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Chapter 1 Introduction

Tomato is one of the model crop species which has been studied extensively for
the various plant developmental processes, particularly for mechanisms regulating fruit
ripening. Among the five “classical” naturally occurring plant hormones, ethylene (Kende
and Zeevaart, 1997) regulates a multitude of plant processes, ranging from seed
germination to organ senescence. The commercial value of tomato is derived from fruit,
therefore the role of ethylene as an inducer of fruit ripening is of particular economic
importance (Abeles, 1992). Moreover, ethylene is also induced in response to biotic and
abiotic stress, such as pathogen attack, wounding, water-logging, and drought (Yang and
Hoffman, 1984).

Ripening is a complex, genetically programmed process that initiates drastic
changes in color, texture and aroma of fruit. Based on ripening pattern fruits are
classified as climacteric and non-climacteric. The climacteric fruits characteristically
show a major peak in respiration and a concomitant burst of ethylene in tomato, apple,
melon and banana. The non-climacteric fruits do not show any dramatic change in
respiration and ethylene production remains at a very low level. In climacteric fruits,
ethylene is a key player and affects the transcription and translation of many ripening-
related genes (Gray et al. 1994; Deikman 1997; Giovannoni 2001).

Due to its role in the regulation of flower senescence and fruit ripening, the
control of ethylene production and perception has been used as a major tool to prevent
fruit/flower spoilage and prolong marketability. Tomato being a climacteric fruit, its
ripening is influenced by the ethylene. Several transgenic approaches have been directed
to reduce ethylene/perception and biosynthesis to delay the fruit tipening in tomato. In
tomato, ethylene is perceived six ethylene receptors which initiate downstream ethylene
signaling pathway. Ethylene synthesis involves a two-step pathway where S-adenosyl-L-
methionine is converted to ethylene via 1-aminocyclopropane-1-carboxylic acid (ACC).
The enzymes catalyzing the two reactions of this pathway are ACC synthase (ACS) and
ACC oxidase (ACO). ACS, a crucial enzyme of ethylene biosynthetic pathway, belongs to
a multigene family, showing similarity to pyridoxal-5"-phosphate (PLP)-dependent
aminotransferases. Out of the nine ACS genes identified in tomato, ACS2 and ACS4 are
responsible for the autocatalytic production of ethylene during the climacteric phase of
tomato fruit ripening.

At present there are no reported spontaneous mutants in tomato that are
defective in ethylene biosynthesis pathway. A mutant defective in ethylene biosynthesis

can be a good substitute for delayed ripening in tomato rather than the transgenic plants
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Chapter 1 Introduction

with delayed fruit ripening. Since ACS2 plays a key role in regulating tomato fruit
ripening, isolation and characterization of tomato ACS2 mutants would be of a great
value.

However to isolate a mutant defective in a specific genes require special efforts.
Several approaches such as classical breeding, induction of mutations and selection of
desired phenotype can be used for producing plants with delayed ripening trait. However
the standard approach involving forward genetics is too difficult to apply for mutant
isolation, as it involves field based screening of fruits with delayed ripening. Though a
large field based study involving selection of mutant lines do yield several mutants, it is
not suitable for isolation for a gene specific mutant. At the same time it is a valuable
approach for isolation of trait-based mutant lines.

During past fifteen years alternate tools have become available that allows
isolation of a mutant in a desired gene. TILLING (Targeting Induced Local Lesions in
Genomes) is the most popular strategy for isolating mutations located in a specific region
of the genome (McCallum et al, 2000). It is a PCR-based strategy that allows
identification of an allelic series of induced point mutations in a selected gene(s) of
interest. It has been used for high-throughput isolation of mutants in Arabidopsis as well
as several plant and animal species (Arabidopsis, maize, wheat, barley, Drosophila and
zebra fish) [McCallum et al., 2000; Till et al., 2006]. To use this technique, first genome
wide mutations are induced by chemical mutagenesis (i.e. ethyl methane sulphonate,
EMS). The mutagenized lines are screened for gene specific mutants using TILLING.
The isolated mutants are then characterized in details for functional analysis of the
mutant gene.

Importantly, the TILLING allows us to identify mutations that usually escape
identification with forward genetics approach particularly when a mutant does not have a
phenotype. The TILLING also allows the identification of mutants with gain/loss of
function of the gene, and one can examine its subsequent effect on plant development
and fruit ripening. One of the advantages of TILLING and EcoTILLING approaches is
that the isolated mutants after backcrossing can be commercially released as TILLING is
a non-transgenic approach and does not require regulatory approvals. Moreover, the
detailed characterization of mutants also help to elucidate structure-function relationship
of the gene.

Considering the importance of the ACS2 gene in regulating fruit ripening, it was

chosen for isolation of gene specific mutants by TILLING. A large EMS (ethyl methane
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sulphonate) mutagenized population of an Indian table variety of tomato, namely, Arka
Vikas and a processing variety of tomato M82 from Israel was used for isolating ACS2
mutants. In addition a large collection of different tomato cultivars was screened for
natural polymorphism in .4CS2 gene using EcoTILLING.

In view of above advantages in present study, TILLING and EcoTILLING, the
reverse genetics strategies were used to isolate mutations in ACS2 gene of tomato.
Further, to understand the natural diversity of the ACS2 gene, its sequences was
examined in five wild relatives of tomato. The major objectives of this study were:

1. Identification and characterization of .ACS2 alleles by TILLING
2. Identification and characterization of natural variants in ACS2 gene by
EcoTILLING

3. Nucleotide diversity analysis of .ACS2 gene in five wild relatives of tomato
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REVIEW OF LITERATURE

2.1 Tomato

Tomato is one of important member of the Solanaceae family. The Solanaceae
family contains vast diverse group of plants having different characters viz., tuber-
bearing potato (Solanum tuberosum 1..), fruit-bearing vegetables such as tomato (Solanum
leopersicum L.), pepper (Capsicum annum 1.) and eggplant (Solanum melongena 1..),
ornamental plants such as petunia (Petunia hybrida hort.) and tobacco (Nicotiana tabacum L.),
herbs such as jimson weed (Datura stramonium 1..), plants with edible leaves (e.g. Solanum
aethiopicum L., Solanum macrocarpon 1..). Tomato is believed to be native to South America,
most probably the mountain regions in Peru. Tomato made its way from Central
America/Mexico to European countries after discovery of new world (Peralta et al.,
20006). Tomato belongs to the genus Solanum, subfamily Solanoidaeae and tribe solaneae
(Taylor, 1986). Modern taxonomists recently changed the scientific name of tomato from
Lycopersicum esculentum to Solanum lycopersicum (Spooner et al., 1993). The tomato has a
considerable small size of the diploid genome (n=12, 950 Mb) and approximately 34,000
genes (Tomato Genome Consortium 2012). The raw sequence data from the genome
sequencing projects has also been made available by the 150 tomato genome project
consortium. Open access availability of information related to genetic markers, an
extensive collection of monogenic mutant lines, and several genetic and epigenetic
databases make an it perfect model system for genetic, genomic and molecular study.
This section describes the attributes that have made tomato a model plant system for
studying different aspects of fruit development and ripening and comparative genomics
amongst several members of Solanaceae.

Tomato is a rich source of antioxidants such as lycopene, 3-carotene, vitamins A,
C, K, minerals and fibers (poor man's Apple, Table 2.1). Of the 14 carotenoids found in
human serum, tomato and tomato products contribute to nine carotenoids, including o-
carotene, [(3-carotene, lycopene, lutein, and [-cryptoxanthin in the human diet
(Giovannucci, 2002). Carotenoids obtained from tomato are known to neutralize free
radicals and overcome the risk of DNA damage by ultraviolet rays, chronic diseases like
prostate cancer and cardiovascular diseases and age-related muscular disintegration
(Giovannucci, 2002; Stahl et al., 2006; Kavanaugh et al., 2007).
2.1.1 Tomato production

Tomato (Solanum lycopersicum) is one of the most popular vegetable crops grown
worldwide for its fruit. According to the UN Food and Agriculture Organization (FAO),

it ranks second, after the potato, in terms of consumption and is grown in 144 countries
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REVIEW OF LITERATURE

(FAOSTAT Database, 2004). The worldwide production of tomatoes in the year 2013
was about 163 million tons. India observed ~48.3% increase in tomato production from
the year 2010 to 2013. In 2010, the total output of tomato was 12.4 million tons that
risen to 18.2 million tons (FAOSTAT Database, 2014).

2.2 Ethylene

2.2.1 Effect of ethylene on various plant developmental process and fruit ripening
in crop plants

Among the hormones that govern plant development, gaseous alkene ethylene is
the simplest in the structure (Abel et al., 1995). This 2-carbon olefin is a potent elicitor of
morphological changes during all stages of the plant life cycle (Fig. 2.1). At germination,
ethylene causes the hypocotyl to swell and broaden, girdling it as it penetrates through
the soil (Goeschl et al, 1966). As the plant matures, ethylene influences sex
determination and promotes fruit ripening (Abeles et al., 1992). Ethylene plays a role in
senescing flowers and leaves (Bleecker et al., 1997). Ethylene also protects plants from
the barrages of nature, strengthening trunks of wind-battered trees, assisting flooded
plants to survive submergence, and avoiding pathogenic attack (Dolan et al., 1997;
Shibaoka et al., 1994). Under stressful conditions such as heat and drought, the up-
regulated levels of ethylene, inhibit root growth and development, and, also reduce
shoot/leaf expansion (Sharp, 2002; Pierik et al., 2006). Ethylene is best known for its
involvement in stress-induced leaf senescence and abscission (Abeles et al., 1992). There
is also evidence that stress induced ethylene may directly reduce photosynthesis (Rajal
and Peltonen-Sainio, 2001). Stress triggered ethylene production, for example under heat,
flooding, air pollution, soil compaction, and drought, can also induce more direct yield
detriments, notably reduced grain-filling rates and/or increased embryo and grain
abortion (Hays et al., 2007; Wilkinson and Davies, 2010).

There is also growing evidence that environmentally-induced increases in plant
ethylene generation can be growth-promotive under some circumstances or in some
genotypes, such as during shade avoidance and plant competition, and when overcoming
submergence stress (Sharp, 2002; Pierik et al., 2006). A role for ethylene in stomatal
control is also gaining support. It has been shown experimentally to close stomata
(Desikan et al., 20006), and instances of stomatal closure via environmentally-induced
ethylene accumulation have now been recorded (Vysotskaya et al., 2011). The detrimental
effects of ethylene on crop performance and yield are not necessarily confined to a

stressful environment, as they may also be linked to genotypic variability in productivity
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Table 2.1. Nutrients present in tomato fruit

Nutritional value per 100 g

Energy 74 k] (18 kcal)
Carbohydrates 39¢
Sugars 26¢g
Dietary fiber 12¢g
Fat 02¢g
Protein 09¢g
Water 94.5 ¢
Vitamin A equiw. 42 pg (5%)
lutein and zeaxanthin 123 pg
Vitamin C 14 mg (17%)
Vitamin E 0.54 mg (4%)
Potassium 237 mg (5%)

(Source: USDA Nutrient Database)



http://www.nal.usda.gov/fnic/foodcomp/search/

Table 2.2. List of countries by tomato production in 2013 mostly based

on FAOSTAT FAO accessed in August 2014.

Rank

10

Bl Pcople's Republic of China

"

Country/Region

India

United States

Turkey

Egypt

Iran

Italy

Brazil

Spain

Mexico

Tomato production (tons)

50,552,200

18,227,000

12,574,550

11,820,000

8,533,803

6,174,182

4,932,463

4,187,646

3,683,600

3,282,583


https://en.wikipedia.org/wiki/Tomato
http://faostat.fao.org/site/567/DesktopDefault.aspx?PageID=567
https://en.wikipedia.org/wiki/FAO
https://en.wikipedia.org/wiki/China
https://en.wikipedia.org/wiki/India
https://en.wikipedia.org/wiki/United_States
https://en.wikipedia.org/wiki/Turkey
https://en.wikipedia.org/wiki/Egypt
https://en.wikipedia.org/wiki/Iran
https://en.wikipedia.org/wiki/Italy
https://en.wikipedia.org/wiki/Brazil
https://en.wikipedia.org/wiki/Spain
https://en.wikipedia.org/wiki/Mexico
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Figure 2.1. Effects of ethylene on different aspects of plant development (Johnson et al., 1998).
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through plant architecture. The slow filling rates in a percentage of the grains lower
down on a rice spikelet or wheat ear, called inferior grains, have been linked with high
rates of ethylene evolution (Yang et al., 2000; Zhao et al., 2007; Zhang et al., 2009).

The commercial implications of ethylene, particularly in fruit ripening, have made
this a well-studied hormone. In recent years remarkable progress in genetic, biochemical,
and molecular analyzes of ethylene signaling have confirmed earlier physiological studies.
An emerging theme from recent studies is that the phytohormone (ethylene) acts as a
potentiator or enhancer in many fundamental processes of plant development but is not
required for survival.

In the model organism Arabidepsis thaliana (as well as many other plants especially
in tomato), exposure to high concentration of ethylene induces a trio of morphological
changes in dark-grown (etiolated) seedlings, (i) exaggerated curvature of the apical hook,
(i) radial swelling of the hypocotyl, and (iif) inhibited elongation of the hypocotyl and
root, called the triple response (Ecker, 1995, Neljubov, 1901). These highly reproducible
phenotypes have been used as a powerful tool to isolate mutants that fail to display the
triple response to external ethylene (ethylene-zzsensitive or ez mutants), or mutants that
constitutively show the triple response, even in the absence of ethylene (Bleecker et al.,
1988; Guzman et al., 1990). This second class can be further subdivided based on
sensitivity to ethylene synthesis inhibitors. Constitutive response mutants whose
phenotypes are suppressed by ethylene synthesis inhibitors produce 10-100 fold more
ethylene than wild-type seedlings and are called ehylene overproducer (efs) mutants.
Mutants that display the triple response in the absence of ethylene or ethylene synthesis
inhibitors are termed constitutive #riple response (¢#7) mutants (Guzman et al., 1990;
Kieber et al., 1993).

2.2.2 Establishment of ethylene as a phytohormone

Ethylene is the simplest of the olefin gasses and was the first known gaseous
biological signaling molecule. It is synthesized by plants during certain stages of
development and in response to abiotic and biotic stresses. Ethylene affects many
aspects of plant growth, development as well as responses to environmental cues.
Research leading to the discovery of ethylene as a plant hormone started in the 1800s
with scientists examining the effects of the illuminating gas on plants. In 1901, Dimitry
Neljubov determined that ethylene be the active component of illuminating gas that
affects plants and thus launched this important field of research. It is accepted that in

1934 Richard Gane provided the conclusive evidence that plants biosynthesize ethylene.
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This eatly research showed that ethylene is both biosynthesized and sensed by plants.
From the 1930s to the 1960s, there was little research on ethylene as a hormone because
many researchers did not believe that ethylene was indeed a plant hormone. Moreover
the detection of ethylene emitted from plant was difficult. However, in the late 1950s, the
application of gas chromatography led to an increased interest in ethylene research. From
the 1960s through the early 1980s, the biochemical pathway for ethylene biosynthesis in
plants was elucidated, and membrane-bound ethylene-binding sites were discovered and
characterized. The use of Arabidopsis thaliana as a model plant system and the widespread
use of molecular biological techniques starting in the 1980s correlate with a second and
larger increase in ethylene research. In recent years, detailed models for the regulation of
ethylene biosynthesis and ethylene signal transduction have emerged. Chuanli et al,
(2015) suggested that the genes involved in the ethylene biosynthesis and signaling are
conserved throughout the plants starting from the ancestral green algae (charophytes).
2.2.3 ACC (Ethylene precursor) discovery

In 1934, conclusive evidence that ethylene is a natural product from plants was
presented by the English scientist (Gane, 1934). It took another 30 years before the
primary steps of the ethylene biosynthesis pathway were elucidated (Fig. 2.2). Lieberman
and Mapson (1964) first reported that ethylene could be produced from the amino acid
methionine, taking advantage of the high rates of ethylene production from apples for
their experimental work (Fig. 2.2). Thirteen years later, Adams and Yang (1977) made
substantial progress in understanding the biosynthesis pathway of ethylene, when they
discovered that S-adenosyl-L-methionine (SAM) was an intermediate between
methionine and ethylene. Yang and co-workers also showed that 5-methylthioadenosine
(MTA) was formed as a byproduct from SAM and that MTA could be recycled back to
methionine (Murr and Yang, 1975). The elaborated details of the different reaction steps
of the methionine cycle in plants, now often referred to as the Yang cycle, was mainly
inspired by the biochemical similarities between the plant pathway and the methionine
salvage cycle which was already known for prokaryotes, yeast, and mammalians. A
comprehensive overview of the methionine and SAM metabolism in plants is provided
by Sauter et al. (2013). The major discovery that made the methionine cycle in plants
unique from all other organisms was the characterization of 1-aminocyclopropane-1-
carboxylic acid (ACC) as the intermediate between SAM and ethylene (Adams and Yang,
1979). Adams and Yang (1979) were able to identify ACC as the precursor of ethylene by

feeding experiments on apple tissue, using radiolabeled methionine. Upon incubation of
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Figure 2.2. Schematic representation of ethylene biosynthesis and ACC conjugation. The
amino acid methionine is converted to S-adenosyl-L-methionine (SAM) by SAM-
synthetase (SAMS) from ATP. The general precursor SAM is then converted to ACC by
ACC-synthase (ACS). The formation of ACC also involves the cleavage of 5-
methylthioadenosine (MTA), which is recycled back to methionine by the Yang cycle
(dotted line indicates multiple enzymatic steps). ACC is then converted to ethylene by
ACC-oxidase (ACO) in the presence of oxygen. ACC can also be converted to its major
conjugate 1-malonyl-ACC (MACC) by the yet uncharacterized ACC-N-malonyl transferase
(AMT) in presence of malonyl-Coenzyme-A. A second derivate of ACC is y-glutamyl-
ACC (GACC) which is formed by y-glutamyl-transpeptidase (GGT) involving glutathione
(GSH) conversion to Cys-Gly. Another novel derivate of ACC is jasmonyl-ACC (JA-
ACC), which is formed by jasmonic acid resistance 1 (JAR1). ACC can also be metabolized
by the bacterial (and plant) ACC deaminase into ammonium and a-ketobutyrate (Van de
Poel et al., 2014).
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Apple disks under anaerobic condition, they observed a shift from ethylene production
in air, toward an unknown compound that was retained in the tissue when treated with
nitrogen. Evidently, oxygen is obligatory required for oxidation of ACC to ethylene.

By using a pH-dependent ion mobility assay, Yang characterized this unknown
component as an amino acid. Subsequently, the component was identified as ACC, using
co-migration of synthetic ACC in paper chromatography and paper electrophoresis assay
(Adams and Yang, 1979). They further showed that the conversion of radioactively
labeled methionine toward ethylene decreased when unlabeled ACC was supplemented.
At the same time the conversion of labeled ACC to ethylene was almost not affected
when unlabeled methionine was supplemented, suggesting that externally supplied ACC
is in fact used to produce ethylene. Additional evidence for ACC being the intermediate
precursor between SAM and ethylene was obtained by treating apple tissue with [S]-
trans-2-amino-4 (2’-aminoethoxy) trans-3-butenoic acid, also known as AVG (2-amino-
ethoxy-vinylglycine), a pyridoxal-5-phosphate (PLP or vitamin B6) dependent enzyme
inhibitor, which was later known to inhibit the enzymatic conversion of SAM toward
ACC. The identification of ACC as the precursor of ethylene was a major breakthrough
in the understanding of the ethylene biosynthesis pathway in plants, and was part of the
foundation for many new discoveries in the field of ethylene biology.

2.2.4 Ethylene biosynthesis

The biosynthetic pathway of ethylene in flowering plants was defined over 30
years ago (Yang and Hoffman, 1984) and includes mainly two committed enzymatic
steps. The first, conversion of S-adenosyl methionine (SAM) to 1-aminocyclopropane-1-
carboxylate (ACC) and methylthioadenosine (MTA), by the enzyme ACC synthase (ACS)
(in an elimination reaction), that requires a pyridoxal phosphate (PLP) as a cofactor. In
the second step, ACC is converted to ethylene, CO, and hydrogen cyanide by ACC
oxidase (ACO). The toxicity of cyanide production is neutralized at the cellular level by
the detoxifying enzyme [-cyanoalanine synthase (Yip and Yang, 1988). Recent evidence
indicated that the iron center in the ACO active site is also protected from cyanide
poisoning. In the presence of oxygen, bicarbonate ion and ascorbate cofactors, ACO
breaks the ACC ring and releases the unstable cyanoformate ion, sequestering cyanide
until the reaction products have diffused away (Murphy et al., 2014). ACC synthesis is
rate limiting for ethylene production during vegetative growth, although ACO activity
may be limiting under some conditions (e.g. in fruit and flowers; Yang and Hoffman,

1984).
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Biosynthesis of ethylene frequently involves spatial or temporal separation of the
two committed reaction steps. A recent study characterized the distribution of ethylene
metabolic enzymes and intermediate metabolites in ripening tomato fruits and found the
locular gel and central tissues to be sites where intermediates including free and
conjugated ACC accumulate, while ACC synthesis is concentrated in central tissues and
peak ethylene production to be observed in the fruit’s outer (pericarp) layer (Van de Poel
et al., 2014). These data suggest that intermediates may be stored in tissue that has
limited biosynthetic capacity. Recent work indicates that some cells actively export ACC
(Pesquet and Tuominen, 2011), and that at least one amino acid transporter, the LYSINE
HISTIDINE TRANSPORTER1 (LHT1) of Arabidopsis (Shin et al., 2014) promotes
uptake of extracellular ACC. Additionally, the importance of long-range transport of
ACC for optimal ethylene synthesis in specific tissues has been characterized in a number
of contexts, particularly flooding and hypoxia (Bradford and Yang, 1980; Van de Poel
and Van Der Stracten, 2014).

In Arabidopsis, as well as in other plant species .ACS and ACO genes are
encoded by a multigene family. In tomato, to date nine genes encoding the ACS
(ACS1A, ACSTB, ACS2-8) are described (Gapper et al,, 2013). The newly released
tomato genome sequence reported the presence of another three putative .ACS genes
(Tomato Genome Consortium, 2012). The transcriptional analysis indicates that ACS7.A4,
ACS2, ACS4, ACS6 are differentially expressed during the ripening process of fruits
(Barry et al., 2000; Van de Poel et al., 2012; Gapper et al., 2013). The ACS6 is primarily
involved in system 1 ethylene synthesis and responsible for the basal level of ethylene
production in the mature green fruit. The .4CS7.A4 along with pre-climacteric ethylene
synthesis also regulates the ethylene synthesis during the transition from system 1 to
system 2. The ACS4 expression occurs at the onset of ripening and it together with
ACS2 maintains the system II autocatalytic ethylene production. The increased
production of ethylene during the ripening causes negative feedback inhibition of system
I gene ACS1A (Fig. 2.3). Oecller et al. (1991) demonstrated that the suppression of
ACS2 in antisense transgenic plants leads to inhibition of ripening and ethylene
production.

Similar to ACS, in tomato ACO is also encoded by a multigene family consisting
of five (ACOT7-5) genes (Gapper et al,, 2013). Analysis of tomato genome sequence
indicated that it has another three putative ACO genes (Tomato Genome Consortium,

2012). The ACOT1, ACO3, and ACO4 are differentially expressed during the fruit
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Figure 2.3. Regulation of ethylene biosynthesis during tomato fruit development, ripening
and senescence (Van de Poel et al., 2012). The genes contributing to ethylene biosynthesis
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ripening (Nakatsuka et al., 1998; Van de Poel et al,, 2012). The ACO7 and ACO4
expressed in all phases (pre-climacteric, climacteric and even in transition phase) of fruit
development and their transcript levels increase with the climacteric rise of ethylene
(Fig. 2.3). The .ACO3 is expresses at the low level in mature green fruit. Though it gets
induced at the onset of ripening, its increase is not sustained during the climacteric phase
of ethylene emission. The antisense suppression of .ACO7 prevents the normal ripening
with reduced production of ethylene and thus provides an effective mean of regulating
the fruit ripening process (Hamilton et al., 1990).

2.2.4.1 ACC synthase (ACS)

On the basis of C-terminal sequences, three types of ACS proteins are
recognized. Type I ACS proteins contain in their C-terminal domain one putative
calcium-dependent protein kinase (CDPK) phosphorylation target site and three
mitogen-activated protein kinase (MAPK) phosphorylation sites (Yoon and Kieber,
2013). Type II ACS proteins only contain the MAPK phosphorylation sites, while type
IIT ACS do not contain any phosphorylation sites (Yoon and Kieber, 2013). These post-
translational phosphorylation sites play an important role in the stability of the ACS
protein (Chae and Kieber, 2005). Both in Arabidopsis (Chae et al., 2003; Kim et al., 2003;
Liu and Zhang, 2004; Wang et al., 2004; Yoshida et al., 2005, 2006; Joo et al., 2008;
Christians et al., 2009; Lyzenga et al., 2012) and in tomato (Tatsuki and Mori, 2001;
Kamiyoshihara et al., 2010) it was shown that differential phosphorylation of certain ACS
members directed the protein for proteasomal degradation. Protein stability of certain
ACS members is further regulated by the protein phosphatase 2A (PP2A; Skottke et al.,
2011) and PP2C (Ludwikow et al., 2014), demonstrating a complex balance between
phosphorylation and dephosphorylation to secure protein activity and stability.
2.2.4.2 ACC oxidase (ACO)

The second ethylene biosynthesis protein is ACC-oxidase (ACO), which converts
ACC to ethylene in the presence of oxygen. It took a long time before ACO activity
could be demonstrated iz vitro. The key step (aspect) in isolating ACO was the addition
of ascorbic acid (vitamin C) to the extraction media, as was first reported by Ververidis
and John (1991) who isolated ACO from melon tissue and quantified in vitro ACO
activity. The exact role of ascorbic acid for protein stability/activity remained uncertain
till recently (Rocklin et al., 2004). It is new reported, that ascorbic acid participates in the
ring opening of ACC, by providing a single-electron to the active site (Murphy et al.,

2014). This catalytic reaction releases ethylene and a cyanoformate ion [NCCO,]~, which
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is subsequently decomposed into CO; and CN~ (Murphy et al., 2014). The reactive
cyanide (CN") is subsequently detoxified by B-cyanoalanine synthase to produce (-
cyanoalanine (Miller and Conn, 1980). ACO belongs to the superfamily of dioxygenases
that require iron (Fe) as cofactor and bicarbonate as an activator (Dong et al., 1992;
Zhang et al., 2004). The subcellular localization of ACO remains undefined, as some
studies localized ACO in the cytosol (Reinhardt et al., 1994; Chung et al., 2002; Hudgins
et al., 2006), while other localized ACO at the plasma membrane (Rombaldi et al., 1994;
Ramassamy et al., 1998). Although the ACO protein sequence does not contain any
predicted transmembrane domains, it is still possible that the protein associates with the
plasma membrane via indirect/direct interactions. Expression of different members of
the tomato ACO family in Escherichia coli showed that each isoform had a specific in vitro
enzyme activity (Bidonde et al., 1998).

2.2.5 ACC acts as a metabolic signaling molecule

1-Aminocyclopropane-1-carboxylic acid holds a key position in many
physiological processes as it is the direct precursor in the biosynthesis of ethylene. A
balanced supply and consumption of ACC is essential to achieve the necessary
production level of ethylene within a given spatial and temporal context. The pool of
ACC is regulated by a complex interaction of production, consumption, modification,
and transport. Interestingly, recent findings suggested an even more important role for
ACC, as a signaling molecule independent from ethylene (Yoon and Kieber, 2013). The
most information came from examination of Arabidopsis and its mutants.

Xu et al. (2008) investigated the role of ACC as a signaling molecule in relation
with FEI1 and FEI2, which are leucine-rich repeat receptor-like kinases. The fer7 fei2
mutant exhibits a severe defect in anisotropic root growth due to reduced cellulose
microfiber content in the cell wall at the root tip. The fe/7 fei2 phenotype was reversed by
the application of ethylene biosynthesis inhibitors, but not by ethylene signaling
inhibitors. The application of ethylene biosynthesis inhibitors aminooxyacetic acid
(AOA) or a-aminoisobutyric acid (AIB) reversed the phenotype of the fe7 fei2 mutant.
Among these two, AOA inhibits of PLP-dependent enzymes, and affects the activity of
ACS, resulting in a reduced ethylene production. AIB, on the other hand, is a structural
analog of ACC and acts as a competitive inhibitor of ACC for ACO enzyme, preventing
ethylene production. In contrast, ethylene signaling inhibitors such as 1-
methylcyclopropene (1-MCP) and silver ions, did not affect the fe/7 fei2 phenotype.

Similarly, genetic analysis showed that the fe:7 fei2 mutant crossed with e#77-3 (a mutation
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in the ethylene receptor causing severe ethylene insensitivity), or en2-50 (a central
regulator of ethylene signaling causing ethylene insensitivity) reversed the phenotype.
Taken together, this study showed that the typical fe:7 fei2 phenotype was not affected by
ethylene signaling, but could be reversed by accumulation of ACC by ethylene
biosynthesis inhibitors. This suggested that the signal reversing the fe/7 fei2 phenotype
originated independent from ethylene signaling, involved ACS and is possibly ACC itself
(Xu et al., 2008).

Tsang et al. (2011) examined ACC signaling with respect to cell elongation and
cell wall composition of roots. Specific ethylene biosynthesis inhibitors [AVG, AOA, and
2-anilino-7-(4-methoxy phenyl)-7, 8-dihydro-5(6H)-quinazolinone (7303)] could reverse
the inhibition of root cell expansion which was induced by an isoxaben treatment (a
cellulose biosynthesis inhibitor causing cell wall stress). Similarly, as observed by Xu et al.
(2008), ethylene signaling inhibitor (silver ions) could not reverse the isoxaben-induced
reduction in root cell elongation. Also, the e/n3 ei/1 ethylene insensitive mutant responded
to ACC and isoxaben, providing genetic evidence for an ACC signaling mechanism
independent of ethylene signaling. They also showed that the application of ACC
without isoxaben, inhibited root cell elongation and was partially ethylene-dependent and
partially ethylene-independent. Altogether, their results demonstrated that monitoring of
cell wall integtity requires an ACC sensing/signaling mechanism, which can lead to a
reduction of root cell elongation when disrupted. Also, Tsang et al. (2011) showed that
this inhibition of root cell elongation required auxin and reactive oxygen species (ROS)
signaling, downstream of ACC signaling.

Tsuchisaka et al. (2009) made an octuple ass mutant to study the interplay
between different ACS isoforms. The octuple line was created by the introduction of two
amiRNA lines (ACS§ and ACS77) into the hexuple mutant acs2, 4, 5,6,7,9 creating an
octuple mutant line with complete or severe inhibition of ACS function. The lines that
showed a very strong silencing of ACS§ and ACS77 displayed embryo lethality. This
suggests that ethylene biosynthesis (or ACC biosynthesis) is essential for Arabidopsis
seed viability, while this is not the case for the single (¢#77 and ezn2) and double (¢t ein2)
ethylene signaling mutants (Kieber et al., 1993; Roman et al., 1995; Alonso et al., 1999).
This phenotypic discrepancy between ethylene biosynthesis and signaling once more
suggests that ACC can acts as a signaling molecule itself, independent from ethylene, at

least during embryo development and Arabidopsis viability.
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Taken together these reports suggest a role for ACC as a signaling molecule to
regulate plant development and growth, independent from ethylene. The exact molecular
mechanism by which ACC signaling operates, and whether or not there is an ACC
receptor and downstream signaling components, remains to be investigated. Future
biochemical studies with specific ethylene biosynthesis and signaling inhibitors, in
combination with genetics to create higher order ethylene biosynthesis/signaling mutants
(like etrlerstetrZeinders2etriein2 or multiple aco knock-outs), could shed light on the role of
ACC as a signaling molecule. It also still needs to be elucidated whether this unique title
of "signaling molecule" is to be awarded to ACC, or rather to one if it's (unknown)
downstream derivatives.

2.2.6 Ethylene signaling cascade

In higher plants, ethylene response pathway consists of ethylene receptors (CTR,
EIN2, EIL/EIN3, and EER), and downstream genes. Major breakthroughs in
understanding of the ethylene signaling pathway in 1980s and 1990s came with the
emergence of Arabidopsis as a model system for plants. The use of Arabidopsis allowed
for the genetic dissection of numerous signaling pathways, developmental processes, and
metabolic pathways (Somerville and Koornneef 2002; Koornneef and Meinke 2010).
Bleecker et al. (1988), isolated Arabidopsis ethylene response (e#r) mutants by genetic
screening. The screen was based on the triple response of etiolated pea seedlings that
Neljubow had observed 100 years earlier. Bleecker’s screen yielded a dominant ethylene-
insensitive mutant, ez77-7, and the first ethylene response mutant in Arabidopsis (Bleecker
et al., 1988).

Subsequent to isolation of ez mutant in the early 1990s, Chang together with
Bleecker used chromosome walking to identify the ETR7 gene (Chang et al., 1993).
ETRT was among the first genes to be isolated by map-based cloning in Arabidopsis and
the first plant hormone receptor gene to be cloned in any plant. The ETR7 sequence
showed similarity to the two-component family of histidine kinase receptors widely
found in prokaryotes (Chang et al., 1993); ETR7 was the first two-component homolog
identified in a higher eukaryote (Koshland, 1993). Because of the similarity to this
prokaryotic receptor family, it was speculated that ETR7 might encode an ethylene
receptor. Subsequently, Eric Schaller demonstrated that the ETR1 protein is a homo-
dimer capable of binding ethylene and that binding was disrupted by the e#7-7 mutation
(Schaller and Bleecker 1995; Schaller et al., 1995). This was a breakthrough, as ethylene
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binding by ETR1 was directly linked to ethylene responses through the ef7 mutant
phenotype.

Soon after the isolation of the e#7-7 mutant, Ecker’s laboratory isolated many
additional mutants that helped to elucidate the ethylene signaling pathway. They screened
two different kinds of mutants based on the triple response assay: ethylene-insensitive
(ezn) mutants that lack the triple response phenotype and constitutive triple response (¢#7)
mutants that display the triple response even in the absence of ethylene treatment
(Guzman and Ecker 1990; Kieber et al., 1993; Roman et al., 1995). In addition to new
dominant alleles of e#7 (einT), they isolated mutants of en2, ein3, eind, ein5, ein6, ein7, and
etrl (all recessive).

On the basis of genetic epistatic relationships, these mutants were placed in
ethylene response pathway that suggested the relative order of action of each of above
components (Roman et al., 1995; Kieber et al., 1993). The recessive ezz mutants acted at
or down-stream of ¢#7, which acted at or down-stream of the dominant mutants (Fig.
2.4A). Many molecular details have since been added to this framework (Merchante et
al., 2013; Shakeel et al., 2013) (Fig. 2.4B, C), based on cloning of the corresponding
genes followed by functional studies ranging from genetic analyses of mutants to cellular
and biochemical analyses of the encoded proteins.
2.2.6.1 Ethylene Receptors

Soon after the cloning of ETRY, it was discovered that ETR1 belongs to a family
of homologous ethylene receptors in plants. Arabidopsis has five members (Fig. 2.4A),
whereas tomato has seven (Klee 2004). The most closely related ETR7 homolog,
ETHYILENE RESPONSE SENSOR (ERST), was discovered by Hua et al. (1995) by
screening an Arabidopsis DNA library for clones that hybridized with an ETR7 probe.
In the absence of a mutant phenotype for ERS7, a mutation analogous to the dominant
mutation of e#7-4 was introduced into an ERS7 transgene, creating a dominant mutant
version of ERS7 that conferred ethylene insensitivity similar to that of ETRT7. It was
confirmed a decade later that ERS7 and the other Arabidopsis ethylene receptors (ETR2,
EIN4, and ERS2) bind ethylene (O’Malley et al., 2005).

The ETR2 ethylene receptor gene was discovered serendipitously in a
chromosome walk to clone an unrelated gene by Sakai et al. (1998). Upon realizing the
sequence similarity between an unidentified gene within the walk and the ETR7 gene,
Sakai et al. (1998) undertook experiments that revealed that the gene corresponded to an

unpublished, dominant ethylene-insensitive mutant, e#2-7, which had been isolated by
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Bleecker. Using E'TR2 as a probe, Hua et al. (1998) isolated the EIN4 and ERS2 ethylene
receptor genes via hybridization screening of an Arabidopsis DNA library. EIN4
corresponded to the dominant ethylene-insensitive ezz4-7 mutant isolated by Roman et al.
(1995). For ERS2, a dominant ethylene-insensitive phenotype was obtained using ERS2
transgenes carrying dominant mutations analogous to that of e#2-7 and ein4-1 (Hua et al,,
1998).

Identification of the ethylene receptors was followed by more than a decade of
intense characterization. Ethylene receptors have a hydrophobic N-terminal domain
comprising the ethylene-binding domain (Schaller and Bleecker 1995; Rodriguez et al.,
1999; O’Malley et al., 2005; Hall et al., 1999), followed by a cytosolic GAF domain,
which plays a role in protein—protein interactions between the receptors (Xie et al., 2000;
Grefen et al., 2008; Gao et al., 2008). Following, the GAF domain is a histidine kinase
domain, and in some of the ethylene receptors, a C-terminal receiver domain. (Receptors
named ERS lack a receiver domain.) The ethylene receptors are disulfide-linked
homodimers that exist in clusters (Schaller et al., 1995; Hall et al., 2000; Takahashi et al.,
2002; Gao et al.,, 2008; Chen et al., 2010) localized at the ER membrane (Chen et al.,
2002) and the Golgi apparatus membrane (Dong et al., 2008). It is thought that one
ethylene molecule is bound per receptor dimer (Schaller et al., 1995; Rodriguez et al.,
1999).

The Arabidopsis ethylene receptors are further classified into two sub-families.
Subfamily I receptors (ETR1 and ERS1) are predicted to contain three N-terminal
transmembrane domains and histidine autokinase activity (ERS1 also has
serine/threonine kinase activity) (Gamble et al., 1998; Moussatche and Klee, 2004; Chen
et al., 2009). Subfamily II receptors (ETR2, ERS2, and EIN4) are predicted to have four
N-terminal transmembrane domains and a less conserved histidine kinase domain that
displays serine/threonine kinase activity (Gamble et al., 1998; Moussatche and Klee 2004;
Chen et al., 2009). There is debate regarding the extent to which the kinase domain plays
a role in ethylene signaling (Gamble et al., 2002; Wang et al., 2003; Hall and Bleecker
2003; Qu and Schaller 2004; Hall et al., 2012). Auto-phosphorylation of the receiver
domain is believed to play a minor role in ethylene response (Wang et al., 2003) but the
receiver domain appears to play a role in recovery following exposure to ethylene (Binder
et al., 2004b; Kim et al., 2011). The exact signaling mechanism of the receptors is still

unknown.
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Figure 2.4. Illustration of the ethylene signal transduction pathway in Arabidopsis.
(A) Ethylene signaling pathway based on mutants and their genetic epistatic
relationships. (B) The current view of the ethylene signaling without ethylene and (C)
with ethylene. Ethylene (white circle) is perceived by a family of five receptors
represented here by the ETR1 dimer. Copper (orange oval), transported by RANI,
serves as a cofactor for ethylene binding and is required for proper biogenesis of the
receptors. Interaction of RTE1 with ETR1 (but not the other ethylene receptors) is
believed to promote the signaling conformation of ETRI1. In B, in the absence of
ethylene binding, ETR1 activates the associated CTR1 protein kinase, which
phosphorylates the C-terminus (C-term) of EINZ2, potentially leading EIN2 to be
targeted for degradation by two F-box proteins (ETP1 and ETP2) via the 26S
proteasome. Consequently, two F-box proteins, EBF1 and EBF2 (EBF1/2), target the
key transcription factors EIN3 and EIL1 for degradation by the 26S proteasome
preventing downstream ethylene signaling from occurring. In C, when ethylene is
bound, the receptors no longer activate CTR1, allowing the unphosphorylated EIN2
C-term to be cleaved (by an unknown protease) and translocated into the nucleus
where it plays a role in activating downstream responses. The EBF1/2 F-box proteins
are somehow repressed, involving the general exoribonuclease XRN4 (also called
EIN5/EIN7), and thus the EIN3/EIL1 proteins ate now stabilized. EIN3/EIL1
homodimers bind to the PERE element of target genes, such as ERF1, activating
their expression. Also, the expressed ERF1 transcription factor binds to the GCC-box
in the promoters of additional ethylene-responsive genes leading to ethylene
responses (Bakshi et al., 2015).
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Although the mechanisms of ethylene receptor signaling are not entirely
understood, genetic analyzes have revealed that the ethylene receptors are negative
regulators of ethylene signaling. This conclusion is based on the isolation of recessive
loss-of-function mutations in the ethylene receptor genes in Arabidopsis by Hua and
Meyerowitz (1998) and later by Qu et al. (2007). These studies showed that the receptors
have some functional redundancy, which explains why no recessive mutations and only
dominant gain-of-function mutations were obtained from genetic screens. Hua and
Meyerowitz (1998) created a quadruple mutant of four of the receptor genes, and found
that the mutant confers constitutive ethylene responses. Therefore, by deduction,
functional ethylene receptors must repress ethylene responses (in the absence of ethylene
binding) whereas ethylene binding inactivates the receptors resulting in ethylene
responses. This is known as the inverse agonist model (Hall et al., 1999).

Soon after demonstrating that ETR1 binds ethylene, the Rodriguez et al. (1999)
demonstrated that the binding requires a copper cofactor, confirming an earlier
prediction that a transition metal is likely needed for ethylene binding. About the same
time, RESPONSIVE-TO-ANTAGONIST1 (RAN1), a copper-transporting P-type
ATPase homologous to the human Menkes/Wilson proteins, was shown to be required
for the biogenesis of the ethylene receptors (Hirayama et al., 1999; Woeste and Kieber
2000; Binder et al., 2010) (Fig. 2.4B, C). The first ran1 mutants were isolated in a genetic
screen originally aimed at identifying ethylene receptor mutants that respond to a
competitive inhibitor of ethylene (before ETR7 was found to encode the ethylene
receptor). The screen instead yielded mutants that alter the ethylene receptor indirectly as
a result of reduced availability of copper ions. The strongest ran1 mutant allele confers
constitutive ethylene responses, which are thought to arise from the receptors being
impropetly folded and non-functional without the copper cofactor (Woeste and Kieber
2000).

Another  ethylene receptor modifier, REVERSION-TO-ETHYLENE-
SENSITIVITY1 (RTE1), was identified in a genetic screen for suppression of ethylene
insensitivity of an e#7 mutant (Resnick et al., 20006) (Fig. 2.4B, C). Though its
biochemical function is unknown, RTE1 appears to specifically target the ETR1 receptor
(Resnick et al., 2006; Zhou et al., 2007; Rivarola et al., 2009; Dong et al., 2010) and may
play a role in ETR1 folding, keeping ETR1 functionally active (Resnick et al., 2008).
RTET is homologous to tomato Green-ripe, found through a dominant ethylene-

insensitive mutant in which Green-ripe is overexpressed (Barry and Giovannoni 2000).
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In tomato, ethylene receptor family is expanded to seven members comprising of
ETR1, ETR2, ETR3 (NR), ETR4, ETR5, ETR6, and ETR7 (Solyc05g055070) and all
these have similar binding affinities to ethylene (Tieman and Klee, 1999; Adams-Phillips
et al., 2004a; O'Malley et al., 2005, Tomato Genome Consortium, 2012). Similar to
Arabidopsis, tomato ethylene receptor family is divided into two subfamilies. In tomato,
ETR1, ETR2 and ETR3 (NR) represent subfamily 1, while ETR4, ETR5, and ETR6
receptors lacking His—kinase domain and having an additional transmembrane domain
represent subfamily 2. Unlike Arabidopsis, in tomato only ETR3 (NR) lacks receiver
domain.
2.2.6.2 The role of CTR1 Protein Kinase in the Ethylene Receptor Complex

The CTRT gene encoding a serine/threonine protein kinase was the first gene
reported in the ethylene signaling pathway (Kieber et al., 1993). The CTR7 was cloned by
using a T-DNA insertion tag combined with genetic mapping of ¢#7. The constitutive
triple response phenotype of ¢#7 mutants indicated that CTR7 is a negative regulator of
ethylene responses (that is, CTR1 kinase activity represses ethylene responses). The
epistasis analysis indicated that CTR7 acts at or down-stream of the ethylene receptors
(Roman et al., 1995) (Fig. 2.4A). Currently it is known that N-terminal regulatory
domain of CTR1 physically associates with the ethylene receptors (Clark et al., 1998;
Cancel and Larsen, 2002; Gao et al., 2003), and that this interaction is required for CTR1
kinase activity (Huang et al., 2003). Nonetheless, how the receptors activate CTR1 is still
not understood, however ETR1 histidine kinase activity does not seem to be involved
(Gao et al., 2003).

Till recently, the substrate of CTR1 phosphorylation was not identified. The
CTR1 sequence is closely similar to that of the Raf family of protein kinases, which are
MAPKKKSs (Kieber et al., 1993). Therefore, CTR1, is often referred as a “Raf-like
kinase,” presumably act in a canonical MAPK pathway. Though candidate
MAPKKs/MAPKSs have been proposed (Ouaked et al., 2003; Yoo et al., 2008; Novikova
et al., 2000); so far no CTR1-containing MAPK pathway has been conclusively identified.
The discovery that CTR1 phosphorylates EIN2 (described below) suggests that the
primary ethylene signaling pathway does not require an MAPKK substrate for CTRI1.

In contrast to Arabidopsis where a single CTR gene is present, in tomato four
CIRs (CTR1, CITR2, CIR3 and CTR4) genes have been identified (Adams-Phillips et al.,
2004a, 2004b). Genetic complementation analysis of Arabidopsis ¢#77 mutation suggested

that the tomato CTR7, CTR2, and CTR3 are functionally redundant and play a role in
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ethylene response. The CTRZ2 is more similar to Arabidopsis EDRT (Enbanced Disease
Resistance T) which plays role in disease resistance, stress responses, and ethylene-induced
leaf senescence (Adams-Phillips et al., 2004a, 2004b; Tang et al., 2005). The expression
analysis of CTRys genes indicated that these genes are differentially expressed in different
tissue and also in response to ethylene (Adams-Phillips et al., 2004b). Among them,
CTRT is highly expressed and is induced during ripening and on exposure to ethylene
(Adams-Phillips et al., 2004a). The silencing of CTR7 using VIGS in tomato induced
constitutive ethylene responses including epinasty and upregulation of ethylene-induced
genes (Liu et al., 2002; Fu et al., 2005).

2.2.6.3 The EIN2 Protein Bridges the ER Membrane and the Nucleus

The EINZ gene, which was the last of the central ethylene pathway genes to be
identified, was cloned by map—based cloning by Alonso et al. (1999). The biochemical
function(s) of EIN2 have remained elusive. The N-terminus of EIN2 consists of twelve
predicted transmembrane domains that show sequence similarity to Nramp metal ion
transporters (Alonso et al., 1999), but it is unclear whether EIN2 is capable of
transporting metals. The EIN2 C-terminal portion consists of a plant-specific domain
that activates downstream ethylene responses by an unknown mechanism (Alonso et al.,
1999).

The epistatic relationship between ez2 and ¢fr1 indicated that EINZ2 acts at or
downstream of CTR7 (Roman et al., 1995) (Fig. 2.4A), and till now, the ethylene
signaling pathway has been depicted with EIN2 being controlled by a putative CTR1-
containing MAPK pathway (Gray, 2004). Additionally, EIN2 was predicted to localize to
the nuclear membrane so that it would be able to signal to the transcription factor EIN3,
the next known downstream component of the pathway. Consequently, models of the
ethylene signaling pathway often showed EIN2 situated at the nuclear membrane (Gray,
2004). In 2009, a decade after the EINZ gene was cloned, and that EIN2 was localized to
the ER membrane by Bisson et al. (2009). Given this finding, there was now a physical
gap that needed to be bridged between the ER membrane-localized EIN2 and EIN3 in
the nucleus.

Chen et al. (2011) provided a critical breakthrough in understanding how EIN2 is
regulated by the proteomic study of ethylene-treated and untreated Arabidopsis seedlings
using mass spectrometry. A goal of the study was to identify missing pathway
components that could not be obtained through genetic screens or other means, but it

instead offered hints that the EIN2 C-terminal domain might be differentially
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phosphorylated in response to ethylene (Chen et al, 2011). In the ethylene-treated
samples, no phosphorylation of EIN2 was detected, but in the untreated samples,
phosphorylation of conserved residues of EIN2 was detected. Given that CTR1 was
known to be an active protein kinase in the absence of ethylene, CTR1 was a logical
candidate for directly phosphorylating EIN2. Ju et al. (2012) showed that CTR1 can
interact with and directly phosphorylate EIN2 (Fig. 2.4B, C). They additionally showed
that preventing phosphorylation on a particular serine residue results in constitutive
ethylene responses. A similar result was shown for a different EIN2 serine residue by
Qiao et al,, (2012). This indicated that the lack of phosphorylation of FEIN2 activates
EIN2 signaling, whereas phosphorylation serves to keep EIN2 inactive.

Another breakthrough was the discovery by three different groups that in the
presence of ethylene, the C-terminus of EIN2 is proteolytically cleaved and moves into
the nucleus (Qiao et al., 2012; Wen et al.,, 2012; Ju et al, 2012) (Fig. 2.4B, C). The
cleavage appears to be controlled by phosphorylation of EIN2 by CTRI1, because
preventing phosphorylation with alanine substitutions results in constitutive cleavage and
nuclear translocation of the C-terminus of EIN2, concomitant with constitutive ethylene
responses (Qiao et al., 2012; Wen et al., 2012; Ju et al., 2012). This cleavage and
translocation provide a mechanism by which the ethylene signal is transmitted from the
site of perception at the ER membrane into the nucleus, filling an important gap in the
pathway. The phosphorylation of FEIN2 by CTRI1, together with cleavage of EIN2 and
translocation of the EIN2 C-terminal domain into the nucleus, represented significant
advances in understanding the ethylene signaling pathway shown in Figure 2.4.

Additional progress came from protein—protein interaction studies. Screening for
proteins interacting with the C-terminus of EIN2, Qiao et al., (2009) discovered two F-
box proteins, ETP1 and ETP2 (EIN2-TARGETING PROTEIN 1/2), targeting EIN2
for degradation in the absence of ethylene. The C-terminal domain of EIN2 was also
found to physically interact with the kinase domain of all five Arabidopsis ethylene
receptors (Bisson and Groth, 2010). The ER-localized ethylene receptor complex,
therefore, contains both CTR1 and EIN2. The biological relevance of the EIN2-receptor
association is unknown, in addition to understanding the function of the cleaved EIN2
C-terminus in the nucleus and its connection to the regulation of EIN3.

Wang et al. (2007) demonstrated that EIN2 gene is differentially expressed in leaf

and at different developmental stages of fruits. In fruits, the EIN2 gene expresses at
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mature green (MG) and breaker stage (BR), and then rapidly declines during subsequent
ripening suggesting that the expression of EINZ gene is independent of ethylene.
2.2.6.4 The EIN3 Transcription Factor and its Regulation

The next known downstream component in the ethylene pathway is
ETHYLENE-INSENSITIVE3 (EIN3), a plant-specific transcription factor and a
positive regulator of ethylene responses. Chao et al. (1997) cloned EIN3 by plasmid
rescue based on a T-DNA insertion mutant. Genetic epistasis had placed EIN3F (as well
as EIN2 and EIN5) at or downstream of CTR7 (Roman et al, 1995), and further
analyses placed EIN3 downstream of EINZ and EIN5 (Guo and Ecker 2003). Using
EIN3 as a hybridization probe, Chao et al. (1997) isolated the homolog EIN3-LIKE
(EIL1), which is partially redundant with EIN3 (An et al., 2010; Binder et al., 2007).

Guo and Ecker, (2003) found that EIN3 protein levels are highly responsive to
ethylene; EIN3 starts accumulating within 15 minutes of ethylene treatment and is turned
over within 30 minutes after removal of ethylene treatment. The key regulatory
mechanism underlying this response was discovered simultaneously by three groups
(Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al., 2004). Using protein—protein
interaction screens, EIN3-BINDING F-BOX PROTEINT1 and 2 (EBF1/2) were found
to interact with and target EIN3 for degradation by the 26S proteasome. This post-
translational regulation of EIN3 and the similar regulation of EIL1 (An et al., 2010) were
the major findings that explained how ethylene responses could be so rapid. Regulation
of protein turnover is now known to be a common feature in many phytohormones
signaling pathways (McSteen and Zhao, 2008).

Regulation of EIN3 and EIL1 is more complex and there are regulators whose
functions are yet to be understood. For example, EIN5, encodes a 5 to 3
exoribonuclease known as EXORIBONUCLEASE4 (XRN4) (also allelic with en7)
(Potuschak et al., 2006; Olmedo et al., 2006). EIN5 appears to regulate EBF7/2
expression indirectly, consequently affecting EIN3 protein levels (Potuschak et al., 2000;
Olmedo et al., 2006). However, the mechanism for this regulation is not yet understood.

In tomato four members of Ells (EIL7, EIL.2, EIl.3, and EIL4) gene are
reported (Tieman et al., 2001; Yokotani et al., 2003). The EIL7, 2 and 3 are functionally
redundant and capable of complementing to ez3-1 mutant of Arabidopsis (Tieman et al.,
2001). These genes express independently of ethylene, and their levels do not increase
during ripening or even after exogenous application of ethylene. The EII 4 shows fruit-

specific expression and is abundantly present in fruits. The antisense suppression of
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EII7-3 exhibited ethylene insensitive phenotype (Tieman et al., 2001; Yokotani et al.,
2003; Chen et al., 2004). The over-expression of LeEIL7::GEFP in the Nr mutant restored
the ripening and induced the expression of a subset of the ripening-related gene (Chen et
al., 2004).

