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Abstract

Capsicum (Capsicum annuum L.) is considered a non-climacteric fruit, exhibiting limited
respiration and ethylene levels. The physiological mechanisms of ripening in capsicum
have not been fully understood to date, especially the probable reason behind the non-
climacteric behaviour. In this thesis, the protein (Chapter 3) and metabolite (Chapter 4)
profiles of capsicum at different ripening stages have been reported. Several proteomic and
metabolic candidates, for example ACC oxidase (ACQO) enzyme, sugars (glucose, fructose,
sucrose) and malate were chosen and analysed in different tissue types (peel, pulp and
seeds/placenta) and cultivars with different ripening times (Chapter 5). The results
suggested that some of these candidates were differentially present in different tissues and
cultivars which implied that ripening could be regulated spatially and temporally.
Furthermore, proteomic analysis also identified an ACO isoform 4 (CaACO4)
which was found during capsicum ripening onset and corresponded to the increase in the
overall ACO activity (Chapter 3). The expression of several ACO isoforms including
CaACO4, and other identified ACC synthase (ACS) and Ethylene receptor (ETR) isoforms
were therefore characterised to shed some light on their roles in this non-climacteric fruit
(Chapter 6). CaACO4 was the only ACO isoform expressed significantly higher during
capsicum ripening onset, confirming the earlier proteomic results. The expression of
several ACS and ETR isoforms, normally associated with the climacteric increase of
ethylene in tomato (a close relative of capsicum), was also limited as was ACS activity and
ACC content. The production of ACC, as an ethylene precursor, may therefore be the rate-
limiting step for ethylene production in non-climacteric capsicum. The postharvest
application of ethylene did not promote capsicum ripening or induce the expression of
most ACO, ACS and ETR isoforms, suggesting they are not regulated by ethylene as

usually observed in climacteric fruit such as tomato. However, 1-methylcyclopropene



treatment significantly delayed capsicum ripening postharvest, particularly when applied at
Breaker stage (the onset of ripening), suggesting that blocking ethylene perception could
affect ripening and that the basal level of ethylene normally produced in non-climacteric
fruit may be (partially) required for ripening (Chapter 6).

Other proteomic candidates such as Copper chaperone, TCP chaperone, Cysteine
synthase and Spermidine synthase were also isolated and investigated due to their possible
roles in capsicum ripening. However, unlike CaACO4, the RNA expression of these
candidates did not follow their respective proteomic trends, suggesting a regulation at the
post-translational level (Chapter 7). The identified candidates including CaACO4 are now a
resource for further investigation to identify factors that may be involved in capsicum

ripening.
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Chapter 1: Literature Review




1.1 Background

One of the most important vegetables in the world is the capsicum (Capsicum annuum L.)
which is predominantly used as a food colourant and spice. The two types of capsicum
commonly used for these purposes are paprika and cayenne. Another common capsicum
type, bell pepper, is mainly utilised fresh. The world production of fresh and dry capsicum
reached 29 and 34 million tonnes in 2011, respectively, an increase of approximately nine
million tonnes in the last decade [United Nations Food and Agricultural Organization
(FAO, 2013)]. Australian production in 2011 was only around 51 thousand tonnes for fresh
capsicum but the trend for the last 12 years has been remarkable with a production surge of
nearly 40% (FAO, 2013). This data suggests that capsicum or pepper is becoming
increasingly popular, not only for the food processing industry but also as a consumer
choice as a raw vegetable for cooking.

Preliminary research by Pham (2007) has categorised three capsicum cultivars
based on their ripening profiles. Capsicum cv. Papri Queen (paprika type) and cv. Aries
(bell pepper type) exhibited a non-climacteric nature and hence did not have a peak of
ethylene production during their ripening course. However, the cv. Caysan (cayenne type)
produced some ethylene suggesting it behaved as a climacteric fruit. The physiological
study also showed that there was no change in fruit diameter and length of all cultivars
examined once they reached the Light Green (LG) stage, and that both parameters seemed
greater when grown in summer than in winter. Furthermore, there was approximately a lag
of seven days for fruit to reach the final ripening stage when grown in winter than in
summer.

Further measurement by Pham (2007) also characterised fruit harvested in early
ripening stages compared to fruit left to ripen on the plant (Figure 1.1). One notable
observation was that fruit harvested at the Breaker stage (B) or later were able to ripen

normally but not fruit harvested at earlier stages. Furthermore, Pham (2007) also observed



that ripening of fruit cinctured at the LG stage (on the plant) was delayed by five days
when compared to control fruit. Hence, stage-specific molecules were postulated to control

ripening at the B stage, in the form of a signal sent from the mother plant via the phloem.

Light green (LG)

—

l Deep green (DG)

l Breaker red (BR) l

| Lightred (LR)

l Deep red (DR)

Ve
l Deep red and partially dried

Figure 1.1 Ripening course of a capsicum (cv. Papri Queen) [adapted from Pham (2007)].

Pham (2007) also investigated the role of ethylene in promoting ripening in a non-
climacteric capsicum, cv. Papri Queen. Ethephon (2-chloroethylphosphonic acid; a
solution-based ethylene source) was shown to promote the ripening of harvested LG fruit
but only at a very high concentration (144,000 pL L™). The effects included an increase in
extractable colour [known to be caused by carotenoid production (Vega-Géalvez et al.,
2009)], as well as markedly reduced chlorophyll content which could only be seen 14 days
after treatment. Furthermore, there was differential expression of two enzymes in
carotenoid biosynthesis, Lycopene-f-cyclase (Lcy) and Capsanthin capsorubin synthase
(Ccs) during ripening. No Lcy transcripts were found using Northern blot analysis in all
ethylene treatments and ripening stages. In contrast, Ccs was highly up-regulated in all

cases but more prominent when treated with a high ethephon concentration. This evidence



suggests that ethylene may play a minor role in ripening induction of a non-climacteric
fruit and affect the carotenoid biosynthesis pathway.

Further experiments are needed to verify these findings. For instance, comparison-
based approaches such as proteomics and metabolomics can be employed to identify and
characterise ripening factor candidates differentially expressed in different ripening stages.
Moreover, the role of ethylene in inducing these identified factors also requires further
investigation. The outcomes from these experiments will develop better understanding in
the ripening of non-climacteric fruit such as capsicum.

In this literature review, the molecular mechanisms that lead to several ripening
characteristics are detailed and gaps are highlighted. Comparison-based approaches are
then discussed with a special focus on current studies of fruit ripening; especially the use of

these methods in identifying differentially expressed molecules.

1.2 Fruit ripening physiology and biochemistry

Ripening is an important process for plant survival where mature green fruit gradually
become edible and attractive to animals (Rodriguez et al., 2013). Many physiological
changes occur during ripening including colour alteration, sugar changes, texture softening
and aroma build-up (Bapat et al., 2010; Seymour et al., 2013). Moreover, ripening fruit can
also be either dependent on ethylene production to fully ripen (known as climacteric fruit)
or ripen independently of ethylene production (non-climacteric) (Barry and Giovannoni,

2007; Gapper et al., 2013; Lin et al., 2009).

1.2.1 A comparison of the physiology of climacteric and non-climacteric fruit
ripening
Fruit are generally classified based on physiological changes during ripening. The two

widely used benchmarks for climacteric or non-climacteric categorisation are biosynthesis



of the gaseous plant hormone ethylene and increases in respiration. Previous studies have
shown that climacteric fruit such as tomato, banana and apples exhibit higher ethylene and
CO2 levels and are highly sensitive to ethylene treatment (Bapat et al., 2010; Matas et al.,
2009). On the other hand, non-climacteric fruit like capsicum, strawberry and citrus do not
ripen naturally when harvested at the mature green stage, exhibit minimal level of ethylene
production and gradually declining CO> levels during ripening (Bapat et al., 2010).

The effects of ethylene treatment on climacteric fruit ripening have been
extensively researched, using not only ethylene in its gaseous form, but also ethylene
precursors such as propylene and ethephon. This has been presented in several reviews
(Bapat et al., 2010; Lelievre et al., 1998; Matas et al., 2009; Pech et al., 2008; Prasanna et
al., 2007). Furthermore, a competitive ethylene inhibitor, 1-methylcyclopropene (1-MCP)
has also been used as a tool for fruit classification (Watkins, 2006). The effect of 1-MCP
inhibition towards climacteric fruit is also widely known, having been reviewed by Huber
(2008) and Martinez-Romero et al. (2007). A recent study by Moradinezhad et al. (2010)
showed that 1-MCP application on a climacteric fruit, banana, delayed its ripening process.
Meanwhile, tomato treated with 1-MCP also exhibited the same effect where some
characteristics of fruit ripening such as colour changes and textural softening were retarded
(Guillén et al., 2007).

The effects of exogenous ethylene application and 1-methylcyclopropene on non-
climacteric fruit ripening have been debatable (Huber, 2008; Watkins, 2006). One would
expect that non-climacteric fruit does not respond to ethylene application and inhibitor
treatment as they seem to be nearly independent of ethylene during ripening. In fact, non-
climacteric fruit does have some sensitivity, to a certain extent, towards ethylene treatment
and inhibition. For example, Villarreal et al. (2010) found that ethephon treatment
accelerated some ripening aspects during strawberry ripening such as chlorophyll

degradation, sugar changes and carotenoid accumulation while 1-MCP had an inverse



effect. Furthermore, 1-MCP has also been shown to reduce cell wall breakdown of ripening
loquat (Wang et al., 2010), while the treatment of citrus fruit with propylene reduced the
endogenous production of ethylene (Katz et al., 2004).

There are two systems controlling endogenous ethylene production in plants,
System 1 and System 2 (Barry et al., 2000; Lelievre et al., 1998; McMurchie et al., 1972).
System 1 is responsible for minimal ethylene production in all plant tissues during growth
including non-climacteric fruit. Furthermore, exogenous application of ethylene seems to
negatively regulate this system (Katz et al., 2004). Meanwhile, System 2 appears to be
mainly active during the ripening process of climacteric fruit and hence the climacteric
increase of ethylene. Unlike System 1, System 2 is an autocatalytic system where ethylene
existence increases biosynthesis of ethylene and respiration. In climacteric fruit, System 1
occurs before climacteric patterns emerge in System 2. Non-climacteric fruit generally
only exhibit System 1 throughout ripening but System 2 may exist even earlier before
ripening onset in fruit like citrus (Katz et al., 2004), System 2 may actually exist even
earlier before ripening onset. One probable explanation for this finding is that System 2
may be necessary for preparing the non-climacteric fruit to ripen with minimal ethylene
production (in System 1). Undeniably, more research is required to rationalise this
deduction and unravel the true role of ethylene in ripening promotion of non-climacteric
fruit. Regardless of the system, the ethylene biosynthesis pathway is still the same and this

is detailed in section 1.2.2.

1.2.2 Ethylene biosynthesis and the role of the ripening transcription factor (RIN)
The biosynthesis of ethylene and the methionine recycling pathway called the Yang cycle
are shown in Figure 1.2. In the biosynthesis pathway, methionine (Met) is converted to S-
Adenosyl-Methionine  (SAM) by SAM synthase before conversion to 1-

aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase (ACS). The last step of



ethylene biosynthesis is ACC conversion to ethylene (C2Hs) by ACC oxidase (ACO).
Meanwhile, the Yang cycle recycles back methylthioadenosine molecules which are the
by-product of ACC synthase activity. This cycle is important because it keeps sufficient

Met for subsequent ethylene synthesis (Génard and Gouble, 2005; Taiz and Zeiger, 2010).

— a-keto-y-methylthiobutyrate

Met \
SAM
synthase Yang cycle Methylthioribose-1-P
SAM T
ACC
synthase Methylthioadenosine —— Methylthioribose
ACC
ACC
oxidase
Ethylene

Figure 1.2 Biosynthesis of ethylene from methionine (Met). The by-product of S-
Adenosyl-methionine (SAM) conversion to 1-aminocyclopropane-1-carboxylic acid
(ACC), methylthioadenosine is recycled back to Met in the Yang cycle. Figure modified
from Taiz and Zeiger (2010) and Bapat et al. (2010). Enzymes are shown in italics.

The main enzymes that regulate ethylene biosynthesis (ACS and ACO) seem to be
up-regulated on several occasions including during the onset of ripening. There are at least
nine gene homologues for ACS and six ACO homologues in tomato (Barry et al., 2000; Lin
et al., 2009) and interestingly, these homologues are differentially regulated to control
System 1 and System 2 ethylene production in tomato ripening (Figure 1.3) (Barry et al.,
2000). The minimal production of ethylene during ripening of non-climacteric fruit may be
due to a lack of some of these homologues as seen in non-climacteric melon (Zheng et al.,
2002), pear (Yamane et al., 2007) and plum (El-Sharkawy et al., 2008). However, this

needs further investigation as does the reason behind the differential expression of some of

these homologues in tomato. Even so, a transcription factor mutant in tomato, ripening-



inhibitor (rin) down-regulated certain ACS/ACO homologue expression (Barry et al., 2000;
Yokotani et al., 2004) and ceased all ripening aspects (Vrebalov et al., 2002), thus
suggesting that the transcription factor plays a role in the ripening of climacteric fruit.

The rin mutant still retains an intact ethylene biosynthetic pathway (Vrebalov et al.,
2002) suggesting that the transcription factor is one of a group of ripening regulators which
acts upstream of ethylene induction (Giovannoni, 2007). Furthermore, these ripening
regulators may actually be conserved among fruit types including non-climacteric fruit;
and indeed strawberry RIN expression has been shown to be closely related to its ripening
onset (Vrebalov et al., 2002). However, the central role of RIN in ripening of non-
climacteric fruit especially in capsicum is still inconclusive. Vrebalov et al. (2002) found
that an expressed sequence tag (EST) sharing homology with RIN was only isolated in
pathogen-infected pepper while Moore et al. (2005) showed that there was limited
expression of MADS box genes (which may include RIN) in different stages of pepper
ripening, unlike tomato. Conversely, a microarray analysis by Lee et al. (2010) showed that
RIN was up-regulated during capsicum ripening but surprisingly not during tomato
ripening. This implies that more research is required to decipher the global regulatory
control of fruit ripening prior to the ethylene regulatory pathway. Moreover, ethylene
perception may also play a role in regulating System 1 and System 2 ethylene production

during fruit ripening and this is detailed in the next section.
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Figure 1.3 The proposed tomato ripening model illustrating the differences in expression
of 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) gene homologues
(LeACS1A, LeACS2, LeACS4, LeACS6) in System 1 and System 2 of ethylene biosynthesis
[adapted from Barry et al. (2000)]. S-Adenosyl-methionine (SAM) conversion to 1-
aminocyclopropane-1-carboxylic acid (ACC) may be regulated by these different
homologues before conversion to ethylene by ACC oxidase (ACO). RIN binding to
LeACS2 and LeHB1 (that influence LeACO1) was reported recently by Martel et al. (2011)
and Lin et al. (2008), respectively.

1.2.3 Ethylene perception for ripening
There have been at least five identified ethylene receptors in Arabidopsis which are
Ethylene Receptorl (ETR1), ETR2, ERS1, ERS2 and Ethylene Insensitive4 (EIN4)
whereas in tomato, six have been identified (LeETR1-6) (Lin et al., 2009). ETR are also
dependent on copper (Cu) as a cofactor which can be supplied through a series of proteins
including Copper CHaperone (CCH) and Responsive to ANtagonistl (RAN1) (Woeste and
Kieber, 2000). Normally, receptors are auto-phosphorylated upon the binding of their
respective ligands to activate downstream proteins. However, ethylene receptors function
differently, in that without their ligand (ethylene), the receptors are auto-phosphorylated to
activate downstream proteins (Figure 1.4).

When unbound, ethylene receptors activate an inhibitor protein called Constitutive

Triple Response (CTR) which then inhibits a membrane bound EIN2 protein which is the

starting point of the ethylene signalling cascade (Klee, 2004; Lin et al., 2009). In the



presence of ethylene, the receptors are bound and CTR is inactivated. EIN2 is switched on
and the signalling is then relayed into the nucleus to activate the EIN3 transcription factor
(TF) as well as other EIN3-like (EIL) TFs. Subsequently, EIN3 and EILs modulate gene
expression corresponding to ethylene response. EIL proteins in climacteric melon (CmEIL)
were shown to positively up-regulate ACO expression in a yeast-one hybrid experiment
suggesting direct regulation of ethylene synthesis by EIL (Huang et al., 2010). Another TF
which acted downstream of EIN3, Ethylene Response Factor (ERF) was also shown to
regulate ethylene responsive genes, ACS and ACO expression in tomato (Zhang et al.,
2009b). Furthermore, the role of these TFs (EIN3, EIL, ERF) have been implicated in
various ripening processes such as sugar metabolism, cell wall breakdown and biosynthesis

of pigments (Bapat et al., 2010; Seymour et al., 2013).

err || o | — Crant) +— Ceon)

EIN2

cytoplasm

Figure 1.4 Ethylene signalling pathway in plants [figure adapted from (Lin et al., 2009)].
EThylene Receptors (ETR) require Cu (copper) as a cofactor which is delivered by Copper
CHaperone (CCH) and Responsive to ANtagonistl (RAN1) proteins, sequentially (Woeste
and Kieber, 2000). Without ethylene stimulation, the ETR are active to stimulate the
Constitutive Triple Response (CTR) protein which suppresses Ethylene Insensitive2
(EIN2) and the subsequent downstream ethylene signalling pathway. When ethylene binds
to the receptors, CTR is no longer activated and this will initiate the downstream pathway
by removing the inhibition of EIN2. EIN2 activates transcription factor (TF) EIN3 in the
nucleus which then activates another TF, Ethylene Response Factor (ERF). The activation
of these transcription factors will regulate other downstream ethylene response genes.

10



In non-climacteric fruit, most studies have focused on isolating components of
ethylene perception and signalling to verify its nature with some surprising results. For
instance, three different ethylene receptor transcripts were isolated from non-climacteric
loquat and were highly expressed during ripening (Wang et al., 2010), a piece of evidence
that shows non-climacteric fruit also may have basal responses to ethylene. ElL-like
protein was also found to be up-regulated at the onset of ripening in a non-climacteric
pepper suggesting that ethylene or at least part of its pathway are needed for the ripening
process in non-climacteric fruit (Lee et al., 2010). Growing evidence of ethylene response
in non-climacteric fruit led to a challenge of the usual classification of fruit based on
ethylene production by Lin et al. (2009). This notion however, still needs to be clarified by
future experiments.

Research in fruit such as melon (Huang et al., 2010), guava (Liu et al., 2012b) and
capsicum (Klieber, 2000) that have cultivars of either climacteric or non-climacteric
behaviour may also assist in research of fruit ripening promotion. This is because these
fruit cultivars may have several biochemical pathways but only differ in the most necessary
pathway. Surprisingly, the ripening of these fruit has not been well studied and this will
provide an interesting area to be explored. In climacteric fruit, the ethylene surge is usually
followed by a respiration increase whereas non-climacteric fruit exhibit respiration levels

that gradually decline during ripening with minimal ethylene production.

1.2.4 Respiration of fruit during ripening
Though respiratory increase during the climacteric stage is well documented, the motive
behind the process is poorly understood (Giovannoni, 2004; Leliévre et al., 1998; Seymour
et al., 1993). There are probably three plausible reasons for climacteric respiration. First,
energy in the form of ATP is used to drive basic changes of ripening, for example synthesis

of carotenoids and new amino acids (Seymour et al., 1993). The energy processing cycle,

11



called the respiratory cycle, is therefore up-regulated and produces CO: as a by-product
(Figure 1.5 A) (Seymour et al., 1993). Since non-climacteric fruit are still able to ripen
while inducing mostly the same ripening changes as in climacteric fruit independent of
respiration increase (Bapat et al., 2010; Pham, 2007), this may not be accurate. However,
energy may also contribute to the maintenance of homeostasis especially during the
degradation of chloroplasts to chromoplasts (Romani 1984). Homeostasis may therefore be
more easily maintained in non-climacteric tissue such that an increase in respiration is not
required to the same extent as in climacteric tissue. Alternatively, in non-climacteric fruit,
the membrane changes might proceed more slowly than climacteric fruit limiting
respiration. The second reason is that the ATP is also required during the ethylene
synthesis especially for feeding the Yang cycle (Figure 1.2) (Génard and Gouble, 2005)
and hence CO. will be generated from the respiratory pathway. Lastly, ethylene can be
readily oxidised to CO> in plant cells (Taiz and Zeiger, 2010) and thus the rate of the
oxidation pathway (Figure 1.5 B) can be increased during the climacteric peak of ethylene.
Since ethylene production is minimal during non-climacteric fruit ripening, there is no
need to either increase ATP production to maintain the ethylene level or to induce the

ethylene oxidation pathway, and hence reduce the respiration level.
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Figure 1.5 A) The respiratory cycle in a plant cell. The major processes are bolded and
organelles where the reaction takes place are in italics. Only major products and substrates
are shown. The citric acid cycle is also known as the tricarboxylic acid (TCA) cycle or
Kreb cycle. NADP, Nicotinamide adenine dinucleotide phosphate; FADH3, Flavin adenine
dinucleotide-reduced form; ATP, Adenosine triphosphate [adapted from Taiz and Zeiger
(2010)]. B) The oxidation pathway of ethylene [adapted from Taiz and Zeiger (2010)].
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1.2.5 Colour-related processes that occur during ripening
The final product of ripening is generally a different colour than the initial mature fruit
prior to ripening. Usually, fruit ripens from green to other colours such as red and this
phenomenon is caused by chlorophyll breakdown and carotenoid accumulation events.

These events are detailed in the next subsections.

1.2.5.1 Chlorophyll degradation
At the onset of ripening, one of the earliest biochemical changes is chlorophyll breakdown
which causes loss of green colour in fruit. The colour loss is mainly attributed to the
conversion of fluorescent components of chlorophylls to non-fluorescent components of
catabolites (details in Figure 1.6). More specifically, the enzyme Pheophorbide a
oxygenase (PAO) which catalyses Pheophorbide a (Pheide a) to Red chlorophyll catabolite
(RCC) is the critical enzyme for disappearance of the green colour. Hence, several studies
of stay-green phenotype mutants in ripening fruit have shown that these mutants are
deficient in the RCC compounds (Barry, 2009; Barry et al., 2008; Borovsky and Paran,
2008; Park et al., 2007; Roca and Minguez-Mosquera, 2006). Furthermore, the gene
expression of another important chlorophyll degrading enzyme, Chlorophyllase (CLH) was
shown to be significantly up-regulated during ethylene treatment of mature mandarin,
further suggesting the role of ethylene during ripening induction (Barry, 2009; Fujii et al.,
2007). Moreover, during the ripening process, chloroplasts are degraded to much less
organised organelles called chromoplasts which accumulate carotenoids (Roca and

Minguez-Mosquera, 2006).
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Figure 1.6 The chlorophyll degradation pathway in plants [modified from (Barry, 2009)].
Enzymes are shown in italics.
1.2.5.2 Carotenoid biosynthesis and accumulation

Carotenoids are essentially metabolites that can contribute to pigmented colours. Studies
have shown that the composition of different carotenoids will determine the end-product
colour of a ripening fruit when coupled with the previously described chlorophyll
degradation (Giovannoni, 2004). For example, capsanthin and capsorubin are the
carotenoids responsible for red coloured capsicum while different coloured capsicums such
as white, orange and yellow capsicums accumulate different carotenoids (Guzman et al.,

2010; Ha et al., 2007). Figure 1.7 shows the biosynthetic pathway of carotenoids in red
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capsicums. Several carotenoid biosynsthesis genes [Phytoene synthase (PSY), Phytoene
desaturase (PDS) and (-Carotene desaturase (ZDS)] have been shown to respond to
ethylene treatment in varieties of apricots (Marty et al., 2005), implying that ethylene may

also responsible for colour related changes in this fruit, at least, during ripening.

Geranylgeranyl diphosphate
l Phytoene synthase (PSY)
Phytoene
l Phytoene desaturase (PDS)
{-Carotene
l {-Carotene desaturase (ZDS)
Lycopene
l Lycopene-B-cyclase (B-LCY)
B-Carotene
l B-Carotene hydroxylase (3-CH)
B-Cryptoxanthin
Json
Zeaxanthin

l Zeaxanthine epoxydase (ZE)

CCs
Capsanthin < Antheraxanthin
lZE
CCs
Capsorubin < Violaxanthin

l Neoxanthin synthase (NXS)
Neoxanthin

Figure 1.7 Biosynthesis of carotenoids in capsicum (Guzman et al., 2010; Ha et al., 2007).
CCS, Capsanthin-capsurobin synthase enzyme. Enzymes are shown in italics.
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1.2.6 Other processes that occur during ripening

1.2.6.1 Sugar changes

Sweetness of fruit is one of the important aspects in edibility as well as marketability.
Sugar can be obtained from assimilates of other photosynthetic organs, translocated
actively into fruit during its development (Yamaki, 2010) or be derived from starch. Starch
metabolism to less complex molecules like sucrose, glucose and fructose (Figure 1.8) is the
main contributor to sweetness and this process is enhanced during fruit ripening (Nielsen et
al., 1991; Seymour et al., 1993) and ethylene treatment (Bapat et al., 2010). These simple
sugars were shown to be markedly increased in ripening fruit as seen in tomato, capsicum
and others (Gautier et al., 2008; Matsufuji et al., 2007; Serrano et al., 2010).

