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ABSTRACT

Herbivory is an important factor in the evolutionary ecology of plants, and plants
have many chemical and physical traits that reduce the negative effects herbivory has on
plant fitness. Induced responses to herbivory is a now widely accepted ecological
pattern, although most studies have examined responses in chemical defense traits, while
physical defense traits and mechanisms of toleralnce have received less attention. We
studied the effects of removal of 50% of leaf area and of jasmonic acid application on the
induction of leaf latex, prickle density, leaf toughness, as well as mechanisms of
tolerance in two sister species, Argemone glauca and Argemone mexicana. Potentially
important factors of variation in defense and tolerance were also investigated, including
ontogeny and genetic variation within and between populations. A. glauca significantly
increased prickle densities in response to treatments, while A. mexicana increased leaf
toughness and showed a higher ability to compensate for biomass loss than A. glauca.
No treatments induced changes in leaf latex volume. Genetic variation between
populations was detected in physical defense traits at constitutive levels, but not in
inducible responses. This study is the first to induce prickle densities in a plant using
jasmonic acid as a form of simulated herbivory, and is the first to induce responses in
defense traits in a Hawaiian endemic. This study also highlights the divergence of
defenses in two closely related species. Additional studies using natural herbivores are

needed to confirm that these responses provide defense against herbivory.
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CHAPTER 1. AREVIEW OF THE INDUCTION OF PHYSICAL DEFENSE
TRAITS IN RESPONSE TO DAMAGE

INTRODUCTION

Herbivory, which is the consumption of plant tissue by animals (Schoonhoven
and Dicke, 2005), has been postulated to be a major driving force in the evolution and
diversification of plants (Ehrlich and Raven, 1964; Hairston et al., 1960; Niklas, 1997).
Indeed, plant-herbivore interactions have attracted considerable interest for many years
(Mcnaughton, 1983; Karban and Myers, 1989; Herms and Mattson, 1992; Strauss et al.,
2002; Boege and Marquis, 2005; Howe and Schaller, 2008), and there is a considerable
body of research on the chemical (alkaloids, cyanogenic glycosides, tannins, etc.) and
physical (spinescence, pubescence, sclerophylly, etc.) attributes that render plants less
preferred by herbivores and better able to reproduce than plants lacking those attributes
(Karban and Baldwin, 1997; Schoonhoven et al., 2005). Yet, despite this extensive body
of research, comparatively little is known about patterns of variation in physical defense
traits compared with chemical defenses (Hanley et al., 2007). In particular, very little is
known about whether plants can alter expression of physical defenses in response to
herbivory in a process called “induction”, and it is this topic that will be the focus of this

review.

PHYSICAL DEFENSE TRAITS



Physical defenses are defined as any morphological or anatomical trait that
confers a fitness advantage to the plant by directly deterring herbivores from feeding
(Coley, 1983). Some physical defense traits are structural in nature (spines, thorns,
prickles, cellulose, lignin), and some, such as latex, are not (Hanley et al., 2007). These
traits are united by their ability to physically decrease feeding behavior in vertebrate and
invertebrate herbivores.

Trichomes are pubescent or hair-like outgrowths from the epidermis that form a
dense boundary layer between plant tissue and the environment (Levin, 1973), and are
found on plant leaves, stems, and fruits (Woodman and Fernandes, 1991). The
morphology and density of trichomes vary considerably among plant species. They can
be unicellular, multicellular, straight, hooked, glandular, or spiral shaped, and can release
chemical defenses (Hanley et al., 2007). Trichomes are effective defenses against insect
feeding, maneuverability, and oviposition by creating a boundary between the insect and
the leaf surface (Dalin et al., 2008). Glandular trichomes that release chemical defenses
are also effective against large mammalian herbivores (Pollard and Briggs, 1984). In
addition to defense, trichomes perform ecophysiological functions (Bell and Bryan, 2008)
such as mitigating water loss and heat gain (Levin, 1973; Woodman and Fernandes,
1991; Gutschick, 1999), and protection from UV radiation (Karabourniotis and Bornman,
2002; Melcher et al., 1994; Manetas, 2003).

Plant spinescence is a collective term for spines, thorns, and prickles (Campbell,
1986). Spines are sharp petioles, midribs, veins, or stipules (Young and Okello, 1998);
thorns are woody, sharp-pointed branches (Milewski et al., 1991); and prickles are sharp

outgrowths from the epidermis that rarely contain vasculature (Bazely et al., 1991). Due



to their large size most forms of spinescence are recognized as a defense against larger
herbivores, and a number of studies have confirmed that thorns, spines, and prickles are
efficient in deterring mammalian herbivores (Milewski et al., 1991; Gibson et al., 1993;
Milewski and Madden, 2006; Zinn et al., 2007). In contrast to spines and thorns, prickles
can protrude from the leaf lamina and cover stems leaves, and reproductive tissues,
making them somewhat more similar in structure to trichomes than spines and thorns.
Latex is a very common means of defense among plants (Pickard, 2008; Agrawal
and Konno, 2009), with over 20,000 flowering plant species containing latex (Agrawal
and Konno, 2009), including 143 Hawaiian species (Barton, unpublished data). Latex is
an aqueous slurry of compounds, many being toxic (terpenoids, phenolics, alkaloids,
etc.), and may be white, yellow, orange, red, or brown in color (Pickard, 2007). Despite
the toxicity of latex, it also serves as a physical defense (Becerra et al., 2001). Latex is
capable of trapping and asphyxiating herbivores (Dussourd and Hoyle, 2000), and can
deter further feeding in insects by gumming up mouthparts (Dussourd and Eisner, 1987;
Agrawal, 2004; Konno et al., 2004). Separate from the vascular system, latex is
contained in living cells (or files of cells) called laticifers (Hagel et al., 2008; Agrawal
and Konno, 2009). Latex is contained within these structures under considerable
pressures, presumably due to osmotic water uptake (Pickard, 2008). When these
structures are damaged by herbivory or by abiotic stress, latex is exuded in copious
amounts and quickly coagulates, becoming sticky and eventually hardening to seal the
wound site (Agrawal and Konno, 2009). Laticifers and its contents have been
acknowledged to serve primarily as a means of defense against herbivory (Dussord and

Eisner, 1987).



Leaf toughness is a measurement of how well a leaf is able to withstand biotic or
abiotic damage, which can be maximized by the structural strengthening of cell walls
with increased synthesis of cellulose, lignin, callose, as well as other substances (Hanley
et al., 2008). Although these defenses emerge from chemical synthesis, these carbon-
based defenses (as opposed to secondary phenolic compounds) physically disrupt
chewing behavior, and are thus considered physical defenses (Coley, 1983). This
toughening of plant tissues negatively affects the ability of herbivorous insects to pierce
or chew through plant tissue (Howlett et al., 2001), and has been considered to be the
most effective defense against herbivores (Kursar and Coley, 1991). The most
appropriate way to measure leaf toughness has been the subject of considerable debate
(Read and Sanson, 2003). However, a recent study that assessed different methods
reports that leaf mass area (LMA=cm?/g) and thickness correlate well with most other

metrics and is suggested to be the ideal measure of toughness (Kitajima et al., 2012).

INDUCIBLE RESPONSES TO HERBIVORY

Until relatively recently, plant defenses were generally thought to be constitutive,
or always expressed in the plant at a fixed level (Karban and Baldwin, 1997).
Constitutive defenses may increase or decrease at a relatively steady rate as a plant ages
(Boege and Marquis, 2005) and may change in response to varying abiotic conditions
(Macedo et al., 2011). Within the past 40 years, however, it has been well documented
that, just as plants are able to alter their phenotypes in response to abiotic conditions
(light, nutrient, and water availabilities), plants are also very plastic in response to biotic

factors, such as herbivory (Karban and Baldwin, 1997; Heil, 2010). Changes in plant



defense phenotypes following damage are called “inducible responses”, and these
responses are so widespread and so important for understanding the evolution of plants as
well as applied topics such as agricultural yield and transgenic crops, that there have now
been over 12 books published on the topic (Crawley, 1983; Palo and Robbins, 1991,
Karban and Baldwin, 1997; Agrawal et al., 1999; Chadwick and Goode, 1999; Tollrian
and Harvell, 1999; Cherry et al., 2000; Herrera and Pellmyr, 2002; Schoonhoven and
Dicke, 2005; Walters et al., 2007; Schaller, 2008; Zobel, 2012). In general, inducible
responses can be separated into two categories: 1) Changes in the expression of
resistance traits, such as chemical toxins or physical deterrents that alter future
interactions with herbivores; and 2) Changes in traits related to growth and reproduction
that contribute to the ability of plants to recover from and mitigate the costs of damage,
leading to plant tolerance of herbivory.

