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Abstract

Herbivore defence mechanisms are a costly diversion of resources away from growth and
reproduction. Thus time-limited and tissue specific expression in critical plant parts is more
efficient as defined by optimal defence theory. Surprisingly little is known about
Rhododendron herbivore defence but it may be mediated by combined chemical and physical
mechanisms. Rhododendron simsii survives cyclic infestations of a leaf-feeding thrips,
Heliothrips haemorrhoidalis, which severely damage mature leaves but avoid terminal young
leaves suggesting specific, localised defence expression. We examined correlations between
the distribution of thrips and feeding damage with density of trichomes and the concentration
of the diterpenoid, grayanotoxin I, a compound implicated in but not previously reported to
meditate invertebrate defence in Rhododendron. Our data show that as leaves matured the
number of thrips and area of feeding damage increased as trichome density and grayanotoxin
I concentration decreased, this inverse correlation suggesting trichomes and grayanotoxin |
mediate defence in younger leaf tissue. Grayanotoxin | was tested against H. haemorrhoidalis
and was toxic to immature life stages and repellent to the adult thrips, reducing numbers of
larvae emerging on leaves when applied at ecologically relevant concentrations. This work
demonstrates that the pattern of defensive traits in foliage of a species of Rhododendron is
key to its ability to tolerate cyclic infestations of a generalist herbivore, effectively conserving

vital tissues required for growth and reproduction.

Additional keywords: Defense, glasshouse thrips, grayanoid diterpene, leaf hairs, plant

tolerance, secondary plant compounds.

Introduction
Plants growing in environments where they are frequently or sporadically threatened by
herbivorous insects require mechanisms to protect vital tissues important for continuing

growth and reproduction. However, production and expression of plant defence mechanisms



uses resources essential for these life processes and therefore are not always constant and are
often concentrated in specific tissues; this being defined by the optimal defence theory
(McKey 1974; 1979; Rhoades 1979; Krischik and Denno, 1983; McCall and Fordyce 2010).
While variation in chemical defence within individual plants has been documented (McKey
1974; Feeny 1976; Rhoades and Cates 1976; Raupp and Denno 1983; Zangerl and Rutledge
1996; Schoonhoven et al. 2005), fewer studies have investigated the distribution of physical
defence traits within individuals (Woodman and Fernandes 1991, De Dobbelaere et al. 2010).
While there is evidence that this too is consistent with the optimal defence theory and defence
distribution according to tissue value (Agren and Schemske 1993; Dalin and Bjérkman 2003;
Bjorkman et al. 2008; Dalin et al. 2008), we found gaps in the literature which considers both
chemical and morphological characteristics of resilient plant specimens simultaneously when
defining i) factors which account for the ability of a species to survive or tolerate invasion by
opportunistic polyphagous insects or ii) tissue specific expression of defence mechanisms that

might balance the trade-off between the costs of defence and survival.

Botanic glasshouse collections provide a unique opportunity to observe and record host
selection, plant tolerance and resistance among a diverse range of plant families and species
which are subjected to influxes of the same invasive insect population. The collections in the
glasshouses at the Royal Botanic Gardens, Kew are frequently damaged by a polyphagous
leaf-feeding thrips; Heliothrips haemorrhoidalis (Bouché) (Thysanoptera: Thripidae) but
tolerance of different species of plants to infestations of thrips is highly variable. H.
haemorrhoidalis causes widespread damage to economically important plantation crops such
as avocado (Goodall et al. 1987; Dennill and Erasmus 1992) and citrus (Holt 1989) by
feeding on the contents of epidermal cells of mature leaves (Kirk 1997; Mound 1997) and
fruit exocarp (Childers 1997). This results in a silvering of leaf surfaces, followed by leaf
desiccation and defoliation on plants intolerant to high infestations. The pest status of this
thrips species is exacerbated by parthenogenetic reproduction, resulting in rapid fluctuations

in populations over a relatively short period of time when conditions are optimal. The recent



loss of several species within the genera Rhododendron in Kew’s collections through severe
defoliation by H. haemorrhoidalis prompted the present study to identify characters within
surviving species that might explain their ability to tolerate high levels of thrips infestation.
Rhododendron simsii Planch (subgenus: Tsutsusi), an evergreen shrub native to China,
Taiwan and N.E Burma (Young and Chong 1980; eFlora of China), supported large
populations of H. haemorrhoidalis on three representative specimens and their clones
maintained under glass, suffering significant leaf loss due to the thrips feeding on the mature
leaves during the winter months when growth was minimal. However, H. haemorrhoidalis
appeared unable to infest the youngest leaves on individuals of R. simsii, resulting in insect
numbers declining on less mature leaves enabling the R. simsii specimens to restore foliar

mass in spring.

Heliothrips haemorrhoidalis selects and feeds on mature leaves of its hosts which has been
linked to nutritional quality (Fennah 1963; Lewis 1973; Kirk 1997; Scott-Brown et al. 2002)
but the influence that the presence of defence metabolites may have on the distribution of
these thrips among foliage of hosts has not been previously studied. Species in the genera
Rhododendron and Kalmia contain grayanoid diterpenes (Hegnauer 1966; Qiang et al. 2011)
and our preliminary examination of the foliage of R. simsii indicated that leaves contained a
compound from this group; grayanotoxin I, but this compound was not evenly distributed in
the plant. Diversity of leaf surface morphology has been reported for Rhododendron species
(Cowan 1950), with more recent suggestion of a defensive function against insect pests and
pathogens (Doss 1980; 1984; De Dobbelaere et al. 2010). However, the extent to which
chemical and morphological traits of Rhododendron contribute to herbivore defence was not
known. The objectives of this study were i) evaluate the distribution of thrips and damage
across a severely infested plant; ii) examine the distribution of grayanotoxin I in leaves of R.
simsii and determine any relationship between concentration levels and thrips numbers on
foliage; iii) isolate grayanotoxin and determine any behaviour modifying or toxic effects on

H. haemorrhoidalis; iv) determine any correlations between density of glandular and non-



glandular trichomes on R. simsii leaves and between number of thrips and the area of feeding
damage, thus examining the hypothesis that chemical or morphological traits are influencing
the distribution of thrips among the foliage of R. simsii and contributing to the protection of

new vegetative growth and flower bud development.

Methods and materials

Plant Material and Thrips.

Three specimens of Rhododendron simsii Planch (Ericaceae) (Kew accession numbers:
1973.12215 and 1978.6211) were located in the Kew Temperate House, in 2014, and the
foliage used in the following experiments were taken from these. All life stages of H.
haemorrhoidalis used in the insect bioassays were collected from infestations on a specimen
of R. simsii (accession no. 1978-6512) maintained under laboratory conditions 25°C + 1°C,

with a photoperiod of L16:D8.



Leaf Surface morphology.

Leaves from a single specimen of R. simsii were detached and ordered by age. Leaf lamina
sections (5mm x 5mm) were cut from each leaf and placed in a glass vial and covered with
100% formalin-acetic-alcohol (FAA) fixative and left to stand for 1 week. The fixative was
poured off and replaced with 70% ethanol for a further week. The concentration of ethanol
was taken up to 90% for 1 hour, followed by 2 changes of 100% ethanol. Each square was
dried using a Tousimis Autosamdri-815 Critical Point Dryer (Tousimis, USA). The samples
were then mounted on SEM stubs with double sided sticky tape (Agar Scientific Ltd.,
Stanstead, UK.), abaxial surface exposed and covered with a layer of gold using a Quorum
Q150R ES sputter coater (Quorum, East Sussex, UK). The leaf sections were then examined
in a Hitachi S3400N variable pressure scanning electron microscope (Hitachi, High
Technologies Corporation, Berkshire, UK) and digital images of leaf surface structures were

recorded.

Density of thrips, leaf trichomes and percentage area damage caused by feeding and
oviposition.

