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11 Abstract

12 The performance of the two-spotted spider mite, Tetranychus urticae Koch, on 

13 plants depends on the rate of adaptation of mite populations to each particular host and 

14 can be influenced by environmental conditions. We have tested the effects of drought 

15 stress, caused by water deficiency, in the interaction of tomato plants with tomato 

16 adapted (TA) and tomato non-adapted (TNA) strains of T. urticae. Our data revealed 

17 that mite performance was enhanced for the TA strain when reared on drought-stressed 

18 tomato plants, rising population growth and leaf damage. Population growth in the case 

19 of the TNA strain was negative, but they laid more eggs and the number of mobile 

20 forms was higher on drought stressed tomato plants than on control plants. Water stress 

21 resulted in tomato plants with increased concentrations of essential amino acids and free 

22 sugars, improving the nutritional value of drought-stressed tomato plants for T. urticae. 

23 Mite infestation alone had almost no effect on the nutritional composition of tomato 

24 leaves, with the exception of an increase of free sugars. Tomato plant defense proteins 

25 were induced by both drought stress and mite infestation. However, the induction of 

26 protease inhibitors was higher in tomatoes exposed to mites from the TNA strain than in 

27 tomatoes that were fed upon by mites from the TA strain. The better performance of the 

28 TA strain could be associated to both changes in the digestive (cysteine and aspartyl 

29 protease and α-amylase activities) and detoxification (esterase activity) physiology of 

30 the mites and the attenuation of some of the plant defenses (protease inhibitors). Taken 

31 together, our results suggest that drought stress might favor outbreaks of T. urticae on 

32 tomato, by enhancing population growth of adapted populations and increasing the 

33 suitability of tomato as a host for non-adapted ones.

34
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38 1. Introduction

39 The two-spotted spider mite, Tetranychus urticae Koch, is a polyphagous pest 

40 with a worldwide distribution. While this species has been reported feeding on more 

41 than 1,000 plant species (Migeon and Dorkeld, 2006-2015), local mite populations do 

42 not perform equally well on all potential hosts (Gotoh et al., 1993; Kant et al., 2008). 

43 The capability of T. urticae to cope with the varying nutritional value and defense 

44 compounds of different host plants has been explained by the proliferation of gene 

45 families involved in digestion and detoxification processes (Grbic et al., 2011; Van 

46 Leeuwen and Dermauw, 2016) and by its transcriptional plasticity in response to host 

47 plant shifts (Dermauw et al., 2013; Wybouw et al., 2015). Moreover, it has been 

48 demonstrated that horizontally transferred genes from microorganisms facilitate the 

49 metabolism of toxic xenobiotics (Ahn et al., 2014).

50 T. urticae populations initially show low acceptance for tomato (Solanum 

51 lycopersicum L.) as a host, but they can rapidly became adapted (Fry, 1989; Agrawal et 

52 al., 2002), causing crop losses worldwide (Jayasinghe and Mallik, 2010; Meck et al., 

53 2013). Studies on tomato–T. urticae interactions highlight the importance of secondary 

54 metabolites (e.g., phenylpropanoids, flavonoids and terpenoids) and anti-digestive 

55 proteins (e.g., protease inhibitors, polyphenol oxidases, amino acid catabolizing 

56 enzymes and peroxidases) as prominent components of tomato-induced defenses 

57 elicited by spider mite feeding (Li et al., 2002; Kant et al., 2004; Martel et al., 2015). 

58 Induction of these defenses is especially relevant, since the ingestion of protease 

59 inhibitors has been shown to be harmful to T. urticae (Carrillo et al., 2011; Santamaría 

60 et al., 2012). However, some genotypes of T. urticae are able to manipulate the main 

61 defense pathways in tomato, resulting in an attenuated induction of defense genes to 

62 levels at which they are less detrimental (Kant et al., 2008; Alba et al., 2015). 

63 Interestingly, Wybouw et al. (2015) demonstrated that during their adaptation to tomato, 

64 T. urticae extensively rearranged their xenobiotic metabolism through differential 

65 expression of genes that code for detoxifying enzymes and xenobiotic transporters, and 

66 acquired the ability to interfere with plant defenses. Candidate effector-proteins in T. 

67 urticae that attenuate plant defenses have been identified in their saliva (Villarroel et al., 

68 2016). 

69 Because of their tight relationship with host plants, T. urticae has been reported 

70 to be differentially affected by water deficit. For example, T. urticae performance has 

71 been shown to increase (Hollingsworth and Berry, 1982; Nansen et al., 2010), decrease 
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72 (Gould, 1978; Sadras et al., 1998) or vary (English-Loeb, 1990) depending on the plant 

73 species and the intensity of the water stress. Plants under drought stress are potentially 

74 more suitable as food because of increased nutrient availability (Brodbeck and Strong, 

75 1987; Showler, 2013), and can therefore contribute to improve herbivore performance 

76 (Huberty and Denno, 2004; Showler, 2013). A positive correlation has been reported 

77 between T. urticae fecundity and amino acid and sugar content on plants (Dabrowski 

78 and Bielak, 1978; Wermelinger et al., 1991). Aside from acting as direct sources of 

79 available nutrients, free sugars and amino acids have also been reported to be feeding 

80 stimulants for many phytophagous species (Showler, 2013). On the other hand, drought 

81 stress has been also associated with an increase in the production of plant defense 

82 compounds making stressed plants potentially less suitable for herbivores (Gould, 1978; 

83 Mattson and Haack, 1987). The resulting performance of T. urticae on drought-stressed 

84 plants will then depend on the balance of induced nutrients and chemical defenses in the 

85 plant, and how the mites adapt to these changes. Drought stress triggers both the 

86 mobilization of plant nutritional compounds (Bauer et al., 1997) and the induction of 

87 plant defenses (English-Loeb et al., 1997; Inbar et al., 2001) in tomato. Recently, it has 

88 been reported that the tomato red spider mite T. evansi, an oligophagous mite feeding 

89 mainly on solanaceous plants, takes advantage of the changes in the nutritional quality 

90 of drought-stressed tomato plants and it is capable of circumventing the potential 

91 adverse effects of tomato plant defenses (Ximénez-Embún et al., 2016).

92 In the present study, we tested the effect of drought stressed tomato plants in 

93 both, tomato adapted and tomato non-adapted T. urticae strains, since its performance 

94 might vary depending on the rate of adaptation of mite populations to this host (Kant et 

95 al., 2008). Furthermore, changes in plant nutritional composition and defense proteins, 

96 as well as mite enzymatic (hydrolytic and detoxification) activities, were analyzed to 

97 understand how mite and plant physiological responses interact against each other under 

98 drought stress, which might provide insights for mite outbreaks under future deficit 

99 irrigation scenarios.

100

101 2. Materials and Methods 

102 2.1 Plant material and mites rearing

103 Tomato (cv. Moneymaker) plants were grown from seeds in 40 wells trays. 

104 Plants with three expanded leaves were transferred to 2.5 liters pots (diameter: 16 cm, 

105 height: 15 cm) (Maceflor, Valencia, Spain) filled with 600 g of Compo Sana® 
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106 Universal potting soil (Compo GmbH, Münster, Germany) and watered to saturation. 

107 Bean (Phaseolus vulgaris L. cv California Red Kidney Beans) seeds were germinated 

108 and transferred to 1.6 liters pot (diameter: 15 cm, height: 13 cm) (Plásticos Alber, 

109 Granada, Spain) filled with 500 g of the same growing medium. All plants were 

110 maintained in a rearing room at 25 ºC±1 ºC, 50±5% relative humidity and a 16 h light/8 

111 h dark photoperiod.