Inducible defenses are thought to be favored as a way to save costs in defense
against herbivores that may only be a temporary threat to a plant (Obeso, 1997; Karban
and Baldwin, 1997; Holeski et al., 2010). When herbivores are not present, plants that
have strong plasticity in defense traits can allocate resources to growth and reproduction,
rather than defense, and increase defenses only when needed (Karban and Baldwin, 1997;

Obeso, 1997: Agrawal, 1999; Karban, 2011).

INDUCTION OF PHYSICAL DEFENSE TRAITS
Most studies of inducible defenses have focused on plant chemistry and far fewer
studies have looked at the induction of physical defense traits (Howe and Schaller, 2008;

Karban, 2011; Wu and Baldwin, 2010), despite the relative ease with which physical



defense can be measured and manipulated, making them ideal for the study of inducible
responses (Young, 1987; Gomez and Zamora, 2002; Traw, 2003). Nonetheless, there
have been several studies documenting induction of physical defenses, indicating that
physical defenses are inducible.

Different forms of spinescence have been induced in a number of studies, many
of which have responded to natural herbivory or after mechanical removal of leaves or
shoots. Increased length, as well as increased numbers of thorns and spines in response
to herbivory has been documented (Milewski et al., 1991; Cooper et al., 2003; Zhang,
2006; Hean and Ward, 2011). For example, Young (1987) found that thorns of Acacia
depranolobium trees were 27% longer on trees that were recently exposed to browsing
goats than on trees that were protected from herbivory, and Gowda (1997) reported a
higher production of spines in Acacia tortilis in response to mechanical pruning. Young
and Okelo (1998) removed herbivores from A. depranolobium plots and found that thorn
length was reduced by 19% within 22 months of being protected from herbivores, and by
40% after being protected for 5 years, providing evidence that physical defenses also
relax in response to lower herbivory (Karban and Baldwin, 1997).

While most studies on the inducibility of spinescence have resulted in significant
increases in either the length, weight, or density of spines, thorns, and prickles (Young,
1987; Bazely et al., 1991; Zhang et al., 2006), some have failed to induce any responses.
Gadd et al. (2001) found no induction in spine numbers in A. drepanolobium after
mechanically removing plant biomass. Cooper et al. (2003) found that Prosopis
glandulosa did not increase spine numbers when damaged, although spine increases were

documented in 3 species of Acacia under the same damage treatments. In contrast, A.
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drepanolobium and P. glandulosa were both found to tolerate herbivory by increasing
growth rates in order to compensate for lost tissue (see Induced Tolerance in Response to
Herbivory in this chapter).

To my knowledge, only two studies have investigated the induced responses of
prickles to damage. Bazely et al. (1991) reported increased prickle numbers in response
to herbivory in Rubus fruticosus agg., in response to mechanical leaf removal, and
Gibson et al. (1993) found increased prickle numbers after leaf removal and meristem
damage. Clearly, additional tests are needed to investigate the induction of prickles.

Like spinescence, leaf toughness has also been found to increase in response to
mechanical damage (Kudo, 1996; Liu et al., 2010), and these responses likely vary with
the degree on damage inflicted; Kudo (1996) found that removal of 75% leaf area
resulted in higher increases in LMA than plants treated to 50% leaf area removal.

Of all physical defense traits, most studies have focused on the induction of
trichomes (Dalin et al., 2008- examples within), and these studies have greatly increased
our knowledge of the specifics and intricacies of inducible responses to herbivory. Many
induced responses have been found to be very specific to particular cues, with some
plants responding to damage from certain herbivores, but not others (Traw and Dawson,
2002; Massey et al., 2007). Traw and Dawson (2002) found that Brassica nigra (L.)
Koch responded to damage from Pieris rapae with a 75% increase in trichome densities,
while trichome densities failed to be induced after the same amount of damage was
inflicted from two other herbivores. Dalin and Bjorkman (2003) found that herbivory by
beetles induced higher densities of trichomes in Salix cinerea L than mechanical damage

of the same degree of tissue removal. Indeed, removing plant tissue mechanically using
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scissors or hole punchers (Pullin and Gilbert, 1989; Wright and Bonser, 1999; Abdala-
Roberts and Para-Tabla, 2005; Holeski, 2007) may not fully replicate natural herbivory
(Baldwin, 1990, 1996; Agrawal, 1999; Rose and Tumlinson, 2005), thus failing to induce
a response in plants (Gadd et al., 2001; Massey et al., 2007; Wu and Baldwin, 2010).
Specificity in plant induced responses is considered to be a critical ability for a plant to
survive among herbivores (Agrawal 1999, Massey et al., 2007, Reymond et al., 2000), so
it is not surprising that plants can discern herbivory from casual wounding caused by
physical disturbance (Green and Ryan, 1972; Baldwin, 1996; Agrawal, 1999; Mithofer et
al., 2005; Rose and Tumlinson, 2005).

Many induced defense mechanisms are mediated by the octadecanoid signaling
pathway that results in the synthesis of the plant hormones, jasmonic acid and methyl
jasmonate (Baldwin, 1988; Cipollini, 2010). While the use of natural herbivory or the use
of herbivore saliva or oral secretions result in the most ideal test for the study of inducible
responses in plant defense traits (Mithofer et al., 2005; Massey et al., 2007), it is well
agreed upon that treatment of plants with the defense hormone jasmonic acid is a suitable
method of inducing responses similar to those induced by natural herbivores (Traw and
Bergelson, 2003; Kleunen et al., 2004; Cipollini, 2010; Kobayashi et al., 2010; Kruidhof
et al., 2012). Spraying plants with jasmonic acid has resulted in the nine-fold increase in
trichome densities in tomatoes (Boughton et al., 2005). Kobayashi et al. (2010) found
that increasing the concentration of methyl jasmonate from 0.2 mM to 0.4mM resulted in
a proportionate increase in trichome densities. Agrawal (1999) found that the effects of
damage and jasmonic acid on induced chemical defenses summed to the effect of natural

herbivory, and van Damn and Baldwin (2001) found that the combination of both

12



(damage + jasmonic acid) has an even stronger effect than the sum of each treatment
separately. In a study by Rasmann et al.,( 2009), both jasmonic acid and natural
herbivory by Danaus plexippus increased latex exudation in Asclepias fascicularis by
30% Using jasmonic acid may be a critical tool in studying plant-herbivore interactions
from the plant’s perspective, especially when the herbivore is extinct, unknown, or

difficult to work with in a laboratory setting.

INDUCED TOLERANCE IN RESPONSE TO HERBIVORY

In addition to the induction of chemical and physical defense traits, plants
typically alter traits involved in primary metabolism, growth, and reproduction as part of
their responses to herbivory (Fornoni, 2011; Strauss and Agrawal, 1999; Stowe et al.,
2000). While these changes typically do not alter future herbivory, they can contribute to
the ability of plants to tolerate damage, and are thus part of plant defenses.

The induction of tolerance traits has been the focus of much less research than
that of induced chemical and physical defense traits. Thus, while it has been shown that
multiple traits may change in expression following herbivory, it remains unclear which
changes are most common (Fornoni, 2011; Tiffin, 2000). Induced tolerance traits
include: increases in photosynthesis (Thompson et al., 2003), altered root:shoot ratios
(Stevens et al., 2008), mobilization of stored reserves (Latzel et al., 2011), and shifts in
phenology (Freeman et al., 2003). Clearly, additional research is needed to establish
which induced traits are most important for plant tolerance to herbivory, and because

damage induces both chemical/physical defense traits simultaneously with tolerance traits
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(Heil, 2010), it is important for studies to examine both kinds of responses at the same

time.

