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Resumen 
 

 El incremento de los periodos de sequía como consecuencia del cambio climático 

afectará a cultivos sensibles a la sequía como el tomate, cuya producción en el área mediterránea 

se efectuará, previsiblemente, con un menor número de riegos. En esta tesis se ha investigado 

el efecto de estréses abióticos (sequía) y bióticos (infestación por ácaros) en plantas de tomate. 

Concretamente, se evaluó: 1) el efecto de la sequía sobre la biología de los ácaros fitófagos 

Tetranychus urticae, Tetranychus evansi, y Aculops lycopersici en plantas de tomate (cv 

Moneymaker); 2) los cambios morfológicos, fisiológicos y moleculares que se producen en la 

planta como respuesta a ambos estreses (por separado y combinados); y 3) el efecto de 

accesiones de tomate adaptadas a sequía en la biología de T. evansi. 

Los datos obtenidos revelan que la sequía favorece el desarrollo de T. evansi en plantas 

de tomate, como indican el incremento significativo en el daño foliar (1,5 veces), el número de 

huevos (2 veces) depositados a 4 días post-infestación (dpi) y en las formas móviles (1,5-2 

veces) encontradas a los 10 días en plantas estresadas. Los niveles de algunos aminoácidos 

esenciales (histidina, isoleucina, leucina, tirosina, valina) y azúcares libres fueron inducidos por 

sequía en combinación con la infestación con ácaros. Prolina, un aminoácido no esencial, fue 

altamente inducido, y se pudo demostrar que estimula la fecundidad y la alimentación del ácaro 

cuando se añadió a discos foliares en niveles similares a los observados a 10 dpi en plantas 

estresadas. Los niveles de proteínas de defensa del tomate se vieron también afectados por 

ambos estreses, pero T. evansi fue capaz de eludir sus efectos nocivos. 

Tanto una línea de T. urticae adaptada a tomate (TA) como una no adaptada (TNA) se 

beneficiaron del incremento en el valor nutricional (aumento de los niveles de aminoácidos y 

azúcares libres) de las plantas de tomate como respuesta a sequía. La composición nutricional 

de las hojas de tomate no se alteró por la infestación con ácaros, con la excepción de un aumento 

de la concentración de azúcares libres. Las proteínas de defensa de tomate fueron inducidas por 

los ácaros y la sequía. Sin embargo, la inducción de inhibidores de proteasa (IPs) fue superior 

en plantas infestadas con ácaros TNA que en aquellas infestadas con TA. El mejor desarrollo 

de la línea TA puede ser explicado por cambios en la fisiología digestiva (actividades cisteín y 

aspartil proteasa y α-amilasa) y de enzimas de destoxificación (actividad esterasa) de los ácaros, 

así como por la atenuación de las defensas de la planta (IP). 
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El crecimiento de la población de A. lycopersici fue más rápido y causó mayor daño en 

plantas de tomate estresadas hídricamente. Ello puede ser debido al incremento en los niveles 

de proteína total y de varios aminoácidos libres en plantas infestadas por el ácaro. La infestación 

promueve la respuesta ligada a ácido salicílico (SA) y la expresión de ácido jasmónico (JA) y 

sus derivados, así como la actividad de inhibidores de cisteín proteasa, polifenol oxidasas y 

peroxidasas (POD). La sequía redujo la expresión de genes marcadores de JA y la actividad de 

inhibidores de serín proteasas y POD, alterando, además, los niveles de algunos aminoácidos 

libres. Cuando ambos estreses se combinan la sequía tuvo un efecto antagónico sobre los niveles 

de POD y JA inducidos por el ácaro y sinérgico en la acumulación de los niveles de azúcares 

libres y SA. 

Finalmente, se observó que el déficit hídrico tuvo un efecto diferenciado en el desarrollo 

de T. evansi en cuatro accesiones de los tomates adaptados a sequía, `Tomàtiga de Ramellet´ 

(TR). En las accesiones TR61 y TR154 la sequía aumentaba el desarrollo del ácaro, mientras 

que en las TR58 y TR126 no. Se encontró una clara relación entre los cambios en los nutrientes 

de la planta y el desarrollo del ácaro. Los aminoácidos esenciales libres se acumularon en las 

plantas de tomate en las que la sequía aumentaba el desarrollo del ácaro (TR154 y 

Moneymaker). Sin embargo, dicha acumulación no se produjo en TR126 en la que la sequía no 

tuvo efecto en el ácaro. Además, la inducción de la defensa del tomate por T. evansi fue superior 

en TR126 y TR154 que en Moneymaker, lo que puede explicar el peor desarrollo del ácaro en 

dichas accesiones. 

Estos datos revelan que los cambios inducidos en la planta por la sequía y el ácaro 

aumentan el valor nutricional de la planta y como consecuencia el desarrollo de los ácaros. 