Three branches (length 14 cm) were removed from a single specimen of R. simsii and the
leaves were detached from each branch and labelled (youngest to oldest leaf). The number
and life stage of thrips were recorded on lower (abaxial) and upper (adaxial) leaf surfaces
before the percentage feeding damage area was estimated and trichome density on leaf
surfaces were measured under a high-powered microscope (Leica M165 FC, Leica
Microsystems Ltd, Milton Keynes, UK). The observed percentage feeding and oviposition
damaged area on the abaxial surface of each leaf was estimated using image analysis
software, Fiji (Schindelin, Arganda-Carreras and Frise 2012). This was possible by adjusting
the contrast to measure the pale areas of ‘silvering’ caused by thrips against darker healthy
tissue and calculating damaged area as a percentage of total lower leaf surface (to the nearest

5%, 0 to 100%). The number of non-glandular and glandular trichomes present on the lower



surface of excised leaves were recorded within a 25mm? area located in the central point of

the lamina adjacent to the main vein.

Chemical analysis.

Three branches (length 14 cm) were removed from individual specimens of R. simsii and
ordered by age with oldest leaves furthest from the meristem. Feeding and oviposition
damaged area was scored and trichome density recorded (see above) prior to weighing,
freeze-drying and grinding individual leaves to a fine powder with a pestle and mortar. The
powdered material was extracted in 80% methanol (100 ml per 10 g leaf powder) for 48 hr
and filtered. Aliquots (1 ml) of the acetone and aqueous methanol extracts were centrifuged
prior to analysis using LC-MS. LC-MS analysis was carried out using a Waters Alliance LC
solvent delivery system with a ZQ MS detector on a Phenomenex Luna C18(2) column
(150%4.0 mm i.d., 5 um particle size) operating under gradient conditions, with A=MeOH,
B=H,0, C=1% HCO,H in MeCN; A=0%, B=90% at t=0 min; A=90%, B=0% at t=20 min;
A=90%, B=0% at t=30 min; A=0%, B=90% at t=31 min; column temperature 30°C and flow
rate of 0.5 ml min—1. Grayanotoxin | [(3b,6b,14R)-Grayanotoxane-3,5,6,10,14,16-hexol-14-
acetate] was obtained from our own natural products collection as isolated and reported
previously (Tiedeken et al. 2014; 2015) and used as a chromatographic standard to generate a
calibration curve for this compound by quantification of the [M-H]™ pseudomolecular ion in
negative mode which had a m/z=411.1 corresponding to the molecular weight of grayanotoxin
I and eluting at 8.1 min. The concentration of grayanotoxin | could be calculated from the
peak areas and comparison made against standard concentrations as described previously
(Tiedeken et al. 2014). In order to clarify whether grayanotoxin | was present in trichome
exudate or on the surface of the leaf, surface wash extracts were made by dipping whole
undamaged young leaves into a beaker containing 200 ml diethyl ether for two minutes and
extracts dried and taken up in 80% methanol prior to LC-MS analysis. In addition, trichomes

on the abaxial surface of several leaf samples were removed carefully with a razor blade,



freeze dried and examined for the presence of grayanotoxin | using the same extraction

process described above for the leaf material.

Effect of grayanotoxin | on feeding and oviposition site preference (Duel choice test).

Uninfested mature leaves of R. simsii were collected, rinsed in distilled water, dried, and cut
into sections (2 x 2 cm) that were dipped in grayanotoxin | at concentrations of 1000, 100 or
10 ppm (treatment), or acetone only (control). Two leaf discs; one treatment and a control,
were placed at opposite sides of a Petri-dish (9 cm) on top of filter paper dampened with
distilled water. Five H. haemorrhoidalis pupae were placed in the centre of the Petri dish, the
lid was sealed with parafilm and the locations of the thrips were recorded after 24 h and at
regular intervals until 312 h, maintained at 27°C, L16:D8 (n=10 for each concentration). All
pupae had eclosed prior to the 24 hr assessment. In order to assess the level of oviposition the
number of immature thrips that emerged from leaf discs treated with grayanotoxin | was
recorded at weekly intervals for four weeks and compared with numbers emerging on control
discs. Living thrips on filter paper or sides of Petri-dish were not included in the selection

preference data.

Mortality of thrips exposed to grayanotoxin |

Grayanotoxin | was dissolved in acetone to concentrations of 1000, 100, and 10 ppm, and
added to small glass vials (2 ml) which were then turned manually with lids in position for 2
min. The lids were removed and excess test solution poured off and the vials were then air
dried for 20 min providing a uniform coating of the compound on the internal surfaces of the
vial and lid. A small section of avocado fruit skin (5 x 5 mm) was added to the vial as a food
source and to maintain humidity. The avocado section was also dipped in the grayanotoxin |
treatment at the relevant concentration and air dried on filter paper for 30 min before being
placed in the glass vial. A single first stadium thrips was introduced on to the vial internal
surface and lids were secured. Vials were maintained at 27°C, L16:D8 throughout the duration

of the experiments. Control vials and avocado skin sections were dipped into acetone only.



Mortality of thrips was monitored at 24, 48 hrs and 72 hours after the introduction of the

thrips larvae (n=16).

Statistical Analysis

To examine the distribution of the thrips on the leaves of varying age we used a generalized
linear model (GLM) that allows for response variables that have error distribution models
other than a normal distribution, with quasi-Poisson errors. We grouped the leaves into seven
sets relating to leaf maturity before conducting multiple comparisons using Tukey’s HSD to
determine where the differences between the thrips distribution on grouped age-sets arose. To
visualise trends in trichome density and grayanotoxin | concentration in leaves with
increasing age the branches data was combined where data demonstrated no significance with
Kruskal-Wallis one-way analysis of variance (KW) applying Shapiro—Wilk test to test first
that the data did not sit within the normal distribution range. Correlations between the number
of thrips on leaves along branches and grayanotoxin | concentration and density of trichomes
on ageing leaves were analysed using GLMs with negative binomial errors and log it link.
Predicted regression lines between the percentage area damage score and each of the plant
traits were established using GLMs with quasibinomial errors with a logit link function and a
multiple regression of damage (logit scale) predicted whether significance could be assigned
to a particular trichome type. To analyse the effects of isolated grayanotoxin | compound on
the choice of leaf-discs by H. haemorrhoidalis, we compared the percentage of thrips on
treated and untreated discs at set time intervals. We applied the Shapiro-Wilk test for
normality as before and the comparison was then undertaken with one-way analysis of
variance (ANOVA). The same methods were used to make a comparison between mean
numbers of immature larvae distributed on treated and untreated leaf discs. The no-choice
experiments were analysed using Mann Whitney U test as normality could not be assumed
(Shapiro-Wilk, P<0.05) in order to determine if grayanotoxin I was toxic to first stadium

larvae at the three concentrations applied. All generalized linear models were run using the



1me4 package in R (R Core Team 2013, Austria). The remaining statistical modelling was

carried out in GenStat (GenStat 14.2, 2011,VSN International Ltd).

Results.

Leaf Surface morphology.

The morphology of Rhododendron simsii leaves that were infested and uninfested with H.
haemorrhoidalis was examined (Fig. 1 a, b). Lateral branches consisted of approximately 20
to 30 leaves with the youngest leaves (position 1) closest to terminal bud. In the year of study
it was observed that between 15 to 20 new leaves were produced on each branch. The leaves
of R. simsii are lanceolate, coriaceous and coated with a sparse indumentum comprised of
simple, multi-cellular glandular and strigose (non-glandular) trichomes on both upper
(adaxial) and lower (abaxial) surfaces (Fig 2. a, b). Thrips (Fig. 3) were observed more
frequently on the abaxial surfaces of the lower leaves on branches and it appeared that the
sparsely distributed adult thrips present on leaves towards the terminal bud were smaller in
size than those found on mature leaves. The oldest leaves lacked glandular trichomes which
were otherwise numerous on younger leaves. Non-glandular trichomes were recorded on the
mature leaves and during the study adult H. haemorrhoidalis were observed to secure single
faecal droplets on to the terminal ends of these trichomes hairs (Fig. S1). The mature leaves of
thrips-infested plants were severely damaged with up to 95% of the abaxial leaf epidermis
desiccated due to cell content removal with high numbers of thrips feeding and ovipositing on

the lower leaf surfaces.

Density of thrips, leaf trichomes and percentage area damage caused by feeding and

oviposition.

