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ABSTRACT 

The Plant Circadian Clock: Roles in Jasmonate Accumulation 

and Postharvest Plant Performance 

by 

John Liu 

Nearly all organisms have evolved circadian clocks that allow them to anticipate 

and prepare for cyclical changes in their environment, such as those associated with the 

transitions from night to day and between seasons. The plant circadian clock functions 

nearly cell autonomously, regulating rhythmic behaviors in a variety of processes that 

range from the transcriptional level up to organismal level. Although great progress has 

been made in determining how the clock functions in plants, not much is known about the 

clock’s physiological relevance on particular plant processes. Specifically, the clock 

influences plant defense against Trichoplusia ni (T. ni), as well as basal rhythmic 

accumulation of jasmonic acid (JA), a plant hormone involved in the regulation of 

resistance against insect herbivores such as T. ni and necrotrophic fungi such as Botrytis 

cinerea (B. cinerea). Additionally, the clock affects the accumulation of glucosinolates, 

secondary metabolites involved in plant insect resistance, in both Arabidopsis and post-

harvest cabbage (Brassica oleracea). Here I show that rhythmic accumulation of basal JA 

may be transcriptionally regulated through clock controlled JA-biosynthesis gene 

transcript accumulation. Additionally, the clock may influence rhythmic accumulation of 

gene transcripts involved in JA biosynthesis independently of JA-positive feedback. 

Furthermore, while SA and JA act antagonistically, we note that decreased SA does not 

influence differential accumulation of JA-biosynthesis related gene transcripts. I also 
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show that phase-entrainment dependent plant resistance to T. ni is influenced in part by 

aliphatic glucosinolates. Finally, I demonstrate that postharvest vegetables kept in 

light/dark cycles maintain appearance, tissue integrity, chlorophyll levels, and 

glucosinolate levels for longer periods of time when compared to postharvest vegetables 

stored in constant light or constant dark. Moreover, postharvest plants exhibit improved 

resistance to B. cinerea when kept under light/dark cycles when compared to constant 

light storage. 
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Chapter 1: Introduction 

1.1. Circadian clocks 

The earth rotates on its axis every 24 hours resulting in organisms experiencing 

diurnal changes in both light and temperatures. As a result nearly all organisms have 

evolved an endogenous oscillator known as the circadian clock that regulates rhythmic 

behaviors and biological processes and enables organisms to anticipate and prepare for 

changes associated with the day and night (McClung, 2006). 

A circadian system is composed of three components: inputs, the circadian clock 

and outputs (Figure 1). Inputs are external cues that synchronize the circadian clock to 

the outside environment. The circadian clock or oscillator is the core of the system found 

endogenously within the organism. Circadian clocks can be centralized in particular 

organs of an organism such as in the case of the suprachiasmatic nucleus (SCN) in 

mammals (Bell-Pedersen et al., 2005) or clocks can be found in each individual cell in 

the case of unicellular organisms (Bell-Pedersen et al., 2005) or plants (McClung, 2006). 

The circadian clock integrates external input cues to regulate outputs of the circadian 

clock.  
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Figure 1: Schematic of circadian systems 

Circadian systems are composed of three components: inputs, the circadian 
clock, and outputs of the circadian clock. Inputs are external cues such as 
changes in light and/or temperature associated with the transition from night to 
day that helps synchronizes the circadian clock to the outside environment. The 
circadian clock or oscillator is the system of regulatory feedback loops that 
generates rhythmic outputs. Outputs of the circadian system are biological 
processes that exhibit rhythmic behavior such as rhythmic changes observed in 
gene expression and protein phosphorylation. 
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Outputs of the circadian system include biological processes that exhibit rhythmic 

behavior that has an approximate 24-hour period, that is, the time between two successive 

occurrences.  Circadian behaviors also exhibit specific phasing, that is, the time of day an 

output occurrence takes place; and amplitude, a measure of magnitude between the peak 

and trough of an output (Figure 2). In addition, for a rhythmic biological process to be 

considered as a circadian output it must satisfy three criteria. First, the output must 

exhibit rhythmic behavior with a period between two peaks or troughs of approximately 

~24 hours (Figure 2; McClung, 2006). Second, output rhythmicity must persist even in 

the absence of external cues, for example under constant, or free running, environmental 

conditions (Figure 2; McClung, 2006). Lastly, the period of an output should exhibit 

temperature compensation and remain relatively unchanged over a range of external 

temperatures (McClung, 2006). Outputs of the oscillator can be found at both the cellular 

level, for example rhythmic changes in gene transcription and protein phosphorylation, to 

the whole-organism level, affecting changes in behavior such as sleep/wake cycles in 

animals (Harmer, 2009). 
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Figure 2: Traits of circadian outputs 

An output regulated by the circadian clock displays rhythmic behavior under 
light/dark cycles (entraining conditions) and constant light (free-running 
conditions). Under light/dark cycles the output adopts the period of the 
entrainment. However, under constant light, the period of the endogenous clock 
is revealed. Zeitgeber time refers to the time of onset of a signal or cue that 
resets the circadian clock, for example ZT0 refers to the transition from dark to 
light. In the figure, during the entrainment period, the white bars indicate lights on 
or day and black bars indicate lights off or night. After transition to free-running 
conditions, the white bars indicates subjective day and the gray bars indicate 
subjective night (adapted from Harmer, 2009). 
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1.1.1. Adaptive advantage of the circadian system in plants 

Plants are sensitive to the environment. Once germinated, plants remain fixed at a 

given location and must sense and react to the environment to optimize growth and 

reproduction. Therefore, the circadian clock provides an adaptive advantage by allowing 

plants to measure time and anticipate and prepare for daily and seasonal changes before 

they occur (Harmer, 2009; McClung, 2006; Yerushalmi and Green, 2009). Arabidopsis 

grown in day lengths that match the endogenous circadian period display improved 

performance compared to plants with endogenous periods that did not match the day 

length (Dodd et al., 2005). Additionally, mutants with defective circadian clocks that are 

unable to anticipate changes associated with day/night transitions perform worse than 

plants with functional oscillators; mutants plant flowered later under long day conditions 

and were less viable under very short day conditions (Green et al., 2002). 

1.1.2.  The circadian system in plants 

Unlike the suprachiasmatic nucleus (SCN) found in mammals that contains a 

centralized circadian clock, the circadian clock in plants are relatively cell autonomous 

and found in each individual cell of the plant (Harmer, 2009; Yakir et al., 2011). The 

phase of the oscillator is synchronized with the outside environment by light/dark cycles 

(Millar et al., 1995a) and/or changes in temperature (Salomé and McClung, 2005) to 

generate robust rhythmic behavior in the organism. These behaviors persist even when 

plants are placed in artificial constant conditions, however over time the phases of 
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individual cells lose synchrony with respect to each other resulting in a dampening of 

overall rhythmic behavior (Yakir et al., 2011). 

Most of our understanding of the circadian clock in plants comes from the plant 

model Arabidopsis thaliana (McClung, 2006). Initially, examining Arabidopsis mutants 

with altered periods determined that the core of the circadian clock consisted of three 

circadian clock-regulated genes: LATE ELONGATED HYPOCOTYL (LHY), CIRCADIAN 

CLOCK ASSOCIATED 1  (CCA1) and TIMING OF CAB EXPRESSION  1 (TOC1), also 

known as PSEUDO-RESPONSE REGULATOR 1 (PRR1) (Harmer, 2009). LHY and 

CCA1 are partially redundant morning-phased MYB-related transcription factors that 

form a reciprocal transcriptional feed-back loop with the evening-phased TOC1 ( la ad   

et al., 2001; Harmer and Kay, 2005). Loss of function of any of these core clock genes 

resulted in short period mutants (Millar et al., 1995b; Schaffer et al., 1998; Strayer et al., 

2000). Overexpression of core clock components such as CCA1 in CCA1-OX transgenic 

plants results in arrhythmicity of multiple outputs (Wang and Tobin, 1998).  

As research into the circadian clock in plants progressed, the complexity of the 

circadian clock was revealed with the identification of additional components that form 

an intricate network of transcription-based interconnected feedback loops (Nagel and 

Kay, 2012; Pruneda-Paz and Kay, 2010). In addition the circadian clock integrates 

external cues to control rhythmic outputs using additional levels of regulation (Nagel and 

Kay, 2012), including RNA-based regulation through alternative splicing (Filichkin et al., 

2010; James et al., 2012), post-translational modifications (Daniel et al., 2004), and 

chromatin regulation (Nagel and Kay, 2012). 
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1.1.3. Outputs of the circadian clock in plants 

Outputs of the circadian clock in plants can be observed at the cellular level, for 

example in the rhythmic accumulation of transcript, up to the organismal level, for 

example in the daily rhythmic movement of leaves (Figure 3; Barak et al., 2000). The 

circadian clock can also affect the seasonal behavior of plants such as the timing of 

flowering (Corbesier and Coupland, 2005; Reeves and Coupland, 2000). Approximately 

90% of the Arabidopsis genome exhibits rhythmic transcript accumulation under various 

combinations of light and temperature cycles (Michael et al., 2008). Additionally, 

estimates predict that the circadian clock regulates approximately a third of expressed 

Arabidopsis genes (Covington et al., 2008). 

Clock-regulated timing of outputs is thought to provide biological benefits. For 

example, chloroplasts move within the cells over the course of the day; in preparation for 

morning chloroplasts move close to the cell surface thereby maximizing exposure to 

light, and away from the cell surface during night (Britz and Briggs, 1976; Koop et al., 

1978). The circadian clock also influences plant response to other abiotic stress, such as 

cold (Fowler et al., 2005; Rikin et al., 1993) and hot temperatures (Rikin, 1992; Rikin et 

al., 1993). Recent studies highlight a role for the circadian clock in the response of plants 

to biotic stress. The biotic stress resistance promoted by the plant circadian clock 

suggests that plants can anticipate and thus prepare for cyclical pest and pathogen  
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Figure 3: Examples of outputs regulated by the circadian clock in plants 

Plant clocks control a plethora of biological processes. (a) Expression of 
approximately one-third of expressed genes in Arabidopsis shows circadian 
rhythms (Covington et al., 2008). (b) Cytosolic calcium levels oscillate with a 
circadian rhythm in Arabidopsis (Johnson et al., 1995). (c) The clock regulates 
the phosphorylation of some proteins (Nimmo, 2000). At an organismal level, (d) 
chloroplast movement (Koop et al., 1978), (e) stomatal opening, (f) hypocotyl 
elongation (Dowson-Day and Millar, 1999) and (g) cotyledon and leaf movements 
(McClung, 2006) in Arabidopsis all show circadian rhythms. (h) In Kalanchoe, 
petal opening shows a circadian rhythm. (i) The clock is also vital for 
synchronizing developmental processes such as flowering time (Reeves and 
Coupland, 2000) (adapted from Barak et al., 2000). 
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behavior, including that of biotrophic pathogens (Bhardwaj et al., 2011; Shin et al., 2012; 

Wang et al., 2011a, 2011b) and insect herbivores (Goodspeed et al., 2012, 2013a, 2013b). 

1.2. Phytohormones 

Plants use phytohormones as chemical signals to regulate diverse processes, often 

through regulated changes in gene transcription rates. For example auxin (indole-3-acetic 

acid, IAA) regulates plant growth and root development (Woodward and Bartel, 2005; 

Zhao, 2010). Salicylic acid (SA; Figure 4A), another phytohormone, regulates plant 

defense against biotrophic pathogens (Glazebrook, 2005). Jasmonic acid (JA; Figure 4B), 

the phytohormone of particular relevance to the research described here, has a prominent 

role in insect and fungal defense (Acosta and Farmer, 2010; Glazebrook, 2005). 

1.2.1. Role of jasmonates in plant defense 

JA along with other compounds derived from JA that are collectively referred to as 

jasmonates, regulate plant pollen and stamen development (Feys et al., 1994; McConn 

and Browse, 1996; Stintzi and Browse, 2000), wound response (León et al., 2001), and 

defenses to stressors such as insect herbivory (Erb et al., 2012) and necrotrophic fungi 

(Glazebrook, 2005). Arabidopsis reacts to fungal and insect attack by increasing JA 

levels, which activates hormone-specific response pathways that lead to the expression of 

stress response genes and initiation of defense pathways (Figure 5; Glazebrook, 2005). 

Examples of defense compounds include secondary metabolites, such as glucosinolates, 

and protease inhibitors (Kliebenstein, 2004). 
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Figure 4: Structural formulas of plant hormones and JA precursors 

(A) Salicylic acid, SA. (B) Jasmonic acid, JA. (C) α-linolenic acid (18:3). (D) 13-
HPOT, 13(S)-hydroperoxy-octadecatrienoic acid. (E) OPDA, 12-oxo-phytodienoic 
acid (F) OPC-8:0, 3-oxo-2-(2-(Z)-pentenyl-cyclopentane-1-octanoic. (G) 
Jasmonyl-Isoleucine (JA-Ile) (adapted from Acosta and Farmer, 2010). 
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Figure 5: JA signaling pathway for stress responses 

Biotic stress such as insect herbivory or necrotrophic fungal infection triggers JA-
signaling activation and induces JA accumulation. Activated JA signaling leads to 
transcription factor mediated changes in JA-responsive gene expression, 
resulting in the induction of stress responses (adapted from Fujita et al., 2006). 
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1.2.2. Jasmonic acid biosynthesis, signaling and positive feedback 

JA biosynthesis (Figure 6; Acosta and Farmer, 2010) is initiated in the plastids where α-

linolenic acid (Figure 4C) is converted to 13-hydroperoxyl-linolenic acid (13-HPOT; 

Figure 4D) through the action of 13-lipoxygenase (13-LOX).  13-HPOT is converted to 

12-oxo-phytodienoic acid (OPDA; Figure 4E) through the successive action of two 

enzymes, allene oxide synthase (AOS) and allene oxide cyclase (AOC).  OPDA is 

transported out of the plastid and into the peroxisome where OPDA reductase 3 (OPR3) 

catalyzes the reduction of OPDA to 3-oxo-2-(2’-pentenyl) cyclopentane-1-octanoic acid 

(OPC-8:0; Figure 4F).  OPC-8:0 undergoes three rounds of β-oxidation to form jasmonic 

acid (JA; Figure 4B). JA is transported to the cytosol where it can be conjugated to amino 

acids.  Production of JA-Ile (Jasmonoyl-Isoleucine; Figure 4G), the active form of JA, 

leads to changes in JA-responsive-gene expression.   In the absence of JA-Ile, the 

expression of some JA-responsive genes is repressed by the interaction of JAZ 

(JASMONATE ZIM-DOMAIN) proteins with transcription factors, such as MYC2. JA-

Ile is recognized and bound by the SCF
COI1

 (Skp1, Cullin, F-box protein
CORONATINE-

INSENSITIVE1
) ubiquitin ligase complex. The binding of JA-Ile to the SCF

COI1 
complex leads 

to ubiquitination and degradation of JAZ proteins, thus freeing MYC2, and likely other 

transcription factors, that regulate expression (Figure 6). JA-responsive genes include 

those that encode the enzymes required for JA biosynthesis.  This JA-induced expression 

of JA-biosynthesis genes forms a JA-positive feedback loop that amplifies JA production 

(Figure 6; Sasaki et al., 2001). 
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Figure 6: Overview of jasmonic acid biosynthesis, signaling and JA 
positive feedback 

The major steps of JA biosynthesis and signaling occur in several cellular 
compartments of the plant cell as described in the text.  Also depicted is the 
positive feedback loop in which JA activates JA-biosynthesis gene expression 
leading to amplification of JA levels. AOS, allene oxide synthase; AOC, allene 
oxide cyclase; JA, jasmonic acid; JA-Ile, jasmonyl isoleucine; JAR1, 
JASMONATE RESISTANT 1; JAZ, JASMONATE ZIM-DOMAIN; LOX, 
lipoxygenase; OPC, 3-oxo-2-(2’-pentenyl)cyclopentane-1-octanoic acid; OPDA, 
12-oxo-phytodienoic acid; OPR3, OPDA reductase 3; TFs, transcription factors; 
SCF-COI1, Skp1, Cullin, F-box protein-CORONATINE-INSENSITIVE1  (adapted 
from Acosta and Farmer, 2010). 
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1.2.3. Antagonistic relationship between jasmonic acid and salicylate acid 

Arabidopsis reacts to specific stressors by increasing JA and salicylic acid (SA) 

levels, which subsequently activate hormone-specific response pathways leading to the 

expression of stress response genes (Glazebrook, 2005). SA and JA signaling can act 

antagonistically (Glazebrook, 2005; Koornneef and Pieterse, 2008, 2008; Thaler et al., 

2012). This antagonism may ensure that plants are not wasting resources in applying the 

wrong response to a particular stress (Ballaré, 2011; Heil and Baldwin, 2002). For 

example, in response to biotrophic pathogens, which derive nutrients from living tissues, 

plants utilize the SA response pathway (Glazebrook, 2005).  SA induces rapid plant cell 

death around the site of infection, which deprives the biotrophic pathogens of nutrients.  

