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ABSTRACT 

The Plant Circadian Clock Regulates Biotic Stress Resistance 
and Defense Hormone Levels  

by 

Danielle Goodspeed 

Diverse life forms have evolved internal clocks enabling them to monitor time 

and thereby anticipate the daily environmental changes caused by the earth’s rotation. 

The plant circadian clock regulates expression of about one-third of the Arabidopsis 

genome, yet the physiological relevance of this regulation is not fully understood. Here 

we show that the circadian clock, acting in concert with hormone signals, provides 

selective advantage to plants through anticipation of and enhanced defense against 

herbivory and fungal infection. Plants entrained in-phase with the cabbage looper 

herbivore, Trichoplusia ni (T. ni), are more resistant to the impacts of this organism than 

plants entrained out-of-phase.  Similarly, when plants are inoculated with the fungus, 

Botrytis cinerea (B. cinerea), the time-of-day at which the inoculation initially occurs 

significantly affects the rate of infection.  Both the circadian clock and jasmonates are 

required for in-phase enhancement of resistance to herbivory and time-of-day resistance 

to fungal infection.   Jasmonate and salicylate accumulation is circadian regulated, and 

accumulation phases are opposite to each other.  We also show that the circadian clock of 

post-harvest cabbage (Brassica oleracea) is entrainable by light-dark cycles, and such 

entrainment results in enhanced herbivore resistance. In addition, entrainment of 

Arabidopsis plants and post-harvest cabbage causes cyclical accumulation of 
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glucosinolates, which function in plant herbivory defense. Finally, the phenomenon of 

post-harvest entrainment and enhanced herbivore resistance is shown to be widespread 

among diverse crops. This work demonstrates that the plant circadian clock not only 

provides a strong physiological advantage in pest defense but can also affect the health 

value of plant-derived food.  
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Chapter 1 

Introduction 

  Circadian regulated behavior 1.1.

In the 18th century a French astronomer, de Mairan, showed that Mimosa plants 

have persistent leaf movement rhythms even under constant dark conditions, marking the 

first known scientific study of the circadian clock (reviewed in McClung, 2006; Más, 

2008).  Since this initial study, a functional circadian clock has been found in some 

prokaryotes and all eukaryotes studied, including plants. 

1.1.1. The circadian clock 

Research in Drosophila, Neurospora, cyanobacteria, mammals and plants 

determined three response characteristics that define whether an output is controlled by 

the circadian clock.  First, the rhythmic output must persist with an approximate 24-hour 

period in constant conditions (Harmer, 2009; Más, 2008).  Second, environmental cues 

can reset the phase of the rhythms (Harmer, 2009; Más, 2008).  Third, rhythms are 
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temperature compensated such that the periods remain relatively constant over a wide 

range of temperatures (Harmer, 2009; Más, 2008). 

1.1.2. The circadian clock in plants 

At the heart of the plant circadian clock is an oscillator comprised of several 

interacting feedback loops that enable the oscillator to be self-sustaining (Fig. 1, reviewed 

in Doherty and Kay, 2010).  Unlike mammals, the plant circadian clock is cell 

autonomous, meaning each cell in a plant has its own oscillator (Yakir et al., 2011).  

Light-dark cycles and/or temperature changes in the environment can entrain the 

oscillator in each cell (reviewed in Harmer, 2009; Más, 2005; Más, 2008), synchronizing 

the clocks throughout the plant, resulting in robust rhythmic patterns of behavior 

(reviewed in Harmer, 2009; Más, 2005; Más, 2008).  When plants are moved to constant 

conditions, over time the oscillators in each cell will become unsynchronized with other 

cells in the plant, dampening overall rhythmic patterns (Yakir et al., 2011).   

In Arabidopsis the central oscillator in each cell is composed of three interlocking 

transcriptional feedback loops, a morning loop, evening loop and core loop (Fig. 1; 

Jimenez-Gomez and Maloof, 2009).  The components of the core loop are CIRCADIAN 

CLOCK ASSOCIATED1 (CCA1), LATE ELONGATED HYPOCOTYL (LHY), TIMING 

OF CAB EXPRESSION1 (TOC1), and CCA1 HIKING EXPEDITION (CHE1) (Yakir et 

al., 2011; Yakir et al., 2009).  CCA1 and LHY are homologous MYB-domain 

transcription factors that have partially overlapping functions and exhibit a robust 

circadian oscillation of both transcript and protein (Ni et al., 2009; Schaffer et al., 1998; 

Wang and Tobin, 1998).  Both CCA1 and LHY are indirectly positively regulated by 

TOC1, and in turn negatively regulate TOC1 expression (Fig. 1; Alabadi et al., 
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Figure 1. The circadian clock in Arabidopsis 
The current model of the circadian clock in Arabidopsis showing three loops: the morning loop, evening 
loop and core loop.  CCA1, LHY, CHE, and TOC1 are transcription factors in the core loop required for 
a functional oscillator.  X is an unknown transcription factor required for TOC1 positive regulation of 
CCA1 and LHY.  PRR7 and PRR9 are transcription factors in the morning loop.  Y is an unknown 
transcription factor required for proper function of the evening loop  (Modified from Jimenez-Gomez 
and Maloof, 2009) 
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2001; Park et al., 1999; Strayer et al., 2000).  Transcription of CCA1 and LHY occurs just 

before dawn, which allows CCA1 and LHY to repress TOC1 expression in the morning 

(Fig. 1; Alabadi et al., 2001). In the evening, TOC1 expression increases as CCA1 and 

LHY expression levels decrease; elevated TOC1 expression levels then lead indirectly to 

activation of CCA1 and LHY expression (Fig. 1; Alabadi et al., 2001).  TOC1 negatively 

regulates CHE1 expression, and then CHE1 negatively regulates CCA1 expression 

(Pruneda-Paz et al., 2009; Pruneda-Paz and Kay, 2010).  TOC1 also indirectly positively 

regulates LHY and CCA1 expression through an unknown mechanism (Pruneda-Paz and 

Kay, 2010).     

In the evening loop (Fig. 1) TOC1 negatively regulates expression of an unknown 

gene (Y) which relieves repression of TOC1 expression (Pruneda-Paz and Kay, 2010).  

This unknown gene (Y) is also negatively regulated in expression by CCA1/LHY 

(Pruneda-Paz and Kay, 2010). In the morning loop (Fig. 1) CCA1/LHY positively 

regulates Pseudo Response Regulator 7/Pseudo Response Regulator 9 (PRR7/PRR9) 

expression (Pruneda-Paz and Kay, 2010).  PRR7/PRR9 then negatively regulates 

CCA1/LHY expression (Pruneda-Paz and Kay, 2010).  The regulation of these three 

interacting feedback loops leads to a circadian oscillation of approximately 24 hours. 

1.1.3. Circadian regulated Arabidopsis gene expression 

Approximately 31- 40% of all expressed genes in Arabidopsis are under circadian 

control (Michael and McClung, 2003; Covington et al., 2008), suggesting that the 

circadian clock controls diverse plant functions.  For example, rapid wound responsive 

genes, whose functions are unknown, are expressed within five minutes after wounding 
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and are also circadian regulated, but the physiological relevance of the circadian 

regulation is unknown (Walley et al., 2007).  Whether rapid wound responsive genes are 

gated by the clock remains an active area of research (Walley et al., 2007).      

1.1.4. Circadian behaviors of plants 

The circadian clock in plants regulates flowering time, tuberization, movement of 

cotyledons, petals and leaves, stomatal opening and closing, cold responses, 

photosynthesis, light perception and plant growth (Dodd et al., 2005; Más, 2008; Yakir et 

al., 2009; Yamashino, 2013).   The circadian clock also controls responses to seasonal 

changes (McClung, 2006).  The clock is hypothesized to enable plants not only to 

acclimate to the environment but also anticipate cyclical environmental changes.  When 

the circadian period of plants matches that of the environmental light-dark cycle, there is 

a competitive advantage conferred to the organism (Dodd et al, 2005; Ouyang, et al, 

1998). 

 Phytohormones 1.2.

1.2.1. Phytohormones promote herbivore and fungal pathogen resistance 

As sessile organisms, plants must endure many biotic stresses. Biotic stresses are 

caused by other living organisms such as herbivorous insects or fungi.   To survive, 

plants have evolved mechanisms to respond to such stresses.  Hormone signaling 

pathways, such as jasmonic acid, are incorporated into stress responses, activating plant 

defenses (Fig. 2; Fujita et al., 2006; Schilmiller et al., 2007). When a stress occurs, plants 

increase the accumulation and signaling of jasmonic acid (Fig. 2; Fujita et al., 2006). 
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Figure 2. Signaling pathway of stress responses 
Biotic stresses such as herbivory and fungal infection activate 
hormone signaling, MAP kinases and transcription factors, 
inducing stress responses.  (Adapted from Fujita et al., 2006).   
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Jasmonates turn on a MAP kinase cascade, which then activates transcription factors that 

regulate responses (Fig. 2; Fujita et al., 2006).   

Hormone signaling pathways can activate either direct or indirect defenses for 

plants.  A direct defense affects an herbivore directly, such as chemicals that affect the 

digestive system of the herbivore (Gols et al., 2008).  An example of an indirect defense 

is the emission of volatile organic compounds that attract herbivorous insects’ natural 

enemies (Gols et al., 2008).  

For example, in response to attack by the generalist herbivore Trichoplusia ni (T. 

ni, cabbage looper), tomato plants generate anti-digestive and anti-nutritive compounds in 

a jasmonate-dependent manner (Scott et al., 2010).  Jasmonates also enable plants to 

produce volatiles that attract predator wasps that feed on plant herbivores (Bruinsma et 

al., 2009). 

Plants defend themselves against fungal pathogens by using hormone signaling, 

but different hormones regulate the defense responses against distinct fungal pathogens 

(Browse, 2009).  Biotrophic pathogens, which feed on living tissue, induce the salicylic 

acid pathway, whereas necrotrophic pathogens, which feed on dead tissue, induce the 

jasmonate pathway (Browse, 2009).  Jasmonate induction by necrotrophic fungal 

infection promotes accumulation of antimicrobial compounds, such as camalexin 

(Browse, 2009).   

Even though plant defenses may aid in fitness against biotic stresses, active 

defense may result in a cost to plants (Burdon and Thrall, 2003).  Plants carrying 

resistance genes for certain pathogens can have decreased biomass and seed production 

(Tian et al, 2003; Burdon and Thrall, 2003). There may be a balancing act plants play  
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between pest resistance and plant growth.   Plants may have evolved to use the circadian 

clock to regulate defense responses to reduce the cost of constitutive activation of 

defense.  For example, plants may achieve greater fitness by employing their defense 

mechanisms only when a specific pest is likely to be active instead of having the defense 

responses turned on constitutively. 

1.2.2. Jasmonates 

1.2.2.1. Biosynthesis pathway  

Jasmonate is synthesized via the octadecanoid pathway (Fig. 3).  The initiation of 

jasmonate synthesis occurs in the chloroplast (Howe and Jander, 2008), where linolenic 

acid is converted to 12-oxo-phytodienoic acid (OPDA) through a series of reactions by 

lipoxygenase (LOX), allene oxide synthase (AOS), and allene oxide cyclase (AOC) (Fig. 

3; Schilmiller et al., 2007; Wasternack and Kombrink, 2009).  OPDA is then transported 

to the peroxisome by an ABC transporter where it is reduced to OPC-8:0 by OPDA 

reductase 3 (OPR3) (Fig, 3; Schilmiller et al., 2007; Wasternack and Kombrink, 2009).  

OPC-8:0 is then converted to its CoA derivative by OPC-8:0 CoA ligase and then 

undergoes 3 cycles of β-oxidation to yield jasmonate (Fig. 3; Schilmiller et al., 2007; 

Wasternack and Kombrink, 2009).  Jasmonate is transported to the cytosol where it is 

either metabolized by jasmonate resistant 1 (JAR1) to its biologically active form, 

Jasmonate-isoleucine (JA-Ile), or methylated by a methyltransferase to methyl-jasmonate 

(Me-JA; Howe and Jander, 2008; Wasternack and Kombrink, 2009).  Me-JA is a volatile 

organic compound that can signal to unharmed plants of possible danger so those plants 

can produce a defensive reaction or can induce nicotine and trypsin proteinase inhibitors 
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Figure 3. Jasmonate biosynthesis pathway 
Phospholipases release linolenic acid from the chloroplast membrane, and 
through a series of reactions with the enzymes LOX, AOS, and AOC, make 
OPDA.  OPDA is then transported out of the chloroplast and into the 
peroxisome where OPDA is reduced to OPC-8 by OPR3.  OPC-8 goes 
through 3 rounds of beta oxidation to produce jasmonate. 
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 within the original plant (Wu et al., 2008). 

1.2.2.2. Signaling pathway 

When JA-Ile levels are low, the jasmonate ZIM domain (JAZ) repressors are 

bound to the transcription factor MYC2 inhibiting the transcription of jasmonate-

responsive genes (Fig. 4).  When JA-Ile levels are high, JA-Ile binds to the receptor 

CORONATINE INSENSITIVE PROTEIN 1 (COI1), a part of the Skp/Cullin/F-box 

containing (SCFCOI1) complex (Fig. 4; Fonseca et al., 2009; Memelink, 2009; Wasternack 

and Kombrink, 2009).  Once JA-Ile binds to COI1 the JAZ proteins are recruited to the 

SCFCOI1 complex and are marked for degradation by polyubiquitination (Fig. 4; Fonseca 

et al., 2009; Memelink, 2009; Wasternack and Kombrink, 2009).   After the JAZ proteins 

are polyubiquitinated by the SCFCOI1 complex the JAZ proteins are degraded by the 26S 

proteasome and inhibition of the transcription factor MYC2 is released, allowing for 

expression of jasmonate responsive genes (Fig. 4; Fonseca et al., 2009; Memelink, 2009; 

Wasternack and Kombrink, 2009).    
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Figure 4. Jasmonate signaling pathway 
(A) Jasmonate is converted to JA-Ile (purple circles) by JAR1.  JA-Ile 
binds to the co-receptor, COI1.  (B) JAZ proteins (green bars) bind to 
COI1 and polyubiquitinate (green circles) the JAZ proteins.  (C) The 
polyubiquitinated JAZ proteins are targeted for degradation by the 26S 
proteasome.  Once the JAZ proteins are degraded the MYC2 transcription 
factor activates transcription of jasmonate responsive genes.  (Adapted 
from Wasternack, and Kombrink, 2009) 
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1.2.3. Salicylates 

1.2.3.1. Biosynthesis pathway 

The biosynthesis of salicylates occurs through two pathways.  In the first 

pathway, salicylate is synthesized from phenylalanine through the shikimate pathway 

(Fig. 5; Chen et al., 2009; Metraux, 2002). Phenylalanine is converted to cinnamate by 

phenylalanine ammonia lyase (PAL; Fig. 5; Chen et al., 2009; Metraux, 2002); cinnamate 

can then form either benzoate or o-coumarate depending on the timing of the 

hydroxylation of the aromatic ring. Whether the hydroxylation takes place before or after 

the chain-shortening reaction determines the product (Chen et al., 2009).  Although it is 

known that salicylate can be synthesized from cinnamate, none of the enzymes required 

to convert cinnamate to salicylate have been determined (Chen et al., 2009).  Genetic 

studies have revealed another pathway that can synthesize salicylate.  The isochorismate 

pathway includes two isochorismate synthase (ICS) enzymes (Fig. 5; Chen et al., 2009).  

