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ABSTRACT

The water hyacinthEichhornia crassipeg$Mart.) Solms-Laub (Pontederiaceae)) biological
control programme makes use of tight plant-insetgractions to control the weed, by re-
establishing the interactions between the plantiendatural enemies. Since the beginning
of the water hyacinth biological control initiativehe impact of biological control agent
herbivory on water hyacinth’s population growth drtdess have been well documented;
however, very few investigations have been condudte determine whether herbivory

elicits insect-induced responses by water hyacinth.

Studies were conducted to determine the presentdumction of water hyacinth insect-
induced responses, using the plant activator, BIOIN attempt to determine the plant
hormone-mediated pathways regulating the final @sgions of insect-induced defences in
response to herbivory by the phloem-feed&gcritotarsus catarinensis(Carvalho)
(Hemiptera: Miridae) and the leaf cheweédeochetina bruchiHustache (Coleoptera:
Curculionidae). BION (Syngenta, acibensolar-S-methyl (benzothiadia¥ol& a
dissolvable, granular formulation that containsharoical analogue of the plant hormone,
salicylic acid (SA), which typically regulates detes against pathogens. The application of
BION® results in the induction of the SA-mediated deéepathways in plants (activation of
defences against pathogens), and consequentlynkiieition of the jasmonic acid (JA)-

mediated defence pathways (de-activation of defeagainst insect herbivores).

To test for induced defence responses in wateritiyaglants treated with BIONand then
subjected to herbivory, were compared to un-tregikedits that were also subjected to
herbivory, BION?-only treated plants and control plants. The apgitbm of BION’ did not
confer resistance against the two insect herbivagserbivory, reductions in chlorophyll
content and plant growth (leaf production and sdquetiole lengths) significantly increased
in comparison to non-BION treated plants. Furthermore, palatability indisgmnificantly
increased (>1.00) in BIONtreated plants, reflecting increased weevil pefees for SA-
induced water hyacinth plants. This concluded 8vtmediated defences are not effective
against insect herbivory in water hyacinth plarttstf are in fact palatable to insect
herbivores, which reflects ecological and physiaab costs of SA-mediated defences

(pathogen defences) in water hyacinth.



Biochemical analyses of leaves exhibited increasesitrogen content in BIOR treated
plants. These elevated levels of nitrogenous comg®uaccount for the increases in mirid
and weevil preferences for BIGNreated plants. The increases in nitrogenous cangs
are probably structural proteins (e.g. peroxidisémcause leaves treated with BI®N
increased in toughness, but only when exposed rtoivioey. Regardless, insect herbivory
was elevated on these leaves, probably becausenithegenous compounds were

nutritionally viable for the insects.

Non-BION® treated plants exposed to herbivory remained coabfsto control plants, in
terms of biomass accumulation and leaf productimticating that water hyacinth employed
some form of defence strategy to deter insect lilerpi Interestingly, water hyacinth did not
toughen its leaves in response to herbivory byrited and weevil. In addition, water
hyacinth exhibited different responses to the mand the weevil, indicating species-specific
responses. JA-mediated defence pathways most lis@hgributed toN. bruchiinduced
water hyacinth defences in younger leaves, becauthe presence of JA-mediated defence
pathways, younger water hyacinth leaves signiflgamicreased in thickness and weevil
herbivory declined significantly. On the other haplants exposed t&. catarinensiglid not
alter leaf structural traits. Thus, JA-mediatededet pathways are likely to play a minimal
or no role inE. catarinensisnduced water hyacinth defences. Water hyacinth ldbwever,
exhibit a compensatory growth response to miridbivery, whereby water hyacinth plant
biomass accumulation, leaf production and chlordgiontent remained unchanged, and the

lengths of the second petioles significantly insezh

Ultimately, SA plays no role in water hyacinth inseéxduced responses, and is most likely
to confer resistance against water hyacinth patimge comparison, JA-induced responses
play an important role in water hyacinth insectticéd responses, namely in responsi.to
bruchi feeding. The role that JA-mediated defence pathvpégss in response to feeding by
E. catarinensisis unclear. However, this study identified a clemmpensatory growth
response when water hyacinth was fed on by thedpiighlighting the species-specific
responses water hyacinth employs against the baalbgontrol agents. The results obtained
in the present study conforms to plant-hormone rdefdheory in the literature, where JA-
mediated defence pathways generally confer resistagainst insect herbivores. This
seminal work on water hyacinth places the bioldgmantrol of water hyacinth into a

theoretical context of plant-insect interactiongb&quently, we can apply the knowledge of



fundamental plant-insect interactions in the applieeld of biological control to better

understand the physiological basis for success@lbgical control.
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CHAPTER 1

GENERAL INTRODUCTION

1.1INSECT-PLANT INTERACTIONS

Plants are the principal primary producers on egrtbviding considerable resources to
consumers (Bernays and Chapman, 1994), while msgetthe most species rich group of
organisms, contributing to a remarkably large propo of all extant species (Price, 2002).
For 350 million years, plants and insects have ldgesl perpetual and highly evolving
relationships, where each organism takes oppoyturithe available resources and variety
of ecological services that another organism hasffier (Price, 2002, Gatehouse, 2002,
Mello and Silva-Filho, 2008, Waet al, 2012). The interactions between plants and tesec
are highly dynamic and may be beneficial to botaaisms, as is the case with pollination
and seed dispersal (Mello and Silva-Filho, 2008),beneficial only to one, as with
herbivory. Insects are major herbivores, makingaymhly half of all extant insect species
(Wu and Baldwin, 2010), feeding on plants in vasiauays, according to different feeding
guilds (Strauss and Zangerl, 2002). A variety daédieg guilds exists, such as chewers
(which mainly includes the orders Lepidoptera, Optiera and Coleoptera), sap suckers
(order Hemiptera), miners (orders Diptera, Lepidoptand Coleoptera) and borers (orders
Lepidoptera and Coleoptera), all of which injurargs in various ways. In order to endure
injury from herbivory and ensure survival and prectibn of progeny, plants have evolved
various response mechanisms to deter herbivoresieves, insect herbivores have
subsequently evolved ways to overcome the plar@&nte responses, which operate as a

selective pressure on plants to improve defengeorees (Stamp, 2003). Plants and insects
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that compete in this manner subsequently co-evaheemaintain tight relationships, which
have contributed to the evolution of complex pleimémistry (the theory of coevolutionary

arms race) (Ehrlich and Raven, 1964, Bernays aati&n, 1988).

1.1.1 Defence theory: costs and benefits

Studies of plant-insect interactions and associptadt anti-herbivore defences have paved
way for the formulation of plant defence theoriesorder to explain why vast interspecific
differences in plant defences occur (Bazetal, 1987, Endara and Coley, 2011). To ensure
survival and the production of progeny, plantscdle resources to growth, reproduction and
defence (Bazzaet al, 1987); however, investment of limited resourcgs one component
of fitness (e.g. growth) typically precludes thiehtion of resources to other components of
fitness (e.g. reproduction and defences) (RhoaddsGates, 1976, Herms and Mattson,
1992). Consequently, in the event that a plantndeu attack, the resources that could
otherwise be used to maintain growth (vegetativd egproductive) and physiological
functioning are reallocated to the production dedees to minimise the deleterious impacts
of herbivory (Mole, 1994). Numerous studies havenidied these negative relationships
between plant growth and plant defences (Smedegetaisen and Staglen, 1981, Coley,

1986, Herms and Mattson, 1992, Sagers and Col&g)19

In effect, the production of defences is costly dedause herbivory is random, allocation
costs are invariably dependent on the timing ofedeé deployment (Wu and Baldwin,
2010). Defences produced regardless of the presehdeerbivores or injury (Wu and

Baldwin, 2010) are termed constitutive defencesg. (&@annins, Sagers and Coley, 1995).
Conversely, induced defences are defences onlgtatt after attack by herbivores (Walling,

2000, Wu and Baldwin, 2010). The most costly dedsnare generally those that are

2
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constitutive, as they are produced continuouslgrdfore it is hypothesised that inducible

defences are an evolutionary result of plant resoaptimization.

The mechanism behind which a plant allocates ressuto defences is largely dependent
upon resource availability in the environment (Resource Availability Hypothesis) (Coley
et al, 1985). In addition, a plant’s investment intdestees is also largely dependent on its
inherent growth rate and whether the benefits oigtwéhe costs (“growth-rate theory”)
(Coley, 1988, Endara and Coley, 2011). In resolincked environments, plants with slow
growth rates are better adapted to herbivory thantg with fast growth rates, as they invest
heavily in constitutive defences (Coley al, 1985). On the other hand, in resource rich
environments, plants with fast growth rates areabbgpof outgrowing herbivore injury, and
thus typically invest less in constitutive defendeswever, plants with fast growth rates in

resource rich environments may also invest in iedutefences.

1.1.2 Insect-induced plant responses

Plants have evolved a wide array of defence meshemnin response to attack, which help
reduce the impact of herbivores. A plant trait theduces an insect’s performance and
preference for the plant, and ultimately results imcreased fitness to the plant, is
characterised as a form of defence (Howe and Sxha&008, Karban and Myers, 1989).
Biochemical processes within plants mediate plaféntes and these defence mechanisms
are typically chemical and/or physical in naturerigays and Chapman, 1994, Stamp, 2003),

and are employed either directly and/or indirectly.
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Chemical defences

Plant chemical defences generally entail the actation and/or release of biochemical
compounds in response to specific herbivore attatlich may contribute to a nutritional
and/or non-nutritional component of chemical deén(Reese, 1979). Primary metabolites
are products of plant biochemical processes thatriboite largely to plant growth and
metabolism. However, primary metabolites are alseduas a form of defence in plants
(Steinbrenneet al, 2011); by altering the concentrations of primargtabolites, the plant
guality changes. For example, low nutritive plaoglty is a direct strategy employed by
plants to deter herbivores (Rhoades and Cates,, M@&n and Hamilton, 1980). This is
achieved by altering the concentrations of primanmgtabolites (e.g. nitrogen), which
effectively reduce the nutritional value of the rglaissue, thereby interfering with the

herbivores’ dietary needs (Lundberg and Astrom0).99

On the other hand, secondary metabolites contrilwetey little to plant growth and

metabolism, but play large and essential roles lemtpdefence strategies. Typically,

secondary metabolites are classified into variamspmounds with specific functions, such as
cyanogenic glucosides, alkaloids, phenols, terpemes sterols (Bennett and Wallsgrove,
1994). Many of these secondary metabolites areoressiple for the specific odours, colours
and tastes in a variety of plants (Bennett and $getve, 1994). In addition to the low

nutritive quality defence strategy brought about pgmary metabolites, secondary
metabolites also contribute to reduced plant guality increasing the concentration of
digestibility-reducing toxins or compounds withimet plant tissue (Lundberg and Astrém,
1990), effectively reducing the palatability of th&ant. Leaf carbon and nitrogen content,
and the ratio of carbon to nitrogen (C:N) in legva® regarded as good indicators of leaf

quality and predictors of the amount and type abivere defences (secondary metabolites)
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(Bryant and Klean, 1983,). Large leaf C:N ratiodi@ate reductions in leaf palatability,

because the availability of nutritional proteint{ogen) is surpassed by the availability of
increased, indigestible, carbon-based structurahpomnds, thus deterring herbivores
seeking more nutritious plants (carbon-based de®n@ierms and Mattson, 1992). On the
other hand, smaller leaf C:N ratios indicate larg#locations of nitrogenous-based
compounds in the leaf in relation to carbon-basechpounds, and these increases in
nitrogen may be of nutritional value to one typehefbivore, but detrimental to another,
because the synthesis of nitrogenous compoundshangg toxic properties (nitrogen-based

defences, e.g. alkaloids, glucosinolates and ammts) (Herms and Mattson, 1992).

Secondary metabolites also may be released asafistolatiie organic compounds in
response to insect herbivory, which act as an éctlidefence, attracting natural enemies of
the herbivores, such as parasitic and predaci®esis (De Moraest al, 1998, Hare, 2011).
By attracting parasitoids and predators, injurythte plant is reduced through the removal
and/or eventual death of the insect herbivore. Depg on the species of herbivore, the
plant species, growth conditions and the suiteesbivore species attacking the plant, the

volume and the composition of the volatile compaureleased may vary (Hare, 2011).

Physical defences

Physical defences are derived from the same bioda¢mrocesses that form chemical
defences within plants, but are the final expressiof these processes (Schoonhoeeal,
2005). Plant physiological and morphological trasitribute to a direct form of defence by
deterring insect herbivores. Spines, thorns ands l{ichomes) act as physical barriers on
the plant that influence a herbivore’s ability tdilise the plant for nutrition and/or
oviposition, and essentially reduce the extenudder herbivory (Karban and Myers, 1989,

Howe and Schaller, 2008). Leaf toughness and weayds are two other forms of physical
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defence that plants employ, ultimately reducing dbdity of insect herbivores to penetrate

and chew the plant tissue (Howe and Schaller, 2008)

1.1.3 Induced plant defence pathways

As discussed above, plant defences are costlyheasihcur allocation costs in terms of
growth and reproduction. Taking into account theotece demands of plant defence
production, plants have evolved highly sophistidategulatory systems to balance growth
against defence. Induced plant defences are flexitst-effective defences that are mediated
by a variety of plant hormones. Depending on thidgype of insect feeding on the plant
(chewers, sap suckers, miners), the type of horndeience pathway employed varies.
Salicylic acid (salicylates, SA) and jasmonic agasmonates. JA) are the most extensively
studied defence-mediating plant hormones (Acbual, 2004, Smithet al., 2009). The
salicylate defence pathway mediates the initiatddna hypersensitive response and the
production of phytoalexins and pathogenesis-relgi®deins that confer resistance against
biotrophic pathogens (pathogens which feed on diyitant tissue) (Gaffnegt al, 1993,
Farouk et al., 2008). On the other hand, the jasmonate defendewpgt mediates the
production of secondary metabolites and inducedties that confers defence against
herbivores and necrotrophic pathogens (pathogerishwieed on decaying plant tissue)
(Traw et al, 2003, Smittet al, 2009). However, it is not always clear-cut; sdmeebivores
may induce SA-mediated defence pathways, and saati@ogens may induce the JA-
mediated defence pathway (Sméhal, 2009). Generally, it is the level of damage eaus
by the herbivores that dictates the defence pathevagloyed; some sap suckers (phloem
feeders) cause less tissue damage than chewingtsnsiich is often comparable to the

damage caused by pathogens, and consequentlystiitargé defence mechanisms are similar
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to pathogen-induced defences (SA-mediated defeifbemlan and Thompson, 2001, Smith
et al, 2009). There is substantial cross-talk betw&en3A pathway and JA pathway; the
up-regulation of one pathway may inhibit the indoctof the other pathway (Walling,

2000).

For example, the synthesis of JA in tomdtgdopersicon esculentuMill. (Solanaceae)) is
inhibited with the external application of SA (Deaset al, 1995). In tobaccoNjcotiana
tabacumL. (Solanaceae)), the same antagonistic relatipssdrie observed with the external
applications of SA and JA (Feltat al, 1999). This negative cross-talk between therdefe
pathways allows plants to suppress the up-regulatiaunnecessary defence mechanisms in
order to conserve energy costs for appropriatendefenechanisms elicited against specific

herbivores (Cipollinet al, 2003, Smittet al, 2009).

Scientists have developed methods for inducingipgdant defence mechanisms in order
to investigate insect-plant interactions. Simplige tsaliva of insect herbivores may be
applied to plants to mimic insect induced releadfegolatiles (Baldwin and Preston, 1999).
However, numerous studies have used chemicalabcio induce insect defence responses
in plants (Cipolliniet al, 2003). Volicitin, a herbivore-specific elicitasolated from the
saliva of beet armywornSpodoptera exiguéHubner, 1808) (Lepidoptera: Noctuidae)), has
been used to induce the release of volatile compmumZea mayd.. (Poaceae) seedlings
(Alborn et al, 1997). A study by Brown (1988), investigating ttosts of chemical defences
through proteinase inhibitors in tomato, inducedt@nase inhibitor production by injecting
chitin (aqueous ethylene glycol chitin, Img/ml, i8&) into the parenchymal tissue of the
stems. More recently, the exogenous applicationheimical analogues of SA and JA has

been more frequently used.
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Thaleret al. (1996) exogenously applied JA and its methyl estdomato (. esculentum
which in effect resulted in reduced suitabilitytbé foliage to the two insect herbivorés,
exiguaand Helicoverpa zegBoddie, 1850) (Lepidoptera: Noctuidae). Furthemn®iu et

al. (2012) used exogenous applications of SA to indecal cabbage plant defences, and
observed the foraging behaviour Gbtesia glomeratglLinnaeus, 1758) (Hymenoptera:
Braconidae), a parasitoid #fieris brassicagLinnaeus, 1758) (Lepidoptera: Pieridatie
large cabbage white butterfly. Results of the stexdyibited increased parasitism rate$?of
brassicaeon plants with SA applied to the shoots. Chemaahlogues of SA, namely
benzothiadiazole, have been used to mediate pkfehdes against pathogens in numerous
agronomic studies (e.g. Dietrigh al., 2004, Heilet al, 2000, Patricieet al, 2007, Sarwar,

et al.,2005). An exogenous application of SA enables ¥pression of pathogen resistance
genes and subsequent systemic acquired resistahioh, are effective against necrotrophic,
and biotrophic pathogens and some insects (Setithl.,, 2009). Additionally, the external
application of SA to plants also inhibits the biothesis of ethylene and therefore ethylene-

mediated defence pathways (Leslie and Romani, 1986)

Agronomists are increasingly investigating the sad@d practical uses of chemical elicitors
in pest resistance. One particular registered mativator, BION (Syngenta), has gained
notable use within field and laboratory studiesORP is a granular formulation that
contains the active ingredient acibensolar-S-meihghzothiadiazole), a chemical analogue
of SA. The application of BIORIresults in the induction of the SA-pathway (adiiva of
defences against biotrophic pathogens and sometihsgbivores), and the inhibition of the
JA pathway (de-activation of defences against kerbs), whereby the application of SA
ceases the production of allene oxide synthassse@néal enzyme to produce JA (lversin
al., 2001). Achucet al (2004) investigated the role of SA in the defeaoel resistance
against powdery mildewQidium neolycopersigiand grey mould Botrytis cinerred in

8
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tomato and tobacco. The plant activator, BfoNvas used to induce the SA defence
pathway and results of the study showed that S&eplano role in the defence of tobacco
againstB. cinerrea,but played a role in tomato defence against theespathogen. The
opposite results were observed for the role of I5&e resistance agair@dt neolycopersici,
where tomato exhibited increased resistance, lmatcto did not. Chemical elicitors, such as
BION®, have expanded opportunities for investigatiorts insect-plant interactions, not
only for agronomy and the subsequent biologicaltrabrof pests, but possibly for other

fields of study, namely the biological control aof/asive weeds.

1.1.4 The role of insect-induced plant responses weed biological control

The applied field of classical weed biological gohtmakes use of the tight relationship
between a plant species and its natural enemiedidid control. The foundation of weed
biological control essentially relies on the intgrans between an invasive plant species and
its introduced natural enemies, with the anticqmatihat the herbivores will feed without
hindrance and consequently result in a reductiora oiveed’s population growth (e.g.
Hoffman and Moran, 1998, Albrightt al., 2004). Decades of research have gone into
developing weed biological control programmes woitte (McFadyen, 2000, Olckers,
2004), and many programmes have been developedget temerging weeds (e.g. in South
Africa (Olckers, 2004)), but the mechanisms invdlvan these specific plant-insect
relationships are often not understood. Very litlas been done to investigate the
mechanisms whereby invasive plants alleviate herljv despite the extensive
documentation of insect-induced plant responsesinvithe literature, and the fact that
effective control depends on the optimal feedingnayural enemies. Effectively, weed

biological control programmes provide suitable folahs for investigating insect-plant
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interactions, particularly for freshwater macromsyt as one of the most active weed
biological control programmes in the world targatkighly noxious, invasive free-floating
macrophyte species, water hyacintlEichhornia crassipes (Mart.) Solms-Laub

(Pontederiaceae)).

1.2 FRESHWATER MACROPHYTE HERBIVORY

Freshwater macrophyte herbivory has rarely beemsinyated by freshwater ecologists
(Lodge, 1991), despite numerous acknowledgmentsirwihe literature that macrophytes
play important ecological roles in freshwater esbsgns (Cronin and Lodge, 2003). A study
by Ratushnyalet al. (2010) investigated the role of SA in macrophylgpha angustifolia
L.) adaptation to nitrate nitrogen, but did notestigate the role of SA oh. angustifolia-

herbivore relationships.

The biological control of aquatic weeds is onedielf applied research that investigates
plant-herbivore interactions associated with frestew plants. A variety of exotic aquatic
plants have invaded freshwater systems worldwidenkbgns of the unregulated aquarium
and ornamental trade (Jacot Guillarmod, 1979, Shrejgt al., 2006, Martin and Coetzee,
2011). Biological control, which is the use of matuarthropod enemies (particularly insect
herbivores) to reduce the spread of invasive pipeicies, is one of the control methods
employed to control these invasive weetidyriophyllum aquaticum(Vell.) Verdcourt
(Haloragaceaefalvinia molestd. Mitch. (Salviniaceae), andizolla filiculoidesvar. rubra
(R.Br.) Strasb. (Azollaxeae) are a few of the namshinant invasive weed species in Africa
(Jacot Guillarmod, 1979, Hill and Coetzee, 2008)pawhich have been re-introduced to
one or more of their natural enemies in their ativerrange. Biological control programmes

have increased the research scope for macrophste/tig/, and provide suitable platforms
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for investigating plant-insect interactions. Onetloé most noteworthy biological control
programmes, aimed at controlling an aquatic magnephis that against the notorious
invasive weed, water hyacinth. Water hyacinth hasnbstudied considerably since the
1960s, as it is a significant problem throughowt titopical and subtropical world; however,
much of the water hyacinth research has focusedlfggadly on its ecological and economic
impacts and the dynamics of the relationships wgmatural enemies at the macro-scale
(e.g. Matthews, 1967, Center, 1981, Forno, 198hj€€eand Durden, 1986, Xat al, 2004,
Coetzeeet al., 2005, Coetzeet al.,2007b, Ajuontet al, 2009). Despite the knowledge that
insect-plant interactions at the cellular level d@he crux of weed biological control
programmes, little has been done to examine thecisant interactions at a micro-scale,
namely the ability of water hyacinth to respondthe biological control agents through

defence mechanisms.

1.3 WATER HYACINTH

1.3.1 Origin and spread

Originating from neotropical South and Central Airo@r(Penfound and Earle, 1984), water
hyacinth is currently recognised as one of the mggressive freshwater weeds worldwide
(Centeret al.,2002). The first record of its deliberate transféo areas outside its area of
origin was in the early 1880s (Penfound and E49d8). Since then, it has spread to various
countries throughout the tropical and sub-tropiegions of the world, making its way as far
as 40°C North and South of the equator (Helimal, 1977, Gopal, 1987). Water hyacinth
was first recorded in Africa in the 1870s along thige River (Williams et al., 2005);
however, many of the spreading infestations wetg @ipserved in the 1980s (Coetzgeal,

2009). In several of the developing countries acrAfrica, the weed is still spreading
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(Centeret al.,2002) and it is in such developing countries, wlaok resource limited, where
the impacts of water hyacinth on aquatic ecosystmdsthe associated livelihoods are more

notably severe (Holm, 1969).

1.3.2 Morphology and life history

Water hyacinth is an erect, free-floating macrophytith a lavender-purple flower, and
aerial leaves arranged in a whorl (Center and Spe®881). Each plant typically carries 6 —
10 leaves comprising a spongy, aerenchyma-filleehlgeand a smooth, waxy lamina (Julien
et al.,2001, Coetzeet al, 2009). The life span of each leaf extends u@-8weeks, before
senescence occurs (Cengtral, 2002). Water hyacinth exhibits considerable atésn in
morphology, ranging from a tall, slender form (gsouwp to 1m in height) to a short, bulbous
form (no more than 30cm in height) (Coetateal, 2009). The morphological forms alter
according to the conditions in which the plant ggowhe bulbous form is characteristic of
younger, colonising plants found in less dense rimatspen water, or along the edges of
dense infestations. The slender, elongated forfousd in dense, crowded stands, where

horizontal expansion is limited (Coetzeteal., 2009).

Water hyacinth is capable of reproducing at rasesser than it can be eliminated. Its main
method of reproduction is asexual, through the pctdn of ramets, alternately called
daughter plants, allowing it to double in biomasserg 11-18 days (Edwards and Musil,
1975). Water hyacinth also propagates through geedination (Coetzeet al, 2009). Each

flower is capable of producing numerous and lorgdiseeds, which can remain dormant in
bank sediments for up to 15-20 years (Matthews,7L98Vater hyacinth proliferates

optimally in conditions characteristic of high ligmtensities, high nutrient levels, warm

temperatures ranging from 28 to 30°C and a neptralevel (Chadwick and Obeid, 1966,
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Tipping et al, 2008). In extreme, low temperature conditiol® plant dies back, but is
capable of regrowing if the submerged rhizome swwithe frost or through seed
germination along the river banks in the warmer therfOwens and Madsen, 1995, Tipping

et al, 2008).

1.3.3 The biological control of water hyacinth

Various methods have been employed to control watacinth, but biological control is the
most sustainable and effective programme (Juli@1p The first surveys for candidate
biological control agents began in 1962 (JuliefQ0During the 1970s, the first biological
control agents were released into North Americathy United States Department of
Agriculture, which included the two weevildeochetina eichhornia@/arner (Coleoptera:
Curculionidae) N. bruchiHustache (Coleoptera: Curculionidag)d the motiNiphograpta
(=Sameodeésalbigutallis (Warren) (Lepidoptera: Pyralida¢Cordo, 1999, Tippinget al,
2008). To date, a total of eight arthropod wateadiyth biological control agents have been
released worldwide, with the latest introductionsiniy Cornops aquaticum(Bruner)
(Orthoptera: Acrididae) into South Africa in 201and Megamelus scutellariBerg
(Hemiptera: Delphacidae) into the United Statesumferica and South Africa in 2010 and
2013, respectively (Tippingt al., 2008, Coetzeet al, 2011, Coetzee JA, pers. comm)
(Table 1.1). Fungal pathogens also have been showe highly effective agents, acting
alone or in combination with the insect biologicntrol agents (Charudattan, 1995).
Numerous pathogens have been identified on waigecihth around the globe, and various
studies have focused on the potential developmémiiasherbicides (Charudattan, 1995,

Shabanat al, 1997, Shabaret al, 2001).
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Table 1.1A list of the 7 arthropod biological control agenised in South Africa to control water
hyacinth, detailing the feeding modes they empluy the niches they occupy on the weed.

Feeding mode Niche occupied
Biological control agent Year Adults Larvae/nymphs  Adults Larvae/nymphs
Neochetina eichhorniae 1974 leaf chewér petiole borers leave$ petiole and crowh
Orthogalumna terebrantis 1989 sap suckér sap suckér leave$ ® leave$ ®
Neochetina bruchi 1990 leaf chewér petiole borers leaves petiole and crown
Niphograpta albiguttalis 1990 n/a petiole borers n/d petiole and crown
Eccritotarsus catarinensis 1996 sap suckér sap suckér leaved leaves
Cornops aquaticum 2011 leaf chewér leaf chewet leave$ leave$
Megamelus scutellaris 2013 sap suck®r sap suckér leaved leave$

!Deloach and Cordo, 197&lulienet al, 20012Hill et al, 1999,°Del Fosseet al, 1975,°Coetzeest
al., 2009 °Coetzeeet al.,2011, Silveira Guido and Perkins, 1978,ippinget al, 2008

The Neochetinaspp. weevils, particularlil. eichhorniaeare considered the most effective
agents, contributing solely to the complete contfolvater hyacinth in a number of regions
around the world (Centeat al., 2002, Heard and Winterton, 2000), including Pap&avN
Guinea (Julien and Orapa, 2001) and Lake Victond &yroga River Basin, Uganda
(Albright et al.,2004). However, in some regions the successfulrabnt water hyacinth
has been variable, despite the use of a suiteabddical control agents. In South Africa, a
total of seven biological control agent speciesehleen released, more than anywhere else
in the world (Coetzeet al, 2011). Biological control agents have suppreskedspread of
the weed in some regions in South Africa, for exiemgew Years Dam (Eastern Cape
Province) (Hill and Cilliers, 1999) and Clairewoqgdarry (Kwa-Zulu Natal) (Hill, 2003),
but also have been unsuccessful in other regios, as the Highveld, along the Vaal River

(Hill, 2003, Coetzeeet al., 2007a). To increase the herbivore pressure on waigeinth,
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additional candidate species are being investigitecklease into South Africa (Coetzee

al., 2011).

1.3.4 Water hyacinth insect-plant associations

1.3.4.1 Biological control agent host utilisation ad damage

Although all the water hyacinth biological contegjents, during some part of their lifecycle,
exhibit considerable niche overlap either on thmihe, petiole or both, their feeding modes
do differ. Neochetina eichhorniaeand N. bruchi share the same feeding mechanism and
inflict damage upon water hyacinth in a similar man(Julien, 2001); however, becale
bruchi has faster development rates thdneichhorniag water hyacinth mortality is faster
when N. bruchifeeds on the plant (Deloach and Cordo, 19T@g adult weevils are leaf
chewers, removing the upper epidermal layer oflégla¢ forming distinctive feeding scars
(Deloach and Cordo, 1976). The exposure of thenatdeaf tissue results in an increase in
water loss and susceptibility to pathogen infectfdalien, 2001, Moran, 2005). A recent
study showed that the water hyacinth weevils amove for fungi and bacteria and that
these microbes greatly influence the impact ofvtieevils on water hyacinth photosynthesis
(Venteret al, 2013).Neochetinaspp. weevil larvae mine the petioles and the croftine
plant, causing internal tissue to rot, a reductiomgrowth and the prevention of flowering

(Deloach and Cordo, 1976, Julien, 2001).

Niphograpta albiguttalidarvae are the only life stage of the moths whieldf on water
hyacinth; adult moths only use the plant for ovipos. Like the larvae oNeochetinaspp.,
N. albiguttalis larvae tunnel and feed within the petiole (Juliethal, 2001). Damage

inflicted results in waterlogging and tissue ratlign, 2001, Juliert al, 2001). In contrast,
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Eccritotarsus catarinensigCarvalho) (Hemiptera: Miridaels a sap-sucking mirid. The
adults and nymphs feed gregariously on the undéasaiof the lamina, drawing sap from
the palisade parenchyma within the leaf (ldtllal, 1999). Herbivory by the mirid results in
the removal of chlorophyll from the leaf, which due course causes leaf chlorosis and
possible leaf death (Hikt al, 1999b). Water hyacinth growth rate and biomasslyction

is reduced under severe mirid herbivory, due todbeline in the plant's photosynthetic
capabilities (Coetzeet al, 2007b). The weevils, mirid and moth only arecdssed in this
chapter as they have been investigated extensiuellge literature and they have largely
contributed to the control of water hyacinth in 8oW\frica. The remaining biological
control agents have contributed to negligible candf water hyacinth or have yet to make
an impact because of their recent release (pastgelevaluations have yet to be conducted

(e.g.M. scutellarig).

1.3.4.2 Water hyacinth insect-induced responses

Biological control practitioners have been relegsanthropod biological control agents onto
water hyacinth for 40 years and throughout thisetimery little research has focused on
water hyacinth’s responses to the agents, despibavikg that the water hyacinth plant-
insect interactions are the crux of the weed bigklgcontrol programme. A few studies
have paved the way to identifying various waterdiyth chemical and physical responses to

insect herbivory.

Field explorations of water hyacinth herbivory websliggest that the weed is unattractive or
unpalatable, as very few generalist herbivoreqyuiinout the global distribution of water
hyacinth, feed on the weed (Center and Wright, 19%enter and Wright (1991)
investigated the phytochemical composition of |sagéier feeding byN. eichhorniaeand

the generalist herbivor&pilosoma virginicgF.) (Lepidoptera: Arctiidae). Weevil feeding
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was predominant on young leaves, #&advirginicafeeding was limited to older, mature
leaves. Center and Wright (1991) attributed thesierdnces to possible defence
mechanisms within the younger leaves, where youtegdrtissue was higher in nitrogen
compounds; in effect, the generalist herbivore waapable of overcoming the possible
nitrogenous defences employed by water hyacinthenyounger leaves, while the specialist
herbivore,N. eichhorniag was most likely adapted to overcome the barriewsthermore,
Center and Wright (1991) ruled out the possibibfyphenolic compounds (carbon-based)
playing a role in water hyacinth responses to lwertyiin the younger leaves, but suggest the
possibility of terpenes playing a role in defendesestigations in the role of terpenes in
water hyacinth have not been conducted to date.pfésence and function of a kairomone
produced by water hyacinth was investigated by Emdse and Perkins (1977). While the
allelochemical is a phagostimulant and oviposistimulant for theNeochetinaspp., it may
be a feeding deterrent (an allomone) for genergfisties, or it may act as an attractant for
parasitoids. The functions of allelochemicals aoct mutually exclusive (Del Fosse and
Perkins, 1977), and water hyacinth may releasecti@mical studied by Del Fosse and
Perkins (1977) as an allomone in response to hampiyossibly to attract natural enemies
of the Neochetinaspp. Further investigations into the role of tkeromone in water
hyacinth indirect defences have not been condu€iegtochemical analyses of three aquatic
angiosperms were conducted by Vasual. (2009), one of which was water hyacinth.
Although phytochemical compounds, such as alkaJomtsenols, tannins, saponins and
steroids were present in water hyacinth, the stlidynot investigate the dynamic roles of
these phyotbhemical compounds in response to tlmgbivThe presence of these
phytochmeicals is likely to have roles in water d¢igéh insect-induced chemical and

physical responses.
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An induced physical response to herbivory was ofesem water hyacinth after feeding by
N. eichhorniaein a study by Wrightet al. (1989). Leaf hardness, a physical barrier to
herbivory, significantly increased in the youngésaf after weevil feeding. In addition,
moisture content, a component of plant quality dbating to digestibility-reducing
defences, was found to have significantly redudest aveevil feeding (Wrighet al, 1989).
Similarly, a study by Wright and Bourne (1986) fduthat water hyacinth petiole hardness
significantly influenced the entry oN. albiguttalis larvae, and concluded that petiole
hardness may be a reflection of leaf age or indytaict defences, such as cuticle thickness
and accumulation of phenolics. Furthermore, Wrightl Bourne (1986) made mention of
investigations into altering the epidermal hardne$éswater hyacinth leaves by the
application of plant growth regulators to favoutaek by N. albiguttalisas a concluding
remark. Research into the use of plant hormoneatotis on water hyacinth plants has not

been attempted and therefore substantiates thegrigs this thesis.

1.4 THESIS AIMS AND OBJECTIVES

Biological control practitioners have been relegsanthropod biological control agents onto
water hyacinth for 40 years. Ultimately, the preeni$ the water hyacinth biological control
programme relies on the re-establishment of theractions between the biological control
agents and the weed. Therefore, it is crucial talewstand the dynamics of these
relationships, particularly water hyacinth’s alyilito defend itself against the biological
control agents. Ecological and physiological paramse such as resource availability,
habitat type and plant growth rates, are valuat#diptors of the level of defences employed
by plants (Rhoades and Cates, 1976, Cetegl, 1985, Bazzaet al.,1987). In addition, the

Resource Availability Hypothesis provides an apgilie framework to investigate insect-
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induced responses (Endara and Coley, 2011). Rhatitgapid growth rates and colonizing
traits, inhabiting resource-rich environments aypidally associated with low levels of
constitutive defensive compounds. Essentially, ues® allocations to plant growth and/or
inducible defences are favoured by colonising plarks discussed in sectioh.3.2
Morphology and life historywater hyacinth fits this profile. While a plantesponses to a
myriad of natural enemies are highly complex, ihypothesised that water hyacinth may
employ induced defences in response to some, bhatindiological control agents. With the
availability of a suite of water hyacinth biologiantrol agents, varying in feeding mode,
and the availability of chemical elicitors to ingudefence pathways, further investigations

into insect-induced water hyacinth defences aregitée.

The present study aimed to elucidate the possit8eci-induced defences employed by
water hyacinth in response to herbivory, by indgc®A up-regulation through the use of the
chemical plant elicitor, BIOR By inducing SA-mediated defence pathways in water
hyacinth, JA-mediated defence pathways were inbri@hibited (Walling, 2000, Smitlet

al., 2009).

Before initiating experimental trials, the appregpei plant measures and insect densities to be
used throughout the present study were investigadéehg into consideration the possible
impact of water nutrient availability and exogenapplications of BIOR (Chapter 2). The

following objectives were the scope of this thesis:

Objective 1: Determine the effect of salicylic add water hyacinth growth, physiological

and biochemical parameters

Herbivore-induced plant defences are costly ane@rief theory posits that investment of

limited resources into one component of fitnesglpdes the allocation of resources to other
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Chapter 1 General Introduction

components of fithess (Rhoades and Cates, 1976}hitn study, water hyacinth was
manipulated to induce the SA-mediated defence pathwia the exogenous application of
BION®, presumably precluding resource allocation to pgmowth and/or flower and/or
ramet production. Therefore, the effects of SA ctohin in water hyacinth on plant growth
(e.g. plant biomass, leaf production, and rametdgcton) and physiological and
biochemical parameters (e.g. chlorophyll conteatbon and nitrogen content, and moisture

content) were investigated in Chapter 3 of thisithe

Objective 2: Evaluate the effect of salicylic aaih herbivory by insects with different
feeding modes and the resultant impact on water tiggh growth, physiological and

biochemical parameters

Insect-induced plant responses are species- adah§emode-specific (Gaffnegt al, 1993,
Moran and Thompson, 2001, Traat al, 2003, Faroulet al., 2008, Smithet al, 2009).
Therefore Chapter 3 also investigated the effecBAfinduced water hyacinth plants on
herbivory by two biological control agents with yarg feeding modes; the highly damaging
leaf chewer and petiole boréd, bruchi,and the sap suckeg, catarinensisThe impact of
these herbivores on SA-induced water hyacinth drpwhysiological and biochemical

parameters was also investigated in Chapter 3.

Objective 3: Assess the effect of salicylic asrdwater hyacinth leaf quality traits

Plant defence pathways (SA- or JA-mediated pathvesgulate the expression of insect-
induced plant defences, which can be expresseldemsical and/or physical plant traits. The
effect of SA induction on water hyacinth leaf gtyalkiraits was investigated in Chapters 3
and 4. Chapter 3 dealt with the changes in carboteat, nitrogen content and C:N ratios as

possible expressions of chemical components of bpality (i.e. leaf nutrition and
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moisture), however, these biochemicals may cortilio structural components of leaf
quality (i.e. physical defences). Therefore, Chagtewvestigated the possible expression of
leaf toughness, leaf thickness and epidermal @slérl thickness in SA-induced water

hyacinth leaves.

Investigations into the expression of water hydcinsect-induced defences in response to
herbivory by the biological control agents are tedi Identifying how water hyacinth
responds to herbivory using the application of BfoMll contribute to the general field of
insect-plant interactions in aquatic plants, iniadd to encompassing applied implications
for the biological control of water hyacinth in SblAfrica, and potentially other biological

control programmes around the world.
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CHAPTER 2

THE EFFECT OF HERBIVORY BY DIFFERENT POPULATION
DENSITIES OF THE BIOLOGICAL CONTROL AGENTS ON WATER

HYACINTH GROWTH

2.1 INTRODUCTION

The study of ecology fundamentally aims to undedtdne abundance, distribution, and the
associated interactions of organisms in varyingsgstems. Subsequently, the knowledge
gained from such ecological studies facilitates th@nagement of artificial and natural
ecosystems (Gutierregt al, 1994). In most naturally occurring ecosystenmdiions
promoting optimal growth are infrequent; conditioase generally limiting. Biological
interactions, such as plant-insect relationships sanultaneously regulated by such limiting
factors, namely top-down and bottom-up control psses (Hairstoset al, 1960, Polis and
Strong, 1996). In a typical plant-insect relatidpsithe plant population is limited by abiotic
factors such as light, nutrients, and water avditgb(bottom-up control) (Coleyet al,
1985). The plant population is also constrained bigtic factors such as competition
(intraspecific and/or interspecific) (Ungar, 198ank, 2010) and by the population density
and impact of insect herbivores (top-down contrfilpuda, 1982, Hoffmann, 1990,
Hoffmann and Moran, 1998, Carson and Root, 1999)tutn, the insect population is
regulated by competition (intraspecific and/or isfecific), predation, and parasitism (top-
down control) (Denno and Roderick, 1992, Kursaial, 2006), and limited by host plant

quality, quantity, and defence mechanisms (bottgncaontrol) (Center and Durden, 1986,



Chapter 2 Methodology: Density Trial

Bach, 1988, Crawley, 1989, Denmbal., 2002, Rodriguez-Saona and Thaler, 2005, Stiling

and Moon, 2005).

Numerous studies have attempted to investigatedieeof insect herbivory as a top-down
regulatory process on plant growth and populatipmadhics (Cantlon, 1969, Wilbwt al.,
2013). A study by Wilburet al (2013) investigated the effect of insect herbyvon the
growth and fitness of common mulleMerbascum thapsus (Scrophulariaceae), and found
that reductions in insect herbivory incread&dhapsussurvival, height and seed set. Seed
set increased by 50% (~48, 000 to ~98, 000 seeudieruweduced herbivore pressure, notably
increasing plant fitness. This experiment demotedrséhe effective role of herbivores as a
top-down control on a plant population outside pitent’s area of origin. Moreover, classical
weed biological control has represented many sstulescological studies on plant-insect
interactions, particularly the impact of insect heory (top-down) on plant population
growth (Crawley, 1989, Keane and Crawley, 2002). eWhexotic plants enter new
environments, they are exposed to altered top-dameh bottom-up controls and, in many
cases, the plants are released from their natoeghees. Subsequently, the plants proliferate
and become invasive due to the reduction in herbiywessure. This process whereby the
plant escapes its natural enemies in new envirotanen termed the enemy release
hypothesis (ERH) (Keane and Crawley, 2002). Classiweed biological control
programmes essentially aim to restore the top-doovwrirol of an invasive host plant by re-
introducing the natural enemies responsible fordgeilation of the plant species in its area

of origin (Pearson and Callaway, 2005, Peatl.,2005).

The impacts of insects at varying densities orr thest plants have been frequently reported
in the scientific literature, and it is generaligncluded that higher insect densities result in

greater reductions in plant growth and reprodugbaeameters and considerable increases in
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injury and, in some cases, plant death (Ladd amdfBL979, Center and Van, 1989, Briese,
2000, Brieseet al, 2002, Rhainds and English-Loeb, 2003, Brietsal, 2004, Dinget al,
2006, Schooler and McEvoy, 2006). Brieseal. (2002) investigated the impact of the
weevil Trichosirocalus briesei Alonso-Zarazaga and Sanchez-Ruiz (Coleoptera:
Curculionidae) onOnopordumspp. thistles (Asteraceae: Cardueae) and found higgit
densities of the weevil increased plant mortality10%, compared to 10% mortality in the
control treatment. Additionally, high densities thle root-feeding beetle larvaPopillia
japonica Newman (Coleoptera: Scarabaeidae) resulted in actiet in the yield of
Kentucky bluegrassPoa pratensisL. (Poaceae)and eventual death (Ladd and Buriff,

1979).

