extended linear conformation in the Pr form and to
stabilize the Pfr form (Montgomery and Lagarias, 2002). The carboxy-terminal half of
phytochrome can be divided into two subdomains: a PAS-related domain (PRD) containing
two PAS domains (Bolle et al., 2000) and a histidine kinase-related domain (HKRD), which

belongs to the ATPase/kinase GHKL (gyrase, Hsp90, histidine kinase, MutL) superfamily



(Chen et al., 2004; Montgomery and Lagarias, 2002; Yeh and Lagarias, 1998). The standard
phytochromes structure thus consist of a PAS-GAF-PHY N-terminal photosensory module

typically combined with a C-terminal HKRD module (Rockwell et al., 2006)

The understanding of phytochrome structure and photochemistry was greatly benefited
through crystallographic studies conducted in Deinococcus radiodurans. A major
breakthrough occurred when a 2.5 A crystal structure for the BV (biliverdine) -bound P2/PAS
and P3/GAF domains of DrBphP, the BphP was unveiled. The P2 and P3 domains adopt PAS
and GAF folds. crystallographic studies along with biochemical studies confirms that the BV
chromophore is covalently attached to Cys24, and is deeply buried within a conserved pocket
in the P3/GAF domain and the interface between the PAS and GAF domains is formed by a
deep trefoil Knot ( Rockwell et al., 2006). This knot is formed from sequence lying between
Cys24 and the P2/PAS domain, which passes through a “lasso” formed by P3/GAF sequence
between the fourth and fifth strands of the central GAF B sheet (Wagner et al., 2005). The
trefoil knot is centered on the conserved amino acids within the N-terminal sequence element
required for both bilin assembly and for interaction with the B-ring carboxylate of the
biliverdin chromophore. Mutations in the PAS and GAF of plant phytochromes result in
altered function as these mutations might affect the proper folding of these domains

(Rockwell et al., 2006).
2.3 Phytochrome Gene Family

In the model plant species, Arabidopsis thaliana phytochrome family includes five
phytochromes designated PHYA to PHYE. The five phytochromes are classified based on
their light stability into two groups (Sharrock and Quiail, 1989), Type | (light labile) and type
Il (light stable). PHYA is a type | phytochrome, which degrades fairly rapidly upon exposure

to red or white light, while type 11 or light stable phytochromes which includes PHYB-E are
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stable upon light exposure. In dark grown seedlings PHYA is found to be abundant, whereas,
its level drops rapidly upon exposure to red (R) or white (W) light. Among the other type II
phytochrome members, PHYBL1 is found to be the most abundant one (Quail, 1997; Sharrock
and Clack, 2002). Phylogenetic studies reveal that duplication occurred during the evolution
of early seed plants resulted in formation of PHYA/C and PHYB/D/E lineages. This lineage in
turn diverged into PHYA and PHYC, and PHYE and PHYB/D, which finally resulted in PHYB
and PHYD (Mathews et al., 1995; Mathews and Sharrock, 1997; Alba et al., 2000). Sequence
analysis shows that PHYB and PHYD polypeptides are about 80% identical and are somewhat

more related to PHYE than to either PHYA or PHYC (about 50% identity).
2.4 Pr and Pfr Forms of Phytochrome

Physiological and biochemical analysis proves that phytochrome exist in vivo in two
photoreversable forms. Phytochromes are synthesized in a relatively stable Pr form that shows
maximum absorbance at 666 nm. Upon light exposure Pr form is converted back to the Pfr
form which is considered as the biologically active form. Pfr shows maximum absorbance at
730 nm and is phototransformed back to Pr upon FR light absorption (Quail, 1997). The
photoconversion of phytochrome involves the isomerization of the chromophore and
conformational changes of the apoprotein that results in differential exposure of specific

domain (Casal et al., 2003).

2.5 Phytochrome Mutants

The elucidation of molecular nature of photoreceptors has been conducted largely through the
physiological and molecular genetic studies of photomorphogenic mutants (von Arnim and
Deng, 1996; Fankhauser and Chory, 1997). The isolation and characterization of
photomorphogenic mutants have led to the identification of various light signaling

components and contributed significantly to our understanding of how light signals are
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transmitted in plants. The forward or reverse genetic approaches along with extensive efforts
using genetic, molecular and photobiological techniques have led to the identification putative

roles for several loci in the regulation of development.

To unravel the roles of the different phytochrome species, mutants deficient in one specific
type of phytochrome are required. Three types of phytochrome mutants have been identified
so far, which include (a) mutants with defect in the biosynthesis of the common phytochrome
chromophore (b) mutants that lack a light labile phytochrome (phytochrome A) (c) mutant

that are deficient in light stable, Phytochrome B1-like protein (Van Tuinen et al., 1995b).

Chromophore mutants are characterized by reduced levels of spectrophotometrically
detectable phytochrome in dark-grown seedlings (Koornneef et al., 1985) as they are unable
to synthesize the chromophore of phytochrome. Mutations in the chromophore biosynthesis
pathway affect all phytochrome species and these mutants have been used extensively in
physiological research studies (Kendrick et al., 1994; Migge et al., 1998; Terry and Kendrick

1999; Terry et al., 2001).

Phytochrome A (phyA) mutants in various plant species are characterized by their failure
to de-etiolate in continuous FR light (absence of a FR-HIR for hypocotyl inhibition and the
rather normal phenotype in WL. Similarly, characterization of phytochrome B (phyB)
deficient mutants in various species revealed that they have difficulty de-etiolating in
continuous red light. Additionally adult plant tissues exhibited a reduction in chlorophyll
content. A large-scale screen for Arabidopsis phytochrome B (phyB) mutants identified 14
novel missense mutations in the N terminal moiety. Analysis of these new mutations revealed
that each subdomain has an important function. Analysis on the spectral properties of these
mutants enabled them to be classified into two principal classes: light-signal perception

mutants (those with defective spectral activity), and signaling mutants (defective in
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intracellular signal transfer). Most of the spectral mutants were found in the GAF and PHY
subdomains. On the other hand, the signalling mutants tend to be located in the N-terminal
extension and PLD. These observations indicate that the N-terminal extension and PLD are
mainly involved in signal transfer, but that the C-terminal GAF and PHY subdomains are

responsible for light perception (Oka et al., 2008).

More recently, Su and Lagarias (2007) reported the isolation of a new class of plant
phytochrome mutants that exhibit light-independent signalling activity. These mutants are
reported to have a dominant gain-of function activity caused by mutation of a conserved GAF
domain Tyr residue (Y®*F). YA mutants of Arabidopsis phyA and phyB exhibited a light-
independent activation of gene expression, and general R/FR insensitivity with a COP
(Constitutive photomorphogenesis) phenotype. The above study clearly demonstrates the
critical role of the conserved GAF domain in coupling light perception with downstream

signaling.
2.6 Phytochrome Mutants in Tomato

Tomato is an important crop and an excellent model system with extensive genome data
available. Tomato is considered as a model species complimentary to Arabidopsis, to
characterize the entire phytochrome family to make general conclusion about the roles played
by phytochrome in higher plants by its individual members (Kendrick et al., 1997). Although
multiples genes encoding apo-phytochrome have been identified in higher plants, in tomato

only phyA and phyB deficient mutants have been isolated so far.

Chromophore Mutants

Chromophore mutants of tomato have also been isolated which are either lacking or deficient
in phytochrome. These include the aurea (au) mutant (Koornneef et al., 1985) and the yellow

green-2 (yg-2) mutant (Koornneef et al., 1985; Buurmeijer et al., 1987).
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aurea (au) mutant: The tomato au mutant (Koornneef et al., 1985) are characterised by
yellow-green leaves of the adult plant which are slightly juvenile in appearance. Young
seedlings of au mutants exhibit a reduction in hypocotyl growth inhibition in white light
(Koornneef et al., 1985), with reduced chlorophyll and chloroplast development (Koornneef
et al., 1985; Neuhas et al., 1993), and reduction in anthocyanin content (Adamse et al., 1989).
Moreover, au mutants show a reduced germination in darkness compared to wild type
(Koornneef et al., 1985). Although mutant seedlings contain about 20% of wild type levels of
PHYA (Sharma et al., 1993) there is no spectrophotometrically detectable phytochrome
(Koornneef et al., 1985) in etiolated seedlings of the aurea mutant. Subsequently Terry and
Kendrick (1996) proposed that the aurea mutant is deficient in phytochrome chromophore
synthesis. Muramoto et al., (2005) showed that aurea mutant is defective in phytochromobilin
synthase, required for chromophore biosynthesis confirming that the deficiency of

phytochrome is not due to a mutation in the PHYA structural gene.

yellow green-2 (yg-2) mutant: The yg-2 mutant is characterized by elongated hypocotyl,
reduced chlorophyll and anthocyanin level and reduced germination (Koornneef et al., 1985;
Buurmeijer et al., 1987). It is a recessive mutant, which is phenotypically similar to aurea
mutant (Koornneef et al., 1985), but unlike the aurea mutant, older yg-2 seedlings have been
shown to accumulate spectrophotometrically detectable phytochrome (Koornneef et al.,
1985). The yg- mutant was also proposed to be a phytochrome chromophore deficient mutant
(Terry and Kendrick, 1996) like the aurea mutant where the phenotype is not a consequence

of a mutation in the PHYA gene.

far-red insensitive (fri) mutant: fri mutant is characterized by its failure to de-etiolate in
continuous FR light (absence of a FR-HIR) for hypocotyl inhibition and the rather normal
phenotype in WL. The fri mutant of tomato was isolated, from an EMS (Ethyl methane

sulphonate) treated tomato population, on the basis of slightly longer hypocotyls than WT
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under low fluence rates of red light. Genetic, spectrophotometric, immunochemical and
physiological investigations led to the conclusion that the fri mutant is deficient in phyA (van
Tuinen et al., 1995a). Additionally genetic mapping of the FRI loci and RFLP mapping of
PHYA indicated that both the FRI loci and PHYA are located in the same chromosome (van
Tuinen et al., 1997). At genomic level fri mutant harbours a base substitution which changes a
consensus AG/ to TG/ at the 3' end of the intron between exon 1 and 2 resulted in an aberrant

processing of the pre-mRNA (Lazarova et al., 1998a).

temporarily-red light insensitive (tri) mutant: tri mutants are characterized by a long
hypocotyl and small cotyledons compared to wild type under low fluence RL, a phenotype
typical of phyB mutants of other species (Kendrick et al., 1994). The mutants are only
insensitive to R during the first two days after transfer from darkness irrespective of their
physiological age (van Tuinen et al., 1995b). Unlike other phyB mutants, tri mutants are not
dramatically taller than the WT and exhibit a strong shade-avoidance response. The molecular
analysis of tri alleles revealed that these mutants had normal levels of PHYA, PHYB2, PHYE
and PHYF but there is reduction in PHYBL1 transcript levels than that observed in wild type,
indicating that the tri alleles were defective in PHYB1 (Kerckhoffs et al., 1995). The four
putative PHYB1 mutants were subsequently confirmed to harbour mutations at different
regions of the PHYB1gene (Lazarova et al., 1998b). The allele tri* contains a premature stop
codon while tri? and tri* encode proteins truncated at their C-termini. The tri® allele has an

amino acid substitution from valine to phenylalanine (Lazarova et al., 1998b).

PHYB2 mutants: Mutants defective in PHYB2 gene were isolated from a y-mutagenised
population of phyA phyB1 lines (Kerckhoffs et al., 1999). Two putative mutant lines were
isolated based on their elongated hypocotyls and reduced anthocyanin content as compared to

the phyA phyB1 double-mutant parent. Molecular analysis revealed that both of them were
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allelic and both mutations resulted in truncated PHYB2 apoproteins lacking a substantial

portion of the C-terminal region (Kerckhoffs et al., 1999).
2.7 Physiological Response Controlled by Phytochrome

Light perceived by phytochrome influences the growth and development throughout the life
cycle of plants. The variety of different phytochrome response observed in plants is
enormous, in terms of response and fluence. Fluence is the amount of light required to induce
a response and is defined as the number of photons absorbed per unit surface area (mol m™).
Each phytochrome response has a characteristic range of light fluences over which the
magnitude of the response is proportional to the fluence. Phytochrome responses have been
divided into different classes based on the amount of light required to induce the response.
These include low fluence responses (LFRs), very low fluence responses (VLFRs), and high

irradiance responses (HIRs) (Nagy and Schafer, 2002; Chen et al., 2004).

LFRs include most of the classic Red/Far-red photoreversible responses, such as promotion
of seed germination and the regulation of leaf movements. LFR spectrum consists of a main
peak for stimulation in the red and a major peak for inhibition in the far red. VLFR are
irreversible response with a characteristic action spectrum which exhibit broad peak in the red
and blue region (Shinomura et al., 1996).VLFR response are sensitive to a broad spectrum of
light between 300 nm and 780 nm. Phytochrome responses of third type are termed high
irradiance responses (HIRs) which require prolonged or high frequency intermittent
illumination and usually are dependent on the fluence rate of light (Nagy and Schafer, 2002;
Casal et al., 2003; Casal et al., 2002; Shinomura et al., 1996). Genetic studies and mutant
analysis reveal that type | phytochrome is responsible for the VLFR and FR HIR while type Il

phytochrome are responsible for LFR and R-HIR.

16



2.7.1 Phytochrome and Germination

In many of the plants the germination of seeds are controlled by factors such as light and
temperature. Phytochrome is the principle photoreceptor involved in germination. Mutant
analysis indicates that loss of phytochrome has major impact on regulation of germination.
The requirement of light in seed germination was first demonstrated by Caspary in 1860. Flint
et al. (1935) showed that lettuce seed germination could be promoted by red light but
inhibited by far red light. Later in 1952, Harry Borthwick explained the involvement of
phytochrome in seed germination in the pioneering ‘flip flop’ experiment (Borthwick, 1952
b). In this experiment lettuce seeds were treated with alternating R and FR treatments and the
efficiency of germination was analysed. There was 100% germination in these seeds which
received R treatment at last. In contrast to this observation a markedly different response was
observed in seeds receiving the FR treatment last, with much lower percentages of
germination recorded (Borthwick et al., 1952b). Borthwick’s experiments thus could

demonstrate that phytochromes operated reversibly in LFR mode.

Subsequent works on Arabidopsis have revealed that phyB is the photoreceptor mainly
involved in red/far-red reversible (LFR) germination. Germination is also induced by low
quantities of red or far-red light (VLFR) or continuous far-red light (far-red HIR) which are

mediated through phyA (Casal and Sanchez, 1998).

The involvement of individual phytochrome mediated response and involvement of other
phytochrome in seed germination has also been revealed using different photomorphogenic
mutants. Comparisons and analysis of mutants deficient in phyA, phyB, and phyA/phyB have
shown that phyB has a predominant role in regulating germination in R via the LFR mode
whilst phyA mediates VLFRs in R and FR (Botto et al., 1996; Shinomura et al., 1996).

Moreover phyA can promote germination in continuous FR in the HIR mode (Johnson et al.,
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1994; Reed et al., 1994; Hennig et al., 2002). Observations of R/FR-reversible germination in
phyA phyB double mutants suggested that phyA and phyB are clearly not the only
phytochromes participating in light-induced germination and other phytochromes too play a

role (Poppe and Schafer, 1997).

The analysis of mutant deficient in phyD and phyE revealed the additional roles of these
phytochromes in seed germination. While only a minor role was observed for phyD
deficiency, mutants deficient in phyE were found to be severely impaired in light induced
germination and abolished R/FR reversibility (Hennig et al., 2002). As in the case of phyA
mutants, seed germination in phyE mutant was found to be severely impaired in blue light and
abolished in FR. Moreover, the study revealed that phyE itself might operate as a FR
photoreceptor in the regulation of germination. The severely impaired light induced
germination of phy A, phy B and phy E mutants confirming the redundant interaction between

these phytochromes (Hennig et al., 2002).

2.7.2 Phytochrome and Shade Avoidance

One of the major threats to plant survival in natural environments is limitation of light
through shading by neighbouring vegetation. Plants, which are grown in close proximity to
each other, are in constant competition with their neighbours for the natural resources. Light
is also one of the resources for which plants grown in close proximity compete to each other.
Shade avoidance is one of the remarkable mechanisms that flowering plants have evolved to
avoid shade to ensure their survival, which have probably contributed to their evolutionary
success (Smith and Whitelam, 1997). In species, which exhibit shade avoidance,
phytochromes perform a major role in the detection of shade and initiation of escape response.
The photosynthetic pigments chlorophylls and carotenoids absorb light over most of the

visible spectrum, and use this absorbed energy for photosynthesis. Therefore, the
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reflected/transmitted light is depleted in R and B wavebands, and enriched with far-red and
green wavebands resulting in a reduction in the ratio of R to FR (R:FR).This parameter can be

defined as R(Franklin and Whitelam, 2004):

photon irradiance between 655 and 665 nm

FR ratio =
rato photon irradiance between 725 and 735 nm

The R: FR ratio underneath of vegetation canopies are in the range of 0.05-0.7 (Smith,
1982). A reduction in R: FR ratio initiate a suite of developmental responses called the shade
avoidance syndrome (Smith and Whitelam, 1997). Responses to shade are many and varied,
and the term, shade avoidance syndrome is used to describe multiple responses to low R: FR
syndrome. This include elongation of stem and petiole, large thinner leaves, retention of
photosynthate in the shoot at the expense of root growth, increased apical dominance and at
the extreme end of the syndrome is the inhibition of fruit and seed development and
acceleration of flowering (Smith and Whitelam, 1997). Phytochromes are the major
photoreceptors mediate the shade avoidance response by sensing the R: FR ratio. Plants are
capable of sensing very small changes in R/FR and thus can warn the system for a potential
shade threat. In this way reflected FR light provide a unique quantifiable signal that can

initiate adaptive response before leaves are actually shaded (Ballare et al., 1990).

Among phytochrome members, phyB is the principle phytochrome involves in the
suppression of shade avoidance response. Arabidopsis mutant that lack functional phyB
exhibit the so called ‘constitutive shade avoidance’ (Nagatani et al., 1991; Somers et al.,
1991), which includes phenotype with dramatically elongated stem, early flowering and
increased apical dominance under high R/FR (Smith and Whitelam, 1997). However, the
observations of residual shade avoidance responses in Arabidopsis phyB mutant indicate that
the involvement of other phytochrome species in this process. Subsequent analysis of

Arabidopsis mutants, deficient in multiple phytochrome combinations demonstrates the
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importance of phyB, phyD, and phyE in the regulation of shade avoidance (Devlin et al.,

1998, 1999).

2.7.3 Phytochrome in De-etiolation

Most of the plants, after germination, exhibit one of the two developmental patterns.
Skotomorphogenesis is an etiolated development in darkness with a characteristic feature of
having long stems (hypocotyls) and closed, unexpanded leaves (cotyledons) protected by an
apical hook. The second one is the growth in light or photomorphogenesis is the de-etiolated
development characterized by development characterized by short hypocotyls and open
expanded cotyledons that are capable of photosynthesis (Sullivan and Deng, 2003). Etiolation
is considered as an adaptation to life in the absence light. In natural environment, this
adaptation allows the buried seeds to emerge through soil reach light, and switch to a
developmental pattern optimal for photosynthesis (Frankhauser and Chory, 1997). The switch
between skotomorphogenic growth and photomorphogenic growth or the successful

establishment of photoautotrophy requires the sensitive detection of environmental cues.

The regulation of de-etiolation involves a complex interaction of several photoreceptor,
including blue/UV light absorbing cryptochromes, the R and FR absorbing phytochromes
(Nemhauser and Chory, 2002; Wang and Deng, 2002). Though various other components are
involved in this complex process, phytochromes perform a variety of overlapping roles in
seedling etiolation in combination with other photoreceptors. The skotomorphogenic
phenotype of phyA mutants under continuous FR light is in contrast to the wild type
counterpart, which exhibit a normal de-etiolated phenotype, confirms the unique role of phyA
in mediating de-etiolation under FR-HIR (Dehesh et al., 1993; Nagatani et al., 1993; Parks
and Quail, 1993; Whitelam et al., 1993). Transcription profiling studies of WT and phyA

mutant reveal under FR light there are more than about 800 genes changing their expression
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pattern and thus they could be phyA regulated genes (Tepperman et al., 2001). Mutant
analysis of phytochrome B suggests that phyB is the major phytochrome regulating de-
etiolation in WL an R and the mutants exhibited elongated hypocotyl, reduced cotyledon
expansion, and reduced chlorophyll synthesis ( Koornneef et al., 1980; Nagatani et al.,1991;
Somers et al., 1991; Reed et al., 1993) shows that phyB has a predominant role in de-

etiolation under WL and R light.

2.7.4 Phytochrome in Flowering

The initiation of flowering or the transition of vegetative growth to reproductive growth is one
of the major development switches in plant cycle. This transition to flowering in plants is
controlled by environmental factors. Many plant species thus evolved the ability of flower
initiation; in response to environmental factors like changes in day length (photoperiod) and
temperature. Phytochromes are critical photoreceptor, which is involved in floral induction. A
key function of phytochrome in plants is to involve the monitoring of day length or
photoperiod, which together with temperature, provides plants with important seasonal
information. Photoperiod is recognized as a major environmental factor of flowering time in
many plants. Changes in day length are a predictable and reliable indicator of seasonal
progression, which controls floral transition in many plants. The acceleration of flowering by
long days (LD) in Arabidopsis involves the interaction of various photoreceptors and
endogenous circadian oscillator (Yanovsky and Kay, 2002). The relative proportion of R:FR
ratio, like photoperiod, provides a powerful signal that regulate flowering in plants.
Phytochrome detects the altered R:FR ratios and it leads to the initiation of a syndrome
response called shade avoidance (Smith and Whitelam, 1997). Acceleration of flowering is
also a response, which could be induced by shade avoidance. In Arabidopsis acceleration of
the onset of flowering is one of the major response induced by shade avoidance syndrome

(Bagnall, 1993).The response thus has possible implications, as it helps in the survival of
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cycle under unfavourable condition. Among the five members, phyB, phyD and phyE play
some roles in the detection of R:FR ratio signal and thus in the initiation of shade avoidance
(Whitelam et al., 1998). From the physiological studies of phytochrome mutant in
Arabidopsis, it is clear that phyB is the principle photoreceptor in shade detection and thus in
the attenuated response to low R:FR (Goto et al., 1991). The early flowering phenotype of
phyB under altered R:FR clearly shows the involvement this photoreceptor in flowering in
Arabidopsis. Mutants for either phyD or phy E have less obvious phenotypes, and their
deficiency is more evident when phyB is also absent (Aukerman et al., 1997; Devlin et al.,

1998; 1999).

2.7.5 Phytochrome and Roots

In seedlings, unlike shoots that grow upward, primary roots grow away from light and
downward into the soil, where it is responsible for water and nutrients uptake (Hangarter,
1997). Though light exposure is usually limiting in the case of roots, a small amounts of light
can always penetrate to sufficient depths in soil, and this light signal is sufficient to induce
biological responses (Mandoli et al., 1990). Tropism, a differential growth is one of the
methods that plants exhibit to adjust their form in response to gravity or light. Though the
influence of light on root growth have been less well characterized compared to other organs,
the effect of light has been studied with respect to various physiological responses. Light
promotes a positive gravitropic response in root (Lake and Slack, 1961), inhibit lateral roots
in pea (Torrey, 1952), negative phototropism (Okada and Shimura, 1992; Liscum and Briggs,
1996) and inhibit root hair formation in Arabidopsis through a phytochrome mediated
mechanism (Reed et al., 1993). Moreover, in rice seedlings blue light has an inhibitory role in
root growth through suppression of both cell elongation and division, while red or far-red

light inhibited only cell elongation (Ohno and Fujiwara, 1967).
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Photoreceptors like phytochrome (Wang et al., 1993; Hall et al., 2001; Salisbury et al.,
2007), phototropin (Sakamoto and Briggs, 2002) and cryptochrome (Usami et al., 2007) have
been found in roots, and it is well established that light can affect various aspects of root
growth and development through these photoreceptors. Through mutational analysis of
photoreceptor their roles in organ elongation and light-regulated gravitropic orientation for a
variety of plant species has been established. In maize root, phyA is found to be the principle
photoreceptor involved in modulating the gravitropic responses for far-red light-regulated
processes (Parks and Spalding, 1999; Takano et al., 2001; Hennig et al., 2002). Both phyA
and phyB are involved in the regulation of red-light mediated gravitropic responses (Liscum
and Hangarter, 1993; Lu et al., 1996; Poppe et al., 1996; Robson and Smith 1996; Parks and
Spalding, 1999). Though the exact role they play in gravitropic response is unknown, the
other members of phytochrome family viz. phyC, phyD and phyE exhibit complex
overlapping and distinct functions in red light mediated gravitropic response (Neff et al.,

2000).

2.8 Cellular Localization of Phytochromes

Phytochrome A, in dark grown seedlings, exists in the Pr form and it is localized to the
cytocol of plant cells. Light induces the formation of Pfr form of phytochrome and the
transformed molecule thus migrates to the nucleus, where it induces the formation of nuclear
speckles. In white light (or light rich in red light) the process of migration of phyA and
speckle formation is transient but in FR, the process is slow and the nuclear speckle formation
would take at least 2 hours after irradiation (Kim et al., 2000). This phenomenon reflects the
spectral dependency of Pfr formation and under FR most of the phyA molecule would be in
Pr form protected from degradation, only gradually exposed as the Pfr form and migrating to

the nucleus. PhyB is also present in cytosol of dark grown seedlings, as in the case of
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Phytochrome A and light induces the translocation of phyB into the nucleus (reviewed by
Nagatani 2004). In contrast to phyA, FR cancels the effect of R light induced nuclear
localization and it clearly suggests that phyB migrates into nucleus only in the Pfr form. Other
Phytochromes exhibit an opposite pattern of cellular localization. In dark phy C, phy D and
phy E present in the nucleus and light treatment enhances speckle formation in the case of
both phy E and phy C, but phy D rarely forms nuclear speckle formation (reviewed by

Nagatani, 2004).

2.9 Nuclear Localization of Phytochrome

Nucleo-cytoplasmic partitioning of proteins is a crucial step in the regulation of gene
expression. In darkness, phytochrome accumulate in the cytoplasm in its inactive Pr form and
upon light activation, phytochrome translocates from the cytoplasm into the nucleus

(Sakamoto and Nagatani, 1996).

Biochemical and cytological investigations suggests that phytochrome has nuclear
localization activity (Sakamoto and Nagatani, 1996). In dark grown Arabidopsis seedling,
both phyA and phyB localize mainly in the cytoplasm in darkness. (Yamaguchi et al., 1999;
Kircher et al., 1999; Kim et al., 2000; Hisada et al., 2000; Nagatani, 2004). According to the
current model of light-dependent nuclear localization of phytochrome, in darkness, the amino-
terminal domain of the Pr form retains phytochrome molecule in cytosol by suppressing the
nuclear localization activity of the carboxy-terminal domain. The amino-terminal domain in
the Pfr form stops suppressing the carboxy-terminal domain under light conditions, and

results in the nuclear accumulation and speckle formation (Nagatani, 2004).

It was also experimentally proven that chromophore is not required for the retention of
phytochrome in cytoplasm as phyB carrying a mutation that affect chromophore binding fails

to accumulate in the nucleus (Kircher et al., 1999). Mutant analysis also reveals that the
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region including the PAS domains within the carboxyterminal appears to play an important
role in nuclear speckle formation, as PAS domain mutant of phytochrome are known to
reduce the signalling activity without affecting spectral activity (Quail et al., 1995). But
phytochrome carrying these mutants are localized in the nucleus suggests that, this region
play a major role in the formation of speckles but may not be essential for the nuclear import

of Phytochrome (Nagatani, 2004).

Evidences indicate that phytochrome transduces the light signal mainly in the nucleus.
After light activation, PIF3 and phytochrome co-localize in nuclear speckle and PIF3, which
binds to the promoter of several light regulated genes, continues the phytochrome initiated
signalling cascade. Subsequently phytochromes form speckles in the nucleus (YYamaguchi et
al., 1999, Kircher et al., 1999) but, the time course for speckle formation vary with different
phytochromes. Phytochrome A mediated speckle formation is very fast (Kim et al., 2000;
Hisada et al., 2000) while phytochrome B takes hours to form speckle (Yamaguchi et al.,
1999, Gil et al., 2000). The number and size of speckle depends on the light condition and
nature of treatment (Nagatani et al., 2004). Along with PIF3, a few other factors like COP1
and cry2 has also been shown to localize with Phytochromes in the speckle (Mas et al., 2000;

Bauer et al., 2004; Seo et al., 2004).
2.10 Phytochrome Signal Transduction

The absorption of red light (R) by phytochrome molecule induces a chain of dramatic
biochemical events in plants that culminate in major changes in plant growth and
development. The cascade of events transduces the external light signal into critical adaptive
changes, and thus the study of light induced signal transduction is an active and exciting area
of research in biology. The entire event of signal transduction starts with formation of Pfr

(biologically active far red light (FR)-absorbing form of phytochrome) from Pr (the R-
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absorbing form of phytochrome). Though the Pfr formation can occur on a millisecond time
scale, the transduction chain for phytochrome response thus formed can stretch out for many
hours or even days (Mohr, 1983). It is well established that the involvement of protein kinase
in phytochrome signal transduction (Trewavas and Gillroy, 1991). The finding that highly
purified phytochrome has protein kinase activity closely associated with it (Wong et al.,

1989) suggests that phytochrome itself can bind to ATP.