Two other enzymes that may be in the ICS pathway are Enhanced Pseudomonas 

Susceptibility (EPS1) and avrPphb susceptible 3 (PBS3) (Fig. 5; Chen et al., 2009).  

EPS1 is a BAHD acyltransferase that may be required for the synthesis of a precursor or 

regulatory molecule in the salicylate biosynthesis pathway (Chen et al., 2009).  PBS3 is 

an acyl-adenylate/thioester-forming enzyme; also known as a GH3 protein (Chen et al., 

2009).    Although genetic studies have linked both EPS1 and PBS3 to the salicylate 

biosynthesis pathway, the roles these enzymes play in salicylate biosynthesis remain to 

be determined. 
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Figure 5. Salicylate biosynthesis pathway 
Salicylate is synthesized via two different pathways.  One pathway synthesizes  SA from 
phenylalanine through the enzymes PAL and other unknown enzymes.  The second pathway 
synthesizes SA from chorismate through the enzymes ICS, PBS3, EPS1 and other unknown 
enzymes. 
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Both the isochorismate and the shikimate pathways are known to be involved in 

salicylate biosynthesis, but there are still many unknowns about both pathways.  

Evidence suggests that the ICS pathway makes 95% of the basal levels of salicylates, but 

both pathways are required for plant defense against biotrophic pathogens (Chen et al., 

2009).  Even though biosynthesis of salicylates is known to occur through the 

isochorismate and shikimate pathways, how accumulation of salicylates is regulated is 

still unknown. 

1.2.3.2. Signaling pathway  

Salicylate acts in part through the Nonexpressor of PR genes 1 (NPR1)-dependent 

signaling pathway (Fig. 6; Lu, 2009). Response to salicylate indirectly causes redox 

changes; NPR1 undergoes redox-dependent conformational alterations that regulate 

NPR1 cytoplasm-to-nucleus translocation and interaction with NIM Interacting (NIMIN) 

proteins and WRKY and TGA transcription factors (Fig. 6; Lu, 2009).  Salicylate 

signaling through NPR1 results in upregulation of Pathogenesis related protein 1 (PR1) 

expression. PR1 is required for systemic acquired resistance, which enables uninfected 

areas of a plant to accumulate defense compounds, such as phytoalexins, to prevent 

infection spread (Gaffney et al., 1993; Seo et al., 2008).  NPR1 can regulate the 

accumulation of salicylates (Lu, 2009).  There is another signaling pathway which is 

NPR1-independent (Fig. 6).  Salicylate accumulation also produces a hypersensitive 

response (Yoshioka et al., 2001).  The hypersensitive response is a controlled cell death   
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response at the site of infection to inhibit the spread of infection (Yoshioka et al., 2001).   

 Salicylates and jasmonates often act antagonistically to each other, such that when 

salicylate levels are high, jasmonates are low (Leon-Reyes et al., 2010; Smith et al., 

2009).  The antagonistic relationship between jasmonate and salicylate is partially 

mediated through NPR1 (Thaler et al., 2012).  When salicylate levels are high NPR1 can 

inhibit the accumulation of jasmonates (Thaler et al., 2012). Similarly, when jasmonate 

levels are high COI1 can inhibit the accumulation of salicylates (Turner et al., 2002).  

The antagonistic relationship between salicylates and jasmonates is often studied under 

stress conditions (Gupta et al., 2000).  It remains to be determined if the antagonistic 

relationship between jasmonates and salicylates also occurs at basal accumulation levels 

without organismal stress.   
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Figure 6.  Salicylic acid signaling pathway 
There are two salicylate signaling pathways.  The NPR1-independent pathway has remained largely 
unstudied.  The NPR1-dependent pathway involves NIMIN proteins, and TGA and WRKY transcription 
factors.  (Adapted from Lu, 2009) 
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 Glucosinolates 1.3.

1.3.1.  Glucosinolate function 

Glucosinolates are secondary metabolites in plants with important roles in plant 

resistance to pathogens and insects (Hopkins et al., 2008; Sonderby et al., 2010).  This 

class of compounds is also beneficial to humans, is often found in condiments and 

exhibits anti-cancer properties (Halkier and Gershenzon, 2006). Glucosinolates are 

produced by many cruciferous vegetables, including broccoli, parsnip, Brussel sprouts, 

radish, wasabi, cauliflower, cabbage, mustard, and horseradish (Finley, 2005). 

1.3.2. Glucosinolate classes 

The three classes of glucosinolates, -aliphatic, benzenic and indolic, -are derived from 

different amino acids (Fig. 7A; Sonderby et al., 2010).  Aliphatic glucosinolates are 

derived from alanine (Ala), leucine (Leu), isoleucine (Ile), valine (Val), and methionine 

(Met).  Benzenic glucosinolates are derived from either phenylalanine (Phe) or tyrosine 

(Tyr), and indolic glucosinolates are derived from tryptophan (Trp) (Fig. 7A; Sonderby et 

al., 2010).  

1.3.3. Glucosinolate biosynthesis 

In general, there are three steps to glucosinolate biosynthesis.  First, the precursor 

amino acid side chain is elongated by a methylene group, then the modified amino acid 

enters a pathway to form the core glucosinolate structure, and finally the amino acid side 

chain undergoes any additional modifications (Fig. 7B; Sonderby et al.,  
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Figure 7. Glucosinolate biosynthesis 
(A) Classes of glucosinolates and the amino 
acids from which they are derived. (B) 
Glucosinolate biosynthesis occurs in three 
steps; side chain elongation, glucone formation, 
and side chain modification. 
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2010).  If the amino acid is Met or Phe, the amino acid is first deaminated by a branched-

chain amino acid aminotransferase (BCAT) to a 2-oxo acid, then the 2-oxo acid is 

condensed with acetyl-CoA by methylthioalkylmalate synthase, isomerized by an 

isopropylmalate isomerase, and goes through an oxidative decarboxylation by 

isopropylmalate dehydrogenase (IPM-DH) to be elongated by a methylene group 

(Sonderby et al., 2010).    The molecule can then either go through another round of chain 

elongation or be transaminated by a BCAT and enter the core structure pathway 

(Sonderby et al., 2010).  Once the elongated amino acid enters the core structure 

pathway, the precursor amino acid is converted to an aldoxime by a cytochrome P450 of 

the CYP79 family, the aldoxime is oxidized to either a nitrile oxide or aci-nitro 

compound by a cytochrome P450 of the CYP83 family, then the activated aldoxime is 

conjugated non-enzymatically to a sulfur donor to produce S-alkyl-thiohydroximate, 

which is then converted to a thiohydroximate by a C-S lyase (Sonderby et al., 2010).  The 

thiohydroximate is S-glucosylated by glucosyltransferase to form a desulfoglucosinolate 

which is then sulfated by a sulfotransferase to form a glucosinolate (Sonderby et al., 

2010).  Secondary modifications can then occur to the glucosinolate.  Modification of 

aliphatic glucosinolates include oxygenation, hydroxylation, alkenylation and 

benzoylation; indolic glucosinolates can be modified by hydroxylation or methoxylation 

(Sonderby et al., 2010).   

Regulation of glucosinolate metabolism is not fully understood but jasmonate, 

salicylate, and ethylene control induction of glucosinolate accumulation (Yan and Chen, 

2007), with jasmonate levels strongly influencing both the indolyl and aliphatic 

glucosinolate accumulation (Grubb and Abel, 2006).  Production of aliphatic 
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glucosinolates is regulated by MYB28 and MYB29 (Beekwilder et al., 2008; Hirai et al., 

2007).  The loss of both MYB28 and MYB29 results in a complete loss of aliphatic 

glucosinolates (Beekwilder et al., 2008).  The loss of aliphatic glucosinolates renders 

plants more susceptible to herbivory; therefore, aliphatic glucosinolates are required for 

defense against insect herbivory (Beekwilder et al., 2008).  Altered tryptophan regulation 

1 (ATR1), which is a MYB transcription factor, controls production of indolyl 

glucosinolates (Grubb and Abel, 2006).  ATR1 accumulation is regulated by the circadian 

cycle with peak expression at mid-subjective day (diurnal.mocklerlab.org, 2012; 

Covington et al., 2008).    

1.3.4. Glucosinolate break down 

The break-down (also referred to as degradation) of glucosinolates, by the 

glucosinolate-myrosinase system produces the products necessary for both plant defense 

and anti-cancer properties (Fig. 8; Halkier and Gershenzon, 2006; Mumm et al., 2008). 

Plants separate glucosinolates and the enzyme myrosinase unless under attack because 

the break-down products of glucosinolates are toxic to plants and can produce reactive 

oxygen species within the plant (Halkier and Gershenzon, 2006; Mumm et al., 2008).  

Under normal conditions glucosinolates and myrosinase are physically separated; 

glucosinolates in vacuoles and myrosinase in idioblast cells (Halkier and Gershenzon, 

2006; Mumm et al., 2008).  Upon tissue damage by pathogen attack, insect herbivory or 

wounding, glucosinolates and myrosinases can interact, causing hydrolysis of the 

thioglucoside link (Fig. 8; Halkier and Gershenzon, 2006; Mumm et al., 2008).  

Hydrolysis of glucosinolates leads to two products, glucose and an unstable aglycone 
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Figure 8. Glucosinolate break down 
Under normal conditions, plants keep glucosinolates and myrosinase separate, but when attacked by 
insects, plants release myrosinase, which acts on glucosinolates to convert them into isothiocyanates, 
nitriles, thiocyanates, epithionitrile, or oxazolidine-thione.  
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 (Fig. 8; Halkier and Gershenzon, 2006; Mumm et al., 2008).  The aglycone then 

spontaneously rearranges into one of a variety of products.  These compounds include 

isothiocyanates, oxazolidine-2-thiones, nitriles, epithionitriles, and thiocyanates, the most 

abundant of which is isothiocyanates (Fig. 8; Halkier and Gershenzon, 2006; Mumm et 

al., 2008).  Isothiocyanates are important for plant direct defenses, causing toxic effects 

upon ingestion or contact (Fig. 8; Mumm et al., 2008) and are also largely responsible for 

the anti-cancer properties of the cruciferous vegetables (Fig. 8; Björkman, 2011; Finley, 

2005). 

1.3.1. Role of isothiocyanates in anti-cancer activities 

The isothiocyanates with demonstrated anti-cancer properties are sulforaphane 

(Fig. 9), phenethyl isothiocyanate, allyl isothiocyanate and indole-3-carbinol, but other 

isothiocyanates may also contribute to the anti-cancer properties of cruciferous 

vegetables (Finley, 2005).  Isothiocyanates affect many steps of cancer development by 

functioning as direct antioxidants by reducing free radicals or as indirect antioxidants by 

inducing phase II enzymes, modulating cell signaling, inducing apoptosis, controlling the 

cell cycle and reducing Helicobacter infections (Fahey et al., 2002; Finley, 2005).   

Sulforaphane, the most studied isothiocyanate, is produced by the break-down of 

4-methylsulfinylbutyl glucosinolate (Björkman et al., 2011).  Sulforaphane has an 

inhibitory effect on tumor growth in studies of prostate (Bhamre et al., 2009), breast 

(Azarenko, et al., 2008), and colon cancers (Ecker et al., 2008).  Sulforaphane also 

downregulates the inflammation markers nitric oxide and select prostaglandins and 

cytokines (Cheung et al., 2009).  The anti-cancer benefits of glucosinolates and their 

break down products remain an active area of research.   
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Figure 9.  Structure of sulforaphane 
Sulforaphane is an isothiocyanate produced by 
the break-down of 4-methylsulfinylbutyl 
glucosinolate.  

 



 

Chapter 2 

Methods 

 Plant materials and growth conditions 2.1.

All Arabidopsis genotypes have the Col-0 genetic background (Table 1). Col-0 is the 

most frequently used natural accession of Aradiopsis.  It is most commonly used because 

it  Seed sources: Col-0 (Lehle Seeds, Round Rock, TX), gl, aos, Arabidopsis Biological 

Davis), jar1 (UC-Davis), lux-2, elf4-,1, CCA1-OX, Stacey Harmer (UC-Davis), and 

myb28myb29, Dan Kliebenstein (UC-Davis).  

2.1.1.1.  Arabidopsis plant growth and entrainments 

The number of seeds needed for an experiment were counted out manually and 

then placed into a 2 mL Eppendorf tube.  Seeds were surface sterilized with 1 mL 70% 

ethanol for 5 minutes, manually shaking the seeds every 30 seconds.  Then the 70% 

ethanol was siphoned out, and 1 mL 95% ethanol was added for 15 minutes, manually 

24 
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shaking the seeds every minute.  The 95% ethanol was then siphoned off, and the seeds 

were washed with three consecutive rinses with 1 mL sterilized water. 

 

 
Table 1. Arabidopsis seed genotype, mutant/transgene and seed source. 