The impact of different densities of water hyacirtiological control agents on water
hyacinth have been investigated, namely for thee iitthogalumna terebrantigvallwork
(Acari: Galumnidae) (Marliret al, 2013) and the weeviNeochetina eichhornia@&/arner
(Coleoptera: Curculionidae) (Center and Van, 198@nter and Van (1989) investigated the
impact of plant density and varying densities @& weevVilN. eichhorniaeon water hyacinth
leaf dynamics. This study examined high and lowewdatyacinth densities exposed to three
N. eichhorniaedensity treatments; zero weevils, 25 weevils and @®&evils. Center and
Van (1989) did not provide the insect:plant ratised within the experiment, but it is
concluded from their results that crowded watercinth plants exposed to high densities of
N. eichhorniaeresulted in faster water hyacinth mortality ratean the lower density
treatment, as reductions in plant growth parametgreeded leaf production. Therefore,
lower densities oN. eichhorniaeand less crowded experimental plants provide mababair
but non-lethal effects on water hyacinth growthudsts such as these are lacking for the
weeVilN. bruchiHustache anéccritotarsus catarinensi€arvalho) (Heteroptera: Miridae),

the most effective water hyacinth biological cohttgents in South Africa (Hill pers. com.)
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A study by Moran (2005) attempted to correlate aflldochetinaspp. leaf scarring with
insect densities and dead plant biomass. Whileeas®d leaf scarring was correlated with
high dead plant biomass, scarring was not assdcveite weevil densities. This was largely
due to low adult weevil densities (0-0.2 adults peaf). Although this study marks an
attempt at determining the impact of weevil dessiton water hyacinth plant biomass, the
study did not examine species specific density otgpan water hyacinth, particularly b
bruchi. A study by Heard and Winterton (2000), investigatitne interaction between
nutrient status and weevil herbivory in the biotadi control of water hyacinth, did not
investigate the effects of varying densities df eichhorniaeand N. bruchi on water
hyacinth, but used a total of Meochetinaspp. per batch of 20 water hyacinth plants (0.5
insects per plant) for experimentation. Heard aniat®ton (2000) used 0.5 weevils per
plant, because during preliminary trials, standsvafer hyacinth inoculated with one adult
weevil per plantN. eichhorniaeor N. bruchi, resulted in near destruction of test plants.
However, statistical results for the preliminarals were not provided and experiments
were not conducted on individual water hyacintmfdaStudies investigating the impact of
the mirid, E. catarinensis on water hyacinth commonly use 15 individuals pexter
hyacinth plant to provide significant herbivore ggere without causing premature plant

death (Coetzeet al, 2005, Coetzeet al, 2007b, Ajuoneet al.,2009, Weyl and Hill, 2012).

2.1.1 Experimental aims and objectives

The purpose of this chapter was to formulate thehauwlogy for the forthcoming
experimental chapters (Chapters 3 and 4), by detergithe damaging density of. bruchi
on water hyacinthA damaging density represents a density of inst@s will have a

measurable impact on water hyacinth growth paramebrit will not result in premature
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plant mortality. Additionally, because the applioat of BION® should ideally result in
increased susceptibility of water hyacinth to igjby herbivores, a minimum number Igf
bruchi must be used. The minimum densityMf bruchiweevils has yet to be statistically
proven. Subsequently, this chapter investigatednipact of three different densities Nf
bruchi per water hyacinth plant to identify the minimumnrher of weevils, to determine
what density of weevils should be used to obseme-lathal changes in water hyacinth
growth parameters. Ultimately, this should enstia time and insect and plant resources

are not wasted due to premature plant death anéfizcient sampling time.

It was hypothesised that at higherbruchidensities, weevil feeding/damage would increase
and plant growth should be increasingly adverselpacted. It was predicted that a low
density of N. bruchi would be required to cause measurable damage ter vagacinth
without resulting in premature death. The plantimme activator, BIOR (Syngenta) (see
Chapter 1,1.1.3 Induced plant defence pathwaysas used in subsequent trials to
investigate the role of JA and SA in water hyacimect-induced defences against mirid
and weevil herbivory. Therefore, possible increagesrates of herbivory and insect
performance were both expected, and taken intoustashen selecting the appropridte
bruchi density. Ultimately, the aim of this study was &tetmine the minimum number of
pairs of N. bruchirequired to observe non-lethal changes in watecihyfa growth and
physiological parameters, grown in water nutrieohditions indicative of South African

field conditions.
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2.2 METHODS AND MATERIALS

2.2.1 Experimental insect and plant cultures

Water hyacinth plants used for this trial were gnawa plastic lined pool at the Department
of Zoology and Entomology, Rhodes University, Grakeown, South Africa (33°18'49"S
26°31'11"E). Plants were maintained under insecte frconditions using insecticide
(Mercaptothion 500 EC, Dow AgroSciences, used atiogrto manufacturer’s guidelines)
and isolated in a polyethylene covered greenholise.plastic covering of the greenhouse
allowed for ample light penetration and zero ingggttamination. Experimental plants were
used two weeks after an insecticidal applicatiod after being thoroughly rinsed with

water. Insecticide application had no adverse irtgpac water hyacinth plants.

In total, 120N. bruchiwere collected from cultures at the mass reariggitfaat the South
African Sugar Cane Research Institute (SASRI), BorbSouth Africa (29°42'28"S
31°02’52"E) and couriered to Rhodes University. T2 N. bruchiwere divided into three
density treatments with a 1:1 sex ratio; High digndi2 individuals per plant, ergo 6 mating
pairs), Medium density (6 individuals per plantg@r3 mating pairs) and Low density (2
individuals per plant, ergo 1 mating pair). Matwegevil pairs were used in order to mimic

the full spectrum of weevil damage (adult and ladaanage).

The density trial took place in the Working for WatBiological Control polyethylene

covered greenhouse at Rhodes University. In t@@lhealthy water hyacinth plants of a
similar size with five to six healthy leaves weddlected from the plant cultures and placed
individually in @ plastic square tubs filled withl ®f water. The tubs were covered and
secured with a fine mesh sleeve to prevent herbigontamination of control plants and the

escape of experimental insects from the treatedtgldlants were left to acclimate for a
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week before the initiation of the trial. The waierthe tubs was changed every 2 weeks and
maintained at a medium nutrient level throughoetttial, by adding 0.00252g of potassium
dihydrogen orthophosphate (KPIO;) and 0.416g of potassium nitrate (KjQo obtain
total phosphorous and nitrogen concentrations @%mgP.* and 2.5mgN=. The required
nutrients were weighed out per plant using an ChaAmventurer’ analytical balance.
These nutrient levels simulate mesotrophic condétim South African water bodies (Byrne
et al, 2010). Each plant was tagged for identifica@onl assigned to one of four treatments
and the appropriate insect numbers were releassdulg 2.1). Each treatment was replicated

six times.

Table 2.1 The 7 experimental treatments formulated for thasife trial and the corresponding
number of individual insects inoculated in eachatmeent (LD = Low density, MD = Medium
density, HD = High density).

Treatment Denotation Number of Individuals per plart
Control - Cont. 0
N. bruchi Low Density LD 2

Medium Density MD 6

High Density HD 12

2.2.2 Plant and insect parameters

After the week long acclimation period, plant paedens were measured prior to the release
of the insects, and were denoted as data for Wedkhé@reafter, the relevant numbers of
insects were released onto their respective tredtpiant, and plant and insect parameters

were measured every 7 days, for a total periodwééks.
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Plant parameters

The following plant parameters were measured anthted; total dry plant biomass
(including the ramets (daughter plants)), numbdeaves produced, leaf turnover, length of

the second petiole, and number of new ramets pestiuc

Total dry plant biomass was measured at the etitedtfial. Each plant was cut up and plant
parts separated (roots, petioles, leaves and ranagis dried in an oven at 60°C. All dried
plant parts per plant were weighed using an Chatventurer analytical balance and
weights were added together to obtain a total deigit per plant. Dry plant biomass was
chosen as opposed to wet plant biomass, as itq@sd more accurate estimate of the total
reduction or increase in plant biomass in respdoskerbivory (Vandermeer and Rice,
1980). Furthermore, herbivory by the weevils causater logging of the petioles (Julien,

2001), thus influencing the weight of the plant aneating a misleading result.

The number of leaves produced per plant was simglgsured as the total number of leaves
present on each plant, and the leaf turnover isitimber of new leaves produced per week
per water hyacinth plant. The leaf turnover was suezd by labelling leaf 1 at Week 0 and
noting its shift in position each week as the plaged. Leaf 1 is the newly unfurled leaf in
the centre of the plant, closest to the crown (€erit981). As the plant grows, new leaves
are produced and subsequently take the place aidivesecond oldest leaf, moving down
the crown of the water hyacinth plant. The quacsiiion of leaf turnover and leaf production
rates are regarded as the most informative angjistrarward measure for the study of water

hyacinth population biomass (Center, 1981, Cegitat.,1999).

Ramet production also is an indicator of plant gfoand proliferation. The second petiole is

young and still developing (Center, 1981) and adications of enhanced water hyacinth
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growth rates. These plant parameters were chostrepiave been used throughout water
hyacinth studies (Coetzee al.,2007b, Bownegt al.,2010, Marlinet al, 2013) and reflect

changes in water hyacinth growth and functioning.

Insect parameters

Adult weevil feeding was recorded by estimating peecentage surface area damaged on
leaves 1, 2, 3 and 4. Leaves 1 to 4 on a typicéémigyacinth plant are the first four leaves
in the whorl. Leaf 2 is the second youngest leaf iartypically fed upon by the weevils; the
Neochetinaspp. weevils have a recorded preference for le@ehter and Wright, 1991).
Leaf 3 is simply the third youngest leaf and led generally fed upon by the mirids (Het

al., 1999a). To minimise sampling and estimation diffieess caused by observer bias, the
same observer conducted measurements at each mgmysiek. The numbers of adult

weevil feeding scars were also counted on leatestl

2.2.3 Statistical analyses

Generalised linear/non-linear models (GLZ) in STATICA 10.0 (© StatSoft, Inc. 2011)
analysed differences in the plant and insect pai@mgata. On examination of the residuals,
all plant and insect parameter data exhibited amaband homoscedastic distribution around

the regression line.
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2.3 RESULTS
2.3.1 Plant parameters
2.3.1.1 Total dry plant biomass

The low weevil density treatment exhibited greatdgal dry plant biomass, however no
differences in dry plant biomass were observed betwthe four weevil density treatments at

the end of the trial period (Wald’szgg): 4.12,P = 0.248832) (Figure 2.1).

2.3.1.2 Number of functional leaves and leaf turnaar

At the beginning of the experiment, each plant dawean number of six leaves. As the trial
progressed, the number of functional leaves diddifter over time (Wald’s )’Q1)= 2.43,P=
0.12) (Figure 2.2). Additionally, the leaf turnowgas not different between the four density
treatments (Wald’s Xg)= 4.07,P = 0.25). Subsequently, at the end of the trialque(iVeek
6), no differences were observed in the numberuottional leaves among the density
treatments (Wald’s ¥g)= 4.45,P = 0.22). Both the leaf turnover (Wald's%=3.41,P =
0.06) (Figure 2.3) and the rate of change (Wal&@)x 0.36,P = 0.95) did not differ among

the density treatments.

2.3.1.3 Length of petiole 2

The initial mean (+SE) length of the second petiole all plants in all treatments WAS
7.65+0.29cm. As the trial progressed, the lengtthefsecond petiole decreased significantly
between weevil densities over time (Wald'’§:)%133.46,P<0.05), but no differences were

observed among the treatments (Wald’ég)x3.654,P = 0.30) (Figure 2.4). However,

31



Chapter 2 Methodology: Density Trial

significant differences in the length of the secpetiole existed between weevil densities at
the end of the trial (Week 6) (Wald’52(25=9.57,P<0.05). Second petioles were significantly
longer in the control treatment compared to the ioradand high density treatments. The

low density treatment was not significantly shottean the control.

2.3.1.4 Number of ramets

The number of ramets per plant changed signifigaotler the sampling period (Wald’s
X2(1)=12.95,P<O.05) and differences were observed among the deusity treatments at
each sampling event (Wald’sz(2§=31.17,P<0.05) (Figure 2.5). The low weevil density and
control treatments produced higher numbers of rarmpet plant than the high and medium
weevil density treatments. However, there were iiferdnces in the number of ramets

produced per plant at the end of the trial (WeeR/ald’s X2(3)24.30,P =0.23).
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Figure 2.1 Mean dry plant biomass for plants in all four weelénsity treatments (Treatments:
Control = ON. bruchi,Low = 2N. bruchj Medium = 6N. bruchi,High = 12N. bruch), at the end of
the sampling period. Error bars represent the stahefror of the mean. Means followed by the same
letter are not statistically differer®,>0.05 (n=6 plants/treatment).

10 + --e---High
9 - —eo— Medium
—e— [ow

8 1 - -e- Control
7 T = ® PS e

it S A PRy g et & — ==
6 - e=——0- —e==__ YT _-. o- = =-=ITS8= -e

v T --0o-- 1 v

1

5 .
4 -
3 u
2 u
1 .
0 T T T T T T 1

0 1 2 3 4 5 6

Week

Figure 2.2 The effect of weevil density on the number of fumeal leaves per plant throughout the
sampling period (Treatments: Control NObruchi,Low = 2N. bruchj Medium = 6N. bruchi,High
= 12N. bruch). Error bars represent the standard error of themn=6 plants/treatment).
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Figure 2.3 Number of water hyacinth leaves that turned oweeach week, over the six week
sampling period, for plants in all four densityat®ents. Error bars represent the standard error of
the mean (n=6 plants/treatment).
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Figure 2.4 The effect of weevil density on the length of tleafl 2 petiole over the 6 week trial
(Treatments: Control = N. bruchi,Low = 2N. bruchj Medium = 6N. bruchi,High = 12N. bruch).
Error bars represent the standard error of the nidaans followed by the same letter at Week 6 are
not statistically different?>0.05 (n=6 plants/treatment).
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Figure 2.5 The effect of weevil density on ramet productiomotighout the sampling period
(Treatments: Control = N. bruchi,Low = 2N. bruchi Medium = 6N. bruchi,High = 12N. bruch).
Error bars represent the standard error of the mdaans followed by the same letter at Week 6 are
not statistically different?>0.05 (n=6 plants/treatment).

2.3.2 Insect parameters

2.3.2.1 Percentage feeding area

Measurable differences in the percent area dambgedd. bruchiwere observed between
sampling weeks, treatments, and leaf position @abl2). However, the relationship

between leaf position and treatment was not sicpifi.

There were differences in the percentage area dainlagN. bruchiweevils for each leaf
position over the trial period (Figure 2.6 — 2.@tween sampling weeks and between the
four density treatments (Table 2.3). A generaléase in the percentage leaf area damaged
by N. bruchiwas observed for all leaf positions in all densigatments. As expected, the

high density treatment presented leaves with saamfly greater percentage leaf area
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damage than the medium and low density treatmentslifleaf positions. Clearly, a greater

density of insects result in greater damage itiaipon a host plant.

At the end of the trial (Week 6), differences weteserved in percentage feeding area
between the three density treatments for all lesitpns (Figure 2.10) (Table 2.4). Each
leaf position exhibited significant increases inrgemtage feeding area as insect density
increased, where the high density treatment tyjgicasulted in more than double the
amount of feeding than the low density treatmertdifionally, the younger leaves (Leaf 1
and 2) were the most damaged for the high and mredeensity treatments. Differences in
the percentage feeding area were not significatwdsn leaf positions for each of the

density treatments at the end of the trial (Figud®) (Table 2.5).

2.3.2.2 Number of adult weevil feeding scars

Significant changes in the number of adult weeegding scars were observed over the
sampling period, and the rate of change was diitebetween the four density treatments,
but not between the four leaf positions (Table .2E2)rthermore, the relationship between

leaf position and treatment was not significant.

Visible differences in the number of adult weeeédling scars for leaves 1 to 4 were found
between the sampling weeks and between the fousitgleineatments and leaf positions
(Table 2.3). As with the percentage area damagenaral increase in the number of feeding
scarswas observed in all leaf positions for all denditgatments (Figure 2.11 — 2.14),
however, the differences observed between thentiexds were more noticeable in the older
leaves (Leaf 3 and 4). Additionally, the high déngreatment produced a significantly

greater number of feeding scars than the mediuml@anddensity treatments for all leaf
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positions (Figure 2.15) (Table 2.4). The numbefeeding scars did not differ between leaf

positions for each of the density treatments aetigkof the trial (Figure 2.15) (Table 2.5).

Table 2.2The Wald X-statistic andP-values for the generalized linear/non-linear mquEformed

on the number oNeochetina bruchfeeding scars and the percentage feeding areallféeah

positions and all three density treatments over sampling period.P-values in bold indicate
significant differences? <0.05 (n=6 plants/treatment).

Sampling weeks Density Treatment Leaf Leaf*Treatmen

Xz(l) P-value Xz(l) P-value X2(3) P-value Xz(g) P-value
Nb % feeding area 114.66 <0.001  99.58 <0.001 54.27 <0.001 2.30 0.89
Nb feeding scars 271.70 <0.001 190.45 <0.001 4.09 0.25 10.66 0.10

Table 2.3 The Wald's X-statistic andP-values for the generalized linear/non-linear model
performed on the percentage area damaged and nwhlaetult weevil feeding scars, exhibiting
significant differences between sampling weeks @medtments for leaves 1 to B-values in bold
indicate significant differences between med&hs0.05 (n=6 plants/treatment).

Sampling weeks Treatments
Leaf X%y P-values X2 P-values
% Feeding area 1 21.56 <0.001 49.29 <0.001
2 29.51 <0.001 51.38 <0.001
3 39.11 <0.001 43.38 <0.001
4 67.63 <0.001 42.85 <0.001
# Feeding scars 1 36.15 <0.001 53.20 <0.001
2 77.42 <0.001 91.51 <0.001
68.55 <0.001 63.22 <0.001
4 123.93 <0.001 72.90 <0.001
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Table 2.4 The Wald’'s X-statistic andP-values for the generalized linear/non-linear model
performed on the percentage area damaged and nwhlaetult weevil feeding scars, exhibiting
significant differences between treatments for daahposition P-values in bold indicate significant
differencespP <0.05 (n=6 plants/treatment).

Parameter Leaf 1 Leaf 2 Leaf 3 Leaf 4

% Feeding area X 8.63 12.32 17.26 7.66
P-value <0.001 <0.001 <0.001 0.02

# Feeding scars Xy 4.99 22.29 17.93 9.74
P-value 0.08 <0.001 <0.001 0.01

Table 2.5 The Wald's X-statistic andP-values for the generalized linear/non-linear model
performed on the percentage area damaged and nuaiberevil feeding scars, exhibiting
significant differences between leaf position facle of the density treatments at the end of tlaé tri
P-values in bold indicate significant differences$vibeen meand? <0.05 (n=6 plants/treatment).

Source of variation

Parameter Density X P-values
% Feeding area High 1.22 0.77
Medium 5.29 0.15
Low 5.56 0.13
# Feeding scars High 5.56 0.14
Medium 1.44 0.70
' Low 4.47 0.21
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Figure 2.6 The effect of weevil density on the mean percentagding area dileochetina bruchion
leaf 1. Treatment: Low = . bruchi Medium = 6N. bruchi, High = 12 N. bruchi. Error bars
represent the standard error of the mean. Mealswvetl by the same letter at Week 6 are not
statistically differentP>0.05 (n=6 plants/treatment).
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Figure 2.7 The effect of weevil density on the mean percentagding area dileochetina bruchion
leaf 2. Treatment: Low = . bruchi Medium = 6N. bruchi, High = 12 N. bruchi. Error bars

represent the standard error of the mean.
statistically differentP>0.05 (n=6 plants/treatment).

Medimved by the same letter at Week 6 are not
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Figure 2.8 The effect of weevil density on the mean percentagding area dileochetina bruchion
leaf 3. Treatment: Low = M. bruchi Medium = 6N. bruchi, High = 12 N. bruchi. Error bars
represent the standard error of the mean. MedlwvEd by the same letter at Week 6 are not
statistically differentP>0.05 (n=6 plants/treatment).
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Figure 2.9 The effect of weevil density on the mean percentagding area deochetina bruchon
leaf 4. Treatment: Low = . bruchi Medium = 6N. bruchi, High = 12 N. bruchi. Error bars
represent the standard error of the mean. Mealswetl by the same letter at Week 6 are not
statistically differentP>0.05 (n=6 plants/treatment).
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Figure 2.10The effect of weevil density on the mean percenfagding area dNeochetina bruchi
on each leaf position at the end of the trial (W&gKrreatments: Low = R. bruchj Medium = 6N.
bruchi, High = 12N. bruchi.Error bars represent the standard error of thenmdaans followed by
the same letter are not statistically differd?#0.05 (n=6 plants/treatment).
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Figure 2.11The effect of weevil density on the mean numbeaichilt weevil feeding scars on leaf 1
over the sampling period. Treatment: Low =N2 bruchj Medium = 6N. bruchi,High = 12 N.
bruchi. Error bars represent the standard error of thenmigleans followed by the same letter at
Week 6 are not statistically differef>0.05 (n=6 plants/treatment).
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Figure 2.12The effect of weevil density on the mean numbeaichilt weevil feeding scars on leaf 2
over the sampling period. Treatment: Low =N2 bruchj Medium = 6N. bruchi,High = 12 N.
bruchi. Error bars represent the standard error of thenmigleans followed by the same letter at
Week 6 are not statistically differe>0.05 (n=6 plants/treatment).

N —e— Low
o —o- - Med
80 - o
70 -
60 - T.-“ T
A | . a
AT
40 - ’/
1
30 | ’,.. T
A e :
20 - e - l : } ’
101 v e L
”””” ‘-’;_; ) o ;/
0 - @-m===="__ g — _—_ —— | ./ | . | |
0 1 2 ° ) 5 6
Week

Figure 2.13The effect of weevil density on the mean numbeadilt weevil feeding scars on leaf 3
over the sampling period. Treatment: Low =N2 bruchj Medium = 6N. bruchi,High = 12 N.
bruchi. Error bars represent the standard error of thenmigl@ans followed by the same letter at
Week 6 are not statistically differe>0.05 (n=6 plants/treatment).
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Figure 2.14The effect of weevil density on the mean numbeadhilt weevil feeding scars on leaf 4
over the sampling period. Treatment: Low =N2 bruchj Medium = 6N. bruchi,High = 12 N.
bruchi. Error bars represent the standard error of thenmigleans followed by the same letter at
Week 6 are not statistically differe>0.05 (n=6 plants/treatment).
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Figure 2.15The effect of weevil density on the mean numbeadilt Neochetina bruchfeeding
scars on each leaf position at the end of the (visdek 6).Treatments: Low = A. bruchi Medium
= 6 N. bruchi,High = 12N. bruchi. Error bars represent the standard error of thenmileans
followed by the same letter are not significantiffedtent, P>0.05 (n=6 plants/treatment).
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2.3.3 Effect ofNeochetina bruchion water hyacinth plant growth

As dry plant biomass increased, percentage ledhirarea damage for leaves 2 and 3
decreased significantly in the high density treath{@able 2.6). Conversely, no correlations
were found between percentage leaf surface areagkimand dry plant biomass for the
remaining density treatments for all leaf positiombere were no significant relationships
between the number of adult weevil feeding scadsday plant biomass for all leaf positions
in all density treatments (Table 2.7). Strong niegatorrelations were found between leaf
production and the number of adult feeding scardefaves 1 and 2 when exposed to high
densities of weevils, but none was found for theamder of the leaf positions and density
treatments (Table 2.8). As with the relationshipaeen leaf production and weevil feeding
scars, strong negative correlations were found éetwamet production and weevil feeding
scars for leaves 1 and 2 when exposed to high tensif weevils (Table 2.9); as adult
weevil feeding scars increased in the high dertséggtment, decreases in leaf and ramet
production occurred. Additionally, a strong cortela was observed between ramet
production and the percentage feeding area forddaf the high density treatment (y = 5.13
— 0.07*x,R = -0.90,P<0.05,R? = 0.80). No correlations were found for the rerdainof the
leaf positions and low and medium density treatsmerfurthermore, no significant
relationships were observed between the lengtlihefsecond petiole and both percentage

feeding area and the number of weevil scars fdeaflpositions in all density treatments.

Significant strong and positive relationships wésend between adult weevil percentage
feeding area and the number of scars for all leaftipns, but not for all treatments (Table

2.10).
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Table 2.6The straight line equation®, P-values and?? obtained from the simple regression method
for analysing the relationship between dry plamniass and percentage feeding aredNbpruchi

for leaves 1 to 4 for all weevil density treatmeatghe end of the triaP-values in bold indicate
significant positive relationship®,<0.05.

Treatment Equation R P-value R?
Leaf 1 High y = 225.34 + 1.64*Xx 0.19 0.73 0.03
Medium y = 305.58 — 6.44*x -0.66 0.15 0.44
Low y =292.82 — 1.90*x -0.11 0.83 0.01
Leaf 2 High y = 425.20 — 9.86*x -0.88 0.02 0.78
Medium y = 301.93 — 7.99*x -0.46 0.36 0.21
Low y = 281.61 + 0.25*x 0.02 0.98 0.0002
Leaf 3 High y =416.98 — 9.07*x -0.93 0.01 0.87
Medium y = 442.46 — 38.13*x -0.39 0.45 0.15
Low y =292.57 — 1.78*x -0.10 0.85 0.01
Leaf 4 High y = 300.84 — 2.87*x -0.33 0.52 0.11
Medium y =107.16 + 18.19*x 0.72 0.10 0.52
Low y = 287.67 — 1.73*x -0.09 0.87 0.01
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Table 2.7The straight line equation®, P-values and?? obtained from the simple regression method
for analysing the relationship between dry plamniass and the number of adilt bruchifeeding
scars for leaves 1 to 4 for all weevil density tneents at the end of the tridP-values in bold
indicate significant positive relationshigs<0.05.

Treatment Equation R P-value R?
Leaf 1 High y = 332.79 — 2.37*x -0.49 0.32 0.24
Medium y = 285.18 — 2.68*x -0.54 0.27 0.29
Low y = 278.60 + 0.95*x 0.07 0.90 0.005
Leaf 2 High y =412.60 — 3.00*x -0.57 0.24 0.32
Medium y =419.31 — 7.97*x -0.69 0.13 0.48
Low y = 279.35 + 0.24*x 0.07 0.90 0.005
Leaf 3 High y = 284.87 — 0.50*x -0.13 0.80 0.02
Medium y = 268.48 — 1.72*x -0.23 0.66 0.05
Low y = 316.79 — 2.42*x -0.51 0.30 0.26
Leaf 4 High y = 235.10 + 0.38*x 0.12 0.83 0.01
Medium y = 148.45 + 2.97*x 0.77 0.08 0.59
Low y = 297.25 — 3.09*x -0.32 0.54 0.10
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Table 2.8The straight line equation®, P-values and?? obtained from the simple regression method
for analysing the relationship between leaf productnd the number of adult. bruchifeeding
scars for leaves 1 to 4 for all weevil density tngents at the end of the tridP-values in bold
indicate significant positive relationshig3<0.05.

Treatment Equation R P-value R?
Leaf 1 High y = 8.00 — 0.03*x -0.87 0.02 0.76
Medium y = 6.93 — 0.02*x -0.4 0.42 0.17
Low y = 6.70 — 0.04*x -0.28 0.59 0.08
Leaf 2 High y = 8.65 — 0.03*x -0.81 0.05 0.65
Medium y =7.74 — 0.05*x -0.43 0.39 0.19
Low y =6.16 + 0.02*x 0.56 0.25 0.31
Leaf 3 High y = 7.46 — 0.01*x -0.30 0.56 0.09
Medium y =7.28 — 0.04*x -0.46 0.35 0.21
Low y = 6.65 — 0.01*x -0.21 0.68 0.05
Leaf 4 High y = 6.57 + 0.01*x 0.29 0.58 0.08
Medium y =5.88 + 0.02*x 0.54 0.27 0.29
Low y = 6.39 + 0.02*x 0.24 0.65 0.06
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Table 2.9The straight line equation®, P-values and?? obtained from the simple regression method
for analysing the relationship between ramet prddncand the number of adult. bruchifeeding
scars for leaves 1 to 4 for all weevil density tngents at the end of the tridP-values in bold
indicate significant positive relationshig3<0.05.

Treatment Equation R P-value R?
Leaf 1 High y =4.37 — 0.07*x -0.83 0.04 0.68
Medium y = 2.47 — 0.01*x -0.13 0.80 0.02
Low y = 2.80 + 0.04*x 0.24 0.64 0.06
Leaf 2 High y = 6.13 — 0.08*x -0.84 0.04 0.70
Medium y = 3.42 — 0.05*x -0.39 0.44 0.15
Low y = 3.56 — 0.03*x -0.79 0.06 0.63
Leaf 3 High y = 4.05 — 0.04*x -0.53 0.28 0.28
Medium y = 2.88 — 0.03*x -0.33 0.52 0.11
Low y = 3.47 — 0.03*x -0.60 0.21 0.36
Leaf 4 High y = 2.00 + 0.003*x 0.05 0.93 0.002
Medium y = 1.51 + 0.03*x 0.73 0.10 0.54
Low y = 3.37 — 0.08*x -0.70 0.12 0.49
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Table 2.10 The straight line equation®, P-values andR? obtained from the simple regression
method for analysing the relationship between peeage leaf area damage and the number of adult
N. bruchifeeding scars for leaves 1 to 4 for all weevil gigntreatments at the end of the trial.
values in bold indicate significant positive redaiships,P <0.05.

Treatment Equation R P-value R?
Leaf 1 High y =9.50 + 1.11*x 0.60 0.20 0.37
Medium y =2.79 + 1.49*x 0.77 0.07 0.59
Low y =-0.54 + 1.11*x 0.89 0.02 0.79
Leaf 2 High y =20.41 + 1.84*x 0.87 0.03 0.75
Medium y =19.21 + 0.49*x 0.33 0.53 0.11
Low y = -14.58 + 4.42*x 0.97 0.002 0.93
Leaf 3 High y = 40.46 + 0.73*x 0.29 0.58 0.08
Medium y=4.79 + 2.97*Xx 0.23 0.67 0.05
Low y =-2.73 + 3.19*x 0.87 0.03 0.75
Leaf 4 High y = 32.42 + 1.86*X 0.71 0.11 0.51
Medium y =-10.63 + 5.65*x 0.87 0.02 0.76
Low y =0+ 1.8*x 0.91 0.01 0.82
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2.3.4 Summary of results

At the end of the density trial, differences inrglgrowth parameters between the control
and the three density treatments were negligiblabl@ 2.11). Although no statistical

differences were observed in dry plant biomassnilmaber of functional leaves and ramet
production between the density treatments, theset plarameters were strongly negatively
related to weevil feeding in the high density tneamt (specifically for leaves 1, 2 and 3),

suggesting that water hyacinth growth was negatigfected by high weevil densities.

Decreases in the length of the second petiole wieserved in all density treatments at the
end of the trial, compared to the control treatmdnit were only statistically different
between for the medium and high weevil density ttnemts. Water hyacinth
characteristically exhibits shortening of the setpetiole when exposed to weevil herbivory
(Forno, 1981). The lack of a statistical differenoethe length of the second petioles
between the control and low density treatment estyga compensatory response to nominal

herbivory.

Different weevil densities resulted in differentvéds of damage for all leaf positions.
However, a general trend was evident; weevil fegdinthe high density treatment resulted
in significantly greater surface area damage thadw density treatment, with the medium
density treatment as an intermediate of the high law treatments for all leaf positions.
Percentage feeding was typically greatest on thengest leaves (1 and 2); however,
differences in surface area feeding between lesitipas for each density treatment did not
differ. Much like percentage feeding area, the neindd weevil feeding scars increased with
an increase in weevil density; the high densitattreent resulted in a significantly greater
number of feeding scars than the low density treatimwith the medium density treatment

as an intermediate.
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Table 2.11 A summary of all the differences observed in ther fexperimental treatments for all
plant and weevil parameters measured, in relatidhé control treatment. o = no significant change
in comparison to the control treatment, + = incesagbserved, but not necessarily significant, - =
decreases observed, but not necessarily signifiaytnbols followed by * indicate significant
increases or decreases obsertdtect of weevil herbivorglisplays significant relationships between
plant and insect parametePs<0.05.

Treatment

Low Med High Control

Plant parameters

Total dry plant biomass + - o] o]
Number of functional leaves + (o] + o]
Leaf turnover + + - o]
Length of petiole 2 - -* -* 0

Number of ramets o] - - 0

Insect parameters

% Feeding area + + +* o]

Weevil feeding scars + + +* o]

Effect of weevil herbivory

Dry plant biomass vs % feeding area (o] o] =¥ 0
Dry plant biomass vs # feeding scars 0 0 o] 0
Leaf production vs # feeding scars o] o] =¥ o]

Ramet production vs % feeding area 0 0 -* o]
Ramet production vs # feeding scars o] o] -* 0

% feeding vs # feeding scars +* 0 +* o]

'Summarised for leaf 2
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2.4. DISCUSSION

2.4.1 Effect ofNeochetina bruchiherbivory on water hyacinth growth parameters

This study aimed to determine an ideal density ekwils for subsequent experiments
investigating the role of water hyacinth insecttiodd defence pathways in response to
biological control agent herbivory. This study skeolwthat different densities of weevils
have varied impacts on water hyacinth growth patarseand insect feeding, where high
densities ofN. bruchi are generally more impacting than lower densitissignificant
negative relationship between dry plant biomass perdentage weevil feeding area was
observed for the high density treatment, suggedtiag with increasing insect density and
damage, water hyacinth biomass accumulation declimbis is further supported by the
significant negative relationships seen for leatl aamet production; increased weeuvil
feeding through high weevil densities results irdased leaf and ramet production. In
addition, the lengths of the second petioles desegtaver time in response ka bruchi
herbivory, with the high and medium density beiigngicantly shorter. Herbivory by the
Neochetinaspp. weevils typically results in the shorteningnaiter hyacinth petioles (Forno,
1981), particularly because the second leaf isethieof preference and petiole mining by the
larvae remove vital leaf tissues for nutrient anatex transport (Center and Van, 1989).
However, no significant negative correlations wienend between weevil herbivory and the
shortening of the second petioles (see sectiorB)2.Similarly, the study by Brieset al
(2002) identified adverse impacts of increasingorieseidensities orO. acanthiumtotal
plant biomass (dry weight (g)), and seed and flom&duction.Onopordum acanthium
exposed to one pair of weevils resulted in redyatadt biomass accumulation by 59%, seed
production by 58%, and as weevil densities incrédasea maximum of 8 weevils per plant,

the impact of herbivory became lethal, where nafpteoduction occurred.
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Although none of the densities df. bruchiweevils used in the present study resulted in
lethal impacts on water hyacinth, the results ole@iin the present study corroborate with
the trends identified by Briesst al. (2002) and numerous other studies (Ladd and Burif
1979, Center and Van, 1989, Briese, 2000, RhaindsEmglish-Loeb, 2003, Bries al,
2004, Dinget al, 2006, Schooler and McEvoy, 2006), where increabierbivore densities
invariably result in greater reductions in hostaplgrowth and physiological parameters.
The consequential reductions in host-plant growith physiological parameters in response
to increasing herbivore densities and injury coptssibly be a result of reallocation of
resources to insect-induced defences as opposgdoweth and reproduction. To ensure
individual fitness, plants allocate limited resascto three crucial functions; growth,
reproduction and/or defence. However, investmetd one component of fitness incurs
allocation costs to the other components (Baeta, 1987). In effect, water hyacinth most
likely increased investment into insect-inducedpoeses and incurred allocation costs in
terms of growth and reproduction with increasingect density. The observed negatively
correlated relationships between weevil feeding ramdet production and dry plant biomass
in the high density treatment is consistent witls thotion, as well as examples in the
literature. A study by Coley (1986) found that witltreasing herbivory by the generalist
army-worm, Spodoptera latifasciaWalker, 1856 (Lepidoptera: Noctuidaepn the
neotropical treeCercropia peltataL. (Moraceae), leaf tannin concentrations increased
significantly. Subsequently, increases in tannincemtrations conferred resistance against
the army-worm, as leaves with higher tannin conegions had reduced leaf damage.
However, the production of leaf tannins @ peltataleaves incurred a significant cost in
terms of leaf production. Ultimately, under mediwrater nutrient availability, herbivory by
N. bruchiat increasing insect densities most likely induae@source reallocation response

to defences in water hyacinth.
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If weevil densities were to increase higher thanNL2ruchiper plantit is predicted that
undesirable reductions in plant growth, ineffectinsect-induced responses and premature
plant death would occur; thus it is possible thatew hyacinth insect-induced responses will
be negated against higher weevil densities. Wdiestaut,Trapa natansL. (Trapaceae),
host plant of the leaf beetl&alerucella birmanicalacoby (Coleoptera: Chrysomelidae),
exhibited reduced or ceased biomass production wiwulated with high densities @&.
birmanica (Ding et al, 2006). A study by Ladd and Buriff (1979), inugating the
influence of larval feeding by the Japanese bePibpjllia japonicaNewman (Coleoptera:
Scarabaeidae), on Kentucky bluegraBs,pratensis yields, found similar results, where
higher densities of the larvae resulted in redustim bluegrass yieldsnd eventual death of

the plant.

Heard and Winterton (2002) observed almost totsirdetion of water hyacinth when plants
in a stock stand (a nhumber of plants grown in am@ainer or pool) were exposed to dve
bruchi per plant during preliminary trials, and therefoased 0.5 weevils per plant. The low
density treatment in the present study comprises roating pair olN. bruchiand did not
result in premature plant mortality. This was midstly due to differences in water nutrient
concentrations and exposure time to herbivory. idotravailability (mainly nitrogen and
phosphorous) is an important abiotic factor thtuances plant communities (Koerselman
and Meuleman, 1996). Reduced nitrogen concentsattan have negative impacts on plant
growth and development, physiological functionimgpd synthesis of secondary defence
compounds (Bazzaet al., 1987, Koerselman and Meuleman, 1996, Winter andtdRps
2010). This in turn may impact a plant’s resistateéerbivores, and the amount of injury
(associated with herbivore density) a plant carr&te. Furthermore, under increasing
nutrient conditions, water hyacinth has been olexete increase ramet production, biomass

accumulation, and leaf nitrogen concentrations (&tieal, 2004). Heard and Winterton
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(2000) used high (1.0mdP.and 1.6mgN:1) and medium (0.025mdP.and 0.4mgN™)
water nutrient concentrations during their expenmén comparison to the water nutrient
concentrations used in the present study (0.025fhgd 2.5mgN:’), the water nutrient
levels used by Heard and Winterton (2000) wereogén poor. Plants grown under high
water nutrient concentrations in Heard and Wintég@¢2000) study, individually weighed
less (control treatment: ~9.5g dry weight) than fHants grown under medium water
nutrient concentrations used in the present stuiynt(ol treatment: ~16.96+1.27g dry
weight). When plants grown under high nutrient enrations were exposed kb bruchi
herbivory and subjected to 0.5 weevils per plarii@ard and Winterton’s (2000) study, they
weighed lessN. bruchitreatment: ~6g dry weight) than the plants grownder medium
water nutrient concentrations and exposed to oiregpaveevils in the present study (low
density treatment: ~19.78+1.75g dry weight). Themef it is possible that the higher
nitrogen concentration used in the present studyltexd in greater water hyacinth growth
and development than that observed by Heard andevtbn (2000), and consequently the
ability for water hyacinth to resist weevil dens#igreater than 0.5 weevils per plant
Moreover, as discussed above, the low densitynresatt in the present study probably
induced a compensatory response where water higaeiallocated resources to reproductive

growth to negate nominal injury.

The present study also usadghorter exposure time to herbivory in comparigothe study
by Heard and Winterton (2002), which was conduaeedr a period of eight weeks. It is
possible that the six week exposure time employethé present study did not provide
comparable cumulative impacts of herbivory on watgcinth, particularly by the larvae, in
comparison to an eight week trial. Given more exp®gime to herbivory in the present
study, it is likely that notable differences betweabe low and medium density treatments

would have arisen. Furthermore, the effect of twes significant for all plant growth
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parameters, excluding the number of functionaldsaand leaf turnover, so it's possible that
with an extended sampling period, measurable @iffees in plant growth parameters
between the lower density treatments would ultityadecur; especially as water hyacinth
leaves have a life-span of approximately two mo@enter, 1981, Coetzex al, 2009). In
addition to exposure time, temperature may havgeplan important role during the trial.
Neochetina bruchdevelopment occurs optimally at ambient temperatofeabout 30°C and
ceases below 15°C (Julien, 2001). Although, ambientperatures were not recorded for
this trial, the study took place in a polyethylemered greenhouse, providing warmth. The
study was conducted late summer and perhaps thpetatares at this time were too low for
optimal N. bruchi development and feeding. Furthermore, it is likdlgt the fine mesh
sleeves enclosing the plants and insects reducedliotosynthetically active radiation
(PAR). Weyl and Hill (2012) documented a 36% rettucin PAR when using fine mesh
sleeves. However, all of the treatments, includihg controls, were exposed to these
temperatures and light deficits and that the méstves were necessary to prevent weevil

escape and contamination from greenhouse pests.

2.4.2 Effect ofNeochetina bruchiherbivory on leaf surface area damage

The different weevil densities resulted in diffarégvels of leaf surface area damage, but a
general trend was identified; the high density ttremt resulted in greater surface area
damage, followed by the medium density and low igrieeatment. A similar result was
found by Center and Van (1989), where the percent@gf area eaten by higN.
eichhorniaedensities (250 weevils) was higher than the lovewiledensities (25 weevils);
however, this result was found for plants maintdine high densities (tank dimensions of

0.8m by 2.2m). Another study, by Schooler and MgE(@D06), found that increasing adult
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and larval densities of the golden loosestrife legeeBalerucella pusilla Duftschmid
(Coleoptera: Chrysomelidae), positively correlateith increasing purple loosestrife leaf

damagel(ythrum salicarial. (Lythraceae)).

Interestingly, leaf position had no effect Nnbruchiweevil leaf surface area damage in this
study, which is inconsistent with results showndsnter and Wright (1991). Younger water
hyacinth leaves were more attractive to adidgiochetina eichhorniagveevils than older
water hyacinth leaves (Center and Wright, 1991)thim same study, Center and Wright
(1991) found that the chemistry of water hyacimhvies is age specific and suggest that leaf
phytochemistry influences the feeding behaviourNof eichhorniae,and the generalist
herbivore, yellow woollybear Spilosoma virginica(F.) (Lepidoptera: Arctiidae)). The
specific leaf constituents affectilg. eichhorniaes preference for younger water hyacinth

leaves was not confirmed.

