
University of Texas Rio Grande Valley University of Texas Rio Grande Valley 

ScholarWorks @ UTRGV ScholarWorks @ UTRGV 

Biology Faculty Publications and Presentations College of Sciences 

10-7-2022 

Are epicuticular waxes a surface defense comparable to Are epicuticular waxes a surface defense comparable to 

trichomes? A test using two Solanum species and a specialist trichomes? A test using two Solanum species and a specialist 

herbivore. herbivore. 

Sakshi Watts 

Rupesh R. Kariyat 

Follow this and additional works at: https://scholarworks.utrgv.edu/bio_fac 

 Part of the Biology Commons, and the Plant Sciences Commons 

https://scholarworks.utrgv.edu/
https://scholarworks.utrgv.edu/bio_fac
https://scholarworks.utrgv.edu/cos
https://scholarworks.utrgv.edu/bio_fac?utm_source=scholarworks.utrgv.edu%2Fbio_fac%2F256&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/41?utm_source=scholarworks.utrgv.edu%2Fbio_fac%2F256&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/102?utm_source=scholarworks.utrgv.edu%2Fbio_fac%2F256&utm_medium=PDF&utm_campaign=PDFCoverPages


1

1 Are epicuticular waxes a surface defense comparable to trichomes? A test using two Solanum 

2 species and a specialist herbivore†

3 Sakshi Watts1 and Rupesh Kariyat1,2

4

5 1Department of Biology, The University of Texas Rio Grande Valley, Edinburg, Texas 78539.

6 2Present address:  Department of Entomology and Plant Pathology, University of Arkansas, 

7 Fayetteville, AR 72701.

8

9 Author for correspondence: rkariyat@uark.edu

10

11 †This paper is part of a collection entitled “Advances from Early Career Researchers in Plant 

12 Sciences”.

13

14

15

16

17

18

19

Page 1 of 26 Botany (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

B
ot

an
y 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
54

.1
77

.1
85

.2
47

 o
n 

10
/1

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

mailto:rkariyat@uark.edu


2

20

21 Abstract:

22 Although plants possess a suite of structural defenses, most studies have focused on trichomes. 

23 Trichomes can have both pre- and post-ingestive effects and have been consistently found to 

24 reduce herbivory. Along with trichomes, a few studies have focused on epicuticular waxes as an 

25 important defense; however, manipulated comparisons examining herbivore growth and 

26 development is limited. In this study, using two Solanum species (Solanum glaucescens and 

27 Solanum macrocarpon) that vary in both defenses, we tested the hypothesis that variation in 

28 defenses will affect herbivore feeding, primarily by restricting feeding commencement. We used 

29 electron microscopy together with a series of plant- and diet-based manipulative experiments, 

30 using tobacco hornworm (Manduca sexta; Lepidoptera: Sphingidae) as the herbivore. We found 

31 that S. glaucescens leaves had significantly fewer trichomes and significantly higher wax content 

32 when compared to S. macrocarpon. We also found that S. glaucescens waxes acted as a strong 

33 physical barrier resulting in lower mass gain and higher mortality of caterpillars compared to S. 

34 macrocarpon. Artificial diet manipulation experiments also suggested the possible toxicity of 

35 waxes. Collectively, we show that epicuticular waxes can play a significant role as a strong surface 

36 barrier and should be examined further.

37

38 Keywords: trichomes, plant defense, wax, Solanum, Manduca sexta, herbivory
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42

43 Introduction

44 It is well-established that plants use both physical and chemical defenses to protect themselves 

45 against arthropod herbivores (Singh and Kariyat, 2020; Tayal et al., 2020a; 2020b; Singh et al., 

46 2021). Physical defenses mainly include waxes, trichomes and spines. Chemical defenses include 

47 numerous secondary metabolites that can both directly and indirectly protect plants (Howe and 

48 Jander, 2008). Among physical defenses, trichomes are one of the most important and possibly the 

49 most studied of defenses (Levin, 1973; Kariyat et al., 2013; 2017; 2018; 2019; Karabourniotis et 

50 al., 2019; Kaur and Kariyat, 2020a; 2020b; Watts et al., 2021; Watts and Kariyat, 2021a; 2021b). 

51 Trichomes are epidermal hairs present on various plant parts including leaves, stems and flowers 

52 (Kaur and Kariyat, 2020a). Trichomes deter herbivore movement and feeding pre-ingestion but 

53 can also cause post-ingestive effects by damaging the caterpillar’s inner gut lining (peritrophic 

54 matrix) and determine multitrophic interactions by providing cues to herbivore natural enemies 

55 (Kariyat et al., 2017; Weinhold and Baldwin, 2011). A higher trichome density is usually 

56 associated with reduced herbivory (Watts and Kariyat, 2021b). While trichomes are primarily 

57 classified as glandular and non-glandular types, based on the presence or absence of a glandular 

58 head, deeper inspection has revealed both inter and intra specific morphological variation (Watts 

59 and Kariyat 2021a). This variation includes trichome size, shape, density, and dimensions on 

60 abaxial and adaxial leaf surfaces (Watts and Kariyat 2021a; b). 

61 Plant cuticle is a hydrophobic layer of cutin and associated waxes (made of lipids and 

62 hydrocarbons) that coats most aerial parts of plants (Konno et al., 2006; Kaur et al., 2022). Along 

63 with their role in hampering water loss from the plant surface by protection from excessive 

64 transpiration (Jenks and Ashworth, 2010; Sharma et al., 2018), plant waxes also play a major role 
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65 in herbivore defense (Jetter et al., 2006) by discouraging the movement and feeding of herbivores 

66 by making the leaf surface slippery and filling up crevices (Jetter et al., 2006; Whitney and Federle, 

67 2013). When ingested, herbivores have also been found to spend additional time cleaning their 

68 mouthparts when covered with waxes (Shelomi et al., 2010). In one study, Chanchala et al. (2020) 

69 demonstrates that epicuticular waxes of sugarcane significantly impact feeding of the leaf hopper, 

70 Deltocephalus menonii (Hemiptera: Cicadellidae), a serious pest and vector of white leaf disease. 

71 Therefore, sugarcane accessions with higher levels of epicuticular wax can potentially be 

72 incorporated in integrated disease management of white leaf disease. In this regard, waxes have 

73 both pre and post ingestive effects on insect herbivores, similar to trichomes. 