  

Genotype Mutant/Transgene Seed Source 

Col-0  Lehle Seeds 

aos Mutant ABRC 

gl1 Mutant ABRC 

jar1 Mutant UC-Davis: Dr. Dehesh 

lux-2 Mutant UC-Davis: Dr. Harmer 

elf4-1 Mutant UC-Davis: Dr. Harmer 

CCA1-OX Transgene UC-Davis: Dr. Harmer 

myb28myb29 Mutant UC-Davis: Dr. Kliebenstein 
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Sterilized seeds were cold treated in 1 mL water at 4 oC for 4 days in the dark 

before being sown on growth medium containing half-strength Murashige and Skoog 

salts (Table 2), 30 g/L sucrose and solidified with 12 g/L type E agar (Sigma, Product no: 

A4675), pH 5.7.  Seeds were allowed to germinate in 12-hour light-dark cycles (140 µE) 

at 22 °C for one week. Seedlings were transferred with tweezers to soil (Sunshine MVP 

soil, Sun Grow Horticulture), being careful not to break the roots, adding 16 plants per 

cycles (140 µE). At three weeks of age, when plants were still in vegetative stage without 

inflorescence development, plants were moved to constant light or dark conditions, as 

specified in each experiment.  After 24 hours in constant conditions, 5 T. ni entrained in 

12-hour light-dark cycles, were added to each pot by using a fine brush and softly 

transporting the T. ni from their diet to the pots.  The T. ni were allowed to feed freely on 

the plants for 72 hours (Fig. 10). Following T. ni -feeding experiments, remaining plant 

tissue was imaged and quantified using ImageJ software (NIH).  Quantification was 

performed in each photograph by selecting the plant tissue remaining and determining the 

area of plant tissue remaining after feeding.  Two-tailed paired or unpaired Student t-tests 

were performed, and P values of < 0.05 were used as limit values for showing 

significance. Student t-test is most often used for comparison between two sets of data 

and was therefore chosen for statistical analysis in these experiments. 

2.1.1.2.  Crop treatments 

Crop vegetables and fruits were purchased from a local organic grocer.  Vegetables 

and fruits were purchased from the local grocer instead of growing them in-house to 

mimic the consumer.  Leafy vegetables were cut into 3 cm diameter disks and placed on 

5% agar plates; all other vegetables and fruits were kept whole.  For circadian 
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experiments, vegetables and fruits were entrained at 22 °C under 12-hour light-dark 

cycles (140 µE) for 3 days before moving to free-running conditions under constant light. 

After 24 hours in constant conditions, the vegetables and fruit were weighed for an initial 

weight measurement, and then 3 weighed T. ni were moved to each vegetable or fruit by 

softly transporting them with a fine brush from the diet to the vegetables or fruit.  T. ni 

were allowed to feed freely for 72 hours.  To measure water loss in the vegetables and 

fruit over time, control vegetables and fruits were placed in the same conditions without 

T. ni exposure.  Two- tailed paired or unpaired Student t-tests were performed, and P 

values of < 0.05 were used as limit values for showing significance. 
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Table 2. Ingredients for Murashige and Skoog salts 
 

Major Salts (Macronutrients) Minor Salts (Micronutrients) Vitamins and organics 
Ammonium nitrate (1650 mg/L) Boric acid (6.2 mg/L) i-Inositol (100 mg/L) 

Calcium Chloride (440 mg/L) Cobalt Chloride (0.025 mg/L) Niacin (0.5 mg/L) 

Magnesium sulfate (370 mg/L) Cupric sulfate (0.025 mg/L) Pyridoxine-HCl (0.5 mg/L) 

Potassium phosphate (170 mg/L) Ferrous sulfate (27.8 mg/L) Thiamine-HCl (0.1 mg/L) 

Potassium nitrate (1900 mg/L) Manganese sulfate (22.3 mg/L) IAA (1-30 mg/L) 

 Potassium iodide (0.83 mg/L) Kinetin (0.04-10 mg/L) 

 Sodium molybdate (0.25 mg/L) Glycine (2 mg/L) 

 Zinc sulfate (8.6 mg/L) Edamine S (1 mg/L) 

 Na2EDTA (37.2 mg/L) Sucrose (30 mg/L) 

  Agar (10 mg/L) 
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 Trichoplusia ni handling and treatments 2.1.

T. ni eggs (Benzon Research, Carlile, PA) were sterilized with a 25% bleach 

solution.  In a 500 mL beaker, T. ni eggs were removed from the paper the eggs were 

shipped on and 100 mL of 25% bleach was added.  The eggs incubated in the 25% bleach 

solution for 3 minutes and then the bleach solution was siphoned off the eggs.  The eggs 

were rinsed 3 times in 100 mL water and then placed on paper towels to dry and hatch.  

T. ni eggs were hatched at 25 °C, and then transferred and incubated on petri dishes filled 

with pinto bean diet under 12-hour light-dark cycles (140 µE) at 22 °C for 3 days, before 

being moved to constant light conditions. When necessary, T. ni were gently moved onto 

plates or plants using a fine brush. Visibly similar size T. ni loopers were weighed and 

then placed with plants using a fine brush for co-incubation experiments. The 

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

determined. Two-tailed paired or unpaired Student t-tests were performed, and P values 

of < 0.05 were used as cut off values for showing significance. 
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Figure 10. Schematic of T. ni- plant co-incubation experiments 
Plants and T. ni were entrained in 12-hour light-dark cycles with the cycles either coincident (in phase, top) or 
12 hours out of phase (out of phase, bottom) with each other.  The white bars represent day and the black bars 
represent night.  Both plants and T. ni were moved to constant conditions as shown with the white (subjective 
day) and gray (subjective night) bars. T. ni and plants were co-incubated for 72 hours. 

In Phase 

Out of Phase 

T. ni-plant co-incubation 
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For feeding behavior studies, T. ni were entrained in 12-hour light-dark cycles 

(140 µE) at 22 °C for 3 days on plates of pinto bean diet before being moved into 

experimental conditions.  Twenty T. ni were placed on each plate and incubated with 

approximately 5 grams of pinto bean diet. Every 4 hours, the food remaining was 

weighed, and a new 5-gram aliquot was substituted. This cycle continued for 72 hours.  

Weight loss of artificial diet incubated without T. ni was subtracted from the diet weight 

loss after T. ni feeding to account for evaporation loss.  

2.1.1. Pinto bean artificial diet 

Homemade diet feed for T. ni was composed as described previously (Smith, C., 

1966).  In brief, the feed was generated by adding 25 g agar (Sigma Aldrich) to 900 mL 

boiling water, then adding 18 g of organic cooked pinto beans (Whole Foods).  The 

mixture was blended on high for 1.5 minutes with a 12-speed blender (Oster, Amazon) 

with an additional 90 mL water.  Additional ingredients were blended in at high speed for 

an additional 1.5 minutes: 3.3 g vitamin diet fortification (MP Biomedicals), 42 g casein 

(Sigma Aldrich), 42 g sucrose (Sigma Aldrich), 36 wheat germ (MP, MP Biomedicals), 

12 g Wesson's salt mix (Table 3, MP Biomedicals), 6 g Alfacel (non-nutritive bulk, MP 

Biomedicals), 1.66 g methyl paraben in 18 ml 95 % ethanol (Bioreagent, Sigma Aldrich), 

1.66 g sorbic acid (Sigma Aldrich), 5 g ascorbic acid (BioXtra, Sigma Aldrich),  and 0.16 

g streptomycin sulfate (Sigma Aldrich).  The mixture was poured into dishes to harden 

and stored at 4 oC wrapped in cellophane.  Fresh diet was used within 3 weeks.   
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       Table 3. Wesson’s Salt Mix (% by weight)   

 

Calcium Carbonate (21%) 

Copper Sulfate (0.039%) 

Ferric Phosphate (1.47%) 

Manganese Sulfate (0.020%) 

Potassium Aluminum Sulfate (9%) 

Potassium Chloride (0.009%) 

Potassium Phosphate Monobasic (12%) 

Potassium Iodide (31%) 

Sodium Chloride (0.005%) 

Sodium Fluoride (10.5%) 

Tricalcium Phosphate (14.9%) 
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 Phytohormone measurements 2.2.

  Arabidopsis Col-0, grown at 22 oC under 12 hour light-dark cycles for 3 weeks, 

were transferred to constant darkness at the 5-leaf stage for 24 hours.  For clock-regulated 

jasmonate and salicylate quantification, leaves from about 8 plants were cut from the 

plant using scissors and flash frozen in liquid nitrogen every 4 hours for 48 hours.  For 

comparison of jasmonate accumulation levels in T. ni-infested plants relative to non-

infested plants, one set of plants was exposed to T. ni, and one set was left as controls.  

Leaves were harvested every 6 hours for 24 hours and flash frozen with liquid nitrogen.  

Jasmonates and salicylates were extracted as described (Chehab et al., 2011; Chehab et 

al., 2008, Engelberth et al., 2003). The methyl ester volatile compounds were captured on 

HaySep-Q (Grace Davison Discovery Sciences, Deerfield, IL) columns by vapor-phase 

extraction. The trapped metabolites were then eluted with 150 µL of dichloromethane and 

analyzed by GC-MS using a Hewlett and Packard 6890 series gas chromatograph coupled 

to an Agilent Technologies 5973 network mass selective detector operated in electronic 

ionization (EI) mode. One µL of sample was injected in splitless mode at 250°C and 

separated using an Restek Rtx-35ms column (30 m x 0.25 mm x 0.1 mm) held at 40°C 

for 1 min after injection, and then at increasing temperatures programmed to ramp at 

15°C/min to 250°C (10 min), with helium as the carrier gas (constant flow rate 0.7 

ml/min). Measurements were carried out in selected ion monitoring mode with retention 

times and M + m/z ions as follows: JA-ME (trans 11.98 min, cis 12.28 min, 224) and SA-

ME (trans 7.81, cis 8.12, 120). 
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2.2.1. Botrytis growth, maintenance and infection 

B. cinerea spores were obtained from Dr. Dan Kliebenstein, UC Davis, and then 

grown on 1% agar (Sigma Aldrich) in petri dishes at 25 oC until sporulation.  B. cinerea 

spores were collected by putting distilled water into the petri dish and suspending the 

spores, then filtering the mixture through glass wool into a 50 mL Falcon tube.  Spore 

number was quantified using a hemacytometer.   Stock solutions of B. cinerea spores 

were divided into aliquots consisting of 500 spores/µl in 30% glycerol and stored at -80 

oC until further use.  Working solutions of 100 spores/µl were made by diluting the stock 

with a 50% water/50% organic grape juice solution.   

Plants were grown in 12-hour light-dark cycles (140 µE) at 22 oC for 5 weeks 

then moved to constant light.  After 24 hours in constant light, the 5th leaf on each plant 

was cut using scissors to give 40 age-matched leaves and placed on 0.8% agar.  The 

detached leaves were infected with 100 spores of B. cinerea by putting a drop of the B. 

cinerea working solution on the left side of each leaf.  Every 4 hours for 24 hours a new 

set of 40 age-matched leaves were detached from plants and inoculated with spores (Fig. 

11A). The extent of plant resistance to fungal infection was assessed by measuring the 

horizontal diameter of each leaf lesion after 72 and 96 hours post inoculation using 

ImageJ software (Fig. 11 B; Denby et al., 2004).  One-way ANOVA tests were 

performed, and P values of < 0.05 were used as cut off values for showing significance.  

This test is most often used for determining the difference between three or more groups; 

therefore, this test was used for the B. cinerea experiments.   
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Figure 11. Schematic of B. cinerea inoculation 
 (A) Plants were entrained in 12 hour light-dark cycles for 5 weeks.  The white bars represent day and the 
black bars represent night.  Plants were moved into constant light conditions, as shown with the white 
(subjective day) and gray (subjective night) bars.  One set of plants were inoculated with B. cinerea at 9 AM, 
a second set of plants at 1 PM, a third set at 5 PM and so on every 4 hours for 24 hours.  After 72 and 96 
hours, post- inoculation lesion diameter size was measured to determine severity of infection.  (B) 
Representative schematic of lesion diameter measurement.  Detached leaves (green oval) were lined up 
vertically and photographs were taken of the leaves with lesion (brown oval).  In Image J, a horizontal line 
(black line) was drawn across the lesion to determine the lesion diameter. 
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 Glucosinolate measurements 2.3.

Plants and cabbage were entrained as previously described.  At 4-hour intervals at 

either 22 oC or 4 oC, 250 mg of Arabidopsis leaf material and 500 mg of cabbage leaf 

material were cut off the plants using scissors and put into 650 µL vials.  Immediately 

after the tissue is placed in the vials the tissue was submerged in 90% methanol at 1 

mg/mL.  Samples were then placed into the -20 oC freezer for storage until samples were 

shipped.  All samples were sent to UC Davis on ice, where they were extracted and the 

glucosinolates identified and quantified in comparison to reference standards using HPLC 

according to methods already described (Kliebenstein et al., 2001). 
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Chapter 3 

Arabidopsis synchronizes jasmonate 
mediated defense with insect circadian 

behavior 

 Introduction 3.1.

The earth’s rotation causes cyclical environmental changes.  As a result, plants 

have evolved an internal clock to respond to these environmental changes.  The circadian 

clock allows a plant to keep time with its outside environment, increasing plant fitness 

(Dodd et al., 2005).  Among the genes that are circadian regulated, a significant number 

of wound-responsive genes are circadian regulated (Walley et al., 2007).  Although these 

genes are circadian regulated, little is known about their physiological relevance.  Since 

insect herbivory causes wounding, and therefore turns on wound-inducible genes, the 

hypothesis that clock regulation of wound-inducible genes may enhance plant defense 

against insects was explored. 

Portions of this chapter were in Goodspeed, D. MA Thesis, 2011 and Goodspeed et al., 2013.  
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 Clock co-entrainment increases plant resistance and decreases 3.2.

herbivore performance 

To test whether the plant endogenous clock enhances defense against insects, we 

compared herbivory in constant light for Arabidopsis plants entrained either in-phase or 

out-of-phase with the cabbage looper T. ni. Sequential 12-hour light-dark cycles were 

used for clock co-entrainment of both organisms.  To confer opposite and out-of-phase 

entrainment, a second set of plants was subjected to light-dark cycles that were offset by 

12 hours.  To observe only circadian- and not diurnal-regulated behavior, T. ni and both 

in-phase and out-of-phase entrained plants were subjected to constant light for 24 hours 

before co-incubation (Fig. 12A).  For the initial experiments, plants were grown on petri 

dishes (Fig. 12B) for 2 weeks in 12-hour light-dark cycles at 22 oC.  Five T. ni were 

added to each petri dish and allowed to feed freely for 5 days.  