Además, presenta un marco experimental para que la búsqueda de accesiones de tomate 

resistente a sequía incluya la resistencia a ácaros herbívoros, en función de los cambios 

metabólicos de la planta. Estos hallazgos son especialmente importantes en la mitigación de los 

efectos del cambio climático en las áreas de producción de tomate, y para el manejo y predicción 

de los brotes de ácaros fitófagos. 
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Abstract  
 

The increase on drought periods as consequence of climate change will affect crops 

sensitive to drought, like tomato whose production in Mediterranean areas is expected to be 

under deficit irrigation schedules. In this thesis, it has been established the effect of both abiotic 

(drought) and biotic (mite infestation) stresses on tomato plant, specifically: 1) the effect of 

drought-stressed tomato plants (cv. Moneymaker) on the performance of three key mite pests, 

the spider mites Tetranychus urticae and T. evansi, and the eriophyid mite Aculops lycopersici; 

2) the morphological, physiological and molecular changes induced in tomato plants in 

response to both stresses (either alone or in combination) and their effects on the mite’s 

performance; and 3) the plant-mediated effects of water deficit on the performance of T. evansi 

on tomato drought-adapted accessions. 

Our data reveal that T. evansi caused more leaf damage (1.5 fold) to drought-stressed 

tomato plants. Mite performance was also enhanced, as revealed by significant increases of 

eggs laid (2 fold) at 4 days post infestation (dpi), and of mobile forms (1.5-2 fold) at 10 dpi. 

The levels of several essential amino acids (histidine, isoleucine, leucine, tyrosine, valine) and 

free sugars in tomato leaves were significantly induced by drought in combination with mites. 

A non-essential amino acid, the osmolite proline, was strongly induced and stimulated mite 

feeding and egg laying when added to tomato leaf disks at levels recorded at 10 dpi. Tomato 

plant defense proteins were also affected by drought and/or mite infestation, but T. evansi was 

capable of circumventing their potential adverse effects. 

Both, tomato adapted (TA) and non-adapted (TNA) strains of T. urticae benefit from 

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

concentrations of essential amino acids and free sugars). Mite infestation alone had almost no 

effect on the nutritional composition of tomato leaves, with the exception of an increase of free 

sugars. Tomato plant defense proteins were induced by both drought stress and mite infestation. 

However, the induction of protease inhibitors was higher in tomatoes exposed to mites from the 

TNA strain than from the TA strain. The better performance of the TA strain could be associated 

to both changes in the digestive (cysteine and aspartyl protease and α-amylase activities) and 

detoxification (esterase activity) physiology of the mites and the attenuation of some of the 

plant´s defenses (protease inhibitors). 
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A. lycopersici population grew faster and caused more damage on drought-stressed 

tomato plants. This finding can be related to the increased levels of total protein and several 

free amino acids in tomato-infested plants. Mite infestation promoted the salicylic acid (SA) 

response and up-regulated the expression of jasmonic acid (JA) and derivates, as well as the 

activity of cysteine protease inhibitors, polyphenol oxidase and peroxidase (POD). Drought 

stress, in turn, reduced the expression of JA marker genes and the activity of serine protease 

inhibitors and POD, and altered the levels of some free-amino acids. When combined, drought 

stress antagonized the accumulation of POD and JA by mite infestation and synergized 

accumulation of free sugars and SA. 

Finally, it has been tested the effect on T. evansi performance of four accessions of the 

drought-adapted tomatoes, ‘Tomàtiga de Ramellet’ (TR) under water shortage. In the 

accessions TR61 and TR154 it was observed an enhancement of mite performance by drought, 

but not in the TR58 and TR126. A clear link could be established between changes in plant 

nutritional value and mite performance. Soluble free essential amino were accumulated on 

tomato plants where mite performance was enhanced under drought stress (TR154 and 

Moneymaker). This induction did not occur in TR126, where mite performance was not altered. 

Furthermore, the induction of plant defences in response to T. evansi infestation was stronger 

in TR126 and TR154 than in Moneymaker, which might be a factor contributing to its lower 

performance on these TR accessions.. 

These data reveal that the changes induced in the plant by drought and mite infestation 

increase plant nutritional value and mite performance. Furthermore, it provides an experimental 

framework to screening for drought-resistant tomato accessions that will be at the same time 

resistant to herbivore mites, depending on the metabolic changes on the plant. These findings 

are especially important in the task of adapting area-wide tomato production to mitigate the 

effects of climate change, and for the management and prediction of herbivore mite 

proliferation. 
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The expected increase of the global population to about 9.000 million in 2050 will 

require a major challenge in crop production, as we need to produce about 70-100% more food, 

with similar arable land, less water availability and without increasing agriculture’s 

environmental footprint (Godfray et al., 2010; Mueller et al., 2012). Water has traditionally 

been considered the main factor limiting crop production and food security in much of the world 

where rainfall is insufficient to meet crop demand. Climate change will represent another major 

risk for long-term food security, as crop yield in many areas will decrease due to the frequency 

of extended drought periods (Gornall et al., 2010). According to climate prediction models, a 

gradual increase in temperature with more frequent heat waves and an increase in drought 

events is expected that, in case of mid-continental and Mediterranean climatic areas, will be 

more frequent and severe (IPCC, 2013). The intimate relationship between plants and 

herbivores, which in some cases results in devastating crop losses, will be altered by global 

climate change. In the case of arthropods, the increase in temperature will shorten their life 

cycle, having as consequences more generations per year and an earlier appearance of the pest 

(Luedeling et al., 2011; Delucia et al., 2012; Bebber, 2015). In addition, phytophagous pests 

will expand their distribution area as a consequence of increases in northern temperatures, a 

process that will be helped by trade, a factor responsible for introduction of invasive species 

(Parmesan, 2006; Meynard et al., 2013; Bebber, 2015).  