74 In sum, physical defenses in plants and their role in deterring herbivores is well-researched from 

75 both morphological and molecular perspectives. The fitness impacts and behavioral modifications 

76 caused by these physical defenses at various herbivore life stages, as well as the mechanisms 

77 underlying the multi-trophic interactions they mediate have been well described. However, to date 

78 there are no studies that disentangle the relative importance of trichomes and waxes as defenses 

79 against herbivores. 

80 Understanding the relative contributions of waxes and trichomes warrants the use of 

81 phylogenetically similar (within the same genus) plant species, exhibiting variation in defenses 

82 (epicuticular waxes and trichomes) which are easy to manipulate for experiments. Previous work 

83 has used members of the Solanaceae family to understand the effects of inter and intraspecific 

84 variation in physical defenses, and their impact on mediating plant-herbivore interactions (Kariyat 

85 et al., 2013; Kariyat et al., 2017; Kariyat et al., 2019; Chavana et al., 2021; Watts and Kariyat, 

86 2021b). More recently, we observed that, among 14 species in the Solanum genus, Solanum 

87 macrocarpon (Gboma) has glandular and non-glandular trichomes (Watts and Kariyat, 2021a), but 
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88 almost no waxes on the leaf surface. On the other hand, Solanum glaucescens (Cuatomate) has a 

89 thick wax layer on its leaf surface, but almost no trichomes (Kaur et al., 2022). This natural 

90 variation in trichome-wax presence-absence provides an opportunity to test the impact of these 

91 defenses together. We used a combination of microscopy, herbivore behavior and growth assays 

92 to test our hypothesis that the trichomes and waxes would differentially affect herbivore feeding, 

93 with consequences on their growth and development.

94 Materials

95 a. Plants: We bought the seeds of two Solanaceae species viz. Solanum glaucescens (Product 

96 code: Y5SSSOGL) and Solanum macrocarpon (Product code: Y5SSSOLG) from 

97 rarepalmseeds.com. For details of how the plants were grown, please see Watts and Kariyat 

98 (2021a). 

99 b. Insects: Tobacco hornworm (Manduca sexta; Lepidoptera: Sphingidae) was used for laboratory-

100 based assays. M. sexta is a Solanaceae specialist chewing-type herbivore that feeds voraciously on 

101 a variety of Solanaceae species (Watts and Kariyat, 2021b). Caterpillars of M. sexta were allowed 

102 to feed on artificial diet. For more details on rearing of the insect colony, see Tayal et al. (2020a) 

103 and Watts and Kariyat (2020b). 

104 c. Desktop Scanning Electron Microscopy (DSEM): To image leaves for trichome morphology, 

105 dimension, and density analysis (n= 3-11 plants per abaxial and adaxial leaf surface per species),        

106 a desktop Scanning Electron Microscope (DSEM; SNE-4500 Plus Tabletop; Nanoimages LLC, 

107 Pleasanton, California, USA; Watts et al., 2021) was used. For operational procedures and DSEM 

108 methodology, see Watts and Kariyat (2021a) and Watts et al. (2021). 

109
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110

111 Assays

112 a. Trichome morphology: To determine trichome morphology on both Solanum species, fresh leaf 

113 samples (n= 3-11 plants per leaf surface per species) were used as described above. The images 

114 were captured at 45X to 1000X magnification depending on the trichome type and size, to visualize 

115 the finer details of trichome structure (Watts et al. (2021) and Watts and Kariyat (2020a).  

116 2. Trichome density estimation: To determine the trichome density on both Solanum species (n= 

117 3-11 plants per leaf surface per species), samples were prepared as described above. The images 

118 for trichome count were captured at 60X magnification which contains approximately 5.32 

119 mm2leaf area measured using ‘Nanoeye’ software linked to DSEM. We calculated the total 

120 trichome number, total glandular trichomes and total non-glandular trichomes per mm2 of leaf 

121 surface area as described (Chavana et al., 2021; Watts and Kariyat, 2021b).

122 3. Wax quantification: The epicuticular waxes on leaves of both species were quantified. 50 

123 circular leaf discs (0.63 cm in diameter) were collected uniformly from each plant (n=19: S. 

124 glaucescens; n= 12: S. macrocarpon) using a hole puncher. The leaf discs from each plant were 

125 placed in a pre-weighed 2 ml microcentrifuge tube containing anhydrous chloroform. The tubes 

126 were subsequently vortexed (VWR; ~1500 rpm) for one minute. The leaf discs were removed from 

127 the tubes post-vortexing and the tubes containing chloroform+wax solution were left under a fume 

128 hood for 24 h to allow the chloroform to evaporate, leaving the wax behind. The tubes were 

129 weighed again and the difference in post and pre weight of tubes was recorded as the wax amount 

130 (mg) for each sample (Kariyat et al., 2019). 

131 4. Time to first bite: Leaf surfaces can hinder the movement and feeding of herbivores due to the 

132 presence of surface defenses, even before the herbivore has started feeding (Wilkens et al., 1996; 
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133 Kariyat et al., 2017; Despland, 2019). To test whether the caterpillar takes a longer time to initiate 

134 feeding on one species compared to the other, first instar caterpillars (n= 15 per species) were used. 

135 Twenty minutes was set as a limit to stop each observation if the caterpillar does not start feeding 

136 since a starved caterpillar starts feeding within few minutes (Kariyat et al., 2018; 2019). 

137 5. Mass gain and mortality by caterpillars: This experiment was performed to estimate if 

138 caterpillars gain higher or lower mass and mortality when fed on a species with higher waxes or a 

139 control diet. First instar M. sexta caterpillars on S. glaucescens (n=15) and artificial diet (n=30) 

140 were used. Pre-weighed 1st instar caterpillars were placed on plants and allowed to feed. Pre-

141 weighed caterpillars were placed on a diet pellet in a separate petri-plate as a control. The 

142 caterpillars were allowed to feed for 24 h and then collected to weigh. After recording their mass, 

143 the caterpillars were placed back on their respective treatments and were weighed again after 24 h 

144 (48 h in total). While recording mass gain at 24 h and 48 h, caterpillar mortality was also recorded 

145 under treatment and control conditions. Data of mass gain by caterpillars was recorded as 

146 following: 

147 Mass gain= (Final Mass-Initial Mass)/ Initial Mass

148 6. Mass gain and mortality by caterpillars on diet pellets coated with waxes: Waxes extracted 

149 from the wax quantification experiment were used to determine the mass gain and mortality of 

150 caterpillars on species with different amounts and/or possibly different composition of waxes. Five 

151 2-ml microcentrifuge tubes containing extracted waxes of each species were selected randomly. 