In contrast, a defense using such a cell death strategy would be an inappropriate response 

to necrotrophic pathogens, which derive nutrients from dead cells.  Instead, in the case of 

necrotrophic pathogens, plants employ JA-dependent stress response pathways 

(Glazebrook, 2005). Plants regulate the JA and SA pathways to ensure a suitable 

response.  The activation of either JA or SA pathways can lead to the suppression of the 

other pathway (Koornneef and Pieterse, 2008; Kunkel and Brooks, 2002; Thaler et al., 

2012; Verhage et al., 2010). Mutants with impaired signaling in either the SA or JA 

pathway show increased expression of reporter genes responsive to the other hormonal 

pathway. For example, decreased SA signaling leads to an increase in stress-induced 

transcript accumulation of PDF1.2 transcripts, a JA-responsive gene, and decreased JA 

signaling leads to an increase in stress-induced accumulation of PR1 transcripts, a SA-

responsive gene (Brooks et al., 2005; Chung et al., 2008; Dombrecht et al., 2007; 
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Glazebrook et al., 2003; Kloek et al., 2001). In addition, changes in SA levels can lead to 

opposite changes in JA levels. For example, in NahG transgenic plants that express 

bacterial salicylate hydroxylase (Katagiri et al., 1965; Yamamoto et al., 1965) leading to 

decreased SA levels, show increased JA levels and PDF1.2 transcript accumulation upon 

pathogen infection (Spoel et al., 2003). Additionally, treating plants with SA or aspirin, a 

salicylate drug, decreases the levels of wound-induced JA and AOS transcripts (Harms et 

al., 1998; Pena-Cortés et al., 1993). 

1.2.4. Clock-regulated basal jasmonate and salicylate hormone accumulation 

JA and SA levels cycle with circadian rhythmicity under free running conditions 

in unstressed plants (Figure 7; Goodspeed et al., 2012).  Interestingly, peak levels of SA 

and JA are antiphasic to each other. JA levels peak during the middle of subjective day 

while SA levels peak during the middle of subjective night (Figure 7). 
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Figure 7: Jasmonate and salicylate levels accumulate with circadian 
rhythmicity with opposite phase of peak accumulation 

Arabidopsis JA and MeJA (methyl-JA) (black circles) peak in the middle of 
subjective day and salicylates (grey squares) peak in the middle of subjective 
night under free-running conditions. Mean ± SE; n = 3. fw, fresh weight. Light 
grey bars indicate subjective day and dark grey bars indicate subjective night 
(adapted from Goodspeed et al., 2012). 
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1.3. Glucosinolates  

1.3.1. Glucosinolate function 

Glucosinolates are a class of sulfur containing organic compounds found in 

members of the Brassicaceae plant family, which includes Arabidopsis. Glucosinolates 

are secondary metabolites that play a major role in Brassicaceae plant herbivore defense 

(Hopkins et al., 2009). Additionally, glucosinolates provide the human health benefits 

attributed to Brassicaceae (cruciferous) vegetable consumption (Hayes et al., 2008; 

Higdon et al., 2007).  

1.3.2. Glucosinolate classes and structure 

Over 120 different chemical structures of glucosinolates have been discovered in 

plants (Fahey et al., 2001). All glucosinolates contain a core structure (Figure 8A) 

composed of a β-thioglucose, an N-hydroxyiminosulphate group and a structurally 

diverse side-chain. Most glucosinolates in Arabidopsis contain either aliphatic or indolic 

side chains (Figure 8B; Brown et al., 2003). Aliphatic glucosinolates are derived from 

methionine while indolic glucosinolates are synthesized from tryptophan precursors 

(Sønderby et al., 2010). 
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Figure 8: Structural formulas of several glucosinolates 

(A) Glucoinolate core structure consisting of a β-thioglucose, an N-
hydroxyiminosulphate group and a structurally diverse side-chain. (B) Examples 
of glucosinolate side chains. (B) Aliphatic glucosinolates: Allyl, allyl glucosinolate; 
Butenyl, 3-butenyl glucosinolate; 3MSO, 3-methylsulfinylpropyl glucosinolate; 
and 4MSO, 4-methylsulfinylbutyl glucosinolate. (C) Indolic glucosinolates: I3M, 
indoyl-3-methyl glucosinolate; 4MO-I3M, 4-methoxy-indolyl-3-methyl 
glucosinolate; and NMO-I3M, 1-methoxy-indolyl-3-methyl glucosinolate (adapted 
from Beekwilder et al., 2008). 
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1.3.3. Regulation of glucosinolate metabolism 

Multiple hormones may play a role in the regulation of glucosinolate metabolism 

including JA, SA and ethylene, which control induction of glucosinolate accumulation 

(Yan and Chen, 2007). Jasmonates, in particular, strongly influence levels of aliphatic 

and indolic glucosinolates in Arabidopsis (Brader et al., 2001; Mewis et al., 2005; 

Mikkelsen et al., 2003). Aliphatic glucosinolate accumulation requires MYB28 and 

MYB29 since myb28myb29 double mutants have no detectable levels of aliphatic 

glucosinolates (Beekwilder et al., 2008; Hirai et al., 2007). Loss of aliphatic 

glucosinolates results in plants with high susceptibility to insects (Beekwilder et al., 

2008). Indolic glucosinolates are regulated by ATR1 (ALTERED TRYTOPHAN 

REGULATION 1; Celenza et al., 2005; Grubb and Abel, 2006), a MYB transcription 

factor.  

1.3.4. Glucosinolate metabolism 

Glucosinolates are enzymatically cleaved by myrosinases (Figure 9A) to form the 

active compounds used in plant defense. Under unstressed conditions glucosinolates and 

myrosinases are stored in physically separate compartments. Glucosinolates can normally 

be found in the vacuoles of most plant tissue cells (Brown et al., 2003; Grubb and Abel, 

2006; Kelly et al., 1998), while myronsinases are sequestered in the vacuoles of 

specialized idioblast cells, called myrosin cells (Andréasson et al., 2001; Rask et al., 

2000). Separation of glucosinolates and myrosinases ensures that the break-down 

products of glucosinolates, which produce reactive oxygen species, are not produced 

unnecessarily (Halkier and Gershenzon, 2006). When tissue damage occurs due to pest or 
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Figure 9: Glucosinolate metabolism and structural formula of sulforaphane 

(A) When plants are wounded, glucosinolates are enzymatically cleaved by 
myrosinases, releasing glucose and an aglycone intermediate. Rearrangement of 
aglycone leads to products such as isothiocyanates, nitriles and thiocyanates. (B) 
Structural formula of the isothiocyanate sulforaphane which is derived from 
4MSO (Figure 8B) (adapted from Halkier and Gershenzon, 2006). 
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 pathogen attack, glucosinolates and myrosinases are released from their compartments 

and interact, resulting in the hydrolysis of thioglucoside linkages (Figure 9A; Halkier and 

Gershenzon, 2006; Mumm et al., 2008). Hydrolysis of glucosinolates releases two 

byproducts, glucose and an unstable aglycone, which undergoes rearrangement to form a 

variety of different products depending on the side chain present (Figure 9A; Halkier and 

Gershenzon, 2006; Mumm et al., 2008). Products of glucosinolates hydrolysis include 

isothiocynates, nitriles, and thiocynates (Figure 9A). Isothiocyanates, (Figure 9A) the 

most abundant product of glucosinolate hydrolysis, are important for plant defense and 

are toxic to pests (Mumm et al., 2008). Additionally, isothiocyanates are responsible for 

the anti-cancer benefits associated with consumption of Brassicaceae vegetables 

(Björkman et al., 2011). 

1.3.5. Glucosinolate anti-cancer activities 

Glucosinolates contribute to the human health benefits attributed to cruciferous 

vegetable consumption (Hayes et al., 2008; Higdon et al., 2007). Several isothiocynates 

such as sulforaphane, phenethyl isothiocyange, allyl isothiocynate and indole-3-carbinol 

have been demonstrated to have anti-cancer properties (Finley, 2005). For example, 

isothiocyanates may function as indirect antioxidants, inducing phase II detoxifying 

enzymes (Fahey et al., 2001, 2002; Finley, 2005). Furthermore, isothiocynates can 

modulate cell signaling, induce apoptosis and regulate cell cycles (Fahey et al., 2002; 

Finley, 2005). 

In particular, glucoraphanin (4-methylsulfinylbutyl; 4MSO; Figure 8) is a 

glucosinolate that has been shown to have anticancer and antimicrobial activity when 
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broken down to form the isothiocynate, sulforaphane (Figure 9B; Fahey et al., 2002; 

Zhang et al., 1992). Sulforaphane has an inhibitory effect on tumor growth in studies of 

prostate (Bhamre et al., 2009) and breast (Azarenko et al., 2008) cancers. 

1.3.6. Clock-regulated rhythmic accumulation of glucosinolates 

Individual and total glucosinolates in Arabidopsis cycle with circadian 

rhythmicity under free running conditions (Figure 10A and Figure 11; Goodspeed et al., 

2013b). In addition, glucosinolates cycle under free-running conditions in postharvest 

Brassica oleracea (cabbage) a close relative to Arabidopsis, when entrained in light/dark 

cycles (Figure 10B; Goodspeed et al., 2013b).  
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Figure 10: Circadian accumulation of glucosinolates in Arabidopsis and 
cabbage 

Total glucosinolates measured from Arabidopsis (A) and postharvest re-
entrained cabbage (B). At 4-h intervals, Arabidopsis and cabbage leaves were 
collected and glucosinolates were identified and quantified in comparison to 
reference standards using HPLC-DAD as previously described (Kliebenstein et 
al., 2001). Mean ± SE, n =6. White bar indicates subjective day and grey bars 
indicate subjective night (adapted from Goodspeed et al., 2013b.) 
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Figure 11: Circadian accumulation of individual glucosinolate species in 
Arabidopsis 

Concentration of glucosinolate species collected from Arabidopsis under free-
running conditions. At 4-h intervals, Arabidopsis leaves were collected and 
glucosinolates were identified and quantified in comparison to reference 
standards using HPLC-DAD as previously described (Kliebenstein et al., 2001). 
3MSO, 3-methylsulfinylpropyl glucosinolate; 4MSO, 4-methylsulfinylbutyl 
glucosinolate; 5MSO, 5-methylsulfinylpentyl glucosinolate; 6MSO, 6-
methylsulfinylhexyl glucosinolate; 7MSO, 7-methylsulfinylheptyl glucosinolate; 
8MSO, 8-methylsulfinyloctyl glucosinolate; I3M, indolyl-3-methyl glucosinolate; 
4MO-I3M, 4-methoxy-indolyl-3-methyl glucosinolate; NMO-I3M, 1-methoxy-
indolyl-3-methyl glucosinolate. Mean ± SE, n =6. White bar indicates subjective 
day and grey bars indicate subjective night (adapted from Goodspeed et al., 
2013b). 
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1.4. Clock-regulated plant defense against insect herbivory 

1.4.1. Proper entrainment increases plant resistance against insect herbivory  

Arabidopsis have enhanced herbivore resistance when exposed to the generalist 

insect, Trichoplusia ni (Cabbage loopers) that are entrained in-phase with respect to the 

plants, demonstrating that proper entrainment is critical for plant resistance. Plants 

entrained out-of-phase with the loopers had much lower resistance, losing more tissue 

than plants entrained in-phase with the T. ni (Figure 12A and B; Goodspeed et al., 2012). 

Conversely, T. ni are larger when feeding on plants entrained out-of-phase when 

compared to those feeding on in-phase plants (Figure 12C and D; Goodspeed et al., 

2012). 

1.4.2. Arabidopsis phase-dependent resistance to Trichoplusia ni is clock 

dependent 

CCA1-OX (CIRCADIAN CLOCK ASSOCIATED 1-OVER EXPRESSOR)  plants 

with constitutive expression of the component CCA1 (CIRCADIAN CLOCK 

ASSOCIATED 1), are arrhythmic under free-running conditions (Wang and Tobin, 1998). 

In contrast to wildtype plants (Figure 12), plants with defective clocks do not show 

phase-entrainment-dependent susceptibility to T. ni (Figure 13 ; Goodspeed et al., 2012). 

CCA1-OX plants have similar aerial tissue area and T. ni have similar mass regardless of 

whether the plants and insects are entrained in-phase or out-of-phase with respect to each 

other (Figure 13 ; Goodspeed et al., 2012), indicating that Arabidopsis phase-

entrainment-dependent resistance to T. ni is clock dependent.  
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Figure 12: Arabidopsis is more resistant to insect herbivory when entrained 
in-phase with T. ni 

(A) Photographs of representative plant tissue remaining from plants entrained 
in-phase and out-of-phase with T. ni entrainment after 72 hours of coincubation. 
(B) Area of plant tissue remaining from plants entrained in phase (white bars) 
and out of phase (black bars) with respect T. ni entrainment after 72 hours of 
coiincubation with T. ni. Mean area ± SE; n = 6; *P<0.05; two-tailed paired t test. 
(C) Photographs of representative of T. ni after 72-hours of coincubation with 
plants entrained in phase and out of phase with respect to the T. ni. (D) T. ni net 
weights after 72 hours of coincubation with plants. Mean area ± SE; n = 15; 
*P<0.05; two-tailed paired t test. Scale bar, 0.5 mm. (Adapted from Goodspeed 
et al., 2012.) 
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Figure 13: Arrhythmic 
Arabidopsis plants lack 
enhanced herbivory resistance 
when entrained in-phase with T. 
ni 

(A) Photographs of representative 
plant tissue remaining from CCA1-
OX plants entrained in phase and 
out of phase with T. ni entrainment 
after 72 hours of coincubation. (B) 
Area of plant tissue remaining from 
plants entrained in phase (white 
bars) and out of phase (black bars) 
with respect to T. ni entrainment 
after 72 hours of incubation without 
(control) or with T. ni. Mean area ± 
SE; n = 6; P<0.8; two-tailed paired 
t- test. (C) Photographs of 
representative of T. ni after 72 
hours of coincubation with plants 
entrained in phase and out of phase 
with respect to the T. ni. Scale bar, 
0.5 mm. (D) T. ni net weights after 
72 hours of coincubation with 
plants. Mean area ± SE; n = 15; 
P<0.05; two-tailed paired t test. 
(Adapted from Goodspeed et al., 
2012.) 
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1.4.3. Arabidopsis phase-dependent resistance to Trichoplusia ni is jasmonate 

dependent 

A T-DNA insertion into the AOS (ALLENE OXIDE SYNTHASE) gene creates aos 

plants that are defective in JA production (Park et al., 2002). gl-1 plants, the genetic 

background of aos, display phase-entrainment-dependent susceptibility to T. ni (Figure 

14; Goodspeed et al., 2012)  similar to that demonstrated by Col-0 plants (Figure 12). In 

contrast to gl-1, aos does not show phase-entrainment-dependent susceptibility to T. ni 

(Figure 14; Goodspeed et al., 2012), indicating that phase-dependent resistance to T. ni is 

JA dependent.  
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Figure 14: Jasmonates are required for enhanced herbivory resistance 
when entrained in-phase with T. ni 

(A) Photographs of representative plant tissue remaining from gl-1 and aos 
plants entrained in phase and out of phase with T. ni entrainment after 72 hours 
of coincubation. (B) Area of plant tissue remaining from plants entrained in phase 
(white bars) and out of phase (black bars) with respect T. ni entrainment after 72-
hours of incubation without (control) or with T. ni. Mean area ± SE; n = 6; 
P<0.0002; two-tailed paired t test. (C) Photographs of representative of T. ni after 
72 hours of coincubation with plants entrained in phase and out of phase with 
respect to the T. ni. Scale bar, 0.5 mm (D) T. ni net weights after 72 hours of 
coincubation with plants. Mean area ± SE; n = 15; *P<0.05; two-tailed paired t 
test (adapted from Goodspeed et al., 2012). 
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1.5. Postharvest vegetables 

Approximately one-third of food produced globally is lost or wasted (FAO, 

2011), yet fewer resources are devoted to postharvest research and development than to 

efforts for improving productivity (Kader, 2003). The modular design of plants 

(Watkinson and White, 1986) allows plant tissues and organs to remain biologically 

active even after harvest and therefore responsive to environmental conditions (Burton, 

1982; Goodspeed et al., 2013b).  

1.5.1. Light effects on postharvest vegetables  

Plants exhibit exquisite sensitivity to light stimuli, and isolated plant leaves 

maintain responsiveness to light after harvest and can continue light-dependent biological 

processes, such as photosynthesis (Costa et al., 2013). Additionally, the clocks of 

postharvest fruit and vegetable tissues can be entrained with 12-hour light/12-hour 

darkness cycles producing rhythmic behaviors not observed in tissues stored in constant 

light or constant dark (Goodspeed et al., 2013b). A few studies have examined the effects 

of light on performance and longevity during postharvest storage (Nilsson, 2000). For 

example, light exposure delays broccoli senescence and yellowing (Büchert et al., 2011; 

Costa et al., 2013) but accelerates browning in cauliflower, a close relative of broccoli 

(Olarte et al., 2009; Sanz Cervera et al., 2007). Other studies report that light exposure to 

broccoli during postharvest storage either provides no additional benefits (Olarte et al., 

2009) or decreases performance (Kasim and Kasim, 2007). Postharvest light exposure 

improves chlorophyll content in cabbage (Perrin, 1982), but leads to increased browning 
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of romaine lettuce leaves (Martínez-Sánchez et al., 2011). Although exposure of spinach 

to light during postharvest storage can improve nutritional value (Lester et al., 2010; 

Toledo et al., 2003), light can also accelerate spinach water loss, leading to wilting 

(Lester et al., 2010). Together, these findings are inconclusive as to whether light 

exposure during postharvest storage can be generally beneficial, and the variation of the 

results may be attributable to differences in the plant species examined and the specific 

conditions used during postharvest storage, such as lighting intensities, temperature, 

humidity or packaging. It is unknown whether light may be advantageous when present 

in its natural context of 24-hour light/dark periodicity perhaps through maintenance of 

clock function. 
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Chapter 2: Methods 

2.1. Plant materials and growth conditions 

2.1.1. Arabidopsis growth and sample preparation 

2.1.1.1. Plant growth, entrainment and sample collection for transcript 

accumulation measurements 

Col-0 (Lehle, Round Rock, TX), aos (CS6149; Arabidopsis Biological Resource Center, 

backcrossed to Col-0 three times), NahG (Frederic M. Ausubel, Harvard Medical School, 

Boston, MA), acd6-1 (Hua Lu, University of Maryland, Baltimore County, Baltimore, 

MD), and OPR3-OE (E. Wassim Chehab, Rice University, Houston, TX) seeds (Table 1) 

were surface-sterilized with 70% ethanol for 5 minutes followed by 95% ethanol for 15 

minutes. After two washes with sterilized water, the seeds were stratified in the dark for 

four days at 4°C and then sown on growth media containing half-strength Murashige and 

Skoog (MS) medium (PhytoTechnology Laboratories, Shawnee Mission, KS), 10 g/L 

sucrose (Sigma, St. Louis, MO) and 8 g/L agar (EMD, Darmstadt, Germany) (pH 5.7) 

and grown at 120 μE•m-2•s-1 (E = Einstein, defined as one mole of photons) at 22°C. 

