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ABSTRACT 

Plant Interactions with Other Organisms 

by 

Yanwan Dai 

        With pressures on food availability, improved plant crop productivity and nutritional 

value are important. To increase crop yield, research into optimizing plant defenses 

against pests and pathogens can inform new strategies. In addition, efforts to optimize 

nutrition and health promoting content of plant crops may further contribute to the 

benefits of plant-rich diets.  

        Arabidopsis thaliana is a model host to investigate defense against fungi. Leaves 

have often been used to evaluate plant defenses. However, I have found that, unlike 

rosette leaves, the rosette core, where the leaf petioles join the stem, can prevent fungal 

infiltration and therefore can display robust fungal resistance. Rosette core fungal 

resistance is age- and jasmonate-dependent, and may involve formation of an abscission-

like zone. Cauliflower and cabbage also display rosette core resistance to Botrytis 

cinerea. Therefore, spatial and developmental aspects of the plant host can play critical 

roles in fungal resistance and are important to our understanding of plant defense 

mechanisms.  

        The jasmonate phytohormone is critical to plant biotic resistance. Jasmonate 

intermediate product (9S,13S)-12-oxo-phytodienoic acid (OPDA) has been 

implicated as a signaling molecule in fungal defense. To verify this role for OPDA, 



 
 

mutants that block jasmonate biosynthesis at OPDA would be valuable tools. 

Mutations in OPDA REDUCTASE (OPR3), encoding the only known OPDA reductase, 

were generated using CRISPR-Cas9. New opr3 mutants were identified, however, 

these mutants remained capable of jasmonate synthesis. This unexpected finding is 

consistent with a recent report that Arabidopsis has an OPR3-independent 

jasmonate biosynthesis pathway. Mutations that block all jasmonate synthesis 

pathways will be required to verify direct functional roles of OPDA.    

        The plant circadian clock impacts biotic defense. To test whether the time-

dependent differential accumulation of plant metabolites is sufficient to confer 

significant biological effects in feeding organisms, I compared biological effects of 

broccoli harvested at different times of a day using both the insect herbivore model 

Trichoplusia ni and a mammalian model rat. Insect choice experiments suggest that 

time-of-day harvesting may impact feeding behaviors; whereas the rat experiments 

remain inconclusive. Additional experimentation is required to elucidate how the 

plant circadian clock may impact host organisms.  
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Introduction  

1.1. Biosynthesis and mechanisms of action of jasmonates 

1.1.1. Jasmonate biosynthesis  

        Jasmonic acid and related compounds (JA) are a kind of membrane glycerolipid-

derived plant hormone (Browse, 2009). The jasmonic acid biosynthetic pathway has been 

elucidated (Figure 1). The JA synthesis pathway starts within the chloroplast (Maucher et 

al., 2000; Ziegler et al., 2000; Froehlich et al., 2001), where α-linolenic acid is released 

from membrane glycerolipids (Ishiguro et al., 2001; Hyun et al., 2008); α-linolenic acid is 

then converted by 13-LIPOXYGENASE (13-LOX) into 13-hydroperoxylinoleic acid 

(Wasternack and Hause, 2013). ALLENE OXIDE SYNTHASE (AOS) then generates 

12,13-epoxyoctadecatrienoic acid (Lee et al., 2008; Browse, 2009) followed by ALLENE 

OXIDE CYCLASE (AOC) action to produce (9S,13S)-12-oxo-phytodienoic acid 

(OPDA) (Ziegler et al., 2000). OPDA is transported into the peroxisome primarily 



 
2 

through Peroxisomal ATP-BINDING CASSETTE TRANSPORTER 1 (PXA1), where 

the final steps of jasmonic acid synthesis occur (Stintzi and Browse, 2000; Footitt et al., 

2007). OPDA REDUCTASE 3 (OPR3) reduces OPDA into 3-oxo-2(2’ [Z]-

pentenyl)cyclopentane-1-octanoic acid (OPC:8) (Stintzi and Browse, 2000; Footitt et al., 

2007). OPR3 is transported into peroxisomes through a carboxyl-terminal SRL sequence 

that acts as a peroxisomal targeting signal (Stintzi and Browse, 2000). Three rounds of 

beta oxidation transform OPC:8 into jasmonic acid (Wasternack, 2007; Browse, 2009; 

Wasternack and Hause, 2013). Jasmonic acid is then transformed into the active form, 

jasmonoyl-isoleucine (JA-Ile), by JASMONATE-AMIDO SYNTHETASE 1 (JAR1), in the 

plant cytosol (Suza and Staswick, 2008). 
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Figure 1: Jasmonic acid biosynthesis. Figure modified from Taiz et al., 2015. 

 

13-LOX, AOS and AOC act together to transform linolenic acid into OPDA. OPDA is 

reduced to OPC:8 by OPDA reductase. Three rounds of beta oxidation turn OPC:8 into 

jasmonic acid. 
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1.1.2. Debate on the role of synthesis intermediate, OPDA  

        An opr3 mutant, with a 17-kb insertion within an OPR3 locus intron and 

therefore thought to be a null mutation, displays modest defense responses against 

necrotrophic fungi (Stintzi and Browse, 2000; Chehab et al., 2011). These results led 

to the conclusion that the OPDA intermediate might be sufficient for plant fungal 

defenses (Stintzi et al., 2001). However, more recently, this opr3 mutant, referred to 

here as opr3-1, was found to be leaky with a clear, but reduced, capability to 

generate JA upon fungal infection (Chehab et al., 2011), casting doubts on a role for 

OPDA in plant defense. The opr3-1 mutant shows detectable and properly spliced 

OPR3 transcripts when inoculated with B. cinerea (Chehab et al., 2011). The 

capability of opr3-1 to generate full-length OPR3 transcripts indicates opr3-1 is not a 

null mutant and therefore is not an appropriate tool for examing defense roles of 

OPDA independently of JA.    

1.1.3.  Jasmonate signaling pathways in plants  

        JA ZIM-domain (JAZ) proteins can inhibit the association of a set of 

transcriptional factors to DNA (Staswick, 2008). In the presence of JA-Ile, JAZ 

proteins bind with CORONATINE INSENSITIVE 1 (COI1) (Thines et al., 2007; 

Staswick, 2008). COI1 is a F-box protein acting in the E3 ubiquitin ligase - 

Skp/Cullin/F-box complex (Thines et al., 2007). Ubiquitination of JAZ proteins lead 

to their degradation and, consequently, the induced transcription of JAZ-repressed 

genes (Thines et al., 2007; Staswick, 2008). A summary for JA-COI1 signaling 

pathway is shown in Figure 2.  
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Figure 2: Jasmonate signaling pathway. Figure modified from Staswick, 2008. 

 

JAR1 transforms JA into its active form, JA-Ile. JAZ proteins are repressors of a set of 

transcriptional factors, including MYC2. JA-Ile promotes the binding of the F-box 

protein COI1 to JAZ proteins. Subsequent degradation of JAZ proteins through the 

ubiquitination/26S-proteasome pathway leads to active transcription of JA-induced genes  

(Thines et al., 2007; Staswick, 2008). 
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        Transcription factors that interact with JAZ repressors include (a) basic helix-

loop-helix proteins, such as MYC2 (Dombrecht et al., 2007; Wasternack and Hause, 

2013); (b) R2R3 MYB proteins, including MYB21 and MYB24 (Stracke et al., 2001; 

Wasternack and Hause, 2013); and (c) transcription factors that are also regulated 

through other phytohormone pathways, such as ETHYLENE-INSENSITIVE 3 and 

ETHYLENE-INSENSITIVE3-LIKE 1 (Zhu et al., 2011; Wasternack and Hause, 2013). 

COI1-JAZ-MYC2 is responsible for regulating biotic defense related metabolites, 

such as camalexin and glucosinolate production (Kazan and Manners, 2013). JAZ-

regulation of ETHYLENE-INSENSITIVE 3 and ETHYLENE-INSENSITIVE3-LIKE 1 

function suggests cross talk between JA and ethylene response pathways (Zhu et al., 

2011). Within 36 hours of B. cinerea inoculation, over 450 Arabidopsis genes are 

induced in expression (AbuQamar et al., 2006), including 135 genes that do not 

respond in coi1, indicating that only a subset of infection-responsive genes are 

under the control of the JA pathway (AbuQamar et al., 2006).  

        Methyl JA (MeJA) can act as a volatile capable of transmitting JA signal between 

different plant regions and/or different plants (Wu et al., 2008). Jasmonic acid 

carboxyl methyltransferase is responsible for transforming JA into MeJA (Seo et al., 

2001). MeJA-esterase hydrolyzes MeJA to produce JA (Stuhlfelder et al., 2002; 

Stuhlfelder et al., 2004). Overproduction of jasmonic acid carboxyl 

methyltransferase leads to a 3-fold higher basal MeJA but the same level of basal JA 

(Seo et al., 2001).  

        JA levels change in response to different kind of stresses (Santino et al., 2013). 

For example, infection with the necrotrophic fungus B. cinerea, elevates Arabidopsis 
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JA levels within 24 hours in Arabidopsis (Yang et al., 2007). In addition, mechanical 

wounding can increase both JA and JA-Ile levels within an hour in Arabidopsis 

(Chung et al., 2008; Suza and Staswick, 2008). Mechanical wounding is often 

associated with insect herbivory (Herde et al., 2013). However, JA accumulation 

regulation in response to herbivores can be complex involving multiple factors, as 

will be described below.  

        JA treatment leads to an increase in the transcript levels of genes encoding JA 

biosynthetic enzymes, including AOS, OPR3, and JAR1  (Chung et al., 2008). This 

feedback is dependent on COI1 (Chung et al., 2008). Evidence suggests the existence 

of a JA-pathway dependent feedback loop, which may play an important role in 

regulating JA levels. B. cinerea infected Arabidopsis leaves also show increased AOS 

and OPR3 transcript levels (Chehab et al., 2011; Windram et al., 2012). 

        It is unclear which steps are critical for the initial regulated production of JA in 

response to stress. Most LOX enzymes contain a Ca2+ binding domain (Oldham et al., 

2005; Farmer et al., 2014) and may then be activated by stress-induced changes in 

cytosolic Ca2+ (Creelman and Mullet, 1997). Therefore, LOX may be one target for JA 

synthesis regulation upon stress. AOS overexpression does not increase basal JA 

levels (Laudert et al., 2000), indicating that AOS  abundance is not a rate-limiting 

element in JA synthesis. However, constitutive OPR3 expression can modestly 

elevate basal JA levels (Chehab et al., 2011), suggesting that OPR3 activity may be 

rate limiting for JA synthesis. In addition, basal OPDA levels are higher than basal JA 

(Grebner et al., 2013), and, upon wounding, OPDA levels quickly drop as JA levels 

increase (Koo et al., 2009). Therefore, conversion of OPDA may be a regulated step 
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for JA synthesis (Koo et al., 2009; Chehab et al., 2011). OPR3 and/or OPDA import 

into peroxisomes and/or OPR3 activity regulation may be targets for controlling JA 

accumulation.  

        Hydroxylation and glucosylation can inactivate jasmonic acid and JA-Ile through 

the production of 12-hydroxy-JA, JA-glucosyl ester and 12-hydroxy-JA-lle, 

respectively (Wasternack, 2007; Wasternack and Hause, 2013). Regulation of 

enzymes responsible for converting between active and inactive forms of JA 

derivatives is not fully elucidated (Miersch et al., 2008; Wasternack and Hause, 

2013). In addition, regulation of JA action is further complicated by the ability of 

both JA and MeJA to be transported through the vascular system (Baldwin and 

Zhang, 1997; Thorpe et al., 2007; Tamogami et al., 2012). Though JA re-distribution 

upon stress may have an impact on plant defense, little is known about the role of JA 

transportation in defense against fungi (Farmer et al., 2014). 

1.2. Plant defense against biotic stress  

1.2.1. Plant defense against necrotrophic fungi  

        Necrotrophic fungi actively kill host tissues and live on dead or dying host cells 

(Laluk and Mengiste, 2010). Necrotrophic fungi cause billions of dollars of 

agricultural loss every year, leading to broad efforts to elucidate mechanisms of 

plant defense against these fungi (Laluk and Mengiste, 2010). 

        B. cinerea is a common necrotrophic fungus that can infect more than 200 

distinct species (Williamson et al., 2007), including common vegetables and fruits, 
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like cabbage and grapes, and including the model plant, Arabidopsis thaliana (Yoder 

and Whalen, 1975; Broome, 1995; Thomma et al., 1999). B. cinerea has served as a 

model for fungal-plant interaction studies for decades (Golenia, 1955). By applying 

B. cinerea spores to Arabidopsis, infection can be introduced in a controlled way. In 

my projects, B. cinerea served as the model necrotrophic fungus.  

        When the environment is permissive with high humidity, air-borne B. cinerea 

spores will germinate on hosts (Williamson et al., 2007). To penetrate plant surfaces 

and consume plant nutrients, B. cinerea secretes various enzymes, including cell 

wall degrading enzymes and proteases (Urbanek and Kaczmarek, 1985; Choquer et 

al., 2007). Unlike biotrophic pathogen resistance, which induces the hypersensitive 

response of programmed plant cell death to prevent infection spread (Govrin and 

Levine, 2000), plant cell death would enhance B. cinerea infection because the 

fungus thrives on dead tissue (Govrin and Levine, 2000; Jones and Dangl, 2006). B. 

cinerea can generate ethylene, which may also promote plant cell death (Qadir et al., 

1997; Cristescu et al., 2002; Trobacher, 2009). Failure to stop the fungus at the 

initial infection stages can lead to the death of the entire plant (Laluk and Mengiste, 

2010).  

        Plants employ both constitutive and induced defenses against necrotrophic 

fungi (Laluk and Mengiste, 2010). Plant surface structures as well as basal fungal 

resistance metabolites can provide some constitutive defense against fungal 

invasion. In addition, elicitors produced during the infection process can activate 

plant signaling pathways, including cytosolic calcium- and phytohormone-

dependent pathways that induce expression of defense-related genes (Laluk and 
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Mengiste, 2010; Mengiste, 2012). Induced accumulation of secondary metabolites, 

including phytoalexins, creates an inhospitable environment for fungal growth 

(Williamson et al., 2007; Mengiste, 2012).  

1.2.1.1. Plant cell wall  

        The plant cell wall serves as a constitutive barrier against diverse pathogens 

(Laluk and Mengiste, 2010). Mutation of the E3 ligase-encoding gene, HISTONE 

MONOUBIQUITINATION 1, causes thinning of the plant cell wall and leads to 

increased susceptibility towards B. cinerea (Dhawan et al., 2009). In addition, upon 

infection-induced degradation, the plant cell wall can release some components that 

induce defense against B. cinerea (Laluk and Mengiste, 2010; Mengiste, 2012). For 

example, released oligogalacturonides from the cell wall can activate expression of 

protease inhibitor genes (Ridley et al., 2001; D’Ovidio et al., 2004). In addition, cutin 

monomers generated from damaged plant cuticles (Mengiste, 2012; Serrano et al., 

2014) leads to the accumulation of defense-related gene transcripts and increased 

defense towards several necrotrophic fungi including B. cinerea (Serrano et al., 

2014). 

1.2.1.2. Elicitors responsible for defense activation  

        Factors that can induce plant defenses are defined as elicitors (Hahn, 1996). 

Elicitors are perceived by receptors that trigger downstream signals (Laluk and 

Mengiste, 2010). Plant cell wall fragments are an example of elicitors that are 

derived from plant tissue components that are released by cellular damage. Other 
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elicitors can be derived from the fungal pathogen. For example, chitin is a fragment 

of the fungal cell wall (Lenardon et al., 2010; Sánchez-Vallet et al., 2015). Chitin 

fragments bind to the putative receptor, lysin motif receptor kinase 1, and trigger 

production of phytoalexins (Wan et al., 2008; Laluk and Mengiste, 2010; Sánchez-

Vallet et al., 2015). In addition, some proteins secreted by B. cinerea are able to 

induce plant immunity, including a glycoprotein, BcGs1 (Zhang et al., 2010b; Zhang 

et al., 2014; Zhang et al., 2015).  

1.2.1.3. Jasmonate signaling pathway  

        Though several major phytohormones have been implicated in plant-

necrotrophic fungi interactions, JA is considered essential for necrotroph resistance 

(Glazebrook, 2005; Mengiste, 2012). When inoculated with B. cinerea spores, leaves 

of the JA-deficient Arabidopsis mutant aos and JA insensitive Arabidopsis mutant 

coi1 show greater susceptibility compared to wild type (Rowe et al., 2010). Fungus-

inoculated plants show increased AOS and OPR3 transcript levels (Chehab et al., 

2011; Windram et al., 2012). B. cinerea infection leads to elevated plant JA levels 

within 24 hours (Yang et al., 2007). As stated above, JAs contribute to the regulated 

synthesis of certain defense-related secondary metabolites (Dombrecht et al., 2007; 

Laluk and Mengiste, 2010; Rowe et al., 2010; Thomma et al., 1999). JA signaling also 

underlies the accumulation of fungal resistance related proteins, Arginase 2 and 

Unusual Serine Protease Inhibitor (Chen et al., 2004; Laluk and Mengiste, 2011; 

Brauc et al., 2012). Overall, JAs increase upon fungal attack leading to induced 

production of defense-related metabolites.  
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1.2.1.4. Secondary metabolites  

        Secondary metabolites, often generated as part of the defense pathway, can 

enable increased plant defense against necrotrophic fungi. These secondary 

metabolites include indole compound derivatives, aldehydes and acid amides (Laluk 

and Mengiste, 2010; Pusztahelyi et al., 2015). Some secondary metabolites are 

present in plant tissues at a basal level and provide constitutive immunity (VanEtten 

et al., 1994; Halkier and Gershenzon, 2006). However, many secondary metabolites 

are generated specifically in response to infection (VanEtten et al., 1994; Laluk and 

Mengiste, 2010; Pusztahelyi et al., 2015).  

        Camalexin, an indolic derivative of tryptophan (Glawischnig, 2007), 

accumulates upon necrotrophic fungal infection (Thomma et al., 1999). Mutations in 

plant camalexin biosynthesis genes, like PHYTOALEXIN DEFICIENT 3, can enhance 

the susceptibility towards necrotrophs, including B. cinerea (Thomma et al., 1999; 

Kliebenstein et al., 2005; Lemarié et al., 2015). B. cinerea encodes an ATP-binding 

cassette transporter, BcatrB, that exports camalexin from the fungus to limit impact 

from host defense mechanisms (Stefanato et al., 2009). It is still unclear how 

camalexin can block fungal growth; one possibility is that cellular membrane 

integrity may be negatively affected by camelexins (Rauhut and Glawischnig, 2009).      