2.2.6.5 Downstream of EIN3 transcription factor/ERF (Ethylene Response
Factor)

Currently it is believed that there is a largely linear changes take place in primary
signaling events for ethylene, although, non-linear models that invoke feedback are now
being explored. Downstream of FIN3 and EILI, a second level of transcriptional
regulation was uncovered resulting in a complex web of transcriptional regulation to
modulate diverse responses to ethylene. For instance, in the tobacco EREBPs was
discovered that EIN3 and EIL1 are responsible for activating Arabidopsis EREBP
genes. In particular, the Arabidopsis ETHYLENE RESPONSE FACTOR1 (ERF1) is a
GCC-box-binding transcription factor that was found by Solano et al. (1998) on the basis
of homology to tobacco EREBP1, which had been purified by Ohme-Takagi and Shinshi
(1995). Solano et al. (1998) found that dimerized EIN3 binds directly to a conserved
ethylene response element in the promoter region of ERF7 (PERE element), activating
expression of the ERF7 gene. In turn, the ERF1 protein binds to the GCC-box in the
promoters of secondary target genes, such as chitinase and PDF1.2. This finding is linked
ethylene perception and the entire signaling pathway to a transcriptional cascade that
controls downstream responses to ethylene (Fig. 2.4C).

In Arabidopsis, 145 ERF genes are reported which are involved in a broad range
of developmental process (Gutterson and Reuber, 2004). In tomato 85 ERF genes
present, in which 57 genes are differentially expressed during the different stages of fruit
development (Sharma et al., 2010). To date several ERF genes (ERF7-4, 3b, Pti4, ERFG,
AP2a) have been described and their role in fruit development and ripening are
investigated at molecular level (Tournier et al.,, 2003; Pirrello et al., 2006; Chen et al.,
2008; Chung et al. 2010; Lee et al., 2012). The expression of ERF2, 35, and P#4 genes are
induced during fruit ripening. The accumulation of ERF3) transcript is induced before
the onset of ripening and after that its level decreases. The transcripts of ERF2 and Pr4
genes are almost absent in ripening impaired 72z, nor and Nr mutants, whereas ERF35
transcript level is stimulated in ethylene under-producing fruits of ACC oxidase anti-sense
line and Nr mutant. The overexpression of ERF2 exhibited enhanced ethylene response

with exaggerated hook formation in seedlings while its suppression caused no visible
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phenotype (Pirrello et al., 2006). Two other ERF .4P2z and ERF6 are characterized in
tomato serving as negative regulators of ethylene and carotenoids biosynthesis in fruits
(Chung et al., 2010; Lee et al., 2012).
2.3 Fruit ripening

Fruit ripening is a complex metabolic process regulated by the interaction of
phytohormones, transcriptional regulators and various biological (pathogen, wound) and
environmental factors (temperature, light). During ripening fruit undergoes several
ripening-associated changes such as color, flavor, texture, aroma and susceptibility to the
pathogens. Recent advances in molecular genetics and introduction of high throughput
technologies like transcriptomics, proteomics and metabolomics have further expanded
the information regarding the molecular events associated with fruit development and
ripening.
2.3.1 Tomato: A model for climacteric fruit ripening

The climacteric is a stage of fruit ripening associated with increased ethylene
production and a rise in cellular respiration (Alexander and Grierson, 2002; Seymour et
al., 2013) (Fig. 2.5). Apples, bananas, melons, apricots, tomatoes come under climacteric
fruit category (Fig. 2.6). Citrus, grapes, strawberries are non-climacteric (they ripen
without ethylene and respiration bursts). The non-climacteric fruits like melons, apricots,
grapes, and strawberries though have several active ethylene receptors but do not
respond to ethylene for stimulating ripening. Climacteric is the final physiological process
that indicates the end of fruit maturation and the starting of fruit ripening process. Its
defining point is the sudden rise in respiration of the fruit and normally takes place
without any external influences. After completion of the climacteric phase, respiration
rates (noted by carbon dioxide production) return to or below the point before the event.
The climacteric event also leads to other changes in the fruit including pigments
alteration and sugar accumulation. For those fruits raised as food, the climacteric event
marks the peak of edible ripeness, with fruits having the best taste and texture for
consumption. After the event, fruits are more susceptible to fungal infections (invasion)
and begin to degrade with cell death.
2.3.2 Physiological changes during fruit ripening

Anatomically, fruits are swollen ovaries that may also contain associated flower
parts. Their development follows fertilization and occurs simultaneously with seed

maturation. Initially, fruits enlarge through cell division and then by increasing cell

27|Page



Chapter 2 REVIEW OF LITERATURE

volume. Finally the embryo matures and the seed accumulates storage products, acquires
desiccation tolerance, and loses water and the fruit fully ripens.

2.3.3 Biochemical changes during fruit ripening

2.3.3.1 Carotenoids accumulation

The change of color from green to red is a crucial indicator of tomato ripening.
This change is associated with the degradation of chlorophylls and the shift of the
carotenoid composition from leaf-like xanthophylls (mainly lutein and neoxanthin) to
carotenes (mainly phytoene, lycopene and 3-carotene) as described by Fraser et al. (1994).
Time-lapse imaging showed that in the fruit tissues, the degradation of chlorophylls is
slow, while the accumulation of red carotenoids is rapid (Egea et al., 2011). The
carotenoid biosynthetic pathway in tomato is well described (Hirschberg, 2001; Giuliano,
2014) and is detailed in Figure 2.7. The first committed step is the condensation of two
molecules of geranylgeranyl diphosphate (GGPP) to form the colorless carotene 15-cis-
phytoene, a reaction catalyzed by phytoene synthases (PSY); 15-cis-phytoene is then
desaturated and isomerized to all-trans-lycopene through the action of two desaturases
and two isomerases: phytoene desaturase (PDS), {-carotene desaturase (ZDS), pro-
lycopene isomerase (CRTISO) and {-carotene isomerase (ZISO). The formation of 8-
carotene and y-carotene from lycopene are catalyzed by lycopene e-cyclase (e-LCY) and
B-cyclases (B-LCY and CYC-B), and then the orange a-carotene and B-carotene are
synthesized by B-cyclases.

Finally, these carotenes are transformed into lutein and zeaxanthin by heme and
non-heme B-carotene hydroxylases (CYP97 and CRTR-b). Zeaxanthin is converted to
violaxanthin by the action of zeaxanthin epoxidase (ZEP) and further to neoxanthin by
the action of the NXD and ABA4 proteins. These two xanthophylls are cleaved by 9-cis-
epoxycarotenoid dioxygenase (NCED), a key enzyme in the biosynthesis of ABA (Ji et
al., 2014).

The carotenoid biosynthesis pathway could be divided into two parts, upstream
of lycopene and down-stream of lycopene (Fig. 2.7). In the upstream part, the key rate-
limiting steps are catalyzed by PSY1, PDS, ZDS, ZISO and CRTISO (Fraser et al., 1994;
Giuliano et al.,, 1993; Fantini et al., 2013). The expression of Psy?, Ziso, and Crtiso is
directly regulated by the ripening inhibitor (RIN) protein, which is a member of the
MADS-box family of transcription factors (Martel et al., 2011; Fujisawa et al., 2013). In
the downstream part, lycopene cyclases (e-LCY, B-LCY/CYC-p) ate also key enzymes,
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Figure 2.5. Graphical representation of climacteric fruit ripening. The fruit
ripening involves a spike in respiration correlating with a burst of ethylene
synthesis.
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Figure 2.7. Carotenoid biosynthetic pathway (Giuliano, 2014). Names of intermediate
compounds are in black and names of enzymes are in red. IPP = isopentenyl diphosphate,
GGPS = GGPP synthase, GGPP = geranyl-geranyl pyrophosphate, PSY = phytoene
synthase, PDS = phytoene desaturase, ZISO = zeta-carotene isomerase, ZDS = zeta-carotene
desaturase, CRTISO = carotenoid isomerase, e-LCY = lycopene e-cyclase, B-LCY = lycopene
B-cyclase, CRTR-3 = B-carotene hydroxylase, ZEP = zeaxanthin epoxydase, NXD =
neoxanthin synthase, CHL = chlorophyllases, ABA = abscisic acid (Su et al., 2015).
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catalyzing the transformation of lycopene to 8-and B-carotene (Ronen et al., 1999; Ronen
et al., 2000; Rosati et al., 2000; Ma et al., 2011).
2.3.3.2 Cell wall modification and softening

Firmness and juiciness are the most important textural components in the case of
fleshy fruits (Toivonen and Brummell, 2008). Both features are largely determined by the
characteristics of parenchyma cells (shape and size, cell wall thickness and strength, cell
turgor) and the extent and strength of adhesion areas between adjacent cells (Harker et
al., 1997). During ripening, parenchyma cell walls are extensively modified, altering their
mechanical properties, and cell adhesion is significantly reduced as a result of middle
lamella dissolution. Cell wall and middle lamella modifications leading to fruit softening
arise from the action of cell wall modifying enzymes (e.g. polygalacturonase, pectin
methylesterase, pectate lyase, 3-galactosidase, cellulase), generally encoded by ripening-
related genes (Brummell and Harpster, 2001; Goulao and Oliveira, 2008; Mercado et al.,
2011). Other cell wall proteins, with no hydrolytic enzymatic activity, such as expansins,
also have a role in softening (Brummell et al., 1999). In general, the cell wall disassembly
process responsible for softening involves the depolymerization of matrix glycans, the
solubilization and depolymerization of pectins and the loss of neutral sugars from pectin
side chains (Brummell, 2006; Goulao and Oliveira, 2008). The extension of these changes
varies considerably among different species (Mercado et al., 2011). Recently, it has been
suggested that the structural integrity of the xyloglucan network maintained by
xyloglucosyltransferase/endo-hydrolase  (XTH) could be significant dutring fruit
softening. This activity is higher during fruit expansion and then declines or remains
constant during ripening (Goulao et al., 2007; Mercado et al., 2011). Miedes and
Lorences (2009) suggested that XTH genes could be involved in the maintenance of cell
wall structure rather than cell wall disassembly, and therefore the decrease in XTH gene
expression and activity could contribute to softening. Supporting this hypothesis,
overexpression of the XTHT gene in tomato reduced fruit softening (Miedes et al., 2010).
On the other hand, although less studied than cell wall disassembly, cellular turgor also
plays a role in fruit softening (Harker et al., 1997). A loss of turgor pressure is observed
during fruit ripening due to the regulated accumulation of apoplastic solutes (Wada et al.,
2009). Transpirational water loss through the cuticle could also be involved, especially in
fruits with thick and well developed cuticles, such as tomato (Saladie” et al., 2007; Lara et
al., 2014). Cell turgor may also be influenced by cell wall modifications taking place

during fruit softening (Thomas et al., 2008), and it is, therefore, difficult to separate
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active turgor changes from effects due to passive water loss and modification of cell wall
mechanical properties.

Pectin is the most abundant polymer in the middle lamella, and it regulates
intercellular adhesion (Willats et al., 2001), but primary fruit cell walls are also rich in
polyuronides, accounting for up to 60% of cell wall mass in many fruits (Redgwell et al.,
1997a). Probably, pectins are the cell wall components that change most during fruit
softening, but their role in fruit firmness and softening is considered controversial. This
could be due to the results obtained with tomato fruit, which has been used extensively
as a model to study fruit ripening. Ripening of this fruit is characterized by large increases
in polygalacturonase mRINA levels and protein and enzymatic activities, which correlate
with the rate of softening (Brummell and Harpster, 2001). However, the down-regulation
of a polygalacturonase gene to reach a residual gene expression of 1% when compared
with wild-type fruits did not reduce softening, although transgenic overripe fruits showed
an improved storage life (Smith et al, 1990; Kramer et al, 1992; Brummell and
Labavitich, 1997). Moreover, although depolymerization of solubilized pectins was
suppressed in transgenic tomatoes, the solubility of pectins remained at wild-type levels
(Smith et al., 1990). These early findings led to the hypothesis that polygalacturonase-
mediated pectin disassembly is neither necessary nor sufficient to induce fruit softening,
especially at early stages of the process (Hadfield and Bennett, 1998). This hypothesis
was later supported by studies performed in the tomato mutant 7, showing altered
ripening behavior (Giovannoni et al., 1989). However, the more recent evidence in
different species suggests a significant role of pectin modifications in fruit softening.
Thus, the downregulation of a pectate lyase or polygalacturonase gene in strawberry
significantly reduced fruit softening (Jiménez-Bermuidez et al., 2002; Quesada et al,
2009). Similarly, silencing of the PG7 gene in apple, crisp fruit with textural features
completely different from strawberry, also diminished softening (Atkinson et al., 2012).
2.3.3.3 Folate biosynthesis

Folates represent all forms of vitamin B found in biological systems while folic
acid is the synthetic form found in dietary supplements and fortified foods (Tamura et
al., 2000). Iniesta et al. (2009) investigated the level of 5-methyltetrahydrofolate in
commercial raw tomato cultivar harvested in Murcia (Spain). They found the maximum
level in Ronaldo cultivar, equal to 31.5 pug/100 g FW. In particulat, folates have a role in
various one-carbon transfer reactions, including purine and pyrimidine biosynthesis,

amino acid metabolism, methylation of nucleic acids, proteins, and lipids (Lucock, 2000).
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For these reasons, folates are essential for fetal growth (Wagner, 1995). The
recommended daily allowance (RDA) of folates is 400 pg for adults and 600 ug for
pregnant women (National Institutes of Health, Office of Dietary Supplements:
http://ods.od.nih.gov/factsheets/Folate-HealthProfessional /). Green leafy vegetables,
beans, and certain fruits are rich sources of folates, as are fermented products. However,
most staple crops, although rich in starch content, contain a low folate level while
populations are consuming monotonous diets, mainly consisting of these staple crops,
often suffer from a suboptimal folate intake.

Folates are a group of water-soluble B vitamins (B9), derived from
tetrahydrofolate (THF), the most reduced folate form. THF contains three building
blocks-the pteridine, p-aminobenzoate (p-ABA), and glutamate moieties-which are
produced separately and subsequently joined (Fig. 2.8). Folates can differ in the length
of the glutamate tail (ranging from one to approximately eight y-linked -glutamates and
the one-carbon (C1) attached to the molecule (a methyl-, formyl-, methylene-, methenyl-,
or formimino-unit) (inset Fig. 2.8). Each of them has a specific role in C1 metabolism
(Ravanel et al., 2011). THF and derivatives thereof can only be synthesized de novo by
plants and micro-organisms. Thus, humans are entirely dependent on their diet to obtain
the necessary amount of folates needed for a broad range of physiological and molecular
processes.
2.3.3.4 Alteration in sugar and pH

Two important quality attributes of processing tomatoes are pH and titratable
acidity (T'A). In tomato fruits, ripening is also associated with increased sugar levels
represented as °Brix value of fruits. In all tomato cultivars examined, pH increased as the
fruit ripened from the green to pink to the red stage and continued to rise as the red ripe
fruit remained on the vine. TA was at its maximum at the beginning of the ripening
process then decreased as the fruit reached the ripe stage and continued to decline with
over-maturity. Soluble solids have been shown to increase during ripening then remain
constant with over-maturity (Gautier et al., 2008).

2.3.4 Molecular regulation of tomato fruit ripening
2.3.4.1 Transcriptional regulation

The availability of mutants has been critical to elucidating gene function in plants,
and tomato has one of the best collections of characterized fruit ripening-related mutants
(maintained and accessible through the Tomato Genetics Resource Center at the

University of Davis (http://tgrc.ucdavis.edu/). Several single locus mutations, resulting in
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ripening inhibition phenotypes have facilitated understanding of transcriptional control
upstream of the required ethylene response for fruit ripening in tomato. Most notable are
three ripening mutants, 7ipening-inhibitor (rin), non-ripening (nor) and colourless non-ripening
(Cnr), which show severely inhibited ripening, do not produce elevated endogenous
ethylene, or ripen in response to exogenous ethylene, and produce fruit that remain firm
and green for extended periods (Tigchelaar et al., 1978; Manning et al., 2006). Molecular
characterization of RIN-M.ADS provided the first evidence for transcriptional control of
fruit ripening. RIN encodes an MADS-box transcription factor protein of the
SEPALATTA clade (Hileman et al., 2006). Cnr is a rare epigenetic mutation, resulting
from heritable hypermethylation in the promoter of the Crnrlocus SQUAMOSA binding
protein (SBP/SPL) causing greatly reduced transcription (Manning et al., 2006). The
expression of CNR is reduced in the 77 mutant indicating that it may act downstream of
RIN-MADS and CNR is also required for RIN binding to target promoters (Martel et al.,
2011). In addition to these genes, several other transcription factor have also been
identified like TAGL1, HB1, TDR4/MBP7 (FULT1/FUL2), AP2a and ERF6 regulating
different processes of fruit ripening (Seymour et al., 2013). The orthologs and homologs
of these genes in Arabidopsis regulate the several developmental processes of plants
including siliques development and seed dispersal.
2.3.4.2 Post-transcriptional regulation

The production of ethylene throughout the plant is low (basal level). The level of
ethylene increases in response to both developmental cues and environmental signals
(De Paepe and Van Der Stracten 2005; Chae and Kieber 2005). For example, the
increased emission of ethylene in many fruits during ripening (climacteric ripening);
however, other events and cues also stimulate ethylene biosynthesis including many
biotic and abiotic stressors. Because of this, ethylene is often called the “stress”
hormone. Under some conditions, ACC oxidase is a site of regulation. However, the
major site for the regulation of ethylene biosynthesis occurs at ACC synthase. A major
focus of research has been to determine the mechanism(s) for the regulation of ACC
synthase.

eto] was the first ethylene biosynthesis mutant in Arabidopsis identified by
screening displayed constitutive ethylene response phenotype (Guzman and Ecker 1990).
Subsequent studies showed that e#o7, along with two other mutants with similar traits,
eto2, and eto3, have higher ACC synthase activities (Woeste et al., 1999; Vogel et al,

1998). Subsequently, several laboratories showed a correlation between ACC synthase
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protein levels and ethylene levels (Chae et al., 2003; Joo et al., 2008; Christians et al.,
2009). Above studies established a central role for ACC synthase as a principle regulator
of ethylene biosynthesis. ACS enzymes are classified in three types. Type 1 ACC
synthases contain target motifs for mitogen-activated protein kinases (MAPKSs) and
calcium-dependent protein kinases (CDPKs), whereas type 2 ACC synthases only
contain target motifs for CDPKs and type 3 enzymes carry neither motif (Liu and Zhang
2004; Kamiyoshihara et al, 2010). Stress-activated MAPKSs cause increased
phosphorylation of specific ACC synthase isoforms resulting in protein stabilization and
increased ethylene production (Han et al., 2010; Joo et al., 2008; Liu and Zhang 2004;
Sebastia et al., 2004). Not surprisingly, dephosphorylation also has a significant role in
ACS protein turnover (Skottke et al., 2011). Research from several laboratories has now
linked the phosphorylation state of specific ACC synthase isoforms to protein stability.
In some cases, the phosphorylation state was shown to be regulated by environmental
signals and involves ubiquitin-dependent proteolysis (Skottke et al., 2011; Christians et
al., 2009; Tan and Xue 2014; Chae et al., 2003; Wang et al., 2004; Yoon and Kieber 2013;
Liu and Zhang 2004; Han et al., 2010; Lyzenga et al., 2012; Prasad et al., 2010; Prasad
and Stone 2010). Although more research is needed to understand fully how ethylene
levels are regulated, these studies provide important mechanistic insights into how
environmental signals and developmental cues affect ethylene biosynthesis.

A network of regulatory inputs has been superimposed on the ACS subclades to
provide very finely modulated control of ethylene synthesis. Although the type 1, 2 and 3
designations accurately represent ACS subclades, several recently elucidated regulatory
factors target ACSs of different kinds, suggesting the rapid evolution of regulatory
mechanisms. For instance, the putative target site for destabilizing phosphorylation by
CK1.8 (T463) is present in type 2 isozymes ACS5 and ACS9 and several type 1 isozymes,
but absent from type 3 isozymes ACS4 and ACSS8. Similarly, interaction with 14-3-3
proteins stabilizes at least one isozyme of each type (ACS2, ACS5, and ACS7; Yoon and
Kieber, 2013a, 2013b). An abundant family of small dimeric proteins that typically bind
phosphoserine, 14-3-3 proteins interact with a broad array of 'client' phosphoproteins;
the effects of 14-3-3 binding are variable (Denison et al., 2011). The mechanism for 14-3-
3 stabilization of ACS2 and ACS7 is not known. In the case of ACS5, 14-3-3 interaction
antagonizes ETO/EOL-mediated turnover both by stabilizing the ACS protein and by
destabilizing ETO/EOL proteins. Interaction of 14-3-3 with ACS is not dependent on
the TOE (Target of ETO1) sequence of ACS5 (Yoon and Kieber, 2013a). Because the
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14-3-3 binding is phosphorylation-dependent, the discovery of 14-3-3-mediated
stabilization suggests that these isozymes may undergo stabilizing phosphorylation in the
catalytic domain, the only domain that is common to all three types.

2.3.4.3 Regulation at other phytohormones level

After successful flower pollination and ovule fertilization, the fruit and seed
initiation, a stage that is commonly referred to as fruit set, and subsequent development
of both fruit and seeds occur concomitantly according to a precise, genetically controlled
process mediated by phytohormones (Gillaspy et al, 1993). Recent reviews have
highlighted the role of several plant hormones and their interplay in the control of fruit
development (Ruan et al,, 2012; Kumar et al., 2014). The genes, whose functional
characterization in tomato revealed an involvement in the growth period of fruit
development are described below. Auxin and GA appear to be the predominant
hormones required for fruit initiation in response to fertilization, since exogenous
applications of both hormones lead to fruit initiation and parthenocarpic development
(de Jong et al., 2009). A role for cytokinin, ethylene, and ABA in fruit formation has been
demonstrated but is less well documented thus far (Kumar et al., 2014).

Current evidence supports that combined action of three hormones, auxin,
gibberellins (GAs), and cytokinin plays a significant role in the regulation of fruit set.
Individually, any of these hormones can only initiate the fruit development to a certain
extent; however, their combined application has been found to induce normal fruit
growth even in the absence of fertilization in both dry and fleshy fruits (Nitsch, 1952;
Crane, 1964; Gillaspy et al.,, 1993; Mariotti et al., 2011). Importantly, auxin, GA, and
cytokinin levels increase at fruit set, and the requirement of their higher levels of fruit set
has been already validated by their exogenous treatment, which causes parthenocarpic
fruit formation in tomato. Evidence suggests that auxin and GAs also act in a similar way
during fruit set in dry fruits. A fertilization-triggered auxin signal is involved in the
promotion of GA biosynthesis in the ovule, which in turn activates GA signaling in
ovules and valves and coordinates silique growth in Arabidopsis (Dorcey et al., 2009).
Additionally, it has been observed that interaction between auxin and GA signaling
pathways is essential for the promotion of fruit set in fleshy fruits (Vivian-Smith and
Koltunow, 1999; Srivastava and Handa, 2005; de Jong et al., 2009; Carrera et al., 2012;
Ruan et al., 2012).

Recently, Kang et al. (2013) demonstrated that a number of auxin biosynthesis

genes encoding proteins such as YUCCAS5, YUCCA11, and tryptophan aminotransferase
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related1, and GA biosynthesis genes encoding enzymes such as GA 20-oxidase3, and GA
3-oxidase3, 4, 5, and 6 had achene-preferential expression and were largely absent in the
receptacle of strawberry. Evidence suggests that auxin promotes fruit set and growth, at
least partly, by controlling the GA levels (Fig. 2.9) (Serrani et al., 2008; Dorcey et al.,
2009). Earlier studies at the molecular level had established a role for an Auxin Response
Factor (ARF7) in mediating the crosstalk between auxin and GA. Silencing of this gene
caused formation of parthenocarpic fruits with morphological characteristics that seem
to be the result of both increased auxin and GA responses, suggesting that ARF7 also
acts as a modifier of the GA response during early stages of fruit development (de Jong
et al., 2009; de Jong et al., 2011). Consistent with this observation, a point mutation in a
gene encoding DELLA protein was found to be responsible for the constitutive GA
responses in procera (pro) mutant plants (Carrera et al.,, 2012). Transcriptome analysis
suggested that parthenocarpic capacity of pro is mainly associated with changes in the
mRNA levels of genes involved in GA and auxin pathways, including ARF7 (Carrera
et al,, 2012). Further, GA-mediated responses are under the tight regulation of growth-
repressing DELLA proteins. According to the “relief of restraint” model, any activation
of GA signaling requires degradation of DELLA proteins (Harberd, 2003). The
involvement of GA-mediated signaling during fruit set has been further substantiated as
any reduction in DELLA activity has been found to promote the parthenocarpic fruit
growth in both dry and fleshy fruits (Marti et al., 2007; Dorcey et al., 2009). However, a
DELLA-independent pathway also participates during fruit growth in Arabidopsis,
suggesting additional opportunities for fine-tuning of fruit growth (Fuentes et al., 2012).
GA has also been implicated in fruit patterning. GA synthesis is a direct and necessary
target of basic helix-loop-helix (bHLH) INDEHISCENT (IND) protein. Another
bHLH protein, ALCATRAZ (ALC), which is also required for fruit opening, interacts
with DELLA repressors. It has been proposed that interaction between DELLA and
bHLH proteins be a versatile regulatory module and is needed for tissue patterning in
Arabidopsis (Arnaud et al., 2010).

ARFs and Aux/IAA proteins also govern the fate of fruit initiation events.
Silencing of ARF7, a negative regulator of fruit set, in tomato transgenic lines also results
in up-regulation of the GH3 gene. GH3 genes encode IAA-amido synthetases that
convert free auxin to its conjugated form and maintains auxin homeostasis inside a cell.
The up-regulation of GHJ3 further indicates that its induction may compensate for

excessive auxin in 4RF7-silenced plants. Further, differences in cell size between ARF7-
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silenced lines and the wild type at six days post-anthesis, with significant cell size increase
in the mesocarp and endocarp layers, suggests that down-regulation of A4RF7 inhibits cell
division and promotes cell expansion (de Jong et al, 2009; de Jong et al, 2011).
Nevertheless, ARF7 is not the only gene encoding proteins involved in such interaction,
as additional auxin regulators such as ARFS8, IAA9, PIN4 (PIN-FORMED), and TIR1
(Transport inhibitor responsel) have also been implicated in auxin and GA-induced
parthenocarpic fruits (Goetz et al., 2007; Wang et al., 2009; Ren et al., 2011; Mounet et
al.,, 2012).

As both ARFS8 and IAA9 are implicated in parthenocarpic fruit formation in
tomato and Arabidopsis and belong to the same signaling cascade, it has been suggested
that these proteins may form a transcriptional repressor complex that is destabilized by
the aberrant forms of ARF8 to allow transcription of auxin-responsive genes (Goetz et
al., 2007). None of these studies mentions if any GA-induced response was observed in
the transgenic plants; however down-regulation of ARF7 in TIR7 over-expressing
transgenic tomato plants further supports the involvement of more auxin-related genes
in crosstalk between auxin and GA during fruit set.

Besides auxin and GA, cytokinin is also known to induce fruit set in several fruit
crops (Matsuo et al., 2012). The endogenous level of cytokinin is directly correlated with
the fruit growth, especially in stimulation of cell division. Its external application causes
parthenocarpic fruit formation (Gillaspy et al, 1993; Srivastava and Handa, 2005;
Mariotti et al., 2011; Matsuo et al., 2012). It was found that cytokinin-treated tomato
seedlings mimic the diogeotropica (dgf) mutant phenotype such as reduced shoot growth,
reduced apical dominance, and exhibit auxin inhibited responses (Coenen et al., 2003). In
Arabidopsis, cytokinin has been implicated in the development of the medial region of
the gynoecia and formation of valve margins during early fruit development (Marsch-
Martinez et al., 2012). Collectively, these results suggest that cytokinin could act via
inhibiting auxin responses, at least partially, during fruit set and growth. However, very
little information is available on the underlying mechanisms of its action during fruit set.

Ethylene and brassinosteroids (BR) are also believed to play important roles in
fruit set (Fu et al., 2008; Serrani et al., 2008; Wang et al., 2009). Ovule lifespan is an
important factor in determining the ability to set fruits. GA-induced fruit set is negatively
affected by ovule senescence. Recent evidence in Arabidopsis suggests that ethylene is
involved in both the control of the ovule lifespan and the determination of the

pistil/ fruit fate. The proposed model suggests that ethylene may modulate the onset of
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Figure 2.9. Changes in the hormonal levels during fruit development and ripening. (A)
Differential hormone concentrations occur in the seed and the surrounding tissue with the
developing seed influencing its environment. The increased levels of auxin, cytokinin,
gibberellin, and brassinosteroid at fruit set, and an involvement of auxin, gibberellin, and
brassinosteroid at fruit growth. For fruit maturation, there is an inhibition of auxin transport
from the seed and increase in ABA. This triggers the ripening/senescence program that leads
to an increase in ABA and/or ethylene biosynthesis and response in the surrounding tissue.
(B) The spectrum of ripening dependencies to ABA and ethylene. All fruit appear to respond
to ABA and ethylene. In historically considered “climacteric fruit,” ABA indirectly regulates
ripening through ethylene. In “non-climacteric” fruit, the ABA has a more dominant role but
the fruit still have ethylene-dependant ripening characters (McAtee et al., 2013).
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ovule senescence and, consequently, the window of GA fruit set responsiveness by
altering GA perception and signaling. Though an actual mechanism remains unidentified,
it is suggested that the ethylene produced in ovules would directly prevent the GA
response, for example, by stabilizing the DELLAs via CTR1 (Carbonell-Bejerano et al.,
2011). Evidence indicates there is a transient increase in ethylene production in tomato
pistils after pollination, which eventually decreases after fertilization. The ethylene-
associated changes are also reflected in the mRNA levels of several ethylene-related
genes such as 7-aminocyclopropane-1-carboxylate (ACC) synthase2 and ACC oxidasel (ACOT),
Ethylene-insensitive3-related (EIL.3). Many genes encoding ethylene response factors (ERFs)
also show a marked shift in their expression during flower to fruit transition (Vriezen et
al., 2008; Pascual et al,, 2009). In cucumber, exogenous application of BR induces
parthenocarpic fruit formation, by inducing cell division, whereas its inhibitor abolishes
the natural parthenocarpic capacity in a parthenocarpic cucumber. However, this effect
seems to be limited to a few fruit crops only as no such effect of BR application could be
repeated in tomato (Marti et al., 2007).

Additionally, the plant hormones/growth regulators abscisic acid (ABA) and
polyamines (PAs) are implicated in fruit development, but knowledge of their precise
role and mode of action remains sketchy (Gillaspy et al., 1993; Nitsch et al., 2009). ABA
levels show a decrease at fruit set and this decline is associated with the down-regulation
of ABA biosynthesis genes encoding enzymes such as 9-cis-epoxycarotenoid dioxygenase
1 (NCED1) and neoxanthin synthase (NSY) and up-regulation of ABA degradation gene
encoding protein; namely, ABA-8-hydroxylase CYP707A, after pollination (Vriezen et
al., 2008). ABA has also been found to abolish GA-induced changes during fruit set in
pea (Garcia-Martinez and Carbonell, 1980).

In tomato and peach fruits, the maximum ABA content precedes the climacteric
ethylene production. It has been shown that ABA promotes ripening by promoting
ethylene biosynthesis through up-regulation of ethylene biosynthesis genes (Sun et al.,
2012a). In addition, GA has been found to delay fruit ripening in many other fruits such
as tomatoes, peach mango, sapota etc. (Dostal and Leopold, 1967; Martinez-Romero et
al., 2000; Singh et al., 2007; Sudha et al., 2007). Besides these hormones, the endogenous
level of methyl jasmonate (M]) has been found to increase with the progression of
ripening in apple, mangoes, pears and tomatoes (Fan et al., 1998). Cytokinin and BRs are
known to induce ethylene production by increasing ACS protein stability; however, no

such evidence is available, which suggests that these two hormones regulate expression
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of ACS genes or stabilize their proteins in fleshy fruits (Abel et al., 1995; Yamagami et al.,
2003).
2.3.4.4 Light-mediated regulation

Light plays a significant role in plant growth and development. It is associated
with various fundamental processes of plants such as germination, photomorphogenesis,
photosynthesis, photoperiodism, photorespiration, phototropism, and circadian rhythms.
Plants accomplish these phenomenon using a light signaling machinery consisting of (1)
photoreceptor genes, (2) gene encoding early signaling intermediates, (3) COP
(CONSTITUTIVE ~ PHOTOMORPHOGENIC)/DET  (DE-ETIOLATED)/FUS
(FUSCA) genes, (4) genes encoding downstream effectors (Quail et al., 2002; Jiao et al.,
2007). In Arabidopsis and other plants, the roles of light signaling genes have been
investigated in details during plant growth and development. In tomato, studies with
photomorphogenic mutants and transgenic plants have provided information regarding
the role of light signaling gene in ripening and nutritional quality of fruits (Azari et al.,
2010b).

Light appears to have a dual effect on tomato fruits, it contributes to 1/7" energy
needs of developing fruits via carbon fixation in photosynthesis (Hetherington et al.,
1998), and it also assists in the development of chlorophyll and chloroplast (Waters and
Langdale, 2009; Powell et al, 2012). The overexpression of Golden 2-like (GLK)
transcription factor that determines chlorophyll distribution in developing tomato fruits
enhanced fruit photosynthesis as well as carbohydrate and carotenoid contents in ripe
fruits (Powell et al., 2012). Photosynthesis is also essential for properly timed
development of seeds (Lytovchenko et al., 2011). Several studies have indicated that in
addition to contributing to fruit photosynthesis, light also modulates fruit ripening,
particularly the accumulation of pigments. Developing fruits exposed to direct sunlight
accumulate more carotenoids than the shaded fruits (McCollum, 1954). In recent years,
use of photomorphogenic mutants has greatly aided the identification of signaling
partners regulating light mediated specific developmental responses. In tomato naturally
occurring high pigment mutants such as /p7 and /p2 show exaggerated light
responsiveness, higher anthocyanin levels during vegetative development and higher
carotenoid levels in ripe fruits (Azari et al., 2010b; Kilambi et al., 2013). A recent study
on tomato photomorphogenic mutants has revealed that phytochromes act as a

regulatory switch during the fruit development (Gupta et al., 2014). Cryptochromes were
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also predicted to influence fruit ripening, as showed by overexpressing CRYZ gene in
tomato.
2.3.5 Metabolic regulation of tomato fruit development and ripening

Tomato is an extremely interesting system to study maturation and ripening
processes because of the dramatic metabolic changes that occur during development.
Metabolic events throughout the development period of tomato have been addressed in
detail (Boggio et al., 2000; Chen et al., 2001). Tomato fruit at different developmental
stages can be distinguished on the basis of their metabolic complement (Carrari and
Fernie, 2006). GC-MS has been used to characterize tomato pericarp composition in
transgenic plants (Roessner-Tunali et al., 2003), to assess metabolic diversity of tomato
species (Schauer et al., 2005) and to measure metabolic changes associated with tomato
fruit development (Carrari and Fernie, 2006) (Fig. 2.10).

The modification of carbon metabolism and photo-assimilate partitioning by the
manipulation of key enzymatic activities, such as those involved in primary carbon
metabolism and photo-synthesis, was expected to have an impact on fruit growth. To
investigate this, the Arabidopsis Hexokinase 1 (A#HXKT7) gene was constitutively
overexpressed in tomato plants (Menu et al., 2004). Overexpressing lines exhibited
marked phenotypic and biochemical changes in developing fruits, such as reduced fruit
size and a decrease in cell expansion. The carbon supply required to support these
processes was lower throughout development, most probably due to decreased
photosynthesis. Consequently, any sucrose provided to these fruits would be used to fuel
cell metabolism at the expense of starch storage. Fruit displayed reduced respiratory
rates, which wete accompanied by lower ATP levels and ATP/ADP ratios in fruit
extracts, indicating profound metabolic perturbations.

The role of sucrose synthase (SuSy) in tomato fruit development has been
studied by silencing a fruit-specific isoform (ID’Aoust et al., 1999). The inhibition of SuSy
activity affected fruit set and very eatrly fruit development related to the reduced
unloading capacity for sucrose. The QTL Liz5 has been identified as a major QTL
controlling fruit weight and sugar content (Fridman et al., 2000), and the associated gene
was found to code for a cell wall-bound invertase (Fridman et al., 2004). When Lin5 was
RNAI silenced, fruit yield was greatly reduced, as well as fruit size, seed size, and seed
number (Zanor et al., 2009). In these transgenic plants, metabolic changes were largely
confined to sugar metabolism, since sucrose content increased while glucose and fructose

contents decreased, as observed at the red ripe stage. The changes in expression of

39|Page



REVIEW OF LITERATURE

primary metabolites like organic acids, sugars, amino acids, etc. during tomato fruit
development and ripening are categorized as follows:
2.3.5.1 Changes in the level of organic acids content

Organic acids are important components in tomatoes that strongly influence fruit
taste and overall quality. Citric acid is the major fruit acid, followed by malic acid and
several less abundant acids such as ascorbic acid, dehydroascorbic acid, Citra malic,
shikimic, fumaric, isocitric, succinic, lactic, maleic, saccharic, gluconic, gulonic, and
tartaric acids (Oms-Oliu et al., 2011). The citric acid cycle involves the biosynthesis of
fumaric, isocitric and succinic acids, many of which serve as precursors for the
biosynthesis of amino acids. Shikimic acid, which is only detected and is highly abundant
in very young fruit, is also a precursor for the biosynthesis of tryptophan, phenylalanine
and tyrosine (Carrari and Fernie, 2006). Compounds such as Citra malic and saccharic
acids do not appear at the beginning of development, whereas fumaric and lactic acids
are not detected during postharvest storage. Citric acid content increases with maturation
up to a maximum during the postharvest stage, whereas malic acid concentration
decreases during maturation and ripening (Oms-Oliu et al, 2011). As fruit reaches
maturity and begins to ripen, increased catabolic activity of malic enzyme, which
decarboxylates IL-malic acid to pyruvate, and the continued activity of malate
dehydrogenase and citrate synthase result in a decline in L-malic acid levels and the
preferential accumulation of citric acid. Comprehensive phenotyping of an aconitase
mutant (Acol) of Solanum pennellii (Carrari et al., 2003), as well as Solanum lycopersicum
plants in which the mitochondrial malate dehydrogenase (mMDH) was repressed via
antisense and RNA interference techniques (Nunes-Nesi et al., 2005), uncovered large
changes in both leaf metabolism and plant performance, such as a decreased flux through
the TCA cycle and enhanced photosynthetic activity (Carrari and Fernie, 20006). It has
been demonstrated that citric and malic acid metabolism is under ethylene regulation; the
metabolization of malic and citric acid is enhanced in transgenic antisense LeACS2 lines,
with suppressed ethylene biosynthesis, when exposed to ethylene (Gao et al., 2007).
Fumaric acid, a precursor of malic acid in the citric acid cycle, declines during maturation
and disappears during postharvest, whereas ascorbic acid, dehydroascorbic acid, isocitric
acid and succinic acid contents seem to increase during ripening but decrease again
during postharvest storage down to pre-ripening concentrations (Oms-Oliu et al., 2011).
This might suggest that these metabolites are upregulated only during climacteric

ripening. Although the general structure of the TCA pathway in plants is well known, its
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Figure 2.10. Changes in metabolites accumulation during tomato fruit ripening. The green

colored metabolites name corresponding to green fruit tissue and red colored names related to

red fruit tissue respectively. Picture taken from Carrari and Fernie, 2005.
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regulation is still poorly understood (Fernie et al., 2004). The glycolysis and TCA cycle
are the predominant carbon fluxes in the fruit during ripening. An increased respiration
during ripening, typical for climacteric fruit, would justify the increased content of some
TCA cycle intermediates such as isocitric and succinic acid.

Tartaric acid also accumulates during ripening and continues to increase during
storage (Oms-Oliu et al., 2011). The decrease in ascorbic acid at late maturity stages
could be related to the synthesis of L-tartaric acid. Compounds such as gluconic and 2-
keto-r-gulonic acid, which are believed to be intermediates of tartaric acid biosynthesis
via ascorbic acid (DeBolt et al., 20006), accumulate during postharvest storage. Thus, the
accumulation of gluconic acid, 2-keto-L-gulonic acid, and tartaric acid could result from
the degradation of ascorbic acid. This is in line with low concentrations of ascorbic acid
in postharvest tomato samples (Oms-Oliu et al., 2011).
2.3.5.2 Alteration in sugar and sugar alcohols expression

The major sugar and sugar alcohols in tomato fruit are glucose, fructose, sucrose,
galactose and inositol, whereas maltose, raffinose, glucose-6-phosphate, mannitol and
sorbitol are only present in minor concentrations (Oms-Oliu et al., 2011). As ripening
commences, plastid-stored starch is converted to sugars such as d-glucose and d-
fructose, which accumulate to levels above those required for respiration (Tucker, 1993).
Both glucose and fructose occur in equal quantities in fruit during ripening (Oms-Oliu et
al., 2011), which is generally attributed to invertase activity responsible for breaking down
sucrose (Richardson et al.,, 1990). As a result, ripe tomatoes have increased levels of
fructose, glucose whereas sucrose levels decrease progressively during maturation and
ripening of fruit.

Sugar phosphates are important intermediates of the metabolic pathways of
central metabolism, but their concentration is usually limited due to their high turnover
rate. Oms-Oliu et al. (2011) suggested that the concentration of glucose-6-phosphate
mainly diminished towards the postharvest stages. The catabolism of sugar and sugar
phosphates through the glycolytic pathway and TCA cycle may increase in parallel to
climacteric respiration changes contributing to the observed changes. In red fruit, which
contain little starch, respiration is responsible for predominant carbon fluxes in the fruit
(Rontein et al., 2002).

Galactose, galacturonic acid, and mannose have been identified as primary cell
wall components associated with ripening-related softening. Their levels increase

throughout maturation and ripening in parallel to the decreasing firmness (Oms-Oliu et
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al., 2011), indicating a breakdown of the cell wall complex (Oms-Oliu et al.,, 2011).
Tomato fruit development is marked by significant changes in cell wall components
associated with polysaccharide-degrading enzymes changing activity during climacteric
development (Carrari et al., 2000). Polygalacturonase has been the most studied amongst
these enzymes. This enzyme breaks down pectins to galacturonic acid, and its activity
increases dramatically during tomato ripening. Strong suppression of B-galactosidase
activity early during ripening was also correlated with reduced softening and reduced
losses of galactose (Brummell and Harpster, 2001).

Levels of galactinol, myo-inositol and raffinose were higher during the first stages
of development than during fruit maturation and ripening (Oms-Oliu et al., 2011). Myo-
inositol is an important precursor in the biosynthesis of many cell wall polysaccharides.
The raffinose family oligosaccharides (RFOs) is also a group of carbohydrates
hypothesized to play a role in plant development. Galactinol synthase catalyzes the first
committed step in the biosynthesis of RFOs acting on UDP-galactose and myo-inositol
to form galactinol. RFOs are then synthesized by donation of galactose from galactinol
to sucrose catalyzed by raffinose synthase (Zhao et al., 2004). Although a ripening-related
decline in galactinol and myo-inositol can be observed (Oms-Oliu et al., 2011), the
expected increase in raffinose is not happening.
2.3.5.3 Amino acids expression profiling

Oms-Oliu et al. (2011) demonstrated that concentrations of amino acids vary
with different stages of maturity and ripening. Significant increases in glutamic and
aspartic acid, methionine, phenylalanine and threonine are visible, whereas, at the same
time, a reduction in levels of GABA, B-alanine, glycine and valine is shown throughout
maturation and ripening. Other amino acids, such as asparagine, glutamine, leucine,
isoleucine and serine increase at the breaker stages and decrease at subsequent
postharvest stages. Besides fatty acids, free amino acids provide an important source of
precursors for various aroma volatiles in tomato fruit, such as 2-phenylethanol, 2-
isobutylthiazole, and phenylacetaldehyde (Buttery and Ling, 1993).

Also in other fruit, such as banana, the composition and concentration of amino
acids during ripening, together with the activity of the enzyme systems required for their
conversion to esters, are the major determinants of quantity and quality of the resulting
aroma profile (Wyllie and Fellman, 2000). According to these authors, compounds such
as 3-methylbutyl and 2-methylpropyl esters that characterize the banana volatile profile

are mainly linked to the increasing availability of free leucine, alanine and valine during
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the banana climacteric (Wyllie and Fellman, 2000). Oms-Oliu et al. (2011) suggest,
samples with high levels of isoleucine, leucine and phenylalanine were those showing
high ethylene production rates. Such increased free amino acid contents can favor the
production of 3-methylbutanal and 3-methylbutanol, derived from leucine, and 2-
methylbutanal and 2-methylbutanol, derived from isoleucine (Mathieu et al., 2009).

Amongst the free amino acids, GABA, glutamic acid, glutamine and aspartate
show the highest relative content in tomato fruit throughout maturation and ripening
(Oms-Oliu et al., 2011). Similar results were reported by others (Boggio et al., 2000;
Pratta et al., 2004). In developing fruit, most of the total amino acid content found in the
pericarp belongs to the glutamic acid family (Valle et al, 1998). GABA is the
predominant N-form at the earlier stages of the tomato fruit ripening, showing a
decrease from the breaker to the postharvest stages (Oms-Oliu et al., 2011). Glutamine,
detectable in mature green fruit, decreases substantially through maturation and ripening
(Oms-Oliu et al.,, 2011). Glutamine is known to be an important nitrogen transport
compound in plants (Joy, 1988), so this pattern presumably reflects the changes in the
need for this element as growth processes are progressively taken over by ripening-
related processes (Wang et al., 1996). On the other hand, glutamic acid represents the
most abundant free amino acid during ripening and postharvest. Its content is very low
in small green, immature and mature green fruit, but its levels progressively increase with
fruit ripening (Oms-Oliu et al., 2011). Similar results have been reported by Boggio et al.
(2000) and Le Gall et al. (2003). Amongst all tested amino acids, glutamic acid contents
showed the largest changes while ripening with an almost 40-fold increase (Oms-Oliu et
al., 2011). Shelf-life of tomato fruit has been inversely correlated with the amount of
glutamic acid synthesized during ripening (Pratta et al., 2004).

Finally, an increase in methionine is observed at the onset of ripening (Oms-Oliu
et al.,, 2011). This can be understood given methionine is an important ethylene precursor
(Adams and Yang, 1977). However, methionine levels continue to increase during
postharvest storage when ethylene production drops again (Oms-Oliu et al., 2011).

2.4 Mutagenesis

Mutation is the genetic change in a living organism that provides the basis for
species evolution and plays a significant role for improving the traits of crop species for
production of new cultivars in crop species. These genetic variations arise spontaneously
with a low frequency of 10*-10"" per base/base pair per replication (Drake et al., 1998)

hence it is impractical to rely on spontaneous mutation for accelerated plant breeding.
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Muller (1927) demonstrated the use of X-ray for inducing mutations in fruit flies and
since then Stadler (1929) showed the mutational effect of X-ray on barley and ultraviolet
(UV) radiation on maize (Stadler and Sprague, 1936). Thus, variability in the crop plant
can be induced by subjecting the crop plants with either physical or chemical mutagens.
A large number of induced mutants have been a major resource for plant breeding and
plant science research. The mutant variety database has approximately 3200 induced

mutants  at  FAO/IAEA  (http://mvgs.iaca.org/Search.aspx) and  TGRC

(http://tgrc.ucdavis.edu) that have become an established resource for genomics studies
and crop improvement. Ethyl methane sulfonate (EMS), nitroso guanidine, nitrosourea
N-ethyl-N-nitrosourea (ENU) are extensively used chemical mutagens that generate
point mutations (McCallum et al., 2000a) that results in G/C to A/T transitions (Taylor
et al., 2003) thereby causing amino acid substitutions affecting protein structure and
function. X-ray, gamma rays, electrons and fast neutrons are physical mutagens that
introduce deletions, inversions, insertions and even translocations of different sizes of
fragments (Shikazono, 2005). Mutations in a mutagenized population can be analyzed by
various methods using either forward genetics or reverse genetic approach.
2.4.1 Chemical mutagenesis: Ethyl methane sulphonate (EMS)

Chemical mutagens cause single base pair changes by alkylation of nucleotides.
An appropriate dosage of mutagen is a mandate for induced mutagenesis to maintain a
balance between survival and fertility whereas low dosage cause lower frequency of
mutations leading to the screening of a large population to score for mutations. Chemical
compounds that are widely used in plant breeding experiments are ethyl methane
sulphonate (EMS), 1-methyl-1-nitrosourea (MNU) and 1-ethyl-1-nitrosourea (ENU).
However, EMS is the most popular chemical mutagen in plants (Van Harten, 1998;
Menda et al., 2004; Watanabe et al., 2007; Minoia et al., 2010; Saito et al., 2011) that
selectively alkylates guanine bases and transfers to other molecules at a position of higher
electron density (Heslot, 1977). It induces mainly point mutations at random locations in
the genome of the species and with the majority of GC to AT base pair transitions (Till
et al., 2007). However, small deletions (Schreck, 2002; Alcantara et al., 19906). Kreig
(1963) also observed a low frequency of GC to CG or AT to GC transition. A broad
range of alleles could be obtained within a relatively small population on EMS
mutagenesis (Emmanuel and Levy, 2002).

2.4.2 Physical mutagenesis
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Though physical mutagenesis has proved to be an effective mutagen, particularly
for producing large DNA fragment deletions, the application of neutrons in induced
mutagenesis has been limited to screening of few knockout mutants (Naito et al., 2005)
when complex rearrangement of genes is a required. Physical mutagens include non-
ionizing radiations such as UV or ionizing radiations such as X-rays, gamma rays, alpha
and beta rays, fast and slow neutrons.
2.4.2.1 X-rays and y-rays rays

Among the physical mutagens, X-ray and gamma rays are the most commonly
used mutagens in mutation breeding. Pioneer work on mutagenic effects of X-rays on
fruit flies were carried out by Muller, (1927). Induced mutations were first generated in
plants using X-rays by Stidler (1928) for mutagenesis on crop plants after he observed a
strong mutator phenotype in barley seedlings and sterility in maize tassels. Exposure of
plants to the y-radiation causes damage such as double-strand breaks and also produces a
range of damage to DNA due to the production of free radicals. A range of mutants in
Arabidopsis (Redei and Koncz, 1992), rice (Cheema and Atta, 2003; Sato et al., 20006),
and tomato (Menda et al., 2004). Negi et al. (2010) isolated a short root mutant in tomato
from a 250 Gy y-irradiated M, population in Ailsa Craig cultivar.
2.4.2.2 Fast neutron and accelerated ions

Fast neutrons induce relatively small segment deletions or translocations. These
are uncharged particles of high kinetic energy generated in nuclear reactors. However, X-
rays and gamma-rays are preferred because of their ease of use and safety in the
application, good penetration, high reproducibility, high translocation frequency and
fewer disposal (radioactive) problems. International Rice Research Institute, IRRI has
large collection of rice deletion mutants (Leung et al., 2001) and NIAS (National Institute
of Agrobiological Sciences, Japan) has developed deletion population using ion beam as a
mutagen (Annual Report, 2010). A site named “Genes That Make Tomatoes”
(http://Zamir.sgn.cornell.edu/mutants/) list mutants isolated using fast neutron
irradiation of tomato. Also in rice, fast neutron mutagenesis has been used to produce
about 8000 M, lines in an indica variety IR64 (Wu et al.,, 2005). Several Arabidopsis
mutants (Hase et al., 2000; Kitamura et al., 2004) were identified using accelerated carbon
ions.

2.4.3 Forward and Reverse genetic approach
Forward genetics approach is suitable for gene identification with a detectable

mutant phenotype. However, the approach suffers from drawbacks as a mutation in one
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member of the gene family does not necessary lead to a mutant phenotype due to
functional redundancy. Some mutations may require specific conditions to give rise to a
detectable mutant phenotype. Screening mutants using forward genetics seems to be
laborious as it requires a large population for screening. Despite these limitations,
forward genetics plays a significant role in identifying functions of those genes that
control visible morphological traits that are easily phenotyped. However, scoring the
genes relating to the mutant phenotype remains a challenge though map based cloning
and the advent of whole genome sequencing has paved a way further to locate the exact
position of the scorable phenotype.

Reverse genetics aims to discover a mutation in a target gene of interest to gain
insight into its function. The advent of whole genome sequencing in many species has
enabled a reverse genetic approach to successfully annotate unknown gene function.
Several reverse genetic approaches were employed to mutate the gene sequence to study
its function. A large collection of induced mutagenized population has to be developed
and screened to increase the probability to score mutation in the gene of interest.
Alternatively, directed approaches could be used where the function of the target gene is
specifically altered. Thus, the availability of complete genome sequences combined with
reverse genetics can allow every gene to be characterized. Several approaches have been
developed for reverse genetics such as TILLING, RNAi, transposon mutagenesis,
Nuclease-mediated gene modifications etc. Among these approaches, TILLING is the
most widely adopted approach for identifying mutations in randomly mutagenized
populations.
2.4.3.1 TILLING

TILLING (Targeting Induced Local Lesions in Genomes) is a sensitive screening
method for directed identification of a mutation in a particular gene. This technique has
proven to be a valuable methodology for finding induced mutations as well as naturally
existing polymorphisms. 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 concrete and discrete PCR product for CEL I digestion, a
successful PCR is one of the most important steps for optimal TILLING reaction to
identify mutations. Samples are analyzed by polyacrylamide gel electrophoresis (PAGE)

or on a capillary sequencer.
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With the availability of Next Generation sequencing technologies (Tsai et al.,
2013), the landscape has changed significantly allowing for a sequencing revolution. Such
low-cost sequencing has made re-sequencing of gene fragments of interest in thousands
of mutagenized lines. Several laboratories have integrated TILLING projects with
NextGen sequencing technology platforms, e.g. Seq-TILLING. A major advantage to
large-scale Seq-TILLING is that DNA samples can be analyzed in much deeper pools
than with the CEL I based approach compared to the 8-fold pooling in traditional
TILLING. Globally several groups have setup TILLING for different plants such as
Arabidopsis (Till et al.,, 2003), maize (Till et al., 2004), lotus (Perry et al., 2003), pea
(Triques et al., 2007), sorghum (Xin et al., 2008), barley (Caldwell et al., 2004), wheat
(Slade and Kanuf, 2005), tomato (Minoia et al., 2010), beetroot (Kornienko, 2013)
Drosophila (Winkler et al., 2005), Caenorhabditis (Gilchrist et al., 2006), zebrafish
(Wienholds et al., 2003) and rat (Smits et al., 2004). Several mutant lines with desirable
phenotypes have been identified and have been released for the cultivation. One
advantage of TILLING is that the mutant lines can be directly released for cultivation as
these are not classified as genetically modified organisms (GMO).