After one week, seedlings were transferred to soil (Sunshine MVP soil; Sun Gro 

Horticulture) with 9 plants per pot and grown in 12-hour light/12-hour dark cycles under 
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140 μE•m-2•s-1 at 22°C for two weeks. The three-week-old plants were then moved into 

constant light, 140 μE•m-2•s-1 at 22
o
C. After 24 hours in constant light, aerial-plant-

tissue samples were collected as described in text. Treatment of samples during collection 

involved flash freezing the aerial leaf tissue collected from one pot of plants in liquid 

nitrogen. 

  



 50 

 

 

Genotype Mutant/Transgene Seed Source 

Col-0  Lehle seeds 

aos (in gl-1 

background) 

Mutant ABRC 

aos (in Col-0 

background) 

Mutant Rice University – Dr. Kim 

gl-1 Mutant ABRC 

CCA1-OX Transgene UC Davis: Dr. Harmer 

OPR3-OE Transgene Rice University: Dr. Chehab 

acd6-1 Mutant U of Maryland, Baltimore County – Dr. Lu 

NahG Transgene Harvard Medical School – Dr. Ausubel 

myb28myb29 Mutant UC Davis: Dr. Kliebenstein 

Table 1: Arabidopsis seed genotype, mutant/transgene and seed source 
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2.1.1.2. Plant growth and entrainment for Trichoplusia ni defense assays 

All Arabidopsis genotypes have the Col-0 genetic background except for aos, which 

is in the gl-1 genetic background. Col-0 (Lehle Seeds) and myb28myb29 (Daniel J. 

Kliebenstein, University of California, Davis, CA) (Table 1) seeds were surface-sterilized 

and grown on media as described above. After 1 week on MS media, seedlings were 

transferred to soil (SunshineMVP soil; Sun Gro Horticulture), with 16 plants per pot, and 

grown for 2 weeks at 22 °C under 12-hour light/12-hour dark cycles (140 μE·m−2·s−1). 

At 3 weeks of age, plants were moved into constant light, 30 μE•m-2•s-1 at 22
o
C. 

2.1.1.3. Plant growth and entrainment for Botrytis cinerea infection assays 

Col-0 (Lehle, Round Rock, TX), gl-1 (CS8155; Arabidopsis Biological Resource 

Center), aos (CS6149; Arabidopsis Biological Resource Center) and CCA1-OX (Stacey 

Harmer, University of California, Davis, CA) seeds were surface-sterilized and grown as 

described above. After one week, seedlings were transferred to soil (Sunshine MVP soil; 

Sun Gro Horticulture) and grown in 12-hour light/12-hour dark cycles under 140 μE•m-

2•s-1 at 22°C for four weeks. At 5 weeks of age, leaves were cut at the petiole using 

scissors during midday, four hours after dawn and placed on 0.8% agar media.  

2.1.2. Crop treatments 

2.1.2.1. Cabbage treatments for Trichoplusia ni defense assays 

Cabbage (Brassica oleracea) was purchased from a local organic grocer. For 

experiments to determine how long the ability of cabbage to be re-entrained persists after 
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storage at room temperature, cabbage was stored at 22
o
C under constant 24 hour light 

(120 ± 10 μE • m−2 • s−1) for 3, 6 or 9 days.  After constant light storage, leaf tissue was 

cut into 3 cm disks and placed on 0.8% agar medium. Leaf disks were then entrained 

under 12-hour light/12-hour dark cycles (120 ± 10 μE • m−2 • s−1) at 22°C for 3 days.  

For T. ni choice experiments, cabbage (Brassica oleracea) was purchased from a 

local organic grocer and entrained under 12-hour light/12-hour dark cycles (120 ± 10 μE 

• m−2 • s−1) or 24-hour constant light (120 ± 10 μE • m−2 • s−1) at 22°C for 3 days. 

After light entrainment, leaf tissue was cut into 3 cm disks and placed on 0.8% agar 

medium. 

2.1.2.2. Crop treatments for postharvest longevity assays 

Kale (Brassica oleracea cv. acephala group), cabbage (Brassica oleracea), green 

leaf lettuce (Lactuca sativa) and spinach (Spinacia oleracea) were purchased from a local 

organic grocer. Leaf tissue was cut into 2 cm disks and placed on 0.5% agar. Light-

treated leaf disks were stored under 120 ± 10 μE • m−2 • s−1 at 22°C for either cycles of 

12 hours of light followed by 12 hours of darkness or constant 24-hour light. Leaf disks 

stored in constant darkness were either maintained at 22°C or refrigerated at 4°C. 

Samples for analysis were collected 6 hours after initiation of the light period for samples 

stored under 12-hour light/12-hour dark cycles or at comparable times for samples stored 

in constant light, in constant darkness, or under refrigeration to avoid time-of-day 

dependent differences in measured values. 
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2.1.2.3. Crop treatments for Botrytis cinerea infection assays  

Cabbage (Brassica oleracea) and green leaf lettuce (Lactuca sativa) leaf tissue 

was cut into 5-cm disks and placed on 0.8% agar media. Leaf disks were then entrained 

for 3 days in 12-hour light/12-hour dark cycles (120 ± 10 μE • m−2 • s−1) at 22
o
C. 

2.2. Botrytis cinerea growth, maintenance and plant inoculation 

Botrytis cinerea spores were germinated on 1.5% agar in 50% grape juice 

(Welch’s, Concord, M ): 50% sterile water 25°C for 1 to 3 weeks until sporulation. 

Mature spores were collected as a sterilized water suspension after scraping spores from 

agar surface with a spatula. The resulting spore suspension was filtered through sterilized 

glass wool and centrifuged for 10 minutes at 5,000xg. The liquid was removed by 

aspiration and the spore pellet was washed by vortexing vigorously in 20 mL of sterile 

water followed by centrifugation at 5,000xg for 10 minutes. The liquid was removed by 

aspiration and the pellet was washed a second time by vigorous vortexing in 20 mL of 

sterile water followed by centrifugation at 5,000xg for 10 minutes. After the liquid was 

removed by aspiration, the washed spore pellet was resuspended in 1 ml of water. Spore 

concentrations were determined by hemocytometer counting under a light microscope 

and spores were diluted with 50% sterile glycerol to a final concentration of 500 

spores/μL. Plant leaves were exposed to 100 B. cinerea spores suspended in 4 μL of 50%: 

organic grape juice: 50% water solution. 
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2.3. Trichoplusia ni handling and treatments 

Trichoplusia ni eggs (Benzon Research, Carlisle, PA) were hatched at 25°C, 

incubated with pinto bean diet as described (Goodspeed et al., 2012), under 12-hour 

light/12-hour dark cycles for 3 days, and then the larvae were moved to constant 

conditions for 24 h. T. ni were gently moved onto plates or plants using a fine  rush. 

Visibly similar-size T. ni loopers were placed with plants for co-incubation experiments. 

The experiments were stopped after 72 hours of co-incubation, and T. ni weights were 

determined. 

2.4. Transcript accumulation measurements 

Frozen Arabidopsis tissues were ground using a mortar and pestle, and the RNA 

from approximately 100 mg of the resulting powder was extracted using an ISOLATE II 

RNA plant kit (Bioline USA Inc., Taunton, MA). Reverse transcription of 1 μg of total 

RNA was conducted using SuperScript
®

III (Invitrogen, Grand Island, NY) using oligo dT 

primers (18 repeats).  

Quantitative PCR was performed using forward and reverse primers listed in 

Table 2. Measurements were made using a BioRad CFX Real-Time PCR Detection 

System (BioRad, Hercules, CA) employing SYBR Green qPCR MasterMix Plus 

(Eurogentec, San Diego, CA). qPCR was performed using a protocol as shown in Table 

3, consisting of Taq activation at 95
o
C for 10 minutes. Following Taq activation, a 

denaturing step was carried out at 95
o
C for 15 seconds followed by an 
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annealing/extension step for 1 minute at 60
o
C. The denaturing and annealing/extension 

steps were repeated another 39 times for a total of 40 cycles. CT values were obtained by 

manually setting a 100 RFU threshold value. Transcript accumulation of the gene of 

interest was normalized to PP2A transcript accumulation using the formula:  

Equation 1: Normalization of transcript accumulation to PP2A 
2

-(CtGene – CtPP2A)
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Gene Forward Primer Reverse Primer 

AOS ACTACGGTTTACCAATCGTAG TCTGTACACCGTGGAGTTGTA 

AOC1 CCAGACCAAGCAAAGTTCAA AGATCGCCGGTGTAGAGTT 

OPR3 ACGGACCACTCCCGGCGGTTTTC CGTGAACTGCTTCCACAACTT 

Table 2: Primers used for qPCR measurement of transcript levels 
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Step Function Temperature Time 

1 UNG step 50 °C 2’ 

2 Taq Activation 95 °C 10’ 

3 Denature 95 °C 15” 

4 Anneal/Extension 60 °C 1’ 

5 Back to step 2 for 39 times (total 35-40 cycles) 

6 Meltcurve 60-95 °C  0.5 
increments 

7 Hold at 4 °C   

Table 3: Protocol for qPCR reaction 
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2.5. Chlorophyll measurements 

Frozen leaf disks were ground using a mortar and pestle, and approximately 50 

mg of the resulting powder was mixed with 0.5 mL of 80% (v/v) acetone and incubated 

overnight at 4°C. Samples were centrifuged at 14,000 x g for 10 minutes at 4°C. The 

absorbance of the supernatant was measured spectrophotometrically at 645 and 663 nm 

using a Tecan Infinite M200 PRO (Tecan, Morrisville, NC). Chlorophyll concentrations 

relative to fresh weight were determined using the formula (Porra, 2002):  

Equation 2: Calculation of chlorophyll concentration 
 

Total chlorophyll (μg/g fresh weight) = (17.76A645nm + 7.34A663nm)/g plant tissue 

Chlorophyll concentrations per gram dry weight were determined after plant materials 

were freeze dried at −80°C at 0.04 mBar overnight using a FreeZone 4.5 liter  enchtop 

freeze dry system (Labconco, Kansas City, MO). 

2.6. Electrolyte leakage measurements 

For electrolyte leakage measurements, 2 cm leaf disks were placed into 50 ml of 

deionized room temperature water. After 30 minutes, electrical conductivity was 

measured using a Horiba B-173 Twin Cond Conductivity Meter (Horiba Instruments Inc., 

Kyoto, Japan). To avoid complications associated with electrolyte leakage due to initially 

cutting out the leaf disks, the first electrolyte leakage measurements were delayed as 

specified in the text. 
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2.7. Glucosinolate measurements 

Tissue frozen with liquid nitrogen was ground using a mortar and pestle. Ground 

tissue was then submerged in 90% methanol. Samples were placed into the -80
o
C freezer 

for storage until samples were shipped.  Samples were then sent to the Kliebenstein lab 

(UC Davis) on dry ice, where they were extracted. Glucosinolates were identified and 

quantified in comparison to reference standards using HPLC-DAD, as previously 

described (Kliebenstein et al., 2001). Total glucosinolate levels were determined by 

totaling the concentrations of individually quantified glucosinolate species. 
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Chapter 3: Rhythmic accumulation of jasmonic-

acid-biosynthesis gene transcripts is 

independent of jasmonic acid 

3.1. Introduction 

The circadian clock plays a role in plant response to biotic stresses. For example, 

the clock helps Arabidopsis prepare for and defend against insect herbivory. Plants grown 

in light/dark cycles that are synchronized with T. ni are more resistant to herbivory when 

compared to plants that are entrained out-of-phase relative to T. ni (Figure 12; Goodspeed 

et al., 2012).  Defense against insect herbivores involves the plant hormone jasmonic 

acid. Jasmonic acid (JA) and compounds derived from jasmonic acid, collectively known 

as the jasmonates, are important plant hormones that regulate many plant processes 

including those involved in fertility and plant defense against insect herbivores and 

necrotrophic pathogens (Acosta and Farmer, 2010).   

Interestingly, JA levels are circadian clock regulated and cycle rhythmically with 

peak accumulation occurring during subjective day even in unstressed plants (Figure 7). 

However, how the circadian clock regulates cycling JA levels is not understood. 

Additionally, because of the JA positive feedback regulation on JA biosynthesis, it has 
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been difficult to determine how JA synthesis is initially activated in response to diverse 

stimuli. Elucidating how the clock regulates JA accumulation may shed light on JA 

biosynthesis initiation. One possibility is that the clock regulates the time-of-day 

accumulation of gene transcripts involved in jasmonate biosynthesis such as AOS, AOC1 

and OPR3 (Figure 6), which would then lead to cyclical production of JA. Alternatively, 

the clock could control basal JA accumulation downstream of JA-biosynthesis-gene 

expression regulation.  I hypothesized that the clock controls JA accumulation by 

regulating AOS, AOC1 and/or OPR3 transcription. I favored this hypothesis because the 

circadian clock affects expression of one third of expressed Arabidopsis genes 

(Covington et al., 2008), with significant impact on genes involved in JA response 

(Covington et al., 2008; Walley et al., 2007). 

3.2. Jasmonic-acid-biosynthesis-gene transcript accumulation under 

circadian control 

To examine if the clock can regulate JA biosynthesis through regulation of JA-

biosynthesis gene expression, AOS, AOC1, and OPR3 transcript levels were quantified in 

wild-type Col-0 plants under free-running unstressed conditions. Plants were grown for 

three weeks under 12-hour light/12-hour dark cycles and then transferred to free-running 

constant light conditions. After 24 hours of constant light, aerial plant tissue were 

collected every 4 hours beginning at subjective dawn (Zeitgeber 24, ZT24) for 48 hours. 

Zeitgeber refers to any external cue that entrains the circadian clock, and zeitgeber 0 
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(ZT0) is a reference point for the last instance of a night to day transition that 

synchronizes the clock in the plants. 

AOS transcripts were lowest at the first two time points (ZT24 and ZT28), and 

increased at ZT32. The pattern of reduced transcript accumulation continued into the 

second subjective day (Figure 15A). Similarly, AOC1 and OPR3 transcripts also 

displayed differential transcript accumulation over a 48-hour period. Transcript 

accumulation was at a minimum during the first few time points of subjective day 

beginning at ZT24 and ZT48. AOC1 and OPR3 transcripts then increased during the 

subjective day hours to peak during subjective dusk at both ZT36 and ZT60 (Figure 15B 

and C). AOC1 and OPR3 transcript accumulation decreased over subjective night hours 

(Figure 15B and C). These results indicate that the clock regulates transcript levels of 

AOS, AOC1 and OPR3 with peak expression occurring at subjective dusk and/or during 

the first few hours of subjective night. 
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Figure 15: Differential accumulation of AOS, AOC1 and OPR3 under free-
running conditions 

AOS (A), AOC1 (B), and OPR3 (C and D) transcript levels in Col-0 (green 
circles), aos (blue triangles) and OPR3-OE (orange squares). Shoot tissue was 
collected every 4 hours under free-running conditions, beginning at subjective 
dawn, 24 hours after transfer to constant light. Quantification for each time point 
was normalized to PP2A transcript amplification. Mean ± SE; n = 3. White bars 
indicate subjective day, and grey bars indicate subjective night. 
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3.3. AOC1 and OPR3 transcripts show circadian periodicity in the 

absence of JA positive feedback 

To begin to understand how the clock may regulate accumulation of transcripts 

encoding the JA biosynthetic enzymes, I addressed the question of whether the clock acts 

through JA positive feedback regulation. If transcript cycling is independent of JA, then 

the JA-biosynthetic gene transcripts should show rhythmic accumulation in aos plants, 

which are unable to accumulate JA (Park et al., 2002). AOS transcript levels in aos plants 

are considerably lower than those observed in wildtype (Figure 15A), possibly due to the 

T-DNA insertion into the exon of AOS affecting transcript abundance. Alternatively, the 

long DNA insertion may reduce efficiency of full length cDNA synthesis when using 

Oligo(dT) to prime reverse transcription starting at the 3’ poly( ) tail.  AOC1 transcripts 

in aos plants showed accumulation peaks at subjective dusk (ZT36 and ZT60), 

corresponding to transcript peaks observed in Col-0 (Figure 15B). However, AOC1 

transcript levels in aos were lower in both peak and trough accumulation points than in 

Col-0. OPR3 transcripts in aos also displayed 24-hour periodicity in accumulation largely 

mirroring the OPR3 transcription pattern seen in Col-0 (Figure 15C). Together, these data 

indicate the AOS function and therefore JA positive feedback are not required for the 

apparent circadian periodicity of AOC1 and OPR3 transcript accumulation. However, my 

results also support that JA positive feedback may impact AOC1 and OPR3 transcript 

accumulation levels. 