The number of weevil feeding scars increased withnarease in weevil density; the high
density treatment resulted in a larger number eflieg scars and the low density treatment
with the lowest number of feeding scars. Furtheemtive number of feeding scars increased
with leaf position, but only from leaf 1 to leaff@r the high density treatment. This result
does not follow the same trend as the percentagdinfg area, most likely due to the
cumulative damage on older leaves (3 and 4) hagiegter leaf surface areas (Center and
Wright, 1991) and longer exposure times to herbiv@onversely, Center and Van (1989)
found that low densities dl. eichhorniae(25 weevils) resulted in a greater number of
feeding scars per leaf over time than the higheewladensity (250 weevils) which may

have been the result of decreased competitioncoeased defences.
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2.4.3 Effect ofEccritotarsus catarinensisn water hyacinth growth

Numerous experiments investigating the impact efrthirid on water hyacinth have used a
total of 15 mirids (Coetzeet al, 2005, Coetzeet al, 2007b, Ajuontet al, 2009, Weyl and
Hill, 2012), as a result a density trial was nataocted forEccritotarsus catarinensis the
present study and 15 mirids per plant were usedtigrforthcoming trials. Subjecting water
hyacinth to 15 mirids per plant has typically résdlin neutral and/or positive impacts on
biomass accumulation and growth rates without pteragplant death, therefore the impact

of the mirid on BION-treated plants was predicted to be non-lethal.

2.5 CONCLUSION

The low and medium weevil densities had negligiitiverse impacts on water hyacinth
growth parameters. In contrast, the high densiatinent presented significant negative
impacts, although only evident in dry plant biomag®e lengths of petiole two, ramet
production, and leaf production. Therefore, thedigpsis that increasing. bruchidensities
would result in increasingly adversely impacted evdtyacinth growth was accepted. In
accordance, the hypothesis that weevil feeding gardage increases significantly with a
higher density of weevils also was confirmed. Tasuits of this study found that a higher
density of weevils results in greater and moredamipacts on water hyacinth plant growth
parameters. Although the high density treatmenthbitea the only significant relationships
between weevil herbivory and water hyacinth gropdlhameters, high densitiesNf bruchi
were not used for the forthcoming trials, as thenphctivator, BION, was used to induce
SA-mediated defences in water hyacinth. It was ipted that the application of BIGN
would increase the susceptibility of water hyacitghherbivory by the mirid and weeuvil,

therefore, densities higher than one pair of weeaiid 15 mirids on BIONtreated plants

58



Chapter 2 Methodology: Density Trial

would have resulted in premature plant death. Tfidlewing experimental set-up was

therefore used in the forthcoming trials:

1) Exposure time The low and medium weevil density treatments e little impact on
water hyacinth growth parameters and this was hargtributed to inadequate exposure
time. Given more time, a lower density of weevilasnexpected to provide measurable
changes (Center and Van, 1989), especially takitm account the intended application of
BION® and allowing the weevils to complete larval depehent. An extended exposure
time was also predicted to allow for significantoyes in leaf turnover and leaf production
to be observed. Additionally, plants were acclirdapgior to insect inoculation for an

additional week under the exact nutrient conceiotmaised in the present study.

2) Temperature The experimental set-up employed within the preseudy did not create
unfavourable conditions; however, low temperatunesy have influenced weevil
development and feeding. Subsequent trials wertiedtan late spring to early summer, and
in the event of limited daylight, plant growth lighwere used to supplement the lack of

PAR.

3) Insect densitiesThe range of weevil densities chosen for thegmegsial was estimated
and provided sufficient insight into formulatingetimethodology for future trials. Wheras
results showed that the high density treatment ptechmeasurable changes in plant growth
and insect parameters, densities equal to or higher 12 individuals would result in
possibly plant death. This was predicted due toitiended application of BION the
extended exposure times (8-9 weeks) and increanbaeat temperatures and day lengths. It

was predicted that a low density Nf bruchiwould be required. Thereforbl. bruchiwas
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used in low densities of two individuals per platsé. mentioned in section 2.4.3, 15 mirids

per plant, with a 7:8 sex ratio (male: female),evesed in subsequent trials.

4) Plant growth parametersThe same methodology and experimental set-upamglfor

N. bruchiwas conducted for the mirid, so as to minimise tramgng variables and to allow
for comparisons between feeding guilds. Althoughasoees of the length of the second
petiole, leaf turnover and leaf production did patvide insight in the current experiment,
these parameters were included in the next expatimeaf quality traits and relative
chlorophyll content also were measured in subsddueats, so as to obtain a more detailed

insight into the effect of herbivory on water hyabi physiological parameters.

5) Insect parametersThe same method of determining percentage feedieg forN.
bruchi was used foE. catarinensisas it is a method commonly used for determining the
extent of mirid feeding (Coetzeet al, 2005, Coetzeet al, 2007b) and allowed for

comparisons with the surface area damage by theilwee

60



CHAPTER 3

DOES SALICYLIC ACID PLAY A ROLE IN WATER HYACINTH IN  SECT-
INDUCED RESPONSES?

3.1 INTRODUCTION

The most common insect-plant interaction involvesects feeding on plants, and plants
employing defences against insect herbivores (Gatad) 2002). Because of the high
diversity of plants and insects, and the long distaéd relationships between these two
groups, plants have developed an array of diveedende and resistance mechanisms to
alleviate and/or tolerate injury. Plants may elaé#fensive strategies that are chemical (e.qg.
secondary metabolites functioning as toxins, detésrand anti-digestives) and/or physical
in nature (e.g. cuticlular thickening, trichomesdatihorns) (Karban and Myers, 1989,
Lundberg and Astrém, 1990, Bernays and Chapmary,18@ and Baldwin, 2010). These
responses can be maintained with or without herbiyaressure (constitutive defences)
and/or induced only after injury has occurred (Wwl &8aldwin, 2010). Whereas, induced
defences are disadvantageous with respect to mhe-ldg between injury and the final
expression of the defence strategies, they majnaidnserving energy costs by limiting the
production of defences to isolated events wherbiwany is in progress, if the defences
employed incur costs (Tollrian and Harvell, 1998pst-benefit analyses of induced plant
responses, and whether defences incur any coststithrunder substantial experimentation
and revision (Tollrian and Harvell, 1999, Baldwi@001, Heil and Baldwin, 2002,

Accamando and Cronin, 2012).
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Induced defences are described by Wu and Baldv@hQRas a three component process: 1)
At the plasma membrane, plants will identify theetts, either through wounding,
movement on the plant and/or compounds within tisedt’s oral secretions, such as fatty
acid-amino acid conjugates (Albost al, 1997, Halitschkeet al, 2001, Yoshingaet al,
2007), and will initiate a series of signaling cades; 2) once the threat has been identified
and the signals have been activated, the signdlishen activate the up-regulation of plant
hormones, such jasmonic acid (JA) and salicylid g8A); 3) these plant hormones are
involved in the complex regulatory networks, thaduce and mediate gene expressions that
are responsible for the biosynthesis of plant nadis, which ultimately form part of a
plant’'s defensive responses. For example, protedsators, which contribute to reducing
digestibility in herbivores, are generated afterumding, activating the JA signalling
pathway, which results in the up-regulation of paste inhibitor gene expression (Koieta
al., 1997). Insect herbivore-derived elicitors (mdynmolecules isolated from insect oral
secretions, like volicitin (Albornet al, 1997)) and chemical analogues of signalling
hormones, such as JA and SA, have been used ilestithed at investigating insect-plant
interactions, in order to replicate the biochemipabcesses involved in inducing plant

responses.

Although a variety of studies have identified numer insect-induced plant responses, and
the underlying signalling pathways and gene expassthat result in such defences, the
biochemical pathways employed are not always theedar every insect-plant relationship
and vary in complexity (Baldwin and Preston, 19@4) and Baldwin, 2010). Herbivory by
the silver leaf whitefly (SLWF),Bemisia tabactype B;Bemisia argentifol)i (Homoptera:
Aleyrodidae)), induces the SA signalling pathwayArabidopsis thaliana(L.) Heynh.
(Brassicaceae) (although this pathway does notcmdefence against SLWF) (Zarateal.,

2007), whereas rhizobacteria (Pieteeteal, 2002) and the generalist herbivore, beet
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armyworm, Spodoptera exigugHubner) (Lepidoptera: Noctuidae), induce JA sigmg
pathways inArabidopsis(van Oostenet al.,, 2008). Essentially, the signalling pathways
deployed may vary according to the host plant §seand the insect feeding mode (e.g.
phloem-feeding versus leaf chewing), which impaleesextent of injury inflicted (Walling,
2000). Therefore, insect-induced plant responsésirwparticular insect-plant relationships
cannot simply be predicted, especially when thentpia host to a variety of insect
herbivores. This may be particularly significant tbhe biological control of weeds where
one or more host-specific, herbivorous insect g®@$ used to control invasive plants
(Julien and Giriffiths, 1998, McFadyen 1998, Klei11l). The success of such control
programmes relies on the re-establishment of therantions between the insects and the
exotic plant, with the insect exerting a signifitésp-down pressure on the weed. However,
despite the knowledge that classical biologicalt@remploys time-honoured insect-plant
relationships, which undoubtedly include plant cesges, little has been done to examine the
significance and the presence of possible insetttcged plant responses and the biochemical

processes involved.

The free-floating aquatic macrophyte, water hydcifichhornia crassipegMart.) Solms-
Laub (Pontederiaceae)), is invasive in several tmmaround the world (Gopal, 1987).
Subsequently, biological control initiatives, usimgne or more of the eight released
arthropod natural enemies, have been implementeldiwide (Tippinget al, 2008, Coetzee

et al., 2011, Coetzee pers. com.). As outlined in Chaptehd water hyacinth biological
control programme provides a suitable platform iforestigating insect-induced aquatic
plant responses and the pathways responsible éar ékpression. The reasons for this are
largely due to the limited investigations into watgacinth responses and the suite of insect

herbivores released on water hyacinth compriseivgugenera from various feeding guilds.

63



Chapter 3 Water hyacinth insect-induced responses

3.1.1 Experimental aims and objectives

The aim of this chapter was to investigate insedticed responses of water hyacinth, and
the roles that SA and JA play in contributing te txpressed defences, through the external
application of BION. BION® induces SA-mediated defence pathways, and subsigue
inhibits JA-mediated defence pathways within a plamhe insect herbivores are
hypothesised to feed optimally and unhindered oniriiced water hyacinth plants,
resulting in increased plant damage and reducediglbgical performance, indicating the

potential role of JA in water hyacinth insect inddaesponses

3.2 METHODS AND MATERIALS
3.2.1 Experimental insect and plant cultures

Water hyacinth plants were collected from the uMdgimer (upper), KwaZulu-Natal, South
Africa, and were maintained in fibreglass poolshat South African Sugar Cane Research
Institute (SASRI), Durban, South Africa (29°42'2833°02'52"E). Plants were maintained
insect free by spraying with insecticide (Mercapion 500 EC, Dow AgroSciences) and
covering the pools in mesh netting. The mesh regewillowed for ample light penetration,
but zero insect contamination. Experimental plavdse used two weeks after an insecticidal
application and after being thoroughly rinsed witater. Two weeks provide sufficient time
for insecticidal toxic residues to become ineffeet(Hill pers. comm.). The present study
was conducted at SASRI, because this is where treesearch using BIONas an activator
of pathogen resistance in sugarcane occurred. éfantire, the Department of Water Affairs

and Forestry’'s Working for Water insect mass reprfacility is located on the SASRI

64



Chapter 3 Water hyacinth insect-induced responses

property, where the necessary insects for thi§ tabruchiandE. catarinensisare mass

reared.

The weevilNeochetina bruchandthe mirid Eccritotarsus catarinensiwere collected from
cultures at the mass-rearing facility at SASRI.tdtal, 24 weevils and 180 mirids were
collected and used for the BiGMioassay. A pair of weevils (1:1 sex ratio, femalale)
was placed onto single plants for tNe bruchitreatments, whereas 15 mirids were placed
onto single plants for the. catarinensigreatments (8:7 sex ratio). The insect densitiesl us
in this trial are based on the preliminary densigl and experimental methods adapted from

literature, as discussed in Chapter 2.

The trial took place in a glass greenhouse at SABRbtal, 36 plants of a similar size were
selected from the plant cultures and used for tf@N8 bioassay trial. Plants were placed
individually in thirty-six 30 round tubs, filled with 23of water and covered with a mesh
sleeve. The mesh sleeve prevented contaminationoofrol plants and the escape of
experimental insects from the treatment plantsntBlavere left to acclimate for two weeks
before initiating the trial. The water was changaery two weeks and maintained at a
medium nutrient level (0.025mdP.and 2.5mgN:) throughout the trial, as discussed in the
experimental protocol for Chapter 2. Each plant assigned to one of six treatments;
bruchi only, E. catarinensionly, exogenous application of BIGMnly, N. bruchiwith the
exogenous application of BIGNE. catarinensiswith the exogenous application of BIGN
and an insect-free control treatment with the erogs application of distilled water. Each
treatment was replicated six times. The six treatsxand the potential defence pathways

available are shown in Table 3.1.
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Table 3.1 The six experimental treatments and the correspgndumber of insects inoculated on
each plant in each treatment.

Treatment Denotation Resultant pathways
Control Distilled water dHO Insect free, SA and JA not induced
BION® BION Insect free, SA induced, JA not induced
N. bruchi Non- BION® Nb 2 weevils, SA and JA induced
BION® BNb 2 weevils, SA induced, JA not induced
E. catarinensis  Non- BION® Ec 15 mirids, SA and JA induced
BION® BEc 15 mirids, SA induced, JA not induced

3.2.2 Exogenous application of BIOR bioassay

A particular advantage of using plant activatorsshsas BION, is that they induce the
desired plant defences, regardless of the presehdeerbivores, which may naturally
induced other plant defences (Dietrehal, 2004); therefore herbivory by the experimental
insects in the present study did not induce otheknaown plant defence pathways,
subsequently eliminating confounding factors. Desagas formulated according to
manufacturer's recommendations as a low to mediawercspray (12.5g/10Qvater). The
BION® solution used in this trial was prepared by addin@625g of BION granules to

500ml of distilled water in a spray bottle.
3.2.2.1 BION toxicity trial

Toxicity trials with BION®, showed non-toxic effects to birds, bees, ratshe@rms and
insect/mite predators and parasites, at least @gntexternal application rate of 30g a.i./ha
(Australian Pesticides and Veterinary Medicines hiaaty (APVMA)). Initial ecological

toxicity trials of standard acute exposure to Aoib@ar-S-methyl indicated toxicity to
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aquatic organisms, such as fish, invertebratesalyask/aquatic plants, but the environmental
risk assessment concluded that chronic toxicityAofbenzolar-S-methyl to non-target
animals is unlikely (United States EnvironmentabtBction Agency (EPA), office of
Prevention, Pesticides and Toxic Substance). Dases within this trial were lower than the
doses used within the BIONand Acibenzolar-S-methyl toxicity trials. However,
preliminary trials were conducted to test for negaeffects on the experimental insects, as

some insect species may be more sensitive to mexdanpounds.

Before the initiation of the BIORIbioassay, a preliminary toxicity trial was condutn
the biological control agentd\. bruchi and E. catarinensis using the manufacturer’s
recommended dosage (12.5g/lLO@ater) In total, 20 weevils and 23 mirids were
individually placed in petri-dishes (9cm diameténed with filter paper and a section of
water hyacinth lamina. Twelve of the replicateg,weevils and six mirids, were assigned to
the control treatment, which were sprayed with ilést water instead of BIOR The
remainder of the insects were sprayed exogenoudlly ¥ml each of BION solution
(0.000125¢g a.i./ml) for every hour for four hoarsd once again the following day for two
consecutive days. Insects were observed hourlyrfortality on the first day of BIOR

application. Thereatfter, four times a day for teainder of the toxicity trial.

For the main BION bioassay experiments on water hyacinth plants,NSI@olution was
applied one week before insect inoculation (at Wegkand then once every week after
inoculation, for a period of 8 weeks. In total, dlilitres of BION® solution (0.000125g
a.i./ml) was exogenously sprayed using a hand lsgicy bottle (calibrated at 1 ml
(0.000125g a.i./ml) per spray), from 1m above tlaatp over the entire canopy of each plant
in each of the BIOR required treatments. The 10 millilitres of BI&Mas sufficient to

cover the whole water hyacinth canopy.
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3.2.3 Plant and insect parameters

After the acclimation period of seven days to Bf)Nlant parameters for all the plants used
within the trial were measured prior to the releas¢éhe insects and further application of
BION® and distilled water, and were denoted as dataMeek 0. Thereafter, the insects
were released onto the requisite plants, and tipticaion of BION® and distilled water
continued. Thereafter, plant and insect parametere measured every seven days, for a

total period of eight weeks.

Plant parameters

The following plant parameters were measured alidted; dry and dead plant biomass, the
number of functional leaves produced, leaf turnptee length of the second petiole, the
number of flowers produced, relative chlorophylhtant of leaves 1 to 4, percentage leaf
moisture, and the percentage carbon and nitrogeteicbof leaves 1 to 4. Table 3.2 provides
a summary of the plant and insect parameters me@siurring this study and the underlying
principle behind their use. Additionally, Table 3ritludes the timing of each parameter
measurement, because certain plant parametersweargured weekly, and others measured
at the end of the triaEccritotarsus catarinensiwere temporarily removed from the relevant
treatments using an aspirator, prior to data cotlacin order to minimise insect losses,

because the mirid is highly mobile.

Total dry plant biomass was measured at the eitedtfial. Each plant was cut up and plant
parts separated (roots, petioles, leaves and ranaeid dried in an oven at 60°C. The leaf
turnover and the number of leaves produced for @damht was measured by labelling the
youngest leaf at Week 0 and noting its shift inifias each week as the plant aged. Relative

leaf chlorophyll content was measured every weahkgua Minolta SPAD-502 chlorophyll
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meter. Mean leaf chlorophyll content was obtainedefach leaf, 1 to 4, by taking readings
from six different positions on each leaf. A measaf chlorophyll content is an index for
predicting changes in photosynthetic productivifagu et al, 2009). Leaf moisture was
determined at the end of the trial by excising é=a¥, 2, 3 and 4 from each replicate in each
treatment, and immediately weighing each leaf uaim@gnalytical balance to obtain the wet
weight (Adventurer™, Ohaus Ltd.). Once the wet \We&gwere obtained, leaves were
individually placed in labelled brown paper bagsl alnied in an oven at 60°C for no less
than 48 hours, and weighed again to obtain theagight. Using the same formula used in

Chapter 2, the percentage leaf moisture was datedni

% leaf moisture = (wet weight — dry weight) x 100

wet weight

Percentage carbon and nitrogen content was obtdgeexcising a leaf disc, 20mm in

diameter, from the centre of each leaf. This pracedvas done after obtaining the wet
weights for the leaf moisture evaluation. Each k#at was individually placed in labelled

Eppendorf vials and dried in an oven at 60°C, &eh weighed using the analytical balance
to obtain the dry weight (the dry weight of eacafldisc was added to the dry weight of the
leaf from where it was excised). Samples were theund using a pestle and mortar.
Ground samples were analysed for percentage cabdmitrogen using a C-N analyser

(Europa Scientific, ANCA-SL) at IsoEnvironmentah&tes University, South Africa.

Insect parameters

Adult weevil feeding was recorded using the sam#hotkused and calibrated in Chapter 2;
estimating the percentage leaf area damage. Addlitig the number of adult weevil feeding

scars was counted on leaves 1 tdedcritotarsus catarinensipercentage feeding damage
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was recorded in a similar manner to that of thewle&he number of mirids on each plant

was counted each week, and the numbers of weesilplpnt (adults, larvae, and pupae)
were collected at the end of the trial. Measuringuation sizes provides an indication of

fecundity and resource acquisition; if insect nurekacreased, it would suggest resources
and nutrients are more readily available to thectss possibly unhindered due to lowered
defences. In addition to percentage feeding, atgalay test was conducted fod. bruchi

on BION® and non-BION treated plants using the following equation:

P.l. = Log of total amount of treated leaves eaten

Log of total amount of control leaves eaten

The estimations of percentage leaf area damage lagrieansformed and inserted into this
formula, where a palatability index (P.l.) was prodd. A P.l. less than 1.00 (<1.00)
indicates an insect’'s preference for the contrahpl>1.00 indicates a preference for the

treated plants (in this case BI&Nteated plants), and a P.I. of 1.00 indicatesnefepence.

3.2.4 Statistical analyses

Generalised linear/non-linear models (GLZ) in STATICA 10.0 (© StatSoft, Inc. 2011)

were used to analyse the plant and insect paramater On examination of the residuals, all
plant and insect parameter data exhibited a noamdlhomoscedastic distribution around
the regression line. To test for a correlation leetw relative chlorophyll content and

percentage nitrogen content of water hyacinth Isaaeimple regression was performed.
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Table 3.2 The plant and insect parameters measured duringridsent study, the timing of their
measurements and the underlying rationale for trssr

Plant parameters

Parameter measured

Rationale

Weekly measurements

End of trial measurements

Number of functional leaves
Leaf turnover

Length of the second petiole
Number of flowers

Relative chlorophyll content

Total dry plant biomass
Total dead plant biomass
% Leaf moisture

% Carbon content

% Nitrogen content

Plant growth
Plant growth rate

Plant growth
Plant reproduction

Photosynthetic praity

Plant growth

Plant longevity or damage
Leaf nutrition
Leaf nutrition

Leaf nutrition

Insect parameters

Weekly measurements

End of trial measurements

Ec % feeding area

Nb % feeding area

Number of adult weevil feeding scars

Number of mirids and nymphal stages

Nb palatability test

Number of weevil pupae and larvae

Pupal weight

Leaf damage and insect perforenanc

Leaf damage and insect perforenanc
Leaf damagkiasect performance
Insect perémoa

Insect performance and ptardlity

Insect performanc

Insect performance
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3.3 RESULTS
3.3.1 Toxicity trial

No mortality was recorded from the BIGNoxicity trial for both the weevils and mirids,
after the exogenous application of the Bf&dwlution. This finding indicated that BIGN
was suitable for use, because it had no toxic etieadhe biological control agents after 48

hours of periodic application.

3.3.2 Plant parameters

The induction of the SA-mediated defence pathway tlaar effects; throughout the trial,
plants exhibited varying responses to the diffetezdtments, particularly by week 8, where

the differences in plant appearance were visihlgue 3.1).
3.3.2.1 Total dry plant biomass and dry dead biomas

A difference in total dry plant biomass was obsdrletween the six treatments (Wald's X-
2(5)=21.95,P <0.05) (Figure 3.2), with d#D and Ec having significantly higher dry biomass
than treatments BION and BNb at the end of the ex@mt. The difference observed
between dHO and BION may be a result of the lowered JA levelthe BION treatment.
BION and BNDb treatments did not differ and had lthwest recorded dry biomass. Biomass
of plants inoculated with insects and treated \BON® (BEc and BNb) were not different
from their respective counter-plants treated witsects only (Ec and Nb). Significant
differences were also observed in the total degdbadhmass of plants between treatments,
which gives an indication of plant longevity, lemfrnover or the severity of herbivore

damage (Wald's %s=48.54,P <0.05) (Figure 3.3).
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Figure 3.1 Water hyacinth at the end of the BI®bioassay, exhibiting the overall condition of the
plants; A) Control plants (di®), B) BION®-only treated plants (BION), CEccritotarsus
catarinensisonly treated plants (Ec), D) BIONand E. catarinensistreated plants (BEc), E)
Neochetina bruchkonly treated plants (Nb), F) and BIGNind Neochetina bruchtreated plants
(BNb).
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Figure 3.2 Dry biomass of water hyacinth plants in all sixatreents (Treatments: BEc = BIGN

E. catarinensisBION = BION® only, BNb = BION’ + Neochetina bruchidH,O = distilled water,

Ec =Eccritotarsus catarinensienly, and Nb =N. bruchionly), at the end of the sampling period.
Error bars represent the standard error aroundntfen. Means followed by the same letter are not
significantly differentP <0.05 (n=6 plants/treatment).

Mean dry plant biomass per plant (g)

BEc had the highest dead dry biomass comparedetoother five treatments, and was
significantly higher than Ec. This suggests that libwer levels of JA in BEc plants have
compromised the ability for water hyacinth to defatself against the mirid and maintain
growth. On the other hand, BNb did not differ frabh. Dead plant material produced of
BION®-treated plants was significantly less than theddalant material for BIORHreated

plants exposed to the mirid, most likely due to wilelarvae removing large amounts of

internal plant tissue in the petioles.
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Figure 3.3 Dead dry biomass of water hyacinth plants in all tseatments (Treatments: BEc =
BION® + E. catarinensisBION = BION® only, BNb = BION’ + Neochetina bruchidH,0 =
distilled water, Ec =Eccritotarsus catarinensisnly, and Nb =N. bruchionly), at the end of the
sampling period. Error bars represent the standemat around the mean. Means followed by the
same letter are not significantly differeRt<0.05 (n=6 plants/treatment).

3.3.2.2 Number of functional leaves and leaf turnaar

At the outset of the experiment, each plant hacdcarmumber of six leaves, which changed
significantly from their starting points by the enfithe experiment (Wald’s 2/1<1):27.67,P
<0.05) (Figure 3.4). Differences in the number edves were observed within treatments
between sampling weeks (Wald'sz(2$=52.96,P <0.05) and between treatments within
sampling weeks (Wald’s 251%,):85.89, P <0.05). Significant differences between the six
treatments were observed at Week 4 (Wald""gi)#(l3.25,P <0.05). The largest differences
in leaf number were observed between treatmentsea¢nd of the experiment (Wald's X-
26=51.77, P <0.05). The number of leaves produced in treatsdit, Nb, and djd
increased significantly from 6 to a mean of 9 Ieaper plant at the end of the trial. BI®N
treated plants had significantly fewer functionahves towards the end of the trial, in
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comparison to dbD, Ec, and Nb. The number of leaves produced katrirents BNb and

BION at the end of the trial did not differ from Ve O, indicating no increase in leaf
production. Treatment BEc exhibited a decline i tumber of leaves from Week 5, from a
mean of 8 leaves to a mean of 4 leaves per plathidgnd of the trial. BEc had the lowest

number of leaves at Week 8.
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Figure 3.4 Number of functional leaves of each water hyacpitimt at each week throughout the
sampling period for plants in all treatments (BEBION® andE. catarinensisBION = BION® only,
BNb = BION® andNeochetina bruchidH,0 = distilled water, Ec €ccritotarsus catarinensisnly,
and Nb =N. bruchi only). Means followed by the same letter at Weelr8 not significantly
different, P <0.05. Means followed by the same number of adterat Week 0 and Week 8 are not
significantly different (n=6 plants/treatment).

The leaf turnover for all treatments throughout titie demonstrated similar trends (Figure
3.5). However at Week 8, there was a significardide in turnover of leaves for BEc in
comparison to the remaining treatments, which haderpl increases in leaf turnover
(Wald's X2(5):12.01,P <0.05). Differences between sampling weeks weseted (Wald’s

X%1)=5.5120,P <0.05); however, there was no difference in the @ change between

treatments (Wald’s ¥=4.39,P =0.51).
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Figure 3.5Number of water hyacinth leaves that turned oveaah week, over the nine week
sampling period, for plants in all treatments. Ebvars represent the standard error of the mean.
Means followed by the same letter at Week 8 aresigaiificantly differentP <0.05 (n=6
plants/treatment).

3.3.2.3 Length of petiole 2

Over the trial period, differences in the lengthpetiole 2 were observed among treatments
within sampling weeks (Wald’s %):104.12,P <0.05), but no differences were observed
within treatments between sampling weeks (Waldzg)#(l.GZ,P =0.20). The mean length
of petiole 2 for all plants within all treatmentstially measured 17.22+0.58cm (mean = se)
and a general decline in length for all treatmewas observed up to Week 3 (Figure 3.6).
Significant changes between the six treatments weéserved from Week 3 (Wald’'s X-
%6=15.77,P <0.05). Week 8 showed the largest differences éatwtreatments, where the
lengths of petiole 2 in treatments BEc, BION, andiere significantly longer than Nb,

BNb, and dHO (Wald’s X¥=47.68,P <0.05).
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Figure 3.6 Changes in length of leaf 2 petiole over 9 weekkenwwater hyacinth plants were
exposed to the various treatments. Treatments: BBON® andE. catarinensisBION = BION®
only, BNb = BION’ andNeochetina bruchidH,0 = distilled water, Ec £ccritotarsus catarinensis
only, and Nb =N. bruchionly. Error bars represent the standard error @tiean. Means followed
by the same letter at Week 8 are not significaditifierent, P <0.05 (n=6 plants/treatment).

3.3.2.4 Number of flowers

All plants within all treatments began to flower \Week 4 (Figure 3.7) and differences
between sampling weeks (Wald'$®=30.31,P <0.05) and treatments (Wald'$x=18.71,
P <0.05) were observed. There were no significafieidinces between treatments at Week 8

(Wald’s X?5=10.76,P =0.086).
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Figure 3.7 The number of flowers produced each week, ovemihe week sampling period, for
plants in all treatments. Treatments: BEc = BfQiMdE. catarinensisBION = BION® only, BNb =
BION® andNeochetina bruchidH,O = distilled water, Ec €ccritotarsus catarinensisnly, and Nb
= N. bruchionly. Error bars represent the standard error @t mean (n=6 plants/treatment).

3.3.2.5 Chlorophyll content

The initial relative chlorophyll content for alldees within all treatments was high and
declined as the experiment progressed (Figure BBjerences were observed between
sampling weeks (Wald’s %,=5339, P <0.05), between treatments (Wald'$¢32, P
<0.05) and between the four leaf positions (Wam%g)=1230, P <0.05) over the trial
period. The relationship between treatment and pesition was significant (Wald's X-

215784, P <0.05).
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Figure 3.8 Changes in the relative chlorophyll content of ks, 2, 3 and 4 of water hyacinth
plants in all treatments, over 9 weeks. TreatmeBEc = BION® and E. catarinensisBION =
BION® only, BNb = BION’ and Neochetina bruchidH,0O = distilled water, Ec =Eccritotarsus
catarinensisonly, and Nb =N. bruchionly. Error bars represent the standard error atdlie mean
(n=6 plants/treatment).
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Leaves 1, 2, 3 and 4 exhibited differences betwssenpling weeks and treatments (Table
3.3). Significant changes in relative chlorophydintent between treatments for all leaves
occurred from Week 4 and 5. In leaves 2, 3 andeétrhent BEc exhibited significantly
lower levels of chlorophyll at Week 6 in compariséo the remaining treatments,
particularly in leaves 3 and 4. In these same lgaar increase in chlorophyll content for
BEc was observed a week later, followed by anottemline, while the other treatments

increased or levelled off in chlorophyll content.

Table 3.3 The Wald's X-statistic andP-values for the generalized linear/non-linear model
performed on the relative chlorophyll content datahibiting significant differences between
sampling weeks and treatments for leaves 1 tB-values in bold indicate significant differences
between means.

Sampling weeks Treatments
Leaf X2 P-values Xs) P-values
1 647.6 <0.001 38.7 <0.001
2 1201.5 <0.001 37.6 <0.001
3 1677.6 <0.001 17.6 <0.001
4 1903.9 <0.001 20 <0.001

At the end of the trial (Week 8), the total chlongh content significantly differed between
treatments for all leaf positions (Wald’52(3§:66.7, P <0.05). Weeuvil treated plants (BNb
and Nb) did not differ from each other, but wergngicantly lower in chlorophyll content
than the other treatments. Treatments BEc and figreti from each other, with treatment
Ec having higher chlorophyll content. Interestingtyeatments Ec and dB were not

statistically different, suggesting water hyacisth’photosynthetic productivity is
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uncompromised when exposed to herbivory By catarinensis.Treatment BION was

significantly lower in chlorophyll content than tkentrol treatment.

Significant differences were observed betweenmeats for all leaves at the end of the trial
(Table 3.4). In leaf 1, treatments BEc and Ec waedifferent from each other, but were
significantly higher in chlorophyll content compdr® the remaining treatments, and were
significantly different from dHO. Treatments BNb and Nb were not different fronchea
other, but were significantly different from eB. No differences in chlorophyll content
between treatments d8 and BION were observed in leaf 1. In leaf 2, ttreent Nb had a
significantly lower chlorophyll content compared BNb and the remaining treatments,
whereas Ec had a significantly higher content caegbato BEc and the remaining
treatments. Treatment d8 was significantly higher in leaf 2 chlorophyll ntent than
treatment BION. In leaf 3, di® was significantly higher in chlorophyll contertnepared to
the other five treatments, which were all not défe from each other. Treatments BNb and
Nb were lower in chlorophyll content, although s@nificantly different. In leaf 4, BEc had
significantly lower chlorophyll content comparedE& and the remaining treatments. This
may indicate that with unimpeded feeding due toe@d JA levels and the mirid being a
phloem feeder, the mirid apparently reduced thelle¥ chlorophyll content in its leaf of
preference, leaf 4. Treatments lIHand BION were not different in chlorophyll conten
from each other. Treatment BNb was significantlifedent from treatment Nb, with BNb

being lower in chlorophyll content.
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Table 3.4Mean (£ S.E.) relative chlorophyll content of leavieto 4 from all treatments at the end of
the trial period (week 8). Means followed b} {ndicate no significant differences between the
control treatment (dyD) and the remaining treatment8 ¥0.05), {) = significant increases in
chlorophyll content, ] = significant decreases in chlorophyll contentefation to dHO (n=36).P-

values in bold indicate significant differencesvietn means.

Treatment Leaf 1 Leaf 2 Leaf 3 Leaf 4

BEc 33.26 +1.63 36.28 +1.52 33.14+1.94 22.7+0.78
BION 24.02 £+ 2.00 31.60+1.61 33.90+1.55 35.61+1.97
BNb 22.06+1.63 31.77+£1.92 30.8+£1.90 30.22 +2.17
dH.,O 26.72 £ 0.60 37.20+0.78 39.28 £ 0.95 38.73 80.6
Ec 34.03+0.79 39.93+0.68 33.97+£1.06 32.62 +0.80
Nb 22.26 + 1.54 27.01+1.91 29.70+£1.09 3455+ 0.81
Source of variation

X%s) 65.13 45.7 28.31 45.76
P-value <0.001 <0.001 <0.001 <0.001

3.3.2.6 Percentage leaf nitrogen and carbon conterand C:N ratio

Leaf nitrogen and carbon content varied betweeatrtrents and leaf positions (Table 3.5).

Significant differences were observed in leaf mjgo content between treatments and

between the four leaf positions. Although leaf carlzontent did not vary between leaf

positions, significant differences were observedagntreatments. The interaction between

leaf position and treatment was significant foif led@rogen content, but was not significant

for leaf carbon content; leaf nitrogen content Higantly changed with leaf age (or

position), but carbon content did not. The ratio l@&f carbon to nitrogen (C:N) was

significantly different between leaf positions dnetween treatments. In addition, leaf C:N

ratios changed significantly with leaf position.
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Table 3.5The Wald X-statistic andP-values for the generalized linear/non-linear mquEformed
on the percentage nitrogen and carbon content aNdoCwater hyacinth leave®-values in bold
indicate significant differences between med&hs(.05.

Leaf Treatment Leaf * Treatment
Parameter X P-value Xs) P-value XC1s) P-value
% Nitrogen 45.62 <0.001 71.48 <0.001 45.82 <0.001
% Carbon 2 0.67 73 <0.001 17 0.31
C:N 52.33 <0.001 46.72 <0.001 44.33 <0.001

The application of BIOR resulted generally in elevated levels of leafagjgn content in all
BION® treated plants in comparison to treatment@HFigure 3.9a), although not all
statistically significant. The BION treatment pregd leaves with significantly high
concentrations of nitrogen. Non-BIGNreated plants exposed to herbivory (Ec and NH) ha
lower levels of nitrogen in the leaves, but wereditierent from the control. Treatment BEc
resulted in leaves with significantly higher nitevgcontent than leaves in treatment Ec. All
treatments resulted in significantly lower leaflm@ar content than treatment glB{ except
for treatment BEc, which exhibited a slight inceaalthough not statistically different
(Figure 3.9b). Interestingly, BIONtreated plants exposed to herbivory (BEc and BNb)
resulted in significantly high leaf carbon contemimpared to the respective non-BI®N
treated plants exposed to herbivory (Ec and Nbyydwer, the BION treatment showed
significantly low leaf carbon content comparedtte tontrol (dHO). Negligible differences
were observed in the C:N ratios for all treatmemscept for treatment BION, which
exhibited a significant decline in C:N ratios (Figu3.9c). These results suggest that the
application of BION, and the subsequent induction of salicylatesredt¢he accumulation

of macronutrients in water hyacinth leaves, pogsiélating to leaf quality plant defences.
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Figure 3.9a) Mean percentage leaf nitrogen, b) mean perceréad carbon and c) mean carbon to
nitrogen ratios for all treatments at the end @f éxperiment. Treatments: BEc = BIOMNdE.
catarinensisBION = BION® only, BNb = BION’ andNeochetina bruchidH,0 = distilled water, Ec

= Eccritotarsus catarinensienly, and Nb =N. bruchionly. Error bars represent the standard error
around the mean. Means followed by the same leteenot significantly differen® <0.05 (n=24).
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Leaf nitrogen content differed significantly betweeeatments for each leaf position (Table
3.6), with leaf 1 displaying the greatest variat{@igure 3.10). Plants treated with BI®N
(BEc, BION and BNb) were not different from eachent for leaf 1, but were significantly
higher in nitrogen content compared to their retpecnon-BION® treated plants.
Treatments dbD, Ec and Nb also were not different from each othéery few differences
were observed between treatments for leaf 2, howéwe BION treatment was significantly
higher in nitrogen content than treatments@HEc and Nb. Interestingly, treatment BNb
was significantly lower than treatment BION, sudoes the weevils removed the SA-
induced nitrogenous compounds in leaf 2. Leaf Bogén content did not differ greatly
between treatments, however, the BION treatment sigsificantly higher in nitrogen
content compared to treatments BEc, BNb, Ec andkdatment dBO did not differ from

all the other treatments. In leaf 4, treatments Bl&hd dHO were not different from each
other; however these treatments exhibited the Biglegels of nitrogen content compared to
the remaining treatments, although not all sigaific No differences were observed between
the insect only and insect in combination with Bf©Neatments on leaf 4. These results
suggest that the BION treatment consistently havadéd levels of nitrogen within the
leaves. Additionally, the youngest leaves (leaveasd 2) had higher allocations of nitrogen,
suggesting that when the SA pathway is inducedatewhyacinth, nitrogen is increasingly

allocated to the younger leaves, perhaps as adbdafence.

In contrast to leaf nitrogen content, leaf carbontent exhibited greater variation between
treatments for each leaf (Figure 3.11) and sigaficdifferences were observed between
treatments for all leaves (Table 3.6). Leaf carlmmmtent was consistently higher in
treatment BEc than the other treatments for alf [@asitions, except for leaf 4, where
treatment dHO maintained the highest level of carbon contehie BEc Treatment was

higher in carbon content than treatment Ec foredf positions, although not statistically
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different for leaves 1 and 4. Conversely, treatmd@Nb and Nb did not vary in leaf carbon
content, except for leaf 4, where treatment Nb wigsificantly lower in carbon content.
Treatment BION was significantly lower in carbomtent compared to treatment gbifor
all leaf positions, excluding leaf 2. These ressitggest that the application of BIGN
results in lower leaf carbon content, and when tlaprayed with BIOR are exposed to
herbivory, carbon content is elevated in the younigaves (leaf 1 to 3). This was

particularly evident for mirid treated plants.

Leaf C:N ratios differed significantly between tire@nts for all leaf positions, except for
leaf 2 (Figure 3.12, Table 3.6). In leaf 1, leaNGwas significantly lower in all BIOR
treated plants, suggesting the application of BfGiduces increases in leaf nitrogen, which
is supported by the percentage nitrogen contergtirodd for leaf 1. Significant differences
between BION treated plants and the respective non-BfOtkeated plants were only
observed in leaf 1 and as leaves aged, differeme®geen treatments became less consistent
with the results obtained for leaf 1. Leaf C:N oatincreased in treatment BION with leaf
age, which is supported by the increases in cacbatent and decreases in nitrogen content.
This suggests that the application of BI®MNduced carbon-based defences in older leaves,
and nitrogen-based defences in younger leavesl&Bitoi treatment BION, treatments BEc
and BNb followed a similar pattern; as leaves agjeel,C:N ratios increased. In the control
treatment, C:N ratios decreased with leaf age BadCtN ratios of plants solely exposed to
herbivory (treatments Ec and Nb) increased witl é&ge. The trends observed in the non-
BION® treated plants indicate that water hyacinth maista relatively high C:N ratio

which may be regulated by JA.
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Table 3.6 The Wald X-statistic andP-values for the generalized linear/non-linear mquEformed
on the percentage nitrogen and carbon content aNdf@ each leaf positionP-values in bold
indicate significant differences between med&hs(.05.

% Nitrogen % Carbon C:N
Leaf XZ) P-value Xs) P-value Xs) P-value
1 56.27 <0.001 17.0 0.004 67.19 <0.001
2 14.52 0.01 25.0 0.0001 10.82 0.06
3 19.89 0.001 23.7 0.0002 12.35 0.03
4 17.61 0.003 35.1 <0.001 19.11 0.002

3.3.2.7 Percentage leaf moisture

Significant differences were observed in the pewrgs leaf moisture between treatments
(Wald’s X2(5)=78.4,P <0.05) (Figure 3.13), but no differences were olesg between leaf
positions (Wald’s )%(3):6.4, P=0.095). Furthermore, the relationship between pezdition
and treatment was not significant (Wald’é(lzi):16.4,P =0.36). Treatment d}® yielded the
greatest leaf moisture, which was significantlyhag than treatments BEc, BNb and Ec.
Percentage leaf moisture was lower in treatmentb BhNd BEc; however leaf moisture of
treatment BEc was significantly lower than the otfiee treatments, and was significantly
different from Ec. Leaf moisture of treatment BNlaswsignificantly lower than treatment

Nb. The mirid had the greatest impact on leaf nuoéstontent in BIOR treated plants.
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Figure 3.10Mean percentage leaf nitrogen content for leaves4, for all treatments at the end of
the experiment. Treatments: BEc = BIOANdE. catarinensisBION = BION® only, BNb = BION’
andNeochetina bruchidH,O = distilled water, Ec £ccritotarsus catarinensienly, and Nb =N.
bruchi only. Error bars represent the standard error ardbhe mean. Means followed by the same
letter are not significantly differen®, <0.05 (n=6 plants/treatment).
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Figure 3.11Mean percentage leaf carbon content for leaves4] fior all treatments at the end of the
experiment. Treatments: BEc = BIGMNdE. catarinensisBION = BION® only, BNb = BION
andNeochetina bruchidH,O = distilled water, Ec £ccritotarsus catarinensienly, and Nb =N.
bruchi only. Error bars represent the standard error ardbhe mean. Means followed by the same
letter are not significantly differen, <0.05 (n=6 plants/treatment).
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Figure 3.12 Mean carbon to nitrogen ratio for leaves 1 to 4, db treatments at the end of the
experiment. Treatments: BEc = BIGMNdE. catarinensisBION = BION® only, BNb = BION
andNeochetina bruchidH,O = distilled water, Ec £ccritotarsus catarinensienly, and Nb =N.
bruchi only. Error bars represent the standard error ardbhe mean. Means followed by the same
letter are not significantly differen, <0.05 (n=6 plants/treatment).
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Figure 3.13Mean percentage leaf moisture for all leaf pos#tiaithin all treatments at the end of
the experiment. Treatments: BEc = BIDANE. catarinensisBION = BION® only, BNb = BION
andN. bruchi dH,0 = distilled water, Ec £. catarinensi®only, and Nb =N. bruchionly. Error bars
represent the standard error around the mean. Mellmwed by the same letter are not significantly
different,P <0.05 (n=6 plants/treatment).