Development of a densely mutagenized population determines the frequency of a
mutation in a species. However, others factors such as the choice and the dose of
mutagen, G/C content of the genome and tolerance of each genotype to mutagenesis
plays an equally important role in accessing the frequency of a mutation. A major
advantage of TILLING is that it generates an allelic series of mutants that provides a
better understanding of gene function (Till et al., 2003).
2.4.3.2 EcoTILLING

EcoTILLING is a variant technique of TILLING that is widely applied to
collections of natural variants for discovering polymorphisms in a particular we are
interested in. Various cultivars of a species are rich of genetic information and is
exploited to understand many aspects of plant development. The method also finds its
application to finding homo and heterozygosity of the polymorphism within a gene
fragment and assists in estimating phylogenetic diversity and selection pressures are
acting on a gene fragment. ECOTILLING approach was initialized on Arabidopsis thaliana
(Comai et al., 2004) and then extended to several other species such as tomato (Rigola et
al., 2009), Musa sp. (Till et al., 2010), V7gna radiata (Barkley et al., 2008) and in Cucumis
sp. (Nieto et al., 2007).
2.4.3.3 HRM based TILLING
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Traditional TILLING suffers from the drawbacks associated with several labor
and time-consuming process of PCR, endonuclease digestions, gel electrophoresis runs
and visual analysis. However, HRM is a non-enzymatic mutation screening technique
that reveals sequence variants due to distinct patterns in DNA melting curve shape
(Zhou et al., 2004; Gady et al., 2009). It has been used recently in many ways as a novel
approach to study genetic variation in many species with applications ranging from
qualitative SNP detection to the semi-quantitative analysis of methylation. PCR is
performed using gene specific primers by heating to 95°C when the two strands of DNA
separate or “melt” apart and the process is monitored in real-time using a fluorescent dye
that intercalates to double-stranded DNA and fluoresce brightly but do not to bind and
fluoresce at a low basal level in the absence of double stranded DNA. The HRM plots
the data as a graph known as a melt curve, showing the level of fluorescence vs. the
temperature. HRM tool has been employed in a number of plant systems for either
detecting mutation e.g. Tomato (Gady et al., 2012) or for the detection of nucleotide
diversity in different cultivars of rice (Zhu et al., 2013). The method is mainly optimized
to detect misincorporation in small amplicon (<450 bp) and is best suited for target
genes with multiple small exons separated by large introns (Parry et al., 2009).
2.4.3.4 Exome sequencing

The part of the genome formed by removal of introns through the splicing
mechanism is called as the exome. Exons are usually flanked by untranslated regions
(UTRs) that are excluded in exome studies. Thus, exome sequencing selectively
sequences the coding regions of the genome. Hence, it has emerged as a cheaper and
effective alternative to whole genome sequencing to find out the variation in the coding
region of genomes that is responsible for a mutation and/or phenotype. Henry et al.
(2014) used multiplexed global exome capture and next generation sequencing to identify
~18,000 induced mutations from 72 independent M, rice individuals.
2.4.3.5 Gene targeting strategies

Gene targeting methods aims to mutagenize a gene of interest to reveal its
function without mutagenesis of the entire genome. These methods are powerful tools
for studying basic and applied biology. Presently the technique has been extensively used
for crop improvement and gained popularity and to suppress the expression of several
targeted genes in the plant system.

Short interfering RNA and microRNA are widely used gene silencing strategy

that initiates with the introduction of dsRNA into the nucleus by a homology-based
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detection of the target mRNA. The expression of dsRNAs can be restricted to a
particular tissue at a defined growth stages using a tissue specific promoter to control the
extent and timing of gene silencing.

Zinc Finger Nucleases are chimeric proteins composed of a synthetic zinc finger-
based DNA-binding domain and a DNA cleavage domain that is specifically designed to
cleave long stretch of double-stranded DNA sequence to obtain zinc finger arrays with
different sequence specificity. (Durai et al., 2005, Camenisch et al., 2008). Using this
technique plant genes were edited in various genomes e.g. Maize (Shukla et al., 2009),
tobacco (Townsend et al., 2009) Arabidopsis thaliana (Zhang et al., 2010), tomato (Moon
et al,, 2010).

TALENs are composed of an engineered array of DNA Binding Domains
(DBD) fused to a non-specific Fokl nuclease domain. TALENs can be customized by
assembling them according to the desired target sequence to be edited. TALENs
overcomes over ZFNs as the latter recognize only a limited number of target sites in the
genome while the former can easily be designed to target any recognition site provided
only that there is a thymine (T) before the first nucleotide of the target site. TALENSs
have been widely used in plants species such as tobacco (Zhang et al., 2013), rice (Li et
al., 2012), Brachypodium (Shan et al., 2013), barley (Wendt et al., 2013), and Arabidopsis
(Christian et al., 2013).

Both ZFNs and TALENSs suffer from drawbacks due to complicated design and
laborious assembly of specific DNA-binding proteins for each target gene. Clustered
Regulatly Interspaced Short Palindromic Repeats (CRISPR/Cas) system generates
double Strands Breaks (DBS) and specificity is provided by a 20-bp sequence
corresponding to the sequence that has to be edited (Jinek et al., 2012). CRISPR system
has been applied in Arabidopsis (Feng et al., 2013; Li et al.,, 2013; Mao et al.,, 2013)
tobacco (Li et al., 2013; Nekrasov et al., 2013), and the crop plants rice (Feng et al., 2013;
Jiang et al., 2013; Mao et al., 2013; Miao et al., 2013; Shan et al., 2013), wheat (Shan et al.,
2013b) and sorghum (Jiang et al., 2013).

2.5 Wild relatives of Tomato

Solanaceae or Nightshade family is diverse, comprising of approximately ten
thousand species. The domesticated tomato (Solanum lcopersicum) and its wild relatives
belong to the Lycopersicon clade of this family. Members of this clade have originated from
South America near the Andean region. The microhabitats and extreme ecological

conditions contribute to the diversity of wild species. This broad variation is reflected in
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various aspects i.e. morphological, physiological, sexual and molecular features of tomato
wild relatives (Peralta and Spooner, 2006). The wild relative species can be discriminated
based on their fruit color. Most of them have green colored fruits, with the exception of
two species-S. galapagense (yellow and orange fruits) and S. pimpinellifolinm, the only wild
species with red colored fruits. S. Acopersicum var cerasiforme fruit is larger than S.
pimpinellifolinm and is commonly referred to as cherry tomato. This has been considered
as the direct ancestor of domesticated tomato (Rick and Chetelat, 1995). The modern
cultivated tomato is cosmopolitan and is grown under various environmental conditions
all over the globe.

Wild relatives harbor high genetic diversity and are a primary source of genetic
variation. Wild relatives of many crops have been extensively used in breeding programs
to improve the agronomic traits. Several studies on tomato wild relatives identified many
useful traits, such as tolerance to drought and salinity in 5. pennellii (Dehan et al., 1978;
Shalata et al., 1998), accumulation of health-promoting phytochemicals in S. habrochates
and resistance to multiple pathogens exhibited by S. cheesmannii, S. lycopersicoides, S. neorickii
and 8. chilense (Robert, 2001; Rick et al., 1994). Previously breeding studies were carried
on mapping populations that are based on interspecific crosses between a cultivar and
related wild species from the Ljycopersicon group. Though this approach permitted the
identification of QTL for a trait of interest, it is time-consuming and laborious. With the
emergence of new molecular techniques and bioinformatics tools, and the availability of
genome sequences, genotyping by sequencing is possible (Hohenlohe et al., 2011; Elshire
et al., 2011). Increasing community-wide resources and germplasm banks have added
value in understanding the genetic diversity of wild species. Tomato JBrowse, a recent
resource developed by Wageningen University, Netherlands provides huge data on the
SNPs of more than 150 tomato species that can be used for better understanding of

natural diversity (Aflitos et al., 2014).
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3.1 TILLING (Targeting Induced Local Lesions In Genomes)
3.1.1 Plant material and mutagenesis

An Indian cultivar of Solanum lycopersicum, Arka Vikas (Sel 22) was used as the
core genetic resource for the development of the mutagenized population. It is a pure
line selection from an American variety T7p-Top developed by Indian Institute of
Horticulture Research (IIHR), Bangalore, India. Plants of this variety are semi-
determinate having dark green foliage with medium to large, oblate fruits with the light
green shoulder. It is cultivated as a Kharif/Rabi crop, tolerant to heat and moisture stress
and matures in 140 days with an average produce of 35-40 tons per hectare
(http://www.iihr.res.in /).

Seeds of the Indian cultivar, Arka Vikas, (10-15 g) were imbibed in double

distilled water in germination boxes for one day. Thereafter the seeds were submerged in
500 ml of ethyl methane sulphonate [(EMS) Sigma Aldrich] solution of 60 mM (0.75%,
w/v) and 120 mM (1.5%, w/v), and incubated in darkness with gentle shaking at 25+2°C
for 24 hr as described by Koornneef et al. (1990) and Menda et al. (2004). The treated
seeds, tied together in a muslin cloth, were extensively washed under running tap water
for 8 hr and then dried on blotting sheets. Treated seeds were sown in nursery beds (2 m
x 1 m) containing red loam sandy soil. To ensure uniform spread of the seeds in nursery
beds during sowing, the seeds were first mixed with dry sand and sprinkled over the bed
and covered with a thin layer (~1 cm) of red loamy soil and vermiculite mixture. These
beds were then covered with black polyethene sheets till germination and watered daily
using a sprinkler. A batch of 100 seeds was used as a control and processed through the
same procedure as mentioned above without any EMS treatment. (Note: EMS is an
excellent mutagen and consequently highly carcinogenic and also volatile. All necessary
safety precautions should be taken when conducting a mutagenesis experiment. The
experiment should be carried out in a fully functional and inspected chemical fume hood
with double gloves, safety glasses and dressed in full safety gear, including lab coat and
inform all lab members regarding the experiment).
3.1.2 Growth conditions

Seeds from all the tomato genotypes mentioned were surface sterilized with 4%
(w/v) sodium hypochlotite for 10 min to soften the seed coat and then washed in
running tap water till the traces of hypochlorite were removed. Thereafter, the seeds were
spread on wet blotting paper placed in petri plates and incubated in darkness for

germination. The emergence of radicle was scored as the first sign of germination. The
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germinated seeds were then transferred to coconut peat mixture (Sri Balaji Agroservices,
Madanapalle, Andhra Pradesh, India) placed in a plastic germination box (9.5 cm length,
9.5 cm breadth, 5 cm height). The boxes were kept under continuous white light (100
umol m?s") in growth room for the establishment of seedlings. Unless specified all the
plants were grown in an open field at the University of Hyderabad under drip irrigation.
3.1.3 Development of mutant populations

Three weeks old M; seedlings were transplanted in the open field at a spacing of
1.3 m x 40 cm. These were cultivated by standard agronomic practices for tomato and
irrigated by drip irrigation facility. The plants were grown to maturity, and M» seeds were
harvested from each of the plants separately. The populations were advanced to M;
generation in the next round of cultivation. For this, few seeds of each M, line were
surface sterilized with 4% sodium hypochlorite solution and germinated in Soilrite under
glasshouse conditions. Four plantlets, with an average height of 10 cm, from each line
(namely, A, B, C and D) were transplanted in the open field and grown to maturity. All
the M, and M; seeds of both the populations (60 and 120 mM EMS-treated) were
propetly labeled, cataloged and stored in -20°C freezers. Similarly, the M, seeds (3,000
lines) of M82 cultivar procured from Dani Zamir, Israel were germinated, and four
plantlets of each line were advanced to M generation as described above (Fig. 3.1).
Table 3.1 describes in detail the dosage of EMS and size of populations developed in
our study.
3.1.4 Setup of molecular screening platform in tomato
3.1.4.1 DNA extraction and pooling

Individual lines from the above-mentioned populations were germinated in 96
deep well plates and ten days old cotyledons were used for DNA isolation. Unlike the
conventional protocol followed for TILLING in other species where DNA is first
isolated, equalized and then pooled; eight folds tissue pooling in two-dimensional fashion
was done prior to DNA isolation (NEATTILL) as described in Sreelakshmi et.al. (2010).
In the present study, we used an in-house standardized DNA extraction protocol
(Steelakshmi et al., 2010) from tomato cotyledons/leaves. Briefly, the hatvested tissue
(100 mg) was mechanically disrupted using three steel balls in a 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 $-mercaptoethanol and
20 mg of insoluble polyvinylpolypyrrolidone (PVPP). The samples were then incubated
with 4 uL. of RNase (10 mg/mlL stock) for 30 min at 37°C in a water bath. This was
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Figure 3.1. Pictorial representation showing how EMS mutagenized tomato population was

raised. Tomato seeds (M) were treated with EMS and the M , plants were grown in the open

field and allowed to self-pollination to produce M, seeds. M, seeds were collected from each

individual M, plant to generate M, family. Four plants (named as A, B, C and D) from each

M, line were grown. Each M, plant was also visually phenotyped for morphological

alterations throughout the plant life cycle to identify mutants. M; seeds were collected from

each M, individual plants.



Table 3.1 EMS-mutagenized TILLING population used in

this study. Four populations were used for TILLING. The

number of M, and M; lines screened for mutations using

TILLING is indicated in the table.

. . EMS Population
S.No. | Population Tomato cultivar . .
concentration S1ze
1 1 Arka Vikas M, 60 mM 2304
2 1I Arka Vikas M, 120 mM 3000
3 111 M82 M, * 60 mM 3000
4 v M82 M, 60 mM 3072

*This population was originally obtained from Dani Zamir, Hebrew

University, Israel. The raising of this population is described in Menda et al.,

(2014). The population IV consisted of M3 seeds harvested from population

II1.
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followed by the addition of 400 pL. of 6.0 M ammonium acetate in order to precipitate
the proteins. Thereafter, the samples were incubated at 4°C for 15 min followed by
centrifugation at 3124 g for 30 min (for 96 well plates) in Sorvall RC evolution centrifuge
or at 18,894 g (for individual microfuge tubes). The clear supernatant was transferred to a
new microfuge tube plates, and an equal volume of chilled iso-propanol was added. The
samples were incubated for 2 hr at -20°C. Samples were then centrifuged at 4°C for 30
min followed by 70% (v/v) ethanol wash. To remove the traces of salts from samples,
one more round of ethanol wash was given. The DNA samples were air dried, and the
pellet was dissolved in 200 pL. TE buffer supplemented with RNase (3.3 pg/mlL) and
kept for overnight dissolution. The yield and quality of the isolated DNA was estimated
by electrophoretic separation on agarose gels as well as using Nanodrop
spectrophotometer. A working stock of 1 ng/ul. DNA was prepared and 5 uL from it
were aliquoted into 96 well PCR plates, dried, sealed with aluminium sealing films and
stored at -20°C until further use.

For pooling of cotyledons for DNA isolation, two sterile plates were set up, one
for column pooling and second for row pooling. Since harvesting of the cotyledon was
done in column wise fashion, a simplified procedure was adopted to ensure the correct
pooling of cotyledons. The right cotyledon from all eight seedlings (arranged in a column
in 8 X 8 grid plate) was excised and harvested to make a single column pool, and placed
in well 1A of ‘column’ plate whereas left cotyledon from each seedling was placed in
wells of column 1A to 1H of the ‘row’ plate. The next harvest of right cotyledons
generated 8-pooled well 1B of ‘column’ plate and left cotyledons were again placed in
wells of column 1A to H of the ‘row’ plate, increasing number of cotyledons to two. The
entire process of pooling batches of eight seedlings from 8 X 8 grids was repeated for
3rd - 8th columns of the 8 X 8 grid. At the end of total harvest of 8 X 8 grids, 8
cotyledons from grid were pooled in column fashion and 8 cotyledons were pooled in
row fashion. Using 12 plates of seedlings we obtained two plates of cotyledons arrayed in
row and column fashion. The pooled plates bearing cotyledons were sealed with rubber
sealing mats and stored at -80°C freezer until DNA isolation. On completion of pooling
of all the mutant lines in the population, we again harvested the seedlings as in the
previous case and subjected it to second round of pooling to generate backup plates
(Sreelakshmi et al., 2010).
3.1.4.2 Candidate gene
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The ethylene biosynthesis gene .ACC synthase isoform ACS2 (7-aminocyclopropane-
T-carboxylate synthase 2) was used as a candidate gene for the mutation detection in tomato
M, mutant population. The ORF of tomato ACS2 has 2522 bp and consists of 4 exons
and three introns (Solyc01¢095080.2.1;
http://solgenomics.net/feature/17805455/details) (Fig. 3.2). The cDNA has 1458 bp

encoding a deduced protein of 486 amino acids. The ACS2 protein had a predicted MW
55 kDa and a pI of 5.53.
3.1.4.3 Selection of targets in gene of interest for mutation

The CODDLE (Codons Optimized to Discover Deleterious Lesions;
(http:/ /www.proweb.org/coddle) program was used to screen the regions of the genes
that had the highest probability of being affected by EMS. For CODDLE analysis, gene
sequence was fed in the Codons Optimized Detection of Deleterious Lesions
(CODDLE) input utility page (http://www.proweb.org/input/). CODDLE generates a
gene model (intron/exon position) and a protein conservation model by searching the
Blocks Database (Henikoff et al., 2000). Once a gene model and a protein conservation
model are assembled, CODDLE (http://www.proweb.org/coddle/) presents candidate
regions that are most likely to be susceptible to deleterious mutations after EMS
treatment (McCallum et al., 2000b). CODDLE reports the expected missense and
nonsense changes arising due to the mutagenic effect. Amplicons of ~950-1500 bp were
selected from these regions, and specific primers were designed using Primer 3 software

(http://frodo.wi.mit.edu/primer3/) (Fig. 3.2).

3.1.4.4 Primer design and Nested PCR strategy

All the primers were designed using Primer version 3.0 software. For all sets of
primer, the Tm was kept between a range of 50-60°C, the length between 20-25 bases,
and GC content near to 40-45%. Using primer version 3.0 software, two different major
sets (including two subsets each) of primers were designed covering entire ORF and also
-866 bp of 5' upstream region considered as a promoter region. The exon 4 of ACS2
gene was comparatively longer (997 bp) than the rest three exons (e.g. exonl (171 bp),
exon 2 (129 bp), and exon 3 (161 bp). The subset 1 of the primer set I (-866 bp to 29 bp)
covers 5' upstream sequences and 29 bp of the first exon. The subset 2 of the primer set
I start from -196 bp 5' upstream and end at 648 bp in third intron covering the first exon,
first intron, second exon, second intron and third exon respectively. The subset 1 of the
primer set II swept the region from 1252 to 2202 bp, covering a small portion of 3"

intron and half of the 4™ exon. The subset 2 of the set II primers covers the region from
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Figure 3.2. Output of the CODDLE program using .ACS2 gene sequence. The
ACS2 gene is represented by orange open boxes (exons) connected by black lines
in between (introns). The green colored boxes represent the protein conservation
models. The probability curve traced in blue below the gene model represents
those regions of the gene where G: C to A: T transitions are most likely to result in
deleterious effects on the encoded protein.
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Figure 3.3. Nested PCR strategy using universal M13 tailed primers. Targets
were amplified with sequence specific primers 1F and 1R (black arrows). The
large product was taken as a template and a nested PCR with an internal gene
specific primers 2F and 2R (black part of the arrow) containing universal M13
primers (blue part of the arrow) in combination with IR-dye labeled universal
M13 primers (blue arrows with dye) was performed. The red and green circles
indicate the position of the IRD700 and IRD800 labelling respectively.
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2015 to 2942 bp, including remaining half portion of the 4™ exon as well as a small
portion of 3' noncoding (420 bp) sequences. 100 uM solution of each primer was
prepared in TE buffer and aliquots were stored at -80°C to avoid repeated freeze—thaw
cycles.

To improve the sensitivity and specificity of PCR for robust mutant detection,
we adopted nested PCR strategy (Fig. 3.3) with labeled M13 universal primers. In nested
PCR, two separate amplifications are used. The first uses a set of primers that yields a
large product, which was then used as a template for the second amplification. The
second set of primers anneals to sequences within the initial product producing a second
smaller product. Based on nested strategy, we designed primers for screening the
promoter and four exons of ACS2 gene (Table 3.2). An advantage of nested PCR is the
consistency of reactions with all samples so that any fraction of the pooled DNA which
bears the mutation can be amplified and visualized. Moreover, the use of M13 universal
primers is cost effective.
3.1.4.5 PCR based Screening for mutations

The DNA from M; lines was used for screening mutations in the gene of interest.
We used PCR-based mutation screening that involves three steps — firstly, amplification
of the fragment of interest followed by heteroduplex formation and mismatch cleavage
by CELI enzyme and finally, detection on denaturing polyacrylamide gels. PCR was
performed in Tetrad Machine (Bio-Rad) in 96-well microtitre plates. In the first step of
the nested PCR approach, the PCR reaction consisted of 5 ng DNA, 1X PCR butffer, 2.5
mM dNTPs, external forward and reverse primers {3 pmoles each, IDT)} and 0.18 uL.
Taq DNA polymerase (in-house isolated) in a total volume of 20 pL. The cycling
conditions were: 94°C for 4 min; 35 cycles of 94°C for 20 sec, Tn-4°C for 45 sec, 72°C
for 2 min; 72°C for 10 min; and 12°C forever. The PCR product was diluted 2-5 folds
depending on the yield, and 1 uL. was used as the template for second step PCR. This
reaction consisted of 1X PCR buffer, 2.5 mM dNTPs, primer cocktail {Ipmole in the
ratio of 1.2:0.7:1.5:0.5 (700 IR dye labelled forward : unlabelled forward : 800 IR dye
labelled reverse : unlabelled reverse)} and 0.18 uL. of Taq DNA polymerase. The cycling
conditions wetre 94°C for 4 min; 94°C for 20 sec, 60°C for 45 sec with a touchdown of -
2°C/cycle for 5 cycles, 72°C for 1.5 min; 25 cycles of 94°C for 20 sec, 52°C for 45 sec,
72°C for 1.5 min; and final extension at 72°C for 10 min. This was followed by
heteroduplex formation: 98°C for 10 min, 80°C for 20 sec, 80°C for 7 sec with a
touchdown of 0.3°C/sec for 70 cycles; and 12°C forever.
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3.1.4.6 Mismatch-specific cleavage reaction and precipitation of PCR products

Once the fragment of interest was amplified, the labeled products were digested
with single strand mismatch-specific enzyme, CEL I. The mutated nucleotides form a
loop during heteroduplex formation and become the targets of digestion for CEL I
enzyme. The digestion was carried out in a total volume of 45 uL containing 20 pL of
labelled PCR product, 1X CEL I digestion buffer (10 mM HEPES buffer pH 7.0, 10 mM
KCl, 10 mM MgCl,, 0.002% (v/v) Triton X-100 and 10 pg/mL BSA) and CEL I enzyme
at 1:300 dilution (1 uL./300 pL. CELI digestion buffer). The mixture was incubated at
45°C for 15 min and then the reaction was stopped by adding 10 uL 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 pL. of cold absolute ethanol and incubated at -80°C for 15-30 min.
This was followed by centrifugation at 4500 rpm for 30 min in a SH-3000 plate rotor in
Sorvall Centrifuge. The pellet was washed with 70% (v/v) ethanol, dried in a dry bath at
80°C and then resuspended in 8 pL of formamide loading buffer (37% (v/v) de-ionized
formamide, 1 mM EDTA and 0.02% (w/v) bromophenol blue). The PCR products were
denatured by heating the plates/tubes to 94°C for 2 min and then placed on ice.
3.1.4.7 Detection of mutation using Li-COR

The labelled precipitated and denatured samples were then analysed on Li-COR
DNA analyser 4300 (Li-COR Inc., Nebraska, USA) which include two major steps—
acrylamide gel preparation, sample loading and gel running as described by Sreelakshmi
et.al. (2010).

In TILLING protocol, denaturing acrylamide gels were used for separation of
CELI digested PCR products. Prior to the casting of a gel, the glass plates were cleaned
and assembled with spacers and rails following the protocol provided with the Li-COR
DNA analyzer. 20 mL of gel matrix is sufficient to cast a 15x15x2 mm sized 6.5% gel.
For the preparation of gel matrix, 4 mL of 20% acrylamide gel matrix, 8.8 g of Urea, 2
mlL of 10X TBE (Tris Boric acid EDTA) buffer were mixed by gentle stirring. If
necessary, the magnetic stirrer was heated up to 35°C for proper dissolution of urea. The
final volume was made up with Milli-Q) water. To this mixture, 15 pL. of TEMED and
150 pL of 10% (w/v) APS (ammonium persulfate) was added, and the matrix was mixed
with the help of glass rod. Quickly the mix was poured carefully between the glass plates,
avoiding air bubbles. Later, the shark tooth comb was inserted, and the pressure plate
was applied upon inserted comb place. The comb was inserted in such a way that the flat

end of the comb creates a shallow trough after solidification. The excess acrylamide was
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poured onto the comb. The gel was allowed to set for 90 min before starting the run.
After complete polymerization, the gel cast was thoroughly washed on both the front
and back sides of the casting plate, the casting comb was removed, and remaining
acrylamide was washed off from the well. Before placing the plates in the Li-COR DNA
analyzer, the plates were cleaned with Kimwipes, to ascertain that the laser detection
region of plate is clean and also the comb was re-inserted such that small wells are
formed between two shark teeth.

The plate assembly was inserted into Li-COR DNA analyzer, and the wells were
cleaned before beginning the pre-electrophoresis run. The upper and lower tank buffer
was filled with 1X TBE butffer. The pre-run of the gel was started for 15 min, ensuring
that the lasers focus properly. About 0.5 uL of the sample was loaded per well on
acrylamide gel (6.5%, w/v) and the electrophoresis was cartied out for 4 h at 1,500 V, 40
W and 40 mA at 50°C in Li-COR 4300 DNA 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. The
mutations were confirmed on complementary plates (row and column) and the plant ID
in the DNA pools was identified. Few of the seeds from the identified original seed
packet were germinated, and the plants were grown to maturity. DNA was isolated from
juvenile leaves and was again subjected to the mutation screening protocol as described
above to identify the homozygous/heterozygous lines. The genomic DNA isolated from
specific line harbouring the mutation was PCR amplified and sequenced by Big Dye
Terminator chemistry on ABI sequencer (Applied Biosystems, Foster City, California,
USA) to identify the specific base change.

3.2 EcoTILLING

EcoTILLING protocol involves steps that are almost similar to TILLING
procedure with few exceptions. The genomic DNA isolated from the collection of
tomato natural accessions was used as a template. For EcoTILLING, a collection of 391
S. lyeopersicum accessions (Appendix I) obtained from NBPGR (National Bureau of Plant
Genetic resources (http://www.nbpgr.ernetin/), IIVR (Indian Institute of Vegetable

Research, Varanasi, India (http://www.iivr.org.in/) Bejo Sheetal, Jalna, India and TGRC

(Tomato  Genetic  Resource  Center, University of  California,  Davis

(http://tgrc.ucdavis.edu/) were used. In order to facilitate heteroduplex formation,

reference cultivar (AV) genomic DNA was used. The details of primers used for PCR
amplification of ACS2 gene were listed in Table 3.2 and. Nested PCR was set up in 20
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uL volume. The reaction mixture consisted of 5 ng of genomic DNA as template, 1X
PCR buffer, 2.5 mM dNTPs, 0.18 uL of in-house purified Taq polymerase, 1 picomoles
each of labeled and unlabelled primers in a ratio of 1.2:0.7:1.5:0.5 (Fr:Fur:Ri:Rur). The
PCR conditions were 94°C-4 min, 5 cycles of 94°C-20sec, 60°C-45 sec with a decrement
of 2°C per cycle, 72°C-1 min 30 sec, 30 cycles of 94°C-20 sec, 52°C-45 sec, 72°C-1 min
30 sec followed by 72°C-10 min and held at 4°C. The amplification was followed by
further denaturation and SNP detection as described for TILLING (section 3.1).
3.3 Amplification of the ACS2 gene from tomato wild relatives

To assess the mnatural distribution and diversity of single nucleotide
polymorphisms existing in ACS2 gene, the target gene was amplified from the five wild
relatives of tomato considered in the study. The wild tomato TGRC accessions .
pimpinellifolinm (1LA1589), S. galapagense (ILAOA83), S. chilense 1LA1969), S. pennellii 1LAOT16)
and S. neorickii (1LA2133) were obtained from Tomato Genomics Resource Centre
(University of California, Davis). Genomic DNA isolated from the young leaves of these
plants was used as a template. The primers and PCR conditions designed and optimized
for TILLING and EcoTILLING protocols were used for amplifying the target genes.
For SNP analysis, the amplified products were purified and directly sent for sequencing.
3.4 Silica based purification of PCR products

The target sequences amplified from tomato wild relatives and also the PCR
products of confirmed mutations were sequenced to determine the exact position and
nature of the nucleotide base changes. Before sequencing, the amplified PCR products
were purified by silica-based purification. Silica purification is a simple and time-saving
protocol as described in Boyle and Lew (1995). The protocol involves two major steps-
preparation of silica suspension and purification of PCR products.
3.4.1 Preparation of Silica suspension

5.0 g of Silica (Sigma, S-5631) was suspended in 50 mL of autoclaved milli-Q
water and allowed to settle down for 2 h. The supernatant containing the fine particulate
was discarded, and this step was repeated once followed by centrifugation at 2000 g for 2
min. The supernatant was discarded, and the slurry was stored at 4°C. Usually, one mg of
the silica suspension (= 10 uL) binds to 3-4.5 pg of DNA.
3.4.2 Purification of PCR products

The PCR product was mixed with two volumes of 6 M Nal in a microfuge tube
and incubated for 5-10 min. For agarose gel excised DNA fragments, the agarose is

melted at 55°C in 6 M Nal with occasional mixing. To this mixture, 10 pL (~1 mg of
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silica suspension) of silica suspension was added and incubated at room temperature for
5 min with intermittent mixing or gentle vortex. The contents of the microfuge tube
were then centrifuged for 1 min at 18,894 g The supernatant was discarded, and the
pellet was resuspended in 500 pL. wash solution (50 mM NaCl, 10 mM Tris-HCI pH 7.5,
2.5 mM EDTA and 50% (v/v) ethanol). The suspension was gently mixed and then
centrifuged for 1 min. The wash step was repeated once again followed by a pulse spin to
remove the residual liquid. The pellet was then air dried for 10 min, and an appropriate
volume of milli-Q water or TE was added to dislodge the pellet. The contents were
allowed to stand for 5 min at room temperature and then centrifuged at 18,894 g for 1
min. The supernatant containing the DNA of interest was then transferred to a fresh
microfuge tube, and thus, the samples were purified.
3.5 Sequencing and bioinformatics analysis

Silica-purified amplicons were outsourced to Macrogen Inc. (Korea) for
sequencing on both the strands. The raw sequencing data was analyzed by CHROMAS

(http://www.technelysium.com.au) v2.4. Sequences were assembled and compared, and

inspections of differences or similarities were analyzed using the Multialin Interface page
(Corpet et al., 1988). In heterozygous mutations the chromatograms showed two peaks at
the same position whereas the sequences from homozygous lines were aligned by
Multialin online server to the wild-type reference sequence (Arka Vikas/M82) to
ascertain the specific nucleotide change. The protein sequences were aligned using
PRALINE (Bawono and Heringa, 2014) software

(http://www.ibivu.nl/programs/pralinewww/). Other softwares used for further

analysis of the nucleotide sequence were:
3.5.1 Project Aligned Related Sequences and Evaluate SNPs (PARSESNP)
The PARSESNP (http://blocks.therc.org/proweb/parsesnp/) is a web-based

tool useful for the analysis of polymorphisms in target genes in TILLING and
EcoTILLING protocols. It determines the position of the altered nucleotide base from
the reference sequence (genomic or cDNA) and the effect of the polymorphism on
nature of the amino acid changed (if any). If a homology model was provided,
PARSESNP also determines the severity of the mutation or polymorphisms based on
PSSM and SIFT scores. The graphical output of PARSESNP depicted the SNPs detected
along the gene sequences.

3.5.2 PSSM
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The change in the Position-Specific scoring matrix (PSSM; based on protein
homology model) predicted the severity of missense mutations. A large change in PSSM
score (>10) indicated a mutation that was likely to have a deleterious effect on protein
function.

3.5.3 SIFT

Bioinformatics ~ program  SIFT  (Sorting  Intolerant  from  Tolerant,
www.sift.dna.org) predicted the impact of missense mutations on protein function. For
missense/nonsynonymous polymorphisms, the deleterious effect of the mutation was
estimated by assigning SIFT value using version 4.0.5 of SIFT (Ng and Henikoff, 2003;
Sim et al., 2012). The prediction is based on database sequence homology and physical
properties of amino acids. The probability of SIFT score less than 0.05 was predicted to
be damaging to the function of the encoded protein, those greater than or equal to 0.05
were predicted to be tolerated.

3.5.4 Phylogenetic analysis

We used FigTree v1.3.1 software for analyzing the phylogenetic relationship of
protein sequences. The sequences were aligned using ClustalX v2.1 software.
Phylogenetic relationships were performed using 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.
The bootstrap values are denoted by the branch that is a measure of the evolutionary
changes existing within the genotypes.

3.6 In silico characterization of tomato ACS2-1 protein

Homology modeling of ACS2 proteins of WT and acs2-7 mutant was performed
using I'TASSER software (Zhang et al.,, 2008; Roy et al., 2010), using the templates of
ACS protein from tomato (PDB ID; liayA, liaxA; Huai et al., 2001). The 3-D models

were drawn with the software PyMol (http://www.pymol.org).

3.7 Morphological and Physiological characterization of mutants
3.7.1 Seed germination profiling

To monitor seed germination, seeds were surface sterilized using 4% (v/v)
sodium hypochlorite. After washing, seeds were placed in plastic petri plates containing

premoistened filter paper and sealed with para film. Three different sets of petri plates
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(each set contains three such petri plates), for WT, aw2-7 and aes2-2 mutant seeds
respectively, were kept in dark. Seed germination was monitored visually at a fixed
interval of time. The emergence of radicles from the seeds is the first sign of seed
germination. In each set, 10-12 seedlings were used.
3.7.2 Ethylene emission from seedlings of WT and mutants

To monitor the ethylene emission, germinated seedlings (6-8 for each set) were
transferred to a glass vial containing 0.8% (w/v) agar. The vial was sealed by serum cap
and incubated in darkness for 24 hr. Thereafter from the head space one mlL volume
containing ethylene was withdrawn from vial using an injection syringe and injected into
a gas Chromatogram (model GC-17A, Shimadzu, Kyoto, Japan) fitted with a flame
ionization detector and an activated “Porapack T column. The amount of ethylene
released was calculated by comparing the peak area with the area obtained by using 1 mL
of pure ethylene gas as standard. The time course of ethylene evolution was determined
by GC at regular interval for 10 days from germination.
3.7.3 Seedlings phenotype

Seedlings phenotype was monitored by measuring the length of the roots and
counting lateral roots of WT and mutants. Germinated seeds (after emergence of radicle)
of WT and mutants were grown on 0.8% (w/v) agar in three different sets of air-tight
petri plates and kept in vertical otientation under continuous white light (100 umole m™
s™) for five days. Each such set contained three biological replicates. In each replicate, 10-
12 seedlings were used.
3.7.4 Demonstration of triple response in etiolated seedlings

To elicit triple response, germinated seedlings (15-18 in each set) of WT and
mutants were grown in an air-tight seed germination plastic box containing 0.8% (w/v)
agar, in the dark, for five days. A known volume of ethylene was injected in each
container only once. After five days, seedling's phenotype was observed for the triple
response compared to the control seedlings. Hypocotyls and roots length were also
measured for above seedlings.
3.7.5 Comparisons between plant texture, leaf morphology and flower phenotype

The plants were grown in greenhouse under natural photoperiod (12-14 h day,
10-12 h night) at 28+1°C during day and ambient temperature (14-18°C) in night. The
difference in plant texture between WT and mutants was visually recorded. To monitor
deference in leaf morphology, leaves were harvested and photographed from the 7" node

of the wild-type and mutant plants (45 days old). To observe flower morphology and the
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pattern of the flower in flower inflorescence, flower from second and third truss were
examined.
3.7.6 Off-vine leaf senescence study

Three different biological replicates in two set were used. Each set of leaf
(containing three replicates) were placed in petri plates on wet germination paper in light
and dark condition respectively. The leaves were harvested from seventh node of 45 days
old wild type (M82) and aws2-1, acs2-2 mutant plants grown in greenhouse. The petri
plates were kept under continuous white light (100 pmole m™ s') and in darkness
respectively to record senescence in mutant and wild type leaves.
3.7.7 Estimation of the ethylene emission from leaves of wild type and mutants

The plants were grown in greenhouse condition under natural photoperiod (12—
14 h day, 10-12 h night) at 28+1°C during day and ambient temperature (14-18°C) in
night. Fresh leaves were harvested from the 7" node of 45 days old wild-type and mutant
plants. Leaves were kept on premoistened filter paper in an air-tight petri plates and
incubated for 3-4 hr at the room. Thereafter, from head space one mL volume
containing ethylene was withdrawn from petri plates using an injection syringe. The head
space gas was injected into a gas Chromatogram (model GC-17A, Shimadzu, Kyoto,
Japan) fitted with a flame ionization detector and an activated "Porapack T" column. The
amount of ethylene released was calculated by comparing the peak area of sample with
the area obtained by using 1 mL of pure ethylene gas as standard.
3.7.8 Chronology of fruit development between wild type and mutant fruits

The fruit development was monitored on vine from post-anthesis (days post-
anthesis - DPA) at different stages of ripening: mature green (MG), breaker (BR),
Turning (TUR), Pink (P), red ripe (RR). The transition between different stages of
ripening was visually monitored by the changes in fruit color. To precisely determine the
age of fruits, flowers were tagged at anthesis and this time point was considered as zero
DPA. Few other features of flowers and fruits were also monitored like no. of flower per
truss, total no. of flowers per plant at a particular time point, total no. of fruit set per
truss and no. of locules per fruit, of mutants compared to WT.
3.7.9 On-vine fruit senescence study

Fruit senescence study of wild-type (M82) and mutants (aes2-7, acs2-2) tomato
fruit was carried out on-vine. For on-vine fruit senescence study, second fruit truss of
wild type and mutants was selected. The transition between different stages of ripening

was visually monitored by the changes in fruit color. To precisely determine the age of
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fruits, flowers were tagged at anthesis and this time point was considered as zero DPA
(Days Post Anthesis). The plants were grown in greenhouse under natural photoperiod
(12-14 h day, 10-12 h night) at 28+1°C during day and ambient temperature (14-18°C) in
night. The fruits were photographed from mature green stage onwards.
3.7.10 Comparisons of fruit morphology

WT and mutant (acs2-1, acs2-2) fruits at different maturity stages were harvested
from the second truss of the vine. The transition between different stages of ripening
was visually monitored by the changes in fruit color.
3.7.11 Fruit firmness

The firmness of fruits was measured using Durofel DFT 100 (Agro-Technologie,
Tarascon, France). Firmness value was recorded by measuring each fruit at equatorial
plane two times. Three-four fruits of each wild-type (M82) and mutants (acs2-1, acs2-2)
were used for measurements.
3.7.12 Estimation of ethylene emission from fruits of WT and mutants

The fruits of wild type and mutant lines at different maturity stages (MG: mature
green, TUR: turning and RR: red ripe) were harvested from second truss of the vine. The
fruits were placed in an air-tight plastic container for 3-4 hr at room temperature.
Thereafter incubation the head space one mL volume containing ethylene was withdrawn
from the container using an injection syringe. The head space gas was injected into a gas
Chromatogram (model GC-17A, Shimadzu, Kyoto, Japan) fitted with a flame ionization
detector and an activated “Porapack T” column. The amount of ethylene released was
calculated by comparing the sample peak area with the area obtained by using 1 mL of
pure ethylene gas as standard. The plants were grown as in section 3.7.9 greenhouse
condition. Five biological replicates were taken at each maturity stage.
3.7.13 Genetic analysis

The crossing was carried out on young unopened floral buds. 41 day’s old
unopened floral buds of WT were carefully emasculated by removing anther cone with
the help of needle and forceps. The emasculated flower was covered with a thin cotton
patch to prevent cross pollination. After 24 h when stigma becomes receptive, the
pollens from mutant plants (male parent) collected from newly opened flowers were
applied to stigmas of WT (female parent). The pollinated flowers were again covered
with the cotton patch. The crossed flowers were labeled, and seeds from each crossed
fruit were separately collected. Ten I plants were grown from each plant, and seeds

from individual fruits were collected separately for analyzing the F» segregation. For
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segregation analysis, 140 I, plants were grown in the pots and the fruit senescence
phenotype on-vine was scored.
3.8 Biochemical characterization of mutants
3.8.1 Estimation of chlorophyll from leaves of control and mutant plants
Chlorophyll content was measured from the leaves of mutant and WT plants
using the modified protocol of Kousar et al., (2007). Briefly, a known amount of fresh leaf
tissue (100-200 mg) was submerged in 2 mL of 80% (v/v) acetone, and after stirring
stored in darkness. After centrifugation at 13,225 g at 4°C, supernatants were collected,
and absorbance was recorded at 663 nm, and 645 nm in Uvikon spectrophotometer. The
amount of Ch/ A and ¢h/ B were calculated using the formula of Arnon (1949). The
chlorophylls a and b and total chlorophyll were calculated by the following formulae.
Chla (pg/mL) = (12.7 X Ages - 2.79 X Agss)
Chlb (pg/mL) = (22.9 X Ags - 4.68 X Age3)
Total Chl (ug/mL) = (20.2 X Ags + 8.02 X Aces)
Where; A is the absorbance at 663 nm and 645 nm.
3.8.2 Estimation of Sugar content and pH
Sugar content of fruits was measured using a pocket refractometer (ATAGO,
Tokyo, Japan). Entire pericarp tissue of the fruit was homogenized using mortar and
pestle and 300 pul. homogenate was layered on the optical lens of the refractometer. The
sugar content was recorded as °Brix. One unit of °Brix is approximately 1% (w/v)
soluble solids as measured by refractometer (Tieman et al., 1992). For every fruit sample
(n = 5), two parallel measurements were carried out. The pH values of red tomato sap were
also measured using the pH meter.
3.8.3 In-vitro ACC extraction and determination
To correlate with ethylene level 1-aminocyclopropane-1-carboxylic acid (ACC)
level (a direct precursor of ethylene) were estimated at mature green, turning and red ripe
stages of WT (M82) and mutant tomato fruits. For the estimation of ACC in fruit tissue,
usage of pure standard is a prerequisite for comparisons and calculations. To prepare
standard ACC solutions, ACC was procured from Sigma-Aldrich, St. Louis, MO, a US
based company. A known concentration of ACC standard was oxidized to ethylene by
mixing with cold mixture of 4% (w/v) NaOCI and saturated NaOH (2:1, v/v). The
mixture was vortexed and incubated on ice for 4 minutes. After incubation, the tube was
again stirred on a vortex and a 1 mL headspace gas sample was withdrawn by a

hypodermic syringe for ethylene estimation using Gas Chromatography. 1-
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Aminocyclopropane-1-Carboxylic Acid (ACC) was extracted from the fruit tissue of
tomato by homogenization in presence of 5% (w/v) sulphosalicylic acid. The extracted
ACC in the aqueous phase was used to determine the ACC concentration (Bulens et al.,
2011; Yang et al., 1984). The 200 puLL of 10 mM mercuric chloride was added to the
aqueous extract in a glass test tube (15125 mm) and the tube was sealed and incubated
on ice. Cold mixture of 4% (w/v) NaOCI and saturated NaOH (2:1, v/v) was injected
into the test tube. The mixture was stirred and incubated on ice for 4 minutes, thereafter
the tube was agitated on a vortex and a 1 mL headspace gas sample was withdrawn by a
hypodermic syringe for ethylene determination using Gas Chromatography. The amount
of free, bound in the form of Malonyl-ACC (MACC) and total amount of ACC was
calculated in mature green, turning and red ripe stages of the WT (M82) and mutant
fruits. For calculation of total ACC, acid hydrolysis of extract was performed by adding
50 uLL of 6 M hydrochloric acid into the extract. After vortexing, the extract was kept in a
water bath for 3 hr at 99°C. After hydrolysis, the extract was kept at room temperature
for cooling. After cooling the extract, 50 uL. of 6M NaOH was added in the extract for
neutralization. After neutralization, the extract was centrifuged, and the yellow
supernatant was obtained which was further used for ethylene emission monitored by
GC as mentioned. The ACC and MACC amounts were calculated based on the amount
of ethylene gas released from the sample and spiked sample using the following

formulae:
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Where, nsample- number of moles ethylene formed, Vextract- total volume of liquid in
the sample after extraction, Vreading- amount of extract used for the reading, Eff
reaction efficiency of ACC turnover, w- weight of the used sample, Total ACC-
hydrolyzed ACC concentration.
3.8.4 ACS enzyme activity determination

Since, ACC is the end product of the reaction catalyzed by 1-

Aminocyclopropane-1-carboxylate synthase (ACS), Therefore, ACS enzyme activity (In-
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vitro) in WT and mutant fruits was determined at different maturity stages of fruits
(Bulens et al. 2011). The ACS enzyme activity was determined using following protocol:
3.8.4.1 Extraction and purification

To determine ACS activity, the fruit tissue was extracted in extraction buffer
containing tricine (200 mM, pH 8.5), pyridoxal-5-phosphate (PLP, 2 mM) and DTT (10
mM). Before extraction of ACS, 15 mg PVP was added to 2 mL precooled Eppendorf
tube. To the tube then 1 g frozen crushed fruit tissue was added followed by addition of
1 mL of extraction buffer. The sample was vortexed until a homogenous mixture was
obtained at centrifuged at 21,000 g for 30 minutes at 4°C temperature. A 1.25 mL aliquot
of supernatant was collected and desalted on Sephadex G25 (4 mL pre-swollen bead
volume) column for removing interfering metabolites. The eluted sample fraction was
collected in the precooled tube.
3.8.4.2 Reaction of ACS enzyme with substrate

The reaction mixture consisted of 750 uL purified enzyme in a tube containing
75 uL tricine reaction buffer (200 mM, pH 8.0) and 75 pL of 1.2 mM S-Adenosine
Methionine (SAM) chloride (substrate). After vortexing, the mixture was incubated in a
thermomixer for 2 hr at 25°C with gentle shaking. After 2 h incubation reaction was
stopped by adding 100 uL. of 100 mM mercuric chloride. It was followed by addition of
cold mixture of 4% (w/v) NaOCI and saturated NaOH (2:1, v/v) respectively, was
injected into the test tube containing 475 uL reacted extract and 425 pL of distilled
water. The mixture was stirred and incubated on ice for 4 minutes, after incubation the
tube was again agitated on a vortex and a 1 mL headspace gas sample was withdrawn by
a hypodermic syringe for ethylene determination using Gas Chromatography. ACS

activity was calculated using following formulae:
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Where, nsample- no. of moles of ethylene formed in the sample, Vreading- the amount
of extract used in the reading, Vextract- the volume of the liquid in the sample after
extraction (considering the water content of the tissue), Dcolumn- the dilution factor due
to sample clean up on the column, Dreaction- the dilution factor due to the reaction
step, w (g FW)- the weight of the used sample and # (h)- the incubation time.

3.8.5 In-vitro ACO enzyme activity determination
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To ascertain whether the increasing amount of ACC and increased ACS activity
would interfere with ACO activity, ACO activity was also estimated In-vitro. Following
steps are involved in determining ACO activity:
3.8.5.1 Extraction

To 500 mg of frozen crushed fruit tissue in a precooled 2 mL. Eppendorf tube
containing 50 mg PVPP, 1 mL extraction buffer containing Tris 100 mM pH 8.0, 10%
glycerol (v/v) and 30 mM sodium ascorbate was added. The sample after vortexing and
incubation in a thermomixer for 10 min. at 4°C with gentle shaking was centrifuged for
30 minutes at 22,000 g at 4°C. After centrifugation, the supernatant containing extracted
ACO enzyme was collected and subjected to enzyme activity estimation.
3.8.5.2 Reaction of purified enzyme with substrate and reading

200 pL purified enzyme extract was transferred to a glass vial containing 1.8 mL
of reaction buffer containing 10% glycerol (v/v), 5 mM sodium ascorbate, 20 mM
sodium bicarbonate, 0.02 mM iron sulphate, 1 mM ACC (substrate) and 1 mM DTT.
After sealing the glass vial it was vortexed for 5 Sec and the sample was incubated in a
water bath for 15 minutes at 30°C with gentle shaking. After incubation mixture was
vortexed for 5 Sec to release all ethylene. A 1 mL headspace gas sample was withdrawn
by a hypodermic syringe for ethylene determination using Gas Chromatography.

Following formulae were used for the calculation of ACO activity:

Msample Vextract

ACOactivity =
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Where, nsample- amount of the ethylene formed, Vextract (mL)- the volume of the
liquid in the sample after extraction, Vreading (mL)- the amount of extract used in the
reading, w (g FW)- the weight of the sample and # (h)- the incubation time.
3.8.6 Production of polyclonal antibodies specific to ACS2 protein

Antibodies (also known as immunoglobulins) are gamma globulin proteins that
are found in blood or other bodily fluids of vertebrates and are used by the immune
system to identify and neutralize foreign objects. The Ig monomer is a "Y"-shaped
molecule that consists of four polypeptide chains; two identical heavy chains and two
identical light chains connected by disulfide bonds (Woof and Burton, 2004). The amino
acid sequence in the tips of the "Y" varies greatly among different antibodies and is
composed of 110-130 amino acids; which give the antibody its specificity for binding

antigen. While many species are used for polyclonal antibody production (chicken, goats,
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horses, mice, sheep etc.), the rabbit is most commonly used for reasons of historical
antecedents, cost benefits and ease of handling. Young rabbits (2.5-3 kg; 10-16 weeks)
should be used. At this age, the maternal antibodies have decreased to undetectable levels
while the immune system is approaching adult levels. Older rabbits are not useful for
antibody production as immune system peaks at puberty. Female rabbits are preferred
for their docility and higher immune response (Halliday et al., 2004).

To check the expression level of ACS2 protein in fruit tissues of WT and
mutants at different maturity stages, primary antibodies specific to ACS2 protein are
required. Following steps were followed to generate primary polyclonal antibodies:
3.8.6.1 Peptide synthesis

ACS2 protein sequence was sent to PEPTIDE 2.0, a U.S.A. based company for
the prediction of the antigenic peptide. The company predicted three probable antigenic
peptides within the provided ACS2 protein. Out of three peptides, the one with the
amino acid sequence "EHGENSPYFDGWKAYDSD?”, situated towards the N-terminal
region of the protein was selected for peptide synthesis by PEPTIDE 2.0 Company. The
peptide was conjugated to KILH (keyhole limpet hemocyanin), a carrier protein at the N-
terminal region of protein by a sulphydryl group of cysteine residue, to attain the
threshold size of antigen to cause the adequate immunogenicity. The purity of peptide (4
mg) obtained in lyophilized powder form, from company was 95% (HPLC and MS
grade).
3.8.6.2 Raising polyclonal antibodies in rabbit

The polyclonal antibody was raised in rabbit, following all standard animal ethics
and maintaining the rabbit in a hygienic condition. For raising antibody against one of
the peptide, a male white rabbit of 1.5-2 kg weight was purchased from the local
suppliers and raised in animal house of University of Hyderabad one week prior to
injection for acclimatization. Before injecting with antigen, 1 mL of blood was withdrawn
from the central ear artery of rabbit as pre-immune serum. The steps involved in the
immunization protocol are described below:
3.8.6.2.1 Priming immunization

500 pg of the lyophilized peptide was diluted to 1 mL with 1X PBS (Phosphate
Buffer Saline) and mixed with 1 mL of complete Freund’s adjuvant (CFA). The peptide
and adjuvant were mixed till an emulsified solution was obtained using an 18 G (gauge)
needle with 2 mL syringe. The emulsified solution was intramuscularly injected into the

rabbit.
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3.8.6.2.2 First booster injection

After 3 weeks, the rabbit was bled to check its response to the priming
immunization by Dot blot assay. The rabbit was given first booster immunization dose
(same composition as the priming immunization but with incomplete Freund's adjuvant
(IFA). Further booster immunization (three more) injections were given at 3-week
intervals till the final collection of immune serum.

The optimal number of booster immunizations to be given before final collection
was determined by accessing the antibody titer value. During booster immunization all
the bleeds were collected from the central ear artery with a 19 G (gauge) needle. The final
bleed was drawn from the heart (40-50 mL). The blood was allowed to clot and retract at
37°C overnight. The clotted blood was then refrigerated for 24 hr and the serum was
clarified by centrifugation at 2500 rpm for 20 min. Straw colored serum was decanted
and mixed with 0.001% sodium azide and after aliquoting was stored at -20°C.
3.8.6.3 DOT blot to check antibody titer value

A known amount of peptide solution (2-4 pg) was spotted on nitrocellulose
membrane, after air drying for 5 minutes time, blot was kept in blocking buffer
containing 1% (w/v) BSA or 4% (w/v) nonfat (skimmed), dry milk powder in TBST (20
mM Tris-HCl, pH 8.0. 150 mM NaCl, 0.1% Tween-20 (v/v) (Ttis-buffered saline +
Tween-20, TBST)) buffer. After overnight incubation, the membrane was washed 4-5
times with TBST buffer. After washing, the membrane was incubated with different
dilutions of primary ACS2 antibody (1/250 - 1/50,000 dilution range) for one hout.
Thereafter washes were repeated with TBST buffer 3-4 times to remove unbound
primary antibodies. The rinsed membrane was incubated with the secondary anti-rabbit
IgG antibody (procured from Sigma-Aldrich, USA) developed in Goat, coupled with
alkaline phosphatase (1/80,000 dilution), for one hour. After incubation, the membrane
was washed again to remove unbound secondary antibodies. After washing Ag-Ab
complex on membrane was visualized by incubating it in a chromogenic mixture,
prepared by adding 33 pL. BCIP (5-bromo-4-chloro-indolyl phosphate (50 mg/mL
dissolved in 100% Dimethyl formamide)) and 66 pLL NBT (nitro blue tetrazolium salt (50
mg/mL dissolved in 70% Dimethyl formamide)) to 10 mL of ALP (alkaline phosphatase
buffer; 100 mM Tris-HCI pH 9.5, 100 mM NaCl, 5 mM MgCly). The reaction area turned
purple, and when the intensity of the color developed to the desired level, the reaction
was stopped by rinsing the membrane in distilled water for a few minutes.