Since the absence JA positive feedback in aos affects the overall magnitude of 

JA-biosynthetic gene transcript levels, I next examined whether high, possibly 
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constitutive, JA levels would affect cycling of AOS, AOC1 and OPR3 transcripts. AOS 

and AOC1 transcripts levels were measured in OPR3-OE transgenic plants that 

constitutively express OPR3 and have higher levels of JA compared to wild-type (Col-0; 

Chehab et al., 2011). As expected, OPR3 transcripts in OPR3-OE were higher than those 

observed in Col-0, and there was no evidence that OPR3 transcripts cycled with 24-hour 

periodicity (Figure 15D). AOS transcript levels in OPR3-OE followed a similar 

accumulation pattern to Col-0, at least for the first free-running period, with an increase 

in AOS transcript levels during subjective day and a moderate decreasing trend during 

subjective night (Figure 15A). However, AOS transcripts showed no significant 

accumulation fluctuation during the second free-running period. Overall, AOS transcript 

levels in OPR3-OE are comparable to those in Col-0, indicating that increased JA levels 

did not significantly affect overall free-running AOS transcript levels. AOC1 transcript 

fluctuation in OPR3-OE also maintained the pattern of increasing accumulation during 

subjective day and decreasing levels during subjective night. Overall, constitutive 

expression of OPR3 does not cause dramatic effects on cycling or magnitude of AOS and 

AOC1 transcripts under free-running conditions compared to wild type. 

3.4. Conclusion 

Here I examined whether cycling of basal JA levels under free-running conditions 

(Figure 7) may be due to clock-regulated cycling of JA-biosynthetic gene transcript 

levels. AOS, AOC1 and OPR3 transcript accumulation levels were generally higher 

during subjective night when compared to levels measured during subjective day in Col-0 
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during both consecutive 24-hour periods examined (Figure 15). The repeated pattern of 

peaks and troughs under free-running conditions with an approximately 24-hour period 

indicates that the clock may regulate transcript accumulation of AOS, AOC1 and OPR3. 

To further verify this, additional experiments should examine transcript levels in plants 

with altered clock function. Additionally, while transcripts for AOS, AOC1 and OPR3 

increased during the early hours of subjective day and peaked at roughly at ZT36 and 

ZT60 (Figure 15), peak basal JA accumulation occurs at ZT28 and ZT52 (Figure 7; 

Goodspeed et al., 2012), meaning there is an approximately 12-14 hour delay from peak 

transcript accumulation to peak JA accumulation. This delay could be due to additional 

levels of regulation at the translational, enzyme activation and/or transport levels. 

AOC1 and OPR3 transcripts in aos plants show differential accumulation over the 

course of the 48-hour time course. Similar to what was observed in Col-0, AOC1 and 

OPR3 transcript levels are higher during subjective dusk when compared to subjective 

dawn (Figure 15B and C). However, overall levels of AOC1 and OPR3 transcripts in aos 

were lower than that observed in Col-0. Together, these data indicate that JA-positive 

feedback is not required for cycling of the transcripts, but basal JA is required for wild-

type levels of AOS, AOC1 and OPR3 transcripts. Thus far it has been difficult to 

elucidate how initial synthesis of JA is controlled due to the complications resulting from 

the positive JA feedback loop. These results indicate that cycling of JA-biosynthesis 

transcripts may be independent of JA feedback and provide the first example of JA-

independent JA synthesis activation. 
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Constitutive expression of OPR3 in OPR3-OE did not affect differential 

accumulation of AOS and AOC1 transcripts when compared to Col-0 (Figure 15A and B). 

AOS and AOC1 transcripts both accumulated at higher levels during subjective dusk and 

had lower levels during subjective dawn. Interestingly, while lower JA levels in aos 

decreased overall magnitude of JA-biosynthesis transcript accumulation compared to 

wild type (Figure 14B and C), OPR3-OE, which has approximately 35% higher basal JA 

than wild type (Chehab et al., 2011), did not have noticeably higher AOS or AOC1 

transcript levels compared to wild type over the 48-hour time course. However, it is 

unknown how basal JA levels in OPR3-OE behave under free-running conditions. Future 

experiments should examine if JA levels in OPR3-OE plants cycle and whether 

exogenous JA treatments given at times when endogenous basal JA levels are normally 

low would affect cycling of JA-biosynthesis transcripts. 
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Chapter 4: Accumulation of jasmonic acid 

biosynthesis gene transcripts is affected by 

salicylate levels 

4.1. Introduction 

Salicylic (SA) levels, like JA levels, display rhythmic accumulation under free-

running conditions in unstressed plants (Figure 7; Goodspeed et al., 2012). However, SA 

levels accumulate anti-phasic to JA levels; JA levels peak during subjective dawn and SA 

levels peak during subjective night (Figure 7; Goodspeed et al., 2012). Because there is 

an antagonistic relationship between the JA and SA signaling pathways (Glazebrook, 

2005; Koornneef and Pieterse, 2008, 2008; Thaler et al., 2012), one possible mechanism 

via which the clock could be controlling JA cycling is through control of SA levels, 

which in turn could act through negative regulation to the accumulation the of JA-

biosynthesis-related gene transcripts or JA accumulation. Therefore, I hypothesized that 

if the circadian clock acts through SA accumulation or signaling to control JA 

biosynthesis, then plants with altered SA levels will also see an effect in rhythmic JA 

accumulation and/or levels of transcripts encoding JA biosynthetic enzymes. 
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4.2. Free-running accumulation of jasmonic acid biosynthesis gene 

transcripts are altered in plants with low or high SA 

To examine if altered SA levels affect daily basal accumulation of JA-

biosynthetic gene transcripts, free-running AOS, AOC1 and OPR3 transcript levels in 3-

week old NahG and acd6-1 tissue were compared to those collected from Col-0 plants 

over a 48-hour period. NahG plants produce bacterial salicylate hydroxylase, which 

breaks down SA (Katagiri et al., 1965; Yamamoto et al., 1965), leading to decreased 

levels of SA (Delaney et al., 1994; Gaffney et al., 1993). In contrast, acd6-1 (accelerated 

cell death6-1) mutants produce higher levels of SA compared to wild type (Lu et al., 

2003, 2009; Rate et al., 1999), although the underlying defect in acd6-1 mutants is as yet 

undefined (Lu et al., 2009). 

I first examined transcript levels in Col-0. Similar to the previously described 

Col-0 results (Figure 15A), AOS transcripts during the first 24-hour period (ZT24-ZT48) 

were relatively lower during subjective day (ZT24-ZT36) compared to subjective night 

(ZT40 and ZT44; Figure 16A). However, the apparent peak or phase of AOS transcript 

accumulation was observed at ZT40 (Figure 16A), which is delayed approximately 8 

hours from that observed previously (Figure 15A). Yet, both sets of AOS transcript 

measurements showed a trough at ZT48 (Figures 14A and 15A). Additionally, both sets 

of Col-0 data showed weak cycling during the second 24-hour period (ZT48 to ZT72); 

that is, slightly elevated AOS transcript levels during the middle of subjective night 

followed by a decrease before subjective dawn (ZT72; Figures 14A and 15A). Similar to  
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Figure 16:Accumulation of AOS, AOC1 and OPR3 in plants with altered SA 
levels 

AOS (A), AOC1 (B), and OPR3 (C) transcript levels in Col-0 (green circles), 
acd6-1 (blue triangles) and NahG (orange squares). Aerial tissue was collected 
every 4 hours under free-running conditions, beginning at subjective dawn, 24 
hours after transfer to constant light. Quantification for each time point was 
normalized to PP2A transcript amplification. Mean ± SE; n = 3. White bars 
indicate subjective day, and grey bars indicate subjective night. (D) Jasmonate 
(JA and MeJA) levels in Col-0 and NahG plants from aerial tissues collected 
under free-running conditions at ZT28 and ZT40. 

  



 71 

 

Col-0, AOS transcripts levels in NahG decreased starting at ZT24 over the course of the 

day but show a sharp increase from ZT36 to ZT40. This increase in AOS transcript 

abundance is followed by a sharp decrease at ZT48, mirroring the pattern observed in 

Col-0 (Figure 16A). During the second 24-hour period, AOS transcripts in NahG 

continued to increase from ZT48 to ZT72 (Figure 16A), in contrast to Col-0 that showed 

a slight dip in AOS transcript accumulation at ZT72. Overall, AOS transcript levels at all 

time points were higher in NahG when compared to Col-0, particularly during the first 

24-hour period and at ZT72. In contrast to both Col-0 and NahG, acd6-1 did not show 

differential accumulation of transcripts over the 48-hour free running period (Figure 

16A). Additionally, AOS transcripts in acd6-1 were consistently lower than those 

observed in Col-0 and acd6-1 over the 48-hour period. 

In comparison to the Col-0 data described previously, AOC1 transcript 

accumulation in the Col-0 that was used for NahG and acd6-1 comparisons also showed 

lower levels during subjective day, with a slight, though less dramatic increase in AOC1 

transcript accumulation during subjective night (Figures 14B and 15B). However, a more 

distinct pattern was observed during the second 24-hour period; AOC1 transcript levels 

were lower during subjective day (ZT48-ZT52; Figure 16B), with increasing levels that 

peaked during subjective night (ZT60-68) followed by a decrease before subjective dawn 

(ZT72), similar to what was described previously (Figure 15B). Comparable to AOS 

transcripts in NahG, AOC1 transcript levels in NahG also started with a decrease in 

transcript abundance at ZT36 from initial levels detected at ZT24 (Figure 15A and B). 

This decrease in AOC1 transcript levels was followed by a sharp increase during the 

middle of subjective night (ZT40 and ZT44), and then a subsequent decrease at ZT48 
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(Figure 16B). During the second 24-hour period, NahG AOC1 transcript levels continued 

to rise beginning at ZT52, in contrast to Col-0 (Figure 16B). AOC1 transcript levels in 

acd6-1 are lower than those observed in Col-0 over the 48-hour free running time course 

(Figure 16B). During the first 24-hour period, AOC1 transcripts in acd6-1 did not 

demonstrate any difference in transcript levels during subjective day and subjective night. 

In contrast, there did appear to be an increase in AOC1 transcripts during the second 

subjective day period (ZT52-ZT56) when compared to the prior (ZT40-ZT44) and 

subsequent subjective night (ZT64-ZT68) periods (Figure 16B). 

OPR3 transcript levels in the Col-0 used for NahG and acd6-1 comparisons 

showed a similar pattern of transcript accumulation to that observed previously in Figure 

15C. OPR3 transcripts were lower during subjective day hours when compared to 

subjective night hours during both the first and second 24-hour periods (Figure 16C). 

Similar to AOS data described in Figure 16A, peak OPR3 transcript accumulation 

appeared delayed by approximately 4 hours compared to what was observed previously 

(Figure 15A).  OPR3 transcripts in NahG displayed a distinct difference between 

transcript accumulation during subjective day and subjective night during the first 24-

hour period (ZT24 to ZT48; Figure 16C). Again, similar to AOS and AOC1 transcripts, 

OPR3 transcripts in NahG began increasing over the remaining time course during the 

second 24-hour period (Figure 16C). In contrast to Col-0, OPR3 transcripts in acd6-1 did 

not show any evidence of rhythmic cycling within a 24-hour period over the 48-hour time 

course (Figure 16C). Additionally, OPR3 transcripts were consistently higher in acd6-1 

as compared to Col-0 (Figure 16C). 
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To determine if the increased accumulation of JA-biosynthetic enzymes AOS, 

AOC1 and OPR3 in measured NahG compared to wild type would result in increased JA 

accumulation, I measured JA in NahG and Col-0 under free-running conditions at two 

time points during subjective day (ZT28) and subjective night (ZT40). Consistent with 

Figure 7, jasmonate levels are higher during subjective day (ZT28) than during subject 

night (ZT40) for both genotypes. The results from NahG indicate that reduced SA may 

not affect time-of-day differential accumulation of jasmonates but does affect the overall 

magnitude of JA accumulation, specifically during subjective day periods. 

4.3. Conclusions 

The results indicate that the accumulation pattern of transcripts in Col-0 (Figure 

15) was altered in this set of measurements as compared to the previously described set 

both in terms of accumulation pattern and phase of peak accumulation (Figure 16). This 

is most likely due to differences in growth conditions that were unobserved and will 

require the experiments described in Figure 15 and Figure 16 be conducted again. 

Nevertheless, a few interesting observations can be made. SA signaling can inhibit JA 

responses as described above (Glazebrook, 2005; Koornneef and Pieterse, 2008, 2008; 

Thaler et al., 2012); here I have shown that SA suppresses accumulation of JA-

biosynthetic gene transcripts, with NahG plants having higher AOS, AOC1 and OPR3 

transcript levels compared to wild type, particularly during subjective night periods 

(ZT40-ZT44 and ZT64-ZT68; Figure 16A-C). Additionally, at least during the first 24-

hour period, both Col-0 and NahG showed differential accumulation of AOS, AOC1 and 
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OPR3 transcript levels when measured during subjective dusk (ZT36) , subjective night 

(ZT40) and subjective dawn (ZT48) (Figure 16A-C), indicating that the lack of SA may 

not affect cycling of JA-biosynthetic genes. However, while one would expect the pattern 

to repeat during the second 24-hour period, indicating that the clock controls cycling of 

transcript accumulation, AOS, AOC1 and OPR3 transcripts in NahG continued to increase 

during the second 24-hour period. To determine if clock controlled cycling of transcripts 

is lost over time or if period length is affected in plants lacking SA, subsequent 

experiments should include longer time courses to examine what occurs during 

subsequent subjective day/night cycles. The results from acd6-1 produced two intriguing 

observations. First, acd6-1 plants showed drastic changes in the accumulation pattern of 

AOS, AOC1 and OPR3 transcripts over the 48-hour time course when compared to Col-0. 

Whereas Col-0 showed evidence of differential transcript accumulation at least during the 

first 24-hour period, acd6-1 did not (Figure 16A-C). Second, while AOS and AOC1 

transcript levels in acd6-1 appeared lower than Col-0 (Figure 16A and B), OPR3 

transcripts in acd6-1 were higher than those in Col-0 (Figure 16C). Whether these two 

observations are due to increased SA levels (Lu et al., 2009) or the acd6-1 mutation itself 

acting through an unknown mechanism will require further investigation. 
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Chapter 5: Glucosinolates play a role in phase-

dependent resistance of Arabidopsis plants to 

insect herbivory 

5.1. Introduction 

Arabidopsis displays phase-dependent increased resistance to T. ni when plants 

are exposed to T. ni that are entrained in-phase with the plants and decreased resistance to 

T. ni when plants are exposed to T. ni that are entrained out-of-phase with the plants 

(Figure 12; Goodspeed et al., 2012).  Plant phase-dependent resistance to T. ni is JA 

dependent since aos plants that are JA-deficient do not show phase-dependent 

susceptibility to T. ni. Defense against insect herbivores also involves glucosinolates, 

whose levels are regulated by jasmonates (Grubb and Abel, 2006).  Since JA (Figure 7; 

Goodspeed et al., 2012) and glucosinolates  (Figure 10; Goodspeed et al., 2013b) cycle 

with circadian rhythmicity under free running conditions in unstressed plants, we 

hypothesized that phase-dependent plant resistance to T. ni might require glucosinolates. 
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5.2. Loss of aliphatic glucosinolates reduce benefits attributed to 

proper entrainment in Arabidopsis resistance against Trichoplusia 

ni 

To examine if glucosinolates are required for phase-dependent plant defense 

against T. ni, Col-0 and myb28myb29 plants were exposed to T. ni that were entrained in-

phase and out-of-phase with respect to the plants. myb28myb29 mutants lack the ability to 

generate aliphatic glucosinolates (Sønderby et al., 2007, 2010). Col-0 and myb28myb29 

mutants were grown in either 12-hour-light/ 12-hour-dark cycles (LD) or 12-hour-dark/ 

12-hour-light cycles (DL) at 22
o
C for 3 weeks. After 3 weeks of growth, plants were 

moved to free-running constant light conditions for 24 hours at 22
o
C. Subsequently, 4-

day-old T. ni (entrained with 3 days of LD, 1 day of LL) were placed on the plants. 

Following 3 days of insect/plant co-incubation under constant light, relative tissue area 

loss of the plants was quantified. 