The numbers of thrips (meanzse) on the leaves (abaxial surface) on branches of R. simsii were
counted and presented in grouped clusters of 4 leaves (Figure 4) to demonstrate the
distribution of thrips within branches (no significant difference between numbers on leaves of

branch 1, 2 and 3; KW P>0.05). The numbers of thrips depended on leaf age group, with an
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inverted U relationship (P < 0.0001, F = 13.7, d.f. = 6.20) showing a decline on numbers on
leaves in the oldest group where the percentage area of feeding damage exceeds 95% on all
three branches (leaf position 25 to 27). The decrease in trichome density as leaves expanded
and matured is shown on Figure 5a and in consideration of the high levels of leaf surface
damage on the oldest leaves, the following correlations between trichome density and number
of thrips and % area feeding damage are assessed on only the first 20 leaves of branch from
terminal bud where damaged surface area was recorded as less than 90%. Figures 6 a and b
indicates the significant negative interaction between thrips and trichomes on lower leaf
surfaces with a decrease in the numbers of thrips observed on surfaces of younger leaves
which have an increased density of non-glandular (y=37.16, P<0.001) and glandular trichome
(x=36.01, P<0.001) types. Trichome density is also negatively correlated with feeding damage
on abaxial surface (Figures 7 a and b), with higher density of trichomes resulting in lower
areas of damage recorded (non-glandular trichomes, F=46.52, P<0.001 and glandular
trichomes, F=57.61, P<0.001). While physically isolating and testing each trichome type
against the thrips feeding was not feasible a multiple regression of area of damage predicted
that it was the density of glandular trichomes that significantly reduced feeding damage on
leaf surface (glandular trichomes, F=55.69, P<0.0001, non-glandular trichomes, F=0.15,

P>0.05).

Chemical analysis.

The LC-MS analysis of leaf extracts of R. simsii demonstrated that grayanotoxin | was
prevalent in younger leaves but levels of this compound decreased as leaves aged. We found
no indication that other closely related grayanoid diterpenes, such as grayanotoxin Il were
present in the chemical profiles and an example of LC-MS traces collected from an extract of
young leaves are provided in the supporting information (S2). The decreasing concentration
of grayanotoxin | in increasingly older leaves on branches of R. simsii is shown in Figure 5b.
As before, to avoid leaves that were showing extensive surface damage, analysis was

undertaken on leaves in positions 1 to 20 where damage remained below 90% total abaxial
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surface area. Four times as much grayanotoxin | was recorded in the youngest leaves (leaf
position 3; 2086.7 +156.77 ppm) than mature leaves (leaf position 20; 516.7+145.18 ppm).
Figure 6¢ shows that grayanotoxin | influences the number of adult thrips on leaves of this
plant species with higher concentrations correlating to lower numbers of thrips on abaxial leaf
surfaces (x=42.90, P<0.01). Similarly the compound concentration recorded in leaves of R.
simsii is negatively correlated to the percentage area of thrips damage observed on the abaxial
surface of leaves of this species (Figure 7 ¢, F=51.75, P<0.001). Grayanotoxin | was not
detected in the excised trichomes (glandular and non-glandular) removed from the abaxial
leaf surfaces of R. simsii, however traces of this compound were detected in the surface-wash

extracts (Figure S2, ¢ and d).

Effect of residues of grayanotoxin | on feeding and oviposition site preference.

A range of ecologically relevant concentrations of grayanotoxin were selected and applied in
the choice tests however residue treatments at the highest concentration tested (1000 pm)
resulted in thrips mortality in Petri-dishes with this treatment reaching 92% after 120 hrs from
the point of pupae introduction (Fig 8 a) and there was no preference by thrips for treated or
untreated discs observed. After a period of 120 hrs thrips exposed to grayanotoxin |
treatments of 100 and 10 ppm (ANOVA F=7.68, P<0.05 and F=27.74, P<0.001 respectively)
had shown a preference for untreated leaf discs (Figures 8 b and c) and the selection
preference was more pronounced in the lower concentration tested. The number of immature
thrips emerging on treated and untreated leaves recorded at 7 day intervals showed that
immature stages were significantly higher on control leaves than those treated with 100 ppm
and 10 ppm grayanotoxin | (ANOVA; F=7.69; P<0.05 and F=10.1; P<0.01 respectively,

n=10; Figures 9 a and b).

Mortality of thrips exposed to residues of grayanotoxin |
In no-choice tests grayanotoxin | was highly toxic to first stage larvae of H. haemorrhoidalis

when the insects came into direct contact with the compound. The mortality of the larvae
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exposed to the most concentrated treatment (1000 ppm) exceeded 90% after 24 hours from
initial contact (Figure 10). Both 100 and 10 ppm grayanotoxin | residues also resulted in
significant levels of toxicity after 24 hours exposure when compared with surviving control
(acetone only) larvae (MW, U=40, P<0.001 and U=80, P<0.05 respectively, n=16).
Grayanotoxin | treatments at concentrations of 100 and 10 ppm resulted in excess of 80%
mortality after 72 hours exposed to the compound residues, which again differed from the
control larvae mortality monitored after this time (MW, U=48, p<0.001, and U=56, P<0.01).
Larvae exposed to grayanotoxin | died on the internal surfaces of the glass vial and not on the
food source, whereas in contrast the surviving control thrips were detected on the surface of
the avocado sections in all cases suggesting that either contact toxicity or starvation was
probable. However, one-off topical applications of grayanotoxin | (1000 ppm) were
additionally tested on second stage larvae and the results of this pilot test are shown in the
supporting information (Table S3). Mortality levels of thrips briefly in contact with
grayanotoxin | in solution increased after 21 days post treatment when compared with
mortality levels in controls (MW, P<0.05) and results indicate that the development time of

treated immature thrips was slightly increased.

Discussion.

In this study we identified grayanotoxin | in the leaves of Rhododendron simsii and showed
that both the concentration of this compound and density of leaf trichomes were not evenly
distributed and correlated with the distribution of H. haemorrhoidalis infesting this species.
Young leaves and buds of R. simsii contained the highest concentrations of grayanotoxin |
and remained free of thrips in contrast to the most mature leaves which contained little or no
grayanotoxin | and suffered the most damage. We found that R. simsii had simple glandular
and non-glandular trichomes present on both leaf surfaces and trichome density of both forms

decreased as the leaves aged. To our knowledge this is the first study that has concurrently
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reported the intra-plant distribution of both morphological and chemical defence traits in the

genus Rhododendron.

Several studies have shown that the concentration of secondary metabolites are highest in
buds and then decline as the leaves expand and mature suggesting a higher quantitative
investment in chemical defence in the younger tissue (Crankshaw and Langenheim 1981; Palo
1984; Horner 1988; Coley 1983; Mauffette and Oechel 1989; Hatcher 1990; Leiss et al. 2009;
Wiggins et al. 2016). Our findings showed that the concentration of grayanotoxin |
demonstrated a similar distribution pattern in the foliage of R. simsii. In addition, low
molecular-weight phenolics, terpenes and alkaloids are reported to accumulate in early stages
of seedling growth and leaf expansion (Dement and Mooney 1974: Cates and Rhoades 1977;
Frischknecht et al. 986; Potter and Kimmerer 1986; Puttick 1986; Mauffette and Oechel 1989;
Aerts et al. 1991; Fujimori et al. 1991; Porter et al. 1991; Singh et al. 1991; also see Herms
and Mattson 1992) with accumulation of these compounds occurring in developing epidermal
cells (Levin 1976; McClure 1979); the first cells in leaves to mature (Dale 1988) and on
which H. haemorrhoidalis are known to feed (Kirk 1997; Mound 1997). It is likely that as the
thrips progress upwards on leaves on branches of R. simsii, that the presence of grayanotoxin
I in leaf cells and on the leaf surface is encountered by thrips feeding on younger leaves.
While some recent work suggests that the toxicity of grayanotoxin | could underpin its
function mediating the behaviour of pollinators (Tiedeken et al. 2014; 2016) there is lack of
information on the ecological function of this compound in herbivore defence, with only few
records documenting activity against model agricultural pest species (Klocke et al.1991; Hu
et al. 2000; Zong et al. 2005; Yi et al. 2014). Surprisingly there is little other published work
reporting defence effects of grayanoid compounds against Rhododendron pests. We found
that grayanotoxin | is highly toxic to H. haemorrhoidalis through direct contact with the
compound residues and in solution. Previously Yi et al. (2014) reported that physical contact
was essential for adult Spodoptera litura (Fabricius) to perceive Rhodojaponin-I1l and