3.3.2.8 Investigating relationships between inseahd plant parameters

3.3.2.8.1 Relative chlorophyll content vs total dryplant biomass

Strong positive correlations between chlorophylhtemt and dry plant biomass were only
observed for BIOR treated plants exposed &b bruchiherbivory (Table 3.7). This finding
suggests that in the absence of JA up-regulatibotagynthetic productivity is related to
water hyacinth plant growth when exposed to hemyivioy the weevil. Reductions in

chlorophyll content due to feeding by the weevill wasult in reductions in biomass.
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Table 3.7The straight line equation®, P-values and?? obtained from the simple regression method
for analysing the relationship between the relativi®rophyll content and plant bioma&svalues in
bold indicate significant positive relationships.

Treatment Equation R P-value R?
BEc y = 26.61 + 1.40*x 0.40 0.43 0.16
BION y = 41.88 + 0.60*x 0.44 0.38 0.20
BNb y =0.66 + 1.96*x 0.91 0.01 0.82
dH,0 y = 7.40 + 2.23*x 0.48 0.33 0.23
Ec y =-36.58 + 3.61*x 0.68 0.14 0.47
Nb y = 75.80 — 0.20*x -0.03 0.95 0.001

3.3.2.8.2 Relative chlorophyll content vs length gfetiole 2

Strong positive correlations between chlorophylhtent and # petiole lengths were only
observed for non-BIOR treated plants exposed Eb catarinensisherbivory (Table 3.8),
indicating that elongation of the second leaf ressid increased water hyacinth chlorophyll

content.

Table 3.8The straight line equationB, P-values and¥ obtained from the simple regression method
for analysing the relationship between the relatlirophyll content and the length of the second
petiole.P-values in bold indicate significant positive reéatships.

Treatment Equation R P-value R?
BEc y =-1.78 + 0.69*x 0.75 0.09 0.56
BION y =14.40 + 0.22*x 0.60 0.20 0.36
BNb y=7.18 + 0.11*x 0.23 0.66 0.05
dH,0 y = 13.63 + 0.002*x 0.004 0.99 0.00
Ec y = 2.14 + 0.49*x 0.85 0.03 0.72
Nb y =-13.25 + 0.88*x 0.76 0.13 0.58
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3.3.2.8.3 Relative chlorophyll content vs perceng@ nitrogen content

There was no correlation between the relative olployll content and percentage leaf
nitrogen for all treated plants (Table 3.9). Howewe the absence of herbivory and BI®N
(treatment dHO), there was a significant positive relationshigtviieen chlorophyll and
nitrogen content, suggesting that when water hyladsexposed to stress, the relationship

between nitrogen and chlorophyll content is disédrb

Table 3.9The straight line equation®, P-values and?? obtained from the simple regression method
for analysing the relationship between the relatkiorophyll content and percentage leaf nitrogen
content.P-values in bold indicate significant positive raaships.

Treatment Equation R P-value R
BEc y =18.36 + 5.64*x 0.50 0.05 0.25
BION y = 37.37 — 1.94*x -0.13 0.53 0.018
BNb y = 37.35 - 3.35*x -0.24 0.35 0.06
dH,0 y =15.27 + 8.34*x 0.45 0.03 0.21
Ec y =28.31 + 3.10*x 0.22 0.30 0.05
Nb y =21.31 + 3.19*x 0.15 0.54 0.022

3.3.3 Insect parameters

3.3.3.1 Percentage feeding area

Significant differences in percentage feeding axmeae evident mainly between the mirid
treated plants, BEc and Ec, than the weevil tregtadts, BNb and Nb (Table 3.10 and
3.11). Significant differences were observed betwsampling weeks, treatments and leaf

position for both the mirid and weevil treated pta(rable 3.10).
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Percentage feeding area differed significantly leetwtreatments BEc and Ec for all leaf
positions (Table 3.11). Significant differencesvitn the two treatments were largely in
leaf 4 (Figure 3.15), where at the end of the ,tmaan feeding area of treatment BEc was
approximately 84% (+ 8.00 (+ S.E.)), whereas thedifieg area of the Ec treatment was
39.2% (= 7.7). This is particularly interesting, iasuggests that with the application of
BION®, water hyacinth’s ability to defend against hedojvmay have been compromised,
resulting in increased feeding by the mirid onlésf of preference. In leaf 2 (Figure 3.14),
treatment BEc exhibited greater feeding comparefictcoFurthermore, a gradual decline in
percentage feeding area for leaf 2 for both mmeditments was observed at week 7. This has

been attributed to a decline in insect numbersyrted in section 3.3.3.3.

Table 3.10The Wald X-statistic and-values for the generalized linear/non-linear mqueformed
on the number oNeochetina bruchifeeding scars and the percentage feeding area ebywib
experimental insectEccritotarsus catarinensiand N. bruchj for both insect only and insect +
BION treated plantd?-values in bold indicate significant differenc@s<0.05.

Sampling weeks Treatment Leaf Leaf * Treatment

X2(1) P-value Xz(l) P-value Xz(g) P-value X2(3) P-value
Ec % feeding area 155.81 <0.001 45.09 <0.001 12.30 <0.001 5.36 0.15
Nb % feeding area  102.75  <0.001 6.19 0.01 12.22 <0.01 35.32 <0.001
Nb feeding scars 191.59 <0.001 11.28 <0.001 9.35 0.03 723.02 <0.001
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Table 3.11 Means (x S.E.) of the percentage feeding areadavds 1 to 4 foEccritotarsus
catarinensisandNeochetina bruchireated plants and the number of feeding scare/éavil treated
plants. Means for a particular leaf position foleshby different letters are significantly differeRt

<0.05.
Parameter Leaf 1 Leaf 2 Leaf 3 Leaf 4
% Feeding area BEc 19.63+2.43 24.72+3.34 25.83+3.45 30.47+4.04
Ec 6.85+0.53 14.07+1.73 16.48+1.76 14.81+1.56
X2 13.01 11.19 8.42 36.70
P-value <0.001 <0.001 <0.001 <0.001
BNb 8.98 + 0.80 9.4+ 177 7.22 +0.60° 7.87 +0.77
Nb 9.17 +0.97 7.11 +1.27 6.67 + 0.55 5.37 £ 0.43
X2 0.08 0.04 0.61 6.07
P-value 0.77 0.84 0.44 0.01
Feeding scars BNb 2750+237 25.00+2.64 2437+277 18.09+2.4%
Nb 22.93+24P 23.06+2.6F 20.70+2.40 16.85+2.47F
X2 3.87 2.09 6.23 0.52
P-value <0.05 0.15 0.01 0.47

Differences in percentage weevil feeding area betmteeatments BNb and Nb for each leaf
position were not significant, excluding the di#laces observed in leaf 4, which were
significant (Figure 3.17, Table 3.11), namely atek&6 and 7. At the end of the trial, there

were no differences between treatments in leafiQu(E 3.16), however the trend suggests

that weevil feeding was greater and increasing lantg treated with BIORl Although no

significant differences in percentage feeding aveee observed between BNb and Nb in the
younger leaves (leaf 1 and 2) (Table 3.11), thaltatea consumed by the weevils was

greater in these leaves than the older leaves éTathD and 3.11). This finding suggests that

the weevils showed a preference for the youngeeka
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Figure 3.14 The percentage feeding are Bfcritotarsus catarinensisn leaf 2 at each week for
plants treated withE. catarinensi{Ec) andE. catarinensisvith BION® (BEc). Error bars represent
the standard error of the mean (n=6 plants/treajmen
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Figure 3.15 The percentage feeding are Bfcritotarsus catarinensisn leaf 4 at each week for
plants treated with. catarinensi{Ec) andE. catarinensiswith BION® (BEc). Error bars represent
the standard error of the mean (n=6 plants/treajmen
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Figure 3.16 The percentage feeding are W&ochetina bruchbn leaf 2 at each week for plants
treated withN. bruchi(Nb) andN. bruchiwith BION® (BNb). Error bars represent the standard error
of the mean (n=6 plants/treatment).
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Figure 3.17The percentage feeding areMgochetina bruchon leaf 4 at each week for plants
treated withN. bruchi(Nb) andN. bruchiwith BION® (BNb). Error bars represent the standard error
of the mean (n=6 plants/treatment).
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3.3.3.2 Number of adult weevil feeding scars

The number of adult weevil feeding scars was sicguittly different between sampling
weeks, leaf positions, treatments and the inteyactietween treatment and leaf position
(Table 3.10). Treatment BNb typically had a great@mber of feeding scars than treatment
Nb (Figure 3.18), and at the end of the experimién®,mean number of feeding scars was
significantly lower in the Nb treatment compared Bdlb (Wald’s )(2(1):4.90, P<0.05).
Differences in the number of scars between treatsrigNb and Nb were only significant for
leaves 1 and 3 (Table 3.11, pg 100). Similar to rimults obtained for the percentage
feeding by the weevils, the number of adult weéelding scars was significantly greater in

the younger leaves than the old leaves (Table &1ti03.11).

60 - --0- BNb
—e—Nb
50 -
40 -
30 -

20 -

10 -

Week

Figure 3.18 Mean number of adulleochetina bruchweevil feeding scars recorded each week on
water hyacinth plants exposedNo bruchionly (Nb) andN. bruchiwith BION® (BNb). Error bars
represent the standard error of the mean. MeaWesk 8 followed by the same letter are not
significantly different >0.05 (n=6 plants/treatment).
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3.3.3.3 Palatability index

Mean palatability was significantly different bevesampling weeks fdY. bruchi(Wald’s
X%1=29.09,P<0.05), but did not differ between leaf positiongM/s X°3=1.25,P=0.74).
At the onset of the trial, the palatability indices N. bruchiwere 1 (x 0), indicating very
little or no preference between BIGNreated plants and non-BIGNreated plants, but as
the trial progressed, the P.I. indices were gre#ttan 1.00, indicating that a distinct
preference for BIOR treated plants occurred (Table 3.12). This suggibstt salicylic acid-
mediated water hyacinth responses produced leditygtiaits that were palatable to the

weevil.

Table 3.12Mean palatability of water hyacinth plants fdr bruchiand sampling week. Indices in
bold indicate values greater than 1.00 and thezefopreference for BIONtreated plants. Values
less than 1.00 indicate a preference for non-Bi@iéated plants and a P.l. of 1.00 indicates no
preference between control and treated plants.

Week Mean P.I. + se

1+0
0.94 +0.04
1.05+£0.03
1.10 £ 0.04
1.14 £0.08
1.14+0.10
1.27+0.11

o N o 0o b~ W DN PP

1.45+0.13
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3.3.3.4 Insect numbers
Number of Eccritotarsus catarinensis

Significant differences in the number Bf catarinensisndividuals (adults and nymphs)
were observed between sampling weeks (Walcf(s)=>28.81,P<0.05) (Figure 3.19). The
number oft. catarinensisncreased from the beginning of the trial to abeaek 5, where a
marked decline in individuals was observed towa#ndsend of the trial. The decline in insect

numbers from week 5 is likely due the populatiomygag capacity being met.

Interestingly, treatment BEc accumulated a greaierber ofE. catarinensisrom week 3 to
week 5 than treatment Ec, and at week 4 a significédference was observed (Wald’s
X2(1)=5.408, P<0.05). This suggests that before the carrying agpawas met, E.
catarinensigproduced greater numbers of progeny in treatmé&uattBan Ec, most likely due
to unhindered access to leaf nutrients resulteah fiftee application of BIORl Towards the
end of the trial, although insect numbers decreasetioth treatments, treatment BEc
maintained lower relative insect numbers, mostlyildue to depleted leaf nutrients from
unhindered herbivory and/or limited viable ovipasit sites (leaves 1 to 4 were severely
damaged or dead). At week 8, treatment Ec accuetulasignificantly greater number©of

catarinensigthan treatment BEc (Wald’s?%,=5.9.4,P<0.05).
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Figure 3.19 Mean number oEccritotarsus catarinensiédults and nymphs) collected from water
hyacinth plants subjected wia. catarinensisonly (Ec) andE. catarinensissprayed with BION
(BEc) at the end of the trial. Error bars represémt standard error of the mean (n=6
plants/treatment).

Number of Neochetina bruchi

The number oN. bruchiindividuals (larvae, pupae and adults) collectethatend of the
trial did not differ between treatments BNb and (Mald’s X%;=2.12,P=0.15); however,
treatment BNb yielded an average of eight moreviddals per plant (Figure 3.20a). The
mean dry weight of pupae collected at the end efttial did not differ between treatments

BNb and Nb (Wald’s %1y=0.98,P=0.32) (Figure 3.20b).
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Figure 3.20a) Mean number oeochetina bruchimmatures (pupae and larvae) per plant and b)
mean dry weight oN. bruchipupae collected from water hyacinth plants subgeetiéh N. bruchi
only (Nb) andN. bruchiwith BION® (BNb) at the end of the trial. Error bars représba standard
error of the mean. Means followed by the samerlette not significantly differen®? >0.05 (n=6
plants/treatment).

3.3.4 Effect of insect herbivory and BION on water hyacinth plant parameters
Effect of Eccritotarsus catarinensis and BION

Herbivory byEccritotarsus catarinensien leaf 2 was not significantly correlated to ay
the water hyacinth plant growth parameters, eveenyblants were sprayed with BIGN
(Table 3.13). Mirid herbivory on leaf 4 had mininedfect on water hyacinth plant growth
(Table 3.14); however, significant correlations vien percentage feeding and dead
biomass, and the number of leaves produced weralftar non-BION treated plants (Ec).
Increases in mirid percentage feeding area coeetlafith increases in dead plant material

for treatment Ec. Surprisingly, no significant tedaship between herbivory and dead plant
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biomass was observed for treatment BEc. A strorsifige correlation was expected to have
occurred, especially as treatment BEc accumulatgtfisantly more dead plant biomass at
the end of the trial (see 3.3.2.1). Conversely,rimber of leaves produced by non-BI®N

treated plants was negatively correlated with minerbivory on leaf 4; as herbivory

increased the number of leaves produced deceaseiliar3o the results obtained for dead
plant material, a strong negative correlation betwenirid herbivory and leaf production

was expected to have occurred in treatment BEtheasumber of leaves produced by plants
in treatment BEc was significantly lower than treanht Ec (see 3.3.2.2). No significant
relationships were observed between herbivory atad dry plant biomass, leaf turnover, the
lengths of second petioles and flower productiongéneral, negative relationships were

observed for all plant growth parameters, excludatgl dead plant biomass.

The majority of the significant correlations obssdvbetween mirid herbivory and water
hyacinth physiological parameters was found fonggareated with BIOR (BEc) (Table
3.15); suggesting the application of BI®&mplified the relationship between mirid feeding
and water hyacinth physiological parameters. Stromgelations between mirid herbivory
and leaf nitrogen content were observed in leavesm@ 4 for treatment BEc. In leaf 2,
decreases in leaf nitrogen content significantlyalated with increases in mirid percentage
feeding area. This suggests that with lowered génocontentE. catarinensisfeeding
increased on leaf 2, or increased feeding by thelmasulted in a lowering of leaf nitrogen.
Interestingly, a strong positive correlation waseaied between mirid feeding and C:N
ratios for leaf 2, possibly indicating that withcreased leaf 2 C:N ratios, mirid herbivory
increased. An increase in C:N ratios indicates eatgr leaf carbon content to nitrogen
content, which typically results in unpalatableviess Conversely, in leaf 4, increases in
nitrogen content significantly correlated with ieases in mirid herbivory. This suggests that

with increased leaf nitrogen conteht, catarinensideeding increased on leaf 4, suggesting
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that the up-regulation of SA-induced nitrogenouseoladefence compounds did not impact
mirid herbivory on leaf 4. Strong negative cornelas were found between relative
chlorophyll content and mirid herbivory for leavesand 2 for treatment BEc; decreases in
chlorophyll content were associated with increagesnirid percentage feeding area. A
significant negative relationship also was obsefveiiveen relative chlorophyll content and
mirid herbivory for leaf 3 for treatment Ec; sugyeg decreases in chlorophyll content were
associated with increases in mirid percentage mgedirea. Effectively, increased mirid
feeding on leaf 3 resulted in decreased chloroptgtitent, which is most likely due to
acquisition of phloem from the leaf tissue By catarinensislLeaf moisture content was
strongly correlated with mirid herbivory for leavas positions1 to 3in treatment BEc; leaf
moisture decreased as percentage feeding areased.eThis also is probably due to the
increased acquisition of phloem from leaf tissuethey mirid. No significant relationships
were observed for percentage leaf carbon conteribdth BION® and non-BION treated

plants.
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Table 3.13The straight line equation®, P-values andR? obtained from the simple regression
method for analysing the relationships between dmierbivory and water hyacinth growth
parameters for leaf P-values in bold indicate significant positive reaships,P <0.05.

Parameter Treatment Equation R P-value 2§
Total dry biomass BEc y = 180.80 — 1.83*x -077 0.07 0.59
Ec y =4.30 + 0.10*x 0.19 0.72 0.04
Total dead biomass BEc y =140.43 — 15.15*x -0.48 0.33 0.23
Ec y =26.13 — 3.15*x -0.35 0.50 0.12
Number of leaves BEc y =111.32 — 14.34*x -0.67 0.15 0.44
Ec y =6.37 + 0.71*x 0.14 0.79 0.02
Leaf turnover BEc y =71.25 — 66.25*x -0.71 0.12 0.50
Ec - - - -
2" petiole length BEc y = 194.21 — 7.10*x -0.78 0.07 0.61
Ec y =27.79 — 0.75*x -0.15 0.77 0.02
Number of flowers BEc y =26.25 + 68.75*x 0.73 0.10 0.54
Ec y =10 + 10*x 0.53 0.28 0.28
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Table 3.14 The straight line equation®, P-values andR? obtained from the simple regression
method for analysing the relationships between dmierbivory and water hyacinth growth
parameters for leaf £-values in bold indicate significant positive reaships,P <0.05.

Parameter Treatment Equation R P-value 2§
Total dry biomass BEc y = 125.31 — 0.57*x -0.60 0.21 0.35
Ec y =81.42 — 0.47*x -0.46 0.36 0.21
Total dead biomass BEc y=74.09 + 1.67*x 0.13 0.80 0.02
Ec y =-19.61 + 14.46*x 0.83 0.04 0.69
Number of leaves BEc y =111.25 — 6.25*x -0.72 0.11 0.52
Ec y =117.92 — 8.01*x -0.83 0.04 0.68
Leaf turnover BEc y =90 — 17.5*x -0.46 0.36 0.21
Ec - - - -
2" petiole length BEc y = 108.85 — 1.21*x -0.33 0.53 0.11
Ec y = 166.95 — 6.59*x -0.71 0.11 0.51
Number of flowers BEc y = 86.25-6.25*x -0.16 0.76 0.03
Ec y =40 — 2.5*x -0.07 0.90 0.004

"Insufficient replicates to perform the simple resgien method
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Table 3.15The straight line equation®, P-values andR? obtained from the simple regression
method for analysing the relationships betweendrierbivory and water hyacinth physiological
parametersP-values in bold indicate significant positive re@aships,P <0.05.

Parameter Leaf Treatment Equation R P-value R
Nitrogen content 1 BEc y = 108.87 — 23.80*x -0.62 0.27 0.38
Ec y =-0.11 + 2.58*x 0.32 0.54 0.10
2 BEc y =215.34 — 70.81*x -0.97 0.03 0.94
Ec y =32.30 7.50*x -0.23 0.67 0.05
3 BEc y = 149.50 — 55.52*x -0.56 0.44 0.331
Ec y =-29.27 + 29.24*x 0.45 0.37 0.21
4 BEc y =7.99 + 32.13*x 1.00 0.04 0.99
Ec y =40.67 — 0.81*x -0.006 1.00 0.001
C:N ratio 1 BEc y =-64.11 + 6.63*x 0.68 0.21 0.46
Ec y = 10.50 — 0.25*x -0.25 0.63 0.06
2 BEc y =-122.03 + 8.52*x 1.00 0.004 0.99
Ec y = 2.40 + 0.65*x 0.12 0.82 0.01
3 BEc y =-76.02 + 5.05*x 0.55 0.45 0.30
Ec y =122.57 - 4.47*x -0.52 0.29 0.27
4 BEc y = 140.07 — 3.07*x -0.99 0.09 0.98
Ec y =83.93 — 1.97*x -0.21 0.69 0.05
Chlorophyll content 1 BEc y = 185.85 — 4.39*x -0.90 0.01 0.82
Ec y = 3.85 + 0.06*x 0.11 0.83 0.01
2 BEc y = 223.06 — 4.80*x -0.89 0.02 0.79
Ec y = 14.58 — 0.03*x -0.01 1.00 0.0001
3 BEc y =92.64 — 1.35*x -0.33 0.59 0.11
Ec y =173.59 — 4.13*x -0.95 0.004 0.90
4 BEc y = 132.34 — 2.82*x -0.08 0.95 0.006
Ec y = 132.15 - 2.85*x -0.68 0.14 0.46
Leaf Moisture 1 BEc y = 199.06 — 2.36*x -0.90 0.02 0.80
Ec y =-0.70 + 0.08*x 0.17 0.74 0.03
2 BEc y = 165.84 — 2.08*x -0.92 0.009 0.84
Ec y =39.90 — 0.33*x -0.14 0.79 0.02
3 BEc y =118.15 — 1.22*x -0.85 0.03 0.71
Ec y = 86.39 — 0.66*x -0.11 0.83 0.01
4 BEc y =115.71 — 0.28*x -0.30 0.81 0.089
Ec y =90.90 — 0.67*x -0.32 0.53 0.11
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Effect of Neochetina bruchi and BIOR

Herbivory on leaf 2 byN. bruchialso was not significantly correlated with any loé water
hyacinth plant growth parameters, even when plesete sprayed with BIOR except for
leaf turnover, where a strong positive correlatieais found between weevil herbivory on
leaf 2 and leaf turnover for plants treated wittOBP (BNb) (Table 3.16). This relationship
was not anticipated as increases in herbivory vesgected to decrease the rate of leaf
production, even more so when insect defences wibited through the application of
BION®. Increased weevil percentage feeding on leaf 4 sigsificantly correlated with
increases in total dead plant biomass and theHeoigthe second petiole for plants treated
with BION® (BNb) (Table 3.17). The significant positive régaiship observed between
weevil herbivory and dead plant material was predidor treatment BNb, however, the
significant positive relationship between weevilbhieory and petiole 2 lengths was not
expected; weevil herbivory typically stunts wategratinth growth (Centeet al, 1999,
Heard and Winterton, 2000). The positive correlati@etween increased weevil herbivory

and increased petiole lengths may be a responsedddy the application of BIGN

Very few significant relationships were found betweneevil percentage feeding and water
hyacinth physiological parameters (Table 3.18)trargy correlation was observed between
leaf 2 nitrogen content and weevil herbivory fonf®ION® treated plants (Nb); increased
weevil feeding correlated to increased levels aff [2 nitrogen. This suggests that water
hyacinth may respond to weevil herbivory with ekedanitrogen levels, which are likely to
be defence related. This relationship was predicgadticularly for leaf 2, as weevil
herbivory is concentrated on younger leaves. Initaadto nitrogen content, relative
chlorophyll content for leaf 2 also was stronglyretated with weevil herbivory; however

this relationship was observed only for plantstedavith BION® (BNb). Presumably, this
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observation is a result of water hyacinth’s respottsthe application of BIORand not

herbivory, as it is a positive response. Weevibhanry on leaf 4 strongly correlated with
leaf moisture for plants treated with BIGNThis is most likely due to adult weevil feeding
causing water hyacinth leaves to dry out (Oberhip2@01), however, this relationship was
predicted to be more evident in the younger leaweisere weevil feeding is more

predominant.

Table 3.16 The straight line equation, P-values and?? obtained from the simple regression
method for analysing the relationships between veleerbivory and water hyacinth growth

parameters for leaf 2-values in bold indicate significant positive réatships,P <0.05.

Parameter Treatment Equation R P-value R?
Total dry biomass BNb y =-2.14 + 0.42*x 0.25 0.63 0.06
Nb y = 10.45 + 0.06*x 0.071 0.89 0.01
Total dead biomass BNb y =46.72 — 8.06*x -0.34 0.51 0.11
Nb y = 16.92 — 0.70*x -0.03 0.96 0.001
Number of leaves BNb y =50.45 — 3.86*x -0.18 0.74 0.03
Nb y = -43.33 + 5.83*x 0.36 0.48 0.13
Leaf turnover BNb y =-101.12 + 369.13*x 0.99 0.0001 0.99
Nb y = 15.60 — 2.15*x -0.02 0.97 0.0004
Leaf 2 petiole length BNb y =53.11 — 1.96*x -0.23 0.66 0.05
Nb y =-15.45 + 2.60*x 0.58 0.30 0.34
Number of flowers BNb y =23 - 13*x -0.20 0.71 0.04
Nb y =17 - 12*x -0.28 0.59 0.08
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Table 3.17 The straight line equation®, P-values andR? obtained from the simple regression
method for analysing the relationships between veleerbivory and water hyacinth growth
parameters for leaf £-values in bold indicate significant positive reaships,P <0.05.

Parameter Treatment Equation R P-value 2§
Total dry biomass BNb y =-12.43 + 0.50*x 0.46 0.36 0.21
Nb y = 8.41 + 0.06*x 0.06 0.91 0.004
Total dead biomass BNb y =-34.06 + 15.28*x 0.97 0.001 0.95
Nb y = -0.23 + 4.64*x 0.17 0.75 0.03
Number of leaves BNb y=41.14 — 3.41*x -0.23 0.65 0.06
Nb y =-62.5 + 7.5*x 0.45 0.37 0.20
Leaf turnover BNb y = 37.51 — 68.15*x -0.28 0.59 0.08
Nb y =10.29 + 7.87*x 0.07 0.90 0.004
Leaf 2 petiole length BNb y = -60.98 + 4.62*x 0.83 0.04 0.69
Nb y =-15.38 + 2.43*x 0.53 0.36 0.28
Number of flowers BNb y =17 - 12*x -0.28 0.59 0.08
Nb y =14 - 9*x -0.20 0.70 0.04
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Table 3.18 The straight line equation®, P-values andR? obtained from the simple regression
method for analysing the relationships between wémrbivory and water hyacinth physiological
parametersP-values in bold indicate significant positive re@aships,P <0.05.

Parameter Leaf Treatment Equation R P-value 2§
Nitrogen content 1 BNb y = 24.34 — 3.09*x -0.23 0.70 0.05
Nb - - - -
2 BNb y =-8.06 + 6.74*x 0.32 0.68 0.10
Nb y = -450.24 + 186.14*x 0.93 0.02 0.86
3 BNb y =9.33 + 0.75*x 0.18 0.77 0.03
Nb y =-0.78 + 4.80*x 0.23 0.66 0.05
4 BNb y = 97.48 — 38.02*x -0.79 0.21 0.62
Nb y =42.18 — 13.76*Xx -0.30 0.57 0.09
C:N ratio 1 BNb y =3.95 + 0.78*x 0.26 0.67 0.07
Nb' - - - -
2 BNb y =17.62 — 0.48*x -0.14 0.86 0.02
Nb y = 252.82 — 14.38*x -0.73 0.16 0.54
3 BNb y =12.93 — 0.10*x -0.25 0.69 0.06
Nb y = 18.49 — 0.44*x -0.24 0.64 0.06
4 BNb y = -68.66 + 4.24*x 0.84 0.16 0.71
Nb y =-1.08 + 0.71*x 0.14 0.79 0.02
Chlorophyll content 1 BNb y =22.23 - 0.10*x -0.04 0.94 0.001
Nb' - - - -
2 BNb y =-5.46 + 0.49*x 0.99 0.01 0.98
Nb y =-15.73 + 1.17*x 0.63 0.26 0.39
3 BNb y =5.11 + 0.19*x 0.74 0.15 0.55
Nb y =-21.20 + 1.05*x 0.52 0.30 0.27
4 BNb y = 38.91 — 0.87*x -0.57 0.31 0.33
Nb - - - -
Leaf Moisture 1 BNb y =-0.81 + 0.25*x 0.25 0.75 0.06
Nb' - - - -
2 BNb y =9.78 + 0.003*x 0.02 0.98 0.0003
Nb y = -440.62 + 5.32*x 0.61 0.27 0.37
3 BNb y =10.42 + 0.01*x 0.05 0.94 0.002
Nb y = 37.64 — 0.32*x -0.13 0.80 0.02
4 BNb y =89.11 — 0.97*x -0.96 0.04 0.92
Nb' - - - -

"Insufficient replicates to perform the simple resgien method
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3.3.5 Summary of results

Results of all the experiments are summarised bleTd.19. The exogenous application of
BION® on water hyacinth plants resulted in various éffem water hyacinth plant growth
and physiological parameters, and herbivory by tive biological control agentsk.

catarinensisandN. bruchi

Mean dry plant biomass was significantly lower e tBION treatment, compared to the
control treatment (dpD), suggesting that the induction of SA-mediatetedee pathways
precluded resource allocation to water hyacintmtpgagowth. Reductions in the number of
functional leaves and relative leaf chlorophyll wmort at the end of the trial in the BION
treatment accounted for the reductions in totaiaiss loss. On the other hand, the lengths
of the second petiole were significantly longerthie BION treatment, signifying the need
for increased photosynthetic production. Percentagknitrogen content was significantly
higher in the BION treatment in comparison to tleatml treatment, but only for leaves 1
and 2. This result suggests that the inductionfAidiated defence pathways resulted in
increased production or reallocation of nitrogencopounds, most likely defence related,

to the younger water hyacinth leaves.

Weevil herbivory had no effect on dry plant bioma$sad dry plant biomass, the number of
functional leaves and relative leaf chlorophyll wamt in BION® treated plants; however,
weevil herbivory significantly reduced the lengtb$ the second petiole. Conversely,
positive correlations between leaf chlorophyll @mtand dry plant biomass for treatment
BNb indicate that weevil herbivory had an effecttba relationship between photosynthetic
productivity and water hyacinth plant growth. Thegenous application of BIONhad no

effect on percentage weevil feeding area, but atethd of the trial, the number of adult
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weevil feeding scars was significantly higher ie tBNb treatment than the Nb treatment;
while the area of damage did not increase sigmflgathe adult weevil feeding rate did
increase. This most likely suggests that plantatéd with BION® were palatable for the
weevils and therefore the weevils increased tradi of feeding. This is supported by the

significant decrease in leaf carbon content anckase in palatability indices.

Feeding by the mirid resulted in contrasting resuants treated with BIONwere severely
impacted when exposed to mirid feeding. Dry plamdniass did not differ between
treatments BION and BEc, but dead dry plant biomess significantly greater in treatment
BEc, suggesting the mirid caused severe leaf dddtd.significant decline in number of
functional leaves and leaf turnover rate at the @rtie trial in treatment BEc accounted for
this. Conversely, the lengths of the second petiadenot differ between treatments BION,
BEc and Ec, and were the longest petioles in cosgarto treatments BNb, dB and Nb.
Mirid percentage feeding area significantly incezh®n BION treated plants, on all leaf
positions, which accounts for the 20% reductiomesf moisture content in BIONtreated

plants.E. catarinensigopulation growth was significantly greater on Bibtxeated plants.

The negative impact of mirid herbivory on BIGNreated plants indicates that with the
induction of SA-mediated pathways, and subsequdmbition of JA-mediated pathways,
SA does not contribute to water hyacinth mirid-ioeld responses. On the other hand, the
nominal differences in weevil feeding, and the effef weevil herbivory on plant growth
and physiological parameters suggests that SA-rieetipathways may play a role in
weevil-induced water hyacinth responses. The plessitechanisms behind the contrasting
effects ofE. catarinensiaindN. bruchiherbivory, and the exogenous application of BfON

on water hyacinth growth and physiological paramsetee discussed below.
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Table 3.19A summary of all the differences observed in thexperimental treatments for all plant
and insect parameters measured, in relation toctimerol treatment (diD). o = no significant
change in comparison to the control treatment,@H+ = increases observed, but not necessarily
significant, - = decreases observed, but not nadgssignificant. Symbols followed by * indicates
significant increases or decreases observed.

Treatment

BEc BION BNb dH,0 Ec Nb
Plant parameters
Total dry plant biomass - -* -* 0 + -
Total dry dead biomass +* + 0 o] + 0
Number of functional leaves -* -* -* o] o] 0]
Leaf turnover -* o] 0 o] o] o]
Length of petiole 2 +* +* - o] +* -
Number of flowers - 0 - 0 - -
Relative chlorophyll content =¥ -* =¥ 0 o] -*
% Nitrogen content + +* + 0 - -
% Carbon content + -* -* o} -* -*
C:N 0] -* - 0] + 0
% Leaf moisture -* 0] -* o] 0 o]

Treatment

BEc Ec BNb Nb
Insect parameters
% feeding +* 0 + 0
Weevil feeding scars n/a n/a +* o]
Nb palatability test n/a n/a +* o]
Number of Ec + o] n/a n/a
Weight of Nb pupae n/a n/a + o]
Number of Nb n/a n/a + o]
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3.4 DISCUSSION

3.4.1 Post-experimental procedure evaluation

Abiotic stresses, such as nutrient limitation, dtauor high soil/water salinity, contribute
readily to reduced defences in plants (Bostetkal, 2001, Dietrichet al, 2004). Such
abiotic stresses and the resultant impact on at'plaesponses to herbivores were not
relevant to the results obtained in this trial. @/dtyacinth plants were not nutrient, water,
salinity or light limited. Additionally, no plantdied prematurely, therefore the exposure

time and the insect densities chosen were tolerable

Initial shortenings of the second petioles obseifvesh Week 0 to Week 3 for all treatments
are possibly due to water hyacinth responding ertew, experimental environment. The
water hyacinth used in the present study originedime from densely populated and nutrient
enriched river systems in the Durban area. Onceptapets were exposed to a medium
nutrient concentration and had more space to dpyéhe plants developed laterally. Over
the experimental trial, the lengths of the secosiibfe differed between treatments, proving
the length of the second petiole to be an excelpeadictor of plant growth in the present

study.

Much like the initial reductions observed in thedéhs of the second petiole, reductions in
chlorophyll content were observed for all treatrnsdot the initial weeks of the experimental
trial (Week 0 to Week 4). This also was most likdlye to the change in water nutrient
concentrations from the eutrophic uMgeni River (Wsley, 2003) to the mesotrophic
nutrient conditions during the experiment. Thanigesaid, plants acclimated to the nutrient
differences, as evidenced by the equalised chigtbpbntent observed from Week 4, and

differences between treatments were distinguishibla then on. Water hyacinth adapted
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to the altered nutrient regime and the changesawty and physiological parameters were

not influenced by the changes in nutrient statubeabeginning of the trial.

Water hyacinth flowering is affected by water nemti status (Coetzest al., 2007b). It is
possible that flowering was simply a response t ldwered nutrient status of the water
during the experiment, considering that the expenital water hyacinth originally came
from a eutrophic river system in Kwa-Zulu Natal (Mdaley, 2003). The number of flowers
did not differ between treatments, proving thas thlant measure was not effective for
evaluating the impact of herbivory and the appitainf BION® on water hyacinth in the

present study.

3.4.2 Effect of BION® on water hyacinth growth, physiological and biochmical

parameters

Plants treated with BIONand excluded from herbivory exhibited changeslamipgrowth
(dry plant biomass, number of functional leavesd dength of the second petiole),
physiological (leaf chlorophyll content) and bioalieal parameters (percentage leaf
nitrogen and carbon content) in comparison to therol treatment. BIOR treated plants,

in the absence of herbivory, appeared stressed.

The BION treatment exhibited significant reductiondeaf production and total dry plant

biomass. In addition to reduced plant growth, redathlorophyll content also declined. The
reduced levels of chlorophyll content, which refleeductions in photosynthetic activity

(Cottrell et al., 2009, Vastet al, 2009), most likely translated into the observeductions

in plant biomass of plants in the BION treatmertie Tnechanism whereby this occurred is

probably through the down-regulation of photosytithgenes. For instance, in tobacco

117



Chapter 3 Water hyacinth insect-induced responses

plants (Nicotiana attenuatal. (Solanaceae)), photosynthetic genes unrelatedetence
mechanisms are strongly down-regulated in respomdeerbivory by tobacco hornworm
larvae Manduca sextd.. (Lepidoptera: Sphingidae)) (Hermsmeietr al, 2001). In the
present study, the induction of SA in water hyacipiants (plants treated with BIGNmost
likely down-regulated photosynthetic activity. Thagategy is speculated to allow plants to
allocate resources otherwise used in photosyntpetiductivity and growth to the synthesis
of defence compounds (Gatehouse, 2002). Pancbiewh (1996) found that SA-induced
barley seedlingsHordeum vulgareL. (Poaceae)) exhibited reduced plant growth and
photosynthetic rates. These reductions were atre$udltered chloroplast anatomy when
barley seedlings were exogenously treated with Bauflova and Popova, 2000). The
changes in chloroplast anatomy were presumablytaltize SA-induced down-regulation of
photosynthetic genes, which are not used in defer(tizunova and Popova, 2000).
Additionally, increased investment into defencemmnely nitrogen-based plant defences, is
predicted to reduce photosynthetic capacity, becdarge proportions of nitrogen may be
allocated to the synthesis of defence compoundsa{@hvet al.,1998, Simoret al, 2010).
Therefore, it is speculated that BIGfihduced SA-mediated defences impeded
photosynthesis activity by down-regulating photdkgtic genes unrelated to defence
mechanisms, ultimately precluding a large propartd resources being allocated to plant

growth in the BION treated water hyacinth plants.

Defence mechanisms are costly and there is typiealrade-off between the synthesis of
defences and plant growth (Mithdfer and Boland,20A study by Zangerl and Bazzaz
(1992), investigating the allocation of resouraesléfences in the neotropical tt€ecropia
palata L. (Moraceae), found that a 33% reduction in treewgh was likely due to the
allocation of 6% of leaf biomass constituents tanpldefences. It can be deduced that in the

event of SA up-regulation in field conditions, wakgacinth is likely to experience reduced
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resource allocation to plant growth. In contrastidtal biomass loss, the second petioles
significantly increased in length for plants in tB4ON treatment. Lengthened second
petioles are a measure of actively growing waterchth plants (Center and Van, 1989) and
the need to acquire more light for photosynthetiaction (Center and Dray, 2010).

Therefore, whereas resources are likely to be aibacto the up-regulation of SA-mediated
defences, water hyacinth also is disproportionaaéitycating resources to petiole growth to

maintain a measure of physiological function td fthe production of SA-induced defences.

The notion that the application of BIGNand the subsequent induction of SA mediated
defences reprioritise resource use towards plaféndes is further supported by the
significant changes in water hyacinth leaf biocheahcompositions; a significant increase
in nitrogen content, a significant decrease in garlbontent and therefore a significant
decrease in C:N ratios were observed in the BION trratment. Significant decreases in
carbon and increases in nitrogen content in watacihth leaves, mediated by the induction
of SA (BION®) are likely to be defence related (Dietriehal, 2004). Decreases in C:N
ratios within leaves of plants are associated withogen-based herbivore defences (i.e.
toxins), and increases in C:N ratios are associat@ti carbon-based defences (i.e.
phenolics, which invariably contribute to reducedlapability of leaves) (Herms and
Mattson, 1992). By these criteria, the biochemresllts obtained for the BION treatment
suggest that the elicitation of SA through the mpion of BION’ increased the
accumulation of nitrogen-based, defence related poamdsin water hyacinth leaves.
Although, the form in which some defence relatelogenous compounds occur may be
palatable to some insect herbivores. Center angW(1L991) attributed observed high leaf
nitrogen concentrations in younger water hyacimdwveés, possibly in the form of amino
acids, as a favourable form of nitrogen f@ochetinaspp. weevils, but also an unfavourable

form of nitrogen for the generalist species, thikboyewoolly bear Spilosoma virginicgF.)
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(Lepidoptera: Arctiidae)). This was supported bg fireference for younger leaves by the

weevil, and the preference of older leaves by &y woolly bear.

3.4.3 Effect of BION® on herbivory by insects with different feeding mode and the

resultant impact on water hyacinth growth, physiol@ical and biochemical parameters

Rates of herbivory and subsequent percentage teafdgamage increased only on BION
treated plants exposed Eo catarinensisherbivory (BEc > Ec). The difference between the
two mirid treatments (BEc and Ec) is attributedthe elevated nitrogen content within
BION® treated water hyacinth leaves (BION treatmenty aopported by the resultant
declines in nitrogen (particularly leaves 3 an@d#ddl moisture content in mirid treated plants
(BEc), while the elevated levels of nitrogenous pommds in BION treated water hyacinth
leaves are most likely herbivore defence-relateda aesult of SA-induction, the form in
which these compounds occurred was favoured andwvesnby the mirid. Invariably,
increases in leaf nitrogen content would be attracind beneficial to insects (Athey and
Connor, 1989, Casotti and Bradley, 1991, Hubertg Benno, 2006, Kraft and Denno,
1982), as nitrogen is a crucial plant nutrient iftgect development and reproduction, and
typically occurs in low concentrations (Slansky arekeny, 1977, Mattson, 1980, Lodge,
1991). Furthermore, nitrogen and water are constére most important diet components
for insect herbivores (Colest al.,2006). Consequently, rates of herbivory have beand

to increase with increases in leaf nitrogen andewabntent (Athery and Connor, 1989,
Casotti and Bradley, 1991, Coley al, 2006). Soo Hoo and Fraenkel (1966) propose that
plants that maintain leaf nitrogen concentratiavedr than 3% are substandard food quality
for insect herbivores. In the present study, platrsated with BION maintained

approximately 3.14% leaf nitrogen, making the lsaweore nutritionally attractive than
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control plants (dkD). Furthermore, the mirid’s positive response itbogen-rich BION’
treated leaves can be attributed to a general tobsdrved in phloem-feeders, where they
consistently respond to the addition of nitrogeftgdiost plant in a positive way (Speigitt
al., 2008). Eccritotarsus catarinensisis a phloem feeder (phloem contains water,
chloroplasts and nitrates crucial for plant prodiist (Lalonde et al., 2004)) and phloem

feeders are regarded to have rapid consumptios (&tattson, 1980).