Both Col-0 and myb28myb29 plants showed increased resistance to T. ni when the 

plants were entrained in-phase with the T. ni when compared to plants entrained out-of-

phase with respect to the T. ni (Figure 17). However, the resistance enhancement based 

on synchronized entrainment of plants to T. ni was significantly reduced in myb28mby29 

plants when compared to the resistance benefit seen in Col-0 plants (Figure 17; p < 0.05, 

two-way interaction ANOVA).  
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Figure 17: Enhanced phase-dependent Arabidopsis resistance to T. ni is 
reduced in plants lacking aliphatic glucosinolates 

(A) Photographs of representative Col-0 and myb28myb29 plant tissue remaining 
from plants entrained in phase and out of phase with T. ni entrainment after 72 
hours of coincubation. (B) Area of plant tissue remaining from plants entrained in 
phase (green bars) and out of phase (red bars) with respect T. ni entrainment 
after 72 hours of coincubation with T. ni. Mean area ± SE; n = 6;. Phenotypes 
with different letters were statistically different at p < 0.05 using a one-way 
ANOVA with Tukey’s honest significance multiple comparison test; those with the 
same letter designation were statistically nonsignificant for a difference (adapted 
from Goodspeed et al., 2013b.) 
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5.3. Conclusion 

The decrease in phase-dependent-enhanced resistance to T. ni found in 

myb28myb29 plants when compared to Col-0 indicates that aliphatic glucosinolates may 

play a role in clock enhanced resistance of plants to cabbage loopers. However, there was 

still a significant increase in resistance of myb28myb29 plants entrained in-phase with the 

loopers compared to myb28myb29 plants entrained out-of-phase. This indicates that while 

aliphatic glucosinolates have a role in clock-mediated enhanced resistance of Arabidopsis 

to insects, other factors also contribute to this phenomenon. 
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Chapter 6: Storing vegetables in light/dark 

cycles improves postharvest performance 

compared to storage in constant light or 

constant dark1 

6.1. Introduction 

Fruits and vegetables after harvest can respond to repeated cycles of 12-hour 

light/12-hour dark, resulting in circadian clock function and rhythmic behaviors 

(Goodspeed et al., 2013b).  Postharvest cabbage that has been re-entrained using 

light/dark cycles displays rhythmic accumulation of glucosinolates under free-running 

conditions (Figure 10) and exhibits phase-entrainment-dependent resistance to T. ni 

(Figure 18; Goodspeed et al., 2013a) similar to Arabidopsis (Figure 12; Goodspeed et al., 

2012). When postharvest cabbage is exposed to T. ni that are entrained with the same 

light/dark cycles, the cabbage display less tissue loss and T. ni gain less weight than when 

the postharvest cabbage exposed to T. ni is entrained out-of-phase (Figure 18).  

                                                 

 

1
 Parts of this chapter have been published (Liu et al., 2015) 
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Figure 18: Postharvest cabbage can be re-entrained by light/dark cycles to 
demonstrate phase-dependent herbivore resistance 

(A) Photographs of representative cabbage disks entrained in phase and out of 
phase  with T. ni entrainment after 72 hours of coincubation. Dark spots on disks 
are sites of herbivory damage. (B) Tissue weight loss remaining from cabbage 
disks entrained in phase (green bars) and out of phase (red bars) with respect T. 
ni entrainment after 72 hours of coincubation with T. ni. Mean area ± SE; n = 6. 
*p < 0.005, unpaired t test. (C) Photographs of representative of T. ni after 72 
hours of coincubation with cabbage disks entrained in phase and out of phase 
with respect to the T. ni. Scale bar, 0.5 mm (D) T. ni net weights after 72 hours of 
coincubation with plants. Mean area ± SE; n = 18; *P<0.005; two-tailed paired t 
test. (Adapted from Goodspeed et al., 2013b.) 
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 Because a functional plant circadian clock is physiologically advantageous (Dodd 

et al., 2005; Goodspeed et al., 2012, 2013a), we hypothesized that postharvest storage 

under conditions that simulate day/night cycles, thereby potentially maintaining 

biological rhythms, would improve postharvest longevity.  

6.2. Vegetables stored in light/dark cycles are visibly healthier than 

those stored in constant light or constant dark 

To address the question of whether storing postharvest vegetables in light/dark 

cycles would increase longevity, I examined the effect of light treatment on green leafy 

vegetables, including commonly consumed kale (Brassica oleracea cv. acephala group), 

cabbage (Brassica oleracea), green leaf lettuce (Lactuca sativa) and spinach (Spinacia 

oleracea), because I anticipated that the leaf organ would likely maintain light sensitivity 

and responsiveness even after harvest. To determine whether daily light/dark cycles 

during postharvest storage can affect leaf longevity, I compared the overall appearance of 

leaf disks that were stored at 22°C under cycles of 12-hour light/12-hour darkness (LD) 

versus leaf disks stored under constant light (LL) or constant darkness (DD) for various 

lengths of time (Figure 19). 

Under cycles of 12-hour light/12-hour darkness, kale leaf disks were dark green 

after 3 days of storage (Figure 19A; LD). After 6 days and 15 days of storage, the kale 

disks showed lighter green coloration than the kale disks stored for 3 days (Figure 19A; 

LD). However, the kale leaf disks stored under constant light were lighter green than the 

kale disks stored under light/dark cycles and showed some brown or yellow discoloration  
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Figure 19: Leaf disk appearance depends upon light exposure during post 
harvest storage 

Representative photographic images of kale (A), cabbage (B), lettuce (C), and 
spinach (D) leaf disks after varying number of days (number of days indicated at 
left) of storage at 22°C under 12-hours light/12-hours darkness (Light/Dark 
Cycles, LD), constant light (LL), or constant dark (DD), or at 4°C under constant 
dark (Refrigerated, 4CDD). Spinach disks disintegrated after 3 days when stored 
under constant darkness and therefore images were not available (Scale bars, 1 
cm) (Liu et al., 2015). 
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after 3 and 6 days (Figure 19A; LL). By 15 days, the kale leaf disks stored under constant 

light lost nearly all green coloration and showed light and dark shades of browning with 

shape changes resulting from leaf folding and shrinkage (Figure 19A; LL). The kale leaf 

disks stored under constant darkness resembled those stored under constant light, except 

that the 3-day kale samples were darker green than the 3-day constant light-stored kale 

leaf disks (Figure 19A; DD), suggesting that the constant light may have constituted a 

greater stress on the kale leaves than constant darkness. These results indicate that 

postharvest storage with daily cycling of light and darkness improved the appearance of 

the kale leaf tissue compared to storage under either constant light or constant darkness. 

However, the preservation benefit obtained from postharvest storage under light/dark 

cycles at 22°C appeared to be less than that provided by refrigeration; kale leaf disks 

stored at 4°C with constant darkness, were comparable in their dark green coloration 

whether stored for 3, 6 or 15 days (Figure 19A; 4CDD). 

Cabbage leaf disks stored under cycles of 12-hour light/12-hour darkness showed 

brown spots along the disk edges that increased in intensity over the storage period of 7, 

14, and 21 days (Figure 19B; LD). However, although the 7-day cabbage leaf samples 

were light green in coloration, the 14- and 21-day cabbage leaf disks stored under 

light/dark cycles had darker green coloration (Figure 19B; LD), suggesting increased 

photosynthetic activity over storage time. In contrast, although the cabbage leaf disks 

stored under constant light were also light green after 3 days of storage, the 14- and 21-

day cabbage leaf disks were more yellow and included more brown discolorations 

(Figure 19B; LL). Remarkably, the absence of light exposure during post-harvest storage 

had a dramatic effect on the cabbage leaf disk coloration. Cabbage leaf disks stored under 
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constant darkness at either 22°C or 4°C were pale tan or yellow after 3 days of storage 

(Figure 19B; DD and 4CDD). The constant darkness-exposed cabbage leaf disks stored at 

22°C appeared nearly white in color by 14 and 21 days; those at 4°C had a yellowish 

appearance after 2 or 3 weeks of storage (Figure 19B; DD and 4CDD). 

Lettuce and spinach leaf disks tissue were nearly uniformly green, with little 

difference in color intensity between 3 and 6 days of storage under cycles of 12-hour 

light/12-hour darkness (Figure 19C and D; LD). By 9 days of storage under light/dark 

cycles, however, both lettuce and spinach leaf disks looked slightly less green, and most 

of the spinach leaf disks had distinct patches of yellow (Figure 19C and D; LD). In 

contrast, the loss of green coloration and increased yellowing over time was much more 

apparent in the lettuce and spinach leaf disks stored under constant light; the lettuce leaf 

disks were pale green by 9 days (Figure 19C; LL), and all the spinach disks had large 

yellow patches (Figure 19D; LL). Lettuce and spinach leaf disks stored under constant 

darkness displayed small brown patches by 3 days (Figure 19C and D; DD). After 6 and 

9 days of storage under constant darkness, the lettuce disks had large wet patches of 

darkened tissue (Figure 19C; DD). However, the spinach leaf disks stored under constant 

darkness at 22°C for 6 days completely disintegrated and therefore could not be moved 

for photographic imaging. Lettuce and spinach leaf disks stored in constant darkness at 

4°C largely maintained dark green coloration at 6 days and were lighter green at 9 days, 

similar to that of the disks stored under light/dark cycles at 22°C (Figure 19C and D; 

4CDD). However, after 6 days of storage at 4°C, the lettuce leaf disks also displayed 

browning around the vascular tissues (Figure 19C; 4CDD). 
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Overall, the image analysis shown in Figure 19 suggests that postharvest storage 

under cycles of 12-hour light and 12-hour darkness may enable kale, cabbage, lettuce, 

and spinach leaf tissues to maintain physiological functioning for longer durations after 

harvest. The reduction in green color and appearance of brown discoloration suggests that 

postharvest storage in constant light or constant darkness may accelerate loss of tissue 

viability. 

6.3. Vegetables stored in light/dark cycles have higher chlorophyll 

content compared to those stored in constant light or constant 

dark 

To further characterize kale, cabbage, lettuce and spinach leaf health and viability 

during postharvest storage, I compared chlorophyll content in leaf samples after storage 

under cycles of 12-hour light/12-hour darkness to that of leaf tissues stored under 

constant light or constant darkness. Three sets of comparative data are shown (Figures 

19-21). Because my primary focus was to determine whether light/dark cycles were 

advantageous relative to constant light or constant dark storage conditions, I first 

conducted two-way comparative statistical analyses between data derived from the 

samples stored under light/dark cycles relative to comparable samples stored under the 

alternative condition (that is, constant light, constant dark or refrigerated/dark). Figure 20 

presents statistical analysis of storage-dependent differences in chlorophyll levels relative 

to dry weight at each time point. Figure 21 shows similar analyses but of storage-

dependent differences in chlorophyll levels relative to fresh weight. Finally, to evaluate 
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whether there were significant changes in chlorophyll levels of each plant type over time, 

statistical analyses of differences in chlorophyll content at the beginning and end of the 

experiments for kale, cabbage, lettuce, and spinach are shown in Figure 22. Consistent 

with the loss of green coloration in the representative leaf disk samples shown in Figure 

19A, postharvest storage of kale leaf disks in either constant light or constant dark led to 

significantly greater losses in kale chlorophyll content within 3 or 6 days of postharvest 

storage compared to storage under 12-hour light/12-hour dark cycles (Figures 19A and 

20A). Kale leaf disks stored for 15 days under constant light lost 97% and 93% of their 

original chlorophyll content relative to dry and fresh weight, respectively (Figure 22A 

and E); kale leaf disks stored under constant darkness lost 88% and 89% of their 

chlorophyll content relative to total dry and fresh weight, respectively (Figure 22A and 

E). In contrast, 15 days of storage under cycles of 12-hour light/12-hour darkness led to 

loss of only 36% and 9% of the kale leaf disk chlorophyll relative to dry and fresh 

weight, respectively (Figure 22A and E). Kale leaf disks stored at 4°C under constant 

darkness, however, performed statistically better than those stored under cycles of 

light/dark (Figures 19A and 20A), with no significant decreases in chlorophyll content 

relative to total dry or fresh weight over the full 15 days of the experiment (Figure 22A 

and E). 
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Figure 20: Chlorophyll content retention was higher in kale, cabbage, 
lettuce and spinach leaves stored in light/dark cycles compared to 
constant light or constant darkness at 22°C 

Chlorophyll content relative to dry weight was quantified from leaf tissue disks of 
kale (A), cabbage (B), lettuce (C) and spinach (D) stored under cycles of 12-
hours light/12-hours darkness (LD, half-filled circles), constant light (LL, open 
squares), or constant darkness (DD, filled squares) at 22°C, or under constant 
darkness at 4°C (4CDD, filled diamonds). Mean ± SE; n = 4. Asterisks indicate 
significant differences (p < 0.05. ANOVA Test with Bonferroni Post Hoc analysis) 
between data derived from leaf disks stored under light/dark cycles (22°C) and 
that derived from leaf disks stored under other conditions at each time point (Liu 
et al., 2015). 
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Figure 21: Chlorophyll content in fresh weight leaf tissue was maintained at 
higher levels in light/darkness stored vegetables compared to constant 
light or constant darkness at 22oC 

Chlorophyll content was quantified from leaf disk tissues of kale (A), cabbage (B), 
lettuce (C) or spinach (D) stored over time under cycles of 12-hours light/12-
hours darkness (LD, half-filled circles), constant light (LL, open squares), or 
constant darkness (DD, filled squares) at 22°C, or under constant darkness at 
4°C (4CDD, filled diamonds). Mean ± SE; n = 4. Asterisks represent significant 
differences (p<0.05. ANOVA Test with Bonferroni Post Hoc analysis) between 
data derived from leaf disks stored under light/dark cycles (22oC) and that 
derived from leaf disks stored under other conditions at each time point (Liu et 
al., 2015). 
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Figure 22: Chlorophyll content in fresh and dry weight leaf tissue was 
maintained at higher levels over time when stored in light/darkness cycles 
or under refrigeration 

Chlorophyll content was quantified from dry weight leaf (A-D) and fresh weight 
(E-H) leaf disk tissues of kale (A, E), cabbage (B, F), lettuce (C, G) or spinach (D, 
H) stored over time under cycles of 12 hours light/12 hours darkness (LD), 
constant light (LL), or constant darkness (DD) at 22°C, or under constant 
darkness at 4°C (4CDD). Mean ± SE; n = 4. *p<0.05. **p<0.005. Unpaired 
student t-test analysis between day 0 concentrations and concentrations at the 
specified final time-point. (Liu et al., 2015) 
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Postharvest storage of cabbage leaf disks under light/dark cycles resulted in 

significantly higher chlorophyll levels than storage under constant dark either at 22°C or 

4°C at all time points examined (Figures 19B and 20B). Indeed, cabbage leaf disks began 

with only modest chlorophyll levels (Figures 19B and 20B). However, when the cabbage 

leaf disks were stored under either constant light or light/dark cycles, chlorophyll content 

increased over time (Figures 19B and 20B) with significantly higher levels remaining 

even after three weeks of storage (Figure 22B and F). Light-induced synthesis is likely 

responsible for the elevated chlorophyll levels (Figures 19B, 20B and 21B and F) and the 

enhanced green coloration observed in the cabbage leaf images (Figure 19B) of the 

samples stored under light/dark cycles or constant light but absent in the cabbage leaf 

disks stored under constant darkness either at 22°C or 4°C (Figures 19B, 20B, and 21B 

and F). Storage under light/dark cycles was also more successful than constant light 

exposure in maintaining higher chlorophyll levels after long-term storage of 3 weeks 

(Figures 19B and 20B). Over time, storage under constant light may be 

counterproductive; whereas cabbage leaf disks stored for 7 days under constant light had 

significantly higher chlorophyll content than leaf disks stored under light/dark cycles 

(Figures 19B and 20B), by three weeks of storage, the leaf disks stored under light/dark 

cycles retained at least 2-fold more chlorophyll than samples stored under constant light 

(Figures 19B and 20B). These results indicate that light during postharvest storage can 

have a profound effect on chlorophyll levels in cabbage, consistent with previous reports 

(Perrin, 1982), and that diurnal cycling of light and darkness prolongs this benefit during 

longer term storage. 
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Storage under cycles of 12-hour light/12-hour darkness also promoted chlorophyll 

retention (relative to both dry and fresh weight) in lettuce leaf disks, comparable to that 

of lettuce leaf disks stored under refrigeration; chlorophyll levels were statistically 

indistinguishable between lettuce leaf disks stored under light/dark cycles versus those 

refrigerated under constant darkness conditions after 3, 6 or 9 days of storage (Figures 

19C and 20C). Postharvest storage of lettuce leaf disks either at 22°C under light/dark 

cycles or under refrigeration resulted in no significant change in chlorophyll content over 

the course of the 9-day experiment, whereas the lettuce leaf disks stored under either 

constant light or constant darkness, lost more than 50% of their starting chlorophyll 

content (Figure 22C and G). 

Chlorophyll content of spinach leaf disks was not significantly affected by 

treatment conditions for the first 3 days of postharvest storage (Figures 19D, 20D and 

21D and H). However, the spinach leaf disks stored at 22°C in constant darkness 

disintegrated by 6 days and were therefore unable to be further analyzed. Spinach leaf 

disks stored under light/dark cycles had similar chlorophyll content to those stored under 

constant light with relatively stable chlorophyll retention until day 9 when chlorophyll 

levels in both samples decreased significantly from initial levels (Figures 19D, 20D and 

21D and H). In contrast, refrigeration led to stable chlorophyll levels in the spinach leaf 

disks over the course of the experiment (Figure 22D and H). 

These results indicate that chlorophyll content of postharvest green leafy 

vegetables varies depending upon the storage conditions and suggests that storage under 

12-hour cycles of light and darkness, known to maintain the plant circadian clock 
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(Goodspeed et al., 2013b), can improve kale, cabbage and lettuce chlorophyll content 

maintenance relative to storage in constant light or constant dark. Perhaps surprisingly 

light/dark cycles during postharvest storage may be at least as beneficial as refrigeration 

with respect to chlorophyll content for cabbage and lettuce. 