3.8.7 Purification of antibody fractions (IgG and IgM) from serum
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To purify different immunoglobulins (Igs) from the ACS2 serum, Di Ethyl
Amino Ethane (DEAE) Sepharose CL-6B beads (a product of GE Healthcare Pvt. Ltd.
India), a weak anion exchanger, were used. The beads were packed in the 2 mL column
volume in a plastic desalting column and were washed with 20 mL milli-Q water. After
washing, the column was equilibrated with 10 column volume of 50 mM Tris-HCI pH
8.0. After equilibration the bead matrix, 1 mL of the serum was loaded on bead matrix.
Finally the IgG fractions were eluted by 200 mM Tris-HCI pH 8.0 and IgM fractions by
50 mM Tris-HCI pH 8.0 respectively. For each immunoglobulin, 10 fractions of 1 mL
each were collected and the absorbance of each fraction was measured at 280 nm to
quantify the concentration of immunoglobulins fractions.

3.8.8 Immunoprecipitation of ACS2 protein

For immunoprecipitation different dilutions (diluted in 100 uL. of 1X PBS pH
7.4) of putified IgG antibodies (1/25, 1/300 and 1/800) were mixed in one mL of
desalted, crude, red fruit protein extract for 1 hr at 37°C with gentle shaking. After
incubation samples were mixed with 30 pl. of preswollen (in 1X PBS pH 7.4) protein-A
Sepharose (Sigma-Aldrich) beads and incubation was continued at 4°C for 1 hr with
constant shaking. Thereafter mixture was centrifuged for five minutes at 12,000 g at 4°C.
The supernatants were analyzed for the reduction in ACS2 activity, and
immunoprecipitated pellets were used for western blot analysis.

3.8.9 Western blotting of tomato ACS2 protein
3.8.9.1 Protein extraction, desalting, immunoprecipitation, and estimation

The crude enzyme was extracted in buffer containing tricine (200 mM, pH 8.5), 2
mM pyridoxal-5-phosphate (PLP) and 10 mM DTT (Dithiothreitol). For extraction of
ACS, 50 mg PVP was added to 2 mL precooled Eppendotf tube followed by addition of
1 g frozen fruit tissue homogenate and 3 ml of extraction buffer. The mixture was
vortexed until a homogenous mixture was obtained, centrifuged at 21,000¢ for 30
minutes at 4°C then 1.25 mL of supernatant was collected and loaded on Sephadex G25
(4 mL pre-swollen bead volume) desalting column for sample clean up. The eluted
sample fractions were collected in the precooled tubes. The ACS2 protein-Ab complex
was immunoprecipitated by protein-A Sepharose as mentioned. Protein estimation was
carried out using Bradford's microassay (Bradford, 1976).
3.8.9.2 SDS-PAGE gel electrophoresis

The immunoprecipitated ACS2 protein isolated from the crude extract of red

tomato fruits was separated by sodium dodecyl sulfate gel electrophoresis (SDS-PAGE)

72| Page



Cfm_pter 3 MATERIALS AND METHODS

follows Laemmli (1970) protocol. One millimeter (mm) thick separating gel of 12%
(w/v) was polymerized in 1.5 M Tris-HCl pH8.8, containing 0.1% (w/v) SDS, 0.1%
(w/v) APS and 0.01% (v/v) TEMED. 5% (w/v) stacking gel was made in 1 M Tris-HCl
(pH 6.8) containing 0.1% (w/v) SDS, 0.1% (w/v) APS and 0.01% (v/v) TEMED. The
glass gel slabs were prepared in an AE-6530 mPAGE electrophoresis unit (ATTO,
Japan) according to the manufacturer’s instructions. Samples were prepared in 2X sample
buffer containing 1 M Tris-HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.1%
(w/v) bromophenol blue and 10% (v/v) B-mercaptoethanol. The samples were boiled
for 5 minutes for uniform coating of the detergent. After cooling to room temperature,
the samples were loaded and electrophoresed at room temperature at 100 V constant
power for approximately 90 minutes. The gel running buffer was made of 250 mM Tris,
200 mM glycine and 0.1% (w/v) SDS.
3.8.9.3 Electroblotting of SDS-PAGE gel

Proteins were electroblotted onto PVDF (Immobilon-P, No P-2938; Sigma)
membrane using semi-dry blotting method. The PVDF membrane was cut to the size of
the resolving gel and wetted with methanol for 2 min, washed with distilled water and
then soaked in transfer buffer (25 mM Tris base, 192 mM glycine, 20% (v/v) methanol).
Whatman No. 3 chromatographic paper was cut to the size of the gel and soaked in
transfer buffer. After electrophoresis, the stacking gel was excised, and the bottom of the
left-hand corner of the resolving gel was marked with a cut. The gel was first washed
with distilled water, followed equilibration for 5-10 minutes in transfer buffer. Semi-dry
blotting was carried out in a BIO-RED’s Trans-Blot® SD Semi-Dry Electrophoretic
Transfer Cell apparatus. Both anode and cathode plates were washed with distilled water.
On the anode plate, three sheets of Whatman papers were layered carefully so that no air
bubbles were trapped between the sheets. The PVDF membrane was layered over the
sheets, and a small cut was made at the bottom left-hand corner of the membrane to
coincide with that of the gel. The gel was carefully layered on top of the membrane on
which three more sheets of Whatman papers were layered. Finally, on the top cathode
plate was placed. The blotting unit and the whole sandwich consisting of the plates,
papers and gel were tightened using in build clamps in the lid of the Trans-Blot unit. The
blotting was done at a constant current of 0.8 mA/sq.cm area of the gel for 1.5 h.
3.8.9.4 Immunoblotting of ACS2 protein

Immunoblotting was carried out following the procedure of Towbin et al., (1979)

at room temperature. After electroblotting, the non-specific binding sites on the
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membrane were blocked by incubating the membrane in 10-15 mL of blocking buffer
containing 1% BSA (w/v) or 4% (w/v) nonfat (skimmed), dry milk powder in 20 mM
Tris—HCI, pH 8.0. 150 mM NaCl, 0.1% Tween-20 (v/v) (Tris-buffered saline + Tween-
20, TBST). After overnight incubation, the membrane was washed 3-4 times with TBST
buffer. After washing, the membrane was incubated in primary ACS2 antibody (1/1500
dilution) for one hour. Thereafter washes were repeated with TBST buffer 3-4 times to
remove unbound primary antibodies. The rinsed membrane was incubated with the
secondary anti-rabbit IgG goat antibody (procured from Sigma-Aldrich, USA), coupled
with alkaline phosphatase (1/80,000 dilution), for one hout. After incubation, membrane
was washed again to remove unbound secondary antibodies.

After washing, the Ag-Ab complex on membrane was visualized by incubating it
in a chromogenic mixture, prepared by adding 33 pLL BCIP (5-bromo-4-chloro-indolyl
phosphate (50 mg/mlL dissolved in 100% Dimethyl formamide)) and 66 uL. NBT (nitro
blue tetrazolium salt (50 mg/mlL. dissolved in 70% Dimethyl formamide)) to 10 ml of
ALP (alkaline phosphatase buffer; 100 mM Tris-HCl pH 9.5, 100 mM NaCl, 5 mM
MgCl,). The reaction area turned purple, and when the intensity of the color developed
to the desired level, the reaction was stopped by rinsing the membrane in distilled water
for a few minutes.

3.8.10 Phytohormones profiling in leaf and fruit tissue of WT and mutants
3.8.10.1 Plant material and sampling

Phytohormones were extracted from leaves and fruits sample of tomato plants
grown in greenhouse condition under natural photoperiod (as described in section 3.7.9)
between the months of October to February. Young fully expanded fresh green leaves
from 7" node of 45 days old plant were collected, frozen in liquid nitrogen and stored at
-80°C further analysis. Similarly, fruits were collected at mature green (MG), turning
(TUR) and red ripe (RR) stages respectively, frozen in liquid nitrogen and stored at -80°C
until further analysis.
3.8.10.2 Standard chemicals

Unlabeled zeatin, indole-3-acetic acid (IAA), indole-3-butyric acid (IBA),
gibberellic acid (GA3), abscisic acid (ABA), jasmonic acid (JA), epibrassinolide (BR),
methyl jasmonate (MeJA), and salicylic acid (SA), were purchased from Sigma-Aldrich
(Steinheim, Germany).

3.8.10.3 Sample preparation
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Frozen leaf material (about 125 mg fresh weight) was homogenized in liquid
nitrogen with mortar pestle, and homogenate was transferred to 2 mL Eppendorf tube.
After mixing with 500 uL. of pre-chilled extraction solvent (methanol: isopropanol, 2:1
(v/v) with 0.1% of HCl) homogenate was extracted in thermomixer (4°C) for 30 min at
500 rpm. Thereafter 1 mL of dichloromethane (DCM) was added to the tubes and
mixing was continued at 4°C for another 30 min. The mixture was then centrifuged at
13,000 g for 5 min at 4°C and 900 uL of the lower phase was transferred to a fresh
Eppendorf tube, and was dried completely using a Speed Vac (Thermo Scientific). The
dried sample was resuspended in 70 puL of precooled 100% methanol and centrifuged at
13,000 g for 5 min and the supernatant was analyzed by UPLC/ESI-MS. Hormones wete
determined in 5 independent samples for each mutant and WT plants. The hormones
were quantified using standard curves with the eight unlabeled hormones (SA, ABA, JA,
MeJA, IAA, IBA, Zeatin and GA3) (Fig. 3.4).
3.8.10.4 UPLC/ESI-qMS/MS analysis

The UPLC system consisted of an Acquity UPLC™ System (Waters, Milford,
MA USA) quaternary pump equipped with an autosampler. For the analysis of the
extracts, a Hyperseal GOLD Cis (Thermo Scientific) column (2.1 X 75 mm, 2.7 um) was
used. Gradient elution was performed using 0.1% formic acid (solvent A) and acetonitrile
with 0.1% formic acid (solvent B) at a constant flow rate of 0.4 ml min™. The injection
volume was 7.5 pL, run time was 9 min and column temperature was set at 20°C. All
seven hormone were analyzed using gradient method as follow (t (min), % A): (0, 95), (1,
95), (6, 20), (7, 95), (8, 95). For ABA, JA and SA detection, MS experiments were

performed on an Exactive™

Plus Orbitrap mass spectrometer (Thermo Fisher 188
Scientific, USA) in all ion fragmentation (AIF) mode (range of m/z 50-450) equipped
with positive heated electrospray ionization (ESI) in negative ion mode. However Zeatin,
TAA, IBA and MeJA were analyzed using Turbo lonspray source in positive ion mode.
For both methods capillary temperature was 350°C, sheath gas flow (Nz) 35 (arbitrary
units), AUX gas flow rate (N) 10 (arbitrary units), collision gas (N2) 4 (arbitrary units)

10 mbar. For mass

and the capillary voltage was 4.5 kV under ultra-high vacuum 4e
accuracy, external calibration of the instrument was done by direct infusion of calibration
solutions in both positive and negative ion modes. The positive mode calibration
solution comprise of caffeine, Met-Arg-Phe-Ala acetate salt (MRFA), n-butyl amine and

Ultramark™ 1621, whereas negative mode consists of sodium dodecyl sulfate, sodium

taurocholate and UltramarkTM 1621.

75| Page



Cfm_pter 3 MATERIALS AND METHODS

3.8.11 Carotenoids and Xanthophylls profiling from the fruit and leaf tissue of WT
and mutants
3.8.11.1 Sample preparation and extraction

Carotenoids were extracted following the procedure of Gupta et al. (2015). The
Freeze-dried material of tomato fruit and leaf (150 * 10 mg) was homogenized into a
powder with a mortar and pestle or hand-held homogenizer IKA A11) and transferred
to Eppendorf tube. Further extractions were carried out in micro-centrifuge tubes (2 mL)
and were carried out on the ice and extracts were shielded from strong light. For
extraction, 1000 pLL of chloroform and 500 pl. of dichloromethane were added to the
tube. The suspension was mixed in a thermomixer at 1000 rpm for 20 min at 4°C.
Thereafter NaCl saturated water was added (500 uL) and was mixed by inversion. A clear
phase separation was achieved by centrifugation at 5000 g for 10 min at 4°C. The
underlying hypophase was removed with a pipette and the aqueous phase was re-
extracted with chloroform (500 pl) and dichloromethane (250 pL). The pooled
chloroform and dichloromethane extracts were dried by centrifugal evaporation. Dried
residues were resuspended in 1 mL. of methanol: tert-methyl butyl ether (MeOH: MTBE)
(25:75) for red ripe and leaf samples and 200 uL. for mature green and breaker samples.
For validation of the method, apo-carotenal was used as an internal calibration
verification standard with a percent recovery calculated by using the apo-carotenal
standard curve.
3.8.11.2 Standards and solvents

The carotenoid standards violaxanthin, neoxanthin, antheraxanthin, lutein,
zeaxanthin, phytoene, B-cryptoxanthin, phytofluene, a-carotene, B-carotene, {-carotene,
d-carotene, y-carotene, neurosporene and lycopene were purchased from CaroteNature
GmbH (Lupsingen, Switzerland). Internal standard Apo-carotenal was purchased from
Sigma Chemical Co. (Poole, Dorset, UK). Carotenes and xanthophylls were initially
dissolved in hexane/2% dichloromethane and ethanol respectively, and then diluted in
MeOH: MTBE (25:75). Six serial dilutions were made for each and standard dilution
concentrations were determined spectrophotometrically using their respective molar
extinction coefficients. Immediately afterward, 20 uL. of each standard was injected to
detect corresponding retention time and spectra for each standard as criteria for proper
peak identification. Calibration curves and linear regression equations were generated for

each external standard and internal standard. Methanol, tert-methyl butyl ether,
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chloroform, and dichloromethane were purchased from Sigma Chemical Co. (Poole,
Dorset, UK). All the solvents used were of HPLC grade.
3.8.11.3 Isoprenoid separation and detection by U-HPLC-PDA

Chromatographic separation was carried out on Thermo ACCELA ultra-high
performance liquid chromatography (U-HPLC) unit with a photodiode array (PDA)
detector. Data were collected and analyzed using the Xcalibur software supplied.
Throughout chromatography, the spectrum was monitored continuously from 250 to
700 nm. Column temperature was maintained at 20°C. A reverse-phase C30, 3 pm
column (250 x 4.6 mm) coupled to a 20 x 4.6 mm C30 guard (YMC Inc., Wilmington,
NC, USA) with mobile phases consisting of 5% aqueous methanol (A), 2% aqueous
methanol (B) and tert-methyl butyl ether (C) was used. The gradient elution used with
this column was 70% A, 30% C at 0 min, followed by linear gradient to 60% A, 40% C at
2.00 min, a step to 60% B, 40% C at 2.01 min followed by a linear gradient to 100% C by
12 min and return back to initial conditions by 13.00 min. A conditioning phase (7.00
min) was then used to return the column to the initial concentrations of A and C. The
flow rate of 1.00 mL was used throughout the chromatographic conditions.
3.8.12 Folate estimation using LC-MS
3.8.12.1 Plant material

Red fruit of WT (M82) and TILLING mutants (acs2-1, acs2-2), and population of
natural accessions of Tomato (Solanum lycopersicum 1.) from TGRC (Tomato Genetics
Resource Center at University of California, Davis) (tgrc.ucdavis.edu/), IIVR (Indian

Institute of Vegetable Research, Varanasi, U. P., India) (www.iivr.org.in/), IIHR (Indian

Institute of Horticultural Research, Bengaluru, India (http://www.ithr.res.in/), NBPGR

(National Bureau of Plant Genetic Resources, New Delhi, India) (www.nbpgr.ernet.in/)

and  Bejo  Sheetal  (Bejo  Sheetal Seeds  Pvt. Ltd.  Jalna, India)

(http://www.bejosheetalseeds.com/) were taken for the folate estimation. Solanum:
lycopersicum cv. Arka Vikas (originally obtained from Indian Institute of Horticulture
Research, Bangalore) was used as the reference variety.

The first and second flowers from first and second truss (preferably 1* truss) of
the plants were tagged and fruits at mature green and red ripe stages were harvested from
at least three (3-5) different plant of each accession. The fruits were homogenized in
liquid nitrogen using homogenizer (IKA, A1l basic, Germany) and the powder was
stored at -80°C till further use.

3.8.12.2 Chemicals and folate standards
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5-Methyltetrahydrofolate ~ (5-CH;-THF),  tetrahydrofolate  (THF),  5-
methenyltetrahydrofolate (5,10-CH"THF), 5-formyltetrahydrofolate (5-CHO-THF) and
5, 10-methylenetetrahydrofolate (5,10-CH,THF) were purchased from Schirck’s
Laboratory (Jona, Switzerland). Folic acid (FA) and methotrexate (MTX) were obtained
from Sigma-Aldrich Co. (St. Louis, USA). LC-MS grade acetonitrile was purchased from
Sigma-Aldrich Co. (St. Louis, USA). Milli-Q water (18.2 €2 at 25°C) was obtained from a
purified water system (Millipore, Bradford, USA). Ascorbic acid and 2-mercaptoethanol
(MCE) were purchased from Sigma-Aldrich Co. (St. Louis, USA). Formic acid
(HCOOH) of LC-MS grade were obtained from Fisher Scientific (Loughborough, UK).
Potassium dihydrogen phosphate, dipotassium hydrogen phosphate, and activated
charcoal were obtained from HiMedia (Mumbai, India).
3.8.12.3 Standard stock preparation

Stock solutions of folate standards (1 mg/ml) were prepared in 50 mM
potassium phosphate solution, pH 4.5 containing 1% (w/v) of ascorbic acid and 0.5%
(v/v) of 2-mercaptoethanol except FA and MTX, which were dissolved in neutral or
basic pH potassium phosphate buffer. The standard stock solutions were freshly diluted
in the extraction buffer to prepare working solutions. The remaining stock solutions were
flushed with nitrogen gas, and small aliquots wete stored at -80°C. MTX was used as an
internal standard for the quantification of folate in LC-MS.
3.8.12.4 Enzyme preparation for folate extraction

Protease (from Streptomyces grisens, RM61806), ai-amylase (from Bacillus sp., A6814)
were purchased from HiMedia (Mumbai, India) and Sigma-Aldrich Co. (St. Louis, USA)
respectively. Protease (2 mg/mlL) and a-amylase (20 mg/mlL) were dissolved in Milli-Q
water, and aliquots were stored at -20°C. Rat plasma was obtained from National
Institute of Nutrition (NIN), Hyderabad, India. To remove endogenous folate from rat
plasma and a-amylase, 100 mL of rat plasma and o-amylase were mixed with 5 g of

activated charcoal. This mixture was incubated on ice for 1 h with intermittent stirring
followed by centrifugation at 5,000 g (Sorvall Lynx 6000, Thermo Scientific, USA) for 10

min at room temperature. The supernatant was filtered through a 0.22 pm filter, divided
into 1 mL aliquots, and stored at -20°C. Protease was used without pre-treatment and

was stored in -20°C.

3.8.12.5 Sample extraction procedure for LC-MS
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Total folate was extracted following the procedures of Tyagi et al. (2015). 100 mg
powdered tissue was homogenized in 650 plL of extraction buffer (50 mM potassium
phosphate, 1% (w/v) ascorbic acid, 0.5% (v/v) B-mercaptoethanol, 1 mM calcium
chloride, pH 4.5, flushed with nitrogen) in a 2 mL Eppendorf tube. Extraction was
carried out by placing the tube in a boiling water bath for 10 minutes, and then rapidly
cooling on ice followed by incubation with 10 pL. of a-amylase for 10 minutes at room
temperature. Subsequently, 2.5 uL. of the protease was added to it and kept for 1 h at
37°C in an orbital shaker (Scigenics Biotech), followed by boiling for 5 minutes, and
cooling on ice. For deconjugation of folate poly glutamate to mono glutamates, 100 uL.
of rat plasma was added to each sample tube and incubated on an orbital shaker at 37°C
for 2 h. followed by boiling for 5 minutes and cooling on ice. The sample was
centrifuged for 30 minutes (14,000 g 4°C), and the supernatant was filtered through the
0.22 pm filter (MDI Advanced Micro-devices). Then, resulting extract was ultra-filtered
at 12,000¢ for 12 minutes using 10 kDa molecular weight cut-off membrane filter (Pall
Corporation, USA) for sample cleanup prior to LC-MS analysis. Immediately, the
resulting extract was transferred to autosampler vial, and 7.5 pL was directly injected on
the column.
3.8.12.6 Liquid chromatography condition and mass spectrometry settings

For LC-MS, all the parameters used were essentially followed according to Tyagi
et al. (2015). The chromatographic separation of folate derivatives were done on a
reversed phase Luna C18 column (5 pum particle size, 250 mm x 4.60 mm ID)
(Phenomenex, USA) using Waters Acquity™ UPLC system (Milford, USA) running in
HPLC mode, coupled to a binary pump, an autosampler, and controlled by Xcalibur 3.0
software (Thermo Fisher Scientific, San Jose, USA). For mass spectrometry, Exactive™
Plus Orbitrap mass spectrometer (Thermo Fisher Scientific, USA) was operated in
alternating full scan and all ion fragmentation (AIF) mode equipped with positively
heated electrospray ionization (ESI).
3.8.12.7 Folate quantification

The external standard was used for folate quantification. Sensitivity was
confirmed by evaluating the limit of detection (LOD; calculated as: 3.36/S, where G is
the standard deviation and S is the slope of calibration curve) and limit of quantification
(LOQ; calculated as: 105/S). Least-square regression analysis was used for data fitting.

After confirmation of individual peak identity on the basis of m/z and their
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fragmentation products, quantification was done according to the response of the mass
detector to the folate standard. The linearity of each folate standard was evaluated by

plotting the peak area at different concentrations and sample concentrations were

calculated from the simple linear equation y=mx+¢ Endogenous residual folate of rat
plasma was corrected by running blank samples and subtracting the concentration from
the sample extracts. The sum of all the folate vitamers was expressed as microgram per
100 gram of fresh weight.

3.8.13 Primary Metabolite Profiling

3.8.13.1 Plant material

Tomato fruit and leaf tissue (Solanum lycopersicum cv M82) of WT and mutants
were harvested at different growth and maturity stages like mature green (MG), turning
(TUR), red ripe (RR) and senescence (S). Five tomato fruits were taken at each stage
from five plants while five different, matured and fully expanded leaves from 7" node
from basal region of 45 days old plant, were taken into consideration to perform the
primary metabolite analyses by GC-MS.
3.8.13.2 Extraction and derivatization

Metabolite analysis by GC-MS was carried out by a method modified from
Roessner et al. (2000). Tomatoes were cut, and the fleshy, edible, pericarp tissue was
frozen in liquid nitrogen and crushed to a powder with a homogenizer (IKA, A 11 basic
analytical mill, Germany). Samples were stored at -80°C until further analysis. For each
individual sample, frozen tomato tissue (100£10 mg) was extracted with 1400 pL. of
100% MeOH solution containing 60 pL ribitol (0.2 mg ribitol/mL water) as an internal
standard. The mixture was extracted for 15 minutes at 70°C and mixed vigorously with
1400 pL of water. The mixture was transferred in GL-14 Schott Duran glass vial and
kept for centrifugation for 15 minutes at 4°C, 2200g. After centrifugation, the upper
methanol/water phase (150 uL) was taken and dried for four hours under vacuum.

The residue was te-dissolved in 80 pL of 20 mg/ml methoxyamine
hydrochloride in pyridine and derivatized at 37°C for 90 minutes followed by a 30
minutes treatment with 80 ul. MSTFA (N-methyl-N-(trimethylsilyl)trifluoroacetamine)
and 20 pL. of FAME (fatty acid methyl ester) mix at 37°C. Sample volumes of 1 pL. were
then injected into the GC-MS column (Fig. 3.5).
3.8.13.3 GC-MS analysis

3.8.13.3.1 Instrumentation
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Figure 3.5. Extraction, analysis and identification of primary metabolites using GC-MS.
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The GC-MS system used comprised a GC 7890A (Agilent Technologies, Palo
Alto, CA, USA) and a MS Pegasus 4D with Time of Flight detector (LECO Corporation,
3000 Lakeview Avenue, MI 49085, USA). The GC-MS system consisted of inbuilt
ChromaTOF® software (v4.51.6.0) for raw data processing provided by LECO. Gas
chromatography was performed on a 30 m RXi - 5 m column with 0.25 mm inner
diameter and 0.25 um film thickness (LECO, Restek, USA). The injection and interface
temperatures were set at 250°C. Helium was used as the carrier gas at a flow rate of 1.5
mL min™.
3.8.13.3.2 Metabolite analysis

The analysis was performed using the following temperature program; 5 minutes
at 70°C followed by a ramp of 5°C/minute up to 280°C, which was sustained for 5
minutes. Mass spectra were recorded at two scans s with an m/z 50-600 scanning range.
For less concentrated compounds, the MS detector was switched off within the range of
overloaded peaks. The temperature of the ion source was adjusted to 200°C. Transfer
line temperature was set at 250°C.

The metabolite identification was carried out with the NIST (National Institute
of Standards and Technology) GC/MS Metabolomics libraty — software
(NIST/EPA/NIH Mass Spectral Library 14, Department of Commerce, USA).

For comparative purposes, within each chromatogram the peak areas of the
compounds were normalized by the sample fresh weight and by the peak area of the
internal ribitol standard, resulting in relative response ratios for all compounds.
3.8.13.4 Statistical analysis for primary metabolites

Statistical analysis was done using MetaboAnalyst 3.0, a web-based suite for high-
throughput metabolomic data analysis. MetaboAnalyst 2.0 has four kinds of data analysis
modules: binary/multiple-group data analysis, two-factor/time-series data analysis,
metabolite set enrichment analysis and metabolic pathway analysis. Pearson’s correlation
was set as a default setting. PCA and partial least squares discriminant analysis (PLS—DA)
were both available in the MetaboAnalyst 2.0. (Xia et al., 2012).

3.8.14 Treatment of 1-MCP on fruits (on-vine)

The dose of 1-MCP (1-Methylcyclo propene, an inhibitor of ethylene action) for
delaying ripening of tomato fruits was standardized by serial dilutions. Experimental
setup included treatment of 1-MCP (200 mg/5 mL water) at MG stage in a tightly sealed,
zip polybag using cello tape (Fig. 3.6). On-vine condition, 1-MCP treatment was given

to the fruits of second truss of the WT and also mutant plants (Five biological replicates
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were used for the experiment). After treatment by 1-MCP, the fruits were visually
observed for delayed in ripening (on-vine). Fruits were harvested after attaining at
turning and red stages as well as mature green fruits after treatment. Primary metabolite
extraction was carried out as described earlier, from fruit tissue of MG, TUR and RR
stages of 1-MCP treated fruits, for GC-MS analysis to monitor the difference in
expression of primary metabolites compared to untreated tomato fruit tissue.
3.8.15 Statistical analysis

All results are expressed as mean valueXSE of three or more replicates based on
fresh weight (FW). A t-test was used for determining the significant difference between
the mean values of the reference cultivar and the respective accessions. The differences
were considered to be significant for p=<0.05. Histogram (group error bars) analysis of

data was performed using Sigma Plot v11.0 software.
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4.1 Introduction

Ripening, or fruit maturation, is the physiological process giving rise to fully
developed mature fruit. During ripening, important biochemical reactions occur. Many of
these are beneficial to the fruit, such as the acquisition of color, accumulation of sugars
and volatile compounds. While few changes are detrimental to long storage, such as
loosening of the cell wall, which leads to loss of fruit firmness and reduction of shelf-life.
In tomato fruits the onset of ripening is preceded by the climacteric increase of
respiration and the biosynthesis of ethylene (Lelievre et al, 1997) from §S-
adenosylmethionine (Yang, 1985). The S-adenosylmethionine is converted by ACC
synthase (ACS) to 1-amino-cyclopropane-1-carboxylic acid (ACC), which is subsequently
converted to ethylene by ACC oxidase (ACO). The control of ripening is executed at
several points: ethylene synthesis, ethylene perception, ethylene signaling pathway etc.
Several tomato germplasms with altered ripening have been identified (Moore et al.,
2002). Among these: ripening-inhibitor (rin), never-ripe (IN7), non-ripening (nor), high-pigment 2
(hp-2) and colorless non-ripening (Cnr) have been identified as spontaneous mutants. The Nr
mutant is an ethylene receptor mutant that results in non-ripening, ethylene insensitive
fruit (Wilkinson et al., 1995).

On the other hand, there are no reports of spontaneous mutants in tomato that
are defective in ethylene biosynthesis pathway. Such mutants are valuable for non-
transgenic regulation of fruit ripening. In this context isolation of .4CS2 mutants would
be of great value. However to select such gene-specific mutants special tools are
required. We adopted TILLING; a reverse genetic strategy to isolate A4ACS2 mutants from

EMS-mutagenized populations of tomato.
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4.2 Results
4.2.1 Development of TILLING platform

EMS-mutagenized populations (I, II, III, and IV) were used for TILLING
(Table 3.1, Chapter 3). The size of each population varied due to the percentage of
lethality observed. Population I and II consist of 2304 M, and 3000 M, individuals
respectively in Arka Vikas cultivar background. Population III and IV consist of 3000 M»
and 3072 M; respectively in M82 background. These four populations formed the core
genetic resource for isolation of mutants using TILLING. Use of in-house expressed and
purified Taq polymerase and CELI enzyme aided in reducing the overall cost of
TILLING. Further, eight-fold tissue pooling and two-dimensional strategy of arraying
samples increased the efficiency of high throughput screening by reducing the number of
reactions to be performed per primer pair. The upper limit of CODDLE based primer
design was 1500 bp, which defined the PCR product length to be chosen for screening.
The nested PCR primers were designed to amplify a fragment within the gene, of 800
bp-1200 bp length. The amplicon length within the above range was considered as
optimum due to the consistency of PCR amplification. Overall, an efficient TILLING
protocol was standardized for mutations screening in .4CS2 gene.
4.2.2 Tomato ACS2is a member of multigene family

The ethylene biosynthesis gene ACC synthase isotorm ACS2 (1-aminocyclopropane-1-
carboxylate synthase 2) was screened for mutation. It is a member of multigene family
containing nine members. However ACS2, and ACS4 genes predominantly express
during ripening. The ORF of tomato ACS2 has 2522 bp and consists of 4 exons and
three introns (Solvc01¢095080.2.1; http://solgenomics.net/feature/17805455/details)
(Fig. 4.1 and 4.3).

4.2.3 Selection of targets in gene of interest for mutation

The CODDLE (Codons Optimized to Discover Deleterious Lesions;
(http:/ /www.proweb.org/coddle) program was used to identify the regions of the ACS2
gene that had the highest probability of being affected by EMS. CODDLE predicted the
fourth exon of ACS2 to be susceptible for mutations which may result in loss of
function phenotype (Fig. 4.1).
4.2.4 Identification and confirmation of mutations in ACS2 gene

EMS treated populations (60 mM M82-M, M; AV-M; and 120 mM AV-M,)
were screened by PCR amplification, CEL 1 digestion, denaturation followed by

electrophoresis in Li-COR DNA analyzer. Usage of primers with IR labelled fluorescent
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dyes at 5" end permitted the visualization of mutations in ACS2 gene (Fig. 4.2). The
above screening resulted in the identification of seven mutant alleles of ACS2 gene
(Table 4.1). Out of seven mutant alleles (Table 4.2), two alleles in line no. M82M3-112
and M82M;-162 (acs2-1 and aes2-2 respectively) were characterized in detail. Due to
biological damage the remaining lines could not be carry forwarded for subsequent
generations.

The M82M3-112-3 (aes2-7) mutant line was selected on basis of presence of four
mutations that were visualized in the Li-COR DNA analyzer. However the sequencing of
full length ACS2 gene from acs2-1 mutant including promoter region, revealed that the
acs2-1 mutant also possessed an additional mutation in exon II. Consequently, a total of
two exonic and three intronic mutations were present in aes2-7 mutant (Fig. 4.3, 4.4, 4.7,
4.10A, and Table 4.3). On the other hand, acs2-2 mutant had a total three mutations,
two in promoter region while remaining one in the third intron (Fig. 4.3, 4.5, 4.8, and
4.10C). After identification of mutations from the pooled plant DNA, the individual
lines containing mutations were identified and reconfirmed by sequencing. These mutant
lines were stabilized by self-pollinating up till sixth generation (Mg). After that acs2-7
mutant was crossed with wild type parent plant (M82) to remove other background
mutations.

4.2.5 Mutations lie in the «-helix of ACS2-1 protein surface

The likely effect of the mutations in acs2-7 and aes2-2 mutants was examined on
the protein structure and function. The nucleotide changes at positions A398 to G and
T2119 to A in exon 2 and four respectively, lead to the amino acid changes lysine 100 to
arginine and valine 352 to glutamic acid respectively in the ACS2-1 protein (Fig. 4.6A-B
and 4.9A). By these changes, SIFT scores resulted in 0.12 and 0.85 units respectively,
and PSSM differences were 7.6 and -9.7 respectively (Table 4.3). The 3-D models drawn

with the software PyMOL (http://wwwpymol.org) indicated that the amino acid changes

are localized in a-helix near protein surface and these amino acids do not take part in the
formation of active site interface (Fig. 4.10B). In acs2-2 mutant, two mutations were
located in the promoter region at -292 (T to A), -569 (T to A), and one mutation was at
1595 (T to C) in the intron three (Fig. 4.3, 4.5, and 4.8). All the three mutations are not
the part of the coding region; therefore, it would have no effect on structure and
function of the ACS2-2 protein (Fig. 4.6C, 4.9B, and 4.10C).

It is predicted that for a loss of function mutation or for mutation intolerance the

SIFT score should be less than 0.05 unit, and PSSM difference should be more than 10
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units (Beckstette et al., 2006; Huang et al., 2010; Sim et al., 2012). However in acs2-1
mutant, the PSSM difference and SIFT score values appear to contribute to a gain of
function mutation (See later sections). [n-vivo ACS protein is exists in homodimeric as
well as heterodimeric form (Yamagami et al. 2003; Tsuchisaka and Theologis, 2004).
Amino acid changes in a-helix of ACS2 protein may interfere with protein folding
because valine (V), a neutral non-polar amino acid at position 352 in amino acid chain is
converted to glutamic acid (E), an acidic polar amino acid. In addition lysine (K), a basic
polar amino acid is changed to arginine (R), a basic polar amino acid. The change in
polarity and the functional group present in amino acids can alter the bonding pattern
with different amino acids, molecules, etc. As a result, alteration in the folding pattern of
ACS2-1 protein, might lead to an overall gain of function by stability in ACS2-1 protein.
(See later sections for details)

On the other hand, aes2-2 mutant exhibits two promoter as well as one intronic
mutations respectively. Out of three mutations, two promoter mutations appear to be
important for loss of function of acs2-2 gene. Altered promoter sequence due to the
mutations, may modify the affinity of regulatory transcription factor to the promoter
region resulting in changes in acs2-2 gene expression as well as protein expression. This
can lead to change ethylene emission from the acs2-2 mutant plants (See later sections for
details)

4.2.6 acs2-1mutant shows faster seed germination than wild-type

It is known that ethylene influences seed germination by regulating seed
dormancy (Corbineau et al., 2013). Examination of seed germination of ACS2 mutants
and wild type showed that acs2-7 mutant seeds germinated approximately one day eatlier
than the wild type (WT). On the other hand, aw2-2 mutant seeds exhibited a slower
germination compared to the WT (Fig. 4.11).

4.2.7 acs2-1mutant seedlings exhibits elevated ethylene emission

To ascertain, whether mutation in aes2-7, and aes2-2 gene in turn affected ethylene
emission from seedlings, ethylene emission was monitored from germinating seeds for a
period of 10 days from sowing. Figure 4.12 shows that ethylene emission from acs2-1
seedlings peaked on third day after sowing. At peak emission it had nearly three times
higher ethylene emission than the WT seedlings. On the other hand, aw2-2 seedlings
emitted less ethylene than the wild type. In either case though growth proceeds up to 10
days ethylene emission was higher in acs2-2 seedlings, whereas it was lower in aes2-1

seedlings compared to wild type.
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Figure 4.2. Identification and confirmation of mutations on Li-COR gel. (A) Mutations in
M82M;-112 (acs2-7) allele, (B) Mutation in M82M;-162 (acs2-2) allele. (A) Approximately one
Kb aes2 gene specific PCR product was amplified using subset I of set II primers (Table 3.2)
followed by digestion with single strand mismatch-specific endonuclease, CEL I and
electrophoresis in polyacrylamide gel in Li-COR 4300 DNA Analyzer. The cut fragments
observed in 700 channel for aes2-7 mutant were approximately of 90 bp, 140 bp, 170 bp, and
930 bp size respectively, whereas in complementary 800 channel bands were of 70 bp, 830 bp,
860 bp, and 910 bp size respectively. The blue and yellow colored circles denotes the position of
mutations in the acs2 gene. (B) Likewise, the cut fragments in 700 and 800 channels for aes2-2
mutant were approximately of 150 bp and 850 bp size respectively. Blue and yellow circles
indicate the complementary mutations in 700 and 800 channels respectively.



Table 4.1 Size of TILLING population screened and some mutant
lines identified and confirmed for mutation.

60 mM AV-M3 2304 4 1
120 mM AV-M2 3000 0 0
60 mM M82-M2 3000 1 0
60 mM M82-M3 3072 2 2

Table 4.2 Mutant lines identified and confirmed for mutation.

M82-M3-112 A398G, C1343T, A1383G, G1410A, T2119A
M82-M3-162A -569(T-A), -292(T-A), T1595C
M82-M2-539A Not sequenced
AV-M3-391C30 A1589T, T1593G, A2127G
AV-M3-390-D18 Not sequenced

AV-M3-1453-C34 C1343T, A1383G, G1410A, A1589T, G1577T,
T2119A
AV-M3-402-C24 Not sequenced

Table 4.3 Effect of mutations at amino acids, PSSM and SIFT
scores for the acs2-1allele.

Nucleotide | Change in PSSM SIFT
changes amino acids | difference score
A398G K100R 7.6 0.12

T2119A V352E -9.7 0.85




WT Genomic sequence 2930

>S0lyc012095080.2 | SL2.40ch01:78214067..78216996 reverse
TTCCTTAATTCTCTTACACCATAACACAACTACAACAAACACATAATACTTTTAATACAATTAGTTATTTATTAGAAGTATTTAAA
GTAAAGCACTTGTGAGTTGTGTACATTTTATTAATCTTCATCTTCTTAATTCTCTTCAGTTTTTAATTTCTTCACTTCTAAACTCATT
TAGTAAAAAAAAATGGGATTTGAGATTGCAAAGACCAACTCAATCTTATCAAAATTGGCTACTAATGAAGAGCATGGCGAAAA
CTCGCCATATTTTGATGGGTGGAAAGCATACGATAGTGATCCTTTCCACCCTCTAAAAAACCCCAACGGAGTTATCCAAATGGGT
CTTGCTGAAAATCAGGTAATTAATTATCCTTTATTTATATATTTTGCAGTTTGACCAAACAGACTATTATAATTTTTTTCTGAAACC
TCGATGGTGTTAAATTTCTTTTGTAGCTTTGTTTAGACTTGATAGAAGATTGGATTAAGAGAAACCCAAAAGGTTCAATTTGTTC
TGAAGGAATCAAATCATTCAAGGCCATTGCCAACTTTCAAGATTATCATGGCTTGCCTGAATTCAGAAAAGTACATATCGTACTA
TAGTCAGTTAAATTATATTGATAGTATAAAAATTCGTTAATATATTTAACTAACGAGTTTATTTAATCAGGCGATTGCGAAATTT
ATGGAGAAAACAAGAGGAGGAAGAGTTAGATTTGATCCAGAAAGAGTTGTTATGGCTGGTGGTGCCACTGGAGCTAATGAGA
CAATTATATTTTGTTTGGCTGATCCTGGCGATGCATTTTTAGTACCTTCACCATACTACCCAGCGTAAGTATATTTAATTATATAT
GTGTAAAAAAAATTAAAATCATCAAATCATTTTTTTTATTTGTATTACCAAATAAATTGTCTAATTTTCAAGATTGTAACACATTC
ATCAAAGTACCTAATAATATAAACGATTCAGTATATTAACGATGTATATAATTTAATTCCTTTGGCGGATTTGTCTTTTTATGTTG
GGCCATCAGAAGAACATTCTGGTGTATTAATTAATTAATTAATTAATAATAGATGTGTTGTCATTCTTTTTTAAGACAGCGAGAG
TTTAATTAGTCTTAATTACTGGATTATCACGCAAGCTCTTTCTTGAATTTTATTATTCTTATATTAAACACATGATAGCATAATATC
TTTCTTTTGTGGAATCCAGCTTGTTCGTGAAGCTTTGTATTCACACTTATAAAACAACAAAAAATAAAATCTGGTGGTAATTGAT
TAAAGAGAGAAATATAAAAAAATAATAGTCAAATAGACTAATAAGGAAAGAAATAAAAAATACACAAAATACTAAAAAAAA
AGAATTAAGGTATAGTGGTCTATTATTGAGAACTTTTTTGAAGAATTGAACCCCACTTTAATTTCTTGCTTGACCCGTGACCATTG
CTTATCGAGGTAAAATAAAATTTCAAACATTGACTATGACTTGTTAGAGAGTAATTACCACAAGTCAAAATTTTGTTACTCTGTC
TCGTTATTTCATTAGGATCGATAAGATAACATCTAACATATATATCTTTTTTATTAGTACTTGTTTATTTTTAGTAAAAGCACGTTA
TACATTTTACAATAGTCAATTGTTGCATATATTAGTATATATATTTTGCTAAGTCCTAACTAACAATATTTTTGGCAATTGACTAA
TGCAGATTTAACAGAGATTTAAGATGGAGAACTGGAGTACAACTTATTCCAATTCACTGTGAGAGCTCCAATAATTTCAAAATT
ACTTCAAAAGCAGTAAAAGAAGCATATGAAAATGCACAAAAATCAAACATCAAAGTAAAAGGTTTGATTTTGACCAATCCATC
IAAATCCATTGGGCACCACTTTGGACAAAGACACACTGAAAAGTGTCTTGAGTTTCACCAACCAACACAACATCCACCTTGTTTGT
GACGAAATCTACGCAGCCACTGTCTTTGACACGCCTCAATTCGTCAGTATAGCTGAAATCCTCGATGAACAGGAAATGACTTACT
GCAACAAAGATTTAGTTCACATCGTCTACAGTCTTTCAAAAGACATGGGGTTACCAGGATTTAGAGTCGGAATCATATATTCTTT
TAACGACGATGTCGTTAATTGTGCTAGAAAAATGTCGAGTTTCGGTTTAGTATCTACACAAACGCAATATTTTTTAGCGGCAATG
CTATCGGACGAAAAATTCGTCGATAATTTTCTAAGAGAAAGCGCGATGAGGTTAGGTAAAAGGCACAAACATTTTACTAATGG
ACTTGAAGTAGTGGGAATTAAATGCTTGAAAAATAATGCGGGGCTTTTTTGTTGGATGGATTTGCGTCCACTTTTAAGGGAATC
GACTTTCGATAGCGAAATGTCGTTATGGAGAGTTATTATAAACGATGTTAAGCTTAACGTCTCGCCTGGATCTTCGTTTGAATGT
CAAGAGCCAGGGTGGTTCCGAGTTTGTTTTGCAAATATGGATGATGGAACGGTTGATATTGCGCTCGCGAGGATTCGGAGGTT
CGTAGGTGTTGAGAAAAGTGGAGATAAATCGAGTTCGATGGAAAAGAAGCAACAATGGAAGAAGAATAATTTGAGACTTAGT
TTTTCGAAAAGAATGTATGATGAAAGTGTTTTGTCACCACTTTCGTCACCTATTCCTCCCTCACCATTAGTTCGTTAAGACTTAATT
AAAAGGGAAGAATTTAATTTATGTTTTTTTATATTTTGAAAAAAATTTGTAAGAATAAGATTATAATAGGAAAAGAAAATAAGT
ATGTAGGATGAGGAGTATTTTCAGAAATAGTTGTTAGCGTATGTATTGACAACTGGTCTATGTACTTAGACATCATAATTTGTCT
TAGCTAATTAATGAATGCAAAAGTGAAGTTATGTTATGACTCTT

Figure 4.3. WT genomic sequence of .ACS2 gene. The genomic sequence was retrieved from
SGN. The green and pink colored regions indicates the 5 and 3 UTR regions of the gene

respectively whereas the blue colored regions corresponds to the four exons of the gene.




acs2-1Genomic sequence 2930

>Solyc01g095080.2 | SL2.40ch01:78214067..78216996 reverse
TTCCTTAATTCTCTTACACCATAACACAACTACAACAAACACATAATACTTTTAATACAATTAGTTATTTATTAGAAGTATTTAAA
GTAAAGCACTTGTGAGTTGTGTACATTTTATTAATCTTCATCTTCTTAATTCTCTTCAGTTTTTAATTTCTTCACTTCTAAACTCATT
TAGTAAAAAAAAATGGGATTTGAGATTGCAAAGACCAACTCAATCTTATCAAAATTGGCTACTAATGAAGAGCATGGCGAAAA
CTCGCCATATTTTGATGGGTGGAAAGCATACGATAGTGATCCTTTCCACCCTCTAAAAAACCCCAACGGAGTTATCCAAATGGGT
CTTGCTGAAAATCAGGTAATTAATTATCCTTTATTTATATATTTTGCAGTTTGACCAAACAGACTATTATAATTTITTTTCTGAAACC
TCGATGGTGTTAAATTTCTTTTGTAGCTTTGTTTAGACTTGATAGAAGATTGGATTAAGAGAAACCCAA GTTCAATTTGTTC
TGAAGGAATCAAATCATTCAAGGCCATTGCCAACTTTCAAGATTATCATGGCTTGCCTGAATTCAGAAAGGTACATATCGTACT
ATAGTCAGTTAAATTATATTGATAGTATAAAAATTCGTTAATATATTTAACTAACGAGTTTATTTAATCAGGCGATTGCGAAATT
TATGGAGAAAACAAGAGGAGGAAGAGTTAGATTTGATCCAGAAAGAGTTGTTATGGCTGGTGGTGCCACTGGAGCTAATGAG
IACAATTATATTTTGTTTGGCTGATCCTGGCGATGCATTTTTAGTACCTTCACCATACTACCCAGCGTAAGTATATTTAATTATATAT
GTGTAAAAAAAATTAAAATCATCAAATCATTTTTTTTATTITGTATTACCAAATAAATTGTCTAATTTTCAAGATTGTAACACATTC
ATCAAAGTACCTAATAATATAAACGATTCAGTATATTAACGATGTATATAATTTAATTCCTTTGGCGGATTTGTCTTTTTATGTTG
GGCCATCAGAAGAACATTCTGGTGTATTAATTAATTAATTAATTAATAATAGATGTGTTGTCATTCTTTTTTAAGACAGCGAGAG
TTTAATTAGTCTTAATTACTGGATTATCACGCAAGCTCTTTCTTGAATTTTATTATTCTTATATTAAACACATGATAGCATAATATC
TTTCTTTTGTGGAATCCAGCTTGTTCGTGAAGCTTTGTATTCACACTTATAAAACAACAAAAAATAAAATCTGGTGGTAATTGAT
TAAAGAGAGAAATATAAAAAAATAATAGTCAAATAGACTAATAAGGAAAGAAATAAAAAATACACAAAATACTAAAAAA
AGAATTAAGGTATAGTGGTCTATTATTGAGAACTTTTTTGAAGAATTGAACCCCACTTTAATTTCTTGCTTGACCCGTGAC G
CTTATCGAGGTAAAATAAAATTTCAAACATTGACT ACTTGTTAGAGAGTAATTACCAC%TCAAAATTTTGTTACTTTGTC
TCGTTATTTCATTAGGATCGATAAGATAACATCTAGCATATATATCTTTTTTATTAGTACTTATTTATTTTITAGTAAAAGCACGTTA
TACATTTTACAATAGTCAATTGTTGCATATATTAGTATATATATTTTGCTAAGTCCTAACTAACAATATTTTTGGCAATTGACTAA
TGCAGATTTAACAGAGATTTAAGATGGAGAACTGGAGTACAACTTATTCCAATTCACTGTGAGAGCTCCAATAATTTCAAAATT
IACTTCAAAAGCAGTAAAAGAAGCATATGAAAATGCACAAAAATCAAACATCAAAGTAAAAGGTTTGATTTTGACCAATCCATC
AAATCCATTGGGCACCACTTTGGACAAAGACACACTGAAAAGTGTCTTGAGTTTCACCAACCAACACAACATCCACCTTGTTTGT
GACGAAATCTACGCAGCCACTGTCTTTGACACGCCTCAATTCGTCAGTATAGCTGAAATCCTCGATGAACAGGAAATGACTTACT
GCAACAAAGATTTAGTTCACATCGTCTACAGTCTTTCAAAAGACATGGGGTTACCAGGATTTAGAGTCGGAATCATATATTCTTT
TAACGACGATGTCGTTAATTGTGCTAGAAAAATGTCGAGTTTCGGTTTAGTATCTACACAAACGCAATATTTTTTAGCGGCAATG
CTATCGGACﬁzAAAATTCGTCGATAATTTTCTAAGAGAAAGCGCGATGAGGTTAGGTAAAAGGCACAAACATTTTACTAATGG
ACTTGAAGAAGTGGGAATTAAATGCTTGAAAAATAATGCGGGGCTTTTTTGTTGGATGGATTTGCGTCCACTTTTAAGGGAATC
GACTTTCGATAGCGAAATGTCGTTATGGAGAGTTATTATAAACGATGTTAAGCTTAACGTCTCGCCTGGATCTTCGTTTGAATGT
CAAGAGCCAGGGTGGTTCCGAGTTTGTTTTGCAAATATGGATGATGGAACGGTTGATATTGCGCTCGCGAGGATTCGGAGGTT
CGTAGGTGTTGAGAAAAGTGGAGATAAATCGAGTTCGATGGAAAAGAAGCAACAATGGAAGAAGAATAATTTGAGACTTAGT
TTTTCGAAAAGAATGTATGATGAAAGTGTTTTGTCACCACTTTCGTCACCTATTCCTCCCTCACCATTAGTTCGTTAAGACTTAATT
IAAAAGGGAAGAATTTAATTTATGTTTTTTTATATTTTGAAAAAAATTTGTAAGAATAAGATTATAATAGGAAAAGAAAATAAGT
IATGTAGGATGAGGAGTATTTTCAGAAATAGTTGTTAGCGTATGTATTGACAACTGGTCTATGTACTTAGACATCATAATTTGTCT
TAGCTAATTAATGAATGCAAAAGTGAAGTTATGTTATGACTCTT