CONCLUSIONS AND EXPERIMENTAL GOALS

Plants possess a wide array of physical defense traits in order to defend
themselves against herbivores. While these traits are often effective in mitigating tissue
loss, they are very expensive and require resources that could be allocated to growth and
reproduction. Several plant species have been found to mitigate these costs by increasing
the production of physical defense traits in response to herbivory. Due to the relatively
small amount of research on the topic, as well as the disproportionate amount of attention
paid to the induction of certain physical traits over others, it is very difficult to synthesize
general patterns and conclusions about the induction of physical defense traits in response
to herbivory. The effect of damage on the production of resistance traits may vary
greatly depending on the species of herbivore, the type of artificial wounding, the extent
of damage done, etc. Therefore, ecologists aiming to measure the inducibility of plant
defense traits should do so using a wide array of natural and simulated herbivory in order
to capture a broader response pattern. Additionally, studies should include measurements
of tolerance, genetic variation in responses, and variability of these responses throughout
plant ontogeny. Such integrated research will enrich our knowledge of plant and
herbivore interactions, and how plant inducible responses to herbivory may have evolved.

While it has been predicted that plants endemic to the Hawaiian Islands lack
defenses (Ziegler, 2002), many species have just as many trichomes as their continental

relatives and are higher in leaf toughness (Funk et al., 2010), more than 100 native plants
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species exude latex (Barton, unpublished data), and a few also have prickles (Wagner et
al., 1999). Argemone glauca (Nutt. Ex Prain) Pope (Papaveraceae) is an island endemic
that seems to be highly defended against herbivores (Ownbey, 1961). It exudes copious
amounts of latex, is covered in dense, sharp prickles, and has very thick and glabrous
leaves (Ownbey, 1961; Barton, in press). Native herbivores of A. glauca are most likely
extinct and it has been speculated that prickles may be an ecophysiological adaptation to
UV radiation in this species (Barton, in press). However, inducing responses in defense
traits or in tolerance in this species may provide evidence that this species is well
defended against a recently extinct herbivore. Indeed, Hawaii is rich in native and exotic
insect herbivores and was once plentiful in native herbivorous birds (Ziegler, 2002).

The primary goal of my research is to provide a novel test of the induction of
physical defenses using 2 species of Argemone as a model system. | investigated the
responses of prickles, leaf toughness and latex to mechanical defoliation and jasmonic
acid. To gain insights into variation in the induction of physical defenses in Argemone, |
also tested how these responses varied genetically among maternal sibships and between
populations on different islands, and across plant ontogeny. To my knowledge, this is the
first test of induction by jasmonic acid of prickles, and the first examination of induced

responses to damage in a native Hawaiian plant.
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CHAPTER 2. INDUCIBLE RESPONSES TO DAMAGE AND JASMONIC ACID
IN TWO SISTER SPECIES OF ARGEMONE (PAPAVERACEAE)

ABSTRACT

Plants have evolved a diverse array of mechanisms to reduce herbivory and the
consequences of damage on plant performance, and some plants have a considerable
ability to respond to herbivory, both with tolerance and increased defense. We
investigated the effect of 50% defoliation and of jasmonic acid application on the
induction of putative physical defense traits as well as mechanisms of tolerance in
Argemone mexicana and in two populations and ontogenetic stages of Argemone glauca.
A. glauca significantly increased prickle densities in response to treatments, A. mexicana
increased leaf toughness and showed a higher ability to compensate for biomass loss than
A. glauca. Leaf latex exudation did not change in response to treatments in either
species. Variation between populations and ontogenetic stages were detected in physical
defense traits at constitutive levels, but not in inducible responses. This study is the first
to induce prickle densities in a plant using jasmonic acid as a form of simulated

herbivory, and is the first to induce responses in defense traits in a Hawaiian endemic.
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INTRODUCTION

Induced responses to herbivory are widespread and common, having been
documented in hundreds of plant species (Karban and Baldwin, 1997; Dalin et al., 2008).
Induced responses may occur in deterrent traits such as the production of secondary
compounds, leading to increases in the chemical resistance of plants following herbivory
(Karban, 2011), and in traits related to growth and reproduction, contributing to the
tolerance of plants to damage (Fornoni, 2011). Extensive research has examined induced
responses to herbivory and documented that induced resistance may provide cost-savings
that allow plants to allocate limited resources to growth and reproduction when defenses
aren't needed (Strauss et al., 2002; Cipollini et al., 2003; Stamp, 2003; Orians et al.,
2011), and that tolerance can allow plants to quickly compensate for lost tissue and
maintain fitness when herbivory cannot be avoided (Agrawal et al., 1999; Strauss and
Agrawal, 1999; Nufiez-Farfan and Fornoni, 2007; Fornoni, 2011). Although induced
responses appear to be a general response to herbivory, there are nonetheless examples of
species that are not induced by herbivory (Gadd et al., 1991; Ruiz et al., 2002; Traw and
Dawson, 2002; Dalin et al., 2004; Valkama et al., 2005).

Inducible response traits have been studied in the field and in laboratory settings
by measuring changes in plant traits, or by measuring the performance of herbivores after
plants have been damaged (Karban and Bladwin, 1997). Damage treatments have been
applied to plants either by using natural herbivores (Baur et al., 1991; Agrawal et al.,

1999), by mimicking herbivore damage mechanically (Traw and Bergelson, 2003; Pullin
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and Gilbert, 1989), or more recently, by applying defense-related hormones such as
jasmonic acid directly to plant tissues (Strauss and Agrawal, 1999; Boughton et al., 2005;
Traw, 2003). However, tests using simulated herbivory may not accurately represent
how the plant responds to natural herbivory because plants have been found to respond to
chemical cues present in the oral secretions and saliva of herbivores (Felton, 2008; Heil,
2009). Plants may then mount specific responses to particular herbivores defend
themselves accordingly (Karban and Baldwin, 1997; Dalin and Bjorkman, 2003). Clean
clipping with scissors is unlikely to release minimal internal cues, and thus the plant
responses will likely be relatively weak (Karban and Baldwin, 1997). When natural
herbivory is not possible, using a combination of mechanical wounding and defense
hormones have proven to be a good alternative because the defense hormones can
activate plant responses even in the absence of elicitor cues (Agrawal et al., 1999; van
Dam and Baldwin, 2001; van Kleunen et al., 2004).

Increased defense in response to herbivory can’t completely prevent damage and
plants still suffer the consequences, which may take the identity of a lower fitness. Thus,
the survival and fitness of a plant also depends on the capacity to overcome the effects of
tissue removal (Boege and Marquis, 2005). Tolerance, or compensation, is the ability of
plants to sustain tissue loss with little or no decrease in growth and fitness, compared to
an undamaged plant (Strauss & Agrawal 1999). Like inducible defenses, tolerance
protects a plant from the negative effects of herbivory and includes a multitude of
mechanisms that are often increased in response to herbivory, and requires the re-
allocation of recourses and other costs. These mechanisms include increases in

photosynthetic capacity (Thompson et al., 2003; Johnson et al., 2007), growth rates
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(Mcnaughton, 1983; Stowe et al., 2000), mobilization of stored reserves (Stevens et al.,
2008), and changes in physiology and phenology such as activation of dormant
meristems and earlier flowering and fruiting (Fornoni, 2011).

While considerable research has examined induced defenses, the vast majority of
this research has focused on chemical defense traits (Karban et al., 1997; Chen, 2008;
Agrawal, 2011). In contrast, little is known about the induction of physical defenses such
as spinescence, leaf latex, and sclerophylly, despite the relative ease with which they can
be measured and manipulated (Baur et al., 1991; Gowda, 1997; Young and Okello, 1998;
Agrawal, 1999; Boughton et al., 2005).