T. ni ate all almost plant tissue of the out-of-phase plates while still leaving 

significant plant material on the in-phase plates (Fig. 13).  There was also a visual and 

quantifiable difference in size between T. ni that fed on in-phase and out-of-phase plants 

(Fig. 13A and B).  These results suggest that T. ni preferred to eat the out-of-phase plants 

over the in- phase plants, supporting our hypothesis that the circadian clock helps 

Arabidopsis anticipate and defend itself against attack by herbivorous T. ni. 
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Figure 12.  Schematics for initial experiment 
 (A) Plants and T. ni were entrained in phase and out of phase with each other in 12-hour light-dark 
cycles as represented with the white bars (light) and black bars (dark), then moved to constant light as 
represented with the white bars (subjective day) and gray bars (subjective night).  Arrows represent the 
beginning and ending of the experiment.  (B) Arrangement of plants in the petri dish.  
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Figure 13. Arabidopsis is more resistant to T. ni herbivory when entrained in-phase 
Arabidopsis plants were entrained for 3 weeks in either 12-hour light-dark cycles coincident with T. ni 
entrainment (In Phase), or 12-hour light-dark cycles 12 hours out of phase with T. ni entrainment (Out of 
Phase).  (A) Representative loopers at 5 days post co-incubation. (B) Looper final wet weights. Mean area ± 
SE; n = 15; *P <0.05; two-tailed paired t-test.   
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Encouraging results were obtained from the petri dish experiments, but some 

problems needed to be addressed.  The plants were stressed from being grown in the petri 

dishes too long.  Plant growth was stunted and the plants were not as healthy as plants 

grown on soil.  Therefore, in the following experiments, we used plants transplanted to 

soil and grown for 3 weeks in 12-hour light-dark cycles.  To quantify the plant tissue 

remaining at the end of the experiment, we shortened the co-incubation period to 3 days 

(72 hours).   The experiments were also run in both constant dark and constant light 

conditions to account for any affect the constant conditions may have on T. ni behavior.   

After allowing T. ni to feed freely on soil-grown plants for 72 hours in constant 

dark, plants entrained in-phase with T. ni had visibly less tissue damage (Fig. 14A) and 

significantly more tissue area remaining (Fig. 14B) than plants entrained out-of-phase 

with the insects.  Furthermore, T. ni that fed on the in-phase entrained plants failed to 

gain as much weight as those that fed on the out-of-phase entrained plants, with average 

final weight of 1.6 mg and 5.16 mg, respectively (Fig. 14C and D).    Similar results were 

found when plants and T. ni were co-incubated in constant light (Fig. 15).    In-phase 

entrained plants were more resistant to T. ni herbivory than plants entrained out-of-phase 

with T. ni (Fig. 15A).  T. ni that fed on the out-of-phase entrained plants weighed 

significantly more than T. ni that fed on in-phase entrained plants, with an average weight 

of 9.19 mg and 5 mg, respectively (Fig. 15B and C).    The results with plants grown in 

pots (Figs. 14 and 15) were similar to the results with plants grown in petri dishes (Fig. 

13) further confirming our results.   Therefore, when Arabidopsis and T. ni experienced a 

common circadian regime, Arabidopsis was less susceptible to insect herbivory.   

 



 42 

Figure 14. In constant dark conditions, Arabidopsis is more resistant to herbivory when entrained in-
phase rather than out-of-phase with T. ni looper entrainment. 
(A) Representative photographs of plant tissue remaining from  in-phase and out-of-phase plants after 72 
hours of plant-T. ni co-incubation in constant dark condtions. (B) Area of plant tissue remaining from in-
phase (white bars) and out-of-phase (filled bars) entrained plants with T. ni entrainment after 72 hours of 
co-incubation without (control) or with T. ni loopers (looper).  Mean area ± SE; n= 6; *P <0.0002; two-
tailed paired t-test. (C) T. ni wet weights. Mean area ± SE; n = 15; *P <0.05; two-tailed paired t-test.  (D) 
Representative T. ni at 72 hours post-co-incubation.  (Scale bar, 0.5mm) 
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Figure 15. In constant light, Arabidopsis is less susceptible to insect herbivory when 
entrained in phase with T. ni 
(A) Representative photographs of in-phase and out-of-phase entrained plants after 72 hours co-
incubation with T. ni in constant light conditions.  (B) Mean T. ni weight after 72 hours co-
incubation. Mean area ±SE; *P < 0.05; two-tailed paired t-test. (C)  T. ni after after 72 hours co-
incubation (scale bar,  0.5 mm).  

 



 44 

 

To validate our findings that in-phase entrained plants are more resistant to T. ni 

herbivory than out-of-phase entrained plants, verification studies were performed.  Since 

in-phase and out-of-phase plants were entrained in different incubators, the results could 

be due to an incubator effect.  We conducted experiments to test whether the results were 

due to differences in the incubators.  We switched the in-phase and out-of-phase 

incubators.  With the switched incubators, similar results were obtained, showing after 72 

hours of T. ni-plant co-incubation, T. ni that fed on in-phase entrained plants weighed less 

than T. ni that fed on out-of-phase entrained plants (Fig. 16A).  To make sure the phase-

entrainment resistance was not due to differences in the plants from entrainment in 

different incubators, we entrained T. ni in-phase and out-of-phase while the plants stayed 

in the same entrainment phase.  In-phase entrained T. ni weighed less than out-of-phase 

entrained T. ni after 72 hours of feeding on plants (Fig. 16B).  These results indicate that 

entrainment of plants in different incubators did not contribute to the phase-entrainment 

resistance seen in plants.   
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Figure 16. Differential resistance is not dependent upon the incubator or the 
organism subjected to out-of-phase entrainment 
Quantification of T. ni weights after 72 hours co-incubation with plants (A) or T. ni 
(B). (A) In-phase and out-of-phase incubators switched.  Plants entrained in-phase and 
out-of-phase.  T. ni weighed more when fed on out-of-phase entrained plants.  (B) T. ni 
entrained in-phase and out-of-phase; plants were entrained in-phase.  Out-of-phase 
entrained T. ni weighed more after 72 hours co-incubation with plants.  Mean area ± 
SE; n= 15; *P < 0.05; two-tailed paired t-test.  

 



 46 

 T. ni feed preferentially during subjective day 3.3.

Many insects have a circadian clock; for example, Drosophila melanogaster has a 

circadian clock that is well characterized and is established as a model for circadian clock 

studies (reviewed in Bradshaw and Holzapfel, 2010; Tomioka and Matsumoto, 2010). In 

Drosophila, feeding behavior is circadian regulated (Chatterjee et al., 2010; Xu et al., 

2008). We hypothesized that T. ni also have a circadian clock that dictates their feeding 

time preferences.  To determine if T. ni display periodic diurnal feeding behavior, these 

herbivores were entrained in 12-hour light-dark cycles for 3 days on pinto bean diet 

plates.  At dawn, 20 T. ni were moved to a feeding container where a freshly weighed 

piece of pinto bean diet was given to the T. ni to feed on for 12 hours.  After 12 hours, the 

diet was removed and a new piece of freshly weighed diet was given to the T. ni to 

consume.  Twelve hours later, the diet was removed and weighed.  This initial study 

showed that T. ni consumed more during the day, suggesting that the herbivore prefers to 

feed during the day (Fig. 17).   

We next sought to determine when T. ni feeding behavior peaked.  T. ni were 

entrained in 12-hour light-dark cycles for 3 days and then moved to either 12-hour light-

dark cycles, constant dark, or constant light and were allowed to eat freely for 72 hours 

on artificial insect diet.  Feeding activity, measured as food weight loss, was determined 

at 4-hour intervals, and fresh food was provided every 4 hours.  T. ni maintained under 

12-hour light-dark conditions ate more during the light periods, with peaks of food loss 

occurring at the light-dark transition (“dusk”) (Fig.  18A). The least amount of food loss 

 



 47 

   

Figure 17.  T. ni eat more during the day 
T. ni fed on freshly weighed diet for 12 hours 
from dawn until dusk and then another 
freshly weighed diet for 12 hours from dusk 
until dawn.  T. ni fed more on the diet during 
the day than at night.  Mean area ± SE; n= 
15; *P < 0.05; two-tailed paired t-test. 

* 
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occurred at the dark-to-light transition (“dawn”) (Fig. 18A).  These results indicate that 

under these conditions, T. ni prefer to eat more during subjective day, with peak eating at 

subjective mid-24 hour cycle.  Therefore, T. ni display a diurnal feeding rhythm.  Under 

constant dark T. ni also displayed greatest feeding at peaks corresponding to subjective 

day and dusk and least feeding at subjective night and dawn (Fig. 18B), strongly 

suggesting that T. ni feeding behavior is circadian regulated.  T. ni shifted from light-dark 

cycling to constant light maintained the pattern of decreased feeding during subjective 

night and increased feeding during subjective day for the first 24 hours (Fig. 18C).  

However, after the first 36 hours in constant light conditions, the T. ni feeding pattern 

became largely arrhythmic (Fig. 18C).   Other insects also display dampened rhythms in 

constant light conditions (Tomoika and Matsumoto 2010; Bradshaw and Holzapfel, 

2010); therefore, loss of rhythmic behavior under constant light may be a characteristic of 

insects.  However, under constant light conditions, T. ni survivability was affected.  T. ni 

prefer shaded conditions, congregating beneath leaves, and under the experimental 

conditions of this study shade was not provided.  Taken together, these results support the 

hypothesis that T. ni feeding behavior is under circadian clock regulation with a 

preference to feed during the day.  
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Figure 18. T. ni feeding behavior is under circadian clock regulation 
T. ni were entrained in 12-hour light-dark conditions and then moved to feeding dishes in (A) light-dark, (B) 
constant dark, or (C) constant light conditions.  Food quantity was determined every 4 hours for 72 hours.  Three 
plates with 20 T. ni were used for each condition. (A) Relative food eaten under light-dark conditions.  (B) 
Relative food eaten under constant dark conditions. (C) Relative food eaten under constant light conditions. 
Mean  ± SE. “1” is when the ratio between before and after feeding with experimental food is equal to before 
and after with control food. Each experiment was repeated 4 times with similar results. 
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 Circadian clock function is required for in-phase-dependent 3.4.

enhanced herbivore resistance 

The enhanced plant resistance to T. ni attack when plants and T. ni experienced 

the same entrainment conditions (Figs. 13, 14 and 15) suggests that the plants time their 

defense response to coincide with the rhythmic T. ni feeding behavior (Fig. 18).  To 

investigate whether the plant circadian clock is required for this behavior, the arrhythmic 

clock mutant lux2 (Hazen et al., 2005) and the arrhythmic transgenic line CCA1-OX 

(Wang and Tobin, 1998) were entrained in- and out-of-phase with T. ni and examined for 

resistance under constant dark conditions.  In contrast to wild type (Fig. 14A and B), 

plants with defective clock function showed no significant differences in plant tissue loss 

(Fig. 19A and B) between in- and out-of-phase entrainment regimes.  Final T. ni weight 

was also largely unaffected by the entrainment conditions (Fig. 19C and D).  Similar 

results were found when we performed these experiments in constant light conditions 

using the lux2 mutant and another arrhythmic plant mutant line elf4-1 (Fig. 20; Doyle al., 

2002).  These data demonstrate that the Arabidopsis circadian clock is essential for 

enhanced plant resistance to T. ni herbivory under both constant light and dark conditions 

when entrainment is synchronized. 
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Figure 19. Arrhythmic Arabidopsis plants lack enhanced herbivory resistance when entrained in-
phase with T. ni loopers in constant dark.  
(A) Representative photographs of plant tissue remaining from CCA1-OX and lux2 entrained in-phase 
and out-of-phase with T. ni entrainment after 72 hours of plant-T. ni co-incubation in constant dark 
conditions.  (B) Area of plant tissue remaining from plants entrained in-phase (white bars) and out-of-
phase (filled bars) with T. ni entrainment after 72 hours of incubation under constant dark conditions 
without (control) or with T. ni (looper). Mean area ± SE; n = 6; P < 0.05; two-tailed paired t-test.  (C) 
Wet weights of T. ni fed on in-phase (white bars) or out-of-phase (filled bars) plants.  Mean ± SE; n = 
15. (D) Representative T. ni loopers at 72 hours post co-incubation. (Scale bars, 0.5 mm) 
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Figure 20. Arrhythmic clock mutants lack entrainment-dependent variance in T. ni 
resistance in constant light conditions.   
(A) Representative photographs of plant tissue remaining from elf4-1 and lux2 entrained in-phase 
and out-of-phase with T. ni entrainment after 72 hours of plant-T. ni co-incubation in constant 
light conditions.  (B) Wet weights of T. ni fed on in-phase (white bars) or out-of-phase (filled 
bars) plants.  Mean ± SE; n = 15. 
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 Jasmonates are required for in-phase-dependent enhanced 3.5.

resistance to T. ni herbivory 

Because T. ni resistance in Arabidopsis requires a functional jasmonate pathway 

to regulate defense responses (Jander et al., 2001; Kessler and Baldwin, 2002; Howe, 

2004), we next examined whether the mutants aos and jar1, which fail to accumulate 

active jasmonates (Staswick et al., 2002; Park et al., 2002), also fail to show enhanced T. 

ni resistance under constant dark conditions when entrained in-phase with the herbivore.  

Unlike wild type (Figs. 13, 14, and 15) or gl-1 (Fig. 21A and B), which is the genetic 

background for aos, entrainment regimes of aos and jar1 had no significant effect on 

plant resistance (Fig. 21A and B) or T. ni performance (Fig. 22A and B) when T. ni were 

allowed to feed on plants under constant dark conditions.  Similar results were obtained 

when the experiments were performed in constant light (Fig. 23).  There was not a 

significant difference in T. ni performance when T. ni fed on either in-phase or out-of-

phase entrained plants (Fig. 23).  Therefore, a functional jasmonate pathway is required 

for Arabidopsis to demonstrate an advantage in T. ni cabbage looper defense through 

circadian entrainment.  
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Figure 21.  Jasmonates are required for enhanced herbivory resistance when entrained in-phase 
with T. ni loopers in constant dark 
(A) Representative photographs of plant tissue remaining from gl-1, aos, and jar1 entrained in-phase 
and out-of-phase with T. ni entrainment after 72 hr of plant-T. ni coincubation in constant dark 
conditions.  (B) Area of plant tissue remaining from plants entrained in-phase (white bars) and out-of-
phase (filled bars) with T. ni entrainment after 72 hr of incubation without (control) or with T. ni 
(looper). Mean area ± SE; n = 6; *P < 0.0002; two-tailed paired t-test.   
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Figure 22.  Looper performance is unaffected when T. ni feed on jasmonate 
deficient plants in constant dark 
(A) Representative T. ni at 72 hours post co-incubation (Scale bars, 0.5 mm).  (B) Wet 
weights of T. ni that fed on in-phase (open bars) or out-of-phase (filled bars) plants in 
constant dark conditions. Mean area ± SE; n = 15; *P < 0.05; two-tailed paired t-test.   
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Figure 23. JA synthesis deficient mutants lack entrainment 
phase dependence in T. ni resistance in constant light 
Mean T. ni weight after 72 hours of feeding on either in-phase 
entrained (white bars) or out-of-phase entrained (filled bars) 
plants in constant light conditions. Mean area ± SE; *P< 0.05; 
two-tailed paired t-test.  
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 Arrhythmic clock mutants are preferred over wild type plants 3.6.

by T. ni in choice experiments 

An additional test for a role of circadian clock function in herbivory defense was 

conducted giving T. ni a choice to feed on in-phase versus out-of- phase plants.  Our 

hypothesis predicts that a functional circadian clock would regulate plant defense 

responses making in-phase plants less attractive or palatable to the T. ni, and instead T. ni 

would preferentially eat the “less tasty” plant.  For the anti-phasic entrainment vs. co- 

entrainment experiment, wild type plants were entrained in either 12-hour light-dark or 

12-hour dark-light conditions for 2 weeks at 22 oC.  T. ni were entrained in 12- hour 

light-dark cycles for 7 days and then both the plants and T. ni were moved to constant 

light conditions at 22 oC.  Five T. ni were transferred to the plates containing the plants 

arranged as illustrated in Figure 24. 