Starch is mainly stored in the chloroplast as it is synthesised locally during
photosynthesis (Seymour et al., 1993). Starch can be converted into simpler molecules like
glucose inside the chloroplast itself by the enzymatic action of a-amylase as well as
through a maltose intermediate catalysed by B-amylase and a-glucosidase, sequentially.
Nevertheless, most of the sugar conversion takes place in the cytoplasm where glycolysis
(Figure 1.5 A) of sugar is active (Seymour et al., 1993; Taiz and Zeiger, 2010). Therefore,
during fruit ripening when chloroplasts are disintegrating, increased starch is likely to be

free in the cytoplasm for sugar conversion.
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Figure 1.8 The starch metabolism pathway in plant cells [figure modified from Seymour et
al. (1993)]. Only key enzymes (in italics) and products are shown. The triose-P is used in
the glycolysis pathway, as shown in Figure 1.5 A.
1.2.6.2 Fruit softening

Textural softening is one of the most notable changes during fruit ripening. This change
can be attributed to starch breakdown as well as loss of cell turgor and cell wall integrity
(Prasanna et al., 2007; Seymour et al., 1993). Many polysaccharides are localised in the
plant cell wall, contributing to the mechanical strength of the cell wall and at large, the
plant and the fruit itself. Amongst these cell wall polysaccharides such as cellulose and
hemicellulose, pectins may be regarded as the backbone of the cell wall maintaining its

rigidity (Prasanna et al., 2007; Seymour et al., 1993). Hence, many studies have shown that

the breakdown of pectin (Figure 1.9) is responsible for fruit softening during ripening (Ali
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et al., 2004; Cheng et al., 2008; Sethu et al., 1996). Ethylene has also been implicated in
increasing the expression of the Polygalacturonase gene in papaya (Fabi et al., 2009),

another instance of where ethylene regulates ripening in fleshy fruit.

Protopectin
Protopectinase

Polymethyl
galacturose

Polymethyl galacturonate (pectin) ———» oligogalacturonides

l Pectin Methyl Esterase (PME)

Polygalacturonate (Pectic acid)

Polygalacturonase (PG)
Subunits of uronides

Figure 1.9 The metabolism pathway of pectins [figure modified from Prasanna et al.
(2007)]. Enzymes are shown in italics.
1.2.7 Ripening changes in capsicum

Ripening in capsicum generally exhibit characteristics as detailed above. Furthermore,
capsicum cultivars can be either climacteric or non-climacteric as described by Pham
(2007). The non-climacteric capsicum has been shown to ripen when harvested at Breaker
stage but not earlier (Krajayklang et al., 2000; Pham, 2007). The reason for this behaviour
is not well understood and thus comparison-based approaches can be utilised to investigate
the presence of differentially expressed molecules in different stages of capsicum ripening

that may induce the process.
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1.3 Comparison-based approaches in ripening research

The biochemical networks presented earlier are based on well established concepts and
research. However, most of these studies relied on experiments that analyse individual
components of a biochemical pathway and not comparisons of multiple components at the
protein and metabolite levels. Hence, comparison-based approaches such as proteomics
and metabolomics are increasingly important to assist researchers in identifying and
characterising the molecules responsible for certain biochemical processes. Here, the use of
these two approaches in respect to ripening research is discussed and compared.

Proteomics is a study of differences at protein level and can be both global and
targeted (Palma et al., 2011). In the global approach, total protein composition is analysed
while the targeted approach only considers a specific type of protein. The global approach
seems to be the best method for early analysis and comparison because the resulting data is
broader and covering nearly the whole proteome (Rose et al., 2004). One example of a
global approach in proteomics is using 2D-gel electrophoresis (2DGE) coupled with
tandem mass-spectrometry (MS/MS). The 2DGE separates proteins based on polypeptide
charges and their molecular weight. By using total protein extracts at different ripening
stages, differences in protein profiles can be investigated. Selected protein spots that are
different on the gel can then be isolated and their peptide sequences determined using
MS/MS. Several studies have used this strategy to compare protein characteristics during
ripening, for example in banana, apple, peach, strawberry and tomato (Bianco et al., 2009;
Faurobert et al., 2007; Nilo et al., 2010; Song et al., 2006).

After identifying several differentially expressed proteins, a more targeted approach
is needed to thoroughly examine the expression of these proteins in different ripening
stages. Two examples of a directed proteomics method are the use of enzymatic activity
assays and specific antibodies to detect and confirm the expression of selected proteins.

Interestingly, there are still not many studies in ripening research that go beyond the global
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approach in order to examine all identified ripening-specific proteins. This is probably
because of the massive protein variation between ripening stages and targeting each of
these proteins may not seem feasible. However, targeting specific proteins that are known
to regulate certain components of ripening biochemistry is possible. For example, enzymes
responsible for fruit softening in papaya and grapes (endoxylanase and B-glucanase,
respectively) have been targeted using antibodies to examine their expression over ripening
stages (Manenoi and Paull, 2007; Wang et al., 2009).

In addition, metabolomics examines the products of biochemical pathways
(metabolites) that have taken place in plant cells (Baginsky et al., 2010). Though
metabolomics is a relatively new area of study (Villas-Boas et al., 2005), its usefulness
cannot be denied as it covers more aspects than proteomics research, including the release
of volatiles such as ethylene (Tikunov et al., 2005). Other metabolites such as lipids, sugars
and amino acids are also detectable using metabolomics, although a method where these
metabolites are converted into their volatile derivatives first, using certain chemical
reactions, is required (Fiehn, 2002). Separating techniques such as gas chromatography
(GC) are then used and coupled with MS for molecule identification (Liu et al., 2009).
Though this approach is a very useful method, research comparing different fruit ripening
stages has been limited except in climacteric tomato (Moco et al., 2007; Tikunov et al.,
2005). Studies in other fruit types such as pepper are therefore necessary to elucidate more
information about fruit ripening, particularly in non-climacteric fruit.

A combination of the -omics technologies can be a powerful tool for comparison
and discovering novel cellular networks. However, this is rarely used as the data generated
is massive and requires an expert level of bioinformatics analysis. Recently, Barros et al.
(2010) reported the comparison of genetically modified (GM) maize when grown in
different environmental factors using three different approaches (transcriptomics,

proteomics and metabolomics). The study successfully isolated differentially expressed
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transcripts, proteins and metabolites but no correlation between these molecules could be
made (Barros et al., 2010). This shows that integrating the data and information between
different profiling can be quite challenging and sometimes gives unexpected results
especially when dealing with both endogenous and external variables. In terms of fruit
ripening, the combination of these approaches to compare different stages is still narrowly
documented. Therefore, using different approaches to discover the regulation of ripening is
promising as the variable factors may only be present endogenously and may not involve
changing environmental factors as in Barros et al. (2010).

A comprehensive analysis from the current literature using different comparison-
based approaches to isolate stage-specific molecules is presented in Table 1.1. Two closely
related Solanaceae family members, tomato and pepper are contrasted to give an overview
of the differentially expressed molecules between the different ripening nature (climacteric
and non-climacteric, respectively) of these fruit. Only Breaker and the earlier ripening
stage (Green) are compared because Breaker is always considered to be the first stage
where ripening has been initiated by an unknown signal (Pham, 2007). Thus these two
stages are compared in order to list the ripening-related molecules that may assist further
development in fruit ripening research.

Table 1.1. Ripening related proteins/transcripts in Solanaceae identified during Breaker
(B) but not earlier ( 4 at B) or vice versa ( ¢ at B). More specifically, as the generated data
is substantial, molecules which are present or absent between these stages as well as being
discussed in the cited manuscript with particular interest to fruit ripening, are listed. ACC,
1-aminocyclopropane-1-carboxylate; 2DGE, 2D gel electrophoresis; GC-MS, gas
chromatography-mass spectrometry; E4 protein, peptide methionine sulphoxide reductase;
EREBP, ethylene-responsive element binding protein transcription factor; HSP, Heat shock
protein; LC-MS, liquid chromatography-mass spectrometry; MALDI-TOF/MS, matrix-
assisted laser desorption ionisation-time-of-flight mass spectrometry; MS/MS, tandem
mass-spectrometry; PG, polygalacturonase; PSY, phytoene synthase; qPCR, quantitative
real-time polymerase chain reaction; TF, transcription factor;  soluble sugars; ° sugar
alcohols; € organic acids; ¢ TCA cycle intermediate; © isoprenoids; ' flavonoids; * fruit
ripening protein (accession number O82575) named as such by lusem et al. (1993) because
of its abundance (5% of total MRNA) in ripe tomato fruit. It is also known as an ASR

[abscisic acid (ABA), stress and ripening] protein but its proposed function in sugar
trafficking is still unclear (Srivastava and Handa, 2005).
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Fruit Techniques Differentially-expressed molecules References
4 atB yatB

climacteric

Tomato 2DGE, HSP 21 and 70, acid 3- Phosphoglycerate (Faurobert et

MS/MS and invertase, E8 and E4 dehydrogenase al., 2007)

MALDI- proteins, lipocalin, e and (PGDH), Thiamin

TOF/MS B-galactosidase, B-1,3- biosynthetic enzyme
endoglucanases, ER6-like
stress protein, NADP*-
specific isocitrate
dehydrogenase

2DGE, ACC synthase and Pectinase, (Kok et al.,

MS/MS, oxidase, PSY, phenylalanine 2008)

gPCR and glucuronosyl transferase  ammonia-lyase,

microarray ~ homolog, PG-2a, E8 alcohol
protein, putative pectate  dehydrogenase
lyase, -galactosidase,
arginine decarboxylase,
invertase, Glutathione S-
transferase (GST)

2DGE, E4 protein, embryo- ACC oxidase (Rocco et

MS/MS and  abundant protein (EMB) al., 2006)

MALDI- protein, fruit ripening

TOF protein*, lipocalin,
protein phosphatase-2C
(PP2C)

GC-MS Arabinose?, mannitol®, rhamnose? (Carrari et
glycerol®, glycerate®, al., 2006)
malated, fumarate?,
succinate, o-
ketoglutarate?, citrate

LC-MS All-trans-lycopene, Chlorophyllaand b,  (Mocoetal.,
violaxantine®, ascorbic tocopherol, 2007)
acid, Rutin and kaempferol-
naringenin chalcone’ rutinoside’

EST digital ~ ACC oxidasel, E8 B-subunit PG1, (Fei et al.,

expression protein, NR receptor, EREBP (TC116320)  2004)

analysis lipoxygenase, PG 2S

precursor, histidine
carboxylase, PSY,
putative acyltransferase,
pectate lyase, MADS box
genes
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non-

climacteric

Pepper microarray  EIL-like, p-hydroxylase ACC synthase and (Leeetal.,
like, Cystathionine oxidase 2010)
gamma synthase (CGS)-
like, MADS-RIN genes,
ASR gene*

1.4 Research rationale
The molecular mechanisms of ripening in non-climacteric fruit are still not well
characterised. Moreover, Breaker-harvested capsicum is able to ripen but not Green-

harvested capsicum. Hence, this project aimed to address the following questions:

i.  Are there any stage-specific molecules as determined by proteomics (Chapters 2
and 3) and metabolomics (Chapter 4) in non-climacteric capsicum fruit that may
play a role in ripening?

ii. Are there any selected stage-specific molecules differentially distributed in
different capsicum tissues and cultivars (Chapter 5)?

iii. Do ethylene or 1-methylcyclopropene treatments affect a selected stage-specific
candidate and components of ethylene pathway in capsicum (Chapter 6)?

iv.  Are there any other selected candidates particularly from the proteomic study
(Chapter 3) which can be further studied to confirm their expression levels during

capsicum ripening (Chapter 7)?
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Chapter 2: Preliminary studies for the proteomic
analysis of capsicum and the characterisation of

capsicum ripening behaviour (cv. Aries)
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2.1 Introduction

Fruit ripening involves changes in colour, texture and taste to ensure the fruit becomes
more palatable for seed dispersal agents such as animals (Rodriguez et al., 2013). Fruit are
also divided largely into two different groups, climacteric and non-climacteric fruit, based
on their ripening physiology. Climacteric fruit such as banana, apple and tomato increase
their respiration and ethylene production during ripening. Non-climacteric fruit, such as
strawberry, grapes and capsicum, have relatively limited increases in respiration and
ethylene production during ripening and generally do not respond to ethylene exposure
(Barry and Giovannoni, 2007; Seymour et al., 2013).

Comparison-based approaches have been utilised to give an overview of the
ripening process of various fruit including both climacteric and non-climacteric fruit.
These approaches have used techniques such as microarray (transcriptomics), 2D gel
electrophoresis (2DGE, proteomics) and Gas Chromatography-Mass Spectrometry (GC-
MS, metabolomics). However, gene expression differences, measured by transcriptomics,
do not always correspond to the downstream biochemical processes. This is due to possible
post-translational modifications which affect protein abundance but not the gene
expression (Hertog et al., 2011). Therefore, the utilisation of proteomics and metabolomics
which investigate samples at the level of proteins and metabolites will give a better
indication of biochemical activities, which in this case, leads to the changes in ripening.

Tomato has been the primary model fruit used to study ripening (Giovannoni,
2004) and a number of studies utilising tomato in these comparison-based approaches have
already been reported (Alba et al., 2005; Carrari et al., 2006; Faurobert et al., 2007; Fei et
al., 2004; Kok et al., 2008; Moco et al., 2007; Rocco et al., 2006; Roessner-Tunali et al.,
2003). Some non-climacteric fruit have also been investigated including strawberry
(Aharoni and O'Connell, 2002; Bianco et al., 2009; Fait et al., 2008; Ponce-Valadez et al.,

2009) and grapes (Giribaldi et al., 2007; Grimplet et al., 2007). From these studies, several
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enzymes and metabolites related to the process of ripening such as carbohydrate
modification and lipid metabolism are known to be differentially expressed in both
ripening types (Palma et al., 2011). However, what regulates the two different types of
ripening is still largely unanswered, possibly due to significant differences in genetic
background (Pech et al., 2012). The use of capsicum which has a very similar genetic
content (in the same Solanaceae family) as the model fruit tomato (Livingstone et al.,
1999) may help better understanding between climacteric and non-climacteric ripening.
However, there are still not many reported studies in capsicum especially utilising the
comparison-based approaches such as proteomics and metabolomics.

The primary aim of the work presented in this chapter was to optimise 2D gel
electrophoresis (2DGE) for the proteomic study of capsicum ripening. Most of the 2DGE
techniques had been optimised previously in our laboratory by Khoo et al. (2012) but using
bread wheat anthers. Therefore pilot studies were needed to confirm the optimised running
conditions for capsicum fruit. Different protein extraction methods were also investigated
for choosing the most consistent and high protein yield method to be used in the
downstream 2DGE. Different pH ranges of 2DGE were also tested for better visualisation
and separation of the capsicum proteome. Different RNA extraction methods were also
studied for gene expression analysis in the following chapters (Chapters 3, 6 and 7).
Furthermore, capsicum plants were grown in the glasshouse to characterise the ripening
behaviour of the fruit for corresponding studies in the proteomics (Chapter 3) and

metabolomics (Chapter 4) of capsicum ripening.

2.2 Materials and Methods
2.2.1 Capsicum tissue samples
Green (G) and Red (R) bell pepper capsicum were obtained commercially and only the

capsicum flesh without seeds and placental tissues was used for pilot experimentation. The
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flesh was cut into ~2 cm cubes, incubated immediately in liquid N2 until frozen solid and
ground in a laboratory blender (Multiblender, Sunbeam) until a fine powder was obtained.

The powder was stored at -80°C until required.

2.2.2 Protein extraction
Both trichloroacetic acid (TCA)/acetone and phenol extraction methods were adapted from
Saravanan and Rose (2004) which extracted protein from tomato tissues for 2DGE. Both

methods were repeated twice in order to assess their consistency.

2.2.2.1 TCA/acetone method
Ground tissues (1.5 g) were weighed in chilled 50 mL tubes and four volumes of ice-cold
acetone mix [10% TCA, 1% polyvinylpolypyrrolidone (PVPP), 2% pB-mercaptoethanol
(BME)] were added before vortexing. The samples were rotated at 4°C for 30 min and
placed at -20°C overnight. The samples were then centrifuged (4°C, 6000 g for 30 min)
and the final supernatants were removed leaving intact pellets for protein solubilisation

(see section 2.2.2.3).

2.2.2.2 Phenol method
Ground capsicum (1.5 g) was weighed in chilled 50 mL tubes and mixed with 15 mL
extraction buffer 1 [1% PVPP, 0.7M sucrose, 0.1 M potassium chloride (KCI), 0.5 M
tris(hydroxymethyl)amino methane (Tris)-Cl pH 7.5, 500 mM ethylenediaminetetraacetic
acid (EDTA), 1 mM phenylmethanesulfonyl fluoride (PMSF), 2% BME]. A similar volume
of ice-cold phenol saturated in 0.5 M Tris-Cl pH 7.5 [prepared as per Sambrook and
Russell (2001)] was added, the sample rotated at 4°C for 30 min and then centrifuged (4°C,
6000 g for 30 min). The upper phenol phase was collected into a new tube and re-extracted

twice with extraction buffer 1 as described earlier. The final phenol phase was
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resuspended in 5 volumes of 100 mM acetate in methanol and placed at -20°C overnight.
The samples were pelleted using centrifugation (4°C, 6000 g for 30 min) and the

supernatants were then discarded.

2.2.2.3 Protein solubilisation and quantification

Regardless of extraction method, protein pellets were washed once with 10 mL absolute
methanol (ice-cold) and two to three times (until no colour was visible particularly for R
samples) with 10 mL absolute acetone (ice-cold). Each wash comprised of vortexing for 1-
2 min, up to 30 min rotation at 4°C and centrifugation at 4°C, 6000 g for 30 min. The final
pellets were air-dried at room temperature (RT, 22-23°C) and solubilised in 1 mL
resuspension buffer [7.0 M wurea, 2.0 M thiourea, 4% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 10 mM dithiothreitol (DTT)] for 1 h on
an orbital shaker at RT. The samples were then centrifuged (10000 g, 4°C, 10 min) and
only the clear protein extracts were transferred into 1.5 mL tubes for quantification and
storage at -80°C.

Protein extracts were quantified as per Bradford (1976). Samples were diluted
1:100 and analysed in triplicate. Samples (800 uL) were mixed with 200 uL Bradford dye
reagent (BioRad, CA, USA) in cuvettes and left at RT for 7 min. The absorbance was read
at 595 nm wavelength using a UV/VIS Spectrophotometer SP 8001 (AdeLab Scientific,
Thebarton, Australia). A standard curve of Bovine Serum Albumin (BSA, BioRad) was
also generated using 12.7, 9.5, 6.4, 3.2 and 1.3 ug mL™. The concentration of protein
samples was estimated from the standard curve using Genstat Release 10.2 (VSN

International, Hemel Hempstead, England).
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2.2.3 Protein gels
2.2.3.1 Sodium dodecy! sulphate-Polyacrylamide gel electrophoresis (SDS-
PAGE)
SDS-PAGE was run as per Sambrook and Russell (2001). Separating (12%) and stacking
(4%) gels were prepared fresh in 1.0 mm cassettes (Invitrogen, CA, USA) as per
manufacturer’s instructions. After the gel polymerised, the cassettes were slotted into the
XCell SureLock™ Mini-Cell (Invitrogen, CA, USA) and the cell was filled with 1x
Novex® Tris-glycine SDS running buffer. Samples (5 pg) in 1x NUPAGE® lithium dodecyl
sulfate (LDS) Sample Buffer (Invitrogen, CA, USA) were loaded and electrophoresed for
101 min (125 V, 30 mA). A Precision Plus Protein Standard (Bio-Rad) was also run as a

marker in the same gel to estimate protein size.

2.2.3.2 2D gel electrophoresis (2DGE)
Protein samples (100 ug in 199 uL) were mixed with 1 uL 1% carrier ampholyte according
to the immobilised pH gradient (IPG) strip used (for example, pH 3-10 ampholyte for
running sample in pH 3-10 IPG strips). Bromophenol blue (0.1%) was also added to the
sample before running on an 11 cm IPG strip (either pH 3-10, pH 4-7 or pH 7-10) (BioRad,
Hercules, CA, USA) in the first dimension electrophoresis using an Ettan™ IPGphor™ 11
IEF System (Amersham Bioscience, USA). The focusing steps used were: 30 V for 14 h,
200 V for 1 h, 500 V for 1 h, 1000 V for 1 h, 6000 V for 30 min (gradient) and 6000 V for
45 000 Vh. The strips were then equilibrated for 15 min in a 5 mL reducing equilibration
buffer (6 M urea, 30% w/v glycerol, 2% w/v SDS, 50 mM Tris-Cl, 1% w/v DTT, pH 8.8)
before another 15 min in a 5 mL alkylating equilibration buffer (6 M urea, 30% w/v
glycerol, 2% w/v SDS, 50 mM Tris-Cl, 2.5 % w/v iodoacetamide, pH 8.8). The second
dimension was run using 10% BioRad Criterion™ Xt Bis-Tris precast gels (11 cm, IPG +

1 well) slotted in a BioRad Criterion™ Cell. The gels with inserted strips were run in a 1x
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MES [2-(N-morpholino) ethanesulfonic acid] SDS running buffer (NuPAGE®
Invitrogen™, USA) for 45 min at 200 V. For protein size estimation, 5 pL of a Precision

Plus Protein Standards (Bio-Rad) was also run in all 2D gels.

2.2.3.3 Staining

SDS-PAGE and 2D gels were stained using Coomassie Brilliant Blue R250 followed by
eriochrome black T (EBT) silver staining according to Khoo et al. (2012). Briefly, the gels
were first fixed by immersing the gel in fixative solution (10% acetic acid, 10% methanol,
40% ethanol) for 1 h. The gels were then sensitised for 2 h in sensitisation solution (1%
acetic acid, 10% ammonium sulphate) before being soaked in staining solution (5% acetic
acid, 45% ethanol, 0.125% Coomassie Brilliant Blue R250) overnight with gentle shaking.
The gels were then destained with destaining solution 1 (5% acetic acid, 40% ethanol) for
1 h followed by destaining solution 2 (3% acetic acid, 30% ethanol) until no significant
background colour was observed. Gels were imaged using an Epson Perfection Photo
Scanner (Epson Australia Pty Ltd, Adelaide, SA). The gels were then either preserved in
preservation solution (5% acetic acid) or continued to silver staining.

For EBT silver staining, the Coomassie-stained gels were fixed in fixative solution
(30% ethanol, 10% acetic acid) for 20 min, twice. The fixed gels were then sensitised in
sensitiser solution (0.006% EBT, 30% ethanol), destained in destain solution (30%
ethanol) and washed twice with nanopure water (2 min for each step) before being
immersed in freshly prepared silver solution (0.25% silver nitrate, 0.037% formaldehyde)
for 5 min and washed with nanopure water for 20 s, twice. Gels were then soaked in
freshly prepared developer solution (2% potassium carbonate, 0.04% sodium hydroxide,
0.002% sodium thiosulphate, 0.007% formaldehyde) until complete (black protein spots
appearing) and the reaction was ceased in the stop solution (30% ethanol, 10% acetic acid)

before significant background developed. The gel images were captured as mentioned
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earlier for Coomassie stained gels and preserved in preservation solution (20% methanol,

7% acetic acid).

2.2.4 RNA extraction
Pilot experiments were performed using TRIzol and Phenol:chloroform methods to extract

RNA from G and R capsicum samples.

2.2.4.1 TRIzol
This protocol was adapted from Pham (2007). Ground capsicum tissues (1 g) were
transferred into chilled tubes and 10 mL TRIzol (Roche, Mannheim, Germany) added. The
samples were vortexed for 1 min and incubated on ice for 1 min. The samples were
centrifuged for 6000 g, 20 min at 4°C. The aqueous phase was transferred into a new tube
and 5 mL of chloroform was added, thoroughly mixed and centrifuged as described earlier.
This step was repeated once more before the upper aqueous phase was mixed with 5 mL
isopropanol and incubated on ice for 5 min. The samples were centrifuged (6000 g, 20 min,
4°C) and the supernatants were removed. Pellets were washed with 2 mL 70% ethanol with
a brief vortexing followed by a centrifugation (6000 g, 20 min, 4°C). The pellets were air-

dried and resuspended in double sterilised nanopure water.