112 Two colonies of T. urticae derived from the London strain that was originated in 

113 Ontario (Canada) and kept in laboratory conditions for over 100 generations were used: 

114 tomato adapted (TA) and tomato non-adapted (TNA). The TA colony was maintained 

115 on detached tomato leaves for about 30 generations. The petiole of the leaves was in 

116 contact with a thin layer of water in the bottom of ventilated plastic cages (22x30x15 

117 cm) to contain the mites and to maintain the leaf turgor. The TNA colony was 

118 maintained on potted bean plants for the same period of time. Both colonies were kept 

119 in two separate growth chambers (Sanyo MLR-350-H, Sanyo, Japan) at 25 ºC ± 1 ºC, 

120 70 ± 5% relative humidity and a 16 h light/8 h dark photoperiod. 

121

122 2.2 Drought stress regime

123 Drought stress was attained by water deficiency as described by Ximénez-

124 Embún et al. (2016). In brief, tomato plants were well-watered until they developed 

125 four-five expanded leaves, then we imposed three watering treatments, defined as 

126 control, and mild and moderate drought stress, in order to establish three irrigation 

127 regimes. Control plants were watered every two-three days to maintain the soil 

128 volumetric water content (Ɵ) up to 74%. For mild and moderate drought stress, 

129 watering was stopped for four and seven days, respectively, and thereafter plants were 

130 watered to maintain Ɵ between 36 and 50% in case of the mild stress and between 21 

131 and 30% in case of the moderate stress. The Ɵ was determined gravimetrically by 

132 recording single plant pot weight (balance BSH 6000, PCE Iberica, Tobarra, Spain). 

133 Steady stress conditions were reached at about seven-nine days after ceasing irrigation. 

134 Both water stress regimes were over the wilting point associated with severe drought 

135 stress that was established at Ɵ = 16% for Moneymaker in our experimental conditions 

136 (Ximénez-Embún et al., 2016).

137 The severity of drought stress was assessed by measuring the following 

138 parameters on the sub-terminal leaflet of the 4th leaf: a) stomatal conductance (gs) using 

139 a leaf porometer (SC-1 Decagon-T, Pullman, USA); and b) variations in maximum 
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140 quantum yield of photosystem II photochemistry (Fv/Fm), using a FluorPen FP 100 

141 (PSI, Drasov, Czech Republic). Plant growth was estimated by measuring the stem 

142 length (distance between the soil and the terminal bud) and by weighting the aerial part 

143 of the plant (transformed to dry weight by using the water content data calculated as 

144 referred below).

145

146 2.3. Bioassays to test drought stress effects on mite performance and plant 

147 nutritional composition.

148  A factorial design with two levels of water stress (control or drought), two 

149 levels of T. urticae infestation (infested or non-infested) and two sampling times (4 or 

150 10 days post infestation = dpi) was conducted. Mild and moderate drought stressed 

151 plants were coupled with well-watered (control) plants in independent experiments. 

152 When drought stress conditions were reached a subset of tomato plants were infested. 

153 Mite females, of random age, were collected from the laboratory colony using a vacuum 

154 pump D-95 (Dinko S.A., Barcelona, Spain) with a sucking power of 10-50 mmHg 

155 connected to a modified Eppendorf. They were placed on the two sub-terminal leaflets 

156 of tomato leaves three, four, and five (eight mites per leaflet, each plant receiving 48 

157 mites in total). All plants (infested and non-infested) were confined with a ventilated 

158 metacrylate cylinder fitting the pot and set up in a rearing chamber in a complete 

159 randomized block design (each experiment was repeated two-three times). Temperature 

160 and humidity inside the cylinders was recorded introducing USB dataloggers Log 32 

161 (Dostmann electronic GmbH, Wertheim, Germany), on average the relative humidity 

162 was 79±2% inside the well-watered cylinders, and 71±2%, and 58±2% for mild and 

163 moderate drought stress conditions, respectively. The average temperature was 24±1º C 

164 in all cases. In each experiment, a subset of plants was used to assess mite performance 

165 and other subset for plant nutritional composition.

166 Mite performance was assessed at 4 and 10 dpi for the two levels of drought 

167 stress (moderate and mild) when infested with the TA strain, whereas only moderate 

168 drought stress was tested with the TNA strain. These sampling times were chosen to 

169 study the effect of drought stress on two consecutive generations of spider mites. At 

170 each time, 15 infested plants per treatment (control or drought) were analyzed in the 

171 moderate stress experiments, and nine infested plants per treatment in the mild stress 

172 one. All leaves were detached from the plants, and the number of eggs and mobile mite 

173 stages (larvae, nymphs and adults) counted under a stereomicroscope M125 (Leica 
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174 Mycrosystem, Wetzlar, Germany). The leaf damaged area (mm2 of chlorotic lesions) 

175 was determined as described by Ximénez-Embún et al. (2016) by scanning the damaged 

176 leaflets using hp scanjet (HP Scanjet 5590 Digital Flatbed Scanner series, USA) and 

177 analyzing the scanned leaflets with the program GIMP 2.8 (www.gimp.org).

178 The nutritional composition of plant material was analyzed in control and 

179 moderate drought stressed plants, infested and non-infested (six plants per treatment). 

180 The samples were obtained at 4 and 10 dpi with the TA strain, but only at 4 dpi with the 

181 TNA strain since most mites from the TNA strain have already moved away from the 

182 plant at 10 dpi (see results section). The left leaflets from leaves three, four, and five 

183 were pooled and grounded in liquid nitrogen to a fine powder and stored for free amino 

184 acids and protein analysis. The right leaflets from the same leaves were dried together in 

185 an oven at 70 ºC for 3 days, weighed before and after drying to assess the percentage of 

186 water and ground using a mortar and pestle to obtain a fine powder and stored for C, N 

187 and free sugar analysis.

188 2.4. Bioassays to test drought stress effects on plant defense proteins and mite 

189 enzymatic activities 

190 A factorial design with two levels of water stress (control or moderate drought) 

191 and three levels of T. urticae infestation (infested with TA, infested with TNA or non-

192 infested) was conducted. When drought stress conditions were reached, a subset of 

193 tomato plants were infested by placing 150 adult female mites on leaves three, four, and 

194 five (450 mites per plant), laying a thin barrier of Lanolin (Manuel Riesgo S.A., Madrid, 

195 Spain) on the petiole to contain the mites. Plants (infested and non-infested) were 

196 placed in a rearing chamber in a complete randomized block design (the experiment was 

197 repeated two times in time) and maintained at 25 ºC±1 ºC, 50±5% relative humidity and 

198 a 16 h light/8 h dark photoperiod. The experiment was terminated at 4 dpi.

199 Plant material (six per treatment) was collected by sampling together infested 

200 leaflets from leaves three, four and five. Mites were collected from a different subset of 

201 plants (six per treatment) by using the pump system previously described. Plant and 

202 mite material was immediately frozen in liquid nitrogen and stored at -80 ºC. Mites 

203 from the TNA strain reared on bean plants were also collected for comparison.