The involvement of G-protein an early event required for stimulus response coupling
(Trewavas and Gilroy, 1991) is well documented in various systems. They act as important
players in signal transduction cascade by binding to key metabolic enzymes, in their GTP-
activated form, and up-or down regulate their activity. The involvement of G-proteins in
phytochrome signal transduction was first reported by Hasunuma et al., (1987) in Lemna
species. But, in Arabidopsis, mutant analysis of alpha and beta subunits of the heterotrimeric
G protein indicate that heterotrimeric G protein is not directly involved in phytochrome
mediated seedling photomorphogenesis (Jones et al., 2003). On the other hand, there is
evidence that at least some G-proteins regulate only a specific set of stimulus-response
coupling pathways (Simon et al., 1991). In that case, in plants there may be a G-protein
specialized for transducing phytochrome responses, or even a different G-protein for different
responses. The identification of a cytoplasmic localized calcium binding protein SUB1
suggests that the involvement of calcium in phytochrome signaling (Guo et al., 2001). PhyA

is required for the proper light regulation and posttranslational regulation.
2.11 Phytochrome and Transcription Regulation

Gene expression studies revealed that phytochrome responses are associated with alterations
in gene expression (Delvin et al., 2003; Ma et al., 2001; Quail 2002; Tepperman et al., 2001;

Wang et al., 2002). A number of transcription factors are essential for both phyA signalling
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and Phytochrome mediated responses in plants. HY5, LAF1, and HFR1 are some of the major
transcription factors, which are needed for phytochrome signalling. CCA1 (circadian clock
associated) and LHY (late elongated hypocotyl) were found to be some of the early targets of
phytochrome-mediated responses in plants (Ballesteros et al., 2001; Chattopadhyay et al.,
1998; Duek and Frankhauser et al., 2003; Tepperman et al., 2001). Signaling components like
FARL (far-red impaired response) and FHY3 (far-red elongated hypocotyl), have been
suggested to be related to transposases regulating transcription (Hudson et al., 1999; Hudson
et al., 2003; Wang and Deng 2002). PIF3 (phytochrome interacting factor), binds
preferentially to the Pfr form of Phytochromes (Ni et al., 1998) and phytochrome PIF3
complexes have been shown to bind to a light-responsive G-box cis-element in vitro
(Martinez-Garcia et al., 2000). In Arabidopsis phytochrome interacting factors are members
of a bHLH gene family (Heim et al., 2003; Toledo-Ortiz et al., 2003) and about six bHLH
protein, which are closely related to PIF3 have also been implicated in phytochrome
responses (Toledo-Ortiz et al., 2003; Yamashino et al., 2003). Various studies reveal that

these transcription factors play positive or negative roles in light-induced signal transduction.
2.12 Ubiquitin-mediated Protein Degradation in phytochrome Signaling

In plants protein degradation and its regulation are important part in phytochrome mediated
signal transduction. First, phyA colocalizes with the E3 ligase COP1 (COP1 is part of the
light-dependent degradation machinery for phyA) in nuclear speckles and undergoes COP1-
dependent ubiquitin-mediated degradation in the light. This step serves as a desensitizing
mechanism for phyA function (Seo et al., 2004; Sharrock and Clack, 2002). Later the
downstream signaling components are subject to regulated protein degradation. PhyA
signaling components like LAF1, HY5 were found to be the substrate of COP1 (Saijo et al.,

2003; Holm et al., 2002). Another signalling component SPAL (suppressor of phytochrome
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A), was found to be a negative regulator of phyA signaling, and which is also directly
interacts with COP1 (Hoecker et al., 1999; Saijo et al., 2003; Seo et al., 2003). Two F-box
proteins, EID1 (Empfindlicher ImDunkelroten licht 1) and AFR (attenuated FR response),
play negative and positive roles in phyA signaling (Dieterle et al., 2001; Harmon and Kay

2003).
2.13 Phytochromes and Hormones

The isolation and characterization of hormone signalling mutants has greatly helped in finding
the roles of various hormones in signalling and how light signalling is integrated with

hormone signalling (Chu et al., 2005).

Auxin: Auxin play major role in various developmental processes and many of these
processes are regulated through phytochrome action. The roles of auxin in root elongation,
lateral root development and cell division and elongation (Chu et al., 2005) has been well
studied. Studies on auxin-regulated genes in combination with mutational analysis in
Arabidopsis gave extensive insight into phytochrome-auxin crosstalk and interaction of auxin

in phytochrome mediated light signalling (Mgller et al., 2002; Chu et al., 2005).

Cytokinins: Cytokinins are involved in various developmental processes of higher plants
that include cell division, inhibition of root growth, stimulation of de-etiolation etc....The
studies that shows the presence of cytokinins and enzymes required for its metabolism in
chloroplast provides a link between light signalling and cytokinins (Chu et al., 2005; Eckardt
et al., 2002). The observation that cytokinins can rescue photomorphogenic response in pea
lip mutant is also clearly indicating cytokinins role in light signalling. Response regulators
like ARR4 (ARABIDOPSIS RESPONSE REGULATOR4 ) was found to interact with phytochrome
B and plants overexpressing ARR4 showed enhanced sensitivity to red light while there

observed delayed red light sensitivity when ARR4 has been knocked out. The involvement of
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red light and cytokinins in ARR4 expression suggests its role in regulation of the crosstalk

between light and hormones (Chu et al., 2005).

Gibberellins: Though the exact role of GAs in phytochrome mediated light signalling is
unclear, recent reports suggest that phytochrome and GA are closely interlinked. The GA
signalling mutant spy (spindly) which has been isolated based on its spindly phenotype with
light green leaves and long internodes resemble phyB mutant phenotype (Mgller et al., 2002;
Chu et al., 2005). RGA, a recessive suppressor of GA deficiency, encodes a protein, which is
characterized as a member of GRAS protein family is demonstrated to localize to nucleus of
plant cell. PAT 1, which is also a member of GRAS, was found to be involved in
phytochrome signalling clearly showing the role of GRAS family protein in light signalling.
Moreover, the member of GRAS family exhibit structural motif required for protein-protein
interaction also strongly suggest the involvement of these group proteins in signal
transduction. There are also cases where GA acts antagonistically to phytochromes. GA
exhibits a positive effect in endoreduplication, while this phenomenon in Arabidopsis
hypocotyl is under negative control of phytochrome. Similarly in contrast to phytochrome,

GA induce early flowering in higher plants (Chu et al., 2005).

ABA: ABA acts as a signalling molecule especially, when the plant is stressed (Xiong et al.,
2002). The response towards UV-B radiation in plants is operated mainly by the interactions
between phytochrome signal system and ABA signal transduction pathway. By this
mechanism, higher plants, their physiological and chemical reaction to the outside, thus

reduce to the lowest extent of damage (Zhang et al., 2002; Chu 2005).

2.14 TILLING

Targeting Induced Local Lesions in Genomes (TILLING) is a powerful technique which

combines traditional mutagenesis with high through-put mutational screening to discover
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induced lesions (McCallum et al., 2000b). It enables the identification of single point
mutations with the aid of a mismatch specific endonuclease CEL I. The strategy was applied
successfully to a mutant collection of Arabidopsis and, since then procedure demonstrated its
efficiency in the mutant collection of a large array of plant species includes rice (Till et al.,
2007b), maize (Till et al., 2004), wheat (Slade et al., 2005), lotus (Perry et al., 2003), pea
(Triques et al., 2007), tomato (Menda et al., 2004; Saito et al., 2011), barley (Talameé et al.,
2008), as well as animals like Drosophila (Winkler et al., 2005) Caenorhabditis elegans
(Gilchrist et al., 2006), zebrafish (Wienholds et al., 2003b) and rat (Smits et al., 2004). Basic
TILLING procedure consists of three steps: Developing a mutagenized population, (2) DNA

pooling, and (3) mutation discovery (Till et al., 2007Db).

Traditional chemical mutagenesis methods, which include treatment of pollen or seeds
with chemical mutagens such as EMS and MNU, which induce single nucleotide changes by
alkylation of specific nucleotides, can be used for the development of mutagenized
population. Chemical mutagenesis is reliable compared to other methods as it induces
mutations that are high in density and are essentially randomly distributed throughout the
genome (Greene et al., 2003; Suzuki et al., 2008). The selection of dosage of mutagen is
crucial as a high dosage treatment may result in a high frequency of infertile plants. Plants
arising from mutagenized seeds i.e., My generation are chimeric in nature. M, generation in

which mutations are stabilized can be used as a screening population for TILLING.

At first TILLING was based on protocol introduced by McCallum et al. (2000a), that
successfully identified mutated alleles of a target gene. The protocol initially used a high
throughput screening in which DNA samples are pooled to several fold followed by screening
of the fragment of interest using a denaturing HPLC (dHPLC) platform for heteroduplex
identification (McCallum et al., 2000a). Later Colbert et al. (2001) modified the protocol to

increase the sensitivity and throughput of the assay by introducing a digestion step where
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PCR product is digested by an endonuclease at the mismatched position of the hetero duplex.
Additionally they introduced a new platform of mutation detection by using a Li-COR
electrophoresis system to run PCR product. The introduction of these modifications, to a great

extent, increased the sensitivity and throughput of the assay.

2.15 Wild Tomato Species

The cultivated Tomato and its wild relatives belong to the large and diverse Solanaceae
family also called Nightshades, which includes more than three thousand species. The
Lycopersicon clade (Solanum sect. Lycopersicon previously known as genus Lycopersicon)
consists of domesticated tomato (Solanum lycopersicum) and its 12 closest wild relatives
(Peralta and Spooner, 2005). S. ochranthum and S. juglandifolium (belongs to Solanum sect.
Juglandifolia), S. sitiens and S. lycopersicoides (belongs to sect. Lycopersicoides) are the
closest outgroup species to the tomato clade. Charles Rick and colleagues made the first
detailed studies on wild relatives of tomatoes as early in 1940’s. The wild tomatoes and
related nightshades are originated from the Andean region, including Peru, Bolivia, Ecuador,
Colombia and Chile. Their growing environments of wild tomatoes range from sea level to
sub alpine elevations, with some ecotypes adapted arid to rainy climate and others to extreme
draught. The diversity of wild species, which is an outcome of their very large range of
ecological conditions, also expressed at the morphological, physiological, sexual and

molecular levels (Peralta and Spooner, 2005).

There are tremendous genetic potential locked up in wild tomatoes and that can be used
effectively for crop improvement by searching for superior genes with the aid of modern
technology. Domesticated species represent only a tiny fraction of the variability available
among the wild relatives. Studies show that several useful traits which is found in wild tomato

species, such as tolerance to drought and salinity (S. pennellii) (Dehan et al., 1978; Shalata et
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al., 1998), accumulation of health promoting phytochemicals (S. habrochaites), and resistance
to multiple pathogens (S. cheesmanii, S. lycopersicoides, S. neorickii and S.chilense) can be
introgressed into cultivated tomato (Venema, 1999; Stevens, 1986; Robert, 2001; Rick et al.,

1994).
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3. MATERIALS AND METHODS
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3.1 PCR Optimization

3.1.1 Standard Solutions and Reagents for the PCR

Nucleotides (ANTP) (Merck, Germany) were stored as a 100 mM stock solution (25 mM each
dATP, dCTP, dGTP and dTTP). The standard 10X PCR buffer was prepared as described
(Perkin-Elmer, Norwalk, CT, USA) and consisted of 500 mM KCI, 100 mM Tris- HCI, pH
8.3 (pH adjusted at 25°C) and 15 mM MgCl,, 1% gelatin (w/v), 0.05% (v/v) Tween-20,
0.05% NP40 (v/v). In-house isolated Tag polymerase was used for PCR amplification. Bovine
serum albumin (BSA), glycerol and polyvinylpolypyrrolidone (PVPP) were purchased from
Sigma Chemical (St. Louis, MO, USA). Primers for TILLING were obtained commercially
either from Biomer (Germany) or Sigma (St. Louis, MO, USA). Unless described the primers
were used in a final concentration of 4 pmoles each. Both phytochrome A and phytochrome
B1 primers were used independently for PCR optimization. Genomic DNA was isolated using

a protocol developed in our lab (Sreelakshmi et al., 2009).
3.1.2 PCR Protocol

The basic PCR amplification reaction was carried out in 20 pl reaction volume consisting of
autoclaved Milli-Q water, 1X PCR buffer [10 mM Tris, 5 mM KCI, 1.5 mM MgCl,, 0.1%
(w/v) gelatin, 0.005% (v/v) Tween-20, 0.005% (v/v) NP-40, (pH 8.3)], dNTP mixture (0.2
mM each), primer(s) (4 pmoles each), 6%(w/v) polyvinylpolypyrrolidone (PVPP), 1% (v/v)
glycerol or BSA (20 mg/ml) (if used), Taq polymerase (0.18 pl /20 ul), and genomic DNA
template (5 ng/20 ul). The components of the PCR can be added in any order; however, water
is the first component to be added. The components were added to tubes placed on ice, and
were mixed by vortexing followed by centrifuging the tubes in a tabletop centrifuge.
Thereafter the tubes were transferred to Tetrad thermal cycler (M J Research Bio Rad) for

PCR.
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3.1.3 Analysis of PCR Products on Agarose Gel

The PCR products were separated by electrophoresis in stained ethidium bromide (0.5-1
mg/mL) containing agarose gel ( 1% (w/v) ) (SeaKem LE, Rockland, ME, USA) in 1X TAE
(0.04 M Tris-acetate; 0.001 M EDTA (pH 8.0)) buffer, at room temperature using 100-120 V
current. The PCR products were visualized on the gel using an alpha imager gel

documentation system.

3.1.4 Electrophoresis of PCR Product on Li-COR 4300 DNA Analyzer

After completion of PCR, the DNA (PCR products) was precipitated by the addition of 125 pl
of cold absolute ethanol to the tubes. The tubes were then briefly incubated at -80°C followed
by centrifugation at 4500 rpm in Sorvall SH-3000 rotor for 30 min. The precipitated pellet
was washed with 70% (v/v) ethanol and excess ethanol was removed by keeping in a dry bath
at 80°C. The pellet was finally suspended in 8 pl formamide loading buffer containing
deionized formamide (37% (v/v)), 1 mM EDTA and 0.02% (w/v) bromophenol blue. The
products were denatured by heating to 94°C for 2 min and then placed on ice. About 0.5 pl of
the sample was loaded on a denaturing 6.5% (w/v) polyacrylamide gel and was
electrophoresed in TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3) at
1500 V, 40 mA and 40 V setting in 4300 Li-COR DNA Analyser. The two TIFF images of
700 and 800 channels were imported to Adobe Photoshop software (Adobe Systems Inc.) and

the gel was visually assessed for mutations.

3.2 TILLING

3.2.1 Plant Material and Consumables

The seeds of tomato (Solanum lycopersicum) cv. Arka Vikas (IIHR, Bangalore) or EMS

mutagenized M, seeds of cv. M82 (Menda et al., 2004) (originally obtained from Dani Zamir)
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were used for this study. All the plasticware including deepwell plates (2 ml) were procured
from Axygen Limited, India. The equipments used were capable of accommodating 96 well
plasticwares: high-speed centrifuge (Evolution RC, Sorvall with SH-3000 swinging bucket
rotor with capacity to centrifuge 4 deepwell plates at a time), 96 well pipettor (PP550 DS,
Apricot Designs), Mini Beadbeater (BioSpec Products Inc.); PCR machine (DNA Engine
Tetrad 2, MJ Research), 4300 DNA Analyzer (Li-COR Biosciences). Other equipments
commonly used in molecular biology laboratory were horizontal gel electrophoresis system,
gel documentation system (Alpha ImagerTM2200, Alpha Innotech), Nanodrop ND-1000
spectrophotometer, dry bath, water baths etc. All chemicals for DNA isolation were obtained
from Sigma-Aldrich and the organic solvents used in the procedure were obtained from
Qualigens Limited, India. Stock solutions for DNA isolation and TILLING were prepared in

sterile MQ water (Milipore water purification system).

3.2.2 Development of EMS Mutagenized Populations

Seeds of tomato (Solanum lycopersicum) cv. Arka Vikas were used for mutagenesis using the
following protocols as described below. Approximately 8000 tomato seeds (10-15 g) were
imbibed in darkness in 500 ml double distilled water for 24 hours at 25 + 2°C in germination
boxes (Koornneef et al., 1985). After draining excess water, the imbibed seeds were
submerged in freshly prepared 60 mM (0.75% w/v) EMS (Ethyl Methane sulfonate) solution
(500 ml) for 24 hours in dark with gentle shaking at 25+2°C. Following EMS treatment, the
seeds were tied in a muslin cloth bag and were extensively washed under tap water for 8 hrs.
Thereafter the seeds were over layered with blotting sheet. The seeds were then sown on
nursery beds (2 m x 1 m) containing red loam sandy soil, in open field. To assure uniform
spreading of seeds, the seeds were mixed with dry soil, sprinkled over the nursery bed and
covered with a thin layer (~1 cm) of red loamy soil and vermiculite mixture. The nursery beds

were covered with black polythene sheets until the seedlings begin to germinate. The nursery

36



beds were watered daily using a water sprinkler. A batch of 100 seeds was used as control and
processed through the same procedures as described above without any EMS treatment. The
three weeks old M; seedlings were transplanted from nursery bed to open field at a spacing of
1.3 m x 40 cm. The plants were watered using drip irrigation and M, seeds were collected.

Each M; plant was labeled with a unique number for subsequent collection of M, seeds.

For growing M; plants, 10-15 seeds from each M, plants were treated with 2% sodium
hypochlorite solution for 15-20 min, washed under running tap water, transferred to soilrite
and were grown in individual paper cups in glass house. Two weeks old M, seedlings were
transferred to clay pots and seedlings were grown up to an average height of 10 cm. Four
individual seedlings (named as A, B, C and D) from each M, line was transplanted to open
field and were grown to maturity. The seeds were extracted separately from four individual
M, plants. The M, and M3 seeds were Barcode labeled, catalogued and stored in -20°C
freezers for long term storage. The same procedure was repeated later with an EMS solution

of 120 mM (1.5% wi/v) concentration.

3.2.3 Phenotyping and Data Analysis

The phenotype that are key indicators of the mutagenesis efficiency i.e, germination
percentage and frequency of albinos and chimeric plants were recorded at the seedling stage
of M; and M, populations. Each M, plant in the M, population was tagged with a unique
plant-ID barcode label generated using BarTender v 7.5.1 Enterprise software
(http://www.seagullscientific.com) and printed on synthetic polyester, non-erasable, tear proof
paper using Zebra barcode printer (Zebra Technologies) (Vankadavath et al., 2009). At
different developmental stages of the plant, 15 major phenotype categories (Menda et. al.,
2004) were recorded using a hand held Personal Digital Assistant (PDA). PDA has an inbuilt

barcode laser scanner to identify barcode label tagged to the plants and customized software,
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PHENOME, developed for large scale phenotypic data collection (Vankadavath et al., 2009).
For the different phenotypic variations observed, images were recorded using a digital camera
(OLYMPUS CAMEDIA C-7070 wide zoom). All the recorded data and images were
transferred to a central PC and analyzed to understand the effect of EMS mutagenesis on

different developmental stages of tomato.

3.2.4 Extraction of DNA

Genomic DNA was extracted using a protocol developed in our lab (Sreelakshmi et al., 2009).
Young leaf tissue was harvested and placed in wells of deepwell plate or Eppendorf tube. The
harvested tissue (80-100 mg/ 8 cotyledons) was disrupted mechanically with three steel balls
of ~2 mm in diameter in Mini-Bead Beater for 2 min in the presence of 750 pl preheated
(65°C) extraction buffer [(0.1 M Tris-HCI, pH 7.5; 0.05 M EDTA, pH 8.0; 1.25% (w/v) SDS)
containing 0.2 M B-mercaptoethanol and 20 mg of insoluble polyvinylpolypyrrolidone
(PVPP)]. The homogenate was then incubated at 65°C for 30 min for cell lysis.
Contaminating RNA was removed by adding 4 pl RNase per well/tube from a 10 mg/ml stock
and subsequent incubation for about 30 minutes at 37°C. Thereafter, proteins were
precipitated by the addition of 400 pl of cold 6 M ammonium acetate and centrifuging at 4700
rpm in a swing out plate rotor (SH-3000) in Sorvall RC Evolution centrifuge for 30 minutes.
Finally, the DNA was precipitated by adding equal volume of ice-cold isopropanol to the
agueous phase. After incubation at -20°C for at least 1 hour the precipitated DNA was

collected by a centrifugation at 4700 rpm (SH-3000) for 30 minutes at 4°C.

The DNA pellet was washed twice with 70% (v/v) ethanol to remove traces of salts from
the samples. The plates were then kept at 65°C for 10-15 min to dry the DNA pellet. To each
well 200 pl TE (10 mM Tris, pH 7.5, 1 mM EDTA pH 8.0) supplemented with 3.2 pg/ml

RNase, was added and the plates were kept at 4°C overnight for dissolving the DNA.
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Thereafter, the plates were centrifuged at 4700 rpm at 4°C for 30 min to pellet any
undissolved material. An aliquot from the supernatant (180 ul) was transferred to fresh 1 ml
plate and stored at -80 °C. The concentration of DNA samples was first quantified by
Nanodrop. The integrity of DNA was checked by agarose gels electrophoresis and quality was
compared with a quantitative DNA ladder (Invitrogen, Carlsbad, CA.). The quantified DNA

samples were then diluted to 5 ng/ul, vaccum dried, and stored at -20 °C for future use.

3.25PCR for TILLING

The PCR was carried out in Tetrad Machine (Biorad) in 96-well microtiter plates. The primer
sets for PCR amplification were designed using tomato gene sequences available in the NCBI

GenBank (http://www.ncbi.nlm.nih.gov/).

The web-based tool CODDLE (http://proweb.org/coddle) was used to select the gene
region for PCR amplification that may have the highest density of potentially deleterious
mutations on treatment with chemical mutagens. Primers were designed by CODDLE using
the Primer 3 software with melting temperatures ranging from 62 to 70° C and of length in
the range of 25-32 nucleotides. 100 uM solution of each primer was prepared in TE buffer
and aliquots were stored at -80°C to avoid repeated freeze-thaw cycles that could reduce
fluorescent activity. The standard protocol of Colbert et al., (2001) and Till et al., (2006) were

followed to detect SNPs.

A nested PCR strategy was used for better amplification of target from pooled DNA
samples. The first PCR amplification was performed with a set of primers, designed from the
flanking sequence of targeted genomic region and the diluted PCR product from the first PCR
was used as a template for the second PCR. In the second PCR , a mixture of target specific
inner primer with M13 overhangs, 5' fluorescent labeled M13 universal primers M13 F700

(5' TGTAAAACGACGGCCAGT 3') and M13 R800 (5' TGTAAAACGACGGCCAGT 3

39



labeled with Infra-red dyes IRD700 and IRD 800 respectively were used to amplify the

targeted region.

First step PCR amplification was performed in a volume of 20 pl with 2.5 ng DNA with an
equal amount of reference (WT cv. AV) DNA. The reaction consisted of 5 ul of DNA
template, 1X PCR buffer (10 mM Tris, 5 mM KCI, 1.5 mM MgCl,, 0.1% (w/v) gelatin,
0.005% (v/v) Tween-20, 0.005% (v/v) NP-40, pH 8.8), 0.2 mM dNTPs, 0.18 ul Taq
polymerase (in-house isolated), adjuvants: BSA (20 mg/ml) and 6% (w/v) PVPP and 3
pmoles each of first step forward and reverse primers. In the second step PCR reaction, 2 ul of
two fold diluted first step PCR product was used as template and 3 pmoles of primers
combined in a ratio of 3:2:4:1 (forward labeled: forward unlabeled: reverse labeled: reverse
unlabeled) were used. The cycling conditions for amplification were 94°C-5 min, 35 cycles of
94°C-20 sec, 72°C-2 min followed by heteroduplex formation: 99°C-10 min, 80°C-20 sec, 70

cycles of 80°C-7 sec with a ramp of -0.3°C per cycle and held at 4°C.

3.2.6 Mismatch Cleavage Reaction

The mismatch cleavage reaction was performed in a total volume of 45 ul containing 20 pl of
second PCR product, 1X CEL | digestion buffer (10 mM HEPES buffer pH 7.0, 10 mM KClI,
10 mM MgCI2, 0.002% (v/v) Triton X-100 and 10 pg/ml BSA) and CEL I enzyme at 1: 300
dilution (1 pl/ 300 pl CEL I digestion buffer). The mixture was incubated at 45°C for 15 min
and then CEL I reaction was stopped by adding 10 pl stop solution (2.5 M NaCl, 75 mM
EDTA, pH 8.0 and 0.5 mg/ml blue dextran). The DNA was precipitated by the addition of
125 ul of cold absolute ethanol and incubated at -80°C for 30 min. This was followed by
centrifugation at 4500 rpm in a SH-3000 rotor for 30 min. The pellet was washed with 70%
(v/v) ethanol, dried in a dry bath at 80°C and then suspended in 8 pl formamide loading buffer

(37% (v/v) deionized formamide, 1 mM EDTA and 0.02% (w/v) bromophenol blue). The
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PCR products were denatured by heating the plates/ tubes to 94°C for 2 min and then placed
on ice. About 0.5 pul of the sample was loaded on a denaturing 6.5% (w/v) polyacrylamide gel.
The samples were electrophoresed in TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM
EDTA, pH 8.3) at 1500 V, 40 mA and 40 V setting in 4300 Li-COR Analyzer. The two TIFF
images obtained for 700 and 800 channels of Li-COR analyzer were analyzed in Adobe
Photoshop software (Adobe Systems Inc.) and the gel was visually assessed for mutations.
Mutations, which were visually discovered, were later on validated by analysis of target gene
from mutant lines by PCR amplification and sequencing. The genomic DNA from
homozygotes was reamplified and purified by a purification column (Bioserve) and

outsourced for sequencing (Bioserve India).
3.3 ECOTILLING

3.3.1 Plant Materials and Growth Conditions

The accessions of tomato used for this study were obtained from NBPGR (National Bureau of
Plant Genetic resources, http://www.nbpgr.ernet.in/), TGRC (Tomato Genetic Resource
Center, University of California, Davis, http://tgrc.ucdavis.edu/), 1IVR (Indian Institute of
Vegetable Research, Varanasi, India, http://www.iivr.org.in) and Bejo Sheetal, Jalna, India
(Table 1, p-51). Prior to sowing, the seeds were surface sterilized in 2% (v/v) sodium
hypochlorite. Seedlings were grown in plastic cup filled with Soilrite mixture. The cups were
kept in large plastic trays filled with 1 cm of water. The seedlings were grown under white
fluorescent light (100 pmol / m? / sec) in growth room at 25 + 2°C until the harvest of leaf

tissue.
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3.3.2 Harvesting and DNA Isolation

Seedlings were harvested after full expansion of cotyledons, usually 7-10 days from
germination. From each accession 100 mg cotyledon tissue was harvested and transferred to a
single well of a 96-deep well plate. Genomic DNA samples were prepared from cotyledon
tissue using a protocol as described earlier (Sreelakshmi et al., 2009). The quality and
quantity of DNA was assessed by running on a 1% (w/v) agarose gel with A DNA ladder as a
reference. The isolated DNA was diluted to final concentration of 2.5 ng/ul prior to PCR

amplification.

3.3.3 PCR Amplification, SNP Detection and Confirmation

The standard protocol of Colbert et al. (2001) and Till et al. (2003, 2006) was followed to
detect SNPs. Primers were designed to amplify approximately 800-1600 bp target region for 2
target genes. The sequence information for these genes was obtained from NCBI GenBank
(http://www.ncbi.nim.nih.gov/). The target regions in a given gene for SNP detection was
ascertained by CODDLE software and primers were designed using Primer3 v.4 software.
Nested PCR, a modification of standard PCR, which is based on two consecutive PCR
reactions, was used to amplify targeted gene region. The first step PCR was carried out with a
set of primers, designed from the flanking sequence of targeted genomic region. For next step
appropriately diluted first step PCR product was used as a template in the second step. In the
second step PCR, a mix of target specific inner primer with M13 overhangs and fluorescent
labeled M13 universal primers M13 F700 (5' TGTAAAACGACGGCCAGT 3') and M13 -
R800 (5' TGTAAAACGACGGCCAGT 3') labeled at 5’ end with IF dyes IRD 700 and IRD

800 respectively were used to amplify the targeted region (Table I, p-75).

First step PCR was performed in a volume of 20 pl with 2.5 ng genomic DNA with an

equal amount of reference (WT AV) DNA. The reaction consisted of 5 ul of DNA template,
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1X PCR buffer (10 mM Tris, 5 mM KCI, 1.5 mM MgCl,, 0.1% (w/v) gelatin, 0.005% (v/v)
Tween-20, 0.005% (v/v) Np-40, pH 8.8), 0.2 mM dNTPs, 0.18 ul Taq polymerase (in-house
isolated) and 3 pmoles each of first step PCR forward and reverse primers. For second step
PCR 2 pl of two fold diluted first step PCR product was used as template and 3 pmoles of
primers combined in a ratio of 3:2:4:1 (forward labeled: forward unlabeled: reverse labeled:

reverse unlabeled) were used.