produce the feeding and oviposition deterrent effects against moths and suggested that the
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sensilla on tarsus and ovipositor could be chemoreceptor for Rhodojaponin-I11. Grayanotoxin
I reportedly binds to voltage-gated sodium channels in animal cells, increasing the
permeability of sodium ions by inhibiting inactivation of sodium channels (Seyama et al.
1985; O’Reilly et al. 2014; Kadala et al. 2014) with resultant toxic effects on animals (Koca
and Koca 2007; Cheng et al. 2011; Oliver et al. 2015). Klocke et al. (1991) demonstrated
that grayanotoxin | was deterrent to the Colorado potato beetle; Leptinotarsa decemlineata
(Say) and the fall army worm; Spodoptera frugiperda (J.E. Smith). Similarly our results show
that pure grayanotoxin | when applied to leaf discs at concentrations detected in the mature
leaves of R. simsii (100 and 10ppm) deterred thrips after five days exposure to the compound.
Increasing the concentration to 1000 ppm resulted in thrips mortality rapidly exceeding 90%
within five days, thus obscuring the deterrent effect seen at the lower test concentrations.
While preference for the untreated leaf discs by later life-stages of H. haemorrhoidalis was
conclusive, the results also suggest that grayanotoxin I may also deter oviposition as fewer
immature thrips emerged and developed on leaf discs treated with compound. Interestingly
the lowest concentration of grayanotoxin | tested produced the clearest evidence of a deterrent
effect against H. haemorrhoidalis, thus warranting further investigation into the sub-lethal
effects caused by grayanotoxin | in order to fully comprehend the mode of action of this
defence mechanism on this generalist herbivore. In our study we show that the profound
effects of grayanotoxin | on the mortality and behaviour of the thrips supports our hypothesis
that the occurrence and distribution of this compound in the leaves of R. simsii is contributing

to the preservation of the more valuable young leaf and bud tissue.

Leaf trichomes have been linked to two functions in rhododendrons; protection from abiotic
factors (Cowan 1950; Woodman and Fernandes 1990) and herbivory (Valla 1980; Doss 1984;
Balsdon et al. 1995). We found that young leaves of R. simsii were covered with a matrix of
overlapping trichomes on both leaf surfaces, consisting of glandular and non-glandular simple
forms, and the density of both forms decreased as leaves aged. Leaf expansion could provide

some explanation of the cause of the decrease in trichome density in aging leaves (Valkama et
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al. 2004) from leaf position one to five, after which point leaves are 90-100% expanded and
the process of leaf maturation is considered complete (Avery 1933; Isebrands and Larson
1973; Esau 1977; Coleman 1986; Coleman and Leonard 2015). Variation in trichome density
in young and mature leaves has been previously reported to occur on individuals of a range
plant species and within different populations of the same species (Valverde et al, 2001,
Molina-Montenegro et al. 2006, Traw and Feeny, 2008, Kobayashi et al. 2008, Yamawo et al.
2012; 2014, Alba et al, 2014). Evidence suggests that both non-glandular and glandular leaf
trichomes provide a defence mechanism against generalist and specialist herbivores (Gibson
and Turner 1977; Tingey and Gibson 1978; Becerra and Ezcurra 1986: Gross and Price 1988;
Hulley 1988; Woodman and Fernandes 1991; Handley et al. 2005; Medeiros and Tingey
2006; Avery et al. 2015) and this has been discussed within the framework of the optimal
defence theory, although far less frequently than chemical defence strategies (Woodman and
Fernandes 1991; Bjoérkman et al. 2008; Traw and Feeny 2008; Alba et al. 2014). In this study
we showed that the numbers of thrips and feeding damage on the leaves of R. simsii increased
significantly as leaves aged and trichome density decreased. Yet while both glandular and
non-glandular trichomes were observed to decrease on aging leaves of this species our
evidence suggests that it was the glandular trichomes that were linked to the reduction in
thrips feeding damage. In addition to being a physical barrier glandular trichomes can release
compounds that can be toxic or repellent to insect herbivores (Kelsey 1983; Goffreda et al.
1988; van Dam et al. 1998a; 1998b; Ambrosio et al. 2008; Kobayashi et al. 2008, Tian et al.
2012). A study on lepidote rhododendrons by Doss (1984) demonstrated that essential oils
extracted from leaf scales of 11 species deterred the black vine weevil, Otiorhynchus sulcatus
(F.) suggesting that these volatile compounds may function as a component of plant defence.
We observed that the majority of glandular trichomes had ruptured during the process of leaf
expansion and maturation. As previous studies have reported that diterpenoids are associated
with glandular hairs in some plant species (Kelsey et al. 1984) we removed and analysed the
glandular trichomes from leaves of R. simsii but found no evidence that grayanotoxin | was

present in these leaf structures. Although here we focused on the grayanoid diterpene content
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of the exudates of the glandular trichomes in our analysis it is possible that compounds from
other classes are present and could also be influencing the behaviour of the thrips, thus
strengthening the hypothesis that a complexity of biochemical and morphological traits in R.
simsii contribute to the preservation of young leaves from feeding damage. As damage by
herbivores can induce trichome production on leaf surfaces in some species (Agrawal 1999;
2000; Pullin and Gilbert 1989; Traw and Dawson 2002; Rautio et al. 2002; Dalin and
Bjorkman 2003; see also Dalin et al. 2008) further investigations would be necessary to
determine if an increase in trichome density occurred on younger leaves of R. simsii as a
result of H. haemorrhoidalis invading the mature leaves, thus providing a damage —induced

mechanism to preserve the more valuable tissue from thrips colonisation.

While plant defence theories (e.g. Stamp, 2003) have helped us understand how pressures of
herbivory can influence the diversity of abundance and distribution of defensive traits in plant
species, evidence of an evolutionary link between defence traits such as leaf pubescence and
secondary metabolites (Agrawal and Fishbein, 2008; Karifiho-Betancourt et al. 2015) has
highlighted the intrinsic nature of the relationships between these traits in context of
resistance and tolerance to herbivores (Rosenthal and Kotanen 1994; Strauss and Agrawal
1999; Carmona and Fornoni 2013). We aimed to establish the variation in distribution of two
defence traits in Rhododendron simsii and showed that both chemical and physical defence
traits are expressed in high value tissue of R. simsii and that the concentration of these traits
contribute significantly to their preservation from insect feeding damage. The classic
indeterminate growth cycle of R. simsii follows a pattern of short intensive growth in spring
followed by a prolonged period of slow growth, a stage during which plants are known to
divert resources to processes other than growth such as defence (Chapin et al. 1990; Wardlaw
1990). Slow growth enables a lower trade-off between resource allocation for growth and
defence (Tuomi et al. 1983; Herms and Mattson 1992). H. haemorrhoidalis are first recorded
on mature leaves of R. simsii in spring with populations increasing into summer until mature

leaves defoliate and thrips population rapidly declines, avoiding younger leaves. The
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concurrent expression of both morphological and chemical defensive traits in young tissue at
the expense of non-essential older leaf tissue illustrates how cost mediates expression of
defence traits and is consistent with optimal defence theory enabling a plant to tolerate and
survive severe levels of herbivory by preserving vital tissues (McCall and Fordyce 2010). We
showed a relationship between each trait and the reduction of thrips and feeding damage and
conclude that both trichome density and grayanotoxin I can mediate resistance to or tolerance
of R. simsii to herbivores. Nufiez-Farfan et al. 2007 reported that individual plants are often
observed to allocate resources to a combination of defence strategies. By further studying the
variation of the chemical and morphological traits among natural populations of R. simsii and
the diversity of consumers (both pollinators and leaf-feeders) they may encounter in these
environments which potentially influence the selection of both traits, we can determine if they
are complimentary (Fornoni et al. 2004) or redundant (Mauricio et al. 1997; Tiffin and
Rausher 1999; Mauricio 2000; Pilson 2000), the former resulting in higher benefits from
expressing both strategies simultaneously rather than one alone (see also Carmona and
Fornoni 2012). Understanding the relevance of physiological traits common to species of
plants that are successful in unstable environments can contribute to our knowledge on how
some species of plants become invasive and flourish in new habitats and why certain crop

species or varieties are more tolerant to pests and disease.

Acknowledgements.