Figure 4.4. acs2-1 genomic sequence of ACS2 gene. The genomic sequence was retrieved from
SGN. The green and pink colored regions indicates the 5 and 3> UTR regions of the gene
respectively whereas the blue colored regions corresponds to the four exons of the gene. The red
colored arrow heads indicating the change in nucleotide bases compared to WT after acs2-1

sequencing,




acs2-2 Genomic sequence 2930

>S0lyc012095080.2 | SL2.40ch01:78214067..78216996 reverse
TTTTTGTGTTGGGGAGGGGCGGATTTTGGGTTGGATAAGAAAAAAAATTTAAAGATAAAATAGAATTTTGGAAAATATTTTTCT
TAATTTTTGAAGGAAAATCATTTTTCTTAAATTTGAGAAAAATGAATTATTCTTAAAAAAAATTTCCAAAAACATTTAAGCTACC
AAATATGAAAAAATAAAAAATATTTTTTTTCCTACCAAATG CACCCTAAATTAGTCAAATATCCAACATP?:AAG AGCTATGAA
AAAAAAAAAGAAGTAAGAATCGTAGATCTTCTTTTAATGCGTACTTTTATTTTCCAAGATTTGAACAAAAAAATAGACTTTTCTA
TTTTTATTTTCTGATGTAATTCTTATATACGTTAGTCGACATGTTCTCATTACATACTTCAGTCTTTCCCCTTATATATATCCCTCAC
ATTCCTTAATTCTCTTACACCATAACACAACTACAACAAACACATAATACTTTTAATACAATTAGTTATTTATTAGAAGTATTTAA
AGTAAAGCACTTGTGAGTTGTGTACATTTTATTAATCTTCATCTTCTTAATTCTCTTCAGTTTTTAATTTCTTCACTTCTAAACTCAT
TTAGTAAAAAAAAATGGGATTTGAGATTGCAAAGACCAACTCAATCTTATCAAAATTGGCTACTAATGAAGAGCATGGCGAAA
ACTCGCCATATTTTGATGGGTGGAAAGCATACGATAGTGATCCTTTCCACCCTCTAAAAAACCCCAACGGAGTTATCCAAATGG
GTCTTGCTGAAAATCAGGTAATTAATTATCCTTTATTTATATATTTTGCAGTTTGACCAAACAGACTATTATAATTTTTTTCTGAAA
CCTCGATGGTGTTAAATTTCTTTTGTAGCTTTGTTTAGACTTGATAGAAGATTGGATTAAGAGAAACCCAAAAGGTTCAATTTGT
TCTGAAGGAATCAAATCATTCAAGGCCATTGCCAACTTTCAAGATTATCATGGCTTGCCTGAATTCAGAAAAGTACATATCGTAC
TATAGTCAGTTAAATTATATTGATAGTATAAAAATTCGTTAATATATTTAACTAACGAGTTTATTTAATCAGGCGATTGCGAAAT
TTATGGAGAAAACAAGAGGAGGAAGAGTTAGATTTGATCCAGAAAGAGTTGTTATGGCTGGTGGTGCCACTGGAGCTAATGA
GACAATTATATTTTGTTTGGCTGATCCTGGCGATGCATTTTTAGTACCTTCACCATACTACCCAGCGTAAGTATATTTAATTATAT
ATGTGTAAAAAAAATTAAAATCATCAAATCATTTTTTTTATTTGTATTACCAAATAAATTGTCTAATTTTCAAGATTGTAACACAT
TCATCAAAGTACCTAATAATATAAACGATTCAGTATATTAACGATGTATATAATTTAATTCCTTTGGCGGATTTGTCTTTTTATGT
TGGGCCATCAGAAGAACATTCTGGTGTATTAATTAATTAATTAATTAATAATAGATGTGTTGTCATTCTTTTTTAAGACAGCGAG
AGTTTAATTAGTCTTAATTACTGGATTATCACGCAAGCTCTTTCTTGAATTTTATTATTCTTATATTAAACACATGATAGCATAATA
TCTTTCTTTTGTGGAATCCAGCTTGTTCGTGAAGCTTTGTATTCACACTTATAAAACAACAAAAAATAAAATCTGGTGGTAATTG
ATTAAAGAGAGAAATATAAAAAAATAATAGTCAAATAGACTAATAAGGAAAGAAATAAAAAATACACAAAATACTAAAAAA
AAAGAATTAAGGTATAGTGGTCTATTATTGAGAACTTTTTTGAAGAATTGAACCCCACTTTAATTTCTTGCTTGACCCGTGACCA
TTGCTTATCGAGGTAAAATAAAATTTCAAACATTGACTATG ACTTGTTAGAGAGTAATTACCA(%GTCAAAATTTTG TTACTCT
GTCTCGTTATTTCATTAGGATCGATAAGATAACATCTAACATATATATCTTTTTTATTAGTACTCGTTTATTTTTAGTAAAAGCAC
GTTATACATTTTACAATAGTCAATTGTTGCATATATTAGTATATATATTTTGCTAAGTCCTAACTAACAATATTTTTGGCAATTGA
CTAATGCAGATTTAACAGAGATTTAAGATGGAGAACTGGAGTACAACTTATTCCAATTCACTGTGAGAGCTCCAATAATTTCAA
AATTACTTCAAAAGCAGTAAAAGAAGCATATGAAAATGCACAAAAATCAAACATCAAAGTAAAAGGTTTGATTTTGACCAATC
CATCAAATCCATTGGGCACCACTTTGGACAAAGACACACTGAAAAGTGTCTTGAGTTTCACCAACCAACACAACATCCACCTTGT
TTGTGACGAAATCTACGCAGCCACTGTCTTTGACACGCCTCAATTCGTCAGTATAGCTGAAATCCTCGATGAACAGGAAATGACT
TACTGCAACAAAGATTTAGTTCACATCGTCTACAGTCTTTCAAAAGACATGGGGTTACCAGGATTTAGAGTCGGAATCATATATT
CTTTTAACGACGATGTCGTTAATTGTGCTAGAAAAATGTCGAGTTTCGGTTTAGTATCTACACAAACGCAATATTTTTTAGCGGC
AATGCTATCGGACGAAAAATTCGTCGATAATTTTCTAAGAGAAAGCGCGATGAGGTTAGGTAAAAGGCACAAACATTTTACTA
ATGGACTTGAAGTAGTGGGAATTAAATGCTTGAAAAATAATGCGGGGCTTTTTTGTTGGATGGATTTGCGTCCACTTTTAAGGG
AATCGACTTTCGATAGCGAAATGTCGTTATGGAGAGTTATTATAAACGATGTTAAGCTTAACGTCTCGCCTGGATCTTCGTTTGA
ATGTCAAGAGCCAGGGTGGTTCCGAGTTTGTTTTGCAAATATGGATGATGGAACGGTTGATATTGCGCTCGCGAGGATTCGGA
GGTTCGTAGGTGTTGAGAAAAGTGGAGATAAATCGAGTTCGATGGAAAAGAAGCAACAATGGAAGAAGAATAATTTGAGAC
TTAGTTTTTCGAAAAGAATGTATGATGAAAGTGTTTTGTCACCACTTTCGTCACCTATTCCTCCCTCACCATTAGTTCGTTAAGAC
TTAATTAAAAGGGAAGAATTTAATTTATGTTTTTTTATATTTTGAAAAAAATTTGTAAGAATAAGATTATAATAGGAAAAGAAA
ATAAGTATGTAGGATGAGGAGTATTTTCAGAAATAGTTGTTAGCGTATGTATTGACAACTGGTCTATGTACTTAGACATCATAA
TTTGTCTTAGCTAATTAATGAATGCAAAAGTGAAGTTATGTTATGACTCTT

Figure 4.5. acs2-2 genomic sequence of ACS2 gene. The genomic sequence was retrieved from
SGN. The green and pink colored regions indicates the 5 and 3’ UTR regions of the gene
respectively whereas the blue colored regions corresponds to the four exons of the gene. Upstream
to the 5> UTR is the promoter region. The red colored arrow heads indicating the change in

nucleotide bases compared to WT after aes2-2 sequencing,



A

WT Peptide seq 485

>501yc01g095080.2.1
MGFEIAKTNSILSKLATNEEHGENSPYFDGWKAYDSDPFHPLKNPNGVIQMGLAENQLCLDLIEDWIKRNPKGSICSEGIKSFKAIAN
FQDYHGLPEFRKAIAKFMEKTRGGRVRFDPERVVMAGGATGANETIIFCLADPGDAFLVPSPYYPAFNRDLRWRTGVQLIPIHCESS
NNFKITSKAVKEAYENAQKSNIKVKGLILTNPSNPLGTTLDKDTLKSVLSFTNQHNIHLVCDEIYAATVFDTPQFVSIAEILDEQEMTYC
NKDLVHIVYSLSKDMGLPGFRVGIIYSFNDDVVNCARKMSSFGLVSTQTQYFLAAMLSDEKFVDNFLRESAMRLGKRHKHFTNGLE
VVGIKCLKNNAGLFCWMDLRPLLRESTFDSEMSLWRVIINDVKLNVSPGSSFECQEPGWFRVCFANMDDGTVDIALARIRRFVGVE
KSGDKSSSMEKKQQWKKNNLRLSFSKRMYDESVLSPLSSPIPPSPLVR*

B

acs2-1 Peptide seq 485

>Solyc01g095080.2.1
MGFEIAKTNSILSMATNEEHGENSPYFDGWKAYDSDPFHPLKNPNGVIQMGLAENQLCLDLIEDWIKRNPKGSICSEGIKSFKAIAN
FQDYHGLPEFRRAIAKFMEKTRGGRVRFDPERVVMAGGATGANETIIFCLADPGDAFLVPSPYYPAFNRDLRWRTGVQLIPIHCESS
NNFKITSKAVKEAYENAQKSNIKVKGLILTNPSNPLGTTLDKDTLKSVLSFTNQHNIHLVCDEIYAATVFDTPQFVSIAEILDEQEMTYC /
NKDLVHIVYSLSKDMGLPGFRVGIIYSFNDDVVNCARKMSSFGLVSTQTQYFLAAMLSDEKFVDNFLRESAMRLGKRHKHFTNGLEE
VGIKCLKNNAGLFCWMDLRPLLRESTFDSEMSLWRVIINDVKLNVSPGSSFECQEPGWFRVCFANMDDGTVDIALARIRRFVGVEK
SGDKSSSMEKKQQWKKNNLRLSFSKRMYDESVLSPLSSPIPPSPLVR*

C

acs2-2 Peptide seq 485

>501yc01g095080.2.1
MGFEIAKTNSILSKLATNEEHGENSPYFDGWKAYDSDPFHPLKNPNGVIQMGLAENQLCLDLIEDWIKRNPKGSICSEGIKSFKAIAN
FQDYHGLPEFRKAIAKFMEKTRGGRVRFDPERVVMAGGATGANETIIFCLADPGDAFLVPSPYYPAFNRDLRWRTGVQLIPIHCESS
NNFKITSKAVKEAYENAQKSNIKVKGLILTNPSNPLGTTLDKDTLKSVLSFTNQHNIHLVCDEIYAATVFDTPQFVSIAEILDEQEMTYC
NKDLVHIVYSLSKDMGLPGFRVGIIYSFNDDVVNCARKMSSFGLVSTQTQYFLAAMLSDEKFVDNFLRESAMRLGKRHKHFTNGLE
VVGIKCLKNNAGLFCWMDLRPLLRESTFDSEMSLWRVIINDVKLNVSPGSSFECQEPGWFRVCFANMDDGTVDIALARIRRFVGVE
KSGDKSSSMEKKQQWKKNNLRLSFSKRMYDESVLSPLSSPIPPSPLVR*

Figure 4.6. ACS2 peptide sequences. A representing WT protein sequence, B representing
ACS2-1 protein sequence, and C corresponds to ACS2-2 protein sequence respectively. The red
colored arrow heads indicating the change in amino acids which was observed in ACS2-1 protein

compared to WT after sequencing,.
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1 10 20 30 40 50 :11] 70 80 90 100 110 120 130 140 150
1 1
TTCCTTARTTCTCTTACACCATAACACARCTACARCARACACATAATACTTTTAATACARTTAGTTATTTATTAGAAGTATTTAAAGTARAGCACTTGTGAGTTGTGTACATTTTATTARTCTTCATCTTCTTARTTCTCTTCAGTTTTT
TTCCTTARTTCTCTTACACCATAACACARCTACARCARACACATAATACTTTTAATACARTTAGTTATTTATTAGAAGTATTTAAAGTARAGCACTTGTGAGTTGTGTACATTTTATTARTCTTCATCTTCTTARTTCTCTTCAGTTTTT
TTCCTTARTTCTCTTACACCATARCACARC TACARCARACACATAATACTTTTARTACARTTAGTTATTTATTAGAAGTAT TTARAGTARARGCACTTGTGAGT TETGTACATTTTATTARTCTTCATCTTCTTARTTCTCTTCAGTTTTT

151 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300
1 1
ARTTTCTTCACTTCTARACTCATTTRGTARARAARAATGGGATTTGAGATTGCARRGACCARCTCARTCTTATCARART TGGCTACTAATGARGAGCATGGCGARARCTCGCCATATTTTGATGAGTGGAAAGCATACGATAGTGATCCT
AATTTCTTCACTTCTARACTCATT TRGTAARARAARAATGGGATTTGAGATTGCARAGACCARCTCAATCTTATCAAART TGGCTACTAATGARGAGCATGGCGARAACTCGCCATATTTTGATGEGTGGAAAGCATACGATAGTGATCCT
AATTTCTTCACTTCTARRCTCATTTAGTARARAARAATGGGATTTGAGATTGCARRGACCARCTCARTCTTATCARART TGGCTACTAATGARGAGCATGGCGARARCTCGCCATATTTTGATGEGTGGAAAGCATACGATAGTGATCCT

3ol 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450
I 1
TTCCACCCTCTARARARCCCCARCGGAGT TATCCARRTGGGTCTTGCTGARRATCAGGTARTTARTTATCCTTTATTTATATATTTTGCAGT T TGACCARACAGACTATTATARTTTTTTTCTGARRCCTCGATGGTGTTARATTTCTTT
TTCCACCCTCTARARRACCCCARCGGAGTTATCCARATGGGTCTTGCTGARARTCAGGTARTTARTTATCCTTTATTTATATATTTTGCAGTTTGACCARACAGAC TATTATARTTTTTTTCTGAARCCTCGATGGTGTTARATTTCTTT
TTCCACCCTCTARRAARCCCCARCGGAGT TATCCARATGGGTCTTGCTGARRATCAGGTAATTARTTATCCTTTATTTATATATTTTGCAGT TTGACCARACAGACTATTATARTTTTTTTCTGARRCCTCGATGGTGTTARATTTCTTT

451 460 470 480 490 500 510 520 530 540 560 560 570 580 590 600
I i 1
TGTAGCTTTGTTTAGACTTGATAGARGATTGGATTARGAGAAACCCARARGGTTCAATTTGTTCTGAAGGARTCARATCATTCAAGGCCATTGCCARCTTTCARGATTATCATGGCTTGCCTGAATTCAGAARAGTYCATATCGTACTAT
TGTAGCTTTGTTTAGACTTGATAGARGAT TGGAT TARGAGARACCCARARGGTTCARTTTGTTCTGARGGARTCARATCAT TCARGGCCATTGCCARCTTTCARGATTATCATGGCTTGCCTGARTTCAGRARGGTYCATATCGTACTAT
TGTAGCTTTGTTTAGACTTGATAGARGATTGGATTARGAGAAACCCARARGGTTCAATTTGTTCTGARGGARTCARATCATTCAAGGCCATTGCCARCTTTCARGATTATCATGGCTTGCCTGAATTCAGAYAAG ACATATCGTACTAT

601 610 620 630 640 650 660 670 680 630 F00 ALl 720 730 740 750

I I
AGTCAGTTARATTATATTGATAGTATAARAATTCGTTARTATATTTARCTAARCGAGTTTATTTARTCAGGCGATTGCGAART TTATGGAGAARACARGAGGAGGARGAGT TRGATTTGATCCAGAARGAGTTGTTATGGCTGGTGGTGCC
AGTCAGTTARATTATATTGATAGTATARRAATTCGTTARTATATTTARCTARCGAGT TTATTTARTCAGGCGATTGCGAART TTATGGAGARAACAAGAGGAGGARGAGT TRGATTTGATCCAGARRGAGT TGTTATGGCTGGTGGTGLC
AGTCAGTTARATTATATTGATAGTATAARARTTCGTTARTATATTTARCTARCGAGTTTATTTARTCAGGCGAT TGCGAART TTATGGAGAARACAAGAGGAGGARGAGT TAGATTTGATCCAGAARGAGTTGTTATGGCTGGTGGTGLC

751 760 770 780 790 800 810 820 830 840 850 860 870 880 890 900

I I
ACTGGAGCTARTGAGACAATTATATTTTGTTTGGCTGATCCTGGCGATGCATTTTTAGTACCTTCACCATACTACCCAGCGTARGTATATTTARTTATATATGTGTARARARARTTARARTCATCARATCATTTTTTTTATTTGTATTAC
ACTGGAGCTARTGAGACAAT TATATTTTGTTTGGCTGATCCTGGCGATGCATTTTTAGTACCTTCACCATACTACCCAGCGTARGTATATTTARTTATATATGTGTARARARARTTARARTCATCARATCATTTTTTTTATTTGTATTAC
ACTGGAGCTARTGAGACAAT TATATTTTGTTTGGCTGATCCTGGCGATGCATTTTTAGTACCTTCACCATACTACCCAGCGTARGTATATTTARTTATATATGTGTARARRRARTTARARTCATCARATCATTTTTTTTATTTGTATTAC

901 910 920 930 940 950 960 970 980 990 1000 1010 1020 1030 1040 1050
I

1

CAARTARARTTGTCTARTTTTCARGATTGTAARCACATTCATCARAGTACCTARTARTATARACGATTCAGTATATTARCGATGTATATAATTTARTTCCTTTGGCGGATTTGTCTTTTTATGT TGGGCCATCAGARGAACATTCTGGTGTA
CAARTARRTTGTCTARTTTTCAAGATTGTAACACATTCATCAAAGTACCTARTARTATARACGATTCAGTATATTARCGATGTATATAATTTARTTCCTTTGGCGGATTTGTCTTTTTATGT TGGGCCATCAGARGAACATTCTGGTGTA
CARRTARRTTGTCTARTTTTCARGATTGTARCACATTCATCARAGTACCTARTARTATARACGATTCAGTATATTARCGATGTATATAATTTARTTCCTTTGGCGGATTTGTCTTTTTATGT TGEGCCATCAGARGAACATTCTGGTGTA

1051 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
1 1
TTARTTARTTARTTART TARTARTAGATGTGTTGTCATTCTTTTTTARGACAGCGAGAGT TTARTTAGTCTTAATTACTGGATTATCACGCARGCTCTTTCTTGARTTTTATTATTCTTATATTARRCACATGATAGCATARTATCTTTC

TTARTTARTTAATTARTTARTARTAGATGTGTTGTCATTCTTTTTTARGACAGCGAGAGT TTARTTAGTCTTAATTACTGGATTATCACGCARGCTCTTTCTTGARTTTTATTATTCTTATATTARRCACATGATAGCATARTATCTTTC
TTARTTARTTARTTARTTARTARTAGATGTGTTGTCATTCTTTTTTARGACAGCGAGAGT TTARTTAGTCTTAATTACTGGATTATCACGCARGCTCTTTCTTGARTTTTATTATTCTTATATTARRCACATGATAGCATARTATCTTTC

1201 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320 1330 1340 1350
I I

TTTTGTGGARTCCAGCTTGTTCGTGRAGCTTTGTATTCACACT TATARARCARCARARARTARARTCTGGTGGTAATTGATTARAGAGAGAARTATAARARARTAATAGTCRAARTAGAC TRATARGGARAGARATARARRRATACACARAR
TTTTGTGGARTCCAGCTTGTTCGTGAAGCTTTGTATTCACACTTATARARCARCARARAATARARTCTGGTGGTARTTGAT TARAGAGAGAARTATAARAARATARTAGTCAARTAGAC TARTARGGAARGARATARARAATACACARAR
TTTTGTGGARTCCAGCTTGTTCGTGRAGCTTTGTATTCACACTTATARARCARCARARARTARARTCTGGTGGTAAT TGATTARAGAGAGAARATATAARARARTAATAGTCAARTAGAC TRAATARGGARRGARATAARARARRATACACARAR

1351 1360 1370 1380 1390 1400 1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
I I

TACTARRRARAARGAAT TRARGGTATAGTGGTCTATTATTGAGARCTTTTTTGARGAATTGARCCCCACTTTARTTTCTTGCTTGACCCGTGACCATTGCTTATCGAGGTARRATARARTTTCARACATTGACTATGACTTGTTAGAGAGT
TACTARARAARARGAAT TARGGTATAGTGGTCTATTATTGAGARCTTTTTTGAAGAATTGARCCCCACTTTARTTTCTTGCTTGACCCGTGACCATTGCTTATCGAGGTARRATARARTTTCARACAT TGACTATGACTTGTTAGAGAGT
TACTARARARAARGAAT TRARGGTATAGTGGTCTATTATTGAGARCTTTTTTGARGAATTGARCCCCACTTTARTTTCTTGCTTGACCCGTGACCATTGCTTATCGAGGTARRATARARTTTCARACATTGACTATGACTTGTTAGAGAGT

1501 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600 1610 1620 1630 1640 1650
— S Py

ARTTACCACARGTCARARTTTTGT TR TCTONCTCGTTATTTCATTAGGATCGATARGATARCATETARCAYATATATCTTTTTTATTAGTAQN TGTIYATTTTTAGTARARGCACGTTATACATTTTACAATAGTCARTTGTTGCATAT
AATTACCACARGTCARAATTTTGTTNCTTTGRCTCGTTATTTCATTAGGATCGATAAGATARCATRTAGCARATATATCTTTTTTATTAGTANTTATTPATTTTTAGTARRRGCACGTTATACATTTTACAATAGTCARTTGTTGCATAT
ARTTACCACARGTCARARTTTTGTTACTc TN CTCGTTATTTCATTAGGATCGATARGATARCATNAaCGAATATATCTTTTTTATTAGTAN TaT YATTTTTAGTARARGCACGTTATACATTTTACAATAGTCARTTGTTGCATAT

1651 1660 1670 1680 1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

I I
ATTAGTATATATATTTTGCTARGTCCTARCTARCAATATTTTTGGCART TGACTARTGCAGATTTARCAGAGATTTARGATGGAGARCTGGAGTACAACTTATTCCART TCACTGTGAGAGC TCCARTARTTTCARAATTACTTCAARAG
ATTAGTATATATATTTTGCTARGTCCTARCTARCAATATTTTTGGCAATTGACTARTGCAGATTTARCAGAGATTTARGATGGAGARCTGGAGTACAACTTATTCCARTTCACTGTGAGAGCTCCARTARTTTCARAAT TACTTCAARAG
ATTAGTATATATATTTTGCTARGTCCTARCTARCAATATTTTTGGCART TGACTARTGCAGATTTARCAGAGATTTARGATGGAGARCTGGAGTACAACTTATTCCART TCACTGTGAGAGC TCCARTARTTTCARAATTACTTCAARAG

1801 1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950

1 1
CAGTARARGARGCATATGARAATGCACARAART CAAACATCARAGTARARGGTTTGATTTTGACCARTCCATCARATCCAT TGGGCACCACTTTGGACARAGACACACTGARARGTGTCTTGAGTTTCACCARCCARCACARCATCCACC
CAGTARARGARGCATATGARAATGCACARAARTCAAACATCAAAGTARARGGTTTGATTTTGACCAATCCATCARATCCAT TGGGCACCACTTTGGACARAGACACACTGARARGTGTCTTGAGTTTCACCARCCAACACARCATCCACC
CAGTARARGARGCATATGARAATGCACARAART CARACATCARAGTARARGGTTTGATTTTGACCARTCCATCARATCCAT TGEGCACCACTTTGGACARAGACACACTGARAAGTGTCTTGAGTTTCACCARCCARCACARCATCCACT

1951 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

1 I
TTGTTTGTGACGARATC TACGCAGCCACTGTCTTTGACACGCCTCARTTCGTCAGTATAGCTGARATCC TCGATGARCAGGARRTGACTTACTGCARCARAGATTTAGTTCACATCGTCTACAGTCTTTCARRAGACATGGGGTTACCAG
TTGTTTGTGACGARATCTACGCAGCCACTGTCTTTGACACGCCTCARTTCGTCAGTATAGCTGARATCCTCGATGAARCAGGAARTGACTTACTGCARCARAGATTTAGTTCACATCGTCTACAGTCTTTCARRAGACATGGGGTTACCAG
TTGTTTGTGACGARATCTACGCAGCCACTGTCTTTGACACGCCTCARTTCGTCAGTATAGCTGARATCCTCGATGAACAGGAARTGACTTACTGCARCARAGATTTAGT TCRCATCGTCTACAGTCTTTCARRAGACATGGGGTTACCAG

2101 2110 2120 2130 2140 2150 2160 2170 2180 2190 2200 2210 2220 2230 2240 2250
I I
GATTTAGAGTCGGAATCATATATTCTTTTAACGACGATGTCGTTAATTGTGCTAGARRARTGTCGAGTTTCGGTTTAGTATCTRCACAAACGCARTATTTTTTAGCGGCARTGCTATCGGACGARARATTCGTCGATARTTTTCTAAGAG
GATTTAGAGTCGGARTCATATATTCTTTTARCGACGATGTCGTTARTTGTGCTAGAARRATGTCGAGTTTCGGTTTAGTATCTACACARACGCARTATTTTTTAGCGGCARTGC TATCGGACGAAARATTCGTCGATARTTTTCTAAGAG
GATTTAGAGTCGGARTCATATATTCTTTTARCGACGATGTCGTTAATTGTGCTAGAARAATGTCGAGTTTCGGTTTAGTATCTACACARACGCARTATTTTTTAGCGGCARTGCTATCGGACGARARATTCGTCGATARTTTTCTAAGAG

2261 2260 2270 2280 2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
I - I
ARRGCGCGATGAGGT TAGGTARRAGGCACARACATTTTACTAATGGACT TGAAGTAGYGGEART TARATGCTTGARARATAARTGCGGGGCTTTTTTGTTGGATGGATTTGCGTCCACTTTTARGGGAATCGACTTTCGATAGCGAAATGT
ARAGCGCGATGAGGT TAGGTARRAGGCACAARCATTTTACTAATGGACT TGRAGARG JGGGART TARATGCT TGARARATARTGCGGGGCTTTTTTGTTGGATGGATTTGCGTCCACTTTTARGGGARTCGACTTTCGATAGCGARATGT
ARRGCGCGATGAGGT TRGGTARRAGGCACARACATTTTACTAATGGACTTGAYGaAGN GGGARTTARATGCTTGARARATARTGCGGGGCTTTTTTGTTGGATGGATTTGCGTCCACTTTTARGGGAATCGACTTTCGATAGCGAAATGT

2401 2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520 2530 2540 2550
I I
CGTTATGGAGAGTTATTATARACGATGTTARGCTTARCGTCTCGCCTGGATCTTCGTTTGARTGTCAAGAGCCAGGGTGGTTCCGAGTTTGTTTTGCARATATGGATGATGGARCGGTTGATATTGCGCTCGCGAGGAT TCGGAGGTTCG
CGTTATGGAGAGT TATTATAARCGATGTTAARGCTTARCGTCTCGCCTGGATCTTCGTTTGARTGTCAAGAGCCAGGGTGGT TCCGAGTTTGTTTTGCARATATGGATGATGGARCGGTTGATAT TGCGCTCGCGAGGAT TCGGAGGTTCG
CGTTATGGAGAGTTATTATARACGATGTTARGC TTARCGTCTCGCCTGGATCTTCGTTTGARTGTCARGAGCCAGGGTGGT TCCGAGTTTGTTTTGCARATATGGATGATGGARCGGTTGATATTGCGCTCGCGAGGAT TCGGAGGTTLG

2551 2560 2570 2580 2590 2600 2610 2620 2630 2640 2650 2660 2670 2680 2690 2700
1 I
TAGGTGTTGAGARAAGTGGAGATAARTCGAGT TCGATGGARAAGARGCARCARTGGAAGARGAATARTTTGAGACTTAGTTTTTCGARARGARTGTATGATGARAGTGTTTTGTCACCACTTTCATCACCTATTCCTCCCTCACCATTAG
TAGGTGTTGAGARAAGTGGAGATAARTCGAGT TCGATGGARAAGARGCARCARTGGARGARGAATAARTTTGAGACTTAGTTTTTCGARARGARTGTATGATGARAGTGTTTTGTCACCACTTTCGTCACCTATTCCTCCCTCACCATTAG
TAGGTGTTGAGARRAGTGGAGATAARTCGAGT TCGATGGAAAAGAAGCARCART GGARGARGARTARTTTGAGACTTAGTTTTTCGARARGARTGTATGATGARAGTGTTTTGTCACCACTTTCGTCACCTATTCCTCCCTCACCATTAG

201 2710 2720 2730 2740 2750 2760 2770 2780 2790 2800 2810 2820 2830 2840 2850
1 1
TTCGTTARGACTTAATTARARGGGARGARTTTAATTTATGTTTTTTTATATTTTGARARARAT TTGTARGARTARGAT TATAARTAGGAARAGARARTARGTATGTAGGATGAGGAGTATTTTCAGARATAGTTGTTAGCGTATGTATTGA

TTCGTTARGACTTAATTARAAGGGARGARTTTAATTTATGTTTTTTTATATTTTGARARARAT TTGTARGARTARGAT TATAATAGGAARAGARARTARGTATGTAGGATGAGGAGTATTTTCAGARATAGTTGTTAGCGTATGTATTGA
TTCGTTARGACTTAATTARARGGGARGARTTTARTTTATGTTTTTTTATATTTTGARARARAT TTGTARGARTARGAT TATAARTAGGAARAGARARTARGTATGTAGGATGAGGAGTATTTTCAGARATAGTTGTTAGCGTATGTATTGA

2851 2860 2870 2880 2890 2900 2910 2920 2930
1 1

CAACTGGTCTATGTACTTAGACATCATARTTTGTCTTAGCTAATTARTGARTGCARARGTGARGT TRATGTTATGACTCTT
CARCTGGTCTATGTACTTAGACATCATARTTTGTCTTAGCTAATTARTGARTGCARARGTGARGT TATGTTATGACTCTT
CARCTGGTCTATGTACTTAGACATCATARTTTGTCTTAGCTARTTARTGARTGCARARGTGARGTTATGTTATGACTCTT

Figure 4.7. Multialign of genomic sequence of aws2-7 with WT. The blue colored circle representing
the changes in the nucleotide bases compared to WT.
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1 10 20 30 40 o~ 50 60 70 80 a0 10 110 120 130 140 150
1 1
TTTTTGTGT TGGGGAGGGGCGGAT TTTGGET TGGATARGARAREATART TRRAGATAARATAGAAT TTTGGARRATATTTTTCTTAATTTTTGAAGGARRATCATTTTTCTTAAATTTGAGARARATGAATTATTCTTAARAAARRTTTC
TTTTTGTGTTGGGGAGGGGCGGATTTTGGET TGGATARGARARGARART TARAGATAARATAGAATTTTGGARRRTATTTTTCTTARTTTTTGARGGAARATCATTTTTCTTAAATTTGAGARARATGAATTATTCTTAARAAAARTTTC
TTTTTGTGTTGEGGAGGGGCGGATTTTGGET TGGATARGARAARAaAY TTARAGATARRATAGAATTTTGGARRRTATTTTTCTTARTTTTTGARGGAARATCATTTTTCTTAAATTTGAGARARATGAATTATTCTTARRARARARTTTC

151 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300

| |
CARARACATTTAAGCTACCARATATGARARARTAARRARTATTTTTTTTCCTACCARATGCACCCTARRTTAGTCARRTATCCARCATTTARARGAGC TATGAARARARARAAGARGTARGARTCGTAGATCTTCTTTTARTGCGTACTT
CARARACATTTAAGCTACCARATATGARARRARTARRARRTATTTTTTTTCCTACCARATGCACCCTAARRTTAGTCARATATCCAACATTTAARRGAGC TATGARAARARARAAGARGTARGARTCGTAGATCTTCTTTTARTGCGTACTT
CARARACATTTAAGCTACCARATATGARRAAATARRRARTATTTTTTTTCCTACCARATGCACCCTARRTTAGTCARATATCCARCATTTARRAGAGC TATGARAARRAAAAAGARGTARGARTCGTAGATCTTCTTTTARTGCGTACTT

301 30 320 ~ 330 340 350 360 370 380 390 400 410 420 430 440 450
| |
TTATTTTCCARGATTTGAACRATARAARTAGACTTTTCTATTTTTATTTTCTGATGTAATTCTTATATACGTTAGTCGACATGTTCTCATTACATACTTCAGTCTTTCCCCTTATATATATCCCTCACATTCCTTARTTCTCTTACACCAT
TTATTTTCCARGATTTGARCKARARAATAGACTTTTCTATTTTTATTTTCTGATGTAATTCTTATATACGTTAGTCGACATGTTCTCATTACATACTTCAGTCTTTCCCCTTATATATATCCCTCACATTCCTTARTTCTCTTACACCAT
TTATTTTCCARGATTTGARCRAagARATAGACTTTTCTATTTTTATTTTCTGATGTAATTCTTATATACGTTAGTCGACATGTTCTCATTACATACTTCAGTCTTTCCCCTTATATATATCCCTCACATTCCTTARTTCTCTTACACCAT

451 460 q70 480 490 500 510 520 530 540 550 560 570 580 590 600

| |
AACACARCTACAACARACACATAATACTTTTARTACARTTAGTTATTTATTAGARGTATTTAARGTARAGCACTTGTGAGTTGTGTACATTTTATTARTCTTCATCTTCTTARTTCTCTTCAGTTTTTARTTTCTTCACTTCTAARCTCA
ARCACARCTACAACARACACATAATACTTTTARTACARTTAGTTATTTATTAGARGTATTTARRGTAARGCACTTGTGAGTTGTGTACATTTTATTARTCTTCATCTTCTTARTTCTCTTCAGTTTTTARTTTCTTCACTTCTARACTCA
ARCACARCTACAACARACACATAATACTTTTARTACAATTAGT TATTTATTAGARGTATTTARAGTAARGCACT TGTGAGT TGTGTACATTTTATTARTCTTCATCTTCTTARTTCTCTTCAGTTTTTAATTTCTTCACTTCTARACTCA

601 610 620 630 640 650 660 670 680 690 700 Fali} 720 730 740 750
| |
TTTAGTAARAAAARATGGGATTTGAGAT TEGCARAGACCARCTCARTCTTATCAAAAT TGGCTACTAATGARGAGCATGGCGAARACTCGCCATATTTTGATGGGTGGARAGCATACGATAGTGATCCTTTCCACCCTCTARRARACCCCA
TTTAGTAARARARRATGGGATTTGAGAT TGCARAGACCARCTCARTCTTATCAARAT TGGCTACTAATGARGAGCATGGCGAARACTCGCCATATTTTGATGGGTGGARAGCATACGATAGTGATCCTTTCCACCCTCTARRAARCCCCA
TTTAGTARARAAARATGGGATTTGAGAT TGCARAGACCARCTCARTCTTATCAAAATTGGC TACTARTGARGAGCATGGCGARAACTCGCCATATTTTGATGGGTGGARAGCATACGATAGTGATCCTTTCCACCCTCTARARAAACCCCA

751 760 70 780 790 800 810 820 830 840 850 860 870 880 890 900

| |
ACGGAGTTATCCARATGGGTCTTGC TGARRATCAGGTARTTAATTATCCTTTATTTATATATTTTGCAGTTTGACCARACAGACTATTATAATTTTTTTCTGARRCCTCGATGGTGTTARATTTCTTTTGTAGCTTTGTTTAGACTTGAT
ACGGAGTTATCCARATGGGTCTTGCTGARAATCAGGTARTTAATTATCCTTTATTTATATATTTTGCAGT TTGACCARACAGACTATTATAATTTTTTTCTGARRCCTCGATGGTGTTARATTTCTTTTGTAGCTTTGTTTAGACTTGAT
ACGGAGTTATCCARATGGGTCTTGCTGARAATCAGGTART TAATTATCCTTTATTTATATATTTTGCAGT TTGACCARACAGACTATTATAATTTTTTTCTGARACCTCGATGGTGTTARATTTCTTTTGTAGCTTTGTTTAGACTTGAT

901 910 920 930 940 950 960 970 980 990 1000 1010 1020 1030 1040 1050
| |
AGAAGATTGGATTARGAGAAACCCARARGETTCARTTTGTTCTGARGGARTCAAATCATTCARGGCCATTRCCARCTTTCARGATTATCATGGCTTGCCTGARTTCAGARARGTACATATCGTACTATAGTCAGTTARATTATATTGATA

AGAAGATTGGAT TAAGAGARACCCARRAGGT TCAATTTGT TCTGARGGARTCARRTCATTCARGGCCATTGCCARCTTTCARGATTATCATGGCTTGCCTGARTTCAGARARGTACATATCGTACTATAGTCAGTTAAATTATATTGATA
AGAAGATTGGATTAAGAGARACCCARARGETTCAATTTGTTCTGAAGGARTCAARTCATTCARGGCCATTGCCARCTTTCARGATTATCATGGCTTGCCTGARTTCAGARARGTACATATCGTACTATAGTCAGTTARATTATATTGATA

1061 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
1 1

GTATAARARTTCGTTARTATATTTARCTARCGAGTTTATTTAATCAGGCGAT TGCGAARTTTATGGAGAARACARGAGGAGGARGAGTTAGATTTGATCCAGARRGAGT TGTTATGGCTGETGGTGCCAC TEGAGC TARTGAGACARTTA
GTATARRARTTCGTTAATATATTTARCTARCGAGTTTATTTAATCAGGCGAT TGCGAARTTTATGGAGAARACARGAGGAGGARGAGTTAGATTTGATCCAGARRGAGTTGTTATGGC TGETGGTGCCACTGGAGC TARTGAGACARTTA
GTATAARARATTCGTTAATATATTTARCTARCGAGTTTATTTAATCAGGCGAT TGCGAARTTTATGGAGAAAACARGAGGAGGARGAGTTAGATTTGATCCAGARRGAGT TGTTATGGCTGRTGGTGCCAC TEGAGC TARTGAGACARTTA

1201 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320 1330 1340 1350
| |
TATTTTETTTGGCTGATCCTGGCGATGCATTTTTAGTACCTTCACCATACTACCCAGCGTARGTATATTTAATTATATATGTGTARAARARAT TARARTCATCARATCATTTTTTTTATTTGTATTACCARRTAAATTGTCTAATTTTCA
TATTTTGTTTGGCTGATCCTGGCGATGCATTTTTAGTACCTTCACCATACTACCCAGCGTARGTATATTTAATTATATATGTGTARAARARAT TAAARTCATCAAATCATTTTTTTTATTTGTATTACCARATAAATTGTCTAATTTTCA
TATTTTGTTTGGCTGATCCTGGCGATGCATTTTTAGTACCTTCACCATACTACCCAGCGTARGTATATTTARTTATATATGTGTARAARARATTARARTCATCARATCATTTTTTTTATTTGTATTACCARRTAARTTGTCTAATTTTCA

1361 1360 1370 1380 1390 1400 1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
1 1

AGATTGTARCACATTCATCARAGTACCTARTARTATARACGATTCAGTATAT TARCGATGTATATARTTTARTTCCTTTGGCGGATTTGTCTTTTTATGT TGGGCCATCAGARGARCATTCTGGTGTATTARTTARTTAATTARTTAATA
AGATTGTARCACATTCATCARAGTACCTARTARTATARACGATTCAGTATATTARCGATGTATATARTTTARTTCCTTTGGCGGATTTGTCTTTTTATGTTGGGCCATCAGARGARCATTCTGGTGTATTARTTARTTAATTAATTAATA
AGATTGTAACACATTCATCARAGTACCTARTARTATARACGATTCAGTATATTARCEATGTATATARTTTAATTCCTTTGGCGGATTTGTCTTTTTATGTTGGGCCATCAGARGARCATTCTGGTGTATTARTTARTTAATTAATTAATA

1501 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600 1610 1620 1630 1640 1650
| |
ATAGATGTGTTGTCATTCTTTTTTARGACAGCGAGAGTTTAATTAGTCTTARTTACTGGATTATCACGCARGCTCTTTCTTGARTTTTATTATTCTTATATTARACACATGATAGCATARTATCTTTCTTTTGTGGARTCCAGCTTGTTC

ATAGATGTGTTGTCATTCTTTTTTARGACAGCGAGAGTTTARTTAGTCTTARTTACTGGAT TATCACGCARGCTCTTTCTTGARTTTTATTATTCTTATATTARACACATGATAGCATARTATCTTTCTTTTGTGGAATCCAGCTTGTTC
ATAGATGTGTTGTCATTCTTTTTTARGACAGCGAGAGTTTARTTAGTCTTARTTACTGGAT TATCACGCARGCTCTTTCTTGARTTTTATTATTCTTATATTARACACATGATAGCATARTATCTTTCTTTTGTGGAATCCAGCTTGTTC

1651 1660 1670 1680 1690 1700 1710 1720 1730 1740 1750 1760 1730 1780 1790 1800
1 1
GTGAAGCTTTGTATTCACACT TATARARCAACARARAATARARTCTGGTGGTAATTGATTARAGAGAGARATATARRAAAATARTAGTCARATAGACTARTARGGARRGARATARRAARTACACAARATACTARARRRARRGAAT TAAGG
GTGARGCTTTGTATTCACACTTATARAACAACARARAATARAATCTGGTGGTAATTGATTARAGAGAGAAATATARARARATARTAGTCARATAGACTARTARGGARRGAARTAARAARTACACAARATACTARARARRARGAATTAAGG
GTGARGCTTTGTATTCACACTTATARAACAACARAAAATARAATCTGGTGGTAATTGATTARAGAGAGAAATATARARARATARTAGTCARATAGACTARTARGGARRGAARTAARAARTACACAARATACTARARAARARGAATTAAGG

1801 1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950
| |

TATAGTGGTCTATTATTGAGARCTTTTTTGAAGAAT TGARCCCCACTTTARTTTCTTGCTTGACCCGTGACCATTGCTTATCGAGGTARARTARARTTTCARACATTGACTATGACTTGT TAGAGAGTARTTACCACARGTCARARTTTT
TATAGTGGTCTATTATTGAGARCTTTTTTGARGAATTGAACCCCACTTTAATTTCTTGCTTGACCCGTGACCATTGCTTATCGAGGTARARTARARTTTCARACATTGACTATGACTTGT TAGAGAGTARTTACCACARGTCARARTTTT
TATAGTGGTCTATTATTGAGARCTTTTTTGARGAAT TGAACCCCACTTTARTTTCTTGCTTGACCCGTGACCATTGCTTATCGAGGTARARTARAATTTCARACAT TGACTATGACTTGT TAGAGAGTAATTACCACAAGTCAARRTTTT

1951 1960 1970 1980 1990 2000 2010 EOEOA 2030 2040 2050 2060 2070 2080 2090 2100
| |

GYTACTCTGTCTCGTTATTTCATTAGGATCGATARGATARCATCTAACATATATATCTTTTTTATTAGTALTTGR TTATTTTTAGTAAAAGCACGT TATACATTTTACARTAGTCAATTGTTGCATATATTAGTATATATATTTTGCTAR
GTTACTCTGTCTCGTTATTTCATTAGGATCGATARGATARCATCTARCATATATATCTTTTTTATTAGTAL TCGRTTATTTTTAGTAARAGCACGT TATACATTTTACARTAGTCARTTGTTGCATATATTAGTATATATATTTTGCTAR
GTTACTCTGTCTCGTTATTTCATTAGGATCGATARGATARCATCTAACATATATATCTTTTTTATTAGTART G TTATTTTTAGTAAAAGCACGTTATACATTTTACARTAGTCARTTGTTGCATATATTAGTATATATATTTTGCTAR

2101 2110 2120 2130 2140 2150 2160 2170 2180 2190 2200 2210 2220 2230 2240 2250
I I

GTCCTARCTARCARTATTTTTGGCARTTGACTARTGCAGATTTARCAGAGAT TTARGATGGAGAACTGGAGTACARCTTATTCCARTTCACTGTGAGAGC TCCARTARTTTCARARTTACTTCARARGCAGTARARGARGCATATGAARR
GTCCTARCTARCARTATTTTTGECARTTGACTARTGCAGATTTARCAGAGAT TTARGATGGAGAAC TGGAGTACARCTTATTCCARTTCACTGTGAGAGC TCCARTARTTTCARARTTACTTCARARGCAGTARARGARGCATATGARAR
GTCCTARCTARCARTATTTTTGGCART TGACTARTGCAGATTTARCAGAGAT TTAAGATGGAGAAC TGGAGTACAACTTATTCCARTTCACTGTGAGAGC TCCAATARTTTCARARTTACTTCARARGCAGTARARGAAGCATATGAARR

2251 2260 2270 2280 2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
| |
TGCACARARATCARACATCARAGTARARGET TTGATTTTGACCARTCCATCARATCCATTGGGCACCACT TTGGACARAGACACACTGARRAGTGTCTTGAGT TTCACCARCCAACACAACATCCACCTTGTTTGTGACGARATCTACGC
TGCACARARATCARACATCARAGTARAAGGT TTGATTTTGACCARTCCATCARATCCATTGGGCACCACT TTGGACARAGACACACTGAARAGTGTCTTGAGT TTCACCARCCARCACARCATCCACCTTGTTTGTGACGARATCTACGL
TGCACARARATCARACATCARAGTARARGETTTGATTTTGACCARTCCATCARATCCATTGGGCACCACTTTGGACARAGACACACTGAARAGTGTCTTGAGTTTCACCARCCARCACARCATCCACCTTGTTTGTGACGARATCTACGL

2401 2410 2420 2430 2440 2450 2460 2470 2480 2490 2600 2510 2520 2530 2540 2650
I I

AGCCACTGTCTTTGACACGCCTCARTTCGTCAGTATAGCTGAARTCCTCGATGARCAGGAAATGACTTACTGCARCARAGATTTAGTTCACATCGTCTACAGTCTTTCARARGACATGGGETTACCAGGATTTAGAGTCGGARTCATATA
AGCCACTGTCTTTGACACGCCTCARTTCGTCAGTATAGCTGAARTCCTCGATGARCAGGAAATGACTTACTGCARCARAGATTTAGTTCACATCGTCTACAGTCTTTCARARGACATGGGETTACCAGGATTTAGAGTCGGARTCATATA
AGCCACTGTCTTTGACACGCCTCARTTCGTCAGTATAGCTGARATCCTCGATGARCAGGARATGACTTACTGCARCARAGATTTAGTTCACATCGTCTACAGTCTTTCARARGACATGGGETTACCAGGATTTAGAGTCGGAATCATATA

2551 2560 2570 2580 2590 2600 2610 2620 2630 2640 2650 2660 2670 2680 2690 2700
| |

TICTTTTARCGACGATGTCGTTAATTGTGCTAGAARARTGTCGAGT TTCGGT TTAGTATCTACACARRCGCARTATTTTTTAGCGGCARTGCTATCGGACGARARATTCGTCGATAATTTTCTARGAGARAGCGCGATGAGGT TREGTAR
TICTTTTARCGACGATGTCGTTAATTGTGCTAGAARARTGTCGAGT TTCGGT TTAGTATCTACACARRCGCARTATTTTTTAGCGGCARTGCTATCGGACGARARATTCGTCGATAATTTTCTARGAGARAGCGCGATGAGGT TRAEGTAR
TTICTTTTARCGACGATGTCGTTAATTGTGCTAGAAARATGTCGAGTTTCGGTTTAGTATCTACACARACGCARTATTTTTTAGCGGCARTGCTATCGGACGARARATTCGTCGATAATTTTCTARGAGARAGCGCGATGAGGT TRGGTAR

2701 2710 2720 2730 2740 2750 2760 2710 2780 2790 2800 2810 2820 2830 2840 2850
1 1

ARGGCACARRCATTTTACTARTGGACTTGAAGTAGTGGGART TARATGCTTGAAAARTARTGCEGGGCTTTTTTGTTGGATGGATTTGCGTCCACTTTTARGGGAATCGACTTTCGATAGCGARRTGTCGTTATGGAGAGTTATTATARR
ARGGCACARRCATTTTACTARTGGACTTGAAGTAGTGGGART TARATGCTTGAARARTARTGCEGGGCTTTTTTGTTGGATGGATTTGCGTCCACTTTTARGGGAATCGACTTTCGATAGCGARRTGTCGTTATGGAGAGTTATTATARR
ARGGCACARRCATTTTACTARTGGACTTGAAGTAGTRGGARTTARATGCTTGAARARTARTGCEGGGCTTTTTTRTTGGATGGATTTGCGTCCACTTTTARGGGAATCGACTTTCGATAGCGARATGTCGTTATGGAGAGTTATTATARA

2851 2860 2870 2880 2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
| |
CGATGTTAAGCTTARCGTCTCGCCTGGATCTTCGTTTGAATGTCARGAGCCAGGGTEGTTCCGAGTTTGTTTTGCARRTATGGATGATGGAACGGT TGATATTGCGCTCGCGAGGATTCGEAGGT TCGTAGETGTTGAGARAAGTGGAGA
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ATCATARTTTGTCTTAGCTARTTARTGARTGCARARGTGARGT TATGTTATGACTCTT
ATCATARTTTGTCTTAGCTARTTARTGAATGCARARGTGARGTTATGTTATGACTCTT
ATCATARTTTGTCTTAGCTAATTARTGAATGCARARGTGARGTTATGTTATGACTCTT

Figure 4.8. Multialign of genomic sequence of ars2-2 with WT. The blue colored circle

representing the changes in the nucleotide bases compared to WT.
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Figure 4.9. Multialign of protein sequence of ACS2-1 (A) and ACS2-2 (B) with WT. The blue

colored circle representing the changes in the amino acids compared to W'T.
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Figure 4.10. Confirmation of acs2-1 and acs2-2 mutations by sequencing. (A) Pictorial
diagram of ACS2 gene showing location of mutations in acs2-7 mutant. acs2-7 mutant has two
missense mutations in exon 2 and exon 4 respectively and three intronic mutations. (B)
Modeling of ACS2-1 mutant protein. Missense mutations resulted in amino acid substitutions
from lysine to arginine and valine to glutamic acid at positions 100 and 352 respectively, in the
ACS2 protein sequence. These mutations lies in a-chain of protein surface. (C) Pictorial
diagram of ACS2 gene showing location of mutations in acs2-2 mutant. The acs2-2 mutant

exhibits two mutations in the promoter region and one mutation in the third intron.
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Figure 4.11. Time course of seed germination. Seeds were surface stetilized using 4% (v/v)
sodium hypochlorite. After washing with water, seeds were germinated in plastic petri plates
on premoistened filter paper and sealed with the parafilm. Three different sets of Petri
plates (each set containing three such petri plates), for WT, aw2-7 and aes2-2 mutant seeds
respectively, were kept in darkness. Seed germination was monitored at a fixed interval of
time (12 hr.). (A) Represents aws2-7 mutant seeds germination and (B) represents aes2-2
mutant seeds germination. For seed germination profiling, seeds number, n= 30 * SE.
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Figure 4.12. Ethylene emission from dark grown germinating seedlings of aes2-7, and acs2-2
mutants. To monitor the ethylene emission from WT and mutant seedlings, surface sterilized
seeds were sown in darkness in a tightly sealed 10 mL glass vial on 0.8% (w/v) agar. At 24 hr
intervals one mL of the head space volume was withdrawn from the vial using an injection
syringe. The head space was injected into a gas Chromatogram (model GC-17A, Shimadzu,
Kyoto, Japan) fitted with a flame ionization detector and an activated “Porapack T” column to
determine ethylene levels. Student’s t-test; * for P < 0.05, ** for P < 0.01 and *** for P <
0.001.
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4.2.8 The acs2-1 mutant exhibits longer primary root and more lateral roots

To examine whether acs2-7 mutation affected overall seedling growth and
phenotype, seedling's phenotype was monitored under continuous white light. Among
the few organs, the growth of roots was slightly accelerated in the ass2-7 mutant. In
addition acs2-1 mutant displayed more number of lateral roots compared to WT. In
contrast acs2-2 mutant exhibited slightly higher number of lateral roots, whereas the
primary root length was slightly smaller than the WT (Fig. 4.13).
4.2.9 acs2-1and acs2-2 mutant retain triple response to ethylene

To monitor whether ethylene receptors were functional or not in ass2 mutants,
WT and mutants seedlings after germination in normal air were grown in tightly sealed
boxes containing different concentrations of externally applied ethylene in darkness.
Figure 4.14 depicts that acs2-7 seedlings were more sensitive to the external ethylene
than the wild type. Even at low ethylene concentration (2 mL), aes2-7 mutant seedlings
displayed triple response similar to WT control (Fig. 4.14A and B). On the other hand,
acs2-2 mutant seedlings initiated triple response at higher dose (4 mlL) of externally
injected ethylene compared to WT (Fig. 4.14A and C). Nonetheless, both acs2-1, acs2-2
and WT seedlings exhibited distinct triple response with tightening of terminal hook,
shortening and thickening of hypocotyl and root (Fig. 4.14E and F).
4.2.10 The acs2-1 and acs2-2 mutations elicit pleiotropic effect on plant
morphology

The effect of aes2-1 and aes2-2 mutations was not limited to the seedlings. The
mutants exhibited altered ethylene responses throughout the life cycle of plants. The
mutations also exerted a strong pleiotropic effect on all stages of plant development
from seed germination to senescence. The specific variations in morphological features
of mutants were compared with WT at different stages of development. The acs2-7 plants
displayed faster growth compared to WT {Fig. 4.15A (a)}. Though 45 days old both WT
and acs2-1 plants had the similar number of internodes, but acs2-7 mutant plants are
showing elongated internode and early flowering. Also the leaf has more length than the
WT. After 1.5 months of growth in the green house, mutant plants were distinctly taller
than the WT {Fig. 4.15A (a)}. The leaf of acs2-1 plants harvested from 7" node was pale
in color than corresponding WT leaves of the 45 days old plant from the same node
{Fig. 4.15A(b)}. The acs2-1 mutation also affected the development of reproductive
organs. The mutant plant showed more number of flowers per truss in comparison to

wild type {Fig. 4.15A(c)}. Most of these flowers set fruits after natural pollination which
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resulted in increased fruit set. The number of fruits per truss in acs2-7 mutant was (8%1),
whereas each truss of WT had (5%+1) fruits {Fig. 4.8A (d, e)}. One of the important
feature is straight, long and less green fruit sepals of acs2-7 mutant while WT fruit shows
curly and green sepals {Fig. 4.15A(d, e)}. Taken together, above results indicate that
acs2-1 mutation accelerates the overall development of plants and has a beneficial effect
on fruit yield.

On the other hand, aws2-2 mutant plant exhibited slightly slower growth
compared to WT {Fig. 4.15B (a)}. The leaf color of mutant was more dark green and
curly compared to WT {Fig. 4.15B (b)}. The number of flowers per truss in mutant was
almost similar as WT but flower is small with elongated sepals {Fig. 4.15B(c, d)}.
However, the fruits of aw2-2 mutant were somewhat larger in size than the WT fruits
{Fig. 4.15B (e)}.

4.2.11 The acs2-1mutant leaves exhibit early senescence

Ethylene is known to promote leaf senescence in higher plants (Jing et al., 2005).
Examination of senescence of leaves detached from the vine revealed that aes2-7 mutant
leaves senesced faster than the WT. The yellowing of ass2-7 mutant leaves due to loss of
green chlorophyll was faster than the WT both under continuous white light and also in
darkness when kept for six days (Fig. 4.16A). In contrast, the detached leaves of aws2-2
mutant exhibited a delayed senescence compared with WT when kept for 12 days (Fig.
4.16B).

4.2.12 The acs2-1mutant leaves emits high ethylene

The acs2-1 mutant leaves harvested from plants showed higher level of ethylene
emission compared to WT leaves (Fig. 4.17A). In addition, the total amount of
chlorophyll (Chl. A and Chl. B) and carotenoids in acs2-7 mutant leaf was slightly lower
than the WT leaf. The reduction in pigments level in the ass2-7 mutant leaf may be due to
influence of ethylene on degradation of chlorophyll pigments (Fig. 4.17B).

In contrast acs2-2 mutant leaves exhibited less ethylene emission compared to
WT leaves (Fig. 4.17A). The total chlorophyll and carotenoids content of acs2-2 mutant
leaf was slightly higher compared to WT leaf (Fig. 4.17B).