After CEL-I digestion, second step PCR product was electrophoresed on a denaturing 6.5%
(w/v) polyacrylamide gel at 1500 V, 40 mA and 40 V setting in 4300 Li- COR DNA
Analyzer. The two TIFF images obtained in 700 and 800 channels were analyzed in Adobe
Photoshop software (Adobe Systems Inc.) to visually assess for SNPs. The SNPs, which were
detected on Li-COR were later validated by PCR amplification of gene from particular line
and sequencing. The genomic DNA from accessions bearing SNP were reamplified and

purified by a purification column (Bioserve) and sent for sequencing (Bioserve India).
3.4 Sequence Diversity of PHY Genes in Tomato Wild Relatives

3.4.1 Plant Materials and Growth Conditions

The Five wild Solanum species (S. chilense; S. pimpinellifolium; S. habrochaites; S.
pennellii; S. neorickii and S. cheesmanii) were selected for this study along with tomato S.
lycopersicum (cv. Ailsa Craig) (Table I, p-51). Seeds for these tomato accessions were
obtained from the true-breeding monogenic stocks maintained by TGRC (University of
California, Davis). The seeds were first surface sterilized with 2 % (v/v) sodium hypochlorite
solution for 5-10 min at room temperature. Thereafter, the seeds were thoroughly washed
under running tap water. Seeds were then sown in plastic cups filled with Soilrite mixture
(Keltech Energies Limited, Karnataka, India) and were grown under continuous white light

(100 pmol m 2 ) at 25°C. After fifteen days from sowing, seedlings were transferred to pots
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and were grown in open field. Mature foliage leaves from each of the above accessions were
used for RNA extraction. The collected tissue was either directly used for extraction or stored

at -80°C for further experiment.

3.4.2 Primer Design

The structural and functional diversity of sequence in wild relatives of tomato was examined
for phytochrome A, phytochrome B1, phytochrome E and phytochrome F (Table Il, p-75).
Primer 3 (http://frodo.wi.mit.edu/), a software for primer design was used to design primers
suitable for target genes (Table 111, p-89). The primers were designed by using the sequence
of respective phytochrome gene obtained from Genebank. The primer pairs were selected in
such a way that they amplified an amplicon of 800-900 bp size, which is an ideal size for
sequencing. The properties of the primers such as Tm, GC content etc. were also checked
with Oligocalc: oligonucleotide property calculator (http://www.basic. northwestern.edu/
biotools/oligocalc.html) or oligo analyzer: IDT (http://www.idtdna.com/analyzer/applications/

oligoanalyzer/) to rule out the possibility of hairpin or dimer formation between primer pairs.

3.4.3 Isolation of Total RNA

For total RNA isolation, the TRIzol reagent was used following instructions provided by the
manufacturer (Invitrogen). Leaf tissues were homogenized to a fine powder in liquid nitrogen
in a pre-cooled pestle and mortar. The homogenate was transferred to a 1.5ml Eppendorf tube.
To 200 pg samples, 1 ml extraction buffer [TRIzol reagent: 38% (w/v) phenol] (USB
Cooperation, Cleveland, Ohio, USA) was equilibrated to pH 4.0 with Tris-HCI buffer; 0.8 M
guanidine thiocyanate; 0.4 M ammonium thiocyanate; 0.1 M sodium acetate (pH 5.0); 5%
(w/v) glycerol] was added and samples were mixed by vortexing. Samples were then
incubated for 5 min at room temperature. After incubation, 0.2 ml chloroform was added and

tubes were subjected to vigorous vortexing. Thereafter tubes were incubated at room
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temperature for 3 min followed by centrifugation at 10,000 rpm at 4°C for 15 min. After
phase separation, the upper aqueous phase was carefully transferred into another Eppendorf
tube and to it; 0.5 ml of isopropanol was added. After incubation at room temperature for 10
min, tubes were centrifuged (10,000 rpm; 4°C; 10 min) and the supernatant was discarded.
The resulting pellet was washed with 75% ice-cold ethanol, and then re-centrifuged (10,000
rpm; 4°C; 10 min). Finally, the pellet was dissolved in 50 ul DEPC treated water. Total RNA
concentration was determined by measuring absorbance at 260 and 280 nm. Samples were

stored at -80°C until further use.

3.4.4 cDNA Synthesis

The cDNA for four phytochrome genes (PHYA, PHYB1, PHYE and PHYF) were amplified
using the total RNA isolated from the respective plant tissue. Primers were designed for PCR
using sequences in the NCBI database (Table I, p-75) (www.ncbi.nlm.nih.gov). The RNA
samples were used to synthesise cDNA wusing SuperScript Il reverse transcriptase
(Invitrogen) following standard protocols. Gene-specific primers for Phytochrome A, B1, E

and F, were designed to amplify full-length cDNA (Table 111, p-89).

Amplification reaction was set up in a volume of 20 ul. The reaction consisted of 25 ng of
template (cDNA), 1X PCR buffer (10 mM Tris, 5 mM KCI, 1.5 mM MqgCl,, 0.1% (w/v)
gelatin, 0.005% (v/v) Tween-20, 0.005% (v/v) NP-40, pH 8.8), 2.5 mM dNTPs, 2.0 mM
MgCl,, 0.18 ul Taq polymerase (in-house isolated) and 3 pmoles of forward and reverse
primers. PCR conditions were as follows: denaturation at 94°C for 2 min, followed by 35
cycles of 94°C for 20 s, 60°C for 45 s, and 72°C for 60 s. At the end, reactions were
maintained at 72°C for 10 min followed by incubation at 4°C forever. Following
amplification, the PCR products were visualized by electrophoresis on 1% (w/v) TAE-agarose

gels stained with ethidium bromide.
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3.4.5 Sequencing, Sequence Analysis, and Bioinformatics Tools

PCR products were sequenced using dideoxynucleotide chain termination method. DNA
templates for sequencing reactions were purified with spin columns from Bioserve. Sequences
were assembled using Chromas software (http://www.technelysium.com.au/chromaslite.
html). Sequence analysis was done using multialin (http://multalin.toulouse.inra.fr/multalin/)
which produced alignment of nucleotide sequences. The potential effect of SNPs on protein
function was evaluated using the PARSESNP program, (http://www.proweb.org/-parsesnp/)

which was used to find out the PSSM scores and SIFT values.

Position-specific scoring matrix (PSSM) is a commonly used representation of motif
(patterns) in biological sequence. PSSMs enable the scoring of multiple alignments with
sequences, structures etc. The conversion of a multiple alignment, such as a block, into a
PSSM can use the multiple alignment sequence weights, the expected number of amino acids
and the frequencies of unobserved amino acids (pseudocounts). SIFT (Sorting Intolerant From
Tolerant) value can predict, whether an amino acid substitution affects the protein function.
This prediction is based on the sequence homology and the physical properties of amino
acids. For a SNP, a SIFT score < 0.05 and /or a PSSM score >10 is predicted to be damaging

to the function of the encoded protein.

3.4.6 Tests of Neutrality

To test for deviations from the neutral equilibrium model of evolution, we performed
Tajima’s D (Tajima, 1989) analysis using the programs DnaSP (ver.5.0). In each locus,
Tajima’s D (Tajima, 1989) was calculated at all sites and at silent sites separately. Tajima’s D
is based on the discrepancy between the mean pairwise differences and Watterson’s estimator
(hw). In this analysis, negative values indicate an excess of low-frequency polymorphisms,

whereas positive values indicate an excess of intermediate polymorphisms. DnaSP version
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5.10 (Librado and Rozas, 2009) was used for carrying out statistical neutrality tests, and
Tajima’s D test (Tajima, 1989) was performed on each sequence. In addition, the nucleotide

variation of each sequence was estimated as nucleotide diversity (Tajima, 1989).
3.4.7 Phylogenetic Analysis

We used Tree top-phylogenetic tree prediction from Gene Bee molecular biology service
(http://www.genebee.msu.su/genebee.html) for analyzing the phylogenetic relationships
between the sequences. Phylogenetic relationships were derived using the neighbor-joining
method. Neighbor joining is a bottom up clustering 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 a correct tree. This method computes the length of
the branches of the tree and in each stage, two nearest nodes of the tree are chosen and

defined as neighbors. This process is carried out until all the nodes are paired together.
3.4.8 Effect of R/FR Light on Seedling Phenotype

Surface-sterilized seeds were incubated in dark (D) for 72 h at 25°C on two layers of
germination papers soaked with distilled water. The irradiation with continuous, R and FR (3
umol/m?/s) was started after emergence of the radicle. Seedlings used in all types of analyses

were grown for 7 days after emergence under continuous broadband light.
3.5 Light Regulation of Lateral Root Formation (LRF) in Tomato

3.5.1 Plant Growth Conditions

Tomato seeds were surface sterilized in 2% (v/v) sodium hypochlorite for 15-20 min followed
by washing under running tap water. Surface-sterilized seeds were germinated in dark at 25°C
on two layers of germination papers soaked with distilled water. After emergence of the

radicle, seeds were transferred to 1% agar plates. Plates were oriented vertically to allow roots
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to grow on the surface of the media. Seedlings were grown in a culture room at 25 + 1°C in
continuous white light (100umol m 2 s ). For experiments requiring specific light treatment,
seedlings after radicle emergence, were irradiated with continuous, R (5 pmol/m?/s) and FR
(3 pumol/m?/s). The root length was measured after 7 days of growth on vertical agar plates.
For application of pharmacological inhibitors, seedlings after radicle protrusion were
transferred on agar containing the concerned chemical/inhibitors. The effect of the following
chemicals 0.5 pM TIBA (polar auxin transport inhibitor) or 20-80 uM ACC (ethylene

substrate) were examined on root length.
3.5.2 Excision of Root Tips from Seedlings

Root tips were excised at desired time intervals with a sterilized blade while the seedlings
were still on the plates. The plates were re-sealed and placed in the growth room for
additional 3 to 5 days (based on the experiment). At the end of this period, numbers of lateral

roots formed were counted.
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4. RESULTS
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4.1 PCR Optimization

The optimization of PCR is one of the most important requisite for successful TILLING. PCR
is carried out using a set of stringent primers design, which includes high Tm and high GC
content. In addition, since we used an in-house purified Taq polymerase, it also required
rigorous optimization compared to commercially available Taq polymerase such as
TAKARA-ex-Tag. Initial optimization for PCR was carried out using unlabeled primers. The
parameters which were optimized included varying units of Taq polymerase, amount of Mg?*
ions, effect of monovalent salt concentration, amount of template (DNA) and effect of PCR
additives (for more yield and specific product) in the PCR reaction. One of the major factors
influencing PCR was the type of cycling conditions (i.e., touchdown versus straight cycles).
Second level of optimization required achieving a proper balance between ratios of IR dye
labeled primers and unlabeled primers. A cocktail of 3 pmoles of forward and reverse primers
combined in a ratio of 3:2:4:1(forward labeled: forward unlabeled: reverse labeled: reverse

unlabeled) was found to be most optimal for PCR amplification.

Based on a set of optimization experiments, a final protocol was derived for TILLING
PCR, which included several modifications to overcome most of the commonly encountered

problems related to PCR.

In current study, three different sets of primers (two sets for phytochrome A viz set A and
set B and one set for phytochrome B1) were optimized (Table I). To save time, initial PCR
optimization was carried out using set A primer of phytochrome A. Subsequently the same

optimized protocol of PCR was also applied to two other primers used in this study.
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Table 1. The primer sequences for amplification of phytochrome A (phyA) and
phytochrome B1 (phyB1) gene used in TILLING. Two sets of primers were used for
phytochrome A and one set of primer was used for phytochrome B1. The precise
sequence of phytochrome gene amplified by respective primer set is indicated in the
table.

SI. Primers Region Product Sequence Sequence
No amplified  size (bp) (Forward) (Reverse)
(bp to bp) 5'-3' 5'-3'
1 PhyA 2684 to 1420 ACACGTCAACA CTGATCAATTTG
(set A) 4104 AGGAACTGGAA GCTGGTGTTCT
TTGGAAAATC GAGTGGA
2 PhyA 1304 to 1402 AGGTAGAGGCT AATTCCAGTTCC
(set B) 2708 TTACGATAAATC TTGTTG
ATCC ACGTGTATG
3 PhyB1 3041 to 868 CATCACAAGGT TCCACAATCATT
(set A) 3908 CAAGCTCAATCT CTCACCCTGTCC
TCAGG TGC

4.1.1 Optimization of PCR using Phytochrome A (set A) Primers

Optimization with unlabeled primers: Since agarose electrophoresis is more cost effective
to detect PCR product, initial PCR optimization were carried out using unlabeled primer.

Following modifications were attempted to optimize PCR using unlabeled primers:

i) Gradient PCR

i) Optimization of cycling parameters

iii) Optimization of ratio of reaction components

iv) Use of different adjuvants.

Gradient PCR: Using tomato genomic DNA, a gradient PCR was set up for Phytochrome A
(set A) primer with a temperature gradient ranging from 62°C to 70°C. Analysis of PCR
products on agarose gel electrophoresis showed that temperature of 62°C was most optimal

for annealing resulting in sharp band of PCR products (Fig. 1). Taking above result in
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account, 62°C was chosen as the temperature for phytochrome A (set A) primer set for further

PCR optimization.

Optimization of PCR Cycling Conditions: Even though annealing at 62°C resulted in better
PCR amplification with unlabeled primers, when PCR product were electrophoresed on a Li-
COR DNA analyser used for TILLING, we found that simple straight cycle PCR was
insufficient and did not yield a satisfactory PCR amplification for visualization on Li-COR
machine (Fig. 2). Therefore as a next step, we optimized the PCR cycling parameters to attain
a better amplification for TILLING. Initial modifications which included variations in the

annealing time and extension time during cycling did not improve the PCR product formation.

To overcome this we adopted a different method of PCR, viz touchdown PCR, where
cycling conditions were altered. A touchdown program was used where annealing
temperature was progressively lowered from 70°C to 60°C by 1°C every cycle followed by 10
additional cycles at 60°C. Using above touchdown program for PCR with Phytochrome A
primer (Set A), a 3 fold better PCR amplification was attained compared to normal straight
cycle PCR. Moreover agarose gel electrophoresis revealed that PCR product band was sharper

compared to straight cycle PCR (Fig. 3).

Use of adjuvants: PVPP, glycerol and BSA: Several studies recommend glycerol as an
adjuvant to improve efficiency and also specificity of PCR, when used at a suitable
concentration. Addition of glycerol in PCR mixture enhanced the yield of amplification;
however, we observed that increasing the concentration of glycerol could also lead to
decrease in PCR specificity (Fig. 4). Compared to glycerol, inclusion of BSA (20 mg/ml) was
found to be a better alternative. Inclusion of BSA increased the efficiency of the PCR without

leading to nonspecific PCR product formation. The enhancing effect of BSA on PCR yield
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Figure 1. Determination of optimal annealing temperature for PCR using phytochrome A
(setA) primer. A gradient PCR was carried out with a temperature gradient ranging from 60°C
to 65°C. Lane 1: 60°C, lane 2: 61°C, lane 3: 62°C, lane 4: 63 °C and lane 5: 64 °C. The optimal
annealing temperature was found to be 62°C (lane 3). The following cycling parameters were
selected: denaturation 20 s, 30 cycles of annealing (40 s) and extension (2 min).
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Figure 2. Li-COR gel images showing amplification profile for a 1.4-kb region of
Phytochrome A gene (amplified using primer set A). Note that the PCR product is not visible
(Arrow). The size (bp) of the marker is indicated on right side of the image. The following
cycling parameters were selected: denaturation 20 s, 30 cycles of annealing 40 s and extension
2 min, and Tag polymerase 0.4 units.
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Figure 3. Comparison of PCR cycling conditions for amplification of a 1.4-kb Phytochrome A
gene region (amplified using primer set A). (A) Straight (normal cycling), and (B) touchdown
cycling. Note that compared to straight cycle more efficient PCR amplification is obtained
with touchdown cycling. The following cycling parameters were selected for straight cycle:
denaturation 20 s, 30 cycles of annealing 40 s, and extension 2 min. For touchdown cycle:
denaturation 20 s , 22 cycles of annealing 40 s, and extension 2 min with initial annealing at
70 °C for 40 s with a temperature decrement of 1°C after each cycles for 8 cycles.
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Figure 4. Effect of 1% (w/v) glycerol on PCR amplification of a 1.4-kb Phytochrome A gene
region (amplified using primer set A . (A) 1% (w/v) glycerol, and (B) without 1% (w/v)
glycerol. Though there was an increased PCR product formation in the presence of glycerol,
there is also a decreased specificity and lack of consistency (A). A touchdown cycle with
following cycling parameters was used for amplification: denaturation 20 s, annealing 40 s,
extension 2 min, 7aq polymerase 0.4 units. An initial annealing at 70°C for 40 s with a
temperature decrement of 1°C after each cycles for 8 cycles.
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was more obvious when it was used along with 6% (w/v) PVPP. It is likely that inclusion of

PVPP may have removed phenolics which co-purifies with plant genomic DNA (Fig. 5).

Optimization with labeled primer: After achieving improved PCR amplification with
unlabeled primer, we next optimized PCR combining fluorescently labeled with unlabeled
primer using standard protocol of TILLING. Surprisingly the same PCR combinations which
yielded optimal amplification with unlabeled primer, were found to be suboptimal as these did
not yield a good profile of PCR product on Li-COR DNA analyzer (reaction with labeled
primer) (Fig. 6). In view of this, PCR optimization was further continued by modifying

various reaction components to suite for TILLING.
Optimization of Reaction Components

To overcome the inconsistency of PCR reaction and to attain better reproducibility, further
optimization was attempted by again varying the concentration of various PCR reaction
components. As described above the parameters which were tested included units of Taq

polymerase, amount of Mg?* ions and amount of dNTP in the PCR.

Amount of Taqg polymerase: On testing different concentrations of Taq polymerase (In-
house isolated) optimal enzyme amount was found to be around 0.18 pl for a 20 pl reaction
volume (Fig. 7). Though a range of Tag amount from 0.1 to 0.4 pl led to better PCR
amplification (data not shown), a mid-range, 0.18 ul Taq /20 pl, was selected for PCR as it

resulted in maximum consistency for formation of PCR product.

Amount of MgCl,: Most PCR protocols recommend a concentration of about 1.5 mM
magnesium chloride, along with dNTP concentrations of about 2.5 mM each. To examine the
influence of magnesium chloride, a PCR was performed, by keeping a fixed concentration of

dNTP (2.5 mM) and a stepwise increment of magnesium chloride from 1.5-2.5 mM (Fig. 8).
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Figure 5. Effect of BSA (20 mg/ml) and PVPP (6% w/v) on PCR amplification of a 1.4-kb
Phytochrome A gene region (amplified using primer set A). (A) control, (B) 20 mg/ml BSA,
(C) 6% (w/v) PVPP, and (D) 6% (w/v) PVPP + 20 mg/ml BSA. Note the inclusion of BSA
(20 mg/ml) increased the efficiency of the PCR without undesired nonspecific PCR product
formation. When used in combination with 6% (w/v) PVPP the enhancing effect of BSA was
further increased (D). A touch down cycle with following cycling parameters was used for
amplification: denaturation 20 s, annealing 40 s, extension 2 min, and 7ag polymerase 0.4
units. An initial annealing at 70°C for 40 s with a temperature decrement of 1°C after each
cycles for 8§ cycles.
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Figure 6. A Li-COR image showing PCR amplification of a 1.4-kb Phytochrome A gene
region (amplified using primer set A). A touchdown cycle was used and adjuvants (BSA(20
mg/ml) and 6% (w/v) PVPP) were added in the reaction mix. Note the absence of a PCR
product (arrow). Only 700 channel is shown here. The size (bp) of the marker is indicated on
right side of the image.
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Figure 7. A representative Li-COR image showing effect of concentration of Tag polymerase
on amplification of 1.4-kb phytochrome A gene region (amplified using primer set A. (A) 0.10
ul 7ag, and (B) 0.18 pl 7aq. Note an increased amplification with 0.18 Tag. A touchdown
cycle was used and adjuvants (BSA (20 mg/ml) and 6% (w/v) PVPP) were added to the
reaction mix.(only 700 channel is shown). The size (bp) of the marker is indicated on right
side of the image.
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Figure 8. Representative Li-COR gel images showing optimization of MgCl, concentration
for amplification of 1.4-kb Phytochrome A gene region (amplified using primer set A). The
full-length PCR product is visible as a dark line at the top of each wells (top arrow).
Amplifications with three different MgCl, concentrations are shown. (A) 1.5 mM, (B) 2 mM,
and (C) 2.5 mM. Note a robust and specific phytochrome A amplification in panel B. A
touchdown cycle was used and adjuvants BSA (20 mg/ml) and 6% (w/v) PVPP) were added
in the reaction mix (only 700 channel is shown). The size (bp) of the marker is indicated on
right side of the image.
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Our results showed that at high concentrations (~2.5 mM MgCl,) the PCR amplification
resulted in more specific product. At this concentration, there was almost 2-fold increase in

products formation compared to the standard MgCl, concentration.

Amount of dNTP: The effect of varying dNTP concentration in a TILLING PCR was tested
by maintaining constant concentration of other reaction components. On testing two different
dNTP concentrations (2.5 mM and 3 mM) it was found that both concentrations led to good
yield of PCR product. Since both the concentrations were giving good yield, the lower

concentration of dNTP (2.5 mM) was selected for TILLING reactions (Fig. 9).

Nested PCR

A modification of standard PCR, Nested PCR, which basically employs two consecutive and
independent PCR reactions, was used to amplify gene targets for TILLING. This two-step
PCR or nested PCR was employed to increase the sensitivity of the technique and also to
reduce nonspecific amplifications. In the TILLING reaction where pooled DNA is used as the
template, nested PCR plays an important role by increasing specific product formation. The
first step of PCR amplification was carried out using a set of unlabeled primers, designed
from the flanking sequence of targeted genomic region. After completion of first step PCR the

diluted first step PCR product was used as a template for the second step PCR (Fig. 10).

Using these combinations, a protocol was derived for phytochrome A (set A) primer for
TILLING PCR. For the nested reaction the first step PCR was carried out using a straight
cycle. First step PCR amplification was performed in a volume of 20 pl with 5 ng DNA (1:1
ratio of reference: mutant sample). The reaction mixture consisted in final volume of 5 ul of
the DNA template, 1X PCR buffer (10 mM Tris, 5 mM KCI, 1.5 mM MgCl,, 0.1% (w/v)
gelatin, 0.005% (v/v) Tween-20, 0.005% (v/v) NP-40, pH 8.8), 0.2 mM dNTPs, 0.18 ul Taq

polymerase and 3 pmoles each of first step unlabeled forward and reverse primers.
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Figure 9. Representative Li-COR gel images showing optimization of dNTP concentration
for a 1.4-kb Phytochrome A gene region (amplified using primer A). The full-length PCR
product is visible as a dark line at the top of each wells (top arrow). Amplification with two
different dNTP concentrations (2.5mM and 3 mM) was shown. (A) 2.5 mM and (B) 3 mM. A
touchdown cycle was used and adjuvants (BSA(20 mg/ml) and 6% (w/v) PVPP) were added
in the reaction mix (only 700 channel is shown). The size (bp) of the marker is indicated on
right side of the image.
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Figure 10. Representative Li-COR gel images showing improvement of amplification profile
for a 1.4-kb Phytochrome A gene region (amplified using primer set A with nested PCR).
The full-length PCR product is visible as a dark line at the top of each of the 48 wells (top
arrow). (A) Normal PCR and (B) nested PCR. A touchdown cycle was used and adjuvants
(BSA (20 mg/ml) and 6 % (w/v) PVPP) were added in the reaction mix. Only 700 channel is
shown. The size (bp) of the marker is indicated on right side of the image.
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This was followed by the second step PCR reaction where an aliquot of 2 ul of two fold
diluted first step PCR product was used as template. Here 3 pmoles of unlabeled and labeled
primers combined in a ratio of 3:2:4:1 (forward labeled: forward unlabeled: reverse labeled:
reverse unlabeled) were used. In contrast to straight cycle used for first step PCR, for second
step PCR touchdown cycle with following parameters were used for amplification:
denaturation for 20 s, annealing at 60°C 40 s, extension 2 min, Taq polymerase 0.4 ul with an
initial annealing temperature set at 70°C for 40 s followed with a temperature decrement of
1°C after each cycles for 8 cycle). The reaction mixture consisted of 1X PCR buffer (10 mM
Tris, 5 mM KCI, 1.5 mM MgCl,, 0.1% (w/v) gelatin, 0.005% (v/v) Tween-20, 0.005% (v/v)
NP-40, pH 8.8), 0.2 mM dNTPs, 0.18 ul Taq polymerase (in-house isolated) and adjuvants:

BSA(20 mg/ml) and 6% (w/v) PVPP (Fig. 11).
4.1.2 PCR Optimization for Phytochrome B1

A very similar series of steps for optimization that were used for Phytochrome A (set A)
primers was also carried out for Phytochrome Bl primer. The parameters which were
optimized included units of Taq polymerase, amount of Mg** ions, effect of monovalent salt
concentration, amount of 10X buffer added into the reaction mixture for PCR (0.8X-1.5 X)
and effect of additives (for more yield and specific product) on the PCR reaction. The effect
of cycling conditions was also checked. It was found that touchdown cycle is also well-suited
for Phytochrome B1 amplification. Subsequently, nested PCR strategy was also optimized for
the amplification of Phytochrome B1 (Fig. 12). Second level of optimization was carried out
using with labeled primers. The reaction was optimized in a reaction volume of 20 ul, with 5
ng of DNA. The reaction consisted of 5 pl of template,1X PCR buffer (10 mM Tris, 5 mM
KCI, 1.5 mM MgCl,, 0.1% (w/v) gelatin, 0.005% (v/v) Tween-20, 0.005% (v/v) NP-40, (pH

8.8), 0.2 mM dNTPs, 0.18 ul Tag polymerase (in-house isolated) and 3 pmoles of primers
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Figure 11. Representative Li-COR gel images showing an amplification profile for a 1.4-kb
Phytochrome A gene region (amplified using primer set A). The full-length PCR product is
visible as a dark line at the top of each of the 96 wells (top arrow). A touchdown cycle was
used and a reaction mix consisted of 5 ng of template, 1X PCR buffer, 0.2 mM dNTPs, 0.18
ul Tag polymerase (in-house isolated) and 3 pmoles of primers cocktail and adjuvants
(BSA(20 mg/ml) and 6% (w/v) PVPP) was used for this reaction (only 700 channel is shown).
The size (bp) of the marker is indicated on right side of the image.
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Figure 12. Representative Li-COR gel images showing improvement of amplification profile
for a 868-bp Phytochrome B1 gene region (amplified using phytochrome B1 primer set B)
with nested PCR. The full-length PCR product is visible as a dark line at the top of each of the
48 wells (top arrow). (A) Normal PCR and (B) nested PCR. A touchdown cycle was used and
adjuvants (BSA(20 mg/ml) and 6 % (w/v) PVPP) were added in the reaction mix. Only 700
channel is shown. The size (bp) of the marker is indicated on right side of the image.
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combined in a ratio of 3:2:4:1 (forward labeled: forward unlabeled: reverse labeled: reverse

unlabeled) (Fig. 13).

4.1.3 PCR Optimization for Phytochrome A Primer (set B)

The composition used for Phyochrome A (for set B primer) consisted of 5 ul of genomic DNA
template, 1X PCR buffer (10 mM Tris, 5 mM KCI, 1.5 mM MgCl,, 0.1% (w/v) gelatin,
0.005% (v/v) Tween-20, 0.005% (v/v) NP-40, pH 8.8), 0.2 mM dNTPs, 0.18 ul Taq
polymerase (in-house isolated) and 3 pmoles of primers combined in a ratio of 3:2:4:1

(forward labeled: forward unlabeled: reverse labeled: reverse unlabeled) (Fig. 14).

4.2 TILLING

4.2.1 High Throughput Mutation Detection Platform

In general, TILLING identifies mutation using a mismatch specific endonuclease that
specifically cleaves at the mutation point by recognizing mismatches in double stranded DNA
molecule (McCallum et al., 2000b). Adopting the efficient point mutation discovery method
described for Arabidopsis TILLING project (Till et al., 2003), we used a Li-COR DNA
analyzer based mutation detection protocol. In addition to Arabidopsis, the Li-COR based

TILLING has also been successfully carried out in several other organisms.