To increase food security it is crucial to reduce crop losses due to biotic and abiotic 

stresses. Among the different abiotic stresses, water shortage is considered to be the most 

damaging to crop productivity and it is expected to cause global grain yield losses of up to 30% 

by 2025 as compared to current yields (Foolad, 2007; World Economic Forum Water Initiative, 

2009; Mir et al., 2012). It is considered by the FAO, World Bank and the Red Cross Foundation 

as the cause for important economic losses worldwide, being especially severe in Sub-Saharan 

Africa, Central and South America, southern Europe, the Middle East, and southern Australia 

(Figure 1.1). Despite all pesticide use and other non-chemical pest controls, crop yield losses 

due to pests are about 40% of all potential food production worldwide. Arthropod pests cause 

an estimated 14% crop loss, plant pathogens about 13%, and weeds a 13% loss worldwide. The 

value of total crop losses is estimated to be close to 2,000 billion $ per year (Pimentel, 2009).  
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Traditionally, the effect of drought stress and pests on plants has been studied separately, 

however, in nature biotic and abiotic stresses often co-occur, interacting with each other. This 

interaction can be positive or negative in terms of plant resistance to herbivory (Maxmen, 2013; 

Suzuki et al., 2014; Atkinson et al., 2015), since drought induces physiological changes in the 

plant that can modify its defenses and nutritional value (Mattson and Hack, 1987; DeLucia et 

al., 2012). Thus, understanding ecological consequences of arthropod pests and water deficit 

interaction is becoming increasingly important (Tylianakis et al., 2008).  In this context, we 

have selected for this study a summer-irrigated crop, tomato, which is one of the most important 

vegetable crops worldwide, and highly demanding of water supply (Foolad, 2007; Steduto et 

al., 2012). Therefore, it is likely that it is affected by deficit irrigation (drought stress) that could 

induce morphological and nutritional changes with a high impact in its interactions with 

arthropod pests, such as mites, and might have a negative impact on area-wide tomato 

production.  

 

 

 

 

 

Figure 1.1 Global distribution of risk of economic losses due to drought. Data are divided in 
three categories of risk index represented by three colours: low (blue), orange (medium) and 
red (high). Adapted from Dilley et al. (2005). 
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1.1 Tomato 

The cultivated tomato, Solanum lycopersicum L. (formerly Lycopersion esculentum 

Mill) is a Solanaceous crop originated from the Andean region in South America, and was 

introduced to Europe in the sixteenth century, where it has a secondary centre of diversity. 

Tomato cultivation is concentrated in semiarid regions, where it needs irrigation and where 

drought events associated with climate change are expected to be more frequent (Galmes et al., 

2011; Nankishore and Farrell, 2016). Tomato is the most important vegetable crop worldwide 

(Lin et al., 2014), being cultivated both in the greenhouse and in open field conditions in 

temperate Mediterranean climates. World production was estimated to be 164.5 million tonnes 

in 2013. More than 38 million tonnes per year are grown for the processing industry, making 

tomato the world’s leading vegetable for processing (Steduto et al., 2012). Spain is the third 

most important world exporter (after Mexico and The Netherlands) with about 1 million tonnes 

exported in 2013 (FAOSTAT Database, www.fao.org/faostat/es/#data, accessed December 

2016). In Spain, most of the tomato for industry is produced in the open field with about 99.7 

% of the cultivated area under irrigation in 2015. Fresh tomato production is mainly in 

greenhouses, and the irrigated cultivated area did increase from 80% in 2009 to 97% in 2015 

(ESYRCE, 2015). The expected reduction of water availability in the future due to climate 

change will lead to improve water use efficiency through the application of deficit irrigation, 

which can have large consequences for tomato production, as deficient irrigation might cause 

up to a 50% reduction in yield (Cantore et al., 2016). The high sensitivity of tomato to drought 

under a future climate change scenario will foster the implementation of drought-

adapted/tolerant varieties in area-wide tomato production and the investigation of their 

interactions with mite pests. 

1.2 Mite pests 

Mites belong to the phylum Arthropoda, subphylum Chelicerata, class Arachnida, the 

second largest group of terrestrial animals, after insects (Krantz and Lindquist, 1979). Among 

them, only a few families of the subclass Acari utilize living plants as a food source, the main 

phytophagous groups being those that belong to the superfamilies Tetranychoidea and 

Eriophyoidea (Vacante, 2016).  
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Tetranychus urticae Koch (Acari: Tetranychidae), the two-spotted spider mite, is a 

very polyphagous pest with a worldwide distribution. This small arthropod is about 0.5 mm 

long and is usually yellowish-green in colour with two dark patches on the body, though the 

colour can vary depending of multiple factors like diet or physiological stage (Figure 1.2A). Its 

life cycle is composed of the egg, the larva, two nymphal stages (protonymph and deutonymph) 

and the adults. All five mite stages, except eggs, are motile and have four pair of legs except 

for larvae that have three pairs (Lindquist, 1985). The duration of the life cycle depends mainly 

on the temperature and the host, with a mean generation time of about 10-15 days under optimal 

developmental temperatures (27-30 ºC) (Kasap, 2004; Riahi et al., 2013). Adult females have 

an oval shape with a lifespan of 10 to 30 days and an average oviposition rate on tomato of 20-

40 eggs during their life cycle, with many overlapping generations per year (Marinosci et al., 

2015). Unfertilized eggs (haploid) develop into male offspring (which have a characteristic 

pointed shape), whereas fertilized eggs (diploid) produce female offspring (Macke et al., 2010). 