6.4. Vegetables stored in light/dark cycles have improved tissue 

integrity compared to those stored in constant light or constant 

dark 

Over time during postharvest storage, plant tissues typically show visible signs of 

tissue disintegration (e.g., Figure 19). To determine if maintaining light/dark cycles 

during storage of post harvest leafy vegetables could prolong tissue integrity, I compared 

electrolyte leakage from kale, cabbage, lettuce, and spinach leaf disks stored over time 

under cycles of 12-hour light/12-hour darkness to leaf disks stored under constant light or 

constant darkness at 22°C or constant darkness at 4°C. Figure 23 shows that postharvest 

storage under light/dark cycles and refrigeration were comparable, with respect to leaf 

tissue integrity maintenance of kale, cabbage and lettuce, as measured by electrolyte 

leakage, (Figure 23A-C; LD and 4CDD). When directly comparing light/dark storage to 

other conditions, a statistically significant benefit to diurnal stimuli during storage was 

apparent relative to constant light for kale (Figure 23A; LL), constant darkness for 

cabbage and lettuce (Figure 23B, C; DD), and constant darkness (at 3 days) and constant 

light (at 6 days) for spinach (Figure 23D; LL, and Figure 23E; DD). 
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Postharvest storage under constant dark was detrimental to kale, cabbage, and 

lettuce tissue integrity, with at least 4-fold increases in electrolyte leakage, whereas 

storage under light/dark cycles at 22°C or refrigeration resulted in no significant increase 

in electrolyte leakage over the course of the experiment (Figure 24). Constant light 

treatment also led to significant increases in electrolyte leakage from kale and lettuce leaf 

disks, but not cabbage leaf disks, over the storage periods examined (Figure 24).  
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Figure 23: Electrolyte leakage from kale, cabbage, lettuce, and spinach leaf 
disks was affected by light exposure during storage 

Electrolytes released from leaves of kale (A), cabbage (B), lettuce (C) or spinach 
(D & E) were measured after storage under cycles of 12-hour light/12-hour 
darkness (LD, half-filled circles), constant light (LL, open squares), or constant 
darkness (DD, filled squares) at 22°C or under constant darkness at 4°C (4CDD, 
filled diamonds). Mean ± SE; n = 4. Asterisks indicate significant differences (p < 
0.05, ANOVA Test with Bonferroni Post Hoc analysis) between data derived from 
leaf disks stored under light/dark cycles (22°C) and that derived from leaf disks 
stored under other conditions at each time point (Liu et al., 2015). 
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Figure 24: Electrolyte leakage from kale, cabbage, lettuce, and spinach leaf 
disks is increased when stored under constant light or constant dark in 
kale, cabbage and spinach 

Electrolytes released from leaves of kale (A), cabbage (B), lettuce (C) or spinach 
(D) were measured after storage under cycles of 12-hour light/12-hour darkness 
(LD), constant light (LL), or constant darkness (DD) at 22°C or under constant 
darkness at 4°C (4CDD). Mean ± SE; n = 4. *p<0.05. **p<0.005. Unpaired 
student t-test analysis between measured initial levels and levels at the specified 
final time-point. (Liu et al., 2015) 
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Overall the results shown in Figure 23 and Figure 24 provide evidence that daily 

cycles of light and darkness during postharvest storage resulted in superior leaf tissue 

integrity maintenance largely comparable to refrigeration, whereas either constant light or 

constant dark storage conditions were detrimental. 

6.5. Vegetables stored in light/dark cycles have increased 

glucosinolate retention compared to those stored in constant light 

or constant dark 

Next I was interested in determining whether plant maintenance under daily 

cycles of light and darkness affects human-health relevant metabolite content. In 

particular, I sought to examine whether kale and cabbage stored under light/dark cycles 

maintain their glucosinolate content longer than when stored under constant light, 

constant darkness, or refrigeration. 

Figure 25A shows total glucosinolate levels in kale leaf disks after 0, 3, 6 and 15 

days of postharvest storage under different conditions. Individual glucosinolate levels are 

shown in Figure 26. Total glucosinolate levels were comparable between kale leaf disks 

stored at 22°C under light/dark cycles and leaf disks stored at 4°C in the dark (Figure 

25A); after 15 days of postharvest storage under these conditions, total glucosinolate 

levels decreased by less than 35% (Figure 28A). In comparison to light/dark storage 

conditions, constant light or constant darkness exposure during storage resulted in 

significantly reduced glucosinolate content in the kale leaf disks (Figure 25A). By 15  
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Figure 25: Maintenance of total glucosinolate levels in kale and cabbage 
leaves when stored under light/dark cycles 

Glucosinolate species was quantified from leaf disks of kale (A) and cabbage (B) 
stored under cycles of 12-hour light/12-hour darkness (LD, half-filled circles), 
constant light (LL, open squares), or constant darkness (DD, filled squares) at 
22°C or under constant darkness at 4°C (4CDD, filled diamonds). Mean ± SE; n 
= 4. Asterisks indicate significant differences (p < 0.05. ANOVA Test with 
Bonferroni Post Hoc analysis) between samples kept in light/darkness cycles 
(22°C) and those stored in constant light (22°C), constant dark (22°C) and under 
constant darkness (4°C) for a specified time point (Liu et al., 2015). 
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Figure 26: Accumulation of individual glucosinolate species in kale disks 

Kale disks stored in 12 hour light/12 hour dark (22oC) (LD, half-filled circles), 
constant light (22oC) (LL, open squares); constant dark (22oC) (DD, filled 
squares), or refrigerated at 4oC in the dark (4CDD, filled diamonds). 3MSO, 3-
methylsulfinylpropyl glucosinolate; 4MSO, 4-methylsulfinylbutyl glucosinolate; 
I3M, indoyl-3-methyl glucosinolate; 4MOI3M, 4-methoxy-indoyl-3-methyl 
glucosinolate; NMOI3M, 1-methoxy-indolyl-3-methyl glucosinolate. Mean ± SE; n 
= 4. Asterisks represent significant differences (p<0.05. ANOVA Test with 
Bonferroni Post Hoc analysis) between data derived from leaf disks stored under 
light/dark cycles (22oC) and that derived from leaf disks stored under other 
conditions at each time point (Liu et al., 2015). 
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Figure 27: Accumulation of individual glucosinolate species in cabbage 
disks 

Cabbage disks stored in 12-hour light/12-hour dark (22°C) (LD, half-filled circles), 
constant light (22°C) (LL, open squares); constant dark (22°C) (DD, filled 
squares), or refrigerated at 4°C in the dark (4CDD, filled diamonds). 3MSO, 3-
methylsulfinylpropyl glucosinolate; 4MSO, 4-methylsulfinylbutyl glucosinolate; 
I3M, indoyl-3-methyl glucosinolate; 4MOI3M, 4-methoxy-indoyl-3-methyl 
glucosinolate. Mean ± SE; n = 4. Asterisks represent significant differences 
(p<0.05. ANOVA Test with Bonferroni Post Hoc analysis) between data derived 
from leaf disks stored under light/dark cycles (22°C) and that derived from leaf 
disks stored under other conditions at each time point (Liu et al., 2015). 
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Figure 28: Maintenance of total glucosinolate levels in kale and cabbage 
leaves when stored under light/dark cycles 

Glucosinolate species was quantified from leaf disks of kale (A) and cabbage (B) 
stored under cycles of 12-hour light/12-hour darkness (LD), constant light (LL), or 
constant darkness (DD) at 22°C or under constant darkness at 4°C (4CDD). 
Mean ± SE; n = 4. *p<0.05. **p<0.005. Unpaired student t-test analysis between 
day 0 concentrations and concentrations at the specified final time-point (Liu et 
al., 2015). 
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days of postharvest storage under constant light or constant darkness at 22°C, the kale 

leaf disks lost over 80% and 99% of initial levels, respectively. 

Daily cycles of light and darkness also promoted maintenance of glucosinolate 

content during postharvest storage of cabbage (Figures 24B and 26). Total glucosinolate 

content in the cabbage leaf disks stored under light/dark cycles remained stable with no 

significant fluctuation in levels over the 21 days of analysis (Figures 24B and 27B). In 

comparison to total glucosinolate levels in light/dark-stored cabbage, the glucosinolate 

levels were significantly lower by 7 days when cabbage leaf disks were stored under 

constant darkness (Figure 25B; DD) and by 21 days when stored under constant light 

(Figure 25B; LL). Total glucosinolate levels declined by 70% and 88%, respectively, in 

cabbage disks stored at 22°C under constant light or constant darkness (Figure 28B). 

Remarkably, glucosinolate levels of the cabbage leaf disks stored at 4°C also showed a 

significant decrease by 21 days, with a loss of 50% of the initial glucosinolate levels 

(Figure 28B), indicating that storage under cycle of light/darkness led to enhanced 

retention of this valuable phytochemical even relative to refrigeration. 

6.6. Conclusions 

Detached kale, cabbage, lettuce and spinach leaves show enhanced tissue 

longevity through continued exposure to diurnal light/dark cycles during storage. In 

addition, human-health relevant metabolites, such as glucosinolates and chlorophyll, are 

also retained at higher levels under diurnal storage conditions, suggesting that postharvest 

vegetables that retain natural rhythms during storage may be of greater nutritional value. 



 102 

 

These results provide additional evidence that postharvest plant tissues retain the ability 

to sense external stimuli and respond in ways that affect tissue integrity and cellular 

metabolite levels. However, it is currently unknown whether the benefits associated with 

maintaining postharvest vegetables in light/dark cycles is due to a robustly entrained 

circadian clock and/or an optimization of light exposure allowing for improved 

physiological function. Future experiments could examine whether temperature cycles, 

which can also entrain the circadian clock (Millar, 2004; Salomé and Mcclung, 2005), 

can provide improved postharvest performance when compared to storage under constant 

temperatures. Additionally, future studies could examine if the concentrations of other 

human-health relevant compounds also show improved maintenance when vegetables are 

stored under light/dark cycles.  
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Chapter 7: Light/dark cycles affect postharvest 

plant tissue resistance to necrotrophic 

pathogens 

7.1. Introduction 

Light/dark cycles that better mimic natural conditions can improve postharvest 

performance (Figures 18-27), and proper circadian entrainment can improve plant 

resistance to T. ni under free-running conditions (Figures 11 and 17). Therefore we 

hypothesized that employing light/dark cycles to maintain robust daily rhythms maybe 

advantageous for plant resistance against pathogens such as Botrytis cinerea.  

7.2. Light/dark cycles enhanced Arabidopsis leaf fungal resistance 

To determine if light/dark cycles can improve plant resistance to B. cinerea, a 

necrotrophic plant pathogen, I compared fungal resistance of detached Arabidopsis leaves 

maintained under diurnal conditions (12-hour light/12-hour dark cycles), known to 

sustain robust biological rhythms, to that of leaves under constant light, conditions under 

which plant circadian rhythms eventually dampen (Yakir et al., 2011).  Leaves from 5-

week-old Arabidopsis (Col-0) grown in 12-hour light/12-hour dark cycles were 
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inoculated with B. cinerea spores 4 hours after dawn and then incubated under either 12-

hour light/12-hour dark cycles or constant light. After 72 and 96 hours, B. cinerea lesions 

on leaves incubated under constant light were significantly larger than the lesions on 

leaves exposed to light/dark cycles (Figure 29). These results indicate that maintenance 

of light/dark cycles can enhance Arabidopsis resistance to B. cinerea. 

Next, I examined whether a functional plant circadian clock is necessary for the 

enhanced B. cinerea resistance conferred by 12-hour light/12-hour dark cycles relative to 

constant light. B. cinerea leaf lesion diameters were compared on CCA1-OX leaves, 

which, in addition to being arrhythmic under constant light conditions (Wang and Tobin, 

1998), lacks the ability to anticipate night-to-day transitions and displays attenuated 

diurnal rhythms under light/dark cycles (Green et al., 2002). In contrast to Col-0, CCA1-

OX leaves did not display any significant differences in lesion diameters when incubated 

in light/dark cycles compared to incubation under constant light (Figure 29), evidence 

that an accurately functioning internal oscillator is required for the fungal resistance 

benefit obtained by diurnal light/dark transitions. However, we also found that under 

constant light conditions CCA1-OX leaves displayed higher B. cinerea resistance after 72 

and 96 hpi compared to Col-0 (Figure 29). In addition, even under light/dark cycles, 

CCA1-OX leaves showed increased resistance compared to Col-0 at 72 hpi (Figure 29A), 

but this elevated resistance compared to Col-0 was lost at 96 hpi (Figure 29B). Thus, 

despite the overall increased fungal resistance of wild-type Arabidopsis leaves stored 

under light/dark cycles relative to those stored under constant light (Figure 29), oscillator 
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Figure 29: Arabidopsis exhibits differential sensitivity to B. cinerea when 
stored under light/dark cycles versus constant light 

Col-0, CCA1-OX, gl-1 and aos leaf lesion diameters at 72 hpi (A) and 96 hpi (B) 
with fungal spores. Mean lesion diameters ± SEM. n = 30. Asterisks denote 
significant lesion diameter differences between light/dark cycles and constant 
light treated leaf tissue (P < 0.005, Unpaired student t-test). 
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function, at least that conferred by proper CCA1 expression, can be detrimental for plant 

fungal resistance under some environmental conditions (Figure 29). 

To examine if jasmonates are required for the increased fungal resistance 

conferred by light/dark cycles relative to constant light, I compared lesion diameters on 

aos leaves to those on leaves of gl-1, the genetic background of aos, under the two light 

conditions. Similar to what was observed in Col-0 leaves, gl-1 leaves showed 

significantly smaller fungal lesions at 72 and 96 hpi when the leaves were subjected to 

light/dark cycles than when incubated under constant light (Figure 29). Jasmonate 

production is required for limiting B. cinerea lesion growth as expected; aos leaf lesions 

were significantly larger than those found on gl-1 leaves when compared at 72 and 96 hpi 

regardless of whether the leaves were incubated under light/dark cycles or constant light 

(Figure 29).  However, aos fungal lesions were smaller at 72 and 96 hpi when the leaves 

were incubated under light/dark cycles than when the leaves were exposed to constant 

light (Figure 29). Whereas gl-1 lesion diameters were 28% larger when the leaves were 

subjected to constant light versus light/dark cycles, aos leaves displayed a 16% increase 

in lesion diameter when incubated under constant light versus light/dark cycles; therefore 

jasmonate production is required for the full benefit of diurnal cycling.  
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7.3. Postharvest cabbage and lettuce displays enhanced resistance to 

Botrytis cinerea when stored in 12-hour light/12-hour dark cycles 

when compared to storage under constant light 

B. cinerea is responsible for large agricultural losses due to the prolific nature of 

grey mold disease infecting plants from early seedling stages through the postharvest 

consumer retail chain, resulting in up to 20% yield loss (Dean et al., 2012). I sought to 

test whether diurnal storage might improve postharvest crop fungal resistance. To 

determine if the B. cinerea resistance benefit obtained by Arabidopsis leaves incubated 

under light/dark cycles could be obtained by postharvest green leafy vegetables, we 

compared B. cinerea lesion diameters formed on green leaf lettuce (Lactuca sativa) and 

cabbage (Brassica oleracea) leaf disks incubated under 12-hour light/12-hour dark cycles 

to those on leaf disks exposed to constant light. Fungal lesion diameters on both lettuce 

and cabbage leaf disks were significantly larger at 48 hpi (Figure 30A) and 72 hpi (Figure 

30B and C) when leaf tissues were exposed to constant light than when placed under 

light/ dark cycles. Indeed, the differential fungal growth was substantial; after 72 hpi, 

lesion diameters were approximately 2- and 1.7-fold larger on lettuce and cabbage disks, 

respectively, when leaf tissue was exposed to constant light compared to lesion growth on 

disks incubated under light/dark cycles (Figure 30C). These results suggest that 

postharvest storage that maintains diurnal light/dark cycles may dramatically affect 

fungal susceptibility of green leafy vegetables, such as lettuce and cabbage.  
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Figure 30: Cabbage and lettuce leaf tissue exhibits differential sensitivity to 
B. cinerea when stored under light/dark cycles versus constant light 

(A) Photographs of representative lettuce and cabbage leaves 72 hpi with fungal 
spores. Lettuce and cabbage leaf lesion diameters at 72 hpi (B) and 96 hpi (C). 
Mean lesion diameters ± SEM. n = 40. Asterisks denote significant lesion 
diameter differences between light/dark cycles and constant light treated leaf 
tissue (P < 0.005, Unpaired student t-test). 
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7.4. Conclusions 

The Arabidopsis leaf lesion diameter assays indicate that detached leaves have 

increased resistance to B. cinerea when kept under light/dark cycles as compared to 

leaves kept in constant light (Figure 29). This benefit appears to be dependent on a 

functional clock since CCA1-OX did not display a difference in fungal resistance when 

kept under either light/dark cycles or constant light (Figure 29). However, CCA1-OX 

plants also displayed enhanced resistance to B. cinerea after 72 hpi in light/dark cycles 

and after both 72 and 96 hpi under constant light (Figure 29). Why CCA1-OX plants 

display enhanced resistance to B. cinerea under certain conditions is unknown.  

Increased leaf resistance to B. cinerea attributed to light/dark cycles involves both 

jasmonate-dependent and -independent mechanisms, as demonstrated by enhanced fungal 

resistance of aos when stored under light/dark cycles, similar to gl-1; however this 

benefit is reduced compared to that of wild type (Figure 29). An alternative possibility is 

that light/dark cycles may reduce fungal growth relative to constant light.  However, this 

possibility is unlikely given that fungal lesion growth on CCA1-OX is indistinguishable 

between leaves incubated under constant light versus light/dark cycles (Figure 29). 

The results also demonstrate a practical advantage for daily rhythms in plant 

fungal resistance. We find that postharvest lettuce and cabbage leaves, similar to 

detached leaves of Arabidopsis, harbor significantly greater B. cinerea resistance when 

maintained under light/dark cycles than when placed under constant light conditions. 