        Glucosinolates, another kind of indole derivative, are present constitutively, 

contributing to basal fungal resistance, and can actively accumulate upon 

necrotrophic fungal infection (Bednarek et al., 2009; Rauhut and Glawischnig, 2009; 

Laluk and Mengiste, 2010). Double mutants myb28/29 and cyb79b2/b3 with 

reduced glucosinolate accumulation show a lessened defense response than wild-
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type plants towards B. cinerea (Buxdorf et al., 2013). Glucosinolates may assist plant 

defense by inducing callose deposition (Clay et al., 2009) 

        (Z)-3-hexenal and (E)-2-hexenal, two C6-aldehydes, are derived from 

phenylpropanoids (Kishimoto et al., 2005; Kishimoto et al., 2006). Pre-treatment 

with these two C6-aldehydes increases plant defense towards B. cinerea (Kishimoto 

et al., 2005; Kishimoto et al., 2006). These C6-aldehydes may function in defense by 

inducing tissue lignification and production of camalexin (Kishimoto et al., 2005; 

Kishimoto et al., 2006). 

        Other metabolites also contribute to defenses against fungi. A mutation in the 

gene encoding agmatine coumaroyl transferase, for example, which causes a lack of 

hydroxycinnamic acid amides production, reduces plant defense towards the 

necrotrophic fungus, Alternaria brassicicola (Muroi et al., 2009). Resveratrol, 

carvacrol and thymol are additional metabolites that contribute to necrotrophic 

fungal resistance (Pusztahelyi et al., 2015).  

1.2.2. Plant defense against insect herbivores 

        Insect herbivores are insects that feed on plant tissues or plant products 

(Capinera, 2001). Plants and insects have coexisted for more than 400 million years 

(Fürstenberg-Hägg et al., 2013). It is nearly inevitable for an outdoor plant to be 

attacked by insects at some point in its life. Annual costs of pesticides across the 

world amounts to $40 million, leaving an impact not only on the environment, but 

also human health (Pimentel, 2005). Efforts have been made to reduce crop losses 

caused by insect herbivores all around the world.     
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        Trichoplusia ni (T. ni) is a generalist insect herbivore. T. ni is distributed 

throughout Eurasia and North America (Lingren and Green, 1984). In peninsular 

Florida, T. ni can be active all year round (Lingren and Green, 1984). T. ni can feed 

on over 160 species, including cruciferous vegetables, like cabbage and broccoli 

(Lingren and Green, 1984; Capinera, 2001). The life cycle of the T. ni involves a 

typical complete metamorphosis, with stages of egg, larva, pupa, and adult, lasting a 

total of 24-33 days (Lingren and Green, 1984; Capinera, 2001; Chow et al., 2005). 

Adult T. ni usually lay eggs on the underside of leaves (Chow et al., 2005). Larva 

hatch and then feed on the host plants. Normally, T. ni larval damage on the leaves 

can be tolerated (Van Steenwyk and Toscano, 1981; Shelton et al., 1982), except 

when they consume the emerging growing apex or buds of the vegetables (Strange 

and Natwick, 2016). T. ni also contaminates the plants by leaving sticky feces 

(Strange and Natwick, 2016), causing decreased economic values of the crops. T. ni 

larva cultured under surveillance serve as a model insect herbivore in labs and is 

utilized for my projects to study plant-insect interactions.  

        During the 400 million years of coexistence, plants have developed various 

strategies to cope with insect herbivores. Plants employ both constitutive and 

induced methods to fight against insect herbivores (Fürstenberg-Hägg et al., 2013). 

Morphological characteristics, like leaf hair-like structures, such as trichomes, and 

thorns, can be a first barrier, working constitutively on the surface of the plant 

tissues (War et al., 2012; Fürstenberg-Hägg et al., 2013). Other defenses can be 

induced upon insect attack, leading to production of defense chemical compounds 

(Howe and Jander, 2008; War et al., 2012; Fürstenberg-Hägg et al., 2013).    
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1.2.2.1. Recognition of insect herbivory  

        Plants have the ability to differentiate between insect herbivory and mechanical 

injuries (Fürstenberg-Hägg et al., 2013). One mechanism by which plants recognize 

insect attachment is through the specialized feeding patterns of insects, which 

differs from solely mechanical injuries (Schoonhoven et al., 1998). Plants can also 

sense insect oral secretions (De Moraes et al., 2001; Arimura et al., 2004; Howe and 

Jander, 2008), like volicitin (Turlings et al., 1993; Alborn et al., 1997; Halitschke et 

al., 2001). Yet elicitors derived from insects are not fully investigated or understood, 

leaving additional possible mechanisms for plant recognition of insect herbivory 

(Howe and Jander, 2008; War et al., 2012).            

1.2.2.2. Phytochemical signaling 

        JAs, salicylic acid, and ethylene have been identified as major phytohormones 

functioning in plant defense responses against herbivores (Gill et al., 2010; Shivaji et 

al., 2010; War et al., 2012). In different cases, these hormones can act individually, 

synergistically or antagonistically (Kahl et al., 2000; Bostock et al., 2001; von Dahl 

and Baldwin, 2007; War et al., 2012).  

        JA plays multiple roles in plant defense against herbivores. JA responses can be 

evoked by diverse insects and may be responsible for defense against a large variety 

of herbivores (Howe and Jander, 2008). JA can induce production of a broad 

spectrum of defense related compounds (Howe and Jander, 2008; War et al., 2012), 

including a series of secondary metabolites, like glucosinolates (Hopkins et al., 2009; 

Textor and Gershenzon, 2009) and alkaloids (Adler et al., 2001). Also, mechanical 
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wounding is usually associated with insect herbivory. Wounding can often trigger de 

novo JA synthesis in nearby undamaged tissues, thereby inducing a systemic 

responses (Koo and Howe, 2009). A gradient of JA can develop in invaded plants, 

with the peak concentration at the feeding site (Schulze et al., 2007). Furthermore, 

JA is involved in indirect defenses by inducing the expression of extra floral nectar 

(Heil et al., 2001; Kost and Heil, 2005), which is capable of attracting insect 

predators (Kost and Heil, 2005).   

        Salicylic acid is another phytohormone critical for defense against herbivores in 

plants. Salicylic acid can trigger the hypersensitive response in plants (Alvarez, 

2000), leading to the cell death of the invaded region (Alvarez, 2000; Raffaele et al., 

2006). Salicylic acid is also responsible for plant systemic defense against 

herbivores (Gaffney et al., 1993; Zhang et al., 2010a), inducing the accumulation of 

defense related compounds in uninvaded tissues (Gaffney et al., 1993; Fu and Dong, 

2013). Additionally, salicylic acid can induce the release of volatiles, attracting insect 

natural enemies (De Boer et al., 2004; Maffei et al., 2007).   

        JA and salicylic acid often to work antagonistically (Bostock et al., 2001; 

Schweiger et al., 2014). Plants are usually exposed to multiple pathogens in the 

natural environment (Pieterse et al., 2012). JA-dependent defenses can be effective 

for insect herbivores and necrotrophs; salicylic acid-dependent defenses can be 

effective for biotrophs (Kunkel and Brooks, 2002; Verhage et al., 2010; Pieterse et 

al., 2012). Trade-offs between the JA and salicylic acid mediated defenses may 

optimize the distribution of precious nutrients (Kunkel and Brooks, 2002; Verhage 

et al., 2010; Pieterse et al., 2012). Overall, the crosstalk between JA and salicylic acid 
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is thought to fine tune plant defense responses against different attackers (Beckers 

and Spoel, 2006). 

1.2.2.3. Glucosinonates in plant-insect interactions  

        Upon tissue damage, glucosinonates are enzymatically cleaved by myrosinases, 

resulting in toxic hydrolysis products, such as isothiocyanates and nitriles (Mumm 

et al., 2008; Fürstenberg-Hägg et al., 2013). Those toxic products can act as 

repellents for herbivores (Bennett and Wallsgrove, 1994; Fürstenberg-Hägg et al., 

2013). Interestingly, T. ni may show better tolerance towards certain hydrolysis 

products (Lambrix et al., 2001; Wittstock and Burow, 2010). T. ni feeds more on a 

nitrile-producing Arabidopsis ecotype over an isothiocyanate-producing ecotype 

(Wittstock and Burow, 2010).  

1.3. Plant circadian clock in JA-mediated defense 

1.3.1.  Plant circadian clock  

        The circadian clock is an internal timekeeper that allows organisms to keep a 

daily biological rhythm (De Caluwé et al., 2016; Harmer, 2009). Most eukaryotes 

evolved 24-hour circadian rhythms (Stacey et al., 2001), which allows them to 

anticipate daily and seasonal environmental changes (De Caluwé et al., 2016; Green 

et al., 2002). The circadian system is composed of a central oscillator, whose phasing 

is influenced by environmental stimuli, and regulates various clock outputs (Figure 

3) (Stacey et al., 2001). The plant central oscillator is primarily composed of 
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interlocking transcriptional feedback loops (Harmer, 2009). When plants are 

entrained under environmental cues, like a 24-hour light/dark rhythm, 24-hour 

photoperiodicity of various physiological behavior results; when plants are 

maintained under constant light, an approximate 25-hour free-running periodicity 

is revealed, during which subjective day and night are defined by the environmental 

cue that set the original 24-hour rhythm (Harmer, 2009). The outputs of the plant 

circadian clock impact diverse organismal physiology and behaviors. For example, 

the Arabidopsis circadian clock regulates transcript levels of approximately one-

third of the genome, indicating the widespread impact of circadian clock on plant 

biology (Covington et al., 2008).  

 

Figure 3: Plant circadian system. Figure modified from Harmer, 2009. 

The plant circadian system is composed of three main components: inputs, the 

central oscillator, and outputs. Inputs can be light, temperature, and other factors 

from the environment. The plant central oscillator is composed of interlocking 
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transcriptional feedback loops. Outputs include rhythmic behaviors that can affect 

diverse organismal physiology and behaviors.  
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        In Arabidopsis, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), LATE ELONGATED 

HYPOCOTYL (LHY) and TIMING OF CAB EXPRESSION 1 (TOC1) are primary 

components of the central circadian oscillator (De Caluwé et al., 2016; Harmer, 

2009). Mutation in any of these three genes can result in a short period phenotype 

in Arabidopsis (Millar et al., 1995; Schaffer et al., 1998; Green and Tobin, 1999). 

Also, overexpression of CCA1 (CCA1-OX) in Arabidopsis results in changes in 

developmental processes regulated by circadian clock (Wang and Tobin, 1998). 

1.3.2.  Clock-regulated plant defense  

        Circadian clock function influences Arabidopsis defense against T. ni 

(Goodspeed et al., 2012; Goodspeed et al., 2013). Arabidopsis suffers moderate 

tissue loss to T. ni feeding when loopers are entrained in the same light/dark cycle 

or are in-phase relative to the plant host; in contrast, Arabidopsis loses significantly 

more tissue when loopers feeding on them are entrained in the opposite rhythm or 

are out-of-phase with the plant host (Goodspeed et al., 2012). T. ni feeding on out-of-

phase plants gain significantly more weight than those that feed on the in-phase 

plants (Goodspeed et al., 2012). This co-entrainment advantage is lost in the 

Arabidopsis arrhythmic transgenic line CCA1-OX (Goodspeed et al., 2012), indicating 

an essential role for the circadian clock central oscillator. Circadian co-entrainment 

can also increase herbivore resistance in post-harvest plant crops, including 

cabbage (Brassica oleracea) spinach and carrot (Goodspeed et al., 2013). 

        The defense phytohormone, JA, is required for the clock-dependent enhanced 

herbivore resistance in Arabidopsis (Goodspeed et al., 2012; Goodspeed et al., 
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2013). The JA-deficient mutant aos fails to show the in-phase entrainment defense 

advantage (Goodspeed et al., 2012). Also, basal JA levels cycle under free running 

conditions, peaking at the middle of the subjective day (Goodspeed et al., 2012; 

Goodspeed et al., 2013). Under free running conditions, T. ni tends to feed more 

during the subjective day (Goodspeed et al., 2012), correlating with the time of 

lowest JA levels.    

        Glucosinolates may also play a role in clock-dependent herbivore resistance in 

plants rich in such secondary metabolites (Goodspeed et al., 2013). The 

myb28myb29 Arabidopsis mutant lacking aliphatic glucosinolates exhibits 

significantly reduced defense benefit from in-phase entrainment compared to out-

of-phase entrainment (Goodspeed et al., 2013). Furthermore, glucosinolates also 

accumulate under circadian control in both Arabidopsis and cabbage, with the peak 

in the middle of subjective day (Goodspeed et al., 2013), correlating with the basal 

JA level and T. ni feeding rhythms (Goodspeed et al., 2012). Results indicate that 

plants may mount high levels of defense related compounds when insect herbivores 

feed the most.  
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1.4. Phytochemicals in prevention of cancer  

        Plant-based diets have diverse benefits for human health, including prevention 

of obesity, lowering the risk of diabetes, and chemoprevention (Doll, 1990; Tuso et 

al., 2013). Multiple phytochemicals discovered in plant-based foods have received 

great attention and have contributed to modern drug discoveries (Bagla et al., 

2015). Many phytochemicals have been shown effective in chemoprevention (Bagla 

et al., 2015). Compared with the expensive costs of cancer treatments, it will be ideal 

if cancer prevention through a healthy diet with vegetables and/or prevention 

therapeutics with natural phytochemicals would be sufficient to reduce cancer 

mortality.  

1.4.1. Anti-cancer activities of glucosinolates  

        Glucosinolates are recognized as potent anti-cancer compounds for humans 

(Shapiro et al., 1998; Higdon et al., 2007). Glucosinolates and their derivatives are 

abundant in Brassicaceae crops (Talalay and Fahey, 2001; Higdon et al., 2007). 

Human consumption of Brassicaceae family vegetables, like broccoli, correlates with 

reduced cancer risk (Farnham et al., 2004; Higdon et al., 2007). In broccoli, 

glucoraphanin (4-methylsulfinylbutyl glucosinolate) is an major glucosinolate and is 

the precursor of sulforaphane, an bioactive isothiocyanate (Li et al., 2010; Tortorella 

et al., 2015). The dynamics of glucoraphanin digestion in human body (Tortorella et 

al., 2015) is summarized in Figure 4. Glucoraphanin can be broken down to 

sulforaphane by plant-derived myrosinase (e.g., thioglucosidase in broccoli) (Fahey 

et al., 1998; Wittstock and Burow, 2010; Tortorella et al., 2015) or by the microbiota 
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in the human colon (Shapiro et al., 1998; Shapiro et al., 2001). Sulforaphane has 

marked chemoprevention effects, including inhibition against Wnt/β-catenin 

signaling and histone deacetylase (HDAC) accumulation (Myzak et al., 2004; Li et al., 

2010; Lenzi et al., 2014; Tortorella et al., 2015).  

        The Wnt/β-catenin signaling pathway is a crucial target for chemoprevention 

(Tarapore et al., 2012) because self-renewal of cancer cells can be regulated by 

Wnt/β-catenin signaling (Bisson and Prowse, 2009). Constitutively active mutations 

affecting the Wnt/β-catenin signaling pathway, including those within the 

Adenomatous Polyposis Coli (APC) gene locus, can lead to carcinogenesis (Michils et 

al., 2005; Amos-Landgraf et al., 2007; Pai et al., 2017).  

        Epigenetic mechanisms for cancer progression involve a balance between 

histone acetylation and deacetylation; defects in this balance can promote cancer 

development (Marks et al., 2000; Myzak et al., 2004). HDACs, responsible for histone 

deacetylation, are therefore involved in oncogenesis-related aberrant gene silencing 

(Johnstone and Licht, 2003; Dawson and Kouzarides, 2012). The potential role for 

glucosinolates as potent anti-cancer phytochemicals and the evidence that 

glucosinolate levels can vary in plants depending upon the time of day suggest that 

the health benefits of some crops may depend upon the timing of plant harvest 

and/or preservation. This possibility has not been investigated.  
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Figure 4: Glucoraphanin metabolism in the human body. Figure modified from 

Tortorellaet al., 2015.  

Conversion of glucoraphanin into sulforaphane occurs during the damage of 

ingested plants or in human intestinal lumen. After diffusing into intestinal 

epithelium cells, sulforaphane undergoes modifications leading to excretion from 

the body.  
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Materials and methods  

2.1. Plant materials and growth conditions 

2.1.1. Growth conditions for Arabidopsis, cabbage, and cauliflower  

       Plant seeds were sown on soil and cold treated at 4°C for 1 to 2 days. Plants were 

maintained in 16-hour photoperiods at 22°C with light intensity at 100 μE/(m2s). 

Arabidopsis seed lines are summarized in Table 1.  

      Cabbage and cauliflower seeds were purchased at Amazon online stores: 

www.amazon.com/gp/product/B00U01X1T6/ref=oh_aui_search_asin_title?ie=UTF8&ps

c=1; 

www.amazon.com/gp/product/B01HNUKQIA/ref=oh_aui_search_asin_title?ie=UTF8&

psc=1 
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Table 1: Arabidopsis wild type and mutant information 

  

Genotype  Background Seed Source  

aos Col-0 Described in Chehab et al., 2011  

coi1-16 Col-0 ABRC  

bop1bop2  Col-0 Provide by Carleton University, Dr. Hepworth 

clv3-10  Col-0 ABRC  

pad3-1 Col-0 ABRC 

myb28myb29  Col-0 Provided by UC Davis: Dr. Kliebenstein  

hpl1 Col-0 ABRC 

opr3-1 gl1-1 Backcrossed to gl-1 by Dr. Chehab  
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2.1.2. Growth conditions for broccoli   

       For experiments in Chapter 5, young broccoli plants were purchased from a local 

grower and the plants were grown in our growth facilities at Rice University 

        Purchased broccoli plants were from JSH Microgreens, Inc, in Houston, at 9 days 

old. Plant sprouts were transported within one day to the plant room and then maintained 

in 16-hour photoperiods at 22°C with light intensity at 100 μE/(m2s) for five days before 

sample collections. 

       Broccoli seeds were soaked in water for 12 hours. Seeds were spread on the soil in 

the pots. Pots were covered by the plastic wrap for three days and then uncovered. Plants 

were maintained in 16-hour photoperiods at 22°C with light intensity at 100 μE/(m2s). 

Broccoli seeds were purchased on at Amazon online store: 

www.amazon.com/gp/product/B005LR910C/ref=ppx_yo_dt_b_search_asin_title?ie=UT

F8&psc=1 

2.2. Plant circadian sample collection and processing   

        To study the properties of broccoli at different timepoints of a day, two-week-old 

broccoli shoots were collected at four different times of a day: the beginning (0 hrs) and 

middle (8 hrs) of the light period, and the beginning (16 hrs) and middle (20 hrs) of the 

dark period. Harvested greens were immediately snap frozen in liquid nitrogen and then 

ground to a fine powder in the blender with dry ice. Then the frozen mix of broccoli 

green powder and dry ice was freeze-dried in the FreeZone 4.5L Freeze Dry System. 