The mites produce webs over the leaf surface of their host plants that protect them against 

adverse climate conditions, predators and acaricides, and can help communication and dispersal 

(Sarmento et al., 2011a).  

T. urticae is an extremly polyphagous species, as its host range includes more than 1100 

species from 140 different plant families, including 150 plants of economic importance 

(Migeon and Dorkeld, 2006-2016). However, local populations can become adapted to 

particular hosts, performing poorly when they are switched to another host (Gotoh et al., 1993; 

Agrawal et al., 2002, Magalhaes et al., 2009). To feed on plants, T. urticae mouthparts are 

adapted to pierce the plant tissues, consisting of an elongated and retractable cheliceral stylet, 

which is connected to the pharynx and salivary glands (Van der Geest, 1985; Bensoussan et al., 

2016). When feeding, they introduce the stylet between epidermal pavement cells or through a 

stomatal opening, without damaging the epidermis, and inject saliva on a single parenchyma 

cell each time, without damaging the surrounding cells (Figure 1.2 C). The saliva predigests the 

cell content which afterwards is imbibed (Van der Geest et al., 1985; Bensoussan et al., 2016). 

Moreover, salivary secretions contain a wide range of proteins that can potentially interfere 

with plant defenses (Jonckheere et al., 2016; Villarroel et al., 2016). Digestion of dietary 

proteins relies on cysteine and aspartyl proteases and aminopeptidases (Santamaria et al., 

2015a) and that of dietary carbohydrates on glycosidases (Nisbet and Billingsley, 2000). The 

genome of T. urticae has been sequenced (Grbic et al., 2011) and specific expansions have been 

found for gene families involved in digestion and detoxification processes, which may be 
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involved in the capability of T. urticae to cope with the varying nutrients and defense 

compounds of different host plants. 

T. urticae is a notorious pest responsible for yield losses in both greenhouse and open 

field crops (Lange and Bronson, 1981; Vacante, 2016). In tomato, it feeds mainly on the leaves 

causing typical chlorotic lesions (Figure 1.2D) and leaf defoliation when mite populations are 

high (Jayasinghe and Mallik, 2010) leading to severe crop losses. Furthermore, it can cause 

cosmetic damage on tomato fruit (known as gold fleck) which increases economic losses (Meck 

et al., 2013). T. urticae control is largely based on the use of acaricides (Van Leuween and 

Dermauw, 2016) and/or biological control agents (CABI datasheet, 

http://www.cabi.org/isc/datasheet/53366, accessed on December 2016). However, frequent 

acaricide applications have often led to development of resistance, as this species is the 

arthropod with the most pesticide numbered resistance reports (Van Leeuwen and Dermauw, 

2016). Besides more generations per year are expected for T. urticae induced by global warming 

according to climatic and distribution models (Luedeling et al., 2011), whereas a negative effect 

of dry and hot conditions is expected on some of its predators (Ferrero et al., 2010), which 

might increase the risk of outbreaks in the future. 

 
 
Figure 1.2 Adult of Tetranychus urticae (A) and T. evansi (B) under stereomicroscope (images by 
M. García, CIB-CSIC). Schematic section of a leaf with a spider mite feeding from mesophyll cells 
(light green) by introducing the stylet (red line) through the epidermic cells (blue) (C) (adapted from 
Bensoussan et al. (2016)) and Damage caused by Tetranychid mites on tomato leaflet (D). 
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Tetranychus evansi Baker & Pritchard (Acari: Tetranychidae), the tomato red spider 

mite, is an emerging pest of solanaceous plants worldwide. Its morphology is similar to that of 

T. urticae but the body is typically orange red in colour (Figure 1.2B). This species is native to 

South America and in the last two decades has expanded its geographical distribution range to 

southern USA, most of sub-Saharan Africa, around the Mediterranean basin and East Asia 

(Migeon and Dorkeld 2006-2016; Navajas et al., 2013). Two distinct genetic lineages (I and II) 

have been identified, the distribution of lineage I being wider outside its area of origin (Boubou 

et al., 2011, 2012). As a tropical species, its optimal developmental temperature is in the range 

37-40 ºC, with a mean generation time of about 10 days (Gotoh et al., 2010), but it can not 

tolerate cold winter conditions (Gotoh et al., 2010; Migeon et al., 2015). The feeding behaviour 

is similar to the two-spotted spider mite, but its digestive physiology is unknown. The 

production of a profuse web over the leaves gives this species a competitive advantage against 

competitors such as T. urticae (Sarmento et al., 2011a) and protect them from natural enemies 

(Ferragut et al., 2013) 

T. evansi is considered a solanaceous specialised herbivore, being reported in 53 species 

of the family Solanaceae, including cultivated crops such as tomato, eggplant, pepper and potato 