152 200 µl of chloroform was added to each tube as the solvent and the tubes were vortexed (VWR; 

153 ~1500rpm) for one minute to dissolve the waxes in chloroform. The dissolved waxes were coated 

154 thrice on artificial diet pellets using a paint brush. There were two treatments: diet pellets coated 

155 with waxes extracted from S. glaucescens leaves and diet pellets coated with waxes extracted from 
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156 S. macrocarpon leaves. Additionally, a third set of diet pellets had only chloroform coated on them 

157 and lastly, control pellets had neither chloroform nor waxes as a coating. Pre-weighed 1st instar 

158 caterpillars (n=15 per treatment) were allowed to feed for 24 h and were then weighed. After 

159 weighing caterpillars at 24 h, they were put back on diet pellets and weighed again after another 

160 24 h (48 h in total). At 48 h, all four batches of caterpillars were moved to an artificial control diet 

161 allowed to feed for another 24 h (72 h in total), and then weighed again. Mass gain by caterpillars 

162 at 24 h, 48 h and 72 h were recorded as described above. The mortality of caterpillars was recorded 

163 for each timepoint. 

164 7. Mass gain and mortality by caterpillars on a diet of leaf tissue: This experiment was performed 

165 to test the effects of leaf tissue composition on caterpillar mass gain and mortality. 50 g of leaf 

166 tissue from each species (from 8 different plants) was cryo-dried. The dried was ground (Mitton 

167 et al., 1979) and added into 0.5 liter of artificial diet. 0.5 liter of control artificial diet was prepared 

168 in the similar manner, but without leaf tissue. Pre-weighed 1st instar caterpillars (n=30) were 

169 allowed to feed on diet pellets for all three treatments. The mass and mortality of caterpillars was 

170 recorded after 24 h and 48 h. The mass gain of caterpillars was recorded as described above 

171 (Kariyat et al., 2019). 

172 8. Polyphenol oxidase (PPO) assay: Polyphenol oxidases are widely distributed enzymes known 

173 to play an important role in plant defense against diseases and herbivores (Constabel and 

174 Barbehenn, 2008). In this experiment, we quantified the PPO content (U/mg) in both Solanum 

175 species to test for the presence of defensive compounds and herbivore resistance. Fresh leaves 

176 from the central part of the plant were excised from both Solanum species (n=8 per species) and 

177 used for PPO quantification. The PPO assay performed as described in the Polyphenol Oxidase 

178 Assay Kit manual (Catalog# MBS822343; MyBioSource). Quantification of PPO was performed 
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179 using the equation in the Polyphenol Oxidase Assay Kit manual (Catalog# MBS822343; 

180 MyBioSource).

181 PPO (U/g) = (ODSample - ODControl) × VTotal / (W × VSample / VAssay) / 0.01 / T = 233.3 × (ODSample - 

182 ODControl) / W

183 Where OD stands for calorimetric readout of optical density at 410 nm, VTotal is the volume of 

184 sample (0.35 ml), W is weight of the sample (0.1 g of plant tissue), VSample is the volume of sample 

185 (0.05 ml), VAssay is the volume of Assay buffer (1 ml) and T is the reaction time (3 minutes).

186

187 Analysis

188 We identified and classified the trichomes in S. glaucescens and S. macrocarpon according to 

189 Watts and Kariyat (2021a). The trichome number (total, total glandular trichomes and total non-

190 glandular trichomes), wax quantity (in mg) and first bite time by first instar caterpillars (in minutes) 

191 was analyzed using a Wilcoxon two-sample test with species as the explanatory variable. Mass 

192 gain by caterpillars at 24 h and 48 h on plant and artificial diets was analyzed using a one-tailed t 

193 test. The mortality of caterpillars in the mass gain experiment at 24 h and 48 h timepoints was 

194 analyzed using Logistic Regression with binomial distribution (alive/dead). The mass gain of 

195 caterpillars fed on pellets coated with waxes at 24 h was analyzed using one-way ANOVA with 

196 Tukey’s post-hoc test. At 48 h and 72 h, because the data did not follow a normal distribution, a 

197 Kruskal-Wallis test pairwise comparison was done using a Wilcoxon test. The mortality of 

198 caterpillars on pellets coated with waxes was analyzed using Logistic Regression with binomial 

199 distribution (alive/dead) at all timepoints. The data for mass gain by caterpillars on a diet 

200 containing leaf tissue (both 24 h and 48 h) was analyzed using a Kruskal-Wallis test and pairwise 
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201 comparison was done using a Wilcoxon test. The PPO data was normally distributed and thus a 

202 one-tailed t-test was used for analyzing the data. All analyses were carried out using JMP statistical 

203 software (SAS institute, Cary, NC, USA). Plots were built using GraphPad Prism (La Jolla, CA, 

204 USA).

205

206 Results

207 1. Trichome morphology: The leaves of both the species were examined using scanning 

208 electron microscopy (SEM). We observed that S. glaucescens had two types of trichomes: 

209 glandular hairs with a globular head; and acuminate glandular hairs with a multicellular stalk and 

210 a small glandular tip. S. macrocarpon had three types of trichomes: glandular hairs with a globular 

211 head and single stalk cell; attenuate basilatus glandular hairs with a small glandular tip; and 

212 subulate non-glandular hairs with a pulvinate base and pedestal (Figure 1).

213 2. Trichome density assessment: For S. macrocarpon, we observed more trichomes 

214 compared to S. glaucescens. As expected, we found a significantly higher total trichome number 

215 (Wilcoxon 2 sample test; p= 0.0049), total glandular trichome number (Wilcoxon two-sample test; 

216 p= 0.0073), and total non-glandular trichome number (Wilcoxon two-sample test; p= 0.0084) in 

217 S. macrocarpon compared to S. glaucescens (Figure 1). 

218 3. Wax quantification: In SEM images of leaves, we observed a significantly thicker layer 

219 of epicuticular waxes on the leaf surface of S. glaucescens (10.19 ± 0.50 mg; average ± SE) 

220 compared to S. macrocarpon (4.06 ± 0.57 mg; average ± SE) (Figure 1). 