2.2.4.2 Phenol:chloroform
This method was based on Moore et al. (2005). Ground tissues (2 g) were added to 5 mL
RNA extraction buffer [1 M Tris-Cl (pH 9.0), 1 M sodium chloride (NaCl), 0.2 M EDTA
(pH8.0)] and 5 mL phenol:chloroform:isoamyl alcohol (25:24:1). Samples were vortexed
and incubated on ice for 20 min before centrifugation (4°C, 5800 g, 20 min). The aqueous
phase was transferred into a new tube and 3 mL isopropanol was added, before

precipitation at -20°C for 1 h and centrifugation at 4°C and 5800 g for 20 min. Pellets were
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washed with 70% ethanol and resuspended in diethylpyrocarbonate (DEPC)-treated water
before a second precipitation using 4M lithium chloride (LiCl) (1:1 volume to sample) at -
20°C for 1 h. Samples were centrifuged (4°C, 16000 g, 20 min) and pellets rinsed with
70% ethanol before resuspension in double sterilised nanopure water. To maximise
solubilisation, samples were incubated at 60°C for 10 min (Chomczynski and Sacchi,

2006). Insoluble materials were removed by centrifugation (4°C, 16000 g, 15 min).

2.2.4.3 RNA quantification and RNA visualisation
Samples were quantified using a NanoDrop 1000 (Thermo Scientific, USA). Total RNA (5
Mg) was then loaded into 1% agarose gel stained with ethidium bromide and
electrophoresed for 15-20 min at 200 V. The gels were viewed and imaged using a
FirstLight UV transilluminator (UVP, Upland, CA, USA). A 2-log DNA ladder (New

England Biolabs, USA) was used for size estimation.

2.2.5 Plant growth
In order to check the best condition to grow capsicum, plants were grown as per Pham
(2007) at the Waite Campus (latitude: -34° 58’ 6.7", longitude: 138° 38’ 28.47") under
glasshouse conditions (24-25°C with natural sunlight). Briefly, capsicum (cv. Aries) seeds
were germinated in petri dishes with moist Whatman paper for five to seven days.
Germinated seeds were then transplanted into 6-cell punnets with University of California
(UC)-Davis soil mix [comprising of one third peat moss with 1 kg m= Ag-lime, 0.7 kg m™
hydrated lime and 2.25 kg m™ Osmocote® fertiliser (16 N: 3.9 P: 10 K: 1.5 Mg and trace
elements, Scotts®)] and the other two thirds of washed Waikerie sand. When the fourth
leaves had appeared, the seedlings were transplanted into 15 cm pots filled with UC-Davis
soil and watered with reverse osmosis (RO) water every two-three days. The RO water was

then supplied daily when capsicum plants developed more leaves (approximately four
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weeks after transplanting). Seven weeks after transplanting, developing flowers at anthesis
were tagged which later developed into fruit at approximately seven days after anthesis
(DAA). At this stage, only one fruit per plant was chosen based on consistent size and
shape before being allowed to mature. Osmocote® fertiliser was supplied once again when
fruit reached maturity to maintain full nutrition to the plants. The length of time (or DAA)
for fruit to reach various ripening stages may change according to the season (longer
ripening time in winter due to less daylight time) as described by Pham (2007). Therefore,
in all experiments, the size of fruit was carefully recorded as was the DAA for each stage.
Furthermore, due to sporadic mite and aphid infection, appropriate treatments (Omite spray
for mite prevention and Dichlorvos fumigation for aphid control) were also scheduled

every 3-4 weeks starting from transplanting until the end of experiment.

2.2.6 Internal ethylene concentration in fruit
In later experiments, the internal ethylene concentration of capsicum was measured using
Gas Chromatography (GC). Fruit at six stages of ripening, G, Breaker (B), BR1, Breaker
Red 2 (BR2), Light Red (LR) and Deep Red (DR) (approximately 50 to 90 DAA from G to
DR) were harvested in February-May 2012 (autumn season) and transported into the
laboratory for gas measurement. A 1 mL syringe fitted with a 25-inch gauge needle was
used to draw the internal gas from the cavity of each fruit and run in a GC (Shimadzu,
Kyoto, Japan) as per Moradinezhad et al. (2008) and the standard used was 1.93 pL L*

ethylene (nitrogen balanced, BOC Gases Australia Ltd., NSW, Australia)
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2.3 Results

2.3.1 Protein extraction and 2DGE
Two protein extraction methods (TCA/acetone and Phenol) were compared. Protein
extraction of G and R samples suggested a better and more consistent protein yield in the

TCA/acetone method compared to the Phenol method (Table 2.1).

Table 2.1 The comparison of protein yield between two protein extraction methods,
TCA/acetone and Phenol methods from Green and Red capsicum. Both fruit were
extracted twice (reps 1 and 2) and the protein concentration (ug mL™) was estimated using
the Bradford assay (Bradford, 1976).

Extraction method Fruit Reps# [protein] (ug mL™)

Green 1 557.8

TCA/acetone 2 617.6
Red 1 530.4

2 448.1

Green 1 435.7

Phenol 2 547.8
Red 1 373.3

2 308.5

SDS-PAGE of these protein samples (both G and R capsicum) suggested that
protein samples from either extraction method produced distinct and sharp protein bands

(Figure 2.1 A and B).
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Figure 2.1 SDS-PAGE of the protein extracts (5 ug) from the two extraction methods,
TCA/acetone and Phenol methods. Both Green and Red capsicum protein samples (reps 1
and 2, consecutively) listed in Table 2.1 were run to check for the protein bands from both
extraction methods. A positive control Bovine Serum Albumin (BSA, 1 pg) and a
Precision Plus Protein marker (M, 5 puL) were also run in the gel. The approximate size of
the marker bands are shown in the left side of the Coomassie stained gel (A). The same gel
was also stained with the silver staining method (B).
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The 2DGE of both G and R capsicum produced considerably good focusing for
protein spots and minimal streaking (Figure 2.2 A). This suggests that the running
conditions used by Khoo et al. (2012) were also applicable for capsicum proteins. More
protein spots were also observed when the gels were further stained with silver staining
compared to only Coomassie staining (Figure 2.2 B). Hence all 2DGE were run and

stained with silver staining to visualise more protein spots.

Green capsicum Red capsicum
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Figure 2.2 2D gel electrophoresis of 100 pg protein extracted with TCA/acetone method.
One replicate of both Green (right) and Red (left) capsicum were run in pH 3-10 IPG strip
as described in the Materials and Methods (pH range shown on top of each gel). The gels
were first stained with Coomassie (A) before silver staining (B). M, 5 uL Precision Plus
Protein marker with approximate protein sizes (kDa).

Since most protein spots resided approximately in the middle of the pH 3-10 gels
(Figure 2.2), the 2DGE was further optimised by using smaller and different pH ranges to

separate proteins (IPG strips of pH 4-7 and 7-10). Most proteins from the R capsicum were
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present at pH 4-7 compared to pH 7-10 (Figure 2.3). Therefore, pH 4-7 IPG strips were

used for all subsequent 2DGE experiments.

A) B)
4 pH 7 i o+ 10
M 1 M I 1
75kDa 75kDa **
37kDa —=y 37kDa —4

15kDa —= 15kDa

Figure 2.3 Silver stained 2D gel electrophoresis of 100 ug Red capsicum protein extracted
with TCA/acetone method using 4-7 (A) and 7-10 (B) pH range. M, 5 uL Precision Plus
Protein marker with approximate protein sizes (kDa).

2.3.2 RNA extraction
For pilot RNA extraction, two methods (TRIzol and Phenol:chloroform) were compared.
One replicate of both G and R stages were extracted and the results suggested a better and

more consistent yield in the Phenol:chloroform method compared to the TRIzol method,

particularly for the R capsicum (Table 2.2).

Table 2.2 The comparison of RNA yield (ug pL™?) from two RNA extraction methods,
TRIzol and Phenol:chloroform methods.

Extraction methods Fruit [RNA] (ug pL?)
TRIzol Green 2.543

Red 0.7
Phenol:chloroform Green 4.652

Red 4.665

RNA gels also show that Phenol:chloroform extracted RNA may have better defined RNA

bands (especially 28S RNA from Red capsicum) compared to the TRIzol method (Figure
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2.4). Hence, the Phenol:chloroform method was the method of choice for RNA extraction

of capsicum.

Phenol:
TRIzol  chloroform

G R G R

3 kb

1 kb

Figure 2.4 Ethidium bromide gel (1% agarose) of the RNA extracts (5 ug) from two
extraction methods, TRIzol and Phenol:chloroform methods. One replicate of both Green
(G) and Red (R) capsicum as listed in Table 2.2 were run together with a DNA ladder (2-
log ladder) (not all band sizes are shown).
2.3.3 Time to maturity and ethylene production by capscium

Capsicum plants (cv. Aries) were grown in glasshouse conditions until fruit harvest. This
cultivar is a bell-shaped capsicum which ripens from green to red (Figure 2.5). Full Green
(G), Breaker Red 1 (BR1) (30% red) and Light Red (LR, 100% red) stages were achieved
at approximately 57, 78 and 93 DAA, respectively, when fruit ripened during winter to
spring (August-October 2010). During the ripening period, capsicum fruit generally have a
constant size after they reach the mature green stage (Figure 2.6). The information from
this pilot experiment was used to help guide when fruit would be ready in subsequent

experiments. Furthermore, the internal ethylene concentration in this capsicum throughout

ripening ranged from 0.03 to 0.2 pL L (Figure 2.7).
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Figure 2.5 Growing capsicum (cv. Aries) in glasshouse conditions (22°C with natural
sunlight) during winter to spring. Seedlings germinated in petri dishes were transplanted
into UC-Davis soil as per the Materials and Methods (see section 2.2.5) and reached
anthesis after 7 weeks. The flowers were tagged at anthesis and only one fruit per plant was
allowed to develop to maturity. The capsicum ripens from Green (G) to Breaker Red 1
(BR1) and Light Red (LR) at approximately 57-93 days after anthesis (DAA).
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Figure 2.6 The size of capsicum (cv. Aries) during development and ripening. Length and
diameter (mm) of fruit reached a constant size during mature Green (G) stage followed by
Breaker Red 1 (BR1) and Light Red (LR) stages. n =5 to 10 biological replicates £SE.
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Figure 2.7 The internal ethylene concentration (uL L) from the cavity of capsicum fruit
(n = 3 biological replicates £SE). Six capsicum stages (G, Green; Breaker, B, Breaker Red
1, BR1, Breaker Red 2, BR2; Light Red, LR; Deep Red, DR) were analysed and the photos
of corresponding stages are shown at the bottom. The scale bar at the bottom right hand
corner of each photo is 1 cm.

2.4 Discussion

The ethylene level in non-climacteric fruit is known to be limited during ripening
compared to climacteric fruit. The endogenous ethylene level in non-climacteric fruit such
as orange, pineapple and lemon usually only reaches 0.4 uL L? [reviewed in Burg and
Burg (1965) and Paul et al. (2012)] while climacteric fruit such as tomato can produce as
high as 23 uL L? ethylene (Knee, 1995). Capsicum (cv. Aries) can be classified as non-
climacteric fruit as its internal ethylene level remained limited during ripening (only up to
0.2 uL L7, Figure 2.7) similarly as reported by Pham (2007). The levels of internal
ethylene measured in other capsicum cultivars including bell peppers, chillies and paprika
were also very low, approximately 0.05-0.3 pL L' (Pham, 2007; Saltveit, 1977;

Villavicencio et al., 1999), further suggesting that capsicum are largely non-climacteric

fruit.
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The use of capsicum in non-climacteric research may have a few advantages
compared to using other non-climacteric fruit. For example, capsicum is in the same family
as the well characterised model fruit, tomato (Solanaceae). The genetics and molecular
regulation of capsicum is also very similar to tomato as reviewed by Paran and van der
Knaap (2007). For instance, molecular markers for both species seem to be highly
conserved within each chromosome, despite several genetic rearrangements that have been
identified in capsicum (Livingstone et al., 1999). The promoter activities of capsicum’s
capsanthin/capsorubin synthase and fibrillin genes have also been shown to be up-
regulated upon ripening even when transformed into tomato (Kuntz et al., 1998). This
implies that tomato and capsicum may have similar molecular regulation especially during
ripening (although both have different ripening behaviour, climacteric and non-climacteric
ripening, respectively). Another unique behaviour of capsicum is that fruit are only able to
ripen off the plant when harvested during Breaker stages but not the Green stage
(Krajayklang et al., 2000; Pham, 2007). Hence, more studies in capsicum ripening are
needed to compare its ripening stages especially utilising comparison-based approaches
such as proteomics.

In the research presented in this chapter, 2DGE was run in a preliminary study to
visualise protein spots for both Green and Red capsicum (obtained commercially). Most of
the optimisation techniques including the 2DGE focusing steps, critical level for protein
detection (100 pg protein samples) as well as gel staining with R250 Coomassie Brilliant
Blue followed by EBT silver staining were documented by Khoo et al. (2012) for the
proteomics of bread wheat, and as reported here, also appear suitable for capsicum (Figure
2.2). This suggests the applicability of 2DGE to analyse protein profiles of different
organisms especially where their pl is similar. We also found that the capsicum proteome
may be best visualised with a 4-7 pH range to better separate the proteins. Several other

proteomic studies in fruit have utilised the 4-7 pH range as well, such as tomato (Qin et al.,

42



2012; Rocco et al., 2006; Saravanan and Rose, 2004), avocado (Saravanan and Rose,
2004), grape berry (Wang et al., 2009), citrus (Yun et al., 2010) and olive (Wu et al.,
2011), suggesting this is an appropriate pH range to analyse the proteomics of capsicum
fruit. Furthermore, both Green and Red capsicum have unique protein profiles as expected
from different stages of ripening (Figure 2.2), suggesting the viability of 2DGE for
comparing the capsicum proteome between ripening stages. However, the usefulness of
2DGE also depends on the protein extraction methods [reviewed by Rose et al. (2004)]. In
this research, the TCA/acetone method was chosen based on the consistency and better
protein yield compared to the Phenol method (Table 2.1). Further downstream analysis of
gene expression for candidates identified via proteomics requires good RNA quality. The
Phenol:chloroform method produced slightly better quality and higher yields than the
TRIzol method and was therefore chosen for all further research. The mRNA of a few fruit
rich in secondary metabolites such as tomato, eggplant (Moore et al., 2005) and citrus (Yun
et al., 2012) have also been extracted with the Phenol:chloroform methods or similar. This
suggests the applicability of the Phenol:chloroform-based method in extracting RNA from
a variety of fruit rich in secondary metabolites including capsicum.

In conclusion, capsicum may be one of the best fruit for improving our knowledge
about the non-climacteric model. The similarity with the climacteric tomato will definitely
enhance our ability to further understand the regulation behind non-climacteric ripening.
Furthermore, the use of comparison-based approaches such as proteomics (and
metabolomics) to compare the ripening stages of capsicum will assist in identifying
differentially expressed molecules in capsicum ripening (detailed in Chapters 3 and 4,

respectively).
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Chapter 5: Analysis of ACC oxidase and selected
metabolic candidates in different capsicum tissues

and cultivars
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5.1 Introduction

The use of proteomics (Chapter 3) and metabolomics (Chapter 4) have identified several
candidates of interest which were differentially expressed during capsicum ripening.
Proteomic analysis utilising 2D gel electrophoresis (2DGE) identified several proteins
including a protein which is involved in the ethylene pathway, 1-aminocyclopropane 1-
carboxylate (ACC) oxidase (ACO) 4. The overall activity of ACO and its CaACO4
transcript was shown to be highly up-regulated during B-BR stages, but not earlier (G) or
later (LR and DR) stages (Aizat et al., 2013) (Chapter 3). Given that ACO is the final
enzyme in ethylene biosynthesis, its up-regulation in non-climacteric capsicum may
suggest a conserved ethylene pathway between climacteric and non-climacteric fruit.
However, ethylene production could also be influenced by several factors such as plant
cultivar, fruit maturity and tissue (Fernandez-Otero et al., 2006; Zhang et al., 2009a).
Therefore the ACO activity differences between capsicum fruit tissues and varieties with
different ripening times may be important to understand the factors that regulate the
proteomic candidate CaACO4.

The metabolomics approach also revealed several metabolites of interest but mostly
in other pathways such as glycolysis (sugars) and the tricarboxylic acid (TCA) cycle
(malate) (Chapter 4). Sugars (glucose, fructose and sucrose) were significantly increased
during capsicum ripening, probably as a result of starch breakdown while malate
decreased. This may suggest that glycolysis has taken place in capsicum during ripening to
provide for various biochemical pathways including the TCA cycle. One of the TCA cycle
intermediates, malate has been previously associated with the regulation of redox activity,
starch levels (Osorio et al., 2012; Scheibe, 2004) and carotenoid content during ripening
(Centeno et al., 2011). Malate down-regulation during capsicum ripening onset may
therefore be important for the regulation of non-climacteric capsicum ripening but requires

further investigation.
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The ripening process in climacteric fruit has been shown to be regulated spatially
and temporally. Banana for example, ripens from the pulp towards the peel (Dominguez
and Vendrell, 1994) and both tissues have different expression of MaMADS-box
transcription factors which may regulate their ripening induction (Elitzur et al., 2010).
Furthermore, several metabolites such as chlorophyll, carotenoids and tocopherols were
accumulated differently in multiple tissue types of tomato throughout ripening, suggesting
that the ripening process may be determined not only by specific tissues but also by the
ripening stage of the fruit (Moco et al., 2007). Several studies in different cultivars of
tomato also showed that the expression of several ripening related genes were not similar
(Anjanasree et al., 2005; Jafari et al., 2013), indicating that the ripening process may be
differentially regulated even within the same species.

In an effort to further understand the behaviour of capsicum ripening, several
proteomic and metabolic candidates were investigated in different capsicum tissues (peel,
pulp and seeds/placenta) as well as cultivars with different ripening rates (cv. Aries and cv.
Plato). Due to time limitations, only a select number of candidates were chosen to be

analysed including ACO, sugars (glucose, fructose and sucrose) and malate.

5.2 Materials and Methods

5.2.1 Capsicum planting and sampling
All capsicum plants were grown in a glasshouse and harvested according to Chapter 2
(section 2.2.5) unless otherwise stated.

For experimentation examining the different tissues, capsicum (cv. Aries) was
grown during January-May 2012 (summer-autumn; referred to as the first set) or during
September 2012-January 2013 (spring-summer season; referred to as the second set). Fruit
were harvested at six different capsicum ripening stages (G, B, BR1, BR2, LR, DR) as per

Aizat et al. (2013) and Chapter 3: Materials and Methods. Three different tissues (peel,
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pulp, seeds/placenta) (Figure 5.1) were separated from three biological replicates of each
stage. The top and bottom of the fruit were first discarded. Capsicum were then cut in half
before the seeds/placental tissue was isolated using a knife and frozen in liquid N2 while
other tissues were sampled. The fruit pericarp was cut into smaller pieces (~2cm) and the
peel was carefully separated (< 1.0 mm thickness) from the pulp using a kitchen peeler.
Any peel which had too much pulp tissue was discarded. Both peel and pulp tissues were
frozen immediately in liquid N2. The three tissues were ground to powder using a chilled

mortar and pestle and stored in a -80°C freezer until required.

A)

Seeds/Placenta

Pulp
Pericarp

Peel

B)

Figure 5.1 Three different tissues of capsicum (peel, pulp and seeds/placental tissues) were
sampled during capsicum ripening. A) Capsicum cut in sections with arrows pointing to
the respective tissues (this sample is an example from the Breaker stage), and B) tissue
regarded as peel (from a Light Red capsicum). cm, centimetre.

For experimentation investigating different cultivars, a pilot experiment was done
to characterise three different capsicum cultivars (cv. Plato, cv. Tycoon and cv. Raptor) in

terms of their ripening times (ripened in March-May 2012, autumn season). Capsicum (cv.

Plato) ripened the earliest compared to the other cultivars (Appendix D; mean days to ripen
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from mature G to LR stages were 25.8, 32.4 and 34.6 for cv. Plato, cv. Tycoon and cv.
Raptor, respectively). Hence, cv. Plato was grown in another experiment with cv. Aries
which was known to take longer to ripen. The fruit length as well as ripening times (days
after anthesis, DAA) were recorded (both ripened during the October 2012-January 2013,
spring-summer season) and were sampled at six time points [40 (G stage), 50 (B+0;

Breaker at the first sighting of brown tissues), 56, 60, 65 and 78 DAA].

5.2.2 ACO activity assay and spectrophotometric analyses
The ACO activity of all samples was measured as per Aizat et al. (2013) and Chapter 3:
Materials and Methods. For spectrophotometric analysis, glucose, fructose, sucrose and
malate were prepared as detailed in Chapter 4: Materials and Methods, with the exception
of peel and seeds/placenta which were too dry and hence their juices were extracted by
adding 1 mL nanopure water to the 0.5 g tissues (50% wi/v). All fruit juices were then
measured according to Anonymous (1984) as per Chapter 4: Materials and Methods and
the dilution factor for each sample was taken into consideration when calculating
respective metabolite concentration using the standard formula. Only the first set of

different tissues was analysed in the spectrophotometric analyses.

5.2.3 Statistical analysis
All statistics were performed using Genstat 14 (Hemel Hempstead, UK). The statistical
significance was determined using a Duncan’s Multiple Range Test at P<0.05. Where data
from the two sets of harvest were combined, a two-way ANOVA (P<0.05) was first used

to ensure both sets were not significantly different.

52



5.3 Results
5.3.1 Different tissues (peel, pulp and seeds/placenta)

The ACO activity patterns during the six capsicum ripening stages were relatively similar
for peel and pulp but differed for seeds/placenta (Figure 5.2). The ACO activity of both
peel and pulp increased significantly during ripening onset (B-BR stages) whereas the
ACO activity of seeds/placenta was constant during most ripening stages. During the G
stage, the ACO activity of seeds/placenta was significantly higher than peel and pulp
tissues. During the B stage, the ACO activity of peel was significantly higher than
seeds/placenta but the ACO activity of pulp was not significantly different compared to the
other tissues. Furthermore, during BR1 and BR2 stages, the ACO activity of all tissues was
not statistically different. However, during the LR stage the ACO activity of seeds/placenta
was the highest compared to the peel and pulp. During the DR stage, the ACO activity was

limited and not significantly different across all tissues.
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Figure 5.2 ACC oxidase (ACO) activity of different tissues (peel, pulp and seeds/placental
tissues) in six capsicum ripening stages (G, Green; B, Breaker; Breaker Red 1, BR1;
Breaker Red 2, BR2; Light Red, LR; Deep Red, DR). n = 6 biological replicates from two
sets of harvest (xSE) and the same letter on each bar indicates no difference between
means of the three tissues (peel, pulp, seeds/placenta) across six ripening stages (G, Green;
B, Breaker; Breaker Red 1, BR1; Breaker Red 2, BR2; Light Red, LR; Deep Red, DR).
Statistical significance was determined using a Duncan’s Multiple Range Test (P<0.05).
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The spectrophotometric analysis of sugars (glucose, fructose and sucrose) and
malate also revealed differences between the three tissues (Figure 5.3). Pulp contained the
highest levels of sugars compared to the peel and seeds/placental tissues at all ripening
stages while the sugars were significantly higher in peel than that observed in the
seeds/placental tissue at the later ripening stages (Figure 5.3 A, B and C). Glucose in
seeds/placenta was also constant throughout ripening except a significant reduction at the
DR stage (Figure 5.3 A) whereas fructose in this same tissue (seeds/placenta) was
significantly higher in LR compared to G, B and DR stages (Figure 5.3 B). Moreover,
sucrose was significantly higher in seeds/placenta of B and BR1 stages compared to G and
DR (Figure 5.3 C). The three sugars in peel and pulp were significantly greater during BR1
onwards compared to earlier stages (Figure 5.3 A, B and C). Furthermore, the malate level
(Figure 5.3 D) in seeds/placenta was significantly higher than the level in peel and pulp at
G to BR1 stages. Malate was relatively similar between tissue types after BR1. The malate
level in peel was also constant throughout ripening stages but a significant reduction of
malate from G to later stages was observed for pulp (except BR1) and seeds/placental

tissues.
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Figure 5.3 Sugars [glucose (A), fructose (B) and sucrose (C)] and malate (D) of three
different capsicum tissues (peel, pulp and seeds/placenta) at six different ripening stages
(G, Green; B, Breaker; Breaker Red 1, BR1; Breaker Red 2, BR2; Light Red, LR; Deep
Red, DR). n = 3 biological replicates from the first set of harvest (+SE) and the same letter
on each bar indicates no difference between means of the three tissues (peel, pulp,
seeds/placenta) across six ripening stages (G, Green; B, Breaker; Breaker Red 1, BRI,
Breaker Red 2, BR2; Light Red, LR; Deep Red, DR). The statistical analysis was
determined using a Duncan’s Multiple Range Test (P<0.05) for respective metabolites.
5.3.2 Different cultivars (cv. Aries and cv. Plato)

The length of fruit from cv. Aries was greater than the length of fruit from cv. Plato during
ripening (Figure 5.4 A). Both cultivars also reached mature G and B+0 (Breaker at the first
sighting of brown tissues) stages at similar DAA (40 DAA for G and 50 DAA for B+0)
(Figure 5.4 A and B). For BR1, BR2, LR and DR stages, the DAA for cv. Plato were 55,
60, 65 and 70 DAA, respectively. For cv. Aries, the four ripening stages (BR1, BR2, LR
and DR) were at 58, 65, 78 and 85 DAA, respectively. As a result, the two cultivars were

sampled at 40 DAA, 50 DAA, 56 DAA, 60 DAA, 65 DAA and 78 DAA (Figure 5.4 B).
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Figure 5.4 Fruit from two different capsicum cultivars (cv. Aries and cv. Plato) ripened at
different rates. A) The fruit length (mm) of both capsicum cultivars during ripening. n = 3
to 6 biological replicates (£SE) and the dashed line indicates mature Green (G) stage. B)
Conceptual figure of the six capsicum ripening stages (G; B+0, Breaker at the first sighting
of brown tissues; Breaker Red 1, BR1; Breaker Red 2, BR2; Light Red, LR; Deep Red,
DR) at different Days After Anthesis (DAA) of both cv. Aries and cv. Plato (observation
from at least three fruit at each stage). Six sampling time points (arrows) for the two
cultivars were at 40 (G), 50 (B+0), 56, 60, 65 and 78 DAA. Capsicum photos for each time
point are shown in Appendix E.