(Navajas et al., 2013). However, it has also been reported to be able to feed on plants of other 

families, a complete list of hosts can be found in Migeon and Dorkeld (2006-2016). Outbreaks 

in some African regions have been reported to cause high yield losses in tomato (Saunyama 

and Knapp 2003), and it has been added to the alert list of the European and Mediterranean 

Plant Protection Organization (EPPO, 2004). Conventional biological control has failed to be 

effective against T. evansi in the invaded areas, as naturally occurring and commercial available 

 
Figure 1.3 Actual Tetranychus evansi distribution and future prospect under a conservative 
scenario. Adapted from Meynard et al. (2013). 
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phytoseiids are not able to feed on it (Navajas et al., 2013). Chemical control is also difficult 

because the dense webs that they produce act as barriers, and it is also prone to develop 

resistance (Van Leeuwen and Dermauw, 2016). Climatic and distribution models predict that 

the hot and dry conditions imposed by climate change will increase its potential to spread to 

northern latitudes in Europe (Meynard et al., 2013; Figure 1.3). 

Aculops lycopersici (Masse) (Acari: Eriophydae), the tomato russet mite, is present 

worldwide in areas where solanaceous crops are grown. It is the smallest arthropod feeding on 

tomato plants, as the adult’s body is between 100 and 140 µm long (Lindquist 1996). The life 

cycle consists of egg, two immature stages and adult. The immature stages and adults are 

yellow, vermiform and with two pairs of legs (Figure 1.4A&B). Its optimal growing conditions 

are at 25-30 ºC and low relative humidity (about 30%), with a mean generation time of about 

one week and females producing 30-50 eggs under these conditions, giving rise to a succession 

of overlapping generations (Haque and Kaway 2003; Vacante, 2016). As described for T. 

urticae unfertilized eggs (haploid) develop into male offspring whereas fertilized eggs (diploid) 

produce female offspring (Lindquist 1996). This species doesn´t produce webs, its disperses by 

wind or on animal carriers (Michalska et al., 2010) 

A. lycopersici is an oligophagous mite that has tomato as its primary host but it can feed 

on other solanaceous crops including potato, tobacco, eggplant and pepper, and some 

 
Figure 1.4 Adult of Aculops lycopersici under stereomicroscope (A) (image by J. van Arkel, UvA) 
and under electro microscope (B) (image by E. Erbe and C. Pooley, composition by R. Ochoa, 
USDA-ARS). Schematic section of a mite (yellow) feeding by introducing the stylet (red) on a 
epidermic cell (blue) (C) (adapted from Nuzzazi and Alberty (1996)). Damage caused on tomato leaf 
observing shriveling on subterminal leaflets (D).  
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convolvulaceus crops such as sweet potato (CABI Datasheet; 

www.cabi.org/isc/datasheet/56111, accessed September 2016). The mouthparts are modified 

into a short stylet that allows them to puncture the plant epidermal cells (Figure 1.4C) but not 

to reach the parenchyma (Nuzzaci and Alberti 1996). Epidermis cells collapse and a callous 

layer is formed adjacent to the parenchyma in regions of epidermal cell death, continuous 

feeding causes a total destruction of the epidermis that is visible as russeting (Royalty and 

Perring, 1988; Duso et al., 2010). It is unknown if A. lycopersici injects saliva into the cells 

when feeding, but Glas (2014) has identified several putative “secreted salivary gland peptides” 

in the genome of this species. 

On tomato, A. lycopersici feeds on foliage, stems, inflorescences and young fruits, 

causing shriveling and necrosis of leaves (Figure 1.4D), dropping of flowers, russeting of fruit 

and, if uncontrolled, death of the plant (CABI, http://www.cabi.org/isc/datasheet/56111) (Duso 

et al., 2010, Van Houten et al., 2013). As consequence, russet mite infestation can cause up to 

50 % of yield losses on tomato (Duso et al., 2010), the loss being mainly due to the dead of 

flower buds (Kamau et al., 1992). It is a species that is difficult to control, since it´s small size 

allows it to hide in the forest of tomato trichomes that protects them from predators and 

pesticides (Van Houten et al., 2013). The lack of tomato varieties resistant to russet mites and 

the difficulties in timely identification of damage symptoms, since the damage is similar to that 

caused by broad mite and thrips, make it seriously noxious to the tomato (Duso et al., 2010). 

Moreover, the increase in temperatures due to climate change might favour its dispersal to new 

latitudes (Haque and Kaway 2003), increasing economic losses in the future. 

1.3 Tomato defense response to mites 

Terrestrial plants have developed a number of defense traits against herbivorous 

arthropods that can be classified according to the manner in which they are regulated. 

Constitutive defenses include physical and chemical barriers that exist irrespective of whether 

herbivores are present, though many such traits are also induced following herbivore attack. In 

contrast, induced defenses are only expressed in response to herbivory. Constitutive and 

induced defenses including those associated with glandular trichomes have been well 

documented in Lycopersicon spp (Kennedy, 2003; Howe and Jander, 2008). Eight different 

types of trichome have been described in tomato, half of them being glandular and half non-

glandular. They confer resistance to small arthropods, including T. urticae and T. evansi 

(Simmons and Gurr, 2005), and have been used in plant breeding to increase herbivore 

resistance (Glas et al., 2012). However, a tiny mite like A. lycopersici is too small to be hindered 
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by tomato trichomes, which confer shelter to this mite by creating a competitor-free and natural 

enemy-free space (Van Houten et al., 2013). The defensive role of trichomes in varieties with 

low trichome density, such as Moneymaker (Glas et al., 2012), is likely to be negligible. 