Basically, the TILLING procedure can be divided into a number of steps (Fig. 15). Genomic
DNA is first extracted from a mutagenized population. Screening for mutations starts with
PCR amplification of the target sequence of up to~1.5 kb using gene-specific infrared dye-
labeled primers. ldeally the forward primer is labeled (5'-end) with an IR dye (IR Dye 700)
that fluoresce at ~700 nm (IR Dye 700) and the reverse primer is labeled with the IR Dye 800,
which fluoresce at ~800 nm. After performing PCR, the amplified products are denatured and

annealed to form heteroduplexes between mutant and wild-type DNA strands.
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Figure 13. Representative Li-COR gel images showing an amplification profile for a 868-bp
Phytochrome B1 gene region (amplified using Phytochrome B1 set A primer). The full-length
PCR product is visible as a dark line at the top of each of the 96 wells (top arrow). A
touchdown cycle was used and a reaction mix consisted of 5 ng of template, 1X PCR buffer,
0.2 mM dNTPs, 0.18 ul Taq polymerase (in-house isolated) and 3 pmoles of primers cocktail
and adjuvants (BSA(20 mg/ml) and 6% (w/v) PVPP) was used for this reaction. Only 700
channel is shown. The size (bp) of the marker is indicated on right side of the image.
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Figure 14. Representative Li-COR gel images showing an amplification profile for a 1402-bp
Phytochrome A gene region (amplified using Phytochrome A set B. The full-length PCR
product is visible as a dark line at the top of each of the 96 wells (top arrow). A touchdown
cycle was used and a reaction mix consisted of 5 ng of template, 1X PCR buffer, 0.2 mM
dNTPs, 0.18 ul Tag polymerase (in-house isolated) and 3 pmoles of primers cock tail and
adjuvants (BSA(20 mg/ml and 6% (w/v) PVPP) was used for this reaction. Only 700 channel
is shown. The size (bp) of the marker is indicated on right side of the image.
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Figure 15. The major steps for high-throughput mutation discovery by TILLING (Till et al.,
2006). The procedure consists of (i) extraction of genomic DNA (ii) Arraying and pooling of
DNA samples (iii) PCR amplification using fluorescently labeled gene-specific primers
followed by the generation of heteroduplexed molecules by denaturing and annealing
polymorphic amplicons, (iv) enzymatic cleavage of mismatched regions in heteroduplexed
fragments, (v) sample purification and volume reduction, (vi) polyacrylamide denaturing gel
electrophoresis, and (vii) data analysis to discover polymorphic samples.
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Single-strand specific nuclease CEL-I is then used to digest mismatched base pairs (Fig.
16). After purification of the cleaved DNA, an aliquot of each sample is loaded onto a
denaturing polyacrylamide slab gel (Till et al., 2006), in Li-COR DNA analyzer system to
visualize fluorescently labeled DNA. The two TIFF images of 700 and 800 channels obtained
in Li-COR DNA analyser are analyzed in Adobe Photoshop software (Adobe Systems Inc.)
and the migration pattern of PCR fragment on gel is visually assessed for mutations
(Sreelakshmi et al., 2009). In samples bearing mutation, using standard DNA sequencing

methods, the exact nucleotide change leading to mutation in genomic DNA is determined.

4.2.2 Tomato TILLING

To set up TILLING for tomato, we used an M, population consisting of ~10,000 tomato lines.

The key steps in the TILLING procedure (Fig. 17) were,

i) Generation of mutagenized population of Tomato

ii) Pooling and genomic DNA isolation

iii) Polymerase chain reaction (PCR) amplification of genes of interest and subsequent

screening for induced mutations and, finally

iv) Production of selfed progeny to obtain homozygous mutant lines for the gene of interest

v) Confirmation of linkage phenotype with genotype by genetic segregation.

4.2.3 Production of Arka Vikas Mutant Population

TILLING, a reverse genetic high throughput approach, aims to identify mutations in a gene or

genes of interest from a mutagenized population. Mutagenesis is often accomplished by
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Figure 16. Schematic diagram of enzymatic mismatch cleavage. PCR is performed using 5’
IR Dye-labeled primers. The forward primer is labeled with IRDye 700 (blue four-point star)
and the reverse with IRDye 800 (red five-point star). Heteroduplexed DNA molecules are
formed by denaturing and annealing amplified fragments. Mismatched regions are cleaved by
treatment with a single-strand specific nuclease (green lightning bolts). Products are
denatured and fragments are size-fractionated using denaturing polyacrylamide gel
electrophoresis and visualized using a Li-COR DNA analyzer. The molecular weight of the
cleaved IRDye 700 fragment (1140 bp in this example) plus the IRDye 800 cleaved fragment
(280 bp) equals the molecular weight of the full-length PCR product (1420 bp). The
molecular weights of the two fragments provide the position of the nucleotide change (Till et
al., 2006).
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Figure 17. Establishment of Tomato EMS mutant library. Tomato cv. Arka Vikas seeds were
EMS mutagenized. From the self-fertilized field grown M; plants M, seeds were collected.
DNA extracted from the M, plants was used for TILLING assay. Eight fold pooled DNA was
amplified with fluorescent labeled primers and mismatch cleavage was done with a mismatch
specific endonuclease CEL1. Mutants, which shows variable length of fragments after
mismatch cleavage was detected on a LI-COR 4300 DNA analyzer.
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treating seeds with a chemical mutagen such as EMS. Most plant species are well suited for
this strategy as plants can be self-fertilized and mutagenized seeds can be stored for long
periods. One of the commonly used mutagen for raising mutagenized population is ethyl
methane sulphonate (EMS). EMS typically produces transition mutations because it alkylates
G residues and these alkylated G residue pair with T instead of the conventional base pairing
with C. In our experiments, we used Arka Vikas cultivar, which is an Indian cultivar of
tomato commonly grown in South India. It completes its reproductive cycle within four

months, permitting three successive generations in a year under greenhouse conditions.

To deduce the impact of chemical mutagenesis with EMS, lethality was determined for a
number of different concentrations of EMS. Based on the previous reports of the Lethal Dose
(LD) values and saturation of mutations in tomato (Menda et al., 2004), initially a
mutagenized population of plants treated with 60 mM (0.75% w/v) EMS was raised after
treating the seeds of Arka Vikas (My) as the starting material. The seeds of M; plants showed
40% reduction in germination (Table 11) compared to control untreated seeds under standard
greenhouse conditions, which directly indicated the effectiveness of EMS treatment. Out of
the total germinated seedlings, nearly 83% of M; plants survived when grown in open field

with drip irrigation.

The frequency of phenotypic variations observed in 60 mM-EMS treated M, population of
Arka Vikas was lower as compared to the 0.5% EMS treated population of cv. M-82 (Menda
et al., 2004). To augment improved mutation detection, we raised another M, population with
stronger dosage of mutagen (120 mM EMS) (Table II). After germination, seedlings from
individual M, lines were scored for the number of albinos and yellow green seedlings
obtained along with wild type phenotype. Segregation ratios of albino/yellow phenotype at
seedling stage for individual M, lines were used to ascertain the number of germ cell in

tomato. We used this data for determining the efficiency of mutagenesis. Many abnormal
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phenotypes were observed in field grown 120 mM EMS treated M, Arka Vikas population.
The phenotypes were recorded using PDA and stored in a database for future forward genetic

analysis.

Table II. Comparative survival percentage of 60 mM and 120 mM EMS treated
populations.

EMS conc. Lethality No. of M, plants survived
60 mM 40% 4000
120 mM 53% 3000

4.2.4 Phenotyping for Plant Architecture Variation.

From nearly 12,000 M, plants planted in the field, about 10,000 plants survived. During the
vegetative and reproductive growth, these plants were repeatedly evaluated for aberrant
phenotypes distinct from wild-type cv. Arka Vikas. The phenotypes related to architectural
variation were organized into plant size, plant habit, internodal length, leaf width, leaf colour,
leaf size, leaf complexity, leaf texture, flowering and flower morphology. The characters used
to describe the phenotypes were selected from the plant phenotype ontology and from
previous investigations of systematic phenotyping of the mutant tomato collection (Menda et
al., 2004). We used an electronic hand held device Personal Data Assistant (PDA) with
specifically designed PC compatible software PHENOME in combination with an in built
barcode laser scanner to record phenotype data of each plant in M, population. The digitally

recorded data under 10 categories (described above) were analysed.

Interestingly several alterations in plant architecture were observed in 120 mM M, lines. In
the field grown M, population many plants showed phenotypes distinct from cultivar Arka

Vikas. Frequency of the phenotype variations was calculated and overall distribution of
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different phenotype was expressed as a percentage of total number of variation. Fig.18 shows
that most drastic effect of mutagenesis was on leaf phenotype where all classes combined
together consisted of ~88% of total variations. The most abundant variations were in leaf
texture (33%) followed by leaf size (17%), leaf width (13% and leaf colour (11%). Compared
to this only 7% plants showed variations related to flower morphology. We also found several
M, plants with drastically increased or decreased height and profuse branching (Fig. 19).
Some of the distinct phenotypes which are related to leaf morphology like wiry leaf, needle
like leaf tip (Fig. 20) and leafy inflorescence were also observed (Fig. 21). Our analysis
showed that phenotypes related to leaf morphology are the most frequent type of change

observed as a consequence of mutagenesis in our population.

4.2.5 NEATTILL (Nucleic Acid Extraction from Arrayed Tissue for TILLING)

We developed a novel strategy involving pooling of tissue prior to extraction of DNA which
is advantageous, especially, while handling large number of plants. The merits of this method

includes,

i) It causes an 8 fold reduction in number of DNA preparations to be handled

i) It reduces the number of steps and

iii) It also reduces the chances of contamination by nucleases.

The suitability for different tissues of tomato was examined with respect to quality of
genomic DNA isolation. We first selected leaf tissue as the material for DNA isolation. We
found that DNA isolated from mature leaves was of inferior quality due to the presence of
secondary metabolites (especially, anthocyanins and polyphenolics). We next opted for

emerging juvenile leaves, which have less secondary metabolites as a tissue material for DNA
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Figure 18. Classification of visible mutant phenotypes of the tomato M, population. The pie
diagram shows per cent distribution of 10 phenotypic categories (which include mutant lines
with variations in plant architecture, leaf morphology and inflorescence) in M, plants.
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Figure 19. Representative pictures of tomato M, lines affected for plant architecture. (A)
Rosette (AVM, 120 mM 880C), (B) bushy (AVM, 120 mM 510C), (C) stunted (AVM, 120
mM 230D), (D) profuse branching (AVM; 120 mM 459D), (E) stunted with less branching
(AVM; 120 mM 1498A), and (F) tall (AVM, 120 mM 17A). The number in parenthesis
indicates the respective M line number.
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Figure 20. Representative pictures of tomato M, lines affected for leaf morphology (A)
Leaves with no serration (AVM, 120 mM 484C), (B) broad sized leaves (AVM, 120 mM
1459 B), (C) small sized leaves (AVM; 120 mM 2138 A), (D) wiry leaves (AVM; 120 mM
230 D), (E) leathery leaves (AVM, 120 mM 2230 B), (F) leaves with no serrations (AVM,
120 mM 25 A). The number in parenthesis indicates the respective M; line number.
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Figure 21. Representative pictures of tomato M, lines affected for inflorescence. (A) Dark
yellow flower (AVM; 120 mM 246C), (B) abnormal inflorescence (AVM; 120 mM 510C),
(C) sepaloid flowers(AVM, 120 mM 620B), (D) abnormal inflorescence (AVM, 120 mM
484C), (E) large sepals (AVM, 120 mM 2270A), and (F) abnormal inflorescence (AVM, 120
mM 107B). The number in parenthesis indicates the respective M, line number.
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isolation. On comparing different tissues, we found that high quality DNA can be isolated

from young cotyledons with minimal interference from secondary metabolites.

For isolation of genomic DNA, tomato cotyledon/leaves of almost equal weight or size
were selected to ensure that the DNA from each individual plant is equally represented. The
total amount of tissue to be harvested for DNA extraction was determined by the overall
volume available for tissue homogenization and processing in the deep well plate and sample
weight/extraction buffer ratio. Eight equal sized cotyledons of tomato were taken per well
(weighing about 80-100 mg). The above weight was close to the optimal weight that could be

homogenized in 2 ml volume of individual wells of deep well plates.

For pooling of cotyledons, 8 seedlings per mutant line were germinated in 96 well plates
and one seedling per line was pooled. The cotyledon arraying strategy (Fig. 22)
simultaneously generated a row and a column plate each carrying 768 mutant lines. The
placement of the two cotyledons of a single seedling in the row and column plates led to
direct identification of the precise mutant line during mutation screening from 8-fold pools. In
other words, for every mutant pool identified in a plate (e.g. row) during screening, the exact
mutant line was subsequently identified while screening its complementary plate (column).
Once a mutation was identified, seeds from the M, seed packet of that mutant line were sown.
The individuals were then examined for the presence of mutation and were sequenced

(Sreelakshmi et al., 2009).

The described NEATTILL protocol involves germination of seedlings, arraying of
cotyledons, extraction of DNA, quantification and equalization in approximately two weeks
time (germination: 7-12 days; arraying of cotyledons: 1 day; extraction of DNA: 1 day;

quantification and equalization: 1 day). The arraying, DNA extraction, quantification and
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Figure 22. Two-dimensional pooling of the cotyledons in 96-well plates. Step 1: Twelve 8 x
8 grids were prepared (as depicted by numericals 1, 2, 3....12 and colored red, yellow,
brown.... lavender, respectively,). Step 2: The eight seedlings arrayed in column 1 of the first
grid were removed and arranged linearly. The right and the left cotyledons of the seedlings
were excised and arranged in the same order as present in the column of the grid from which
they were removed. Step 3: In two new deepwell plates, the cotyledons were placed in the
wells as shown in the Figure. One set of cotyledons was placed in 1A-1H wells in the ROW
plate whereas the other set of cotyledons was placed in 1A well of COLUMN plate. Step 4:
Eight seedlings from 2A-2H of plate 1 (red colored) were removed and their cotyledons
excised as in step 2. Step 5: One set of cotyledons was placed in 1A-1H of ROW plate
whereas the other set was put in 1B well of COLUMN plate. Step 6: Similarly the seedlings
were removed from columns 3, 4, 5, 6, 7 and 8 and pooled as described steps 2 and 3 in
different wells. After pooling the seedlings of eight columns, both the ROW and COLUMN
plate had eight cotyledons each in 1A-1H wells. Step 7: The whole procedure was repeated
for the second, third....twelveth grid (as shown with yellow, brown....lavender colors in
Figure) to generate eight pooled ROW and COLUMN plates.
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equalization merely takes 3-4 days time. DNA from about 3072 samples (four 96 deep well
plates) can be conveniently isolated by this protocol in 6-7 hours of time. Since all reagents
and consumables can be directly purchased and prepared in-house compared to the

commercial kits and reagents (Qiagen, DNAzol) this protocol is more economical.

4.2.6 Evaluation of High Throughput DNA Isolation

NEATTILL (Sreelakshmi et al., 2009) for genomic DNA isolation from arrayed tissues
involved inclusion of several important steps. Applying NEATTILL to isolate DNA from
pooled tissue we found that the DNA vyield and quality was suitable to permit PCR reaction
for high throughput TILLING applications. It is already known that plant phenolics which are
retained in the DNA preps even after DNA isolation would interfere with PCR amplifications.
The above method included several steps that could remove the phenolics during tissue
homogenization such as inclusion of PVPP and B-mercaptoethanol. To evaluate the above
steps, the untreated and treated DNA preparations were checked for quality by amplifying
actin gene fragment as control (Fig. 23). The preparations which included p-mercaptoethanol
(which acts as a strong reductant by breaking intramolecular disulphide bonds in proteins and
prevents oxidation of polyphenols) and PVPP (which helps in removal of polyphenols) during
homogenization resulted in better PCR amplification. The above protocol also included

treatment with RNase to remove contaminating RNA in DNA preparations.

4.2.7 Reverse Genetic Screening

For molecular screening for detection of mutations, a CEL-1-based heteroduplex assay was
used, coupled with gel electrophoresis on Li-COR DNA sequencers. A total of 11,520
genomic DNA samples from individual M, plants and 768 DNA samples from M3 plants were
utilized. The mutations were screened in eight fold genomic DNA pools (described above)

using 96-well format plates. Two phytochrome genes viz Phytochrome A and Phytochrome B1
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Figure 23. Genomic DNA quality and PCR amplification of DNA isolated using different
modifications. (A) Gel electrophoresis of DNA Lane. 1: tissue was homogenized in extraction
buffer (0.1 M Tris-HCI, pH 7.5; 0.05 M EDTA, pH 8.0; 1.25% (w/v) SDS), Lane 2: Same as
lane 1 with additional step of PCI (25:24:1). The DNA pellet after dissolving in 200 pl of
milliQ water was extracted with an equal volume of PCI. The aqueous phase was collected
and DNA was reprecipitated and dissolved in milliQ water, Lane 3: Same as lane 1 with
inclusion of 2% (w/v) PVP and 0.2 M B-ME during extraction and PCI extraction was done as
for lane 2, Lane 4: Same as in lane 3 but without PCI step, Lane 5: Same as in lane 3 but
without B -ME, Lane 6: Same as lane 1 with inclusion of 2% (w/v) PVP during extraction,
Lane 7: Same as lane 1 with inclusion of 30 mg PVPP and 0.2 M 3 -ME during extraction and
PCI extraction as done for lane 2, Lane 8: Same as lane 1 with inclusion of 30 mg PVPP and
0.2 M B -ME during extraction, Lane 9: Same as lane 1 with inclusion of 30 mg PVPP during
extraction, Lane 10: DNA isolated by Qiagen kit. (B) PCR amplification of isolated DNA.
The quality of DNA was checked by PCR amplification of actin gene using forward primer.

Abbreviations: PCI-Phenol chloroform isoamyl alcohol, B-ME - B-mercaptoethanol, PVP -
Polyvinylpyrrolidone, PVPP - Polyvinylpolypyrrolidone.
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were screened to detect mutation caused by EMS treatment. To optimize the detection of
mutations that may affect the phenotype, a web-based software CODDLE (http://proweb.org/
coddle) was used. CODDLE predicts the regions of a gene that is likely to have the higher

density of potentially deleterious mutations caused by treatment with chemical mutagen.

Considering the importance of N-terminal domain of phytochromes in light signaling, first
and second exons of Phytochrome A and B1 genes were targeted for TILLING. The potential
effect of SNPs on protein function was evaluated using the PARSESNP programs.
PARSESNP (http://www.proweb.org/parsesnp/) provides PSSM scores and SIFT values for
mutant gene. PSSM or position-specific scoring matrix (PSSM) is a commonly used
representation of motif (patterns) in biological sequence. PSSMs enable the scoring of
multiple alignments with sequences, structures etc. The conversion of a multiple alignment,
such as a block, into a PSSM can use the multiple alignment sequence weights, the expected
number of amino acids and the frequencies of unobserved amino acids (pseudocounts). SIFT
(Sorting Intolerant From Tolerant) value can predict, whether an amino acid substitution
would affect protein function. SIFT prediction is based on the sequence homology and the
physical properties of amino acids. For a SNP, a SIFT score < 0.05 and/or a PSSM score >10

is predicted to be damaging to the function of encoded protein.

4.2.8 TILLING for Phytochrome A

Two sets of primers were designed using tomato Phytochrome A sequence obtained from
NCBI GenBank. The Phytochrome A gene in tomato consists of 6623 base pairs including
four exons and three introns. Fig. 24 shows the overall gene structure of Phytochrome A gene.
The four exons varied in length from 291 bp (exon 3) for the smallest exon to 2068 base pairs
(exonl) for the largest exon. The web-based tool CODDLE (http://proweb.org/coddle) was

used to select gene regions that is likely to have highest probability of potentially deleterious
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mutations as a consequences of EMS mutagenesis (Fig.25). CODDLE predicted that
mutations in exon 1 would have most deleterious effect on function of phytochrome A gene.
Considering the importance of N-terminal domain of phytochromes in light signalling we
designed two pairs of primer from first and second exons of Phytochrome A to cover the two
exons. Two primers were designed namely primer A (from bp 2684 to 4104) and primer B
(from bp 1304 to 2708) with sizes of the PCR products corresponds to 1420 and 1405

respectively (Fig.24, Table I).

The fri mutant (Van Tuinen et al., 1995a) that has a lesion on phytochrome A gene was
used as a positive control to standardize detection of mutation in phytochrome A gene using
TILLING protocol. The fri mutant of tomato has an A-T substitution at position -2 of 3’ splice
site of the intron between exon 1 and 2 at nucleotide 2327. Since the A at position 2 is a
highly conserved in plant intron, substitutions at this site are expected to cause in abnormal
splicing at the 3'end of this intron. Positive control DNA bearing fri mutation was laced with
WT DNA and PCR amplified to obtain an 1420 bp amplicon. The PCR and CEL | digestion
were carried out using standard protocols described above. The expected position of the CEL
| cleaved fragments are 278 bp (bottom left arrow) in 700 channel and 1142 bp (right arrow)
in 800 channel. On Li-COR gel electrophoresis the products after cleavage appeared in two
channels with fragment size 278 bp (700 channel) and 1142 bp (800 channel) thus confirming
that the mutation in positive control can be detected on LICOR DNA analyser (Fig. 26).The

sum of size of these two fragments adds up to 1420 bp (total amplicon length of the primer).

86



Exonl Exon2 Exon3 Exond
(2068) (817) (291) (310)

—ll -
€«

B «—0
A

Figure 24. Organization of Phytochrome A gene. Exons are shown as boxes; introns are
shown as thick black lines. The letter A and B in the figure refers to amplicons amplified by
primer set A (from bp 2684 to 4104) and primer set B (from bp 1304 to 2708). Sizes of PCR
products were 1420 and 1402 bp, respectively with a 24 bp overlap region between two
primer set. Exon numbers are indicated above the gene. The size of each exon is indicated as

base pair number given in parenthesis.
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Figure 25. Output of the CODDLE program for Phytochrome A genomic sequence. Exons are
represented by white boxes and introns by lines. The CODDLE program was used to identify
those regions of the gene in which G:C to A:T transitions are most likely to result in
deleterious effects on the encoded protein (represented by the probability curve traced in
turquoise). The CODDLE algorithm is based on an evaluation of protein sequence
conservation from comparison of database accessions of homologous proteins. Note that
mutation in exon 1 and exon 2 are expected to be most deleterious.
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Figure 26. ldentification of cleaved fragments after CEL | digestion in Li-COR 4300 DNA
Analyzer using DNA heteroduplex consisting of wild type and fri mutant DNA. The substrate
is a 1420 base pairs heteroduplexed PCR product that includes exon 1, intron 1, and exon 2 of
Phytochrome A. The expected size of the CEL I cleaved fragments are 1140 bp (top left box)
in 700 channel and 280 bp (bottom right box) in 800 channel. Sum of these cut fragments add
up to 1420 bp (that is total amplicon length). M on right hand side of the image shows 50-700
bp size standards. The fragments detected specially in the lower portion of either channel
images represent the background fragments usually observed in TILLING runs. However
these can be distinguished from the CEL I cleaved fragments as these fragments do not show
the complementary fragment in the either channel, a characteristic of CEL | cleaved
fragments.
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Mutation screening for phytochrome A: EMS mutagenized populations of tomato were
screened for mutations using a PCR product of sizes 1402 bp (primer A) and 1420 bp (primer
B) bp respectively for first and second exons. Six lines with putative mutations were detected
in the region amplified by primer B, surprisingly no line with a mutation was detected in
region amplified by primer A. To find out the exact ID number of positive mutant line,
complementary plates (either row or column) was screened simultaneously. Only two lines
out of six lines were conclusively identified in the complimentary plate that is M82- M, -895

and AV-M,- 120 mM-2626 (Table 111).

Table II1. Details of population screened, number of mutations detected and nature of mutation

for phytochrome A.
Population No. of No. of Mutation  Individual Nature Effect of
individuals mutation  confirmed mutant of base mutations
screened detected plant change
identified
60 mM 1536 - - - - -
AV
120 mM 6144 3 1 - - -
AV
M82 M, 3840 1 1 1 AtoG Non-
synonymous
M82 M3 768 2 - - - -

On Li-COR gel electrophoresis the products of AVM,-120mM-2626 on CEL-I cleavage
were visualized in two channels with fragment size 1140 bp (700 channel) and 280 bp (800
channel). However, fifty seeds from line number AVM,-120mM-2626 were germinated for

finding the individual line containing above mutation, surprisingly none of the above plants
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were found to bear the mutation in the expected region. Though we do not know the exact
reason, the absence of individual line bearing mutations indicates that the mutation could be

of lethal nature and thus it affects the survival of the mutant plants.

The mutation in line M82-M,-895 was cleaved into two fragments of 1120 bp and 300 bp
upon digestion with CEL | enzyme in the first exon of phytochrome A gene (Fig. 27). The
putative mutant line detected in row plate was identified by screening the complimentary
column plate (Fig. 28). Fifteen seeds from line number M82-M,-895 were germinated for
finding individual line containing mutation and only one plant out of a total of fifteen (M82-

M,-895.5) was found to contain above mutation (Fig. 29).

The mutation density was estimated by dividing the total number of identified mutations
by the number of base pairs screened (the cumulative length of the amplicons multiplied by
the number of samples). The frequency of induced mutation was found to be very low for

Phytochrome A genes (Table V).

Table I'V. Mutation frequency in phytochrome genes.

Gene No. of mutant Length of Mutation
individuals screened ~ fragment screened Frequency
(bp)
Phytochrome A 12,288 2822 1.7301%10 ®
Phytochrome B1 13,056 868 1.764*10 7
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Figure 27. Representative Li-COR gel images showing CEL I-treated PCR products for a
1.4-kb portion of phytochrome A gene. The full-length PCR product is visible as a dark line at
the top of each of the 48 wells (top arrow). In the lane where amplicon harbours a mutation,
PCR product is cleaved into two fragments (300 bp and 1120 bp) labeled with either the 700-
or 800-nm IR dye. (Here only 700 channel is shown). Fragment, which corresponds to 300
bp, is clearly visible (arrow) in 700 channel. Inset shows an enlarged view of the fragment.
The sizes of the cleavage products from the two dye-labeled DNA strands add up to the size
of the full-length PCR product (800 channel is not shown). PCR artefacts are distinguishable
from true mutants as they (artefacts) appear at the same size in both channels. The size of the
cleavage product (the sizing ladder can be seen at the left of the image) indicates
approximately where the single nucleotide polymorphism is located in the fragment. Plate
number is given at the bottom of the picture.
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Figure 28. Representative Li-COR gel images showing confirmation of mutation which was
detected in plate #18(row). Confirmation of mutation was done by screening the
complementary column plate (plate #23) .The full-length PCR product is visible as a dark line
at the top of each of the 96 wells (top arrow). In the lane where amplicon harbours a mutation,
PCR product is cleaved into two fragments (300 bp and 1120 bp) labeled with either the 700-
nm or 800-nm IR dye. (Here only 700 channel is shown). Fragment, which corresponds to
300 bp, is clearly visible (arrow) in 700 channel. Inset showing an enlarged view of the
fragment. The sizes of the cleavage products from the two dye-labeled DNA strands add up to
the size of the full-length PCR product (800 channel not shown).
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Figure 29. Representative Li-COR gel images showing confirmation of mutation from
individual plants of the line M82-M,-895. Confirmation of mutation was done performing
CEL | digestion of genomic DNA of mutant individual (line M82-M,-895). Lane 1-15
represents DNA sample extracted from 15 individual plants from the line M82-M,-895. The
full-length PCR product is visible as a dark line at the top of each of the 96 wells (top arrow).
In the lane where amplicon harbours a mutation, PCR product is cleaved into two fragments
(300 bp and 1120 bp) labeled with either the 700-nm or 800-nm IR dye. (Here only 700
channel is shown). Fragment which corresponds to 300 bp is clearly visible (arrow) in Lane 5.
Lane 5 represents DNA from the plant M82-M,-895.5. The size of the cleavage product (the
sizing ladder can be seen at the right of the image) indicates approximately, where the single
nucleotide polymorphism is located in the fragment. Plate number is given at the bottom of
the picture.
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Molecular nature of the mutant: The mutant line (accession number M82-M,-895.5) which
was confirmed for mutation in phytochrome A gene, was sequenced to identify the molecular
nature of the mutation. The precise position and the nature the mutation was determined by
sequencing PCR products comprising exons 1 and 2 and intron 1 for above mutant line.
Sequencing of phytochrome gene for above mutant line revealed a nucleotide change from
Guanine (G) to Adenine (A) at 1486™ position of ORF (2986™ position of PHYA gene) (Fig.
30). On translating to coding amino acid it was found to be a non-synonymous mutation
which altered the codon GGG (encoding for Glycine) to AGG (encoding for Arginine). Thus,
the overall consequence of mutation was a shift from glycine to arginine at amino acid 496
(G496R) in the PHYA polypeptide (Fig. 31). This change causes the shift from non-polar

neutral amino acid to polar positive amino acid in the PHY domain of phytochrome (Fig. 32).