204

205 2.5 Chemical and biochemical analysis

206 2.5.1 Chemicals and Equipment 
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207 Unless otherwise specified, all chemical compounds used were from Sigma-

208 Aldricht (St Luis, USA). Fluorimetric measurements were made using a Varioskan 

209 Flash reader (ThermoFisher Scientific, Willmington, USA), and spectrophotometric 

210 measurements with a VERSAmax microplate reader (Molecular Devices Corp., 

211 Sunnyvale, USA).

212 2.5.2 Plant nutritional composition analysis

213 Total C and N composition. Samples of 1 mg of dried leaf powder were analyzed to 

214 determine total nitrogen and carbon concentration at the Elemental Microelement 

215 Center of Complutense University (Madrid, Spain) by using a microelement analyzer 

216 LECO CHNS-932 (LECO, St Joseph, MI, USA).

217 Free sugars. Samples of 3 mg of dried leaf powder were homogenized in 650 µl of 

218 ethanol 95% (v/v), heated at 80 ºC for 20 min, centrifuged at 10,000 rpm for 10 min, 

219 and the supernatant collected. The process was repeated two more times and the three 

220 supernatants were pooled. A volume of 750 µl of the mixture was dried on a SpeedVac 

221 Concentrator Savant SVC-100H (ThermoFisher scientific, Willmington, DE, USA) and 

222 redissolved in 500 µl of water. Soluble carbohydrate concentration was estimated by the 

223 anthrone method (Maness, 2010) using glucose as standard. In brief, 1 ml of anthrone 

224 reagent (0.2% v/v anthrone on 95% sulfuric acid) was added to the extract, heated at 90 

225 ºC for 15 min, and the absorbance measured at 630 nm 

226 Free amino acids. The extraction of the free amino acids was done as described by 

227 Hacham et al. (2002). Samples of 50 mg of leaf frozen powder were homogenized with 

228 600 µl of water:chloroform:methanol (3:5:12 v/v/v). After centrifugation at 12,000 rpm 

229 for 2 min, the supernatant was collected and the residue was re-extracted with 600 µl of 

230 the same mixture, pooling the two supernatants. A mixture of 300 µl of chloroform and 

231 450 µl of water were added to the supernatants, and after centrifugation the upper 

232 water:methanol phase was collected and dried in the SpeedVac. The samples were 

233 dissolved on 100 µl of sodium citrate loading buffer pH 2.2 (Biochrom, USA) and 10 µl 

234 were injected on a Biochrom 30 Amino Acid Analyser (Biochrom, USA) at the Protein 

235 Chemistry Service at CIB (CSIC, Madrid, Spain).

236 Soluble Protein.  Samples of 100 mg of leaf frozen powder were homogenized in 500 

237 µl of 0.15 M NaCl, ground with fine sand. The homogenate was centrifuged at 12,000 

238 rpm for 5 min at 4 ºC, and the soluble protein quantified by absorbance at 280 nm on a 

239 Nanodrop 1000 spectophotometer (ThermoFisher scientific, Willmington, USA).

240 2.5.3 Plant defense proteins
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241 Samples of 100 mg of leaf frozen powder were homogenized with 500 µl of 

242 extraction buffer (0.15 M NaCl for protease inhibitors, and 0.1 M phosphate buffer, pH 

243 7.0; 5% w:v polyvinylpolypyrrolidine for oxidative enzymes) and soluble protein 

244 quantified as explained above.

245 The inhibitory activity of plant protein extracts was tested against commercial 

246 enzymes: papain (EC 3.4.22.2), cathepsin B from bovine spleen (EC 3.4.22.1), trypsin 

247 from bovine pancreas (EC 3.4.21.4), α-chymotrypsin from bovine pancreas (EC 

248 3.4.21.1), cathepsin D from bovine spleen (EC 3.4.23.5) and leucine aminopeptidase 

249 from porcine pancreas (EC 3.4.11.1); as described by Ximénez-Embún et al. (2016). 

250 Reaction conditions are summarized in Table S1. Results were expressed as a 

251 percentage of protease activity inhibited.

252 Polyphenol oxidase (PPO) and Peroxidase (POD) activities of plant extracts 

253 were analyzed as described by Ximénez-Embún et al. (2016). Reaction conditions are 

254 summarized in Table S2.  

255 2.5.4 Mite enzymatic activities 

256 Samples of 1 mg of mites were homogenized in 100 µl of 0.15M NaCl, 

257 centrifuged at 12,000 rpm for 5 min and the supernatant was collected. Total protein 

258 content was determined according to the method of Bradford (1976). 

259 Hydrolytic enzymes (cathepsin B-, cathepsin L-, cathepsin D- and legumain-

260 like) activities were assayed as described by Santamaría et al. (2015a), and leucine 

261 aminopeptidase- and α-amylase-like activities and detoxification enzymes (esterase, 

262 glutathione S-transferase and P450) activities as described by Ximénez-Embún et al. 

263 (2016). Reaction conditions are summarized in Table S3.  

264 2.6 Statistical analysis 

265 All plant and mite parameters analyzed were checked for the assumptions of 

266 normality and heteroscedasticity, and transformed if necessary. Stem length and 

267 stomatal conductance were log10(x) transformed, Fv/Fm was log10(x+1) transformed; 

268 and these three parameters and stem dry weight data were statistically analyzed using a 

269 three-way ANOVA (using as fixed factors drought stress treatment, T. urticae 

270 infestation and time). The number of T. urticae eggs and mobile forms and leaf 

271 damaged area were log10(x) transformed and analyzed by a two way ANOVA (drought 

272 stress treatment, time). For stem length, plant aerial dry weight, stomatal conductance, 

273 Fv/Fm, mite eggs and mobile forms, and leaf damage a Bonferroni post hoc test was 

274 performed to compare drought-stress treatments within each time. Percentage of water, 
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275 nitrogen, protein, free amino acids and free sugars, as well as C:N ratio and protease 

276 inhibition were arcsen(squareroot(x)) transformed. These data and the oxidative enzyme 

277 activities were analyzed using a two-way ANOVA for each time separately using as 

278 fixed factors drought stress treatment and T. urticae infestation. A Newman-Keuls post 

279 hoc test was performed to see differences of mean between treatments, except for 

280 essential and non-essential amino acids that were analyzed by a Dunnet post hoc test to 

281 compare the different treatments with respect to control non-infested plants. Spider mite 

282 enzymatic activity data were log10(x) transformed and analyzed by a one-way ANOVA, 

283 using Newman-Keuls as post hoc test.

284

285 3. Results

286 3.1 Effects of drought stress on stomatal conductance, photosynthetic efficiency 

287 and tomato plant growth.

288 Drought stress significantly affect leaf stomatal conductance, which was reduced 

289 between five and seven times in the case of moderate drought stress and between 1.3 

290 and 1.8 times in the case of mild drought stress when compared to control plants (Fig. 

291 S1 a).  The photosynthetic efficiency determined as Fv/Fm was also significantly lower 

292 on drought stressed plants in all experiments at 10 dpi (Fig. S1 b). These results 

293 corroborated that the severity of the stress was different for the two water stress regimes 

294 imposed (moderate and mild), but severe drought stress conditions were never reached, 

295 since Fv/Fm values were never below 0.7 (Richie, 2006). Moderate drought stress 

296 slowed the plant growth, as both stem length and aerial dry weight were significantly 

297 smaller compared to control plants in most measured points, whereas mild drought 

298 stress only produced a significant reduction on aerial dry weight at 10 dpi (Fig. S2 a, b). 

299 The infestation by T. urticae (TA or TNA) did not affect stomatal conductance, 

300 photosynthetic efficiency, and tomato plant growth. Thus, data from infested and non-

301 infested plants were pooled within each experiment.