Spinescence includes the structural defense traits spines, thorns, prickles and
trichomes (Hanley et al., 2007). Unlike spines and thorns, prickles and trichomes are
emergences or outgrowths of epidermal tissue and rarely contain vasculature (Bell et al.,
2008) and may also perform similar ecophysiological functions such as mitigating water
loss and heat gain (Levin, 1973; Gutschick, 1999; Press, 2002;), and may protect plants
against UV radiation (Manetas, 2003; Jordan et al., 2005).

Latex is a milky, often toxic substance that is contained in living cells called
laticifers (Hagel et al., 2008). When these structures are damaged by herbivory or by
abiotic stress, latex is exuded copiously and quickly coagulates, becoming sticky and
eventually hardens to seal wound sites, as well as the mouthparts of herbivorous
arthropods (Agrawal and Konno, 2009). Therefore, laticifers are considered to serve as
both chemical and physical defenses because they may poison, as well as entrap,
suffocate, and impede the movement of herbivorous insects (Southwood, 1986; Becerra,

1994; Huang et al., 2003; Hagel et al., 2008).
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Sclerophylly, or the strengthening of cell walls by increased amounts of cellulose,
lignin, silica, as well as other substances, impedes the ability of herbivorous insects to
pierce or chew through plant tissue (Howlett et al. 2001), and has been suggested by
some to be the most effective defense against herbivores (Kursar & Coley 1991). Also
commonly known as leaf toughness (Kudo 1996), sclerophylly can be estimated in a
number of ways, including the ratio between leaf dry mass and leaf area (LMA), which is
highly correlated with toughness (Kudo 1996; Hanley et al. 2007; Kitajima et al., 2012).

In general, physical defenses are thought to be very expensive to express because
of the large investment in structural carbohydrates needed to construct them (Gibson et
al., 1993; Gomez and Zamora, 2002). It thus seems likely that plants would benefit from
having physical defense traits be inducible in order to reduce construction costs until
needed. On the other hand, because the induction of physical defenses requires the
development of new tissues with higher densities of the physical defense traits (e.g.
leaves with higher densities of prickles), there is an inherent time lag to physical defense
induction, which may reduce its effectiveness at deterring herbivores in ecological time.
Previous studies have revealed the induction of spines (Pisani, 1999; Gadd et al., 2001;
Takada et al., 2001), thorns (Young, 1987; Gowda, 1997; Gomez, 2002), and trichomes
(Dalin et al., 2008- studies reviewed within), but relatively few studies have been
conducted on prickles (Bazely et al., 1991; Gibson et al., 1992), latex exudation (van
Zandt and Agrawal, 2004; Rasmann et al., 2009), and sclerophylly (Liu et al., 2010).
Because physical defenses are found in a large diversity of plant species and have been

shown to mediate interactions with herbivores ranging from large mammals to small
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insects (Hanley et al., 2007), it is important that we gain a better understanding of the
inducibility of these traits.

The prickly poppies of the genus Argemone (Papaveraceae) are a great example
of plants that display a suite of putative physical defense traits, including prickles, latex
and a thick waxy cuticle giving leaves a glaucous appearance (Ownbey, 1961).
Argemone consists of 30-32 species native to the Americas, with one species endemic to
Hawaii, the Hawaiian prickly poppy, Argemone glauca (Nutt. Ex Prain) Pope
(Schwarzbach and Kadereit, 1999). These annuals and short-lived perennials are found
in warm, dry climates, and some are considered to be weedy pests throughout the world
(Kingsbury, 1964; Holm et al., 1977, 1979). Very little ecological research has examined
expression patterns of prickles, latex and leaf toughness in Argemone, the only notable
exception being work done on the Mexican poppies Argemone Mexicana L. and
Argemone ochroleuca Sweet, because of their detrimental effects as worldwide invasive
pests (Al-Hayyan, 2006; van der Westhuizen and Mpedi, 2011; Moussa et al., 2012;
Singh et al., 2012). Latex of certain prickly poppies have been studied for their
medicinal (Parsons and Cuthbertson, 1992) and antimicrobial (Reyes et al., 2011)
potential, and has been found to be fatal to livestock (Kingsbury, 1964), snails
(Melendez, 2002), neighboring tomato plants (Shaukat, 2002), and bacteria and fungi
(Reyes et al., 2011; Osho, 2010). Consumption of seeds and tissue of A. mexicana has led
to illness and even death in humans (Steyn, 1950; Verma, 2001). Only a few species of
seed-eating beetles (Curculionidae) are considered to be effective at reducing populations
of invasive prickly poppy species throughout the world (Goeden and Ricker, 1985;

Westhuizen and Mpedi, 2011), and it has been suggested that no insect is able to
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overcome the chemical and physical defenses that prickly poppies possess (Goeden and
Ricker, 1985).

Recent research on A. glauca, has revealed that the expression of prickles and
latex varies significantly between populations, across ontogeny, and due to phenotypic
plasticity in response to water and light availability (Barton, in press). However,
previous efforts to quantify induced responses to damage in A. glauca have provided
mixed results (Barton, in press). Mechanical defoliation to simulate herbivory led to a
significant decrease in latex in plants from a population on Oahu while plants from Maui
responded by increasing latex. Prickles were not induced in either population. Tolerance
via compensatory growth was found in response to mechanical defoliation, but plants
from Oahu suffered from reduced flowering when damaged. Clearly, additional research
is needed to elucidate the induced responses to damage in A. glauca.

The current study expands upon previous research by including a sister-species
comparison of A. glauca with A. mexicana (Schwarzbach and Kadereit, 1999), as well as
through the addition of hormonal signaling treatments in order to better simulate
herbivory. In particular, this study addressed the following questions:

1) How do the patterns of expression in putative defense traits of an island
endemic, A. glauca, differ from its sister species and worldwide pest, A.
mexicana (Westhuizen and Mpedi, 2011)? Because island plants are
generally predicted to have weakened defense due to the absence of some
herbivore guilds on islands (Ziegler, 2002), | predict that the expression of
prickles, latex and leaf toughness will be higher in A. mexicana than A.

glauca.
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2)

3)

4)

5)

Are prickles, latex and leaf toughness inducible in A. glauca and A.
mexicana? Due to the cost-savings hypothesis (Herms and Mattson,
1992; Karban and Baldwin, 1997; Stamp, 2003), | predict to find that
these defense traits are inducible in both species.

Are traits related to tolerance inducible in A. glauca and A. mexicana?
Given the prediction that tolerance may be related to the establishment
and spread of invasive plants (Rogers and Siemann, 2005; Raghu et al.,
2006), | predict that tolerance will be higher in A. mexicana than A.
glauca.

Is there genetic variation within and between populations of A. glauca and
A. mexicana in the expression of constitutive and inducible defense traits?
In order for induction to evolve by natural selection, there must be genetic
variation on which selection must act. Although not always examined,
there is ample evidence that the induction of resistance and tolerance traits
are genetically variable (Pilson, 2000; Agrawal et al., 2002; Dobson,
2010; Fornoni, 2011). Thus, | predict to find genetic variation in all traits
examined in both species.

Is there an ontogenetic pattern to the expression of structural defense traits
in A. glauca? Because herbivory intensity and plant allocation priorities
(among defense, growth and reproduction) generally change dramatically
as plants develop, ontogenetic patterns in plant defense are common
(Boege and Marquis, 2005; Barton & Koricheva, 2010). Although

ontogenetic patterns have rarely been previously examined in prickles,
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studies on thorns and spines have generally documented a decrease with
plant age, which is thought to occur as plants outgrow the ground-
dwelling herbivores that feed on young plants (Gowda and Palo, 2003;
Boege and Marquis, 2005; Boege et al., 2011). Because A. glauca is not
likely to outgrow herbivores as they get older, | have no clear prediction

for whether prickles should decrease or increase across ontogeny.

MATERIALS AND METHODS

SAMPLING SUMMARY

Seeds of A. glauca and A. mexicana were collected from the islands of Maui
(2010) and Hawaii (2011). On Maui, seeds of A. glauca were collected throughout the
Maui Nui Botanical Garden, where established and naturally regenerating populations
receive no particular cultivation or care. Seeds of A. mexicana were collected from
naturalized populations along Pulehu road in Kula. On Hawaii isle, A. glauca was
collected from three distinct populations and A. mexicana was collected from a single
population, all on the west side of the island. On both islands, seeds were collected from
plants at least 2 m apart and often more than 10 m apart. Seeds were stored separately for

each maternal sibship, which constitutes a single “genetic family.”