221 4. Time to first bite: After quantification of physical defenses in both species, we found that 

222 1st instar caterpillars took a significantly longer time to initiate feeding on S. glaucescens compared 

223 to S. macrocarpon leaves (Wilcoxon 2 sample test; p<0.0001) (Figure 2). This result indicates a 
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224 stronger physical barrier offered by the S. glaucescens leaf surface compared to S. macrocarpon 

225 in the inhibition of feeding. 

226 5. Mass gain and mortality by caterpillars: The mass gain by caterpillars on S. glaucescens 

227 was significantly lower compared to control artificial diet at 24 h (one-tailed t-test; p<0.0001) and 

228 48 h (one-tailed t-test; p<0.0001). Consistent with these data, the mortality of caterpillars on S. 

229 glaucescens was significantly higher compared to control diet (Generalized Regression; p<0.0001) 

230 at both 24 h and 48 h (Generalized regression; p<0.0001) (Figure 2). This result suggests a strong 

231 negative effect of caterpillar feeding on S. glaucescens (species with higher leaf surface waxes) 

232 compared to the artificial control diet with no surface or embedded waxes. 

233 6. Mass gain by caterpillars on diet pellets coated with waxes: When diet pellets were coated 

234 with waxes, mass gain by 1st instar caterpillars was significantly different for all four treatment 

235 groups at 24 h (one-way ANOVA; R2= 21.4134; DF= 59; p= 0.0084). Post-hoc tests showed that 

236 caterpillars placed on pellets coated with S. glaucescens waxes had a significantly lower mass gain 

237 compared to caterpillars placed on the control diet (Tukey’s test; p=0.0062). Other interactions 

238 between treatments (such as diet pellets with waxes of S. macrocarpon and control diet, diet pellets 

239 with chloroform and control diet) were non-significant (Tukey’s test; p>0.05). At 48 h, there was 

240 no significant difference among all four treatments (Kruskal-Wallis test; p=0.1217). At 72 h, there 

241 was significant difference among all treatments (Kruskal-Wallis test; p=0.0306). Caterpillars that 

242 were initially placed on pellets coated with S. glaucescens waxes (Wilcoxon test; p=0.0320) and 

243 S. macrocarpon (Wilcoxon test; p=0.0141) had a significantly lower mass gain compared to 

244 caterpillars that were placed on the artificial control diet. However, there was no significant 

245 difference in the mortality of caterpillars among all treatments at 24 h, 48 h and 72 h (Generalized 

246 Regression; p>0.05) (Figure 3). While this experiment suggests that the waxes of both species 
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247 decrease the growth of caterpillars, chloroform consistently reduced the mass gain by caterpillars. 

248 This factor likely resulted in lower mass gain of caterpillars feeding on artificial diet + chloroform 

249 than artificial diet without chloroform at all timepoints (24 h, 48 h and 72 h; Figure 3).  

250 7. Mass gain by caterpillars on diet containing leaf tissue: When plant tissue was added into 

251 the artificial diet, there was no significant difference in caterpillar mass gain among diet treatments 

252 at both 24 h (Kruskal-Wallis test; p=0.7698) and 48 h (Kruskal-Wallis test; p=0.6952). There was 

253 no significant difference between treatments at 24 h and 48 h (Wilcoxon test; p>0.05), and no 

254 mortality was recorded for any of the treatments at both times. These data indicate that the 

255 composition of leaves has little or no effect on caterpillar growth and suggests that the resistance 

256 in these plants to M. sexta is mainly due to trichomes and/or surface waxes. 

257 8. Polyphenol oxidase (PPO) assay: There was no significant difference in PPO content 

258 between both plant species (one-tailed t-test; p=0.8463). This result suggests that surface defenses, 

259 rather than leaf tissue containing defensive compounds (e.g., PPO) are responsible for differential 

260 effects on herbivore growth and mortality for the two Solanum species in the study. 

261

262 Discussion

263 Our collective results show that although S. glaucescens and S. macrocarpon have different types 

264 of trichomes, trichome density is higher on S. macrocarpon leaves and wax quantity is higher on 

265 S. glaucescens leaves. Behavioral assays show that M. sexta caterpillars tend not to initiate feeding 

266 on S. glaucescens compared to S. macrocarpon and have lower mass and high mortality on the S. 

267 glaucescens leaf surface with greater wax amount compared to an artificial diet. Caterpillars also 

268 gained a lower mass compared to control diet up to 48 h after ingestion of artificial pellets coated 

269 with S. glaucescens waxes. When the artificial diet was supplemented with leaf tissue from either 
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270 species, no differential effects on herbivore growth were observed. Polyphenol oxidase, one of the 

271 major enzymes involved in providing defense to the plants against herbivorous arthropods, was 

272 not significantly different between the two Solanum species in this study. These findings support 

273 our hypothesis that defense against herbivores is independent of leaf tissue components, but 

274 dependent on surface defenses including waxes and trichomes for the plant species used in the 

275 study. 

276 Both Solanum species used in the study have glandular and non-glandular trichomes. However, 

277 non-glandular trichomes are present in considerably greater number on S. macrocarpon versus S. 

278 glaucescens leaves. Previously, non-glandular trichomes have been found to have deterrent effects 

279 on caterpillar feeding (Kariyat et al., 2017) especially in earlier instars (Kariyat et al., 2018). The 

280 trichome density of all trichome types (total, glandular and non-glandular) is higher in S. 

281 macrocarpon, creating a comparatively stronger physical barrier against stresses. Higher trichome 

282 density is usually associated with decreased herbivory (Fordyce and Agrawal, 2002; Eaton and 

283 Karba, 2014; Pastório et al., 2019; Watts and Kariyat, 2021b) and increased abiotic stress tolerance 

284 (Liakoura et al., 1997; Li et al., 2018). Thus, we expected S. macrocarpon to be more resistant to 

285 herbivore feeding than S. glaucescens, but this was not the case. Waxes are also considered as a 

286 strong physical defense against herbivores (Müller and Reiderer, 2005; Daoust et al., 2010; 

287 Whitney and Federle, 2013; Kaur et al., 2022). S. glaucescens has a thick epicuticular wax layer 

288 and higher wax content compared to S. macrocarpon. Our findings show that surface waxes can 

289 be a significant physical deterrent against herbivory.  