Phenotyping of the mutant: Considering the importance of N-terminal domain in
phytochrome A function, we further analysed the mutant line M82-M,-895.5 to ascertain
whether the mutation impaired phytochrome function. Though phytochrome affects several
facets of plant development, one of the primary effects of it is seen during de-etiolation of the
seedlings when it emerges from the soil. Therefore, we examined etiolated and light grown
seedling phenotype of above mutant line related to wild type control. To ascertain the effect
of above mutation on seedling phenotype, seedlings of the mutant line M82-M,-895.5 and its
wild type control cv. AV were grown under continuous blue, red, far red light, white light and
absolute darkness. On comparison with the wild type, we found no perceptible difference was
found between the WT control and the mutant accession under any light conditions. However,
the adult mutant plant exhibited an altered phenotype compared to wild type control. The

mutant plant showed slightly elongated internodes with broader leaves (Fig. 33).
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wt  TTCAGGTCACACACTGCTGCTGARGT TRGATGGGGTGGTGCARRGCATGAACCTGGTGAGRAGGATGATGGCAGGARRATGCATCCTAGGTCATCAT TCARRGCAT TCCTGGARGT TGTCARGACARGGA
Consensus TTCAGGTCACACACTGCTGCTGAAGT TRAGATGGGGTGGTGCARRGCATGARCCTGGTGAGAAGGATGATGECAGGARRRTGCATCCTAGGTCATCATTCARAGCAT TCCTGGARGT TGTCARGACARGGA
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wt  GTATACCCTGGARGGAT TATGAGATGGATGCAATCCACTCTTTGCAGCTCATACTARGARATGCTTTCAAGGATGCTGAGGT TGTGAAT TCARATACCART TCCATCTATARGAAGCTTRATGATCTARR
Consensus GTATACCCTGGARGGATTATGAGATGGATGCAATCCACTCTTTGCAGCTCATACTRAGRRATGCTTTCAAGGATGCTGAGGTTGTGAAT TCARATACCARTTCCATCTATRAGARGCT TRATGATCTARA
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nutant GATTGACGGARTGCAGGAAC TRGAATCAGTGACTGCTGARATGGTCCGCT TRATTGARACAGCTTTAGTTCCTATATTAGCAGT TGATGT TGATGGGCAGGT TRATGGATGGRACACARARATAGC TGAR
wt  GATTGACGGARTGCAGGARC TAGAATCAGTGACTGCTGARATGGTCCGCTTART TGRARCAGCTTTAGTTCCTATATTRGCAGT TGATGT TGATGGGCAGET TAATGGATGGARCACARARATAGC TGAR
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Figure 30. Alignment of phytochrome A sequence of amplified from mutant line (M82-M;-
895.5) with wild Arka vikas. Upper sequence is from (M82-M,-895.5), middle sequence from
Arka Vikas and lower sequence is the consensus sequence. Note in accession (M82-M,-
895.5) nucleotide change G to A changes the codon from GGG to AGG. Blue letter indicates
a nucleotide change. Inset shows an enlarged view of the nucleotide change.
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Figure 31. PARSESNP graphical positioning of identified mutation in M82-M,-895.5. The
orange box represents the phytochrome A coding sequence. The black triangles represent the
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Figure 32. Pictorial representation of putative mutation in PHY domain of phytochrome A in
tomato. Lower panel shows functional domain scheme of tomato phytochrome. Red arrows

indicating amino acid change.
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Figure 33. Phenotypes of tomato plants M82 WT and derived M82-M,-895.5 mutant. The
wild-type (WT) and M82-M,-895.5 mutant plants grown for 35 days in pots in open field.
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4.2.9 TILLING for Phytochrome B1 Gene

One set of primers was designed using tomato phytochrome B1 sequence obtained from NCBI
GenBank. The phytochrome B1 gene in tomato consists of 10088 base pairs including four
exons and three introns. Fig. 34 shows the overall gene structure of phytochrome B1 gene.
The four exons varied in length from 219 bp (exon 4) for the smallest exon to 2074 base pairs
(exon 1) for the largest exon. Using CODDLE predictions (Fig. 35) exons 1 of
phytochromeB1 was selected for screening and one pair of primer with amplicon size 868 bp

was designed (Fig. 34, Table I).

The tri mutant (Tuinen et al., 1995) that has a lesion in the PHYB1lgene was used as a
positive control to standardize detection of mutation in phytochrome B1 gene using TILLING
protocol. The tri mutant has a single point mutation, which is a C-T substitution at nucleotide
3274, located on the first exon of the PHYB1 gene. Substitutions at this site would lead to a
stop codon at codon 92 which in turn result in the formation of a truncated protein with 92

amino acids.

Positive control DNA bearing tri mutation was mixed with WT DNA and PCR amplified
to obtain an 868 bp amplicon. The PCR and CEL I digestion were carried out using standard
protocols described above. The expected position of the CEL I cleaved fragments are 234 bp
(bottom left arrow) in 700 channel and 634 bp (right arrow) in 800 channel. These cut
fragments add up to 868 bp (total amplicon length of the primer). On Li-COR gel
electrophoresis, the products after cleavage appeared in two channels with fragment size 234

bp (700 channel) and 634 bp (800 channel) (Fig. 36).

Exon 1, that codes for N-terminal region of phytochrome, which is important for its

involvement in light signalling was targeted for phytochrome B1 TILLING. A mutagenized
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Figure 34. Organization of phytochrome Blgene. Exons are shown as boxes; introns are
shown as thick black lines. The letter A in the figure refers to amplicon amplified by primer
set A (from bp 3041 to 3908). Size of PCR product is 868 bp. Exon numbers are indicated
above the gene. The size of each exon is indicated in bp by number given in parenthesis.
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Figure 35. Output of the CODDLE program for phytochrome B1 genomic sequence. Exons
are represented by boxes and introns by lines. The CODDLE program was used to identify
those regions of the gene in which G:C to A:T transitions are most likely to result in
deleterious effects on the encoded protein (represented by the probability curve traced in
turquoise). The CODDLE algorithm is based on an evaluation of protein sequence
conservation from comparison of database accessions of homologous proteins. Note that a
mutation in exon 1 would be most deleterious.
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Figure 36. Identification of cleaved fragments after CEL 1 digestion in Li-COR 4300 DNA
Analyzer using heteroduplex consists of wild type and tri mutant DNA. The substrate is an
868 bp heteroduplexed PCR product. The expected size of the CEL | cleaved fragments are
234 bp (top right box) in 800channel and 634 bp (bottom left box) in 700 channel. Sum of
these cut fragments add up to 868 bp (total amplicon length). M on right hand side of the
image shows 50-700 bp size standards. The fragments detected specially in the lower portion
of either channel images represent the background fragments usually observed in TILLING
runs. However, these can be distinguished from the CEL | cleaved fragments as these
fragments do not show the complementary fragment in the either channel, a characteristic of
CEL I cleaved fragments.
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population of ~10,000 plants were screened for mutation and two putative mutations were
identified. Confirmation of mutants was done by screening the complimentary plate. About 50
seed from each mutant family (AV-60mM-888 and AV-60mM-708) were grown to find out
the individual line containing mutation. For family AV-60mM-708, mutant individual was not
found out even after screening 50 individual lines of the family. The mutant individual for the
family AV-60mM-888 was found by screening DNA from ~50 individual lines and mutant

line was grown in greenhouse to ascertain the phenotype (Table V).

Table V. Tables showing details of population screened, number of mutations detected
and nature of mutation for phytochrome B1.

Population No. of No. of Mutation  Individual  Nature Effect of
individuals mutation confirmed mutant of Base mutations
screened  detected plant change
identified
60 mM 2304 2 2 1 CtoT  Synonymous
AV
120 mM 6144 - - - - -
AV
M82 M2 3840 - - - - -
MS82 M3 768 - - - - -

The mutant allele for phytochrome B1 (family AV-60 mM-888) was isolated by screening
a mutagenized population of tomato. Upon digestion, the mutation generated two fragments
of 360 bp and 508 bp (Fig. 37). The putative mutant line detected in row plate was confirmed
by screening the complimentary column plate (Fig. 38). Sequence analysis revealed that a
change from Cytosine (C) to Thymine (T), (Fig. 39) is a silent or synonymous mutation, as
this mutation affected the third base of a codon (CTC to CTT) which does not change the

amino acid encoded by that codon (Fig. 40).
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Figure 37. Representative Li-COR gel images showing CEL I-treated polymerase chain
reaction (PCR) products for an 868 bp portion phytochrome B1 gene in tomato. The full-
length PCR product is visible as a dark line at the top of each of the 48 wells (top arrow). In
the lane where amplicon harbours a mutation, PCR product is cleaved into two fragments
(360 bp and 508 bp) labeled with either the 700- or 800-nm IR dye. (Here only 700 channel is
shown). Fragment, which corresponds to 360 bp, is clearly visible (arrow) in 700 channel.
Inset showing an enlarged view of the fragment. The sizes of the cleavage products from the
two dye-labeled DNA strands add up to the size of the full-length PCR product (800 channel
is not shown).
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Figure 38. Representative Li-COR gel images showing confirmation of mutation which was
already detected in AV-M, 60mM plate #2(row). Confirmation of mutation was done by
screening the complementary column plate (AV-M,; 60 mM plate #2 (column)) .The full-
length PCR product is visible as a dark line at the top of each of the 48 wells (top arrow). In
the lane where amplicon harbours a mutation, PCR product is cleaved into two fragments
(360 bp and 508 bp) labeled with either the 700- or 800-nm IR dye. (Here only 700 channel is
shown). Fragment, which corresponds to 508 bp, is clearly visible (arrow) in 700 channel.
Inset showing an enlarged view of the fragment. The sizes of the cleavage products from the
two dye-labeled DNA strands add up to the size of the full-length PCR product (800 channel
is not shown).
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Figure 39. Alignment of phytochrome B1 sequence of amplified from mutant line (AV-M,
60mM 888) with wild Arka Vikas. Upper sequence is from Arka Vikas, middle sequence
from (AV-M, 60mM 888) and lower sequence is the consensus sequence. Note in accession
(AV-M, 60mM 888) nucleotide change C to T changes the codon from CTC to CTT. Blue
letter indicates a nucleotide change. Inset shows an enlarged view of the nucleotide change.
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Figure 40. PARSESNP graphical positioning of identified mutation in AV-M, 60mM 888.
The orange box represents the phytochrome Bl coding sequence. The purple triangles

represent the position of the silent mutations.
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4.3 ECOTILLING

4.3.1 Tomato EcoTILLING Platform

We examined polymorphism in natural accessions of tomato using ECOTILLING. The key

steps of ECOTILLING includes

1) A large collection of natural accessions

i) Phenotyping of the above accessions

iii) DNA Polymorphism analysis using ECOTILLING

4.3.2 Collection of Accessions and Phenotyping for Architectural VVariations

We analysed a total of 605 tomato accessions using ECOTILLING. These accessions were
collected from various sources (Table VI). The above accessions were grown in open field at
University of Hyderabad campus. At various stages of vegetative growth and flowering these
accessions were examined for the phenotypes that were distinct from reference cultivar Arka
Vikas using an electronic hand held device PDA. Using PDA loaded with phenome software
data under 10 categories (plant size, plant habit, inter nodal length, leaf width, leaf colour, leaf
size, leaf complexity, leaf texture, flowering and flower morphology) the morphological data
was recorded. Several plants in above population of natural accessions exhibited phenotypes

that were distinct from Arka Vikas.

Frequency of the phenotype variations was calculated and overall distribution of different
phenotypes was expressed as a percentage of total number of variations. Fig. 41 shows the
frequency of occurrence of different morphological categories as a percentage of the observed
number of variations. The most abundant variation was in plant habit (50%) followed by leaf

morphology (36%), and internodal length (5%). Compared to this only 6% plants showed
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variations related to flower morphology. We found some accessions with drastically increased
height and some with sharp phenotypes which is related to leaf morphology like serrated

leaves and extremely small leaves (Fig.42).

Since plant architecture is influenced by light environment, to evaluate contribution of
different SNP of phytochrome we specifically examined leaf architecture. Fig.42 shows that
most drastic effect was on plant habit and leaf morphology which together consisted of 86%

of total variations.

Table VI. Source of accessions used for EcoTILLING.

Source of accessions Number of accessions
TGRC, USA 184
NBPGR, INDIA 200
IIVR, INDIA 156
Bejo Sheetal, INDIA 65

107



Flowering ..
time Flower Percentage of variation

1% hologvInflorescence
mor];o/:)) 08y 1% Plant size

[_ 3%

® Plant size
B Plant habit
¥ Internodallength

B Leaf morphology

¥ Flowering time

¥ Flower morphology
Inflorescence
Internodal
length
5%

Figure 41. Frequency of distribution of morphological variations in tomato accession. The pie
diagram shows 7 phenotypic categories. All the variations in leaf phenotype are grouped
together. The values are the percentage of each category in a population of 605 tomato
accessions.
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Figure 42. Representative examples of tomato accessions showing variation in plant
architecture and leaf morphology (A) Leaves with no serration (LA3996) (B) small leaves
(EC520079) (C) Abnormal inflorescence (NBPGR 610) (D) tall plant (IIHR 2201). The
number in parenthesis indicates the respective accession number. In A and B Arka Vikas
phenotype is shown in left and accession on right.
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4.3.3 Polymorphism Analysis using ECOTILLING

Both phytochrome A and phytochrome B1 genes were examined for the detection of SNPs in
natural accessions of tomato using the same region of gene that was used for TILLING (Table
VII, Figs. 24, 34). For EcoTILLING, genomic DNA from each accession was mixed in 1:1
ratio with genomic DNA from the reference cultivar Arka Vikas. ECOTILLING of above
accessions revealed a total of 32 SNPs in phytochrome A and B1 genes in 605 accessions

(Table VI1II).

4.3.4 Screening of Phytochrome A Polymorphisms by EcoTILLING

The light-sensing N-terminal end of phytochrome A gene was scanned for polymorphism
using, two pairs of primers (Table VII, Fig. 24) encompassing first exon and first intron, and
second exon of the gene. Phytochrome polymorphism was examined in a collection of 605

accessions of tomato. Standard EcoTILLING protocol was essentially the same including

Table VII. Gene targets, target specific inner primer sequences with M13 overhang attached and
amplicon lengths used in EcoTILLING. M13 sequence is shown in red letters.

Target NCBI gene  Primer Forward primer Reverse primer Amplicon
name bank locus name (5'-3") (5'-3" size (bp)
PHYA AJ001913.1 PrimerA TGTAAAACGACGG TGTAAAACGACGG 1420
CCAGTACACGTCA CCAGTCTGATCAA
ACAAGGAACTGGA TTTGGCTGGTGTTC
ATTGGAAAATC TGAGTGGA
Primer B TGTAAAACGACGG TGTAAAACGACGG 1402
CCAGTAGGTAGAG CCAGTAATTCCAG
GCTTTACGATAAAT TTCCTTGTTGACGT
CATCC GTATG
PHYBI AJ002281.1 PrimerA TGTAAAACGACGG TGTAAAACGACGG 868
CCAGTCATCACAA  CCAGTTCCACAAT
GGTCAAGCTCAAT CATTCTCACCCTGT
CTTCAGG CCTGC
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enzymatic mismatch cleavage of heteroduplexed DNA and fluorescence detection of cut
fragment as described earlier for TILLING. In the enzymatic mismatch cleavage reaction
PCR products obtained from different accessions were heteroduplexed with PCR products

amplified from Arka Vikas, and digested with CEL-I.

Table VIII. Analysis of polymorphism of phytochrome A and phytochrome Bl genes in
tomato accession. The total number of SNPs detected and grouping in haplotype is shown
below.

Target Total number of bp No of Haplotypes Number of SNP
name screened detected identified
PHYA 2822 5 18
(from bp 1304 to 2708) and
(from bp 2684 to 4104)
PHYBI 868 3 14

(from bp 3041 to 3908)

Out of 605 accessions, 19 showed polymorphisms in comparison to the Arka Vikas. While
several polymorphic sites were identified in both exons 1 and 2 and intron 1 (Fig. 43), the
gene region from 2684 bp to 4104 bp amplified by primer set A showed comparatively low
degree of polymorphism than the region amplified by primer B. Based on nature and location
of polymorphisms, the above accessions were grouped into 4 different haplotypes distinct
from Arka Vikas (Fig. 43, Table IXX). Almost 580 accessions did not show any polymorphism
and they were classified as HT.1 (Haplotype 1) along with Arka Vikas (WT cv. AV). The
most frequent type of polymorphism was observed for HT.4 (Haplotype.4) and 14 accessions
showed this polymorphism (Table 1X). These accessions bear two SNPs in exon 2 located at
G1870T and at A2053T respectively (Table X). HT.2 (Haplotype.2) included two accessions
and showed a polymorphism in second exon (G2614A) (Table X). HT.3 (Haplotype.3)
consisted of two accessions, corresponding to a change in first intron. Since it was located in

the intron, polymorphism of this haplotype was not examined by sequencing.
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Figure 43. Representative Li-COR gel images of detection of SNPs for a 1.4-kb region
phytochrome A gene. The arrow at top of gel indicates the full-length PCR product. The
cleavage pattern of the different haplotype is shown in the gel only for700 channel. Samples
with similar cleavage patterns are classified as same haplotype (samples with the same
cleavage patterns are marked by same color box, HT.2 blue, HT.3 red and HT.4 yellow).
EcoTILLING plate number is given at the bottom of the picture.
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Table IX. Classification of tomato accessions according to their haplotype in EcoTILLING
of phytochrome A.

Haplotype Accessions
HT.1 WTAV and other 580 accessions
HT.2 EC 521074,EC 528362
HT.3 EC 398711
HT.4 WIR 3768, EC 521067 B, EC-29933, EC-34480, EC-25563, EC-

14073, EC529083, EC-35240, EC-163598, EC-521079, EC20636,
EC-163598, EC-521079, EC521067B

Table X. Haplotype showing the location of polymorphism on phytochrome A gene, amino
acid substitution and PSSM/SIFT score for effect of SNP on function of putative active
domains.

Haplotype No. of Polymorphism  Amino acid SIFT PSSM
polymorphism change
HT.1 0 - -
HT.2 1 G4014A E748K 0.05 7.3
HT.3 1 unknown -
HT.4 2 A3453T L651F 0.00 17.6
G3270T E590D

The translation of nucleotide sequences showed that there are three non-synonymous
changes in the regions screened. Two among three non-synonymous SNPs were located on
exon 1, and the remaining one was located on exon 2. Among three non-synonymous changes

identified, two were found to lead to an amino acid change.

113



Molecular nature of the mutants: The precise position and the nature of identified
polymorphisms were determined by sequencing of PCR products comprising exons 1 and 2
and intron 1 for the accessions from haplotypes H.2 to H.4. From each haplotype, a single
accession was chosen which represents the polymorphism. EC-528362 belonging to
Haplotype 2 (HT. 2) showed a nucleotide change G2614A, which was non-synonymous and it
corresponded to amino acid change E748K (Glutamic acid to Lysine). Similarly, sequence
analysis of WIR 3768, which belongs to Haplotype 4 (HT. 4) revealed two polymorphisms in
the region encoded by primer A resulted in nucleotide base change in two positions A2053T
and G1870T. Translation of the nucleotide to amino acid showed that above nucleotide
changes corresponds to amino acid changes at two positions in Phytochrome A protein

sequence viz E590D and L651F (Table X).

Characterization of Haplotype 2: Haplotype 2 was further characterized to find out the
correlation between amino acid change at position 748 in the Phytochrome A protein and its
light response. The nucleotide change from guanine (G) to Adenine (A) (Fig. 44, Table X), at
4014™ position of PHYA genomic sequence, caused a hon-synonymous mutation which
altered the codon GAA (encoding for glutamic acid) to AAA (encoding for Lysine) (Fig.45,
Table X). With this codon change, the nature of amino acid changed from polar positive to
polar negative. This change may affect properties of phytochrome such as the solubility of the
polypeptide. In view of this change, we examined whether the change in amino acid affect

light response in HT.2.

Several studies in Arabidopsis and tomato have reported that seedlings of mutant plants
with defect in PHY A protein showed an elongated phenotype under far red light (Van Tuinen
et al., 1995a). To ascertain the effect of above SNP on seedling phenotype, seedlings of the

accession EC 528362 and its wild type control cv. AV were grown under continuous blue,
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Figure 44. Alignment of phytochrome A sequence from EC528362 with Arka Vikas
sequence. Upper sequence is from Arka Vikas, middle sequence from EC528362 and lower
sequence is the consensus sequence. Note in accession EC 528362 nucleotide change from G
to A, which changes the codon from GAA to AAA. Blue letter indicates a nucleotide change.
Inset shows an enlarged view of the nucleotide change.
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Figure 45. PARSESNP output of SNP found in EC528362. The orange box represents the
Phytochrome A coding sequence. The black triangles represent the SNP leading to a non-
synonymous amino acid change.
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red, far red light, white light and absolute darkness. In comparison with the wild type, no
perceptible difference was found between Arka Vikas and EC 528362 under all light
conditions, except in FR light. In FR light, the hypocotyl of EC 528362 was slightly elongated
compared to WT. Interestingly, roots of the accession (EC 528362) exhibited an opposite
response, as it displayed a shorter root under FR light compared to WT root (Figs. 46, 47).
Consistent with altered response to FR light in seedling stage, the field grown plants of this
accession also showed a significant change in plant architecture. Compared to WT cv. AV
plant, above accession EC 528362 exhibited a thinner stem and a large reduction in branching

(Fig. 48).

Characterization of Haplotype 4: Considering the presence of two amino acid changes in
the accession WIR 3768, which represent haplotype 4, above accession was examined to find
the effect of amino acid changes in its light response. Sequence analysis revealed that a
nucleotide change from Guanine (G) to Thymine (T) (Fig. 49), at 3270"™ position and Adenine
(A) to Thymine (T), (Fig. 49) at 3453™ position of PHYA gene corresponds to two non-
synonymous changes which alter the codon GAG (encoding for glutamic acid) to GAT
(encoding for Aspartic acid), TTA (encoding for Leucine) to TTT (encoding for Phenyl
alanine) respectively. Thus, the overall consequence is two amino acid changes that is from
glutamic acid to aspartic acid (E590D) and Leucine to Phenyl alanine (L651F) in the PHYA
polypeptide (Fig. 50, Table X). Considering the high PSSM score obtained for this amino acid
change L651F (Table X), a significant change in phytochrome function is expected. While
examining the light response under different wave length of light, the above accession
exhibited an altered light response to far red light (Figs. 51, 52). Seedlings grown under far
red light displayed a completely opened cotyledon associated with a strong reduction in
hypocotyl length. This response was specifically observed under FR light and was absent in

other wavelength of light (Figs. 51, 52).
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Figure 46. The phenotype of tomato seedlings grown for 7 days after emergence in FR light
(5 pmol m™ s). The seedling on the left is EC 528362(A) and that on the right is WT cv.
Arka Vikas (B). Note the increased hypocotyl length of EC 528362 (A) compared to Arka

Vikas (B).
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Figure 47. Hypocotyl length and root length of Arka Vikas and the accession EC528362
seedlings after 7 days in continuous FR light (5 umol m 2 s%)
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Figure 48. Phenotype of EC 528362 and Arka Vikas. plants were grown for 50 days in pots
in open field. Note an altered plant architecture exhibited by EC 528362(B), with thinner stem
and reduction in branching compared to Arka Vikas (A).
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Figure 49. Alignment of phytochrome A sequence from (WIR 3767) with Arka Vikas
sequence. Upper sequence is from Arka Vikas, middle sequence from (WIR 3767) and lower
sequence is the consensus sequence. Note in accession (WIR 3767) nucleotide change from G
to T and A to T that changes the codon from GAG to GAT and TTA to TTT respectively.
Blue letter indicates a nucleotide change. Inset shows an enlarged view of the nucleotide

change.
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Figure 50. PARSESNP output of identified SNP in WIR 3767. The orange box represents the
phytochrome A coding sequence. The two black triangles represent the SNP leading to a non-

synonymous amino acid changes.
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Figure 51. The phenotype of tomato seedlings grown for 7 days after germination in FR (5
pmol m? s™). The seedling on the left is WT cv. Arka Vikas (A) and that on the right is WIR
3768 (B). Note the decreased hypocotyl length of WIR 3768 (B) compared to Arka Vikas (A).
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Figure 52. Hypocotyl length of tomato Arka Vikas and EC528362 seedlings after 7 days of
continuous FR (5 pmol m 2 s™).
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4.3.5 Screening of Phytochrome B1 Polymorphisms by EcoTILLING

Light-sensing N-terminal end of phytochrome B1 was screened for natural sequence variation,
using a primer set (phytochrome B1 primer set A) designed based on CODDLE. For this gene
too, a population of 605 natural accessions of tomato were analysed and standard
EcoTILLING was carried out as described earlier. Several accessions showed polymorphic
variation in the analysed region (Fig. 53). These accessions were classified into different
haplotypes based on the nature of polymorphisms (Table XI, Fig.53). A total of thirteen
accessions showed polymorphisms in comparison to Arka Vikas and these were grouped in 3

different haplotypes (Table XI). HT.1 (Haplotype 1) included ~ 592 accessions, which did

Table XI. Classification of tomato accessions according to their haplotype in
EcoTILLING of phytochrome B1.

Haplotype Accessions
HT.1 WTAV and other 180 accessions
HT.2 EC 521067B, EC-29933, EC-34480, EC-25563, EC-14073, 529083,

EC-35240, EC-163598, EC-521079, EC20636, EC-163598, EC-
521079, EC521067B

HT.3 EC-34480

not show any polymorphic site in comparison with WT cv. AV. HT.2 (Haplotype 2) consists
of 13 accessions which showed multiple polymorphic sites. Haplotype 3 consists of single
accession which represents one of the rarest polymorphism for this gene region (Table XII).
From each haplotype a single accession was chosen which represents the polymorphism.
Sequence analysis revealed that all the nucleotide changes in Haplotype 2 were synonymous
(Table XII). Haplotype 3 showed a novel nucleotide change A3164T, which was non-

synonymous and corresponded to amino acid change E55V (Glutamic acid to Valine), along
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Figure 53. Representative Li-COR gel images of detection of SNPs for a 868 bp region
phytochrome B1 gene. The arrow at top of gel indicates the full-length PCR product. The
cleavage pattern of a haplotype (HT.2) is shown in the gel only for 700 channel. Few
accessions showed SNPs in genomic DNA are marked by arrows. ECOTILLING plate number
IS given at the bottom of the picture.

124



with 3 other synonymous change (Table XII). The three synonymous changes include

nucleotide change at A3384T, C3468T, C3624A on phytochrome B1 sequence.

Table XII. Haplotype showing the location of polymorphism on phytochrome A gene,
amino acid substitution and PSSM/SIFT score for effect of SNP on function of putative
active domains.

Haplotype No. of Polymorphism Amino acid SIFT PSSM
polymorphism change
HT.1 0 - - - -
HT.2 3 A3384T, C3468T, - - -
C3624A
HT.3 4 A3384T, C3468T, E55V 0.22 7.9
C3624A and A3164T

Characterization of new mutant phytochrome B1 alleles: Though seedlings of EC-34480
did not show any deviation from normal phenotypes with broad spectrum light experiments,
but field grown plants showed a strikingly different phenotype. Sequence analysis showed
that a nucleotide change from Adenine (A) to Thymine (T), at 3164™ position of PHYB1
genomic sequence (Fig. 54), is a missense mutation which alter the codon GAG (encoding
for glutamic acid ) to GTG (encoding for valine) . Thus, the overall consequence is the
glutamic acid to valine change at amino acid 55 (E55V) in the PHYB polypeptide (Fig. 55,
Table XI1).

The field grown plants (homozygous for the above non-synonymous SNP) of this
accession showed a significant reduction in number of both branches and flowers compared to
plants heterozygous for the same non-synonymous SNP). A delay in flowering for almost 30
days also was observed in this accession. The mutant plant also exhibited a retarded growth

(Figs. 56, 57).
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Figure 54. Alignment of phytochrome Bl sequence from EC-34480 with Arka Vikas
sequence. Upper sequence is from Arka Vikas, middle sequence from EC-34480 and lower
sequence is the consensus sequence. Note in accession EC-34480 change in 3 position, which
include one non synonymous and 3synonymous SNP. Inset showing an enlarged view of the
non-synonymous change which is from A to T. Blue squares indicating 3 synonymous
changes.
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Figure 55. PARSESNP output of the SNP in EC-34480. The orange box represents the
phytochrome B1 coding sequence. The black triangle represent the SNP leading to a non-
synonymous amino acid changes, while purple triangle indicating synonymous change.
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Figure 56. Phenotype of EC-34480 (homozygous for the non-synonymous SNP i.e., Ato T at
3164™ position of PHYB1 gene) (A) and EC-34480 (heterozygous for the same SNP) (B).
Plants were grown for 60 days in pots in open field. Note an altered architecture exhibited by
EC-34480 (homozygous), with reduction in branching and flower number compared to EC-

34480 (heterozygous).
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Figure 57. Number of branches and flowers observed for the accession EC-34480. The
homozygous ((homozygous for the non-synonymous SNP) and heterozygous ((heterozygous
for the same SNP) line were grown for 60 days under field condition.
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4.4 Sequences Diversity of PHY Genes in Tomato Wild Relatives

4.4.1 Nucleotide Diversity in PHY Genes in Tomato Wild Relatives

To evaluate nucleotide diversity and sequence evolution at various phytochrome loci in wild
relatives of tomato, we chose 5 different wild relatives (Table.XIll). The oligonucleotide
primers amplifying 4 different phytochrome genes used in this study containing amplicons of
750 bp to 850 bp were designed based on sequences in the NCBI databases are shown (Table.
X1V, XV). The gene structure, region amplified and the position of detected SNPs are shown
in Fig. 58. Sequence analysis showed that all the four phytochromes, analysed in this study,
harboured several SNPs (e.g., PHYA: 25, PHYB1:49, PHYE: 56, PHYF: 26) (Fig. 59). As
expected, more synonymous changes (PHYA: 16, PHYBL1: 45, PHYE: 31, PHYF: 15) were

detected than nonsynonymous changes (PHYA: 9, PHYB1:4, PHYE: 25, PHYF: 11) in each

Table XII1. The geographic information of wild relatives of tomato used in this study. Five
wild relatives of tomato (S. habrochaites, S. pimpinellifolium, S. galapagense, S. neorickii,
S. chilense) were selected for this study.