We thank Stephen Young, University of Greenwich, for all his help and guidance with
statistical analysis of data. We thank also Frank Jordan, Aberystwyth University, for his
assistance and David Cooke and Scott Taylor at the Royal Botanic Gardens Kew, for
providing the plant material. The draft of this manuscript was improved with advice and
comments from the two journal reviewers and we are grateful to them for their suggestions

which aided the final revision.

18



Data Accessibility

All data used in this manuscript are present in the manuscript and its supporting

information.

References

Aerts, R.J., Snoeijer, W., Aerts-Teerlink, O., van der Meijden, E. and Verpoorte, R. (1991).
Control and biological implications of alkaloid synthesis in Cinchona seedlings.

Phytochemistry, 30, 3571-3577.

Agrawal, A.A. (1999). Induced responses to herbivory in wild radish: effects on several

herbivores and plant fitness. Ecology, 80, 1713-1723.

Agrawal, A.A. (2000). Specificity of induced resistance in wild radish: causes and

consequences for two specialist and two generalist caterpillars. Oikos 89, 493-500.

Agrawal, A.A. and Fishbein, M. (2008). Plant defence syndromes. Ecology, 87:5132-5149.

Agren, J. and Schemske, D.W. (1993). The cost of defense against herbivores: an

experimental study of trichome production in Brassica rapa. American Naturalist, 141, 338-

350.

Alba, C., Bowers, M.D., Blumenthal, D. and Hufbauer, R.A. (2014). Chemical and

mechanical defences vary among maternal lines and leaf ages in Verbascum thapsus L.

(Scrophulariaceae) and reduce palatability to a generalist insect. PLOSone, 9(8), €104889

19



Ambroésio, S.R., Oki, Y., Heleno, V.C.G., Chaves, J.S., Nascimento, P.G.B.D., Lichston, J.E.,
Constantino, M.G., Varanda, E.M. and Da Costa, F.B. (2008). Constituents of glandular
trichomes of Tithonia diversifolia: Relationships to herbivory and antifeedant activity.

Phytochemistry, 69, 2052-2060.

Avery, G.S. (1933). Structure and development of the tobacco leaf. American Journal of

Botany, 20, 565-592.

Avery, P.B., Kumar, V., Simmonds, M.S.J., and Faull, J. (2015). Influence of leaf trichome
type and density on the host plant selection by the greenhouse whitefly, Trialeurodes

vaporariorum (Hemiptera: Aleyrodidae). Applied Entomology and Zoology, 50(1), 79-87.

Balsdon, J.A., Espelie, K.E. and Braman, S.K. (1995). Epicuticular lipids from Azalea
(Rhododendron spp.) and their potential role in host plant acceptance by Azalea lace bug,
Stephanitis pyrioides (Heteroptera: Tingidae). Biochemical Systematics Ecology, 23(5), 477-

485.

Becerra, J. and Ezcurra, E. (1986). Glandular hairs in the Arbutus xalapensis complex in

relation to herbivory. American Journal of Botany, 73, 1427-1430.

Bjorkman, C., Dalin, P. and Ahrné K. (2008). Leaf trichome responses to herbivory in

willows: induction, relaxation and costs. New Phytologist, 179, 176-184

Carmona, D. and Fornoni, J. (2012). Herbivores can select for mixed defensive strategies in

plants. New Phytologist, 197, 576-585.

Cates, R.G. and Rhoades, D.F. (1977). Patterns in the production of antiherbivore defences in

plant communities. Biochemical Systematics and Ecology, 5, 185-193.

20



Chapin, F.S. Ill, Schulze, E.-D. and Mooney, H.A. (1990). The ecology and economics of

storage in plants. Annual Review of Ecology Evolution and Systematics, 21, 423-447.

Cheng, X. A., Xie, J.J., Hu, M.Y., Zang, Y.B. and Huang, J.F. (2011). Induction of
intercellular Ca2+ and pH changes in Sf9 insect cells by Rhodojaponin-iii, a natural botanic

insecticide isolated from Rhododendron molle. Molecules, 16, 3179-3196.

Childers, C.C. (1997). Feeding and oviposition injuries to plants. Thrips as Crop Pests (eds T.

Lewis), pp. 505-537. CABI, University Press, Cambridge, UK.

Coleman, J.S. (1986). Leaf development and leaf stress: increased susceptibility associated

with sink-source transition. Tree Physiology, 2, 289-299.

Coleman J.S. and Leonard, A.S. (2015). Why it matters where on a leaf a folivore feeds.

Oecologia, 101(3), 324-328.

Coley, P.D. (1983). Herbivory and defensive characteristics of tree species in a lowland

tropical forest. Ecological Monographs, 53:209-233.

Cowan, J. M. (1950).The rhododendron leaf; a study of the epidermal appendages. Publisher

Edinburgh, Oliver and Boyd, UK, 120pp.

Crankshaw, D.R. and Langenheim, J.H. (1981). Variation in terpenes and phenolics through

leaf development in Hymenaea and its possible significance to herbivory. Biochemical

Systematics and Ecology, 9, 115-124.

21



Dale, J.E. (1988). The control of leaf expansion. Annual Review of Plant Physiology and

Plant Molecular Biology, 39, 267-295.

Dalin, P. and Bjorkman, C. (2003). Adult beetle grazing induces willow trichome defence

against subsequent larval feeding. Oecologia, 134, 112-118.

Dalin, P., Agren, J., Bjérkman, C., Huttunen, P. and Kérkkainen, K. (2008). Leaf trichome
formation and plant resistance to herbivory. Induced Plant Resistance to Herbivory (ed A.

Schaller), pp. 89-105. Springer.

De Dobbelaere, 1., Vercauteren, A., Speybroeck, N., Berkvens, D., Van Bockstaele, E., Maes,
M. and Heungens, K. (2010). Effect of host factors on the susceptibility of rhododendron to

Phytophthora ramorum. Plant Pathology, 59, 301-312.

Dennill, G. B. AND Erasmus, M. J. (1992). The insect pests of avocado fruits-increasing pest
complex and changing pest status. Journal of the Entomological Society of South Africa, 55,

51-57.

Dement, W.A. and Mooney, H.A. (1974). Seasonal variation in the production of tannins and

cyanogenic glucosides in the Chaparral shrub, Heteromeles arbutifolia. Oecologia, 15, 65-76.

Dickson, R.E. (1989). Carbon and nitrogen allocation in trees. Annals of Forest Science, 46,

631s-647s.

Doss, R.P. (1980). Investigation of the bases of resistance of selected Rhododendron species

to foliar feeding by the obscure root weevil (Sciopithes-obscurus) (Coleoptera curculionidae).

Environmental Entomology, 9(5), 549-552.

22



Doss, R.P. (1984). Role of glandular scales of lepidote rhododendrons in insect resistance.

Journal of Chemical Ecology, 10(12), 1787-1798.

Esau, K. (1977). Anatomy of seed plants. Wiley, New York.

Feeny, P.P. (1976). Plant apparancy and chemical defense. Recent Advances in

Phytochemistry, 10, 1-40.

Fennah, R.G. (1963). Nutritional factors associated with seasonal population increase of
cacao thrips, Selenothrips rubrocintus (Giard) (Thysanoptera), on Cashew, Anacardium

occidentale. Bulletin of Entomological Research, 53, 681-713.

Flora of China, http://www.efloras.org/florataxon.aspx?flora_id=2andtaxon_id=200016568

Fornoni, J., Valverde, P.L. and Nufiez-farfan, J. (2004). Population variation in the cost and
benefit of tolerance and resistance against herbivory in Datura stramonium. Evolution, 58,

1696-1704.

Frischknecht, P.M., Ulmer-Dufek, J. and Baumann, T. (1986). Purine alkaloid formation in
buds and developing leaflets of Coffea arabica: expression of an optimal defence strategy?

Phytochemistry, 25, 613-616.

Fujimori, N., Suzuki, T. and Ashihara, H. (1991). Seasonal variations in biosynthetic capacity

for the synthesis of caffeine in tea leaves. Phytochemistry, 30, 2245-2248.

Gibson and Turner (1977). Insect trapping hairs on potato plants. International Journal of

Pest Management, 23(3), 272-277.

23


http://www.efloras.org/florataxon.aspx?flora_id=2andtaxon_id%3D200016568

Goffreda, J.C., Mustchler, M.A. and Tingey, W.M. (1988). Feeding behaviour of potato aphid
affected by glandular trichomes of wild tomato. Entomological Experimentalis et Applicata,

48: 101-107.