290 Herbivore feeding behavior assays showed that starved 1st instar caterpillars took much longer to 

291 initiate feeding on species with more waxes (Varela and Bernays, 1988; Shelomi et al., 2010). In 

292 our experiment, the caterpillars did not start feeding on S. glaucescens for at least 20 minutes (some 

Page 13 of 26 Botany (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

B
ot

an
y 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
54

.1
77

.1
85

.2
47

 o
n 

10
/1

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



14

293 feeding was observed afterwards). Additionally, caterpillars failed to gain any mass or even lost 

294 mass, possibly due to desiccation, after placement on S. glaucescens. Mortality of the caterpillars 

295 was also very high (more than 90%) on S. glaucescens plants, with almost no mortality on the 

296 artificial diet (Wójcicka, et al., 2016). Given that S. glaucescens leaves have more epicuticular 

297 wax and lower trichome numbers compared to S. macrocarpon, these results suggest that waxes 

298 act as a stronger physical barrier for caterpillars, independent of trichomes (Pelletier et al., 1999). 

299 Plants tend to use a combination of different defense strategies to mount “an efficient defense 

300 phenotype” based on their ancestry and evolutionary history (Agrawal and Fishbein, 2006). In this 

301 study, epicuticular waxes outperformed trichomes: feeding on S. macrocarpon leaves with a high 

302 trichome density and thin wax layer failed to hinder caterpillar feeding in comparison to S. 

303 glaucescens.

304 When artificial diet pellets were coated with plant waxes, the mass gain by caterpillars placed on 

305 pellets containing waxes from S. glaucescens was lower compared to caterpillars on a control diet 

306 (pellets without waxes and chloroform) at 24 h and 48 h. The mortality for all treatments was 

307 similar, indicating an inhibitory effect of waxes. This inhibitory effect was more pronounced on 

308 leaves since caterpillars on S. glaucescens failed to gain mass and grow after 24 h. Later, when 

309 caterpillars from all four treatments were moved to an artificial diet, the mass gain by caterpillars 

310 initially placed on pellets smeared with plant waxes was lower compared to caterpillars placed on 

311 artificial diet pellets with no coating. These data indicate an effect of chemical composition 

312 (Eigenbrode and Espelie, 1995) on caterpillars’ mass gain and growth (Johnson, 2021). Toxins in 

313 the leaf wax may contribute to this inhibitory effect (Belete, 2018). For instance, Negin et al. 

314 (2021) found that fatty alcohols in the epicuticular waxes of Nicotiana glauca (Solanaceae) tend 

315 to reduce caterpillar growth. In our experiment, mass gain was lower in caterpillars placed on S. 
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316 glaucescens waxed pellets at 24 h compared to the control diet, but it was lower at 72 h on S. 

317 macrocarpon waxed pellets as well, indicating that waxes on S. glaucescens act as stronger barrier, 

318 possibly due to higher wax content. Although the caterpillars were switched to a control diet after 

319 48 h, caterpillars that were initially placed on pellets coated with plant waxes were lower in mass 

320 at 72 h compared to caterpillars that were initially placed on control pellets, emphasizing the 

321 impact of waxes beyond the treatment period. While our results show that S. glaucescens waxes 

322 are a stronger barrier compared to S. macrocarpon waxes, we note that chloroform had a negative 

323 effect on caterpillar growth all timepoints. In previous studies, chloroform extracts have been 

324 found to possess antifeedant properties against caterpillars (Nebapure et al., 2015). Thus, the 

325 chemical composition of waxes in both plant species should be explored further to extract and 

326 identify anti-herbivore compounds, an area that we are currently focusing on.

327 We also tested if leaf tissue composition acts as a significant chemical barrier (Matsuki and 

328 Maclean, 1994; Lill and Marquis, 2001) in herbivore growth. Leaf tissues from both species was 

329 added to an artificial diet and caterpillars were allowed to feed (Kariyat et al., 2017; Watts and 

330 Kariyat, 2021b). The caterpillars gained similar mass on both treatment and control diet pellets. 

331 These results suggest that the composition of leaf tissue has no negative or positive effects on 

332 caterpillars’ mass gain. Thus, surface defenses have a larger effect on the mass gain of caterpillars. 

333 However, these effects should be further studied over a longer period, growth stages, or even 

334 generations (Tayal et al., 2020b; Portman et al., 2020). For example, Lill and Marquis (2001) found 

335 that low quality oak leaves (Quercus alba; Fagaceae) lead to reduced survivorship of the first 

336 generation of leaf tying caterpillars (Psilocorsis quercicella; Lepidoptera: Despressariidae), but 

337 the second generation feeding on the same leaves were unaffected. 
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338 Taken together, waxes acted as a comparable, if not stronger surface defense compared to 

339 trichomes in this study. Previously, surface defense studies have been more focused on trichomes 

340 but epicuticular waxes demand higher attention (Kaur et al., 2022). Additional work should also 

341 focus on understanding wax-trichome interplay and how other contributing factors could influence 

342 the efficiency of these surface defenses under both favorable and harsh environmental conditions 

343 (Lewandowska et al., 2020), and with different herbivores (White and Eigenbrode, 2000) and their 

344 natural enemies (Yao et al., 2021). 

345

346 Acknowledgements:

347 The authors thank anonymous reviewers and editor for providing valuable insights into improving 

348 this manuscript. The study was funded by presidential graduate fellowship awarded to Sakshi 

349 Watts and Rising Star award to Rupesh Kariyat.

350 Competing Interests Statement 

351 The authors declare there are no competing interests

352 Data Availability Statement 

353 Data generated or analyzed during this study are available from the corresponding author upon 

354 reasonable request.

355

356

357

Page 16 of 26Botany (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

B
ot

an
y 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
54

.1
77

.1
85

.2
47

 o
n 

10
/1

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



17

358 References:

359 Agrawal, A.A. and Fishbein, M., 2006. Plant Defense Syndromes. Ecology, 87(sp7), 
360 pp.132-149. doi: 10.1890/0012-9658. 

361 Belete, T. (2018). Defense mechanisms of plants to insect pests: From morphological to 
362 biochemical approach. Trends in Technical & Scientific Research, 2(2): 555584. 
363 doi:10.19080/ttsr.2018.02.555584. 