Sample Name Accession Latitude/Longitude Area of
No. No. collection
1 S. habrochaites LAL1777 9 °33°S/77°35°'W Peru
2 S. pimpinellifolium LA1589 8°22°S/ 78°43‘W Peru
3 S. galapagense LA0483 0°22°S/91°33*W Ecuador
4 S. neorickii LA2133 3°21°S/79°10°W Ecuador
5 S. chilense LA1969 -17 °33°S/-70 °42°W Peru
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gene (Fig. 60). The ratio of total SNPs to SNPs that were nonsynonymous (dS/dN) ranged
from 8% to 45% in various phytochrome members with PHYE showing highest ratio (0.45)
and other phytochrome genes viz PHYF, PHYA and PHYB1 showed a ratio of 0.42, 0.36 and
0.8 respectively (Fig. 61). Three species, S. habrochaites (71) S. neorickii (42) and S.chilense
(34) harboured several SNPs compared to two other species (Fig. 62 and 63). Sequence
analysis of the other two species showed that they possess few (S. cheesmanii, 9 SNPS) or no

SNP (S. pimpinellifolium, 0 SNP) at all (Fig. 62 and 63).

Table XIV. NCBI accession number (codes) for gene targets analyzed in this study.

Gene NCBI code No. of base pair
Phytochrome A AJ001913 6623
Phytochrome B1 AJ002281 10088
Phytochrome E AF178571 6189
Phytochrome F U32444 12501
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Table XV. Gene targets and primer sequences used in sequencing. Four phytochrome
genes (PHYA, PHYBI, PHYE and PHYF) were amplified PCR primers were designed
based on sequences in the NCBI database.

Gene

Primer Sequence (F) 5'-3'

Primer Sequence (R) 5'-3'

PHYA

PHYB1

PHYE

PHYF

ATTTGAGTCGAGATGTCGT
ATCCTGCTACAGATATTCCAC
CCTAGGTCATCATTCAAAGCATTC
GCTATCACTGGTCAAGAATCTGAG
AATTACAAAGATTCAATAAGCA
CAGTACATGGCAAATATGGG
GCCAGAGAAATGGTTAGATTG
GTTACAAAGAGTGGGAGACA
GAGTAGTGAAAACAGAAGAGG
GATAAGGAGATCAGACTTGGAAC
TCTGGTTCAGGTCTCACACA
TGGTGGTCTTTGTCGTCTTACGG
TCAAGGGGCAGTTCAGCTA
TGGCTTGCATTACCCTGCTACA
ATGCACCCAAGGTCATCATTT

ATGACGATGGTCGAGTAACTGG

GTGGAATATCTGTAGCAGGATAA
GCTTTGAATGATGACCTAGGA
CTCAGATTCTTGACCAGTGATAGC
CTTGAAATCGTCTTCCACTATAC
ACCCCATATTTGCCATGTACTG
CAATCTAACCATTTCTCTGGCAA
TTTCCAGATCAACATCCCT
GATCATAAGGGATGTTGATCTGG
AGGTTCCAAGTCTGATCTCCTTAT
CTTCCTTAGCTGTGTGAGACCTGA
CCGTAAGACGACAAAGACCA
ATTTCGGACCATGTTGTGTAGG
TGTAGCAGGGTAATGCAAGCCA
TCCGTCATCCTTGTCTCCAGGAA
CCAGTTACTCGACCATCGTCAT

AGATACTGGACGGTACCAT
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(D)

Figure58. Distribution of SNPs on phytochrome genes. Purple and black triangles represent
synonymous and nonsynonymous changes, respectively. Sequencing data from five wild
relatives of tomato (S. habrochaites, S. pimpinellifolium, S. galapagense, S. neorickii and S.
chilense) was used to construct the map. (1) Phytochrome A (2) Phytochrome Bl (3)
Phytochrome E and (4) Phytochrome F.
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Figure 59. Number of SNPs detected in various Phytochrome genes. Sequencing data from
five wild relatives of tomato (S. habrochaites, S. pimpinellifolium, S. galapagense, S.
neorickii, and S. chilense) was used to construct the histogram. The X-axis represents a
phytochrome gene and Y axis represents number of SNPs.
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Figure 60. Comparisons of observed synonymous and nonsynonymous SNPs in various
Phytochrome genes. Red histogram and Green histogram represents synonymous and non-
synonymous changes respectively. Sequencing data from five wild relatives of tomato (8.
habrochaites, S. pimpinellifolium, S. galapagense, S. neorickii, and S. chilense) was used to
construct the histogram. The X-axis represents a phytochrome gene and Y axis represents

number of SNPs.
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Figure 61. Ratio of observed nonsynonymous to synonymous SNPs in various Phytochrome
genes. Sequencing data from five wild relatives of tomato (S. habrochaites, S.
pimpinellifolium, S. galapagense, S. neorickii, and S. chilense) was used to construct the
histogram. The X-axis represents a phytochrome gene and Y axis represents ratio of observed
non synonymous to synonymous SNPs.
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Figure 62. Comparisons of observed SNPs and non-synonymous SNPs in various wild
relatives of tomato. Black histogram and white histogram represents total number of SNP and
non-synonymous SNPs respectively. Sequencing data from four phytochrome genes (PHYA,
PHYB1, PHYE and PHYF) was used to construct the histogram. The X-axis represents a wild
tomato species and Y axis represents number of SNPs.
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Figure 63. Number of SNPs detected in various wild tomato species for 4 Phytochrome
genes. Sequencing data from five wild relatives of tomato (S. habrochaites, S.
pimpinellifolium, S. galapagense, S. neorickii, and S. chilense) was used to construct the
histogram. The X-axis represents a wild tomato species and Y-axis represents number of
SNPs. Each bar represents number of SNPs detected for each Phytochrome gene.
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4.4.2 Amino Acid Polymorphisms in Phytochrome in Tomato Wild Relatives

The software PARSESNP (http://www.proweb.org/parsesnp/) was used to find out the amino
acid polymorphism in wild tomato species by evaluating the PSSM score and SIFT value. All
the four phytochrome genes used in the study showed several amino acid changes (Table.
XVI1). PARSESNP analysis showed that the major phytochrome molecule like phytochrome
A and phytochrome B1 which are considered to have major roles in plant survival harboured
relatively few amino acid changes compared to other two phytochrome species that is
phytochrome E and F (Table. XVI). Most of the amino acid changes observed for all
phytochrome genes showed an insignificant PSSM or SIFT score, with few exceptions (Table.
XVI). Among all five wild tomato species, S. habrochaites and S. neorickii which are
considered as distant relatives of cultivated tomato bore several SNPs compared to other three
species (Table. XVI). Most of the amino acid polymorphisms were located outside the
functionally important GAF and PHY domain and a large number of polymorphisms were
found in the C-terminal end of most of the phytochromes with the exception of Phytochrome

F (Fig. 64).

4.4.3 Neutrality and Nucleotide Diversity

To examine the fit of nucleotide polymorphism data to the neutral equilibrium model, each
phytochrome gene was subjected to Tajima’s D test (Tajima 1989). No significant Tajima’s D
value was observed at any locus indicating a neutral evolution at this gene locus. Do (entire
sequence), Dionsyn (NONsynonymous sites), Dsyn (Synonymous sites), and Pi (nucleotide
diversity were calculated for each phytochrome gene. It was found that none of the gene
showed a significant D value. The nucleotide diversity values of all phytochrome genes were

found to be low. Since all the four phytochrome genes analysed by Tajima D test showed a
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Table XVI. Sequence validation of polymorphisms identified in various phytochrome genes
of tomato. The application PARSESNP was used to interpret the amino acid polymorphism,
PSSM score and SIFT values of the polymorphisms. Sequencing data from five wild
relatives of tomato (S. habrochaites, S. pimpinellifolium, S. galapagense, S. neorickii, and S.
chilense) was used for the analysis. A non-synonymous SNP is predicted to be damaging to

the encoded protein if the SIFT score 1s<0.05 (bold) or the PARSESNP score is>10 (bold).

Amino acid Gene Species PSSM difference ~ SIFT score
change
K78R Phytochrome A S. habrochaites 5.0 0.43
F231S Phytochrome A S. habrochaites 6.5 0.19
E590D Phytochrome A S. habrochaites
D657V Phytochrome A S. habrochaites 10.6 0.06
L680M Phytochrome A S. habrochaites
A139T Phytochrome A S. neorickii
N162S Phytochrome A S. neorickii 4.9 0.58
E590D Phytochrome A S. neorickii
E590D Phytochrome A S. chilense
R703K Phytochrome Bl S. habrochaites
V710L Phytochrome Bl S. habrochaites
A1051V Phytochrome BI ~ S. habrochaites
F593S Phytochrome Bl S. chilense
L49M Phytochrome E S. habrochaites -0.5 0.10
L79P Phytochrome E S. habrochaites
Y127F Phytochrome E S. habrochaites -2.2 0.08
N148T Phytochrome E S. habrochaites
1358V Phytochrome E S. habrochaites -9.0 1.00
R845T Phytochrome E S. habrochaites
E847G Phytochrome E S. habrochaites
1877V Phytochrome E S. habrochaites
W893S Phytochrome E S. habrochaites
V899A Phytochrome E S. habrochaites -13.3 1.00
L9881 Phytochrome E S. habrochaites 1.5 0.16

Continuing on next page
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Table XVI. (Continue).

Amino acid Gene Species PSSM difference  SIFT score
change
A1089S Phytochrome E S. habrochaites -12.7
GI105E Phytochrome E S. habrochaites -10.3 1.00
E1106V Phytochrome E S. habrochaites -1.5 0.39
Y127F Phytochrome E S. chilense
1358V Phytochrome E S. chilense -2.2 0.08
1358V Phytochrome E S. cheesmanii -9.0 1.00
R380W Phytochrome E S. cheesmanii 25.7
L79P Phytochrome E S. neorickii
N148T Phytochrome E S. neorickii
1358V Phytochrome E S. neorickii -9.0 1.00
R845T Phytochrome E S. neorickii
D860N Phytochrome E S. neorickii
V899A Phytochrome E S. neorickii -13.3 1.00
N1087S Phytochrome E S. neorickii -3.5 0.41
E105D Phytochrome F S. habrochaites 5.2 0.22
HI188D Phytochrome F S. habrochaites -4.1 0.61
V4281 Phytochrome F S. habrochaites
K934E Phytochrome F S. habrochaites
A91E Phytochrome F S. neorickii -16.1 1.00
SISIN Phytochrome F S. neorickii 5.0 0.18
L178V Phytochrome F S. neorickii 5.0 0.21
H188D Phytochrome F S. neorickii -4.1 0.61
K934E Phytochrome F S. neorickii
K934E Phytochrome F S. cheesmanii
A91E Phytochrome F S. chilense -16.1
H188D Phytochrome F S. chilense -4.1
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Figure 64. Distribution of amino acid polymorphisms in various domains of phytochromes in
tomato. Upper panel shows functional domain scheme of tomato phytochrome. (A) (B) (C)
and (D) represent schematic diagrams of PHYA, PHYBL, PHYE and PHYF respectively. Red
arrows indicating each amino acid polymorphism. Sequencing data from five wild relatives of
tomato (S. habrochaites, S. pimpinellifolium, S. galapagense, S. neorickii, and S. chilense)
was used to construct the diagram.
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negative D value, it indicates a purifying selection for all the four phytochrome genes (Table

XVI).

TableXVII. Tajima’s D and nucleotide diversity (pi) are shown. Tajima’s D and was estimated
for the entire (Dtotal) sequence as well as nonsynonymous sites (Dnonsyn) and synonymous
sites (Dsyn)) separately. Nucleotide diversity was also estimated for the coding region. None of
the genes showed a significant Tajima D value.

Locus Tajima Tajima's Tajima's Tajima's D Nucleotide Type of
D(total) D(Syn) D(NonSyn)  (NonSyn/Syn) diversity: evolution

ratio Pi
PHYA -0.7597 -0.6120 -0.8841 1.4447 0.0010 Neutral
PHYBI  -0.8354 -0.7713 -1.0199 1.3222 0.0013 Neutral
PHYE -0.6986 -0.6841 -0.6841 1.0000 0.0025 Neutral
PHYF -0.6387 0.5946 -1.1571 -1.9464 0.0005 Neutral

4.4.4 Phylogenetic Tree Building

Phylogenetic trees were constructed using nucleotide sequencing data. The dendrograms
made from the sequence data followed a topology in which the green-fruited wild tomato used
for the study are located at an ancestral position while the coloured fruits in a more closely

related position (Fig. 65).

4.4.5 Nucleotide Base Change Analysis

Substitution Patterns observed in various phytochrome genes were evaluated. Frequency of
the different types of substitutions is expressed as a percentage of the average substitution
rate. As there exists a universal bias towards transition (Ts) over transversion (Tv) in
eukaryotes, the type of base substitution pattern in various phytochrome genes was examined.

It was found that all phytochromes, except phytochrome Bl appear to hold the rules of
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universal bias over transition quite well (Fig. 66). The point substitution analysis showed that
the transition type T-C is the most frequent type of substitution in most of the phytochrome
genes. Phytochrome A showed 33% T-C substitution whereas phytochrome B1, phytochrome
E and phytochrome F showed value of 20%, 12% and 15% respectively. Next prevalent
substitution was A-G (17% in phytochrome A, 18% in phytochrome E and 19% in
phytochrome F) (Fig. 67). It is interesting to note that phytochrome B1 showed higher

frequencies of rare transversional substitutions like A-T (20 %) and G-T (15%) (Fig. 67).
4.4.6 Differential Response to Light

In view of unavailability of seeds for two wild relatives (S. neorickii and S.chilense), which
are difficult to multiply, the phenotype was analysed only for 3 species, where sufficient seeds
were available. To determine whether polymorphisms in phytochrome genes could contribute
to variation in light response of a given species, the light response of three wild tomato (S.
habrochaites, S. cheesmanii, S. pimpinellifolium ) was examined under different spectral
wavelength (WL, FR and R). Compared to tomato (S.lycopersicum), there was not much
significant difference in phenotype of seedlings under different light condition. One notable
exception was S. habrochaites, where seedlings under FR light were elongated but
surprisingly the apical hooks were not closed and the cotyledons were fully expanded. On the
other hand tomato plants grown in FR exhibit less inhibition of hypocotyl growth than

S.habrochaites (Figs. 68, 69).
4.5 Light Regulation of Root Development

In this study, we found that one of the distinct effects of SNP variation in EC-528362 in
phytochrome A gene was on phenotype of root particularly under FR light. In view of this we
used excision induced lateral root formation as an assay to examine influence of light on this

response.
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Figure 65. Dendograms, based on nucleotide sequences of four tomato phytochromes, shows
the evolutionary distance among phytochrome genes of different wild tomato species.
S.lycopersicum was used as an out-group. Percentage bootstrap values are shown above
branches. The tree is generated using GeneBee - Molecular Biology Server (http://
www.genebee.msu.su/genebee.html) using neighbor-joining method. The branch length is
proportional to the amount of inferred evolutionary change. (A) (B) (C) and (D) represent
dendograms of phytochrome A, Bl, E and F respectively. S. Cheesmanii and

S.pimpinellifolium are closely related to S.esculentum invariably in all phytochrome genes
analysed.
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Figure 66. Substitution pattern in 4 different phytochrome genes. The X-axis represents a
phytochrome gene and Y-axis represents number of transition or transversion.

145



(A) (B)

G-T "A-G AG  GaA = A-G
uG-A -C 9% =G-A
uC-T cG 2% =CT

FA BT-C 2% uT-C
= A-C
w A-C
nC-A "CA
- " A-T
uA-T uT-A
. uT-A = C-G
13% “C-G uG-C
nG-C »G-T
(C)
et TG 5A-G =A-G
C-G GC 30, 9% 5G-A uG-A
N W ser =CT
;’ o — uT-C
Ry e -4 WT-C
7% =C-A wA-C
C-A BA-T wC-A
2% =T-A uA-T
A-C " C-G
5% 2G-C uT-A
"G-T 8% " C-G
“T-G uG-C

Figure 67. Substitution patterns observed in 4 tomatoes phytochrome genes .Data from five
tomato species are included. Frequency of the different types of substitutions is expressed as a
percentage of the average substitution rate in the given pie diagram. (A) (B) (C) and (D)
represent pie diagrams for phytochrome A, B1, E and F respectively.
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Figure 68. The phenotype of tomato seedlings grown for 7 days after emergence in D and
continuous broad-band FR of 5 pmol m™ s™. The seedling on the left is grown under FR light
and that on the right is under WL. (A) S.lycopersicum and (B) S.habrochaites. Note the
increased hypocotyl length of S.habrochaites under far red light.

147



. VL
—/ FR

hypocotyl length (cm)
w

N
\)(Q \Q‘e Q,(\\ \)6\
Y > Q ™
© o 2 &
Qe \o e@ 6\
o @‘9 < Q'\Q
% .

Figure 69. Hypocotyl length of tomato and wild tomato seedlings (S. habrochaites, S.

.. - . 2 -
pimpinellifolium, and S. galapagense) after 7 d of continuous FR of 5 umol m s . The X-
axis represents a tomato species and Y-axis represents hypocotyl length in cm observed in
white and FR light condition.
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4.5.1 Effect of Excision of Root Tips on Lateral Root Formation (LRF)

To test the hypothesis that lateral roots are induced by excision of root tips, the root tip were
excised at different time intervals. About 1cm from distal end of root was excised from
seedlings which were grown on vertical agar plates. The tip excision enhanced lateral root
formation in the seedlings compared to the control seedlings, where roots were not excised.
(Figs. 70, 71). Additionally, the increased lateral root formation after excision of root tip was
not linked to increases in hypocotyl or leaf growth. The observation of enhanced lateral root
formation is consistent with previous reports of lateral root stimulation by root-tip excision in

pea seedlings (Wightman and Thimann, 1980) and in Arabidopsis (Reed et al., 1998).

4.5.2 Role of Developmental Stages on Excision Induced LRF

In a normal tomato seedling grown under WL, the lateral roots are normally initiated only
after 5 DAG. This time point could be related to the increased accumulation of auxin in roots
of 5 to 7 day old seedlings. To examine the induction of a signal, induced by excision, we
performed an experiment in which excision of root tip was carried out at an early stage of root
development beginning from 2 days of radicle emergence (2 DAG). The excision of root tips
of 2- day old seedlings stimulated lateral root formation compared to the control seedlings
where root tips were not excised (Figs. 72, 73). Considering above observations we compared
the extent of lateral root formation after excising root tips at different time intervals after
emergence of radicle. Interestingly maximum number of lateral root formation was observed
when the root tip was excised at a very early stage of development i.e., 2 DAG than when root

tip was removed at 4 DAG (Figs 72, 73).
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Figure 70. Effect of excision of root tips on lateral roots formation in tomato Seedlings were
grown on agar under white light for 4 days then root tip was excised from the seedlings.
Seedlings were allowed to grow for an additional 3 days, and the total number of lateral roots
was counted. (A) 7 days old control (for which excision was not done) and (B) 7 days old
tomato seedlings for which root tip excision was done at 4 days after germination. Note an
enhanced lateral root formation in (B).
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Figure 71. The number of emerged lateral roots at 7 days after germination: Seedlings were
grown on 1% (w/v) agar under white light for 4 days then root tip was excised from the
seedlings. Seedlings were allowed to grow for an additional 3 days, and the total number of
lateral roots were counted. The number of lateral roots was counted for 5 seedlings per
treatment.
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Figure 72. Comparison of lateral root emerged after root tip excision at different time point of
development. Seedlings were grown on agar under white light and, root tips were excised on
second day of germination or fourth day of germination and, seedlings were allowed to grow
for an additional 5 days or 3 days, respectively. The total number of lateral roots was
manually counted. (A) Root tips removed at 2 DAG, (B) root tips removed at 4 DAG, and (C)
control for which root tips were not removed.
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Figure 73. Comparison of lateral root at various time point of development. Seedlings were
grown on 1% (w/v) agar under white light and, root tips were excised on second day of
germination or fourth day of germination and, seedlings were allowed to grow for an
additional 5 days or 3 days, respectively. The total number of lateral roots were manually
counted. The number of lateral roots were counted for 5 seedlings per treatment.
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4.5.3 Role of Polar Auxin Transport (PAT) on Excision Induced LRF

Several studies have suggested that auxin is required for the emergence of lateral roots
(Katekar and Geissler, 1980; Muday and Haworth, 1994), as it establishes a population of
rapidly dividing initial cells (Laskowski et al., 1995). Developing lateral root primordia are
reported to accumulate auxin via polar auxin transport (Reed et al., 1998). Polar auxin
transport inhibitors are known to block lateral root emergence (Casimiro et al., 2001). To
investigate role of polar auxin transport in excision induced lateral root development, after
excision of root tip at 2DAG agar plates were over layered with (0.5uM TIBA), an inhibitor
of auxin transport. Intact seedlings treated with 0.5 uM TIBA were used as controls. These
excised seedlings along with controls were grown for 3 days and the number of lateral roots
emerging was visually scored. The results showed that upon TIBA addition the number of
emerging lateral roots were higher, indicating the partial participation of PAT in the process

(Figs. 74, 75).

4.5.4 Role of Shoot-derived Signal on Excision Induced LRF

Previous reports suggest that LRP (Lateral root primordial) emergence is dependent on shoot-
derived Auxin. To check the role of shoot derived signal on excision induced lateral root
formation, differential excision of shoot tissue was carried out at 2 DAG. If the shoot derived
auxin regulates the emergence of lateral roots, then the removal of shoot should abolish this
developmental process. We performed two types of shoot excision. In the first case, entire
shoot, which includes the hypocotyl and cotyledon along with the root tip, was removed. In
this experiment we compared an intact seedling, a root cap excised seedling and a seedling
without shoot. In the second case, we excised only cotyledons along with the root tips. So,
seedlings consist of hypocotyl and root. Similar to first case, here two treatments were

compared namely intact seedlings, seedlings without cotyledon and root tip and seedlings
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Figure 74. Comparison of lateral root development with or without application 5 uM TIBA.
Seedlings were grown on agar under white light, and root tips were excised on second day of
germination. A set of seedlings were treated with 5 uM TIBA after excision and, the treated
seedlings along with control seedlings were allowed to grow for an additional 5 days. The
total number of lateral roots were manually counted. (A) Control seedling, (B) same as A with
TIBA added, (C) seedlings with root tip excised, and (D) same as C with TIBA added. Note
an enhanced lateral root formation in D.
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Figure 75. Comparison of lateral root development with or without application 5 uM TIBA:
Seedlings were grown on agar under white light and root tips were excised on second day of
germination. The seedlings were treated with 5 uM TIBA after excision and the treated
seedlings along with control seedlings were allowed to grow for an additional 5 days. The
total number of lateral roots were manually counted. The number of lateral roots were counted
for 5 seedlings per treatment.
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without root tip. The experimental seedlings were grown for a further 3 days and the lateral
root formation was recorded. Examination of seedlings showed that root excision on 2DAG
led to stimulation of lateral root formation. The excision of cotyledon at 2DAG has no effect
on LR F. However the excision of cotyledon along with root tips at 2DAG reduced the

number of lateral root formation indicating some influence of cotyledon (Figs. 76, 77).

4.5.5 Role of Ethylene on Excision Induced LRF

Ethylene has an inhibitory role in lateral root formation and elevated ethylene levels inhibit
lateral root formation (Negi et al., 2010). To examine the effect of ethylene, we treated
seedlings with ACC, a precursor of ethylene. The lateral root formations in excised and intact
seedlings were examined in the presence and absence of 20 uM ACC. Figs.78 and 79 show
that excision induced lateral root formation was not influenced by ethylene. In the control
seedlings ethylene treatment did not show any significant inhibition of lateral root formation.
In contrast to this, decapitated seedlings showed more enhanced lateral root formation in

presence of ACC (Figs. 78, 79).

4.5.6 Role of Light on Excision Induced LRF

Bhalerao et al. (2002) reported that LRF is profoundly affected by light, as light controls
transport of auxin to the root. In Arabidopsis, it has been shown that seedlings grown in the
dark initiate few lateral roots compared to the seedlings grown in light (Bhalerao et al., 2002).
To examine the role of light in excision induced LRF, tomato seedlings were grown under
WL and dark. Tomato seedlings germinated in darkness were transferred to different
wavelength of light on 2DAG and root excision was performed. The excised seedlings along
with control seedlings were grown for 5 more days and in 7 day old seedling the number of
lateral root emerging were manually scored. Surprisingly, LRF was observed in the excised

seedlings irrespective of the exposure of different light spectra. However LRF formation was
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higher in seedlings grown in WL, compared to D. In contrast to seedlings exposed to R and
FR light showed intermediate effect indicating that in addition to phytochrome other
photoreceptors may be involved (Figs. 80, 81). In future, we would use this effect of light to
examine the influence of specific SNPs on mutations on function of phytochrome in

regulating this response.
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Figure 76. Effect of shoot derived auxin on lateral root formation. Seedlings were grown on
agar under white light and root tips and either only the cotyledons or all of the aerial tissues
were excised from the seedlings on second day of germination. Root tips excision also
performed along with it. Seedlings were allowed to grow for an additional 5 days. The total
number of lateral roots was counted manually. (A) Control seedling, (B) cotyledon is excised,
(C) both cotyledon and root tip are excised) aerial tissue is excised, and (E) both aerial tissue
and root tip were excised.
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Number of lateral roots

Figure 77. Effect of shoot derived auxin on lateral root formation. Seedlings were grown on
agar under white light and root tips and either only the cotyledons or all of the aerial tissues
were excised from the seedlings on second day of germination. Root tips excision also
performed along with it. Seedlings were allowed to grow for an additional 5 days. The total
number of lateral roots were manually counted. The number of lateral roots were counted for
5 seedlings per treatment.
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Figure 78. Comparison of lateral root development with or without application of application
20 UM ACC. Seedlings were grown on agar under white light and root tips were excised on
second day of germination. The seedlings were treated with 20 uM ACC after excision and
the treated seedlings along with control seedlings were allowed to grow for an additional 5
days. The total number of lateral roots was counted manually. (A) control seedling, (B) same
as A with 20 uM ACC added, (C) seedlings with root tip excised, and (D) same as C with 20
UM ACC added. Note an enhanced lateral root formation in D.
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Figure 79. Comparison of lateral root development with or without application 20 uM ACC:
Seedlings were grown on 1% agar under white light and root tips were excised on second day
of germination. The seedlings were treated with 20 UM ACC after excision and the treated
seedlings along with control seedlings were allowed to grow for an additional 5 days. The
total number of lateral roots were manually counted. The number of lateral roots were counted
for 5 seedlings per treatment.
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Figure 80. Effect of light on lateral root formation. Seedlings were grown on agar under
white light, dark, red, and far red light and, root tips were excised on second day of
germination or fourth day of germination and, seedlings were allowed to grow for an
additional 5 days or 3 days, respectively. Lateral root formation was assessed by manually
counting the number of lateral roots emerged. (A) Seedlings grown under WL, (B) dark, (C)
red, and (D) far red.
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Figure 81. Effect of light on lateral root formation. Seedlings were grown on agar under
white light, dark, red, and far red light and, root tips were excised on second day of
germination or fourth day of germination and, seedlings were allowed to grow for an
additional 5 days or 3 days, respectively. The total number of lateral roots were manually
counted. The number of lateral roots were counted for 5 seedlings per treatment.
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S. DISCUSSION
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5.1 PCR Optimization of Phytochrome Genes for TILLING

TILLING is a reverse genetic tool, which allows identification of mutations in a targeted
gene. The genomic region to be assessed for mutation is amplified by PCR along with wild
type genomic DNA, the heteroduplex present in the DNA is detected by mismatch cleavage
by CEL-1 nuclease. The cleavage of PCR product indicates the presence of single nucleotide
or small insertion/deletion mutation. As TILLING requires a highly specific and discrete PCR
product for CELI digestion, optimization of PCR is one of the most important step for optimal
TILLING reaction to identify mutations. Since TILLING method employs stringent
parameters to eliminate false positive, the usage of a set of stringent primers with high Tm

and high GC content makes the optimization task a major bottleneck.

Considering that PCR optimization is a major bottleneck for TILLING, we optimized PCR
for phytochrome genes for TILLING. In most large scale TILLING project, such as maize or
Arabidopsis, optimization of PCR is a major issue. The problem assumes a greater
significance as these projects also process request from other researchers. Therefore, all major
TILLING projects follow stringent parameter for primer design such as high Tm and high GC
content. The primers that do not amplify the target region are rejected. The researchers are
normally asked to design several primer set so that at least few of them may work in standard

TILLING reaction.

Since first described, PCR rapidly become one of the key techniques of molecular biology.
However, the amplification of DNA target by the polymerase chain reaction often requires
laborious optimization efforts. For several studies, improvement of specificity and increased
product formation were the primary and most important targets. The PCR has to be optimized
for five parameters (Finckh and Rolfs 1998): (1) specificity, (2) sensitivity, (3) efficiency

(yield), (4) reproducibility, and (5) fidelity (polymerization error rate). Since TILLING is a
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PCR based technique, the parameters such as specificity (the amount of desired to non-desired
PCR product) efficiency (the absolute amount of desired PCR product) and fidelity are vital
parameters. In addition to the above parameters, the amount of template DNA needed to

amplify PCR product is also crucial for TILLING.

In this study, different procedures and conditions were evaluated for PCR amplification of
three different sets of primers used for phytochrome TILLING. After rigorous analysis, an

optimal PCR protocol was developed for TILLING for phytochrome gene.