4.2.13 The acs2-1mutation lowers carotenoid levels in leaf tissue

The influence of acs2-1 mutation on total carotenoid level was also monitored by
resolving individual carotenoids by U-HPLC coupled with PDA detector. A total of
seven carotenoids (Violaxanthin, neoxanthin, lutein, a-carotene, P-carotene, 9’-cis a-

carotene and 9’-cis B-carotene) were detected. The acs2-7 mutant exhibited a slight
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Figure 4.13. Phenotype of 5 days old light grown acs2-7 and acs2-2 seedlings. The length of the
roots was measured and lateral roots were counted. Seedlings were grown on 0.8% (w/v) agar in
three different sets of air-tight Petri plates. The plates were placed in vertical orientation under
continuous white light (100 umole m 2 s) for five days. Each set consisted of three sets of
biological replicates (A, B and C). (Student’s t-test; * for P < 0.05, ** for P < 0.01 and *** for P <

0.001, for root length and lateral roots, seeds number, n= 36 * SE).
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Figure 4.14. Induction of triple response in WT and mutant seedlings to ascertain the functioning
of ethylene receptors. The seedlings of WT and mutants after seed germination were grown in an
air-tight seed germination plastic box on 0.8% (w/v) agat, in the datkness for five days. A known
volume of ethylene (indicated on top of the respective figures) was injected in each box. After five
days, seedling's phenotype was monitored for the triple response and hypocotyls and roots length
were measured. (Student's t-test; *, # for P < 0.05, ** for P < 0.01 and *** for P < 0.001, for
ethylene response experiments, seedlings number, n= 30 * SE).



Figure 4.15. Comparisons of plant phenotype, leaf morphology and flower phenotype
of 45-days-old WT, aws2-1 (A), and aes2-2 (B) mutant plants. A. (a) and B. (a)
Comparisons of plant phenotype. A. (b) and B. (b) Comparisons of leaf morphology
between wild type and mutants. Leaves were taken from the 7 node of the wild-type and
mutant plants. A. (c) and B. (c and d) Comparisons of inflorescences and flowers of
WT and mutants. A. (d and e) and B. (e) Comparisons of fruit phenotype.
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Figure 4.16. Senescence of detached leaves of WT, acs2-1, (A) and aes2-2 (B) mutants. Leaves
were harvested from the seventh node of both mutants and wild type plants of 45 days old.
After harvesting, leaves were placed in petri plates on premoistened filter paper. The petri
plates were kept either under continuous white light (100 umole m?2s') or in darkness
respectively to record leaf senescence. Each such set contained three biological replicates (A-

B).
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Figure 4.17. (A) Estimation of the ethylene emission from leaves of wild-type, acs2-7, and acs2-
2 mutant. Leaves were harvested from the 7% node of 45-days-old plants of wild-type and
mutant lines. (B) Chlorophyll level in leaf tissue of wild type, aes2-7, and acs2-2 mutant. Each
value is the mean of three biological replicates.
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decrease in the levels of xanthophyll and carotenoids compared to WT leaves (Fig. 4.18).
On the other hand a slight increase in levels of xanthophyll and carotenoids were
observed in the leaf of as2-2 mutant compared to WT leaf (Fig. 4.18).

4.2.14 The acs2-1mutation influences phytohormone levels in leaf tissue

A total of seven phytohormones viz. zeatin, indole-acetic acid (IAA), indole
butyric acid (IBA), jasmonic acid (JA), methyl jasmonic acid (MeJA), abscisic acid (ABA)
and salicylic acid (SA) were detected in tomato leaf tissue (Fig. 4.19). Out of seven
phytohormones, the levels of three phytohormones namely JA, and ABA and MeJA
increased in acs2-1 mutant leaves compared to WT (Fig. 4.19). On the other hand,
zeatin, IAA, IBA and SA levels declined in acs2-7 mutant leaves compared to WT (Fig.
4.19).

On the other hand, the acs2-2 mutant leaves exhibited low level of SA but zeatin
level is high compared to WT while the levels of other phytohormones were comparable
to the WT leaves (Fig. 4.19).

4.2.15 The acs2-1mutation affected primary metabolites accumulation

Considering that ACS2 mutation influences leaf morphology, pigments and
hormone levels, the influence of mutation on overall profile of primary metabolites was
examined. A total of 140 primary metabolites, as a whole, were detected in tomato leaf
and fruits. Detected primary metabolites were categorized in different groups like amino
acids, organic acids, alcohols, sugars, fatty acids and their derivatives (Table 4.4A).
Comparisons of metabolites levels revealed that the levels of major primary metabolites
like amino acids, organic acids, sugars and alcohols in ars2-7 mutant leaves were
significantly different compared to WT and aw2-2 mutant leaves respectively (Fig.
4.20A). PCA analysis of primary metabolites corresponding to leaves of WT and mutants
(acs2-1, acs2-2), revealed that the primary metabolites of mutant leaves show different
patterns compared to WT (Fig. 4.20B).

4.2.16 acs2-1 mutant shows accelerated fruit ripening and senescence

Traditionally, on-vine ripening of tomato fruit is categorized into four distinct
phases; mature green (MG), turning (TUR) characterized by development of red color at
the distal end of fruit, red ripe (RR), and fruit senescence/abscission (FA). The effect of
acs2-1 and acs2-2 mutations on the on-vine developmental process of fruits was
monitored by measuring the size of fruits from the date of anthesis till red ripe stage.
While the aes2-7 fruits exhibited smaller in size compared to WT fruit (Fig. 4.21A), the

acs2-2 fruits size was little larger to WT fruits (Fig. 4.21B). During on-vine ripening of
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acs2-1 and WT fruits, the transition between different stages of ripening were recorded by
visual observation of fruit color development. The ass2-7 mutation affected all transition
phases of ripening as a result the fruits showed early ripening and senescence (Fig. 4.22).
In contrast, the acs2-2 mutant fruits exhibited a significant delay in fruit ripening and
senescence. Both aws2-2 and WT fruits reached breaker stage at almost same time (39-40
DPA) (Fig. 4.23B). In contrast acs2-1 mutant fruits attained breaker (32 DPA) stage 7-8
days earlier then WT fruit. After breaker stage, transition to subsequent ripening stages
was slower in aes2-2 mutant fruits compared to wild type and aes2-7 fruits. The wild type
fruits attained red ripe stage in 9-12 days while during same time interval acs2-2 fruits
reached only to orange stage and required additional 8-10 days to reach the fully red ripe
stage (Fig. 4.23A, B). In contrast, the aes2-7 mutant fruits attained red ripe stage within
4-5 days from breaker stage (Fig. 4.23A, B). In total, post-breaker stage, aes2-7 fruit
attained the red ripe stage in five days.

Apart from the accelerated ripening, the acs2-7 mutation also affected the
senescence process of fruit. The on-vine fruit senescence was significant faster in aes2-7
mutant compared to WT and aes2-2 fruits. The acs2-7 mutant fruits stayed on vine 10-15
days after attaining red ripe stage, while WT fruits remained on vine for 20-25 days from
the red ripe stage (Fig. 4.22). Contrastingly, acs2-2 fruits stayed on-vine for a longer
duration of 35-45 days from the red ripe stage without a visible sign of senescence (Fig.
4.22). Above results indicated that the acs2-7 mutation accelerated both onset of ripening
and senescence of fruits, and as2-2 mutation delayed fruit ripening.

4.2.17 The acs2-1 mutant shows higher ethylene emission and reduced firmness of
fruits

Comparison of ethylene emission showed a distinct influence of aws2-7 and aes2-2
mutation during the fruit ripening. In general, ethylene emission gradually increases from
the MG to TUR (turning) and then gradually declines in subsequent ripening stages. At
MG stage in WT and mutant fruits, the ethylene emission was nearly similar except at the
turning stage and red ripe stage of fruits (Fig. 4.24A). At the turning stage, acs2-1 fruits
emitted a very high amount of ethylene compared to WT and aes2-2 fruits. However, at
RR stage ethylene emission declined and was slightly higher than WT. It is likely that
increased ethylene emission at the turning stage of aes2-7 fruits may be related to its
accelerated ripening features. On the other hand, acs2-2 fruits released lower ethylene

emission then WT at TUR and at RR stages.
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Figure 4.18. Carotenoids and xanthophylls levels in leaf tissues of aw2-1, acs2-2
mutants and wild type. (Student's t-test; * for P < 0.05, ** for P < 0.01 and *** for
P = 0.001, for carotenoid estimation, sample number, n= 5 * SE).
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Figure 4.19. Phytohormones profiling of leaf tissue of WT, aw2-7 and acs2-2
mutants. Hormones were determined in 5 independent samples for each line.
Quantification was done by the using calibration for each of the seven
unlabeled hormones (SA, ABA, JA, MeJA, IAA, IBA, and Zeatin). (Student's t-
test; *, # for P < 0.05, ¥, # # for P < 0.01 and *** for P < 0.001).



Table 4.4 List of primary metabolites extracted from Leaf and Fruit tissue of

tomato.

A. Leaf metabolites

Amino acids Organic acids Fatty acids Sugars Miscellaneous
[-alanine Lactic acd Pentanoic acid Erythronic acid Ethylene glycol
L-Valine Glycolic aad Myrstate Lyxofuranose Propane-1,3-diol

Isoleucine Pyruvic acid Palmitic acid Xylose,(anti) Glycerol
Proline Oxalic acid Margarate Xylose,(syn) Hydroxylamine
Glycine Benzoic acid Linoleic acid Arabinose Uracil
Serine Phosphoric acid a-Linolenic acid Ribose Phenyl ether

18-O-
L-Threonine Nicotinic acid Stearic acid Levoglucosan Feruloyloxyoctade

c-9-enoic acid

L-Aspartic aad Maleic acid Arachidic acid Tagatofuranose,(iso 2) | Threonic acid
L-Proline-5-oxo Succinic acid Borate Ribonic acid Hydroxypyndine
GABA Glyceric acid Dehydroabietic acid | Psicofuranose,(iso 2) glzzlé;)ri?;:c_)i_cle
Glutamic acid Fumaric acid Fructose,(anti) UNI1
Phe Alanine Malic acid Fructose,(syn) UN2
L-Tyrosine (E)-Acomutic acid Mannose,(E) UN3
L-Oxnithine Phosphoric acid,der Galactose,(E) UN4
Isocitric acid Glucose,(E) UNS
Citric aad Mannose,(Z) UNG6
2-Ketogluteric acid (Galactose,(Z) UN7
Cinnamic acid Glucose(Z) UNS
Glucopyranose UN9
Sucrose UN10

Myo-Ionositol




B. Fruit metabolites

Amino acids Organic acids Fatty acids Sugars Miscellaneous
ACC Lactic acid Pentanoic acid Erythronic acid Cyclopentenol
Acetyl glycine Caproic acid Nonanoic acid Lyxose Ethylene glycol
I-alanine Glycolic acid Myristate Lyxofuranose Propane-1,2-diol
L-Valine Pyruvic acid Palmitic acid Xylose,(anti) Propane-1,3-diol
Leucine Ogxalic acid Margarate Gluconic acid Glycerol
Isoleucine Malonic acid Linoleic acid Xylose,(syn) 1-Dodecanol
Proline Benzoic acid Oleic acid Arabinose Meso-erythritol
Glycine Pipecolic acid a-Linolenic acid Arabinofuranose Phloroglucinol
Serine Phosphoric acid Stearic acid Ribose
L-Threonine Nicotinic acid Arachidic acid Levoglucosan Ethylbisamine
b-Alanine Maleic acid Docosanoic acid Rhamnose,(anti) 1-Propanamine

Pyroglutamic acid

Succinic acid

Octadecatrienoic acid

Tagatofuranose,(iso 2)

Hydroxylamine

L-Methionine Methyl Succinic acid Borate Ribonic acid Ethyl amine
L-Aspartic acid Glyceric acid Psicofuranose,(iso 2) Cadaverine
L-Proline-5-oxo Fumaric acid Fructopyranose,(iso 2) Uracil

GABA Methylmaleic acid Fructose,(anti) Uridine
L-Cystene Pipecolinic acid Fructose,(syn) Adenosine
Glutamic acid Ttaconic acid Mannose,(E) Phenyl ether
18-O-
Phe Alanine Malic acid Galactose,(E) Feruloyloxyoctade
c-9-enoic acid
L-Asparagine Parabanic acid Glucose,(E) Morpholine
. 2-Pyrrolidone-5- .
I-Glutamine yrrondones Mannose,(Z) Threonic acid
carboxylic acid
IL-Tyrosine L-(+)-Tartaric acid Galactose,(Z) Hydroxypyridine
L-Ormnithine (E)-Aconitic acid Glucose(Z) Thymol-4-d-
glucopyranoside
Phosphoric acid,der Gulonic acid UN1
Tsocitric acid Glucopyranose UN?
Citsic acid N-Acetyl D- UN3
Glucosamine
2-Ketogluteric acid Galacturonic acid UN4
Isocitric acid lactone Fructose-6-phosphate UN5
L-Ascorbic acd Sucrose UNG
Cinnamic acid Myo-Tonositol UN7
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Figure 4.20. Primary metabolite profiling of leaf tissue. (A) Heat map representing the
difference in metabolites level in different biological replicates (1-15) of leaf tissue of WT
(M82) and mutants (acs2-1, acs2-2). Blue color corresponds to low level while red color
denotes high level of particular metabolite. (B) Principal component analysis (PCA) score
plot for metabolites levels in different biological replicates (1-15) of leaf tissue of WT
(M82) and mutants (acs2-1, acs2-2). Metabolites of different leaf tissue were analyzed and
the correlation variances explained by the PC1 and PC2 components are 35.9% and 26.3%
respectively. Blue ellipse represents WT while red ellipse represents acs2-7 and green ellipse
corresponds to acsZ2-2 mutant. In figures, M1 represents acs2-1 mutant leaves and M2

represents acs2-2 mutant leaves.



Figure 4.21. Comparisons of morphology of WT and mutant (aws2-7, acs2-2) fruits at different
maturity stages. Fruits were harvested from the second truss of the vine. The transition between

different stages of ripening was visually monitored by the changes in fruit color.
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ﬁ! llg” kg 148

Figure 4.22. On-vine fruit ripening and senescence of wild-type (M82), aws2-1, and  acs2-2

mutants. Photographs were taken at a five-day interval to depict fruit ripening and senescence of
second fruit truss. The transition between different stages of ripening was visually monitored by
the changes in fruit color. To precisely determine the age of fruits, flowers were tagged at anthesis
and this time point was considered as zero DPA (Days Post Anthesis). Pictures were taken from
mature green + four days stages. Blue arrow mark indicates the day when cracking of fruits in acs2-

7 or rotting of fruits in WT started.
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Figure 4.23. Comparison of ripening promotion of wild type and ass2 mutant fruits. The
fruit development was monitored on vine from post-anthesis (days post-anthesis - DPA)
through different stages of ripening: mature green (MG), breaker (BR), Turning (TUR), Pink
(P), red ripe (RR). The transition between different stages of ripening was visually
monitored by the changes in fruit color. In addition to fruit ripening, no. of flower per truss,
total no. of flowers per plant at a particular time point, total no. of fruit set per truss and no.

of locules per fruit, was also monitored.
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An important determinant of fruit quality is firmness. The impact of acs2-7 and
acs2-2 mutation was also examined on the firmness of fruit during the ripening. On
comparing the fruit firmness of WT and mutants, acs2-2 fruits were firmer at MG, TUR
and RR stage compared to WT fruits (Fig. 4.24B). On the other hand, the aes2-7 mutant
fruits at TUR and RR stages were less firm compared to WT fruits. Nevertheless, the
firmness of aes2-1 mutant fruits at MG stage was similar to WT fruits (Fig. 4.24B).
4.2.18 Mutation in acs2-1leads to increased ACC levels, ACS, and ACO activities

In plant ethylene synthesis is mediated by two enzymes ACC synthase (ACS) and
ACO oxidase (ACO). The ACS generates ethylene precursor ACC from the S-Adenosine
Methionine (SAM) and ACO oxidase coverts ACC to the final end-product ethylene
(Yang and Hoffman, 1984). To determine whether increased ethylene production in aes2-
7 mutant fruits was associated with increased formation of ACC, its level was estimated
in fruits at different maturity stages of WT, aw2-7 and acs2-2 mutant by a modified
protocol of Bulens et al. (2011) (Fig. 4.25). Consistent with the increased ethylene
production, the in aes2-7 mutant free ACC level increased by 1.5 fold compared to WT
(Fig. 4.25A). Above result indicated that increased ethylene production in aes2-7 mutant
fruits was likely due to increased level of ACC. Compared to acs2-7 mutant, at RR stage
the aes2-2 mutant fruits exhibited two-fold decrease in free ACC level compared to WT
truits (Fig. 4.25D).

Though the formation of ACC is the rate limiting step of ethylene biosynthesis, it
is also regulated by changes in the amount of conjugated ACC, 1-malonylamino
cyclopropane-1-carboxylic acid (MACC). In addition to the conversion of ACC to
ethylene, a part of ACC is also converted to MACC by ACC N-malonyl transferase. To
examine the relative conversion between ACC and MACC, the MACC level was
measured in WT, acs2-7, and acs2-2 mutant fruits. Consistent with the increased
production of ethylene, the level of MACC also increased by two-fold in aes2-7 fruits at
RR stage compared to WT (Fig. 4.25B). In contrast, the acs2-2 mutant fruit exhibited
half the level of MACC at RR stage compared to WT (Fig. 4.25E). The total ACC
content of fruits was determined by adding free ACC and MACC, displayed same trend.
Here too, the level of total ACC in aes2-7 mutant fruit was two-fold higher compared to
WT (Fig. 4.25C). Whereas, the total ACC level was half in aes2-2 fruits compared to WT
(Fig. 4.25F).

The possibility that ACS2-1 mutant enzyme may more effectively convert SAM

to ACC was also examined. Since aes2-7 fruits emit increased ethylene, it could reflect
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higher ACS2 activity and concentrations. Similarly acs2-2 fruits emit less ethylene than
WT perhaps due to reduced ACS2 activity. To ascertain this, ACS enzyme activity was
estimated zz-vitro in the fruits of WT and the mutants. Similar to increase in ethylene,
ACS activity showed two-fold increase in the fruits of aws2-7 mutant, whereas fruits of
acs2-2 mutant exhibited 50% lower ACS activity compared to WT (Fig. 4.26A, B).
Together these results suggest that acs2-7 mutation likely affect the conversion of SAM to
ACC through alteration of ACS enzyme.

We next examined whether increase in ACS activity also stimulates ACO activity
in aes2-1 mutant. ACO is the penultimate enzyme in the ethylene biosynthetic pathway,
which convert ACC to ethylene. In-vitro ACO enzyme activity was measured using a
modified protocol of Bulens et al. (2011). Interestingly, aes2-7 mutant also showed a
significant increase in ACO activity in fruits whereas acs2-2 mutant fruits exhibit a slight
decrease in ACO activity compared to WT fruits at different stages of ripening (Fig.
4.26C, D).

4.2.19 Production of polyclonal antibodies specific for ACS2 peptide

The ACS2 specific peptide was identified and synthesized by a USA based
company, PEPTIDE 2.0 (Fig. 4.27A, B). The synthesized peptide with carrier protein
was intramuscularly injected into an albino rabbit to raise antibodies against ACS2
peptide. After each booster dose, the titer value for antibody response was checked by a
dot-blot assay. The assay showed that with every booster injection the titer of antibody
increased in rabbit (Fig. 4.27C-F). After 4™ booster injection the antigen (2 ug) could be
detected even with 1/50,000 dilution of antibody on dot blot. While dot blot are not
specific for a particular antigen, and can have error. Nevertheless, the assay indicated that
antibody titer, again identified ACS2 peptide, was higher after 4™ booster dose.

4.2.20 Purification of antibody fractions and immunoprecipitation of ACS2 protein

The usage of crude enzyme preparation from tomato fruits without any
purification did not reveal any ACS specific band on western blot from both WT and
mutant. This could be due to possibility that ACS2 protein abundance in the crude
extract of tomato fruit is very low and was below the limit of detection (Fig. 4.28A).
Considering this limitation, IgG and IgM fractions were purified from ACS2 antiserum
by DEAE (Diethyl Amino Ethane) Sepharose CL-6B beads to further estimate the ACS2
antibody titer. To visualize the ACS2 protein specific bands on PVDF membrane,
western blot analysis was performed using RR fruit crude extract. A clear protein bands

of size 55 kDa, specific to ACS2 protein were detected on PVDF membrane using
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Figure 4.24. (A) Comparisons of the ethylene emission from fruits of wild type and mutants at
different stages of ripening- mature green (MG), turning (TUR), red ripe (RR). The fruits of wild
type and different mutant lines were harvested from the second truss of the vine and ethylene
emission was determined as described in methods. Each value is the mean of three biological
replicates. (B) Measurement of fruit firmness. The firmness of fruits was measured using
Durofel DFT 100. Firmness value was recorded by measuring each fruit at equatorial plane two
times. Three-four fruits of each wild-type (M82) and mutants were used for
measurements. Note: 1 DUR unit is equal to 9 kg/cm? pressure.
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Figure 4.25. Estimation of 1-aminocyclopropane-1-carboxylic acid (ACC) in WT and mutant
fruits at different stages of ripening. A and D represent amount of free ACC, B and E represent
bound ACC in the form of MACC whereas C and F corresponds to total ACC in mature green,
turning and red ripe fruits of WT and mutant respectively. (Student's t-test; * for P < 0.05, ** for P
= 0.01 and *** for P < 0.001, for each fruit maturity stage, n=3 + SE).
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Figure 4.26. Determination of ACS and ACO enzyme activities in WT and mutant fruits. A
and B represent ACS activity while C and D represent ACO activity. (Student’s t-test; *, #,
and + for P < 0.05; **, ##, and ++ for P < 0.01; and ***, ###, and +++ for P < 0.001, for

each fruit maturity stage, n=3 * SE).
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Figure 4.27. Production of polyclonal antibodies specific for ACS2 protein. Three antigenic
peptides specific to ACS2 protein was predicted by PEPTIDE 2.0 (A). Out of three peptides,
N-terminal region peptide "EHGENSPYFDGWKAYDSD" specific to ACS2 protein was
selected to be synthesized by PEPTIDE 2.0 (B). Collected the polyclonal antisera after 1%, 204,
3t and 4™ booster dose and checked for titer value by DOT BLOT assay (C-F).
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purified IgG fraction (Fig. 4.28B). To check whether the antibody raised against ACS2
protein specifically reacted only to ACS2 protein, the immunoprecipitation (IP) of ACS
activity was carried out. It is expected that in assay of ACS2 interacting with antibody, it
can be precipitated by binding complex to protein-A Sepharose. The residual enzyme
activity left in the supernatant was reflected the loss of ACS2 protein by binding to
antibody. The effect of IP was compared by using preimmune serum and IgG fraction at
different dilutions (1/25, 1/300 and 1/800). A maximum teduction in ACS activity was
observed with IgG at 25 fold dilution. At higher dilution (1/800), ACS activity was
similar to control. There was no effect of pre-immune serum at all dilutions (Fig. 4.29).

Interestingly, a significant reduction in ACS activity (3 fold) was observed in the
the supernatant of RR fruits of WT after pelleting the immunoprecipitates. In case of
acs2-1 the supernatent showed the 4 fold reduction in the activity after incubation with 25
fold diluted IgG and immunoprecipitation. Similatly the ass2-2 mutant fruit extracts after
immunoprecipitation showed 3 fold reduction in activity (Fig. 4.29).
4.2.21 The acs2-1mutant RR fruits exhibit increased level of ACS2 protein

The immunoprecipitated ACS2 protein was denatured with SDS-PAGE sample
loading buffer and subjected to Western blot analysis to check the levels of ACS2 protein
in WT and mutant fruits (acs2-1 and aes2-2). The blot showed no detectable ACS2 bands
for MG and BR (TUR) fruits of mutants and WT. The intensity of ACS band in RR
fruits was highest in aes2-7 mutant compared to WT and acs2-2 mutant (Fig. 4.30A). The
western analysis of serial dilutions of WT and mutants extracts from RR fruits indicated
that the intensity of 5 pg protein band of ass2-7 mutant was equal to 20 pg protein of
WT. Therefore, the level of ACS protein in RR fruits of aes2-7 mutant may be four times
higher than the WT (Fig. 4.30A-B). On the other hand, the serial dilutions indicated that
the level of ACS protein in aes2-2 mutant fruit was about one fourth compared to WT
fruits (Fig. 4.30A-C).
4.2.22 Genetic analysis confirmed that acs2-1is a recessive mutation

The acs2-1 mutant (3) was crossed with the parental WT M82 (?), and the
resultant I, progenies were analyzed for the pattern of segregation of acs2-7 mutant loci
and inheritance of the mutant phenotype. Genomic DNA from BCF; plants was
subjected to mismatch-specific CEL I endonuclease assay for mutation (Fig. 4.31). The
morphological traits of BC,F like fruit size, fruit color, leaf color, and plant height were
similar to WT (M82) phenotype (Fig. 4.32). The BC,F, progenies from the selfing of

BCiF; {aes2-1 (3) x WT (Q)} were examined for its segregation ratio of mutant versus
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WT and heterozygous seedlings. The mutations were confirmed for BC,F, plants by
using CEL I mismatch assay, which involved analysis of two sets, the original genomic
DNA isolated from each F, plant and the genomic DNA of F» plants mixed with WT
parent DNA. Among these two sets only the sets with heteroduplexes would show the
cut DNA fragments (Fig. 4.33). Out of 140 BC/F, lines screened, 29 plants were
homozygous for acs2-1 mutation, 61 plants were in heterozygous condition, and 30 plants
were WT homozygous while remaining 20 plants were not confirmed due to failure of
PCR reactions. The segregation ratio of F, plants was 1(WT): 2(Het): 1(mutant). The p-
value for calculated (chi-square) 2 (0.244) was p = 0.62, suggesting that the mutation is
monogenic and segregating in 3(WT): 1(acs2-7) ratio (Table 4.5, 4.6). The genotypic
screening of mutant homozygous I plants showed the true aes2-7 progenies while the
plants with WT phenotype showed both homozygous (WT) and heterozygous nature.
4.2.23 Co-segregation of F, (mutant homozygous) phenotype with genotype
4.2.23.1 The F, (M) plants exhibit accelerated fruit ripening and early senescence

As mentioned above the acs2-7 mutation accelerates the on-vine ripening process
of fruits. To ascertain genotype and phenotype co-segregation, the homozygous mutant
fruits along with earlier reported WT control in section no. 4.2.16, F» (Mutant) plants
were analyzed for on-vine fruit ripening. The F, (M) fruits exhibited comparatively
similar diameter to acs2-7 mutant fruit (Fig. 4.34). During the on-vine ripening the
transition between different stages of ripening of I, (M) fruits were recorded by visual
observation of fruit color development. The I, (M) fruits showed early ripening and as
well as senescence of fruit similar to parental aes2-7 fruits (Fig. 4.35). The on-vine fruit
senescence process was significantly early in F» (M) compared to WT fruits. The F, (M)
fruits stayed on vine 11-16 days after attaining red ripe stage that was almost similar to
acs2-1 fruits (Fig. 4.35). The I, (M) mutant fruit attained turning stage earlier than the
WT fruit (33 DPA). The F, (M) fruits also attained red ripe stage within four to five days
from TUR stage (Fig. 4.36A, B). In total, post-turning stage, F» (M) fruit attained the
red ripe stage in four days. These results indicated that the F» (M) fruits showed an
accelerated onset of ripening and faster senescence like parental aes2-7 fruits.
4.2.23.2 The F, (M) plants exhibit an increase ethylene emission and lesser
firmness of fruits

At the turning stage, the F» (M) fruits emitted higher amount of ethylene similar
to the earlier reported parent acs2-7 fruits. It is likely that increased ethylene emission at

the turning stage of F, (M) and parent acs2-7 fruits may be correlated with accelerated

9% |Page



A. Immune serum B. IgGfraction IgM fraction

RR crude extract RR crude extract RR crude extract
M 5 10 15 20 5 10 15 20 5 10 15 20

120 kDa
82 kDa
62 kDa

55 kDa 55kDa
45 kDa
34kDa
26 kDa
16 kDa

12kDa

Figure 4.28. Western blot from ACS2 antiserum and purified polyclonal IgG and IgM
fractions. (A) Different concentration (5-20 pg) of crude extract of RR fruits of WT (M82)
was loaded on gel with protein marker (M) and western blot assay was performed by immune
serum. (B) Purification of IgG and IgM isotype was carried out on DEAE (Diethyl Amino
Ethane) Sepharose CL-6B chromatography (weak anion exchanger). Analyzed the different
fractions of Igs obtained after elution for the specificity of the ACS2 protein by western blot.
On 12% SDS-PAGE gel different concentration (5-20 pg) of crude extract of RR fruits of
WT (M82) was loaded and confirmed the ACS2 specific bands of 55 kDDa using molecular

weight size marker, by IgG and IgM fractions by western blot.
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Figure 4.29. Immunoprecipitation (IP) of ACS2 protein from the enzyme extract by polyclonal
IgG fractions of ACS2 antiserum. ACS activity in the RR fruits of WT and mutants was
determined. Immunoprecipitation of ACS protein was carried out by different dilutions of IgG
antibodies (1/25, 1/300 and 1/800) and protein-A Sepharose beads. After pelleting of antigen-
antibody complex the supernatants were analyzed for the ACS activity. (Student’s t-test; * for P

< 0.05, ¥ for P < 0.01 and *** for P = 0.001, for each fruit maturity stage, n=3 * SE).
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Figure 4.30. Western blot analysis of immunoprecipitated ACS2 protein at different stages of
tomato fruit ripening. (A) IgG-mediated, immunoprecipitated ACS2 protein content was
quantified by Bradford's assay. An equal amount (20 pg) of IP proteins from different maturity
stages of tomato fruits of WT and mutants after boiling in SDS-PAGE buffer was loaded on
12% SDS-PAGE gel. To check the ACS2 protein levels at RR stage in WT and mutants (acs2-7,

acs2-2), the IP proteins were serially diluted and western blot analysis was carried out (B-C).
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Figure 4.31 (A). Schematic representation of backcross of acs2-7 mutant and (B) Confirmation of
mutation in BC,F, plants on Li-COR gel. Amplified and digested one Kb PCR product using end
labelled (IR dye) Subset I of Set II primers (Table 3.2) of F, plants, mutant (acs2-7) and WT (AV,
AC, and M82) was loaded on Li-COR gel. The cut fragments at 700 channel for mutation were
approximately 90 bp, 140 bp, 170 bp, and 930 bp respectively whereas at complementary 800
channel were 70 bp, 830 bp, 860 bp, and 910 bp respectively, represented by red arrow heads. The
lanes indicated by blue and green arrow heads represents the aes2-7 mutations in heterozygous and

in homozygous condition respectively.
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Figure 4.32 (A-B). Comparisons of plant phenotype (45 days old), leaf morphology, flower and fruit
phenotype of WT, acs2-1 mutant and BC,F, plants. Leaves were taken from the 7* node of the wild-
type and mutant plants (45 days old). Flower inflorescence and fruits were taken from the second
truss of the 90 days old tomato vine for comparisons. The bottom, side top and cut halves of fruits

are shown.
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Figure 4.33. Confirmation of mutation in BC,F, plants on Li-COR gel. The CEL I digested one
Kb PCR product (using Subset I of Set II primers) (Table 3.2) amplified from genomic DNA of
BC,F, plants, mutant (aes2-7) and WT (M82) plants was loaded on Li-COR gel. The cut fragments
at 700 channel for mutation were approximately 90 bp, 140 bp, 170 bp, and 930 bp respectively
whereas at complementary 800 channel were 70 bp, 830 bp, 860 bp, and 910 bp respectively,
represented by red arrow heads. M represents molecular weight ladder, lane 2 corresponds to WT
(M82) sample, and lane 3 corresponds to mutant homoduplex. Lane no. 4, 5, 8, 12, 13, 15, 18, 19,
21,22, 24, 25, 206, 29, 30, 34, 40, 43, 44, and 45 corresponds to heteroduplex digested PCR product

of BC,F,. Remaining lanes do not show any mutations.



Table 4.5 BC,F, segregation ratio.

F, population Mutant wWT Not

Crosses Heterozygous

XZ P-Value

size (Homozygous) (Homozygous) | confirmed

0.244 0.62
X 140 29 61 30 20 . :
0.254 0.88
AcSz- (1:2:1)  (1:2:1)
) - -
Table 4.6 Table for calculation of chi-square value.
df Xoas Xoa0 Xors Xas0 X00 X300 Xhso Xozs X0 Xhos
1 0.000 0.000 0.001 0.004 0.016 2.706 3.841 5.024 6.635 7.879
2 0.010 0.020 0.051 0.103 0.211 4.605 5.991 7.378 9.210 10.597
3 | 0072 | 0115 | 0216 | 0352 | 0584 | 6251 | 7.815 | 9.348 | 11.345 | 12.838
4 0.207 0.297 0.484 0.711 1.064 7.779 0.488 11.143 | 13.277 | 14.860
5 0.412 0.554 0.831 1.145 1.610 9.236 11.070 | 12.833 | 15.086 | 16.750
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Figure 4.34 (A-B). Comparison of variations in fruit morphology between wild-type,
mutant and F, (M). Fruits were harvested from the second truss of the vine. The transition

between different stages of ripening was visually monitored by the changes in fruit color.

Figure 4.35. On-vine fruit senescence study. For on-vine fruit senescence study we have
selected second fruit truss of reported parent wild type (M82), reported parent mutant (acs2-7)
and F, (M) respectively in greenhouse grown tomato plants. Pictures were taken from
orange/pink stages. The blue arrow heads represented the days (42 DPA in a¢s2-1 mutant and
44 DPA in F,M) on which cracking of fruits initiated.
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Figure 4.36. Comparison of ripening of BC,F, (M) fruits with earlier reported wild-type
parent (M82) and mutant parent (acs2-7) in Figure 4.23. (A) Stacked bar graph represents
the on-vine fruit development through different stages of ripening: mature green (MG),
breaker (BR), Turning (TUR), Pink (P), red ripe (RR). (B) Table shows few other
monitored features like number of flower per truss, total number of flowers per plant at a
particular time point, total number of fruit set per truss and number of locules per fruit,
of parent mutant, BC,F, compared with parent WT.
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Figure 4.37. Measurement of ethylene emission from fruit and fruit firmness. (A) The
bar graph represents the comparisons of ethylene level at mature green (MG), turning
(TUR), red ripe (RR) stages of parent wild-type (M82), parent mutant (axs2-7) and F , (M)
fruits. (B) Comparisons of fruit firmness of parent wild-type (M82), parent mutant ( acs2-
7) and F, M) at different fruit maturity. Each value is the mean of three biological
replicates. Firmness value was recorded by measuring each fruit at equatorial plane two
times. (Student's t-test; * for P < 0.05, ** for P < 0.01 and *** for P < 0.001, for each fruit
maturity stage, n=3 * SE).
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ripening features (Fig. 4.37A). On comparing the fruit firmness with the earlier reported
parent WT and aes2-7, the F, (M) fruits had firmness similar to parent aes2-7 fruits at MG,
TUR and RR stage (Fig. 4.37B).
4.2.23.3 Brix and pH values of F, (M) fruits were similar to acs2-1 fruits

The influence of mutations was also examined on the pH and Brix content of I,
(M) fruits during the ripening. The parent acs2-7 and F, (M) RR fruits showed slightly
higher Brix level than ass2-2 and parent WT (M82) fruits (Fig. 4.38). On comparing the
fruit pH value at RR stage of parent WT (M82), parent acs2-1, F» (M) and aes2-2 mutant,
the acs2-2 fruits were less acidic at RR stage compared to parent WT, parent acs2-7, and
F>» (M) fruits (Fig. 4.38).
4.2.24 The acs2-1mutation alters phytohormone levels in fruits

To identify the effect of mutations in ACS2 gene on phytohormones, the
hormone profile of fruits of parent WT, parent acs2-1, I», and acs2-2 mutants was
examined at different maturity stages viz.,, MG, TUR and RR. Hormones level in fruits
extract were quantified by using UPLC/ESI-MS. Out of nine examined hormones, a
total of six phytohormones viz. zeatin, indole-acetic acid (IAA), jasmonic acid (JA),
methyl jasmonic acid (MeJA), abscisic acid (ABA) and salicylic acid (SA) were detected
(Fig. 4.39). Out of six phytohormones, the levels of zeatin, JA, MeJA, ABA and SA
were high at all the three stages of fruits of acs2-7 and also in its F. (M) progeny
compared to WT fruits (Fig. 4.39A-R). In contrast, the IAA level was nearly 50% in
acs2-1 and F» (M) compared to WT fruits (Fig. 4.39D-F). The JA level in the MG and
TUR tissue of I, (Het) of aes2-7 mutant was below the limit of detection (Fig. 4.39]-K).
On the other hand, the ass2-2 mutant fruits exhibit a significant low levels of ABA (at RR
stage), zeatin, MeJA and SA compared to WT fruits in all the three stages. The levels of
other phytohormones like IAA and JA were similar to the WT fruits (Fig. 4.39).
4.2.25 The acs2-1mutation enhances carotenoids accumulation in fruits

One of the main characteristics of tomato (Solanum lycopersicum) fruit ripening is a
massive accumulation of carotenoids (mainly lycopene), which contribute to the nutrient
quality of tomato fruit. Previous studies indicated that ethylene plays a central role in
promoting fruit ripening. However, some recent studies indicated that jasmonic acid
plays a positive role in lycopene biosynthesis independently of ethylene as well as in the
presence of ethylene (Liu et al., 2012). The profiles of fruits carotenoids and xanthophyll
were examined at different maturity stages. A total of 12 carotenoids (phytoene,

phytofluene, {-carotene, lycopene, 3-carotene, a-carotene, lutein, Y-carotene, B-carotene,
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zeaxanthin, antheraxanthin and neoxanthin) were detected (Fig. 4.40A-0O). Only a few
carotenoids (phytoene, lycopene, lutein, and B-carotene) were detected in all the three
stages (MG, TUR, and RR) of fruits. Zeaxanthin, antheraxanthin, and neoxanthin were
detected only in MG and TUR stages of fruits (Fig. 4.40-L). The levels of most of the
carotenoids like phytoene, phytofluene, {-carotene, lycopene, -carotene, 3-carotene and
neoxanthin, were higher in RR fruit of aw2-7 and its F, (M) progeny compared to WT
fruits (Fig. 4.40). The acs2-2 mutant fruits exhibit relatively low levels of carotenoids
except lycopene, compared to WT fruits. However aes2-2 fruits have overall higher total
carotenoids level at TUR and RR stages due to higher accumulation of lycopene (Fig.
4.40N-0O). The total carotenoids levels were higher in acs2-7 and its Fo (M) progenies in
all the three maturity stages of fruits compared to WT (Fig. 4.40M-O).

4.2.26 The acs2-1mutant fruits have higher level of folates

Folate is an essential compound belonging to vitamin By group that mediate
transfer of one-carbon (C1) units in reactions involved in C; metabolism (Hanson and
Roje 2001, Scott et al., 2000). Chemically, folate molecules are composed of a pterin ring,
a p-aminobenzoic acid, and a glutamate. The cellular folate pool is represented by a
complex mixture of tetrahydrofolate, (THF) and its derivatives, which differ in the
oxidation state of the pterin ring or in the oxidation state of the carried C; unit and in the
number of glutamate moieties ranging from one to approximately eight y -linked
glutamates.

The aes2-1 mutant fruit emits high ethylene as well as increased ACS2 activity and
elevated level of ACC. The precursors for ACC are methionine and adenosine nucleotide
respectively. Due to the involvement of folates as a co-factor in various important
biochemical reactions specially, in amino acids (methionine) metabolism and nucleotide
(adenosine) biosynthesis, the folate levels were examined in ACS fruits. The RR fruits of
acs2-1 mutant exhibited 1.5 fold increase in total folate level compared to WT while aes2-2
fruits exhibited a folate level similar to WT fruits (Fig. 4.41). Tetrahydrofolate (THF)
moiety was not detected at RR stage of fruits. Only the derivatives of THF like 5-
Methylene-THF, 5, 0-Methenyl-THF and 5-Formyl-THF, were detected (Fig. 4.41).
4.2.27 The acs2-1mutation affects primary metabolites levels in fruits

It has been reported that during on-vine ripening in tomato, the levels of major
hexoses, glucose and fructose, cell wall components such as galacturonic acid, and for

amino acids such as aspartic, glutamic acid, and methionine increases. Major changes
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Figure 4.38. Estimation of total soluble solids (Brix value) and pH of fruits of parent
WT (M82), parent mutant (acs2-7) and F, (M) at RR stages. Error bar graph
corresponds to the difference in the Brix values and pH values of RR tomato fruits.
(Student's t-test; * for P < 0.05, ** for P < 0.01 and *** for P < 0.001, for each fruit,

n=3 % SE).
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Figure 4.39. Phytohormones profiling of fruits of WT (M82), mutants (acs2-1, acs2-2), and F,
progenies of acs2-1. (A-R) The bar graphs compare phytohormones (SA, ABA, JA, MeJA, TAA,
and Zeatin) levels at different fruit maturity (MG, TUR and RR). (Student’s t-test; * for P <
0.05, ** for P = 0.01 and *** for P < 0.001, for each fruit maturity stage, n=>5 * SE).
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Figure 4.40. Carotenoids and xanthophyll profiling. (A-L) The bar plots compare the carotenoids
levels in fruits of WT (M82), mutants (acs2-1, acs2-2), and F, progenies of aes2-1 at different fruit
maturity stages. (M-O) Stacked bar graph represent the total carotenoids present in W'T, mutants and

F, progenies at each fruit maturity stage. Each value is the mean of five biological replicates. (Student’s
t-test; * for P < 0.05, ** for P < 0.01 and *** for P < 0.001).
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were also observed at the components of TCA cycle, showing a decrease in malic acid,
fumaric acids, and accumulation of citric acid (Oms-Oliu et al., 2011).

A total of 140 primary metabolites were detected in tomato fruit and leaf
respectively. Detected primary metabolites were categorized in different groups like
amino acids, organic acids, alcohols, sugars, fatty acids and their derivatives (Table
4.3B). Comparisons of metabolites level revealed that the levels of major primary
metabolites like amino acids, organic acids, sugars and alcohols in acs2-7 mutant fruits
were significantly different compared to WT and aes2-2 mutant at different maturity
stages of fruits respectively (Fig. 4.42A). The PCA analysis (the correlation variances
explained by the PC1 and PC2 components are 13.8% and 19.9% respectively) of
primary metabolites corresponding to fruits of WT and mutants (aes2-7, acs2-2), revealed
that the primary metabolites of WT fruits shows different pattern compared to mutants
(Fig. 4.42B).

Interestingly in RR fruits of aes2-7 mutant ACC accumulate at a level high enough
to be detected. To best of our knowledge, ACC has not been detected by GC-MS along
with primary metabolites in normally maturing tomato fruits. Identification of ACC in
primary metabolites also support our result of showing elevated ACC levels in acs2-1
mutant fruits (Table. 4.4B) (Fig. 4.42E). In contrast, ACC level in WT and acs2-2
mutant fruits was below the limit of detection. Levels of major hexose sugars like
glucose, fructose and galactose, and some organic acids like citric acid, ascorbic acid, and
some amino acids such as aspartic acid, pyroglutamic acid, glutamic acid and methionine
were very high at all the stages of aes2-7 mutant fruits than the WT and aes2-2 fruits (Fig.
4.42C-K). On the other hand the levels of some metabolites like malic acid, GABA
(gamma amino butyric acid), proline, 5-Oxoproline and phosphoric acid was higher in
acs2-2 mutant fruits compared to WT and aes2-7 fruits (Fig. 4.42C-K).

The heat map of metabolites corresponding to different fruit maturity of WT,
acs2-1 mutant, and acs2-1 F, progenies showed the very different pattern of metabolite
accumulation. As indicated by yellow circle, the expression pattern of few metabolites
was similar in SS stages of acs2-7, FoM, and Fohet fruit (Fig. 4.43A). PCA analysis
indicated that the primary metabolites of WT fruit shows different pattern than acs2-7
mutant and F, homozygous mutant fruits. On the other hand the metabolome of I
heterozygous mutant fruits is intermediate between WT and aes2-7 mutant (Fig. 4.43B).

This suggests the co-segregation of metabolite trait (phenotype) with the genotype of
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acs2-1 T, populations and also shows that the acs2-7 mutation may have affected even in
heterozygous state.

4.2.28 1-MCP treatment delays on-vine ripening and revert primary metabolite
expression in acs2-1 mutant fruits

At standard temperature and pressure, 1-MCP (1-Methylcyclopropene) is a gas
with a molecular weight of 54 and a formula of C4Hs. It is believed that 1-MCP occupies
the ethylene receptors thus blocking ethylene action. After 1-MCP binds to receptors, the
ethylene cannot bind and elicit its action. Sisler and Serek (1997) proposed a model of
how 1-MCP reacts with the ethylene receptor. The affinity of 1-MCP for the receptor is
approximately ten times greater than that of ethylene. Compared with ethylene, 1-MCP is
active at much lower concentrations. 1-MCP also influences ethylene biosynthesis in
some species through feedback inhibition. Examination of the effect of 1-MCP on acs2-1
mutant and WT fruits under on-vine condition (Fig. 4.44A, B) revealed that the 1-MCP
application significantly delayed ripening by (8 days in WT fruits and three days in aes2-7
fruits. When a single fruit of a truss is enclosed in bag with 1-MCP, the fruits show
differential regulation of ripening. However this differential regulation occurs due to the
slowing down the autocatalytic ripening by ethylene (Fig. 4.44C). The expression levels
of few primary metabolite like pyruvic acid, oxalic acid, malic acid, citric acid,
methionine, glutamic acid, GABA, glycine, tyrosine, glucose, mannose, fructose etc. was
also different in 1-MCP treated fruits of WT and acs2-7 mutant compared to untreated
one (Fig. 4.44D-E).

Interestingly ACC level in the 1-MCP treated fruits of aw2-7 mutant was below
detection limit (Fig. 4.45A-C). Compared to the untreated tissue, the levels of major
hexose sugars like glucose, fructose and galactose, and some organic acids like citric acid,
ascorbic acid, and some amino acids such as aspartic acid, pyroglutamic acid, glutamic
acid was found very low in aes2-7 fruits. Moreover, we did not detect methionine in the
treated tissue of acs2-7 fruits (Fig. 4.45). On the other hand the expression level of some
metabolites like malic acid, GABA (gamma amino butyric acid), proline, 5-Oxoproline
and phosphoric acid was found increased in 1-MCP treated tissue of WT and acs2-7 fruits
(Fig. 4.45A-I).
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Figure 4.42. Relative metabolite accumulation in wild type and mutants (aes2-1, acs2-2) fruits at
different maturity stages. (A) Heat map representing the difference in metabolites level in MG,
TUR, and RR fruits of WT (M82) and mutants (acs2-7, acs2-2). Blue color corresponds to low
level while red color denotes high  level of particular metabolite. (B) Principal component
analysis (PCA) score plot for metabolites levels in different maturity stages of fruits of WT (M82)
and mutants (aes2-1, acs2-2). Metabolites of different fruits were analyzed and the correlation
variances explained by the PC1 and PC2 components are 13.8% and 19.9% respectively. Blue
ellipse represents W'T, while red ellipse represents acs2-7, and green ellipse corresponds to aes2-2
mutant. In score plot, the numbers 1, 4 and 7 corresponds to the MG stages, 2, 5 and 8
corresponds to TUR stage and 3, 6 and 9 represents RR stages of fruits of WT as well as
mutants. In score plot, M1 represents acs2-7 mutant and M2 represents acs2-2 mutant. (C-E) Bar
graphs comparing relative response ratio of amino acids in fruits at different stages. (F-H) Bar
graphs comparing relative response ratio of major organic acids in fruits at different stages. (I-K)
Bar graphs comparing relative response ratio of major sugars in fruits at different stages.
(Student’s t-test; * for P < 0.05, ** for P < 0.01 and *** for P < 0.001).
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Figure 4.43. Relative metabolite accumulation and clustering in wild type, aes2-7 mutant, and F,
fruits at different maturity stages. (A) Heat map representing the comparison of metabolites
accumulation in fruits of W, aws2-7 mutant and its F, progenies at different fruit maturity. Yellow
circles indicates the group of metabolites wit the similar expression profile in senescing fruits of
acs2-1, F, homozygous mutant, and F, heterozygous. Green color corresponds to low level while
red color denotes high level of particular metabolite. The numbers representing the exact
mass/retention time of the corresponding metabolites. (B) Principal component analysis (PCA)
score plot for metabolites levels at different maturity stages of fruits of WT (M82), mutants (aes2-
7), and mutant F, progenies. The correlation variances explained by the PC1 and PC2 components
are 72.9% and 11.6% respectively. Cyan ellipse represents WT, red ellipse represents acs2-7 mutant,
blue ellipse corresponds to mutant F, in homozygous, and green ellipse representing the
metabolites in F, heterozygous fruits. The no. 1, 5, 9, 13 correspond to MG stages, 2, 6, 10, 14
correspond to TUR stages, 3, 7, 11, 15 correspond to RR stages, and 4, 8, 12, 16 represent the SS
stages of respective fruits.
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Figure 4.44. On-vine treatment of 1-MCP to mature green fruits of WT and acs2-7 mutant plants.
(A) represents experimental setup for the treatment of 1-MCP on MG fruits. (B) corresponds to
the delayed in ripening of WT as well as mutant fruits after treatment of 1-MCP. (C) represents
the difference in ripening of same truss fruits after treatment of 1-MCP. Five biological replicates
were considered for the experiment. (D) Heat map representing the difference in metabolites level
in 1-MCP treated and untreated MG, TUR, and RR fruits of WT (M82) and mutants (acs2-7). Blue
color corresponds to low level while red color denotes high level of particular metabolite. (E)
Principal component analysis (PCA) for metabolites levels at different maturity stages of 1-MCP
treated and untreated fruits of WT (M82) and mutant (aes2-7). The correlation variances explained
by the PC1 and PC2 components are 47.8% and 9.5% respectively. Blue crosses represents
untreated WT, and red ellipse represents untreated acs2-7. Green and cyan ellipse corresponds to
MCP treated acs2-1 mutant and WT respectively. In score plot, the numbers 1, 4, 7, and 10
corresponds to the MG stages, 2, 5, 8, and 11 corresponds to TUR stage and 3, 6, 9, and 12
represents RR stages of fruits of WT as well as mutants. In score plot, M represents acs2-7 mutant.
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Figure 4.45. Relative accumulation of primary metabolites (Amino acids, Organic acids, and
Sugars) in fruits of WT and aw2-7 mutant after on vine treatment with 1-MCP (1-
Methylcyclopropene). The histogram (group error bars) were plotted by placing amino acids (A-C),
organic acids (D-F) and sugat's (G-I) on y-axis and their corresponding relative response ratio
value on X-axis using Systat.SigmaPlot.v11.0 software. The relative response ratio value is obtained
by dividing the metabolite peak area by reference (ribitol) peak area. (Student’s t-test; * for P < 0.05,

** for P < 0.01 and *** for P < 0.001).
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4.3 Discussion
4.3.1 The acs2-1and acs2-2 are novel mutant alleles

To improve shelf life of tomato, till date, major focus has been on the
manipulation of ethylene production, perception and action employing either sense or
antisense technology (Hamilton et al., 1990; Oeller et al., 1991; Theologis et al., 1993; Ye
et al., 1996; Xiong et al., 2003, 2005). All these attempts have been largely successtul in
obtaining low ethylene producing tomatoes, displaying an extended shelf life but with
compromised fruit quality traits. Gupta et al. (2013) delayed ripening in tomatoes by
silencing three homologs (ACS7.A4, ACS2, and ACS6) of the 1-aminocyclopropane-1-
carboxylate synthase (ACS) gene during ripening using RNAi technology. The chimeric
RNAI-ACS construct designed to target ACS homologs effectively repressed the ethylene
production in tomato fruits. Fruits from such lines exhibited delayed ripening and
extended shelf life for ~45 days, with improved juice quality. So far in tomato, only one
ethylene receptor mutant Nr (INever ripe) has been identified that confers insensitivity to
ethylene (Lanahan et al, 1994; Wilkinson et al., 1995). The homologs of ethylene
signaling components similar to Arabidopsis have also been identified in tomato
(Tomato Genome Consortium, 2012; Lashbrook et al., 1998; Zhou, 1996).

In contrast, till date, there is no natural mutant in ethylene biosynthesis pathway
in tomato has been identified. In tomato the ACS2 mutant alleles (acs2-7 and acs2-2) were
isolated from EMS-mutagenized M; seeds of M82 cultivar. ACS carries out the rate-
limiting step in ethylene biosynthesis (Yang and Hoffman, 1984) and in tomato it is a
part of multi-gene family, comprising nine homologs, which are differentially expressed
(Cara and Giovannoni, 2008). ACS2 and ACS4 are responsible for the climacteric burst
of ethylene production at the onset of ripening (termed System-2). Sequencing of mutant
alleles revealed nucleotide changes at positions A3452 to G and T5174 to A in exon 2
and 4 respectively, leads to the amino acid changes K100 to R and V352 to E
respectively, in the ACS2-1 protein. On the other hand in the ass2-2 mutant, two
mutations were in the promoter region and one mutation was located in intron three.
Unlike @es2-1 mutant, the mutation in acs2-2 may not have a direct effect on protein
structure and function.

4.3.2 The acs2-1is an ethylene overproducer while the acs2-2is an ethylene under
producer mutant

The classic ethylene-mediated "triple response" phenotype of etiolated seedlings

has been used to isolate several mutants that are defective in ethylene response in

101 |Page



Chapter 4 ACS2 ALLELES

Arabidopsis (Guzman and FEcker, 1990). The triple response is characterized by
exaggerated apical hook, shortening of hypocotyl and root length and radial swelling at
the base of hypocotyl of etiolated seedlings. The seedlings that failed to display above
characters in the presence of ethylene were selected as ethylene insensitive mutants.
Etiolated seedlings of acs2-7 mutant were more sensitive to external ethylene compared
to acs2-2 seedlings. At a very low concentration of ethylene, the aes2-7 seedlings exhibited
the triple response. The retention of triple response indicated that ethylene signaling
pathway in both mutant seedlings was not affected due the mutations in the ACS2 gene.