Inducible defenses can be divided into direct defenses, which affect the growth or survival of 

herbivores negatively, and indirect defenses that attract natural enemies of the herbivores (Kant 

et al., 2015). Tomato inducible defenses include secondary metabolites and anti-nutritional 

proteins as direct defenses, and volatile-mediated indirect defenses (Stout et al., 1994; Kennedy, 

2003; Kant et al., 2004; Martel et al., 2015). The induction of plant defenses has different steps 

that are followed successively to trigger the response. First plants should detect herbivory 

activity, then phytohormone signalling pathways will regulate the reconfiguration of plant 

metabolism, resulting in the induction of a wide array of plant defense traits (Howe and Jander, 

2008; Schumman and Baldwin, 2016). Plant response to mites is summarized in Figure 1.5. 

1.3.1 Induced defense: Phytohormone signalling 

Plants recognize herbivory by perception of damage patterns and herbivore associated-

elicitors (Howe and Jander, 2008; Schuman and Baldwin, 2016). Damage patterns are for 

instance cell wall fragments like oligogalacturonides that induce expression of defense 

compounds in tomato (Doares et al., 1995). Elicitors are the compounds present in the herbivore 

secretions (saliva, regurgitant, oviposition fluid, etc.) that stimulate plant defenses, as reported 

for tomato (Boughton et al., 2006). Even when both patterns are used for recognition, plants are 

reported to differentiate between wounding and herbivory, something in which elicitors are 

crucial (Howe and Jander, 2008). In the case of mites, some potential effectors have been 

indentified on their saliva, tought the mechanism by which plants perceive their presence is 

unknown. 

 Two phytohormones are the main regulators of plant defense, Jasmonic acid (JA) and 

Salicylic acid (SA) (Pieterse et al., 2012; Verma et al., 2016). JA regulates the defenses against 

herbivorous arthropods and necrotrophic pathogens, while SA regulates the defense against 

phloem-feeding herbivores and biotrophic pathogens. Several other phytohormones that control 

other aspects of plant physiology are known to play also a secondary role in plant defense, 

including abscisic acid (ABA) and ethylene (ET) (Kant et al., 2015; Verma et al., 2016).  

 The JA-signalling and biosynthesis pathway has been widely studied, with various 

transgenic lines in Arabidopsis and tomato available for its study (Schuman and Baldwin, 2016; 

Singh et al., 2016). The biosynthesis of JA starts in the chloroplast, where α-linolenic acid 

released from its membrane is converted into 12-oxo-phytodienoic acid (OPDA) by 
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lipoxigenases (LOX), allene oxide synthase (AOS) and allene oxide cyclase (AOC).  OPDA is 

transferred to the peroxisome where it will be converted by OPDA reductase (OPR3) and β-

oxidation steps into JA, which is released to the cytosol to be transformed and conjugated to 

different forms, JA-Isoleucine (JA-Ile) being the active bioform. JA-Ile is perceived in the 

nucleus by the SCFCOI1 (Skip/Cullin/F-Box) receptor complex which ubiquitinates and 

subsequently produces degradation of transcriptional suppressors like JAZ, resulting in an 

activation of transcription factors like MYC2. This has as consequence transcriptional 

reconfiguration of plant defense traits. The JA-pathway is activated in tomato in response to T. 

urticae (Glas, 2014; Martel et al, 2015), and A. lycopersici (Glas, 2014), inducing both species 

the accumulation of OPDA, JA and JA-Ile (Glas, 2014; Glas et al, 2014; Alba et al., 2015). 

Furthermore, the importance of the JA pathway for plant resistance to mites was proven by the 

use of JA-deficient mutants of Arabidopsis that show a higher susceptibility to T. urticae 

(Zhurov et al., 2014) and of tomato to A. lycopersici (Glas et al., 2014). 

 The SA-pathway has been mostly studied as response to biotrophic pathogen attack and 

phloem-feeding herbivores (Pieterse et al. 2012; Kant et al., 2015; Verma et al., 2016). SA is 

an aromatic compound derived from chorismate. Its biosynthesis takes place in the chloroplast 

by two distinct routes, one involving isochorismate synthase and the other phenylalanine 

ammonia lyase. The SA-pathway regulates the expression of a large set of defense-related 

genes, including pathogen-related proteins (PRs), and is responsible for Systemic Acquired 

Resistance (SAR). SA is induced in tomato by T. urticae (Alba et al., 2015; Glas et al., 2014a) 

and A. lycopersici (Glas, 2014; Glas et al., 2014a,), but its role in plant defense response against 

mites is not clearly understood. SA can be converted into Methyl salicylate, a volatile induced 

in tomato by spider mites that plays an important role in indirect defense as an attractant of 

natural enemies (Kant et al., 2004). However, when the whole tomato genome transcriptional 

response to T. urticae was analyzed, none of the genes encoding SA signaling proteins, nor 

commonly used SA markers, were differentially expressed (Martel et al., 2015). Furthermore, 

SA-deficient mutants increased the performance of T. urticae on tomato (Villarroel et al., 2016) 

but had no effect on Arabidopsis (Zhurov et al., 2014).   