The initial optimization were carried out using unlabeled primers, considering that PCR
product generated with unlabeled primers can be visualized on agarose gel electrophoresis
compared to fluorescently labeled primers at a much lower cost. The PCR optimization was
initiated with a gradient PCR, which determines an appropriate annealing temperature. Based
on results annealing temperature of 62°C was selected for further optimization of PCR. The
annealing at 62°C yielded a better amplification of PCR products. However, using a straight
cycle with annealing temperature at 62°C for PCR in the next step of optimization led to poor
PCR vyield and suboptimal specificity. Considering this, the modifications in cycling

conditions for better PCR amplifications was attempted.

One variant of classical PCR method, namely touchdown PCR was used for next step of
optimization. Basically, touchdown PCR employs an annealing temperature that is 5 to 10°C
higher than the original Tm of the primer. It has been reported that this improves the
specificity of PCR amplification (Don et al.,, 1991) by avoiding the generation of
contaminating PCR products (Wu et al., 2005). Touchdown PCR can be used as a standard
practice for any PCR based amplification to enhance specificity and efficiency of the reaction.
PCR cycling program for Touchdown involves two steps. In step 1, reaction uses an annealing

temperature substantially higher than the Tm of the primer (generally Tm+10°C). This is
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followed by step wise decrease to lower annealing temperature during course of successive
PCR cycle (1°C decrease per cycle) till annealing temperature becomes equal to the Tm of the
primer. Thereafter normal PCR amplification of 20 or 25 cycles at original Tm of the primers
is carried out. Usage of touchdown PCR led to threefold increase in PCR product formation

compared to the normal straight cycle PCR.

Several studies suggested that, when used in appropriate concentrations various adjuvants
like glycerol and BSA (Smith et al., 1990, Kreader, 1996) can effectively improve the PCR
amplification efficiency (yield) as well as specificity. However, in our study, many of the
reported adjuvants gave inconsistent amplifications in PCR. For all the primers that were used
for PCR optimization, addition of glycerol, increased yield, but at the same time decreased
specificity. It is believed that glycerol enhances specificity and efficiency by increasing the
hydrophobic interaction with protein domain and lowering the strand separation temperature
(Wang et al., 1993). Taking together poor specificity and lack of consistency glycerol was
found to be unsuitable for TILLING PCR. Compared to glycerol, adjuvant BSA (20 mg/ml)
was found to be more effective for TILLING. The inclusion of BSA in reaction mixture
considerably increased the efficiency, specificity and sensitivity of the PCR. BSA most likely
stabilizes Tag polymerase (Nagai et al., 1998) and thus increases the yield of the reaction.
PVPP (polyvinyl polypyrolidine) which helps in the removal of flavonoids or polyphenols
from a medium, possibly by acting as an adsorbent, was also included as an adjuvant. Though
we did not find any change when we used PVPP alone in our reactions, a combination of both

PVPP and BSA showed a considerable increase in the product formation.

After attaining optimization of PCR, where PCR product quality was checked by agarose
gel electrophoresis, PCR product was also examined for the amplification profile using Li-

COR DNA analyser. Surprisingly when the same optimized protocol was applied to mixture

168



of fluorescently labeled and unlabeled primers it became apparent that agarose gel based

optimization was not suitable for above primer combination.

This observation clearly indicated that, inclusion of labeled primers in PCR mixture
requires additional optimization than unlabeled primers, and therefore PCR optimization was
reinitiated. The next optimization step included the optimization of amount of reaction
components. At outset, the amount of Taqg polymerase, which is the most essential component
of any PCR reaction, was optimized for the optimum concentration for a TILLING PCR.
Among the concentration examined a volume of 0.18 pl of Taq polymerase in a final 20 pl
reaction volume led to a better yield with maximum specificity. For catalytic action, Taq
polymerase requires free magnesium in medium in addition to the magnesium bound by the
dNTP and the DNA (Innis et al., 1990). To further improve the profile of product observed on
Li-COR DNA analyser, the varying concentrations of components like MgCl, and dNTP were
tested. By combining various amounts of dNTP and MgCl,, a combination of 2.5 mM dNTP

with 2 mM MgCl, was found optimal.

Following this nested PCR was used to enhance the specificity and efficiency of PCR
amplification. Nested PCR uses 2 sets of PCR amplification primers namely inner primer set
and outer primer set. The target DNA sequence of inner primer is located within the target
sequence of outer primer. After completion of first PCR using outer primer set the PCR
product of outer primer serve as the template for the second step PCR amplification. Nested
PCR increases the efficiency and specificity of PCR amplification by re-amplifying the

product of the first PCR step in a second step PCR.

To deal with major challenges related to PCR amplification several groups used nested
PCR as a part of their optimization (Wienholds et al., 2003b, Winkler et al., 2005). They

perform PCR in two steps, first amplifying individual DNAs, then diluting and pooling 4-fold
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and amplifying with nested primers. The initial amplification yields the same approximate
final concentration of product regardless of the original concentration of template. Therefore
the first step product can be used without careful normalization. The main advantage of this
method is that, it avoid the influence of the variation in quality and quantity of the genomic

DNA that is used as a template for TILLING PCR (Wienholds et al., 2003b).

The outer unlabeled primers were used to amplify pooled genomic DNA in first PCR. For
the second step PCR, the diluted product from first step PCR was used as the template and
amplified with an inner target specific primer. The advantage of this method was that the
pooled genomic DNA which is present in very a low amount could get amplified and thus
improves the possibility of mutation detection. With Nested PCR an improved profile was

obtained with good yield, high specificity and sensitivity.

In view of above improvement, detection of mutation on CEL-I digestion, the nested PCR
was used for scanning for mutations in TILLING and EcoTILLING population. One
advantage of nested PCR was that it amplified the region of interest to sufficiently high level
for amplification with M13 based universal primers. The usage of M13 primers considerably

reduced the cost of TILLING.

5.2 Use of TILLING as a Mutation Mining Tool in Tomato

TILLING (Targeting Induced Local Lesions IN Genomes) is a reverse-genetic method to
identify point mutations in chemically mutagenized populations. The method of TILLING is

applicable to all living organisms and has been applied right from Phythopthora to mice.

One advantage of TILLING is that it first allows finding of mutations in a given gene and
later one can check whether or not the mutations has a phenotype. Compared to forward

genetics where mutations with only strong phenotypes are selected, TILLING allows
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obtaining multiple alleles of a gene and that can be later scanned for more obvious phenotypic
characters. In tomato only few mutants have been isolated for phytochrome using forward
genetic screening. In view of limited number of mutants available in tomato, we used
TILLING to obtain additional phytochrome mutants mainly in PAS region of tomato

phytochrome.

Phytochrome is a plant photoreceptor, which is known to regulate a wide variety of
responses of plants to light, including induction of seed germination, modulation of
elongation growth, promotion of chloroplast development, and induction of flowering. An
understanding of the molecular mechanism of phytochrome action is therefore essential to
elucidate the complex processes of plant growth and development. In the present study, a
reverse genetic, non-transgenic approach, TILLING, was used for the isolation of induced
mutations in Phytochrome A genes in an EMS mutagenized population of tomato. N-terminal
region of the gene, which codes for photosensory region of the protein, was targeted for
mutation mining. In the current study two Phytochrome genes viz. Phytochrome A and

Phytochrome B1 which are key regulators of light driven plant development were analysed.
5.3 Development of a Mutagenized Tomato Population

EMS (ethyl methane sulfonate) has been used successfully to introduce random single base
changes in the genomes of various organisms (Neuffer and Coe 1978). EMS is an alkylating
agent that induces chemical modification of nucleotides, which causes in mispairing and base
changes during DNA replication. A biased alkylation of guanine (G) results in the formation
of O6-methylguanine, which inturn leads to pairing with thymine (T) but not with cytosine
(C). In the subsequent DNA repair step, the original G/C pair is replaced with A (adenine)/T
(Greene, et al., 2003). Results of many studies suggest that chemical mutagenesis can be used

both in search for loss- or gain-of-function mutants which can be used to understand the role
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of specific amino acid residues in protein function. Additionally chemically induced mutants
also provide useful information for understanding the functions of essential genes by
generating weak non-lethal alleles. We initially selected 60 mM (0.75% w/v) concentration of
EMS to mutagenize tomato seeds based on the previous reports of the Lethal Dose (LD)

values and saturation of mutation in tomato (Menda et al., 2004).

Though there are several methods to evaluate the efficiency of mutagenesis, reduction in
germination percentage (embryo lethality), is one of the simplest method. The exposure to
EMS led to a reduction in percentage of seedlings compared to untreated one. The reduction
in seed germination (40% reduction in germination, LD4o) on EMS mutagenesis indicated that
above dose was sufficient to induce mutagenesis. As indication of mutagenesis efficiency can
be obtained by assessment of phenotypic variation, we examined the phenotypic changes in
the M, generation of mutagenized population. As the density of mutations in the population
was too low, we developed another mutagenized population of cv. Arka Vikas by using 120
mM (1.5% wi/v) concentration of EMS. Though the increase of EMS did not drastically
increase lethality; it affected the survival and phenotypic variability of the plants to a great

extent.
5.4 Variability of Phenotypes

Plant architecture is an important parameter that affects plant fitness in the natural
environment. Considering that crop plants with desirable architecture are able to produce
much higher grain yield, it is essential to understand the mechanism that underlies plant
architecture. This understanding is essential for manipulation of plant architecture that in turn
can facilitate the breeding of high-yielding crops. Although intrinsic genetic programs are
major determinants of architecture, environmental signal also strongly modulate plant form.

Light is one of such important factor that regulates plant architecture. It is known that R:FR
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ratio perceived by the phytochrome family allows the plants to assess the ambient
environment and leads to modulation in plant architecture for better survival. The
phytochromes (PhyA to PhyE) sense and transduce light signaling parameters, including the
R:FR ratio, with PhyB playing the major role. Reduced R: FR ratio elicits a suite of responses
collectively termed the shade avoidance response (Smith, 1995; Franklin and Whitelam,
2005). The resultant phenotype includes rapid elongation of the main shoot, reduced root
growth, early flowering, reduced branching, and other effects, which may confer a
competitive advantage that allow plants to mount an early response. Reduced R: FR signal
indicates competition from neighbouring plants as plants absorb R and reflect or transmit FR
(Ballare, 1999). In several studies, the loss of phytochrome functions were reported to result

in altered plant architecture (Reed et al., 1993).

Tomato is an important crop and an excellent model system with extensive genome data
available (Solanaceae genome network). The advances in genome sequence provide great
platform to explore genome information for understanding gene function controlling
important traits. Several groups reported approaches attempts to develop mutation library in
tomato. Menda et al., (2004) developed an isogenic tomato mutation library in the genetic
background of the inbred variety M82. About 13,000 M;, lines derived from an EMS and fast
neutron mutagenized population were phenotyped visually in the field. Similar approaches to
develop mutation library in tomato include EMS mutagenesis of cv. Redsetter, Tpaadasu, and
MicroTom (Gady et al., 2009, Minoia et al., 2010, Saito et al., 2011). The mutants that have
been developed through these platforms are currently available to the scientific community.
These mutant resources are highly useful in dissecting the mechanism underlying mutant
phenotype and such mutagenized population also act as a resource for high throughput reverse

genetic strategy to screen for point mutations (Mc Callum et al., 2000a, Colbert et al., 2001).
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In our study, we analysed phenotypic variations to investigate the likely interdependence
between phytochromes and plant architecture in tomato. We used the mutagenized population
that we raised in our lab as a source to study variations related to architecture. While
evaluating 10,000 M, families for phenotypic variation, we have identified several
morphological and developmental mutants. The most abundant category of morphological
variation was leaf texture (33%) followed by leaf size (17%), leaf width (13% and leaf colour
(11%). In our population phenotypic categories associated with vegetative organs were more
prevalent. In fact eight categories related to vegetative organs represented >93% of total
phenotype. We found several phenotypes similar to those of previously reported mutations.
For example, AV-M»-120 mM 484C had elongated leaflets without serrations similar to
lanceolate (Ori et al., 2007), AV-M,-120 mM 107B showed an inflorescence that were
exceptionally large and excessively branched similar to anatha (Lippman et al., 2008). AV-
M-120 mM 230 D exhibited wiry phenotype with reduced leaf complexity (Menda et al.,
2004). Some lines were found to be with altered pattern of branching with either a rosette
appearance (AV-M,-120 mM 880C), or showing profuse branching (AV-M,-120 mM 459D).
Furthermore we observed mutants which are very tall (17A) and stunted plants with reduced

growth (AV-M,-120 mM 1498A).

The mutant population generated in our lab is an excellent resource for both forward and
reverse genetic studies and we successfully used the population for mining mutations. Though
the exact molecular nature of these mutant plants are not known, analysis of these mutations

in the future will help, those who seek to identify the functions of tomato genes.
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5.5 NEATTILL: A Simplified Procedure for Nucleic Acid Extraction from

Arrayed Tissue for TILLING

TILLING which is a reverse genetic, non-transgenic tool of crop improvement, involves
generating a large mutant population with the aim of saturating the whole genome with
mutations. One essential feature of TILLING is that it needs pooling of genomic DNA of
mutant with wild type thus allowing generation of mismatches in heteroduplex. Procedure of
TILLING utilizes the multiplex approach i.e. pooling at least two DNA samples, prior to PCR
amplification. Since mutagenesis is a random event, it eliminates the need of using wild type
DNA for pooling and different numbers of individuals upward of two can be pooled for
mutation detection. The upper limit of pooling is determined by the efficiency of mutation
detection procedure. One obvious advantage of pooling is the considerable reduction in the
number of PCR amplifications to be carried out for mutation detection. Moreover, pooling
also reduces the cost of consumables and the time needed for mutation scanning. The choice
of pooling is determined by striking a balance between total number of PCR reactions to be
carried on population and chances of detection of mutations in the pool. Though various
levels of pooling i.e. four, six, eight or even higher folds of DNA pooling can be done, higher

folds of pooling beyond 8-fold pool reduce the chances of mutation detection.

In the present study, we adopted a simplified 2-dimensional pooling strategy, NEATTILL
Nucleic acid Extraction from Arrayed Tissue for TILLING for tomato. Our protocol
circumvents isolation of DNA from individual plants by pooling of tissue from different
plants followed by DNA isolation from pooled arrayed samples. The scanning of mutations in
2-D pooled plates allows simplified identification of mutant lines as a mutation detected in the
row-pooled plate is also represented in the complementary column-pooled plate, allowing

direct identification of mutant lines. The pooling of tissue prior to DNA isolation reduces the
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total number of extractions with added benefits of cost reduction and time saving. NEATTILL
is a convenient procedure that can be applied to all organisms, the genomes of which have
been mutagenized and are being scanned for multiple alleles of various genes by TILLING
for understanding gene-to-phenotype relationships. It is a time-saving, less labour intensive

and reasonably cost-effective method.

Higher eukaryotes offer several possibilities for the starting tissue material for DNA
isolation. Choosing the right tissue for arraying and DNA isolation is critical in the overall
NEATTILL procedure as it generates the genomic DNA resource for TILLING. Factors such
as easy availability, feasibility of culture (in case of microorganisms and cell lines) and
growth (in case of plants), minimum post-collection manipulation with samples (such as
specific treatments or tissue cleaning, cutting into pieces), age of the tissue sample, absence of
secondary metabolites (especially relevant in case of plants) and DNA stability during long
term storage can influence one’s choice of tissue. Most often genomic DNA is isolated from
leaves of plants grown in field or green house. We found that for tomato DNA isolated from
mature leaves was of inferior quality due to the presence of secondary metabolites (especially,
anthocyanins and polyphenolics). The usage of emerging juvenile leaves, which had less
secondary metabolites, yielded better quality DNA. Relatively superior quality DNA was
obtained from young cotyledons with minimal interference from secondary metabolites. One
advantage of using cotyledons as starting material is that DNA isolation can be done using

culture room grown plants at any time of the year.

The tissue arraying gives three options of representing mutant lines of the whole
population for screening depending upon the size of the mutagenized population. Large
populations having >5000 up to 15000 individual mutant lines can be pooled by combining
tissue samples from 6-8 mutant lines to generate 6x — 8x pooled plates as described above in

tomato. Population sizes smaller than 1000 individuals can be subjected to in-depth scanning
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in which 6-8 individuals of the same mutant line can be pooled together. This improves the
chances of detecting the mutation while scanning the whole population particularly for
organisms which have “genetically effective cell number” more than one. However, the
number of plates to be screened also increases, so this option is practically feasible only with
small population. Another manipulation, termed as intermediate scanning, at the level of fold
pooling (2x — 8x) can also be attempted. Here pooling can be done by combining 2 lines with
4 individuals each (2x) or 3 lines with 2 individuals each (3x) or 4 lines with 2 individuals
each (4x). It is left to the discretion of the researcher to choose either of the options [to
attempt vast scanning (8x) or in-depth scanning (1x)] or strike a balance between the two

options by manipulating fold pools (2x — 4x) .

NEATTILL, although offers the flexibility of scanning populations in 3 ways: vast, in-
depth or intermediate, has one limitation that the fold pooling of DNA is fixed. However,
when DNA is isolated separately from individuals, one can try various levels of pooling ( 2x,
3X, 4x, 5x, 6x or 8x) at any point of time but this flexibility is not possible with tissue pooling.
Therefore, fold pooling which works best in a particular organism has to be determined before
attempting NEATTILL using a known mutation as a positive control. The protocol of 2-D
pooling of tomato cotyledons was proved to be useful for detection of mutation, and also
reduced the cost of DNA isolation. Since it also reduces the time to isolate DNA from large
population, it was adopted for scanning for mutation in M, population of Arka Vikas by

TILLING.

5.6 TILLING of Phytochrome Genes

Studies on mutants and transgenic plants along with sequence homology analysis have been
used to understand several molecular domains associated with phytochrome molecules. Such

studies have revealed that N-terminal half of the phytochrome molecules is associated with
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photosensory function while the regulatory functions involving transfer of perceived
information to downstream components of the signal transduction chain has been assigned to
C-terminal domain. The N-terminal domain comprises several subdomains: the N-terminal
extension, the Per/Amnt/Sim (PAS) subdomain, the cGMP phosphodiesterase/adenyl

cyclase/FhlA (GAF) subdomain, and the phytochrome (PHY') subdomain.

Genetic and molecular analyses have greatly helped in understanding the functions of
individual phytochrome family members in plants. Light-labile PhyAs appear to be primarily
responsible for mediating photomorphogenic responses to continuous far-red light and
sensing very low light fluences and for adaptation to FR-enriched shade environments
(reviewed by Casal et al., 1997; Sineshchekov, 2004), while the light-stable phytochromes
Phi-E mediate the classic R/FR photoreversible responses and adaptation to elevated fluence

rates of R (Reed et al., 1993; Franklin et al., 20034, b).

Our current understanding of the structure and function of phytochromes has greatly
facilitated from the isolation and characterization of photoreceptor mutants (Quail, 1997). To
unravel the roles of the different phytochrome species, mutants deficient in one specific type
of phytochrome are required. So far, three types of phytochrome mutants have been
identified, which include: (a) Mutants with defect in the biosynthesis of the common
phytochrome chromophore, like the hyl and hy2 mutants of Arabidopsis (Parks and Quail,
1991) ,the pew mutants of Nicotiana plumbaginifolia (Kraepiel et al., 1994), and the aurea
(au) and yellow green-2 (yg-2) mutants (Koornneef et al., 1985) of tomato (Sharma et al.,
1993; Van Tuinen et al., 1995b). (b) Mutants that lack a light labile phytochrome (PhyA)
have been reported in Arabidopsis (Dehesh et al., 1993; Nagatani et al., 1993; Parks and
Quiail, 1993; Whitelam et al., 1993) in tomato (Van Tuinen et al., 1995a) and in pea (Weller,
1997). (c) Mutant that are deficient in light stable, PHYB-like protein have been reported in

several species, including hy3 mutant in Arabidopsis (Reed et al., 1993), tri mutant in
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tomato (Van Tuinen et al., 1995b), various spectral and signalling mutants in Arabidopsis

(Oka et al., 2008).

Phytochrome A mutants in various plant species are characterized by their failure to de-
etiolate in continuous FR light (absence of a FR-HIR for hypocotyl inhibition and the rather
normal phenotype in WL. Similarly, characterization of PhyB deficient mutants in various
species revealed that they have difficulty de-etiolating in continuous red light. Additionally
adult plant tissues exhibited a reduction in chlorophyll content. A large-scale screen for
Arabidopsis phytochrome B mutants identified 14 novel missense mutations in the N terminal
moiety. Analysis of these new mutations revealed that each subdomain has an important
function. Analysis on the spectral properties of these mutants enabled them to be classified
into two principal classes: light-signal perception mutants (those with defective spectral
activity), and signaling mutants (defective in intracellular signal transfer). Most of the spectral
mutants were found in the GAF and PHY subdomains. On the other hand, the signaling
mutants tend to be located in the N-terminal extension and PLD (PAS-like domain). These
observations indicate that the N-terminal extension and PLD are mainly involved in signal
transfer, but that the C-terminal GAF and PHY subdomains are responsible for light

perception (Oka et al., 2008).

More recently, Su and Lagarias (2007) reported the isolation of a new class of plant
phytochrome mutants that exhibit light-independent signalling. These mutants are reported to
have a dominant gain-of function activity caused by mutation of a conserved GAF domain
Tyr residue (Y®). Y®* mutants of Arabidopsis phyA and phyB exhibited a light-
independent activation of gene expression, and general R/FR insensitivity with a COP
(Constitutive photomorphogenesis) phenotype. The above study clearly demonstrates the
critical role of the conserved GAF domain in coupling light perception with downstream

signaling.
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In tomato, only few mutations have been reported for PHYA, PHYBland PHYB2 genes. To
understand the function of phytochrome in modulation of plant architecture, there is need for
additional alleles, mutated in different domains of phytochrome gene. Considering the
importance of tomato as a vegetable plant, and role of phytochrome in regulating fruit
ripening we sought to isolate new alleles of PHYA and PHYB1 in tomato. We used TILLING
to isolate new allelic variants of phytochrome A and B1 genes. These alleles may influence
plant architecture and also provide information on functional importance of respective
domains. The mutant lines were also phenotypically characterized for phenotypic aberration.
A population of nearly 10,000 EMS mutagenized M, plants were screened for mutations in
genes encoding the PHYA and PHYBL1 proteins. For these genes, the focus of mutation
screening was on the regions predicted by CODDLE (Codons Optimised to Discover
Deleterious Lesions). The above analysis predicted that mutations in exons 1 and 2 may cause
most deleterious effects on Phytochrome A and B1 function. These two exons encodes for the
light signalling domains, which consists of core light sensing components like PAS, GAF and
PHY. TILLING of phytochrome A in the above region yielded six independent point
mutations, out of which we could identify only one confirmed individual plant line in
subsequent analysis. TILLING of phytochrome Bl gene yielded two independent point

mutations and we could confirm only one mutation at individual plant level.

Though we screened a large population of nearly 10,000 M, plants, we could detect only a
few mutations in these two phytochrome genes. Though we do not know the reason for the
low frequency of mutations in tomato M lines, one probable explanation is recalcitrance of
tomato to mutagenesis. The very low frequency of mutation in phytochrome A and Bl
suggests the conserved nature of these two phytochrome genes and their importance for plant
survival. It is likely that mutation in phytochrome gene may be lethal for plants, and these

lines do not survive, thus reducing detection of strong mutations in phytochrome gene. The
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mutant line (Accession number M82-M,-895) which had mutation in phytochrome A gene,
was further analysed to detect the molecular nature of the mutation. Sequence analysis of
phytochrome A gene from the above mutant line revealed the presence of a nucleotide change
from guanine (G) to Adenine (A) at 1586™ position of open reading frame (ORF). The
conversion of amino acid showed that this change causes a missense mutation as it alters the
codon GGG to AGG leading to the replacement of glycine with arginine at amino acid 496
(G496R) in the mutant PHYA polypeptide. This change causes the shift from non-polar
neutral amino acid to polar positive amino acid in the PHY domain of Phytochrome. Detailed
phenotype analysis of the plant revealed that although at the seedling stage any characteristic
change was not visible, the adult mutant plant exhibited an altered phenotype compared to
wild type control. The observation that mutant plant exhibit altered architecture establishes
that the functional consequence of the mutation is the gain of function of the photoreceptors.
While the extent of gain of function activities is difficult to predict from our data, the
phenotype has promising impact on crop improvement. While field grown plants exhibit a
significant change, the seedling phenotype which include hypocotyl elongation and cotyledon
expansion, which is present in the previously reported phytochrome were completely absent
under continuous far red light. In future, a detailed examination of mutant phytochrome would
be carried out to delineate its function in regulating plant architecture and genetic linkage of

phenotype with the mutation.

Similar to phytochrome A only one mutant allele for phytochrome B1 (Accession AV 60
mM 888) was isolated from the above mutagenized population of tomato. The sequence of
mutant phytochrome Blgene revealed a change from cytosine (C) to thymine (T), which
leads to a silent or synonymous mutation. This mutation affected the third base of a codon
(CTC to CTT) which does not change the amino acid encoded by that codon. Phenotype

characterization revealed that the above mutant line did not exhibit any perceptible
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phenotypic change either at the seedling stage or at the mature stage. Though synonymous
changes should not affect the function of a given protein, it is reported that codon bias for an
amino acid may influence the level of protein. In such a case even synonymous mutations
have distinct effect on phenotype of plants. Since to evaluate such change, require rigorous

examination of plant phenotype and we did not undertake this.
5.7 Use of ECOTILLING as a Polymorphism Discovery Tool in Tomato

EcoTILLING is a rapid, low-cost and efficient method for the discovery and characterization
of nucleotide polymorphisms. ECOTILLING was initially used to characterise the variability
of collection of Arabidopsis ecotypes (Comai et al., 2004). Later it was adopted as a useful
technique to analyse the natural variation in populations viz black cottonwood (Gilchrist et al.,
2006), and for genotyping in other species. It was also used for the identification of variation

in resistance genes of barley (Mejlhede et al., 2006) and Cucumis species (Nieto et al., 2007 )

A rapid, low-cost and efficient method for the discovery and characterization of nucleotide
polymorphisms in tomato would add to understanding its genetic diversity and help in

improvement of tomato.

In the current study two phytochrome genes viz. Phytochrome A and Phytochrome Bl
which are key regulators of light driven plant development were analysed by EcoTILLING.
Considering the importance of GAF and PAS domains in phytochrome in signalling, these
regions were scanned for polymorphism and a few SNPs were detected. In a population of
605 different accessions, 32 accessions showed with polymorphism in either phytochrome A
or B1. Interestingly 95% of polymorphism in phytochrome B1 was synonymous SNPs while
phytochrome A showed several nonsynonymous SNPs which are predicted by either SIFT or

PARSESNP or both to be deleterious to phytochrome A function.
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5.8 Polymorphisms in Phytochrome Genes

The structural motifs of different phytochrome photoreceptors are highly similar (Nagatani,
2010). Functional phytochrome A molecules are dimers of 120-kD monomers, which can be
divided into N- and C-terminal halves, connected by a proteolytically vulnerable hinge region
(Quail, 1997). The N-terminal half of phytochromes are responsible for defining the
functional characteristics of the photoreceptor (Wagner et al., 1996; Mateos et al., 2006).
Mutations in the PAS and GAF domains of plant phytochromes that result in altered function
in vivo have been mapped onto the DrBphP structure (Rockwell et al., 2006). Considering this
fact, we targeted the PAS and GAF domain for SNP detection for both Phytochrome A and

B1.

Nearly 19 tomato accessions showed polymorphism on Li-COR DNA analyser in target
region of phytochrome A, in comparison to Arka Vikas. Based on fragment cleavage pattern
these accessions were classified into 4 different haplotypes. The precise position and nature of
the identified polymorphisms were determined by phytochrome A gene sequencing.
Haplotype. 2 (HT. 2) showed a nucleotide change G2614A, which was a nonsynonymous
mutation. It corresponded to amino acid change E748K (Glutamic acid to Lysine) located at

the PAS domain of the amino-terminus of the protein.

Surprisingly GAF domain region of phytochrome A, encompassing about first thousand
base pair of the first exon of phytochrome A of tomato, shows a very low diversity of
polymorphism. Only a single SNP was found for this region. Contrastingly the next thousand
base pair region of first exon, showed a higher number of SNPs compared to the former
region. These accessions with SNPs in phytochrome A gene in tomato were examined for any

phenotype change.
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For Phytochrome B1, 13 accessions showed polymorphisms in comparison to Arka Vikas
and were grouped in 3 different haplotypes. Sequencing of these three haplotype revealed that
that except HT.3, the two other haplotypes did not show any non-synonymous change. HT.3
showed a nucleotide change corresponding to a non-synonymous mutation. Sequencing of
phytochrome B1 gene from the accession EC 34480, belongs to HT.3, exhibited a nucleotide
change from Adenine (A) to Thymine (T) at the 164™ position of ORF causing amino acid

change from glutamic acid to valine.

The fact that most of the SNPs found for phytochrome B1 gene were synonymous is

probably related to the conserved nature of the region screened for polymorphism.

5.9 Effect of Non-synonymous SNPs on Far-red Light Mediated De-

etiolation of Seedlings

Seeds after germination under light follows a developmental program known as
photomorphogenesis (light development); where seedlings display short hypocotyls and open
expanded cotyledons that are capable of photosynthesis (Sullivan and Deng, 2003). The
switch between skotomorphogenic growth and photomorphogenic growth or the successful
establishment of photoautotrophy require the sensitive detection of light environment by

plants.