The ACO activity of both cv. Aries and cv. Plato was not significantly different at
most sampling times except at 56 and 60 DAA (Figure 5.5) when cv. Aries had
significantly greater ACO activity than cv. Plato. Moreover, the ACO activity of cv. Aries
was significantly higher at 56 and 60 DAA compared to earlier (40 and 50 DAA) or later
(65 and 70 DAA) sampling times. In contrast, cv. Plato remained relatively constant except

for a significantly lower ACO activity during later sampling times (65 and 78 DAA)

compared to 50 and 56 DAA.
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Figure 5.5 ACC oxidase (ACO) activities of two capsicum cultivars (cv. Aries and cv.
Plato) harvested at six different days after anthesis (DAA). The sampling times were 40,
50, 56, 60, 65 and 78 DAA. Plato ripened earlier than cv. Aries and means are n = 3
biological replicates (£SE). Only pericarp tissues were analysed for both cultivars. The
same letter on bars indicates no difference between means as determined using a Duncan’s
Multiple Range Test (P<0.05).

Glucose (Figure 5.6 A) and fructose (Figure 5.6 B) were not significantly different
between cv. Aries and cv. Plato when compared at each time point. However, both sugars
were significantly higher than the first sampling time (40 DAA) at 56 DAA for cv. Plato
and cv. Aries only reached that significant level at 65 DAA (glucose) and 60 DAA
(fructose). Furthermore, both cultivars had similar sucrose levels when compared at each
sampling time (Figure 5.6 C). The sucrose level for both cultivars was significantly greater
at 56 DAA compared to earlier sampling times before remaining constant thereafter.
Malate (Figure 5.6 D) was only significantly greater in cv. Plato than cv. Aries at 40 DAA
and not at other sampling times. However, cv. Plato seems to reach a significantly low

level from 50 DAA onwards while cv. Aries was much later at 60 and 68 DAA, compared

to the malate level at their first sampling time (40 DAA).

57



80- -0 Aries - Aries
-+ Plato 601 de - Plato
—_— e
- 604 —
- o
2 o
3 40 4 E
S 3
3 Bt
5 204 3
|1
0 L) T T T 1 0
40 50 60 70 80 . ; : : :
DAA 40 50 DGAOA 70 80
C) D)
150 - il 0.3- -0- Aries
-+ Plato ¢ — Plato
— d
—1 100 il
o 4
o R
o 504 =
3
» =
0 T L) T T 1

Figure 5.6 Sugars [glucose (A), fructose (B) and sucrose (C)] and malate (D) of two
capsicum cultivars (cv. Aries and cv. Plato) harvested at six different Days After Anthesis
(DAA). The sampling times were 40, 50, 56, 60, 65 and 78 DAA. Cv. Plato ripened earlier
than cv. Aries and n = 3 biological replicates (xSE). Only pericarp tissues were analysed
for both cultivars. The same letter on bars indicates no difference between means as
determined using a Duncan’s Multiple Range Test (P<0.05).

5.4 Discussion

Further investigation of the selected proteomic and metabolic candidates such as ACO,
sugars and malate revealed that these candidates were differentially expressed in different
tissues (particularly seeds/placenta in comparison with the peel and pulp) as well as

different cultivars with different ripening abilities.

Seeds/placental tissue may be regulated differently than the peel and pulp during capsicum

ripening
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In various fruit, the accumulation of metabolites has been associated with tissue
specialisation (Arora et al., 2008; Moco et al., 2007). For example, total sugar and starch
were mainly accumulated in the peel of several banana cultivars when compared to their
pulp (Arora et al., 2008). In G stage tomato, metabolites such as starch and fructose were
highly abundant in mesocarp compared to the locular tissues and vice versa for malate,
glucose and sucrose (higher levels in locular tissues than mesocarp) (Lemaire-Chamley et
al.,, 2005). Furthermore, Moco et al. (2007) showed that several metabolites were
distributed differently in different tissues and ripening stages of tomato. For example, y-
tocopherol level in tomato was the highest in locular tissues during the G stage but
significantly lower during B stage onwards. Other outer layer tissues such as the pericarp
and epidermis had lower y-tocopherol during the G stage but significantly increased, higher
than the locular tissues as ripening progressed (Moco et al., 2007). Several other
metabolites such as amino acids in melon were also differentially accumulated in various
tissue types over different ripening stages (Moing et al., 2011). For instance, metabolites
such as sucrose and f-carotene not only increased significantly when the melon ripened but
sucrose was also significantly higher in the inner flesh tissue compared with the outer
mesocarp (Moing et al., 2011). Metabolite accumulation and biosynthesis may therefore be
regulated spatially (different tissues) and temporally (ripening stages) during fruit ripening.

However, the metabolite levels of different capsicum ripening tissues, particularly
peel and pulp are still poorly investigated. To the best of my knowledge, the only study
that differentiated peel and pulp of a capsicum was documented by Daood et al. (1989)
which found that lipid and fatty acid levels were similar in both tissues during ripening.
Other capsicum studies have generally sampled both peel and pulp together (Liu et al.,
2012a; Moreno et al., 2012; Wahyuni et al., 2011; Wahyuni et al.,, 2013) as done
previously in this research (Chapters 3 and 4). A few studies have also compared

seeds/placental tissue with the pericarp (both peel and pulp) in capsicum. For instance,
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seeds/placenta was shown to have higher capsaicinoid, the main contributor to pungency in
capsicum, than the pericarp (Liu et al., 2012a; Wahyuni et al., 2011; Wahyuni et al., 2013).
This suggests that the metabolic activity of seeds/placenta might be different than the
pericarp.

Indeed, this study revealed that the patterns and levels of sugars, malate (Figure
5.3) and ACO activity (Figure 5.2) across ripening stages were different between the
tissues (peel, pulp, seeds/placenta). For example, all sugars (glucose, fructose, sucrose) in
both peel and pulp were significantly higher during later ripening stages compared to the G
and B stages but the trends for the sugars in seeds/placenta were mostly consistent without
dramatic changes in their levels (Figure 5.3 A, B and C). The significantly higher sugars in
peel and pulp tissues during ripening onset may be related to the degradation of starch (as
discussed in Chapter 4) which suggests glycolysis may be active in these capsicum tissues.
Seeds are considered as a storage organ particularly for starch accumulation (Tetlow, 2011)
and therefore, starch breakdown and glycolysis may not be as active in this tissue
compared to the peel and pulp.

Malate was also differentially accumulated in different capsicum tissues (Figure 5.3
D). While all tissues except peel had significantly reduced malate upon ripening onset (G
to B stage), malate in seeds/placenta was much higher than the other two tissues. Malate
reduction during capsicum ripening onset may be correlated with the up-regulation of
malate dehydrogenase enzyme (Aizat et al., 2013) (Chapter 3: Table 1) during this period
which converts malate to oxaloacetate, although this observation was only from the
pericarp (peel and pulp) and not seeds/placental tissue. Furthermore, malate has been
shown to be closely associated with starch metabolism (Centeno et al., 2011) and the starch
breakdown in the pericarp tissue may be related to the malate reduction upon ripening
(Chapter 4: Figure 3). Interestingly, since starch breakdown may not be as active in

seeds/placental tissue, as discussed earlier, the reduction of malate during capsicum
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ripening may be related to other plant cellular processes. For instance, malate is an
intermediate in the TCA cycle and this cycle is involved in the production of CO> during
cellular respiration (Taiz and Zeiger, 2010). A previous study also reported that the
accumulation of internal CO. in capsicum was contributed through respiration of the
seeds/placental tissue (Blanke and Holthe, 1997). Given that malate in the seeds/placental
tissue was significantly lower upon ripening onset compared to at the G stage, the TCA
cycle activity of this tissue may be down-regulated (as no regeneration of malate) and thus
further impacts fruit respiration/internal CO>. Indeed, the respiration level of various non-
climacteric capsicum (Ben-Yehoshua et al., 1983; Biles et al., 1993; Blanke and Holthe,
1997) including cv. Aries (Pham, 2007) also decreased significantly upon ripening onset.

ACO activity of different capsicum tissues during ripening (Figure 5.2) was
determined to further our understanding on the regulation of ethylene production and hence
ripening in capsicum. The ACO activity of peel and pulp was significantly increased upon
ripening onset (G to B-BR stages) before being reduced at the LR and DR stages. This
pattern was similar to the ACO activity documented earlier for the whole pericarp tissue
(Aizat et al., 2013) (Chapter 3) and there was no significant difference between pulp and
peel tissues. In contrast, the ACO activity in banana peel was approximately five times
higher than in the pulp (Dominguez and Vendrell, 1994). The epicarp (equivalent to peel)
of climacteric plums also had a higher level of ACO activity (approximately two to five
times) compared to its mesocarp tissue (equivalent to pulp) during ripening (Fernandez-
Otero et al., 2006). ACO activity may therefore be regulated differently in the different
tissues of different fruit that vary in ripening behaviour (climacteric banana and plum
versus non-climacteric capsicum). However, more studies are needed to confirm this
hypothesis.

In addition, the ACO activity of seeds/placental tissue generally remained constant

from G to LR stage before becoming significantly lower at DR stage. Interestingly, the
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ACO activity at early ripening (G stage) of this tissue was significantly higher than the peel
and pulp (Figure 5.2). Given that seeds/placental tissue have important roles in determining
the microenvironment of internal capsicum (Blanke and Holthe, 1997), the constantly high
ACO activity in this tissue might contribute to the basal level of endogenous ethylene
throughout capsicum ripening (Chapter 2: Figure 2.7), but the role of the pulp in
contributing to some level of endogenous ethylene also cannot be ruled out. In other
climacteric fruit such as plum, seeds had the highest ACO activity during fruit
development and early ripening stages before the pericarp and mesocarp tissues increased
their ACO activity levels during later ripening stages (Ferndndez-Otero et al., 2006).
Furthermore, the ACO activity of tomato seeds was higher and preceded the increase in
other tissues during ripening (Zhang et al., 2009a). Perhaps the early increase of ACO
activity in seeds [and hence ethylene production (Fernandez-Otero et al., 2006; Zhang et
al., 2009a)] is important for determining the exact timing for these climacteric fruit to
ripen. Indeed, ethylene only induces ripening when applied to mature fruit (when the seeds
have matured) but not during developmental or immature stages (Burg and Burg, 1965;
Klee and Giovannoni, 2011). Seeds matured approximately a week before the normal
ripening process began (climacteric stage) in tomato (Zhong et al., 2013). This may be
corroborated by the early induction of ACO activity in seeds of tomato (Zhang et al.,
2009a) and possibly other fruit as discussed earlier. However, the significance of relatively
high ACO activity in capsicum, particularly seeds/placental tissue, during the G stage still
requires additional experiments due to capsicum being a non-climacteric fruit and hence

not responding to ethylene (Saltveit, 1977).

Different ripening rates of different cultivars determined the rate of sugar, malate and

ACO activity changes upon ripening
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Two different capsicum cultivars with different ripening rates were investigated in terms of
their sugar, malate and ACO activity levels (only pericarp without seeds/placental tissue).
Cv. Plato ripened quicker and reached the DR stage 10 days earlier than cv. Aries (Figure
5.4 B). Both cultivars however, exhibited similar patterns and were not significantly
different in sugar accumulation (glucose, fructose, sucrose) at each sampling time (Figure
5.6 A, B and C). Several capsicum cultivars exhibited an increase in sugars, particularly
glucose and fructose, during ripening (Barrera et al., 2008; Navarro et al., 2006; Nielsen et
al., 1991; Serrano et al., 2010). Different cultivars of capsicum were known to accumulate
different amount of sugars especially when hot and sweet peppers were compared (Blasiak
et al., 2006). However, given that both cv. Aries and cv. Plato are sweet pepper capsicum,
both might have similar sugar levels during ripening. In addition, malate level was
significantly higher in cv. Plato than in cv. Aries particularly during the G stage (40 DAA)
but malate was significantly decreased in the two cultivars during later sampling times
such that they both have a similarly low level (Figure 5.6 D). The malate reduction during
ripening was also observed in other capsicum cultivars (Osorio et al., 2012) as well as in
other fruit such as tomato (Carrari et al., 2006; Guillet et al., 2002) and grape (Dai et al.,
2013), indicating a similar ripening event across fruit species and cultivars.

However, the rate of sugar (particularly glucose and fructose) accumulation and
malate reduction were different between the cultivars. For instance, cv. Plato accumulated
glucose and fructose earlier (by approximately four to nine days) compared to cv. Aries
(Figure 5.6 A and B). Malate level also decreased earlier (by approximately 10 days) for
cv. Plato compared to cv. Aries (Figure 5.6 D). This may be linked to their different
ripening rates of the cultivars; cv. Plato which ripens quicker might accumulate more
sugars and reduce malate at an earlier DAA compared to cv. Aries which ripens later.

ACO activity of the two capsicum cultivars was also different particularly during

the ripening onset (Figure 5.5). Both cultivars have similar ACO activity at the first two
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time points before cv. Aries increased significantly during ripening onset (56 and 60 DAA)
compared to cv. Plato. The reason behind this is still unclear but possibly different
cultivars may have a different capacity to induce the ACO enzyme. Cv. Aries exhibited a
peak-like pattern during ripening onset as documented earlier (Aizat et al., 2013) (Chapter
3: Figure 3) and cv. Plato seems to be mostly consistent during ripening before
significantly decreasing during late ripening (in comparison to its ACO level during
ripening onset). Given that capsicum’s ACO activity reached maximum level during the
ripening onset before being significantly limited during full red stages (Aizat et al., 2013)
(Chapter 3), cv. Plato which ripens earlier might also have exhibited this pattern earlier
compared to cv. Aries.

ACO activity in capsicum was shown to be correlated with the CaACO4 and
possibly be the major ACO isoform expressed in this non-climacteric fruit (Aizat et al.,
2013) (Chapter 3: Figure 3). The differences in ACO activities of cv. Aries and cv. Plato
may also be related to the differences in the expression of CaACO4 but this requires further
confirmation. Interestingly, in tomato, the expression of LeACO1, which is the major
isoform in this climacteric fruit, was much higher during ripening of a cultivar that ripens
quickly compared to cultivars that ripen later (Anjanasree et al., 2005). However, the
ethylene production from all of these cultivars was not significantly different throughout
ripening stages (Anjanasree et al., 2005). This could indicate: 1) the possibility of post-
translational modification of the ACO enzyme such that all cultivars had similar ACO
activity and hence similar ethylene production [however, the ACO activity or protein was
not measured in the study by Anjanasree et al. (2005)], 2) other ACO isoforms might also
contribute to the overall ACO activity, 3) the ACS enzyme was the rate limiting step in
different cultivars which restricts the ethylene produced, and 4) ripening may be controlled
at the transcriptional level (an upstream ethylene regulated ripening process) such that the

transcription factors related to ripening would induce higher LeACO1 transcript in the
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cultivar that ripens quicker compared to the slower ripening cultivars. Additional studies
are needed to verify these hypotheses and whether similar events are also conserved in

capsicum cultivars with different ripening rates such as cv. Aries and cv. Plato.

Conclusion

In conclusion, the results suggest that sugar and malate accumulation as well as ACO
activity might be spatially and temporally regulated in different capsicum tissues. In
particular, seeds/placental tissue had similar sugar levels during most of the ripening stages
and significantly higher malate and ACO activity during early ripening stages compared to
peel and pulp. Furthermore, cv. Plato ripens earlier than cv. Aries which might impact the
rate of sugar accumulation, malate degradation and ACO activity level of both cultivars. In
order to further confirm present results especially sugars and malate, a more sensitive
technique such as High Pressure Liquid Chromatography (HPLC) could be utilised and
perhaps seeds and placental tissues can be separated to determine the differences between
these tissues. Furthermore, future studies on ACS activity as well as measuring the ACO
transcripts between capsicum tissues and cultivars may be needed to develop a better

understanding of their differences.
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Abstract

in this non-climacteric fruit.

Background: Climacteric fruit exhibit high ethylene and respiration levels during ripening but these levels are
limited in non-climacteric fruit. Even though capsicum is in the same family as the well-characterised climacteric
tomato (Solanaceae), it is non-climacteric and does not ripen normally in response to ethylene or if harvested when
mature green. However, ripening progresses normally in capsicum fruit when they are harvested during or after
what is called the ‘Breaker stage’. Whether ethylene, and components of the ethylene pathway such as
T-aminocyclopropane 1-carboxylate (ACC) oxidase (ACO), ACC synthase (ACS) and the ethylene receptor (ETR),
contribute to non-climacteric ripening in capsicum has not been studied in detail. To elucidate the behaviour of
ethylene pathway components in capsicum during ripening, further analysis is therefore needed. The effects of
ethylene or inhibitors of ethylene perception, such as 1-methylcyclopropene, on capsicum fruit ripening and the
ethylene pathway components may also shed some light on the role of ethylene in non-climacteric ripening.

Results: The expression of several isoforms of ACO, ACS and ETR were limited during capsicum ripening except one
ACO isoform (CaACO4). ACS activity and ACC content were also low in capsicum despite the increase in ACO
activity during the onset of ripening. Ethylene did not stimulate capsicum ripening but 1-methylcyclopropene
treatment delayed the ripening of Breaker-harvested fruit. Some of the ACO, ACS and ETR isoforms were also
differentially expressed upon treatment with ethylene or 1-methylcyclopropene.

Conclusions: ACS activity may be the rate limiting step in the ethylene pathway of capsicum which restricts ACC
content. The differential expression of several ethylene pathway components during ripening and upon ethylene or
T-methylclopropene treatment suggests that the ethylene pathway may be regulated differently in non-climacteric
capsicum compared to the climacteric tomato. Ethylene independent pathways may also exist in non-climacteric
ripening as evidenced by the up-regulation of CaACO4 during ripening onset despite being negatively regulated by
ethylene exposure. However, some level of ethylene perception may still be needed to induce ripening especially
during the Breaker stage. A model of capsicum ripening is also presented to illustrate the probable role of ethylene

Keywords: Capsicum, Ethylene pathway, Non-climacteric fruit, Ripening

Background

Fruit can be divided into two different ripening behaviours,
climacteric and non-climacteric types. Climacteric fruit
such as banana and tomato generally exhibit ethylene and
respiration surges during ripening but non-climacteric fruit
such as grapes and capsicum do not [1-3]. The ethylene
hormone also regulates the ripening rate of climacteric
fruit but its function during non-climacteric ripening is still
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inadequately understood [4,5]. Ethylene is produced from
the 1-aminocyclopropane 1-carboxylate (ACC) precursor
by the action of the ACC oxidase (ACO) enzyme [1]. ACC
is synthesised by ACC synthase (ACS) from S-adenosyl
methionine (SAM) which originates from the amino acid
methionine [1]. Differences between the capability of cli-
macteric and non-climacteric fruit to produce ethylene
probably lie with the presence of two systems of ethylene
production exclusively in climacteric fruit [4,6].

During fruit development, ethylene is produced at a
basal level in climacteric and non-climacteric fruit alike, a
process known as System 1 [4,6]. When climacteric fruit
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reach maturity, another process called System 2 is initiated
to produce a burst in ethylene production to promote rip-
ening while non-climacteric fruit are thought to remain in
System 1 [4,6,7]. The regulation of these two systems has
been associated with the differential expression of ACO and
ACS isoforms, especially when first characterised during to-
mato ripening [8,9]. There are at least six ACO isoforms in
tomato and nine known ACS isoforms but only some of
them are expressed during ripening to regulate the two sys-
tems [2,10]. For example, LeACSIA and LeACS6 were
expressed during System 1 ethylene production and subse-
quently, LeACS2 and LeACS4 as well as LeACOI were
highly induced during System 2 ethylene production. Fur-
thermore, System 1 is also known to be an auto-inhibitory
system whereas System 2 is an auto-stimulatory system
[1,4]. In climacteric tomato, System 1-associated isoforms
(such as LeACS1A) are negatively regulated by high ethyl-
ene whereas System 2-associated isoforms (such as
LeACOI and LeACS2) are positively regulated [6,8]. Given
that these ACO and ACS isoforms were regulated by the
presence of ethylene, its perception also appears integral
to climacteric ripening. Indeed, ethylene receptors (ETRs)
have been shown to be differentially regulated during rip-
ening and upon ethylene treatment [11]. The six tomato
ETR isoforms can also be classified into two subfamilies,
subfamily I (LeETR1, LeETR2, LeETR3) and subfamily II
(LeETR4, LeETR5, LeETR6), with possible differences be-
tween these groups explained by their affinity towards the
downstream protein, Constitutive Triple Response 1
(CTR1) [12,13]. However, the regulation of these isoforms
and the two ethylene production systems during non-
climacteric ripening is still inadequately documented and
hence further research is needed.

Given that capsicum belongs to the Solanaceae family
and shares genetic similarity with tomato, the character-
isation of the same ethylene pathway in non-climacteric
capsicum will enhance our understanding of differences in
ethylene production in the two ripening types. Earlier
microarray studies have reported that transcripts associ-
ated with ethylene signalling were up-regulated in both
capsicum and tomato ripening [14,15]. Our recent prote-
omic analysis also revealed that during capsicum ripening,
an ACO protein isoform 4 (CaACO4) was increased
(which corresponded to the ACO activity and mRNA ex-
pression), suggesting a conserved ethylene pathway may
be involved in the ripening of this non-climacteric fruit
[16]. However, further components of this pathway such
as other ACO isoforms, ACS and ETR isoforms and their
regulation in capsicum are still not well described. Add-
itionally, capsicum exhibits a unique ripening behaviour
when harvested off the plant; only ripening properly when
harvested at Breaker or later but not when harvested dur-
ing the Green stage [17]. This suggests ripening regulators
may be present exclusively during Breaker stage onwards
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to induce ripening in non-climacteric capsicum, pos-
sibly in an ethylene independent pathway (as ripening
can proceed without high levels of ethylene production).
Therefore, further post-harvest studies employing ethylene
or 1-methylcyclopropene (1-MCP) treatment of both Green
and Breaker stages are necessary to characterise the ethyl-
ene pathway and/or the possible involvement of ethylene
independent pathways in the non-climacteric ripening of
capsicum.

In this study we have investigated the expression of
ACO, ACS and ETR isoforms during capsicum (Capsicum
annuum cv. Aries) ripening using quantitative real-time
PCR (qPCR) at six different ripening stages (Green, G;
Breaker, B; Breaker Red 1, BR1; Breaker Red 2, BR2; Light
Red, LR; Deep Red, DR). ACS activity and ACC content
during the ripening stages were also examined to contrast
their levels with climacteric fruit. Furthermore, capsicum
was treated with ethylene or 1-MCP at two different stages
of ripening (G and B) and their effect on ripening, ACO
and ACS activity, and ACC content was analysed during
post-harvest storage. The expression of CaACO, CaACS
and CaETR isoforms directly after treatment was also
studied.

Results

CaACO, CaACS and CaETR isoforms were differentially
expressed during capsicum ripening

Throughout capsicum ripening, the transcript expres-
sion of most ACO isoforms was limited except CaACO4
(Figure 1A). CaACO4 relative expression (normalised by
CaGAPdH) was significantly greater during ripening onset
(approximately seven to 12 times at B and BR1 compared
to G) with minimal expression during the full red stages
(LR and DR). Even though CaACOI and CaACO3 tran-
scripts were significantly increased at the DR stage and
CaACO?2 was increased at the G stage, their relative ex-
pression levels throughout capsicum ripening stages were
still very low compared to CaACO4. The relative tran-
script expression of CaACO5 and CaACO6 was also ex-
tremely low but constant during ripening.

Both CaACSI and CaACS2 were not highly expressed
during ripening relative to CaGAPAdH (Figure 1B). The gene
expression of both isoforms was also not significantly dif-
ferent during ripening but CaACSI was expressed more
constantly throughout the six stages compared to CaACS2.