Weevil herbivory also reduced leaf nitrogen contentBION® treated plants. Whilé\.
bruchi percentage feeding area damage did not differ eetweon-BION and BION
treated plants (BNb = Nb), the weevil showed atighfeeding response to BIGNreated
plants, but over time weevil percentage feeding ane BION’ treated plants equalled to
non-BION® treated plants and is attributed to cumulative dgnalthough trends suggest
that percentage feeding area damage was grealQi® treated plants at the end of the
trial. Increases in adult weevil feeding scars dOM® treated plants (BNb > Nb) may
account for the reductions in leaf nitrogen con@hBION® treated plants, suggesting the
weevil favoured and removed the SA-induced nitregsncompounds in BIONtreated
water hyacinth leaves, similarly to BIGNtreated plants exposed . catarinensis
herbivory. Significant increases in mirid individsigand no difference in weevil individuals,
between BION and non-BION treated plants, indicate that the insects were not
nutritionally limited. Plants with lower nutritiohauality leaves typically result in lower
relative growth rates, biomass accumulation, fetyraihd population growth rates of insect
herbivores (Feeny, 1970, Casotti and Bradley, 1%9interet al., 1992). The observed
increases in nitrogen content of BI®Nreated plants could have supplemertedbruchi

andE. catarinensiggrowth rates and fecundity.
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When considering nitrogen content for each leafitipos nitrogen content was highest in
leaf 1 for all plants treated with BIGNN comparison to their respective control treattsen
(Ec, Nb and dbkD); leaf 1 exhibited the only notable differencedween all treatments,
indicating a leaf age effect on biochemical comyasi(Center and Wright, 1991). The
observed allocation of nitrogen to younger wateadnyth leaves is in agreement with many
results found in the literature (Mattson, 1980, $&irand Coley, 1991, Coley and Kursar,
1996). Typically, higher concentrations of nitrogenyounger leaves are defence related
(Bazzazet al, 1987). Therefore, the induction of SA mediatesreallocation of nitrogen to
younger water hyacinth leaves as an anti-herbivesponse. However, as discussed above,
SA-induced nitrogenous-based compounds in watetihtyaleaves had a positive effect on

E. catarinensiandN. bruchiherbivory

In contrast to the observed increases in nitrogerient in BION treated plants, nitrogen
content did not significantly differ in the non-BNS treated plants exposed to insect
herbivory (treatments Ec and Nb) in comparison le tontrol treatment (di@). The
unchanged nitrogen content may suggest minimal isitign of protein (nitrogen) from
water hyacinth leaves by the mirid and weevil, gdgdecause the nitrogenous-compounds
have no nutritional value (e.g. non-nutritive amenxds) (Rhoades and Cates, 1976). The
inability to acquire larger amounts of nitrogennfravater hyacinth plants is most likely due
to water hyacinth’s intact insect-induced resposygstems regulated through JA-mediated
defence pathways. Interestingly, leaf carbon cdndeclined significantly in treatments Ec
and Nb in comparison to the control treatment. Tesult is in accordance with results
recorded in the literature. Low concentrations bémolic compounds (carbon-based) have
been detected in younger water hyacinth leaveshand been attributed tdeochetinaspp.

weevil preference for leaf 2 (Center and Wright91p It is likely water hyacinth was
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investing resources into nitrogen-based compoumthsgis, incurring a cost in terms of

carbon-based defences.

The reallocation of nitrogen in water hyacinth leawvas influenced by leaf age (or leaf
position), which corroborates with other studiegr{@r and Van, 1989, Center and Wright,
1991). It is argued that the allocation of nitroges compounds to younger leaves confers
resistance against herbivores, namely generalibiveeges, but specialist herbivores such as
N. bruchiandN. eichhorniaenegate these defences (Center and Wright, 1991)leWhe
trends in carbon allocation to each leaf positiom anclear, leaf C:N ratios indicated a
greater accumulation of carbon than nitrogen indlter leaves than the younger leaves,
suggesting the concentrations of nitrogenous comg®un relation to carbon compounds
increased in the younger leaves. These biocher@aélallocations explain the preference
for younger leaves biX. bruchi.On the other hand, the mirid has a preferencedaf 4
(Hill et al., 1999a), which has been examined in the preseny.sitdds suggests that the
mirid avoids younger leaves, most likely due to treater allocation of nitrogenous-
compounds. Furthermore, the mirid has the abibtywé¢gate the increases in carbon-based

compounds, namely phenolics (Center and Wright1198 older leaves.

However, the decreases in C:N ratios in water mgadieaves treated with BIGNid not

confer resistance to the mirid and the weevil, éirglue to the function of SA-mediated
pathways (pathogen resistance) and the observeebs®s in insect feeding and population
growth on BION-treated plants. Therefore, the observed incréasgigrogen and decreases

in carbon content increased water hyacinth leaitphllity (Furlanet al.,1999).
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3.4.2.1Eccritotarsus catarinensisnduced water hyacinth responses

While insect herbivores typically induce jasmonatediated defences (Tragt al, 2003),
the phloem feedekE. catarinensisis predicted to induce either the JA- or the Sédmated
defence pathway, because some phloem feedersasuaphids (Zhu-Salzmaet al, 2004)
and whiteflies (Zarateet al, 2007), may emulate pathogen damage and can @nduc
salicylate-mediated defences (Snethal, 2009). Interestinglyk. catarinensidad a greater
negative impact on water hyacinth growth and pHggical parameters when plants were
treated with BION than plants not treated with BIGNNotable differences were observed
particularly for dry dead plant biomass, the nunfdeaves produced, leaf turnover, carbon
content and leaf moisture. Furthermore, BfOtkeated plants exposed to mirid herbivory
had the lowest leaf production in comparison toteatments. This suggests that in the
presence of SA-mediated defence pathways and thgedi allocation of resources to
growth, the mirid feeds unhindered due to waterchh’s responses being severely
compromised. This further suggests that the mgidrilikely to induce the up-regulation of

SA in water hyacinth in the field.

Therefore, by a process of elimination, jasmonagehated defences are likely to play a role
in water hyacinth defences agairst catarinensis Herbivory by E. catarinensishad a
nominal impact on non-BIORitreated dry plant biomass (Ec, ~90.15g) comparethéo
control treatments (diD, ~86.469g). Additionally, the lengths of the setqetioles did not
differ to the control treatment. Typically, the iagt of E. catarinensison water hyacinth
biomass accumulation is negligible, regardless uifient conditions (Ripleyet al, 2006,
Coetzeeet al, 2007b). Observations of unchanged number ofeleand increases in the

lengths of petiole 2 corroborate with the unchangsaint biomass in treatment Ec.
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Furthermore, leaf moisture content did not decr@atieor inversely relate to mirid feeding,

suggesting that water hyacinth had maintained phygical function.

Essentially, two conclusions can be made; 1) thhingdered up-regulation of JA is
regulating resistance against the mirid, or 2) wht@cinth is tolerating mirid herbivory by
allocating resources to plant growth to compensatedamage to plant tissue. While the
former is highly probable, the present study camuoifirm or deny the proposition; further
investigations into gene-coding are required. Havewaccording to Bazzagt al (1987),
ecological parameters, such as resource avaijalifitlt habitat type, are valuable tools in
predicting the level of defences employed by plaRts example, slow growing plants in
nutrient limited environments allocate greater ugses to insect-induced responses than
plant growth (the Resource Availability Hypothegi€pleyet al, 1985, Orians and Ward,
2010). Subsequently, in nutrient unlimited envirems, fast growing colonial plant species
inherently allocate resources to growth insteadnséct-induced defences (Coley al.,
1985). Water hyacinth characteristically exhibigpid plant growth in nutrient enriched
water (Heard and Winterton, 2000, Coeteeal, 2007b). Therefore, the limited impact that
E. catarinensishas on water hyacinth biomass accumulation camtbéuted to water
hyacinth’s allocation of resources to growth indted induced defences in response to
herbivory by the mirid. This response is commomgnrted compensatory growth, which is
defined as a plant’s positive response to injurglgBy, 1986). More specifically, Belsky
(1986) formulated and defined three sub-categords compensatory growth; 1)
overcompensation, 2) exact compensation, and 3@raathpensation. Exact compensation
arises when the differences in total dry plant Weigetween the treated and control plants
are equal (Belsky, 1986). In effect, water hyaciexhibited exact compensation in response
to herbivory byE. catarinensisby allocating resources to growth in order t@alte the

detrimental effects of tissue damage (McNaught983)

125



Chapter 3 Water hyacinth insect-induced responses

As expected, leaves in the control treatment wegk Im chlorophyll content at the end of
the trial in comparison to all treatments, but ¢héorophyll content of plants solely exposed
to E. catarinensiserbivory remained consistent with the controltireant. Furthermore, the
observed increases in the lengths of the secoridlgmtfor non-BION treated plants
exposed to mirid herbivory (Ec) were significantblated to leaf chlorophyll content in the
present study; increases in petiole lengths cde@lavith increases in chlorophyll content.
This suggests that the lengthened second petialgseatment Ec most likely fuel the
compensatory growth response; as the second p&timajéhens, photosynthetic productivity
enhances, and growth is subsequently maintained. differences in Leaf 4 chlorophyll
content between BIONand non-BION treated plants exposed Eo catarinensiserbivory
further supports the notion that water hyacintieapable of tolerating mirid herbivory and
maintaining growth and photosynthetic function underbivore pressure. The chlorophyll
content of Leaf 4 was significantly lower in the@\® treated plants at the end of the trial,
presumably due to the mirid’s preference for LedH#dl et al, 1999a), as reflected in the
percentage area damage on LeafE4;catarinensisfeeding was greatest on Leaf 4 in

comparison to the younger leaves.

As mentioned aboveE. catarinensisis a phloem-feeder, and phloem sap contains
chloroplasts and photosynthates crucial for photthstic productivity (Lalondeet al.,
2004), and consequently the reduced chlorophyltesdnn Leaf 4 is most likely due to the
mirid removing significant amounts of chlorophytd nutrients (nitrogen) from the leaf
tissue (Hillet al., 1999a, 1999b). Additionally, leaf moisture contsignificantly declined

in treatment BEc compared to treatments Ec and Bl&@M mirid percentage feeding was
inversely related to decreases in moisture contehtotosynthetic responses to phloem-
feeders have been largely characterised for aphis,results have been variable; aphids

have been found to have positive, negative or havempact on photosynthetic output
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(Peterson and Higley, 1993). Interestingly, Ripétyal (2006) found that mirid herbivory
significantly reduced leaf chlorophyll content whalants were exposed to a similar nutrient
supply to the concentrations used in the presemtys0.01 mgR™* and 2 mgN:* vs. 0.025
mgPI™ and 2.5mg N respectively). The difference between the resalitained by Ripley
et al (2006) and the present study is most likely du¢he slight differences in nutrient
concentrations; the lower nitrogen and phosphosentrations used by Riplest al
(2006) most probably impacted chlorophyll conteNwtrient status directly impacts
photosynthetic productivity, particularly nitrogepply, which is closely associated with
leaf chlorophyll content and RuBisCO activity (Cataal, 2007, Evans, 1983, Evans, 1989),

and plant leaf quality (Estiartt al, 1994).

Unexpectedly, BION treated plants exposed to mirid herbivory (BEc3oakxhibited
significant increases in the lengths of the secpetioles (BEc > dkD), and were
statistically similar in lengths to treatment ECE@B= Ec). This may indicate a trend where
water hyacinth is re-allocating resources to grotetiovercome injury caused by the mirid.
While resources are predominantly being allocatedalicylate-mediated defences induced
by the application of BIOR| resources are being allocated disproportionatelgaf growth
for the replenishment of photosynthetic producyiviThis notion is supported by the
significant increase in Leaf 2 chlorophyll contémt BION® treated plants exposed to mirid

herbivory.

Leaf turnover was only significant for treatment ®Bvhere leaf turnover significantly

declined, while the other treatments remained umgéd. The reduced turnover accounts for
the low numbers of leaves and the significant arhofimead plant material for BEc at the
end of the trial. Reductions in leaf production ancreases in dead leaf material indicate

shortening of water hyacinth leaf life-spans. Nd®B® treated plants had longer leaf life-
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spans than plants treated with BI®&hd subsequently were fed on by the biologicalrebnt
agents; young leaves accounted for in the beginairibe trial moved down the crown and
were still present and photosynthetically activehet end of the trial (leaves were green)
(pers. obs.). Water hyacinth leaf life-span is ¢gfly 2 months (8 weeks) (Center, 1981),
therefore resource allocation to growth and maanter of leaves was restricted in BION
treated plants, further supporting the conceptwaer hyacinth responsesEo catarinensis
feeding were compromised when resources were &didda BION-induced SA-mediated

defences.
3.4.2.2Neochetina bruchinduced water hyacinth responses

Wherea<E. catarinensisnduced a compensatory response from water hyadimthweevils
did not follow suit. Non-BION treated plants exposed . bruchi did not differ in
biomass, second petiole length and the number asfeke to the control treatment (Nb =
dH,0), although trends show that the presence of thevivreduced water hyacinth dry
plant biomass. When taking into account the sigaift reductions in photosynthetic
productivity (relative chlorophyll content) in n®iON® treated plants exposed 9.
bruchi, it is likely that water hyacinth biomass accumigiatwould significantly reduce. The
reduced levels of chlorophyll content in treatme¥ib, which reflect reductions in
photosynthetic activity (Cottrekt al., 2009, Vasuet al, 2009), are most likely a result of
the removal of the epidermal layer and photosyitheisue by the leaf chewing weeuvils.
However, it is also likely that these reductione arresult of photosynthetic gene down-
regulation in the remaining undamaged leaf tisq\ge.described earlier, the induction of
defence hormones typically result in the down-raioh of photosynthetic genes
(Hermsmeieet al, 2001, Uzunova and Popova, 2000). This is seémeaiment BNb, where

the removal of the epidermal layer by the weevihatbated reductions in relative leaf

128



Chapter 3 Water hyacinth insect-induced responses

chlorophyll content, which were already impactedttoy down-regulation of photosynthetic

genes due to SA-induction (BNb < BION).

Despite these reductions in photosynthetic proditgti reductions in the lengths of the
second petioles (BNb < BION), and the adverse appeas of water hyacinth plants in
treatment BNb in comparison to treatments BION HBibgN. bruchidid not exacerbate the
effect of BION® on water hyacinth biomass accumulation and leafipction (BION =
BNb). Furthermore, the effect ™. bruchion non-BION treated plants is equal to the
effect ofN. bruchion BION® treated plants. Therefore, it is possible thabruchiinduced
defence hormone up-regulation in the field may kiryi result in reductions in
photosynthetic productivity and plant biomass, mlikh the effect of the application of
BION® on water hyacinth, but water hyacinth was capaiflemaintaining vigour in

treatment Nb, due to intact JA-mediated defenclvipays.

While water hyacinth susceptibility to weevil herbiy was not exacerbated by the absence
of JA up-regulation (BNb)N. bruchiherbivory and preference increased on BfGneated
plants. Additionally, trends suggest weevil popiolas were increasing on BIGNreated
plants. Collectively, these results show that ie #bsence of JA up-regulation in water
hyacinth plantsN. bruchiactivity enhanced, suggesting that JA-mediatedraef pathways
may play a role in reducinly. bruchiperformance on water hyacinth. This is in agregmen
with a few studies in the literature, where insberbivore activity is reduced by the
jasmonate defence pathway (Trawv al, 2003, Smithet al, 2009). Iversoret al (2001)
investigated the effect of surface applied SA omato plants I{ycopersicon esculentum
Mill. (Solanaceae)), exposed to herbivory by theattwo hornwormM. sextd). Not only
did the application of SA result in greater susiteiiy to tobacco hornworm herbivory,

tobacco hornworm larvae also showed greater pmderéor SA-treated tomato plants, and
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consequently greater growth. Effectively, the iminn of JA up-regulation in tomato plants

promoted tobacco hornworm activity.

3.5 CONCLUSION

The present study revealed that water hyacinth msadifferent insect-induced responses in
response to the two biological control agehispruchiandE. catarinensisin response to
the mirid, it was found that water hyacinth expess® compensatory growth response
instead of an inducible defence response via jagvamid mediated defence pathways. By
reallocating resources to vegetative growth thetptan outgrow the adverse impactsEof
catarinensis.Conversely, JA-mediated defence pathways were faonglay a role in
reducingN. bruchiperformance, because in the absence of JA (BNbpruchiperformed
better, although this did not significantly tranislanto adversely impacted water hyacinth
biomass accumulation. To confirm these notionghgirrinvestigations into gene-coding are

required.

Moreover, the present study exposed an ecologiwstl of the induction of SA-mediated
defence pathways in water hyacinth, as it openeglant up to mirid and weevil attack. In
the event that other insect or pathogen attackehsce the up-regulation of SA in naturally
occurring conditions, the mirid and the weevil aapable of negating the SA-mediated

defences and in fact favour SA-induced leaves nvarSA-induced leaves.

The elevated levels of leaf nitrogen found in BfONeated water hyacinth plants, were
readily available for weevil and mirid consumptiand were effectively non-deterrent,
particularly for the mirid. In comparison to BIGNtreated water hyacinth plants, non-

BION® treated plants were nutritionally poor. This susigehat JA may regulate changes in
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structural components of leaf quality (e.g. leafigioness and leaf thickness), as poor
nutritional values are associated with structuradmpounds (Mortensen, 2013).
Consequently, Chapter 4 of this thesis investigatasctural components of leaf quality,
namely the toughness and thickness of water hyad#aves, in response to herbivory and

BION® application.
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CHAPTER 4

THE EFFECT OF BION® ON WATER HYACINTH STRUCTURAL LEAF
QUALITY AND THE ASSOCIATED IMPACT ON BIOLOGICAL CON TROL
AGENT FEEDING

4.1 INTRODUCTION

Salicylic acid-induced water hyacinth plants wehewn to have reduced responses (plant
growth and leaf production) to herbivory by thelbgcal control agentdleochetina bruchi
and Eccritotarsus catarinensisand the biological control agents exhibited istéed
feeding behaviour, suggesting that the up-regulatib SA-mediated defence pathways do
not play a significant role in water hyacinth defes against these particular insects,
especially for the mirid (Chapter 3). Through thheqess of elimination, salicylic acid (SA)
is predicted to play some role in water hyacinttesence against the weevil and the mirid.
However, the specific defence mechanisms induceaugih the up-regulation of SA are
unknown. Chapter 3 of this thesis investigated watgacinth’s growth and biochemical
responses to agent herbivory. Subsequently, thagpteh investigates water hyacinth leaf
structural (or physical) responses as final expoessof SA- and SA-mediated defence

pathways.

The root and aerial plant surface structures aeefitst regions of contact between a
herbivorous insect and a plant. Therefore, it ipanant for a plant to maintain these surface
structures as the foremost mechanisms of defereter(Bnd Shanower, 2001, Mller, 2008).

The biological control agentBl. bruchiandE. catarinensispccupy and utilise the leaves of
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water hyacinth, particularlig. catarinensisas itoviposits and spends its entire life-cycle on
the leavesN. bruchilarvae do nouse the leaf as they are petiole miners (Chapderfdr)
this reason, water hyacinth is speculated to esgprfesms of defence mechanisms

predominantly at the leaf surface, in responseetbifiory by the biological control agents.

As outlined in Chapter 1, defence mechanisms atlght surface can be in the form of
deterring or toxic chemical compounds, or in therfoof physical barriers that reduce
mobility, accessibility and attachment (Miller, 3)0All defence mechanisms, including
components of plant quality, are the final expmssiof genetically regulated biochemical
processes within the plant (Bernays and Chapmad4,1®choonhoveat al, 2005). Plant or
leaf quality traits can act as barriers or detése¢a herbivory (structural and/or chemical
defences), ultimately altering the performanceeabivores (Kursaet al, 2006). Such traits
include the presence of trichomes, nutritive qualleaf thickness, epidermal cell wall
thickness, cuticular thickness and leaf hardnesoarntoughness (Wrighet al, 1989,
Lundberg and Astrém, 1990, Wright and Cannon, 2@&hoonhoveet al, 2005, Hanlet

al., 2007, Williamset al, 2011, Waet al.,2012).

Leaf nutritive quality is a chemical component edifi quality. Water hyacinth’s leaf nutritive
quality and the influence it had on herbivory bye thiological control agents was
investigated in Chapter 3, by examining the nitrgge&rbon and moisture content of leaves.
The nitrogen content and leaf moisture contentdwatre two of the most important dietary
requirements for insect herbivores (Mattson, 1980Jey et al., 2006), therefore any
reduction in these dietary components is thoughdeter or reduce herbivory and insect
performance. The induction of SA through the agpien of BION® significantly increased
the nutritional value of water hyacinth leaves (@a&ses in leaf nitrogen content were

observed), and the mirid and the weevil expressgceater preference for BIGNreated
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leaves over nutritionally poorer non-BIGNreated leaves. Whereas the elevated nitrogen
levels were nutritionally viable for the mirid atfte weevil, in the line of pathogen defence,
the SA-induced changes in the chemical composafonater hyacinth leaves may be toxic

or contribute to structural properties of leaf gyal

Leaf toughness, on the other hand is a structualponent of leaf quality and may deter
and hinder the feeding, development and ovipositddna herbivorous insect, thereby
reducing damage (Wheeler and Center, 1996, Grat&Ziammer, 2005, Hanlegt al.,2007).
Changes in nutritional quality (e.g. increasesarbon content) are associated with structural
compounds, such as lignin, fibres and structurabataydrates which contribute to leaf
toughness (Coley, 1983, Mortensen, 2013). For nmestalarvae of the flyHydrellia
pakistanae Deonier (Diptera: Ephydridae) exhibited increasedrtality, prolonged
development time and decreased female biomass vedaad on the submerged invasive
weed Hydrilla verticillata (L.f.) Royale (Hydrocharitaceae), specifically ofamis with
higher leaf toughness and low nitrogen content ($l4reand Center, 1996). Similarly, a
reduced growth rate and prolonged developmentwere observed in the Australian plague
locust,Chortoicetes terminifer@Valker, 1870) (Orthoptera: Acrididgeyhen provided with
Mitchell grass Astrebla lappacedPoaceae)) with higher toughness (Clissetigl, 2009).
Bjorkman and Anderson (1990) showed that the Huttéarva of a yet-to-be-identified
Ithomiid (Lepidoptera) avoided feeding on toughkxckberry leavesRubus bogotensid.

B. K. (Rosaceae)). Of relevance to this study & thater hyacinth leaf toughness has been
measured in response to feeding by the weé¢vdichhorniaeWright et al. (1989) observed
increases in leaf toughness (measured using a-fauege penetrometer (grams)) of the
youngest leaf and the petioles of leaves positiohdd 3 in response to feeding by the
weevils. Leaf thickness also is a physical trahjal largely contributes to the toughness of

a leaf and is often measured in conjunction withldaf density to obtain a measure of leaf
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hardness (specifically referred to as leaf speatiigss (LSM)) (Witkowski and Lamont,

1991, Hanleyet al, 2007,Westbrooket al, 2011). However, a study by Witkowski and
Lamont (1991) found that a measurement of leafktless alone provides an adequate
measure of a plant’'s response to environmentabsdse such as insect herbivory and

associated insect-induced changes in leaf quality.

Exogenous applications of chemical analogues ofaB4 JA have been used to observe
changes in plant leaf anatomy and leaf qualityesponse to the induction of the hormonal
pathways. A study solely examining the effect of 8A leaf anatomy and chloroplast
ultrastructure on barley seedlingdofdeum vulgard.. cv. Alfa) found reductions in barley
seedling leaf thickness and the dimensions of thideemal layers in response to the
treatment of SA, with the most notable reductionl@éaves treated with the highest
concentration of SA (Uzunova and Popova, 2000). ¢éi@r, these higher concentrations
may represent unnaturally occurring concentratmnSA in barley seedlings, and therefore
an exaggerated plant response to the induction Af rBediated pathways; high
concentrations of SA had severe impacts on badeglsg leaf quality and functioning. The
manufacturer's recommended dosage of Bf@Ms lower and used at a greater spatial scale
on adult water hyacinth plants in this thesis; ¢f@ne the concentrations of SA had non-

lethal impacts on water hyacinth leaf quality anddtioning.

Prior to the investigations carried out in Cha@easpects of leaf quality have rarely been
investigated for water hyacinth leaves in respdoskerbivory, but have been investigated
using two biological control agentd, eichhorniaeandN. albiguttalis(Wright and Bourne,
1986, Wrightet al, 1989, Center and Wright, 1991). As discovere@lmapter 3, the most
noteworthy changes in water hyacinth growth andsmitggical parameters in response to

the exogenous application of BIGNand exposure to herbivory . catarinensisand N.
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bruchi were the significant changes in leaf biochemicahgositions (percentage nitrogen
and carbon, and C:N ratios). These changes irgleaity have been discussed in the context
of nutritive quality as a chemical component off lgaality, but have not been investigated
and discussed as structural components of leafitgu@.g. leaf toughness, leaf and
epidermal thickness). Poor nutritional values dodnplleaves (e.g. large C:N ratios) are
associated with structural components of leaf tyaknd typically result in reduced
palatability and access to leaf tissues (Mortens#13). In addition to the lack of
investigations into insect-induced water hyaciméaf Iquality responses, attempts to identify
the hormonal pathways responsible for the inductibthese responses in water hyacinth
have been lacking. The availability of chemicallagaes of SA and JA for example, will
allow for a greater insight into water hyacinth'sustural responses to feeding by the

biological control agents.

4.1.1 Experimental aims and objectives

Because water hyacinth does not have any leafames, leaf toughness and leaf thickness,
and their relationships to nitrogen and moistureteot were the only components of leaf
quality addressed and measured in this chaptefed®iefy on the nitrogen content, carbon
content and C:N ratio analyses conducted in Chatet is hypothesised that BIGN
treated water hyacinth plants would express limigdédictural changes in leaf quality,
because the observed increases in nitrogen comteindecreases in C:N ratios do not fit the
criterion of structural defences, although it h&®aly been established that these leaf
quality changes had no effect on mirid and weeeilbivory. Non- BION treated water
hyacinth plants exposed to herbivory are hypotleesis respond to herbivory with increases

in structural components of leaf quality, becau8enfdiated pathways are uninhibited.

136



Chapter 4 Water hyacinth structural leaf quality

4.2 METHODS AND MATERIALS

4.2.1 Experimental insect and plant cultures

The water hyacinth plants used for this trial wgrewn in a plastic lined pool at the

Department of Zoology and Entomology, Rhodes Umivger Grahamstown, South Africa.

Plants were maintained under insect free conditiopsnsecticide application and sheltering
the pool in an isolated greenhouse. The plastiemog of the greenhouse allowed for ample
light penetration and zero insect contaminationpdgimental plants were used two weeks
after an insecticidal application and after beihgroughly rinsed with water to ensure no
toxic residues remained. Due to unfavourable dagtles, plant growth lights were set up to

simulate optimal day lengths.

Eccritotarsus catarinensisvere mass reared and collected from cultures atdé&ho
University; N. bruchiwere collected from cultures at the mass reariogitigaat SASRI and
couriered to Rhodes University. In total, 750 nsrathd 100 weevils were collected and used
for the leaf quality trial. Like the protocol folied in Chapter 3, 15 mirids were placed onto
each plant for th&. catarinensidreatments (7:8 sex ratio, male:female), wherepaimaof

weevils (1:1 sex ratio) was placed onto each dlamntheN. bruchitreatments.

The leaf quality trial took place in the Working fé/ater Biological Control greenhouse at
Rhodes University. In total, 150 similar sized ptawere selected from the insect-free water
hyacinth plant culture and placed singly intol &@uare tub. The tubs were filled with &
water, covered with a mesh sleeve and plants wkreeal to acclimate for a week before
starting the trial. The water in each tub was regdevery 14 days and maintained at a
medium nutrient level (0.025mdP.and 2.5mgN:") throughout the trial period. Because the

trial required plants to be destroyed on a peradiasis, 30 plants were assigned to one of

137



Chapter 4 Water hyacinth structural leaf quality

five destruction weeks (week 1, week 3, week 5,kweer week 9). All 150 plants were set
up on the same date and as the trial progressedy svo weeks 30 plants were subsampled
and destroyed to obtain leaf toughness and thisknesasurements. Each of the 30 plants
assigned to each destruction week were assigneddof six treatmentsy. bruchionly
(Nb), E. catarinensisonly (Ec), exogenous application of BIGNonly (BION), N. bruchi
with the exogenous application of BIGNBNbD), E. catarinensiswith the exogenous
application of BION (BEc), and an insect-free control treatment witle #xogenous

application of distilled water (di®). Each treatment was replicated five times.

4.2.2 Exogenous application of BIOR

One week prior to insect inoculation, BI®&Nolution was applied to all plants requiring
BION® treatment (at Week 0), and then once every wetek afoculation, for a period of 9
weeks. The same concentration used in Chapter 3used in this trial; ten millilitres of
BION® solution was exogenously sprayed using a pump karaler, from 1m above the
plant, over the entire canopy of each plant in eackhe BION’ required treatments (at

0.0042ml/crf).

4.2.3 Plant and insect parameters

Prior to the release of insects and further apfitinaof BION® and distilled water, all the
plants used within the trial were weighed usingales (Denver Instrument Company, XL-
3100), and were denoted as data for Week 0. Thereahce the insects were released onto
the requisite plants, the application of BI®B&ind distilled water continued. Plant and insect

parameters were measured weekly, for a total pefi@weeks.
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Insect parameters

Adult N. bruchifeeding was recorded using the same method usdthpter 2 and 3, where
an estimate of the percentage surface area danmagézhves 1, 2, 3 and 4 was recorded
each week. Additionally, the number of adult wedeéding scars was counted on the
abaxial and adaxial surfaces of leaves 1 t&dcritotarsus catarinensifeeding damage was
recorded in a similar manner, by estimating the@aiage surface area damage on leaves 1,

2, 3 and 4 (Coetzest al, 2007b).

Plant parameters

At each of the assigned destruction weeks, leagstigned 1 to 4 were sampled from each
plant in each treatment and the leaf toughnessumnegsleaf toughness was measured using
an Imada® DPS-1 force gauge mounted on a standekeaere placed in a custom-made
stand to maintain consistency between measuremdiis. mean leaf toughness was
subsequently measured from five points along thé tip-to-leaf base axis (Figure 4.1 a).

The leaf toughness was measured in grams (g).

Leaf thickness and upper epidermal layer thickredse was measured, using the same
leaves used for measuring the leaf toughness. kedveo 4 from each plant in each
treatment, for each destruction week were preptoedtereo microscope examination. A
section of leaf was excised from the middle of elet, with a 1x5cm area (Figure 4.1 b)
and one 0.1um thick leaf section was cut using@atome. The leaf section was mounted
onto a slide in a drop of silicone to avoid desiimrg and a cover slip placed over the slide
sample. The slides were examined under a steremsompe (Olympus SZX) and images,
with the scale imprinted on them, were taken of b sections using a digital camera

(Olympus DP72). Using ImageJ 1.45s (National losts of Health, USA), three random
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points across the leaf cross section were selegtddneasured to obtain the mean thickness
of the leaves (from the upper epidermis to the logmdermis) and thickness of the upper

epidermal layer (Figure 4.1 c).

4.2.4 Statistical analyses

Generalised linear/non-linear models (GLZ) in STATICA 10.0 (© StatSoft, Inc. 2011)

analysed the differences in leaf toughness and dedf epidermal layer thickness of the
different water hyacinth treatments. On examinatdrihe residuals, all data exhibited a
normal and homoscedastic distribution around thgession line. To test for correlations
between leaf toughness and thickness and perceagalgen content, moisture content and
insect feeding, simple regressions were perforr@ada for water hyacinth leaf percentage
nitrogen content, percentage carbon content, CtiNsrand moisture content were obtained

from Chapter 3.
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3 e

200 M

Figure 4.1 Image explaining the use of each leaf to obtainl¢laé toughness, leaf thickness and
upper epidermal layer thickness. a) One half ofwiaer hyacinth leaf dedicated to obtaining an
average measurement of leaf toughness from 5 paloitg the axis of the leaf, indicated by the red
circles. b) A section of water hyacinth excisedhirthe other half of the leaf, indicated by the red
rectangle, to measure leaf and upper epidermaltéeifness. c) A cross section of water hyacinth
leaf obtained from b) with 3 random points of meament, as indicated by the red arrows, to obtain
the thickness of the leaf (long red arrow) and ugpédermal layer (short red arrow).
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4.3 RESULTS

4.3.1 Insect parameters

4.3.1.1 Percentage feeding area

Water hyacinth structural leaf quality

Throughout the trial, minimal differences in per@age feeding area were observed between

the mirid treated plants, BEc and Ec (Figure 4ahy the weevil treated plants, BNb and Nb

(Figure 4.2). Although percentage feeding increasegt time, there was no difference in

mirid feeding over the sample period, except at kW&ewvhere feeding in the BEc treatment

was significantly higher than treatment Ec (Tahlg)4In addition, there was no difference

in mirid feeding between the different leaf posisoFeeding byN. bruchidid not increase

over time and did not differ between treatments Bitid Nb, or between leaf positions

(Table 4.1).

Table 4.1 The Wald X-statistic andP-values for the generalized linear/non-linear mquEformed
on the percentage feeding area by the two expetaharsectsEccritotarsus catarinensi€ec) and
Neochetina bruchiNb), and the number ™. bruchifeeding scars for both insect only and insect +
BION treated plantd?-values in bold indicate significant differenc@s<0.05.

Sampling weeks Treatment Leaf Leaf*Treatment

Xz(l) P-value Xz(l) P-value Xz(g) P-value X2(3) P-value
Ec % feeding area 55.21 <0.001 0.02 0.89 7.38 0.06 2.90 0.41
Nb % feeding area 1.98 0.16 1.17 0.28 2.84 0.42 3.10 0.38
Nb feeding scars 40.66 <0.001 0.038 0.85 27.72 <0.001 5.92 0.12
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Figure 4.2 The percentage feeding areggatritotarsus catarinensiat each week for plants treated
with E. catarinensi§Ec) andE. catarinensisvith BION® (BEc). Error bars represent the standard
error of the mean (n=5 plants/treatment).
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Figure 4.3 The percentage feeding area\®&ochetina bruchat each week for plants treated with
bruchi (Nb) andN. bruchiwith BION® (BNb). Error bars represent the standard erréh@imean
(n=5 plants/treatment).
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4.3.1.2 Number of adult weevil feeding scars

Even though percentage feeding area did not inerehe number of adult weevil feeding
scars increased significantly over time in both Biiol Nb treatments (Figure 4.4); however
the number of feeding scars did not differ betwgeatments BNb and Nb (Table 4.1, pg
147). The younger leaves (leaf 1 and 2) had afsgnily greater number of feeding scars
than the older leaves (leaf 3 and 4) (Figure 4Th)s result corresponds with the weevils

known preference for younger water hyacinth leaves.
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Figure 4.4Mean number of adult weevil feeding scars produmeleochetina bruchrecorded
each week on water hyacinth plants treated Withruchionly (Nb) andN. bruchiwith BION®
(BNDb). Error bars represent the standard erron@fmean (n=5 plats/treatment).
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Figure 4.5 Mean number of adult weevil feeding scarsNBochetina bruchiecorded on each leaf
position for all water hyacinth plants treated with bruchi Error bars represent the standard error
of the mean. Means followed by the same lettenatestatistically different (n=5 plants/treatment).

4.3.2 Plant parameters
4.3.2.1 Leaf toughness

The toughness of water hyacinth leaves in all tneats remained relatively unchanged over
the sample period, until week 7, where leaf toughneas significantly greater in the BION
treatment (Figure 4.6 and 4.7), than the othetrireats (Table 4.2). At the end of the trial
(Week 9), significant differences in leaf toughnessre observed between treatments
(Wald’s X2(5)2101.9,P <0.05) (Figure 4.6, 4.7 and 4.8). Treatments Bl@ dHO were
not different from each other, and treatment@Hid not differ from non-BIOR treated
plants exposed to herbivory (Ec and Nb). TreatnBd@N was speculated to have softer
leaves than the control treatment, as the C:Ngdbo leaves in the BION treatment were

significantly lower than the control treatment (@tex 3). Additionally, treatments Ec and
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Nb were hypothesised to be softer than treatmenOdiHecause the carbon contents for
treatments Ec and Nb were significantly lower tithe control treatment (Chapter 3).
Although the induction of SA-mediated defence patysvin water hyacinth plants makes
the leaves more palatable, water hyacinth is capalfl maintaining leaf toughness
comparable to the control treatment (BION vs,@H The same result was observed in non-
BION® treated plants exposed to herbivory (Ec and NHjere the toughness of leaves
remained comparable to the control treatment. ay suggest that leaf toughness is either
a constitutive structural response mechanism ermspldyy water hyacinth in naturally
occurring conditions, or a structural response ermaployed by water hyacinth. However,
when BION treated plants were exposed to mirid and weevibitiery (BEc and BNb),
leaf toughness significantly increased in compariso the BION treatment, and their
respective non-BIOR treated counterparts (Ec and Nb) (Figure 4.8)s kvident that the
external application of BIOR! resulted in tougher leaves only when water hyacimas
exposed to herbivory, and this may be an inducegamse after continuous exposure to
herbivory. Essentially, in the absence of herbiyd®A did not constitutively result in
tougher leaves; leaf toughness was induced by \wshi The results obtained for tougher
leaves in treatments BEc and BNb are supportetidgignificant decreases in leaf moisture

(Chapter 3), but no other biochemical analysedN(@nd C:N).

Table 4.2 The Wald's X-statistic andP-values for the generalized linear/non-linear model
performed on the leaf toughness dd®avalues in bold indicate significant differencestvioeen

means.
Sampling weeks Treatment Leaf Leaf*Treatment
X%y  P-value X%  P-value X%;  P-value X%s  P-value
Leaf toughness 69 <0.001 76.1 <0.001 98.2 <0.001 25.7 <0.001
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Figure 4.6 Changes in the leaf toughness, for all leaves,atemhyacinth plants in all treatments, at
each of the destruction weeks. BEc = BfOahdEccritotarsus catarinensi8ION = BION® only,
dH?0 = distilled water, and Ec E. catarinensionly. Error bars represent the standard error atoun
the mean. Means at Week 9 followed by the samerlate not statistically differen®, >0.05 (n=5

plants/treatment).
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Figure 4.7 Changes in the leaf toughness, for all leaves,datemhyacinth plants in all treatments, at
each of the destruction weeks. BION = BI®bhly, BNb = BION’ andNeochetina bruchidHO =
distilled water, and Nb . bruchionly. Error bars represent the standard error afrdba mean.
Means at Week 9 followed by the same letter are statistically different,P >0.05 (n=5

plants/treatment).
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Figure 4.8 Mean leaf toughness (g) for all leaves in all seatments (Treatments: BEc = BIOMN

E. catarinensisBION = BION® only, BNb = BION’ + Neochetina bruchidH,O = distilled water,
Ec = Eccritotarsus catarinensienly, and Nb =N. bruchionly), at the end of the sampling period
(Week 9). Means followed by the same letter are suattistically different,P>0.05 (n=5
plants/treatment).

When examining the differences in leaf toughnesgéeh leaf position over the trial period,
significant differences were observed between sagpiveeks for all leaf positions,
excluding leaf 3, and between treatments for af lpositions (Figure 4.9, Table 4.3).
Generally, over time the toughness of the leavesllitreatments remained unchanged or
gradually increased. Interestingly, at Week 7,ttnemts BION and Ec exhibited significant
spikes in leaf toughness for most of the leaf pms#t (BION: leaf 1, 2 and 3, Ec: leaf 2, 3
and 4). At the end of the trial, significant difeices in leaf toughness between treatments
for all leaf positions were observed (Figure 4.T@ple 4.3). Leaves positioned 1 to 4 for
treatment BEc were significantly tougher than tbaves in treatments Ec and fHThe
same is seen for treatment BNb, which had sigmflgaougher leaves than treatments Nb

and dHO, but only for leaves positioned 1, 2 and 4. Treatt BION was not different from
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treatment dBO for all leaf positions. These results parall@ #bove results, suggesting that
in the absence of herbivory, SA did not constieljresult in tougher leaves; leaf toughness
was induced by herbivory. In addition, the younggaves (leaf 1 and 2) were generally

tougher than the older leaves (leaf 3 and 4), whiak not expected (Table 4.4).

Table 4.3 The Wald's X-statistic andP-values for the generalized linear/non-linear model
performed on the leaf toughness data, exhibitiggicant differences between sampling weeks and
treatments for leaves 1 to 4, and differences batwiseatments for leaves 1 to 4 at the end of the
trial (Week 9).P-values in bold indicate statistical differencesi@en means <0.05 (n=5).

Sampling weeks Treatments Week 9
Leaf X%y P-values X5 P-values Xs) P-values
1 43.39 <0.001 31.37 <0.001 34.78 <0.001
2 12.32 <0.001 22.39 <0.001 58.66 <0.001
3 0.01 0.94 19.11 <0.001 25.68 <0.001
4 44.65 <0.001 31.97 <0.001 32.79 <0.001

Table 4.4The Wald X-statistic andP-values for the generalized linear/non-linear maatelysing
the toughness of leaves, comparing the toughneal lefaves positioned 1 to 4 for treatments BEc
and Ec, BNb and Nb, and BION and #MiH P-values in bold indicate significant differencd® (
<0.05), and means followed by the same letter arstatistically different® >0.05) (n=5).

Treatment Leaf 1 Leaf 2 Leaf 3 Leaf 4 X P-value
BEc 31.73+1.03* 31.86+1.0F 28.77+1.2Ff 26.37+093 1457 <0.001
Ec 25.48 +0.86°  26.20+0.68  25.75+0.68 23.06+0.58  7.75 0.05

BNb 3341+1.67 29.75+0.66  24.48+1.3F 28.69+0.88 2596 <0.001
Nb 28.09+0.5F 2577+0.52° 2473+060 2445+1.18 9.20 0.03

BION 28.86 +1.00 26.70+054 23.92+0.78 2356+1.08 22.34 <0.001
dH.0 26.11 #1.14*  25.360.84%° 22.78 +0.60°  23.130.47° 12.88 <0.001
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Figure 4.9 Changes in the leaf toughness (g) of leaves 1,8hd34 of water hyacinth plants in all
treatments, at each of the destruction weeks. fess: BEc = BION and Eccritotarsus
catarinensisBION = BION® only, BNb = BION’ andNeochetina bruchidH,0 = distilled water, Ec
= E. catarinensinly, and Nb =N. bruchionly. Error bars represent the standard error ardahe
mean,P >0.05 (n=5 plants/treatment).