T. ni were allowed to eat freely on the plants for 5 days.  Observations of T. ni 

feeding habits were made every day and on the fifth day the T. ni were collected.  T. ni 

showed no preference between the in-phase or out-of-phase plants.  

To test whether the clock has a role in defense, an alternative choice experiment 

was conducted with soil-grown plants.  Three-week-old soil-grown wild type, elf4-1, and 

lux2 plants were entrained in 12-hour light-dark cycles and then placed together into a 

small flat arranged as illustrated in Figure 25A.  The flats were moved to constant light 

for 24 hours and then T. ni were released onto the soil in between the mutant and the wild 

type plants and allowed to feed freely for 72 hours under constant light.  To assess T. ni   
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Figure 24. Initial choice experimental set-up  
Plants were grown in 12-hour light-dark cycles (green circles) coincident with T. 
ni entrainment or 12-hour light-dark cycles (orange circles) 12 hours out-of-
phase with T. ni entrainment.  Plants were transplanted into a petri dish and T. ni 
were placed in the middle of the petri dish so that the T. ni had a choice to feed 
on either the in-phase or out-of-phase entrained plants.   
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feeding preference, wild type, elf4-1 and lux2 shoots were harvested and weighed. 

Control plants were treated similarly except not subjected to T. ni.  The elf4-1 and lux2 

plants have elongated petioles and smaller leaf size therefore have a smaller average fresh 

weight.  T. ni ate significantly more tissue from elf4-1 plant s than wild type plants (Fig. 

25B-D).  Similarly, T. ni ate significantly more tissue from lux2 plants than wild- type 

plants (Fig. 26).  We also performed these experiments in constant dark and saw similar 

results (Fig. 27); the wild type plants lost less tissue than the clock-deficient plants.  

These results indicate that when T. ni are given a choice between plants with a functional 

circadian clock and those without, T. ni prefer to feed on plants without a functional 

clock.  These data suggest that when the clock is properly functioning the plants are not 

as desirable to T. ni.   
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Figure 25. T. ni prefer clock-deficient plants over wild type plants in constant light 
(A) Schematic showing how plants were placed in the tray.  16 plants were placed in a grid pattern 
so T. ni had a choice between either wild type or clock-deficient plants.  (B) Representative 
photograph of plants after 72 hours of plant-T. ni co-incubation in constant light. (C) Representative 
photograph of elf4-1 and wild type plants after 72 hours co-incubation with T. ni. (D) elf4-1and wild 
type shoot weights after 72 hours co-incubation and without T. ni-plant co-incubation (Control). 
Means ±SE; * P< 0.05; n=3; two-tailed paired t-test. 
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Figure 26. T. ni prefer clock-deficient plants over wild type plants in constant light 
(A) Representative photograph of plants after 72 hours of plant-T. ni co-incubation in constant 
light. (B) Representative photograph of the lux2 and the wild type plants after 72 hours co-
incubation with T. ni. (C) lux2 and wild type shoot weights after 72 hours co-incubation and 
without T. ni-plant co-incubation (Control). Means ±SE; * P< 0.05; n=3 two-tailed paired t-test. 

 



 62 

  

Figure 27. T. ni prefer clock-deficient plants over wild type plants in constant dark 
(A) elf4-1 and wild type shoot weights after 72 hours co-incubation with T. ni and without T. ni-
plant  co-incubation (Control) in constant dark. (B) lux2 and wild type shoot weights 72 hours co-
incubation with T. ni  and without T. ni-plant co-incubation (Control) in constant dark. (C) CCA1-
OX percent tissue loss after 72 hours co-incubation with T. ni in constant dark.  Means ±SE; * P< 
0.05; n=3; two-tailed paired t-test. 
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 Accumulation of jasmonates and salicylates is circadian 3.7.

regulated 

We directly measured levels of jasmonates that accumulate in wild type 

Arabidopsis entrained in 12-hour light-dark cycles followed by constant darkness.  Plant 

jasmonates showed peak accumulation in the middle of the subjective day (Fig. 28), a 

few hours before peak expression of many jasmonate-regulated genes (Mizuno and 

Yamashino, 2008) and maximal T. ni feeding behavior (Fig. 18). The circadian pattern 

for jasmonate accumulation continued even in plants co-incubated with T. ni (Fig. 29); 

however, the levels of jasmonates were 20-35% elevated in the plants subjected to 

herbivory (Fig. 29), suggesting that the clock- and herbivory-induced jasmonate 

accumulation induction are additive.  Furthermore, we found that salicylates, which often 

act antagonistically to jasmonates (Smith et al., 2009), showed opposite accumulation 

phasing relative to jasmonates, with peaks in the middle of the subjective night (Fig. 28).   
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Figure 28. Jasmonates and salicylates accumulation patterns show circadian 
rhythms with opposite phasing.   
Jasmonate and salicylate accumulation patterns are circadian-regulated with opposite 
phasing.  Jasmonates peak in the middle of subjective day (black line) and salicylates 
(gray line) peak in the middle of subjective night.  Mean ± SE; n = 3.  
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Figure 29. The circadian clock mediates jasmonate response to herbivory. 
Jasmonates accumulation patterns are circadian regulated with both T. ni 
infested (gray line) or non-T. ni infested (black line) plants.  Twenty T. ni were 
co-incubated with each pot of 16 plants six hours prior to the first collection 
time.  Plants were collected every six hours.  Means ± SE; n=3. 
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 Accumulation of glucosinolates in Arabidopsis is circadian 3.8.

regulated 

Since jasmonates partially control the accumulation of anti-herbivore metabolites, 

including glucosinolates (Kliebenstein et al., 2002; Mikkelsen et al., 2003; Mewis et al., 

2005), and because jasmonate accumulation, insect resistance, and expression of genes 

encoding enzymes for glucosinolate synthesis are clock controlled (Fig. 28; Kerwin et al., 

2011), we hypothesized that glucosinolates may accumulate with circadian periodicity. 

To test this hypothesis, we grew Arabidopsis plants under 12-hour light-dark cycles for 

three weeks to entrain the clock and then placed them under constant light conditions. 

Total glucosinolate accumulation varied over 3-fold depending upon time of day (Fig. 

30); total glucosinolates increased in accumulation at subjective dawn (24 hours), were 

elevated during subjective day and declined at subjective dusk (12 and 36 hours). When 

examined individually, several glucosinolates accumulated to higher levels in subjective 

day than subjective night, although there were variations in amplitude and magnitude 

(Fig. 31). The circadian accumulation of these metabolites closely followed the 

accumulation phase of jasmonate (Fig. 28) and indicates that glucosinolate synthesis may 

be under clock control. 
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Figure 30. The circadian clock regulates anti-herbivore metabolite 
accumulation in Arabidopsis 
Total Arabidopsis glucosinolates accumulate with circadian regulation. 
Means ± SE; n = 6. 
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Figure 31. Arabidopsis glucosinolate accumulation 
Diverse glucosinolates have variable patterns of accumulation in Arabidopsis, some with circadian 
periodicity. 3-methylsulfinylpropyl glucosinolate (3MSO), 4-methylsulfinylbutyl glucosinolate (4MSO), 
indolyl-3-methyl glucosinolate (I3M), 4-methoxy-indolyl-3-methyl glucosinolate (4MO-I3M), 1-methoxy-
indolyl-3-methyl glucosinolate (NMO-I3M), 5-methylsulfinylpentyl glucosinolate (5MSO), 6-
methylsulfinylhexyl glucosinolate (6MSO), 7-methylsulfinylhexyl glucosinolate (7MSO), and 8-
methylsulfinyloctyl glucosinolate (8MSO). Means ± SE; n = 6. 
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 Glucosinolates contribute to entrainment phase-dependent 3.9.

differential resistance of Arabidopsis 

The circadian accumulation of glucosinolates may underlie, at least in part, 

differential resistance of Arabidopsis to insect attack resulting from clock entrainment.  

To test this idea, we monitored clock-dependent herbivore resistance in a glucosinolate-

deficient mutant.   As a control, and as shown previously (Figs. 13-15), wild type  

Arabidopsis entrained with 12-hour light-dark cycles that are in-phase with the light-dark 

cycles used to entrain T. ni, show greater herbivore resistance than wild type Arabidopsis 

entrained with light-dark cycles that are 12 hours out-of-phase with the light-dark cycles 

used to entrain T. ni (Fig. 32A and B). In comparison to phase-dependent resistance in 

wild type, the resistance benefit due to in-phase entrainment was significantly reduced in 

the Arabidopsis myb28myb29 mutant (Fig. 32A and B), which lacks aliphatic 

glucosinolates (Beekwilder et al., 2008; Sonderby et al., 2007).  However, in-phase 

entrainment of myb28myb29 did confer greater resistance than out-of-phase entrainment 

(Fig. 32A and B), suggesting that either the indolyl glucosinolates that remain in the 

myb28myb29 mutant (Beekwilder et al., 2008; Sonderby et al., 2007)  or other clock-

dependent metabolites, unrelated to glucosinolates, may also contribute to entraining 

phase-dependent differential resistance of Arabidopsis to T. ni herbivory.  Furthermore, 

the out-of-phase entrained myb28myb29 plants experienced even greater destruction by 

herbivory than similarly entrained wild type plants (Fig. 32A and B), suggesting that 

MYB28 and MYB29 are required for additional basal resistance that is independent of 

clock function.   
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Figure 32. Glucosinolates are required for resistance to herbivory in constant light 
(A) Representative photographs of plant tissue remaining from wild type (Col-0) and myb28myb29 entrained 
in-phase and out-of-phase with T. ni after 72 hours of plant-T. ni co-incubation in constant light.   (B) Area 
of plant tissue lost from plants entrained in phase (green bars) and out of phase (red bars) with T. ni 
entrainment after 72 hours of incubation in constant light with T. ni. Mean areas ± SE; n = 6. Phenotypes 
with different letters were statistically different at p < 0.05 with a one-way ANOVA with Tukey’s honestly 
significant difference multiple comparison test; a, b, and c represent statistical significance; those with the 
same letter designation were statistically non-significant for a difference. 
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 Conclusions 3.10.

These results indicate that the Arabidopsis circadian clock has strong physiological 

relevance in plant defense against T. ni herbivory.  Arabidopsis has elevated wound-

responsive gene expression (Walley et al., 2007), elevated jasmonates (Fig. 29), rhythmic 

glucosinolate production (Figs. 30 and 31), and enhanced defense response (Figs. 13- 15) 

timed to be coincident with the circadian regulated feeding behavior of the T. ni 

herbivore (Fig. 18).  Clock function is required for the in-phase-dependent enhanced 

resistance (Figs. 19 and 20), and the in-phase resistance continues under both constant 

darkness (Fig 14) and constant light (Fig. 15), indicating that the enhanced defense is 

mediated by the plant circadian clock. Circadian accumulation of jasmonates peak at 

mid-subjective day (Fig. 28), during the same time of day that T. ni feeding peaks (Fig. 

18).  

 Our results suggest the possibility that clock-controlled jasmonate fluctuations 

lead to circadian accumulation of defense metabolites.  Indeed, Figures 30 and 31 show 

that glucosinolates, secondary defense metabolites in cruciferous plants (Smith et al., 

2009; Finley, 2005), accumulate in Arabidopsis with circadian rhythmicity.  Elevated 

glucosinolates at certain times of day may result in an increase in resistance to herbivory 

at the time of peak glucosinolate accumulation.   
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Chapter 4 

The circadian clock in Arabidopsis 
influences B. cinerea resistance  

 Introduction 4.1.

Although biotrophic pathogen resistance is influenced by the circadian clock 

(Wang et al., 2011), whether necrotrophic pathogen resistance is also facilitated by the 

clock remains unknown.  Necrotrophic pathogen resistance requires the jasmonate 

pathway (Chehab et al., 2008).  As shown in Chapter 3, the circadian clock regulates 

jasmonate accumulation; therefore, we hypothesized that the plant circadian clock may 

influence resistance to necrotrophic fungi.  To test this hypothesis, I examined whether 

there is a time-of-day-dependent differential resistance to fungal infection using the 

necrotrophic fungal pathogen, Botrytis cinerea (B. cinerea).  B. cinerea is a gray mold 

fungus commonly found on grapes and other crops and is known to cause a crop yield 
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loss of between 20-30% annually (Dean et al., 2012).  Understanding how plants control 

resistance to fungi may contribute to increasing crop yield.   

 Arabidopsis has elevated resistance to B. cinerea infection at 4.2.

mid-subjective day 

Our hypothesis that Arabidopsis has elevated resistance to B. cinerea infection at 

certain times of day was tested by measuring lesion diameters 72 and 96 hours post 

inoculation (hpi) with B. cinerea.  First, an initial experiment was conducted to determine 

if there was a difference in fungal resistance between plants inoculated at 1 PM or mid-

subjective day and 1 AM or mid-subjective night.  Arabidopsis seedlings were grown for 

5 weeks in 12-hour light-dark conditions.  Plants were then moved to constant light 

conditions, and, after 24 hours in constant light, age-matched leaves were detached and 

inoculated with 100 spores of B. cinerea at 1 PM or mid-subjective day or at 1 AM or 

mid-subjective night.  Lesion diameter was measured to determine level of resistance at 

72 hpi.  When inoculated at 1 PM, average lesion diameter for Col-0 leaves was 7.03 

mm, but when inoculated at 1 AM lesion diameter was significantly larger at 8.48 mm at 

72 hpi (Fig. 33).  Wild type leaves were significantly more resistant to B. cinerea 

infection when leaves were inoculated during subjective day (Fig. 33).     