In Arabidopsis it is reported that the ethylene stimulates seed germination
(Bleecker et al., 1988; Wilson et al., 2014) whereas seeds of ethylene insensitive e#7-7
mutants show sluggish germination (Chiwocha et al., 2005). The asc2-7 mutant seeds
germinated earlier than WT and while as2-2 mutant showed delayed germination. The
contrasting behavior of these two mutants with respect to the seed germination indicated
that the mutations may have affected the overall ethylene production from the seeds and
also the germinating seedlings. The examination of ethylene emission from the
germinating seedlings of WT and the mutants confirmed above presumption. A time
course analysis of ethylene emission from the germinating seeds and during seedling
growth revealed that the aws2-7 seedlings emitted high amount of ethylene than the WT.
It can be assumed that enhanced synthesis of the ethylene from above mutant may have
stimulated the seed germination. In contrast the acs2-2 seedlings emitted low amount of
ethylene compared to WT seedlings during the course of seed germination and seedling
growth. Since ethylene is needed for seed germination, the block in ethylene emission
may have contributed to the delayed seed germination of the acs2-2 mutant.

The post-germination phenotype of the seedlings of mutants was largely similar
to the wild type yet it revealed few subtle differences. Recent studies reported that the
ethylene negatively regulates the lateral root formation in Arabidopsis (Ivanchenko et al.,
2008) and tomato (Negi et al., 2008, 2010). Contrary to this the light-grown aes2-7 mutant
though produced more ethylene (in dark grown condition) showed higher number of
lateral root formation than the WT. On the other hand the acs2-2 mutant also showed
slightly higher number of lateral roots. However, it is possible that the increased lateral
root in the mutants may be due to secondary mutations and may not be related to the
ACS2 mutations. However this can only be ascertained by genetic analysis after crossing
with the WT parent. In addition Negi et al. (2010) grew tomato seedlings on the nutrient

agar that is supplemented with the minerals. In this study we grew the seedlings on the
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agar without any nutritional supplement. It is known that the mineral nutrient and sugars
strongly influences the lateral root formation (Lopez-Bucio et al., 2003; Gupta et al,,
2015). The other difference could be the genetic background of M82 (used in this study)
and Ailsa Craig (used by Negi et al., 2008), which may have contributed to the difference
in the lateral root numbers. Evidently the differences between this study and earlier study
indicate that a more detailed analysis is needed to ascertain why aes2-1 mutant initiated
more lateral roots than the wild type. This is analysis is also important considering that ¢p7
mutant of tomato that overproduces ethylene and have some degree of constitutive
ethylene signaling show reduced numbers of lateral roots (Negi et al., 2008). A
comparison of ep/ mutant with that of aes2-7 would be interest to see influence to these
two loci on plant phenotype.

It is known that while ethylene or its precursor ACC inhibits hypocotyl
elongation in dark-grown seedlings, in light-grown seedlings ethylene or ACC stimulates
the hypocotyl elongation (Smalle et al., 1997; Vandenbussche et al., 2003). Likewise, the
light grown acs2-1 seedlings show longer root and hypocotyl length compared to WT and
acs2-2.

Another intriguing result was that the ethylene is reported to inhibit the root
elongation in the light-grown seedlings (Ruzicka et al., 2007), however the root of acs2-1
mutant was slightly longer than the WT, while those of acs2-2 were shorter than WT.
However, in this case too, the growth conditions used in this study, where seedlings were
grown on nutrient free agar may have contributed to above phenotypes.

It is of interest to note that the primary root of the both aws2-7 and aes2-2 dark-
grown seedlings were much longer than the WT. It is in contrast with the action of the
ethylene as during triple response ethylene induces shortening of the primary root of the
seedlings. It is also in contrast to tomato e¢p/ mutant that show some amount of
constitutive triple response with its dark-grown seedlings display much shorter hypocotyl
and root than the parent seedling (Barry et al,, 2001). Though acs2-7 seedling show
slightly shorter hypocotyl, its primary root is nearly double in length than the WT
control. On exposure to ethylene the roots of both mutants become shorter than the
corresponding wild type control.

4.3.3 The acs2-1 and acs2-2 mutations shows the pleiotropic effect on plant
morphology

The phenotypic characterization of AACS2 mutants indicated that mutation affect

the several developmental process of plants. The acs2-7 mutant exhibited light green
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color phenotype in the seedlings stage as well as of foliage compared to WT, while the
acs2-2 mutant leaf are dark green compared to WT. It is not known whether the
Arabidopsis ef0] mutant (Guzman and Ecker, 1990) and tomato ¢p7 mutant also has pale
green color in the seedlings. However, the pale color of cotyledons and of primary leaf of
one-week-old light-grown seedlings of acs2-7 was similar to Arabidopsis ¢yfokinin resistant!
(oyr1), a cytokinin signaling mutant (Deikman and Ulrich, 1995). However, a remarkable
difference between acs2-1 and ¢yr! mutants is that ¢r7 mutant exhibits incomplete
cotyledons and leaf expansion, consistent with the observed phenotype of cytokinin
insensitive plants (Cary et al., 1995) whereas aws2-7 mutant exhibits fully expanded
cotyledons and leaf. The pale green phenotype of the ass2-7 mutant is displayed
throughout the vegetative development, compared to WT and aes2-2 mutant

The aes2-2 mutants show dark-green leaves compared to its wild type parent.
Similar to this mutant, the maize Z7ACS6 mutant also produces less ethylene similar to
acs2-2 mutant, and exhibit increased chlorophyll content in the leaf (Young et al., 2004).
It can be surmised that the ethylene production from plants have an effect on the
chlorophyll accumulation, where more ethylene inhibits chlorophyll production and less
ethylene promotes the chlorophyll accumulation.

It is reported that normally in the adult plant ethylene suppress the elongation of
the plants except in flooding resistant plants (Abeles et al 1992). However in this study
we observed that the acs2-7 mutant plants grew faster than the WT control. The
information about role of ethylene in growth of adult plant is incomplete and also most
often the action on vegetative growth takes place by a combined action of several plant
hormones (Vandenbussche et al 2012). The promotive effect of ethylene is well
document for hypocotyl elongation and ethylene also promotes elongation growth for
shade avoidance (Vandenbussche et al 2012).

4.3.4 The acs2-1 mutation affects the ACS2 activity

Since ACS is the key enzyme in regulation of ethylene biosynthesis considerable
information has been collected about its regulation and function. The activity of ACS
proteins are regulated by several different mechanisms such as phosphorylation, ubiquitin
mediated protein degradation, dimerization etc. In ripening tomato fruits ACS levels are
regulated not only transcriptionally but also post-translationally. Tatsuki and Mori (2001)
showed that ACS2 protein in the extract of wounded tomato fruits fed with [*P]
inorganic phosphate was phosphorylated at Serine 460 located at the C-terminal region.

However, another isoform ACS4 was not phosphorylated 7#-vitro, indicating that different
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ACS isozymes have different post-translational regulatory mechanisms, such as
phosphorylation. This observation is in conformity with existence of three different types
of ACS enzymes in plants and tomato ACS2 and ACS4 belong to different classes with
respect to their phosphorylation.

A complete inactivation of ACS2 protein was observed on deletion of the C-
terminus of protein through Arg 429. In contrast, a deletion of 46—52 amino acids from
the C-terminus increased the substrate (SAM) affinity of truncated enzyme by nine-fold
higher than the wild-type enzyme (Li and Mattoo, 1994). The truncation also caused the
loss of dimerization of ACS2 protein, which in WT exists as dimer. These studies
highlighted the importance of non-conversed C-terminus of ACS protein indicated that
the deletion in this region affects its enzymatic function as well as dimerization.

Huai et al. (2001) analyzed the crystal structure of ACS protein of tomato and
found that in dimeric form N-terminal amino acid 11-19 interact with the C-terminal
region helix H14. Further, biochemical studies indicated that this interaction is important
for conformation, stabilization, and catalytic activity of ACS protein (Li and Mattoo,
1994; Li et al., 1996). Evidently, the C-terminus residues of ACS protein differentially
regulate its catalytic activity either by stabilizing the protein or by enhancing the activity
of the enzyme.

Considering above, it is evident that the mutation in C-terminus of ACS2 protein
can have affect the function of protein. Several studies have indicated that turnover of
ACS protein also plays an important role in regulating ethylene emission from plants
(Chae and Kieber 2005). The acs2-7 mutant carried five mutations of which two caused
distinct change in the amino acids. The nucleotide changes at positions A3452 to G and
T5174 to A in exon 2 and four respectively, lead to the amino acid changes K100 to R
and V352 to E respectively, in the ACS2-1 protein. The use of PARESNP predicted that
these non-synonymous changes may not be deleterious in the nature. The changes lead
to SIFT scores of 0.12 (K100 to R) and 0.85 (V352 to E) units respectively, and PSSM
differences were 7.6 and -9.7 respectively. These values indicated that the mutation
would not affect the function of ACS2 protein as for a loss of function the SIFT score
should be less than 0.05 unit and PSSM difference should be more than 10 units
(Beckstette et al., 2006; Huang et al., 2010; Sim et al., 2012). The 3-D model indicated
that the amino acid changes were located in the a-helix of protein surface and most likely

did not affect the active site interface.
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However the prediction from the SIFT score and PSSM value are tentative as it
does not account for a specific features of protein which may be related to the post-
translational modification of the proteins. One of the important regulators of ACS
activity is the turnover of the protein that is regulated by the C-terminus of the protein
(Chae and Kieber 2005). Tomato ACS2 is phosphorylated by a CDPK at a conserved
serine residue Ser-460 at c-terminal of the protein (Tatsuki and Mori 2001). Importantly,
it is believed that above phosphorylation of ACS protein blocks binding of the
ETO1/EOL proteins. That in turn inhibits the ubiquitination of the ACS proteins and
protects ACS from degradation by the 26S proteasome. In addition to this ACS stability
is also regulated by action of MAP kinases (Liu and Zhang 2004). However it remains to
be established whether the two mutations in ACS2-1 protein changed its capacity for the
phosphorylation.

In addition to potential changes in protein phosphorylation, there are other
mechanisms that may have increased the stability of ACS2-1 protein. In-vivo ACS
protein exists in homodimeric as well as heterodimeric form (Yamagami et al. 2003;
Tsuchisaka and Theologis, 2004). The two amino acid changes in o-helix of ACS2
protein may interfere with protein folding as valine (V), a neutral non-polar amino acid at
position 352 in amino acid chain is converted to glutamic acid (E), an acidic polar amino
acid while lysine (K), a basic polar amino acid is changed to arginine (R), a basic polar
amino acid. The change in polarity and the functional group present in amino acids can
alter the bonding pattern with different amino acids, molecules, etc. As a result alteration
in the folding pattern of protein, it may stimulate higher degree of phosphorylation that
may make protein more stable.

While the molecular basis of regulating protein stability is not known and at the
best can be guessed, the data obtained in this study favors that the mutations increased
the stability of the ACS2-1 protein. First, the acs2-1 mutant seedlings show higher
emission of ethylene and similar high emission is also seen in the fruits and also in the
leaves. Second, Several phenotype of the plant such as early seed germination, enhanced
senescence and accelerated fruit ripening and the senescence are consistent with higher
ethylene biosynthesis from the aes2-7 mutant plants. Third, the aes2-7 mutant show higher
accumulation of ACC than the WT at RR stage of the fruits, which is also supported by
detection of ACC in the primary metabolites of the mutant fruits. The immunoblots of
ACS2-1 protein isolated from red ripe fruit of aes2-7 mutant and the WT parent show 4

fold higher level of ACS2-1 protein in the fruit than the WT. Taken together these
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evidences indicated the higher emission from acs2-1 mutant most likely results from the
increased stability of the protein.

Among the two ACS mutant isolated in this study, the aes2-2 mutant lacked any
mutation in the ORF of the protein. It had two mutations in the promoter region and
one mutation in intron three, which being not the part of the coding region; would not
affect the function of ACS2-2 protein. However due to mutations in the promoter
sequence it may affect the affinity for binding of regulatory transcription factors to the
promoter region may be altered. The evidence indicated that the acs2-2 mutation reduced
the expression of ACS2 protein in the mutant. Its properties were opposite to that
discussed above for acs2-1 mutant. The acs2-2 mutant showed lower emission of ethylene,
delayed seed germination, slower leaf senescence, delayed fruit ripening and longer shelf
life of the fruits. Contrary to acs2-7 mutant the acs2-2 mutant showed reduced amount of
on immunoblots of ACS2 protein isolated from red ripe fruits compared to the WT
parent. It remains to be determined whether the transcripts of ACS2 were also lower in
the aes2-2 mutant, which may have contributed to the reduced amount of ACS2 protein.
4.3.5 The acs2-1and acs2-2 mutations affect the ripening and shelf life of fruit

The acs2-1 and acs2-2 mutations affect all the phase of fruit development and
ripening, however their action were contrastingly opposite. The development of acs2-1
mutant fruit was accelerated at all stages of the ripening. Consequently all the ripening
related phases were much shorter in acs2-7 mutant compared to wild type after attaining
MG phase. The mutant fruits also attained MG stage earlier than the WT. Likewise acs2-7
fruits reached BR stage seven days eatlier than WT. From post-breaker stage, ripening
was accelerated in aes2-7 fruits and fruits reached RR stage in stage while WT fruits took
15 days to attain RR Stage. Contrarily, all ripening phases were longer in aes2-2 mutant.
The acs2-2 mutant fruit attained MG and BR stage with somewhat closer days. However
post-breaker stage ripening was very slow in aes2-2 mutant fruits. The mutant aes2-2 fruits
attained the red ripe stage in 20 days compared to 15 days for WT.

The observed ripening behavior of these two mutants was consistent with
ethylene being prime regulator of tomato fruit ripening. The acs2-7 fruits emit almost
two-fold higher ethylene than the WT fruits while the aes2-2 fruits emit 25% less ethylene
than WT fruits. In tomato it is well established that during fruit ripening ethylene
regulates the climacteric rise of respiration and associated biochemical and physiological
change such as softening, color and aroma production (Oeller et al., 1991; Giovannoni,

2007). During system II rise of ethylene during in tomato fruit ripening it is believed that
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increase in the levels of ACS2 and ACS4 activity is responsible for the burst of ethylene
at the onset of ripening. However, above conclusions is basically derived from analysis
of transcript level of these genes and directly correlation to respective enzyme activity of
ACS2 and ACS4 has not been demonstrated.

The transgenic evidences favors role of ACS enzyme in regulating tomato
ripening. Oeller et al. (1991) demonstrated that silencing of ACS2 exhibited a marked
inhibition in the ethylene production and delay in onset of fruit ripening and silenced
fruits never turned red and soft. Similarly Gupta et al. (2013) demonstrated that silencing
of three ACS isoform ACS71A, ACS2 and ACS6 substantially delayed the ripening.
Several other evidences indicated that manipulation in ethylene biosynthesis or
manipulation in perception and action of ethylene enhances the shelf-life of fruits (Oeller
et al., 1991, Hamilton et al., 1990; Theologis et al., 1993; Xiong et al., 2005; Xie et al.,
20006; Giovannoni, 2007). Our results are in conformity with these reports and provide
additional evidence that mutations in ACS2 affect the ripening attributes of tomato
fruits. Till date no mutations in tomato .4CS gene have been identified. The correlation
of fruit ripening with reported ACS2 mutations is first such report in tomato and add
new perspectives to regulation of fruit ripening.

Consistent being an overproducer of ethylene, the aws2-7 mutant fruits on-vine
after attaining RR stage showed shorter life. The fruit skin after few days of RR stage
started cracking on vine a mark of early senescence of on-vine ripened fruits. The
cracking caused the loss of water and fruits underwent spoilage. Even the fruits without
cracking of skin started losing water after 10 days of attaining RR Stage. On the other
hand aes2-2 mutant showed prolonged on-vine shelf-life of fruits compared to WT. The
progress in softening of acs2-2 fruits was very slow, and fruit remained firm and fresh up
to 50 days after the breaker stage. Similarly, Gupta et al. (2013) reported that silencing of
three ACS homologs ACS2, ACS1.A, ACS6 substantially increased the off-vine shelf life
of fruits for ~45 days.

During ripening, a distinct change occurs in composition and texture in the cell
wall of fruit. The up-regulation of genes regulating the cell wall disassembly such as
EXP1 (Expansinl), PG (Polgalacturonase), TBG4 (B-galactosidased) and XTHS5 (a-xyloglucan
endotransglucosylase/ hydrolase) is associated with tomato fruit softening. The up-regulation
of these genes is dependent on ethylene and induced during ripening (Brummell, 2000).
Considering that expression of EXP7, TBG4, and XET is down regulated in ripening

mutants such as 7n, nor, and Nr fruits which are more firm confirm that the expression
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of these genes are associated with fruit ripening (Smith et al., 2002; Brummell 2006). The
reduced expression of PG, EXP1, TBG4 and XTH5 was also observed in chimeric RNAi
lines of ACS2-ACST1A-ACS6 genes (Gupta et al, 2013) consistent with reduced
production of ethylene and enhanced shelf life of fruits. Though we have not examined it
is likely that while in aes2-7 mutant the cell wall disassembly is promoted, it is inhibited in
acs2-2 mutant. The decreased firmness in aes2-7 mutant that minimized the shelf life of
fruits might be due to up-regulation in activities of the cell wall modifying genes. On the
other hand, in the acs2-2 mutant reduction in activities of the cell wall modifying enzymes
increased the firmness and enhanced the shelf life of fruits.
4.3.6 The acs2-1 mutant shows increase in the levels of several phytohormones
Fruit ripening involves well-orchestrated coordination of several regulatory steps,
which brings about subtle changes to the metabolic and physiological traits in ripening
fruits (Klee and Giovannoni, 2011; Seymour et al., 2013). The ripening process involves
the initiation of multiple genetic and biochemical pathways, however the molecular
hierarchy of these regulators is not well understood. Many of these changes during
ripening may be brought about changes in response to various hormones other than
ethylene. Among the hormones the major ripening control seems to be achieved
predominantly by ethylene and recent evidences favors a role for ABA too (Giovannoni,
2004; McAtee et al,, 2013). In tomato and peach fruits, the maximum ABA content
precedes the climacteric ethylene production. It has been shown that ABA promotes
ripening by promoting ethylene biosynthesis through up-regulation of ethylene
biosynthesis genes (Sun et al., 2012a). The aes2-7 fruits showed increased levels of ABA
and several of its phenotype may have relationship with increase in ABA level. In
transgenic plants with RNAi silenced NCED shows 20% reduction in ABA levels which
in turn leads to reduction in expression of several cell wall modifying enzymes (Sun et al.,
2012a) and enhanced shelf life of fruit. It is likely that increase in ABA level in the acs2-7
mutant promotes the activity of these enzymes and thus reduces the on-vine life of fruits.
Likewise the lower level of ABA in acs2-2 mutant fruit may have contributed to increase
in the on-vine life of the mutant fruit. Alternately there seems to be interplay between
ethylene and ABA during tomato fruit ripening and together these may have contributed

to regulation of shelf life in acs2-7 and aes2-2 mutant fruit.
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Few studies have reported that GA application delay fruit ripening in tomatoes,
peach mango, sapota etc. (Dostal and Leopold, 1967; Martinez-Romero et al., 2000;
Singh et al., 2007; Sudha et al., 2007). However GA reportedly plays a role during early
tomato fruit development (De jong et al., 2009, Serrani et al 2007). In apple, mangoes,
pears and tomatoes fruits the endogenous level of methyl jasmonate (M]) increases with
the progression of ripening (Fan et al., 1998). However in this study the GA level in the
tomato fruit was below the detection level at all stages of ripening in both mutants and
the wild type.

In tomato fruits, it is reported the jasmonates can regulate the lycopene
formation independently of ethylene (Liu et al, 2012). In JA-deficient def/ and spr2
mutants, the lycopene content is significantly lower in the fruits, while overexpression of
prosystemin that increases level of JA in turn enhances lycopene level. In this study the
acs2-1 mutant showed higher level of both JA and MeJA, which may have also influenced
observed higher levels of lycopene and other carotenoids in the fruits.

The acs2-1 mutant also show increase in the zeatin level at all stages of ripening.
While cytokinin and ethylene can interact with each other at several levels, one of the
levels is the regulation of ACS5 activity. In etiolated Arabidopsis seedlings though
cytokinin induce the ethylene synthesis (Vogel et al. 1998) it is mediated not by increase
in transcript levels rather by increasing the stability of ACS5 protein (Chae et al. 2003).
The cytokinin likely block targeting of ACS5 protein for rapid degradation by the 26S
proteasome (Wang et al. 2004). Though ACS2 protein is stable in acs2-7 mutant, whether
such a mechanism operates in acs2-7 mutant remains to be investigated.

The role of hormones like salicylic acid has not been investigated in details in
relation to fruit ripening. In the industry pre-treatments with methyl salicylate is used as a
postharvest handling tool to reduce chilling injury of tomato fruit (Zhang et al., 2011).
The available information on salicylic acid is limited to application of exogenous salicylic
to MG or ripening fruits (Ding and Wang 2003), where the observed effects can be
artefactual. The observed increase in salicylic acid level is first report in ripening tomato
fruits. Though there is no direct evidence, but it can be speculated that the increase in
endogenous salicylic acid in acs2-7 mutant may have advantage as aes2-7 tomato mutant
lines would be less sensitive to chilling injury.

The observed increase in the hormonal level was specifically related to the acs2-7
mutation and also showed a strong genetic linkage. For all the observed hormonal levels

in acs2-1 mutant were also similarly observed in the F, progeny of a genetic cross. The
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homozygous I, mutant lines showed similar increase in the phytohormone levels,
whereas homozygous wild type I lines did not show such increase. It is therefore clearly
evident that aes2-7 mutation affects the levels of other hormones too and observed effect
on ripening in addition to ethylene may involve other hormones too.

The influence of the acs2-2 mutant on the phytohormone levels was largely
opposite to that of acs2-7 mutant. It can be assumed that the effect of aes2-7 mutation on
the physiological responses would be also opposite to those observed for acs2-7 mutant
and therefore are not discussed in details. Both mutations also influenced the levels of
auxin but the RR stage the differences are not apparent with respect to the wild type and
appears that IAA effect on the metabolism is mainly restricted at MG stage and
diminishes during ripening.

4.3.7 The acs2-1mutant shows increased carotenoids levels in fruits

During tomato fruit ripening, development of red color is associated with the
conversion of chloroplast to chromoplast with a concomitant increase in carotenoids
levels consisting of mainly lycopene and B-carotene. An association between ethylene
action and carotenoid accumulation is evident in N7 mutant of tomato that due to a
dominant mutation in ETR3 ethylene receptor show reduced amount carotenoid
accumulation in fruits (Lanahan et al., 1994). Several reports have indicated that during
the ripening burst of ethylene is associated with increased expression of PSY7, which
may contribute to increase in lycopene accumulation via phytoene and phytofluene
(Bramley, 2002; Giovannoni, 2007). Oeller et al. (1991) reported that antisense
suppression of ACS2 gene in tomato inhibited the development of red color due to
which reduced accumulation of lycopene. The reduction in the production of ethylene in
fruits of chimeric RNAi ACSs line (ACS2, ACS6, ACS1.A) was associated with reduced
lycopene accumulation and expression of PSY7 gene (Gupta et al., 2013). In addition to
ethylene jasmonic acid also induces lycopene biosynthesis independently as well as in
presence of ethylene (Liu et al., 2012).

Interestingly, in the acs2-7 mutant fruit along with overproduction of ethylene
and jasmonic acid levels are also upregulated. The acs2-7 mutant also shows increased
accumulation of carotenoids (especially lycopene) in acs2-1 fruits than WT. It is likely that
both ethylene and also JA may have contributed to above increase in the lycopene level.
It is also likely that increase in the levels of carotenoids in this mutant may have
contributed to the increase in ABA levels, as carotenoids serves as precursor for ABA

(Nambara and Marion-Poll, 2005). The influence of ass2-7 mutant on lycopene formation
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is evident on all steps of precursor formation, which show increased accumulation of
phytoene, phytofluene and C-carotene in the RR fruits.

Unexpectedly the fruits of aw2-2 mutant also showed increased level of the
lycopene in the fruits and thus had more carotenoid content in the RR fruits. On the
other hand unlike @ss2-7 mutant it did not show any elevated levels of carotenoid
precursors. The reason for the carotenoid accumulation in aes2-2 mutant is not known
but can be speculated. One of the reasons could be that the RR stage in ass2-2 mutant is
attained after nearly 20 days after BR stage. During this period the carotenoid synthesis
continues and due to longer transition time from BR to RR stage it accumulate more
carotenoids especially lycopene as in RR fruits of tomato preferentially accumulates
lycopene. It is also reported the transgenic reduction of ABA level in tomato fruits
improves the shelf life of fruits and also enhances the accumulation of carotenoids. This
is consistent with the hormonal profiles of ass2-2 mutant that shows reduced amount of
ABA in the RR fruits.

Interestingly, lycopene content while substantially increased in acs2-2 fruits, but
no differences were observed in the accumulation of 3-carotene in aes2-2 fruits compared
to WT. It is an intriguing observation that increased lycopene is usually associated with
increased B-carotene level. The exact cause of this is not known. The climacteric increase
in ethylene may arise from the interplay of various phytohormones. In a recent research
Liu et al. (2012) reported that jasmonates (JA) induce the lycopene biosynthesis
independently of ethylene formation in tomato fruits. This ethylene independent
formation of carotenoids is restricted only to the formation of lycopene, not on the -
carotene. Since aes2-1 mutant and also F, (M) plants emit high levels of ethylene and has
high level of JA, it is likely that these two hormones may combinedly may have
contributed to very high levels of carotenoids (lycopene) biosynthesis in our mutant fruit
might be mediated by jasmonic acid (ethylene-dependent). Since lycopene is the most
abundant carotenoid found in tomatoes it is regarded as the bioactive component
alternative for the remedy of chronic diseases (Ford and Erdman Jr, 2012). Considering
this the aes2-7 mutant might be potentially useful for developing early maturing variety of
tomato with high carotenoid content in fruit.

4.3.8 The total folate level is high in acs2-1 mutant fruit

Folates represent all forms of vitamin B found in biological systems while folic

acid is the synthetic form found in dietary supplements and fortified foods (Tamura et

al., 20006). Iniesta et al. (2009) investigated the level of 5-methyltetrahydrofolate in
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commercial raw tomato cultivar harvested in Murcia (Spain). They found the maximum
level in Ronaldo cultivar, equal to 31.5 pug/100 g FW. In particulat, folates have a role in
various one-carbon transfer reactions, including purine and pyrimidine biosynthesis,
amino acid metabolism, methylation of nucleic acids, proteins, and lipids (Lucock, 2000).

Due to the involvement of folates as a co-factor in various important
biochemical reactions specially, in amino acids (methionine) metabolism and nucleotide
(adenosine) biosynthesis, the folate levels were examined in ACS fruits. Interestingly the
RR fruits of aes2-7 mutant exhibited 1.5 fold increase (46-48 pg/100 g) in total folate
level compared to WT while aes2-2 fruits exhibited a folate level similar to WT fruits. The
high folate level in acs2-7 mutant fruits is correlating with high ethylene as well as
increased ACS2 activity and elevated level of ACC.

4.3.9 The acs2-1 mutation increases the flux of primary metabolites coupled to
ethylene biosynthesis and respiration in fruit

The fruit ripening represent a critical period whereby traits, such as organoleptic
composition are established and ultimately dictate the final quality of the fruit. Water,
organic acids (primarily citrate and malate), and minerals accumulate inside the vacuole of
expanding cells (Coombe, 1976) while starch accumulates transiently and is converted
subsequently to reducing sugars (Wang et al, 1993). Organic acids are important
components in tomatoes that strongly influence fruit taste and overall quality. Citric acid
is the major fruit acid, followed by malic acid and several less abundant acids such as
ascorbic acid, dehydroascorbic acid, citramalic, shikimic, fumaric, isocitric, succinic,
lactic, maleic, saccharic, gluconic, gulonic and tartaric acids (Oms-Oliu et al., 2011).
Shikimic acid, which is only detected and is highly abundant in very young fruit, is also a
precursor for the biosynthesis of tryptophan, phenylalanine and tyrosine (Carrari and
Fernie, 2000). Citric acid content increases with maturation up to a maximum during the
postharvest stage, whereas malic acid concentration decreases during maturation and
ripening (Oms-Oliu et al., 2011).

The major sugar and sugar alcohols in tomato fruit are glucose, fructose, sucrose,
galactose and inositol, whereas maltose, raffinose, glucose-6-phosphate, mannitol and
sorbitol are only present in minor concentrations (Oms-Oliu et al., 2011). As ripening
commences, plastid-stored starch is converted to sugars such as d-glucose and d-
fructose, which accumulate to levels above those required for respiration (Tucker, 1993).
Both glucose and fructose occur in equal quantities in fruit during ripening (Oms-Oliu et

al., 2011), which is generally attributed to invertase activity responsible for breaking down
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sucrose (Richardson et al,, 1990). As a result, ripe tomatoes have increased levels of
fructose, glucose whereas sucrose levels decrease progressively during maturation and
ripening of fruit. Galactose, galacturonic acid, and mannose have been identified as
primary cell wall components associated with ripening-related softening. Their levels
increase throughout maturation and ripening in parallel to the decreasing firmness (Oms-
Oliu et al.,, 2011), indicating a breakdown of the cell wall complex (Oms-Oliu et al.,
2011).

Oms-Oliu et al. (2011) demonstrated that concentrations of amino acids vary
with different stages of maturity and ripening. Significant increases in glutamic and
aspartic acid, methionine, phenylalanine and threonine are visible, whereas, at the same
time, a reduction in levels of GABA, B-alanine, glycine and valine is shown throughout
maturation and ripening. Other amino acids, such as asparagine, glutamine, leucine,
isoleucine and serine increase at the breaker stages and decrease at subsequent
postharvest stages. Besides fatty acids, free amino acids provide an important source of
precursors for various aroma volatiles in tomato fruit, such as 2-phenylethanol, 2-
isobutylthiazole, and phenyl acetaldehyde (Buttery and Ling, 1993). Finally, an increase in
methionine is observed at the onset of ripening (Oms-Oliu et al., 2011). This can be
understood given methionine is an important ethylene precursor (Adams and Yang,
1977). However, methionine levels continue to increase during postharvest storage when
ethylene production drops again (Oms-Oliu et al., 2011).

An exhaustive study of primary metabolites in #or, rin, and Nr mutant of tomato
was done by Osorio et al. (2011) and concluded that the levels of major sugars like
glucose, fructose, and sucrose were reduced during development of fruit ripening in
these mutants. During ripening the levels of few amino acids like Phe, Asp, Ile, Glu, and
Ala were increased in these mutants whereas the levels of GABA, b-Ala, Thr, Ser, Gly,
and Val were decreased during ripening. All three mutants displayed no alteration in their
levels of malate and succinate across the studied period. Furthermore, levels of citrate
and isocitrate changed significantly only in #or.

Interestingly, we reported the ACC as a primary metabolite in normal maturing
acs2-1 mutant fruit that is the clear indication of elevated level of ACC in our mutant,
because till now nobody has reported ACC as a primary metabolite in normally maturing
tomato fruits. After fine analysis and comparison of metabolites, it was observed that the
level of major hexose sugars like glucose, fructose and galactose, and some organic acids

like citric acid, ascorbic acid, and some amino acids such as aspartic acid, pyroglutamic
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acid, glutamic acid and methionine was very high in red ripe stage of acs2-7 mutant fruits
than WT. But the expression level of some metabolites like malic acid, GABA (gamma
amino butyric acid), serine, proline, 5-Oxoproline and phosphoric acid levels were found
low to moderate in acs2-7 mutant fruit as compared to WT. On the other hand, we did
not detect ACC and methionine in ass2-2 mutant fruits, and additionally the levels of
malic acid, GABA (gamma amino butyric acid), serine, proline, and 5-Oxoproline were
high compared to WT.

On the basis of primary metabolite expression level in our mutant we propose a
model indicates the high expression level of intermediates related to ethylene
biosynthesis resulted in the high ethylene emission from aes2-7 mutant fruits. High
ethylene level activates the TCA cycle and respiration rate that ultimately leads to early
senescence in mutant compared to WT.
4.3.10 On-vine 1-MCP treatment reverting the primary metabolites levels in fruit

1-Methylcyclopropene (1-MCP) radically inhibits ripening of tomato fruit. The
increase in ethylene production and internal ethylene concentration associated with the
climacteric stage of ripening are delayed by 1-MCP treatment (Hoeberichts et al., 2002;
Krammes et al., 2003; Opiyo & Ying, 2005). Other ripening processes that are inhibited
include respiration (Colleli et al., 2003; Wills & Ku, 2002), color change and softening
(Mir et al. 2004; Mostofi et al., 2003; Opiyo & Ying, 2005). Generally, 1-MCP treatment
influences physicochemical changes of tomato fruit, as well as a reduction in decay,
weight loss and extends storage life of the fruit. 1-MCP treatment of tomato fruit cv.
Faustine F; significantly reduced respiration rate and ethylene production during storage,
reduced natural weight loss during the storage period compared to the untreated fruit,
and also showed storage potential and market value of tomato fruit depended on the
treatment with 1-MCP, stage of maturity and storage temperature (Wrzodak and
Gajewski, 2015).

On the basis of results obtained by on-vine treatment of 1-MCP on fruits, we can
conclude that the treatment of 1-MCP can overcome the expression level of
intermediates related to ethylene biosynthesis resulted in the low ethylene emission from
acs2-1 mutant fruits. Low ethylene level slowly down the TCA cycle and respiration rate
that ultimately leads to delay ripening of fruits in the acs2-7 mutant as well as in WT.

In this study, we reported the isolation of two mutant alleles of ACS2 gene. The
two missense mutations in acs2-71 (Lys 100 to Arg) and (Val 352 to Glu) in a-helix of

protein polypeptide chain likely increased stability of the ACS2-1 protein, leading to
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higher ACS activity. The accumulation of ACS2 protein in mutant fruits resulted in an
elevated level of ACC and ethylene emission as well as increase in ACS and ACO
enzyme activities. acs2-1 fruits also showed elevated levels of carotenoids and citric acid
that accelerated fruit ripening and also resulted in accelerated senescence of fruits. Since
acs2-1 mutant ripens eatrlier, this allele can be used for developing early maturing tomato
variety with high carotenoid content in fruit. acs2-2 is a novel mutant with no mutation in
the coding region but has two mutations in the promoter region and one mutation in the
third intron. The mutations in promoter appear to reduce the accumulation of ACS2
protein in fruits, and mutant fruits emit a lower amount of ethylene. The lower level of
ACS2 protein appeared to leads to lower ACC level and decreased ACS enzyme activity
in fruits. In aes2-2 mutant, the accumulation of carotenoids was higher than WT. Due to
the high level of malic acid, the ars2-2 mutant fruits showed delayed ripening and
senescence with the long on-vine life of fruits. Taking this into account, the aws2-2
mutant is an excellent allele for developing tomato with long shelf life and high lycopene

content in the fruit.
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5.1 Introduction

EcoTILLING is a modified TILLING strategy that is widely used for the
detection of polymorphisms in target genes in natural populations (Comai et al., 2004).
Similar to the pooling of DNA from a mutagenized population used for TILLING, the
DNA from different natural accessions are pooled and examined for polymorphism by
EcoTILLING against a reference cultivar. The DNA from natural accessions can be
either mixed with reference cultivar DNA, or it can be mixed with different lines.

Similar to TILLING, EcoTILLING also employs cleavage of heteroduplex
formed at the point of polymorphism by the action of mismatch specific endonucleases
CEL I. The cut fragments are detected by any standard electrophoresis method such as
agarose gel or polyacrylamide gel; capillary electrophoresis; HRM etc. EcCOTILLING is a
cost-effective technique as pooling and later de-convolution of samples is less critical,
and also the number of individuals to be sequenced for each representative haplotype
can be minimized.

Like TILLING, EcoTILLING has been widely employed in various plant species
from Arabidopsis to the orphan crops for which genome sequences are not available like
cassava, ground nut, millets, etc. (Till et al., 2007). EcoTILLING has been extensively
used to identify the genetic variability in Arabidopsis thaliana (Comai et al., 2004), Populus
trichocarpa (Gilchrist et al., 2008), V7gna radiata (Barkley et al., 2008), Phaseolus vulgaris
(Galeano et al., 2009), Musa spp. (Till et al., 2010) etc. In addition to the identification of
genetic variation, this technique has also been applied to detect new alleles that conferred
biotic and abiotic stress in Hordeum vulgare (Mejlhede et al., 20006), Oryza sativa (Kadaru et
al., 2006; Negrao et al., 2011), Cucumis spp (Nieto et al., 2007), Solanum tuberosum (Elias et
al., 2009). In tomato, EcoTILLING has been used to identify novel alleles for e/F4E
gene that confers resistance to viruses (Rigola et al., 2009) and also for improving the
fruit quality (Bauchet et al., 2012).

Tomato though it is a new world crop plant, it is presently grown and consumed
in almost all parts of the world. Domestication of tomato has led to the development of
a large number of tomato cultivars and varieties differing in many morphological
characters from leaf to fruit. Since tomato fruit is a rich source of health-promoting
nutrients like lycopene and (-carotene (Paiva et al, 1999; Omoni et al, 2005)
considerable efforts have been directed towards development of nutrient-rich tomato

cultivars.
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Notwithstanding the wealth of information generated using tomato mutants to
date, majority of studies were conducted using either spontaneous mutants (that can be
introgressed into local cultivars by repeated backcrosses to generate a pure line) or using
transgenic lines for a set of genes of interest (which requires regulatory body approval
and also has ethical issues). To avoid issues with genetically modified organisms (GMOs),
high throughput techniques like EcoTILLING can be applied to natural accessions to
identify alleles that can lead to the production of nutrient-rich tomatoes. The
identification of a natural accession with high total soluble sugar content (Brix value) in
tomato fruit (Bauchet et al., 2012) has set an example for improving the fruit quality
using EcoTILLING.

EcoTILLING was first successfully applied in Arabidopsis ecotypes (Comai et
al., 2004) and later was adopted for several species for analyzing natural variation such as
in black cotton wood (Gilchrist et al., 20006), variation in resistance genes of barley
(Mejlhede et al., 2006) and in Cucumis species (Nieto et al., 2007). Ibiza et al. (2010)
reported identification of five new elF4E variants related to potato virus Y-resistance
responses through identification of SNPs in e[F4E genes in Capsicum. EcoTILLING in
promoter sequences of 24 transcription factors in rice led to identification of genes
associated with the drought tolerance index and level (Yu et al., 2012) and identification
of three SNPs in two FAET paralogs that were associated with low erucic acid (LEA)
content in Brassica rapa, (Wang et al., 2010). In addition to its advantage of high
throughput screening, multiple SNPs in an amplicon can also be detected through
EcoTILLING.

In the present study, a large collection of natural accessions of tomato was
examined to identify allelic variants. Our data provide the evidence for the functional
relevance of .4ACS?2 in tomato fruit ripening and is also relevant for tomato breeding. This
study also furthers our understanding of the role of ACS2 in regulating fruit ripening and

carotenoid accumulation in tomato.
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5.2 Results

Taking in account the importance of ACS2 gene in ethylene biosynthesis and in
other morpho-physiological and developmental process, the nucleotide diversity for the
gene was evaluated in a population comprising of 391 accessions (Appendix I).
5.2.1 EcoTILLING of tomato ACS2 gene

A total of four primer sets (Table 3.2) were used to assess the natural variation
in ACS2 gene. All four primer sets were optimized for PCR amplification by touchdown
PCR. PCR products were analyzed on polyacrylamide gel on Li-COR based system and
polymorphisms were manually scored in accessions (Fig. 5.1). Some of the accessions
showed similar cleavage pattern while others were different. Multiple cleavage bands
were detected in some lanes representing several polymorphic sites in an individual
accession. Fach SNP is defined as a unique fragment visible on the polyacrylamide gel,
and the prominent bands were considered for haplotype classification.
5.2.1.1 Genotyping and sequencing of natural variants

Based on the similarities and differences observed on Li-COR gels, the ACS2
variants were categorized into 30 haplotypes with the reference accession WT (AV)
designated as HT0. The accessions showing similar SNP pattern were grouped into one
haplotype. Each haplotype included a variable number of accessions exhibiting identical
SNP pattern for ACS2 gene. As expected, most accessions were similar to the reference
cultivar and thus were included in the haplotype HTO0. The accessions included in each
haplotype are listed in Table 5.1. Haplotype 7 and 23 were represented by the maximum
number (4) of accessions while the rest of the haplotypes were represented by 1-3
accessions. One representative genotype for each unique haplotype was sequenced on
both the strands. The raw sequences were analyzed using the Chromas 2.4 software.
Alignment of the variant sequences with reference cultivar helped in the identification of
the exact position of the SNPs.
5.2.1.2 SNP data analysis of ACS2 gene

Approximately 2.3 million bp (no. of individuals screened x total amplicon size)
were screened using EcoTILLING. A total of 30 unique haplotypes were detected for
ACS2 gene using four amplicons covering complete ACS2 gene. The PARSESNP
analysis of the 30 haplotypes epresented the position of single nucleotide
polymorphisms, insertions, and deletions. Most of the SNPs identified were present in
the promoter and intronic region (Fig. 5.2). All the polymorphisms in coding region

were categorized into two categories- synonymous SNPs (§), that do not cause any
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change in the amino acid by corresponding nucleotide encoded by the target gene and
nonsynonymous SNPs (NS), which cause a change in the amino acid sequence. The
haplotypes 7 and 15 shares maximum (10) number of nonsynonymous base change while
haplotype 5, 10, 20, 22, 25 and 30 contains least (1) number of nonsynonymous base
change. The SIFT scores for all the nonsynonymous changes were predicted to be
tolerated except haplotypes 1 and 2; therefore, the function of ACS2 protein may not be
affected drastically by these SNPs (Table 5.2).

Apart from these observed nonsynonymous changes, we could identify a
maximum of 12 synonymous SNPs in HT13 and a minimum of one synonymous SNP in
HTO6 respectively. The details of the position of the base change and the unaltered amino
acids are listed in Table 5.2. In total, 264 SNPs and 11 INDELS were detected with a
mean of 1 SNP/8.8 Kb and 1 INDEL/212.7 Kb. A total number of 99 nonsynonymous
and 73 synonymous SNPs were identified upon EcoTILLING of ACS2 gene. The
number of SNPs observed for each possible base change was calculated including the
INDELS (Fig. 5.3A). The observed SNPs were categorized according to nucleotide
substitution as either transition (C/T or G/A) or transversions (C/A or T/G). The
percent of transitions was more than that of transversion (Fig. 5.3B). Phylogenetic
analysis of haplotype protein sequences was performed using ClustalX v2.1 and FigTree
v1.3.1 software. After analysis, the haplotypes 1, 2, 4, 6, 16, 7, 3, 30 and 17 are very close
relatives to reference cultivar AV compared to other haplotypes during the course of
evolution (Fig. 5.4).
5.2.1.3 Physiological and biochemical characterization of ACSZ2variant fruits
5.2.1.3.1 Fruit phenotyping of ACS2 natural variants

The molecular and genetic studies in tomato suggest that .4CS2 and its isoform
has a key role in ethylene biosynthesis and climacteric fruit ripening (Barry et al., 2000;
Van de Poel et al., 2012; Gapper et al., 2013). Studies have also shown that manipulating
tomato ACS and ACO isoforms can result in altered fruit ripening (Oeller et al., 1991;
Gupta et al, 2013). To examine whether .4CS2 gene affects fruit morphology and
ripening, the chronology of the fruit development of ACS2 variants was examined in
open field and the variations in fruit morphology were recorded using Tomato Analyzer
compared to the reference (Fig. 5.5). A total of nine fruit morphometric attributes like
Fruit perimeter, Fruit area, Fruit max height, Fruit max width, Lobedness degree, Distal
end protrusion, Shoulder height, Fruit shape triangle, and Fruit shape index were

recorded by Tomato analyzer (Fig. 5.6). Figure 5.6 show that the perimeter and area of
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Figure 5.1. Detection of SNPs of .ACS2 gene in tomato accessions using EcoTILLING. The
Li-COR gel analyzer images in IRD700 nm and IRD800 nm channel are shown for an 844 bp
region of Exon 1-3 of ACS2 gene. Each lane in a 48 well gel was loaded with CELI digested
DNA from a unique accession. The accession lanes harboring SNPs are marked by red arrow
heads. Complementary bands, one in IRD700 and another in IRD800 were observed for each

polymorphism. The both sides of the image show DNA markers with respective sizes.



Table 5.1 The ACS2 haplotypes in tomato accessions. The SNPs
identified by EcoTILLING were confirmed by sequencing the ACS2 gene.
Based on the gene sequences, the polymorphisms were sorted into

haplotypes.
tovlotwes | Aessions
Arka vikas (reference cultivar) and genotypes similar to reference
HT1 EC 487
EC 8936
HT3 EC 1087, EC 520076, Type 1
EC 520078
H 24, EC 520077, EC 520079
HT6 EC 528367
EC 546727, EC 529083, EC 528365, EC 520046
EC 1129
HT9 EC 26150, EC 27995
Azad No. 1
B7-120
VK1
£C 252
EC 2977
EC 3176
EC 3736
EC 20639
EC 25563, EC 521080
EC 89248
EC 326146
EC 520052, EC 521039, EC 529085, IIVR 164
EC 529086
EZ 521076, WIR 3768
IIHR 2201
IIVR 93
LA 0500
LA 2133
N 4241, Sankranti
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Table 5.2 The ACS2 haplotypes identified with the respective
nucleotide and amino acid changes.

Haplotvpe No. of Base Amino acid | Sift ;_:c c:s 510.ns Nature of
plotyp SNPs change change | score agl\(I)Ps € | the SNPs
HTO - - - -

G3058A MiI NS

T3099A L15=

A3174C H40P NS

T3214C L33= S
HT1 Multiple T3418C F89L 0 1 NS

C3435A G9%4= S

A3438G Intron

A3508G Intron

A3537T Splice junction

T3178C P41= S

G3305A Intron

T3418C F89L 0 NS
HT2 Multiple C3435A G94= 1 S

A3438G Intron

A3333T Intron

T3622C T128= S

T3063C F3S NS

A3068G I5V NS

T3070: Frameshift

T3109C Nig= S

T3138G F28C NS

T3146G W31G 032 NS

C3179A L42I NS

T3247A Intron

, A3345T E64D 0.60 NS

HT3 Multiple | T3333G 1675 0.73 E NS

C3417A N88K 0.93 NS

A3428T Y92F 0.59 NS

T3484A Intron

A3383T R1155 NS

A3398G R120= 5

T3604G Vi2i= S

A3676G L146= S

T5174A 7352E NS

G3039T G2=

C3157T Yi4= S

A3159G D35G 0.52 NS

A3165T D37V 3 NS

C3168T P38L 034 NS

C3172T F39= S

A3174C H40P NS

) T3178C P41= S

HT4 Multiple C3179T L42= 1 s

C3216A A54D 0.28 NS

A3268C Intron

A3533T Intron

T3622C T128= S

T3715C Intron

A3736G Intron

A3742T Intron

Continued.....



S Notof | Base || Aminoacid|| Szt ﬁ“"”"’_"’ R
APOTPE | gNps change change score € | the SNPs
SNPs
HTS5 1 T5174A V3i52E 3 NS
T3106A T17= S
G3113A E20K NS
G3197T V48F NS
T3276A Intron
. G3334A D6IN NS
HT6 Multzple G3346A Dé3N g'ii ! NS
G3339A R69K 100 NS
T3432G H93Q 0,63 NS
G3449A RO9K 028 NS
A37T33T Intzon i
A3174C H40P 021 NS
G3334A D6IN e NS
G3346A D65N 0.68 NS
T3432G H95Q 025 NS
G3449A R99K : NS
) G3376A RI13K NS
HT7 Multzple G3393A E119K ¢ NS
Ad4537G Intron
G44635A Inteon
G4786C V2231 NS
A4895C E239A NS
T5174A V332E NS
T4313TTIT Intcon
A4318G Intron
T4339G Intron
G4732A L211= S
A4987G 1290V 1.00 NS
A3035T T312= s
G3061T T314= s
HTS Multiple G5138C G340A 1 NS
T5174A V332E NS
T35304C L395= S
T35334C C405= s
T3394C 1425= s
G3403T Ad28= S
A3413C R432= s
T3452G S445A 0.32 NS
T4389A Intron
T4393C Intron
A4437G Intron
T4445C Intron
T4456A Intron
G4463A Intron
G4476A Intron
G4486A Intzon
T4515TTT Intron
HT9 Multiple A4318G Intron 2
T4339G Intcon
G4752A L211= s
G4786C V22351 NS
C4887T 1256= 3
A4987G 1290V NS
C3004T D295= S
G5061T Til4= 1.00 S
G3138C G340A NS
T5174A V332E NS

Continued.....



H No. of Base Amino acid | Sift Harl - Nature of
POWE SNPs change change | score SNPs € | the SNPs
HT10 1 T5174A V352E 1 NS

T5174A V352E NS

HT1 : C5410T R431W ! NS
HT12 - - . 1 -
C4632T H171= S

A4645G N176D NS

G4752A L211= S

G4786C V223L NS

A4876G 1253V 0.65 NS

T4893C D258= S

C4897A Q260K NS

C4911T Y264= S

C5001T N294= S

. C5004T D295= S

HT13 Multiple Ggom mj= 1 .
G5138C G340A NS

T5174A 7352E NS

A5274G L385= S

T5304C L395= S

T5394C 1425= S

G5395A A426T NS

T5452G S445A 0.32 NS

G5478A K453= S

T5566C L483= S

C4632T H171= S

G4786C V223L NS

A4953G K278= S

A4987G 1290V 1.00 NS

G5061T T314= S

. G5076C A319= S

HT14 Multiple | >0~ L:’:22= 1 .
A5149G K344E NS

T5174A 7352E NS

T5304C L395= S

T5394C 1425= S

T5452G S445A 0.32 NS

Continued...




Haolo No. of Base Amino acid | Sift lA.cl ml S191% | Nature of
aplotype SNPs change change score SNPs € | the SNPs
G4370A Intron
G4786C V223L NS
A4876G 1253V 0.63 NS
C4887T 1256= s
G4891A D2358N NS
C4897A Q260K NS
A4933G K278= S
A4987G 1290V 1.00 NS
G3061T T314= 5
G3076C A319= s
HT15 Multiple A5085G L322= 1 s
G5125T A336S NS
G5138C G340A NS
A5149G K344E NS
T5174A V352E NS
G3205T A362= S
T5304C L395= S
A5331G E404= S
T5394C I425= S
T5432G S443A 0.32 NS
A55TTG =486= S
A3081G N9s NS
G3113A E20K NS
G3130C §25= S
G31538A D35N 0.48 NS
HT16 Multiple G3197T V48F 1 NS
G3346A D65N 0.41 NS
G3357A K68= S
T3432G H93Q 0.68 NS
G3593A E119K NS
HT17 - - - - 1
A4ITG Intron
- G4465A Intron
HT18 Multiple A4895C E239A ! NS
T5174A V352E NS
C4378T Intron
T4389A Intron
T4410C Intron
A4437G Intron
Ad4442G Intron
C4462G Intron
G4465A Intron
G4476A Intron
T4488A Intron
HT19 Multiple A4645G N176D 1 NS
G4786C V223L NS
C4897A Q260K NS
T4974C F285= 053 5
G4978A V2871 : NS
G3061T T314= S
G3076C A319= S
A5085G L322= S
G5138C G340A NS
T5174A V352E NS

Continued.....



. . . Accessions
Haol No. of Base Amino acid | Sift Hasbour Nature of
aplotype SNPs change change score ADOUANE | the SNPs
SNPs
C4396T Intron
. A5G Intron
HT20 Multiple G4465A Intron 2
T5174A V352E NS
A4523T Intron
A4548CT Intron
A4645G N176D NS
G4786C V2231 NS
C4887T I1256= S
A4987G 290V 1.00 NS
C5004T D295= S
. G5061T T314= S
HT2 Multiple | =5135¢ G340A ! NS
T5174A V352E NS
A5274G L385= s
T5304C L395= S
T5394C I425= S
T5452G S445A 0.32 NS
T5566C L483= S
ABSTT *486= )
HT22 1 T5174A V3532E 1 NS
T4397C Intron
AMITG Intron
HT23 Multiple G4465A Intron 4
A4895C E259A NS
T5174A T352E NS
A43T1G Intron
C4396T Intron
G4418A Intron
HT24 Multiple Ad437G Intron 1
G4465A Intron
A4895C E259A NS
T5174A 7352E NS
C4396T Intron
. A4TG Intron
HT25 Multiple G4465A Intcon 2
T5174A V352E NS
C4396T Intron
Ad3TG Intron
. G4465A Intron
HT26 Multiple | ¢ 47560 V223L ! NS
A4895C E259A NS
T5174A V352E NS

Continued.....