364 Chanchala, K. M., Wanasinghe, V. K., Hemachandra, K. S., Nugaliyadde, L., and 
365 Witharama, W. R. (2020). Effect of the epicuticular wax level of leaf lamina on the 
366 behaviour of Leaf Hopper Deltocephalus menoni (Hemiptera: Cicadellidae); a vector of 
367 sugarcane white leaf disease. Tropical Agricultural Research, 31(1), pp.73-85. 
368 doi:10.4038/tar.v31i1.8345. 

369 Chavana, J., Singh, S., Vazquez, A., Christoffersen, B., Racelis, A., and Kariyat, R.R. 
370 2021. Local adaptation to continuous mowing makes the noxious weed Solanum 
371 elaeagnifolium a superweed candidate by improving fitness and defense traits. Scientific 
372 Reports, 11(1), 6634. doi:10.1038/s41598-021-85789-z. 

373 Constabel, C. P., and Barbehenn, R. 2008. Defensive roles of polyphenol oxidase in plants. 
374 In Induced Plant Resistance to Herbivory.  Edited by A. Schaller.  Springer, Dordrecht.  
375 pp.253-270. doi:10.1007/978-1-4020-8182-8_12. 

376 Daoust, S.P., Mader, B.J., Bauce, E., Despland, E., Dussutour, A., and Albert, P.J. 2010. 
377 Influence of epicuticular-wax composition on the feeding pattern of a phytophagous insect: 
378 Implications for host resistance. The Canadian Entomologist, 142(3), pp.261–270. 
379 doi:10.4039/n09-064. 

380 Despland, E. (2019). Caterpillars cooperate to overcome plant glandular trichome defenses. 
381 Frontiers in Ecology and Evolution, 7: 232.  doi:10.3389/fevo.2019.00232.

382 Eaton, K.M. and Karban, R., 2014. Effects of trichomes on the behavior and distribution of 
383 Platyprepia virginalis caterpillars. Entomologia Experimentalis et Applicata, 151(2), 
384 pp.144–151. doi:10.1111/eea.12178.

385 Eigenbrode, S.D. and Espelie, K.E., 1995. Effects of plant epicuticular lipids on insect 
386 herbivores. Annual Review of Entomology, 40(1), pp.171–194. 

387 Fordyce, J.A. and Agrawal, A.A., 2001. The role of Plant Trichomes and Caterpillar group 
388 size on growth and defence of the Pipevine Swallowtail Battus philenor. Journal of Animal 
389 Ecology, 70(6), pp.997–1005. doi: 10.1046/j.0021-8790.2001.00568.x.

390 Howe, G.A. and Jander, G., 2008. Plant immunity to insect herbivores. Annual Review of 
391 Plant Biology, 59(1), pp.41–66. doi: 10.1146/annurev.arplant.59.032607.092825.

392 Jenks, M. A., and Ashworth, E. N. (2010). Plant Epicuticular Waxes: Function, production, 
393 and Genetics. Horticultural Reviews, 23, pp.1-68. doi:10.1002/9780470650752.ch1.

Page 17 of 26 Botany (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

B
ot

an
y 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
54

.1
77

.1
85

.2
47

 o
n 

10
/1

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



18

394 Jetter, R., Kunst, L. and Samuels, A.L., 2006. Composition of plant cuticular waxes. 
395 Chapter 23.  In Biology of the Plant Cuticle.  Edited by M. Riederer and C. Müller.  Annual 
396 Plant Reviews Book Series, vol. 23.  Wiley. (Article republished in Annual Plant Reviews 
397 online in April 2018):  doi:  10.1002/9781119312994.apr0232

398 Johnson, Z., (2021). Physical and chemical defense mechanisms in aloe barbadensis 
399 against insect herbivores. M.S. Thesis. The University of Texas Rio Grande Valley. 
400 Available from ProQuest Dissertations & Theses A&I. (2570968985). 

401 Karabourniotis, G. et al., 2019. Protective and defensive roles of non-glandular trichomes 
402 against multiple stresses: Structure–Function Coordination. Journal of Forestry Research, 
403 31(1), pp.1–12. doi: 10.1007/s11676-019-01034-4.

404 Kariyat, R.R. et al., 2013. Constitutive and herbivore‐induced structural defenses are 
405 compromised by inbreeding in Solanum carolinense (Solanaceae). American Journal of 
406 Botany, 100(6), pp.1014–1021. doi: 10.3732/ajb.1200612.

407 Kariyat, R.R. et al., 2017. Non-glandular trichomes of Solanum carolinense deter feeding 
408 by manduca sexta caterpillars and cause damage to the gut peritrophic matrix. Proceedings 
409 of the Royal Society B: Biological Sciences, 284(1849). doi: 10.1098/rspb.2016.2323.

410 Kariyat, R.R. et al., 2018. Leaf trichomes affect caterpillar feeding in an instar-specific 
411 manner. Communicative & Integrative Biology, 11(3), pp.1–6. doi: 
412 10.1080/19420889.2018.1486653.

413 Kariyat, R.R. et al., 2019. Feeding on glandular and non-glandular leaf trichomes 
414 negatively affect growth and development in tobacco hornworm (Manduca sexta) 
415 caterpillars. Arthropod-Plant Interactions, 13(2), pp.321–333. doi: 10.1007/s11829-019-
416 09678-z.

417 Kaur, I. and Kariyat, R.R., 2020a. Eating barbed wire: Direct and indirect defensive roles 
418 of non‐glandular trichomes. Plant, Cell & Environment, 43(9), pp.2015–2018. doi: 
419 10.1111/pce.13828. 

420 Kaur, I., Watts, S., Raya, C., Raya, J., and Kariyat, R. (2022). Surface Warfare: Plant 
421 structural defenses challenge caterpillar feeding. In Caterpillars in the Middle. Edited by 
422 R.J. Marquis and S. Koptur.  Fascinating Life Sciences book series, Springer, Cham.   pp. 
423 65-92. doi:10.1007/978-3-030-86688-4_3.