To determine when the Arabidopsis time-of-day-dependent resistance to B. 

cinerea infection is highest, a time course study was performed.  A set of 5-week old 

Arabidopsis leaves were inoculated with 100 spores of B. cinerea.  Every 4 hours for 24 

hours a different set of Arabidopsis leaves was inoculated with B. cinerea.  Lesion 
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Figure 33. Arabidopsis is more susceptible to   B. cinerea infection when inoculated during 
subjective night than during subjective day 
Average diameter of lesions that develop 72 hpi dependent on time of inoculation in wild type (Col-0) 
plants. Means ± SE; P < 0.05. One-way ANOVA. 
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diameters were measured at 72 and 96 hpi to determine the level of plant resistance.  B. 

cinerea fungal lesion diameter was strongly influenced by the subjective time of day 

when inoculation occurred (Fig. 34).  When spores were applied to leaves at 1 PM (ZT4), 

or subjective mid-day, average lesion diameters at 72 hpi were 3.8 mm (Fig. 34A, B, C, 

and D).  In contrast, when inoculation occurred at 1 AM (ZT16) or 5 AM (ZT20), 

equivalent to subjective night, average lesion diameters at 72 hpi were 8.0 mm, over 

twice as large as when inoculation occurred at 1 PM (ZT4; Fig. 34A, B, C, and D).  

Infection initiated at other times, 9 AM (ZT0; subjective early morning), 5 PM and 9 PM 

(ZT8 and ZT12; subjective late afternoon and dusk), resulted in intermediate lesion 

diameters (Fig. 34).  Similar results were obtained when lesion diameters were measured 

at 96 hpi; again lesions derived from fungal inoculations at 1 PM (ZT4) were nearly half 

as large as those that developed from inoculations initiated at 1 AM (ZT16) and 5 AM 

(ZT20; Fig. 34A, B, C, and D).  These results indicate that plant resistance is enhanced 

when B. cinerea spores are inoculated on Arabidopsis leaves during subjective day 

compared to infection during subjective night.  It is likely that the differential infection 

spread is due to circadian differences in plant defense responses rather than circadian 

behavior of the fungus because the fungi were not subjected to circadian entrainment.  

Since the Arabidopsis plants used in these experiments were naïve plants, i.e., had never 

been exposed to pathogen infection, the Arabidopsis circadian clock has most likely 

evolved to prepare for fungal infection by increasing plant defenses against pathogen 

infection before the infection is likely to occur.  Therefore, we conclude that Arabidopsis 

is more resistant to fungal infection when plants are initially inoculated during subjective 

day than subjective night.   
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Figure 34. Time-of-day dependent susceptibility to B. cinerea. 
Representative photographs of leaves with B. cinerea lesions at 72 and 96 hours post inoculation (hpi) at (A) 
1PM (ZT4) and at (B) 1 AM (ZT16). (C)  Average lesion diameters 72 hpi.  (D)  Average lesion diameters 
96 hpi. Gray numbers represent zeitgeiber time.  Black numbers represent time in constant light conditions.  
Means ± SE; P < 0.05. One-way ANOVA; a, b, and c represent statistical significance; those with the same 
letter designation were statistically non-significant for a difference. 
. 
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 Circadian clock function is required for time-of-day 4.3.

differential resistance to B. cinerea 

We hypothesized that the time-of-day-dependent resistance to B. cinerea infection 

observed requires circadian clock function.  To test this hypothesis, fungal lesion 

diameters on Arabidopsis leaves inoculated with B. cinerea spores at different times of 

day were measured on plants without circadian clock function.  In wild type plants, 

average lesion diameter at 72 hpi was 2.5 mm when Arabidopsis leaves were inoculated 

at 1 PM (ZT4), but when leaves were inoculated at 1 AM (ZT16), average lesion 

diameter was 5.0 mm (Fig. 35).  Inoculation at other times of day, 9 AM (ZT0), 5 PM 

(ZT8) and 9 PM (ZT12), resulted in intermediate lesion diameters.  When plants are 

lacking a functional circadian clock, B. cinerea fungal lesion diameter was not influenced 

by the subjective time of day when inoculation occurred (Fig. 35).   The average lesion 

diameter for CCA1-OX leaves was 3 mm at 72 hpi, regardless of the time of day of 

inoculation.   CCA1-OX leaves were more resistant to B. cinerea infection than wild type 

leaves at 1 AM (ZT16) and 5 AM (ZT20) time points.   The higher level of resistance 

found in CCA1-OX leaves could be the result of higher jasmonates levels.   These results 

confirm that a functioning circadian clock is necessary for the time-of-day dependent 

Arabidopsis resistance against B. cinerea infection. 
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Figure 35. The circadian clock is required for time-of-day resistance to B. cinerea. 
Representative photographs of leaves with B. cinerea lesions diameter at 72 hours post inoculation (hpi) at 
(A) 1 PM (ZT4) and at (B) 1 AM (ZT16) of Col-0 and CCA1-OX. (C)  Average lesion diameters 72 hpi of 
Col-0 (black bars) and CCA1-OX (white bars). Gray numbers represent zeitgeiber time.  Black numbers 
represent time in constant light conditions.  Means ± SE; P < 0.05. One-way ANOVA; a, b, and c 
represent statistical significance; those with the same letter designation were statistically non-significant 
for a difference. 
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Jasmonates are required for time-of-day dependent enhanced 

resistance to B. cinerea 

Arabidopsis requires jasmonate to defend against B. cinerea infection (Thomma 

et al., 1998). We hypothesized that the circadian clock control of jasmonate accumulation 

is responsible for the time-of-day dependent resistance to B. cinerea.  To test this 

hypothesis, clock-dependent fungal spread on Arabidopsis leaves inoculated with B. 

cinerea spores at different times of day was assessed on jasmonate-deficient aos plants 

(Park et al., 2002).  As shown in Figure 36, in contrast to wild type, plants deficient in 

jasmonate accumulation form B. cinerea lesions with diameters that are not influenced by 

the time of day of the inoculation.   As expected for a jasmonate-deficient mutant, the 

average lesion diameter on aos leaves was large, between 7.5 and 8.5 mm at 72 hpi, and 

lesion diameters were not affected by the time of day of inoculation.  In contrast, lesion 

diameter of wild type leaves was strongly influenced by the time of day of inoculation, as 

was shown previously (Fig. 34).  The lesion diameters at 72 hpi were smallest when 

inoculation occurred during subjective mid-day (1 PM; ZT4), with an average lesion 

diameter of 2.7 mm, and highest when inoculation occurred during subjective night 

(1AM and 5 AM; ZT16 and ZT20) with an average lesion diameter of 6.0 mm.  

Inoculation at other times of day, 9 AM (ZT0), 5 PM (ZT8) and 9 PM (ZT12), resulted in 

intermediate lesion diameters.   These results indicate that jasmonates are necessary for 

the time-of-day-dependent Arabidopsis resistance against B. cinerea infection.  
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Figure 36. Jasmonates are required for time-of-day dependent resistance to B. cinerea. 
Representative photographs of leaves with B. cinerea lesions diameter at 72 hours post inoculation (hpi) at 
(A) 1 PM (ZT4) and at (B) 1 AM (ZT16) of gl1 and aos. (C)  Average lesion diameters 72hpi dependent on 
time of inoculation of gl1 (black bars) and aos (white bars). Gray numbers represent zeitgeiber time.  Black 
numbers represent time in constant light conditions  Means ± SE; P < 0.05. One-way ANOVA; a, b, and c 
represent statistical significance; those with the same letter designation were statistically non-significant 
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 Conclusions 4.4.

We find that the circadian clock has strong physiological relevance in Arabidopsis 

resistance against B. cinerea.  Arabidopsis leaves exposed to fungal spores during 

subjective day have smaller lesion diameters after 72 and 96 hpi than Arabidopsis leaves 

inoculated during subjective night (Fig. 34).  When plants lacking a functional clock are 

inoculated with B. cinerea, there is no difference in lesion diameter whether the leaves 

were inoculated during subjective day or night (Fig. 35), indicating that time-of-day-

dependent resistance to B. cinerea is dependent on the Arabidopsis circadian clock.  

Furthermore, when plants lack jasmonates there is no time-of-day-dependent resistance to 

B. cinerea, indicating that jasmonates are required for the enhanced resistance to B. 

cinerea seen when leaves are inoculated at certain times of day (Fig. 36). We conclude 

therefore that the plant clock regulates jasmonate-dependent resistance to B. cinerea 

infection, resulting in differential resistance depending upon the time-of-day of 

inoculation.     

Fungal pathogens such as B. cinerea are a major problem for some crop plants 

such as grapes and potatoes (Dean et al., 2012).  Understanding how plants regulate 

defense hormones and metabolites to increase resistance to fungal pathogens will allow 

us to develop strategies to gain resistance in crop plants to fungal infections.  
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Chapter 5 

Post-harvest circadian entrainment 
enhances crop pest resistance and 

phytochemical cycling 

 Introduction 5.1.

Post-harvest crop loss is a worldwide issue with approximately one-third of all 

food produced worldwide or 1.3 billion tons of food each year lost to herbivory and 

pathogen attack and waste (Gustavsson et al., 2011).  In the United States, 30% of all 

food is lost each year (Gustavsson et al., 2011).     

In developing countries 1 billion people are affected by severe hunger and 

poverty; they rely on small farms of about 1-2 acres to feed themselves, their families and 

earn their income (Bill and Melinda Gates Foundation).  Food loss in these countries is 

lost primarily due to technical constraints such as post-harvest storage practices that 

Portions of this Chapter have been published in Goodspeed et al., 2013. 
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result in insect attack and fungi infection, and lack of cooling facilities, resulting in more 

than 40% of crop loss before the crop makes it to market (Gustavsson et al., 2011).    

Insect attacks account for 5% of post-harvest food loss worldwide, and fungi and 

bacterial infection account of 5-30% of food loss (Rajendran, 2002).  Finding an 

inexpensive, yet efficient way to decrease post-harvest crop loss is essential to 

developing countries.   

The standard practice in developed countries is storage of post-harvest crops in 

cooled facilities with constant dark conditions (Gustavsson et al., 2011). In developing 

countries, farmers lack cooling facilities but still store their post-harvest crops in constant 

dark conditions (Gustavsson et al., 2011). 

Cruciferous vegetables such as cabbage, broccoli, and cauliflower contain 

glucosinolates.  Glucosinolates are circadian regulated in Arabidopsis (Figs. 30 and 31), 

and are required in cruciferous vegetables for defense against herbivory.   Glucosinolates 

also have important anti-cancer properties in humans (Björkman et al., 2011). 

Glucosinolates induce apoptosis and act as an antioxidant in cancer cells and have been 

shown to reduce tumor size in lung, prostate, and breast cancers (Fahey et al., 2002; 

Finley, 2005).  

Like Arabidopsis, common vegetables and fruits may also have a circadian clock.  

Vegetables and fruits continue respiration after harvest and are still metabolically active 

(Burton, 1982); once harvested, vegetables and fruits do not immediately die. Therefore, 

we hypothesized that the circadian clock may remain functional in post-harvest 

vegetables and fruits, and maintenance of entrainment stimuli may promote biotic 
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resistance of vegetables and fruits.  In addition, glucosinolates are circadian regulated in 

Arabidopsis plants (Figs. 30 and 31); therefore, we hypothesized that post-harvest 

cruciferous vegetables would also have circadian regulated glucosinolate accumulation if 

post-harvest vegetables and fruits can be re-entrained.  

  Re-entrained post-harvest cabbage is more resistant to 5.2.

herbivory when co-entrained with herbivores 

To test the hypothesis that post-harvest vegetables can be re-entrained, I used the 

bioassay for clock entrainment and function described in Chapter 2.  I first examined 

whether post-harvest cabbage, Brassica oleracea, a relative of Arabidopsis, bought from 

the local grocer, demonstrates circadian behavior following entrainment with light-dark 

cycle exposure. I first re-entrained cabbage leaves in 12 hour light-dark cycles either 

coincident with T. ni entrainment or 12 hours out of phase with T. ni entrainment.   Both 

cabbage leaves and T. ni were moved to constant light for 24 hours and then T. ni were 

allowed to feed on plant tissue for 72 hours in constant light conditions.  In-phase 

entrainment of the cabbage leaves with T. ni resulted in enhanced cabbage resistance to 

that of cabbage that was entrained out-of-phase with the herbivore (Fig. 37).  T. ni gained 

approximately twice as much weight on the out-of-phase entrained cabbage leaves than 

the in-phase entrained cabbage leaves (Fig. 37).   

Space constraints in the incubators led us to cut cabbage leaves into 3 cm discs for 

further studies.   Since cutting the cabbage leaves into discs causes wounding, we cut the 

leaves before entrainment in light-dark cycles to minimize any effect wounding the 
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leaves may have on our experiments.  The 3 cm cabbage discs were entrained in 12-hour 

light-dark cycles for 3 days and then the discs were moved to constant light conditions.   