No significant change in the gene expression of any ETR
isoforms was measured during ripening (Figure 1C). Com-
paring their levels, CaETR4 was the main isoform
expressed during capsicum ripening. CaETR4 appeared to
slightly increase from G (~0.5 relative expression) to the
BR1 (~2.3 relative expression) and DR stages (~4.5 relative
expression), but this was not statistically significant. In
comparison, the expression of CaETR2, CaETR3 and
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J

CaETRS was consistently low (mostly less than 2.0 mean
relative expression) in all stages of ripening.

ACS activity and ACC content were limited during
capsicum ripening

The mean level of ACS activity (Figure 2A) was not signifi-
cantly different among any of the stages between G and LR
but increased significantly at the DR stage by approximately
two-fold. ACS activity in capsicum was approximately two

to four times lower than the two positive climacteric con-
trols (ripe banana and tomato). The level of ACC content
(Figure 2B) only increased significantly from the G stage to
the LR and DR stages. The amount of ACC in ripe banana
and tomato was approximately seven times higher than the
average ACC level throughout capsicum ripening. Further-
more, the levels of ACS activity and ACC content reported
here for banana and tomato as well as capsicum, corres-
pond to other previous reports [18-20].
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The effects of ethylene or 1-MCP treatment

Untreated B-harvested fruit ripened normally and de-
veloped to DR after 28 days in storage but untreated
G-harvested fruit ripened incompletely (Figure 3A).
Regardless of sampling time during storage, ethylene
or 1-MCP treatment did not significantly affect the rip-
ening behaviour (Figure 3A, left) and colour develop-
ment (Figure 3B, left) of G-harvested capsicum. The
extractable colour of G-harvested capsicum in all treat-
ments and the control was slightly increased at 28 days
after treatment (DAT) compared to earlier sampling
times (Figure 3B, left) but was still lower than the fully
red coloured capsicum of untreated B-harvested con-
trol fruit (approximately 140 ASTA units at 20 DAT,
Figure 3B, right). This amount of extractable colour
was also achieved by others [17], confirming our
present result. In contrast, the ripening behaviour of 1-
MCP treated B-harvested fruit was shown to be
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delayed compared to those treated with ethylene or the
control especially from 3 to 20 DAT (obvious green/
black tissues, Figure 3A, right). The extractable colour
of both control and ethylene treated fruit reached 140
ASTA units at 20 DAT whereas the 1-MCP treated
fruit did not do so until 28 DAT (Figure 3B, right). Re-
gardless of sampling time, the ethylene treatment of B
fruit did not significantly affect extractable colour but
1-MCP treatment significantly reduced it at 12 and 20
DAT (Figure 3B right). In terms of percentage weight
loss, there were no significant differences regardless of
treatment or when fruit was harvested but there was
an obvious increase in the percentage weight loss
throughout sampling (up to 30% weight loss at the 28
DAT for both G and B treated fruit) indicating that the
fruit were dehydrated over time (data not shown).

In our previous report, the ACO activity of capsicum
increased significantly at B-BR1 stages compared to the
other ripening stages [16]. Indeed, the ACO activity
reported here was also significantly higher in untreated
B-harvested control fruit than untreated G-harvested
control fruit at 0 DAT (Figure 4). Furthermore, at 0
DAT, the ACO activity of G fruit treated with ethylene
was not significantly greater than the control while 1-
MCP treated fruit had significantly lower ACO activity
than the control (Figure 4A). On the other hand, the
ACO activity of B-harvested fruit treated with ethylene
or 1-MCP was significantly lower than the activity of
the untreated B-harvested control fruit. Throughout
storage, regardless of treatment, ACO activity peaked
slightly at 20 DAT in G-harvested fruit while ACO ac-
tivity in B-harvested fruit generally exhibited a down-
ward trend (Figure 4).

The ACS activity of both G-harvested and B-harvested
fruit (Figure 4B left and right, respectively) was not
significantly different, regardless of sampling time and
treatment, and significantly lower than the banana
positive control (similar level as in Figure 2A, data not
shown).

Regardless of sampling time during storage, the ACC
content of both G-harvested and B-harvested fruit
(Figure 4C left and right, respectively) was consistently
lower than the banana positive control (similar level as in
Figure 2B, data not shown). At 0 DAT, G-harvested fruit
treated with 1-MCP had significantly greater ACC content
compared to the control and ethylene-treated fruit. Fur-
thermore, at 28 DAT, there was more ACC in G-harvested
ethylene-treated fruit compared to the untreated control
and vice versa for B-harvested fruit. However, these ACC
levels (control and ethylene-treated fruit at 28 DAT) of
both G and B harvested capsicum were not significantly
different compared to 1-MCP-treated fruit. No other sig-
nificant changes were observed between the control and
treatments at any other DAT.
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Differential expression of CaACO, CaACS and CaETR isoforms
directly after treatment (0 DAT) with ethylene or 1-MCP

The six CaACO isoforms of capsicum exhibited differential
expression upon ethylene or 1-MCP treatment (Figure 5A).
When comparing control and ethylene-treated samples of
G-harvested fruit, CaACOI was not statistically significant.
However, the relative expression of CaACO2 and CaACO4
was significantly lower (approximately two-fold) in the
ethylene-treated samples compared to the respective con-
trol. Moreover, the relative expression of other isoforms
such as CaACO3, CaACOS5 and CaACO6 was not signifi-
cantly different between ethylene-treated and control G
fruit samples. Conversely, G-harvested fruit treated with 1-
MCP had significantly lower CaACO2, CaACO3, CaACO4
and CaACOS5 expression compared to the control. Among
these isoforms, CaACOS was affected the most by 1-MCP
(approximately 52-fold lower expression than the control)
while others had only approximately two to 11-fold differ-
ences. The 1-MCP treatment however did not significantly
change CaACOI or CaACO6 expression of G-harvested
capsicum. For B-harvested capsicum, the relative expres-
sion of ethylene-treated samples was significantly higher for
CaACO1 but significantly lower for CaACO4 compared to

the respective control. Ethylene had no effect on the ex-
pression of CaACO2, CaACO3, CaACO5 and CaACO6
while 1-MCP had no effect on CaACOI, CaACO2,
CaACO3, and CaACO6 in B-harvested fruit. In addition,
1-MCP treatment of B fruit caused CaACO4 to be sig-
nificantly lower than the control by three to five-fold
and more so for CaACOS5 (approximately 33-fold less in
treated samples). When compared across the different
ACO isoforms within a particular treatment/control,
CaACO4 had the highest relative expression.

For the isolated CaACS isoforms (Figure 5B), both
isoforms also showed differential expression upon treat-
ment. CaACS1 expression was significantly reduced in the
ethylene-treated G fruit (approximately two-fold less rela-
tive expression compared to the untreated G fruit control)
and in 1-MCP-treated samples of both G and B harvested
fruit (approximately seven-fold less relative expression
compared to the respective control). No significant relative
expression differences were observed for CaACS2 between
treated samples and the control, where fruit was harvested
at either ripening stage.

For the four CaETR isoforms (Figure 5C), different ex-
pression patterns were observed. Firstly and regardless
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of the ripening stage that fruit were harvested and the treat-
ment, no significant changes were measured for CaETR2.
However, ethylene or 1-MCP treatment of G-harvested
fruit did result in significantly lower CaETR3 relative ex-
pression (two to four-fold), while no significant differences
were observed in B-harvested fruit for the two treatments.
Moreover, the relative expression of CaETR4 upon ethylene
treatment at the G stage was significantly higher by ap-
proximately two-fold compared to the control while 1-
MCP treatment caused CaETR4 relative expression to be
lower by approximately 17-fold when compared to the G-
harvested control. However, no significant difference in

CaETR4 expression between ethylene-treated and control
fruit was observed when they had been treated at the B
stage. Nonetheless in B-harvested fruit, CaETR4 relative
expression was significantly lower by approximately 14-fold
when 1-MCP-treated fruit were compared with the control.
For CaETR5 expression, no significant difference was ob-
served between the control and ethylene-treated samples in
both G and B fruit. However, 1-MCP treatment caused
the CaACOS transcript level to significantly drop by ap-
proximately three to five-fold in both ripening stages
compared to the control. In summary and when com-
paring different ETR isoforms within a particular
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treatment/control, CaETR4 still had the highest relative
expression (except G-harvested samples treated with 1-
MCP which were similar for CaETR4 and CaETR2).

Discussion

The molecular mechanisms of capsicum ripening are inad-
equately understood, particularly for non-climacteric be-
haviour. Due to having genetic similarities with the model
fruit tomato, capsicum may become a useful resource to
elucidate the molecular regulation of non-climacteric ripen-
ing, especially with regards to the ethylene pathway. In this
study we have demonstrated that ACS activity and ACC

content were limited in capsicum while several ACO, ACS
and ETR isoforms were differentially regulated upon ripen-
ing and ethylene treatment. Furthermore, 1-MCP treatment
during the onset of ripening (B stage) significantly delayed
ripening and reduced the expression of several isoforms, in-
dicating that ethylene perception may be required, to some
extent, for non-climacteric fruit ripening to occur.

Rate limiting ACS activity during capsicum ripening
affects the level of its product, ACC

The presence of ACS protein appears to be the rate lim-
iting step in the ethylene pathway of capsicum. Even
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though ACO activity was greater in B fruit than other
ripening stages (Figure 4A, [16]) and the level in capsi-
cum seems to be comparable with the climacteric to-
mato during ripening [21,22]; capsicum ACS activity was
approximately two to four-fold lower than that for the cli-
macteric fruit used as positive controls (tomato and ba-
nana, Figure 2A). In addition, the pattern of CaACSI
expression corresponded well with the basal level of ACS
activity during G to LR, and the increase of ACS activity
during DR (Figure 2A) may be due to both CaACSI and
CaACS?2 expression at the same time (Figure 1B). An
earlier study on CaACS1 also showed that its expression
was minimal but constant throughout capsicum ripen-
ing stages [23], thus corroborating our current findings.
Furthermore, ACS activity in climacteric fruit has been
shown to be increased during ripening onset [24,25] but
its level in capsicum remained constant for most of the
ripening stages (Figure 2A), suggesting that ACS was
the rate limiting step in this non-climacteric fruit.

The level of ACC, the product formed from SAM by the
action of ACS, was also very low in capsicum such that
there was on average, seven-fold less ACC during capsi-
cum ripening compared to the climacteric tomato and ba-
nana (Figure 2B). The level of ACC content in capsicum
has previously been shown to be limited [26] in a similar
manner as other non-climacteric fruit including strawberry
[27] and grapes [28]. This is further corroborated by the
significant increase in ACC level observed during the LR
and DR stages (Figure 2B), probably in response to the lim-
ited ACO activity [16] preventing its conversion to ethyl-
ene. Furthermore, reducing the amount of ACO activity
significantly by means of 1-MCP application during the G
stage (at 0 DAT) also increased ACC content (Figure 4A
and C, left). This confirms that not only ACC is limited in
capsicum but that it might also be continually required for
the basal level of ethylene production. However, no in-
crease in ACC content was observed in B fruit directly
after 1-MCP treatment despite the reduction in ACO
activity, probably because the ACO activity level was
still high in B-treated fruit compared to G-treated fruit
(Figure 4). This suggests that the low levels of ethylene
produced (approximately 0.1 nL/g fresh weight (FW)/h for
our capsicum compared to 1.5-3 nL/g FW/h ethylene pro-
duction for the banana and tomato used as controls in this
study; data not shown) was probably due to the lack of
precursors for ethylene production caused by the re-
stricted ACS activity.

Differential expression of systems 1 and 2-associated
isoforms in non-climacteric capsicum ripening

The ripening of climacteric tomato is generally accompan-
ied by a burst in ethylene production which is caused by
System 2. The transition from the negative feedback mech-
anism of System 1 during fruit development to the positive
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feedback mechanism of System 2 during the ripening of
mature fruit can be regulated by the differential expression
of specific isoforms in the ethylene pathway [1]. For ex-
ample, LeACSIA and LeACS6 are considered to be System
1 components as they are expressed in immature fruit and
are negatively regulated by ethylene treatment [8,9]. Once
fruit reach maturity, LeACS2 and LeACS4 are highly
expressed during ripening and upon ethylene treatment,
suggesting that they are System 2-associated isoforms
[8,22]. The climacteric increase in ethylene production dur-
ing System 2 was also supported by the up-regulation of
ACO isoforms particularly LeACO1, and to some extent
LeACO4 [9,29,30]. The application of ethylene to the ma-
ture G stage not only significantly increased these ACO iso-
forms [22,31] but also induced the expression of ETR
isoforms, primarily LeETR3, LeETR4 and LeETR6 [11]. The
regulation of the two ethylene production systems in non-
climacteric fruit is however still not fully described but Sys-
tem 1 is generally considered to be operating throughout
ripening [4,7].

Indeed, the expression and regulation of the ethylene
pathway components in non-climacteric capsicum were
somewhat different compared to the climacteric tomato.
For instance, CaACS2 was not highly expressed during rip-
ening (Figure 1B) and upon ethylene treatment (Figure 5B),
while CaETR4 and CaACOI did respond to ethylene but
only to some extent in either G or B-harvested fruit, re-
spectively (Figure 5A and C). CaACOI expression was also
limited throughout capsicum ripening (Figure 1A) which
confirmed earlier reports [14,32]. The failure of CaACOI
and CaACS2 to be highly stimulated upon ripening and
ethylene exposure as in climacteric tomato may suggest the
absence of System 2, thus the burst in ethylene production
associated with this system could not be induced in this
non-climacteric fruit. Furthermore, CaACO4 could be con-
sidered the major isoform expressed during capsicum rip-
ening onset (B-BR stages) as no other ACO isoform
exhibited similar levels of up-regulation (Figure 1A). This is
in good agreement with our previous report on CaACO4
expression using semi-quantitative RT-PCR and the overall
ACO activity level during capsicum ripening [16]. Interest-
ingly, CaACO4 was negatively regulated by ethylene
(Figure 5A) particularly in B-harvested fruit suggesting
its negative regulation may result in the lower overall
ACO activity observed after ethylene treatment when
compared to the untreated control fruit (Figure 4A,
right). Other isoforms such as CaACO2, CaACS1 and
CaETR3 were also down-regulated upon ethylene treat-
ment particularly at the G stage (Figure 5), which im-
plies that System 1 may be predominantly operating in
this non-climacteric fruit ripening rather than System 2.

The down-regulation of several transcripts upon ethyl-
ene treatment also suggests that other ripening regula-
tors that might control their expression during capsicum
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ripening. These ripening regulators might also be present
exclusively during the B stage as G-harvested fruit did not
ripen properly and the ACO activity of G-harvested capsi-
cum cannot be induced to the level of B capsicum even
with ethylene treatment (Figure 4A). CaACO4, which may
be considered to be a System 1-associated isoform, was
up-regulated during ripening onset (Figure 1A) which sug-
gests that its up-regulation might be closely associated with
these ripening regulators in an ethylene-independent man-
ner. Two pathways, ethylene dependent- and independent-
pathways, have been suggested to operate in climacteric
fruit but only the latter pathway may be conserved in non-
climacteric fruit to induce ripening [6,33]. The main regu-
lators of the ethylene-independent pathways especially in
non-climacteric fruit are still unknown but the LeMADS-
RIN transcription factor (RIN) has been proposed to be
one of the regulators [1,34]. RIN has been shown to con-
trol ripening even prior to the climacteric ethylene produc-
tion in tomato, suggesting that this transcription factor
may sit upstream of the ethylene pathway [33,35]. Indeed,
RIN has been shown to regulate, directly or indirectly, the
expression of several ethylene pathway components includ-
ing LeACS2 and LeACOI [1,36-38]. Interestingly, the
expression of the two isoform homologues in capsi-
cum, CaACS2 and CaACOI, were limited (Figure 1).
Furthermore, LeACO4 may be considered to be a Sys-
tem 2-associated isoform [22] in contrast to the System
1-associated CaACO4 (Figure 1A). This difference
might be attributable to genetic rearrangement that
heavily occurred in capsicum when compared with to-
mato [39], such that upstream promoter regulation is
no longer similar between these (and possibly other)
Solanaceae members. Further investigation is therefore
needed to compare the isoform promoter regions of
both fruit as well as the possible involvement of RIN or
other ripening regulators in the ethylene-independent
pathway(s) of capsicum ripening.

Ethylene perception may be partially required in
capsicum ripening especially during ripening onset
Although the ethylene independent pathway(s) may exist in
non-climacteric ripening, our results also highlighted that
ethylene perception may still be needed for capsicum ripen-
ing, to some extent. 1-MCP treatment, which blocks ethyl-
ene perception, delayed the ripening rate of B capsicum by
approximately seven days (Figure 3A and B). The applica-
tion of 1-MCP on other non-climacteric fruit such as
grapes and strawberry also has been shown to slow some
ripening aspects [28,40,41]. Furthermore, subfamily II re-
ceptors, CaETR4 and CaETRS5 were significantly less in 1-
MCP-treated samples compared to the control (Figure 5C),
which may consequently influence the down-regulation of
other downstream ethylene pathway components such as
CaACS1, CaACO4 and CaACOS (Figure 5A, B). Subfamily
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II CaETR4 may also be considered to be the major ETR iso-
form expressed in capsicum due to its higher overall rela-
tive expression during ripening (Figure 1C). Interestingly, in
strawberry, FaETR2 which is closely related to LeETR4 was
also the major isoform expressed [12]. Since both CaETR4
and FaETR2 belong to subfamily II ETRs which may have
weaker binding with the CTR1 protein [13], the basal level
of ethylene in the non-climacteric fruit may be sufficient to
induce considerable changes to downstream ethylene re-
sponses and the inhibition of the ethylene perception may
also severely impact ripening.

Ethylene binding has been associated with controlling
the rate of ethylene receptor turnover in tomato [11], and
in the case of non-climacteric fruit, the basal level of ethyl-
ene may be needed to sustain a certain receptor level and
hence maintain ethylene perception for normal ripening
to proceed. This was further corroborated by our findings
in that ethylene treatment did not induce any significant
changes towards ripening (Figure 4A, B), and the expres-
sion of all four measured ETR isoforms at the B stage in
capsicum after ethylene exposure were also constant com-
pared to the control (Figure 5C). This implies that there
may be no more receptors available to accept ethylene (as
they were possibly saturated) especially during ripening
onset and thus there were no effects towards the ethylene
perception and response for ripening. This further sug-
gests that only a certain level of ethylene receptors and
perception are required for the ripening process, together
with the ethylene independent pathway(s) as described
earlier. Therefore, a high ethylene level may not be needed
and the energy saved can be utilised for other ripening re-
lated events such as colour and textural modification. How-
ever, any mRNA expression changes (especially for the
ETRs) need to be confirmed with respective protein expres-
sion assays as post-translational regulation has been shown
to strictly affect the receptor protein abundance [11]. In
addition, given that the Capsicum chinensis gene CcGH3,
which has been shown to influence fruit ripening, is regu-
lated by both ethylene and auxin [42], whether a similar
situation is possible for CaETR needs to be investigated.

Conclusions

Overall, the limited level of ethylene produced in non-
climacteric capsicum may be contributed by the rate
limiting ACS activity which restricts the ACC content.
Furthermore, several isoforms of ethylene-related genes
were differentially expressed in capsicum, suggesting al-
ternative regulation and the likelihood that ethylene pro-
duction in non-climacteric ripening is predominantly
by System 1 with System 2 being absent (summarised in
Figure 6). Ethylene independent pathway(s) may also be
present during capsicum ripening onset but some level of
ethylene perception may still be needed for the induction
of non-climacteric fruit ripening (Figure 6).
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Figure 6 A proposed model for the ripening of non-climacteric capsicum. The ethylene pathway generally involves different isoforms of
ACO and ACS to produce ethylene before it is perceived by ETR for other downstream responses. In tomato, System 1 ethylene production
during development will be followed by System 2 ethylene production to induce climacteric ripening [8]. However, in non-climacteric capsicum
ripening, System 2 may be absent based on the limited expression (dotted arrows) of certain System 2-associated isoforms such as CaACS2 and
CaACOT during ripening and upon ethylene treatment (compared to their homologue expression in tomato). The expression of CaACST and
CaAC0O4 during capsicum ripening was associated with System 1 due to their significant reduction upon ethylene treatment at either or both G
and B stages. This is in contrast to the CaACO4 homologue in tomato, LeACO4, which is a System 2-associated isoform [22]. Therefore System 1
may be predominantly operating in capsicum to produce the basal ethylene level (while inhibiting System 2 ethylene production). The basal
ethylene level may be needed to maintain the rate of ETR turnover, particularly subfamily Il CaETR4 and CaETR5, as ethylene perception removal
(through 1-MCP treatment) severely affected the CaETR expression as well as other possible downstream CaACO and CaACS isoforms. These
subfamily Il CaETRs may become saturated, and perhaps together with ethylene independent pathways upon ripening onset, non-climacteric
capsicum ripening could be initiated. The ethylene independent pathways may also involve some ripening regulators such as RIN transcription
factors and their presence may induce the expression of CaACO4 upon ripening onset.

Basal ethylene
production

subfamily |1

CaETRs

NON-CLIMACTERIC
RIPENING

Saturated
ETR levels?

Methods

Capsicum ripening tissues and the treatment of G and B
harvested fruit with ethylene or 1-MCP

For different ripening stages, tissues from the six capsicum
stages (G, B, BR1, BR2, LR and DR) were prepared and de-
scribed in Aizat et al. [16]. For ethylene and 1-MCP treat-
ments, capsicum plants were grown as per Aizat et al.
[16], fruit length was measured every week beginning at
27 days after anthesis (DAA) onwards and harvested on
Jan-Feb 2013 (summer season) when fruit reached either
G (43 DAA) or B (50 DAA) stage. The average length of
the matured stages was approximately 85 mm (data not
shown). Harvested fruit at each stage were cleaned using
nanopure water, dried at room temperature (RT, 22-23°C)
for approximately 1 h, weighed and randomly allocated
into nine 10 L plastic containers with a septum (five fruit
each container). In each container, there was a heavy-duty
towel at the bottom and approximately 100 g Ca(OH), as
a CO, scrubber. Three containers were allocated for each
treatment: control (no treatment), ethylene (100 pL/L final
concentration, Coregas) or 1-MCP (500 nL/L final con-
centration, prepared as in Moradinezhad et al. [43]). After
a 24 h treatment in the dark at RT, fruit was aired in a
laminar flow for 30 min, removed from the containers and
placed into aluminium foil trays individually. The fruit
were then stored at RT in the dark with potassium per-
manganate and Ca(OH), to remove residual ethylene and
carbon dioxide respectively [43,44]. At O (directly after
treatment), 3, 12, 20 and 28 days after treatment (DAT),

three fruit for each treatment were weighed, photo-
graphed, sampled in liquid N, according to Aizat et al.
[16] and stored in —80°C until further analysis.

cDNA and genomic DNA stocks

For different ripening stages, all cDNA stocks were pre-
pared and described as per Aizat et al. [16]. Genomic DNA
was extracted from B fruit for genomic end-point PCR
when no products were amplified from the cDNA stocks
using a protocol adapted from Karakousis and Langridge
[45]. Ground capsicum tissues (250 mg) were homogenised
with 0.5 mL DNA extraction buffer pH 8.0 [100 mM Tris—
HCI, 100 mM NaCl, 10 mM ethylenediamine tetraacetic
acid (EDTA), 1% (w/v) N-Lauroyl Sarcosine (sarkosyl), 1%
(w/v) poly(vinylpolypirrolidone) (PVPP)]. Phenol: chloro-
form: isoamyl alcohol solution (25:24:1 v/v) (0.5 mL) was
added, vortexed briefly and mixed on an orbital shaker for
15 min at 4°C. Samples were centrifuged (6000 rpm,
15 min, 4°C) and the upper aqueous solution was added to
chloroform (0.5 volume for each 1.0 sample volume). Sam-
ple mixtures were then vortexed, centrifuged (13 000 rpm,
10 min, 4°C) and the chloroform extraction was repeated
one more time. For every 1.0 mL of final aqueous sample,
90 pL of 3 M sodium acetate and 900 pL isopropanol were
then added. The sample was then mixed on an orbital
shaker for 10 min at 4°C and centrifuged to pellet (13
000 rpm, 10 min, 4°C). The DNA pellet was washed with
70% ethanol (500 pL) before being air-dried and resus-
pended in 30 pL sterilised nanopure water. The extracted
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genomic DNA was quantified using a NanoDrop 1000
(ThermoScientific, Wilmington, DE, USA) as per manufac-
turer’s instructions.

For different treatments, RNA was extracted from the
control and treated capsicum tissues at 0 DAT as per
Aizat et al. [16] except that all centrifugation steps were
done at 13 000 rpm for 20 min (4°C) and the capsicum
materials, as well as buffers used, were scaled down to
1:10. The RNA was quantified, DNAse-treated and syn-
thesised to cDNA according to Aizat et al. [16].