Goodall G. E., Bailey J. B., Phillips P. A., AND Bekey R. S. (1987). Integrated pest
management considerations for greenhouse thrips control in coastal avocado orchards. South

African Avocado Growers Association Yearbook 10, 80-82.

Gross, P. and Price, P.W. (1988) Plant influences on parasitism of two leaf miners: a test of

enemy-free space. Ecology, 69, 1506-1516.

Handley, R. Ekbom, B. and Agren, J. (2005). Variation in trichome density and resistance
against a specialist insect herbivore in natural populations of Arabidopsis thaliana. Ecological

Entomology, 30:284-292.

Hatcher, P.E. (1990). Seasonal and age-related variation in the needle quality of five conifer

species. Oecologia, 85, 200-212.

Hegnauer R. (1966). Ericaceae inkl. Pyrolaceae (=Pirolaceae). Chemotaxonomie der
Pflanzen. Band 4. Dicotyledoneae: Daphniphyllaceae—Lythraceae (ed R. Hegnauer), pp. 65-

93. Basel, Switzerland.

Herms, D.A and Mattson, W.J. (1992). The dilemma of plants: to grow or defend. The

Quarterly Review of Biology, 67(3), 283-335.

Holt, V.A. (1989). Pest status and inter-relationships between three species of thrips

(Thysanoptera: Terebrantia) Heliothrips haemorrhoidalis, Megalurothrips kellyanus, and

24



Thrips obscuratus, present on citrus in the Auckland area. MSc thesis. University of

Auckland.

Horner, J.D. (1988). Astringency of Douglas-fir foliage in relation to phenology and xylem

pressure potential. Journal of Chemical Ecology, 14, 1227-1237.

Hu, M.Y., Zhong, G.H., Wu, Q.S., Chui, S.F. (2000). The biological activities of yellow
azalea, Rhododendron molle G. Don against the vegetable leafminer, Liriomyza sativae

(Diptera: Agromyzidae). Entomologia Sinica, 7, 65-70.

Hulley, P.E. (1988). Caterpillar attacks plant mechanical defence by mowing trichomes

before feeding. Ecological Entomology, 13(2), 239-241.

Isebrands, J.G. and Larson, P.R. (1973). Anatomical changes during leaf ontogeny in Populus

deltoides. American Journal of Botany, 60, 199-208.

Kadala, A., Charreton, M., Jakob, 1., Cens, T., Rousset, M., Chahine, M., Le Conte, Y.,
Charnet, P. and Collet, C. (2014). Pyrethroids Differentially Alter Voltage-Gated Sodium
Channels from the Honeybee Central Olfactory Neurons, PloS ONE, 9(11), e112194 DOI:

10.1371/journal.pone.0112194

Karifiho-Betancourt, E., Agrawal, A.A., Halitschke, R. and Nufiez-Farfan, J. (2015).
Phylogenetic correlations among chemical and physical plant defences change with ontogeny.

New Phytologist, 206(2), 796-806.

Kelsey R.G., Reynolds G.W. and Rodriguez E. (1984). The chemistry of biologically active
constituents secreted and stored in plant glandular trichomes. Biology and Chemistry of Plant

Trichomes (eds E. Rodriguez, P.L. Healey and 1. Mehta), pp. 255. Plenum Press, New York.

25



Kirk, D.J. (1997). Feeding. Thrips as Crop Pests (ed T. Lewis), pp. 119-174. CABI,

University Press, Cambridge, UK.

Klocke, J.A., Hu, M.Y., Chiu, S.F. AND Kubo, I (1991). Grayanoid diterpenes insect
antifeedants and insecticides from Rhododendron molle G. Don against the vegetable

leafminer, Liriomyza sativae (Diptera: Agromyzidae). Entomologia Sinica, 7, 65-70.

Kobayashi, S., Asai, T., Fujimoto, Y. and Kohshima, S. (2008). Anti-herbivore structures of
Paulownia tomentosa: Morphology, distribution, chemical constituents and changes during

shoot and leaf development. Annals of Botany, 101, 1035-1047.

Koca, I. and Koca, A.F. (2007). Poisoning by mad honey: a brief review. Food and Chemical

Toxicology, 45, 1315-1318.

Krischik, V. A. and Denno, R.F. (1983). Individual, populations, and geographic patterns in
plant defense. Variable plants and herbivores in natural and managed systems (eds R.F.

Denno and M.S. McClure), pp. 463-512. Academic Press, New York.

Leiss, K.A., Choi, Y.H., Abdel-Farid, I.B., Verporte, R. and Klinkhamer, P.G.L. (2009).
NMR metabolomics of thrips (Frankliniella occidentalis) resistance in Senecio hybrids.

Journal of Chemical Ecology, 35(2): 219-229.

Lewis, T. (1973). Thrips: Their Biology, Ecology and Economic Importance, pp. 349.

Academic Press, London.

Levin, D.A. (1973). The role of trichomes in plant defense. Quarterly Review of Biology, 48,

3-15.

26



Levin, D.A. (1976). The chemical defences of plants to pathogens and herbivores. Annual

Review of Ecology and Systematics, 7, 121-1509.

Mauffette, Y. and Oechel, W.C. (1989). Seasonal variation in leaf chemistry of the coast live
oak Quercus agrifolia and implications for the California oak moth Phryganidia californica.

Oecologia, 79, 439-445.

Mauricio, R. (2000). Natural selection and the joint evolution of tolerance and resistance as

plant defences. Evolutionary Ecology, 14, 491-507.

Mauricio, R., Rausher, M.D. and Burdick, D.S. (1997). Variation in the defense strategies of

plants: are resistance and tolerance mutually exclusive? Ecology, 78, 1301-1311.

McKey, D. (1974). Adaptive patterns in alkaloid physiology. American Naturalist, 108, 305-

320.

McKey, D. (1979). The distribution of secondary compounds within plants. Herbivores, their

interaction with secondary plant metabolites (eds G.A. Rosenthal and D.H. Jansen), pp 56-

133. Academic press, New York.

MccCall, A.C. and Fordyce, J. A. (2010). Can optimal defence theory be used to predict the

distribution of plant chemical defences? Journal of Ecology, 98, 985-992.

McClure, J.W. (1979). The physiology of phenolic compounds in plants. Recent advances in

Phytochemistry, 12, 525-556.

27



Medeiros, A.H. and Tingey, W.M. (2006). Glandular trichomes of Solanum berthaultii and its
hybrids with Solanum tuberosum affect nymphal emergence, development, and survival of
Empoasca fabae (Homoptera : Cicadellidae). Journal of Economic Entomology, 99(4), 1483-

1489.

Molina-Montenegro, M.A., Avila, P., Hurtado, R., Valdivia, A.L. and Gianoli, E. (2006). Leaf
trichome density may explain herbivory patterns of Actinote sp. (Lepidoptera: Acraeidae) on
Liabum mandonii (Asteraceae) in a montane humid forest (Nor Yungas, Bolivia). Acta

Oecologica-International Journal of Ecology, 30(2), 147-150.

Mound, L.A. (1997). Biological diversity. Thrips as Crop Pests (ed T. Lewis), pp.197-215.

CABI, University Press, Cambridge, UK.

Nufez-Farfan, J., Fornoni, J. and Valverde, P.L. (2007). The evolution of resistance and

tolerance to herbivores. Annual Review of Ecology, Evolution, and Systematics, 38, 541-556.

Oliver, C.J., Softley, S., Williamson, S.M., Stevenson, P.C. and Wright, G.A. (2015).
Pyrethroids and nectar toxins have subtle effects on the motor function, grooming and wing
fanning behaviour of honeybees (Apis mellifera). PLoS ONE, 10(8),

e0133733.d0i:10.1371/journal.pone.0133733

O'Reilly, A.O., Williamson, M.S., Gonzalez-Cabrera, J., Turberg, A., Field, L.M., Wallace,
B.A. and Davies, T.G.E (2014). Predictive 3D modelling of the interactions of pyrethroids
with the voltage-gated sodium channels of ticks and mites. Pest Management Science, 70(3),

369-377.