  

Figure 37. Cabbage leaves are re-entrainable 
T. ni weight gain after 72 hours co-incubation with in-phase (white 
bars) and out-of-phase (filled bars) entrained plants.  Means ± SE; n = 
18; * P < 0.05; two-tailed unpaired t-test. 
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After 24 hours in constant light, T. ni were added to the cabbage discs and allowed to 

feed freely for 72 hours.  In-phase entrainment of the host with T. ni resulted in enhanced 

cabbage resistance relative to that of cabbage tissues entrained out-of-phase with the 

herbivore (Fig. 38). Cabbage disks entrained out-of-phase with the T. ni larvae suffered 

visibly more tissue damage (Fig. 38A) and lost approximately 20-fold more tissue weight 

(Fig. 38B) than disks entrained in-phase with T. ni. The T. ni larvae also grew larger 

when feeding on the cabbage entrained out-of-phase (Fig. 38C), gaining more than half 

the weight on average (Fig. 38D) of T. ni larvae entrained in-phase relative to the 

cabbage host.  The differential herbivore resistance of the cabbage tissues following in- 

versus out-of-phase entrainment provides strong evidence for the successful re-

entrainment of the circadian clock in post-harvest cabbage tissue.  
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Figure 38. Post-harvest cabbage can be re-entrained by light-dark cycles to demonstrate phase-dependent 
herbivore resistance  
(A) Representative photographs of cabbage disks entrained in-phase or out-of-phase with T. ni entrainment after 72 
hours of cabbage - T. ni co-incubation. Tissue dark spots and holes are sites of herbivory damage. (B) Tissue weight 
loss from cabbage disks entrained in-phase and out-of-phase with T. ni entrainment after 72 hours of co-incubation. 
Mean area ± SE; n = 6; * P < 0.005; unpaired t-test. (C) Representative T. ni larvae at 72 hours post co-incubation. 
Scale bar, 0.5 mm. (D) T. ni larvae weight gain. Means ± SE; n = 18; * P < 0.005; unpaired t-test.  
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 The ability of post-harvest cabbage to be re-entrained is lost 5.3.

over time 

To determine whether cabbage loses its ability for re-entrainment with increasing 

time post-harvest, we compared the level of in-phase enhancement of resistance of 

cabbage disks entrained at different time points post purchase (Fig. 39).  Based on grocer 

information, we estimate that the cabbage was harvested between 24 and 72 hours before 

purchase.  Cabbage for which 3-day entrainment started the day of purchase or 3 days 

after purchase showed a significant (p< 0.05) in-phase increase in herbivore resistance 

compared to those subjected to out-of-phase entrainment conditions (Fig. 39A, B and C).  

In contrast, delaying the start of the entrainment until 6 or 9 days post purchase results in 

no detectable advantage from in-phase entrainment (Fig. 39A, B and C).  These results 

indicate that the capacity of post-harvest cabbage to be re-entrained may decay 

approximately one week after harvest. 
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Figure 39. The ability of post-harvest cabbage to demonstrate enhanced herbivory resistance 
following in-phase entrainment is lost over time 
(A) Representative photographs of 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 larvae. Entrainment 
was initiated the day of purchase (0 Days) or 3, 6 or 9 days, as indicated, after purchase. Dark spots 
and holes are sites of herbivory damage. (B) Representative T. ni after 72 hours post co-incubation 
with cabbage disks described in A. Scale bar, 0.5 mm. (C) T. ni larvae weight gain. Means ± SE; n = 
18; * P < 0.05; two-tailed unpaired t-test. 
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 Accumulation of glucosinolates in re-entrained post-harvest 5.4.

cabbage is circadian regulated 

 Arabidopsis glucosinolate accumulation is circadian regulated (Figs. 30 and 31), 

therefore we hypothesized that cabbage glucosinolates would also accumulate with 

circadian rhythmicity.  To test this hypothesis, postharvest cabbage was entrained for 3 

days and then collected every 4 hours for 48 hours.  Total cabbage glucosinolates 

accumulated rhythmically with peak accumulation at subjective mid-day in cabbage disks 

(Fig. 40). Thus, light-dark cycles, even applied after harvest, can re-entrain the circadian 

clock of B. oleracea tissue disks, resulting in rhythmic metabolite accumulation. 
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Figure 40. Cabbage glucosinolates accumulate with 
circadian rhymicity 
Total glucosinolates accumulate with circadian 
rhythmicity in re-entrained cabbage. Means ± SE; n = 6. 
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 Re-entrained post-harvest cabbage is more resistant than re-5.5.

entrained post-harvest cabbage without re-entrainment 

Re-entrained post-harvest cabbage confers a higher resistance to T. ni herbivory 

when entrained in-phase with T. ni (Fig. 38).  To test whether cyclical light-dark 

treatments enhance T. ni resistance in post-harvest cabbage, we compared T. ni damage 

cabbage tissue disks incubated under light-dark cycles to herbivore damage on cabbage 

disks kept under constant light or constant darkness. Cabbage disks maintained in light-

dark cycles suffered fewer visible lesions and less tissue loss after incubation with T. ni 

than disks maintained under constant light or dark and incubated with T. ni (Fig. 41A and 

B).  Consistent with enhanced host resistance conferred by light-dark cycles, T. ni 

performance, assessed by overall size and weight gain, was at least two-fold reduced 

when fed on cabbage disks subjected to light-dark cycles as opposed to those fed disks 

stored under constant light or darkness (Fig. 41C and D). Finally, under choice conditions 

where entrained T. ni were placed among multiple disks, some of which were entrained 

in-phase light-dark cycles and others which were kept in constant light conditions, the in-

phase entrained disks had significantly less tissue damage due to herbivory than the disks 

kept in constant light (Fig. 41E).  Together these results strongly support the conclusion 

that maintenance of post-harvest cabbage under cyclical light-dark conditions can be 

advantageous with respect to insect herbivore resistance and that storage of post-harvest 

cabbage in either constant light or constant darkness may make the crop more susceptible 

to herbivory. 
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Figure 41. Maintenance of light-dark cycles enhances T. ni resistance  in B. oleracea 
(A) Representative photographs of 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 larvae. Dark spots and holes are 
sites of herbivory damage. (B) Tissue weight loss remaining from cabbage disks described in panel (A). 
Mean area ± SE; n = 6; * P < 0.005; two-tailed unpaired t-test. (C) Representative T. ni larvae at 72 hours 
post co-incubation with cabbage disks described in A. Scale bar, 0.5 mm. (D) T. ni larvae weight gain. Means 
± SE; n = 18; * P < 0.005; two-tailed unpaired t-test. (E) Cabbage tissue loss measured after 72 hours co-
incubation under choice conditions.  Mean ± SE; *P< 0.05; two-tailed unpaired t-test. 
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 Rhythmic accumulation of glucosinolates in post-harvest 5.6.

cabbage is dependent on re-entrainment at both 22 oC and 4 oC 

Glucosinolates play a major role in herbivore defense of cruciferous 

plants(Hopkins et al., 2008), and glucosinolate accumulation is under circadian regulation 

in Arabidopsis and cabbage (B. oleracea, Figs. 30, 31 and 40). Therefore, we next 

determined whether herbivore resistance of post-harvest cabbage conferred by sustained 

light-dark cycles (Fig 38) results in rhythmic accumulation of glucosinolates at both 4 oC 

and 22 oC. Indeed, a subset of glucosinolates accumulates with circadian rhythmicity in 

cabbage subjected to light-dark cycles at both 4 oC and 22 oC (Fig. 42). At 4 oC, 3-

methylsulfinylpropyl glucosinolate, 1-methoxy-indolyl-3-methyl glucosinolate, 3-butenyl 

glucosinolate, and allyl glucosinolate and  at 22 oC, 1-methoxy-indolyl-3-methyl 

glucosinolate, 3-butenyl glucosinolate, and allyl glucosinolate accumulate with circadian 

rhythmicity. Cyclical glucosinolate accumulation is largely lost in cabbage tissues 

maintained under constant light or darkness (Fig. 42), demonstrating that there is likely 

loss of clock synchronicity with respect to glucosinolate accumulation among the cells of 

post-harvest cabbage maintained under constant conditions. 
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Figure 42. Cabbage glucosinolate accumulation. 
Cabbage glucosinolate accumulation at 22 oC and 4 oC under light-dark cycles, constant light, and constant 
darkness; a subset show circadian periodicity of accumulation under diurnal conditions. 3-
methylsulfinylpropyl glucosinolate (3MSO), indolyl-3-methyl glucosinolate (I3M), 4-methoxy-indolyl-3-
methyl glucosinolate (4MO-I3M), 1-methoxy-indolyl-3-methyl glucosinolate (NMO-I3M), 3-butenyl 
glucosiolate (Butenyl), and allyl glucosinolate (Allyl). Light-dark cycles (green line), constant light (gray 
line), constant dark (black line). Means ± SE; n = 3. 
 

 



 96 
 

4-Methylsulfinylbutyl (4MSO) is a cabbage glucosinolate identified as a 

beneficial phytochemical because of its anticancer and antimicrobial activities (Fahey et 

al., 2002; Zhang et al., 1992).  4MSO accumulation is circadian regulated in re-entrained 

cabbage, with peaks at 8 and 28 hours (Fig. 43A). The circadian rhythmicity of 4MSO is 

lost in cabbage that was not entrained in light-dark cycles (Fig. 43A).  Because harvested 

cabbage may also be stored under refrigerated (4 oC) conditions, we next tested whether 

4MSO cycles in cabbage stored at 4 oC. Cabbage 4MSO accumulation also showed 

circadian regulation at 4 oC, with peak levels during the light periods and reduction 

during the dark periods, when the crop was stored under light- dark cycles (Fig. 43B). 

However, the 4MSO levels were lower in the cabbage tissue stored at 4 oC than that 

stored at 22 oC (Fig. 43). 4MSO accumulation loses its cyclical pattern in cabbage tissues 

maintained under constant light or darkness at 4 oC (Fig. 43B).  
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Figure 43. Maintenance of light-dark cycles promotes circadian accumulation of the anti-cancer 
glucosinolate, 4MSO, in B. oleracea 
(A) The anti-cancer glucosinolate, 4-methylsulfinylbutyl (4MSO), accumulates with circadian rhythmicity 
in cabbage maintained at 22 oC under light dark-cycles (green line); under constant light (gray line) or 
constant dark (black line) rhythmic accumulation is lost. Means ± SE; n = 3. (B) 4MSO also accumulates 
with circadian rhythmicity in cabbage maintained at 4 oC under light dark-cycles (green line), but not under 
constant light (gray line) or constant dark (black line). Means ± SE; n = 3. 
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 Diverse post-harvest vegetables and fruits can be re-entrained 5.7.

Since post-harvest cabbage is still metabolically active and able to be re-entrained 

(Fig. 38), I tested whether the clocks of other human food crops, including those outside 

the crucifer family, could also be re-entrained by light-dark cycles. I assayed for 

circadian function by assessing whether enhanced resistance to T. ni results from in-phase 

entrainment of post-harvest crops compared to out-of phase entrainment relative to T. ni.  

Lettuce, spinach, zucchini, sweet potatoes, carrots, and blueberries subjected to light-dark 

cycles in-phase with T. ni had visibly reduced tissue damage (Fig. 44A) and 

quantitatively more tissue remaining (Fig. 44B) after herbivore feeding than comparable 

crops entrained out-of-phase with T. ni (Fig. 44A and B). Furthermore, T. ni 

performance, as measured by weight entrained in-phase with T. ni relative to performance 

on vegetables and fruits that were entrained in-phase with T. ni relative to performance 

on plants entrained out-of-phase with T. ni (Fig. 44D and E).   
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gain after feeding, was reduced on the different vegetables and fruits that were  

Figure 44. The circadian clock of diverse vegetables and fruits can be re-entrained post-harvest by 
light-dark cycles and confers phase-dependent herbivore resistance. 
(A) Representative photographs of leaf disk (lettuce and spinach) or whole organs (zucchini, sweet potato, 
carrot, blueberry) entrained in-phase or out-of-phase with T. ni entrainment after 72 hours of plant tissue - 
T. ni co-incubation. Tissue damage is apparent as loss of disk integrity in lettuce and spinach, exposure of 
inner white tissue of zucchini, exposure of inner dark tissue of sweet potato, holes and crevices in carrot, 
and loss of outer tissue layer in blueberries. (B) Tissue weight loss from plant tissue entrained in-phase 
and out-of-phase with T. ni entrainment after 72 hours of co-incubation. Mean area ± SE; n = 6; * P < 
0.005; two-tailed unpaired t-test. (C) Representative T. ni at 72 hours post co-incubation. Note that T. ni 
accumulate pigment from their host; for example, zucchini-fed larvae are green whereas carrot-fed larvae 
are orange and blueberry-fed larvae are blue. Scale bar, 0.5 mm. (D) T. ni larvae weight gain. Means ± 
SE; n = 18; * P < 0.005; two-tailed unpaired t-test.  
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Not all vegetables that we tried to re-entrain showed this phase-dependent resistance in T. 

ni herbivory (Fig. 45).  Neither jicama (Fig. 45A) nor snow peas (Fig. 45B) showed a 

significant difference in weight gain of T. ni after 72 hours of co-incubation with either 

in-phase or out-of-phase entrainment.  We also tried other fruits and vegetables, including 

broccoli, cauliflower, apples, tomatoes, and strawberries.  These were also unsuccessful 

as the T. ni refused to feed on these fruits and vegetables under our tested conditions.   

 The time-dependent T. ni-resistance bioassay shown in figure 44 is strong 

evidence that the circadian clock of diverse vegetables and fruits can be re-entrained after 

harvest.  Because these crops are not crucifers and therefore lack glucosinolates, the 

metabolites important for herbivore defense in these crops remain to be determined. 

However, these results comparing in-phase and out-of-phase entrainment indicate that 

diverse plant organs can remain receptive to light-dark cycles as clock entrainment cues 

and that, as found for Arabidopsis (Goodspeed et al., 2012), in-phase entrainment 

enhances resistance against a generalist herbivore, T. ni. 
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Figure 45.  T. ni do show differential weight gain on in- versus out-of-phase entrained jicama and 
snow peas 
(A) T. ni weight gained after feeding on in-phase (white bars) and out-of-phase (filled bars) entrained 
yicama for 72 hours.  (B)  T. ni weight gained after feeding on in-phase (white bars) and out-of-phase 
(filled bars) entrained snow peas for 72 hours.   

Jicama Snow peas 
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 Light-dark cycles may increase post-harvest longevity 5.8.

Light-dark cycles mimic the natural daily rhythms of the outside environment; 

therefore, we hypothesized that post-harvest storage with cycles of light and darkness 

may increase longevity post-harvest.  Exposure to post-harvest light-dark cycles may 

increase longevity in vegetables by decreasing stress on the vegetable.  To test whether 

post-harvest light-dark cycle exposure increases longevity, lettuce and cabbage were 

placed in either 4 oC constant dark, 4 oC light-dark, 22 oC constant dark or 22 oC light-

dark conditions.  We observed lettuce over 1.5 weeks and cabbage over 3 weeks. 

Deterioration of lettuce was more rapid than cabbage, so cabbage was observed for a 

longer time period. By visual analysis we saw that by 1.5 weeks lettuce was highly 

deteriorated under 22 oC constant dark conditions but still green under 22 oC light-dark 

conditions (Fig. 46).  There was no detectable visual difference in lettuce between the 4 

oC constant dark and 4 oC light-dark conditions (Fig. 46).  Similarly, cabbage was 

visually more deteriorated after 3 weeks in 22 oC constant dark conditions (Fig. 47).  