424 Kaur, J. and Kariyat, R., 2020b. Role of trichomes in plant stress biology. In Evolutionary 
425 Ecology of Plant-Herbivore Interaction.  Edited by J. Núñez-Farfán and P.Valverde.  
426 Springer, Cham.  pp.15–35. doi: 10.1007/978-3-030-46012-9_2

427 Konno, K., Nakamura, M., Tateishi, K., Naoya, W., Tamura, Y., Hirayama, C., et al. 
428 (2006). Various ingredients in plant latex: Their crucial roles in plant defense against 
429 herbivorous insects.  Abstracts of the 47th Annual Meeting of the Japanese Society of Plant 
430 Physiologists, March 19-21, 2006.  Plant Cell Physiol. 47 (Suppl.): S48.

431 Levin, D.A., 1973. The role of Trichomes in Plant Defense. The Quarterly Review of 
432 Biology, 48(1, Part 1), pp.3–15. 

Page 18 of 26Botany (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

B
ot

an
y 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
54

.1
77

.1
85

.2
47

 o
n 

10
/1

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



19

433 Lewandowska, M., Keyl, A. and Feussner, I., 2020. Wax biosynthesis in response to 
434 danger: Its regulation upon abiotic and biotic stress. New Phytologist, 227(3), pp.698–713. 
435 doi: 10.1111/nph.16571.

436 Li, S., Tosens, T., Harley, P.C., Jiang, Y,, Kanagendran, A., Grosberg, M., Jaamets, K., 
437 and Niinemets, Ü. 2018. Glandular trichomes as a barrier against atmospheric oxidative 
438 stress: Relationships with ozone uptake, leaf damage, and emission of LOX products 
439 across a diverse set of species. Plant, Cell and Environment, 41(6), pp.1263–1277. doi: 
440 10.1111/pce.13128.

441 Liakoura, V., Stefanou, M., Manetas, Y., Choleva, C., and Karabourniotis, G. 1997. 
442 Trichome density and its UV-B protective potential are affected by shading and leaf 
443 position on the canopy. Environmental and Experimental Botany, 38(3), pp.223–229. doi: 
444 10.1016/S0098-8472(97)00005-1.

445 Lill, J.T. and Marquis, R.J., 2001. The effects of leaf quality on herbivore performance and 
446 attack from natural enemies. Oecologia, 126(3), pp.418–428. doi: 
447 10.1007/s004420000557.

448 Matsuki, M. and MacLean, S.F., 1994. Effects of different leaf traits on growth rates of 
449 insect herbivores on Willows. Oecologia, 100-100(1-2), pp.141–152. doi: 
450 10.1007/BF00317141.

451 Mitton, J.B., Linhart, Y.B., Sturgeon, K.B., and Hamrick, J.L. 1979. Allozyme 
452 polymorphisms detected in mature needle tissue of ponderosa pine. Journal of Heredity, 
453 70(2), pp.86–89. doi: 10.1093/oxfordjournals.jhered.a109220.

454 Müller, C., and Riederer, M. (2005). Plant Surface Properties in chemical ecology. Journal 
455 of Chemical Ecology, 31(11), 2621-2651. doi:10.1007/s10886-005-7617-7.

456 Nebapure, S. M., Srivastava, C., and Walia, S. (2015). Insect growth inhibitory potential of 
457 glory lily, Gloriosa superba Linn. (Colchicaceae) against tobacco leaf eating caterpillar, 
458 Spodoptera litura [fabricius] (Lepidoptera: Noctuidae). Entomologia Generalis, 35(1), 61-
459 74. doi:10.1127/0171-8177/2014/0018.

460 Negin, B., Shachar, L., Meir, S., Ramirez, C.C., Horowitz, A.R., Jander, G., and Aharoni, 
461 A. 2021. Fatty alcohols, a minor component of the tree tobacco surface wax, reduce insect 
462 herbivory. bioRxiv. [Preprint] doi: 10.1101/2021.07.15.452450.

463 Pastório, M.A., Hishino, A.T., Mendes de Oliveira, L., Lima, W.F., Fernandes, T.A.P., 
464 Menezes Júnior, A. de O., and Androcioli, H.G. 2019. Cassava varieties trichome density 
465 influence the infestation of Vatiga illudens (Hemiptera: Tingidae). Journal of Agricultural 
466 Science, 11(17), p.319. doi: 10.5539/jas.v11n17p319.

467 Pelletier, Y., Grondin, G., and Maltais, P. (1999). Mechanism of resistance to the Colorado 
468 potato beetle in wild solanum species. Journal of Economic Entomology, 92(3), p.708-713. 
469 doi:10.1093/jee/92.3.708.

470 Portman, S.L., Felton, G.W., Kariyat, R.R., and Marden, J.H.  2020. Host plant defense 
471 produces species specific alterations to flight muscle protein structure and flight-related 

Page 19 of 26 Botany (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

B
ot

an
y 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
54

.1
77

.1
85

.2
47

 o
n 

10
/1

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



20

472 fitness traits of two armyworms. Journal of Experimental Biology, 223(16): jeb224907. 
473 doi: 10.1242/jeb.224907.

474 Sharma, P., Kothari, S. L., Rathore, M., and Gour, V. (2018). Properties, variations, roles, 
475 and potential applications of Epicuticular Wax: A Review. Turkish Journal Of Botany, 
476 42(2), 135-149. doi:10.3906/bot-1702-25.

477 Shelomi, M., Perkins, L.E., Cribb, B.W., and Zalucki, M.P. 2010. Effects of leaf surfaces 
478 on first-instar Helicoverpa armigera (hübner) (Lepidoptera: Noctuidae) behaviour. 
479 Australian Journal of Entomology, 49(4), pp.289–295. doi: 10.1111/j.1440-
480 6055.2010.00766.x

481 Singh, S. and Kariyat, R.R., 2020. Exposure to polyphenol-rich purple corn pericarp 
482 extract restricts fall armyworm (Spodoptera frugiperda) growth. Plant Signaling & 
483 Behavior, 15(9): 1784545. doi: 10.1080/15592324.2020.1784545.

484 Singh, S., Kaur, I. and Kariyat, R., 2021. The multifunctional roles of polyphenols in plant-
485 herbivore interactions. International Journal of Molecular Sciences, 22(3), p.1442. doi: 
486 10.3390/ijms22031442.

487 Tayal, M., Somavat, P., Rodriguez, I., Martinez, L., and Kariyat, R.  2020a. Cascading 
488 effects of polyphenol-rich purple corn pericarp extract on pupal, adult, and offspring of 
489 tobacco hornworm (Manduca sexta L.). Communicative & Integrative Biology, 13(1), 
490 pp.43–53. doi: 10.1080/19420889.2020.1735223.