302

303 3.2 Effects of drought stress on T. urticae (TA and TNA strains) population growth 

304 and leaf damage 

305 The performance of mites from the TA strain was enhanced when reared on both 

306 moderate and mild drought-stressed tomato plants. Females laid a significantly higher 

307 number of eggs on moderately stressed plants than on control plants at 4 dpi (2.4 fold) 

308 and 10 dpi (1.5 fold) (Figure 1d). The F1 generation (mobile forms) was significantly 
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309 more abundant on moderately stressed plants at 4 and 10 dpi (1.4 and 2 fold 

310 respectively) (Figure 1e). As a result, damaged leaf area doubled in moderately stressed 

311 plants compared to control tomatoes (Fig. 1f). The same trend was observed under mild 

312 drought stress, but the differences among treatments were less pronounced and only 

313 significant in the case of number of eggs laid (1.5 fold) at 4 dpi, and mobile forms (1.4 

314 fold) and leaf damage (1.5 fold) at 10 dpi (Fig. 1a, b and c). Population growth in the 

315 case of the TNA strain was negative, with lower number of mobile forms at 4 and 10 

316 dpi than at the beginning of the assay. Only a few dead mites were found on the tomato 

317 leaves, indicating that mites are most likely dispersing from the plant. Nevertheless, 

318 they laid more eggs (about 2 fold) and the number of mobile forms was higher (about 

319 1.5 fold) on drought stressed tomato plants than on control plants (Fig 1g and h). 

320 Damaged leaf area as a result of TNA infestation was markedly lower than that 

321 produced by TA infestation and could not be reliably measured.

322

323 3.3 Changes in plant nutritional composition induced by drought stress and T. 

324 urticae (TA and TNA) 

325 Drought stress was the most significant factor in plant nutritional composition 

326 (Table 1), resulting in a decrease in the relative amount of water (all cases) and protein 

327 (TA at 10 dpi), and an increase on total free amino acids (TA at 10 dpi and TNA at 4 

328 dpi) and sugars (all cases) and C:N ratio (TA at 4 dpi). The effect of drought stress on 

329 nitrogen was not consistent, as it decreased in the TA experiment at 4 dpi and increased 

330 in the TNA experiment. Concentrations of free sugars increased in plants exposed to 

331 both mite strains at 4 dpi, while total protein quantities increased in tomatoes exposed to 

332 mites from the TA strain and decreased when tomatoes were fed upon by mites from the 

333 TNA strain.

334 The levels of specific amino acids, classified as essential or non-essential for T. 

335 urticae according to Rodriguez and Hampton (1966), were also analyzed (Fig. 2). 

336 Proline was the amino acid most highly induced by drought stress alone or in 

337 combination with mites (about 10-16 times depending on the experiment). Likewise, 

338 most of the essential amino acids for this species (valine, isoleucine, leucine, tyeosine, 

339 phenylalanine, histidine, lysine and arginine) and the non-essential amino acid serine 

340 were also induced by drought stress alone or in combination with TA or TNA mite 

341 infestation. However, none of the amino acids analyzed were significantly affected 

342 when plants were stressed only by mite infestation.
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343

344 3.4 Effect of drought stress and T. urticae (TA and TNA) on plant defense proteins 

345 Tomato plant defense proteins were affected by both drought stress and mite 

346 infestation. The response was generally higher to the TNA strain than to the TA strain 

347 (Table 2). The inhibitory activity against chymotrypsin was significantly induced by 

348 both TA and TNA strains and the inhibitory activity against trypsin by TNA, 

349 independently of the watering conditions. The infestation with TA only induced trypsin 

350 inhibitory activity when combined with drought stress, and aminopeptidase inhibitory 

351 activity was only induced by TNA under control conditions. Drought stress induced 

352 peroxidase activity, but it was only significant when combined with TA mite 

353 infestation, whereas the interaction drought stress-infestation was significant for 

354 poliphenol oxidase activity. No significant effect was found on the levels of cathepsin 

355 B, D, and papain inhibition. 

356

357 3.5 Physiological response of T. urticae (TA and TNA) to drought-stressed tomato 

358 plants 

359 None of the hydrolytic enzymes activities analyzed in mites of the TA and TNA 

360 strain was affected by the water status of the tomato plant host, whereas there were 

361 significant differences between mite strains (Table 3). When feeding on tomato, the 

362 TNA strain had lower activity than the TA strain for cathepsin B- and legumain-like 

363 proteases, in both drought-stressed and well watered plants, and for cathepsin L- and D-

364 like proteases and α-amylase activities in well watered plants. In contrast, 

365 aminopeptidase activity was higher on the TNA strain. When the TNA strain was fed on 

366 bean (the habitual host plant for this strain), all the hydrolytic activities, except 

367 cathepsin D-like and aminopeptidase, were significantly higher than when fed on 

368 tomato, and even higher than for TA in the case of cathepsin B-, L-like proteases and 

369 aminopeptidase.

370 Among the detoxification enzymes studied, we only found significant 

371 differences between the strains in the case of esterase activity (Table 3). The TA strain 

372 showed the highest activity, the TNA strain reared on bean the lowest, and the TNA 

373 strain feeding on tomato an intermediate level.

374

375 4. Discussion
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376 Performance of T. urticae on tomato depends on the rate of adaptation of mite 

377 populations to this particular host (Agrawal et al., 2002; Kant et al., 2008). Moreover, 

378 some of the changes induced by drought stress on tomato nutritional composition and 

379 plant defenses (Bauer et al., 1997; English-Loeb et al., 1997; Inbar et al., 2001) has been 

380 identified as key factors affecting mite host preferences and performance (Kant et al., 

381 2008; Wybouw et al., 2015). Our data revealed that drought stressed tomato plants 

382 increased the performance of T. urticae, enhancing population growth of a tomato 

383 adapted TA strain and being more suitable as a host for a non-adapted TNA strain. 

384 These findings could have significant implications for mite outbreaks under future 

385 climate change scenarios, when longer periods of drought and less water availability are 

386 expected for irrigated crops like tomato in semi-arid environments (IPCC, 2013). 

387 Moreover, T. urticae is expected to have more generations per year as a direct effect of 

388 rising temperature on mite developmental rates, increasing mite pressure (Ludeling et 

389 al., 2011), which might contribute to exacerbate mite damage.

390 We have found that the increases of available free sugars and essential amino 

391 acids, which are limiting nutrients for mite growth and reproduction, seemed to improve 

392 the nutritional value of drought-stressed tomato plants for T. urticae. Plants under 

393 drought stress mobilize existing proteins and complex carbohydrates into amino acids 

394 and simple sugars, respectively, for osmotic adjustments and for the transference of 

395 available plant nitrogen and carbon to younger leaves and reproductive organs (Hummel 

396 et al., 2010; Showler, 2013). Drought-stressed tomato leaves showed an increase on the 

397 concentration of total free amino acids and free sugars and a decrease of total protein, as 

398 already reported for tomato (Bauer et al., 1997; Ximénez-Embún et al., 2016). However, 

399 the effect of drought stress on nitrogen was not consistent, as it decreased in the assay 

400 performed with the TA strain but increased in the assay performed with the TNA strain. 

401 Likewise, nitrogen content of tomato plants has been reported to increase under drought 

402 stress in some cases (English-Loeb et al., 1997) and decrease in others (Inbar et al., 

403 2001). Interestingly, when particular amino acids were analyzed, most of the considered 

404 as essential for T. urticae (Rodriguez and Hampton, 1966) rose in drought-stressed 

405 tomato leaves. Some of these essential amino acids has been reported to stimulate T. 