End-point PCR

All end-point PCR was performed using primers shown
in Additional file 1: Table S1, according to Aizat et al.
[16] but with some modifications. The template used
was ¢cDNA mixture pooled from one biological replicate
of all six stages of ripening (cDNA of G, B, BR1, BR2,
LR and DR stages), while for all primer pairs the anneal-
ing was run at 55°C for 30 s and elongation was run at
72°C for 30 s for all primer pairs. PCR products were
transformed into pGEM-T Easy (Promega, Madison, WI,
USA) and sequenced from at least four independent col-
onies as per Aizat et al. [16]. Phylogenetic analysis was
performed using Molecular Evolutionary Genetics Ana-
lysis (MEGA) program version 5.05 using the conditions
stated in Khoo et al. [46].

For genomic end-point PCR the standard PCR procedure
above was performed except, with the genomic DNA tem-
plate, annealing temperatures were either at 55°C, 60°C or
65°C and the elongation step was for 1.5 min to take into
account possible introns.

The identification of CaACO, CaACS and CaETR isoforms
in capsicum

Full-length isoform sequences of tomato ACO (LeACOI,
LeACO2, LeACO3, LeACO4, LeACOS, LeACOe6), ACS
(LeACS1A, LeACS1B, LeACS2, LeACS3, LeACS4, LeACSS,
LeACS6, LeACS7, LeACSS) and ETR (LeETRI, LeETR?2,
LeETR3, LeETR4, LeETRS, LeETR6) were first obtained
from the NCBI database ([47], accessed on 21 January
2013) before being used to identify any related capsicum
accessions using the BLASTn search in the NCBI database
as well as a capsicum EST database ([48], accessed on 21
January 2013) as per Aizat et al. [16]. The accession num-
bers are listed in Additional file 1: Table S1, and the corre-
sponding phylogenetic analysis is presented in Additional
file 2: Figure S1. Capsicum isoforms were named accord-
ing to the corresponding homologues in tomato for easier
reference and comparison. For the ACO isoforms, only a
partial sequence of capsicum CaACOI from Garcia-
Pineda and Lozoya-Gloria [32] and a full-length of
CaACO4 from Aizat et al. [16] were available in the NCBI
database whereas all six possible capsicum isoforms were
identified using the capsicum EST database which
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encoded for full length proteins, except CaACOS. For the
ACS isoforms, only CaACS1 and CaACS2 accessions were
identified that encode full-length proteins and one EST
transcript (partial) that closely matched LeACS3. For the
capsicum ETR isoforms, no NCBI accession was found that
closely related to any tomato ETR isoform. However using
the capsicum EST database, one EST closely matched to
LeETR3 (named CaETR3) and two ESTs related to LeETR4
and LeETR5 (named CaETR4 and CaETRS, respectively)
were identified (all partial).

In order to further isolate any other possible ACS and
ETR isoforms, degenerate primers were designed based
on consensus sequences of highly conserved regions in
LeACS3, LeACS4, LeACS5, LeACS6, LeACS7 and LeACS8
for ACS and subfamily I (LeETRI, LeETR2, LeETR3) as
well as subfamily II (LeETR4, LeETRS5, LeETR6) recep-
tors for ETR. Available EST sequences from capsicum
were also taken into consideration when designing these
degenerate primers. However, no PCR product (using
pooled cDNA from six ripening stages as templates) was
detected for ACS degenerate primers but both sets of
primers for ETRs produced a single band (Additional file
3: Figure S2) which after sequencing contained two dif-
ferent products. Phylogenetic analysis reveals that ETR
subfamily I primers yielded products closely related to
LeETR2 and LeETR3 while ETR subfamily II primers
yielded products that matched LeETR4 and LeETRS
(Additional file 2: Figure S1). Three of these sequences
matched to the three earlier EST sequences (CaETR3,
CaETR4 and CaETR5) but one sequence which is re-
lated to LeETR2 (hence named CaETR2) did not match
to any annotations in any databases searched.

Primers specific for each capsicum isoform were de-
signed and run in end-point PCR. All primer pairs re-
sulted in the amplification of a single PCR product using
the pooled ¢cDNA as templates (Additional file 3: Figure
S2) and were specific to each isoform based on sequen-
cing and a single qPCR melt curve (data not shown).
However, CaACS3 was not expressed as its primer was
able to amplify genomic DNA but not its cDNA tran-
script (Additional file 3: Figure S2). Furthermore, ACS4
primers from Osorio et al. [14] were not able to amplify
any products even from the genomic PCR (Additional
file 3: Figure S2), with no other information on CaACS4
available in the NCBI and EST databases. CaGAPdH
primers were obtained from Ogasawara et al. [49] and
used in Aizat et al. [16] as well.

qPCR analysis

qPCR was performed as outlined by Schaarschmidt et al.
[50]. Briefly, three biological replicates for each ripening
stage and for different treatments at 0 DAT were ana-
lysed. A 1:10 dilution with double-sterilised nanopure
water was made for all cDNA stocks and run in a qPCR
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instrument (ViiA™ 7, Life Technologies, USA). In each
10 pL qPCR reaction (three technical replicates for each
sample), the diluted cDNA template (1.5 ng reverse tran-
scribed total RNA) and primers (5 pmol of each forward
and reverse) were mixed with SYBR® Green reagent (iQ™
supermix, BioRad, USA). The qPCR running conditions
were 95°C for 15 s, 40 cycles of 95°C for 15 s and 55°C
for 30 s, followed by one step of 95°C for 15 s, 60°C for
1 min and 95°C for 15 s to generate the melt curve. A
positive control (using 1:1000 dilution of purified plas-
mid transformed with CaGAPdH PCR product as the
template and corresponding primers) and negative con-
trols of no template were run in all qPCR plates. Ct
values for each reaction were evaluated using in-built
ViiA™ 7 version 1.2 software (Applied Biosystems) and
imported into the Microsoft Excel program. The relative
gene expression analysis was done according to the
standard comparative Ct method (2*4“") by correcting
the Ct values of each gene to the positive control, before
normalisation of the gene of interest to the CaGAPdH
endogenous control. Furthermore, samples which did
not possess any significant melt curve across all three
technical replicates were considered to not be expressing
that particular isoform and a value of 0 relative expres-
sion was set.

Enzymatic assays and colour (ASTA) measurement

The ACS activity assay was adapted from Kato et al. [51]
with some modifications. Briefly, ground tissues [0.2 g
FW] were homogenised with 1.8 mL ice-cold EPPS buffer
A (0.1 M EPPS-KOH pH 8.5, 10 mM 2-mercaptoethanol,
10 uM pyridoxal phosphate). Samples were centrifuged at
13 000 rpm at 4°C for 20 min. A clear sample (0.5 mL)
was added with an ice-cold EPPS buffer B (0.5 mL of
0.1 M EPPS-KOH pH 8.5, 0.2 mM SAM) in a test tube
(12 x 75 mm) fitted with a rubber stopper (9.5 mm suba-
seal). All reaction mixtures were incubated for 30 min at
30°C and the ACS activity was then measured as per Kato
et al. [51]. Another reaction containing a spike solution
(0.5 mL EPPS buffer B with 0.01 pM ACC) and 0.5 mL
sample (extracted with the EPPS buffer A above) was also
prepared similarly to calculate the efficiency of the assay
as per Bulens et al. [52]. The ACC content was measured
as per Tan et al. [20]. For both ACS activity and ACC con-
tent assays, ground tissues of one biological replicate of
commercial ripe banana (Stage 5 according to CSIRO
[53]) and red tomato were also run similarly as positive
controls. The ACO activity assay was run as detailed in
Aizat et al. [16].

Extractable colour was measured according to the stand-
ard method of the American Spice Trade Association,
ASTA [54]. Ground tissues (1.5 g) were dried at 40°C for
24 h. Dried materials were weighed to approximately
43 mg, incubated in flasks containing 50 mL absolute
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acetone and shaken in the dark for 18 h. The absorbance of
the extracted colour was determined at a wavelength of
460 nm using a UV/VIS Spectrophotometer SP 8001 (Ade-
Lab Scientific, Thebarton, Australia) and the ASTA units
were calculated according to the standard formula [54].

Statistical analysis

All statistics were performed using Genstat 14 (Hemel
Hempstead, UK). Least Significant Difference (LSD) at P <
0.05 in the Analysis of Variance (ANOVA) was used to de-
termine significantly different means, unless otherwise
stated. The statistical significance for the different treat-
ments at each of the sampling times was determined using
Duncan’s Multiple Range Test at P < 0.05 (Additional file 4:
Table S2).

Additional files

Additional file 1: Table S1. List of primers used in PCR and gPCR.

Additional file 2: Figure S1. The phylogenetic analysis of ACO (A),
ACS (B) and ETR (C and D) isoforms. The tree was built based on
full-length protein sequences of ACO isoforms (except CaACO5 which is
partial), and the full length of ACS isoforms. The trees for ETRs were built
based on mRNA sequences of tomato and the partial sequence of
capsicum ETRs subfamily | (CatTR2 and CaETR3, C) and subfamily Il
(CaETR4 and CaETR5, D) obtained from an end point RT-PCR using
degenerate primers for respective subfamilies (refer to Methods).
Genbank accession numbers for the tomato are: LeACO1, P05116.2;
LeACO2, CAA68538.1; LeACO3, CAA90904.1; LeACO4, NP_001233867.1;
LeACOS5, NP_001234037.1; LeACO6, ABP68407.1; LeACSTA,
NP_001233922.1; LeACS1B, AAB17279.1; LeACS2, NP_001234178.1;
LeACS3, NP_001234026.1; LeACS4, NP_001233875.1; LeACS5,
NP_001234156.1; LeACS6, BAA34923.1; LeACS7, NP_001234346.1;
LeACS8, NP_001234160.1; LeETRT, NM_001247220.1; LeETR2,
NM_001247224.1; LeETR3, NM_001246965.1; LeETR4, NM_001247276.1;
LeETR5, NM_001247283.1 and LeETR6, NM_001247221.1. For capsicum,
the available Genbank accession numbers are: CaACO4, AGG20315;
CaACST, BAG30909.1; and CaACS2, BAG30910.1. All other capsicum
isoforms (from contigs of the EST database) are listed in Additional file
1: Table S1 translated in silico as per [16]. Le, tomato; Ca, Capsicum.

Additional file 3: Figure S2. End-point PCR for isolating capsicum ACO,
ACS and ETR isoforms. Degenerate primers of ETR subfamily | (ETRdeg1-3)
and subfamily Il (ETRdeg4-6) as well as ACS isoforms (ACSdeg) were run in
the end-point PCR (using cDNA pooled from six stages of ripening) to
isolate other possible isoforms due to the lack of information in the
databases (A). The primers for six CaACO isoforms (B), four CaACS isoforms
(O) and four CaETR isoforms (D) were run in the end-point PCR using the
pooled cDNA template. All bands are less than 0.26 kb using primers listed
in Additional file 1: Table S1. The differences between band intensity
(especially CaACOT and CaETR4) could be due to loading. The absence of
CaACS3 and CaACS4 in the cDNA mix was also confirmed in independent
RT-PCR and gPCR experiments (data not shown). (E) Genomic PCR using
DNA template (annealing temperature 60°C) was also performed but only
the CaACS3 (and positive control CaGAPdH plus introns) produced specific
products and not CaACS4. Experiments were repeated using two other
annealing temperatures (55°C and 65°C), again without any amplification of
CaACS4 (data not shown). CaACS4 primers were obtained from a previous
gPCR study in capsicum and tomato [14] and no other information regarding
its sequence was available in either the NCBI or capsicum EST databases.

Additional file 4: Table S2. Significant levels of colour (Figure 2B), ACO
activity (Figure 3A), ACS activity (Figure 3B) and ACC content (Figure 3C)
were determined using Duncan’s Multiple Range Test (P < 0.05). This analysis
compares all data for control (C), ethylene (E) and 1-MCP (M) treated fruit at
different days after treatment (DAT) within the respective ripening stage.
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Additional file 1: Table S1. List of primers used in PCR and qPCR.

Gene/ NCBI accession Contig accession NCBI accession numbers for capsicum  Forward primer (5°-3”) Reverse primer (5°-3) Product
isoform numbers for numbers for (Ca) size
names tomato (Le) capsicum (Ca)?
GAPdH? - - AJ246011.1 GAAGAATTGGTCGATTGGTG CCCCGTTGACTCTACGACAT 272
ACO1 NM_001247095.1 TC13435 GD053075.1 & GD054188.1 GCAAGTGCTTAAATTACAAGTGTG  TTGAGATGCAACCGTTACTCC 195
ACO2 XM_004251479.1 TC14180 GD052945.1, GD054373.1 & GTTGAGAAAGAGGCAAAGGAT AAATAATCTTGAGTTTGAATGTACG 188
CA520300.1
ACO3 NM_001246999.1 TC12536 GD095125.1 & BM063409.1 ATCCAGCACCAGCTTTGATC TGAATTGGAAATTAAGCACTTG 193
ACO4 AB013101.1 - JX515597 GCAATGAAGGCTATGGAGACTA TGACGCATCAAGAAACACAAG 217
ACO5® AJ715790.1 TC15257 GD115323.1& GD117950.1 GGACATTCCACCTTCCAAGA AGAGCTTTGGTGCTGGAGAA 188
ACO6 EF501822.1 TC24188 GD089267.1, GD124776.1, GD101463.1 GGAGCCAAGGTTTGAAGCA CATCACACTACCAGACAACAGTACA 259
& GD099075.1
ACS1° NM_001246993.1 - AB434926.1 AAGTTGTCGATGAAATGATTGG CTAGCGATGTCCACTACTGTATCA 136
(A) and U72390.1
(B)
ACS2° NM_001247249.1 - AB434927.1 GTAGAAGACAACGAAATGAGTCAT CGCAACTAACGACAGCATC 133
ACS3P NM_001247097.1 KS23061E03 GD116714.1 CTTGAACTCCTCCTTACATTCG AACTCGTTCCCAAACATCTGT 156
ACS4¢ NM_001246946.1 - - CCATCTTGTTTGCGACGAAATA CGATGCTAACGAATTTTGGAGAA -
ACSdeg accordingly - - ATGGGTNTNGCNGAAAATCA AANGCATCNCCNGGNTNAG 287
ETR2® NM_001247224.1 - - GGAACCAATGAGGGCTCG CAGCCAGGAAATCATTACGC 107
ETR3 NM_001246965.1 KS16036C11 GD072810.1 AGAGTCCATGCGAGCCCA CTTCTTGTCGAGCTACATCCAA 68
ETR4® NM_001247276.1 KS20049F06 & GD097854.1 & GD101436.1 TTGGGATGCAGCGTGTCT AAGGACGATTTGGAATGAGG 87
TC15606
ETR5P NM_001247283.1 TC12426 GD063530.1 & GD052924.1 CTTCATGTACTCGTTGCTGATG CTAAAGCACTCAGGCATTGG 121
ETR1-3deg” accordingly - - AGATCAGGTNGCTGTNGCTC GCATNGGNGTTCNCATTTCAT 179
ETR4-6deg’ accordingly - - TGATGATGTNAATAGANNGGTAAC TCNGGCANNTGAAGATCCAA 150

%CaGAPdH primers were obtained from other studies detailed in the manuscript.

®Contig sequences for CaACO5, CaACS3, CaETR3, CaETR4 and CaETRS5 are partial and not encoded for full-length proteins.

‘CaACS1 and CaACS2 sequences are from Capsicum chinense obtained through the NCBI database (similar EST sequences were also obtained from the capsicum EST database). For the
tomato ACS1, there are two different isoforms exist named LeACS1A and LeACS1B. However, only one isoform is available for capsicum which is closely related to both tomato ACS1
isoforms (Additional file 2: Figure S1). Hence, the capsicum ACS1 is named CaACSL1.

Primers for CaACS4 were obtained from previous qPCR study in capsicum and no other information regarding its sequences are available in both NCB1 and EST databases (detailed in

manuscript).

*CaETR2 was extracted from the degenerate primers (ETR1-3deg).

"Degenerate primers for ACS (ACSdeg) were designed based on consensus sequence of LeACS3, LeACS4, LeACS5, LeACS6, LeACS7 and LeACS8 and the degenerate primers for ETR (ETR1-
3deg and ETR4-6deg) were designed based on the consensus sequences of tomato Type | (LeETR1, LeETR2, LeETR3) and Type Il (LeETR4, LeETR5, LeETR®), respectively. Any available
capsicum EST sequences were also taken into consideration when designing these primers.

9Contig accession numbers were obtained from the EST database which are linked to the NCBI dbEST database (some of them have more than one dbEST accessions as listed in Genbank
accession numbers column of the table).
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Additional file 2:Figure S1. The phylogenetic analysis of ACO (A), ACS (B) and ETR (C and D) isoforms.
The tree was built based on full-length protein sequences of ACO isoforms (except CaACOS5 which is
partial), and the full length of ACS isoforms. The tree for ETRs was built based on mRNA sequences of
tomato and the partial sequence of capsicum E7Rs Type I (CaETR2 and CaETR3, C) and Type Il (CaETR4
and CaETR)5, D) obtained from an end point RT-PCR using degenerate primers for respective types (refer to
Methods). Genbank accession numbers for the tomato are: LeACO1, P05116.2; LeACO2, CAA68538.1;
LeACO3, CAA90904.1; LeACO4, NP_001233867.1; LeACOS, NP_001234037.1; LeACO6, ABP68407.1;
LeACS1A, NP_001233922.1; LeACS1B, AAB17279.1; LeACS2, NP_001234178.1; LeACS3,
NP_001234026.1; LeACS4, NP_001233875.1; LeACS5, NP_001234156.1; LeACS6, BAA34923.1;
LeACS7,NP_001234346.1; LeACS8, NP_001234160.1; LeETRI, NM_001247220.1; LeETR?2,

NM 001247224.1; LeETR3, NM_001246965.1; LeETR4, NM_001247276.1; LeETR5, NM_001247283.1
and LeETR6, NM 001247221.1. For capsicum, the available Genbank accession numbers are: CaACO4,
AGG20315; CaACS1, BAG30909.1 and CaACS2, BAG30910.1. All other capsicum isoforms (from contigs
of the EST database) are listed in Additional file 1: Table S1 translated in silico as per [16]. Le, tomato; Ca,
Capsicum.
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Additional file 3: Figure S2. End-point PCR for isolating capsicum ACO, ACS and ETR
isoforms. Degenerate primers of ETR Type [ (ETRdeg!-3) and Type Il (ETRdeg4-6) as well
as ACS 1soforms (4CSdeg) were run in the end-point PCR (using cDNA pooled from six
stages of ripening) to isolate other possible isoforms due to the lack of information in the
databases (A). The primers for six Ca4CO isoforms (B), four CaACS isoforms (C) and four
CaETR isoforms (D) were run in the end-point PCR using the pooled cDNA template.

All bands are less than 0.26 kb using primers listed in Additional file 1: Table S1. The
differences between band intensity (especially CadCO/I and CaETR4) could be due to
loading. The absence of CaACS3 and CaACS4 in the cDNA mix was also confirmed

in another independent RT-PCR and qPCR experiments (data not shown). (E) Genomic PCR
using DNA template (annealing temperature 60°C) was also performed but only the CaACS3
(and positive control CaGAPdH plus introns) produced specific products and not Ca4CS4.
Experiments were repeated in two other annealing temperatures (55°Cand 65°C), again
without any amplification of Ca4CS4 (data not shown). CaACS4 primers were obtained
from a previous qPCR study in capsicum and tomato [14] and no other information
regarding its sequence was available in either the NCBI or capsicum EST databases.



Additional file 4: Table S2. Significant levels of ASTA level (Figure 2B), ACO activity (Figure 3A), ACS activity (Figure 3B) and ACC content
(Figure 3C) were determined using Duncan’s Multiple Range Test (P<0.05). This analysis compares all data for control (C), ethylene (E) and 1-MCP (M)

treated fruit at different days after treatment (DAT) within the respective ripening stage.

Stages DAT ASTA ACO activity ACS activity ACC content
C E M C E M C E M C E M

Green 0 a a a bcde ab ef a a a ab a cde
3 a a a cdef cdef f ab a a ab abc abc
12 a a a bc bc bcd a a ab abcd abcd bcde
20 a ab a a a ab c bc c cde bcde abcde
28 bc c c cdef def f cd d cd de f ef

Breaker 0 ab a a a b c abcd ab ab a a a
3 cd cde abc de ef cd ab a abc a a a
12 ef def bed fg fg fg abcd abcd abcd ab a abc
20 g g f g g g cd d abcd abc bcd ab
28 g g g g g g abcd abcd bcd d abc cd




Chapter 7: The preliminary characterisation of
several other proteomic ripening-related

candidates
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7.1 Introduction

Proteomic analysis using 2D gel electrophoresis (2DGE) has been used in several fruit
studies including tomato, banana, apple, peach, strawberry, olive and grape (Bianco et al.,
2009; Faurobert et al., 2007; Giribaldi et al., 2007; Nilo et al., 2010; Song et al., 2006; Wu
et al., 2011). These studies have identified several classes of proteins unique to different
ripening stages, postharvest treatments and/or different fruit tissues. However, further
analyses of proteins identified by examining gene expression and protein activity has rarely
been employed to confirm their findings.

In the proteomic study of capsicum ripening (Aizat et al., 2013) (Chapter 3), only
one protein candidate, 1-aminocyclopropane 1-carboxylate (ACC) oxidase (ACO) was
selected for additional experimentation to corroborate the proteomic results. ACO isoform
4 (CaACO4) mRNA expression and overall ACO activity closely reflected changes in
proteomic analyses. However, several other proteomic candidates were also of interest. In
particular, those peptides that shared similarity with a Copper CHaperone (CCH) from
Arabidopsis thaliana, TCP (Teosinte branchedl, Cycloidea, Proliferating cell factors)
domain class transcription factors (TCP) from Malus domestica, CYsteine Synthase (CYS)
from Capsicum annuum, SPermidine Synthase (SPS) from Solanum lycopersicum and
ADenosine Kinase (ADK) from Solanum tuberosum (Aizat et al., 2013) (Chapter 3: Table
1) and they were chosen for further analysis. For instance, CCH may be associated with
providing copper to the ethylene receptors (Woeste and Kieber, 2000) while CYS and SPS
were involved closely with the ethylene pathway precursors, cysteine (Nikiforova et al.,
2002) and S-adenosyl methionine (SAM) (Handa and Mattoo, 2010), respectively. TCP
might be important due to its role as a putative transcription factor (Martin-Trillo and
Cubas, 2010) while ADK may be vital for cytokinin metabolism and colour changes

(Kobayashi et al., 2012; Spichal, 2012) during capsicum ripening.
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The aim of the research presented in this chapter was to isolate and confirm the
presence of these candidates of interest (CCH, TCP, CYS, SPS and ADK). Full-length
cDNA sequences were identified and their putative functional domains were determined.
Gene expression was also investigated for most of these candidates using semi-quantitative
Reverse Transcriptase-PCR (sgRT-PCR) as well as quantitative Real Time-PCR (gPCR) in
six different capsicum ripening stages (G, Green; B, Breaker; BR1, Breaker Red 1; BR2,
Breaker Red 2; LR, Light Red; DR, Deep Red). Their significance during capsicum

ripening and in relation to their respective patterns in the earlier 2DGE is discussed.

7.2 Material and Methods

7.2.1 cDNA stocks and primer design
The cDNA of six capsicum ripening stages (G, B, BR1, BR2, LR and DR) were prepared
and described as per Aizat et al. (2013) and Chapter 3: Materials and Methods. Primers for
isolation of the full-length cDNA sequences of the proteomic candidates were designed
according to the available Genbank NCBI accessions (CaCYS, X64874.1) or EST contig
sequences (CaCCH, TC19828; CaTCP, TC19007 & TC22508; CaSPS, TC20247 and

CaADK, TC13853) (http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?gudb=pepper,

date of access: 27 June 2012). Primers were also designed for semi-quantitative RT-PCR
(sqRT-PCR) and/or quantitative Real Time-PCR (gPCR) analyses using the isolated cDNA
sequences (which were submitted to Genbank and have their own accession number as per

Table 7.1).
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Table 7.1 The list of primers used in this study. These primers were used in isolating full-length cDNA product, sqRT-PCR and/or gPCR
analyses as stated in the “Notes” column. SPS and ADK full-length sequences were extracted from two pairs of primers each (full contig 1 and
full contig 2). Accession numbers for the full-length sequences were deposited in the Genbank NCBI database.