Frozen dried broccoli green powders were used for the experiments in Chapter 5.  
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2.3. Botrytis cinerea culture and plant inoculation  

        Botrytis cinerea 'Grape' isolate (Denby et al., 2004; Chehab et al., 2011) was 

provided by Dr. Melanie Vivier (Institute for Wine Biotechnology, Stellenbosch 

University, South Africa) and the Histone1-GFP B. cinerea strain (Shlezinger et al., 

2011) was provided by Dr. Amir Sharon (Life Science, Tel Aviv University, Israel). To 

propagate the fungus, B. cinerea spores were inoculated onto 1% agar plates containing 

30% (w/v) peach tissues (Whole Foods Market) and cultured at 24°C under constant 

light. Mature spores were collected and resuspended in a solution of 50% organic grape 

juice (Whole Foods Market) and 1% glycerol in water at 25 or 250 spores/L. To 

inoculate plant tissues, 4 L of spore solution containing the indicated number of spores 

were applied to the plant surface. Inoculated plants or tissues were maintained at 24°C 

under transparent plastic covers to maintain humidity. Plants were inoculated when plants 

were experiencing the light to dark transition.  

2.4. Trichoplusia ni handling and plant interaction assays   

2.4.1. T. ni handling  

        T. ni eggs were purchased from Benzon Research Inc. Eggs were hatched at 28°C in 

the chamber under the constant light. Hatched loopers were placed on the indicated plate 

medium with a soft cotton swab. Live looper weights were measured on a scale. Loopers 

behaviors were observed under a stereomicroscope. 
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2.4.2. T. ni feeding experiments  

        Petri plates with T. ni diet were supplemented with broccoli tissue for the feeding 

experiments. A 2.5% (w/v) agar solution was autoclaved and cooled to 65-70°C. Then 

1% (w/v) broccoli powder, 4.2% pure sugar, 4.2% casein, 3.6% wheat germ, 0.021% 

paraben, and 0.016% streptomycin sulfate were added into the cooled solution and then 

poured into 100 mm petri dishes. The media was air dried in the tissue culture hood. 

Newly hatched T. ni were placed on the media plates for eight days of feeding.   

2.4.3. T. ni choice experiments  

        To generate a firm and moist agar base for petri plates used for T. ni choice 

experiments, a 2.5% agar solution (~10 ml for 60 mm and 15 ml for 100 mm petri 

dish) was poured into each petri dish and allowed to solidify. Broccoli powders or 

the food blocks containing broccoli powders were placed on different sides of the 

petri dish on top of the agar base. For dried powder, 20 mg powder was evenly 

placed on each side. For the food blocks, 20 ml 2.5% agar solution (autoclaved and 

cooled to 65-70°C) and 0.4 g broccoli powder were mixed and poured into a 100 

mm petri dish to solidify. A 1 ml pipette tip end was used as the mold to remove 

small food blocks from the agar-based food mix. Detailed settings for each 

experiment are described in Chapter 5.  

2.5. CRISPR-Cas9 mutagenesis 

        CRISPR-Cas9 (Feng et al., 2013) was used to generate mutations. I designed three 

OPR3 targets, as described in Chapter 4. Designed sgRNAs are listed in Table 2. The 



 
30 

final construction included the sgRNA driven by a U6-26 promoter, the Cas9 gene driven 

by the CaMV 35S promoter and a transgene conferring hygromycin resistance. Plants 

were transformed with the final construct by using agrobacterium. T1 seeds were selected 

on hygromycin plates and the surviving seedlings were screened for showing the 

expected male sterile phenotype typical for plants deficient in producing JA. If none of 

the T1 plants showed male sterility, T2 plants were checked. Male-sterile plants were 

analyzed for mutations with DNA sequencing.    
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Table 2: OPR3 CRISPR-Cas9 sgRNA designs, PAM in red color 

  

sgRNA targeted sequence Targeted 

position in 

OPR3   

Generated mutants  

GCTCAACGGACCACTCCCGGCGG  Between 167th 

and 168th 

nucleotides 

opr3-2 

GCTTTGAATGCGATTCGAGCTGG Between 530th 

and 531st 

nucleotides 

opr3-3; opr3-4  
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2.6. General molecular biology methods  

2.6.1. Quantitative RT-PCR  

        Tissues were ground in liquid nitrogen, and Tri reagent (Molecular Research Center) 

was used to extract RNA, following the manufacturer’s protocol. Extracted RNA was 

reverse transcribed into cDNA with poly-T oligonucleotide primer and Superscript III 

reverse transcriptase (Invitrogen). Quantitative RT-PCR systems were prepared with 

Takyon ROX SYBR blue master mix and were run on Bio-Rad CFX Connect Real-Time 

PCR System according to the online protocol: 

https://secure.eurogentec.com/EGT/files/FileBrowse/Technical%20Data%20Sheets%20(

TDS)/Real-Time%20qPCR/TDS-UF-RSMT-B.pdf 

       Primers used in Chapter 3 were designed for ANT (AT4G37750), RUL1 

(AT5G05160), BOP1 (AT3G57130), BOP2 (AT2G41370), and the internal control 

UBQ10 (AT4G05320). Primers used are listed in Table 3.  

  



 
33 

Table 3: RT-qPCR primers 

  

Gene Forward primer 5'-3' Reverse primer 5'-3' 

ANT CAAGCGTTGGGTTTGAGACG  ATCTATGTCTTGTAACGCCTCGG  

RUL1 TCGTGGCGAGCAAGAAAGAG  TCTGTTTCCGTGCATGATCCC 

BOP1 TCGCGTTGCTTACTCAGAAACAT TGTGGAAGACCGGATTTGGC 

BOP2 GGACAAGTCTCCATCGTGCC CTTGCCAATTGTTTCTGGGTGAG 

UBQ10 CTCAGGCTCCGTGGTGGTATG GTGATAGTTTTCCCAGTCAACGTC 
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2.6.2. Immunoblot Analysis  

        To extract protein from plant material or rat tissues, frozen tissue was ground with a 

pestle in liquid nitrogen or with TissueLyser II™. Samples were centrifuged, and the 

supernatant was transferred into a fresh tube with protein extraction buffer and boiled for 

5 min. Samples were loaded onto bis-Tris gels alongside pre-stained protein markers. 

After gel electrophoresis, proteins were transferred for 30 min - 2 hr from the gel to the 

nitrocellulose membrane (Invitrogen). Transferred membranes were blocked for 1 hr at 

4°C with 8% non-fat dry milk or with 2% bovine serum albumin. Blocked membranes 

were incubated overnight at 4°C with primary antibodies in blocking buffer, followed by 

a 2-4 hr incubation with a secondary antibody. Antibody dilutions were as follows: 

OPR3, 1:1,000 (Multi-clone, rabbit, from from Dr. Andreas Schaller); -catenin, 1:500 

(Transduction Labs); HDAC1-1:1,000, HDAC2-1:200, HDAC3-1:500 (Santa Cruz 

Biotechnology); and β-actin, 1:5000 (Sigma). Membranes with plant protein samples 

were incubated with Thermo Scientific™ Western Blotting substrate and Kodak X-ray 

films were exposed to the membranes and developed to exhibit the signals. Membranes 

with rat protein samples were incubated with Western Lightning Chemiluminescence 

Reagent Plus (PE Life Sciences) and image analysis was done on an AlphaInnotech 

photodocumentation system. 

2.6.3. Phytohormone quantification  

        Jasmonic acid and the JA-Ile levels described in Chapter 3 were measured in Dr. 

Michael V. Kolomiets lab according to Christensen et al. 2014 (Christensen et al., 2014). 

Four plants were pooled into one biological replicate for analysis. Approximately 100 mg 
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of powdered tissue was extracted with an alcohol-based buffer spiked with isotopically 

labeled internal standards. After extractions and phase separation with dichloromethane, 

the organic phase was evaporated under nitrogen and resuspended in methanol. Samples 

were injected into Ascentis Express C-18 column (3 cm × 2.1 mm, 2.7 µm) connected to 

an API 3200 LC-MS/MS (Sciex). Multiple reaction monitoring (MRM) under negative 

electrospray ionization was performed. Endogenous levels were quantified by 

comparison to the internal standards. 

        Jasmonic acid and JA-Ile levels described in Chapter 4 were measured according to 

Goodspeed et al., 2012 (Goodspeed et al., 2012). Approximately 400 mg plant leaves 

were pooled for each sample. Extracted chemicals were measured for JA levels by GC-

MS in Dr. Seiichi Matsuda lab assisted by Dr. Bill Wilson.   

2.7. Microscopy  

        Arabidopsis rosette cores were separated from leaves and roots before sectioning. 

Rosette cores were cross dissected into 0.5-1 mm sections by hand under the 

stereomicroscope. Sections contained the intact rosette core, the petiole end linked to the 

inoculated leaf, and other petiole ends of non-inoculated leaves. Rosette sections were 

mounted in water under coverslips and imaged by bright field and confocal microscopy 

(Zeiss LSM710). 'ZEN lite' software was used for data acquisition and processing. 

Sections were imaged through 5 or 20 objective with an excitation of a 488 nm argon 

laser and a pinhole of 48 m; GFP emission was collected between 500 and 551 nm, 

chlorophyll emission was collected between 688 nm and 757 nm.  
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2.8. Transcriptomic analysis  

        Rosette cores of 31-day-old Arabidopsis Col-0 plants were harvested for 

transcriptomic data acquisition. Two rosette cores were pooled into each sample and a 

total of four samples were assessed. RNA was extracted using Qiagen Mini RNeasy™ kit 

(cat#74104), followed by genomic DNA removal using Qiagen RNase-Free DNase Set 

kit (cat#79254). Integrity of the RNA samples was assessed using the Agilent 2100 

Bioanalyzer.  The Ribo-Zero rRNA Removal Kit (Plant Leaf) (illumine cat#MRZPL116) 

was used to enrich the transcripts, followed by generation of cDNA template library 

using The Ion Total RNA-Seq Kit v2 (catalog number 4479789) according to the 

instruction manual. Briefly, the mRNA was fragmented using chemical hydrolysis 

followed by ligation with strand specific adapters and reverse transcript to generate 

cDNA.  This cDNA fragment size between 150 to 250 bp was isolated and the emulsion 

clonal bead amplification to generate bead templates for Ion Torrent platform was 

performed on the Ion Chef System (Thermo Fisher Scientific) with the Ion PI™ Hi-Q™ 

Chef Kit (Thermo Fisher Scientific, A27198) and Ion PI™ Chip Kit v3 (Thermo Fisher 

Scientific, cat#A26771). Sequencing was done using the Ion PI™ Hi-Q™ Sequencing 

200 Kit (Thermo Fisher Scientific, cat# A26772) on Ion Proton sequencer with 

sequencing data processing using the Torrent Suite TM Software (Ver. 4.0.2) on the 

Torrent server. 

        Data quality was assessed with htseq-qa, and reads were aligned to the Arabidopsis 

thaliana TAIR10 genome 

(https://www.araport.org/downloads/TAIR10_genome_release/assembly) using TMAP 

3.0.1 (https://github.com/iontorrent/TS/tree/master/Analysis/TMAP), the ION Torrent 
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aligner designed for ION data, with the –g parameter set to 0 (soft clip right and left ends 

of each read) and the –a parameter set to 1 (return only best alignment, random choice in 

case of ties).  BAM file outputs were then mapped to genes using htseq-count 

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4287950/) using default settings, with 

TAIR10_GFF3_genes.gff (https://www.arabidopsis.org/download/index-

auto.jsp?dir=%2Fdownload_files%2FGenes%2FTAIR10_genome_release) as the input 

annotation file. Rosette core transcriptomic data has been submitted to GEO under 

GSE129452. All counts data were transformed into fpkm/rpkm data for further analysis.   

        Transcriptomic data acquisition was assisted by Dr. Hugh D. Mitchell at Earth & 

Biological Sciences Directorate, Pacific Northwest National Laboratory. Transcriptomic 

data analysis was assisted by Dr. Huw A. Ogilvie at Rice University, Computer Science 

department.   

2.9. Animal experiments   

        Animal experiments were done in the Dr. Roderick H. Dashwood lab performed 

mainly by Dr. Wan-Mohaiza Dashwood and Dr. Praveen Rajendran. Female APC 

mutant Pirc breeder rats were maintained in accordance with Institutional Animal 

Care and Use Committee guidelines. Freeze-dried broccoli material was gavaged at 

250 mg per animal (1 g/kg body weight) once per day for three days. Broccoli 

powder 250 mg was resuspended in 5 ml 0.5% carboxymethyl cellulose solution. 

For control (vehicle), rats were gavaged with 5 ml 0.5% carboxymethyl cellulose 

solution only. Rats were sacrificed and dissected 24 hours after the last dose of 
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gavage. All colon polyps and a sample of normal colon tissue were collected after 

sacrifice for immunoblot analysis.  
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Fungal resistance of Arabidopsis thaliana 

rosette cores  

3.1. Introduction 

        Botrytis cinerea is a highly destructive fungal pathogen with a broad host range that 

includes many important human food crops (Van Kan, 2006; Williamson et al., 2007; 

Laluk and Mengiste, 2010; Veloso and Van Kan, 2018). As a necrotrophic fungus, that is, 

a fungus that kills host tissue during the infection process, B. cinerea causes irreversible 

plant tissue maceration and necrosis. The resulting crop loss from this fungus alone is 

estimated to approach $100B worldwide (Hua et al., 2018). Because of the diverse host 

range and the huge impact of B. cinerea on agricultural productivity, B. cinerea has been 

an important research model system for investigating plant-fungal interactions.  

        Investigations of B. cinerea interactions with Arabidopsis thaliana have revealed 

diverse aspects of plant defense mechanisms against this necrotrophic fungus (Laluk and 
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Mengiste, 2010). For example, JA, a major defense phytohormone, is critical for 

Arabidopsis responses against B. cinerea. Diverse JA-dependent defense proteins and 

metabolites also accumulate and participate in fungal defense.  

        Many, though not all (Thomma et al., 1998; Ferrari et al., 2003; Veronese et al., 

2004; Veronese et al., 2006; Laluk and Mengiste, 2010; Mengiste, 2012), of the reported 

investigations into the pathways and mechanisms of Arabidopsis defense against B. 

cinerea utilize the rosette leaf as the host tissue. Here, I demonstrate that although the 

wild-type Arabidopsis leaf employs defenses that slow fungal growth, only the rosette 

core can display full resistance to B. cinerea. I investigate mechanisms that may underlie 

Arabidopsis core resistance and demonstrate similar differential organ susceptibility and 

relevance in related Brassica species.  

        A paper entitled ' Rosette Core Fungal Resistance in Arabidopsis thaliana' based on 

the work described in Chapter 3 is under revision for publication in Planta.  

3.2. The Arabidopsis rosette core can display fungal resistance 

3.2.1. Wild-type Arabidopsis leaves do not display full resistance to B. cinerea 

infection 

        In an effort to characterize mechanisms by which plants can resist infection by the 

necrotrophic fungus, Botrytis cinerea, I first sought to determine whether Arabidopsis 

tissues can survive an active B. cinerea attack. One common assay for assessing fungal 

defense in Arabidopsis is to inoculate individual detached leaves with fungal spores and 

compare fungal lesion growth over time. This detached leaf assay demonstrates, for 
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example, that the JA defense pathway is critical for plant defense against B. cinerea 

because mutant leaves that cannot produce or respond to JAs manifest more robust B. 

cinerea fungal lesion growth (Raacke et al., 2006; Chehab et al., 2008; RoI et al., 2010; 

Chehab et al., 2011).  

        However, although JA-dependent defenses can slow B. cinerea growth in wild-type 

Arabidopsis (Col-0) leaves, I found that detached Col-0 leaves were eventually consumed 

by fungal infection (Figure 5). Even when inoculated with as few as 10 spores, leaves on 

which fungal infection successfully initiated infection spread throughout the entire leaf 

(Figure 6). Whole leaf infection and death also occurred when the inoculated leaf 

remained attached to the plant body (Figure 7), demonstrating that leaf death is not an 

artifact of the detached leaf assay. Attachment to the plant body does not improve leaf 

resistance; instead lesion growth was accelerated in attached leaves relative to detached 

leaves (Figure 8), possibly because attached leaves may maintain more water content 

compared to detached leaves. Because rosette leaves that remained attached to the plant 

body also died from fungal growth, leaf fungal defenses may be largely leaf autonomous. 

Leaf age did not affect leaf susceptibility; different-age leaves were similarly susceptible, 

showing similar rates fungal growth and destruction by fungal infection (Figure 9). 

Together, these data indicate that wild-type Arabidopsis leaves do not display full 

resistance to B. cinerea infection and instead are eventually consumed by the fungus. 
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Figure 5: B. cinerea infection on detached Arabidopsis leaves fully destroys infected 

leaves 

Photographs of a representative rosette leaf detached from a 24-day-old Col-0 plant, 

inoculated with 100 B. cinerea spores, and monitored over 5 days of infection. Bar = 0.5 

cm. Dashed magenta lines indicate the lesion caused by the fungus.  
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Figure 6: Detached Arabidopsis leaves succumb to infection with low B. cinerea spore 

density inoculum 

Photographs of representative rosette leaves detached from 24-day-old Col-0 inoculated 

without B. cinerea spores (Mock) or with 10 B. cinerea spores. Bar = 0.5 cm. Mean 

lesion diameters + SD on rosette leaves detached from 24-day-old Col-0 and inoculated 

with 10 B. cinerea spores at 3 and 5 days post inoculation. n = 35.  
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Figure 7: B. cinerea infection initiated on Arabidopsis leaves fully destroys infected 

leaves but fails to kill the rosette core 

Photograph of a representative 24-day-old Col-0 plant 10 days after a single leaf was 

inoculated with 100 B. cinerea spores. The blue arrow points to the inoculated leaf 

destroyed by fungal growth. The yellow arrow points to the inflorescence that arose post 

inoculation. Inset: close-up photograph of the infected leaf petiole/rosette core junction; a 

white arrow points to the termination of the necrotic lesion.  
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Figure 8: Fungal lesions develop faster on the attached leaves than the detached ones 

Mean lesion diameters + SD over time on rosette leaves detached from (orange bars) or 

remaining attached to (green striped bars) 24-day-old Col-0 plants and inoculated with 

100 B. cinerea spores. n = 18. ** : P<0.01. Significant differences were determined by 

student’s t-test.  
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Figure 9: Detached leaf susceptibility is independent of leaf age 

Mean lesion diameters + SD on different age rosette leaves 4 days post inoculation. 