150



Chapter 4

Leaf toughness (g)

Leaf toughness (g)

40 -

35 -

1

1

(6]
1

40 ~

35 -

30 -

1

1

1

Figure 4.10Mean leaf toughness (g) for leaves 1 to 4, fotralitments at the end of the experiment
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(Week 9). Treatments: BEc = BIGNindEccritotarsus catarinensi®38ION = BION® only, BNb =
BION® andNeochetina bruchidH,O = distilled water, Ec £. catarinensisnly, and Nb =N. bruchi

only. Error bars represent the standard error attlie mean. Means followed by the same letter are

not statistically different?>0.05 (n=5 plants/treatment).
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4.3.2.2 Leaf thickness and upper epidermal layer tbkness

Notable changes in water hyacinth leaf thicknesgufe 4.11 and 4.12) and upper epidermal
cell layer thickness (Figure 4.13 and 4.14) wergeobed during the trial period. Significant
differences in leaf thickness were observed betwssenpling weeks, between treatments
and between leaf positions (Table 4.5). Similaultssvere observed for the thickness of the
upper epidermal layer (Table 4.5). The interactietween leaf position and treatment was
significant for both leaf thickness and epidernajelr thickness. At the end of the trial
(Week 9), significant differences in leaf thicknessre observed between leaf position
(Wald’s X%3=363.8,P<0.05) and between treatments (Wald$s¢23.7,P<0.05) (Figure
4.15). The interaction between leaf position arghtment was significant (Wald’'s X-
2(15):51.3, P<0.05). The exogenous application of BI®NMid not result in significantly
thicker water hyacinth leaves (BION = dH20), altgbutrends suggest that leaves in
treatment BION were thickening. Despite this, BfOieated plants significantly reduced in
leaf thickness when exposed to herbivory by botblogical control agentsN. bruchi
herbivory resulted in significantly thicker leaves comparison to the control treatment,
wherea<. catarinensiglid not, suggesting varying insect-induced watexciyth responses
to different feeding modes. Leaves in treatmentwiete not thicker than the leaves in
treatment BEc. In contrast, leaves in treatmentébe significantly thicker than leaves in
treatment BNb. This may suggest that in the absefhdke JA-mediated pathway (BNb),
water hyacinth plants were incapable of thickeniegves as a form of defence against

mechanical injury by the weevil.

Significant differences in the thickness of the empepidermal cell layer also were observed
between leaf position (Wald’322§)283, P<0.05) and between treatments at the end of the

trial (Wald’s X2(5)=23, P<0.05) (Figure 4.16). The interaction between Ipas$ition and
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treatment also was significant (Wald’§@g)=33, P<0.05). The application of BIONdid not
result in significantly thicker water hyacinth uppepidermal cell layers (BION = dH20),
and unlike leaf thickness, exposure to insect kerlyi did not result in thinner upper
epidermal cell layers. No differences in epiderntaickness were observed between
treatments Ec and BEc; however, significant diffiees were observed between treatments
Nb and BNb, with non-BIOR! treated plants having thicker upper epidermalsceifn
BION® treated plants exposed to weevil herbivory. Thiekdr upper epidermal cells in

treatment Nb corresponds with the observed incesiaseaf thickness.

Table 4.5 The Wald's X-statistic andP-values for the generalized linear/non-linear model
performed on the leaf thickness and epidermal lag#r thickness datd-values in bold indicate
statistical differences between means,0.05.

Sampling weeks Treatment Leaf Leaf*Treatment

X%y  P-value X%  P-value X%;  P-value X%s  P-value
Leaf thickness 38.4 <0.001 33.7 <0.001 602.8 <0.001 28.3 0.02
Epidermal thickness 22 <0.001 21 <0.001 330 <0.001 28 0.02
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Figure 4.11Changes in the leaf thickness, for all leaves, fraater hyacinth plants in all treatments,
at each of the destruction weeks. BEc = Bf@idEccritotarsus catarinensi&ION = BION® only,
dH,O = distilled water, and Ec E. catarinensinly. Error bars represent the standard error atoun
the mean (n=5 plants/treatment).
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Figure 4.12Changes in the leaf thickness, for all leaves, fraater hyacinth plants in all treatments,
at each of the destruction weeks. BION = Bfodnly, BNb = BION® andNeochetina bruchidH,0

= distilled water, and Nb #. bruchionly. Error bars represent the standard error afdhie mean
(n=5 plants/treatment).
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Figure 4.13 Changes in the upper epidermal layer thicknessafioleaves, from water hyacinth
plants in all treatments, at each of the destroctieeeks. BEc = BIORI and Eccritotarsus
catarinensisBION = BION® only, dHO = distilled water, and Ec E. catarinensi®nly. Error bars
represent the standard error around the mean (lanfsfireatment).
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Figure 4.14 Changes in the upper epidermal layer thicknessaloteaves, from water hyacinth
plants in all treatments, at each of the destroctieeks. BNb = BIOR and Neochetina bruchi,
BION = BION® only, dHO = distilled water, and Nb #. bruchionly. Error bars represent the
standard error around the mean (n=5 plants/tredjmen
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Figure 4.15Mean leaf thickness (mm) for all leaves in all seatments (Treatments: BEc = BION
+ E. catarinensisBION = BION® only, BNb = BION’ + Neochetina bruchidH,0 = distilled water,
Ec = Eccritotarsus catarinensienly, and Nb =N. bruchionly), at the end of the sampling period
(Week 9). Means followed by the same letter are stattistically different,P>0.05 (n=5
plants/treatment).
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Figure 4.16 Mean upper epidermal layer thickness (mm) for elives in all six treatments
(Treatments: BEc = BIORI+ E. catarinensisBION = BION® only, BNb = BION’ + Neochetina
bruchi, dH,0 = distilled water, Ec £ccritotarsus catarinensignly, and Nb =N. bruchionly), at the
end of the sampling period (Week 9). Means followsdthe same letter are not statistically
different,P>0.05 (n=5 plants/treatment).
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Over the course of the trial, the leaf thicknesd @re thickness of the upper epidermal cell
layer for all treatments for each leaf positionfetiéd. Leaves 1 to 4 exhibited significant
differences in leaf thickness (Figure 4.17) andasmgpidermal layer thickness (Figure 4.18)
between sampling weeks and between treatmentsgfab); however, no differences were

observed between treatments for the thicknesseofipper epidermal cell layer for leaf 2.

Table 4.6 The Wald's X-statistic andP-values for the generalized linear/non-linear model
performed on the leaf thickness and upper epideteyar thickness data, exhibiting significant
differences between sampling weeks and treatmemtéeives 1 to 4P-values in bold indicate
significant differences between meaRs;0.05.

Leaf thickness Upper epidermis thickness
Sampling weeks Treatments Sampling weeks Treatments
Leaf X%y P-values X  P-values X%y  P-values X P-values
1 57.2 <0.001 17.6 <0.001 14.7 <0.001 11.8 0.04
2 92.6 <0.001 20.6 <0.001 25.9 <0.001 6.4 0.27
3 6.23 0.01 15.35 0.01 13.8 <0.001 16.8 <0.001
4 8.34 <0.001 18.36 <0.001 6.5 0.01 12.8 0.02

At the end of the trial (Week 9), significant diféaces in leaf thickness were observed
between treatments for leaves 1 and 3 (Figure 4.aBle 4.7), but leaves 2 and 4 did not
differ. However, results for leaf 2 were reported, theP-value was close to 0.05All
BION® treated plants exhibited thicker leaves at pasitloin comparison to the control
treatment (dKHO), indicating that the induction of SA results tinicker young leaves.
However, treatments BEc and BNb were not signifigathicker than their non-BIOR
treated counterparts (Ec and Nb). Interestinglylemf 2, treatments BEc and BNb were

thinner than their respective non-Bl&Nounterparts, Ec and Nb; however, treatmertGiH
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was significantly thinner than treatment BION. baf 3, treatments BEc and BNb were
significantly thinner than treatments Ec and NIspeztively. This further suggests that in
the absence of the SA-mediated pathway (BEc and) BMdder hyacinth does not thicken its
lamina in response to herbivory by the mirid andewie This is particularly evident when
observing the weevil treated plants; treatment Mis significantly thicker than all the other
treatments, including treatments BNb and,@HIn leaf 4, no differences were observed
between treatments, although a trend was obsewkdre BION’ treated plants were
thinner than the non-BIONtreated plants. Perhaps, given more time or atgreample

size, these differences would have been significant

Even though there were differences in leaf thickneery few differences were observed
between treatments for the thickness of the uppeteemal layer for each leaf position
(Figure 4.20), particularly in leaf 1 and 4. Howevm leaf 2 and 3, treatment BNb had
significantly thinner upper epidermal layers thamatment Nb. Treatment BION was not

significantly thinner than treatment g® for all leaf positions, excluding leaf 3.

Table 4.7 The Wald's X-statistic andP-values for the generalized linear/non-linear model
performed on the leaf thickness and upper epideteyadr thickness data, exhibiting significant
differences between treatments for leaves 1 to theaend of the trial (Week 9P-values in bold
indicate statistical differences between me&ns).05.

Leaf thickness Upper epidermis thickness
Leaf XZ) P-values Xs) P-values
1 29.6 <0.001 7.8 0.17
2 10.6 0.06 8.1 0.15
3 43 <0.001 30.2 <0.001
4 6.6 0.25 11.1 0.05
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Figure 4.17 Changes in the leaf thickness of leaves 1, 2, 340d water hyacinth plants in all
treatments, at each of the destruction weeks. fess: BEc = BION and Eccritotarsus

catarinensisBION = BION® only, BNb = BION’ andNeochetina bruchidH,0 = distilled water, Ec
= E. catarinensionly, and Nb =N. bruchionly. Data for Week 7, treatment @blis not present.
Error bars represent the standard error arounthéda P >0.05 (n=5 plants/treatment).
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Figure 4.18 Changes in the thickness of the upper epiderméllaydr of leaves 1, 2, 3 and 4 of
water hyacinth plants in all treatments, at eachhefdestruction weeks. Treatments: Treatments:
BEc = BION® andEccritotarsus catarinensi®sION = BION® only, BNb = BION® andNeochetina
bruchi, dH,O = distilled water, Ec =E. catarinensisonly, and Nb =N. bruchionly. Error bars
represent the standard error around the nféa0,05 (n=5 plants/treatment).
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Figure 4.19The leaf thickness of leaves 1, 2, 3 and 4 of wiayacinth plants in all treatments, at the
end of the experimental period (Week 9). TreatmeBiE = BION® andEccritotarsus catarinensis,
BION = BION® only, BNb = BION’ and Neochetina bruchidH,0 = distilled water, Ec =E.
catarinensisonly, and Nb =N. bruchionly. Error bars represent the standard error arto@ mean.
Means followed by the same letter are not stasitjiclifferent,P>0.05 (n=5 plants/treatment).
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Figure 4.20The thickness of the upper epidermal cell laydeafes 1, 2, 3 and 4 of water hyacinth
plants in all treatments, at each of the destrnctieeks (Week 9). Treatments: BEc = Bfband
Eccritotarsus catarinensisBION = BION® only, BNb = BION’ and Neochetina bruchidH,0 =
distilled water, Ec . catarinensionly, and Nb =N. bruchionly. Error bars represent the standard
error around the mean. Means followed by the satterlare not statistically differe®>0.05 (n=5
plants/treatment).
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4.3.3 Investigating the relationships
4.3.3.1 Leaf toughness and thickness vs biochemicaimpositions

No correlations were observed between the leafhioegs and the thickness of the leaves
and leaf toughness and the thickness of the epalarefi layer for leaves positioned 2 and 4
(Table 4.8). However, a strong, significant negatiglationship was observed between leaf
toughness and leaf thickness for leaf 3 in treatniBMb; an increase in leaf thickness
resulted in a decrease in leaf toughness, suggest®A-induced resource allocation cost in
terms of leaf toughness when investing in leafkiéss in response to weevil feeding (y =
72.76 — 92.71*x,R=-0.98, P<0.05, R?=0.95). Significant relationships between leaf
toughness and the percentage leaf carbon conteriedwes positioned 2 and 4 for all
treatments were not observed, except for leaf #rdatment Ec, where a strong positive
correlation was found (Table 4.9); as leaf 4 carbontent increased, the toughness of leaf 4
increased. This suggests that herbivory by thednuri leaf 4 induced increases in leaf 4
carbon content, resulting in increased leaf tougbnknterestingly, whole leaf thickness was
strongly and positively related to percentage abon content in treatment Nb for leaf 4
(Table 4.10), suggesting that as leaf 4 carbonetrihcreased, leaf 4 thickness increased
when exposed tl. bruchiherbivory on non-BIOR treated plants. This result may be leaf
age related, abl. bruchiadultsinfrequently feed on older leaves. In addition, thgper
epidermal layer thickness was strongly and positicerrelated with leaf carbon content in
treatment BEc for leaf 4 (Table 4.10); as leaf oarlzontent increased, leaf 4 epidermal
layer thickness increased in the presende. @latarinensiderbivory. Relationships between
leaf carbon content and both leaf thickness anciuppidermal thickness in the remaining
treatments were not significant. No correlationsevebserved between the leaf toughness

and percentage moisture content for leaves posiii@wand 4 for all treatments (Table 4.11).
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Table 4.8The straight line equation®, P-values and?? obtained from the simple regression method
for analysing the relationship between leaf tougsnand both leaf thickness and upper epidermal
layer thickness for leaf 2 and B-values in bold indicate significant positive r@athips,P <0.05.

Treatment Equation R P-value 2§

Leaf thickness

Leaf 2 BEc y = 0.0041 + 2.83E-5*x 0.99 0.07 0.99
BION y = 0.0016 + 0.0002*x 0.98 0.13 0.96
BNb y =-0.0038 + 0.0003*x 0.94 0.21 0.90
dH,0 y = -0.0031 + 0.0003*x 0.93 0.24 0.86
Ec y = 0.0078 — 4.32E-5*x -0.29 0.82 0.08
Nb y = 0.0002 + 0.0003*x 0.89 0.30 080

Leaf 4 BEc y = 0.004 — 7.82E-7*Xx -0.70 0.51 0.50
BION y = 0.0052 + 2.16E-6*x 0.01 1.00 0.0001
BNb y = 0.005 — 1.57E-6*Xx -0.37 0.76 0.13
dH,0 y = 0.0058 — 3.67E-6*X -0.02 0.99 0.0003
Ec y = 0.0028 + 0.0001*x 0.85 0.35 0.72
Nb y = 0.0076 — 3.72E-5*X -0.34 0.78 0.11

Upper epidermal layer thickness

Leaf 2 BEc y = 0.0003 — 8.41E-7*Xx -1.00 0.07 0.99
BION y =-0.0002 + 1.83E-5*x 0.78 0.43 0.61
BNb y =-1.58E-5 + 1.31E-5*x 0.98 0.14 0.95
dH,0 y = 8.08E-5 + 8.90E-6*x 0.65 0.55 0.42
Ec y = 4.10E-5 + 1.30E-5*x 0.86 0.34 0.74
Nb y = -5.48E-5 + 1.82E-5*x 0.90 0.29 081
Leaf 4 BEc y = 0.0003 — 1.50E-6*x -0.54 0.64 0.29
BION y = 0.0006 — 8.76E-6*x -0.38 0.75 0.15
BNb y = 0.0006 — 1.17E-5*Xx -0.74 0.47 0.55
dH,0 y = 0.0007 — 1.33E-5*x -0.85 0.36 0.72
Ec y = 0.0002 + 6.54E-6*x 0.81 0.40 0.66
Nb y = 0.0003 + 1.47E-6*Xx 0.80 0.41 0.64
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Table 4.9The straight line equation®, P-values and?? obtained from the simple regression method
for analysing the relationship between percentagédarbon content and leaf toughness for leaves 2
and 4.P-values in bold indicate significant positive reaships,P <0.05.

Treatment Equation R P-value R?
Leaf2 BEc y = 154.89 — 2.76*x -0.72 0.28 0.52
BION y =52.82 — 0.63*x -0.41 0.50 0.17
BNb y =94.97 — 1.53*x -0.93 0.06 0.87
dH,0 y =2.00 + 0.55*x 0.13 0.84 0.02
Ec y =50.94 — 0.60*x -0.29 0.64 0.08
Nb y =-9.25 + 0.87*x 0.90 0.29 0.80
Leaf4 BEc y = 30.54 — 0.06*x -0.06 0.96 0.003
BION y =1.99 + 0.52*x 0.13 0.84 0.02
BNb y =526.02 — 12.02*x -0.82 0.39 0.68
dH,0 y = 33.94 — 0.25*x -0.19 0.76 0.04
Ec y = -47.39 + 1.69*x 1.00 0.05 0.99
Nb y = 65.82 — 1.03*x -0.34 0.78 0.12
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Table 4.10 The straight line equation®, P-values andR? obtained from the simple regression
method for analysing the relationship between ¢eabon content and both leaf thickness and upper

epidermal layer thickness for leaf 2 andP4values in bold indicate significant positive reaships.

Treatment Equation R P-value R?

Leaf thickness

Leaf 2 BEc y =39.18 + 1090.71*x 0.69 0.51 0.48
BION y = 45.83 — 852.5*x -0.31 0.62 0.09
BNb y = 44.04 - 325*x -0.31 0.80 0.09
dH,0 y = 39.8 + 455*x 0.52 0.37 0.27
Ec y = 42.36 — 149.23*x -0.18 0.78 0.03
Nb y =36.79 + 813.21*x 0.42 0.73 0.17

Leaf 4 BEcC y = 37.70 + 767.86*x 0.62 0.57 0.39
BION' - - - -
BNb y =42.75 - 245*x -0.38 0.75 0.14
dH,0O y = 46.02 - 465*x -0.52 0.48 0.27
Ec y = 47.26 — 1099.29*x -0.50 0.50 0.25
Nb y = 35.54 + 810*x 0.86 _0.06 0.73

Upper epidermal layer thickness

Leaf 2 BEc y = 40.55 + 12520.15*x 0.37 0.76 0.14
BION y =41.92 — 1905.88*x -0.07 0.92 0.004
BNb y =49.42 — 21648.95*x -0.82 0.38 0.68
dH,O y = 39.64 + 7990.03*x 0.31 0.61 0.10
Ec y =44.61 — 9570.60*x -0.33 0.58 0.11
Nb y =42.14 — 1017.52*x -0.01 0.99 0.0002

Leaf 4 BEc y = 13.95 + 89725.43*x 1.00 0.003 1.00
BION' - - - -
BNb y = 43.23 — 5877.24*X -0.77 0.44 0.60
dH,0 y =45.19 — 4610.40*x -0.07 0.93 0.004
Ec y = 81.86 — 1.30E-5*x -0.79 0.21 0.63
Nb y = 35.47 + 14648.20*x 0.59 0.29 0.35

'Insufficient replicates to perform the simple resgien method
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Table 4.11 The straight line equation®, P-values andR? obtained from the simple regression
method for analysing the relationship between feaisture content and leaf toughness for leaves 2
and 4.P-values in bold indicate significant positive r@aships,P <0.05.

Treatment Equation R P-value R?
Leaf2 BEc y = 28.06 + 0.08*x 0.46 0.43 0.22
BION y =5.33 + 0.26*x 0.79 0.11 0.62
BNb y = 54.00 — 0.30*x . - -
dH,0 y = -24.22 + 0.56*x 0.30 0.63 0.09
Ec y=12.30 + 0.17*x 0.26 0.67 0.07
Nb y =-2.53 + 0.32*x 0.99 0.09 0.98
Leaf4 BEc y =-39.11 + 0.82*x 0.82 0.39 0.67
BION y =-42.95 + 0.82*x 0.53 0.35 0.29
BNb y =-23.68 + 0.63*x 0.47 0.53 0.22
dH,0 y =-14.05 + 0.43*x 0.58 0.31 0.33
Ec y =63.29 -0.51*x -0.97 0.17 0.93
Nb y = 85.33 — 0.69*x -0.76 0.45 0.57

'Insufficient replicates to perform the simple resgien method

4.3.3.2 Leaf toughness versus agent feeding

No correlations were observed between the leafiioegs and the percentage feeding area
by E. catarinensidor leaves positioned 2 and 4 for treatments BEtEn (Table 4.12). The
percentage feeding area Ry bruchifor leaves 2 and 4 for treatments BNb and Nb veag v
little with minimal variances between data; therefocorrelations between leaf toughness
and percentage feeding areaNbybruchicould not be computed. The numberMbfbruchi
feeding scars was then used to test for correlatimetween leaf toughness aNd bruchi
feeding. No correlations were observed betweenlgattoughness and the numberhof

bruchifeeding scarfor leaves positioned 2 and 4 for treatments BN dh (Table 4.12).
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Table 4.12 The straight line equation®, P-values andR? obtained from the simple regression
method for analysing the relationship between teafhness and insect herbivory for leaves 2 and 4.
P-values in bold indicate significant relationshipghe correlation between leaf toughness and
Neochetina bruchiieeding scars for leaf 2 was omitted as the reshitiined was negligible.

Treatment Equation R P-value R?
Leaf 2 % Feeding BEc y = 28.65 + 0.30*x 0.83 0.08 0.70
Ec y = 28.40 — 0.16*x -0.80 0.10 0.64
# Scars BNb y = 34.16 - 0.20*x -0.55 0.33 0.31
Nb' - - - -
Leaf 4 % Feeding BEc y = 26.37 + 0.0003*x 0.0002 0.10 0.00
Ec y =27.74 — 0.35*x -0.94 0.23 0.88
# Scars BNb y =32.71 — 0.28*x -0.59 0.30 0.01
Nb y = 31.61 — 1.24*x -0.36 0.76 0.13

'Insufficient replicates to perform the simple resgien method

4.3.3.3 Leaf thickness versus agent feeding

No correlations were observed between the |leaknieiss and the percentage feeding area by
E. catarinensidor leaves positioned 2 and 4 for treatment BEd(@a&.13). A significant
negative correlation was observed between thethéziness and the percentage feeding area
by E. catarinensidor Leaf 4 for treatment Ec (Table 4.13), suggegstimat with increased
feeding by the mirid, Leaf 4 thickness decreasdds Tesult was not surprising, as water
hyacinth mounted compensatory growth in responseE tocatarinensis(Chapter 3),
suggesting that water hyacinth is reducing leafcstiral defences and reallocating resources
to another function, possibly growth, in respongehe mirid (compensatory growth vs.

defence).
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No correlation was observed between the leaf tleskrand the percentage feeding area by
E. catarinensidor Leaf 2 for treatment Ec. As explained in thepous section, the number
of N. bruchifeeding scars also was used to test for correlati@tween leaf thickness aNd
bruchi feeding. No correlation was observed between taktheéckness and the number of
feeding scars by. bruchifor Leaf 2 for treatment BNb. However, a signifitgositive
correlation was observed between the leaf thickaesisthe number of feeding scars Ny
bruchi for Leaf 4 for treatment BNb (Table 4.13). An ingse in feeding scars correlated
with an increase in leaf thickness. This result was$ expected; treatment BNb was
hypothesised to exhibit a negative relationshipveen leaf thickness and the numbeNof
bruchi feeding scars, where an increase in feeding smarglates with a decrease in leaf
thickness. However, the positive correlation obsdrbetween the leaf thickness and the
number of feeding scars By. bruchifor Leaf 4 for treatment BNb (where an increase in
feeding scars correlated with an increase in leigkhess), may suggest a possible response
to infection by pathogenic organisms; adult wedg#ding scars expose the internal leaf
tissue, which has been shown to facilitate pathiegefection (Moran, 2005). Through the
induction of the SA pathway using BIGNthe pathway typically up-regulated in response
to pathogen attack, it is speculated that withahewance of pathogenic related defences,
water hyacinth leaf laminae thickened in resporseantreased pathogen infection. No
correlation was observed between the leaf thickaesisthe number of feeding scars Ny

bruchifor Leaf 4 for treatment Nb (Table 4.13).
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Table 4.13The straight line equation®, P-values andR? obtained from the simple regression

method for analysing the relationship between fleigkness and insect herbivory for leaves 2 and 4.
P-values in bold indicate significant relationshipghe correlation between leaf thickness and
Neochetina bruchiieeding scars for leaf 2 was omitted as the reshitiined was negligible.

Treatment Equation R P-value R?
Leaf 2 % Feeding BEc y = 0.005 — 2.78E-5*x -0.50 0.67 0.25
Ec y = 0.005 — 2.22E-5*x -0.50 0.67 0.25
# Scars BNb y =0.0021 + 0.0001*x 0.94 0.06 0.89
Nb' - - - -
Leaf 4 % Feeding BEc y = 0.01 — 0.0003*x -0.60 0.40 0.36
Ec y = 0.008 — 0.0001*x -1.00 0.00 1.00
# Scars BNb y = 0.005 + 7.90E-5*x 0.97 0.03 0.95
Nb y = 0.0083 — 0.0003*x -0.76 0.45 0.57

'Insufficient replicates to perform the simple resgien method

4.3.4 Summary of results

A summary of results is presented in Table 4.14cdntrast to the results obtained in
Chapter 3, herbivory by the mirid and weevil did itensify on BION treated plants.
Adult weevil feeding scars exhibited negligiblefeitnces between BIdNand non-BION
treated plants exposed to weevil herbivory. Theilanties in insect feeding between
BION® and non-BION treated plants may be a result of inadequate emviental

conditions, namely temperature.

Regardless of the negligible differences in weeawd mirid feeding, herbivory and the
exogenous application of BIONhad notable impacts on water hyacinth structueaf |

quality (i.e. leaf toughness, leaf thickness andlesmal layer thickness). The independent
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applications of BION (BION treatment) and inoculations of insects (Bd &lb treatments)
had no impact on water hyacinth leaf toughnes$;tteayhness remained comparable to the
control treatment. However, when BIGNreated plants were exposed to herbivory, water
hyacinth leaves toughened significantly, suggestingt the elicitation of SA did not
constitutively result in tougher leaves; toughness induced after continuous exposure to
herbivory. The same result was observed in all f@aditions; treatments BEc and BNb
produced tougher leaves, 1 to 4, than the otheedtments. Unexpectedly, the younger
leaves were tougher than older leaves in all treatea However, the difference in leaf
toughness between young and old leaves sprayed BHEIN® was intensified by the
exposure to herbivory, further suggesting an industeuctural response regulated through
SA-mediated defence pathways. The comparable maghness of non-BION treated
plants exposed t&. catarinensisandN. bruchiherbivory (Ec and Nb) to the leaves in the
control treatment (dD) was expected, due to the significant reductiangaf percentage

carbon content recorded in Chapter 3.

On the other hand, leaves on plants treated witbNSl and exposed to weevil herbivory
were significantly thinner than the non-BI®&Nreated leaves. Additionally, non-BIGN
treated plants exposed td. bruchi herbivory were thicker than the control treatment
(dH20). This suggests that JA-mediated defencewaath play a role in leaf thickening in
response to weevil herbivory. While, non-Bl®Mteated plants exposed to mirid herbivory
(Ec) did not significantly differ in leaf thickness comparison to the control treatment, a
significant negative relationship between leaf dkhess and percentage mirid feeding was

observed; ak. catarinensigeeding increased, leaf thickness decreased.

The same trends and observations were observegper iepidermal cell layer thickness,

where non-BION treated plants exposed to weevil herbivory (Nldpiced thicker upper
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epidermal layers than plants treated with BfOMBNbD), further suggesting an induced
structural response by way of SA-mediated pathvimyssponse to feeding by the weeuvil.
This was particularly evident in leaves 2 and 3.exghleaf upper epidermal layers in
treatment Nb were significantly thicker than leairgreatment BNb. Non-BIOR treated
plants exposed to weevil herbivory had significaritlicker epidermal layers than plants
exposed to mirid herbivory (Ec). This result wapented and suggests that water hyacinth
mounts different structural responses when attadkedifferent insect feeding guild$y.

bruchiherbivory induced a structural response, whileatarinensiglid not.

In comparison to the leaf age effects exhibitedeiaf toughness (younger leaves were
tougher than older leaves, especially when treatétthi BION®), leaf thickness and
epidermal layer thickness increased with age itraitments. In the youngest leaf (leaf 1),
BION® treated plants were thicker than non-Bf©ONreated plants, specifically in

comparison to the control treatment (dH.

The possible mechanisms behind the contrastingteffef E. catarinensisand N. bruchi
herbivory, and the exogenous application of Bfobdh water hyacinth structural leaf quality

traits are discussed below.
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Table 4.14A summary of all the differences observed in thexperimental treatments for all plant
and insect parameters measured, in relation tedgh&ol treatment. o = no significant change in or
no significant relationship, + = increases obsentatt not necessarily significant, - = decreases
observed, but not necessarily significant. Symboleowed by * indicates significant increases or
decreases observed.

Treatment

BEc BION BNb dH,0 Ec Nb
Nutritive quality
% Nitrogen content + +* + 0 - -
% Carbon content + -* -* o] -* -*
C:N o] -* - o] + o]
% Leaf moisture -* 0 -* o] o] o]
Plant parameters
Leaf toughness +* 0 +* o] o] +
Leaf thickness o] 0 o] o] o] +*
Upper epidermal thickness - - -* 0 - +
Leaf toughness vs thickness 0 0 o] o] 0 o]
Leaf toughness vs epidermal thickness o] o] (o] o] o] o]
Leaf toughness vs % carbon o] o] 0 0 +* 0
Leaf thickness vs % carbon o] 0 o] o] 0 +(4)*
Epidermal thickness vs % carbon +(4)* 0 o] o] 0
Leaf toughness vs % moisture 0 0 0 0 o]

Treatment
BEc Ec BNb Nb

Insect parameters
% Ecfeeding o] o] n/a n/a
% Nbfeeding n/a n/a o] (o]
Weevil feeding scars n/a n/a 0 o]
Leaf toughness vs % Ec feeding o] o] n/a n/a
Leaf toughness vs Nb scars n/a n/a o] 0
Leaf thickness vs % Ec feeding o] +(4)* n/a n/a
Leaf thickness vs Nb scars n/a n/a +(4)* 0

' Summarised data taken from Chapter 3. Numbersrenfizeses indicate leaf position.
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4.4 DISCUSSION

In the previous chapter (Chapter 3), the biologmahtrol agentsg. catarinensisand N.
bruchi exhibited differing preferences and performance8EN® and non-BION treated
water hyacinth plants. Both insects showed a soamf preference for, and better
performance, on BIORN treated plants, which resulted in adversely img@aplants in
comparison to non-BION treated plants, particularly for mirid treated m& The
discernible increases in mirid and weevil prefeeeand performance were attributed to the
increased availability of nitrogen in the leavebeTincreases in leaf nitrogen content were a
result of the application of BION eliciting SA up-regulation. Non-BIONtreated water
hyacinth plants were not as adversely impactealildue to insect-induced resistance
mechanisms. The plant's response to the biologicaltrol agents was species-specific;
water hyacinth mounted a compensatory responsattpaw E. catarinensiserbivory, and

mounted an induced defence response to reducentfeei ofN. bruchiherbivory.

The aim of this chapter was to investigate thesparses further by examining the final
expressions of the induced defence pathways. Dtleetonproved nutritive quality of water
hyacinth leaves (increases in nitrogen and decseiasearbon indicates good plant quality
(Center and Dray, 2010) (Chapter 3)) by means eftltitation of SA up-regulation, it was
hypothesised that SA mediates nitrogen-based desentcurring a cost in terms of carbon-
based defences (Herms and Mattson, 1992) and g erinth growth and reproduction
(Mithofer and Boland, 2012). In effect, it was splated that BION treated water hyacinth
plants would exhibit decreases in structural corepts of leaf quality, such as leaf
toughness, leaf thickness and upper epidermalayadt thickness. On the other hand, non-
BION® treated water hyacinth plants were expected tobéxincreases in structural

defences in response to the weevil, as the SA-neetlidefence pathways were intact. In
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response to mirid herbivory, non-BIGNreated plants were predicted to show reductipns i
structural components of leaf quality, as resoumeslld have been reallocated to plant

growth (compensatory response).

Unexpectedly, feeding by. catarinensi@ndN. bruchidid not demonstrate increases in leaf
percentage area damage on BfONeated plants in the present study. In additio,
differences in feeding between leaf positions watserved. However, plants exposed to
herbivory by E. catarinensisappeared more stressed than plants exposed. toruchi
herbivory. In addition to percentage feeding atka,number of adult weevil feeding scars
did not differ significantly between BION and non-BION treated plants, but the
preference for younger leaves (leaf 1 and 2) wilsestdent, which corroborates the results
obtained in the previous chapter and in previousliss (Wrightet al., 1989, Center and
Wright, 1991). The non-significant results obtainft insect feeding is attributed to
temperature effects; the present study took placdaie summer-early autumn, when
temperatures may have been below optimal for ins@dbrmance. Declines in temperatures
have been shown to reduce biological control agerformance (Del Fosse, 1977, Juledn
al., 1999, Coetzeet al, 2007a). Regardless of the negligible differenueserved between
agent feeding on BIORiand non-BION treated plants, changes in structural components o
leaf quality were obvious, yet variable, when péanere treated with BIONand exposed to
herbivory, in combination and independently. Far plurpose of this chapter, references will
be made to the observed changes in insect perfaeramd preferences recorded in Chapter

3.
Leaf toughness

Leaf toughness contributes to structural propertie$eaf quality and may mechanically

hinder an insects feeding and entry (chewing orcpig), and reproductive performance
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(limited oviposition) (e.g. Tanton, 1962, WrightcaBourne, 1986, Wheeler and Center,
1996); therefore, insects exhibit a preference $wofter leaves. Carbon-containing

compounds, such as lignin, hemicellulose and adkil(expressed as cell wall fibre) and
phenolic compounds, largely contribute to leaf tougss and cell wall strengthening, and
are generally costly for the plant to produce (§otE988, Eraso and Hartley, 1990, Gracga
and Zimmer, 2005, Westbroo&t al, 2011, Santiageet al, 2013). Furthermore, these

compounds cannot be reclaimed before leaf senescirerefore they are often produced in
plants with longer leaf life-spans (Coley, 1988j}icBn deposits in plant leaves in response
to herbivory also have been recorded to contritiatéeaf toughness, through cell wall

strengthening (Keeping and Meyer, 2002, Yareapl, 2008, Rangeet al.,2009, Moleset

al., 2013).

Non-BION® treated water hyacinth plants did not increasetthghness of their leaves
significantly in response to herbivory by the minghen compared to the control treatment.
This result was expected, because water hyacirtibiéxd a compensatory growth response
in response to herbivory bl. catarinensis(Chapter 3); therefore, resources that were
reallocated to growth to effectively outgrow thepimet of mirid herbivory most likely
incurred a cost in terms of inducible structuraledees (Rhodes and Cates, 1976, McKey,
1979, Fincheet al, 2008). This was supported by the decreasesrbbooacontent of non-
BION® treated leaves exposed to mirid herbivory in Céapt Trade-offs between plant
growth and leaf toughness have been reported iditdrature. A study by Coley (1988)
investigated the growth and defence propertieslafi@btropical tree species and found that
investment into leaf toughness was negatively taed with growth rate. In addition,
carbon compound synthesis requires large amoungsa@igy, and leaves with high carbon
concentrations consequently incur high resourcdscfidnwin and Kriedemann, 2000);

therefore, the reductions in leaf carbon conterseoked in non-BIOR treated plants
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exposed to mirid herbivory are attributed to wdtgacinth reallocating resources to plant
growth instead of leaf structural traits, as obsdridy the increases in water hyacinth plant
growth observed in Chapter 3. This notion alsauigp®rted by the “growth-rate theory” as
discussed in Chapter 1. Plants with rapid growtesrand subsequent short leaf life-spans do
not invest in defences that are costly and pernta@ieetrievable), such as lignins and

tannins (Coley, 1988); water hyacinth follows saitesponse to the mirid.

A significant positive relationship was observedwssen carbon content and leaf toughness
of leaf 4 in non-BION treated plants exposed Eo catarinensisherbivory, suggesting that
increased carbon accumulation in leaf 4 subsequesgllted in increased leaf toughness in
response to mirid feeding. This result was considldéo be the result of leaf age; as water
hyacinth leaves age, they typically get tougher gimeholic concentrations increase (Wright
and Bourne, 1986, Center and Wright, 1991). Itviglent that the increase in phenolic
compounds did not deté&r. catarinensisas the mirid exhibited a preference for oldevésa

particularly leaf 4 (Hillet al, 1999a).

In contrast, BION treated plants exposed o catarinensisherbivory exhibited significant
increases in leaf toughness compared to treatntem@nd dHO, for all leaf positions. A
similar result was observed for BIGNreated plants exposed b bruchiherbivory; leaves

in treatment BNb were significantly tougher thaaves in treatments Nb and g This
suggests that the elicitation of SA-mediated defepathways induced a leaf toughness
response in water hyacinth; however, plants indepethy treated with BIOR had leaf
toughness comparable to the control treatment.eftwe, despite the induction of SA, water
hyacinth was capable of reserving resources spanurmecessary defences and only
mounted increased leaf toughness in response bivbey. The mechanisms behind this are

unclear. Leaf toughness as a defence strategy nsmooly associated with pathogen
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defences regulated through SA mediated defencevpgth(e.g. lignification, Freeman and
Beattie, 2008). Moreover, according to the peragntearbon content and C:N ratio results
obtained in Chapter 3, it appears that the inceeaséeaf toughness for plants treated with
BION® and exposed to herbivory were not a result of aattmsed structural changes.
Although not investigated here, silicon depositsyneaplain the increased toughness in
BION® treated plants exposed to herbivory (Keeping aegev, 2002, Ranget al.,2009),
particularly as water hyacinth constitutively comps 50% silicon (Makhanu, 1997).
Therefore, it is possible that the plant conceattathese silicon deposits in response to
herbivory when only SA-mediated plant defences wargvated. Silicon depositions in
water hyacinth in response to herbivory and BfOa&pplication thus merits further

investigation.

Interestingly, Takashimat al (2004) recorded an increase in nitrogen investrimga leaf
cell walls of evergreen tree species, consequerghucing nitrogen availability for
photosynthesis. It was postulated that the investroé greater amounts of nitrogen in cell
walls increase leaf toughness and subsequentifeadplan (Takashimeat al, 2004). The
significant increases in leaf toughness in watercnth leaves treated with BIGNnay be a
result of increased allocations of nitrogenous commgls into cell walls (e.g. peroxidases
(Passardet al, 2004)). This notion is supported by the sigaificincreases in leaf nitrogen
content of BION treated plants, reported in Chapter 3. Ultimat&j-mediated defence
pathways regulated the increases in nitrogenougoands in water hyacinth leaves, which
are most likely pathogen defence related; althoughether these nitrogenous-based
compounds are structural or toxic to herbivoresinslear. However, these nitrogenous-
based compounds clearly have nutritive value watiards to insect herbivory, as evidenced
by increased mirid and weevil preference for Bfoteated plants (Chapter 3). Once again,

further investigation into biochemical analysegsas protein activity, is required.
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In comparison to herbivory by the mirid, herbivday N. bruchidid not induce increases in
leaf toughness in non-BiION treated plants. This result was un-expected, awais
hypothesised that weevil feeding induced changdeahstructural traits by means of SA-
mediated defence pathways; however, leaf carbotenbrsignificantly declined in non-
BION® treated plants exposed kb bruchi.Regardless, as was found in a studyZamia
elegangAsterales: Asteraceae) resistance to aphidspsiliteposition could be responsible
for the leaves toughening in response to weevibikiery (Rangeret al, 2009) and could
explain the differences in weevil feeding on Bi®a&hd non-BION treated plants observed

in Chapter 3, although potential silicon depositicas ineffective against weevil herbivory.

In effect, water hyacinth did not toughen its leaweresponse thl. bruchiherbivory in the
present study. This was particularly interestingstaglies investigating water hyacinth leaf
hardness in response to herbivoryNbyeichhorniaeexhibited otherwise. For example, the
study by Wrightet al (1989) found that water hyacinth mounted an ieduphysical
response in terms of leaf hardness in responsertoviory byN. eichhorniaejn addition to
reductions in moisture content, which also were observed in BIOR treated plants
exposed td\. bruchiin Chapter 3. The conflicting results obtainedhe present study for
N. bruchiand the results obtained by Wrigdttal. (1989) forN. eichhorniaemay suggest a
species-specific plant response by water hyacWthile numerous plants exhibit species-
specific insect-induced responses (Karban and MyE389), the varying water hyacinth

responses to the twdeochetinaspp. weevils deserve further investigation.

Interestingly, in the present study, the youngewés in all treatments were nominally
tougher than the older leaves, which also confligth other results in the literature (Bazzaz
et al, 1987, Pinteet al.,2009, Magalhaest al.,2012) and observed increases in C:N ratios

with leaf age in Chapter 3. As discussed aboviosildeposits may explain the increased
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toughness in younger leaves (Keeping and Meyer2,2Ba@ngeret al.,2009). Due to water
hyacinth comprising 50% silicon (Makhanu, 1997),ist possible that water hyacinth
concentrates these silicon deposits in youngerekavhis has been shown in young leaf
blades ofPleioblastus chindviakino (Poaceae, Bambusoideae) which exhibitedifsignt
accumulations of silicon before leaf opening (Motwenet al, 2006). It is speculated that
the increased toughness of young water hyacintretem all non-BION treated plants may
be a result of leaf silicon deposition, which mawstitutively provide structural support and
in turn confer resistance against potential hemgisphowever further investigations into
changes in leaf silicon content are needed to ddieithis. Another hypothesis is that of
structural nitrogen compounds, as nitrogen conteas significantly higher in younger

leaves

Leaf thickness and upper epidermal layer thickness

Leaf thickness and upper epidermal layer thickragesstructural properties of leaf quality
that play vital roles in plant-insect interactionsamely defence and physiological
functioning (Glover, 2000). Leaf thickness conttémito the overall toughness of a leaf
(Kitajima and Poorter, 2010); by increasing thekhess of the photosynthetic mesophyll in
leaves, plants enable thickening and strengtheningeaves (Reacet al, 2009). Plant
species adapted to open sunny environments (eeg. figdds or bodies of water) incur very
few costs in thickening leaves (Roderiek al, 1999, Reackt al, 2009). By deduction,
plants in open, well-lit environments should, orge, have leaves with greater structural
leaf thickness and thus leaf toughness. Howeverctintribution of leaf thickness to leaf
toughness (i.e. the relationship), is variablefeg®rded in numerous studies (e.g. Kitajima
and Poorter, 2010, Westbroek al, 2011). Furthermore, leaf thickness is relatedetd

carbon content and carbon isotope composition {Bted, 1981).
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Whole water hyacinth leaf thickness results vaderbss treatments. At the end of the trial,
BION® treated plants did not exhibit reductions in I¢aitkness in comparison to the
control treatment. Interestingly, a study by Uzum@nd Popova (2000) investigating the
effect of exogenous applications of SA on barlesdfiag leaf anatomyH. vulgare, found
that seedlings treated with SA exhibited reductiamdaminae thickness. Uzunova and
Popova (2000) attributed these changes in leafoamato SA induced leaf growth and
photosynthetic inhibition properties. Although, dan to leaf toughness, the reductions in
leaf thickness of BIORreated water hyacinth were induced by herbivarg aot by the
application of BION, further suggesting an insect-induced structieaponse by means of
SA-mediated defence pathways. The mechanisms be¢hisidesponse are unclear. While
leaf thickness in BIORH-treated plants exposed to herbivory decreaseteagrid of the trial,
there were clear leaf age effects. In the younigest(leaf 1), treatments in BICNreated

plants were significantly thicker than the contreatment.