Candidates Primer Sequence (5°-3°) for either forward (pF) or PCR product Notes
& accession numbers names reverse (pR) primers size in base pairs
CCH candidate (CaCCH) CCHpF4 ATGTCTCAGACAGTTGTTCTCAAG 346 (CCHpF4-R4) Full-length,
KF583452 CCHpR4 GTTAAGGTAACAATCATCATGCTG sgRT-PCR
CCHpF5 CGAAGCAAAGCCTGTAGAAG 115 (CCHpF5-pR4) gPCR
TCP candidate (CaTCP) TCPpF6 CTCTTCCGATACTCCGTCTTC 1789 (TCPpF6-pR5) Full-length
KF583453 TCPpR5 ATCCATCTGTTCGGTCTGTC
TCPpF5 CGAAGAGCGAAGAGGAGAA 245 (TCPpF5-pR4) sqRT-PCR
TCPpR4 AGTCCATCACGAACAGCATC
TCPpF7  ATGCGGAAACCAACTTAGC 144 (TCPpF7-pR5) gPCR
CYS candidate (CaCYS) CYSpF3 ATGGCATCTNTCATCAACAATCC 1254 (CYSpF3-pR3) Full-length
KF583454 CYSpR3 TACACCAGCAGCCAACTAAATAAC
CYSpF4 ATTCAAGGGATTGGAGCAG 168 (CYSpF4-pR4) sqRT-PCR & gPCR
CYSpR4 AATGGCAGCAAGAGCAGC
SPS candidate (CaSPS) SPSpF5  GAAGCGACCTCAGATTTGTG 681 (SPSpF5-pR1) Full contig 1 SPS
KF583455 SPSpR1  CCGTCACCAATGTGGAGAT
SPSpF1  AAGGTGCTGGTTATTGGAGG 824 (SPSpF1-pR4) Full contig 2 SPS
SPSpR4  GACAACTTTATCCCAGCACAA
SPSpR3  ATTATTTTCCTTTGGTTTCGATCA 643 (SPSpF1-pR3) sqRT-PCR
SPSpF6  TTCTACAACTCTGAGATTCACCAA 263 (SPSpF6-pR4) gPCR
ADK candidate (CaADK) ADKpF3 AACAATGGAGTACGATGGGATTC 817 (ADKpF3-pR1) Full contig 1 ADK
KF583456 ADKpR1 CTCAGCGACAACAACAGGAT
ADKpF2 TGGAAATGAGACAGAAGCAAG 399 (ADKpF2-pR3) Full contig 2 ADK
ADKpR3 CAAGAACTGAAGTAAGAATGAACTC
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7.2.2 Isolation of full-length sequences
All cDNA preparation, RT-PCR (including running conditions), PCR product identification,
sequencing and phylogenetic analyses were as described in Aizat et al. (2013) and Chapter 3:
Materials and Methods unless otherwise stated. For extracting full-length cDNA sequences,
the primers of CaCCH (CCHpF4-pR4), CaTCP (TCPpF6-pR5), CaCYS (CYSpF3-pR3),
CaSPS (SPSpF5-pR1, SPSpF1-pR4) and CaADK (ADKpF3-pR1, ADKpF2-pR3) were run in
RT-PCR reactions using cDNA templates of either G stage (CaCCH and CaTCP) or BR1
stage (CaCYS, CaSPS and CaADK). The annealing temperature used in the PCR was either
55°C (CaCCH, CaCYS and CaADK), 60°C (CaTCP) or 62°C (CaSPS) and the elongation time
was set up corresponding to the length of respective products (1 kb for 1 min). Putative
conserved domains in the deduced residues of all candidates were identified from the NCBI

database protein BLAST tool (http://blast.ncbi.nlm.nih.gov/Blast.cqi; date of access: 1

September 2013).

7.2.3 sQRT-PCR analysis
All candidates identified earlier [except CaADK due to several mismatches with the proteomic
result (Figure 7.1)] were run in sqRT-PCR according to Aizat et al. (2013) and Chapter 3:
Materials and Methods. Briefly, all primer pairs for CaCCH (CCHpF4-pR4), CaTCP
(TCPpF5-pR4), CaCYS (CYSpF4-pR4, specific to an additional region in CaCYS1) and
CaSPS (SPSpF1-pR3) were first run in different PCR cycle numbers (24 to 36 cycles) using
respective cONA template for each candidate stated in 7.2.2. The cycle number just before the
PCR products became saturated was chosen to be run in all ripening stages in the sqRT-PCR

(all primer pairs were at 30 cycles, Appendix F). The annealing temperature was either 55°C
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(CaCyYs, CaSPS) or 60°C (CaCCH, CaTCP) and the elongation time was set up corresponding
to the length of respective products (1 kb for 1 min). sqRT-PCR using a lower number of PCR
cycles (27 cycles) was also performed in a biological replicate of all ripening stages but still
no significant pattern across all ripening stages was observed (Appendix G). Hence, the more

sensitive method of gPCR analysis was employed.

7.2.4 qPCR analysis
Primers for each candidate, CaCCH (CCHpF5-pR4), CaTCP (TCPpF7-pR5), CaCYS
(CYSpF4-pR4, specific to additional region in CaCYS1) and CaSPS (SPSpF6-pR4) were first
run in RT-PCR and pilot gPCR experiments using 1:10 diluted cDNA template of G stage for
CCH and TCP while B stage for CYS and SPS. This was done to confirm the amplification of
only specific product for each candidate (based on sequencing and a single gqPCR melt curve,
Appendix H). gPCR was then performed using cDNA from each of the six ripening stages
(three biological replicates each) and with the same gPCR conditions as per Chapter 6:

Methods.

7.2.5 Statistical analysis
Data from the gPCR was analysed by One-way Analysis of Variance (ANOVA) using Genstat
14 (Hemel Hempstead, UK). Significantly different means were determined using least

significant difference (l.s.d.) at P<0.05.
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7.3 Results
7.3.1 CaADK

The ADK isolated from capsicum (cv. Aries) encodes a 341 residue protein with a predicted
molecular weight (MW) of 37.33 kDa and predicted isoelectric point (pl) of 4.87 (Figure 7.1
A). This CaADK is also closely related to isoform 1, and was therefore named CaADK1. Most
peptide sequences identified by tandem mass spectrometry (MS/MS) in the earlier capsicum
proteomic study (Aizat et al., 2013) (Chapter 3) matched to this isoform, except for five
residues which matched to the other isoform, CaADK2 (Figure 7.1 A and B). A phylogenetic
analysis comparing ADK isoforms from the Solanaceae family; capsicum, tomato (Solanum
lycopersicum) and tobacco (Nicotiana tabacum), revealed that isoform 1 and isoform 2 formed
two different clades regardless of Solanaceae species (Figure 7.1 C) and the isolated CaADK1
(KF583456) fell into the isoform 1 clade. ADK isoforms from other species such as wild
strawberry (Fragaria vesca), Arabidopsis thaliana and grape (Vitis vinifera) were also
compared in a phylogenetic analysis but no clear differentiation between these isoforms was
observed (Appendix I). CaADK1 putative protein sequence contains 17 substrate (adenosine)
binding sites and 13 ATP binding sites. CaADK1 also belongs to a larger superfamily of
ribokinase/6-phosphofructokinase (PfkB)-like proteins (Figure 7.1 D) which are known to
bind and phosphorylate a variety of substrates (in this case adenosine) at the expense of ATP
(Kwade et al., 2005). Both CaADK1 and CaADK?2 have the same conserved domains and a
similar number of adenosine and ATP binding sites except that isoform 2 has one less amino

acid (data not shown).
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A) i acggagtacqacgggattcttttgggcatgggaaacccac..acttqatatcccagccgttgtaaatcaagattccttgaacaagtatgacatcaagccgaacaacgcaattcttgccgag
M Y D L M N P L LD I S AV V NQDFILDNIZ KT YUDTIUEKZ PUNNA RAZTITLAE
121 gacaagcacttgcct.atgcatgatgaaatggctgccacgcccactgtcgaatacattgctggaggtgcaacacaaaacccgatcaqagtggctcagtqgatgctaccattt.tcaggtgca
DKHLPMYDEMHRMFTVEYI‘\GG‘!TQ\SIRV“.Q.’MML@F-G\
241 acaagttacatgggctcggttgggaaggacaagtacggagcagaaatgaagaaaaatgcaacggcttctggcgrcaatgttca:tactatgaggatgagactgctccaacagggacgtgt
T S Y M G S mEENKK\]KTASGV\VHYYEDETAPTGTC
361 gctgtttgtqtgctagatgg:gagaggtcattggttgctaacttatcagctgcaaactgctacaaggttgaccatttgaaacgactagagaacugggcqttagt”gagaaggccaaa..tt
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Figure 7.1 In-silico analysis of ADenosine Kinase (ADK) isoform 1 from capsicum
(CaADK1). A) cDNA sequences of CaADK1 were determined and the deduced amino acids
were compared with the peptide sequences (underlined residues) from Aizat et al. (2013) and
Chapter 3: Table 1, spot 7. Mismatches between the peptide and deduced residues are boxed.
B) Another isoform was identified from a capsicum EST  database
(http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?gudb=pepper, contig TC12869; date of
access: 1 September 2013) which revealed that these mismatches (boxed residues) correspond
to this other isoform (named CaADK?2). C) A phylogenetic analysis comparing ADK protein
isoforms from the Solanaceae family [Capsicum annum (Ca), Solanum lycopersicum (SI),
Nicotiana tabacum (Nt)] revealed differentiation between isoform 1 and isoform 2 clades.
Two isoforms (1 and 2) exist for Ca and Sl while four isoforms (1S, 1T, 2S and 2T) exist for
Nt due to its allotetraploid nature (Kwade et al., 2005). Accession numbers are given in
brackets beside respective proteins (*CaADK2 was translated in silico from a contig accession
mined from the EST database). The two ADK isoforms from Sl are originally named ADK2-
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like genes with different accession numbers in the NCBI databases. Our phylogenetic analysis
differentiated both isoforms into either isoform 1 or isoform 2 and hence renamed SIADK1
and SIADK?2 accordingly in this chapter. Other isoforms from Nt are named as documented in
the NCBI database. The branch length (bar) corresponds to an evolutionary distance at 0.01
amino acid substitutions per site. D) CaADK1 contains a putative adenosine kinase domain
which has 17 substrate (adenosine) binding sites and 13 ATP binding sites. CaADK1 also
contains a putative domain of ribokinase/6-phosphofructokinase (PfkB)-like superfamily and
PTZ00247 multidomain which is a provisional domain yet to be characterised. Due to an
inability to differentiate these two isoforms particularly during earlier proteomic analysis, this
candidate was not further analysed in the gene expression analyses (SQRT-PCR and qPCR).
7.3.2 CaCCH

CCH isolated from capsicum (CaCCH) encodes a 110 amino acid chaperone which has a
predicted MW and pl of 11.57 kDa and 4.42, respectively. The two peptides identified by
MS/MS (Aizat et al., 2013) (Chapter 3: Table 1, spot 1) also matched to the deduced residues
of CaCCH (Figure 7.2 A). Furthermore, CaCCH possesses four heavy metal (possibly copper)
binding sites in its heavy-metal-associated (HMA) domain (Figure 7.2 B). No differentiation
between CCH of different species [Arabidopsis (Arabidopsis thaliana), grape (Vitis Vinifera),
citrus (Citrus), peach (Prunus persica) and apple (Malus domestica)] was observed but the
Solanaceae, capsicum and tomato, grouped in one clade (Figure 7.2 C). The expression of
CaCCH was constitutive throughout the ripening stages and appeared similar regardless of

ripening stage when analysed using sqRT-PCR (Figure 7.2 D). However, CaCCH expression

was significantly greater during the DR stage when analysed using qPCR (Figure 7.2 E).
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Figure 7.2 Analysis of Copper CHaperone (CCH) extracted from Capsicum annuum
(CaCCH). A) cDNA sequences of CaCCH were determined and the deduced amino acids
were compared with the peptide sequences (underlined residues) from Aizat et al. (2013) and
Chapter 3: Table 1, spot 1. B) Putative conserved domains in the CaCCH. CaCCH contains a
heavy-metal-associated (HMA) domain with four heavy metal binding sites. C) A
phylogenetic analysis was performed comparing CCH proteins from a variety of fruit species
including Capsicum annuum (Ca), Solanum lycopersicum (Sl), Arabidopsis thaliana (At),
Vitis vinifera (Vv), Citrus (Ci), Prunus persica (Pp) and Malus domestica (Md). Accession
numbers are given in brackets beside respective protein names. The branch length (bar)
corresponds to an evolutionary distance at 0.2 amino acid substitutions per site. D) The semi-
guantitative Reverse Transcriptase-PCR (sqRT-PCR) analysis of CaCCH and the positive
internal control, CaGAPdH (Aizat et al., 2013) (Chapter 3). Gels shown are representatives of
three biological replicates for the six ripening stages (G, Green; B, Breaker; BR1, Breaker Red
1; BR2, Breaker Red 2; LR, Light Red; DR, Deep Red). E) The same ripening stages were
analysed in quantitative Real Time-PCR (gPCR) analysis of CaCCH which was normalised
(relative expression) to CaGAPdH as per Chapter 6: Methods. n = 3 biological replicates
(xSE) and different letters on bars are significantly different means between ripening stages
(I.s.d. = 0.2461 relative expression at P<0.05).
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7.3.3 CaTCP
TCP from capsicum (CaTCP) encodes a protein chaperone which consists of 536 residues
corresponding to 58.96 kDa predicted MW and 6.02 predicted pl (Figure 7.2 A and B). A
mismatch was identified between a MS/MS peptide sequence (Aizat et al., 2013) (Chapter 3:
Table 1, spot 5) and a deduced residue of CaTCP (boxed in Figure 7.2 A). CaTCP putative
domain is also associated with the zeta subunit of T-complex protein 1 (TCP1) chaperones and
possesses several conserved residues for polypeptide binding, stacking interactions and
ATP/Mg binding (Figure 7.3 B). A comparison between TCP chaperones from different
species shows that the Solanaceae, capsicum and tomato formed a different clade than the
others [apple, wild strawberry (Fragaria vesca), peach, grape and cucumber (Cucumis
sativus)] and Arabidopsis acts as an outlier (Figure 7.3 C). The expression of CaTCP was
constitutive during capsicum ripening (sqRT-PCR, Figure 7.3 D) and the gPCR analysis

revealed that only the DR stage was significantly higher than the B-BR2 stages (Figure 7.3 E).
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Figure 7.3 Analysis of TCP extracted from Capsicum annuum (CaTCP). A) cDNA sequences
of CaTCP were determined and the deduced amino acids were compared with the peptide
sequences (underlined residues) from Aizat et al. (2013) and Chapter 3: Table 1, spot 5. One
mismatch (boxed) between one of the peptides and the deduced residue was identified
(peptide: Lys; deduced residue: Gln). B) Putative conserved domains in the CaTCP. CaTCP
contains chaperonin-like domain which is closely associated with the zeta subunit of TCP1

chaperones

in eukaryotes (TCP1_zeta domain) and thermosome in archea (thermosome_arch

domain). CaTCP chaperone also possesses 20 conserved igomerisation interfaces (where
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polypeptides can bind), six stacking interaction sites as well as 11 ATP/Mg binding sites for
its putative function. C) A phylogenetic analysis was performed comparing TCP from a
variety of fruit species including Capsicum annuum (Ca), Solanum lycopersicum (Sl), Malus
domestica (Md), Fragaria vesca (Fv, wild strawberry), Prunus persica (Pp), Vitis vinifera
(Vv), Cucumis sativus (Cs) and Arabidopsis thaliana (At). Accession numbers are given in
brackets beside respective protein names. The branch length (bar) corresponds to an
evolutionary distance at 0.01 amino acid substitutions per site. D) The semi-quantitative
Reverse Transcriptase-PCR (sqRT-PCR) analysis of CaTCP and the positive internal control,
CaGAPdH (Aizat et al., 2013) (Chapter 3). Gels shown are representatives of three biological
replicates for the six ripening stages (G, Green; B, Breaker; BR1, Breaker Red 1; BR2,
Breaker Red 2; LR, Light Red; DR, Deep Red). E) The same ripening stages were analysed in
quantitative Real Time-PCR (qPCR) analysis of CaTCP which was normalised (relative
expression) to CaGAPdH as per Chapter 6: Methods. n = 3 biological replicates (+SE) and
different letters on bars are significantly different means between ripening stages (l.s.d. =
0.5506 relative expression at P<0.05).
7.3.4 CaCYS1

CYS isoform 1 isolated from capsicum (cv. Aries) (CaCYS1) encodes a 385 residue protein
with a predicted molecular weight (MW) of 40.94 kDa and predicted isoelectric point (pl) of
5.16 (Figure 7.4 A). All peptide sequences identified by MS/MS in the earlier capsicum
proteomic study (Aizat et al., 2013) (Chapter 3) matched the deduced amino acids (Figure 7.4
A). Two isoforms of CYS from different plants/fruit species were also identified in silico
(including CaCYS2 which was not found in the cDNA isolation). There are 10 amino acids
only present in isoform 1 but not in isoform 2 of capsicum, tomato, potato (Solanum
tuberosum), peach, wild strawberry, cucumber and Arabidopsis. The deletion in VvCYS2 was
only nine residues and starts one amino acid earlier compared to the other species (Figure 7.4
B). The Solanaceae (capsicum, tomato and potato) grouped in one clade and there was no
separation between isoform 1 and isoform 2. In contrast, the two isoforms of other species
such as peach, wild strawberry, cucumber and Arabidopsis were differentiated into two
different clades (both isoforms of grape are grouped in the isoform 1 clade) while apple B-

cyanoalanine synthases [MdCAS1 and MdCAS2, selected due to these enzymes being quite

similar to the CYS in terms of their enzymatic activities (Han et al., 2007; Warrilow and
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Hawkesford, 2000)] acted as an outgroup (Figure 7.4 C). There are also 12 pyridoxal 5’
phosphate (PLP) binding sites in CaCYS1 but one less site for CaCYS2, but other conserved
residues such as dimer interface of the cystathionine beta-synthase (CBS)-like domain are
similar in both isoforms (Figure 7.4 D). The expression of CaCYS1 (using primers designed in
the deleted region) was constitutive throughout ripening stages (SQRT-PCR, Figure 7.4 E).
gPCR analysis showed that CaCYS1 increased during capsicum ripening such that there was

approximately five times more expression in DR than G (Figure 7.4 F).
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Figure 7.4 Analysis of CYsteine Synthase (CYS) isoform 1 extracted from Capsicum annuum
(CaCYS1). A) Translated cDNA sequences of CaCYS1 were compared with the peptide
sequences (underlined residues) from Aizat et al. (2013) and Chapter 3: Table 1, spot 6.
Another isoform identified from the NCBI database (named CaCYS2) is lacking 10 amino
acids compared to the CaCYS1 (boxed). B) Amino acid comparison between isoforms of
different plants/fruit species [Capsicum annuum (Ca), Solanum lycopersicum (SlI), Solanum
tuberosum (St), Vitis vinifera (Vv), Prunus persica (Pp), Fragaria vesca (Fv, wild strawberry),
Cucumis sativus (Cs) and Arabidopsis thaliana (At)] revealed that the missing (deletion) of 10
amino acids in isoform 2 are also conserved in most other plants/fruit species (Vv has nine
amino acids deletion which started one residue earlier). C) A phylogenetic analysis was
performed comparing CY'S isoform 1 and isoform 2 from a variety of plants/fruit species listed
Homologs of B-cyanoalanine synthase from Malus domestica (MdCAS1 and
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MdCAS2) are used as outgroup. Accession numbers are given in brackets beside respective
protein names. The branch length (bar) corresponds to an evolutionary distance at 0.05 amino
acid substitutions per site. D) Putative conserved domains in the CaCYS1. CaCYS1 contains
cystathionine beta-synthase (CBS) domain which is also belongs to the pyridoxal 5’ phosphate
(PLP)-dependent enzyme family, Tryptophan synthase beta Il superfamily. As such, CaCYS1
contains 12 sites of PLP binding, one catalytic site and 25 dimer interface. Boxed is the
deleted region in the CaCYS2. E) The semi-quantitative Reverse Transcriptase-PCR (sqRT-
PCR) analysis of CaCYS1 and the positive internal control, CaGAPdH (Aizat et al., 2013)
(Chapter 3). Gels shown are representatives of three biological replicates for the six ripening
stages (G, Green; B, Breaker; BR1, Breaker Red 1; BR2, Breaker Red 2; LR, Light Red; DR,
Deep Red). F) The same ripening stages were analysed in quantitative Real Time-PCR (qPCR)
analysis of CaCYS1 which was normalised (relative expression) to CaGAPdH as per Chapter
6: Methods. n = 3 biological replicates (+SE) and different letters on bars are significantly
different means between ripening stages (l.s.d. = 0.883 relative expression at P<0.05).

7.3.5 CaSPS
SPS from capsicum (CaSPS) encodes 342 amino acids and has a predicted MW of 37.60 kDa
and pl of 4.86 (Figure 7.5 A). CaSPS also possesses several S-adenosylmethionine (SAM)
binding sites in the SAM-dependent methyltransferase (SAM-MTase or AdoMet-MTase)
domain (Figure 7.5 B). A phylogenetic analysis of SPS also shows that the Solanaceae species
(capsicum, tomato and potato) are grouped in one clade whereas apple, peach, wild strawberry
and cucumber formed a different clade. Both grape and Arabidopsis act as an outgroup clade
(Figure 7.5 C). The expression of CaSPS was constitutive throughout the ripening stages
(sqRT-PCR, Figure 7.5 D) and was significantly greater during DR compared to G and B

stages when analysed using gPCR (Figure 7.5 E).
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Figure 7.5 Analysis of SPermidine Synthase (SPS) extracted from Capsicum annuum
(CaSPS). A) Translated cDNA sequences of CaSPS were compared with the peptide
sequences (underlined residues) from Aizat et al. (2013) and Chapter 3: Table 1, spot 7. B)
Putative conserved domains in the CaSPS. CaSPS contains S-adenosylmethionine-dependent
methyltransferase (SAM-MTase or AdoMet-MTase) domain which is characterised by the
SAM binding sites. CaSPS is also closely associated to a provisional uncharacterised domain,
PRKO00811. C) A phylogenetic analysis was performed comparing SPS from a variety of fruit
species including Capsicum annuum (Ca), Solanum lycopersicum (SI), Solanum tuberosum
(St), Malus domestica (Md), Prunus persica (Pp), Fragaria vesca (Fv, wild strawberry),
Cucumis sativus (Cs), Vitis vinifera (Vv) and Arabidopsis thaliana (At). Accession numbers
are given in brackets beside respective protein names. The branch length (bar) corresponds to
an evolutionary distance at 0.02 amino acid substitutions per site. D) The semi-quantitative
Reverse Transcriptase-PCR (sqRT-PCR) analysis of CaSPS and the positive internal control,
CaGAPdH (Aizat et al., 2013) (Chapter 3). Gels shown are representatives of three biological
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replicates for the six ripening stages (G, Green; B, Breaker; BR1, Breaker Red 1; BR2,
Breaker Red 2; LR, Light Red; DR, Deep Red). E) The same ripening stages were analysed in
quantitative Real Time-PCR (gPCR) analysis of CaSPS which was normalised (relative
expression) to CaGAPdH as per Chapter 6: Methods. n = 3 biological replicates (+SE) and
different letters on bars are significantly different means between ripening stages (l.s.d. =
0.2635 relative expression at P<0.05).

7.4 Discussion

The full-length sequences of all five proteomic candidates (CCH, TCP, CYS, SPS, ADK) were
successfully isolated from capsicum (cv. Aries) and sequenced [ACO was isolated in Aizat et
al. (2013); Chapter 3]. All candidates encode full-length hypothetical proteins with the
predicted MW and pl close to that observed for the protein spots identified in the 2DGE earlier
(Aizat et al., 2013) (Chapter 3: Table 1). However, the ADK candidate contained the most
mismatches (five in total) (Figure 7.1 A). This could be due to the presence of different ADK
isoforms, particularly in the same 2DGE spot analysed by MS/MS. Indeed, the MS/MS
peptide sequences were either matched to the translated CaADK1 or CaADK2 (Figure 7.1 A
and B). A phylogenetic analysis on the Solanaceae family also suggests that there are two
isoforms of ADK (isoforms 1 and 2) in capsicum, tomato and tobacco, differentiated into two
different clades (Figure 7.1 C). These isoforms appear to have different affinity towards
adenosine and cytokinin in tobacco and so they might have different functions (Kwade et al.,
2005). Therefore, although both CaADK1 and CaADK?2 share similar conserved domains,
further characterisation, in terms of their mMRNA expression and protein activities are needed.
The capsicum ADK was only identified in BR1 and hence the enzyme may influence colour-
related changes by regulating cytokinin metabolism (Kobayashi et al., 2012; Schoor et al.,
2011) during ripening onset.

The predicted amino acid residues of other proteomic candidates such as CCH (Figure

7.2 A), CYS (Figure 7.4 A) and SPS (Figure 7.5 A) were identical to the peptide sequences
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except one residue of CaTCP (Figure 7.3 A). The CaTCP cDNA was sequenced from at least
four different transformed pGEMT-easy colonies as per Aizat et al. (2013) and Chapter 3:
Materials and Methods with similar results, which indicates that the mismatch was probably
not due to incorrect sequencing. Since there were no other isoforms identified from the NCBI
and EST databases, the mismatch in the CaTCP (GIn in the deduced residue and Lys in the
MS/MS peptide) (Figure 3 A) may be due to other reasons related to the MS/MS peptide such
as post-translational modifications. Both GIn and Lys have a very similar molecular weight
(approximately 146.1 g mol™) and given that the mass-spectra of some residues could also be
affected by post-translational modifications (Whitelegge, 2004), this might lead to the
different (Lys instead of Gln) residue being identified during the proteomic study (Aizat et al.,
2013) (Chapter 3).