Leaves were inoculated with 100 B. cinerea spores attached to the living Col-0 plants 

when plants were 24 days old. Each plant was inoculated on one single leaf. n = 7. A total 

of 28 plants were used.  
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3.2.2. The Arabidopsis rosette core can display full fungal resistance  

        In contrast to the progressive and complete spread of fungus through inoculated 

leaves, in most cases I found that fungal infection appeared to stop at the proximal end of 

the infected leaf petiole where it attaches to the rosette core (Figure 7). Under these 

conditions, the tissues of the rosette core region, where the other un-inoculated leaf 

petioles emerge from the plant base, failed to show signs of infection (Figure 7). The 

infection appeared to terminate in the infected leaf petiole (Figure 7, inset), the rosette 

core remained alive, and eventually an inflorescence developed from the rosette core 

apex and produced seed (Figure 7). Here I define the Arabidopsis rosette core as the 

central part of the plant rosette with a diameter of 1.5-2 cm (Figure 10). In the few cases 

where infection did spread into the rosette core, the entire plant died. Rosette core 

resistance was also observed when multiple leaves of the plant were simultaneously 

inoculated; although all the inoculated leaves succumbed to fungal infection, the infection 

appeared to terminate at the proximal ends of the infected leaf petioles (Figure 11) 

without impairing the survival, continued growth and even inflorescence emergence 

(Figure 11) from the rosette core.  
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Figure 10: Rosette core is defined as the central part of the plant rosette 

A, A representative Arabidopsis rosette is shown in A, with the rosette core marked with 

the red circle. B, A photograph exhibits the excised rosette core, measuring 1.5-2 cm in 

diameter.  
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Figure 11: Wild-type Arabidopsis can survive fungal infection from multiple leaves 

A, Photographs of representative Col-0 plants inoculated with 100 B. cinerea spores on a 

single leaf (left) or simultaneously on four leaves (right) at 10 days post inoculation. 

Plants were 24 days old when inoculated. Blue arrows point to inoculated leaves. B, 

Photograph of a representative Col-0 plant inoculated with 100 B. cinerea spores 

simultaneously on three leaves. Plants were 24 days old when inoculated. Blue arrows 

point to the inoculated leaves. A yellow arrow points to the inflorescence that arose post 

inoculation. 
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3.3. Age-dependent fungal resistance of the Arabidopsis rosette core 

        I sought to gain insight into the observed incomplete penetrance characteristic of the 

rosette core fungal resistance phenotype. To ensure that the fungal inoculum was not 

limiting, I used increased spore density to 1,000. To determine whether variations in plant 

age could influence susceptibility, I inoculated single leaves of 18-, 20-, 24-, and 30-day-

old plants and assessed the number of plants that survived due to the infection 

terminating at the rosette core by 10 days post inoculation to provide ample time for the 

infection to come to completion. Although 98% of 18-day-old and 62% of 20-day-old 

plants died following a single leaf infection, only 14% of 24-day-old plants died. Finally, 

30-day-old plants showed 100% resistance to single-leaf fungal infection (Figure 12).  

        I also conducted similar experiments for different age plants with 100 spores. At 10 

days post inoculation, only 10% of 18-day-old and 2% of 20-day-old plants died 

following a single leaf infection. The 24- and 30-day-old plants showed 100% resistance 

to single-leaf fungal infection (Figure 13). 
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Figure 12: Arabidopsis rosette core resistance increases with plant maturation 

A, Col-0 rosette core susceptibility to B. cinerea after single leaf inoculation with 1,000 

spores. Mean death percentages − SD 10 days post inoculation of 18-, 20-, 24- and 30-

day-old plants are shown. n= 3. B, Photograph shows inoculum solution was applied to a 

single leaf. Blue arrows indicate the leaves that were inoculated with spores. 
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Figure 13: Arabidopsis rosette core resistance increases with plant maturation 

Col-0 rosette core susceptibility to B. cinerea after single leaf inoculation with 100 

spores. Mean death percentages + SD 10 days post inoculation of 18-, 20-, 24- and 30-

day-old plants are shown. n = 3. 
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        Altogether, the data suggest that plant age has a significant effect on rosette core 

resistance, with younger plants showing susceptibility, but older plants demonstrating 

complete resistance to B. cinerea infection when fungal growth approached the core 

through an adjacent infected leaf. These data indicate that the mature Arabidopsis rosette 

core has the ability to completely resist fungal infection, at least when the infection 

initiates in an attached leaf. Under my growth conditions, Arabidopsis plants generate an 

inflorescence between day 30 and 35, suggesting that resistance is acquired close to the 

developmental transition to flowering. 

3.4. The Arabidopsis rosette core can resist direct fungal inoculation 

3.4.1. Plants showed higher death percentage when inoculated directly on the 

rosette core 

        My results indicate that mature Arabidopsis rosette cores can fully resist fungal 

infection invasion coming from a single attached rosette leaf, enabling plant maturation 

to flowering and seed production. To differentiate between whether an adjacent leaf 

infection induces rosette core resistance or whether the rosette core is constitutively 

resistant, I directly inoculated rosette cores with 1,000 B. cinerea spores and assessed 

resistance by monitoring plant death and compared fatality rates of rosette core 

inoculation (Figure 14) to that observed after single-leaf inoculation (Figure 13). Spore 

inoculum was deposited at the center of 18-, 20-, 24- and 30-day-old Col-0 rosettes and 

the death percentages at 10 days post inoculation were assessed (Figure 14). 100% of the 

18-day plants died from rosette core inoculation. Death rates of 20-, 24-, and 30-day-old 

plants were 98%, 84%, and 30%, respectively.  
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        These results indicate that rosette cores older than 20 days are less resistant to 

infection when fungal spores are directly placed on the core as opposed to fungal 

invasion from an attached leaf (Figure 13 and 14). For example, at 24 days of age, over 

80% of plants survived fungal invasion from an inoculated attached leaf, whereas direct 

inoculation of the core resulted in over 80% of plants dying. Similar results were 

obtained when a low dose of 100 spores was applied on 24-day-old plants; under these 

conditions, 11% of core-inoculated plants died whereas none of the leaf inoculations led 

to plant death. The differential susceptibility due to inoculum site suggests that the fungal 

resistance can be induced in the core when infection initiates in an attached leaf likely 

through perception of infection in the leaf or petiole tissue.   
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Figure 14: Arabidopsis rosette core can survive direct inoculation and the resistance 

increases with plant maturation 

A, Col-0 rosette core susceptibility to B. cinerea after direct inoculation of the rosette 

core with 1,000 spores. Mean death percentages − SD 10 days post inoculation of 18-, 

20-, 24- and 30-day-old plants are shown. n = 3. B, Photograph shows inoculum solution 

applied to the rosette center. Blue arrows indicate where the rosette cores were inoculated 

with spores. 
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3.4.2. Age also affected the resistance level of rosette cores to direct inoculation 

        Age also affects the resistance level of rosette cores to direct inoculation. Rosette 

cores of young (18- to 20-day-old) plants showed nearly complete susceptibility to B. 

cinerea infection when directly inoculated with fungal spores (Figure 14). However, by 

30 days of age, the majority of rosette cores were more likely to resist B. cinerea 

infection resulting from direct rosette core inoculation, indicating that plant maturation is 

associated with an improved constitutive resistance to the rosette core.  

3.5. The role of JAs in rosette core fungal resistance 

3.5.1. JAs are required for plant rosette core fungal resistance  

        JAs are required for plant defense against necrotrophic fungi (Glazebrook, 2005; 

Chehab et al., 2008; Chehab et al., 2011; Mengiste, 2012). To determine whether JAs 

play a role in Arabidopsis rosette core fungal resistance after single leaf inoculation, I 

compared susceptibility of aos, which is fully defective in JA biosynthesis (Park et al., 

2002), with Col-0. Plants inoculated were 30 days old, at an age when Col-0 displays full 

rosette core resistance to leaf inoculation. Similar to Col-0, B. cinerea-inoculated leaves 

of aos were fully consumed by the fungus (Figure 15, 8 DPI); however, whereas only the 

inoculated Col-0 leaves died leaving resistant rosette cores (Figure 15, 15 DPI), over time 

the infections continued past the inoculated aos leaf petioles into the aos rosette cores, 

killing the aos plants (Figure 15, 15 DPI). These results indicate that JA production is 

required for Arabidopsis rosette core resistance against B. cinerea.  
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Figure 15: Jasmonates are required for rosette core fungal resistance 

A, Leaf inoculation of 30-day-old Col-0 and aos led to infection spread through the 

inoculated leaf by 8 days post inoculation. B, Whereas infection terminated in the Col-0 

petiole/rosette core junction, infection spread to the aos rosette core, leading to plant 

death. Tissues showing grey/brown color are dead. Blue arrows indicate the leaves that 

were inoculated with spores. 
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        To verify that the AOS requirement in rosette core resistance reflects a role of the 

jasomonate defense pathway, I next investigated whether the JA receptor, COI1 (Thines 

et al., 2007; Katsir et al., 2008), is required for rosette core resistance. coi1-16, a mutant 

defective in JA perception (Ellis and Turner, 2002), also showed rosette core 

susceptibility to fungal infection (Figure 16). By 10 days after single leaf inoculation, 

85% of coi1-16 plants died (Figure 16). In comparison, under similar conditions, 20% of 

Col-0 and 100% of aos died (Figure 16). The incomplete penetrance of the coi1-16 

phenotype may be due to the partial loss of function of the coi1-16 mutation (Ellis and 

Turner, 2002). 
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Figure 16: Jasmonates are required for rosette core fungal resistance 

A, Photos of representative 24-day-old Col-0, aos and coi1-16 inoculated with 1,000 B. 

cinerea spores on a single leaf 10 days post inoculation. B, Mean death percentages + SD 

are shown.  
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        The role of JA in the fungal resistance of the Arabidopsis rosette core is consistent 

with a role of JA as an inducible signal to promote biotic resistance (Browse, 2009). 

However, at least some of the Arabidopsis rosette core resistance may have a constitutive 

nature, as shown by the ability of the majority of 30-day-old plant rosettes to withstand 

direct fungal inoculation at the rosette core. Direct rosette core inoculation would result 

in a limited time available to invoke an inducible signaling response. One possibility is 

that structural barriers may develop around the rosette core as the plant matures, thus 

preventing fungal invasion. The aos mutant provided a tool to enable an assessment of 

whether the presence of JA is required throughout development consistent with the 

generation of a preformed defense mechanism, or whether transient provision of JA only 

during the fungal infection would be sufficient to confer resistance.  

        To investigate whether mature aos could acquire rosette core resistance to fungal 

infection, I applied JA exogenously during an active fungal infection. A solution 

containing either 0.1 mM methyl JA or water alone was applied to aos every other day 

starting three days post inoculation of a single leaf. As the infection spread through the 

inoculated leaf, rosette core resistance was monitored. As shown in Figure 17, the fungal-

induced death percentage of aos dropped to 23% with the methyl JA treatment compared 

to 93% with the water control, indicating that exogenous methyl JA could rescue rosette 

core resistance. However, the inoculated leaves of aos (Figure 17) and Col-0 (Figure 18) 

were not rescued by the exogenous methyl JA treatment. Together, these results indicate 

that rosette core resistance does not require that JAs be present during rosette core 

development because the presence of JAs only during an active fungal infection was 

sufficient to confer rosette core resistance. In contrast, exogenous JA was insufficient to 
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confer aos or Col-0 leaf resistance. These data also demonstrate that exogenous 

application of methyl JA did not kill the fungus since the fungus was able to fully 

consume leaves even upon MeJA treatment. 
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Figure 17: Exogenous MeJA application rescued aos rosette cores from B. cinerea-

induced death 

Photos of representative 24-day-old aos inoculated with 1,000 B. cinerea spores on a 

single leaf. Three days post inoculation, plants were sprayed every other day with water, 

as control, or 0.1 mM MeJA. Mean death percentages + SD of aos sprayed with water or 

0.1 mM MeJA, 10 days post inoculation, are shown. Blue arrows indicate the leaves that 

were inoculated with spores. 
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Figure 18: Exogenous MeJA application does not rescue Col-0 leaf from B. cinerea-

induced death 

Photo of representative 24-day-old Col-0 10 days post inoculated with 1,000 B. cinerea 

spores on a single leaf. Three days post inoculation, plants were sprayed every other day 

with 0.1 mM MeJA. Blue arrows indicate the leaves that were inoculated with spores. 
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3.5.2. Induced JA levels do not correlate with resistance 

        Because exogenous JAs can confer resistance to a preformed aos rosette core, I 

tested whether differential accumulation of endogenous JAs could underlie the difference 

in fungal resistance of the Arabidopsis rosette core compared to the rosette leaves. 

Uninfected rosette cores had similar levels of jasmonic acid, a major JA form, relative to 

uninfected rosette leaves (Figure 19), whereas the rosette core levels of JA-Ile were 

higher than the levels in rosette leaves (Figure 19).  

        In contrast, at three days post inoculation, both jasmonic acid and JA-Ile levels in 

the infected leaves rose dramatically (Figure 20). Although there is a trend toward 

increased jasmonic acid and JA-Ile levels in the rosette core of infected plants, the 

hormone level changes were not statistically significant following infection over time 

(Figure 20). Overall, these results indicate that the induced levels of jasmonic acid and 

JA-Ile do not correlate with B. cinerea resistance. Although the infected leaves appear to 

mount a JA-mediated defense in response to infection, as evidenced by the dramatic 

increase in JA levels, the high JA levels are insufficient to block infection spread through 

the leaves. In addition, although the uninfected rosette core has modestly higher JA-Ile 

levels relative to uninfected rosette leaves, and therefore may contribute to resistance, the 

highest levels of both jasmonic acid and JA-Ile were found in the leaves, which are 

susceptible to fungal induced death.  
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Figure 19: Jasmonate levels are higher in the uninfected rosette core than the leaves 

Jasmonic acid and JA-Ile levels from uninfected 30-day-old Col-0 rosette cores (orange 

bars) and leaves (green bars). Means + SD. 4 plants pooled per sample. n = 4.  * : P<0.05.  
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Figure 20: Jasmonate levels do not correlate with resistance 

Jasmonic acid and JA-Ile levels from 30-day-old Col-0 rosette cores (orange solid bars) 

and leaves (green striped bars) before leaf inoculation 0 and 1, 2, and 3 days post 

inoculation. Means + SD. 4 plants pooled per sample. n = 4. Letters: One-way-anova, 

Ducan, P<0.05. Data in Figure 19 are presented here again for comparison to data from 1, 

2 , and 3 days post inoculation.  
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3.6. Structural barriers may protect the plant rosette core 

3.6.1. Fungal hyphae terminated when approaching the rosette core  

       To gain further insight into how the rosette core may resist fungal infection, I sought 

to visualize the petiole-rosette core boundary as the B. cinerea infection extends toward 

the plant center. To detect B. cinerea hyphae, I inoculated single rosette leaves of intact 

plants with a B. cinerea strain expressing a Histone1-GFP fusion protein under control of 

an ACTIN transcriptional regulation region, which results in fluorescent fungal nuclei 

(Shlezinger et al., 2011). At ten days post inoculation, as the infection reached the 

proximal end of the inoculated leaf petiole, I transected rosette cores for microscopy 

analysis. Figure 21A shows the coarse structure of the rosette core and the attachment 

junction of two petioles. The infected leaf petiole, at right, had a darkened brown 

appearance coincident with the tissue losing much of its integrity. The darkened tissue 

terminated in a visible edge or boundary circumventing the rosette core, as if delineating 

a structural difference in the tissue (Figure 21A, white dashed line). Under fluorescence 

microscopy, the B. cinerea hyphae are visible as green string-like structures with punctate 

nuclei (Figure 21B, at right). The fluorescent hyphae terminate in the petiole prior to 

reaching the edge of the rosette core (Figure 21B, blue dashed line at right). These results 

provide evidence that fungal hyphae reached the petiole-rosette core junction, but failed 

to enter the rosette core structure. Therefore, rosette core resistance correlates with an 

apparent inability of the fungus to penetrate rosette core structure.  
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Figure 21: Fungal hyphae approach but fail to enter the rosette core 

A and B, Cross sections of a 24-day-old Col-0 plant 10 days post inoculation of single 

leaf with B. cinerea expressing a histone1-GFP 10 days post inoculation. A, Bright field 

image shows brown discoloration of infected leaf petiole tissue as it approaches the 

rosette core. White dashed line marks edge of the visible lesion. B, Confocal image of the 

petiole-rosette core junction area of tissue shown in (A). White dashed line on the left 

marks the edge of visible lesion. The blue dashed line on the right indicates the 

termination of the GFP-marked hyphae coming from the infected leaf petiole. The yellow 

dashed line marks the distal edge of visible autofluorescence. Green signals represent 

emission wavelength 500-550 nm. Magenta fluorescence is likely chlorophyll 

fluorescence. Bar = 200 µm.  
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3.6.2. Autofluorescence adjacent to the infection termination site may be 

ascribed to dead or dying cells  

        In the infected plant tissues, green fluorescence was detectable within close 

proximity (150-200 nm) to the rosette core region (Figure 21B, between white and yellow 

indicator lines) and adjacent to the infected petiole, but absent from the comparable 

region of a neighboring but uninfected petiole (Figure 22B). This fluorescence is unlikely 

to be from the transgenic fungus, as the staining pattern lacked the characteristic string-

like hyphal and nuclear staining pattern of the fluorescent fungal hyphae (Figure 21B and 

22B). Given the loss of integrity and darkened coloration of this tissue, I interpret this 

fluoresence as autofluorescence from dead or dying plant cells. Autofluorescence from 

dead plant cells has been shown previously (Koga et al., 1988). Whether the plant tissue 

is induced to die from fungal secretions or as part of the plant defense is unknown. 

Similar fluorescence was detected in the petiole-rosette core boundaries of Col-0 infected 

with non-fluorescent B. cinerea (Figure 23), verifying that this fluorescence was not from 

the transgenic fungus.  In addition, this autofluorescence was unlikely to derive from 

phytochemicals responsible for blocking fungal growth because similar autofluoresence 

was also apparent in fungal-infected aos and coi1-16 (Figure 24).  
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Figure 22: Fungal infection approaches rosette core 

A, Photograph of a plant 10 days post inoculation of a single leaf used for images in Fig. 