The reductions in leaf thickness negate the ndahahthe thickening of leaves contributes to
the over-all toughness of leaves, because signifitacreases in leaf toughness were
observed in treatments BEc and BNb. Furthermoeerdhationships between leaf toughness
and leaf thickness were negligible in the presardys Therefore, the toughness of leaves in
BION® treated plants exposed to insect herbivory wast tiksly not a result of leaf
thickening and carbon-based defences (no significglationships were observed between
leaf carbon content and leaf toughness, exceptréatment Ec), but possibly a result of
other structural components (Westbrostkal, 2011). As proposed above, silicon and/ or
nitrogen deposits in leaf cell walls may have dboted to the increases in leaf toughness of
treatments BEc and BNb. Therefore, the role of S&dated silicon and/or nitrogenous-

based compounds in water hyacinth leaf toughnessrdes attention.
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Leaf thickness increased in non-Bl®Nteated plants exposed kb bruchiherbivory (Nb)

in comparison to BIOR treated plants exposed to weevils (significantrdase). Upper
epidermal layer thickness also increased in corapario BION treated plants exposed to
weevils. However, these results were largely aecefdf increases in leaf 3 thickness, further
indicating a leaf age effect. Whereas weevil hatywvas negligible in the present study,
notable differences in weevil herbivory were obsenbetween BIOR and non-BION
treated plants in Chapter 3, particularly for adu#evil feeding scars on leaf 3, where
weevils produced significantly fewer feeding soamsnon-BION treated plants (Nb). These
reductions in comparison to treatment BNb arelatted to the significant increases in leaf 3
thickness, possibly reducing leaf tissue accestsibiThe increases in leaf 3 thickness may
be attributed to adult weevil feeding preferencedeaf 2 and when sampling occurred the
leaf had moved to position 3 (Center, 1985, Ceael Wright, 1991). According to Center
(1985), Neochetinaspp. weevils oviposit their eggs in mature leavesnely leaf 3 and 4.
As a result, the increased thickness in leaf 3cetess a structural response by water hyacinth
to minimise weevil feeding and oviposition. Ovigasi-induced plant responses have
frequently been recorded in the literature (Seshal., 1996, Colazzat al.,2004, Little et
al., 2007). These results indicate an induced stractesponse in water hyacinth leaves in
response to weevil feeding and reproductive behavibrough the SA-mediated defence
pathway. Water hyacinth leaves increased in whedé thickness and epidermal cell layer
thickness, most likely to make leaf tissue lesseasible to the weevil. Numerous studies
have measured leaf thickness and the role it playasect-induced responses, and have
subsequently found that leaf thickness contribtitethe deterrence of herbivory (Gianoli

and Hannunen, 2000, Krings$ al, 2007).

On the other hand, no discernible trends were gbdeior water hyacinth leaf thickness and

upper epidermal cell layer thickness when planteevexposed t&. catarinensiherbivory,
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which would support the notion that water hyacirtsponds to mirid herbivory through
compensatory growth (e.g. biomass accumulationcataophyll content comparable to the
control treatment, Chapter 3) and that there istriksly a trade-off between enhanced

structural defences and compensatory plant gromtithdfer and Boland, 2012).

4.5 CONCLUSION

Structural components of leaf quality varied acrveatments, exhibited various trends and
supported numerous defence strategies; however-al¢astrategies cannot be specified
from the results obtained in this chapter. As codetl in Chapter 3, the results observed in
the present study substantiate the species-spangact-induced responses mounted by
water hyacinth, the ineffectiveness of SA on aetibivore defences in terms .
catarinensisand N. bruchi resistance in water hyacinth, and the effect of Bge on
biochemical and structural components of leaf quaBA, in response to insect herbivory,
induced the toughening of water hyacinth leaveteréstingly, leaf toughness was not
correlated with leaf carbon content and leaf thada(properties contributing to over-all leaf
toughness). Therefore the observed increases intdaghness were probably a result of
increased concentrations of nitrogenous compoundbe cell walls, as supported by the
significant increases in leaf nitrogen in BI®Nreated plants observed in Chapter 3.
Whether these compounds are toxic, structural,otin,in function is unclear and requires
further investigation. Regardless of their purpdkeir role in water hyacinth plant defences

was not applicable to mirid and weevil herbivorythe present study.

The nominal changes (i.e. leaf thickness and uppelermal thickness), or the lack thereof
(leaf toughness), of structural components of Isawxposed independently tg&.

catarinensisherbivory corroborates the notion that water hydicimounts a compensatory
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growth response in response to mirid herbivoryinuitely, resources were reserved for
plant growth instead of structural defences. Caselgr herbivory byN. bruchiinduced a
structural response in water hyacinth in termseaf land upper epidermal layer thickness,
but not in leaf toughness. Although the thickenaighe leaves did not contribute to leaf
toughness, it is postulated that the thickeninghef upper epidermal cell layer contributed
significantly to over-all thickness of the leaveslasubsequent reductions in weevil feeding.
Epidermal cell layers contribute significantly tapt fortification and protection from biotic
and abiotic stress (Hardhaat al., 2007). Therefore, the thickening of the upper epdé
cell layer, namely in leaf 3, in responseNtobruchiactivity is a structural response mounted

by water hyacinth.

Although further analyses into the biochemical cosifions of water hyacinth leaves in
response to herbivory and the application of BfOlre required to make definitive
statements about the roles silicon and nitrogemased compounds play, the present study
exhibits the impact of insect herbivory on wateatinth leaf quality traits, the different
responses water hyacinth mounts in response tanihd and the weevil, and the first

attempt at identifying the roles that SA and JAyptawater hyacinth defences.
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CHAPTER 5

GENERAL DISCUSSION

5.1 INTRODUCTION

The expression of chemical and physical insectérduplant responses and the subsequent
insect-plant interactions, are mediated by plantmomes. In particular, salicylic acid
(salicylates) (SA) and jasmonic acid (jasmonatdg)),(which typically regulate defences
against pathogens and insect herbivores, respbc(iVeaw et al, 2003, Reymonett al.,
2004, Smithet al, 2009). Of relevance to the present study, tleeofi€chemical analogues of
SA and JA (plant activators or chemical elicitesgy. BION®) have been frequently studied
in the field of agronomy, where the exogenous apgibns of these plant activators elicit
appropriate plant resistance against certain pEsfeod crops (e.g. Dietriclet al, 2004,

Heil et al, 2000). The synthesis and production of chenstiaitors, such as BIOR have
provided researchers with a novel tool to investigasect-plant interactions, not only in

agricultural systems, but in natural or invadedeys.

The applied field of weed biological control makese of tight plant-insect interations to
control invasive weeds, by re-establishing theratgons between an exotic plant and its
natural enemies (McFadyen, 1998). Regardless sfctticial criterion, insect-induced plant
responses and the ability of invasive weeds twialle injury are rarely investigated in weed
biological control programmes. Subsequently, thisdyg investigated the insect-induced

responses of the world’s most invasive aquatic tplarater hyacinth K. crassipek in
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response to herbivory by the mirkel catarinensisand the weeviN. bruchi. Biological
control practitioners have been releasing arthrapetdral enemies onto water hyacinth for
over 40 years yet during this time very little r@sd has focused on water hyacinth’s

induced responses to the agents, particularlyeat¢tular level.

The motivation behind this thesis was to furthewestigate water hyacinth-insect
interactions, using the plant activator, BI&Nn an attempt to determine the role of plant
hormones in regulating the insect-induced defenicesesponse to herbivory b¥.
catarinensisandN. bruchithrough elicitation of the production of salicyacid In addition,
the final expressions, biochemical and/or strut¢tuoé these regulatory processes were

determined. Various conclusions have been drawraemdategorised as follows:

1. The role of salicylic acid in water hyacinth ins@atiuced response$alicylic acid
does not play a role in mirid- and weevil-induceatev hyacinth defences.

2. Water hyacinth defence allocation cos@ertain insect-induced responses incur
allocation costs to water hyacinth growth and othsect-plant-related responses.

3. Species-specific insect-induced water hyacinth aesps.Water hyacinth responds
differently to each of the biological control agetésted in this thesis -compensatory
growth versus jasmonic acid-mediated defences.

4. The effect of leaf age on water hyacinth insectioedl responseteaf age had clear

differentiation effects on defence allocation witkvater hyacinth plants.

The above results are discussed and placed inotitext of insect-induced plant responses,
and the ensuing impact these responses have @ilatheinsect interactions between water
hyacinth and the two specialist herbivorEs,catarinensisand N. bruchi within the water

hyacinth biological control programme.
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5.2 THE ROLE OF SALICYLIC ACID IN WATER HYACINTH IN  SECT-INDUCED

RESPONSES

The results obtained in this study confirmed that induction of SA-mediated pathways in
water hyacinth plants, through the exogenous agipic of BION®, did not confer
resistance againsE. catarinensisand N. bruchi herbivory (Chapter 3)Eccritotarsus
catarinensisand N. bruchiexpressed an increased preference for SA-inducaatspland
enhanced performance (e.g. increased palatabilityces N. bruchi only), feeding and
damage, and increases in population growthc@atarinensionly)), consequently resulting
in adversely impacted water hyacinth growth andspilggical function (e.g. reduced leaf
production, leaf turnovere, catarinensionly), second petiole lengthbl(bruchionly) and
reduced photosynthetic productivity (i.e. chlorolplgontent)). These results suggest that
SA-mediated defences in water hyacinth do not gorgfgistance against insect herbivores,
particularly phloem feeders and leaf chewers, whécin accordance with SA-dependent
defence theory and related studies in the liteeatarg. Gaffneyt al, 1993, Ruuholat al.,
2001, Trawet al.,2003, Achucet al., 2004, Sarwaet al.,2005, Liuet al.,2006, Bergeet

al., 2007, Faroulet al.,2008, Rodeet al.,2011). SA-mediated defence pathways generally
confer resistance against pathogens, whereas JAateeéddefence pathways confer
resistance against insect herbivores (Glazebetal., 2005). In support of these results, a
study by Rddeet al. (2011) found that the alpine plamtdenostyles alliariadGouan) A.
Kern. (Asterales: Asteraceae), suffered increasettlarates by two species of leaf beetle,
Oreina elongata (Suffrian, 1851) andO. cacaliae (Schrank, 1785)(Coleoptera:
Crysomelidae), when plants were treated with BTHib@nzolar-S-methyl, SA) in
comparison to the control treatments. On the ofiaed, pathogenic infection rates by the
rust fungusJromyces cacalia€Uredinales: Pucciniaceae), were significantly lowmeBTH

treatedA. alliariae plants.
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Although the present study confirmed that SA doespilay a role in mirid and weevil-
induced defences, the biochemical processes indatvéhe SA induction of water hyacinth
plants shed light on the potential defences empldyg water hyacinth in response to
pathogen infection, by means of SA-mediated defgatleways. SA-induced water hyacinth
plants elicited increases in total nitrogen conienall leaves, particularly in the youngest
leaves. These increases in nitrogen were nutritipbaneficial to the mirid and the weevil;
BION® treated plants, having higher leaf nitrogen levalsre favoured by the biological
control agents (as seen in the increased paldtalmidices, Chapter 3). Whereas these
increases in nitrogen were favoured by the insé@asmost likely that these increases play a
role in deterring pathogen infection (e.g. proteased defences (Passaztial, 2004)). The

nature of these nitrogenous compounds is unclehreaquires further biochemical analyses.

Numerous plant proteins contributing to plant pgtro defence have been recognised and
classified (van Loort al, 2006). It is likely that the elevated levelstofal leaf nitrogen in
water hyacinth plants is a result of defence rdlgtein synthesis and accumulation. One
particular plant protein, PR-9, which is a spedifipe of peroxidise, may play a role in SA-
induced pathogen defence in water hyacinth, pdatigu as it acts in plant cell wall
reinforcement. The significant increases in leafgtmess in BION treated plants, in
response to mirid and weevil herbivory (Chapter migy be a result of PR-9 activity,
promoting the deposition of structural compoundshsas lignin and suberin (Hiragaal.,
2001). As discussed in Chapter 4, the increasésaintoughness content in BIGNreated
plants exposed to insect herbivory were attributedstructure-enhancing nitrogenous
compounds (Takashinet al, 2004). Peroxidases are a common form of pathoggstance
recorded in the literature, which provides minirttaho resistance against insect herbivores
(e.g. Baker and Orlandi, 1995, Yourgal, 1995, Trawet al, 2003, Asthiret al, 2009).

The only result confounding this scenario is thenparable toughness of water hyacinth
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leaves independently treated with BI®reatment BION) to the control treatment ¢¥;
however this was attributed to the inducible natofeplant protein activity. Peroxidases
occur constitutively, but increases in activity ocavhen stimulated by herbivory or any
other damage (Dietricét al.,2004). Naturally, PR-9 is not the only plant protessociated
with pathogen resistance (Passatdal, 2004). However, PR-9 explains the elevated &vel
of nitrogen and increases in leaf toughness of i@Awted water hyacinth plants. Analyses of
protein activity could determine the possible prdeassociated with water hyacinth
pathogen defence (Fernandet al, 2006), particularly in response to the prevalent
pathogensCercospora piaropiTharp andAcremonium zonatur(Sawada) Gams (Harely,

1990).

As discussed in Chapter 4, possible silicon depasiwvater hyacinth leaves in response to
herbivory also may have resulted in the increaseseaf toughness, through cell wall
strengthening (Keeping and Meyer, 2002, Yareapl, 2008, Rangeet al.,2009, Moleset

al., 2013), particularly as water hyacinth constitety comprises 50% silicon (Makhanu,
1997). Cell wall silicon deposition and subsequecteases in leaf toughness have been
postulated as a defence mechanism employed bysptanincrease pathogen resistance
(Jones and Handreck, 1967). Interestingly, a stogyMasseyet al. (2006) found that
increases to leaf abrasiveneiss four perennial grass specie&grostis capillariesL.,
Brachypodium pinnaturh., Festuca ovind.. and Lolium perennd.. (Poaceae)as a result
of silicon depositiondeterred herbivory by two chewing insects, the &fn army worm,
Spodoptera exempt&/alker (Lepidoptera: Noctuidae), and the desertsgcSchistocerca
gregariaForskal (Orthoptera: Acrididae), but was consedyeaneffective against a phloem
feeder, the grain aphi&itobion avenad-abricius (Hemiptera: Aphididae). In the present

study, potential SA-induced silicon deposits did oonfer resistance against both chewing
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(N. bruch) and phloem-feedingE( catarinensis insects, but may play a role against

particular pathogens.

5.3 WATER HYACINTH SA-INDUCED DEFENCE ALLOCATION CO STS

The expression of insect-induced plant responsgsires resources which are typically
limited in numerous environments (Agrawal, 2005hn€equently, induced defences are
costly, because their production generally resutshe reallocation of limited resources
away from plant growth and reproduction (Hofflagtdal., 1996, Baldwin and Preston, 1999,
Cipollini et al, 2003, Mithéfer and Boland, 2012). Ultimatelyeta is a trade-off between
induced defences and plant growth. The cost of rluded response is measured by
observing reductions in plant survivorship, vegetatgrowth and seed production and

survival in the absence of herbivores (Cipolebial, 2003).

The present study revealed a physiological costatér hyacinth SA induction, where plant
biomass accumulation, leaf production and leafrdgbyll content significantly declined in
plants treated with BIORIonly in comparison to the control treatment. Auetibn in water
hyacinth leaf chlorophyll content is an indicatioh reduced photosynthetic productivity
(Vasuet al, 2009), which could account for the reductionsvater hyacinth growth. A few
studies have demonstrated the down-regulation ofiggignthetic genes, unrelated to defence
production, with the treatment and induction of §fancheveet al, 1996, Uzunova and
Popova, 2000). Although it is likely that the intioa of SA resulted in reduced
photosynthetic productivity in water hyacinth leayéhe present study did not investigate
photosynthetic activity at the gene level; therefdiurther investigations are required to

confirm the down-regulation of photosynthetic gemeSA-induced water hyacinth plants.
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In addition to a physiological cost of water hydbiSA induction, an ecological cost of SA
induction occurred. The induction of SA and the smfuent increases in leaf nitrogen
content made water hyacinth plants more palatahde atractive to the insect herbivores
(Chapter 3), which resulted in increased plant dggn@his enhanced insect activity incurred
a cost to water hyacinth growth and physiologicaiction, as significant reductions in plant
biomass, leaf production and leaf chlorophyll cohteere observed in plants treated with
BION® and exposed to herbivory in comparison to the BMDN® treated plants exposed to
herbivory (Chapter 3). In addition, the significantreases in SA-induced toughness of
leaves did not confer resistance against insediiaey (Chapter 4). Therefore, resources
that were reallocated to the up-regulation of SAdiated pathogen defences, namely the
elicitation of nitrogenous compounds (thought toskrictural proteins) and leaf toughness
(induced by herbivory), exposed water hyacinth reater insect attack. In a similar study,
Heil et al (2000) observed slower growth rates and lowembiss accumulation in BIGN
treated wheat plant§(iticum aestivum, cvHanno’ (Poaceae)) in comparison to untreated
control plants, which grew faster and accumulateshigr biomass. In addition, wheat seed
production was negatively impacted when plants vieated with BION, illustrating the
trade-off in resource allocation. In another studyestigating the costs associated with
pathogen resistance, radish cultivaRaghanus sativug.) were exposed to fungal wilt
disease,Fusarium oxysporuntSchlecht. Emend. Snyder & Hansen (Nectriaceae), and
consequently resulted in negative relationshipsveéen radish growth rate and resistance,

concluding that high levels &. oxysporumnfection are associated with resource costs.

Whereas trade-offs between plant growth and inselcteed defences are common, trade-
offs also are observed between particular defeneghamisms, e.g. trade-offs between leaf
trichome production and leaf toughening (Bjorkmand sAnderson, 1990). In the present

study, a possible trade-off between leaf thickerang an unidentified mechanism for leaf
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toughening was identified in SA-induced water hgétiplants. An increase in induced leaf
toughness, with decreases in leaf thickness, wasreed in BION treated plants exposed

to insect herbivory, although not significantly edated (Chapter 4). Results in Chapter 4
confirmed that leaf thickening, which contributesthe over-all toughness of a leaf, did not
play a role in the toughening of SA-induced watgadinth leaf thickness. This suggests that
resources were allocated to another form of wayacinth leaf toughening. As discussed
above in sectio®.1.1 The role of salicylic acid in water hyacintisect-induced response,

the increases in SA-induced water hyacinth leaflioess may be a result of protein activity

or silicon deposition.

5.4 SPECIES-SPECIFIC INSECT-INDUCED WATER HYACINTH RESPONSES

Insect-induced plant responses are species- adihfeenode-specific (Achuet al., 2004,
Speightet al., 2008), because plant defences exhibit differerdgffitacy against certain
herbivores (Travet al, 2003). Water hyacinth mounted species-spe@Bponses to each of

the biological control agents tested in this thesis

Jasmonic-acid mediated defences agawdbruchi

JA-mediated defence pathways most likely contributeN. bruchiinduced water hyacinth
defences, because in the absence of JA-mediatedagepathways (BIONtreated plants),
water hyacinth plants were severely compromised (educed second petiole lengths, leaf
production and chlorophyll content, Chapter 3), anthe presence of JA-mediated defence
pathways, water hyacinth plants maintained comparglowth to control treatments. In
addition, leaf structural responses were initiateinely leaf thickness, when JA-mediated

defence pathways were not inhibited (Chapter 4nt&lthicken leaves, which contribute to
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the over-all toughness of leaves, in response ttbivay to prevent further damage (Potter
and Kimmerer, 1988). Significant reductions in plaalatability indices, and adult weevil
feeding scars on water hyacinth plants (Chaptear®) attributed to the significant increases
in water hyacinth leaf thicknesses (Chapter 4). e that JA played iN. bruchtinduced
water hyacinth defences follows JA-dependent defetheory (Smithet al, 2009) and

related studies in the literature (e.g. Iversbal, 2001).

Even when a plant is attacked by insect specidsgmit single feeding guild, plant responses
may vary (Speighét al.,2008). Water hyacinth did not initiate leaf tougimgnin response
to N. bruchi,despite leaf thickening (Chapter 4). Converselytewhyacinth leaves hardened
in response to herbivory bM. eichhorniae(Wright et al, 1989), which highlights the
species-specific properties of water hyacinth itssuced defences. Moreover, the
differences in the weevil-induced responses extubily water hyacinth may be due to the
level of damage inflicted by each weevil at patacuwater nutrient levelsNeochetina
bruchi performs better on plants grown in high water ieatr levels compared tiN.
eichhorniae(Heard and Winterton, 2000). In effect, the typel amensity of damage an

insect inflicts on a plant determines the plant'sponse.

Compensatory growth in responselocatarinensis

Numerous plants have evolved the ability to tokerasect herbivory through compensatory
mechanisms, by adjusting various physiological petars of growth (Baldwin and Preston,
1999). JA-mediated defence pathways are likely fy  minimal to no role irE.
catarinensisinduced water hyacinth defences, because waterirtiia displayed a
compensatory growth response when attackedhkbymirid; biomass accumulation, leaf
production and chlorophyll content remained comiplaréo the control treatment. According

to the theory of allocation costs, the reallocatioin resources to growth most likely
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precluded resources for jasmonate activity (Rhades Cates, 1976, Herms and Mattson,
1992). This was supported by the lack of leaf stmat changes, regulated by JA (Chapter
4), observed in plants exposed to mirid herbivarly Chapter 4). Moreover, JA is typically

unimportant for vegetative growth (Wu and Baldwdf,10).

The relative chlorophyll content in non-BIGNreated plants exposed to mirid herbivory,
which was somparable to the control treatment Begmthe maintenance of the integrity of
the photosynthetic system (Net&t al., 2005, Vasuet al, 2009, Biradaret al, 2010).

Increases or maintenance in photosynthetic actiaifter herbivore attack may occur,
because many plants function below their maximupaciy (Doust, 1989). Therefore water
hyacinth allocated resources to photosynthetictfand¢o achieve maximum leaf functioning

capacity in order to outgrow the negative impaéts.acatarinensiserbivory.

5.5 THE EFFECT OF LEAF AGE ON WATER HYACINTH INSECT -INDUCED

RESPONSES

Leaves differ in life-span and function, and wikhgbit different insect-induced responses,
accordingly (Feeny, 1970, Rhoades and Cates, 1%&)erally, young leaves are more
highly defended than old leaves, because they &rkigher quality and are therefore
preferred by herbivores (Coley, 1983, 1986). Legd Aad clear effects on water hyacinth
insect-induced responses and insect preferencestigated in the present study. In most
plant species, younger leaves are higher in nitrqge. amino acids/protein) and lower in
structural reinforcements, such as lignin, in congoa to older leaves (Rhoades and Cates,
1976, Bazzaet al, 1987). Water hyacinth follows suit, with youreales characteristic of
higher nitrogen content, lower carbon content asftes tissues (Center and Wright, 1991).

Interestingly, although water hyacinth leaves ie thresent study exhibited increased
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nitrogen levels in the younger leaves, the youngaves were nominally tougher than the
older leaves. This was attributed to one of twonalcal expressions; 1) the increases in
nitrogen content reflected increases in struct@mwaming proteins, such as PR-9, or 2)
increases in silicon deposition. Either optionighty likely and merits further investigation.

Ultimately, water hyacinth actively defends its pger leaves against biotic and most likely

abiotic stresses.

The differences in biochemical compositions of Esand the associated expressions of
plant responses resulted in species-specific mefes for particular aged leaves.
Eccritotarsus catarinensigenerally feeds on older leaves, namely leaf 4 @dial, 1999a),
which has been attributed to the low concentratadnstrogen in older leaves; therefore, the
mirid preferentially feeds on older leaves to avoitlogenous toxins. This may be a mirid-
induced water hyacinth response to deter the rfioich feeding on younger, photosynthetic
leaves. Eccritotarsus catarinensipreferences remained similar in the present stwtgre
feeding was greatest on leaf 4; particularly on BfQtreated plants, because leaf 4 was

softer and lower in nitrogen content.

On the other hand\. bruchiexpressed a preference for younger leaves, maty ldlecause

of their nutritional value (higher allocations afrngenous compounds, which are ineffective
against the weevil), especially on BIG&Nreated plants. Furthermore, regardless of the
toughened younger leaves, weevil herbivory stitl diot decline. This was particularly
interesting as toughened leaves can have negatipacts on insect mandibular structure
(e.g. Raupp, 1985). However, the percentage fea@isigjts obtained for the weevil did not
significantly differ between the BIONand non-BION treated plants, but the number of
adult feeding scars increased in the Bftiated plants; feeding scars were smaller, but

greater in number in the BIONreated plants. A few studies have shown that siosect
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feeding patterns are driven by nutritional benefésher than structural insect-induced
defences (e.g. Kouki and Manetas, 2002, Magalbtak,2012). Ultimately N. bruchimay
have sacrificed mandibular wear for access to tutal plant tissues, and that the access to
nutrition outweighed the cost of mandibular weaswhver further investigations intd.

bruchifeeding behaviour is required.

5.6 CONCLUSION

Collectively, the results of this study clearly damstrate that water hyacinth insect-induced
responses are dynamic and complex, which is nokeumhany of the plants in the plant
kingdom. Water hyacinth protects itself from attdogkN. bruchiby responses activated by
the JA defence cascade, probably inducing leatttral alterations (e.g. leaf thickness),
which subsequently reduced weevil herbivory. Coselgr, water hyacinth outgrows the
impact of E. catarinensisherbivory through compensatory growth; howeverjsitnot
definitively clear that the JA defence cascade ribtl play a role in mirid-induced water
hyacinth responses. Lastly, although SA-induceémzds are likely to be aimed at pathogen
infection, it was clear that induction of SA-meei@tdefence pathways incurs ecological and
physiological costs to water hyacinth, which maybesmeficial to the biological control of

water hyacinth programme.

The negative effect of the plant activator, BIf&Mn water hyacinth plant growth and the
associated insect-induced defences clearly hachpadt on water hyacinth integrity, and for
this reason the applied use of BI®M the water hyacinth biological control programme
would be highly effective for obtaining greater toh of the weed. In addition, humerous
SA-induced plants exhibit reduced seed set andlijate.g. Heil et al., 2000), and water

hyacinth may very well exhibit a similar respong®vestigations into the impact of SA-

196



Chapter 5 General Discussion

induction of water hyacinth seed set and lifetingbility requires investigation, and may

have implications on the accumulation and longeoftgeeds in bank sediments.

Clearly, no plant defence strategy provides perfieéeénce, as various factors influence the
mechanism by which resistance traits are regularedl expressed. Nutrient availability,
environmental conditions, insect herbivore densjtend plant densities are a few factors
impacting insect-induced plant responses (Mattswh Addy, 1975, Karban and Myers,
1989, Schoonhoveet al, 2005). The insect densities investigated in @rap and used in
this thesis (Chapter 3 to 4), exhibited non-letbladnges in water hyacinth growth and
physiological function when plants were not treatéth BION®, and grown in mesotrophic
water nutrient conditions. However, when plants evereated with BION, the lowest
mating pair caused significant amounts of damags.likely that these low densities would
provide effective water hyacinth control in combina with BION® application, which
would reduce the number of weevils required durmagss rearing and releasing strategies.
However, water nutrient levels of aquatic systeragy\from system to system, and these
varying conditions undoubtedly impact water hydtimsect-induced responses differently
in the field, as they have been shown to impacewhtyacinth growth and reproduction
(Center and Spencer, 1981, X& al, 2004). Plant responses different from the ones
observed in this thesis may occur, and some mag hawgative effect on insect herbivory
(e.g. reduces herbivory). Therefore, the use of NBlQunder field conditions to aid the
biological control of water hyacinth requires fuwethinvestigation into the impacts of
different nutrient loads on SA-induced water hy#tinesponses when exposed to insect
herbivory, in addition to non-target effects andteoenefit analyses. Furthermore, this study
did not determine the specific nitrogenous compsupcesent within BIOR and non-

BION® treated plants, and determining whether the dlavaf leaf nitrogenous compounds
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were nutritive or defensive (e.g. amino acids/pnsteversus various toxic compounds),

could elucidate the results obtained in the prestrmty.

In conclusion, water hyacinth is likely to inducpesies-specific defence responses in
response to the biological control agents releésethe control of the weed. Not only does
this study contribute to the limited knowledge ajuatic macrophyte insect-induced
defences, but it reveals for the first time the haggsms driving water hyacinth plant-insect
interactions. Furthermore, it underscores the ingmme of understanding the dynamic
relationships between an invasive weed and itsralatmemies in order to achieve effective

control of the target weed.

198



References

REFERENCES

ACCAMANDO, A. K. and CRONIN, J. T. 2012. Costs anenefits of jasmoic acid induced

responses in soybednvironmental Entomology.l: 551-561.

ACHUO, E. A., AUDENAERT, K., MEZIANE, H. and HOFTBM. 2004. The salicylic
acid-dependent defence pathway is effective agdiffsrent pathogens in tomato and
tobaccoPlant Pathology53: 65-72.

AGRAWAL, A. A. 2005. Future directions in the stuayf induced plant responses to
herbivory.Entomologia Experimentalis et Apllicathls 97-105.

ALBORN, H. T., TURLINGS, T. C. J., JONES, T. H., ENHAGEN, G., LOUGHRIN, J.
H. and TUMLINSON, J. H. 1997. An elicitor of plamblatiles from beet armyworm
oral secretionScience276 945-949.

ALBRIGHT, T. P.,, MOORHOUSE, T. G. and MCNABB, T. 2004. The rise and fall of
water hyacinth in Lake Victoria and the KageradRi2asin, 1989 — 200Journal of
Aquatic Plant Management2: 73-84.

AJUONU, O., BYRNE, M., HILL, M., NEUENSCHWANDER, Rand KORIE, S. 2009. The
effect of two biological control agents, the wikd\reochetina eichhorniaand the
mirid Eccritotarsus catarinensisn water hyacinthEchhornia crassipesgrown in

culture with water lettucdlistia stratiotes. BioControb4: 155-162.

ASTHIR, B., PREET, K., BATTA, S. K. and SHARMA, B009. Role of antioxidative

enzymes in red rot resistance in sugarc8ngar Techll: 282-287.

ATHEY, L. A. and CONNOR, E. F. 1989. The relatioigsbetween foliar nitrogen content
and feeding byddontota dorsalisThun. onRobinia pseudoacacia. Oecologia.79:
390-394.

BACH, C. E. 1988. Effects of host plant patch sszeherbivore density: patterriscology.
69: 1090-1102.

BALDWIN, I. T. 2001. An Ecologically motivated anlis of plant-herbivore interactions in
native tobaccaPlant Physiologyl127: 1449-1458.

199



References

BALDWIN, I. T. and PRESTON, C. A. 1999. The eco-plojogical complexity of plant
response to insect herbivor@anta.208 137-145.

BANK, R. R. 2010. Intraspecific and interspecifiaipwise seedling competition between
exotic annual grasses and native perennials: -glaihtelationshipsPlant and Soil.
326 331-343.

BAZZAZ, F. A., CHIARIELLO, N. R., COLEY, P. D. anBITELKA, L. F. 1987. Allocating

resources to reproduction and defemseScience37: 58-67.

BELSKY, A. J. 1986. Does herbivory benefit plantsfeview of the evidencd he
American Naturalistl27. 870-892.

BENNETT, R. N. and WALLSGROVE, R. M. 1994. Secondaretabolites in plant defence
mechanismd\New Phytologyl27: 617-633.

BERGER, S., SINHA, A. K. and ROITSCH, T. 2007. Rlghysiology: plant primary
metabolism and plant-pathogen interactiodsurnal of Experimental Botanya8:
4019-4026.

BERNAYS, E. A. and CHAPMAN, R. F. 1994ost-plant Selection by Phytophagous
Insects Chapman and Hall, New York.

BERNAYS, E. and GRAHAM, M. 1988. On the evolutionf dost specificity in
phytophagous arthropodscology 69: 886-892.

BIRADAR, S., SALIMATH, P. M. and PATIL, B. C. 2010.and races as a source for
improving photosynthetic rate and productivitydowpea Yigna unguiculataw.).
Electronic Journal of Plant Breeding: 872-877.

BJORKMAN, C. and ANDERSON, D. B. 1990. Trade off@mg antiherbivore defences in a
South American blackberrir(ibus bogotengisOecologia 85: 247-249.

BOSTOCK, R. M., KARBAN, R., THALER, J. S., WEYMANR. D. and GILCHRIST, D.
2001. Signal interactions in induced resistancg@dthogens and insect herbivores.
European Journal of Plant Pathologi07: 103-111.

200



References

BOWNES, A., HILL, M. P. and BYRNE, M. J. 2010. Asség density-damage
relationships between water hyacinth and its du@gser herbivoreEntomologia
Experimentalis et Applicatd.37: 246-254.

BRIESE, D. T. 2000. Impact of th®@nopordumcapitulum weevilLarinus latuson seed

production by its host-planiournal of Applied Ecologya7: 238-246.

BRIESE, D. T., THOMANN, T. and VITOU, J. 2002. Ingieof the rosette crown weevil
Trichosirocalus brieseion the growth and reproduction @nopordumthistles.
Journal of Applied Ecology39: 688-698.

BRIESE, D. T., PETTIT, W. J. and WALKER, A. 2004vdtuation of the biological control
agent, Lixus cardui, on Onopordum thistles: experimental studies on agent

demography and impad®iological Control 31: 165-171.

BROWN, D. G. 1988. The cost of plant defense: apeernental analysis with inducible

proteinase inhibitors in tomat@ecologia 76: 467-470.

BRYANT, J. F. S. C. lll and KLEAN, D. R. 1983. Cantnutrient balance of boreal plants
in relation to vertebrate herbivoi@ikos 40: 357-368.

BYRNE, M., HILL, M., ROBERTSON, M., KING, A., JADHX, A., KATEMB, N.,
WILSON, J., BRUDVIG, R. and FISHER, J. 2010. br&ed Management of
Water Hyacinth in South Africa: Development ofiategrated management plan for
water hyacinth control, combining biological caiirherbicidal control and nutrient
control, tailored to the climatic regions of Sodtflica. Report to the Water Research
Commission. WRC Report No. TT 454/10. Water Rede&ommission, Pretoria,

South Africa.
CANTLON, J. E. 1969. The stability of natural pogtibns and their sensitivity to

technology. In: Woodwell, G. M. and Smith, H. HEdS.) Diversity and Stability in
Ecological System®ew York: Brookhaven National Laboratory, 197-205

201



References

CAO, B., DANG, Q. and ZHANG, S. 2007. Relationshigtween photosynthesis and leaf
nitrogen concentration in ambient and elevated JG®white birch seedlingsTree
Physiology27: 891-899.

CARSON, W. P. and ROOT, R. B. 1999. Top-down effaiftinsect herbivores during early

succession: influence on biomass and plant dome&wecologia.121 260-272.

CASOTTI, G. and BRADLEY, J. S. 1991. Leaf nitrogand its effects on the rate of
herbivory on selected eucalypts in the jarrahdofeorest Ecology and Management.
41: 167-177.

CENTER, T. D. 1981. Biological control and its effe in production and survival of water
hyacinth leaves. In: Delfosse, E. S. (Edadceedings of the"5Symposium in the
Biological Control of WeedsBrisbane, Australia, CSIRO, 22-29 July 1980, 393-
410.

CENTER, T. D. and DRAY JNR., F. A. 2010. Bottom-cpntrol of water hyacinth weevil
populations: do the plants regulate the insedtenal of Applied Ecologyt7: 329-
337.

CENTER, T. D. and DURDEN, W. C. 1986. Variationwaterhyacinth/weevil interactions
resulting from temporal differences in weed conéféorts. Journal of Aquatic Plant
Management24: 28-38.

CENTER, T. D. and SPENCER, N. R. 1981.The phenolagy growth of water hyacinth
(Eichhorniae crassipegMart.) Solms) in eutrophic north-central Floridaake.
Aquatic Botanyl1Q 1-32.

CENTER, T. D. and VAN, T. K. 1989. Alteration of te& hyacinth Eichhornia crassispes
(Mart.) Solms) leaf dynamics and phytochemistry ibgect damage and plant
density.Aquatic Botany35: 181-195.

CENTER, T. D. and WRIGHT, A. D. 1991. Age and plgjtemical composition of
waterhyacinth (Pontederiaceae) leaves determiag #tceptability toNeochetina

eichhorniagColeoptera: Curculionidaeenvironmental Entomolog0: 323-334.

202



References

CENTER, T.D., DRAY, F. A., JR., JUBINSKY, G. P. andESLIE, A. J. 1999.
Waterhyacinth weevilsNeochetina eichhorniaandN. bruch) inhibit waterhyacinth

(Eichhornia crassip@scolony developmenBiological Control.15: 39-50.

CENTER, T. D., HILL, M. P., CORDO, H. and JULIEN,.M. 2002. Waterhyacinth. In: van
Driesche, R.G., Lyon, S., Blossey. B., Hoddle, Bl. and Reardon, R. (Eds.)
Biological Control of Invasive Plants in the Easté&nited State. Morgantown, WV:
USDA Forest Service, 41-64.

CHADWICK, M.J. and OBEID, M. 1966. A comparativaidy on the growth oEichhornia

crassipesandPistia stratiotesn water-culture Journal of Ecology54: 563-575.

CHARUDATTAN, R. 1995. Pathogens for biological canit of water hyacinth. In:
Charudattan, R., Labrada, R., Center, T.D. andyK&tgazo, C. (Eds.$trategies for
Water Hyacinth Control, Report of a Panel of Expeeeting Fort Lauderdale,
Florida, 171-178.

CIPOLLINI, D. F., PURRINGTON, C. B. and BERGELSON, 2003. Costs of induced
responses in plantBasic and Applied Ecology: 79-89.

CLISSOLD, F. J., SANSON, G. D., READ, J. and SIMREGCs. J. 2009. Gross vs. net
income: How plant toughness affects performancaroinsect herbivoreEcology.
90: 3393-3405.

COETZEE, J. A., BYRNE, M. J. and M. P. HILL. 2007Rredicting the distribution of
Eccritotarsus catarinensjsa natural enemy released on water hyacinth inthfSou

Africa. Entomologia Experimentalis et Applicate5 237-247.

COETZEE, J. A., BYRNE, M. J. and M. P. HILL. 2007mpact of nutrients and herbivory
by Eccritotarsus catarinensien the biological control of water hyacinteichhornia

crassipesAquatic Botany86: 179-186.

COETZEE, J. A, CENTER, T. D., BYRNE, M. J. and H|LM. P. 2005. Impact of the
biocontrol agen€Eccritotarsus catarinensisa sap-feeding mirid, on the competitive

performance of waterhyacintBichhornia crassipes. Biological Contr@d2: 90-96.

203



References

COETZEE, J.A., HILL, M.P., BYRNE, M.J. and BOWNES3, 2011. A review of the
biological control programmes orEichhornia crassipes(C. Mart.) Solms
(Pontederiacaeaegkalvinia molestaD.S.Mitch. (Salviniaceae)Ristia stratiotesL.
(Araceae), Myriophyllum aquaticum(Vell.) Verdc. (Haloragaceae) andézolla
filiculoidesLam. (Azollaceae) in South AfricAfrican Entomologyl9: 451-468.

COETZEE, J. A,, HILL, M. P., JULIEN, M. H., CENTER,. D. and CORDO, H. A. 20009.
Eichhornia crassipegMart.) Solms-Laub. (Pontederiaceae). In: Muniappin,
Reddy, G. V. P., and Raman, @&ds.)Biological Control of Tropical Weeds using
Arthropods Cambridge University Press, 181- 208.

COLAZZA, S., MCELFRESH, J. S. and MILLAR, J. G. 2DQdentification if volatile
synomones, induced kyezara viridulafeeding and oviposition on bean spp., that
attract the egg parasitoidrissolcus basalis. Journal of Chemical Ecolo@@:
945-964.

COLEY, P. D. 1983. Herbivory and defensive chanasties of tree species in a lowland
tropical forestEcological Monograph53: 209-233.

COLEY, P. D. 1986. Costs and benefits of defenswbgins in a neotropical tree.
Oecologia.70: 238-241.

COLEY, P. D. 1988. Effects of plant growth rate dealf lifetime on the amount and type of
anti-herbivore defens@ecologia.74: 531-536.

COLEY, P. D. and KURSAR, T. A. 1996. Anti-herbivadefenses of young tropical leaves:
Physiological constraints and ecological tradedffsMulkey, S. S., Chazdon, R. and
Smith, A. P. (Eds.)Tropical forest plant ecophysiologZhampan and Hall, 305-
336.

COLEY, P.D., BATEMAN, M. L. and KURSAR, T. A. 200@he effects of plant quality on
caterpillar growth and defense against naturainge& Oikos.115 219-228.

COLEY, P. D., BRYANT, J. P. and CHAPIN, F. S. 198%esource availability and plant
antiherbivore defenc&cience230 895-899.

204



References

CORDO, H.A. 1999. New agents for biological contafl waterhyacinth. In: Hill, M.P.,
Julien, M. H. ancCenter, T. D. (Edsroceedings of the First IOBC Global Working
Group Meeting for the Biological and Integratedr@w| of Water HyacinthHarare,
Zimbabwe, 68-74

COTTRELL, T. E., WOOD, B. W. and NI, X. 2009. Chitic feeding injury by the black
pecan aphid (Hemiptera: Aphididae) to pecan feliggomotes aphid settling and

nymphal developmenEnvironmental Entomolog®8: 411-416.

CRAWLEY, M. J. 1989. Insect herbivores and planpylation dynamicsAnnual Review of
Entomology34: 531-564.

CRONIN, G. and LODGE, D. M. 2003. Effects of ligabhd nutrient availability on the
growth, allocation, carbon/nitrogen balance, plienchemistry, and resistance to
herbivory of two freshwater macrophyt€ecologia.l137: 32-41.

DE MORAES, C. M., LEWIS, W. J., PARE, P. W. ALBORN, T., TUMLINSON, J. H.
1998. Herbivore infested plants selectively attparasitoidsNature.393 570-573.

DEL FOSSE, E. S. 1977. Temperature optima for agreknt ofNeochetina eichhorniae
andOrthogalumna terebranti€0: 109-113.

DEL FOSSE, E.S. and PERKINS, B.D. 1977. Discoverg hioassay of a kairomone from
waterhyacinthEichhornia crassipes. The Florida Entomologg&®: 217-222.

DEL FOSSE, E. S., CROMROY, H. I. and HABECK, D. E975. Determination of the
feeding mechanism of the waterhyacinth niitgacinth Control Journall3: 53-55.

DELOACH, C.J. and CORDO, H.A. 1976. Life cycle anidlogy of Neochetina bruchia
weevil attacking waterhyacinth in Argentina, witbtes orN. eichhorniae. Annals of
the Entomological Society of Amerié&®.: 643-652.

DENNO, R. F. and RODERICK, G. K. 1992. Density-teth dispersal in planthoppers:
effects of interspecific crowdingcology.73: 1323-1334.

205



References

DENNO, R. F., GRATTON, C., PETERSON, M. A,, LANGEOTTO, G. A., FINKE, D. L.
and HUBERTY, A. F. 2002. Bottom-up forces mediatdural-enemy impact in a
phytophagous insect communiBcology.83: 1443-1458.

DIETRICH, R., PLOB, K. and HEIL, M. 2004. Constitug and induced resistance to
pathogens inArabidopsis thalianadepends on nitrogen supplf?lant, Cell and
Environment27: 896-906.

DING, J., BLOSSEY, B., DU, Y. and ZHENG, F. 200éndact ofGalerucella birmanica
(Coleoptera: Chrysomelidae) on growth and seed ymtomh on Trapa natans.
Biological Control.37: 338-345.