Furthermore, the TCP candidate was originally selected because of the peptide hits to
the TCP (Teosinte branchedl, Cycloidea, Proliferating cell factors) transcription factor
annotated in apple (Aizat et al., 2013) (Chapter 3). However, the functional domain in the full-
length protein was not for a transcription factor but for a chaperone (Figure 7.3 B) sharing
similarity with the TCP1 subunit zeta-like in tomato (Figure 7.3 C) and hence may be part of a
larger protein complex comprising of different subunits. Indeed, another subunit of a TCP1
(subunit epsilon) was also found during G stage (Aizat et al., 2013) (Chapter 3). These
subunits can be part of a chaperone complex called CCT (Chaperonin containing TCP1) which
is responsible for cytoskeleton formation in plant secondary wall formation (Nick et al., 2000).
The presence of CaTCP (and possibly CCT) during the early ripening (G stage) of capsicum
(Aizat et al., 2013) (Chapter 3: Table 1, spot 5) may indicate its function in structural integrity
of the fruit, especially during development. However, the CaTCP transcripts were constitutive

throughout ripening (Figure 7.3 D and E) even though CaTCP was only present in G fruit.
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CaTCP might therefore be degraded as ripening progresses, especially during fruit softening.
Further analysis is needed to confirm whether and how CaTCP (and hence CCT) is regulated
post-translationally including the use of specific antibodies to identify CaTCP and/or other
subunits of CCT during ripening.

Another chaperone identified and selected was CCH due to its putative function in
copper delivery to metalloproteins (Figure 7.2 A, B and C) which may include ethylene
receptors (ETRs) (Woeste and Kieber, 2000). CaCCH expression was constitutive during
ripening (Figure 7.2 D) but was significantly greater at the DR stage (Figure 7.2 E). This may
be due to the induction of senescence at this final ripening stage, as suggested by the up-
regulated expression of AtCCH during leaf senescence (Himelblau et al., 1998). However, the
CCH protein was only found during the G stage (Aizat et al., 2013) (Chapter 3: Table 1, spot
1) suggesting that it is degraded during the later ripening stages. If more ETRs are being made
in capsicum during this period (G stage), then there may have been a greater requirement for
CCH during the G stage. Interestingly, ETR proteins during tomato ripening were highly
accumulated during the G stage and their abundance was also strictly controlled at the post-
translational level, possibly involving 26S-proteosome protein degradation (Kevany et al.,
2007). Further characterisation of CaETRs and the CaCCH candidate will be necessary to
study their relationship and abundance during non-climacteric capsicum ripening.

CYS is involved in synthesising cysteine which is a precursor for methionine used in
ethylene biosynthesis (Wirtz and Droux, 2005) and hence selected for further analysis. There
are two isoforms of CYS in capsicum, CaCYS1 and CaCYS2 (Figure 7.4 B). The putative
amino acid sequences of the two isoforms were similar except for a stretch of 10 residues only
present in CaCYS1. At the nucleotide level, the open reading frames of both isoforms were

also identical (Appendix J) which suggests that they were possibly splicing variants generated
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during post-transcriptional modifications. The difference between both CYS isoform
sequences (the additional region in isoform 1) was not unique to capsicum. Other species such
as tomato, potato, plum, wild strawberry, cucumber and Arabidopsis also had the 10 amino
acid deletion in their putative protein sequences of isoform 2 (Figure 7.4 B). A phylogenetic
comparison however, only differentiated the isoform 1 and isoform 2 of plum, wild
strawberry, cucumber and Arabidopsis into two different clades whereas other plants/fruit
particularly the Solanaceae family members such as capsicum, tomato and potato were mainly
grouped within their species (Figure 7.4 C). This suggests high sequence conservation within
the Solanaceae family of CYS isoforms compared to other plants/fruit.

The 10 residue deletion of the CaCYS2 has reduced one site of PLP binding compared
to CaCYS1 (Figure 7.4 D). PLP acts as the cofactor for CYS activity (Hesse et al., 1999) and
the absence of one site might also reduce CaCYS2 activity. The study presented here has
characterised CaCYS1 expression during capsicum ripening. The CaCYS1 transcripts
increased gradually during ripening especially from G to BR2 to DR stages (Figure 7.4 F). In
an earlier study by Romer et al. (1992), the capsicum (cv. Lamuyo) CaCYS2 was characterised
during G, BR and LR to reveal that the transcript level was highest during the LR stage. This
suggests that both CaCYS1 and CaCYS2 may be required for chromoplast formation during
the full-red stages. However, the CYS protein was found only during BR1 stage and not G or
LR stages (Aizat et al., 2013) (Chapter 3: Table 1, spot 6). Due to the similarity of CaCYS1
and CaCYS2 sequences, the MS/MS peptides matched similarly to both isoforms and no
peptides were identified in the 10 residue deleted region (Figure 7.4 A). We therefore cannot
differentiate whether the CYS found during the proteomic analysis was isoform 1 or isoform
2. Thus, further analysis to discriminate both isoforms especially at the protein level is

necessary to confirm their abundance during ripening and enzymatic activities in capsicum.
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SPS is another candidate of interest which was chosen due to its close relationship with
the ethylene pathway (Nambeesan et al., 2010). SPS sits in the polyamine pathway and is
responsible for the generation of spermidine by metabolising putrescine and decarboxylated
SAM (Mattoo et al., 2010). The protein spot associated with SPS was only found during the
ripening onset of capsicum (Aizat et al., 2013) (Chapter 3: Table 1, spot 7) and concomitantly
there was a significant reduction of putrescine during that ripening period (Chapter 4: Figure
4). Spermidine however was not increased during this period (Chapter 4: Figure 4), possibly
due to its simultaneous use in other pathways such as spermine biosynthesis. The low level of
ethylene during capsicum ripening may not only be caused by the rate-limiting ACS activity
(Chapter 6: Figure 2) but also the increase in SPS which may also deprive one of the ethylene
precursors, SAM. However, CaSPS transcripts were constitutive and relatively unchanged
throughout ripening stages (Figure 7.5 D) except for a slightly higher expression during DR
stage compared to G and B stages (Figure 7.5 E). This possibly indicates that the up-regulation
of CaSPS during the BR1 stage (Aizat et al., 2013) (Chapter 3) might be due to its
accumulation throughout early ripening stages before being degraded during the full red stages
where putrescine becomes unavailable for CaSPS catalytic activity. Additional studies
including the measurement of SPS activity during capsicum ripening as per Wang et al. (2005)

will be necessary to confirm this notion.

Conclusion

Several candidates of interest from the previous capsicum proteomic study were further
investigated by isolating their full-length cDNA and characterising their gene expression
during ripening. Two different isoforms of both CaADK and CaCYS (isoforms 1 and 2) were

identified (either experimentally or in silico) but further experimentation is required to confirm
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the specific role of each isoform during capsicum ripening and to corroborate their trends in
the proteomic analysis. The mRNA expression levels of CaCCH, CaTCP and CaSPS however,
did not conform to their respective proteomic trends which possibly highlights post-

translational regulation of these candidates during capsicum ripening.
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Chapter 8: General Discussion
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8.1 Unravelling complex ripening processes in capsicum

To unravel capsicum ripening processes, two comparison-based approaches, proteomics
(Chapters 2 and 3) and metabolomics (Chapter 4) were chosen to identify and investigate
differentially-expressed molecules during capsicum ripening. These ‘omic’-based approaches
were selected because even though ripening had been investigated through transcriptomics
(Lee et al., 2010), there have been no substantial study on the profiling of metabolites and
proteins during the capsicum ripening phases. Furthermore, the integration of ‘omic’-based
approaches could provide complementary information about the biochemical pathways in the
target organism. Other fruit ripening studies such as in tomato (Alba et al., 2005; Carrari et al.,
2006) and grape (Deluc et al., 2007) have also combined different ‘omic’-based approaches
(but mostly transcriptomics and metabolomics), suggesting the applicability and usefulness of
integrating various ‘omics’ platforms for elucidating complex processes such as ripening.

The proteomics study of capsicum ripening (Aizat et al., 2013) (Chapter 3) has
identified several candidates that can be related to the metabolomics study (Chapter 4). For
example, the increase of cysteine synthase, malate dehydrogenase and spermidine synthase
enzymes (Chapter 3) may explain the up-regulation of cysteine and the degradation of malate
and putrescine (Chapter 4), respectively during the onset of ripening. These approaches have
also provided several other candidates which were further studied in different capsicum tissues
and cultivars; for example sugars, malate and 1-aminocyclopropane-1-carboxylate (ACC)
oxidase (ACO) activity (Chapter 5). The ACO isoform 4 (CaACO4) was identified in the
proteomics study (Aizat et al., 2013) (Chapter 3) and was investigated relative to the other
components of ethylene synthesis and perception such as ACC synthase (ACS), EThylene

Receptors (ETR) and other ACO isoform expression (Chapter 6).
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The components of ethylene synthesis and perception have primarily been investigated
in climacteric fruit such as tomato, due to the importance of ethylene during climacteric
ripening stimulation (Paul et al., 2012; Seymour et al., 2013). Interestingly, several studies
characterising these components have also compared cultivars with different ripening
behaviour including guava (Liu et al., 2012b), pear (Yamane et al., 2007), plum (El-Sharkawy
et al., 2008) and melon (Périn et al., 2002). For instance, Liu et al. (2012b) reported that a
guava cultivar which is non-climacteric had lower ACS activity but higher ACO activity than
the climacteric cultivar. An ACC feeding experiment restored the climacteric ethylene increase
in the non-climacteric guava (Liu et al., 2012b), suggesting that ACS is the rate limiting step
in ethylene production by non-climacteric fruit. In non-climacteric capsicum, ACS activity and
ACC content were limited (Chapter 6), perhaps also supporting the earlier hypothesis.
Furthermore, Yamane et al. (2007) showed that ACS and ACO transcripts were highly up-
regulated in climacteric pears yet ACO was transient and ACS was limited in non-climacteric
pear. A climacteric plum cultivar has also been shown to have higher expression of ACS
transcripts during ripening than a non-climacteric plum (El-Sharkawy et al., 2008). ACS
transcripts were also limited in the non-climacteric capsicum but CaACO4 was up-regulated
during ripening (Chapters 3 and 6). The up-regulation of CaACO4 is unexpected due to
capsicum being a non-climacteric fruit and hence producing limited ethylene compared to
climacteric fruit (Chapter 2). Phylogenetic comparison of some of these ACO and/or ACS
transcripts was not able to differentiate these isoforms into either a climacteric or non-
climacteric clade (Aizat et al., 2013; El-Sharkawy et al., 2008), perhaps due to high sequence
divergence between species. Although the research presented in this thesis focused primarily
on a non-climacteric cultivar (cv. Aries), some other capsicum cultivars (particularly hot

peppers) have been reported to exhibit a climacteric behaviour (Biles et al., 1993; Gross et al.,
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1986; Pham, 2007). Future studies should compare the ethylene perception and synthesis
components between climacteric and non-climacteric capsicum cultivars, which might reveal
some conserved ripening elements, such as CaACO4 up-regulation. Interestingly, crossing
climacteric melon with the non-climacteric type resulted in climacteric progenies, suggesting
that climacteric characteristics are dominant (Périn et al., 2002). However, genetic analysis did
not identify climacteric quantitative trait loci (QTL) that were possibly co-localised with
known ethylene biosynthetic and transduction genes in melon (Pech et al., 2008; Périn et al.,
2002), implying that other elements may be more important for ripening including
transcriptional regulation (Gapper et al., 2013).

Transcription factors (TF) have been proposed to act not only upstream of the ethylene
synthesis and perception components but also other major ripening processes (Giovannoni,
2007). Epigenetic modification (genome demethylation) has more recently been shown to
regulate ripening in tomato (Zhong et al., 2013). Gene promoters including Phytoene
synthasel and Polygalacturonase-2a were demethylated to allow TF binding [particularly
Ripening INhibitor (RIN)] upon ripening onset, suggesting that these genes, which are
important for colour and cell-wall metabolism respectively, could be controlled at the
epigenetic level (Zhong et al., 2013). Perhaps these genes (and other related ripening genes)
are also similarly induced in non-climacteric fruit, such that ripening can occur without the
climacteric ethylene production (which stimulates and quickens the ripening of climacteric
fruit). However, the reasons behind the limited expression of most ethylene synthesis and
perception genes such as ACS, ACO and ETR in non-climacteric fruit including capsicum
remain to be investigated.

In addition, the regulation of these ACO, ACS and ETR isoforms upon ripening and

ethylene treatment was different compared to their homologue expression in climacteric
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tomato. For example, the transient up-regulation of CaACO4 (and not other ACO isoforms)
during capsicum ripening is interesting because its homologue in tomato, LeACO4 was not the
major isoform expressed during climacteric tomato ripening (Nakatsuka et al., 1998).
Moreover, CaACO4 was considered a System 1 component due to its expression being
negatively regulated by ethylene (Chapter 6) and yet LeACO4 could be categorised as a
System 2 component because of being auto-stimulated by ethylene (Li et al., 2011; Nakatsuka
et al., 1998). The differences between CaACO4 and LeACO4 expression are still unknown but
possibly relate to the differences in their upstream promoter sequences and/or binding with TF
such as RIN (and therefore the methylation status of the promoter). The naturally occurring rin
mutation in climacteric tomato yield fruit which cannot ripen even with ethylene application,
suggesting that this TF is one of the transcriptional regulators in fruit ripening (Giovannoni,
2007; Vrebalov et al., 2002). However, the presence and involvement of RIN in non-
climacteric fruit ripening has not been completely described. A RIN homologue was found in
non-climacteric strawberry (FaMADS9) (Vrebalov et al., 2002) and its silencing resulted in
severe inhibition of strawberry ripening (Seymour et al., 2011). Recently another RIN
homologue from non-climacteric grape, VViSEP4 was found to partially complement rin
tomato mutants (Mellway and Lund, 2013), suggesting a possible conserved role of this
MADS-box gene in both ripening types (climacteric and non-climacteric). Alternatively, other
factors such as the phytohormones abscicic acid (ABA) and brassinosteroids have also been
implicated in non-climacteric ripening (Jia et al., 2011; Symons et al., 2006) but the

understanding behind their cross-talk is still in its infancy (Seymour et al., 2013).
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8.2 Conclusion and future directions

Based on the results presented in this thesis, capsicum ripening appears to involve multiple
factors in a stage-specific manner (Figure 8.1). During the Green (G) stage, due to high
polyamine level (particularly putrescine; Chapter 4), ethylene sensitivity may be reduced
(Yahia et al., 2001). The up-regulation of spermidine synthase (Chapter 3) may cause the
degradation of putrescine during the Breaker (B) stage and concurrently increase the ethylene
sensitivity. Basal ethylene production in capsicum (Chapter 2), possibly contributed by the
System 1 components CaACS1 and CaACO4, during ripening may then stimulate capsicum
ripening from the B stage onwards, possibly through the subfamily 1l ETR isoforms (Chapter
6). The basal ethylene level may also be important to maintain the level of ETR as 1-
methylcyclopropene (1-MCP) treatment severely impacted ETR isoform levels (Chapter 6).
Whether this basal ethylene level also contributes and/or is initiated in other tissue types such
as placenta/seeds remains to be investigated (Chapter 5). The up-regulation of CaACO4 during
the B stage was not ethylene-dependent (Chapter 6). How CaACO4 expression is regulated
and whether any TFs involved also regulate other proteomic candidates such as spermidine
synthase (hence affecting polyamines) (Chapter 7) or other ripening processes in non-

climacteric capsicum also requires further experimentation.
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Figure 8.1 A model of non-climacteric capsicum ripening. The basal level of ethylene
production during non-climacteric capsicum ripening may be generated by CaACS1 and
CaACO4 (System 1-associated isoforms) (Chapter 6). The basal ethylene level may be
required to maintain a normal rate of turnover for the subfamily Il ETR in both G and B
stages, which in turn maintain the regulation of several ethylene pathway components
including CaACO4. However, due to a high polyamine presence which may reduce the
ethylene sensitivity (Chapter 4), the G-harvested capsicum do not ripen properly. In
comparison with B-harvested fruit which do ripen, the ethylene sensitivity may be increased
due to the degradation of polyamines and hence the basal level of ethylene may exert its effect
on capsicum ripening. During this B stage, transcriptional regulators including RIN
transcription factors (TF) and epigenetic modifications may also be important for the ripening
process of capsicum and perhaps influence CaACO4 up-regulation. The reduction of
polyamines may be related to the transcriptional regulators too, but further confirmation is
needed to verify this. ACS, 1-aminocyclopropane-1-carboxylate synthase; ACO, 1-
aminocyclopropane-1-carboxylate oxidase; ETR, EThylene Receptors; RIN, Ripening
INhibitor.
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Future research should include:

1. The generation of CaACO4 mutants to confirm its role during capsicum ripening.
Whether CaACO4 is directly or indirectly influenced by epigenetic modification or
transcriptional regulators, such as RIN, will also be of interest in this experiment.

2. The identification and comparison of promoter regions from ACO4 from both
capsicum and tomato. Any elements for TF binding that might be different and can
regulate their expression will be important for deciphering the regulation of ripening in
both climacteric and non-climacteric fruit. Yeast-1-hybrid experiments could be used
to confirm TF association with the promoters and hence identifying these
transcriptional regulator components in capsicum. Furthermore, mutants of these
identified TF can be generated to confirm their roles in capsicum ripening.

3. Examining the effects of polyamine and/or combined ethylene treatments on capsicum
ripening to confirm a role(s) for polyamines in determining ethylene sensitivity of
capsicum. The treatments can be done at different ripening stages to evaluate their
ripening behaviours and the expression of some ethylene perception and synthesis
components such as CaETR isoforms and CaACO4 can be evaluated. Other related
components of the ethylene pathway such as spermidine synthase and cysteine
synthase can also be studied in relation to supporting a role for polyamines during
ripening.

4. The identification of full-length CaETR to evaluate the differences between subfamily
| and subfamily Il ETR. Antibodies may be generated and protein expression assays
used to assess the ETR presence at post-translational levels during ripening and

ethylene/1-MCP/polyamine treatments. Copper chaperone involvement during
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ethylene perception is also of interest and should be investigated further to elucidate its
role.

. An ACC (perhaps radioactively-labelled) feeding experiment on capsicum fruit
(especially using the B-BR stages) to justify that the rate limiting step is ACS. The
treated capsicum fruit may produce high ethylene levels as in climacteric fruit due to
ACO enzyme up-regulation during ripening. Overexpression of one of the CaACS
might be another option to clarify whether the lack of ethylene in capsicum is due to

restricted ACS activity.
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Appendix D Three cultivars of capsicum (cv. Plato, cv. Tycoon, cv. Raptor) have different
ripening times measured as days to ripen from Green (G) to Light Red (LR) stages. Means are

n = 5 biological replicates (xSE).
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Appendix E Both capsicum cultivars (cv. Aries and cv. Plato) were harvested at six different
time points as per 5.2.1. Only two out of three biological replicates are shown. DAA, Days
After Anthesis.

120
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Appendix F The saturated cycle number of all primers for the four proteomic candidates
(CaCCH, CaTCP, CaCYS, CaSPS) and the internal positive control, CaGAPdH (Aizat et al.,
2013) (Chapter 3) were determined by running PCR at different cycle numbers (24 to 36
cycles) (refer Chapter 7: section 7.2). Each product size is listed in Table 7.1 for sgRT-PCR
primers.
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Appendix G Four proteomic candidates (CaCCH, CaTCP, CaCYS, CaSPS) were analysed in
semi-quantitative RT-PCR using a lower number of PCR cycles (27 cycles). Six different
ripening stages (G, Green; B, Breaker; BR1, Breaker Red 1; BR2, Breaker Red 2; LR, Light
Red; DR, Deep Red) from a biological replicate was examined. Each product size is listed in
Table 7.1 for sqRT-PCR primers (refer Chapter 7: section 7.2). CaGAPdH expression for
internal positive control as per Aizat et al. (2013) and Chapter 3 was also determined at 27
PCR cycles.
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Appendix H The quantitative Real Time-PCR (gPCR) melt curve plots of all candidates
analysed in capsicum ripening. All candidate names are at the left-hand side top corner of each
plot and the primers as well as templates used are detailed in Chapter 7 (section: 7.2.4) for
CaCCH, CaTCP, CaCYS1 and CaSPS whereas other candidates are detailed in Chapter 6:
Methods). All peaks specific for the candidates are boxed and any peaks from the negative
template control (NTC) are primer dimers. No product was obtained for CaACS3. y-axis:
derivative reporter (-R’) values; x-axis: melting temperatures (°C).
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Appendix | Phylogenetic analysis of different adenosine kinase (ADK) isoform from various
species. Capsicum annuum (Ca), Solanum lycopersicum (SlI), Nicotioana tabacum (Nt),
Solanum tuberosum (St), Vitis vinifera (Vv), Prunus persica (Pp), Fragaria vesca (Fv, wild
strawberry), Cucumis sativus (Cs) and Arabidopsis thaliana (At). The branch length (bar)
corresponds to an evolutionary distance at 0.02 amino acid substitutions per site.
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Consensus  TTGGAGCTGAACTTGTTTTARCTGACCCAGCCARAGGGATGARAGGAGCTGTTTCAAAGGL TGARGARATATTGAATARCACACCAGATGCCTATATCCTTCARCARTTTGACARTCCCGCCARCCCCAR

651 660 670 680 690 Fo0 710 20 730 40 750 760 Fo 780

| 1

CaCYS1 GATACACTATGARACAACGGGTCCAGAAATCTGGGARGACACARAAGGCARAATCGACATACTTGTTGCTGGCAT TGGARCTGGCGGARCCATTTCTGGAACGGGCCGATACCTTARAGAGARRARTCCA
CaCY52 GATACACTATGARACAACGGGTCCAGARATCTGGGARGACACARAAGGCARRATCGACATACTTGTTGCTGGCATTGGAACTGGCGGARCCATTTCTGGARCGGGCCGATACCTTARAGAGAARAATCCA
Consensus GATACACTATGAAACAACGGGTCCAGAAATC TGGGARGACACARAAGGCARAATCGACATACTTGTTGCTGGCATTGGAACTGGCGGARCCATTTCTGGAACGGGCCGATACCTTARAGAGAARARTCCA

781 790 800 810 820 830 840 a50 860 a70 880 890 900 910
| I
CaCY51 ARCATTARGATTATTGGTGTGGAGCCCACAGARAGTARCGTTCTATCAGGGGGCAAGCCTGGCCCTCACARART TCARGGGATTGGAGCAGGTTTTATTCL TTGGATCARGATGTCATGGATG
CaCY52 AACATTARGATTATTGGTGTGGAGCCCACAGARAGTARCGTTCTATCAGGGGGCAAGCCTGG TTTTATTCCAGGARACTTGGATCARGATGTCATGGATG

Consensus  ARCATTARGATTATTGGTGTGGAGCCCACAGARAGTARCGTTCTATCAGGGGGCAAGCCTGG, + v e ssssssssssasssssssssssss TTTTATTCCAGGARRCTTGGATCARGATGTCATGGATG
911 920 930 940 950 960 970 980 990 1000 1010 1020 1030 1040

| I

CaCY51 ARGTGATAGAGATATCAAGTGACGARGCTGTTGARACTGCARAGCARTTAGCCCTACAAGAAGGGTTGTTGGTTRRGATTTCTTCGGGGGCAGCTGCTCTTGCTGCCATTCAGGT TRCGARGAGGLCTGA
CaCY52 AAGTGATAGAGATATCAAGTGACGARGCTGTTGARACTGCARAGCARTTAGCCCTACARGARGGGTTGTTGGTTGGGATTTCTTCGGGGGCAGCTGCTCTTGCTGCCATTCAGGTTGCGAAGAGGCCTGA
Consensus ARGTGATAGAGATATCAAGTGACGARGCTGTTGARACTGCARAGCARTTAGCCCTACAAGAAGGGTTRTTGGTTRRGATTTCTTCGGGGGCAGCTGCTCTTGLTGCCATTCAGGT TRCGARGAGGLCTGA

1041 1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1155

| I

CaCY51 GARTGCAGGGARACTTATTGCGGTTGTATTTCCARGTTTTGGGGARCGGTACCTCTCCTCTATACTTTTCCAGTCARTACGAGAGGARTGCGAGARAATGARGCCAGARTTGTGA
CaCY52 GARTGCAGGGARACTTATTGCGGTTGTATTTCCARGTTTTGGGGARCGGTACCTCTCCTCTATACTTTTCCAGTCARTACGAGAGGARTGCGAGARAATGARGCCAGARTTGTGA
Consensus GRAATGCAGGGAAACTTATTGCGGTTGTATTTCCARGTTTTGGGGAACGGTACCTCTCCTCTATACTTTTCCAGTCARTACGAGAGGAATGCGAGARARTGAAGCCAGAATTGTGA

Appendix J The alignment of CaCYS1 and CaCYS2 open reading frame (ORF) sequences
reveals identical nucleotides except the deleted 30 base pair region in the CaCYS2 (position
843-872).
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