24, A and B. A white arrow points to the lesion termination. B, Lower magnification of 

bright field image in Fig. 24. Bar = 200 µm. Green signals represent emission wavelength 

500-550 nm. Magenta fluorescence is likely chlorophyll fluorescence. Bar = 200 µm. 
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Figure 23: Autofluorescence is found near the hyphae termination site 

A and B, Cross sections of a 24-day-old Col-0 plant 10 days post inoculation of single 

leaf with nontransgenic B. cinerea. A, Bright field image shows brown discoloration of 

infected leaf petiole tissue as it approaches the rosette core. White dashed line marks 

edge of the visible lesion. B, Confocal image of the petiole-rosette core junction area of 

tissue shown in (A). White dashed line on the left marks the edge of visible lesion. The 

yellow dashed line marks the distal edge of visible autofluorescence. Green signals 

represent emission wavelength 500-550 nm. Magenta fluorescence is likely chlorophyll 

fluorescence. Bar = 200 µm. 
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Figure 24: Fungal infection entered the rosette core in aos and coi1-16 

A and B, Cross sections of a 24-day-old (A) aos and (B) coi1-16 10 days post inoculation 

of a single leaf with nontransgenic B. cinerea. Green signals represent emission 

wavelength 500-550 nm. Magenta fluorescence is likely chlorophyll fluorescence. Bar = 

200µm. 
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3.7. Comparative organ transcriptomes: Characterizing the rosette 

core 

3.7.1. Transcriptomic data obtainment 

        To reveal potential factors that may be important for rosette core characteristics 

including those that may contribute to rosette core fungal resistance, I conducted 

transcriptomic analysis of Arabidopsis rosette cores compared to other Arabidopsis 

organs. I sequenced the transcriptome of 4 biological replicates of dissected Arabidopsis 

cores (GEO Submission: GSE129452). To identify transcript profiles indicative of the 

rosette core, I compared the rosette core transcriptome to transcriptomic data available 

from the Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/) for 

Arabidopsis plant leaves, stems, flowers and seed pods. The GEO data that were 

considered appropriate for comparative analyses were those that satisfied the following 

requirements: (1) organs were from Arabidopsis Col-0; (2) organs were collected from 

adults (not seedlings); and (3) organs were harvested from untreated or mock-treated 

plants. A total of 18 leaf, 3 stem, 6 flower, and 4 seed pod samples were selected for 

comparative analysis with the rosette core transcriptome. Detailed information for the 

selected samples is include in Table 4. 
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Table 4: Selected GEO samples for transcriptomic data analysis 

 

 

  

Samples Name GEO Sample Number 

Leaf 1 GSM988496 

Leaf 2 GSM988497 

Leaf 3 GSM988498 

Leaf 4 GSM1570244 

Leaf 5 GSM1570245 

Leaf 6 GSM1655653 

Leaf 7 GSM1655654 

Leaf 8 GSM1655655 

Leaf 9 GSM1655656 

Leaf 10 GSM1655657 

Leaf 11 GSM1655658 

Leaf 12 GSM1659613 

Leaf 13 GSM1659614  

Leaf 14 GSM1709060 

Leaf 15 GSM1709062 

Leaf 16 GSM2347874 

Leaf 17 GSM2347877 

Leaf 18 GSM2347880 

Flower 1 GSM3151985 

Flower 2 GSM3151986 

Flower 3 GSM3151987 

Flower 4 GSM865212 

Flower 5 GSM865213 

Flower 6 GSM865214 

Stem 1 GSM1834893 

Stem 2 GSM1834894 

Stem 3 GSM1834895 

Seed pod 1 GSM1347699 

Seed pod 2 GSM1347700 

Seed pod 3 GSM1347701 

Seed pod 4 GSM1347702 
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3.7.2. Hierarchical cluster analysis revealed the potential unique transcriptome 

pattern of rosette core  

        I used hierarchical cluster analysis (https://cran.r-project.org/manuals.html) to assess 

whether the rosette core samples reveal a distinct transcriptomic pattern when compared 

to data from the other plant organs. In this analysis, the more similar two samples are, the 

closer they cluster in the hierarchical chart generated. The resultant clustering (Figure 25) 

shows that rosette core samples formed a distinct clade and were clustered closely with 

the stem samples. The leaf data, with one outlier (Leaf 13), clustered into two clades; data 

from flowers and seed pods formed their own clusters. The close clustering of the distinct 

organs indicates that despite the diverse samples being collected in different labs, likely 

using different growth conditions, transcript profiles were similar enough to define organ 

types reliably. Interestingly, the rosette core samples clustered separately from other 

organ samples, suggesting that rosette cores have enough unique transcriptomic patterns 

to distinguish them from other, more well-characterized, plant organs. Such 

transcriptome differences may provide insight into characteristics unique to the rosette 

core and suggest that the rosette core constitutes a novel plant organ.  
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Figure 25: Hierarchical cluster transcriptome analysis of Arabidopsis tissues 

Hierarchical cluster graph shows the transcriptome differences among Arabidopsis 

leaves, stems, rosette cores, seed pods, and flowers. Differences are represented by the 

distance indicated in relative height values at left.  
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3.7.3. GSEA analysis revealed potential genes playing a role in rosette core 

resistance  

        To interrogate the novel transcriptome patterns of the rosette core, I conducted a 

Gene Set Enrichment Analysis (GSEA) 

(http://software.broadinstitute.org/gsea/doc.html). Gene Ontology (GO) categories 

enriched in the rosette core versus the leaf data were ranked by normalized enrichment 

scores. The top three GO categories have a nominal p value smaller less than 0.05, shown 

in Table 5. Within each GO category, genes with differential expression characteristics 

between the rosette core and the leaf data were identified; those genes with highest 

differential expression within GO categories are listed in Table 5. GO categories linked 

with xylem development were prevalent in the rosette core data, suggesting enrichment 

of vascular system development characteristics in the rosette core.  

  

http://software.broadinstitute.org/gsea/doc.html)
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Table 5: Top GO categories in GSEA analysis 

RANK1 GO GO No. GO0010089 xylem development 

Rank in GO Gene number Gene name 

1 AT4G37750 ANT 

2 AT2G03090 ATEXP15 

3 AT5G20540 ATBRXL4 

4 AT5G05160 RUL1 

5 AT2G44830 PAX 

6 AT5G33300 N/A 

7 AT5G15120 PCO1 

8 AT1G73590 ATPIN1 

9 AT5G51590 AHL4 

10 AT3G54260 TBL36 

11 AT1G01225 N/A 

12 AT5G61480 TDR 

RANK 2 GO GO No. GO0044036 cell wall macromolecule metabolic process 

Rank in GO Gene number Gene name 

1 AT4G37750 ANT 

2 AT2G03090 ATEXP15 

3 AT5G20540 BRXL4 

4 AT5G05160 RUL1 

5 AT2G44830 AGC VIIIA KINASE 1-3, 

6 AT5G33300 N/A 

7 AT5G15120 PCO1 

8 AT1G73590 PIN1 

9 AT3G54260 TBL36 

10 AT1G01225 N/A 

RANK 3 GO GO No. GO0009944 polarity specification of adaxial/abaxial axis 

Rank in GO Gene number Gene name 

1 AT4G37750 ANT 

2 AT1G02800 CEL2 

3 AT1G19850 ARF5 

4 AT3G13510 N/A  

5 AT2G37630 AS1 

6 AT1G73590 PIN1 

7 AT1G32240 KAN2 

8 AT3G07410 RABA5B 

9 AT2G26330 ER 

10 AT4G14200 N/A 

11 AT5G61480 TDR 

12 AT1G05470 CVP2 

13 AT3G27220 N/A 

14 AT5G48800 N/A 

15 AT1G54450 N/A 

16 AT2G22420 PRX17 

17 AT3G07540 FH10 

18 AT3G02210 COBL1 

19 AT2G41370 BOP2 

20 AT5G67200 N/A 
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3.7.4. BOPs may have a role in rosette core resistance  

        To confirm that the observed differential expression patterns I identified for 

Arabidopsis rosette cores were not an artifact of confounding variables, such as plant 

growth environments, I conducted quantitative RT-PCR on genes identified as 

differentially expressed by the GSEA analysis.  RNA was isolated from rosette cores and 

leaf samples from plants grown and harvested in our lab. Q-RT-PCR analysis revealed 

that AINTEGUMENTA (ANT), REDUCED IN LATERAL GROWTH1 (RUL1) and 

BLADE ON PETIOLE 2 (BOP2) had higher transcript levels in rosette cores than in 

leaves, confirming the results of the transcriptomic analyses (Figure 26).  

        The relative high expression of BOP1 and BOP2 (Figure 26) in the rosette core led 

us to further investigate BOP protein function in the rosette core. BOP2, and the related 

transcription factor, BOP1, are required for abscission zone formation in Arabidopsis 

flowers as bop1bop2 mutants fail to abscise petals and sepals after fertilization (McKim 

et al., 2008). Although a functional abscission zone has not been described in the 

Arabidopsis rosette core region, our data suggest the existence of an apparent boundary 

around the core that may thwart fungal penetration (Figure 21). BOP1 and BOP2 display 

higher expression in the rosette core than rosette leaves (Figure 26), suggesting a possible 

role in the rosette core tissues.  
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Figure 26: Transcript levels of genes showing differential expression between the rosette 

core and the leaf 

Quantitative RT-PCR of ANT, RUL1, BOP1 and BOP2 transcripts relative to ubiquitin 10 

transcripts in 24-day-old Col-0 rosette cores (orange solid bars) and leaves (green striped 

bars). Means + SD. n = 4. * : P<0.05.  ** : P<0.01.  
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        To determine whether BOP1 and BOP2 may play roles in Arabidopsis rosette fungal 

resistance, I assayed bop1bop2 for rosette core survival after B. cinerea infection of 

rosette leaves. Rosette cores of 24-day-old bop1bop2 were significantly more susceptible 

to fungal penetration, resulting in 41% plant death, than were wild type Col-0 (20% death 

rate) (Figure 27). Lesion growth rates on bop1bop2 detached leaves were comparable to 

that in Col-0 leaves (Figure 28), indicating the defense role of BOPs does not appear to 

affect leaf fungal defense. These results suggest that BOP1 and BOP2 may play a role in 

rosette core resistance. Because BOP proteins are critical for flower abscission zone 

development (McKim et al., 2008), a possible loss of an abscission zone-like cellular 

barrier between the rosette core and rosette leaves may be a basis for the increased fungal 

susceptibility of bop1bop2 rosette cores. 
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Figure 27: BOPs are playing a role in rosette core resistance 

Photos of representative 24-day-old Col-0 and bop1bop2 10 days after inoculation with 

1,000 B. cinerea spores on a single leaf. Mean death percentages ± SD of Col-0 and 

bop1bop2 10 days post inoculation are shown. * : P<0.05.  
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Figure 28: BOPs may not function in leaf defenses against B. cinerea 

Representative rosette leaves detached from 24-day-old Col-0 or bop1bop2 4 days post 

inoculation with 100 B. cinerea spores. Mean lesion diameters + SD on rosette leaves 

detached from 24-day-old Col-0 and bop1bop2 with 100 B. cinerea spores. n = 10. Bar = 

0.5 cm. 
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3.8. Investigation of potential mechanisms underlying Arabidopsis 

rosette core resistance 

3.8.1. CLAVATA 3 is not required for Arabidopsis rosette core resistance 

        The plant rosette core contains the shoot meristem, which consists of a central zone 

of three germ layers and some surrounding regions, including the rib zone and the 

peripheral zone (Groß-Hardt and Laux, 2003). The central zone contains shoot stem cells 

(Groß-Hardt and Laux, 2003). The expression of the gene CLAVATA 3 (CLV3) can serve 

as a marker for shoot stem cells (Brand et al., 2000; Groß-Hardt and Laux, 2003). CLVs 

are important for meristem maintenance (Brand et al., 2000). Also, CLV3 is involved in 

plant immunity against bacteria (Lee et al., 2011; Naseem et al., 2014). Whether CLV3 

plays a role in resistance against other pathogens is not yet known (Asai et al., 2002; 

Laluk and Mengiste, 2010; Naseem et al., 2014). 

        To test whether the rosette core resistance may involve CLV3-dependent 

characteristics of the shoot meristem, I tested the resistance of clv3-10 against B. cinerea. 

Similar to Col-0, none of the 30-day-old inoculated clv3-10 died from 100-spore leaf 

inoculation (Figure 29). These results indicate that CLV3 may not play an important role 

in rosette core resistance against B. cinerea. Whether other aspects of the shoot meristem 

may be critical for the rosette core resistance remains unknown.  
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Figure 29: CLV3 may not function in rosette core resistance 

Photos of representative 30-day-old Col-0, aos, and clv3-10 10 days after inoculation 

with 100 B. cinerea spores on a single leaf. Death percentages of Col-0, aos, and clv3-10 

10 days post inoculation is shown. Col-0 and aos each line 8 plants. clv3-10 12 plants.  

  



 
86 

3.8.2. Camalexin, glucosinolates, and C6-aldehydes may not play critical roles in 

Arabidopsis rosette core resistance  

        To explore more factors that may contribute to the rosette core resistance, I tested 

the role of known defense related metabolites, including camalexin, glucosinolates, and 

C6-aldehydes. To test whether those metabolites are critical for rosette core resistance, I 

assayed rosette core survival for mutants deficient in biosynthesis pathways of those 

metabolites, including phytoalexin deficient 3-1 (pad3-1), myb28myb29, and 

hydroperoxide lyase 1 (hpl1). PAD3 encodes the cytochrome P450 enzyme 71B15, which 

catalyzes the last step in camalexin synthesis (Schuhegger et al., 2006). The pad3-1 has a 

single nucleotide insertion that leads to an early stop codon (Zhou et al., 1999); pad3-1 

lacks of the production of almost all camalexin (Schuhegger et al., 2006). Arabidopsis 

transcription factors, MYB28 and MYB29, positively regulate the production of aliphatic 

glucosinolates (Hirai et al., 2007; Li et al., 2013). The myb28myb29 double mutant lacks 

the ability to produce aliphatic glucosinolates (Li et al., 2013). HPLs are responsible for 

the formation of a number of volatile compounds (Matsui, 2006), including C6-aldehydes 

(Matsui, 2006; Kishimoto et al., 2008). HPL1 is a member of CYP74B cytochrome p450 

family; the hpl1 mutant has not yet been characterized. Similar to Col-0, none of the 30-

day-old pad3-1 or myb28myb29 died from a B. cinerea leaf inoculation (Figure 30). 

However, 14% of the hpl1 plants died from the leaf inoculation, showing greater 

susceptibility compared to Col-0, but lower susceptibility compared to aos (75%) (Figure 

30). These results suggest that camalexins and aliphatic glucosinolates may be not critical 

for rosette core resistance. In contrast, these results suggest a potential role for HPL1. 

However, hpl1 plants display a small rosette phenotype (Figure 30), which may 
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contribute to their enhanced susceptibility. Additional experiments will be required to 

ascertain whether specific secondary metabolites contribute to the resistance of the 

rosette core to B. cinerea. 
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Figure 30: PAD3, MYB28, MYB29, and HPL1 may not be required for the rosette core 

resistance 

Photos of representative 30-day-old Col-0, aos, pad3-1, myb28myb29, and hpl1 10 days 

after inoculation with 100 B. cinerea spores on a single leaf. Death percentages of Col-0, 

aos, pad3-1, myb28/29, and hpl1 10 days post inoculation is shown. n = 8 plants for Col-

0, aos, and hpl1; n = 12 for other mutants.  
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3.9. Arabidopsis inflorescence may have higher susceptibility than 

the rosette leaves  

        In plants where a single leaf was inoculated, I found that the emerging inflorescence 

showed signs of fungal infection. One possible mechanism for the fungal infection to 

spread to the inflorescence is that the fungus becomes dormant once reaching the rosette 

core, and re-activates once the inflorescence forms. An alternative possibility is that the 

inflorescence is highly susceptible to fungal infection, and spores released from the initial 

leaf infection can initiate new inoculation of the inflorescence. 

        Imaging of the rosette core after inoculation from a single leaf showed that the B. 

cinerea hyphae stay clear from the central part of the rosette core (Figure 21), suggesting 

that the dormancy mechanism is unlikely to occur under my infection conditions. In 

addition, to differentiate between a possible dormancy and reactivation mechanism 

versus susceptibility to airborne spores, I placed un-inoculated plants adjacent to the leaf-

inoculated plants and monitored inflorescence infection. The inflorescence tips of the 

inoculated and also the uninoculated plants showed fungal infection (Figure 31), 

supporting a mechanism of released spores infecting susceptible inflorescences.  

        Given that the inoculated leaves and the rosette core fail to show secondary 

infections from airborne spores, I conclude also that either the inflorescence is 

constitutively more susceptible than the leaves or the inflorescence may be less capable 

of responding to potential signals transmitted from the infected leaf. These results are 

consistent with my other evidence that different parts of a plant can display different 

fungal defense and resistance capabilities.   
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Figure 31: B. cinerea infection initiated on Arabidopsis leaves can spread to the 

inflorescence 

A Col-0 plant (on the left) was inoculated with 100 B. cinerea spores on a single leaf. 

The blue arrow points to the inoculated leaf destroyed by fungal growth. An uninoculated 

Col-0 plant (on the right) was placed adjacent to the inoculated plant; both plant 

inflorescences showed signs of fungal infection (magenta arrows). The photo was taken 

15 days post leaf inoculation.  
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3.10. Systemic rosette leaf resistance against B. cinerea was not 

detected in Arabidopsis  

         Although the inflorescence showed susceptibility to airborne spores, the adjacent 

un-inoculated leaves did not show signs of secondary infection, except in the cases where 

an adjacent leaf directly touched the inoculated leaf. The lack of susceptibility of the 

rosette leaves to airborne spores may indicate that the rosette leaves can gain resistance 

due to the infection of a neighboring leaf.        

        To test whether systemic defenses against B. cinerea may exist in Arabidopsis 

rosette leaves, I sought to directly test whether fungal infection of a single rosette leaf 

could slow fungal growth or induce susceptibility in the other, non-inoculated rosette 

leaves. 