406 urticae feeding (Tulisalo, 1971; Dabrowski and Bielak, 1978). Nonetheless, the amino 

407 acid most clearly induced by drought stress was proline, which is not an essential 

408 nutrient. Proline has been shown to stimulate feeding in many different phytophagous 

409 arthropods (Showler, 2013; Ximénez-Embún et al., 2016). In addition, proline is unique 
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410 among the amino acids because can be used by arthropods as a direct energy substrate 

411 for glycolysis and the production of ATP (Scaraffia and Wells, 2003). A similar role as 

412 sources of available nutrients can be proposed for the increase in free sugars, since it has 

413 been reported that fecundity of T. urticae correlated with sugar content in plants 

414 (Wermelinger et al., 1991). 

415 Herbivores attack can also induce changes in the primary metabolism of plants, 

416 including the reallocation of carbon and nitrogen resources (Zhou et al., 2015, Martel et 

417 al., 2015). We observed that the levels of free sugars were increased in tomato leaves 

418 infested with mites from both the TA and the TNA strains. However, mite infestation 

419 had different effects on total protein concentration, as was reduced by TNA while 

420 increased after 4 dpi with TA, though no differences in the levels of total or specific free 

421 amino acids were observed. Likewise, Ximénez-Embún et al. (2016) reported that a 

422 tomato adapted strain of T. evansi also triggered the levels of free sugars in tomato 

423 leaves. As a result, more edible carbohydrates are apparently available in mite-exposed 

424 tomato plants. Our results do not allow distinguish whether these effects correspond to a 

425 plant defensive response, which may result in subsequent carbon remobilization to other 

426 tissues, or that the mites are manipulating plant primary metabolism for their own 

427 benefit.

428 The induction levels of several tomato defense genes were found to correlate 

429 negatively with T. urticae performance (Kant et al., 2008; Wybouw et al., 2015). Our 

430 data revealed that tomato plants responded to mite infestation by the induction of serine 

431 (trypsin and chymotrypsin) and aminopeptidase protease inhibitors (PIs), resulting the 

432 inhibitory activity higher in response to the TNA than to the TA mites, despite the 

433 damage inferred by the adapted strain was higher. These results are in line with those 

434 previously reported, in which serine PIs has been shown to be consistently induced 

435 upon T. urticae attack, but this response is attenuated by tomato adapted strains (Li et 

436 al. 2002; Kant et al. 2004, 2008; Alba et al., 2015). However, we did not observe mite 

437 induction of tomato polyphenol oxidase (PPO) and peroxidase (POD) activities, as 

438 found in some of these studies (Alba et al., 2015; Martel et al. 2015). This could be 

439 related to the fact that these genes are induced in tomato as an early response to T. 

440 urticae infestation, occurring maximum induction within 24h post infestation, whereas 

441 our experiment run for at least 4 days. Regardless, our results appear to be species 

442 specific since contrast with those reported for tomato-T. evansi interactions, in which 

443 this mite infestation induce tomato cysteine PI activity and the specific activities of both 
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444 PPO and POD, but has no effect on the plant inhibitory activity against serine proteases 

445 (Ximénez-Embún et al. 2016).

446 Proteolitic digestion in T. urticae relies mostly on cysteine (cathepsin B-, 

447 cathepsin-L and legumain-like) and aspartyl (cathepsin D-like) proteases and 

448 aminopeptidases, whereas serine proteases do not appear to be directly involved in the 

449 hydrolysis of dietary proteins (Carrillo et al. 2011; Santamaría et al. 2015a). Thus, 

450 tomato serine PIs may be probably targeting other physiological processes in mites, 

451 such as the regulation of growth and development (Santamaría et al., 2012). Indeed, 

452 both cysteine and serine PIs can be harmful when ingested by T. urticae (Carrillo et al., 

453 2001; Santamaría et al., 2012, 2015b). Interestingly, we have found that when feeding 

454 on tomato, cysteine and aspartyl protease and α-amylase activities were higher in T. 

455 urticae mites of the TA strain, whereas aminopeptidase activity was higher in the TNA 

456 strain. The increase of the aminopeptidase activity in the TNA strain can be associated 

457 to the induction of aminopeptidase PIs in tomatoes infested with mites from this strain. 

458 However, the rise of the other hydrolytic activities in the TA strain seems to be related 

459 to its higher feeding rate, since tomato cysteine and aspartyl PIs were not affected by T. 

460 urticae feeding. Moreover, cathepsin B- and L-like protease and α-amylase activities 

461 increased significantly in TNA when feeding on bean, its preferred host, resulting even 

462 higher than for TA in tomato. Nonetheless, we can not discard that the higher activity of 

463 these digestive proteases in the TA strain may have an adaptive value, since gut 

464 proteases have the potential to inactivate plant defense proteins targeting the digestive 

465 system or other tissues (Ortego, 2012). In this sense, it has been shown that the 

466 expression of cysteine and aspartyl protease genes increased in T. urticae after feeding 

467 on plants over-expressing the HvCPI-6 cystatin, that specifically targets cathepsins B 

468 and L, but also when feeding on plants over-expressing the CMe trypsin inhibitor that 

469 targets serine proteases (Santamaría et al., 2015a). However, we did not find differences 

470 for any of the T. urticae hydrolytic enzyme activities analyzed when fed on drought-

471 stressed plants, despite drought stress also induced serine PIs and POD when combined 

472 with mite infestation. 

473 T. urticae produces large amount of detoxifying enzymes to circumvent plant 

474 secondary metabolites (Grbic et al., 2011; Van Leeuwen and Dermauw, 2016), and 

475 transcriptional changes in genes coding for P450s, GSTs, and esterases has been 

476 reported to occur during the adaptation process of T. urticae to tomato (Dermauw et al., 

477 2013; Wybouw et al., 2015). We have found that esterase activity was significantly 
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478 higher in mites of the TA strain, which can be related to their adaptation to tomato 

479 plants. An induction of the esterase activity was also observed when mites of the TNA 

480 strain maintained on beans were transferred to tomato, probably in response to some of 

481 the xenobionts present in tomato. However the level of activity was lower than that of 

482 the TA strain on tomato, which may partially explain their lower performance. 

483

484 5. Conclusions

485 Our data indicate that tomato adapted and non-adapted T. urticae benefit from 

486 the improved nutritional value of tomato plants induced by drought stress (increased 

487 concentrations of essential amino acids and free sugars). Yet, the improved performance 

488 of the tomato adapted strain could be associated to changes on the digestive (higher 

489 cysteine and aspartyl protease and α-amylase activities) and detoxification (higher 

490 esterase activity) physiology of the mites and the attenuation of some of the defense 

491 responses (PIs) of the plant. Adaptation to tomato and drought stress favored mite 

492 performance, having an additive effect on most of the physiological parameters 

493 analyzed. However, assessing the relative impacts of plant nutrients versus defenses will 

494 require further research. As drought events are expected to be more frequent and 

495 prolonged due to climate change (IPCC 2013), our results imply an increase in the risk 

496 of outbreaks of T. urticae on tomato by significantly enhancing population growth of 

497 adapted populations and increasing the suitability of tomato as a host for non-adapted 

498 ones. Moreover, breeding programs aimed at improving drought tolerance in tomato 

499 might take into consideration varieties whose nutritional composition is not enhanced 

500 by drought stress for avoiding or mitigating spider mites damage. 