EXPERIMENTAL DESIGN
Seeds were soaked in tap water for 36 hours to facilitate germination (Lilleng-
Rosenberger, 2005) and germinated in flats filled with equal parts Promix BX© (67-75%

Canadian sphagnum peat moss, perlite, dolomitic and calcitic limestone, macro- and
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micronutrients, Glomus intraradices mycorrhizae inoculum) and black cinder. A few
genetic families of A, glauca experienced an early flush of seedling emergence, then
tapered off to a few new seedlings per week, which continued for several months. A.
exicana and other genetic families of A. glauca had poor germination rates. Seedlings
with at least one true leaf were transplanted into gallon pots filled with equal parts
Promix BX and black cinder and were supplemented with a single application of slow-
release fertilizer (Osmocote®©).

Experiments were conducted in an open-air grow area attached to the St John
Plant Sciences Building on the UH-Manoa campus. Plants were exposed to full sun and
precipitation, but were provided with supplementary water daily. Plant location was re-
randomized every week in order to minimize the effects of environmental variation such
as sun or wind exposure. Because of variation in the germination rates of A. glauca and
A. mexicana, induction was examined in two separate experiments. The first experiment,
conducted June 15-July 07 2012, focused on A. glauca and tested whether prickles, latex,
leaf toughness and photosynthesis are inducible by mechanical defoliation and jasmonic
acid application in seedlings versus juvenile plants. Seedlings were identified as plants
with cotyledons (Hanley et al., 2007- end of seedling phase) and were approximately two
weeks of age. Juvenile plants were identified as older plants in which cotyledons are no
longer present, but which are in the vegetative rosette stage before the onset of
reproduction (Poethig, 1990). Plants from 19 genetic families sampled from Maui (n=15)
and Hawaii (n=4) were examined, giving a total sample size of N=339.

The second experiment focused on the species comparison of A. glauca versus A.

mexicana and included plants in the juvenile stage. All plants were from the island of
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Hawaii (n=3 genetic families per species) and there was no overlap with genetic families
used in experiment one. This experiment began ten days after experiment two was
completed (July 17-August 01 2012). Replication per treatment group within genetic
families ranged from 2-3 plants, giving a total sample size of N=67 plants.

For both experiments, plants were randomly assigned to the following four
treatment groups: (1) Control (no damage), (2) damage (50% defoliation), (3) JA
(Jjasmonic acid application), and (4) dam + JA (50% defoliation and jasmonic acid
application). In damage groups, the distal half of each leaf and cotyledon was removed
with scissors, leaving the newest fully expanded leaf undamaged in order to measure
photosynthetic rates shortly following treatments. Excised leaf tissue was removed from
pots in order to avoid any consequential nutrient input.

For plants receiving jasmonic acid application, leaves were sprayed with 0.5-
mmol jasmonic acid solution, (Sigma Aldrich). Plants receiving jasmonic acid were
temporarily transported downwind from the experiment site and sprayed until the lower
surfaces of the leaves were saturated. The upper leaf surface of both A. glauca and A.
mexicana proved difficult to saturate due to the presence of thick epicuticular waxes.
Plants that were not receiving jasmonic acid treatments were sprayed with water until
dripping to control for possible effects of spraying on induction.

Potential photosynthetic responses to simulated herbivory treatments were
measured three days after treatments. Measurements were conducted at room
temperature (approximately 70° Fahrenheit) and were taken on the newest fully expanded
leaf (or the one left undamaged on damaged plants) of every plant using Walz Jr. PAM®.

Three different parameters were taken: (1) photosynthetic light use efficiency, or the
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amount of carbon gained per unit of light absormed (also called potential quantum yield;
Yo), (2) photosynthetic capacity, the maximum photosynthetic electron transport rate
under saturating light (ETRm), and (3) the amount of excess light dissipated as heat via
the xanthophyll cycle (non-photochemical quenching, NPQ). Photosynthetic readings
were conducted during clear and sunny conditions between the hours of 9 A.M and 1
P.M. HST. Due to their small size, it was often impossible to measure photosynthesis on
some of the seedlings.

The final harvest date occurred when each plant had developed at least two new
leaves (14 days after treatment for Experiment one, 16 days for Experiment two).
Because the next leaf to develop after treatment applications had generally already begun
to expand at the time of treatments, the second leaf to expand following treatments was
assayed for induction. Measurements were all made on this same leaf. Traits measured
include the amount of latex exuded by the leaf (mg), fresh weight of leaf (g), total prickle
count for upper (adaxial) and lower (abaxial) leaf surfaces, and leaf area (cm?).

Latex amount was quantified by cutting the distal tip of the leaf and collecting the exuded
latex onto a filter paper of known weight. Because Papaveraceae is characterized by
having articulated laticifers that likely obstruct latex from fully draining out of the leaf tip
(Hagel et al., 2008), latex was also collected on the same filter paper after removing the
leaf at the leaf base from the stem. The filter paper was then enclosed in a pre-weighed
plastic vial and immediately weighed. The difference between the filter paper with latex
and the pre-weighed filter paper represents latex amount (mg). The excised leaf used to
collect latex was then examined under 10x magnification to quantify prickle density. All

prickles covering the adaxial and abaxial surfaces of the leaf were counted using a click
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counter. Prickles found on the leaf edges were not counted. A digital photo was then
taken of the leaf and a ruler for scale, and leaf area was quantified using ImagelJ. Prickle
density was calculated as the number of prickles/leaf area for both the adaxial and abaxial
leaf surfaces. All aboveground tissue including shoot and newest fully expanded leaf
were harvested and oven-dried at 60°C for several days before dry weights were
measured to the nearest 0.01 mg. Leaf dry mass per unit area (LMA) was calculated and

examined as a measure of leaf toughness.

STATISTICAL ANALYSES

Statistical analyses for experiment one and two were conducted using SAS for
Windows version 9.2 PROC MIXED (Cary, North Carolina). Residuals were examined
for each variable, and data were log-transformed as needed to meet assumptions of
normality and homoscedasticity. Type Il sums of squares are reported for all analyses.
Response variables analyzed in both experiments included: shoot biomass (g), leaf mass
area (LMA, g/cm?), latex amount (g), adaxial prickle density (number of prickles/cm?),
abaxial prickle density (number of prickles/cm?), photosynthetic light efficiency (Yo), the
maximum photosynthetic electron transport under saturating light (ETRm), and non-
photochemical quenching (NPQ). Photosynthetic parameters were first analyzed jointly
with multivariate ANOVAs (MANOVA), and if significant, each variable was
subsequently analyzed with a univariate ANOVA.

In experiment one, each variable was analyzed with a mixed-model ANCOVA
that included the following factors: plant ontogenetic stage (seedling, juvenile), island

population, genetic family nested within island, and treatment group (control, damage,
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jasmonic acid, damage + jasmonic acid). In addition to plant ontogenetic stage, plant size
was accounted for by including the number of leaves at harvest time as a covariate.
Genetic family was considered a random variable, and the significance of family and all
interactions with family were tested by running the models with and without the random
factor of interest, and then calculating the log-likelihood ratio statistics, which can be
compared to a chi-square distribution with one degree of freedom (Littell et al., 1996).