28



Palo, R.T. (1984). Distribution of birch (Betula spp.), willow (Salix spp.) and Poplar (Populus
spp.) secondary metabolites and their potential role as chemical defense against herbivores.

Journal of Chemical Ecology, 10, 499-520.

Pilson, D. (2000). The evolution of plant response to herbivory: simultaneously considering

resistance and tolerance in Brassica rapa. Evolutionary Ecology, 14, 457-4809.

Porter, AJ.R., Morton, A.M., Kiddle, G., Doughty, K.J. and Wallsgrove, R.M. (1991).
Variation in the glucosinolate content of oilseed rape (Brassica napus L.) leaves. |. Effect of

leaf age and position. Annals of Applied Biology, 118, 461-467.

Potter, D.A. and Kimmerer, T.W. (1986). Seasonal allocation of defense investment in llex

opaca Aiton and constraints on a specialist leaf miner. Oecologia, 69, 217-224.

Pullin, A.S. and Gilbert, J.E. (1989). The stinging nettle, Urtica dioica, increases trichome

density after herbivore and mechanical damage. Oikos 54, 275-280.

Puttick, G.M. (1986). Utilization of evergreen and deciduous oaks by the Californian oak

moth Phryganidia californica. Oecologia, 68, 589-594.

Qiang, Y., Zhou, B. and Gao, K. (2011) Chemical constituents of plants from the genus

Rhododendron. Chemistry and Biodiversity, 8, 792-814.

Rautio, P., Markkola, A., Martel, J., Tuomi, J., Harma, E., Kuikka, K., Siitonen, A., Riesco,

I.L. and Roitto, M. (2002). Developmental plasticity in birch leaves: defoliation causes shift

from glandular to non-glandular trichomes. Oikos, 98, 437-446.

29



Raupp, M.J. and Denno, R.F. (1983). Leaf age as a predictor of herbivore distribution and
abundance. Variable Palnts and Herbivores in Natural and Managed Systems (eds R.F.

Denno and M.S. McClure), pp. 91-124. Academic Press, University of Michigan, USA.

Rhoades, D.F. and Cates, R.G. (1976). Towards a general theory of plant and antiherbivore

chemistry. Recent Advances in Phytochemistry, 10, 168-213.

Rosenthal, J.P. and Kotanen, P.M. (1994). Terrestrial plant tolerance to herbivory. Trends in

Ecology and Evolution. 9, 145-148.

Schindelin, J., Arganda-Carreras, 1. and Frise, E. et al. (2012), "Fiji: an open-source platform

for biological-image analysis", Nature methods 9(7), 676-682.

Schoonhoven, L.M., van Loon, J. J.A. and Dicke, M. (2005). Plant Chemistry: Endless variety.

Insect-Plant Biology, pp. 3-82. University Press, Oxford, UK.

Scott Brown, A.S., Simmonds, M.S.J. and Blaney, W.M. (2002). Relationship between
nutritional composition of plant species and infestation levels of thrips. Journal of Chemical

Ecology, 28(12), 2399-2409.

Seyama, ., Yamaoka, K., Yakehiro, M., Yoshioka, Y. and Morihara, K. (1985). Is the site of
action of grayanotoxin the sodium channel gating of squid axon? Japanese Journal of

Physiology, 35, 401-410.

Singh, N., Luthra, R. and Sangwan, R.S. (1991). Mobilization of starch and essential oil

biogenesis during leaf ontogeny of lemongrass (Cymbopogon flexuosus Stapf.). Plant Cell

Physiology, 32, 803-811.

30



Stamp (2003). Out of the quagmire of plant defense hypotheses. Quarterly Review of Biology,

78, 23-55.

Strauss, S.Y. and Agrawal, A.A. (1999). The ecology and evolution of plant tolerance to

herbivory. Trends in Ecology and Evolution, 14, 179-185.

Tian, D. L., Tooker, J., Peiffer, M., Chung, S. H., Felton, G. W (2012). Role of trichomes in
defense against herbivores: comparison of herbivore response to woolly and hairless trichome

mutants in tomato (Solanum lycopersicum), Planta, 236, 1053-1066.

Tiedeken, E.J., Stout, J.C., Stevenson, P.C. and Wright, G.A. (2014). Bumblebees are not
deterred by ecologically relevant concentrations of nectar toxins. Journal of Experimental

Biology, 217(9), 1620-1625.

Tiedeken E.J., Egan, P.A., Stevenson, P.C., Wright, G.A., Brown, M.J.F., Power, E.F,,
Farrell, 1., Matthews, S.M. and Stout, J.C. (2015). Nectar chemistry modulates the impact of

an invasive plant on native pollinators. Functional Ecology, 1-9. 10.1111/1365-2435.12588.

Tiffin, P. and Rausher, M.D. (1999). Genetic constraints and selection acting on tolerance to
herbivory in the common morning glory Ipomoea purpurea. American Naturalist, 154, 700-

716.

Tingey, W.M. and Gibson, R.W. (1978). Feeding and mobility of the potato leafhopper
impaired by glandular trichomes of Solanum berthaultii and S. polyadenium. Journal of

Economic Entomology, 71, 856-858.

Traw, B.M. and Dawson, T.E. (2002). Differential induction of trichomes by three herbivores

of black mustard. Oecologia, 131, 526-532.

31



Traw, B.M and Feeny, P. (2008). Glucosinolates and trichomes track tissue value in two

sympatric mustards. Ecology, 89, 763-772.

Tuomi, J., Hakala, T. and Haukioja, E. (1983). Alternative concepts of reproductive effort,

costs of reproduction, and selection in life-history evolution. American Zoologist, 23, 25-34.

Valla, D.M. (1980). An evaluation of resistance to the black vine weevil Otiorhynchus
sulcatus (F.), in Taxus and Rhododendron. Kingston, R.l., USA: University of Rhode Island,

MSc thesis.

Valverde, P.L., Fornoni, J. and Nufez-Farfan, J. (2001). Defensive role of leaf trichomes in
resistance to herbivorous insects in Datura stramonium. Journal of Evolutionary Biology, 14,

424-432.

Valkama, E., Salminen, J.P., Koricheva, J. and Pihlaja, K. (2004). Changes in leaf trichomes
and epicuticular flavonoids during leaf development in three birch taxa. Annals of Botany, 94,

233-242.

Van Dam, N.M., and Hare, J.D. (1998a). Differences in distribution and performance of two
sap-sucking herbivores on glandular and non-glandular Datura wrightii. Ecological

Entomology, 23, 22-32.

Van Dam, N.M., and Hare, J.D. (1998b). Biological activity of Datura wrightii glandular
trichome exudate against Maduca sexta (Lepidoptera: Sphingidae) larvae. Journal of

Chemical Ecology, 24, 1529-1549.

32



Wardlaw, I.F. (1990). The control of carbon partitioning in plants. New Phytologist, 116, 341-

381.

Wiggins, N.L., Forrister, D.L., Endara, M.J., Coley, P.D. and Kursar, T.A. (2016).
Quantitative and qualitative shifts in defensive metabolites define chemical defense
investment during leaf development in Inga, a genus of tropical trees. Ecology and Evolution,

6(2); 478-492.

Woodman, R.L. and Fernandes, G.W. (1991). Differential mechanical defense: herbivory,

evapotranspiration, and leaf hairs. Oikos, 60, 11-19.

Yamawo, A., Suzuki, N., Tagawa, J. and Hada, Y. (2012). Leaf aging promotes the shift in
defence tactics in Mallotus japonicus from direct to indirect defence. Journal of Ecology,

100(3), 802-809.

Yamawo, A., Tagawa, J. and Suzuki, N. (2014). Two Mallotus species of different life

histories adopt different strategies in relation to leaf age. Plant Species Biology, 29, 152-158.

Yi, X., Lui, J., Wang, P., Hu, M. and Zhong, G.H. (2014). Contacting is essential for
oviposition deterrence of Rhodojaponin-Il1 in Spodoptera litura. Archives of Insect

Biochemistry and Physiology, 86(2), 122-136.

Young, J. and Chong, L.-S. (1980). Rhododendrons of China, (eds) Young, J. and Chong, L-
S. American Rhododendron Society and Rhododendron Species Foundation, Binford and

Mort, Oregon, USA, pp 491.

Zangerl, A.R. and Rutlidge, C.E. (1996). The probability of attack and patterns of constitutive

and induced defense: a test of optimal defense theory. American Naturalist, 147, 599-608.