501

502 Acknowledgements

503 This work was supported by a Grant from INIA (GENOMITE, Proposal No 618105 

504 FACCE Era Net Plus-Food security, Agriculture, Climate Change) and the CSIC grant 

505 No 20146754. M.G.X.-E. was recipient of a JAE-predoc fellowship from the CSIC. 

506

507 6. References

508 Agrawal, A.A., Vala, F., Sabelis, M.W., 2002. Induction of preference and performance after 

509 acclimation to novel hosts in a phytophagous spider mite: adaptive plasticity? Am. Nat. 159, 

510 553–565.



17

511 Ahn, S.J., Dermauw, W., Wybouw, N., Heckel, D.G., Van Leeuwen, T., 2014. Bacterial origin 

512 of a diverse family of UDP-glycosyltransferase genes in the Tetranychus urticae genome. Insect 

513 Biochem. Mol. Biol. 50, 43–57.

514 Alba, J.M., Schimmel, B.C.J., Glas, J.J., Ataide, L.M., Pappas, M.L., Villarroel, C.A., 

515 Schuurink, R.C., Sabelis, M.W., Kant, M.R., 2015. Spider mites suppress tomato defenses 

516 downstream of jasmonate and salicylate independently of hormonal crosstalk. New Phytol. 205, 

517 828–840 

518 Bauer, D., Biehler, K., Fock, H., Carrayol, E., Hirel, B., Migge, A., Becker, T.W., 1997. A role 

519 for cytosolic glutamine synthetase in the remobilization of leaf nitrogen during water stress in 

520 tomato. Physiol. Plant. 99, 241–242.

521 Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram 

522 quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. 72, 248–254.

523 Brodbeck, B., Strong, D., 1987. Amino acid nutrition of herbivorous insects and stress to host 

524 plants, in: Barbosa, P., Schultz, J., (Eds.), Insect Outbreaks: Ecological and Evolutionary 

525 Perspectives. Academic Press, New York, USA, pp. 347-364.

526 Carrillo, L., Martinez, M., Ramessar, K., Cambra, I., Castañera, P., Ortego, F., Diaz, I., 2011. 

527 Expression of a barley cystatin gene in maize enhances resistance against phytophagous mites 

528 by altering their cysteine-proteases. Plant Cell Rep. 30, 101-112.

529 Dabrowski, Z.T., Bielak, B., 1978. Effect of some plant chemical compounds on the behaviour 

530 and reproduction of spider mites (Acarina: Tetranychidae). Entomol. Exp. Appl. 24, 317–326.

531 Dermauw, W., Wybouw, N., Rombauts, S., Menten, B., Vontas, J., Grbic, M., Clark, R. M., 

532 Feyereisen, R., Van Leeuwen, T., 2013. A link between host plant adaptation and pesticide 

533 resistance in the polyphagous spider mite Tetranychus urticae. Proc. Natl. Acad. Sci. U.S.A. 

534 110, E113-122.

535 English-Loeb, G.M., 1990. Plant drought stress and outbreaks of spider mites: a field test. 

536 Ecology 71, 1401–1411.

537 English-Loeb, G., Stout, M.J., Duffey, S.S., 1997. Drought stress in tomatoes: Changes in plant 

538 chemistry and potential nonlinear consequences for insect herbivores. Oikos 79, 456–468.

539 Fry, J.D., 1989 Evolutionary adaptation to host plants in a laboratory population of the 

540 phytophagous mite Tetranychus urticae Koch. Oecologia 81, 559–565.

541 Gotoh, T., Bruin, J., Sabelis, M.W., Menken, S.B.J., 1993. Host race formation in Tetranychus 

542 urticae: genetic differentiation, host plant preference and mate choice in a tomato and a 

543 cucumber strain. Entomol. Exp. Appl. 68, 171–178.



18

544 Gould, F., 1978. Resistance of cucumber varieties to Tetranychus urticae: Genetic and 

545 environmental determinants. J. Econ. Entomol. 71, 680-683.

546 Grbic, M., Van Leeuwen, T., Clark, R. M., Rombauts, S., Rouze, P., Grbic, V., Osborne, E. J., 

547 Dermauw, W., Ngoc, P. C., Ortego, F., Hernandez- Crespo, P., Diaz, I., Martinez, M., Navajas, 

548 M., Sucena, E., Magalhaes, S., Nagy, L., Pace, R. M., Djuranovic, S., Smagghe, G., Iga, M., 

549 Christiaens, O., Veenstra, J. A., Ewer, J., Villalobos, R. M., Hutter, J. L., Hudson, S. D., Velez, 

550 M., Yi, S. V., Zeng, J., Pires-daSilva, A., Roch, F., Cazaux, M., Navarro, M., Zhurov, V., 

551 Acevedo, G., Bjelica, A., Fawcett, J. A., Bonnet, E., Martens, C., Baele, G., Wissler, L., 

552 Sanchez-Rodriguez, A., Tirry, L., Blais, C., Demeestere, K., Henz, S. R., Gregory, T. R., 

553 Mathieu, J., Verdon, L., Farinelli, L., Schmutz, J., Lindquist, E., Feyereisen, R., Van de Peer, 

554 Y., 2011. The genome of Tetranychus urticae reveals herbivorous pest adaptations. Nature 479, 

555 487-492.

556 Hacham, Y., Avraham, T., Amir, R., 2002. The N-terminal region of Arabidopsis cystathionine 

557 γ-synthase plays an important regulatory role in methionine metabolism. Plant Physiol. 128, 

558 454–462.

559 Hollingsworth, C.S., Berry, R.E., 1982. Two-spotted spider mite (Acari: Tetranychidae) in 

560 peppermint: population dynamics and influence of cultural practices. Environ. Entomol. 11, 

561 1280-1284.

562 Huberty, A.E., Denno, R.E., 2004. Plant water stress and its consequences for herbivorous 

563 insects: a new synthesis. Ecology 85, 1383-1398.

564 Hummel, I., Pantin, F., Sulpice, R., Piques, M., Rolland, G., Dauzat, M., Christophe, A., 

565 Pervent, M., Bouteille´, M., Stitt, M., Gibon, Y., Muller, B., 2010. Arabidopsis plants acclimate 

566 to water deficit at low cost through changes of carbon usage: An integrated perspective using 

567 growth, metabolite, enzyme, and gene expression analysis. Plant Physiol. 154, 357–372

568 Inbar, M., Doostdar, H., Mayer, R.T., 2001. Suitability of stressed and vigorous plants to 

569 various insect herbivores. Oikos 94, 228–235.

570 IPCC, 2013. Climate Change 2013: The Physical Science Basis. Contribution of Working 

571 Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 

572 Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, 

573 Y., Bex, V., Midgley, P.M. (eds.). Cambridge University Press, Cambridge, United Kingdom 

574 and New York, NY, USA, 1535 pp.

575 Jayasinghe, G.G., Mallik, B., 2010. Growth stage based economic injury levels for two spotted 

576 spider mite, Tetranychus urticae Koch (Acari, Tetranychidae) on tomato, Lycopersicon 

577 esculentum Mill. Tropical Agricultural Research 22: 54 – 65.



19

578 Kant, M.R., Ament, K., Sabelis, M.W., Haring, M.A., Schuurink, R.C., 2004. Differential 

579 timing of spider mite-induced direct and indirect defenses in tomato plants. Plant Physiol. 135, 

580 483–495.