Under 22 oC light- dark conditions the cabbage started to deteriorate at 3 weeks but the 

cabbage kept in constant dark conditions at 22 oC had almost completely turned black 

(Fig. 47).  Under refrigerated conditions, the cabbage heads looked similar with little 

deterioration when kept in constant dark conditions or light-dark conditions at 3 weeks 

post-purchase (Fig. 47).  These preliminary results suggest that at room temperature, 

light-dark cycles may increase longevity but there may be no difference in longevity 

between light-dark cycles and constant dark conditions when refrigerated.  Currently, 

visual analysis has been conducted but quantification of ion leakage, chlorophyll content, 
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and anthocyanin content would accurately measure the deterioration differences between 

light-dark cycles and constant dark conditions in both refrigeration and room 

temperature.   
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Figure 46.  Light-dark cycles increase longevity of lettuce at 22 oC 
Lettuce at 1 week and 1.5 weeks after being kept at either 4 oC constant dark, 4 oC light-dark, 22 oC  
constant dark, or 22 oC light-dark conditions.   
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Figure 47.  At room temperature, light-dark cycles may increase longevity of cabbage heads 
Cabbage at 1, 2, and 3  weeks after being kept at either 4 oC constant dark, 4 oC light-dark, 22 oC  constant 
dark, or 22 oC light-dark conditions.   
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 Conclusions 5.9.

Our results have shown that post-harvest cabbage is still responsive to external 

stimuli, and therefore able to be entrained in light-dark cycles (Fig. 38), but that the 

ability to be re-entrained only occurs for up to 3 days post-purchase (Fig. 39).  Some 

glucosinolates, the secondary metabolites required for defense against herbivory in 

cruciferous vegetables, are rhythmically accumulated in post-harvest cabbage when 

entrained in both room temperature and refrigerated conditions (Fig. 42).  4MSO an 

important glucosinolate for human health and is circadian regulated at both room 

temperature and under refrigeration when cabbage is kept in light-dark cycles (Fig. 43).  

We have also shown that other fruits and vegetables can be re-entrained in light-dark 

cycles (Fig. 44).   

The results reported here reveal an important aspect of plant life that could be 

exploited to be advantageous for human health and crop pest resistance. Overall, our data 

suggest that re-entrainment of the circadian clock in harvested vegetables and fruits can 

affect pest resistance, nutritional value, and longevity.    
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Chapter 6 

Conclusions and Future Directions 

We have determined that Arabidopsis uses the circadian clock to mediate 

jasmonate-dependent resistance to insect herbivory and fungal pathogen infection.  Post-

harvest vegetables and fruits are still responsive to external stimuli, and entrainment in 

light-dark cycles increases pest resistance.  Glucosinolates, metabolites known for their 

anti-cancer properties, rhythmically accumulate in post-harvest cabbage.   

 Glucosinolates 6.1.

6.1.1. Resistance in plants lacking aliphatic glucosinolates 

Aliphatic glucosinolates contribute to in-phase enhanced resistance to herbivory, 

but other circadian regulated metabolites are also likely contributing.  We show that in-

phase entrained myb28myb29 mutants, which lack aliphatic glucosinolates, are more 

susceptible to herbivory than in-phase entrained wild-type plants (Fig. 32), indicating a 
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role for this glucosinolate class in clock-mediated defense.  However, in-phase entrained 

myb28myb29 mutants retain greater resistance to T. ni herbivory than out-of-phase 

entrained myb28myb29 mutants (Fig. 32); therefore, a loss of aliphatic glucosinolates 

does not result in complete loss of the in-phase entrained enhanced resistance to 

herbivory.  One possibility is that metabolites other than aliphatic glucosinolates are also 

required for the enhanced resistance to herbivory conferred by the circadian clock. 

Indolyl glucosinolates, which are circadian regulated in accumulation in Arabidopsis and 

act as anti-herbivore metabolites (Textor and Gershenzon, 2009), may also play a role for 

in-phase enhanced resistance to herbivory in Arabidopsis.  However, because we found 

that many diverse fruits and vegetables display clock-mediated enhanced defense 

(discussed below; 6.3.4), it is also likely that other metabolites unrelated to glucosinolates 

may also have roles in enhancing resistance as a result of circadian entrainment. 

6.1.2. Glucosinolates in post-harvest cruciferous crops 

Entraining cruciferous vegetables in light-dark cycles may increase their health 

value.  Glucosinolates, secondary metabolites found in cruciferous vegetables such as 

cabbage, broccoli and cauliflower, have potent anti-cancer properties (Dean et al., 2012).   

We found that glucosinolate levels are circadian regulated (Fig. 40); 4MSO, one of the 

most potent naturally occurring anti-cancer chemicals known, is also circadian regulated 

in accumulation (Fig. 43).  Furthermore, clock control over glucosinolate accumulation 

can continue to function in post-harvest cabbage and during 4 oC storage (Fig. 43B).  

Thus, increasing the health value of cruciferous vegetables may be possible by altering 

the current transportation and storage practices and timing daily consumption. One 
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possibility is to transport and store cruciferous vegetables after harvest in light-dark 

cycles to maintain rhythmic accumulation of glucosinolates. Alternatively, cruciferous 

vegetables could be transported in constant conditions, and then after purchase, the 

vegetables could be stored in light-dark cycles to re-entrain their circadian clocks and 

reactivate the rhythmic accumulation of glucosinolates.  To increase health content in 

preserved cruciferous vegetables, crops could be harvested when glucosinolate levels are 

high and then immediately frozen or otherwise preserved.    Based on our experimental 

results, we would predict mid-day as the optimal time for glucosinolate accumulation; 

however, because field conditions may also affect metabolite levels, further analysis 

would be required to determine optimal time-of-day for harvest.  By determining the best 

harvest and storage practices and time of consumption for peak glucosinolate 

accumulation, we may identify ways to enhance the human health benefit from 

cruciferous vegetables.   

 Plant-herbivore interactions 6.2.

Arabidopsis has evolved to use the circadian clock to anticipate and defend against 

insect attack.  Arabidopsis glucosinolates, metabolites required for resistance to 

herbivory, are at their peak (Fig. 30) when T. ni feed on Arabidopsis.  T. ni performance 

is decreased when they feed on coincidently entrained Arabidopsis (Figs. 13, 14, and 15). 

One question that arises from these findings is why hasn’t T. ni feeding behavior changed 

to feed at night when plant defenses are reduced.  One possible explanation is that a 

balance between predator and prey may be advantageous for the predator.  If insects 
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adapted to overcome all plant defenses, then eventually the plant host could become 

extinct, thus leading to the eventual extinction of the predator.  An alternative explanation 

may derive from other pressures that may impact herbivore behavior.  For example, 

nocturnal predation on T. ni may have contributed to T. ni evolving to feed during the 

day.  Pheropsophus aequinoctialis is a nocturnal ground beetle that feeds on T. ni (Frank 

et al., 2009).   Thus, the evolution of feeding behavior of insects is likely the result of a 

complexity of possible influences.   

Arabidopsis prepares defense for herbivory attack during the day.   Jasmonates and 

glucosinolates, the hormone and metabolites, respectively, required for resistance to 

herbivory, are circadian regulated.  Accumulation for jasmonates and glucosinolates peak 

during subjective day and are lowest during subjective night.  Arabidopsis is more 

susceptible to T. ni herbivory when entrained out-of-phase with T. ni, suggesting that 

Arabidopsis is less able to successfully defend against herbivory at night.  Therefore, we 

would predict that Arabidopsis may be more susceptible to nocturnal feeding insects such 

as cutworms, than insects such as T. ni that feed during the day (Jander, 2012). 

 Future work 6.3.

6.3.1. Circadian control of jasmonate and salicylate accumulation  

Jasmonates and salicylates levels are circadian regulated with anti-phasic 

accumulation patterns (Fig. 28).  Jasmonate levels peak during subjective day and 

salicylate peaks during subjective night (Fig. 28).  Consistent with the anti-phasic 

accumulation, there is generally an antagonistic relationship between jasmonate and 
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salicylate (Leon-Reyes et al., 2010; Smith et al., 2009).  How the clock controls defense 

hormone accumulation remains unknown.  The antagonistic relationship between 

jasmonates and salicylates suggests the possibility that levels of only one hormone are 

directly controlled by the circadian clock and that clock-regulated hormone controls 

levels of the other hormone. For example, the circadian clock may regulate jasmonate 

synthesis and degradation and jasmonates then regulate salicylate accumulation (Fig. 

48A).   Alternatively, salicylate accumulation may be circadian regulated, and salicylates 

control jasmonate accumulation (Fig. 48 B).  A third possibility is that the circadian clock 

independently regulates both jasmonate and salicylate levels (Fig. 48C). Differentiation 

of the three possible scenarios illustrated in figure 48 could be accomplished through the 

use of plant mutants that lack the ability to accumulate and/or respond to jasmonate 

and/or salicylate.  For example, loss of circadian accumulation of salicylate in a 

jasmonate biosynthesis mutant would implicate a role for jasmonate in the rhythmic 

salicylate accumulation pattern.     

6.3.1.1. How does the circadian clock affect jasmonate accumulation? 

The circadian clock may be controlling jasmonate accumulation through the 

CCA1 transcription factor.  CCA1 is a transcription factor that acts in part to control the 

core oscillator of the Arabidopsis circadian clock (Pruneda-Paz and Kay, 2010).  Plants 

engineered to constitutively overexpress CCA1 (CCA1-OX) that are entrained out-of-

phase with T. ni are more resistant to herbivory than out-of-phase entrained wild-type 

plants (Fig. 19).  Similarly, CCA1-OX is more resistant to B. cinerea infection than wild 

type during subjective night when wild type is highly susceptible to infection (Fig.35), 
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suggesting that CCA1-OX has constitutively active defense.  One possibility for the 

relative resistance in CCA1-OX to herbivory and fungal infection is that jasmonate levels 

may be constitutively high.  Higher jasmonate levels would result in increased levels of 

defense metabolites and therefore resistance.  Another arrhythmic plant line, lux2, which 

has constitutively low levels of CCA1 (Hazen et al., 2005), is more susceptible to 

herbivory than wild type and CCA1-OX (Fig. 19).   If CCA1 is a transcription factor that 

controls the expression of jasmonate biosynthesis genes, then jasmonate levels may be 

high in plants that constitutively overexpress CCA1 and jasmonate levels should be low 

in plants that have repressed expression levels of CCA1. Revealing whether CCA1 is a 

transcription factor regulating jasmonate biosynthesis genes would be of interest because 

it may uncover the first direct clock regulator of jasmonate biosynthesis.    
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Figure 48.  Proposed models of circadian clock control of jasmonates and salicylates 
(A) The circadian clock mediates jasmonate accumulation.  Jasmonate influences salicylate accumulation 
independent of the clock. (B)  The circadian clock mediates salicylate accumulation.  Salicylate influences 
jasmonate accumulation independent of the clock.    (C) The circadian clock mediates both jasmonate and 
salicylate accumulation independently.   
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6.3.2. Does the clock gate jasmonate accumulation in response to wounding and 

B. cinerea infection? 

How in-phase entrainment increases plant herbivory resistance is not clear.  One 

possibility is that enhanced resistance is due to elevated glucosinolate accumulation prior 

to insect feeding such that the glucosinolates slow insect feeding while the plants mount a 

more active, induced response, which includes even higher levels of glucosinolates.  If 

insects attack when glucosinolate levels are low, then perhaps the insect damage can 

occur so quickly that the plants do not have time to activate defenses.   

Alternatively, the clock may control the robustness of the response dependent 

upon the time of day.  In this way, the clock may prevent wasting resources by restricting 

active responses to only the times of day when legitimate stresses are likely to be present.  

This phenomenon is known as gating.  Evidence for clock gating of sensitivity and/or 

response to herbivory or fungal infection would be a time-of-day dependent differential 

response to herbivory and pathogen infection.  For example, higher increases in 

jasmonate accumulation would be expected to occur when herbivore or pathogen attack 

occurs during the day than when attack occurs at night (Fig. 49).  In this way, clock 

control of plant defense may improve efficiency by limiting responses to those stimuli 

that are most likely relevant to survival.   
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Figure 49. Schematic of gating by the circadian clock 
The black line represents basal levels of a circadian hormone.  The 
gray line represents how gating may cause a differential response in 
hormone accumulation depending upon the time of day the stimulus 
is applied.  The green arrows represent herbivory or pathogen attack 
during the day with a large response in hormone accumulation.  The 
red arrows represent herbivory or pathogen attack at night with 
little to no response in hormone accumulation.    
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6.3.3. Fungal resistance in post-harvest crops 

Fungal infection in post-harvest vegetables and fruits accounts for 20-30% of crop 

yield loss annually (Dean et al., 2012).  B. cinerea is one of the leading causes of crop 

loss because it has a wide host range and can attack more than 230 plant species (Jarvis, 

1977).  There is currently no effective way to increase resistance to B. cinerea without 

the use of fungicides.  We have shown a time-of-day dependent resistance to B. cinerea 

in Arabidopsis (Fig. 34). Furthermore, post-harvest vegetables and fruits can be re-

entrained by light-dark cycles to increase resistance to herbivory (Figs. 39 and 44), 

therefore, post-harvest vegetables and fruits stored in light-dark cycles may have 

increased resistance to B. cinerea.  Such a strategy may reduce post-harvest crop loss to 

fungal infection.    

6.3.4. Other metabolites in post-harvest crops 

Diverse post-harvest vegetables and fruits can be re-entrained to confer a phase-

dependent resistance to T. ni herbivory (Fig. 44), suggesting that metabolites sufficient 

for defense in these post-harvest crops are circadian regulated.  Glucosinolates, 

metabolites required for herbivory defense in cruciferous vegetables are circadian 

regulated (Fig. 40) but are not present in non-cruciferous plants.  Taken together, these 

results suggest that other defense metabolites may be circadian regulated. Some of these 

metabolites may also be beneficial to human health.  It will be of interest to identify 

whether human health relevant metabolites show time-of-day dependent accumulation in 

entrained pre- and post-harvest crops and whether accumulation levels vary with enough 

significance to be relevant to human health benefit.  If so, there may be interest in 
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developing new harvest and storage practices.   Because both light and temperature are 

sufficient to entrain circadian clocks in plants, simple alterations in storage conditions 

may be practical.    

 Conclusions 6.4.

Our research has uncovered the physiological relevance of the circadian clock in 

pest defense.  This finding has implications for development of practical, inexpensive and 

efficient ways to utilize the circadian rhythms to increase crop resistance against 

herbivory and pathogen infection, improving plant-base availability, and optimizing the 

value of vegetables and fruits to human health.  
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