In experiment 2, data were analyzed with mixed-model ANCOVAs that included
the following factors: plant species, genetic family nested within species, treatment group
and leaf size as a covariate. Genetic family and interactions with genetic family were
analyzed as random factors as in experiment one. For all analyses, significant effects of
treatment group on defense traits would reveal induction of these traits. Tukey-adjusted
least-square mean comparisons were used to identify patterns of induction. For example,
a significant difference in prickle density between control plants and those in the damage
group would reveal the induction of prickles by mechanical defoliation. A significant
difference between damage vs. damage + jasmonic acid groups would reveal the effect of
jasmonic acid in the induction of traits over and above that caused by mechanical
damage. Significant variation among genetic families and between islands would
indicate genetic variation, and significant interactions between genetic factors (family

and island) and treatment would reveal genetic variation in induction.
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RESULTS

EXPERIMENT ONE

Overall, there were mixed results in the induction of physical defense traits in
response to treatments (Table 1). Significant differences in prickle densities between
treatment types were detected in both adaxial (F3299=6.03, P=0.0005) (Fig. 1A) and
abaxial (F330s=4.91, P=0.0024) (Fig. 1B) leaf surfaces, while there was no differences in
leaf latex exudation (F=32s9, P=0.1428) (Fig. 1C) or LMA (F=3304, P=0.2298) (Fig. 1D)
in response to treatments. Adaxial prickle densities increased significantly in response to
damage + JA treatment (Fig. 1A): The combined application of 50% defoliation and
jasmonic acid application resulted in the highest increased in prickle densities, 1.5x
higher than control plants (Tukey-adjusted least-square mean comparison P=0.0005), and
significantly higher than both damage (Tukey-adjusted least-square mean comparison
P=0.0041) and JA (Tukey-adjusted least-square mean comparison P=0.0174) treatments.
Abaxial prickle densities (Fig. 1B) were 1.31x higher in plants that received damage + JA
treatment than control plants (Tukey-adjusted least-square mean comparison P=0.0010).

A. glauca did not fully compensate for loss in biomass (Fig. 1E). The application
of jasmonic acid on plants appeared to have a negative effect on growth rates in A.
glauca: While differences in shoot biomass were due to 50% defoliation treatments
(Fig. 1E), plants that received damage treatment were slightly better at compensating for
lost tissue than plants that received damage + JA treatment . Plants that received JA
treatment had a slightly lower biomass at harvest than control plants. There were

significant differences in potential quantum yield (Yo) (F3308=6.42, P=0.0003) (Fig. 1F);
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JA treatment resulted in lower Y, values than damage treatment (Tukey-adjusted least-
square mean comparison P=0.0003), damage + JA treatment (Tukey-adjusted least-
square mean comparison P=0.0066), and marginally lower than control plants (Tukey-
adjusted least-square mean comparison P=0.0761). However, differences were less than
0.0113 Y, and were most likely not biologically significant. Readings in maximum
photosynthetic electron transport rate (ETRm) did not increase or decrease significantly
in response to treatments in comparison with control plants, but JA treatment plants had a
significantly lower ETRm than damage + JA treatment plants (Tukey-adjusted least-
square mean comparison P=0.0015) and marginally lower than damage treatments
(Tukey-adjusted least-square mean comparison P=0.0720) (Fig. 1G). There was no
difference in non-photochemical quenching of fluorescence (NPQ) between treatments
(F3,313=0.80, P=0.4958) (Fig. 1H).

Constitutive expression of physical defense traits varied considerably between
Islands in A. glauca (Table 1, Island factor). There were significant differences in LMA
both within (y2=4.5, P=0.0169) and between islands (F1 24.9=8.97, P=0.0061), with Maui
plants having a 1.5x higher LMA than Hawaii plants. Leaf latex varied greatly between
populations (F1275=10.5, P=0.0037) with Maui plants having 1.76x more leaf latex.
There was no significant difference in prickle densities on adaxial (F; 255=0.30,
P=0.5876) (Fig. 2) or abaxial (F1305=0.40, P=0.5295) leaf surfaces between populations,
but both varied significantly between genetic families (y2=45.6, P=<0.0001; x2=46.3,
P=0.006). Additionally, Maui plants were 4.16x larger in shoot biomass than Hawaii
plants (F1305=32.05, P=<0.0001), and had an average potential quantum yield (Y0) 1.06x

higher. There were no significant differences in ETRm or NPQ between populations
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(Table 1), but NPQ varied significantly among genetic families within populations
(x2=19.4, P=<0.0001) of A. glauca.

Many physical defense traits increased with ontogeny (Table 1), including LMA
(F1273=88.46, P=<0.0001), leaf latex (F;25,=15.25, P=0.0006), and abaxial leaf surface
prickle density (F1300=19.00, P=<0.0001). While constitutive levels in expression of
adaxial leaf surface did not differ between ontogenetic stages (F1 32:=0.71, P=0.4008),
there was a significant Age*Treatment interaction (F3299=5.74, P=0.0008), as well as a
significant Isle*Age*Treatment interaction (F3 299=6.67, P=0.002). Induction of adaxial
leaf surface prickle densities were highly variable between ontogenetic stages between
isalnds; In Hawaii island plants, with seedlings having higher densities after damage + JA
treatment (mean prickle density= 16.79/cm?) than juveniles receiving the same treatment
(mean prickle density= 7.13/cm?). On Maui, juvenile plants only increased prickle
densities after damage + JA treatment, while seedlings increased densities in response to

all treatments.

EXPERIMENT TWO

A. glauca and A. mexicana are differed greatly in the constitutive expression of
physical defense traits (Table 2, Species). On average, A. glauca had a LMA 1.09x
higher than A. mexicana (F1,104=10.19, P=0.0091) (Fig. 2D), exuded 1.07x more latex
(F157=17.81, P=<0.0001) (Fig. 2C), was 19.74x higher in adaxial leaf surface prickle
density (F1 42,=83.68, P=0.0006) (Fig. 2A), and 2.65x higher in abaxial leaf surface
prickle density (F1435=11.71, P=0.0234) (Fig. 2B). However, A. mexicana was, on

average, 1.15x larger in shoot biomass than A. glauca (F1 194=11.36, P=0.003) (Fig. 2E).
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Both species responded to treatments with increases in physical defense traits but
responses differed markedly (Table 2, Treatment). Both species responded to treatments
with increases in adaxial leaf surface prickle densities (F3541=5.20, P=0.0032) (Fig. 2A)
and slight increases in leaf latex exudation (F357=2.37, P=0.0803) (Fig. 2C). After
receiving JA treatment, A. glauca had an adaxial leaf surface prickle density 2.44x higher
than control plants, but A. glauca did not respond to other treatments. Although A.
mexicana increased prickle densities in response to treatments, differences were less than
1 prickle/cm2 (Fig. 2A). Leaf latex exudation was highly variable in both species with
no distinct pattern in responses (Fig. 2C). While increases in adaxial prickle density in A.
mexicana were negligible (Fig. 2A), A. mexicana did respond to all treatments with an
increase in LMA (Fig. 2D). LMA after damage treatments were 1.5x higher than control
plants (Fig. 2D).

Differences in mechanisms of tolerance were determined between species (Table
2, treatment). A. glauca was not able to compensate for tissue loss after defoliation
treatments (Fig. 2E), while A. mexicana compensated for some tissue loss after damage
treatment, but not for damage + jasmonic acid treatment (Fig. 2E). Responses in
photosynthetic mechanisms were mixed and weak in both species. A. mexicana showed a
slight decrease in NPQ rates after damage and jasmonic acid treatments (Fig. 2H). A.

glauca reduced its ETRm after JA treatment (Fig. 2G).

DISCUSSION
This study provides one of the first tests of the simultaneous induction of several

physical defense traits in a pair of sister species. Most importantly, it was demonstrated
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that: (1) prickles are inducible by mechanical damage and jasmonic acid, and that these
treatments may have additive effects when applied simultaneously to plants; (1) latex is
not inducible in these Argemone species; (111) induction of tolerance traits was variable,
differing among ontogenetic stages and populations, and as a consequence, that plants
generally did not demonstrate tolerance via complete shoot compensation within the
duration of the experiment.

The induction of physical defense traits has not been examined in great detail, and
most work has concentrated on the induction of trichomes (Dalin et al., 2008- examples
within), or the induction of spines and thorns in Acacia (Young, 1987; Gadd et al., 2001;
Huntzingwer et al., 2004; Young et al., 2003). The few previous studies on prickle
induction detected increases following mechanical damage in Rubus (Bazely et al. 1991;
Gibson et al.,1993). However, because mechanical damage lacks the elicitors present in
the saliva of herbivores, studies using only mechanical damage may underestimate
induced responses to herbivory (Dalin et al., 2008; Heil, 2010). This is the first study to
test the induction of prickles with the application of jasmonic acid, and the first to induce
prickles in Argemone species, further supporting the pivotal role jasmonic acid plays in
recognition and responses to herbivory (Baldwin, 1988; Browse, 2009; Wu and Baldwin,
2010).