Therefore, the use of light/dark cycles to treat postharvest vegetables may not only 
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improve shelf-life and nutritional content (Figures 18-27), it may also help decrease 

postharvest losses due to biotic pathogens. 
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Chapter 8: Conclusions and Future Directions 

We have shown that the clock may regulate rhythmic basal accumulation of JA 

through clock controlled JA-biosynthesis gene transcript accumulation independent of 

JA-positive feedback. Additionally, keeping postharvest vegetables in light/dark storage 

could have profound effects on improving postharvest longevity, nutritional content and 

resistance to fungal infection. 

8.1. Potential mechanism for clock-regulated jasmonic acid 

biosynthesis 

JA is critical for plant defense against insect herbivores and necrotrophic fungal 

infection, yet the mechanism behind initiation of JA synthesis remains unknown. 

Complicating the matter is JA-positive feedback (Figure 6), wherein JA accumulation 

acts through positive feedback to up regulate additional JA production. Basal JA levels 

cycle under free-running conditions (Figure 7; Goodspeed et al., 2012), indicating that 

the clock may regulate JA accumulation. This work provides evidence that the clock 

might act as a JA-independent initiator of JA-biosynthesis since both wild type and aos 

plants that lack JA show evidence of clock-regulated rhythmic accumulation of JA-

biosynthesis gene transcripts (Figure 15). While JA, total glucosinolates and T. ni  
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feeding behavior show similar phase of peak accumulation or activity, there is a 12-14 

hour delay from the peak of JA-biosynthesis gene transcript accumulation (Figure 15) 

and basal JA accumulation (Figures 7 and Figure 31; Goodspeed et al., 2012) that 

indicates additional levels of regulation may exist. These could include regulation of 

translation, enzyme activation or transport of precursors or enzymes required for JA 

biosynthesis, all of which may or may not be further influenced by the circadian clock. 
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Figure 31: Timing of rhythmic JA and glucosinolate accumulation in 
relation toT. ni feeding 

OPR3 transcript accumulation (green squares), JA levels (orange circles), 
total glucosinolate levels (red squares) and T. ni feeding behavior (blue 
diamonds). Shoot tissue was collected every 4 hours under free-running 
conditions, beginning at subjective dawn, 24 hours after transfer to constant light 
for OPR3 transcripts, JA (adapted from Goodspeed et al., 2012), and 
glucosinolate measurements (adapted from Goodspeed et al., 2013b). T. ni 
feeding activity was measured as described by Goodspeed et al. (Goodspeed et 
al., 2012). Relative values were calculated by dividing the average value at a 
particular ZT to the median value of the data set. 
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8.2. Influence of aliphatic glucosinolates in phase-entrainment 

enhanced plant resistance to T. ni 

Plants are more resistant to T. ni when both the insect and plant are entrained in-

phase with respect to each other as opposed to when plants are entrained out of phase 

with the T. ni (Figure 12; Goodspeed et al., 2012). A functioning clock (Figure 13; 

Goodspeed et al., 2012) and JA are both required  (Figure 14; Goodspeed et al., 2012) for 

phase-entrainment-dependent enhanced resistance (Figure 12; Goodspeed et al., 2012). 

Here we examined whether aliphatic glucosinolates, which show basal cycling under 

free-running conditions (Figure 10A; Goodspeed et al., 2013b), play a role in phase-

entrainment-dependent enhanced plant resistance to T. ni.  In-phase entrained 

myb28myb29 mutants, which lack aliphatic glucosinolates (Sønderby et al., 2007, 2010), 

have decreased resistance to T. ni when compared to wild-type plants (Figure 17), 

indicating that glucosinolates play a role in plant-entrainment enhanced resistance to 

insects. However, other defense mechanisms or compounds may also play a role in 

mediating in-phase enhanced resistance to T. ni since myb28myb29 mutants still retained 

higher resistance to T. ni than myb28myb29 mutants entrained out of phase with respect 

to T. ni (Figure 17). For example, a similar phase-dependent resistance to T. ni assay 

could be conducted on plants that have altered levels of indolic glucosinolates such as 

sur1(Boerjan et al., 1995). sur1 contains a mutation in SUPERROOT1 (SUR1), a C-S 

lyase involved in glucosinolate biosynthesis, and lacks detectable levels of aliphatic and 

indolic glucosinolates (Mikkelsen et al., 2004). Alternatively, phase-dependent resistance 

to T. ni could also be examined in atr1 (altered tryptophan regulation1), which contains a 
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mutation in a MYB transcription factor and has reduced levels of indolic glucosinolates 

(Celenza et al., 2005). 

8.3. Light/dark cycles improve postharvest performance 

Here we examined whether kale, cabbage, lettuce and spinach leaf tissue maintain 

the ability to respond to light/dark cycles during postharvest storage and whether tissue 

deterioration would be reduced if they were placed under conditions that better mimic the 

natural light cycles of the environment. Our goal was to expose plant tissues to diurnal 

conditions known to maintain the functioning of the circadian clock (Figures 10 and 17; 

Goodspeed et al., 2013b) and thereby capitalize on physiological enhancements conferred 

by robust circadian rhythms. Plants grown under light/dark cycles that match the 

endogenous cycling of their internal circadian clock have a growth and reproductive 

advantage over plants exposed to light/dark cycles that do not match their internal 

oscillator (Dodd et al., 2005; Green et al., 2002).  

We found that storing green leafy vegetables in light/dark cycles improved 

several postharvest performance markers compared to those stored under constant light or 

constant darkness. Similarly, a modest reduction in senescence was noted for postharvest 

broccoli stored under natural light/dark cycles (Büchert et al., 2011). Surprisingly, we 

found that storage in light/dark cycles resulted in several aspects of postharvest 

performance being comparable to storage under refrigeration, a commonly practiced 

method of postharvest storage thought to slow down cellular breakdown (Kader, 2003). 

The longevity of kale and lettuce leaf color, chlorophyll levels, and tissue integrity, which 
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are important contributors to the appeal of green leafy vegetables to consumers 

(Hutchings, 1999), were largely indistinguishable whether the kale and lettuce leaf 

samples were stored at 22°C under light/dark cycles or were stored under refrigeration in 

constant darkness (Figures 18, 22 and 23). Spinach leaf samples also maintained green 

coloration and chlorophyll levels under light/dark cycles at 22°C just as well as when 

they were refrigerated, but refrigeration was more successful at preventing spinach leaf 

tissue breakdown. Significant improvement of green coloration and chlorophyll content 

was seen when cabbage leaves were stored under light/dark cycles at 22°C compared to 

refrigeration, demonstrating that light may not only be important for clock entrainment 

but also can provide the additional benefit of promoting continued photosynthesis during 

postharvest storage. Promotion of photosynthesis and/or chlorophyll levels was 

previously observed in post-harvest crops stored under light (Ayala et al., 2009; Büchert 

et al., 2011; Olarte et al., 2009). However, constant light during post-harvest storage can 

also cause detrimental physiological activity, such as respiration leading to browning 

(Ayala et al., 2009) and transpiration contributing to weight loss (Barbieri et al., 2009; 

Kasim and Kasim, 2007; Sanz Cervera et al., 2007). Therefore, cycling of light treatment 

with darkness periods may not only maintain clock function but may also prevent 

physiological damage that may occur in plant tissues under too much light. 

In addition to improvement of green leafy vegetable appearance by postharvest 

storage under light/dark cycles, we found that light/dark treatment of crop plants may 

improve human health benefits through maintenance of phytochemical content (Figures 

19-21, 24 and 27). Chlorophyll, which is responsible for the visual appeal of green leafy 

vegetables (Hutchings, 1999), also has beneficial impacts on human health upon 
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ingestion. Chlorophyll can limit efficacy of carcinogens, such aflatoxin B1 (Egner et al., 

2003; Jubert et al., 2009; McQuistan et al., 2012; Simonich et al., 2007, 2008) and can 

activate Phase II detoxifying enzymes (Fahey et al., 2005). Additional anticancer benefits 

may derive from glucosinolates in kale and cabbage. Glucosinolates, sulfur-containing 

compounds that play a major role in Brassicaceae plant herbivore defense (Hopkins et al., 

2009), also underlie the human health benefits attributed to Brassicaceae (cruciferous) 

vegetable consumption (Hayes et al., 2008; Higdon et al., 2007). Previous studies have 

shown that glucosinolate levels can be maintained by refrigeration (Rangkadilok et al., 

2002) or exposure to radiation (Banerjee et al., 2014); here we find that post-harvest 

storage under light/dark cycles can also lead to sustained glucosinolate levels (Figures 24 

and 27). 

Light/dark cycles also maintain the circadian clock function of other edible crops 

after harvest, including zucchini, carrots, sweet potatoes, and blueberries (Goodspeed et 

al., 2013b). These fruits and vegetables displayed time-dependent differences in insect 

resistance strongly suggesting temporal fluctuations in diverse metabolites, some of 

which may have important human health impact. Whether continued promotion of 

circadian periodicity postharvest can also improve longevity of tissue integrity and 

phytochemical content in diverse vegetables and fruits, as we have shown with kale, 

cabbage, lettuce, and spinach, remains to be investigated. 
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8.4. Light/dark cycles improves postharvest fungal resistance 

In addition to showing that light/dark cycles improve postharvest performance 

(Figures 18-27), we show that keeping detached leaves in light/dark cycles improves 

resistance to B. cinerea when compared to leaves kept in constant light in both 

Arabidopsis (Figure 29) and postharvest cabbage and lettuce (Figure 30). Enhanced 

resistance to B. cinerea when stored in light/dark cycles is at least in part due to the 

function of CCA1 since plants that have constitutive CCA1 expression do not display 

differences in fungal lesion diameter (Figure 29). Interestingly, CCA1-OX leaves 

displayed increased resistance to B. cinerea when compared to wild type, particularly 

when stored under constant light (Figure 29), though it is unknown why this occurs. One 

possibility is that under constant light, the clock in CCA1-OX plants, which are 

arrhythmic under free-running conditions (Wang and Tobin, 1998), have constitutively 

higher defenses under constant light conditions.  

Tests with aos revealed that the increased resistance of Arabidopsis stored in 

light/dark cycles is due in part to JA levels since aos plants have increased lesion 

diameters compared to wild type (Figure 29). Interestingly, aos still shows enhanced 

resistance to B. cinerea when stored in light/dark cycles in comparison to constant light 

(Figure 29). This indicates that JA-independent pathways are also involved in defense 

against B. cinerea. One possibility is that other defense hormones, such as ethylene 

(Berrocal-Lobo et al., 2002; Ferrari et al., 2003; Thomma et al., 1999), play a role in 

plant light/dark-cycle-enhanced resistance to B. cinerea.  



 119 

 

 To test whether clock function in fungal defense is potentially shared by other 

plants, including important food crops, we compared fungal resistance of Arabidopsis, 

green leaf lettuce (Lactuca sativa), and cabbage (Brassica oleracea) leaves maintained 

under diurnal light/dark cycles to those stored under constant light. Continued exposure 

of the plant leaves to light/dark cycles significantly enhanced resistance to B. cinerea. 

Altogether, these results highlight an important role for maintenance of diurnal storage 

conditions for postharvest crops to control fungal resistance. 

8.5. Future work 

8.5.1. Circadian control of jasmonate accumulation 

Basal jasmonate is rhythmic under free-running conditions with anti-phasic 

accumulation patterns (Figure 7), indicating clock control of JA accumulation. However, 

how the clock regulates JA accumulation is unknown. Additionally, because of the JA-

positive feedback regulation on JA biosynthesis, it has been difficult to determine how JA 

accumulation is initially activated in response to diverse stimuli. The mechanism 

underlying initiation of JA biosynthesis independent from JA-positive feedback is not 

known. The positive feedback loop, whereby JA signaling leads to elevated expression of 

genes encoding J   iosynthesis enzymes, creates a “chicken-or-egg” dilemma.  

One possibility is that the clock regulates the time-of-day accumulation of gene 

transcripts involved in jasmonate biosynthesis such as AOS, AOC1 and OPR3 (Figure 6), 

which would then lead to cyclical production of JA. Alternatively, the clock could control 

basal JA accumulation downstream of JA-biosynthesis-gene expression regulation.  I 
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examined the transcript accumulation of several JA-biosynthesis genes and found 

evidence of differential accumulation of AOS, AOC1 and OPR3 under free-running 

conditions with an approximately 24-hour period independent of JA-positive feedback 

(Figure 15), indicating that clock may be influencing JA biosynthesis through regulation 

of JA-biosynthesis-gene expression. However, how this regulation occurs remains 

unknown. One possibility is that the clock regulates expression of AOS, AOC1 and OPR3 

directly through clock-related transcription factors such as the core clock component 

CCA1 ( la ad   et al., 2001). A second possibility is that the clock could influence JA 

levels using antagonistic relationship between JA and SA (Glazebrook, 2005; Koornneef 

and Pieterse, 2008, 2008; Thaler et al., 2012). Like JA, SA also cycles rhythmically under 

free-running conditions but with anti-phasic accumulation patterns (Figure 7; Goodspeed 

et al., 2012). Therefore, it is possible that the clock could be directly controlling one 

hormone, which then acts antagonistically on the accumulation of the second hormone. 

CCA1 binds to specific cis-motifs known as the Evening Element (EE; Figure 

32A; Harmer et al., 2000) and the CCA1-binding site (Figure 32A; Wang et al., 1997) in 

the promoter regions of clock regulated genes. A simple sequence based cis-motif search 

of the upstream 3kb promoter region of AOS, AOC1 and OPR3 genes reveals several 

instances of the Evening Element and CCA1-binding site sequences (Figure 32B).  

Therefore, examination of JA-biosynthesis gene expression in plants with altered CCA1 

transcript levels can help determine if the clock could be influencing JA accumulation 

through direct transcriptional regulation. If CCA1 regulates expression of JA biosynthesis 

genes, then JA levels may be higher in plants that constitutively express CCA1 and lower 

in plants with repressed levels of CCA1 expression.  
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Figure 32: Potential CCA1 binding sites 

(A) cis-motif  sequences that can be bound by the CCA1 transcription factor 
(Harmer et al., 2000; Wang et al., 1997). (B) Instances of the CCA1 Binding site 
and Evening element sequences that occur in the 3kb upstream promoter region 
of AOC1, AOS and OPR3. 

  

A

B
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Examination of JA-biosynthesis gene expression in plants with altered SA levels 

revealed that low SA did not appear to affect differential accumulation of JA-biosynthesis 

gene transcripts compared to wild type, at least for the first 24-hour period under free-

running conditions (Figure 16). However, a clear cyclical differential accumulation of 

JA-biosynthesis gene transcripts was not observed in acd6-1 (Figure 16), which have 

high basal SA levels (Lu et al., 2003, 2009; Rate et al., 1999). However, several questions 

remain to be addressed: first, whether SA levels in NahG and acd6-1 cycle under free-

running conditions, and second, whether altered SA levels in NahG and acd6-1 affect 

rhythmic basal JA accumulation under free-running conditions. Finally, the question of 

whether altered AOS, AOC1 and OPR3 transcript accumulation seen in acd6-1 (Figure 

16) is due to higher SA levels in general or due to the mutation in ACD6 affecting JA-

biosynthesis in a non-SA related process remains. For example, a mutation to ACD6 

could be affecting overall clock function. Measurements of JA and SA in NahG and 

acd6-1 under free-running conditions can address the first two questions, while 

measurements of JA-biosynthesis gene transcripts, clock-reporter transcripts, and JA 

levels under free-funning conditions in a NahG x acd6-1 double mutant could potentially 

address the third question. If SA is involved in the regulation of rhythmic basal JA 

accumulation, then JA accumulation should be altered in NahG and acd6-1 plants under 

free-running conditions. Additionally, if clock-reporter gene expression such as CCA1 

cycles under free-running conditions in acd6-1, then the mutation to ACD6 does not 

affect clock function.  Furthermore, if increased SA is responsible for the alteration of 

JA-biosynthetic gene transcript accumulation in acd6-1, then a NahG acd6-1 double 
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mutant with decreased SA levels would display restored rhythmic cycling of JA-

biosynthesis transcript accumulation. 

 Additionally, while I have shown that the circadian clock may regulate JA-

biosynthesis through the timing of JA-biosynthesis gene transcript accumulation (Figure 

15); one question that remains is how the circadian clock can regulate the rhythmic 

decrease of JA levels (Figure 7). Here, we have specifically measured methyl jasmonate 

concentrations (Figure 7) that represent the total amount of jasmonic acid after 

chemically induced methylation during extraction (Schmelz et al., 2004) and naturally 

derived methyl jasmonate formed in plants by a jasmonic acid carboxyl methyltransferase 

(Seo et al., 2001).  In addition to methyl jasmonate, jasmonic acid can also be converted 

to a variety of other compounds in planta which could account for the decrease in 

jasmonic acid levels. One possibility is that JA is conjugated to an amino acid such as 

isoleucine to form JA-Ile (Staswick and Tiryaki, 2004; Staswick et al., 2002). JA-Ile in 

turn, can be metabolized by amidohydrolases (Widemann et al., 2013). Alternatively, the 

circadian clock may regulate the flow of various JA precursors along different pathways. 

For example, in addition to forming JA (Figure 6), OPDA is found in arabidopsides, 

plastid-localized galactolipid-derivatives (Böttcher and Weiler, 2007; Stelmach et al., 

2001), but the mechanism via which OPDA is incorporated into arabidopsides remains 

unclear (Acosta and Farmer, 2010). 