DOARES, S. H., NARVAEZ-VASQUEZ, J., CONCONI, A. andYAN, C. A. 1995.
Salicylic acid inhibits synthesis of proteinasaibitors in tomato leaves induced by
systemin and jasmonic AciBlant Physiology108 1741-1746.

DOUST, J. L. 1989. Plant Reproductive Strategied &esource allocationTrends in
Ecology and Evolutior}:230-234.

EDWARDS, D. and MUSIL, C.J. 197%ichhornia crassipesn South Africa - a general
review.Journal of the Limnological Society of Southernasr1:23-27.

EHRLICH, P. R. and RAVEN, P. H. 1964. Butterfliesdaplants: a study in coevolution.
Evolution.18:586-608.

ENDARA, M. and COLEY, P. D. 2011. The resource &klity hypothesis revisited: a
meta-analysig-unctional Ecology25: 389-393.

ERASO, F. and HARTLEY, R. D. 1990. Monomeric andhdric phenolic constituents of
plant cells walls-possible factors influencing Whiodegradability.Journal of the
Science of Food and Agriculturgl: 163-170.

ESTIARTE, M., FILELLA, 1., SERRA, J. and PENUELAS, 1994 Effects of nutrient and
water stress on leaf phenolic content of pepperd susceptibility to generalist

herbivoreHelicoverpa armigefHubner).Oecologia 99: 387-391.

206



References

EVANS, J. R. 1983. Nitrogen and photosynthesihenftag leaf of whealfl{riticum aestivum
L). Plant Physiology72: 297-302.

EVANS, J. R. 1989. Photosynthesis and nitrogertiogighips in leaves of {plants.
Oecologia.78: 9-19.

FAROUK, S., GHONEEM, K. M. and ALIS, A. A. 2008. daction and expression of
systemic resistance to downy mildew disease irumber by elicitors.Egyptian
Journal of Phytopathology6: 95-111.

FELTON, G. W, KORTH, K. L., Bl, J. L., WESLEY, S..VHUHMAN, D. V., MATHEWS,
M. C., MURPHY, J. B., LAMB, C. and DIXON, R. D. 29. Inverse relationships
between systemic resistance of plants to microusgas and to insect herbivory.
Current Biology 9: 317-320.

FEENY, P. 1970. Seasonal changes in oak leaf taramnd nutrients as a cause of spring

feeding by winter moth caterpillafscology 51: 565-581.

FERNANDES, C. F., MORAES, V. C. P., VASCONCELOSM., SILVEIRA, J. A. G. and
OLIVEIRA, J. T. A. 2006. Induction of an anionieqxidase in cowpea leaves by
exogenous salicylic acidournal of Plant Physiology.63 1040-1048.

FINCHER, R. M., DYER, L. A., DODSON, C. D., RICHARD J. L., TOBLER, M. A,
SEARCY, J., MATHER, J. E., REID, A. J., ROLIG, S. and PIDCOCK, W. 2008.
Inter- and intraspecific comparisons of antiheooés defences in three species of
rainforest understory shrubkurnal of Chemical Ecolog$4: 558-574.

FORNO, I. W. 1981. Effects dfleochetina eichhorniaen the growth of waterhyacinth.
Journal of Aquatic Plant Manageme®: 27-31.

FREEMAN, B. C. and BEATTIE, G. A. 2008. An overvieaf plant defences against
pathogens and herbivoreBhe Plant Health InstructorDOI: 10.1094/PHI-I-2008-
0226-01.

FURLAN, C. M., SALATINO, A. and DOMINGOS, M. 199%.eaf contents of nitrogen and
phenolic compounds and their bearing with thebivere damage tdibouchina

207



References

pulchraCog. (Melastomataceae), under the influence gb@liutants from industries
of Cubatéo, Sao PaulBrazilian Journal of Botany22: 317-323.

GAFFNEY, T., FRIEDRICH, L., VERNOOIJ, B., NEGROTT®,, NYE, G., UKNES, S.,
WARD, E., KESSMANN, H. and RYALS, J. 1993. Requirent of salicylic acid for
the induction of systemic acquired resistaf8mence261 754-756.

GATEHOUSE, J. A. 2002. Plant resistance towardednkerbivores: a dynamic interaction.
New Phytologist156:145:169.

GIANOLI, E. and HANNUNEN, S. 2000. Plasticity ofaetraits and insect herbivory in
Solanum incanuni. (Solanaceae) in Nguruman, SW Kenysrican Journal of
Ecology.38 183-187.

GLAZEBROOK, J. 2005. Contrasting mechanisms of deée against biotrophic and
necrotrophic pathogen&nnual Review of Phytopatholog)8: 205-27

GLEADOW, R. M., FOLEY, W. J. and WOODROW, I. E. %nhanced Cgalters the
relationship between photosynthesis and defencganogenid&ucalyptus
cladocalyx. Muell. Plant, Cell and Environmen2l: 12-22.

GLOVER, B. J. 2000. Differentiation in plant epidal cells.Journal of Experimental
Botany.51: 497-505.

GOPAL, B. 1987Aquatic Plant Studies 1: Water hyacintEisevier, Amsterdam.

GRACA, M. A. S. and ZIMMER, M. 2005. Leaf Toughness. Graca, M. A. S., Béarlocher,
F. and Gessner, M. O. (Ed#ethods to Study Litter Decomposition: A Practical
Guide. Springer, Netherlands,121-125.

GUTIERREZ, A. P., MILLS, N. J.,, SCHREIBER, S. J.dafELLIS, C. K. 1994. A
physiologically based tritrophic perspective ontttwm-up-top-down regulation of
populationsEcology.75: 2227-2242.

HAIRSTON, N. G., SMITH, F. E. and SLOBODKIN, L. B960. Community structure,
population control, and competitiomhe American Society of Naturalis&l: 421-
425.

208



References

HALITSCHKE, R., SCHITTKO, U., POHNERT, G., BOLANDN. and BALDWIN, I. T.
2001. Molecular interactions between the spetialiserbivore Manduca sexta
(Lepidoptera, Sphingidae) and its natural h¥gtotiana attenuatalll. Fatty acid-
amino acid conjugates in herbivore oral secretiares necessary and sufficient for
herbivore-specific plant responstant Physiology125 711-717.

HANLEY, M. E., LAMONT, B. B., FAIRBANKS, M. M. andRAFFERTY, C. M. 2007.
Plant structural traits and their role in antiffieore defencePerspectives in Plant

Ecology, Evolution and Systemati8s157-178.

HARDHAM, A. R., FONES, D. A. and TAKEMOTO, D. 200TCytoskeleton and cell wall
function in penetration resistan€aurrent Opinion in Plant Biologyl0: 342-348.

HARE, J. D. 2011. Ecological role of volatiles poogd by plants in response to damage by
herbivorous insect&nnual Review of Entomolodgy6: 161-180.

HARLEY, K.L.S. 1990. The role of biological contrml the management of water hyacinth.

Biocontrol News and Informatiodl: 11-20.

HEARD, T. A. and WINTERTON, S. L. 2000. Interact®ietween nutrient status and
weevil herbivory in the biological control of watéyacinth. Journal of Applied
Ecology.37: 117-127.

HEIL, M. and BALDWIN, I. T. 2002. Fitness costs afiduced resistance: emerging

experimental support for a slippery concdpéends in Plant Sciencé: 61-67.

HEIL, M., HILPERT, A., KAISER, W. and LINSENMAIR, E2000. Reduced growth and
seed set following chemical induction of pathogiefience: does systemic acquired
resistance (SAR) incur allocation cosig®irnal of Ecology88: 645-654.

HERMS, D. A. and MATTSON, W. J. 1992. The dilemnigtants: to grow or defend.he
Quarterly Review of Biolog$7: 283-335.

HERMSMEIER, D., SCHITTKO, U. and BALDWIN, I. T. 200 Molecular interactions
between the specialist herbivokéanduca sextgLepidoptera, Sphingidae) and its

209



References

natural hostNicotiana attenuatel. Large-scale changes in the accumulation of
growth- and defense-related plant mMRNR&nt Physiology125 683-700.

HILL, M. P. 2003. The impact and control of aliequatic vegetation in South African

aquatic ecosystemafrican Journal of Aquatic Scienc28: 19-24.

HILL, M.P. and CILLIERS, C.J. 1999. A review of thethropod natural enemies, and
factors that influence their efficacy, in the loigical control of water hyacinth,
Eichhornia crassipegMart.) Solms-Laubach (Pontederiaceae), in Soutic# In:
Olckers, T. and Hill, M.P. (EdsBiological Control of Weeds in South Afri¢E990-
1998).African Entomology, Memotit: 103-112.

HILL, M. P. and COETZEE, J. A. 2008. Integrated ttohof water hyacinth in Africa.
Bulletin OEPP/EPPO BulletirB8: 452-457.

HILL, M. P., CENTER, T. D., STANLEY, J. N.,, COROLH. A., COETZEE, J. and
BYRNE, M. J. 1999a. The performance of the watgcinth mirid, Eccritotarsus
catarinensis,on water hyacinth and pickerelweed: a comparisoriaboratory and
field results.Proceedings of the X International Symposium oroBioal Control of
Weeds. Bozemaklontana, United States of America. Montana Statevéisity,
357-366.

HILL, M. P., CILLIERS, C. J. and NESER, S. 1999lifelhistory and laboratory host range
of Eccritotarsus catarinensigCarvalho) (Heteroptera: Miridae), a new natural
enemy released on water hyacintBichhornia crassipes(Mart.) Solms-Laub.)
(Pontederiaceae) in South Afri@iological Control.14: 127-133.

HIRAGA, S., SASAKI, K., ITO, H., OHASHI, Y. and MA3UI, H. 2001. A large family of
class Il plant peroxidaseBlant Cell Physiology42: 462-468.

HOLM, L. 1969. Weed Problems in Developing CowegriVeed Sciencd.7: 113-118.

HOLM, L. G., D. L. PLUCKNETT, J. V. PANCHO, and B. HERBERGER. 1977 he
World’s Worst Weeds: Distribution and Biolodyniversity Press, Honolulu, Hawaii.

210



References

HOFFLAND, E., NIEMANN, G. J., VAN PELT, J. A., PUREEEN, J. B. M., EIJKEL, G.
B., BOON, J. J. and LAMBERS, H. 1996. Relativewth rate correlates negatively
with pathogen resistance in radish: the role ainplchemistry.Plant, Cell &
Environment19: 1281-1290.

HOFFMANN, J. H. 1990. Interactions between threeewilespecies in the biocontrol of
Sesbania punicea(Fabaceae): the role of simulation models in evaloa

Agriculture, Ecosystems and Environme&#. 77-87.

HOFFMANN, J. H. and MORAN, V. C. 1998. The poputatidynamics of an introduced
tree,Sesbania punicean South Africa, in response to long-term damegesed by
different combinations of three species of biotagicontrol agentsOecologia.114
343-348.

HOWE, G. A. and SCHALLER, A. 2008. Direct defenseslants and their induction by
wounding and insect herbivores. In: Schaller, Bd.J Induced plant resistance to

herbivory Springer Science, 7-29.

HUBERTY, A. F. and DENNO, R. F. 2006. Consequengksitrogen and phosphorous
limitation for the performance of two planthoppensth divergent life-history
strategiesOecologia.149 444-455.

HUNTER, M. D., OHGUSHI, T. and PRICE, P. W. 19®fects of resource distribution on

animal-plant interactionsAcademic Press, Inc.

IVERSON, A. L., IVERSON, L. R. and ESHITA, S. 200he effects of surface-applied
jasmonic and salicylic acids on caterpillar growahd damage to tomato plar@hio
Journal of Science.01 90-94.

JACOT GUILLARMOD, A. 1979. Water weeds in Southémica. Aquatic Botany6: 377-
391.

JONES, L.H.P. and HANDRECK, K.A. 1967. Uptake dfcsi by Trifolium incarnatumin
relation to the concentration in the external sotuand to transpiratiorPlant and
Soil 30: 71-80.

211



References

JULIEN, M. H. 2001. Biological Control of Water Hgiath with Arthropods: a Review to
2000. Australian Center for International Agricultural Rearch Proceedings.02
8-20.

JULIEN, M. H. and GRIFFITHS, M. V. 1998Biological Control of Weeds. A World
Catalogue of Agents and Their Target Weé&dsirth Ed. CABI Publishing, Oxon.

JULIEN, M. H. and ORAPA, W. 2001. Insects used liaslogical control of aquatic weed
water hyacinth in Papua New Guindézapua New Guinea Journal of Agriculture,
Forestry and Fisheriegl4: 49 — 60.

JULIEN, M. H., GRIFFITHS, M. W. and STANLY, J. NOR1. Biological control of water
hyacinth 2: The mothNiphograpta albiguttalissndXubida infusellusbiologies, host
ranges, and rearing, releasing and monitoringriegces ACIAR Monograph79: 91.

JULIEN, M. H., GRIFFITHS, M. W. and WRIGHT, A. D999. Biological control of water
hyacinth. The weevildleochetina bruchandN. eichhorniae biologies, host ranges
and rearing, releasing and monitoring techniqoediological control oEichhornia
crassipes. ACIAR MonograpQ: 87.

KARBAN, R. and MYERS, J. H. 1989. Induced plantop@sses to herbivoryAnnual Review
of Ecological System20: 331-348.

KEANE, R. M. and CRAWLEY, M. J. 2002. Exotic plamvasions and the enemy release
hypothesisTRENDS in Ecology and Evolutiahz: 164 — 170.

KEEPING, M. G. and MEYER, J. H. 2002. Calcium silie enhances resistance of sugarcane
to the African stalk borelEldana saccharinaWalker (Lepidoptera: Pyralidae).

Agricultural and Forest Entomology: 265-274.

KITAJIMA, K. And POORTER, L. 2010. Tissue-level F#&oughness, but not lamina
thickness, predicts sapling leaf life-span anddshmlerance of tropical tree species.
New Phytologist186. 708-721.

212



References

KLEIN, H. 2011. A catalogue of the insects, mitewl gpathogens that have been used or
rejected, or are under consideration, for thedgjalal control of invasive alien plants
in South AfricaAfrican Entomologyl19: 515-549.

KOERSELMAN, W. and MEULEMAN, A. F. M. 1996. The vettion N: P ratio: a new
tool to detect the nature of nutrient limitatidournal of Applied Ecologyd3: 1441-
1450.

KOIWA, H., BRESSAN, R. A. and HASEGAWA, P. M. 199Regulation of protease
inhibitors and plant defensérends in Plant Scienc@: 379-384.

KOUKI, M. and MANETAS, Y. 2002. Toughness is lessiportant than chemical
composition of Arbutus leaves in food selection byoecilimon species.New
Phytologist154: 399-407.

KRAFT, S. K. and DENNO, R. F. 1982. Feeding respsnef adapted and non-adapted
insects to the defensive propertieBatcharis halimifoliaL. (Compositae).
Oecologia52: 156-163.

KRINGS, M., TAYLOR, T. N., HASS, H., KERP, H., DOTER, N. and HERMSEN, E. J.
2007. Fungal endophytes in a 400-million-yr-olémil infection pathways, spatial
distribution, and host responsdkew Phytologistl74 648-657.

KURSAR, T. A. and COLEY, P. D. 1991. Nitrogen camtend expansion rate of young
leaves of rain forest species: implications faibhery. Biotropica.23: 141-150.

KURSAR, T. A, WOLFE, B. T., EPPS, M. J. and COLEF, D. 2006. Food quality,
competition, and parasitism influence feeding @mefice in a neotropical
lepidopteranEcology.87: 3058-3069.

LADD, T. L. and BURIFF, C. R. 1979. Japanese beatiluence of larval feeding on
bluegrass yields at two levels of soil moistuleurnal of Economic Entomology2:
311-314.

213



References

LALONDE, S., WIPF, D. and FROMMER, W. B. 2004. Tsgort mechanisms for organic
forms of carbon and nitrogen between source ank. ginnual Review of Plant
Biology.55: 341-372.

LESLIE, C. and ROMANI, R. 1988. Inhibition of Etlgrie biosynthesis by salicylic acid.
Plant Physiology88: 833-837.

LITTLE, D., GOUHIER-DARIMONT, C., BRUESSOW, F. anREYMOND, P. 2007.
Oviposition by pierid butterflies triggers defensesponses in Arabidopsiflant
Physiology143 784-800.

LIU, S. Y., LIU, Z, FITT, B. D. L., EVANS, N., FOBER, S. J., HUANG, Y. J,
LATUNDE-DAD, A. O. and LUCAS, J. A. 2006. Resistan to Leptosphaeria
maculans(phoma stem canker) iBrassica napugoilseed rape) induced bl.
Biglobosaand chemical defence activators in field and cdetloeenvironmentsPlant
Pathology55: 401-412.

LODGE, D.M. 1991. Herbivory on freshwater macrogsyAquatic Botony41: 195-224.

LOUDA, S. M. 1982. Limitation of the recruitment ¢tie shrubHaplopappus squarrosus
(Asteraceae) by flower- and seed-feeding insdctstnal of Ecology70: 43-53.

LUNDBERG, P. and ASTROM, M. 1990. Low nutritive ditya as a defence against
optimally foraging herbivore§.he American Naturalisi.35 547-562.

MAGALHAES, N., FERREIRA, L. B., LEITAO, G. and MANDVANI. 2012. Effects of
leaf herbivory on the bromelialechmea blanchetiana study of selective feeding

by the scrapehcentropter pulchellaActa Botanica Brasilica26: 944-952

MAKHANU, K. S. 1997. Impact of water hyacinth in ke Victoria. In: Water and
Sanitation for all: Partnerships and Innovation23rd Water Engineering and

Development Centre Conference Durban, Soutlcéfri

MARLIN, D., HILL, M. P., RIPLEY, B. S., STRAUSS, Al. and BYRNE, M. J. 2013. The

effect of herbivory by the mit®@rthogalumna terebrantisn the growth and

214



References

photosynthetic performance of water hyacintBickihornia crassipgs Aquatic
Botany 104 60-69.

MARTIN, G. D. and COETZEE, J. A. 2011. Pet storaguarists and the internet trade as
modes of introduction and spread of invasive maltytes in South AfricaWater SA.
37. 371-380.

MASSEY, F. P., ENNOS, A. R. and HARTLEY, S. E. 20@lica in grasses as a defence
against insect herbivores: contrasting effectsfaivores and a phloem feeder.
Journal of Animal Ecology’5: 595-603.

MATTHEWS, L.J. 1967. Seedling establishment of wéigacinth.International Journal of
Pest Management: Part BANS.13: 7-8.

MATTSON JR., W. J. 1980. Herbivory in relation ttapt nitrogen contentAnnual Review
of Ecological System&1: 119-161.

MATTSON, W. J. and ADDY, N. D. 1975. Phytophagousdcts as regulators of forest
primary productionSciencel90 515-22.

MCFADYEN, R.E. 1998. Biological control of weed&nnual Review of Entomolog¥3:
369-393.

MCFADYEN, R. E. 2000. Successes in biological coinof weeds.Proceedings of the X
International Symposium on Biological Control oé&ds. BozemaiMontana, United
States of America. Montana State University, 3-14.

MCKEY, D. B. 1979. The distribution of secondary ngmounds within plants. In:
Rosenthal, G. A. and Janzen, D. H. (Eddgrbivores: their interactions with

secondary plant metabolite&cademic Press, New York, 55-133.

MCNAUGHTON, S. J. 1983. Compensatory plant groagha response to herbivo@ikos.
40: 329-336.

MELLO, M. O. and SILVA-FILHO, M. C. 2008. Plant-iest interactions: and evolutionary
arms race between two distinct defense mechaniBmezilian Journal of Plant
Physiology14: 71-81.

215



References

MITHOFER, A. and BOLAND, W. 2012. Plant defense iagaherbivores: chemical aspects.
Annual Review of Plant Biolog§3: 431-450.

MOLE, S. 1994. Trade-offs and constraints in plagtbivore defense theory: a life-history
perspectiveOikos 71 3-12.

MOLES, A. T., PECO, B., WALLIS, I. R., FOLEY, W.,POORE, A. G. B., SEABLOOM,
E. W., VESK, P. A., BISIGATO, A. J., CELLA-PIZARROL., CLARK, C. J.,
COHEN, P. S., CORNWELL, W. K., EDWARDS, W., EJRNAS, GONZALES-
OJEDA, T., GRAAE, B. J., HAY, G., LUMBWE, F. C., MGANA-RODRIGUEZ,
B., MOORE, B. D., PERI, P. L., POULSEN, J. R., &3H\, J. C., VELDTMAN, R.,
ZEIPEL, H., ANDREW, N. R., BOULTER, S. L., BORER, T., CORNELISSEN, J.
H. C., FARJI-BRENER, A. G., DEGABRIEL, J. L., JURD, E., KYHN, L. A,,
LOW, B., MULDER, C. P. H., REARDON-SMITH, K., ROOBUEZ-
VELAZQUEZ, J., DE FORTIER, A., ZHENG, Z., BLENDINER, P. G., ENQUIST,
B. J., FACELLI, J. M., KNIGHT, T., MAJER, J. D., ARTINEZ-RAMOS, M.,
PETER MCQUILLAN, P. and HUI, F. K. C. 2013. Comgbns between physical and
chemical defences in plants: tradeoffs, syndromegist many different ways to skin
a herbivorous cat®ew Phytologist198 252-263.

MORAN, N. and HAMILTON, W. D. 1980. Low nutritive uglity as defense against
herbivoresJournal of Theoretical Biolog\g6: 247-254.

MORAN, P.J. 2005. Leaf scarring by the weewsochetina eichhorniaand N. bruchi
enhances infection by the fungGercospora piaropon waterhyacinthEichhornia
crassipes. BioControb0: 511-524.

MORAN, P. J. and THOMPSON, G. A. 2001. Moleculaspenses to aphid feeding in
Arabidopsis in relation to plant defence pathw#@jant Physiologyl125 1074-1085.

MORTENSEN, B. 2013. Plant resistance against hergilNature Education Knowledgé:
5.

MOTOMURA, H., FUJII, T., and SUZUKI, M. 2006. Sikcdeposition in abaxial epidermis
before the open if leaf blades Bleioblastus chingPoaceae, Bambusoideadhnals
of Botany97: 513-519.

216



References

MULLER, C. 2008. Plant-Insect interactions on auldic surfaces. In: Riederer, M. and
Miiller, C. (Eds.Biology of the Plant CuticléAnnual Plant Review23: 464.

NETTO, A. T., CAMPOSTRINI, E, GONCALVES DE OLIVEIRAJ. and BRESSAN-
SMITH, R. E. 2005. Photosynthetic pigments, nignegchlorophylla fluorescence
and SPAD-502 readings in coffee leav®sientia Horticulturae104: 199-209.

OBERHOLZER, H. 2001. The water hyacinth weeviNe¢chetina eichhorniaeand
Neochetina bruchi a natural enemy of water hyacinti¢hhornia crassipesn
South AfricaDossiers on biological control agents availableaid alien plant
control. Agricultural Research Council. No. 21.

OLCKERS, T. 2004. Targeting emerging weeds fordgadal control in South Africa: the
benefits of halting the spread of alien plantaraktarly stage of their invasioBouth
African Journal of Scienc&0GC. 64-68.

ORIANS, C. M. and WARD, D. 2010. Evolution of plandiefences in nonindigenous
environmentsAnnual Review of Entomolodgys: 439-459.

OWENS, C.S. and MADSEN, J.D. 1995. Low temperatumis of waterhyacinthJournal
of Aquatic Plant Managemer83: 63-68.

PANCHEVA, T. V., POPOVA, L. P., UZUNOVA, A. N. 199€ffects of salicylic acid on
growth and photosynthesis in barley pladtirnal of Plant Physiology.49 57-63.

PASSARDI, F., PENEL, C. and DUNAND, C. 2004. Penfianrg the paradoxical: how plant

peroxidises modify the cell wallrends in Plant Sciencé: 534-540.

PATRICIO, F. R. A., ALMEIDA, I. M. G., BARROS, B. CSANTOS, A. S. and FRARE, P.
M. 2007. Effectiveness of acibenzoBmethyl, fungicides and antibiotics for the
control of brown eye spot, bacterial blight, broleaf spot and coffee rust in coffee.
Annals of Applied Biology.52 29-39.

PEARSON, D. E. and CALLAWAY, R. M. 2005. Indirecbm-target effects of host-specific
biological control agents: Implications for biologl control.Biological Control.35:
288-298.

217



References

PENFOUND, W.M.T. and EARLE, T.T. 1948. The biolog§ water hyacinthEcological
Monographsl8: 447-472.

PETER, A. J. and SHANOWER, T. G. 2001. Role of plamrface in resistance to insect
herbivores. In: Ananthakrishnan, T. N. (Ethsects and plant defence dynamics
Science Publishers, Inc, 107-132.

PETERSON, R. K. D. and HIGLEY, L. G. 1993. Arthrabmjury and plant gas exchanged:
Current understandings and approaches for systigsinds in Agriculture Science:
Entomologyl: 93-100.

PIETERSE, C. M. J., VAN WEES, S. C. M., TON, J., NAELT, J. A. and VAN LOON,
L. C. 2002. Signalling in rhizobacteria-inducedstgynic resistance iArabidopsis
thaliana Plant Biology 4: 535-544.

PINTO, C. F., TRONCOSO, A. J., URZUA, A. and NIEMER, H. M. 2009. Aristolochic
acids affect the feeding behaviour and developroéBattus polydamas archidamas
larvae (Lepidoptera: Papilionidae: TroidinBuropean Journal of Entomolog$06
357-361

POLIS. G. A. and STRONG, D. R. 1996. Food web caxipf and community dynamics.
The American Naturalisii47. 813-846.

POTTER, D.A. and KIMMERER, T.W. 1988. Do holly legpines really deter herbivory?
Oecologia75: 216-221.

PRATT, P. D.,, RAYAMAJHI, M. B., VAN, T. K., CENTERT. D. and TIPPING, P. W.
2005. Herbivory alters resource allocation and pensation in the invasive tree

Melaleuca quinquenervia. Ecological Entomolog§. 316 — 326.

PRICE, P. W. 2002. Species interactions and théugen of biodiversity. In: Herrera, C.
M. and Pellmyr, O. (Eds.Plant-Animal Interactions: An Evolutionary Approach
Blackwell Publishing, 313.

218



References

QIU, B., VAN DAM, N. M., HARVEY, J. A. and VET, LE. M. 2012. Root and shoot
jasmonic acid induction differently affects therdging behaviour ofCotesia

glomerataunder semi-field condition®ioControl.57: 387-395.

RANGER, C. M., SINGH, A. P., FRANTZ, J. M. CANAS.,LLOCKE, J. C., REDING, M.
E. and VORSA, N. 2009. Influence of silicon onistance ofZinnia elegansto
Myyzus persica@Hemiptera: AphididaeEnvironmental Entomologi8: 129-136.

RATUSHNYAK, A. A.,, ABRAMOVA, K., I. and SHAGIDULLIN, R. R. 2010. The role of
salicylic acid in macrophyteTypha angustifoliaL.) adaptation to nitrate nitrogen.
American-Eurasian Journal of Agricultural and Ermimmental Scienc&: 355-358.

RAUPP, M. J. 1985. Effects of leaf toughness on ditadar wear of the leaf
beetle Plagiodera versicoloraEcological Entomologyl0: 73-79.

REYMOND, P., BODENHAUSEN, N., VAN POECKE, R. M., KEHNAMURTHY, V.,
DICKE, M. and FARMER, E. E. 2004. A conserved senipt pattern in response to a
specialist and a generalist herbivd?éant Cell.16: 3132-3147.

READ, J., SANSON, G. D., CALDWELL, E., CLISSOLD, §., CHATAIN, A., PEETERS,
P., LAMONT, B. B., DE GARINE-WICHATITSKY, M., JAFRE, T. and KERR, S.
2009. Correlations between leaf toughness and ghleen among species in
contrasting environments of Australia and New Gaiea. Annals of Botanyl03
757-767.

REESE, J. C. 1979. Interactions of alleochemicatls mutrients in herbivore food. In:
Rosenthal, G. A. and Janzen, D. H. (Ed#®rbivores, Their Interactions with
Secondary Plant Metabolite&cademic Press, New York, 309-330.

RHAINDS, M. and ENGLISH-LOEB, G. 2003. Testing thesource concentration
hypothesis with tarnished plant bug on strawbedsgnsity of hosts and patch size
influences the interaction between abundance ofpig and incidence of damage.
Ecological Entomology28: 348-358.

RHOADES, D. F. and CATES, R. G. 1976. Towards aegantheory of plant antiherbivore

chemistry. In: Wallace, J. W. and Mansell, R.(Eds.)Biochemical Interactions

219



References

between Plants and Insects. Recent Advances itoéhigmistry Plenum Press, New
York. 10, 168-213.

RIPLEY, B. S., MULLER, E., BEHENNA, M., WHITTINGTONIONES, G.M. and HILL.,
M. P. 2006. Biomass and photosynthetic produgtiof water hyacinthEichhornia
crassipey as affected by nutrient supply and miric€ritotarsus catarinensjs
biocontrol.Biological Control 39: 392-400.

RODER, G., RAHIER, M. and NAISBIT, R. E. 2011. Daduced responses mediate
ecological interactions between specialist hen@gs@and phytopathogens of an alpine
plant?PLoS ONES6: 1-7.

RODERICK, M. L., BERRY, S.L.,, NOBLE, I. R. and FARBHAR, G. D. 1999. A
theoretical approach to linking the composition amorphology with the function of
leavesFunctional Ecologyl3: 683-695.

RODRIGUEZ-SAONA, C. and THALER, J. S. 2005. Herb®oresponses and patch
heterogeneity affect abundance of arthropods antglEcological Entomology30:
156-163.

RUUHOLA, T. M., SIPURA, M., NOUSIAINEN, O. and TAHRNAINEN, J. 2001.
Systemic induction of salicylates $alix myrsinifolia(Salisb.).Annals of Botany88:
483-497.

SAGERS, C. L. and COLEY, P. D. 1995. Benefits andte of defense in a neotropical
shrub.Ecology 76: 1835-1843.

SARWAR, N., ZAHID, M. H., HAQ, I. and JAMIL, F. F2005. Induction of systemic
resistance in chickpea agaifstsariumwilt by seed treatment with salicylic acid and
BION. Pakistan Journal of Botan7: 989-995.

SANTIAGO, R., BARROS-RIOS, J. and MALVAR, R. A. 2B1Impact of cell wall
composition on maize resistance to pests and shisehnternational Journal of
Molecular Scienced.4: 6960-6980.

220



References

SCHOOLER, S. S. and MCEVOY, P. B. 2006. Relatiopsietween insect density and plant
damage for the golden loosestrife bee@alerucella pusilla on purple loosestrife
(Lythrum salicarig. Biological Control 36: 100-105.

SCHOONHOVEN, L. M. VAN LOON, J. J. A. and DICKE, N2005.Insect-plant biology
Second edition. Oxford University Press, 421.

SEINO, Y., SUZUKI, Y. and SOGAWA, K. 1996. An ovial substance produced by rice
plants in response to oviposition by the whitelealcklanthopper$Sogatella furcifera
(HORVATH) (Homoptera: Delphacidaepplied Entomology and Zoologl: 467-
473.

SHABANA, Y. M., BAKA, Z. A. M. and ABDEL-FATTAH, G. M. 1997. Alternaria
eichhorniag a biological control agent for waterhyacinth: rolyerbicidal formulation
and physiological and ultrastructural host respor@uropean Journal of Plant
Pathology.103 99-111.

SHABANA, Y. M., ELWAKIL, M. A. and CHARDUTTAN, R.2001. Biological control of
water hyacinth by a mycoherbicide in Egypt. Iniely M. H., Hill, M. P., Center, T.
D. and Ding, J.(Eds.) Biological and Integrated Control of Waterhyacinth,
Eichhornia crassipes: Proceedings of the Seconcttidg of the Global Working
Group for the Biological and Integrated Contrdl Water Hyacinth Beijing, China.
Canberra, Australia, Australian Centre for Intéioraal Agricultural, 53-56.

SHEPPARD, A. W., SHAW, R. H. and SFORZA, R. 2006pT20 environmental weeds for
classical biological control in Europe: a revi®i opportunities, regulations and
other barriers to adoptioVeed Research6: 93-117.

SIMON, J., GLEADOW, R. M. and WOODROW, |. E. 201Allocation of nitrogen to
chemical defence and plant functional traits isnstained by soil N.Tree
Physiology30: 1111-1117.

SLANSKY, F and FEENY, P. 1977. Stabilization of tiage of nitrogen accumulation by
larvae of the cabbage butterfly on wild and ealted food plantsEcological
Monographs47: 209-228.

221



References

SILVEIRA GUIDO, A. and PERKINS, B. D. 1975. Biolog@and host specificity of
Cornops aquaticungBruner) (Orthoptera: Acrididae), a potential bigical control

agent for water hyacintEEnvironmental Entomology: 400-404.

SMEDEGAARD-PETERSEN, V. and STALEN, O. 1981. Effetenergy-requiring defense
reactions on yield and grain quality in a powdenidew-resistant barley cultivar.
Phytopathology71. 396-399.

SMITH, J. L., DE MORAES, C. M. and MESCHER, M. Q)@®. Jasmonate- and salicylic-
mediated plant defense responses to insect heesivpathogens and parasitic plants.
Pest Management Sciené&: 497-503.

SO0 HOO, C. F. and FRAENKEL, G. 1966. The selectbfood plants in a polyphagous
insect,Prodenia eridanigCramel). Journal of Insect Physiolog$2: 683-709.

SPEIGHT, M. R., HUNTER, M. D. and WATT, A. D. 200Bcology of Insects: Concepts
and Applications2™ Edn. Blackwell Science, Oxford.

STAMP, N. 2003. Out of the quagmire of plant detehgpotheseslhe Quarterly Review of
Biology.78: 23-55.

STEINBRENNER, A. D., GOMEZ, S., OSORIO, S., FERNKE, R. and ORIANS, C. M.
2011. Herbivore-induced changes in tomatolénum lycopersicumprimary

metabolism: a whole plant perspectiyeurnal of Chemical Ecolog®.7: 1294-1303.

STILING, P. and MOON, D. C. 2005. Quality or quayitiThe direct and indirect effects of

host plants on herbivores and their natural ener@ecologia.142 413-420.

STRAUSS, S. Y. and ZANGERL, A. R. 2002. Plant-iriséateractions in terrestrial
ecosystems. In: Herrera, C. M. and Pellmyr, O.s(Hdlant-animal interactions: an

evolutionary approackBlackwell Publishing, 77-106.

TAKASHIMA, T., HIKOSAKA, K. and HIROSE, T. 2004. Ritosynthesis or persistence:
nitrogen allocation in leaves of evergreen anddimrisQuercusspeciesPlant, Cell
and Environmen7: 1047-1054.

222



References

TANTON, M. T. 1962. The effect of leaf “toughnessi the feeding of larvae of the mustard

beetlePhaedon cochleariaéab.Entomologia Experimentalis et Applicata.74-78.

TEERI, J. A, TONSOR, S. J. and TURNER, M. 198lafLthickness and carbon isotope

composition in the Crassulace&ecologia 50: 367-369.

THALER, J. S., STOUT, M. J., KARBAN, R. and DUFFEY. S. 1996. Exogenous
jasmonates simulate insect wounding in tomatotplétycopersicon esculentynn
the laboratory and fieldlournal of Chemical Ecologg2: 1767-1781.

TIPPING, P. W., CENTER, T. D. and DRAY, F. A. JI0GB. Proposed field release of
Megamelus scutellari8erg (Hemiptera: Delphacidae) for control of watertinth
Eichhornia crassipesMart. (Solms) (Pontederiales: Pontederiaceae). tiGeti
submitted to the Technical Advisory Group for Bigical Control Agents of Weeds,
US.A, 1-34.

TOLLRIAN, R. and HARVELL, C. D. 1999. The evolutioof inducible defences: current
ideas, In: Tollrian, R. and Harvell, C. D. (EdShe ecology and evolution of
inducible defence#’rinceton University Press, 306-321.

TRAW, M.B., KIM, J., ENRIGHT, S., CIPOLLINI, D. Fand BERGELSON, J. 2003.
Negative cross-talk between salicylate- and jaste®mediated pathways in the

Wassilewskija ecotype @&rabidopsis thaliana. Molecular Ecology2: 1125-1135.

UNGAR, I. A. 1992. The effect of intraspecific coetpion on growth, reproduction and
survival of the halophyteSpergularia marina International Journal of Plant
Sciencesl53 421-424.

UNWIN, G. L. and KRIEDEMANN, P. E. 2000. Principlesnd processes of carbon
sequestration by treeState Forests of New South Wales, Technical p&del0.

UZUNOVA, A. N. and POPOVA, L. P. 2000. Effect oflisglic acid on leaf anatomy and
chloroplast ultrastructure of barley plar®hiotosynthetica38: 243-250.

223



References

VAN LOON, L. C., REP, M. and PIETERSE, C. M. J. BO®ignificance of inducible
defense-related proteins in infected plaanual Review of Phytopathologg¥4:
135-162.

VAN OOSTEN, V. R., BODENHAUSEN, N., REYMOND, P., WA PELT, J. A., VAN
LOON, L. C., DICKE, M. and PIETERSE, C. M. J. 20@3fferential effectiveness
of microbially induced resistance against herbowusr insects inArabidopsis
Molecular Plant-Microbe Interaction®1: 919-930.

VANDERMEER, J. H. and RICE, R. A. 1980. An empitieguation for determining dry
weights of water hyacint@ournal of Aquatic Plant Managemet8:40-41.

VASU, K., GOUD, J. V., SURYAM, A. and CHARYA, M. AS. 2009. Biomolecular and
phytochemical analyses of three aquatic angiosperAfrican Journal of
Microbiology Researcl8: 418-421.

VENTER, N., HILL, M. P., HUTCHINSON, S. and RIPLEYB. S. 2013. Weevil borne
microbes contribute as much to the reduction aft@éynthesis in water hyacinth as
does herbivoryBiological Control 64: 138-142.

WALLING, L. L. 2000. The myriad plant responseshirbivoresJournal of Plant Growth
Regulation19: 195-216.

WALMSLEY, R. D. 2003. Development of a strategy dontrol eutrophication in South
Africa. Phase 1: Development of a Strategy to Control Eltroation in South
Africa. Annexure 5.

WAR, A. R., PAULRAJ, M. G., AHMAD, T., BUHROO, A. A HUSSAIN, B.,
IGNACIMUTHU, S. and SHARMA, H. C. 2012. Mechanisnod plant defence
against insect herbivoradlant Signalling and Behaviour: 1306-1320.

WESTBROOK, J. W., KITAJIMA, K., BURLEIGH, J. G., KBSS, W. J., ERICKSON, D.
L. and WRIGHT, J. S. 2011. What makes a leaf tGudtatterns of correlated
evolution between leaf toughness traits and deapdgc rates among 197 shade-
tolerant woody species in a neotropical ford$te American NaturalistL77. 800-
811.

224



References

WEYL, P. S. R. and HILL, M. P. 2012. The effects inbect-insect interactions on the
performance of three biological control agentseaséd against water hyacinth.
Biolcontrol Science and Technolo@g: 883-897.

WHEELER, G. S. and CENTER, T. D. 1996. The influet hydrilla leaf quality on larval
growth and development of the biological contament Hydrellia pakistanae
(Diptera: EphydridaeBiological Control.7: 1-9.

WILBUR, H. D., ALBA, C., NORTON, A. P. and HUFBAUERR. A. 2013. The effect of
insect herbivory on the growth and fitness ofadticedVerbascum Thapsulks.
NeoBiota.19: 21-44.

WILLIAMS, A. E., DUTHIE, H. C. and HECKY, R. E. 2@ Water hyacinth in Lake
Victoria: Why did it vanish so quickly and will return?Aquatic Botany81: 300-
314.

WILLIAMS, C. E., NEMACHECK, J. A., SHUKLE, J. T., $BRAMANYAM, S.,
SALTZMANN, K. D. and SHUKLE, R. H. 2011. Induceg@idermal permeability
modulates resistance and susceptibility of wiseatdlings to herbivory by Hessian

fly larvae.Journal of Experimental Botang2: 4521-4531.

WINTER, T. R. and ROSTAS, M. 2010. Nitrogen defiuig affects bottom-up cascade
without disrupting indirect plant defensleurnal of Chemical Ecologg6: 642-651.

WITKOWSKI, E. T. F. and LAMONT, B. B. 1991. Leaf spific mass confounds leaf
density and thicknes®ecologia 88: 486-493.

WRIGHT, A. D. and BOURNE, A. S. 1986. Effect of fehardness on penetration of
waterhyacinth bySameodes albiguttalis. Journal of Aquatic Plant lsigement24:
91-92.

WRIGHT, A. D., BOLAND, N. P. and KERR, J. D. 1988hanges in leaf hardness and
moisture content of water hyacintkjchhorniae crassipesfollowing feeding by
Neochetina eichhorniae Warner (Coleoptera: Curculionidae)Bulletin  of
Entomological Researcii9: 529-535.

225



References

WRIGHT, 1. J. and CANNON, K. 2001. Relationshipsvaeen leaf lifespan and structural

defences in a low-nutrient, sclerophyll floFanctional Ecology15: 351-359.

WU, J. and BALDWIN, I. T. 2010. New insights intdapt responses to the attack from

insect herbivoreAnnual Review of Genetic$4: 1-24.

XIE, Y., WEN, M., YU, D. and LI, Y. 2004. Growth dnresource allocation of water
hyacinth as affected by gradually increasing eatriconcentrationgdquatic Botany
79 257-266.

YAMAJI, N., MITATNI, N. and MA, J. F. 2008. A tram®rter regulating silicon distribution
in rice shootsThe Plant Cell20: 1381-1389.

YOUNG, S. A, GUO, A., GUIKEMA, J. A., WHITE, F. Fand LEACH, J. E. 1995. Rice
cationic peroxidase accumulates in xylem vessaling incompatible interactions

with Xanthomonas oryzgev. oryzaePlant Physiologyl07: 1333-1341.

YOSHINAGA, N., ABOSHI, T., ISHIKAWA, C., FUKUI, M.,SHIMODA, M., NISHIDA,
R., LAIT, C. G., TUMLINSON, J. H. and MORI, N. 2@0 Fatty acid amides,
previously identified in caterpillars, found inetlcricket Teleogryllus taiwanemma
and fruit fly Drosophila melanogastdarvae.Journal of Chemical Ecolog®3: 1376-
1381.

ZANGERL, A.R. and BAZZAZ, F. A. 1992. Theory andtfman in plant defense allocation.
In: Fritz, R.S. and Simms, E. L. (Ed®J)ant Resistance to Herbivores and Pathogens.
University of Chicago Press, 363-91.

ZARATE, S. I., KEMPEMA, L. A. and WALLING, L. L. 207. Silverleaf whitefly induces
salicylic acid defenses and suppresses effectasingnic acid defence$lant
Physiology143 866-875.

ZHU-SALZMAN, K., SALZMAN, R. A., AHN, J. and KOIWA H. 2004. Transcriptional
regulation of sorghum defense determinants againshloem-feeding aphidRlant
Physiology134 420-431.

226