  ABA is a hormone that is a key regulator of abiotic stress responses in plants (see 

section 1.5), that also plays a secondary role in plant defense, either alone or in conjunction 

with the primary defense hormones (Nakashima and Yamaguchi-Shinozaki, 2013). ET is a 

hormone that regulates a large number of plant processes, including defense against 

necrotrophic pathogens (Kazan and Lyons, 2014). ABA is induced in tomato by T. urticae and 

A. lycopersici but not by T. evansi (Glas, 2014), whereas the signalling cascade downstream of 
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ET synthesis showed both up- and down-regulation in the response of tomato to T. urticae 

infestation (Martel et al., 2015). Thus, it is difficult to assess the importance of these hormones 

in tomato defense against mites. 

Antagonistic and/or synergistic interactions between hormone signal transduction 

pathways can occur, modulating each other’s actions (Pieterse et al., 2012; Verma et al., 2016). 

Crosstalk between SA and JA pathways is well documented in tomato, where the pathways 

have been frequently observed to antagonize each other with corresponding trade-offs in disease 

and pest resistance (Doherty et al., 1988; Thaler et al., 1999; El Oirdi et al., 2011). However, 

neutral and synergistic interactions have been described as well in tomato, including the case 

of a positive JA-ET interaction in response to wounding (O´Donnell et al., 1996). It has been 

suggested that hormone crosstalk allows plants to finely regulate plant defenses in a cost-

efficient manner, depending on the type of attacker, or in case when the plant is attacked by 

multiple attackers, depending on the timing and sequence of infestation (Kant et al., 2015). 

 

1.3.2 Defensive secondary metabolites and anti-nutritional proteins 

The term `secondary metabolites´ refers to those metabolites that are not directly 

involved in the primary biochemical pathways of an organism (growth, development and 

reproduction). Plants are a remarkably prolific source of structurally diverse secondary 

metabolites (terpenoids, alkaloyds, phenolics, flavonoids, tannins, glycosides saponins, etc.), 

which are involved in the adaptation of plants to their environment, including direct defense 

responses against herbivory because of their toxic or deterrent properties (Kant et al., 2015). 

Secondary metabolites also include volatile compounds that are released to attract the natural 

enemies of herbivores, playing a role in indirect defense (War et al., 2012). In the case of 

tomato, different secondary metabolites (e.g., phenolics, flavonoids and terpenoids) are elicited 

in response to mite feeding, and there is some evidence that both JA and SA pathways are 

involved in orchestrating this response (Kant et al., 2004; Glas, 2014; Martel et al., 2015). 

Among them there are volatile terpenoids, and it has been demonstrated that their emission is 

positively correlated with the attraction of predatory mites (Kant et al., 2004). 

Anti-nutritional proteins have as target the disruption of herbivore digestion, reducing 

the uptake of nutrients (Zhu-Salzman et al., 2008; Howe and Herde, 2015). Studies on the 

tomato–mite interaction highlight the importance of plant defense proteins that act in the 

herbivor´s gut (e.g., amino acid–degrading enzymes, oxidative enzymes and protease 
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inhibitors) as prominent components of tomato-induced defenses elicited by spider mite feeding 

(Li et al., 2002; Kant et al., 2004; Martel et al., 2015).  

Threonine desaminase (TD) catabolyzes the amino acid threonine in the herbivor´s 

gut, depleting the availability of this essential amino acid (Chen et al., 2005, 2007). Oxidative 

enzymes such as Polyphenol oxidase (PPO) accumulates on tomato glandular trichomes (Yu 

et al., 1992) and generates quinones which covalently bind dietary proteins reducing the 

digestibility of plant tissues (Constabel and Barbenheen; 2008). Peroxidase (POD) is another 

important oxidative enzyme with various roles in plant defense: it contributes to the creation of 

a physical barrier by catalysing the cross-linking of cell wall compounds, it regulates reactive 

oxygen species (ROS) and, as PPO, it can generate quinones that interfere with digestion 

(Passardi et al., 2005; Zhu-Salzman et al., 2008). PPO enzymatic activity and gene expression 

of TD and PPO are induced in tomato by T. urticae and T. evansi (Alba et al., 2015; Martel et 

al. 2015) but not by A. lycopersici (Glas et al., 2014), whereas POD is induced by both T. urticae 

(Glas, 2014) and A. lycopersici (Stout et al., 1994, 1996; Glas, 2014).  

Protease inhibitors (PIs) are the most studied anti-nutritional proteins against mites. 