8.5.2. Circadian accumulation of glucosinolates 

Here we have shown that glucosinolate levels accumulate with circadian 

rhythmicity in Arabidopsis and in cabbage (Figure 10 Figure 11; Goodspeed et al., 
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2013b). However, how the clock regulates rhythmic accumulation of glucosinolates is not 

understood. While jasmonates strongly influence the levels of aliphatic and indolic 

glucosinolates in Arabidopsis (Brader et al., 2001; Mewis et al., 2005; Mikkelsen et al., 

2003), further research is required to determine whether this is the mechanism through 

which the clock regulates glucosinolate levels. To determine that a functional clock is 

required for rhythmic accumulation of glucosinolates, individual and total glucosinolates 

need be measured in plants with altered clock function such as CCA1-OX (Wang and 

Tobin, 1998) or lux (Hazen et al., 2005) under free-running conditions to examine 

whether this property is altered or lost.. Glucosinolate levels can also be examined under 

free running conditions in aos plants that lack JA (Park et al., 2002) to determine if the 

clock regulates rhythmic accumulation of glucosinolates through JA. 

Further research can also address how the clock regulates biosynthesis and/or 

degradation of glucosinolates, which are derived from amino acids. In Arabidopsis there 

are 40 known glucosinolates mostly derived from Met and Trp (Sønderby et al., 2010), 

which form aliphatic and indolic glucosinolates, respectively. Biosynthesis of 

glucosinolates involves three independent steps: (1) chain elongation of Met, (2) 

formation of the core glucosinolate structure, and (3) secondary modification of the 

amino acid sign chain (Grubb and Abel, 2006).  

Side chain elongation of Met (Figure 33) begins with deamination by a branched-

chain amino acid aminotransferase (BCAT4, Schuster et al., 2006) to form 2-oxo acid in 

the cytosol. 2-oxo acid can then be transported into the chloroplast by a bile acid 

transporter, BAT5 (Sawada et al., 2009a), where it undergoes 3 successive reactions: (1) 
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condensation with acetyl-CoA by a methylthioalkylmalate synthase (MAM; Kroymann et 

al., 2001; Textor et al., 2007), (2) isomerization by isopropylmalate isomerase (IPMI; 

Knill et al., 2009; Sawada et al., 2009), and (3) oxidative decarboxylation by an 

isopropylmalate dehydrogenase (IPM-DH; Sawada et al., 2009b). This results in the 

elongation of 2-oxo acid by a methylene group, which can be transaminated by BCAT3 

(Knill et al., 2008) to form homoMet. HomoMet can then be used in the construction of 

the core glucosinolate. 

The glucosinolate core (Figure 33) is formed through 5 different biochemical 

steps using 13 enzymes (Sønderby et al., 2010). First, aldoximes are derived from 

precursor amino acids by cytochrome P450 of the CYP79 family. CYP79F1 and 

CYP79F2 act on Met derivatives (Chen et al., 2003; Hansen et al., 2001a) while 

CYP79B2 and CYP79B3 act on Trp precursors (Hull et al., 2000; Mikkelsen et al., 

2000). Aldoximes are then activated through oxidation by members of the CYP83 family. 

CYP83B1 acts on Trp-derived aldoximes, while CYP83A1 acts on aliphatic aldoximes 

(Bak and Feyereisen, 2001; Hansen et al., 2001b; Naur et al., 2003). The activated 

aldoximes can then be non-enzymatically conjugated to a sulfur donor to form S-alkyl-

thiohydroximates, which are then converted to thiohydroximates by the C-S lyase SUR1 

(Mikkelsen et al., 2004). Thiohydroximates are subsequently S-glycosylated by 

glucosyltransferases of the UGT74 family to form desulfoglucosinolates (Sønderby et al., 

2010). UGT74B1 acts on Phe-derived thiohydroximates (Douglas Grubb et al., 2004), 

and co-expression evidence suggests that UGT74C1 acts on Met-derived 

thiohydroximates (Gachon et al., 2005). The desulfoglucosinolates are then sulfated by 

sulfotransferases SOT16, 17 and 18 to form glucosinolates. SOT16 acts on Trp-derived 
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desulfoglucosinolates, while SOT17 and SOT18 act on aliphatic substrates (Piotrowski et 

al., 2004). 

Diurnal (diurnal.mocklerlab.org) is a web-based tool that collates together various 

diurnal and circadian genome-wide expression results from array studies of common 

model plants (Mockler et al., 2007). Additionally, Diurnal uses a pattern-matching 

algorithm called HAYSTACK to calculate a Pearson correlation score between 

expression data and a set of user-defined models to determine a best-fitting model 

(Mockler et al., 2007). Examples of models used to represent cyclical diurnal or circadian 

behavior include: spike, cosine, sine, and box-like patterns (Mockler et al., 2007). Using 

the Diurnal tool to examine the transcript accumulation pattern of the genes associated 

with glucosinolate biosynthesis described above, I found that in Col-0, 15 of the 16 genes 

cycle under 12-hour light/12-hour dark (22
o
C) diurnal conditions, as determined by a 

correlation score (>0.8) between the best fit model and the array data (Table 4). When 

array data was examined for samples collected under free running conditions, 6 of the 16 

genes had a correlation score greater than 0.8; indicating that BCAT4, MAM, CYP79B3, 

CYP83B1, CYP83A1 and UGT74C1 may be under circadian regulation (Table 4). Future 

experiments could confirm that glucosinolate biosynthesis gene transcripts show clock-

dependent cycling under free-running conditions, as well as determine how the clock 

regulates cycling of glucosinolate biosynthesis and/or accumulation. 

Another question to examine is how the clock affects rhythmic glucosinolate 

decreases in plants. As described previously, glucosinolates are broken down 

enzymatically by myrosinases that are normally kept separate from glucosinolates in 
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intact plant tissue (Andréasson et al., 2001; Rask et al., 2000). The interaction of 

glucosinolates and myrosinases occurs due to tissue damage as a result of pest or 

pathogen attack. In addition to damage induced changes in glucosinolate content, 

dynamic changes in glucosinolate content have been observed in intact tissues. For 

example, changes in glucosinolate composition during seed germination and early plant 

development (Brown et al., 2003; Petersen et al., 2002), as well as changes in 

glucosinolate content associated with altered sulfur availability (Falk et al., 2007) have 

been reported, suggesting that non-defensive glucosinolate turnover in intact tissue may 

also exist. One proposal suggests that myrosinase-type enzymes acting in conjunction 

with nitrilases and nitrile-specifier proteins (NSPs), which help promote nitrile formation, 

could break down glucosinolates without forming toxic isothiocyanates (Burow and 

Wittstock, 2008; Kissen and Bones, 2009). Nitrilases are involved in the hydrolysis of 

nitriles to form carboxylic acid and ammonia. Arabidopsis has four nitrilases, three of 

which form the NIT1 group which is  active on nitriles derived from glucosinolates 

(Janowitz et al., 2009; Piotrowski, 2008). However, a nitrilase-dependent glucosinolate 

turnover pathway has not been shown conclusively in planta, and the overall mechanism 

for glucosinolate breakdown in intact plant is not well understood (Wittstock and Burow, 

2010). 
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Figure 33: Overview of core glucosinolate biosynthesis 

Enzymes involved in biosynthesis of the glucosinolate core amino acid 
precursors. (A) Chain elongation of methionine precursors. (B) Construction of 
core glucosinolate from methionine and tryptophan precursors. BAT5, bile acid 
transporter; BCAT, branched-chain amino acid aminotransferase;  CYP, 
cytochrome P450; IPMI, isopropylmalate isomerase; IPM-DH, isopropylmalate 
dehydrogenase; MAM, methylthioalkylmalate synthase; SOT, sulfotransferase; 
SUR1, SUPERROOT1; UGT, uridine diphosphate glycosyltransferase. (Adapted 
from Sønderby et al., 2010). 
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Gene Name Gene ID 
Diurnal correlation 

score 
Free-running 

correlation score 

BCAT4 AT3G19710 0.9 0.8 

BAT5 AT4G12030 1.0 0.6 

MAM AT5G23010 1.0 0.9 

IPMI AT4G13430 1.0 0.7 

IPM-DH AT5G14200 N/A N/A 

BCAT3 AT3G49680 0.9 0.7 

CYP79F1 AT1G16410 1.0 0.7 

CYP79F2 AT1G16400 N/A N/A 

CYP79B2 AT4G39950 0.7 0.7 

CYP79B3 AT2G22330 1.0 0.8 

CYP83B1 AT4G31500 0.9 0.8 

CYP83A1 AT4G13770 1.0 0.8 

SUR1 AT2G20610 1.0 0.7 

UGT74B1 AT1G24100 0.9 0.4 

UGT74C1 AT2G31790 1.0 0.8 

SOT16 AT1G74100 0.8 0.6 

SOT17 AT1G18590 1.0 0.7 

Table 4: Analysis of glucosinolate biosynthesis gene transcript 
accumulation under diurnal and free-running conditions 

Transcript levels of genes associated with glucosinolate biosynthesis were taken 
from plants grown under diurnal (12-hour light/12-hour dark, 22oC)(Hazen et al., 
2009) or under free-running conditions (24-hour light, 22oC)(Harmer et al., 2000). 
They were measured at 12 time points and analyzed using the Diurnal web-
based tool (diurnal.mocklerlab.org). Diurnal was used to compare the time-
course data to user-defined models and a correlation score was generated. A 
score >0.8 represents a signficant correlation (Mockler et al., 2007) 
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8.5.3. Improving postharvest produce performance using entrainment 

Here we have shown that keeping postharvest kale, cabbage, lettuce and spinach 

in light/dark cycles improves several postharvest performance markers when compared to 

storage under constant light or constant dark. Light/dark cycles improved maintenance of 

visual appeal (Figure 19), tissue integrity (Figures 22 and 23), as well as several chemical 

compounds with human health benefits including chlorophyll (Figures 19-21) and 

glucosinolates (Figures 24-27). Surprisingly, when measuring tissue integrity and 

glucosinolate levels, keeping postharvest vegetables in light/dark cycles was comparable 

to the performance achieved from refrigeration, a standard industry practice (Kader, 

2003). Additionally, we have shown that storing postharvest vegetables in light/dark 

cycles improves resistance to B. cinerea when compared to storage under constant light 

(Figure 30). 

One remaining question generated from this work is whether the improvement 

observed when storing postharvest vegetables in light/dark cycles compared to constant 

light or constant dark is due to the benefits of maintaining a robust circadian rhythm.  

Alternatively, the benefits observed with storage under light/dark cycles could be due to 

an optimization of the light exposure required to provide energy for sustained cellular 

metabolism, without inducing the stress of constant light (Ayala et al., 2009; Barbieri et 

al., 2009; Kasim and Kasim, 2007), which can cause tissue damage, or constant dark, 

which can induce plant senescence (Thimann and Satler, 1979; Velerskov, 1987). One 

way to address this question would be to maintain postharvest vegetables in either 

constant dark or constant light and employ diurnal changes in temperatures to entrain the 
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clock; a temperature change of just 4
o
C can entrain the clock in plants (Millar, 2004; 

Salomé and Mcclung, 2005). The postharvest performance of temperature entrained 

vegetables could then be compared to that of those maintained under constant 

temperatures. This method would answer the question of whether it was an optimization 

of light exposure that provided the benefits associated with storage under light/dark 

cycles. 

Several questions of practical importance also remain. First, here we have found 

that postharvest performance is improved in plants when kept under 12-hour light/12-

hour dark cycles at 22
o
C, specifically. However, more work can be done to determine the 

optimal levels of light exposure and temperature to achieve maximum benefits; these 

optimal conditions may vary for different types of vegetables. Optimizing storage 

conditions could decrease the amount of food lost or wasted every year in the world. 

Secondly, we have shown that chlorophyll and glucosinolates, two classes of 

chemical compounds with human health benefits, are maintained for longer periods when 

stored under light/dark cycles. Another question that would be beneficial to address is 

what other human health relevant compounds are maintained for longer periods of time 

when postharvest vegetables are stored in light/dark cycles. Furthermore, while 

glucosinolate levels were comparable between light/dark stored and refrigerated kale and 

cabbage (Figure 25), chlorophyll content was higher in light/dark stored cabbage 

compared to refrigerated cabbage. Therefore, future work can examine if certain 

metabolite concentrations are actually improved when storage occurs under light/dark 

cycles. 
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Addressing these question could be particularly valuable in developing countries 

that have difficulties maintaining cold chain practices (Kader, 2010; Kitinoja et al., 

2011). The use of light/dark cycles could not only improve longevity, which would 

decease food lost, but could also improve produce nutritional content using a storage 

practice that may be easier and less expensive to implement than cold chain practices. 
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Appendix A: Postharvest cabbage 

loses the ability to be re-entrained 

after three days in constant light2 

Postharvest cabbage can be re-entrained using light/dark cycles and displays 

phase-dependent-enhanced resistance to T. ni  (Figure 18; Goodspeed et al., 2013b). To 

examine if the ability to be re-entrained is lost over time, I analyzed the phase-dependent 

enhancement of resistance on cabbage disks entrained at different time points after 

purchase. Based on grocer information, cabbage was harvested between 24 and 72 hours 

before purchase. After purchase, cabbage was kept in constant light at 22
o
C for either 0, 

3, 6, or 9 days before entraining the cabbage in 12 hour light/12 hour dark cycles (LD) at 

22
o
C for 3 days. Entrained cabbage was then moved to free-running conditions consisting 

of constant light (LL) for 24 hours at 22
o
C. After 24 hours, 4 day old T. ni (3 days of LD, 

1 day of LL) were placed on the plants. Following 3 days of insect/cabbage co-incubation 

under LL, T. ni weight gain was measured. 

                                                 

 

2
 These data have been published (Goodspeed et al., 2013b) 
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A significant difference in looper performance in the cabbage that was entrained in LD 

cycles was observed either immediately or up to 3 days post-purchase (Figure 34). T. ni 

entrained in-phase with the cabbage were significantly smaller than the T. ni entrained 

out-of-phase (Figure 34). However, cabbage loses the ability to demonstrate phase-

dependent herbivory resistance if more than 3 days passed before initiating entrainment 

(Figure 34). This indicates that the ability of the cabbage to be re-entrained is lost after 1 

week postharvest. 
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Figure 34: The ability of 
postharvest cabbage to 
demonstrate enhanced 
herbivory resistance after 
in-phase entrainment is 
lost over time 

(A) Photographs of 
representative cabbage disks 
entrained in phase and out of 
phase  with T. ni entrainment 
after 72 hours of 
coincubation. Entrainment 
was initiated the day of 
purchase (0 days) or 3, 6, or 
9 days, as indicated, after 
purchase. Dark spots and 
holes on disks are sites of 
herbivory damage. (B) 
Photographs of 
representative of T. ni after 
72 hours of coincubation with 
cabbage disks entrained in 
phase and out of phase with 
respect to the T. ni. Scale 
bar, 0.5 mm (C) T. ni weight 
gained after 72 hours of 
coincubation with plants. 
Mean area ± SE; n = 18; 
*P<0.05; two-tailed paired t 
test (Goodspeed et al., 
2013b). 
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Appendix B: T. ni prefer to feed on 

postharvest cabbage entrained in 

constant light over cabbage entrained 

in 12-hour light/12-hour dark cycles3 

Previous non-choice experiments with postharvest cabbage and T. ni show that 

cabbage entrained in light/dark cycles are more resistant to T. ni when compared to 

cabbage entrained in constant light or constant dark (Goodspeed et al., 2013b). Cabbage 

entrained in light/dark cycles lose less mass and T. ni gain less mass when compared to 

cabbage that are entrained in constant light or constant dark  (Figure 35; Goodspeed et 

al., 2013b). To examine which tissues T. ni prefers to feed on if given a choice between 

cabbage entrained in light/dark cycles or constant light, I conducted a choice experiment.  

Postharvest cabbage was entrained in either 12-hour light/12-hour dark (LD) cycles or 

constant light (LL) cycles at 22
o
C for 3 days. Three-day-old T. ni entrained with LD 

                                                 

 

3
 These data have been published (Goodspeed et al., 2013b) 
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cycles were placed in an enclosure containing samples of both LD and LL entrained 

cabbage. Cabbage mass loss was then scored following 3 days of insect/cabbage co-

incubation under LL. As shown in Figure 36, the LD entrained cabbage lost significantly 

less mass compared to the LL entrained cabbage, indicating that entrainment of cabbage 

is advantageous to its defense against herbivory and that T. ni prefer to feed on leaf tissue 

that is not entrained under light/dark cycles. 

  



 154 

 

 

 

Figure 35: Maintenance of light/dark cycles enhances T. ni resistance 

(A) Photographs of representative cabbage disks maintained in light/dark cycles 
in phase with T. ni or maintained in constant light or darkness 72 hours after 
incubation with T. ni. Dark spots and holes on disks are sites of herbivory 
damage. (C) Tissue weight loss from cabbage described in (A). Mean area ± SE; 
n = 6. *P<0.005, unpaired t test.(C) Photographs of representative of T. ni 
described in (A). Scale bar, 0.5 mm (D) T. ni weight gained after 72 hours of 
coincubation with plants. Mean area ± SE; n = 6; *P<0.005; two-tailed paired t 
test (Adapted from Goodspeed et al., 2013b.) 
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Figure 36: T. ni prefer to feed on cabbage entrained under constant light 

(A) Schematic depicting set up for choice experiment. LD, denotes cabbage disk 
entrained under light/dark cycles. LL, denotes cabbage disk entrained under 
constant light. Cabbage disks were entrained for 3 days in LD or LL. (B) Tissue 
weight loss from cabbage disks that were entrained in light/dark cycles in phase 
with T. ni or maintained in constant light and then provided together to the T. ni 
as shown in (A) for 72 hours of coincubation, enabling the insects to choose 
among the different disks. Mean area ± SE; n = 15; *P<0.05; two-tailed paired t 
test (Adapted from Goodspeed et al., 2013b.) 