        To examine whether systemic, uninfected, leaves of a plant with an adjacent leaf 

infection showed induced defenses than leaves from an uninfected plant, I compared the 

fungal lesion growth rates on leaves attached to plants with and without an active rosette 

leaf infection. To control for potential differences of leaf emergence number, I 

standardized both the primary and secondary leaves inoculated. The 7th leaf was chosen 

as the primary leaf to be inoculated, while the secondary leaf, tested for systemic 

response was leaf number 8. To control for possible systemic effects of the infection 

procedure, mock-infected plants were treated similarly using only the spore-suspension 

solution in the absence of fungal spores. Single leaves of individual plants were 

inoculated with 100 B. cinerea spores or with mock infection solution and after 6, 12, 24, 

and 48 hours later, leaf 8 of the plants was then inoculated with 100 spores. At four days 
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after the secondary inoculation, fungal lesion diameters on the 8th leaf with or without 

the initial B. cinerea inoculation were measured and compared. There were no significant 

differences in lesion diameters between the leaves from plants that have active infections 

on neighboring leaves versus those that were the first leaves infected on the plant (Figure 

32). I also tested whether lower spore density in the secondary infection might reveal 

reduced susceptibility, but again found no significant differences. Although I did not find 

evidence for systemic fungal resistance in Arabidopsis, there may be conditions where 

systemic resistance is activated. One possibility is that fungal resistance is leaf 

autonomous, sharing no signaling or resources among leaves. The rosette core may serve 

to functionally isolate leaves from both the core and other rosette leaves.  
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Figure 32: Systemic defense against B. cinerea was not detected in rosette leaves 

Col-0 plants were initially inoculated with 100 B. cinerea spores (initial infection) or with 

infection solution containing no spores (mock infection) on the 7th leaf. At 6, 12, 24, and 

48 hours after the initial inoculation, the 8th leaf of each plant was inoculated with 100 

spores. At 4 days after the secondary inoculation, lesion diameters were measured on the 

8th leaf from plants with infected (orange solid bars) or mock-infected (green striped bars) 

leaves were measured. Means + SD. n = 3. 
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3.11. Plant leaf susceptibility and core resistance is shared among 

diverse plant species 

        To determine whether rosette core fungal resistance is also found among other plant 

species, including Arabidopsis relatives, such as Brassicaceae crops, I inoculated single 

leaves of cabbage and cauliflower plants with B. cinerea spores. Similar to Arabidopsis, 

single-leaf infections of cabbage and cauliflower resulted in the death of the infected leaf, 

but the fungal infections failed to spread to the rosette cores (Figure 33, A-C). Therefore, 

this phenomenon of leaf susceptibility and rosette core resistance is shared among these 

Brassicaceae species. In some cases, however, unlike Arabidopsis, the infected leaves 

detached from the plant body through apparent abscission as the infection approached the 

rosette core (Figure 33, B and C). Thus, some Brassicaceae may employ leaf abscission 

as an additional strategy to prevent fungal infection spread to the rosette core, as has been 

reported previously (Tronsmo and Raa, 1977). The finding that cabbage and cauliflower 

can use abscission as a mechanism to avoid fungal invasion to the plant body core may 

also be consistent with a potential role for an abscission zone-like region in Arabidopsis 

rosette core fungal resistance. 
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Figure 33: Cabbage and cauliflower leaf susceptibility and core resistance to B. cinerea 

A-C, Representative photos of (A, B) cabbage and (C) cauliflower plants 16 days after 

100-spore B. cinerea inoculations on single leaves. Inoculated leaves turned brown and 

died as infection spread. Magenta arrow points to the site of necrotic lesion termination. 

Blue arrows indicate abscised leaves. 
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3.12. Conclusions and future directions  

        Arabidopsis leaves mount a JA-dependent defense that slows B. cinerea fungal 

lesion growth, but this defense does not result in resistance of the leaf tissue (Figure 5), 

even when a very low spore inoculum initiates the infection (Figure 6). Arabidopsis 

leaves fully succumb to fungal infection despite producing very high levels of JA 

hormones (Figure 5) and activating diverse defense responses (Williamson et al., 2007; 

Laluk and Mengiste, 2010; Mengiste, 2012). Arabidopsis susceptibility to B. cinerea is 

independent of leaf emergence number (Figure 9) and occurs regardless of whether the 

infected leaf remains attached to the plant body via the petiole (Figure 7). Indeed, 

remaining attached to the rosette core does not slow fungal destruction of the Arabidopsis 

leaf (Figure 8), indicating that leaf defense does not depend upon or even appear to 

benefit from signals or properties provided by the rosette core, but rather appears to be 

leaf autonomous. Similarly, cauliflower and cabbage leaves also fully succumb to B. 

cinerea infection (Figure 33), indicating that rosette core resistance may be a 

characteristic shared among Brassicaceae plants. Together, these data suggest that to 

elucidate how plant tissues can fully resist necrotrophic fungal infection, investigation of 

leaf defense mechanisms may not reveal critical resistance processes and/or 

characteristics.  

        In contrast, the central tissue of the Arabidopsis rosette core can display robust and 

complete resistance to fungal invasion and infection (Figure 7). B. cinerea fungal hyphae 

appear to successfully grow through the petiole to the point of attachment to the rosette 

core, but then upon reaching the central core of the plant, the infection terminates (Figure 

7). In this way, the plant survives the infection and can continue to grow and flower 
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(Figure 7). How the rosette core can resist infection is unknown, however we 

demonstrate that Arabidopsis rosette core resistance is acquired as the plant matures and 

nears the transition to flowering (Figure 12 and 14). Rosette core resistance also requires 

the ability to both produce and respond to JA (Figure 15 and 16). Similarly, the rosette 

cores of cauliflower and cabbage also demonstrate full resistance to B. cinerea (Figure 

33). These plants can display leaf abscission in response to leaf infection, a defense 

response that would further isolate the rosette core from fungal susceptibility (Figure 33).  

        Imaging analysis indicates that B. cinerea hyphae terminate at the petiole-rosette 

core junction (Figure 21 and 22), suggesting the presence of a barrier that blocks fungal 

penetration from the leaf petiole into the rosette core. The development of this proposed 

barrier may only be complete and functional after Arabidopsis reaches a level of 

maturity, given the age dependence for rosette core resistance. The requirement for 

Arabidopsis BOP1 and BOP2 function for full rosette core resistance (Figure 27) 

suggests a possible role for an abscission-like zone around the rosette core, however 

unlike that for cabbage and cauliflower (Figure 33), I did not observe abscission of 

Arabidopsis leaves in response to fungal infection. The finding that mature aos plants can 

acquire rosette core resistance after JA application (Figure 17) suggests that a preformed 

barrier is not essential for resistance of the rosette core; however, the levels of JA applied 

in this experiment were higher than endogenous levels found in the Arabidopsis rosette 

core and therefore may evoke a non-physiological resistance mechanism. 

        Arabidopsis rosette core resistance is more highly penetrant when fungal infection 

approaches from an infected leaf petiole than when the rosette core is directly inoculated 

with fungal spores (Figure 12 and 14). One possible explanation is that the rosette core 
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evolved mechanisms specifically to block fungal entry from leaf petioles, given that 

rosette leaves provide the abundance of overall plant surface area that would be 

susceptible to spore exposure. Fungal infection initiating at the rosette core may therefore 

be relatively rare compared to that initiating in rosette leaves. Furthermore, the rosette 

core may be able to induce resistance in response to perception of infection of nearby 

tissues. However, the finding that the JA defense hormone does not accumulate in the 

rosette core in response to neighboring leaf infection (Figure 20) would suggest a 

resistance mechanism distinct from the well-described process that occurs in an infected 

leaf. Indeed, an unexpected finding is that high accumulation levels of JAs do not 

correlate with fungal resistance (Figure 19 and 20), suggesting that alternative factors 

may play critical roles in Arabidopsis rosette core resistance.  

        Transcriptomic analysis reveals that gene expression patterns in the rosette core are 

distinct from that in leaves, stems, seed pods and flowers (Figure 25). By comparing the 

transcriptome of the resistant rosette core and the susceptible leaf, I found several genes 

that are relatively highly expressed in the core (Figure 26). The relatively high expression 

of BOP1 and BOP2 is consistent with a function for BOP proteins in rosette core 

resistance and the greater susceptibility of the bop1bop2 rosette core to B. cinerea 

infection (Figure 27). 

        JAs are required for the rosette core resistance. In contrast, CLV3, with a function 

specific to the shoot meristem and shown to be important for biotrophic resistance (Lee et 

al., 2011), does not appear to be important for rosette core fungal resistance (Figure 29). I 

found that fungal hyphae terminated at the petiole-rosette core junction, a distance from 

the central shoot meristem region, consistent with the idea that rosette core resistance 
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may act closer to the petiole-rosette core junction, preventing the fungus from invading 

the meristem region. However, the possibility that the shoot meristem is indirectly 

important for resistance cannot be ruled out. I also tested whether known defense related 

secondary metabolites are necessary for rosette core resistance. A subset of mutants 

defective in camalexin or glucosinolates production was indistinguishable from Col-0 in 

rosette core fungal resistance (Figure 30), suggesting that these defense factors may be 

not critical players in rosette core resistance. A mutant defective in synthesis of C6-

aldehydes, however, did show a modest elevated susceptibility (Figure 30). However, this 

mutant has a small rosette phenotype that could contribute to the observed enhanced 

susceptibility. Additional experiments are necessary to determine experimental 

reproducibility and significance to validate a possible role for C6 aldehydes in 

Arabidopsis rosette core fungal resistance. 

        An unbiased genetic screen for rosette core resistance could be a powerful approach 

for identifying genes that function in this resistance process and hence could reveal the 

physiological processes responsible for this phenotype. A screen for loss of rosette core 

resistance would be nonproductive, because all mutants would be dead and unavailable 

for analysis. However, one possible mutant screen could be to select for mutants that 

successfully acquire core resistance at an age when wild type Col-0 is typically fully 

susceptible. For example, at 20 days of age, most, if not all, Col-0 plants die from single 

leaf inoculation with B. cinerea. Mutants that demonstrate resistance at 20 days of age 

may identify alterations in genes that enable resistance and thus point to functions 

sufficient for conferring resistance. These functions may include those that are normally 

activated later in plant maturation. Alternatively, novel functions that confer fungal 
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resistance may be identified. Either types of gene functions identified as critical for 

conferring fungal resistance may be powerful tools for improving plant crop resistance to 

B. cinerea. 

        Another possible approach to identifying functions that correlate with resistance 

could be to compare transcriptomes of different age, and therefore differing fungal 

susceptibility, of Arabidopsis rosette cores. Differential gene expression analysis may 

reveal the gene candidates that potentially contribute to rosette core resistance. To aid in 

this comparative analysis, house-keeping genes, expected to show similar transcript 

levels across different tissue types, could be utilized as standards.  

        By identifying the mechanisms employed by the Arabidopsis rosette core to confer 

fungal resistance, new insights may be gained in plant defense against necrotrophic fungi. 

These insights may inform new strategies for improving resistance of related crop plants 

and thus improving crop productivity and post-harvest yield.
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Generation of Arabidopsis OPR3 mutants  

4.1. Introduction  

        The JA pathway is considered essential for plant necrotroph resistance 

(Glazebrook, 2005; Mengiste, 2012).  OPDA REDUCTASE 3 (OPR3) plays a critical 

role in the JA pathway by reducing the biosynthesis intermediate, OPDA, into 3-oxo-

2(2’ [Z]-pentenyl) cyclopentane-1-octanoic acid (OPC:8) (Figure 1) (Stintzi and 

Browse, 2000; Footitt et al., 2007). In Arabidopsis, OPR3 is the only known active 

OPDA reductase involved in JA biosynthesis (Schaller et al., 2000; Breithaupt et al., 

2009). An opr3 mutant, with a 17-kb insertion within an OPR3 locus intron, displays 

modest resistance against necrotrophic fungi compared to an aos null allele (Chehab 

et al., 2011; Stintzi and Browse, 2000). From these results, it was suggested that the 
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JA intermediate, OPDA, might be sufficient to trigger plant fungal defense (Stintzi et 

al., 2001).  

        However, more recently, the T-DNA insertion opr3 mutant, referred to here as 

opr3-1, was found to be leaky with a clear, but reduced, capability to generate JA 

upon fungal infection (Chehab et al., 2011). opr3-1 is not a null mutant (Chehab et 

al., 2011), but is capable of generating moderate levels of correctly spliced OPR3 

transcripts upon fungal infection (Chehab et al., 2011). Therefore, since the OPR3 

gene is not null in opr3-1, conclusions about the sufficiency of OPDA in fungal 

defense cannot be supported. Moderate JA levels and fungal defenses in the opr3-1 

mutant can be ascribed to the leaky expression of OPR3 in opr3-1. To reveal whether 

OPDA alone acts as a direct signal, independent of jasmonic acid, I sought to 

generate opr3 null mutants. I decided to use the CRISPR-Cas9 method to introduce 

mutations within the OPR3 locus that could cause a reading frame shift leading to 

potential early translation termination.   

        CRISPR-Cas9 can generate mutations precisely at designed positions and has been 

used to generate plant site-specific mutants (Belhaj et al., 2013). Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) associated protein 9 (Cas 9) is a DNA 

endonuclease found in many bacteria (Charpentier and Doudna, 2013). Cas9 has two 

active sites that cleave each strand of a double-stranded DNA molecule. This enzyme is 

guided to the target DNA by a single guide RNA (sgRNA). The designed cleavage site 

must be demarcated by a PAM sequence of NGG. RNA-guided Cas9 activity creates site-

specific double-stranded DNA breaks, which are then repaired (Charpentier and Doudna, 
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2013). After repairing, one or more base pairs may be inserted or deleted 3 base-pairs 

upstream of the NGG PAM (Belhaj et al., 2013). In this way, the reading frame of the 

targeted gene may be shifted and lead to a genetic mutation.  

4.2. Generation of OPR3 mutants with CRISPR-Cas9 

        To introduce mutations in the desired positions in the OPR3 gene, I used the 

CRISPR-Cas9 method. I designed two single guide RNAs (sgRNAs) targeting two 

different sites in OPR3 (sequences summarized in Table 2). Choices of sgRNA targets 

were limited by the distribution of PAM patterns. The first sgRNA targeted the 

beginning of OPR3, expecting a mutation between the 167th and 168th nucleotides. 

Reading frame shifts caused by the mutation can lead the production of short 

peptides missing most of the OPR3 functional motifs. The second sgRNA directly 

targeted the critical enzymatic sites in the OPR3, expecting a mutation between the 

530th and 531st nucleotides. The reduction of OPDA by OPR3 requires a proton 

donor site involving Tyr191 (Han et al., 2011). Reading frame shifts caused by the 

second sgRNA were expected to lead to the production of truncated peptides that 

exclude Tyr191, thus any protein generated would be deficient in OPR3 function. 

        I introduced the sgRNA and Cas9 genes into plants using Agrobacteria 

transformation and selected transgenics by hygromycin resistance. In addition, 

because loss of OPR3 causes male sterility due to a requirement for JA in 

reproductive growth (Feys et al., 1994; Stintzi and Browse, 2000; Park et al., 2002), I 

screened the hygromycin resistant plants for male sterility.  
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        Using the first sgRNA, I found one transformant showing male sterility. 

Sequencing of the OPR3 locus in this plant showed a mixed single nucleotide 

insertion (adenine and guanine nucleotide) in the mutation site (Figure 34A). I 

named this mutant opr3-2. Single nucleotide insertion in the desired position is 

expected to lead to an early stop codon and a truncated 83-amino-acid peptide.  

       Using the second sgRNA, I identified two male-sterile transformants, opr3-3 and 

opr3-4. opr3-3 had a single homozygous adenine nucleotide insertion between 

530th and 531st nucleotides (Figure 34B); opr3-4 has a single homozygous thymine 

nucleotide insertion between 530th and 531st nucleotides (Figure 34C). These 

single nucleotide insertions are predicted to produce truncated 183-amino-acid 

peptides without the critical amino acid Tyr191.   
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Figure 34: Single nucleotide insertions in opr3-2, opr3-3, and opr3-4 

A, opr3-2 has a mixed single nucleotide insertion (adenine and guanine nucleotide) 

between the 167th and 168th nucleotides. B, opr3-3 has a single homozygous adenine 

nucleotide insertion between 530th and 531st nucleotides. C, opr3-4 has a single 

homozygous thymine nucleotide insertion between 530th and 531st nucleotides. CDS: 

coding sequence.   
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4.3. CRISPR-Cas9 OPR3 mutants 

4.3.1. opr3-2, opr3-3, and opr3-4 can produce moderate levels of JA  

        To test whether op3-2, -3, and -4 can produce jasmonic acid, I quantified 

jasmonic acid levels in these new mutants. Each new opr3 mutant can produce 

moderate levels of JA (Figure 35), similar to opr3-1.  
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Figure 35: New OPR3 mutants accumulated jasmonic acid  

A, Detached leaves of Col-0, aos, opr3-1 and opr3-2 were inoculated with B. cinerea 

spores. Jasmonic acid levels were measured in infected leaves 48 and 72 hours post 

inoculation. B, In an independent experiment, detached leaves of Col-0, aos, opr3-1, 

opr3-3, and opr3-4 were inoculated with B. cinerea spores. Jasmonic acid levels were 

measured in infected leaves 72 hours post inoculation. A-B, One sample with around 400 

mg tissue was tested. HPI: hours post inoculation.   
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4.3.2. Point mutants displayed moderate defense against B. cinerea   

       To test if opr3-2, opr3-3, and opr3-4 displayed defense against B. cinerea, I tested 

B. cinerea fungal lesion growth on detached leaves on opr3-2, -3, and -4 and 

compared them to aos, wide type Col-0, and opr3-1. As expected, all opr3 mutants 

showed greater fungal growth than Col-0 (Figure 36). As shown previously (Chehab 

et al., 2011), opr3-1 shows slower fungal growth than aos; this modest resistance 

has been attributed to a leaky expression of OPR3 upon fungal inoculation. 

Surprisingly, however, opr3-2, -3, and -4 were all capable of mounting moderate 

defense against B. cinerea, with significantly smaller fungal lesions than aos (Figure 

36).  
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Figure 36: New OPR3 mutants showed moderate fungal defense 

A, Detached leaves of Col-0, aos, opr3-1 and opr3-2 were inoculated with B. cinerea 

spores. Lesions on infected leaves were measured 48 and 72 hours post inoculation. B, In 

an independent experiment, detached leaves of Col-0, aos, opr3-1, opr3-3, and opr3-4 

were inoculated with B. cinerea spores. Lesions on infected leaves were measured 72 and 

96 hours post inoculation. A-B, HPI: hours post inoculation. Mean ± SD. n = 10. Letters: 

One-way-anova, Ducan, P<0.05.  
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4.4. Immunoblot analysis of OPR3 mutants 

        To assess whether the opr3-2, -3, and -4 point mutations affect full-length OPR3 

protein production as expected for mutations that alter the transcript reading 

frame, I conducted immunoblot analysis using an OPR3 antibody. Col-0 and opr3-1 

serve as positive controls. opr3-1 has greatly reduced full-length OPR3 protein 

accumulation that is only detected after fungal inoculation. Because opr3-3 and 

opr3-4 mutations cause insertions at the same site and there should exhibit similar 

protein production characteristics, only opr3-3 was examined in these analyses. 

        Figure 37 shows that under these conditions, OPR3 protein could be detected 

only in Col-0; although the protein size marker included in lane 1 largely obscures 

visualization of OPR3 protein in uninfected Col-0, OPR3 is clearly visible in Col-0 24 

hrs after fungal infection (Figure 37). Protein is also easily detected from transgenic 

plants overexpressing a fusion protein with six copies of a histidine tag (Figure 37). 