581 Kant, M.R., Sabelis, M.W., Haring, M.A., Schuurink, R.C., 2008. Intraspecific variation in a 

582 generalist herbivore accounts for induction and impact of host-plant defenses. Proc. Roy. Soc. 

583 B: Biol. Sci. 275, 443-452.

584 Li, C., Williams, M.M., Loh, Y.T., Lee, G.I., Howe, G.A., 2002. Resistance of cultivated 

585 tomato to cell content-feeding herbivores is regulated by the octadecanoid-signaling pathway. 

586 Plant Physiol. 130, 494-503.

587 Luedeling, E., Steinmann, K.P., Zhang, M., Brown, P.H., Grant, J., Girvetz, E.H., 2011. Climate 

588 change effects on walnut pests in California. Global Change Biol. 17, 228–238.

589 Maness, N., 2010 Extraction and analysis of soluble carbohydrates, in: Sunkar, R. (Ed.). Plant 

590 Stress Tolerance, Methods in Molecular Biology, Springer Science+Business Media., pp. 341–

591 370.

592 Martel, C., Zhurov, V., Navarro, M., Martinez, M., Cazaux, M., Auger, P., Migeon, A., 

593 Santamaria, M. E., Wybouw, N., Diaz, I., Van Leeuwen, T., Navajas, M., Grbic, M., Grbic, V., 

594 2015. Tomato whole genome transcriptional response to Tetranychus urticae identifies 

595 divergence of spider mite-induced responses between tomato and Arabidopsis. Mol. Plant 

596 Microbe Interact. 28, 343-361.

597 Mattson, W., Haack, R., 1987. The role of drought in outbreaks of plant-eating insects. 

598 BioScience 37, 110–118.

599 Meck , E.D., Kennedy, G.G., Walgenbach. J.F., 2013. Effect of Tetranychus urticae (Acari: 

600 Tetranychidae) on yield, quality, and economics of tomato production. Crop Protection 52: 84-

601 90.

602 Migeon, A., Dorkeld, F., 2006-2015. Spider Mites Web: a comprehensive database for the 

603 Tetranychidae. http://www.montpellier.inra.fr/CBGP/spmweb.

604 Nansen, C., Sidumo, A.J., Capareda, S., 2010. Variogram analysis of hyperspectral data to 

605 characterize the impact of biotic and abiotic stress of maize plants and to estimate biofuel 

606 potential. Applied Spectroscopy 64, 627-636.

607 Ortego, F., 2012. Physiological adaptations of the insect gut to herbivory, in: Smagghe, G., 

608 Diaz, I. (Eds.). Arthropod-Plant Interactions—Novel Insights and Approaches for IPM. Series: 

609 Progress in Biological Control. Volume 14, Springer. pp: 75–88.

610 Ritchie, G.A., 2006. Chlorophyll fluorescence: What is it and what do the numbers mean? in: 

611 Riley, L.E., Dumroese, R.K., Landis, T.D. (Eds.). Tech. coords. 2006. National Proceedings: 



20

612 Forest and Conservation Nursery Associations—2005. Proc. RMRS-P-43. Fort Collins, CO: 

613 U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station. pp: 34-43. 

614 Available at: http:/ /www.rngr.net/nurseries/publications/proceedings

615 Rodriguez, J.G., Hampton, R.E., 1966 Essential amino acids determined in the two-spotted 

616 spider mite, Tetranychus urticae Koch (Acarina, Tetranychidae) with glucose-U-C14. J. Insect 

617 Physiol. 12, 1209-1216.

618 Sadras, V.O., Wilson, L.J., Lally, D.A., 1998. Water deficit enhanced cotton resistance to spider 

619 mite herbivory. Ann. Bot. 81, 273–286.

620 Santamaría, M.E., Cambra, I., Martinez, M., Pozancos, C., González-Melendi, P., Grbic, V., 

621 Castañera, P., Ortego, F., Diaz, I., 2012. Gene pyramiding of peptidase inhibitors enhances plant 

622 resistance to the spider mite Tetranychus urticae. Plos One 7, e43011.

623 Santamaría, M.E., González-Cabrera, J., Martínez, M., Grbic, V., Castañera. P., Díaz, I., Ortego, 

624 F., 2015a. Digestive proteases in bodies and faeces of the two-spotted spider mite, Tetranychus 

625 urticae. J. Insect Physiol. 78, 69–77.

626 Santamaria, M.E., Arnaiz, A., Diaz-Mendoza, M., Martinez, M., Diaz, I., 2015b. Inhibitory 

627 properties of cysteine protease pro-peptides from barley confer resistance to spider mite feeding. 

628 Plos One 10, e0128323. 

629 Scaraffia, P.Y., Wells, M.A., 2003. Proline can be utilized as an energy substrate during flight 

630 of Aedes aegypti females. J. Insect Physiol. 49, 591-601.

631 Showler, A.T., 2013. Water deficit stress-host plant nutrient accumulations and associations 

632 with phytophagous arthropods, in: Vahdati, K. (Ed.), Abiotic Stress-Plant Responses and 

633 Applications in Agriculture. InTech, Rijeka, Croatia, pp. 387-410.

634 Tulisalo, U. 1971. Free and bound amino acids of three host plant species and various fertilizer 

635 treatments affecting the fecundity of the two-spotted spider mite, Tetranychus urticae Koch 

636 (Acarina, Tetranychidae). Annales entomologici fennici, 37, 155-163.

637 Van Leeuwen, T., Dermauw, W., 2016. The molecular evolution of xenobiotic metabolism and 

638 resistance in Chelicerate mites. Annual Rev. Entomol. 61, 475-498.

639 Wermelinger, B., Oertli, J.J., Baumgartner, J., 1991. Environmental factors affecting the life-

640 tables of Tetranychus urticae (Acari: Tetranychidae). III. Host-plant nutrition. Exp. Appl. 

641 Acarol. 12, 259–274.

642 Villarroel, C.A., Jonckheere, W., Alba, J.M., Glas, J.J., Dermauw, W., Haring, M.A., Van 

643 Leeuwen, T., Schuurink, R.C., Kant, M.R. 2016. Salivary proteins of spider mites suppress 

644 defenses in Nicotiana benthamiana and promote mite reproduction. Plant J. 86, 119-131.



21

645 Wybouw, N., Zhurov, V., Martel, C., Bruinsma, K. A., Hendrickx, F., Grbić, V., van Leeuwen, 

646 T., 2015. Adaptation of a polyphagous herbivore to a novel host plant extensively shapes the 

647 transcriptome of herbivore and host. Mol. Ecol. 24, 4647-4663.

648 Ximénez-Embún, M.G., Ortego, F., Castañera, P., 2016. Drought stressed tomato plants triggers 

649 bottom-up effects on the invasive Tetranychus evansi. PLoS ONE 11, e0145275.

650 Zhou, S., Lou, Y.R., Tzin, V., Jander, G., 2015. Alteration of plant primary metabolism in 

651 response to insect herbivory. Plant Physiol. 169, 1488-1498. 