In the first experiment which focused on ontogenetic patterns in A. glauca, 50%
defoliation and jasmonic acid treatments failed to induce responses in prickle densities
and densities only increased when both treatments were combined, indicating that this
combination of simulated herbivory produces a broader response than each treatment on

its own. In general, because jasmonic acid is the key signaling molecule in herbivore-
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induced responses (Browse 2009), without it, the plant response is weaker and also
constrained by a loss of leaf area caused by damage (Cipollini and Sipe, 2001).

Examination of the induction of physical defenses in an island endemic, A.
glauca, compared to its continental sister species, A. mexicana, provides a test of the
hypothesis that defense against herbivores is weak in island plants because of the absence
of some herbivore guilds on islands (Ziegler 2002). In contrast to this prediction, it was
found that the constitutive expression of prickles, latex, and leaf toughness was
significantly higher in the island species compared to the continental species. Moreover,
induction of prickles was significantly higher in A. glauca than in A. mexicana. A.
mexicana increased leaf toughness in response to damage and was much better at
compensating for lost body mass than A. glauca, supporting our hypothesis that this
worldwide pest would have a comparatively high level of tolerance to herbivory. Neither
species responded to simulated herbivory by augmenting latex exudation, suggesting that
laticifers do not change in size after herbivory. However, further research on the
induction of chemical constituents of latex in both species is needed before excluding
latex as an inducible response to herbivory in Argemone species.

Although there have been previous studies comparing defense traits in island vs.
continental species (Funk and Throop, 2010), this is the first study to examine induced
defenses in island vs. continental plants, and provides clear evidence against the island
defense hypothesis. Of course, because Hawaii includes some native herbivores, such as
the now-extinct flightless geese (Givnish et al. 1994) and many native insects, it is an
oversimplification to assume defense has been lost in island plants due to a decrease in

herbivore selection pressure. Unfortunately, because most native herbivores are now
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engangered or extinct, it will be difficult to properly assess the hypothesis through
measures of herbivore intensity and fitness effects on plants. However, the larvae of
Sirocalodes wickhami are known to mine the leaves of several species of Argemone,
including the mexican poppies, A. mexicana and A. ochroleuca (van der Westhuizen and
Mpedi, 2011), and could possibly be used as a natural herbivore for further induction
studies.

This study revealed much variation in the patterns of expression in putative
defense traits between islands in A. glauca. On Maui, induction of prickle densities in
both age classes and on both leaf surfaces demonstrated a synergistic pattern to induction.
Hawaii plants, however, did not increase densities on lower leaf surfaces, and only
seedlings increased densities on the upper surface after simulated herbivory. A possible
explanation for the different responses between islands is that Maui seedlings and
juveniles might experience occasional herbivory and respond accordingly, while Hawaii
populations do not benefit from inducing prickle densities. A caveat to this explanation
is that we collected seeds from three distinct populations on Hawaii and from only one
population on Maui, which may have added much variation in patterns of induction for
Hawaii plants.

Our results clearly reveal significant differences in constitutive expression of
traits both between populations and across age classes, suggesting that there is genetic
variation in the expression of physical defense traits in which natural selection could act
upon. However, we did not demonstrate variation in plasticity of morphological and
photosynthetic traits between populations, thus implying that the degree of induction of

certain traits are genetically fixed, and can’t be selected for.
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In closing, we provide a strong example of strikingly different responses to
simulated herbivory in two closely related species, and add to the limited amount of
literature on the induction of physical defense traits in response to jasmonic acid
application. We also demonstrated the benefits of including measurements of genetic
variation between populations, ontogeny, and tolerance in studies of induced responses.
Further evidence is needed to confirm that these responses to damage and hormonal
application do in fact minimize damage from herbivores and increase the fitness of A.
glauca and A. mexicana. This study captured the complexity of expression in defense
traits in two well-defended plant species, and sheds light on how two sister species may
become divergent in defense syndromes as a consequence of contrasting herbivore
assemblages. Lastly, this study contributes to the limited literature on plant defenses on

islands.
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CHAPTER 3. FUTURE DIRECTIONS

INTRODUCTION

Inducible responses to herbivory have been of great interest to ecologists for the
last 40 years and are now widely accepted ecological processes. However, many aspects
of induced responses remain poorly understood and not well examined, and there are still
many unanswered questions. In particular, very little is known about the induction of
physical defense traits. My study is the first to simultaneously examine the inducubility
of prickles and tolerance traits. Most notably, | detected the induction of higher prickle
densities in response to the defense hormone, jasmonic acid in A. glauca. Two other
physical defense traits, latex and leaf toughness, failed to respond to damage treatments,
and tolerance traits (photosynthesis and growth) showed weak responses.

Patterns in the induction of tolerance and defense traits differed between A.
glauca and its sister species, A. mexicana, and in contrast to predictions based on the
island plant defense hypothesis (Carlquist 1980; Ziegler, 2002), | found that the
expression and inducibility of prickles were higher in the island endemic, A. glauca, than
in the continental invasive, A. mexicana. This research highlights key sources of
variation in the physical defense traits of plants and provides a good example for future
studies simultaneously examining the induction of physical defenses and tolerance in
response to herbivory. Nonetheless, there remain several important aspects of the

induction of physical defense traits that require further examination, including:
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I.  Specificity in the induction of physical defense traits (i.e. does the identity
of the herbivore or damage type matter?)

ii.  Demonstration that induced physical defenses improve plant fitness and/or
reduce future herbivore attacks.

iii.  Examination of whether the simultaneous induction of physical defense
traits and tolerance traits contribute to plant fitness in the presence of
herbivory. (i.e. Does the examination of “defense syndromes” offer new
insights into plant-herbivore interactions and the role of physical
defenses?)

iv.  More precise characterization ofthe ontogenetic patterns in the induction
of physical defense traits.

v.  Tests of the island plant defense, with specific focus on physical defense

traits and induction.

SPECIFICITY IN INDUCTION OF PHYSICAL TRAITS

Factors in the salivary glands, ovipositors, and other bodily fluids of herbivores
may induce physiological defense responses against herbivores, in addition to the
responses caused by tissue loss (Karban and Baldwin, 1997). In A. glauca, the variation
in induction of prickles in response to different treatments in both experiments highlights
the intricacies of damage detection and response. Although our treatments successfully
increased prickle densities in our study species, induction in other species has been found
to be dependent on the degree of damage sustained (the amount of tissue removed)

(Cooper et al., 2003; Abdala-Roberts and Para-Tabla, 2005), and well as the duration
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(repeated damage events have been found to produce higher responses) (Massey et al.,
2007). This suggests that priming may be a critical aspect of inducible responses. That
is, perhaps plants are primed for a response during the first attack, but it takes subsequent

attacks in order for a plant to respond (Karban and Baldwin, 1997).

BENEFITS TO INDUCED PHYSICAL DEFENSES

While many studies have shown the intricacies of induction on a while array of
plant life, more is needed in order to confirm that these physical responses actually act as
an effective defense, and do not serve alternative functions. To prove that inducible
responses actually act as defense, they must meet the following criteria (Karban and
Baldwin, 1997): (1) the response needs to result in the decrease in the preference or the
performance of the herbivore, (2) and the benefits of the reduced herbivory for plant
fitness must outweigh the cost of producing such expensive defenses. Furthermore
because more than one type of physical trait may be induced in response to damage
treatments, it is important to evaluate the separate and combined benefits of each trait
could be extremely difficult to accomplish. Nonetheless, additional studies should aim to
distinguish the effects of certain physical defenses from those of other defense induced at
the same time (Wu and Baldwin, 2010). For example, does increasing prickle densities
have different effects from inducing chemical defenses in a plant, or do they work

synergistically?
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SIMULTANEOUS INDUCTION OF TOLERANCE AND PHYSICAL DEFENSE
Tolerance plays a large role in plant responses to herbivory. A. glauca showed no
signs of compensation, and A. mexicana was better able to compensate for the loss of
tissue. Additionally, we did not find evidence that either plant compensated by up
regulating photosynthetic rates. However, plants can compensate for lost tissue in many
ways, including by re-allocating root carbon reserves from aboveground reproduction and
growth. Furthermore, Just as plants may use a combination of physical and chemical
defenses in response to herbivory, they may also use a combination of different tolerance
traits in order to compensate for damage. Thus future studies should aim to include
multiple measurements of tolerance alongside other response traits (defense) in order to

elucidate on the benefits of each type singularly or collectively.