However, no OPR3 protein is detected from opr3-2 and opr3-3 seedlings, with or 

without B. cinerea infection (Figure 37). With no detection of OPR3 in opr3-2 and 

opr3-3, these two mutants may be null mutants. However, opr3-1, which shows 

detectable full-length OPR3 transcript levels upon fungal infection (Chehab et al., 

2011) also did not show OPR3 protein accumulation in my analysis (Figure 37), 

casting doubts on the sensitivity of my immunoblot. Thus, I cannot rule out the 

possibility that opr3-2 and opr3-3 may also generate full-length OPR3 protein at low 

levels. 
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Figure 37: OPR3 was not detected in opr3 mutants 

Membrane from an immunoblot gel was probed with antibody against OPR3. Proteins 

were extracted from Col-0 and opr3 mutant seedlings, without inoculation, or 24 hours 

after inoculation (HPI) with B. cinerea. Bands shown at the 42,700 Da represent the 

OPR3 protein. AtOPR3-6xHis serves as the positive control expressing His-tagged OPR3.  
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4.5. Conclusions and future directions   

        My goal in this project was to generate and characterize null mutants of OPR3 as 

a tool to investigate potential roles of OPDA in fungal resistance. Although I was 

successful in using CRISPR-Cas9 to generate frame-shift mutations in the OPR3 gene 

predicted to prevent OPR3 protein production, further work on these mutants was 

terminated because of a published report (Chini et al., 2018) that also created an 

opr3 null mutant and characterized the consequences of this mutation on jasmonic 

acid synthesis. This report (Chini et al., 2018) revealed that in the absence of OPR3 

function, jasmonic acid could be synthesized through an alternative biosynthetic 

pathway. These researchers demonstrated that 7,10,13-hexadecatrienoic acid 

(16:3) can be converted to 2,3-Dinor-12-oxo-10,15(Z)-phytodienoic acid (dnOPDA). 

The dnOPDA was shown to serve as intermediate that can follow an alternative 

jasmonic acid biosynthetic pathway (Figure 38), producing 4,5-didehydrojasmonate 

(4,5-ddh-JA) (Chini et al., 2018). 4,5-ddh-JA was shown to be reduced to jasmonic 

acid by OPR2 (Chini et al., 2018), a protein related to OPR3 (Schaller et al., 2000; 

Breithaupt et al., 2009). Previously, OPR2 was shown to be incapable of converting 

OPDA into OPC:8 (Schaller et al., 2000; Breithaupt et al., 2009).  Surprisingly, in the 

absence of OPC:8, dnOPDA can serve as an intermediate for jasmonic acid 

production (Chini et al., 2018). Whether this pathway serves as an alternative 

jasmonic biosynthetic pathway in wild type is unknown. However, discovery of this 

alternative jasmonic acid pathway demonstrated that OPR3 is not essential for JA 



 
113 

 

synthesis. Because of the existence of this alternative jasmonic acid pathway, an 

opr2opr3 mutant may be necessary to test whether OPDA or related OPDA 

intermediates have defense functions independent of jasmonic acid.  
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Figure 38: Alternative jasmonic acid biosynthesis pathway. Figure modified from Chini 

et al., 2018. 

        In the absence of OPR3, dnOPDA can serve as an intermediate in jasmonic acid 

synthesis. 
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Plant circadian clock in accumulation of 

plant defense and health-associated 

compounds  

5.1. Introduction   

        The plant circadian clock provides enhanced plant resistance against herbivores 

(Goodspeed et al., 2012) and regulates accumulation of defense phytochemicals, 

including glucosinolates (Goodspeed et al., 2013). These results lead to the question of 

whether basal levels of defense related compounds are sufficient to induce differential 

time-of-day biological effects in feeding organisms, or whether the clock primes 

differential levels of induced defenses at different times of a day. If plant phytochemical 

and/or nutrient content changes significantly over the course of a 24-hour period, there 

may be advantages to harvesting and preserving plant crops at specific times of day to 

optimize the health benefits of beneficial plant metabolites.   
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        To address the possible significance of circadian phase on plant phytochemicals and 

nutrients, I examined whether plant tissues collected at different phases of the circadian 

period could confer differing biological effects on host organisms. I chose to use young 

broccoli (Brassica oleracea) plants as the plant material because broccoli is a member of 

the Brassicaceae family, and therefore related to Arabidopsis, the model plant on which 

the previous experiments examined the role of plant circadian rhythms on herbivory 

defense. In addition, as a member of the Brassicaceae family, broccoli is a rich source of 

glucosinolates, phytochemicals for which anti-cancer activities have been shown. Finally, 

I could purchase relatively large quantities of young broccoli plants from a local grower 

and grow the plants in our growth facilities at Rice University.  

5.2. Circadian clock entrainment in broccoli  

        The broccoli plants were grown under 16-hour photoperiods, with 8 hours darkness, 

per 24-hour period for optimal growth.  I used diurnal conditions, that is, maintaining 

light/dark cycles instead of free-running circadian conditions, to more closely resemble 

conditions for growing plant food crops. To obtain plant tissues at different phases of the 

diurnal cycles, I harvested two-week-old plants at the beginning (0 hrs) and middle (8 

hrs) of the light period, and the beginning (16 hrs) and middle (20 hrs) of the darkness 

period.  To avoid the dynamic metabolic changes expected to occur in living plants even 

after harvest, I rapidly froze plant materials in liquid nitrogen once harvested. 

        To verify that the circadian clock of the purchased broccoli plants was oscillating 

after shifting to growth conditions at Rice University for five days, I analyzed transcript 
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levels of CCA1, a gene encoding a central oscillator component. I designed primers based 

on the Arabidopsis CCA1 gene sequence and conducted RT-PCR on RNA isolated from 

the four broccoli tissue samples. The CCA1-specific primers amplified a single transcript 

whose levels showed robust cycling, with lowest transcript levels at the 8-hour time 

point, corresponding to the middle of the light time during the photoperiod (Figure 39A).  

I conclude that my primers successfully amplified the broccoli CCA1 transcripts, as the 

expression pattern was similar to that reported previously for Arabidopsis CCA1 (Adams 

et al., 2015). Similar results were obtained using quantitative PCR analysis with samples 

of broccoli tissue that were grown from seed in our lab (Figure 39B). These results 

strongly suggest that the broccoli CCA1 transcripts cycle as expected under our growth 

conditions and therefore that the broccoli circadian oscillator was functioning as expected 

in the broccoli plants.  
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Figure 39: Broccoli BoCCA1 transcripts showed time-dependent accumulation 

A-B, Broccoli BoCCA1 transcripts in plants harvested at four different time points, the 

beginning (0 hrs) and middle (8 hrs) of the light period, and the beginning (16 hrs) and 

middle (20 hrs) of the night period. BoTUB6 served as the internal controls. The 

white/black bar at top indicates the light/day and darkness/night, respectively. A, 

Broccoli plants purchased from the JSM Microgreens Inc, and entrained for five days 

under a 16-hour photoperiod before harvesting. Transcript levels were detected with RT-

PCR. B, Broccoli plants grown from seed under 16-hour photoperiod. Transcript levels 

were detected with real-time PCR.   
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5.3. Broccoli samples harvested at different times of day may trigger 

different behaviors in Trichoplusia ni  

        Trichoplusia ni (T. ni) exhibits differential performance when feeding on 

Arabidopsis plants that were entrained under different circadian regimes and on 

Arabidopsis mutants with defective circadian clock functions (Goodspeed et al., 2012). 

Levels of the defense hormone, JA, and the defense-related secondary metabolites, 

glucosinolates, show robust cycles in circadian entrained plants, with the phytochemicals 

peaking at the time of day when T. ni tends to feed the most (Goodspeed et al., 2012). 

Therefore, the plant circadian clock may provide the plants an advantage in their 

herbivory defense, possibly enabling plants to anticipate potential insect attack.  

        I sought to test the hypothesis that time-dependent variance in basal phytochemical 

levels is sufficient to confer differential defense outcomes. If this hypothesis is true, one 

would expect that insect herbivores may show differential feeding behavior on plant 

tissues harvested at different phases of a diurnal cycle. To prevent dynamic changes in 

plant metabolism, I immediately froze the harvested tissue in liquid nitrogen. To generate 

a food source from the frozen tissue, I ground the tissue to a fine power and dried the 

powder under vacuum to remove the water and preserve the phytochemical and nutrient 

contents. To generate an edible food with enough moisture, I mixed the dried tissues with 

standard T. ni food. I chose to use the generalist insect herbivore, T. ni, as this insect has 

been shown to feed readily on Brassicaceae plants and is relatively easily manipulated in 
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the lab setting. I used two assays to test the hypothesis: a quantitative feeding assay and a 

choice experiment.  

5.3.1. T. ni performance feeding on broccoli tissue harvested at different diurnal 

phases      

        To determine whether T. ni perform differently on broccoli plants harvested at 

distinct diurnal phases, seven hatched T. ni were gently placed on each T. ni standard 

food plate mixed with freeze-dried grounded broccoli tissue harvested at different times. I 

determined that seven was an optimal number of insects per plate so as to have large 

enough population for reproducible quantitative data without causing crowding 

conditions, which can lead to negative insect interactions, such as cannibalism. The 

insects were allowed eight days of feeding, as this duration enabled the insects to gain 

enough weight to detect differential performance before the T. ni were re-isolated from 

the plants and weighed.  

        As shown in Figure 40, I found that the T. ni that fed on broccoli samples harvested 

at the 0 hrs and 20 hrs time points gained more weight than the T. ni that fed on broccoli 

that was harvested at the 16 hrs time point. This experiment was conducted twice more 

under similar conditions, and although the trends were similar, with the insects feeding 

on the 0 hrs and 20 hrs broccoli samples gaining more weight than the insects that fed on 

the 16 hrs sample, the insect weight differences were not statistically significant.  
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Figure 40: T. ni weights feeding on food plates supplemented with broccoli tissue 

harvested at different time of a day 

T. ni were fed on the food plate containing the broccoli samples harvested at 0 hrs, 8 hrs, 

16 hrs, or 20 hrs of a day. After eight days of feeding, T. ni weights were measured. n = 3 

plates per time point. Mean T. ni weight ± SD. Significant differences were determined 

by student’s t-test.  
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        For substantial conclusions to be drawn from these data, additional biological 

replicates will be required. However, these experiments have many technical challenges. 

The use of the freeze-dried broccoli powder to generate the insect diet may dilute any 

biological effects of differential phytochemical accumulation in the broccoli samples. 

Furthermore, because feeding experiments require multiple days of duration for 

significant insect weight changes, the bio-active ingredients in the broccoli samples may 

break down, thus reducing potential differential effects on the insects.  

        In the end, I concluded that this assay had enough technical challenges that the 

results were inconclusive. Although the experiments suggested some evidence of 

preferred insect performance on certain tissue samples over others, consistency among 

experimental trials was not achieved.  

5.3.2. T. ni showed preferences given choices between broccoli tissues harvested 

at different times of day   

        Choice experiments can be used to test whether insects exhibit a preference when 

given a choice between food samples. Choice experiments can be superior to feeding 

experiments because of the shorter experiment duration for choice determination. I 

worked through different conditions to attempt to optimize these experiments to achieve 

maximum consistency and avoid confounding technical issues.   
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5.3.2.1. Optimizations for the choice experimental settings  

        In preliminary experiments, four different tissue samples were placed in four corners 

of 60 mm petri plates. A solidified agar base was placed under the freeze-dried broccoli 

sample powder to prevent dehydration of the insects. T. ni were placed in the center of 

the plate. I counted T. ni individuals at different positions on the plate over time. No clear 

preferences were uncovered, possibly because too many choices may complicate T. ni 

behavior.  

        I also tested a single pair of choices. Freeze-dried broccoli powder was evenly 

placed on different halves of each plate with 1 cm center interval space between (Figure 

41A). Approximately 10 T. ni were gently placed along the midline of the petri dishes, 

and over time T. ni individuals at different positions were counted. No consistent choice 

differences were uncovered among independent experiments.  

        I found that blending of the plant tissue often left some small tissue fragments within 

the fine powders, and it appeared that the more abundant these tissue fragments in any 

sample, the more likely the T. ni larvae fed on the sample. This preference for larger 

tissue fragments may have impacted the results of some of the experiments. To avoid this 

potential confounding variable, I used a sieve to remove the larger tissue pieces from the 

powders. In addition, the narrow interval between the tissue samples often made it a 

challenge to determine which tissue side was being chosen by the insect. Therefore, I 

increased the no-tissue interval from 1 cm to 2 cm, reducing the area of the plate covered 

by plant tissue (Figure 41B).  
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        I also determined that T. ni exhibited a tendency to feed on the plant tissue powder 

that would stick to the vertical edge of the plate, regardless of the source of the tissue, 

and this preference for tissue samples with more powder on the vertical edge of the plate 

may have confounded results. To avoid this potential problem, I restricted the placement 

of broccoli powder to two 2x2 cm squares on opposite sides of the plates and used 100 

mm diameter petri dishes. The interval between the central border of the green squares 

was 2 cm (Figure 41C).  

        Finally, I found that differential moisture evaporation may influence the results. The 

order of tissue sample placement appeared to result in the second sample placed having 

more moisture content because there was less time for evaporation, and the T. ni appeared 

to prefer the sample containing more moisture. Therefore, a final optimization of the 

method was to resuspend the broccoli power samples in cooled agar media, then allow 

the agar to solidify before cutting out small agar blocks containing the broccoli powder. 

These small blocks of broccoli-rich agar were placed on the choice plates (Figure 41D). 

Under these conditions, I believe I have addressed the technical complications that I 

identified in trial experiments. 
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Figure 41: Method development for the T. ni choice experiments 

A, T. ni were placed on the midline of 60 mm diameter plates with the different samples 

of un-sieved broccoli powder placed on the opposite sides of the plates. The interval 

between different broccoli samples was 1 cm. B, T. ni were placed on the midline of 60 

mm diameter plates with the different samples of sieved broccoli powder placed on the 

opposite sides of the plates. The interval between different broccoli samples was 2 cm. C, 

T. ni were placed on the midline of the 100 mm diameter plate with different sieved 

broccoli powder placed as two squares on opposite sides of the plates. The interval 

between different tissues was 2 cm. D, T. ni were placed on the midline of 100 mm 

diameter plates with agar blocks infiltrated with broccoli tissue powders placed on the 

opposite sides of the plates. The interval between agar blocks was 2 cm.  
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5.3.2.2. T. ni may prefer broccoli harvested at the middle of the night (20 hrs) 

than at the middle of the day (8 hrs)  

        Under the optimized experimental settings (Figure 41D), T. ni showed a statistically 

significant preference to feed on the broccoli tissue harvested at the 20 hr time point over 

the tissue harvested at the 8 hr time point (Figure 42). Differences of the T. ni numbers 

feeding on 20 hr and on 8 hr broccoli tissue blocks were significantly different based on 

three independent experiments. When the 20 hr and 8 hr broccoli samples were mixed 

together and used as feeding sources on opposite sides of the plates, there were no 

significant differences in the looper choices. 

 These results suggest that there are different bioactive components in broccoli 

tissues harvested at different times over a 24-hour cycle, consistent with the idea that 

there may be health value in harvesting plants at particular times of day before ingestion.  

However, because I found that there are several variables that can affect T. ni choice 

when selecting one food sample over another, and these other variables could obscure the 

potential bioactive differences between the tissue samples. These results suggest that the 

time-dependent differences in the broccoli tissue perceived by the insects are unlikely to 

be of particularly high magnitude.  
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Figure 42: T. ni preferred feeding on broccoli tissue harvested at the middle of the night 

(20 hrs) over the tissue harvested at the middle of the day (8 hrs) 

A, The percentages of T. ni feeding on agar blocks containing broccoli samples harvested 

at different time points over a 24 hour period, as well as on plate positions that lacked 

food (Other), were calculated. n = 5 petri dishes. Approximately 20 T. ni per plate. B, 

Agar blocks containing mixed 8 hr and 20 hr broccoli tissue, placed on the opposite sides 

of plates, served as controls. Percentages of T. ni feeding on each food block, as well as 

on positions without the food (Other), were calculated. n = 4 petri dishes. Approximately 

20 T. ni per plate. B-C, Mean percentage ± SD. Significant differences were determined 

by student’s t-test.  
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5.4. Cancer-associated protein levels in rat colon polyps after 

ingestion of broccoli tissue harvested at different times of day  

        Phytochemicals have long been associated with beneficial health properties 

(Krzyzanowska et al., 2010) and may underlie the epidemiological data supporting health 

advantages of a plant-based diet (Doll, 1990; Higdon et al., 2007; Li et al., 2010). In 

particular, phytochemicals from Brassicaceae crops, such as glucosinolates (Goodspeed 

et al., 2012; Goodspeed et al., 2013), and their metabolites, including sulforaphane and 

indole-3-carbinol, have been shown to have anti-cancer activities (Myzak et al., 2004; Li 

et al., 2010; Lenzi et al., 2014; Tortorella et al., 2015; Lee et al., 2019). Work in 

Arabidopsis and cabbage (Goodspeed et al., 2012; Goodspeed et al., 2013) indicate that 

glucosinolate levels in plants vary depending upon time of day, probably because of a 

role in insect defense. However, if these phytochemicals have a potent role as anti-cancer 

compounds, there may be higher anti-cancer value in plant crop tissues if the plants are 

harvested at specific times of day. I sought to examine whether ingestion of broccoli 

tissues harvested at different times of day could differentially impact cancer markers in a 

rat colon cancer model to test the hypothesis that ingesting plants harvested at specific 

times of day may have greater health benefit.  

        For these experiments, we initiated a collaboration Roderick Dashwood at Texas 

A&M, Houston and utilized a rat line that serves as a model for human familial colon 

cancer. The rats have a mutation in the APC gene and as a  consequence inevitably 
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develop numerous cancerous colon polyps (Amos-Landgraf et al., 2007). Individual 

polyps can be isolated from living rats for analysis. 

       My goal was to test whether rat ingestion of broccoli tissues harvested at different 

phases of the circadian cycle would differentially affect carcinogenesis in the APC rats.  

Although long-term feeding studies with the APC mutant rats may be most informative 

for human relevance, the amounts of plant materials needed for such experiments proved 

to be prohibitive. Therefore, as initial tests I sought to investigate whether cancer-related 

molecular markers of rat colon polyps could report differential effects of short-term, high 

dose gavage of broccoli tissues harvested at different times of day.  