491 Tayal, M., Somavat, P., Rodriguez, I., Thomas, T., Christoffersen, B., and Kariyat, R.  
492 2020b. Polyphenol-rich purple corn pericarp extract adversely impacts herbivore growth 
493 and development. Insects, 11(2), p.98. doi: 10.3390/insects11020098.

494 Varela, L.G. and Bernays, E.A., 1988. Behavior of newly hatched potato tuber moth 
495 larvae, Phthorimaea operculella Zell. (Lepidoptera: Gelechiidae), in relation to their host 
496 plants. Journal of Insect Behavior, 1(3), pp.261–275. doi: 10.1007/BF01054525.

497 Watts, S. and Kariyat, R., 2021a. Morphological characterization of trichomes show 
498 enormous variation in shape, density, and dimensions across the leaves of 14 solanum 
499 species. AoB PLANTS, 13(6): plab071. Doi: 10.1093/aobpla/plab071. 

500 Watts, S. and Kariyat, R., 2021b. Picking sides: Feeding on the abaxial leaf surface is 
501 costly for caterpillars. Planta, 253(4), p.1-6. doi: 10.1007/s00425-021-03592-6.

502 Watts, S., Kaur, I., Singh, S., Jimenez, B., Chavana, J., and Kariyat, R.  2021. Desktop 
503 scanning electron microscopy in plant-insect interactions research: A fast and effective 
504 way to capture electron micrographs with minimal sample preparation. Biology Methods 
505 and Protocols, 7(1). doi: 10.1093/biomethods/bpab020.

506 Weinhold, A. and Baldwin, I.T., 2011. Trichome-derived O-acyl sugars are a first meal for 
507 caterpillars that tags them for predation. Proceedings of the National Academy of Sciences, 
508 108(19), pp.7855–7859. doi: 10.1073/pnas.1101306108.

Page 20 of 26Botany (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

B
ot

an
y 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
54

.1
77

.1
85

.2
47

 o
n 

10
/1

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



21

509 White, C. and Eigenbrode, S.D., 2000. Effects of surface wax variation Inpisum sativumon 
510 herbivorous and entomophagous insects in the field. Environmental Entomology, 29(4), 
511 pp.773–780. doi: 10.1603/0046-225X-29.4.773.

512 Whitney, H.M. and Federle, W., 2013. Biomechanics of plant–insect interactions. Current 
513 Opinion in Plant Biology, 16(1), pp.105–111.

514 Wilkens, R. T., Shea, G. O., Halbreich, S., and Stamp, N. E. (1996). Resource availability 
515 and the trichome defenses of Tomato Plants. Oecologia, 106(2), 181-191. 
516 doi:10.1007/bf00328597.

517 Wójcicka, A., 2016. Effect of epicuticular waxes from triticale on the feeding behaviour 
518 and mortality of the grain aphid, Sitobion avenae (fabricius) (Hemiptera: Aphididae). 
519 Journal of Plant Protection Research, 56(1), pp.39–44. doi: 10.1515 / jppr-2016-0006.

520 Yao, F-L., Lin, S., Wang, L-X., Mei, W-J., Monticelli, L.S., Zheng, Y., et al.  2020. 
521 Oviposition preference and adult performance of the whitefly predator Serangium 
522 japonicum (Coleoptera: Coccinellidae): Effect of leaf microstructure associated with 
523 Ladybeetle Attachment Ability. Pest Management Science, 77(1), pp.113–125. doi: 
524 10.1002/ps.6042.

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

Page 21 of 26 Botany (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

B
ot

an
y 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
54

.1
77

.1
85

.2
47

 o
n 

10
/1

8/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



22

541 Figures

542 Figure 1. Scanning electron micrographs of adaxial leaf surfaces at 500X magnification (A, B), 

543 and abaxial leaf surface at 60X (C, D) of (A, C) Solanum glaucescens (Solanaceae) displaying a 

544 thick wax layer and glandular trichomes, and (B) Solanum macrocarpon (Solanaceae) with no 

545 visible wax layer, but glandular and non-glandular trichomes. The trichome number (n= 3-11 

546 plants per leaf surface per species) in scanning electron microscopic images at 60X magnification 

547 (5.32 mm2 of leaf surface area) was significantly higher in S. macrocarpon compared to S. 

548 glaucescens for (E) total trichomes, (F), total glandular trichomes, and (G) total non-glandular 

549 trichomes. Additionally, (H) Epicuticular waxes were present in significantly higher amount on S. 

550 glaucescens (n=19) leaves compared to S. macrocarpon (n=12) leaves. Different letters on the bars 

551 represent significant differences. 

552 Figure 2. (A) The time taken by starved 1st instar Manduca sexta (Lepidoptera: Sphingidae) 

553 caterpillars (in minutes) to initiate feeding on leaf surface was higher on S. glaucescens compared 

554 to S. macrocarpon. (B) M. sexta 1st instar caterpillars gained significantly higher mass (in mg) on 

555 a control artificial diet compared to S. glaucescens plants after 24 h of feeding. (C) Survival (0- 

556 dead; 1-alive) of M. sexta caterpillars was significantly higher on control artificial diet compared 

557 to S. glaucescens plants at 24 h and 48 h during the mass gain experiment. Different letters (a, b) 

558 on the bars for each experiment and during each timing (24 h and 48 h; independent) represent a 

559 significant difference. 

560 Figure 3. Caterpillars had significant difference in mass gain (in mg) among four treatments 

561 (artificial diet pellets coated with waxes extracted from S. glaucescens; artificial diet pellets coated 

562 with waxes extracted from S. macrocarpon, artificial diet pellets coated with chloroform, and 

563 artificial diet pellet with no waxes or chloroform) at 24 h and 72 h. None of the differences were 
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564 significant at 48 h. Post-hoc analysis revealed a significantly lower mass gain by caterpillars placed 

565 on pellets with S. glaucescens waxes compared to caterpillars placed on the control diet at 24 h 

566 and 48 h. Caterpillars that were initially placed on S. glaucescens and S. macrocarpon waxed had 

567 a significantly lower mass gain compared to caterpillars on the control diet throughout the 

568 experiment. 

569
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