A3174C H40P NS
G3334A D6IN 0.21 NS
G3346A D65N 0.41 NS
HT27 Multiple T3432G H93Q 0.68 NS
G3449A RIIK 0.28 NS
G3576A R113K NS
G3593A E119K NS
A4437G Intron
G4465A Intron
. G4786C V223L NS
HT28 Multiple | 4505¢ E259A NS
G5002A D295N NS
T5174A V352E NS
A4379C Intron
T4389A Intron
T4410C Intron
C4412T Intron
A4437G Intron
T4456: Intron
T4457: Intron
G4465: Intron
. T4466: Intron
HT29 Multiple T4467: Intron
G4476A Intron
G4786C V223L NS
G4894C E259Q NS
G4899A Q260= S
G5088A $323= S
A5121G E334= S
G5138C G340A NS
T5174A V352E NS
HT30 1 G4960C G281R 0.23 NS
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Figure 5.3. The distribution of SNPs in ACS2 gene. A, frequency of the type of

nucleotide base changes observed and B, frequency of different types of base changes.
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Figure 5.4. Phylogram representing the clustering of different haplotypes of ACS2 protein.
The phylogram combines the phylogenetic relationships between the ACS2 haplotypes and

reference cultivar analyzed which were obtained by maximum likelihood. Branch lengths are

not in proportion to evolutionary times.
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Figure 5.5. Comparison of fruit morphology of different ACS2 natural variants with reference

AV. Fruits were harvested from the second truss of the vine.
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Figure 5.6. Comparisons of fruit morphometric attributes of ACS2 natural variants using

Tomato Analyzer. Fruits were harvested at RR stage, cut longitudinally into two halves and cut

surfaces was scanned. Scanned JPEG images of tomato were opened in Tomato Analyzer

software and various fruit morphometric attributes were calculated.
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fruits of EC1087, EC526367, EC498372, and EC520046 lines were less than half
compared to AV. The fruit shape index for EC25563 is close to one which resulted in
the round nature of the fruit compared to AV (Fig. 5.6I).
5.2.1.3.2 Ethylene estimation of ACSZ2 variant fruits

ACS2 is a key gene responsible for ethylene emission and climacteric ripening of
tomato fruits. To examine the effect of SNPs in ACS2 activity of natural variants, we
measured the ethylene emission from the RR fruits of variants. The fruits of accessions
EC20639, EC1087, EC520046, and EC498372 showed higher level of ethylene emission
compared to AV. On the other hand, the fruits of EC6875 and EC529086 emitted
comparatively decreased ethylene (Fig. 5.7).
5.2.1.3.3 Carotenoids profiling of ACSZ2 variant fruits

One of the main characteristics of tomato (Solanum lycopersicum) fruit ripening is a
massive accumulation of carotenoids (mainly lycopene), which may contribute to the
nutrient quality of tomato fruit and its role in chemoprevention. Previous studies have
shown that ethylene plays a central role in promoting fruit ripening. Recent studies
indicate that jasmonic acid also plays a positive role in lycopene biosynthesis
independently of ethylene as well as in presence of ethylene (Liu et al., 2012). Fruit
carotenoids and xanthophyll profiling was done at different maturity stages. A total of
seven carotenoids (phytoene, phytofluene, lycopene, lutein, Y-carotene, B-carotene, and
violaxanthin) were detected in RR fruits (Fig. 5.8). The RR fruits of EC520076 and
EC529085 variants exhibit significant increased level of total carotenoids, especially
lycopene, compared to reference AV fruits (Fig. 5.8).
5.2.1.3.4 Folate profiling of ACSZ variant fruits

Folates represent all forms of vitamin B found in biological systems while folic
acid is the synthetic form found in dietary supplements and fortified foods (Tamura et
al., 20006). Iniesta et al. (2009) investigated the level of 5-methyltetrahydrofolate in
commercial raw tomato cultivar harvested in Murcia (Spain). They found the maximum
level in Ronaldo cultivar, equal to 31.5 pug/100 g FW. In particulat, folates have a role in
various one-carbon transfer reactions, including purine and pyrimidine biosynthesis,
amino acid metabolism, methylation of nucleic acids, proteins, and lipids (Lucock, 2000).
Based on the previous study we were intended to check the folate levels in our ACS2
variants fruits. Using LC-MS, we estimated the total folates in green and red tomato
fruits of variants and AV (Fig. 5.9). A significantly increased level of total folate was

observed in EC27995, EC520046, IIHR2201, and Sankranti variant lines compared to
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AV fruits. Out of these lines, EC520046 and IIHR2201 fruits also exhibit more than
two-fold of total carotenoids level in MG and RR stages compared to AV fruits (Fig.
5.9).
5.3 Discussion

We established EcoTILLING using a collection of 391 tomato accessions
representing the natural gene pool of Sonalum lycopersicum. In this study, we screened the
allelic variation in ACS2 gene that is a component of ethylene biosynthesis pathway.
Further, we identified haplotypes that may be associated with altered ethylene emission,
enhanced fruit carotenoids and folate content, which in turn might be useful for the
development of nutritionally enriched tomato cultivar.
5.3.1 Detection of polymorphisms by EcoTILLING

EcoTILLING protocols for SNP detection was similar to that used for
TILLING. Since EcoTILLING identifies SNPs across genes, plants bearing the unique
fragments with their complementary fragments in another channel (considered as a SNP)
were grouped according to size and pattern. While the pattern of fragments could be
used for grouping of haplotype, a single accession/few accessions confirm precise
location of SNPs in the accessions, were sequenced to know the exact number and
position of the SNPs. Occasionally, due to mispriming, weak fluorescence towards top of
each lane and sometimes due to increased noise at the bottom of the gel, false positives
may also show up in EcoTILLING (Till et al., 2006a; Till et al., 2010). With a 1:1
(reference DNA: DNA from the natural accession) pooling strategy for EcoTILLING,
the errors could be minimized and improving the stringency of detecting SNPs. Several
accessions showed multiple cleavage patterns that could have arisen by the presence of
nearby polymorphic sites, insertions and deletions. Though LI-COR analysis of some
accessions showed only one cleaved product, however, sequencing of such accessions
revealed the presence of more than one SNP. This may be due to the possibility that if
bands were cleaved at both ends, they would not fluoresce and, therefore, cannot be
detected on LI-COR system (Liang, 2011). In spite of these minor drawbacks in LI-COR
based detection of SNPs, results showed that EcoTILLING is a suitable and cost
effective method for identification of SNPs in tomato.
5.3.2 Single Nucleotide Polymorphisms in tomato ACSZ gene

Nearly 44 tomato accessions showed polymorphisms for ACS2 gene. Based on
the cleavage pattern of PCR products on the LI-COR gel, these accessions were

classified into 30 haplotypes. Interestingly, most of the SNPs were observed in the
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Figure 5.7. Comparisons of the ethylene emission at red ripe (RR) stages of fruits of AV
and ACS2 variants. The fruits of AV and different variants were harvested from the
second truss of the vine. Each value is the mean of three biological replicates. (Student’s t-

test; * for P < 0.05, ** for P < 0.01 and *** for P < 0.001).
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promoter and introns. In the coding region, only 99 nonsynonymous and 73
synonymous SNPs were identified. Above result is consistent with that obtained from
sequencing of large number cultivars, where only 10% SNPs are located in the coding
region (Aflitos et al., 2014). The SIFT scores for the nonsynonymous SNPs were not
appreciable, signifying that these changes do not alter the protein drastically.

Two accessions of ACS2 gene (EC520076 and EC529085) showed a significant
increase in total carotenoid content and EC520046 and IIHR2201 variants exhibited
increased total folate level at the red ripe stage. It is known that manipulations in ACS2
gene can affect the nutritive value of tomato fruits (Oeller et al., 1991; and Gupta et al,,
2013). Among the accession analyzed, .ACS2 variants, EC520076, EC529085, EC520046
and ITHR2201 appear to be potential candidates to improve the tomato fruit quality.
5.3.3 The ACS2variants - a functional relevance for fruit ripening

Fruit ripening is a complex process regulated by many regulators. Ethylene
biosynthesis and signaling confer a major regulation apart from the genetic hierarchy that
has been elucidated to be controlled by transcription factors like RIN/MADS or
SBP/CNR. Tomato fruit ripening is associated with the accumulation of carotenoids-
which are health promoting compounds. Many transgenic approaches were used to
characterize the biosynthetic genes of the carotenoid pathway (Just et al., 2007; Zhu et
al., 2008). The availability of natural ripening mutants in tomato had facilitated the
molecular understanding of fruit ripening process (Osorio et al.,, 2011; Gapper et al.,
2013). It is a complex process regulated by many regulators. The phenotype may come
from other genes too, as these are natural accessions. To confirm genotype and
phenotype relationship we have to make crosses.

In spite of nucleotide diversity of 1 SNP/8.8 Kb for ACS2 gene in
EcoTILLING, only few alleles were identified with promising phenotypes. Gady et al.,
2012 studied 258 tomato lines for the genes involved in sugar metabolism. The frequency
of polymorphism observed in this study was low, i.e. out of 20 targeted genes; only 6 of
them were found to harbor SNPs. Another study by Rigola et al. (2009) also found a low
level of polymorphism in tomato lines from EU-SOL collection. In consistent with the
low frequency of polymorphisms observed in tomato, our study also showed that the
natural diversity for the ACS2 gene is low. This low frequency might be due to the
recalcitrance of tomato genome to polymorphisms or due to the importance of the genes
that were considered for the study. More particularly, the ACS2 is a key enzyme in

ethylene biosynthesis pathway and is important for fruit ripening and plant development.
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Nevertheless, we identified novel alleles for the ACS2 that can be useful for the

development of an elite tomato cultivar with enhanced carotenoid and folate contents.
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6.1 Introduction

Wild relatives of a crop species are the ancestors or closely related taxa that
originated at distinct geographic locations but share a common gene pool. These wild
species grow in different habitats that endow them with special features to tolerate a
myriad of environmental and climatic changes. Latest estimates report that there are
between 50,000-60,000 crop wild relatives in the wild (Maxted and Kell, 2009), and their
genetic potential remains to be utilized for crop improvement.

A significant increase in crop production was brought about by the green
revolution in the 1960s and 1970s. It was largely based on the discovery of new genes in
the traditionally grown landraces. Presently, with increasing concerns about climate
change and its effects on agriculture, there is a high demand for ensuring food security. It
has been stated that the development of new crop varieties or cultivars is required to
achieve this goal (Lobell et al., 2008). This demand has promoted the quest for the search
of novel genes and gene systems present in the wild relatives. The studies on wild
relatives also provide us information about the evolutionary relationships of the genes
and the different changes that have taken place as a part of natural selection.

Traditionally, wild relatives contributed significantly to improve food production
through conventional breeding programs. Development of Asian rice with resistance to
grassy stunt virus is one of such examples of unlocking the potential of wild relatives
coupled with biotechnology (Prischmann et al., 2009). The gene responsible for
resistance from Oryza nivara, a wild rice species was introgressed into many rice cultivars
(Prischmann et al.,, 2009). A similar survey for disease resistance against western corn
rootworm in maize and fusarium wilt in banana identified wild relatives that possessed
the resistance trait that were successfully introgressed (Hajjar and Hodgkin, 2007). Apart
from disease resistance, wild relatives have been used to enhance the tolerance to
drought and salinity in barley, wheat and sunflower (Nevo and Chen, 2010; Miller and
Seiler, 2003). In broccoli and pearl millet, the quality and yield were enhanced by crossing
with wild relatives that harbored these particular traits (Sarikamis et al., 2006 and Hajjar
and Hodgkin, 2007). However, conventional breeding is not easy in all crop species due
to self-incompatibility problems. Therefore, developing novel cultivars needs a good
crop model system that can be exploited for more benefits.

Tomato clade has 9 closely related species or subspecies: the wild or weedy forms
of cherry tomato (S. Jcopersicum cerasiformae) (Peralta et al., 2008), and the wild species- S.

chilense, 8. chmielewskii, S. galapaganse, S. habrochaites, S. neorikii, S. pennellii, S. pernvianum and
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S. pempinellifolium (Table 6.1). Many useful traits found in wild tomato species such as
tolerance to drought and salinity (8. pennelliiy (Dehan et al., 1978, Shalata et al., 1998),
accumulation of health-promoting phytochemicals (S. hbabrochates) and resistance to
multiple pathogens (8. galapaganse, S. lycopersicoides, S. neorickii and S. chilense) have been
introgressed into cultivated tomato (Robert, 2001; Rick et al., 1994). It is estimated that
cultivated tomato contains less than 5% of the genetic variation of the wild relatives
(Miller etal., 1990) and this genetic potential can be exploited to improve many
agronomic traits in tomato.

Tomato fruit is abundant in health promoting phytochemicals. The fruit of
modern tomato or the domesticated tomato is large and red in color due to the
accumulation of lycopene and B-carotene. On the contrary, the fruits of all the wild
relatives are round and much smaller in size than tomato. On the basis of the
accumulation of carotenoids during development and ripening of fruits, two categories
are distinguished. Green fruited species are characterized by purplish green fruit color
during maturation (Alexander and Grierson, 2002). The second group is characterized by
the accumulation of carotenoids that impart orange or red color to the fruit (Bauchet and
Causse, 2012) in the later stages of ripening. The biosynthesis of carotenoids begins with
the conversion of IPP (isopentenyl diphosphate) to produce the precursor GGPP
(geranylgeranyl diphosphate) via the plastid-localized MEP pathway (Giuliano, 2014).
Further, a series of enzymes catalyze the conversion of GGPP to end product lycopene.
In tomato, most of the carotenoid biosynthetic enzymes are well characterized and are
under tight transcriptional and translational regulation. In addition to genetic regulation,
internal (hormonal regulation) and external stimuli (e.g., light, wounding, pathogen attack
and temperature shift) also regulate fruit ripening. Among these factors light is known to
play an important role to regulate carotenoid biosynthesis in tomato fruits via a post-
transcriptional modification of phytoene synthase enzyme (Thomas and Jen, 1975; Gupta
et al., 2014). Consequently, fruits of phytochrome mutants of tomato ripened under
darkness showed differences in the accumulation of lycopene (Gupta et al., 2014).

Tomato lacks mutants defective in ACS2 gene. To gain better insight into
ethylene regulation of tomato fruit ripening and improvement of ripening quality, ACS2
mutants were isolated by reverse genetics techniques- TILLING and EcoTILLING. In
addition, for ACS2 gene, the sequence diversity was examined in five wild relatives of
tomato. The coding regions of the ACS2 gene from these wild relatives were sequenced

and in-silico analysis of the single nucleotide polymorphisms was carried out to
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Table 6.1 Principal features of the Lycopersicon subsection (Solanum sect.

Lycopersicon).
Species new TGR.C Geographic distribution . N Fruit Genetic
nomenclature/(old Accession and habitat Mating system color olvmorphism
nomenclature) Number PO P
S. neorickiil South Equad cln; Sou'th . Green with
(L_parviflorum) LA2133 central Peru native, 1500 - SC.highly dark green Low
’ 3000 m, rocky humid and AT/reciprocal stripes
well drained areas P
. . ST usuallv, SC
S penmelli Peruvian coast native, 0- lati .
P i LA0716 2000m, dry and rocky hill | PePwAlonsin Green High
(L. pennellii) side southem
parts/reciprocal
S habrochaites S:Stlkllt }; ;f:;lii;ﬂzgfe pOpllSI:.t?:):HS in Green with
(L. harsutum) LALTTT 500 — 3300 m, forest ) southem da_rkelr Ereen High
. stripes
regions parts/ UL
5. chilense South Peru tonorth Chile, 0 Greento
- i LA1%65 . : SLALULEL whitish green High
(L. chilense) — 3000 m, dry river bed .
with purple
5. galapagense . .
(L.ch y Galapagos islands endemic sc
-chsesmant . LAD483 species, 0 - 1300 m from . Yellow orange Low
minor) i . AT/reciprocal
sea shore to volcanic areas
South west Equador—
S. pimpinellifolium northern Peru native, und er SC. AT .
T LA1589 : facultative Red Intermediate
(L. pimpinelliplium) 1000 m, South valleys of .
. AL /reciprocal
the pacific coast
5. rcopersicum. Arka Vikas .
: { reference South India sSC Red Very low
(L. esculentum) .
cultivar)

*Data is compiled from Peralta et al., (2007), Moyle et al., (2008), Grandillo et al., (2011). SI-

Self-incompatible, SC- Self-compatible, Al- Allogamous, AT- Autogamous, UI- Unilateral

incompatibility, EL-Embryo lethality.
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understand the frequency of natural diversity of the gene at both nucleotide and protein
level.
6.2 Results

The structural genomic data of the ACS2 candidate gene was examined and
compared for single nucleotide polymorphisms in the selected wild species using tomato
as reference plant. The overall number and nature of SNPs such as synonymous and
nonsynonymous and their distribution can reflect on the selection pressures for the
functional diversity of these genes and provide an idea of the evolutionary conserved
ness of the loci.

6.2.1 Sequence analysis of ACSZ2 gene

The distribution of nucleotide variations found among the ACS2 gene in
different wild relatives considered was represented by PARSESNP output result file. The
aligned length, including coding and non-coding regions of the ACS2 gene, was 3869
nucleotides (Fig. 6.1). Notably, the frequency of nucleotide variations in ACS2 was 3-4
times higher in introns than in coding sequences. The number of SNPs was greater than
the number of INDELs, with a total of 70 SNPs in the coding region resulting in an
average of 1 SNP for 0.28 Kb of genomic DNA (Fig. 6.2). Relatively fewer SNPs (16)
and INDELs (5) were found in red colored fruit species than in the green colored fruit
species (90 SNPs and 49 INDELSs). On analyzing the polymorphism data per species, it
was observed that the number of nucleotide polymorphisms observed for ACS2 was
highest in S. pennellii (green fruited) and least in the red fruited S. pimpinellifolinm (Fig.
6.2).

The nucleotide diversity analyzes showed that the nucleotide diversity of green
fruited varieties was much higher (1 = 0.01444) than the colored fruit species (n =
0.00072). The DnaSP analysis of the ACS2 gene revealed high nucleotide diversity in the
region located at 1000 to 2500 bp of the gene in green fruited species (Fig. 6.3).
According to this plot, low nucleotide diversity was also observed in the regions 100 to
900 bp of the gene. This analysis further showed that polymorphic sites were mainly
located at the middle and the end of the gene, with most being in the introns (Fig. 6.3).
6.2.1.1 Analysis of Nucleotide Base Changes

The observed SNPs were categorized according to the type of nucleotide
substitution- either as transitions (C/T or G/A) or transversions (A/T, G/C, C/A, or
T/G). The point substitution analysis showed that the A/G transition is the most

frequent substitution in ACS2 gene with 12% frequency. We observed that T/C
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substitution is the next prevalent base change with a frequency of 10% (Fig. 6.4A). A
total of 105 INDELs were detected with an INDEL length ranging from 1 to 14
nucleotides.

Among 70 polymorphisms observed in the coding region, 25 were silent or
synonymous, and the rest were nonsynonymous (Fig. 6.4B). The details of the SNPs,
position on the gene and the corresponding amino acid change are listed in Table 6.3.
Some of the polymorphisms were common in the green-fruited species.
6.2.1.2 Variations in ACS2 protein sequence

The effects of genetic variation on amino acid sequence were evaluated by SIFT
scores. All the five species used in the study showed different amino acid changes (Table
6.3). The nonsynonymous changes observed in ACS2 had no drastic effect on the
protein function as the predicted SIFT values were higher than 0.05 except for . chilense.
Also, the PSSM scote was found more than 10 in S. chilense. However, the nucleotide
changes T3124 to G in S. parviflorum resulted in a premature stop codon at position 1.385.
These changes might cause a truncation in the ACS2 protein thereby affecting the
protein function in the species. The PRALINE alignment of the derived amino acids
showed that the protein was highly conserved across the wild relatives (Fig. 6.6). These
possibilities have to be validated further to understand the role of .AACS2 in fruit ripening
of green fruited species. Synonymous SNPs do not cause any change in amino acid and
therefore presumably have no effect on the protein function. However, several studies in
animal systems revealed that synonymous or silent changes can affect the protein
function by altering the translation rates or altering the secondary structure of the mRNA
(Kimchi-Sarfaty et al.,, 2007). On the contrary, in plants, very few studies have been
conducted to understand the role of synonymous SNPs.
6.2.1.3 Phylogenetic analysis at the ACS21ocus

To assess the evolutionary divergence between the five wild relatives of tomato at
ACS2 locus, we performed phylogenetic analysis using ClustalX v2.1 and FigTree v1.3.1
software respectively. A dendrogram was constructed based on the identified
polymorphism in ACS2 gene (Fig. 6.5). The results showed the conserved topology of
the phylogenetic tree, in which the colored tomato species were close to the
domesticated tomato and the green-fruited species were represented as distant relatives at
the bottom of the tree. Our results are consistent with the previous literature, and the
following patterns of relationships could be deduced from the ACS2 dendrogram: firstly,

the red fruited wild relative S. pimpinellifolium is closely related to the domesticated S.
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Table 6.2 List of nucleotide polymorphisms in ACS2 gene and their effect on

amino acids.
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3 A876G H21R +
4 A990G D29G +
5 T940C S36= +
6 C970T N46= +
7 A1041T N461 +
8 C1160CCAA S77SN +
9 C1212G G94= +
10 Al117G K100R +
11 A1229G K100R + +
12 G1433T R1151 +
13 A1474G P153= +
14 C2409T H171= +
15 A2480T H171L +
16 A2460G A188= +
17 A2557C 1197L + 6.5 0.42
18 A2495G K200R + 2.7 0.46
19 T2599A 1.211M + 10.5 0.04
20 T2543C S222= +
21 T2634C S222= +
22 T2636C S222= +
23 G2663C V2231, +
24 T2724G S252R + 122 0.05
25 T2744C D258= +
26 A2759T Y264F +
27 T2777A V270D + 19.0 0.03
28 A2801G K278R + 21.9 0.01
29 C2781T D295= +
30 A2720G T312= +
31 C2903T T3121 + 10.9 0.15
32 G2853C A319= +
33 A2862G 1.322= +
34 G2939A S323= +
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35 A2971G E334G N
36 G2986C G340R I
37 G2988C G340R n
38 G2989C G340A n
39 T2839A V352E +
40 G3022A V3521 I
41 G3024A V3521 I
4 T3037A V352E I
43 T3116C M383T n
44 T3124G 1385+ N
45 T3075G V393= +
46 T3148G V393G I
47 T3146G V393G I
48 T3081C 1395= +
49 T3152C 1.395P T
50 T3154C 1.395P n
51 A3108G B404= +
52 G3158A G421E +
53 T3171C 1425= n
54 T3242C 1425T I
55 T3244C 1425T +
56 T3300G S444R + 82 | 044
57 T3302G S444R I
58 T3229G S445A + 94 | 032
59 C3353T S4621. + 10 | 066
60 A3339G S481= +
61 A3414C P482= I
62 A3416C P482= +
63 T3343C 1.483= T
64 A3425G 486= N
65 A3354G 486= +

+ indicates the presence of the SNPs in the wild relative.
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blue color and, on the contrary, conserved moieties by deep red color.
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hopersicum. Secondly, all the green-fruited species were found to be the ancestors of
present day tomato. However, S. pennellii was exceptionally placed in between the colored
fruit and green fruit species in ACS2 phylogram. This kind of discrepancy can be
explained better by considering a large number of accessions of wild relatives where the
phylogenetic trees can be computed more stringently.

6.3 Discussion

In general wild relatives of crop plants constitute an increasingly important
resource for improving agronomic traits. With the recent improvements in tools available
for molecular analysis, it is easier and quicker to identify useful traits in wild relatives to
develop new and improved varieties. Despite the enormous promise they hold for
improving crops, wild relatives are not thoroughly studied. S. Aeopersicum is the
domesticated species of tomato that is widely cultivated all over the world. Apart from
the widely distributed domesticated species S. Acopersicum, the tomato has nine wild
relatives (Peralta and Spooner, 2008). These wild relatives are adapted to different
geographical conditions, vary in morphological traits like leaf shape, structure and fruit
color (ranging from green to red) etc. conferring their genetic potential to adapt to the
ever-changing environment. Understanding the genetic makeup of tomato wild relatives
provides insights into evolutionary trends of different mechanisms underlying the
agronomic traits (Bolger et al., 2014). In the present study, we analyzed the nucleotide
diversity of .ACS2 genes in tomato wild relatives by direct sequencing of the PCR
products.

The SNPs identified were found to be distributed throughout the length of the
gene with a high frequency of intronic mutations in .ACS2. As expected, the close wild
relative of tomato, S. pzmpinellifolinm harbored fewer SNPs compared to the green-fruited
species in ACS2 genes. In a recent study on tomato by Aflitos et al., (2014), the
estimated number of single nucleotide polymorphisms (SNPs) reported in wild relatives,
especially in the green-fruited species was 20-fold higher than found in most of the
tomato accessions. This high number of nucleotide variations observed in the green-
fruited species like S. pennellii, S. parviflornm and S. chilense compared to the colored fruited
(8. pimpinellifolinm and S. cheesmaniae) species is an indicator of genetic potential of the wild
species. Most probably, in the course of domestication, the variations were lost.

In terms of the overall density of polymorphisms across the regions considered
for the study, an average of 1 SNP/0.28 Kb for .ACS2 gene was determined. As

envisaged for any reverse genetic high-throughput technique for detecting mutations, the
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frequency of naturally occurring variations might also depend on the length of the gene,
number of exons and introns, length of the exons, GC content, gene function etc. The
increased SNP frequency observed in tomato ACS2 gene may be related to the
functional importance of ACS2 gene in ethylene biosynthesis pathway, as any
spontaneous mutations could be resulted in alteration of the physiological and
biochemical changes (as observed in our TILLING and EcoTILLING  studies).
Secondly, it may be attributed to the above-mentioned aspects of gene structure.

Nevertheless, the effect of genetic variations in the coding region can vary based
on the position and nature of the SNPs or INDELs. Not necessarily all nucleotide
changes affect the gene function. The change in nature of the amino acids determines the
degree of loss of function or gain of function respectively. On the other hand, presence
of INDELs in coding regions or regulatory domains leads to either truncation of the
protein (due to stop codon), alter the binding sites (due to frameshifts) or affect the
abundance and turnover (transcriptional regulation) of the protein, thus causing a loss of
function. In spite of relatively high number of nonsynonymous changes (Fig. 6.4)
observed for ACS2 gene in wild relatives, the SIFT value for most of the changes was
not significant to cause a drastic change in the function of the gene product. However,
the nucleotide changes T3124 to G in S. parviflorum resulted in a premature stop codon at
position 1.385. These changes might cause a truncation in the ACS2 protein. These
changes may lead to loss of function of .ACS2 gene in the respective wild relatives.

Potential explanations for evolutionary pressure may include one or more recent
genetic bottlenecks during domestication, a low mutation rate and a self-pollinating
reproductive biology of S. Aeopersicum. In corroboration with the studies of Peralta and
Spooner. (2001) for GBSSI gene in tomato, the phylogenetic analyses of the two genes in
wild relatives indicate the evolutionary trend of domesticated tomato i.e. from green
fruited species to color fruited species.

In conclusion, our investigations demonstrate that the ethylene biosynthesis gene
- ACS2 is highly conserved in wild relatives of tomato in spite of the presence of
nucleotide variations. In particular, though statistically significant signatures of selection
were not detected in target gene ACS2. Notably, this study signifies the importance of
ACS2 gene in tomato fruit ripening and further investigations with the identification of
multiple alleles or RNAi suppression lines or genome editing would shed light on the

underlying mechanisms and identity of the interacting partners.
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Fruit ripening represents the final phase of plants development that is essential
for the dispersal of seeds. The ripening confers both positive and negative attributes to
the fruits. The positive attributes include enhancements of the organoleptic quality of
fruits, whereas negative characteristics include an increase in the chance of perishability
and pathogen attack. The negative attributes contribute the significant loss of commercial
and economic importance of the fruits. The ripening is the consequence of several
physiological, molecular, biochemical and metabolic changes that make the ripe fruits
nutritious and palatable. In climacteric fruits, the ethylene serves as a primary hormone
for ripening. The main aim of this work was to manipulate ripening particularly at the
level of ethylene synthesis with an emphasis on improvement of shelf life of tomato
fruits by isolating and characterizing the mutants compromised in ethylene biosynthesis.
Although using the high throughput technologies and transgenic a tremendous progress
has been made elucidating the mechanism of action and biosynthesis of ethylene and its
regulation during the ripening, little is known about the detailed function of genes
involved in ethylene biosynthesis. The identification and characterization of ACS2 (key
player of ethylene biosynthesis pathway) mutants is a strategy to gain further
understanding of molecular mechanism involved in fruit ripening and to identify the
novel function of a gene in ethylene response. Two ACS2 mutants namely; acs2-7 and
acs2-2 isolated from the EMS-mutagenized M, and M; lines of tomato were used for
characterization in this study.

Nucleotide changes at positions A3452 to G and T5174 to A in exon 2 and four
respectively, lead to the amino acid changes K100 to R and V352 to E respectively, in the
ACS2-1 protein. By these changes, SIFT score results 0.12 and 0.85 units respectively
and PSSM differences were 7.6 and -9.7 respectively. The 3-D models drawn with the

software PyMOL (http://wwwpymol.org) indicated that the amino acid changes taken
placed in a-helix of protein surface that do not take part in the formation of active site
interface. In the acs2-2 mutant, two mutations were in the promoter region and one
mutation in intron three. All the three mutations are not the part of the coding region.
Therefore, there is no structural alteration in the ACS2-2 protein.

The effect of mutations was examined on the vegetative and reproductive
development of the plant. It was observed that mutation exerted the strong pleiotropic
effect on all stages of plant development right from the seed germination, root

elongation to fruit ripening in comparison with wild-type (M82).
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Characterization of seed germination in mutants showed that as2-7 mutant seeds
initiate sprouting approximately one day earlier than wild type (WT) seeds in darkness.
On the other hand acs2-2, mutant seeds exhibited a slow germination compared to WT
seeds. Germinating seedlings of aes2-7 mutant emitted higher level of ethylene emission
than WT whereas acs2-2 mutant seedlings exhibited comparatively less ethylene emission.
To check the effect of mutation on seedling phenotype, seedlings were grown under the
continuous white light. Light grown seedlings showed accelerated root growth in the
acs2-1 mutant as well as more lateral roots than WT. In contrast, acs2-2 mutant exhibited
a comparatively lesser number of lateral roots while root length was not significantly
prolonged compared to WT.

Examination of off-vine leaf senescence revealed that acs2-Tmutant leaf senesced
earlier than WT leaf both under continuous light as well as in darkness. Contrastingly,
acs2-2 mutant leaves exhibited the delayed senescence compared to WT. Since ACS is a
crucial enzyme in the ethylene biosynthesis pathway, it is expected that the change in
ACS2 gene will cause in alteration in ethylene emission. The acs2-7 mutant emitted higher
level of ethylene in different plant organs like seedlings, leaf and fruits compared to WT.
In contrast, acs2-2 mutant exhibited decreased ethylene emission throughout life cycle
including seedlings, foliage, and fruits.

The overproduction of ethylene in acs2-7 mutant accelerated many life cycle
processes showing early flowering, leaf senescence and early ripening of fruits. On-vine
examination of fruit ripening study showed that the acs2-7 mutant fruit ripened 15 £ 3
days earlier than WT. The fruit pericarp in aes2-7 mutant was also thin which may have
led to the early senescence of the mutant fruit compared to WT. The aes2-7 mutant fruit
was less firm than the WT. The reduced production of ethylene in the acs2-2 mutant
delayed developmental processes such as delayed leaf senescence and ripening of fruits
(17 £ 3 days) respectively.

Yang cycle established that the emission of ethylene mainly depends on the
activities of ACS and ACO enzymes (Yang and Hoffman, 1984). Measurement of In-
vitro free, bound and total ACC (precursor of ethylene) at different maturity stages of
WT and mutant fruits revealed that elevated levels of ACC in aes2-7 mutant fruits than
WT. Above enhanced level of ACC in ars2-7 mutant fruits also correlates with the
enhanced In-vitro activities of ACS and ACO enzymes compared to WT. Using
immunoprecipitation of ACS2 protein with specific antibodies and western blot analysis

showed that in acs2-7 mutant fruits, the levels of ACS2 protein was four-fold higher than
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WT. On the contrary, acs2-2 mutant fruits at different maturity stages exhibited the lesser
amount of ACC, ACS, and ACO enzyme activities. The level of ACS2 protein in acs2-2
mutant fruits was observed one fourth of WT.

Multiple studies have showed that auxin, cytokinin, gibberellin, and
brassinosteroid increases at fruit set, and auxin, gibberellin, and brassinosteroid are
involved in fruit growth. During fruit maturation, there is an inhibition of auxin transport
from the seed and increase in ABA level. The ripening/senescence leads to an increase in
ABA and/or ethylene biosynthesis and response in the surrounding tissue (Gillaspy et al.,
1993; Mariotti et al., 2011). Considering that phytohormones play major role during fruit
growth and development, the levels of phytohormones were examined at different fruit
maturity stages in mutants and WT. aes2-7 mutant fruits showed higher levels of zeatin,
ABA, jasmonic acid (JA), MeJA and salicylic acid (SA) and low level of IAA compared to
WT. The acs2-2 mutant fruits exhibited lower levels of zeatin, ABA, JA, MeJA and SA
whereas level of IAA was comparable to WT.

One of the main characteristics of tomato (Solanum lycopersicum) ripening is a
massive accumulation of carotenoids (mainly lycopene), which contribute to the nutrient
quality of tomato fruit. Red ripe fruit of aes2-7 mutant exhibited the higher accumulations
of total carotenoids especially lycopene, phytoene, phytofluene, zeta-carotene, beta-
carotene, and neoxanthin compared to WT. Contrastingly, acs2-2 mutant fruit showed
lower accumulation of phytoene, phytofluene, zeta-carotene, beta-carotene, lutein,
zeaxanthin and neoxanthin but higher levels of lycopene accumulation compared to WT.
However, total level of carotenoids was also higher in aes2-2 mutant.

As aes2-1 mutant fruit emits high ethylene as well as increased ACS2 activity and
clevated level of ACC. The precursors for ACC are methionine amino acid and
adenosine nucleotide. Since folates act as a co-factor in various important biochemical
reactions specially, in amino acids (methionine) metabolism and nucleotide (adenosine)
biosynthesis, the folate levels was examined in mutant fruits. Red ripe acs2-7 mutant fruits
exhibited 1.5 fold increase in total folate level compared to WT while aws2-2 fruits
exhibited less folate compared to WT.

On-vine ripening upregulates the major hexoses, glucose and fructose, as well as
cell wall components such as galacturonic acid, and for amino acids such as aspartic,
glutamic acid and methionine. In addition, massive changes are also observed in TCA
cycle intermediates, indicating a decrease in malic and fumaric acids, and accumulation of

citric acid (Oms-Oliu et al., 2011). In aes2-7 fruit sugars like glucose, fructose and
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galactose, and some organic acids like citric acid, ascorbic acid, and some amino acids
such as aspartic acid, pyroglutamic acid, glutamic acid and methionine were very high in
red ripe stage than WT. However, the level of metabolites like malic acid, GABA
(gamma amino butyric acid), serine, proline, 5-Oxoproline and phosphoric acid levels
was low to moderate in acs2-7 mutant fruit than WT. Significantly, aes2-7 mutant fruit also
showed higher level of ACC which was below detection limit in WT fruit. In contrast,
ACC and methionine were below detection limit in #cs2-2 mutant fruits, and the levels of
malic acid, GABA (gamma amino butyric acid), serine, proline, and 5-Oxoproline were
higher than WT.

Using different tomato accession, natural variants of ACS2 gene were identified
by EcoTILLING. EcoTILLING is a modified TILLING strategy that is widely used for
the detection of polymorphisms in target genes in natural populations. For
EcoTILLING, a collection of 391 S. Jeopersicum accessions obtained from NBPGR
(National Bureau of Plant Genetic Resources (http://www.nbpgr.ernetin/), IIVR

(Indian Institute of Vegetable Research, Varanasi, India (http://www.iivr.org.in/) Bejo

Sheetal, Jalna, India and TGRC (Tomato Genetic Resource Center, University of

California, Davis (http://tgrc.ucdavis.edu/) were used. To facilitate heteroduplex
formation, genomic DNA of reference cultivar (AV) was used. Based on the similarities
and differences observed on Li-COR gels, the ACS2 variants were categorized into 30
haplotypes with the reference accession (AV) designated as HTO. The accessions
showing similar SNP pattern were grouped into one haplotype. Each haplotype included
a variable number of accessions exhibiting identical SNP pattern for ACS2 gene.
Haplotype 7 and 23 were represented by the maximum number (4) of accessions while
the rest of the haplotypes were represented by one or more accessions.

Based on the phenotypic variation observed in the ACS2 natural variants
ethylene emission was examined in their variant, some natural accessions (EC520040,
EC1087, and EC20639) showed high ethylene emission. Few accessions (EC520076,
EC529085) exhibited enhanced the carotenoid content and few accessions showed high
folate level (EC520046, IIHR2201) compared to control accession.

The nucleotide diversity of .ACS2 was analyzed among wild relatives of tomato.
Wild relatives of a crop species are the ancestors or closely related taxa that originated at
distinct geographic locations but share a common gene pool. These wild species grow in
different habitats that endow them with special features to tolerate a myriad of

environmental and climatic changes. Thus, the wild tomato species are important for
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breeding, as a sources of desirable traits such as improved productivity, fruit quality and
resistance to biotic and abiotic stresses, as well as for evolutionary studies (Kimura and
Sinha, 2008). In the present study, coding regions of the ACS2 gene was sequenced and
performed in-silico analysis of the single nucleotide polymorphisms was carried out to
understand the frequency of natural diversity of the ACS2 gene at the nucleotide level.

The aligned length, including coding and non-coding regions of the ACS2 gene,
was 3869 nucleotides. A total of 105 INDELs were detected with an INDEL length
ranging from 1 to 14 nucleotides. The distribution of nucleotide variations found among
the sequenced regions of ACS2 gene in different wild relatives considered was
represented by PARSESNP output format. It is noteworthy that the frequency of
nucleotide variations in ACS2 is almost three times higher in introns than in coding
sequences. The number of SNPs was found higher than the number of INDELs, with a
total of 64 SNPs in the coding region. Relatively fewer SNPs (16) and INDELs (5) were
found in red colored fruit species than in the green colored fruit species (90 SNPs and 49
INDEL:).

In this study, we reported the isolation of two mutant alleles of .ACS2 gene. The
two missense mutations in acs2-7 in a-helix of protein polypeptide chain likely increased
stability of the ACS2-1 protein, leading to higher ACS activity. The accumulation of
ACS2 protein in mutant fruits resulted in an elevated level of ACC and ethylene emission
as well as increase in ACS and ACO enzyme activities. acs2-7 fruit also showed elevated
levels of carotenoids and citric acid that accelerated fruit ripening and also resulted in
accelerated senescence of fruits. Since aes2-7 mutant ripens eatlier, this allele can be used
for developing early maturing tomato variety with high carotenoid content in fruit. On
the other hand aws2-2 is a novel mutant with no mutation in the coding region but has
two mutations in the promoter region and one mutation in the third intron. The
mutations in promoter appear to reduce the accumulation of ACS2 protein in fruits, and
mutant fruits emit a lower amount of ethylene. The lower level of ACS2 protein
appeared to leads to lower ACC level and decreased ACS enzyme activity in fruits. In
acs2-2 mutant, the accumulation of carotenoids was higher than WT. Due to the high
level of malic acid; the acs2-2 mutant fruits showed delayed ripening and senescence with
the long on-vine life of fruits. Taking this into account, the ars2-2 mutant is an excellent
allele for developing tomato with long shelf life and high lycopene content in the fruit.
Among the ACS2 natural variants, the natural accessions (EC520046, EC1087, and
EC20639) showed high ethylene emission, whereas few accessions (EC520076,
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EC529085) exhibited enhanced carotenoid levels and few accessions (EC520046,
IIHR2201) showed high folate when compared to Arka Vikas. Nucleotide diversity
analysis of ACS2 gene among wild relatives revealed that relatively fewer SNPs and

INDELSs were found in red colored fruit species than in the green colored fruit species.
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Supplementary Table 1. List of tomato accessions used in the study

S.No. Accession No. Source
1. 2-141 TGRC
2. A. Arka IIVR
3. Agata-30 IIVR
4, ALT9797 IIVR
5. Arka Vikas (Reference cultivar) IIVR
6. Azad No.1 IIVR
7. BI.-1208 IIVR
8. BT-111-3-2-3 IIVR
9. Castle Rock IIVR

10. Cerasiformae IIVR

11. Cherry Red IIVR

12. Chiku Grande IIVR

13. CILN-2998 IIVR

14. DT-10 IIVR

15. DVKT-1 IIVR

16. EC1129 NBPGR
17. EC14073 NBPGR
18. EC1753 NBPGR
19. EC2630 NBPGR
20. EC 315478 NBPGR
21. EC 320571 NBPGR
22. EC32211 NBPGR
23. EC 520053 NBPGR
24 EC007345 IIVR

25. EC007785 NBPGR
26. EC009046 IIVR

27. EC16788 NBPGR
28. EC012689 NBPGR
29. EC10662 NBPGR
30. EC1087 NBPGR
31. EC11309 NBPGR
32. EC114375 NBPGR
33. EC1177297 NBPGR
34, EC1191 NBPGR
35. EC12689 NBPGR
36. EC12692 NBPGR
37. EC129604 NBPGR
38. EC13736 NBPGR
39. EC13904 NBPGR
40. EC14073 NBPGR

173 |Page



41. EC14078 NBPGR
42. EC144336 NBPGR
43, EC15127 NBPGR
44, EC155 NBPGR
45, EC161645 NBPGR
46. EC163598 NBPGR
47. EC163605 NBPGR
48. EC16368 NBPGR
49, EC164465 NBPGR
50. EC164660 NBPGR
51. EC164665 NBPGR
52. EC16780 NBPGR
53. EC16786 NBPGR
54, EC16788 NBPGR
55. EC16790 NBPGR
56. EC168283 NBPGR
57. EC168290 NBPGR
58. EC170047 NBPGR
59. EC177371 NBPGR
60. EC1914 NBPGR
61. EC193538 IIVR

62. EC20636 NBPGR
63. EC20639 NBPGR
64. EC237288 NBPGR
65. EC241446 NBPGR
66. EC251581 NBPGR
67. EC251649 NBPGR
68. EC252 NBPGR
69. EC25265 NBPGR
70. EC25563 NBPGR
71. EC25772 NBPGR
72. EC26150 NBPGR
73. EC26684 NBPGR
74. EC2673 NBPGR
75. EC27251 NBPGR
76. EC273966 IIVR

77. EC27885 NBPGR
78. EC2790 NBPGR
79. EC279088 NBPGR
80. EC2791 NBPGR
81. EC27910 NBPGR
82. EC27960 NBPGR
83. EC27960 NBPGR
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84. EC2798 NBPGR
85. EC27995 NBPGR
806. EC2802 NBPGR
87. EC28356 NBPGR
88. EC2977 NBPGR
89 EC2990 NBPGR
90. EC29914 NBPGR
91. EC29933 NBPGR
92. EC29969 NBPGR
93. EC2997 IIVR
94, EC30303 NBPGR
95. EC3176 NBPGR
96. EC31767 NBPGR
97 EC320571 NBPGR
98. EC320583 NBPGR
99. EC321425 NBPGR
100. EC3216 NBPGR
101. EC32287 NBPGR
102. EC32481 NBPGR
103. EC32557 NBPGR
104. EC3261 NBPGR
105. EC326139 NBPGR
100. EC338717 NBPGR
107. EC338725 NBPGR
108 EC33878 NBPGR
109. EC339058 IIVR
110. EC339066 NBPGR
111. EC3414425 IIVR
112. EC34477 NBPGR
113. EC34480 NBPGR
114. EC35236 NBPGR
115. EC35240 NBPGR
116. EC-35240 NBPGR
117. EC35242 NBPGR
118. EC35244 NBPGR
119. EC35272 NBPGR
120. EC35293 NBPGR
121. EC35322 NBPGR
122. EC35360 NBPGR
123. EC357828 NBPGR
124. EC362933 NBPGR
125. EC362941 NBPGR
126. EC362948 NBPGR
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127. EC362949 NBPGR
128. EC362958 NBPGR
129. EC363863 NBPGR
130. EC363942 NBPGR
131. EC3668 NBPGR
132. EC368832 NBPGR
133. EC368883 NBPGR
134. EC368943 NBPGR
135. EC369020 NBPGR
136. EC370867 IIVR

137. EC372 NBPGR
138. EC373378 NBPGR
139. EC381554 NBPGR
140. EC383117 NBPGR
141. EC398405 IIVR

142. EC398600 NBPGR
143. EC398614 NBPGR
144. EC398684 NBPGR
145. EC398685 NBPGR
1406. EC398687 NBPGR
147. EC398688 NBPGR
148. EC398695 NBPGR
149. EC398697 NBPGR
150. EC398699 NBPGR
151. EC398701 NBPGR
152. EC398704 NBPGR
153. EC398707 NBPGR
154. EC398710 NBPGR
155. EC398711 NBPGR
156. EC398712 NBPGR
157. EC398714 NBPGR
158. EC398715 NBPGR
159. EC398716 NBPGR
160. EC398717 NBPGR
161. EC429 NBPGR
162. EC433607 NBPGR
163. EC439542 NBPGR
164. EC443369 NBPGR
165. EC45006 NBPGR
166. EC458213 NBPGR
167. EC470413 NBPGR
168. EC487 NPGRB
169. EC490128 NBPGR
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170. EC490130 NBPGR
171. EC492 NBPGR
172. EC494372 IIVR

173. EC498372 NBPGR
174. EC5050 IIVR

175. EC501577 NBPGR
176. EC520046 NBPGR
177. EC 52055 NBPGR
178. EC520052 NBPGR
179. EC520059 NBPGR
180. EC520065 IIVR

181. EC520075 NBPGR
182. EC520076 IIVR

183. EC520077 IIVR

184. EC520078 IIVR

185. EC520079 IIVR

186. EC521039 NBPGR
187. EC521048 NBPGR
188. EC521049 NBPGR
189. EC5210061 NBPGR
190. EC521067 NBPGR
191. EC521068 NBPGR
192. EC521070 NBPGR
193. EC521077 NBPGR
194. EC521078 IIVR

195. EC521079 NBPGR
196. EC521080 IIVR

197. EC521082 NBPGR
199. EC521083 NBPGR
200. EC521086 NBPGR
201. EC526146 NBPGR
202. EC528362 NBPGR
203. EC528365 IIVR

204. EC528366 NBPGR
205. EC528367 IIVR

200. EC528372 NBPGR
207. EC528373 NBPGR
208. EC528374 NBPGR
209. EC528388 NBPGR
210. EC529081 NBPGR
211. EC529083 NBPGR
212. EC529085 NBPGR
213. EC529086 NBPGR
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214, EC531800 NBPGR
215. EC531801 NBPGR
216. EC531802 NBPGR
217. EC531805 NBPGR
218. EC5358139 IIVR

219. EC538139 NBPGR
220. EC538141 NBPGR
221. EC538146 NBPGR
222, EC538148 NBPGR
223. EC538149 NBPGR
224. EC538153 NBPGR
225. EC538455 NBPGR
226. EC546727 NBPGR
227. EC562073 NBPGR
228. EC5627 IIVR

229. EC565216 NBPGR
230. EC57442 NBPGR
231. EC5863 NBPGR
232, EC5888 NBPGR
233, EC6053 NBPGR
234. EC6192 NBPGR
235. EC6486 NBPGR
2306. EC6488 NBPGR
237. EC6845 NBPGR
238. EC7317 NBPGR
239. EC742 NBPGR
240. EC7785 NBPGR
241. EC7912 NBPGR
242, EC8372 IIVR

243, EC8591 NBPGR
244, EC8630 NBPGR
245, EC8822 NBPGR
246. EC8936 NBPGR
247. EC9046 NBPGR
248. F6030 IIVR

249, F6102 IIVR

250. Feb.2 IIVR

251. Feb.4 IIVR

252. FLA7171 IIVR

253, Gujrat Tomato IIVR

254, H-24 IIVR

255. H-86 IIVR

256. H-88-78-2 IIVR
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257. H-88-78-5 IIVR
258. H-88-87 IIVR
259. 1C 469697 NBPGR
260. 1C447706 NBPGR
261. 1C447708 NBPGR
202. 1C469597 NBPGR
263. 1C469628 NBPGR
204. 1C469648 NBPGR
2065. 1C469653 NBPGR
200. 1C469682 NBPGR
267. 1C469714 NBPGR
268. ITHR2201 IIVR
2069. ITVR 121 IIVR
270. 1IVR2200 IIVR
271. KT15 IIVR
272. LA0012 TGRC
273. LA0180 TGRC
274. LA0215 TGRC
275. LA0266 TGRC
276. LA0274 TGRC
277. LA0276 TGRC
278. LA0292 TGRC
279. LA0505 TGRC
280. LAO516 TGRC
281. LA0517 TGRC
282 LA0533 TGRC
283. LA0744 TGRC
284. LA0806 TGRC
285 LLA0842 TGRC
2806. LA0854 TGRC
287. LA1016 TGRC
288. LA1021 TGRC
289. LLA1088 TGRC
290. LLA1089 TGRC
291. LA1090 TGRC
292. LA1091 TGRC
293. LA1504 TGRC
294. LA1506 TGRC
295. LA1795 TGRC
296. LA1996 TGRC
297. LA2133 TGRC
298. LLA2374 TGRC
299. LLA2400 TGRC

179 |Page



APPENDIX T

300. LA2529 TGRC
301. LA2713 TGRC
302. LLA2714 TGRC
303. LLA2715 TGRC
304. LA2818 TGRC
305. LA2921 TGRC
306. LLA2968 TGRC
307. 1.A2999 TGRC
308. LA3012 TGRC
3009. LA3024 TGRC
310. LLA3121 TGRC
311. 1LA3144 TGRC
312. LLA3202 TGRC
313. LA3203 TGRC
314. 1.LA3229 TGRC
315. 1LA3231 TGRC
316. 1.A3233 TGRC
317. 1LA3234 TGRC
318. LA3237 TGRC
319. 1.LA3243 TGRC
320. 1.LA3246 TGRC
321. 1LLA3247 TGRC
322. LA3317 TGRC
323, 1.LA3430 TGRC
324, 1LA3465 TGRC
325, LLA3530 TGRC
326. LA3532 TGRC
327. LA3534 TGRC
328. 1LA3537 TGRC
329. 1.LA3538 TGRC
330. 1LA3539 TGRC
331. LA3551 TGRC
332. 1.LA3554 TGRC
333, 1LA3579 TGRC
334, LLA3630 TGRC
335. LA3754 TGRC
3306. LLA3770 TGRC
337. 1.LA3903 TGRC
339. 1LA4024 TGRC
340. LA4104 TGRC
341. M.local IIVR

342, M-88-78-3 IIVR

343, Mount favest IIVR
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344, Mutant IIVR
345, N2298 BJ]
346. N2369 BJJ
347. N2389 BJJ
348. N2403 BJ]
349. N2411 BJ]
350. N2448 BJ]
351. N2465 BJJ
352. N2501 BJ]
353. N2664 BJ]
354, N2675 BJ]
355. N2764 BJJ
356. N2812 BJ]
357. N2829 BJ]
358. N2832 BJ]
359. N4210 BJ]
360. N4218 BJJ
361. N4241 BJ]
362. Nandi IIVR
363. P.Gaurav IIVR
3064. P.Pink IIVR
3065. P.Rohit IIVR
366. PBC(Punjab Chuhara) IIVR
367. PDT-3-1 IIVR
368. PKM-1 IIVR
3069. Pusa Rohini IIVR
370. Pusa-Gaurav IIVR
371. Rashmi IIVR
372. S.local IIVR
373. §-2-95-1-3-1 IIVR
374, Sankranti IIVR
375. Sel-14 IIVR
376. Siberia IIVR
377. Superbug IIVR
378. T.Local IIVR
379. T-HL IIVR
380. TLBR-12 IIVR
381. TLBR-2 IIVR
382. TLBR-3 IIVR
383. TLBR-4 IIVR
384. Type-1 IIVR
385. Vaibhav IIVR
3806. VLT-34 IIVR
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387. WIR13717 IIVR
388. WIR3768 IIVR
389. WIR3928 IIVR
390. WIR3957 IIVR
391. WIR4361 IIVR

TGRC: Tomato Genetics Resource Center at University of California, Davis

(terc.ucdavis.edu/).

ITVR: Indian Institute of Vegetable Research, Varanasi, U. P., India (www.iivr.org.in/).

NBPGR: National Bureau of Plant Genetic Resources, New Delhi, India
(www.nbpgr.ernet.in/).

(http://www.nbpgr.ernet.in:8080/PGRPortal / (S(o3cy12bkoz5s5e55w0dact2a)) / Advanc
ePassportSearch.aspx).

BSS: Bejo Sheetal Seeds Pvt. Ltd. Jalna, India (http://www.bejosheetalseeds. com/).

ITHR: Indian Institute of Horticulture Research, India (http://www.iiht.res.in/)
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Supplementary Table 2. Reporting metabolite data in this study

Reporting metabolite data was presented according to the recommendation by Fernie et al., (2011)

Level Aspect Information Fill in
Type of metabolome
General aspect analysis Targeted metabolite analysis TRUE
Non-targeted metabolite class scale profiling FALSE
Non-targeted metabolome scale profiling FALSE
Non-targeted finger printing of mass features FALSE

Type of quantification

Type of reference samples

Type of replication

Type of technology
Sample preparation

Metabolite/mass

feature Metabolite

Identification

Absolute or quantification

Chemically defined

Biologically defined

Analytical (same analytical sample preparation)
Technological (same biological preparation)
Biological (same experimental condition)

Full experiment

Reference publication

Method of chromatography/separation
Method of ionization
Method of detection

Metabolite name
Metabolite sum formula

Metabolite structure and public source of metabolite
identifier

Identification process
By authentic mass isotopomer added to one or all

Relative quantification
standard reference compounds aquired in chemical
companies
1
2 (in different amount of plant material)
5
145
Lisec et al., (2006)
chemical derivatized as described in protocol
Lisec et al., (2000)
- 70 MeVolt hard ionization
electron impact ionization

see below

see below

Metabolites were identified in compatison to database
entries of authentic standards (IKopka ¢f al., 2005;
Schauer ¢7 al., 2005).

manually supervized with Xculibar and Metalign
FALSE

183 | Page



biological sample(s)

By authentic reference compound within a co-processed

reference mixture FALSE
By authentic reference compound previously mapped to

the analytical system TRUE

Metabolites were identified in compatison to database
entries of authentic standards in NIST and Golm
Reference library database (Kopka et al., 2005; Schauer et al., 2005)

type of mass spectrum
By match of molecular mass (single mass fragment)

By match of fragments YES
By match of fragmentation pattern YES
type of retention index
By match of retention time (index) to reference library fatty acid methylesters (FAMEs)
relative quantification by internal standard and sample
Quantification Type of quantification fresh weight
Validity testing Recovery testing (chemical analog) not performed
Recovery testing (internally added mass isotopomer) not performed
Recovery testing (mixture of most divergent samples
from the experiment) not performed
Test for linear range not performed
Limit of quantification (LOQ) not performed
Limit of detection (LOD) not performed
Experiment title: Metabolite profiles of tomato tissues for the organ or tissues mentioned below.
Plant species: Solanum lycopersicum
Organ/tissue: For leaf sample- leaf collected from 7% nodes of 45 days old green house grown plants were used (M82 and mutants); for

fruits- MG, TUR and RR stages of green house grown aes2-1, acs2-2 and WT (M82) plants were used.
Analytical tool: GC/TOF-MS.
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