33



Zhong, G.H., Hu, M.Y., Wei, X.Y., Weng, Q.F., Xie, J.J., Lui, J.X. and Wang, W.X. (2005).
Grayanane diterpenoids from the flowers of Rhododendron molle with cytotoxic activity

against a Spodoptera frugiperda cell line. Journal of Natural Products 68, 924-926.

34



Figure 1. Rhododendron simsii; a) before infestation by H. haemorrhoidalis, b) defoliation after

infestation by glasshouse thrips.

Figure 2. Scanning electron micrograph of a simple non-glandular strigosa trichome (1 mm) and two
simple glandular trichomes (100 um) present on the abaxial surface of (a) a mature leaf and (b) a young

leaf of Rhododendron simsii.

Figure 3. Scanning electron micrograph of an adult glasshouse thrips, Heliothrips haemorrhoidalis

(Bouché).

Figure 4. Number of thrips (meanzse) on both leaf surfaces of R. simsii, grouped by age with four
leaves in each group; 1-4, youngest leaves to 25-27 oldest leaves (GLM, quasi-Poisson errors). Values

with same letter code are not significantly different (Tukey multiple comparison test)

Figure 5: Relative distribution of a) trichomes (density mm?) on abaxial leaf surfaces and b)
concentration of grayanotoxin I (x 1000 ppm) in young and mature leaves on branches of R. simsii.
Leaf age range recorded by position of leaf from terminal bud (leaf 1) to mature leaves from previous

year’s growth (leaf 30+).

Figure 6. Number of adult H. haemorrhoidalis in relation to leaf traits present in leaves of R.simsii a)
numbers of adult thrips negatively correlated to the density of non-glandular trichomes on abaxial leaf
surface on leaves of R. simsii, b) numbers of adult thrips negatively correlated to the density of
glandular trichomes on abaxial leaf surface on leaves of R. simsii and c) numbers of adult thrips
negatively correlated to the concentration of grayanotoxin | present in leaves of R. simsii. The

regression line is predicted by a generalised linear model with negative binomial errors and a log link.

Figure 7. Percentage score of area of leaf damage (thrips feeding and oviposition) in relation to leaf
traits present in leaves of R.simsii a) % area of damage on abaxial leaf surface negatively correlated to
the density of non-glandular trichomes on abaxial leaf surface on leaves of R. simsii; b) % area of

damage on abaxial leaf surface negatively correlated to the density of glandular trichomes on abaxial
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leaf surface on leaves of R. simsii and c) % area of damage on abaxial leaf surface negatively correlated
to the concentration of grayanotoxin I present in leaves of R. simsii. The regression line is predicted by

a generalised linear model with quasibinomial errors and a logit link

Figure 8: Location of five H. haemorrhoidalis (inoculated at pupal stage) in dual choice bioassay: %
surviving thrips (meantsem) on treated (grayanotoxin I) and untreated (control) leaf-disc, treatment
concentration applied at (a) 1000ppm, (b) 100 ppm and (c) 10 ppm. (ANOVA or MW; *P<0.05,

**p<0.01, ***P<0.001, n=10).

Figure 9. Mean number of immature thrips (mean + sem) emerging on leaf discs treated with
grayanotoxin | (GTX I) (a) 10 ppm or (b) 100 ppm, and untreated (control, acetone only) in dual choice
tests recorded over a four weeks after initial introduction of five H. haemorrhoidalis pupae. (ANOVA,;

*P<0.05, **P<0.01, n=10).

Figure 10. Percentage mortality of first stadium larvae of H. haemorrhoidalis (mean + sem) exposed to
residues of grayanotoxin I (GTX 1) at concentrations of 1000, 100, 10 ppm, monitored at 24 hr intervals

for three days (Mann Whitney U; *P<0.05, **P<0.01, ***P<0.001, n=16).
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Figure 1. Rhododendron simsii; a) before infestation by H. haemorrhoidalis, b) defoliation after

infestation by thrips.
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Figure 2. Scanning electron micrograph of a simple non-glandular strigosa trichome (1 mm) and two

simple glandular trichomes (100 um) present on the abaxial surface of (a) a mature leaf and (b) a young

leaf of Rhododendron simsii. Scale bars 100 pum.
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Figure 3. Scanning electron micrograph of an adult glasshouse thrips; Heliothrips haemorrhoidalis

(Bouché). Body length 1.374 mm.
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Figure 4. Number of thrips (meanzse) on both leaf surfaces of R. simsii, grouped by age with four
leaves in each group; 1-4, youngest leaves to 25-27 oldest leaves (GLM, quasi-Poisson errors). Values

with same letter code are not significantly different (Tukey multiple comparison test)
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Figure 5: Relative distribution of a) trichomes (density mm?) on abaxial leaf surfaces and b)
concentration of grayanotoxin I (x 1000 ppm) in young and mature leaves on branches of R. simsii.
Leaf age range recorded by position of leaf from terminal bud (leaf 1) to mature leaves from previous

year’s growth (leaf 30+).
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Figure 6. Number of adult H. haemorrhoidalis in relation to leaf traits present in leaves of R.simsii (leaf
position 30, oldest leaf to leaf position 1, youngest leaf) a) numbers of adult thrips negatively correlated
to the density of non-glandular trichomes on abaxial leaf surface on leaves of R. simsii, b) numbers of
adult thrips negatively correlated to the density of glandular trichomes on abaxial leaf surface on leaves
of R. simsii and c) numbers of adult thrips negatively correlated to the concentration of grayanotoxin |
present in leaves of R. simsii. The regression line is predicted by a generalised linear model with
negative binomial errors and a log link, noting there is some evidence of an asymptotic trend at high

trichome densities.
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Figure 7. Percentage score of area of leaf damage (thrips feeding and oviposition) in relation to leaf
traits present in young and mature leaves on branches of R.simsii a) % area of damage on abaxial leaf
surface negatively correlated to the density of non-glandular trichomes on abaxial leaf surface on
leaves of R. simsii; b) % area of damage on abaxial leaf surface negatively correlated to the density of
glandular trichomes on abaxial leaf surface on leaves of R. simsii and ¢) % area of damage on abaxial
leaf surface negatively correlated to the concentration of grayanotoxin | present in leaves of R. simsii.

The regression line is predicted by a generalised linear model with quasibinomial errors and a logit link
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Figure 8: Location of five H. haemorrhoidalis (inoculated at pupal stage) in dual choice bioassay: %
surviving thrips (meantsem) on treated (grayanotoxin I) and untreated (control) leaf-disc, treatment
concentration applied at (a) 1000ppm, (b) 100 ppm and (c) 10 ppm. (ANOVA,; *P<0.05, **P<0.01,

***P<0.001, n=10).
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Figure 9. Mean number of immature thrips (mean + sem) emerging on leaf discs treated with

grayanotoxin | (GTX 1) (a) 10 ppm or (b) 100 ppm, and untreated (control, acetone only) in dual choice

tests recorded over a four weeks after initial introduction of five H. haemorrhoidalis pupae. (ANOVA,;

*P<0.05, **P<0.01, n=10).
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0%

Figure 10. Percentage mortality of first stadium larvae of H. haemorrhoidalis (mean + sem) exposed to

residues of grayanotoxin | (GT X I) at concentrations of 1000, 100, 10 ppm, monitored at 24 hr intervals

for three days (Mann Whitney U; *P<0.05, **P<0.01, ***P<0.001, n=16).
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Supporting information

S1: Figure Sla: Abaxial surface of leaf of R. simsii showing 90% area damage caused by H.
haemorrhoidalis through feeding and oviposition. Figure S1b. Immature stages of H.
haemorrhoidalis on abaxial leaf surface of R. simsii. Non-glandular trichomes with fecal

droplet deposited on terminal tip.

S2: LCMS traces of extract of whole young leaf, excised trichomes and leaf surface wash of

Rhododendron simsii.

S3: Effects of a single topical application of grayanotoxin | isolated from the leaves of R.

simsii on the mortality level of second instars of H. haemorrhoidalis.

S4: Measurement and bioassay data to examine the relationship between concentration of

grayanotoxin I, trichome type density and damage caused by thrips feeding on the abaxial leaf

surface of leaves of R. simsii (abaxial data only included).
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