22

653 Figure legends

654 Fig. 1 Performance of T. urticae tomato adapted strain (TA) on mild (a, b and c) and 

655 moderate (d, e and f) drought stressed tomato plants and of the non-adapted strain 

656 (TNA) on moderate stressed plants (g and h). Plants were infested with 48 adult females 

657 (day 0) and eggs laid on plants (a, d and g), total mobile forms (b, e and h) and leaf 

658 damaged area (c and f) assessed at 4 and 10 days post infestation (dpi). Leaf damage 

659 was negligible in TNA. Data are mean ±SE. * indicates statistically significant 

660 differences between drought stress treatments within each time (Two-way ANOVA, 

661 Bonferroni post hoc test, p<0.05). 

662

663 Fig. 2 Levels of free amino acids in tomato leaves from control plants and plants under 

664 moderate drought stress and/or infested with T. urticae tomato adapted (TA) and non-

665 adapted (TNA) strains at 10 and 4 days post infestation (dpi), respectively. Data are 

666 mean ± SE of amino acid contents (% dry weight) represented at logarithmic scale. The 

667 division between essential and non-essential amino acids for T. urticae is based on 

668 Rodriguez and Hampton (1966). * Indicate significant difference of the treatment with 

669 respect to control plants (Two-way ANOVA, Dunnet post hoc test, p<0.05).
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671 Table. 1. Effect of moderate drought stress and infestation by T. urticae tomato adapted 

672 (TA) and non-adapted (TNA) strains on nutritional composition of tomato leaves.

673

Non-infested Infested

Control  Drought   Control  Drought  

ANOVA 

(p<0.05)

TA strain

4 Days Post Infestation          

Water
1

93.0±0.4a 91.0±0.6b  93.0±0.4a 91.0±0.7b D 

Nitrogen
2 

6.7±0.3 5.9±0.3 6.8±0.2 6.0±0.3 D 

Protein
2 

21.7±1.8 18.5±2.1 24.0±1.2 25.8±2.7 I

Free aa
2 

1.1±0.2  1.3±0.2   1.1±0.1  1.2±0.3  -

C:N
3

5.8±0.1 6.6±0.3 5.8±0.1 6.3±0.3 D 

Free Sugars
2 

3.3±0.1a 3.6±0.1a 4.5±0.1b 4.9±0.2b D; I

10 Days Post Infestation          

Water
1

93.0±0.7a 91.0±0.5b 93.0±0.3a 92.0±0.4ab D

Nitrogen
2 

6.2±0.1 6.1±0.3 6.0±0.3 5.9±0.2 -

Protein
2 

17.7±1.3ab 14.5±1.5b 25.7±2.6a 13.6±1.9b D

Free aa
2 

0.9±0.2  1.2±0.1   0.9±0.1  1.4±0.2  D

C:N
3

6.3±0.1 6.3±0.2 6.1±0.1 6.3±0.1 -

Free Sugars
2 

3.5±0.1  4.2±0.1   3.8±0.2  4.2±0.4  D

TNA strain

4 Days Post Infestation

Water
1

94.0±0.0 a 89.0±1.0 ab  91.0±2.0 ab 87.0±2.0 b D

Nitrogen
2 

5.7±0,1 6.1±0.2 5.7±0.1 6.1±0.1 D

Protein
2 

28.0±6.0 23.0±2.0 18.0±4.0 14.0±3.0 I

Free aa
2 

0.6±0.1 ab 1.0±0.1 b  0.5±0.1 a 1.0±0.2 b D

C:N
3

6.2±0.2 6.1±0.2 6.1±0.1 6.0±0.1 -

Free Sugars
2 

3.6±0.2 a 4.3±0.2 a  4.1±0.1 a 5.7±0.6 b D; I

Data are mean ± SE: (1) % fresh weight (2) % dry weight (3) ratio. D (drought stress) 

and I (Mites infestation) indicates significant factor in a two-way ANOVA. Different 

lower case letters within rows indicates significant differences (Newman-Keuls post 

hoc at p<0.05)

674
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676 Table. 2 Effect of moderate drought stress and infestation with T. urticae tomato 

677 adapted (TA) and non-adapted (TNA) strains on tomato plant defense proteins at 4 days 

678 post infestation.

679

 Non-infested  Infested with TA Infested with TNA

 Control  Drought   Control  Drought   Control  Drought  

ANOVA 

(p<0.05)

Protease inhibitors (% inhibition)

Cathepsin B 38±7  27±3   36±6  35±5   45±9  29±5  -

Papain 54±6 39±7 45±2 44±5 50±7 45±9 -

Cathepsin D 52±4  53±2   51±3  56±3   52±4  52±2  -

Trypsin 40±3 a 33±5 a  41±7 a 61±7 b  64±8 b 84±5 c D, I

Chymotrypsin 47±4 a 46±6 a 71±10 b 91±2 c 86±4 c 97±1 c D,I

Aminopeptidase 32±5 ab 23±1 a  25±3 a 27±4 a  43±4 b 33±2 ab D,I

Oxidative enzymes (specific activity)            

PPO
1

4.2±0.3 3.3±0.3 3.3±0.5 4.3±0.2 4.0±0.5 3.2±0.4 D*I

POD
2

1.9±0.2 ab 3.0±0.5 ab  1.6±0.3 a 3.4±0.5 b  2.2±0.4 ab 2.7±0.5 ab D

Data are mean ± SE. D (drought stress) and I (mite infestation) indicate significant factors in a 

two-way ANOVA. Different lower case letters within rows indicates significant differences 

(Newman-Keuls post hoc test at p<0.05). 

(1) PPO (poliphenol oxidases): nmol metabolized Cathecol/ mg Protein*min 

(2) POD (peroxidases): nmol metabolized Guaiacol/ mg Protein*min. 
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681 Table. 3 Enzymatic activities of mites from T. urticae tomato adapted (TA) and non-

682 adapted (TNA) strains when feeding for 4 days on control or moderate drought stressed 

683 tomato plants. TNA mites feeding on beans were also analysed.

684

TA strain TNA strain

Tomato 

control  

Tomato 

drought   

Tomato  

control  

Tomato  

drought  
Bean  

Protein
1
                                                43±3  46±3   48±4  50±5   44±2  

Hydrolytic enzymes
2

Cathepsin B                                                                        4.9±0.2 b 3.9±0.3 b 0.6±0.1 c 0.7±0.1 c 9.0±1.0 a

Cathepsin L                                                                       26±2 b 21±1 bc 14±2 c 21±4 bc 39±3 a

Cathepsin D                                                                       23±2 a 20±3 ab  14±2 b 13±1 b  18±2 ab

Legumain                                                                         1.4±0.1 a 1.2±0.1 a 0.3±0.1 b 0.6±0.1 b 1.1±0.1 a

Aminopeptidase                                                        5.5±0.4 b 4.7±0.2 b  8.5±0.3 a 7.8±0.7 a  8.7±0.7 a

α-Amylase                                                                                62±7 ab 59±7 ab  26±5 c 40±8 bc  79±8 a

Detoxification enzymes
2
 

Esterase 263±35 a 181±22 ab 99±34 bc 75±35 bc 22±8 c

GST 904±211 1126±298 667±168 743±210 1347±350

P450 0.75±0.09  0.74±0.06   0.60±0.08  0.49±0.11   0.63±0.10  

Data are mean ± SE. Different lower case letters within rows indicates significant differences 

(One-way ANOVA, Newman-Keuls post hoc test at p<0.05).

(1) µg/mg fresh weight   

(2) Specific activity as nmol substrate hydrolyzed per min and mg of protein for Cathepsin B, 

L, D, legumain, aminopeptidase, α-amylase and esterase. nmol CDNB conjugated per min and 

mg of protein for GST and nmol cytochrome c reduced per min and mg of protein for P450.  
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Highlights 

► Drought stressed tomato plants are nutritiously more suitable for Tetranychus urticae 

► The adaptation of T. urticae to tomato is associated with mite physiological changes 

► Drought stress increased the suitability of tomato as a host for non-adapted T. urticae 