Phytochromes perform a variety of overlapping roles to detect light environment in
combination with other photoreceptors. Seedlings of phyA mutants grown under continuous
FR light show an elongated hypocotyl contrasting to the wild type seedling, which exhibit a
normal de-etiolated short hypocotyl. Studies indicate that phyA plays a unique role in
mediating de-etiolation under FR-HIR (Dehesh et al., 1993; Nagatani et al., 1993; Parks and
Quail, 1993; Whitelam et al., 1993). Similarly analysis of phytochrome B mutant suggested

that phyB is the major phytochrome regulating de-etiolation in white or red light and phyB
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deficient mutants exhibited elongated hypocotyl, reduced cotyledon expansion, and reduced
chlorophyll synthesis (Koornneef et al., 1980; Nagatani et al., 1991; Somers et al., 1991;
Reed et al., 1993). In this study, polymorphism identified for 2 important phytochrome genes
viz phytochrome A and phytochrome B1, were examined with reference to their effect on de-

etiolation of seedlings under far red light.

Among 5 haplotypes identified for phytochrome A, two haplotypes, HT.2 and HT.4
exhibited altered response to far red light. Seedlings of tomato accession (EC 528362),
belonging to HT.2 showed altered response to far red light. The accession harbours a non-
synonymous polymorphism in exon 2 leading to an amino acid change from Glutamic acid to
Lysine. It is likely that this particular change located at the PAS domain of the amino-
terminus of PHYA protein may be responsible for the observed phenotype of seedling under

FR light.

Similarly the accession WIR 3286, belongs to HT.4 exhibited an altered response to far
red light. In contrast to other phytochrome mutants, seedlings of WIR 3286 when grown
under far red light showed a completely opened cotyledon associated with a strong reduction
in hypocotyl length. The sequencing of genomic DNA showed 2 SNPs in exon 1 of
phytochrome A. The translation to amino acid sequence showed that these two SNPs alter
glutamic acid to Aspartic acid at 590" position and Leucine to Phenyl alanine at 651"
position. Between the two amino acid changes, shift from Leucine to Phenyl alanine at 651"
position is likely to be deleterious to the phytochrome, and it also showed a high PSSM score

(17.6).
5.10 Influence of Phytochrome SNPs on Tomato Plant Architecture

The architecture of plant shoot, though determined by several genes, is also influenced very

intensively by the environmental factors especially light. The reduction in PAR
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(Photosynthetically active radiation) by shading signified by enrichment of FR light under
canopy leads to elongation of plants, a process called shade avoidance. It is expected that
attenuation of shade avoidance would allow crop plants to be grown in high density. The
enrichment of FR due to shading is detected by plant photoreceptor Phytochrome. In tomato,
though five different phytochrome genes are present, the precise role of each member is still
not completely known. Seedlings of the accessions bearing non-synonymous SNP in
phytochrome A and B genes showed altered response to FR light. In view of this influence of

these SNPs were also examined on adult plant architecture.

Among 5 haplotypes identified for phytochrome A, plants belonging to HT.2 exhibited
altered plant architecture. Field grown plants of the accession (EC 528362), showed a
strikingly different phenotypic changes in plant architecture. The above accession showed a

drastic reduction in number of branches with a thin stem compared to Arka Vikas.

Among 3 haplotypes identified for phytochrome B1, plants belonging to HT.3 exhibited
altered plant architecture. Field grown plants of the accession, EC 34480 showed phenotypic

changes such as a drastic reduction in the number of branches and retarded vegetative growth.
5.11 New Phytochrome Alleles with Altered Flowering Response

The transition of vegetative growth to reproductive growth is considered as a major
development switch in plant cycle. Several environmental factors are involved in this
transition. Photoperiod is recognized as a major environmental factor regulating flowering
time in many plants. Phytochromes are principle photoreceptors which are involved in
photoperiod detection and floral induction. A key function of phytochrome is monitoring of
day length or photoperiod which, together with temperature, provides plants with important
seasonal information. Additionally phytochromes are also involved in the detection of relative

proportion red and far red light. Sensing the ratio of R/FR light, like photoperiod, provides an
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important cue to detect the shading in the plants. The detection of the altered R:FR ratios by
phytochrome initiate shade avoidance response in many species (Smith and Whitelam, 1997).
Acceleration of flowering is one such response which is induced by shade avoidance. The
shade avoidance response helps in the survival of plants under unfavourable condition.
Physiological studies of phytochrome mutants of Arabidopsis indicated that phyB is the
principle photoreceptor in shade detection (Goto et al., 1991). The early flowering phenotype
of phyB mutants under altered R:FR indicated the involvement this photoreceptor in

flowering in Arabidopsis.

Consistent with above role of phyB in flowering regulation, tomato accession EC 34480
(belongs to HT.3) exhibited a flowering phenotype. One of the characteristic features of this
accession was a reduction in the number flowers as well as delayed flowering. The flowering

in above accession was delayed of almost by thirty-day compared to Arka Vikas plant.

The above analysis of different accessions reveals that ECOTILLING can be used as a
powerful tool for discovering novel SNPs that can be used for their effect on
metabolic/physiological/morphological features of plant. In current study, few novel SNPs of
phytochrome A and phytochrome B1 were identified. The preliminary study showed that these
SNP influence plant architecture. More detailed analyses in future may reveal the precise role

of phytochrome molecule.
5.12 Sequence Diversity of Phytochrome in Wild Relatives of Tomato

Plants have evolved an array of photoreceptors for sensing and responding to their light
environment. The photo responses of various species native to different habitats exhibit
adaptive variation. Understanding the mechanisms of local adaptation of wild species in
correlation with photomorphogenic variation is therefore of significant interest. Adaptation

can be described as the movement of a population towards a phenotype that facilitates the
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highest fitness in a particular environment (Fisher, 1930). Several approaches were developed
to detect adaptation in various organisms, though the genetic basis of adaptation in natural
populations remains largely unknown (Orr, 2005). These methods, which mainly employ
information on DNA variation for adaptation detection, have frequently been applied to plant

model systems.

Tomato genome harbours five phytochrome genes, designated PHYA, PHYB1, PHYB2,
PHYE and PHYF. The molecular properties of the photoreceptors, encoded by these genes,
enable them to perceive and transduce red light (R) and far-red light (FR) signals to
downstream cellular components, ultimately leading to modulation of the expression of genes
responsible for photomorphogenesis. Polymorphic variations observed in various
phytochrome species have been found to alter light responses. For instance, a single amino
acid change in PHYA exhibited a reduced FR sensitivity in A. thaliana strain Lm-2, likewise
a naturally occurring deletion in PHYD increases stem elongation and nucleotide variations in
PHYC is responsible for differences in both flowering time and hypocotyl elongation, in A.
thaliana accessions (Maloof et al., 2001, Balasubramanian et al., 2006). It is considered
relative to an average plant gene, phytochrome genes evolve faster and previous studies have
shown that positive selection might have happened early in the diversification of PHYA
sequence (Mathews et al., 2003). Among all other members phytochrome B is considered as
the most dominant photoreceptor as it plays by far the primary role for white-light responses
(Filiault et al., 2008). Moreover, PHYB has been proposed as a candidate gene for several
quantitative trait loci (QTLs) affecting light mediated physiological response. Phytochrome A
is also unique in phytochrome family for its ability to mediate photomorphogenic response to
continuous far red light and for the strong photocontrol of its transcript level and protein
stability. In tomato, we know very little about function of other phytochrome species like

phytochrome B1, E, and F due to the unavailability of mutant alleles for these three species.
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The second objective of this study was to unlock genetic potential from the wild relatives.
The increased population growth imposes a greater demand on agricultural output than at any
time in history. In this scenario, genetic improvement of crops is considered as the most
viable approach by which food production can keep pace with the anticipated growth of the
human population. To achieve this, it is essential to harness the wealth of genetic variation
provided by Nature. Recent findings indicate that, there is significant genetic potential locked
up in seed banks and that can be used effectively for crop improvement by searching for
superior alleles of genes with the aid of modern technology. It is known that domesticated
species represent only a tiny fraction of the variability available among the wild relatives.
Plant domestication is an outcome of strong selection pressure exerted by humans, which
results in changes in the tissue and organs of greatest interest to humans. The wild tomato
species contain several useful traits that can be introgressed into cultivated tomato such as
tolerance to drought and salinity (Dehan et al., 1978; Shalata et al., 1998), accumulation of
health promoting phytochemicals and resistance to multiple pathogens (Venema, 1999;

Stevens 1986; Robert, 2001; Rick et al., 1994).

An exhaustive sequencing approach was used to identify genetic difference responsible for
the variability of the different shade response pattern and architectural variation in tomato and
its closely related wild relatives. The nucleotide diversity of phytochrome genes was analysed
to determine whether polymorphisms in phytochrome genes could contribute to variation in
light response. The sequences of five wild relatives of tomato were compared with gene
sequence of S. lycopersicum (cv. Arka Vikas). Using the available genome sequence and
annotation data of tomato, bioinformatics analyses are performed to compare various
phytochrome genes in these organisms. The sequencing analysis of phytochrome genes

showed the presence of numerous SNPs that differentiate the color fruited species from the
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green-fruited one. Some non-synonymous substitutions found in this study are potential

candidate to be hypo or hypermorphic alleles.

The sequence analysis revealed the presence of 110 synonymous, and 59 nonsynonymous
polymorphisms in phytochrome of wild tomato species. The presence of large number of
SNPs in three wild tomato species [S.habrochaites (71) S. neorickii (42) and S.chilense (34)]
compared to other two species are consistent with the result that these three species are distant
relatives of cultivated tomato compared to other two species S. cheesmanii and S.
pimpinellifolium. The results observed also support the notion that Phytochrome A and Bl
plays unique roles in light mediated physiological responses as these two phytochromes
showed a very few nonsynonymous SNPs. Comparatively a low dS/dN ratio was observed for
both PhyA and PhyB1 (0.36 and 0.08) than the other two phytochrome species (0.42 and 0.45
respectively for phytochrome E and phytochrome F). Moreover the location of most of the
amino acid polymorphism outside the functionally important GAF and PHY domain indicates
the due to functional importance of these domains in phytochrome mediated light signalling

and the sequence of these domains remains conserved during evolution.

Considering the above results, we examined whether this observed pattern could be
explained by selection as this could be due to selection on protein sequence and function. The
observed distribution of nonsynonymous sites away from important domains might reflect
that the GAF and PHY domains are more highly conserved than the rest of the protein.
Tajima's D is a statistical test used to compare observed nucleotide diversity against the
expected diversity under the assumption that all polymorphisms are selectively neutral and
constant population size. The test finds out whether the evolution of a DNA sequence is
neutral (random evolution) or non-neutral (under selection). A randomly evolving DNA
sequence contains mutations, which do not affect the fitness and survival of an organism. A

negative Tajima's D signifies an excess of low frequency polymorphisms relative to
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expectation, indicating population size expansion (e.g., after a bottleneck or a selective
sweep) and/or purifying selection. A positive Tajima's D signifies low levels of low and high

frequency polymorphisms, indicating a decrease in population size and/or balancing selection.

Above results suggest that all phytochrome genes evolve neutrally as the analysis indicated
that none of the phytochrome gene bear a significant Tajima D value (values greater than +2
or less than -2 are likely to be significant). The theoretical distribution of Tajima's D (between
-2 and +2) explains that polymorphism ascertainment is not dependent on allele frequency.
All the four phytochrome genes showed a negative Tajima D value indicates an excess of rare
variation in the region, which can be consistent with population growth, or positive selection
or purifying selection. The purifying selection in phytochrome locus strongly suggests that,
most amino acid changes are deleterious and therefore, they are selected against the pressure.
Alternatively the products of the unique genes are in general more highly conserved. The
observed very low nucleotide diversity values for all the four phytochrome genes could be
due to a relatively small long-term effective population size rather than any severe bottleneck

during tomato evolution.

The phylogenetic relationship analysis data also correlated with SNP distribution data.
Phylogram showed a topology where the green-fruited varieties considered for the study
(S.habrochaites, S. neorickii, S.chilense) were at an ancestral position while the coloured

fruits (S. cheesmanii, S. pimpinellifolium) were more of closely related position to tomato.

Comparison of DNA sequence of various organisms showed that during evolution there is
a universal bias in favour of transition over transversion, although twice as many transversion
type substitution i.e. substitution between purines and pyrimidine are possible. Knowledge of
the pattern of nucleotide substitution is important as it can help estimating the number of

substitutional events between DNA sequence as well as it assists in the phylogenetic
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reconstruction that incorporate models of DNA sequence evolution. Part of this bias is due to
the relatively high rate of mutation of methylated cytosine to thymine. At low sequence
distance, this transition bias results in substitution pattern that is characterized by Ts/Tv ratios
typically ranging between 2 and 10. Nucleotide base change analysis for phytochrome genes
from wild tomato species showed that, there is no significant difference between transition
and transversion in some of the phytochrome genes. The codominance of transition and
transversion in phytochrome B1 sequence is a striking result from our study. While other
phytochrome showed a Ts/Tv ratio>1 i.e., phytochrome A (3) phytochrome E (1.8) and

phytochrome F (1.1), phytochrome B1 showed a Ts/Tv ratio of one.

Though the changes in sequence of different phytochrome are difficult to relate to
individual function, the seedling phenotype of S. habrochaites under FR light was interesting.
In this case, effect of FR light was at variance from AV and, it may be related to the
ecological niche this particular wild relative is growing. The studies on variation in
phytochrome SNPs in relation to geographic distribution may show strong association
between certain SNP and ecotypes. However, to relate the SNP to light response or ecotype
needs analysis of number of accessions. This aspect can be examined in a future study on

tomato similar to Arabidopsis.
5.13 Light Regulation of Lateral Root Formation in Tomato

Lateral roots are derived from the primary roots to optimize primary function of root to
acquire water and minerals. Lateral root formation is also a major determinant of root
architecture development. The degree of root branching, immensely influence the anchorage
by the plants’ water and mineral uptake. Understanding the mechanism of lateral root

formation is therefore of agronomic importance. Moreover, the role of light on LRF is not
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investigated in tomato and this can serve as a good assay to examine the function of

phytochrome.

The development of lateral roots is a highly plastic process, which is influenced greatly by
both environmental factor and hormonal factor. Lateral root formation is initiated in the
pericycle layer cells adjacent to the protoxylem poles of primary root with a highly ordered
series of anticlinal divisions, which forms LRP (lateral root primordial). The subsequent
development of the LRP involves a precise series of cell divisions that ultimately lead to the

emergence of lateral roots (Malamy and Benfey, 1997a, 1997b).

It is a well-known fact that root tip excision can induce lateral roots in plants. Plant
breeders take advantage of this attribute by removing the extreme tip of the roots of the plants
before transferring them into field. The removal induces numerous lateral roots and thus a
proper root architecture that support the plant system. Though the exact reason is not known,
the LRF as a result of decapitation (root tip excision) was already observed in pea

(Whightman and Thimann, 1980), and in Arabidopsis (Reed et al., 1998).

Our result indicate that root tip exert some level of regulatory effect on lateral root
formation. Since excision induces lateral root formation in tomato it is interesting to speculate
on the nature of this signal. In addition, it is also worth to examine how this signal interacts
with light. At this moment the nature of the signal and the signalling events between the

excision of root tip and lateral root formation are unknown.

The root tip excision induced nearly 5-fold increase in lateral root formation in tomato.
The result suggests that, in tomato, as in other plant system wound response due to excision of
tip does not inhibit lateral root development. Since root tip excision induces LRF, it can be

assumed that root tip might be exerting an inhibitory effect on lateral root development.
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Several studies have shown that Auxin is necessary for various stages of plant
development. Auxin application to growing plants was found to stimulate lateral root
development. (Torrey, 1950; Blakely et al., 1982; Muday and Haworth, 1994). Conversely
application of Auxin transport inhibitors decreases the number of lateral roots (Muday and
Haworth, 1994). Moreover various auxin-related mutants have been reported to arrest lateral
root formation in Arabidopsis (Celenza et al., 1995). Auxin is highly required in the initial
stage of LRP formation, to establish a population of rapidly dividing cells in the pericycle. In
the later stage of development derivatives of the LRP subsequently form hormone-
autonomous meristems. The developing lateral root primordia are reported to get auxin via
polar auxin transport, before they become hormone autonomous (Reed et al., 1998). Polar
auxin transport is regulated auxin delivery system used by the plants to mobilize from the
source tissue to the sink tissue (Bennett et al., 1998). Previous studies (Bhalerao et al., 2002)
suggests that , auxin synthesis occurs in the first developing true leaves act as a source of
auxin for the emergence of first LRP and later in the development , the primordial depends on
leaf derived auxin to a lesser degree as the root system autonomously synthesize its own

Auxin.

Most literature report on LRF formation supports that at the initial stage of seedling
development, auxin, which is synthesised in the developing leaves, is required for LRF and
plants depends on polar auxin transport from aerial tissue for the initiation of LRP. In this
study, mechanism of LRF as a result of decapitation at a very early stage of development (as
young as 2 DAG), is not known. There are two possibilities that may be responsible for this
phenomenon.1) Presence of an auxin independent signal that root tip decapitation induce 2)
removal of an inhibitory signal that is already there in the root tip and is removed due to
excision. Though we do not know the exact reason, we found more number of lateral roots in

seedlings, which are decapitated at 2DAG than that of seedlings at 4DAG. This may be
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related to a development dependent response as lateral root emergence requires 2-4 days.
Therefore late excision at 4 DAG may not lead to visible LRF. To check the possibility of the
presence of auxin independent signal in decapitated seedlings, auxin transport was inhibited
by supplementing TIBA, an auxin transport inhibitor in decapitated seedlings at the time of
excision. The slightly enhanced LRF in TIBA treated seedlings indicate that the signal is
auxin independent, as reduction of PAT stimulated LRF. The removal of aerial tissues has an
inhibitory effect on LRF. The above studies suggest that, this phenomenon could be because
of the removal of the auxin source (developing leaves) for LRP formation (Bhalerao et al.,
2002). Interestingly our results showed a reduction of LRF in seedlings from which
cotyledons were also excised. Since excision of complete shoot abolish LRF completely, it
has to be considered that the reduction may be more related to carbohydrate starvation as

developing root depends on shoot for energy.

However, we cannot rule out the role of shoot-derived auxin. In future, we may examine
whether after excision of aerial tissue, application of auxin on cut stump can lead to LRF

formation.

Recent genetic studies and mutational analysis have shown that ethylene, a gaseous plant
hormone; negatively regulate lateral root formation in various plants. Both ethylene
overproducing mutants and constitutive ethylene signalling mutants shows decreased lateral
root formation (lvanchenko et al., 2008; Negi et al., 2008; Negi et al., 2010). Moreover,
treatment with ethylene or ethylene precursors like, 1-aminocyclopropane carboxylic acid
(ACC) also inhibits lateral root formation. The effect of ethylene in excision induced LRF
was examined by adding an ethylene precursor and our results show LRF as a result of root
tip excision is not related to ethylene. The addition of ACC (an ethylene precursor) stimulated
LRF in excised seedlings rather than inhibiting it, as evidently more number of lateral roots in
the seedlings which were treated with ACC showed more number of lateral roots as compared

to untreated one when the seedlings were subjected to root tip excision.
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Little information on role of light in lateral root formation is available. Previous reports
showed that, in Arabidopsis dark grown seedlings exhibited a reduced LRF compared to WL
grown seedlings (Bhalerao et al., 2002). In addition light also affect the formation of indole-3-
acetic acid (IAA) in germinating Arabidopsis seedlings (Bhalerao et al., 2002). Therefore it is
possible that in tomato too light may regulate the process of LRF by stimulating auxin
synthesis in young leaves. To examine whether LRF as a result of excision also would require
a specific light/ photoreceptor, an experiment was done in which seedlings were grown under
R, FR, WL and D and subsequently their root tips were removed. The result clearly indicated

that WL stimulated LRF as a result of root tip excision.

Since R/FR grown seedlings shown less LRF than WL grown seedlings, it indicate that
multiple photoreceptor control the LRF stimulation in tomato. It remains to be examined
whether cryptochrome and/or photropins are influencing the response, in addition to

phytochromes.

In summary our results show that excision induce a signal that stimulate LRF in tomato
seedlings. Since inhibition of PAT stimulates LRF formation, this may be related to auxin
accumulation of LR founder cells. It remained to be examined if shoot derived auxin plays a
role in the response, but it appears that shoot also contribute to LRF by providing necessary
nutrition such as carbohydrate. The role of ethylene in the response appears to be minimal as
ACC application did not inhibit LR formation. The light has a modulating role and possibly
all photoreceptors play in this response as WL grown root induce more LRF than R and FR
light grown seedlings. Since light has a specific modulatory role in this process, effect of
R/FR light on excision induced LRF formation can be used to examine the relative role of

different phytochrome species in this response.
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6. SUMMARY
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Phytochrome is a plant photoreceptor, which is known to regulate a wide variety of responses
of plants to light, including induction of seed germination, modulation of elongation growth,
promotion of chloroplast development, and induction of flowering. An understanding of the
molecular mechanism of phytochrome action is therefore essential to elucidate the complex
processes of plant growth and development. In the present study, a reverse genetic, non-
transgenic approach like TILLING and Eco-TILLING, were used for the isolation of induced
mutations in Phytochrome A genes in an EMS mutagenized population of tomato. N-terminal
region of the gene, which codes for photosensory region of the protein, was targeted for
mutation mining. Here we report the isolation of novel mutant alleles of phytochrome A and

B1 that would facilitate the functional analyses of different domains phytochromes in tomato.

A population of nearly 10,000 EMS mutagenized M, plants were screened for mutations in
genes encoding the PHYA and PHYBL1 proteins. For these genes, the focus of mutation
screening was on the regions predicted by CODDLE (Codons Optimised to Discover
Deleterious Lesions). The above analysis predicted that mutations in exons 1 and 2 might
cause most deleterious effects on phytochrome A and B1 function. These two exons encodes
for the light signalling domains, which consists of core light sensing components like PAS,
GAF and PHY. TILLING of phytochrome A in the above region yielded six independent
point mutations, out of which we could identify only one confirmed individual plant line in
subsequent analysis. TILLING of phytochrome Bl gene yielded two independent point

mutations and we could confirm only one mutation at individual plant level.

Though we screened a large population of nearly 10,000 M, plants, we could detect only a
few mutations in these two phytochrome genes. Though we do not know the reason for the
low frequency of mutations in tomato M, lines, one probable explanation is recalcitrance of
tomato to mutagenesis. The very low frequency of mutation in phytochrome A and Bl

suggests the conserved nature of these two phytochrome genes and their importance for plant
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survival. The mutant line (Accession number M8,M2895) which had mutation in
phytochrome A gene, was further analysed to detect the molecular nature of the mutation.
Sequence analysis of phytochrome A gene from the above mutant line revealed the presence
of a nucleotide change from guanine (G) to Adenine (A) at 1586™ position of open reading
frame (ORF). The conversion of amino acid showed that this change causes a missense
mutation as it alters the codon GGG to AGG leading to the replacement of glycine with
arginine at amino acid 496(G496R) in the mutant PHY A polypeptide. This change causes the
shift from non-polar neutral amino acid to polar positive amino acid in the PHY domain of
Phytochrome. Detailed phenotype analysis of the plant revealed that although at the seedling
stage any characteristic change was not visible, the adult mutant plant exhibited an altered

phenotype compared to wild type control.

Similar to phytochrome A only one mutant allele for phytochrome B1 (Accession AV 60
mM 888) was isolated from the above mutagenized population of tomato. The sequence of
mutant phytochrome Blgene revealed a change from cytosine (C) to thymine (T), which leads
to a silent or synonymous mutation. This mutation affected the third base of a codon (CTC to
CTT) which does not change the amino acid encoded by that codon. Phenotype
characterization revealed that the above mutant line did not exhibit any perceptible

phenotypic change either at the seedling stage or at the mature stage.

Both phytochrome A and phytochrome B1 genes were also screened for the detection of
SNPs in a population of 600 natural accessions of tomato using the same region that was used
for TILLING. A large number of polymorphisms were observed for both phytochrome A and
B1 and accessions were classified into different haplotypes based on the nature of

polymorphisms.
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Nearly 19 accessions showed polymorphism in target region of phytochrome A, in
comparison to the reference cultivar WT Arka Vikas. These accessions were classified into 4
different haplotypes. The precise position and nature of the identified polymorphisms were
determined by phytochrome A gene sequencing. Out of 4 haplotypes, 2 haplotypes (HT.2 and
HT.4) were confirmed for the polymorphism by sequencing. Haplotype 2 (HT. 2) showed a
nucleotide change G2614A, which was a nonsynonymous mutation (missense). It
corresponded to amino acid change E748K (Glutamic acid to Lysine) located at the PAS

domain of the amino-terminus of the protein.

Considering the importance of PAS domain in phytochrome A function we further
analysed HT.2 for its impaired phytochrome function and we selected accession EC 528362,
which represent HT.2 for further analysis. Several studies have reported that seedlings of
mutant plants with defect in Phytochrome A protein showed an elongated phenotype under far
red light (van Tuinen et al., 1995a). To ascertain the effect of above SNP on seedling
phenotype, seedlings of the accession EC 528362 and its wild type control cv. AV were
grown under continuous blue, red, far red light, white light and absolute darkness. On
comparison with the wild type, we found no difference between the WT control and the
mutant accession under all light conditions, except in FR light. In FR light, the hypocoty! of
EC 528362 was slightly elongated compared to WT. Interestingly, roots of the accession (EC
528362) exhibited an opposite response, as it displayed a shorter root under FR light

compared to WT plant.

For phytochrome B1, 13 accessions showed polymorphisms in comparison to Arka Vikas
and were grouped in 3 different haplotypes. Sequencing results suggested that except HT.3,
the two other haplotypes do not carry any nucleotide change that would bring about a non-
synonymous change. HT.3 showed a nucleotide change corresponding to a non-synonymous

mutation. It was found that the accession EC 34480, which represents HT.3 exhibited a
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nucleotide change from Adenine (A) to Thymine (T) at the 164" position of ORF causing an
amino acid change from glutamic acid to valine. In the mutant PHY BL1 protein, the above
amino acid change (from polar amino acid to non-polar neutral) would affect the functionality
of the PHYBL1 protein. The structural superimposition of PHYB1 model of EC 34480 and
wild type protein showed that the RMSD (Root Mean Square Deviation) for the protein
structure superimposition is 5.04 A and it results in a significant deviation of the mutated

protein structure.

Though the accession EC-34480, at seedling stage did not indicate any abnormal
phenotypes with broad spectrum light experiments, field grown plants showed a strikingly
different phenotypic changes in plant architecture. One of the characteristic features was a
drastic reduction in the number of branches and flowers and retarded growth. In addition to

this, an almost thirty-day delay in flowering was also observed for this accession.

Given the diversity of ecological niches where different wild relatives of tomato grow in
diverse environmental conditions ranging from deserts to high-altitude mountains, we
examined sequence variation at the four Phytochrome loci, PhyA, PhyB1, PhyE and PhyF in
wild tomato species. An exhaustive sequencing approach was applied to understand the
structure of this gene family by amplifying as many paralogous and allelic phytochrome
sequences as possible. To evaluate nucleotide diversity and sequence evolution at various
phytochrome loci in wild relatives of tomato, five different wild relatives (S. habrochaites, S.

neorickii, S. chilense, S. cheesmanii, and S. pimpinellifolium) were used.

Sequence analysis showed that all the four phytochromes, which were analysed in this
study, harboured several SNPs (e.g., PHYA: 25, PHYB1:49, PHYE: 56, PHYF: 26). Similar to
the results found in EcoTILLING, we found more synonymous changes (PHYA: 16,

PHYB1:45, PHYE: 31, PHYF: 15) than non-synonymous changes (PHYA: 9, PHYB1:4,
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PHYE: 25, PHYF: 11) in each gene. The ratio of total SNPs to SNPs that were non-
synonymous ranged from 8% to 45% in different phytochrome members with PHYE ranking
first (0.45) with more synonymous changes and other phytochromes viz PHYF, PHYA and
PHYBL yielding ratios of 0.42, 0.36 and 0.8 respectively. Three species, S. habrochaites (71
SNPs) S. neorickii (42 SNPs) and S.chilense (34 SNPs) harboured higher number of SNPs
compared to the two other species. Sequence analysis of the other two tomato species
revealed that they bear extremely less polymorphic variation (S. cheesmanii, 9 SNPs) or none

in case of (S. pimpinellifolium, 0 SNP)

Tajima’s D test showed that all four phytochrome genes evolved in a neutral manner. Dy
(entire sequence), Dnonsyn (NONSynonymous sites), Dsyn (Synonymous sites), and Pi (nucleotide
diversity) were calculated for all four phytochrome genes and it was found that none of these
genes showed a significant D value indicating that the nucleotide diversity values of all

phytochrome genes were low.

Phylogenetic trees were constructed using nucleotide sequencing data. The dendrograms
based on sequence data, followed a topology showing the green fruited varieties considered
for the study (S.habrochaites, S. neorickii, and S.chilense) were at an ancestral position while
the coloured fruits (S. cheesmanii, S. pimpinellifolium, ) were more closely related position.
This finding indicates the absence of lateral gene transfer events in the process of
domestication and the products of the unique genes such as phytochrome that are essential for

plant survival are in general more highly conserved.
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