        Broccoli plants were harvested and preserved at four phases of a diurnal 24-hour 

cycle. The tissues were rapidly frozen and then dried and ground to a fine powder.  The 

broccoli powders were suspended in 0.5% carboxymethyl cellulose solution and the 

solutions were introduced into the rats by gavage, in three doses over three continuous 

days. At 24 hours after the final dose, rats were sacrificed and all colon polyps were 

harvested. Total proteins were isolated from individual polyps and analyzed by 

immunoblots that were probed by colon cancer biomarkers, including histone 

deacetylases (HDACs) and β-catenin. Increased levels of HDACs and β-catenin are 

associated with carcinogenesis  (Johnstone and Licht, 2003; Dawson and Kouzarides, 

2012; Lee et al., 2012). 

        A total of 15 rats were examined. Three rats were gavaged with each of the 4 

broccoli samples and three additional rats provided with un-supplemented solution 
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(vehicle) as the control. Polyps analysis was conducted separately on large and small 

polyps to avoid potential differences in cancer markers based on cancer growth stage.  

Large colon polyps (grade >5), one polyp per rat, were collected 24 hours after the last 

gavage dose. Total protein was isolated from the large polyps and examined by 

immunoblotting using antibodies against HDAC1, 2, and 3, and β-catenin (Figure 43). 

No detectable differences in protein accumulation, attributable to the broccoli sample 

used for gavage, were detected. Furthermore, the gavage of the plant material appeared to 

cause no detectable differences in cancer marker proteins, compared to the vehicle treated 

samples.  

        Small colon polyps (grade <5) were also collected separately from the large polyps 

in the animals sacrificed 24 hours after the last dose of broccoli provided by gavage. 

Multiple polyps, if available, were isolated from each rat, and total protein was isolated 

from each polyp individually. Rat number 1 animal fed with 0 hr broccoli tissue had no 

detectable small polyps. Total polyp proteins were examined by immunoblotting using 

anti-HDAC and β-catenin antibodies (Figures 45 and 46). A first expectation might be 

that polyps from rats provided with broccoli tissue would have lower cancer biomarkers 

than the polyps from the rats provided only with vehicle, if the broccoli tissue were 

providing cancer-preventative phytochemicals. However, no consistent difference with 

observed between the vehicle-treated rats versus those that received the broccoli tissue 

(Figure 44 and 45). In addition, overall protein level differences appeared to be relatively 

random among the polyp protein samples with even substantial variation among polyps 

from a single rat (Figure 44 and 45). These initial studies do not support substantial 
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impact of broccoli tissue ingestion in short-term experiments nor differential impact of 

broccoli tissues harvested at different times of day.  
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Figure 43: Detection of cancer biomarkers in large polyps from rat colons 

HDAC and β-catenin protein levels in large colon polyps from rats gavaged once a day 

for three days with either control solutions (vehicle) or solutions containing broccoli 

tissues and then sacrificed for analysis. The broccoli samples were harvested at four 

different time points over a 24 hour period. β-actin served as the controls for protein 

loading across lanes. The HDACs and β-catenin were tested on different membranes and 

had separate β-actin controls.  
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Figure 44: Detection of HDAC cancer biomarkers in small polyps from rat colons 

HDAC protein levels in individual colon polyps from three rats gavaged once a day for 

three days with either control solutions (vehicle) or solutions containing broccoli tissues 

and then sacrificed for analysis. The broccoli samples were harvested at four different 

time points over a 24 hour period. β-actin served as the controls for protein loading across 

lanes.  

.  
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Figure 45: Detection of β-catenin cancer biomarker in small polyps from rat colons 

β-catenin protein levels in in individual colon polyps from three rats gavaged once a day 

for three days with either control solutions (vehicle) or solutions containing broccoli 

tissues and then sacrificed for analysis. The broccoli samples were harvested at four 

different time points over a 24 hour period. β-actin served as the controls for protein 

loading across lanes.  
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5.5. Conclusion and future directions 

        If time-dependent differential accumulation of plant phytochemicals is sufficient to 

confer significant biological effects in feeding organisms, plant crops can be harvested 

and preserved at certain time of a day to maximize their health benefits. Entrained 

broccoli with robust cycles in CCA1 transcript levels, a gene encoding a central oscillator 

component, was used as a model plant for testing the hypothesis.  

        The first feeding organism I tested was the T. ni, a generalist insect herbivore that 

was previously shown to alter feeding behavior dependent on the circadian clock of the 

host plant (Goodspeed et al., 2012; Goodspeed et al., 2013). T. ni weights were 

sometimes found to differ when the insects fed on food plates supplemented with 

broccoli tissues harvested at different times of a day. However, consistency among 

experimental trials was never achieved for the feeding experiments. An alternative 

method to test the hypothesis was to employ choice experiments. Under the conditions I 

optimized for these choice experiments, more T. ni chose to feed on broccoli tissues 

harvested at the 20 hr time point than on broccoli tissue harvested at the 8 hr time point. 

These results are consistent with the interpretation that time-dependent differential 

accumulation of plant phytochemical and/or nutrients may be sufficient to confer 

significant differential feeding behavior of T. ni.  

        However, given the sensitivity of the choice assay to technical issues, the magnitude 

of the time-of-day differences that may impact the insect behavior are unlikely to be 

profound.  
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        It may be that other time points or plant growth conditions would generate greater 

differences between tissue samples. Alternatively, other insect species could be tested for 

differential behaviors; perhaps some predators are more susceptible to specific 

phytochemicals that might be particularly impacted by the circadian clock.  

         I also tested a mammalian model, the APC mutant rat that serves as a preferred 

model for familial colon cancer in humans.  Although the rat has several advantages as a 

model organism for studying carcinogenesis, it may be less than ideal for studies related 

to circadian regulation of bioactive phytochemicals and nutrients. To mimic plant crop 

impact on human health, long-term feeding studies would be more relevant; such 

experiments with rats would be prohibitively expensive and technically challenging. Our 

experiment was limited to three doses of a broccoli supplement over three continuous 

days. Three days of treatment is a relatively short period in the process of carcinogenesis.  

        Overall, evidence from the T. ni supported the hypothesis that time-dependent 

differential accumulation of plant phytochemicals is sufficient to confer significant 

biological effects in the insect. Further experiments are required to verify this result and 

determine the relevance for other organisms.  
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Discussion and future directions 

6.1. Spatial and temporal factors in plant defenses 

        To investigate the plant defenses against pest and pathogens, plants are often 

examined as homogeneous and unchanging. However, spatial and temporal factors may 

also be important for understanding complex aspects of plant defense mechanisms and 

the overall fitness consequences. Distinct defense mechanisms within a single organism 

may be revealed when spatial and temporal factors are taken into consideration.  

6.1.1. Spatial differences can lead to distinct defense responses and resistance 

outcomes 

        I showed that the Arabidopsis rosette core can resist infiltration by the necrotrophic 

fungus, B. cinerea, whereas the rosette leaves are always susceptible to fungal growth 

and all leaf tissue dies as a consequence. Therefore, there must be specific characteristics 

of the rosette core that are lacking in the leaf. My work has shown mechanisms that 

confer B. cinerea resistance to Arabidopsis are missing from the rosette leaf and, 

therefore, if the leaf is used as the host tissue to study plant defense, one may gain 
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information and understanding of plant responses that in end are futile at stopping fungal 

growth. I found that the Arabidopsis rosette leaf is not a relevant host organ to probe 

plant defense characteristics and responses that are effective to confer resistance.  

        Current knowledge on plant immunity comes primarily from experiments performed 

on the aerial part of the plant (Chuberre et al., 2018). However, organ-dependent plant 

defenses have been investigated, and different defense abilities and strategies have been 

reported between roots and shoots (Chuberre et al., 2018). For example, Arabidopsis 

roots can be completely susceptible to the oomycete Hyaloperonospora parasitica, while 

the leaves can display effective defenses (Hermanns et al., 2003). When the pathogen 

attack is mimicked by application of JA, transcriptomic data analysis showed that the 

induced response was less extensive in the root than in the shoot (Tytgat et al., 2013). JA-

induced responses are qualitatively different between the root and the shoot (Tytgat et al., 

2013). Some plant defense related biomarkers, like the accumulation of the defensin 

PDF1.2 is absent in the roots (Badri et al., 2008; Attard et al., 2010). On the other hand, 

when invaded by the fungal pathogen Colletotrichum graminicola, maize displays 

quicker defense responses in the root than in the leaf (Balmer et al., 2013).  

        Studies also showed that flowers may develop specific defense mechanisms (Ederli 

et al., 2015). In wild tobacco, Nicotiana attenuate, NaJAZ genes, which act in the JA 

response pathway, have higher levels of constitutive expression in the early stages of 

flower development than in the leaf (Li et al., 2017). Also, when challenged by the 

biotrophic fungus Golovinomyces cichoracearum, Arabidopsis sepals and petals display a 
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salicylic acid-independent resistance, which does not happen in the leaf (Ederli et al., 

2015). 

        Different constitutive or induced levels of phytohormones may contribute to organ-

dependent plant defense. Even though JA level differences did not correlate with 

Arabidopsis rosette core resistance (Figure 19-20), constitutively higher JA-Ile levels in 

the rosette core than in the leaf may contribute to the fungal resistance capability 

difference between these two organs. Other examples of differential basal defense 

hormone levels in different tissues include higher JA levels in early stages of flower 

development than in the leaf of wild tobacco (Li et al., 2017) and higher salicylic acid 

levels in Arabidopsis flowers than leaves (Ederli et al., 2015). These differences in basal 

levels of phytohormones in different organs may differentially protect different organs 

from pathogens or pests.  

        Levels of secondary metabolites may also contribute to organ-specific plant 

defenses. Glucosinolates, which are defense related plant secondary metabolites, are 

constitutively high in the root of Brassica oleracea (Tytgat et al., 2013), whereas in the 

leaf, there is an inducible synthesis of glucosinolates upon attack (Chuberre et al., 2018). 

Even within a single organ, there may be distinct localization of defense metabolites. The 

distribution of glucosinolates in the Arabidopsis leaf is uneven (Shroff et al., 2008), and 

insect herbivores tend to feed on leaf regions that contain less glucosinolates (Shroff et 

al., 2008).  

        Compartmentalization of defense mechanisms may be beneficial for plants. Since 

different plant organs may be differentially exposed to different kind of pests and 
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pathogens (Chuberre et al., 2018), evolution of tissue- or organ-defense mechanisms may 

enable plants to better survive distinct invaders. In addition, certain plant organs or 

tissues may be prioritized, possibly because of their irreplaceability or role in 

reproduction. For example, death of an Arabidopsis leaf can be tolerated, leaving the 

plant capable of producing the inflorescence and seed for the next generation. If the 

rosette core dies by fungal infection, the entire plant dies. Thus, more profound defense 

responses may be only apparent in certain organs or tissues. Together, studies of the 

spatially specific plant defenses can reveal novel mechanisms and provide more insight 

into plant survival and fitness strategies.   

6.1.2. Plant defense responses vary with age 

        I showed that rosette core resistance is age-dependent. The older the inoculated 

plants are, the higher the survival percentage can be (Figure 12-14). Arabidopsis rosette 

cores gain resistance with age.  

        Temporal-dependent plant defenses have been reported previously. Age-related 

resistance occurs against the bacterium, Pseudomonas syringae (Kus et al., 2002; Carella 

et al., 2015). Bacterial growths reduced by 100-fold in mature Arabidopsis plants 

compared to younger plants (Kus et al., 2002).  

        Plant defenses against herbivous insects can also be age-dependent. Defense against 

Helicoverpa armigera and Plutella xylostella increases with age in Arabidopsis (Mao et 

al., 2017). In addition, constitutive glucosinolate levels are higher in older plants (Mao et 

al., 2017). However, JA responses upon Helicoverpa armigera infection attenuate with 

age (Mao et al., 2017). In addition, Plantago lanceolata defense against the herbivous 
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insect, Junonia coenia, is age-dependent (Quintero and Bowers, 2011). Increased levels 

of the defense related compounds, iridoid glycosides, may contribute to the increased 

defense levels in mature plants (Quintero and Bowers, 2011). However, induced chemical 

responses are limited to juvenile Plantago lanceolata (Quintero and Bowers, 2011). Both 

examples indicate that increased preformed levels of certain defense related chemicals 

may compensate for an attenuated defense response in older plants. My data indicate that 

there are higher preformed JA-Ile levels in the rosette core but overall JA-Ile levels do 

not correlate with fungal resistance (Figure 19 and 20).   

        In addition, plant defenses against the oomycete Peronospora hyoscyami can depend 

on plant age. Tobacco becomes resistant to Peronospora hyoscyami with age, with higher 

defense related enzyme levels in older plants (Wyatt et al., 1991). These findings are 

consistent with my data, that showed Arabidopsis gained rosette core resistance with age 

(Figure 12 and 13).  

        The transition from vegetative to reproductive stages does not seem to affect the 

defense levels in tobacco against the Peronospora hyoscyami (Reuveni et al., 1986). 

Also, levels of defense related enzymes are similar in early- and late-flowering plant lines 

(Wyatt et al., 1991). These data indicate that the vegetative to reproductive transition may 

not have a critical impact on the plant defenses.  

        Despite the influence of whole plant age, leaf age on the same plant seems not 

important for defense levels against Peronospora hyoscyami (Reuveni et al., 1986). This 

finding is also consistent with my data, that showed that Arabidopsis leaves at different 

ages displayed comparable B. cinerea growth (Figure 9).  
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        Age-dependent plant defenses have been associated with trade-offs between defense 

and growth (Ullmann et al., 2013; Karasov et al., 2017; Wasternack, 2017). All defense 

responses can cost energy, and may attenuate plant growth (Wasternack, 2017). It is 

suggested that plants may tend to prioritize growth over defense at a younger age, as long 

as that the invasion is not too virulent (Karasov et al., 2017). Balance among constitutive 

and induced defenses can optimize plant energy expenses (Hulten et al., 2006; Huot et al., 

2014), which may partially explain differential changes in constitutive and induced 

defense levels between young and mature plants (Quintero and Bowers, 2011; Mao et al., 

2017). More detailed experiments are still required to better understand the plant defense 

strategies at different ages.  

6.1.3. Future directions for plant rosette core resistance  

        To further explore the mechanisms underlying the rosette core fungal resistance, 

more factors needs to be tested, including defense related hormones besides JA. The first 

candidate is ethylene.  

        Ethylene plays a crucial role in plant defenses against necrotrophic fungi (Laluk and 

Mengiste, 2010). The ethylene insensitive mutant, ethylene-insensitive 2 (ein2), dies  

when infected by B. cinerea (Thomma et al., 1999). Transcriptomic data suggests a 

significant overlap between EIN2 and COI1 regulated pathways activated in response to 

B. cinerea infection (AbuQamar et al., 2006). These results suggest that ethylene may 

also be required for the plant rosette core resistance to B. cinerea infection.   



 
143 

 

        To test the role of ethylene in rosette core resistance to fungi, sensitivity of ethylene 

pathway mutants, such as ein2 and 1-aminocyclopropane-1-carboxylic oxidase 2 (aco2) 

to B. cinerea can be compared to wild type and aos. If ethylene pathway mutants die in 

response to single leaf inoculation, then we could conclude that ethylene, in addition to 

JA, is important for Arabidopsis rosette core resistance. Several reports indicate that JA 

and ethylene synergize to regulate robust plant defense against fungi (Zhu, 2014; Zhu and 

Lee, 2015). If ethylene is found to be important for core resistance, one possibility is that 

ethylene accumulates higher in the rosette core than rosette leaves, and ethylene defense 

responses are more robust in the core than the leaves. Another possibility is that the 

rosette core is more responsive to ethylene signals than leaves, leading to increased 

defenses, contributing to rosette core resistance against fungi.   

6.2. Clock-dependent accumulation of health-associated compounds 

        To test whether the time-dependent differential accumulation of plant metabolites is 

sufficient to confer significant biological effects in feeding organisms, I compared 

biological effects of broccoli harvested at different times of a day using both the insect 

herbivore model Trichoplusia ni and a mammalian model rat. Insect choice experiments 

hint that time-of-day harvesting may impact feeding behaviors; whereas the rat 

experiments remain inconclusive. I tested whether cancer-related molecular markers of 

rat colon polyps could report differential effects of short-term, high dose gavage of 

broccoli tissues harvested at different times of day, but no supporting results were 
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obtained. To further test potential clock-dependent accumulation of health-associated 

compounds, more experiments are required.  

6.2.1. More cancer biomarkers could be tested by immunoblotting   

        Brassicaceae crops have abundant glucosinolates (Talalay and Fahey, 2001; Higdon 

et al., 2007). Sulforaphane, a breakdown product of glucosinolates, has marked 

chemoprevention effects, including inhibition of Wnt/β-catenin signaling and histone 

deacetylase (HDAC) accumulation (Myzak et al., 2004; Li et al., 2010; Lenzi et al., 2014; 

Tortorella et al., 2015). Thus, we prioritized the HDACs and the β-catenin as the 

biomarkers for immunoblots. However, more proteins can be potential targets.  

        Another glucosinolate breakdown product, indole-3-carbinol (I3C), can positively 

regulate the tumor suppressor, phosphatase and tensin homolog (PTEN) (Katz et al., 

2018; Lee et al., 2019). I3C functions through the inhibition of the MYC-driven 

carcinogenesis WWP1 protein, a neuronal precursor cell-expressed developmentally 

downregulated 4-like E3 ubiquitin-protein ligase (Lee et al., 2019). Thus PTEN and 

WWP1 are also promising biomarkers for further immunoblots.  

6.2.2. Extended duration experiments may be more informative 

        As suggested previously, our experiment was limited to three doses of a broccoli 

supplement over three continuous days, which is a relatively short period in the process 

of carcinogenesis.  

        An epidemiological experiment showing that Brassicaceae crops consumption can 

significantly increase the urinary excretion of certain dietary carcinogen involved 12 days 
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of high Brassicaceae crops diets (Walters et al., 2004). Many other epidemiological 

experiments were in the form of questionnaires, associating the long-time, or even whole-

life, Brassicaceae crops consumption habits with the lower risk of developing colorectal 

cancer (Higdon et al., 2007). So, longer duration of broccoli ingestions may be more 

informative.  

        Considering that none of the broccoli tissues, regardless of harvesting time, 

significantly changed the protein levels of chosen biomarkers in rat polyps compared to 

the gavage control containing only the solution, we need to first test whether more doses 

of broccoli gavage over a longer period of time can change the levels of biomarkers in the 

colon polyps. Then, for the biomarkers responding to the broccoli gavage, broccoli 

samples harvested at different times could be tested for potential differential effects.  

        In conclusion, insect choice experiments suggest that time-of-day harvesting may 

impact feeding behaviors. Additional experiments are required to elucidate how the plant 

circadian clock may impact host organisms. 
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