INDUCED PHYSICAL RESPONSES AND ONTOGENY

Despite the importance of ontogeny in plant defense theory (Barton and
Koricheva, 2010), few studies have looked at inducible responses at all ontogenetic
stages of study plants. To understand the impact of herbivores of plants, and how plants
respond to herbivory, it has proven to be highly beneficial and perhaps necessary to look
at all life stages of a plant. The role of ontogeny should be incorporated as an important
aspect of inducible defenses, as it will offer new perspectives in understanding the
impacts of and the patterns of herbivory throughout a plant’s life.

Herbivory often comes in different forms as a plant ages from a seedling to an
adult, and some ontogenetic stages may be subject to much higher levels of herbivory

than others (Barton and Koricheva, 2010). Therefore, the expression of physical defenses
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against herbivores is thought to reflect these changes in herbivore pressure. Indeed,
variation among ontogenetic stages has been found in spines (Gowda and Palo, 2003),
trichomes (Traw and Feeny, 2008), and leaf toughness (Loney et al., 2006). While the
ontogenetic patterns in the inducible physical defenses traits has not been well
documented, it is thought that fast growing stages of ontogeny, such as the seedling and
juvenile stages, should have a higher ability to induce physical defense traits in response
to herbivory (Herms and Mattson, 1992). In contrast to slower growing, long-lived
plants, faster growing plants allocate most of their resources to growth and reproduction,
and should have a lower capacity to produce constitutive defense traits (Mattson et al.,
1988; Herms and Mattson, 1992). Thus, faster growing plants are likely to rely in
physical defense traits to be inducible, as inducible defenses accommodates the need to
grow and reproduce quickly. Furthermore, increased expression of physical defense
traits is restricted to new growth. That is, a plant is unable to produce more defenses
such as prickles on an older leaf, and can only produce higher defenses in leafs formed
after damage. Slower growing plants do not produce leaves fast enough for induction to
be effective, so inducible defenses are likely to be prevalent in fast growing plants, and

the seedling and juvenile stages rather than adult plants.

ISLAND DEFENSE SYNDROME

Lastly, plant defense syndromes in island endemics are virtually unknown, and
many landmark publications on Hawaiian biota suggest that island endemics have lost
their defenses against herbivores (Carlquist, 1970; Ziegler, 2002). Although many

islands lack large herbivorous mammals, many islands either are, or have been rich in
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native insect diversity (Zimmerman and Liebherr, 1948; Zimmerman, 1970; Rubinoff
2008), and it is likely that Hawaiian plants evolved closely with insect herbivores.
Therefore, we suggest that more ecologists investigate the interactions between endemic

herbivorous insects and the plants they feed upon.

CONCLUSONS

In closing, this study adds to the growing body of knowledge on the inducible
responses of physical defense traits. We still know very little about and have not
thoroughly documented the specifics of damage detection and the following response,
how these responses vary with ontogeny, the costs and benefits of these traits in natural
environments, whether these physical defenses act singularly or synergistically, how they
evolve, and how they affect both plants and animals at a population level. Further studies
are strongly encouraged to take a multidimensional approach to examining inducing
responses, and should include as many as these factors as possible, as doing so will
contribute to a more comprehensive understanding of plant defense and inducible

responses to herbivory.

43



TABLES AND FIGURES

Table 1. Summary of the mixed ANOVA results for experiment one. Response variables include photosynthetic light efficiency (Y ), maximum
photosynthetic electron transport rate under saturating light (ETRm), and non-photochemical quenching (NPQ). Significance is given as *** (P<0.0001), **
(P<0.001), * (P<0.05), + (P<0.07). Fixed factors are tested with F-test statistics, and random variables are tested using log-likelihood ratio statistics, which can
be compared to a chi-square distribution with one degree of freedom.

Variable n Isle (F) Age (F) Treatment A*T (F) Family Covleaf (F) Significant
(F) (%9 Interactions (F)
Shoot biomass 339 32.05*** 121.06*** 2.20 1.59 8.4** 241.64***
(9)
LMA (g/cm?) 339 8.97** 88.46*** 1.44 0.81 4.5* 141.75%**
Latex (mg) 338 10.05** 15.25%* 1.82 3.15 0 63.81*** Isle X Age x Treat*
Age x Fam ( x *=4%*)
Upper Prickle 339 0.30 0.71 6.03** 5.74**  45.6*** 3.80+ Isle X Age x Treat**
Density (g/cm?)
Lower Prickle 339 0.40 19.0*** 4.91** 0.82 6.3** 19.36***
Density (g/cm?)
Y 341 47.34*** 2.15 6.42** 494** 0.9 6.53* Isle x Treat**
Isle x Age***

Isle x Age x Treat**

ETRm 341 6.05* 2049.0*** 4.85** 1.80 0 3.9* Isle x Treat+
NPQ 341 1.15 3.11 0.80 0.21 19.5***  3.79+
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Figure 1. Experiment One. The effects of damage and spraying with jasmonic acid on
mean (A) adaxial leaf surface frickle density (# prickles/cm?), (B) abaxial leaf surface
prickle density (# prickles/cm?), (C) leaf latex exudation (g), (D) leaf mass area (g/cm2),
(E) shoot biomass (g), (F) potential quantum yield (), (G) the maximum photosynthetic
electron transport rate under saturating light (ETRm), (H) and the amount of excess light
dissipated as heat via the xanthophyll cycle (non-photochemical quenching, NPQ) of
Argemone glauca. Bars are means + S.E.
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Table 2. Summary of the mixed ANOVA results for experiment two. Response variables include photosynthetic light efficiency (YY), maximum
photosynthetic electron transport rate under saturating light (ETRm), and non-photochemical quenching (NPQ). Significance is given as ***
(P<0.0001), ** (P<0.001), * (P<0.05), + (P<0.07). Fixed factors are tested with F-test statistics, and random variables are tested using log-
likelihood ratio statistics, which can be compared to a chi-square distribution with one degree of freedom.

Variable n Species (F) Treatment (F)  S*T (F) Covleaf (F) Family (x%)
Shoot biomass (g) 67 11.36** 11.91** 0.31 72.02** 0
LMA (g/cm?) 67 10.19** 1.10 3.65 12.21%* 0
Latex (mQ) 66 18.81*** 2.37 0.39 36.37*** 0
Upper Prickle Density 67 83.68** 5.20** 1.15 6.18* 9.2**
(g/cm?)

Lower Prickle Density 67 11.71* 1.76 1.99 0.68 7.9%*
(g/cm?)

Y 67 0.19 1.32 141 5.46* 0
ETRm 67 2.13 2.06 0.64 0.09 0
NPQ 67 21.62** 2.92* 1.87 3.03 0

47



Figure 2. Experiment Two. The effects of damage and sprag/ing with jasmonic acid on
mean (A) adaxial leaf surface prickle density (# prickles/cm?), (B) abaxial leaf surface
prickle density (# prickles/cm?), (C) leaf latex exudation (g), (D) leaf mass area (g/cm?2),
(E) shoot biomass (g), (F) potential quantum yield (Yy), (G) the maximum photosynthetic
electron transport rate under saturating light (ETRm), (H) and the amount of excess light
dissipated as heat via the xanthophyll cycle (non-photochemical quenching, NPQ) of
Argemone glauca and Argemone mexicana. Bars are means + S.E.
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