The PIs are classified by the nature of the proteases that they inhibit (serine, cysteine, aspartyl, 

etc.) (Zhu-Salzman and Zeng, 2015). Tomato has a large number of PIs: 95 genes were found 

while only 38 were found on Arabidopsis, being the expression of 25 of them affected by T. 

urticae infestation (Martel et al., 2015). The serine (PI-I, WIPI-II, JIP-21) aspartyl (CDI) and 

cysteine (CysPI) PI genes are induced by tetranychid mites in tomato but not by A. lycopersici 

(Li, et al., 2002; Kant et al., 2014; Glas, 2014; Glas et al., 2014; Alba et al. 2015; Martel et al., 

2015). Plant cysteine PIs are harmful for T. urticae (Santamaria et al., 2012, 2015b), as they 

inhibit some of the main mite gut proteolytic enzymes (cathepsins B-, L-, and D- and legumain-

like proteases) (Carrillo et al., 2011; Santamaria et al., 2015a). Plant serine PIs are also harmful 

to T. urticae (Santamaria et al., 2012), but they may target other physiological processes, since 

serine proteases (trypsin and chymotrypsin) do not appear to be directly involved in the 

hydrolysis of dietary proteins in this species (Carrillo et al., 2011; Santamaria et al., 2015a).  

Some of the genes mentioned above are used as plant defense marker genes. Markers 

for the JA-pathway include the TD (TD-II), PPO (PPO-F, PPO-D) and PI (PI-I, PI-II-f, JIP-

21) genes. The most used SA-pathway marker genes, in turn, are the Pathogenesis Related 

proteins (PR-1a and PR-P6) proteins. PR proteins function against herbivores is not clear yet: 

they might have glucanase, chitinase, PI or peroxidase activities (Kant et al., 2015) or, like PR-
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1, sterol-binding activity (Gamir et al., 2016). The timing of the tomato defense response has 

 
Figure 1.5 Plant cell- mite interaction schematic overview. The mite introduces the stylet in the 
parenchymatic cell injecting saliva, the saliva content elicitors that together with DAMP (Damage 
Associated Molecular Patterns) induce the JA- and SA- signaling pathways (in black). The mite take 
the plant nutrients (green) and the defense compounds (in red). The defense compounds interfere on 
mite digestion. To adapt to plant defenses the mite attenuate plant defense producing effectors, and 
circumvent their deleterious effects by transcriptional plasticity of gene families involved in 
detoxification and digestion processess (blue). Abbreviation: TF = Transcription Factor; PI = 
Protease Inhibitors; PPO = Polyphenol Oxidases; POD = Peroxidases; TD = Threonine Deaminases; 
PR = Pathogen Related proteins; SAR= Systemic Acquired Resistance 
 



CHAPTER 1 │ General Introduction 

16 
 

been studied using some of these markers genes (Martel et al., 2015; Alba et al., 2015). The JA 

response is in general fast, varying between 6h and 4 days depending on the severity of mite 

infestation (Martel et al., 2015; Alba et al., 2015). SA related gene expression and secondary 

metabolite production is slower starting at 4 dpi (Kant et al., 2004).  

1.4 Mite adaptation to plant defenses. 

Phytophagous mites have shown a high ability to adapt to new plant species, as is 

proven by the oligophagous T. evansi and A. licopersici and the extremely polyphagous T. 

urticae (Migeon and Dorkeld, 2006-2016; CABI-Datasheet; www.cabi.org, accessed 

September 2016). Different studies have shown that local T. urticae strains reared on bean or 

cucumber (the most common host used in laboratory culture) show an initial low performance 

on tomato but quickly adapt to feed on it (Fry, 1989; Gotoh et al., 1993; Agrawal et al., 2002; 

Magalhaes et al., 2009). In order to be able to adapt and feed on tomato, mites have developed 

different strategies, including physiological adaptations to tomato plant defenses by suppressing 

or circumventing them (Glas et al., 2014; Alba et al., 2015; Van Leeuwen and Dermauw, 2016). 

In addition, some of these mites have been reported to induce changes in the primary 

metabolism of tomato plants that might be beneficial for their performance (Wybouw et al., 

2015). The mite response to plant defenses is summarized on Figure 1.5. 

The suppression of plant defenses is, a strategy employed by plant pathogens and 

arthropod herbivores, characterized by lowering the rate of production of defensive compounds 

of the plant (Kant et al., 2015). In mites, it has been described on tomato for T. evansi (Sarmento 

et al., 2011b; Alba et al., 2015), A. lycopersici (Glas et al., 2014) and some strains of T. urticae 

(Kant et al., 2008; Alba et al., 2015). Interestingly, in the process of adaptation to tomato, T. 

urticae has been shown to develop the ability to attenuate tomato plant defenses (Wybouw et 

al., 2015). The suppression is produced by molecules, called effectors, which can interfere with 

any of the steps of the plant defense signalling cascade (Kant et al., 2015). The interference, in 

case of mites, happens independently to the phytohormonal crosstalk, being the mechanism 

unknown (Glas et al., 2014; Alba et al., 2015). Recently, Villarroel et al. (2016) identified four 

proteins in T. urticae and T. evansi saliva which may act as effectors. Indeed, they hypothesise 

that in the mite saliva there is a wide range of proteins that can act as effectors or elicitors, and 

its presence will determine the tomato defense outcome. In fact, the proteins present in the 

saliva of T. urticae vary depending on the host (Jonckheere et al., 2016).   

To circumvent the deleterious effects of plant secondary metabolites and anti-

nutritional proteins, herbivores can decrease the sensitivity of the target sites or decrease the 
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exposure by increasing the metabolism of plant defenses (Kant et al., 2015). The proliferation 

(Grbic et al., 2011) and transcriptional plasticity of gene families involved in detoxification and 

digestion processes (Dermauw et al., 2013; Wybouw et al., 2015) have been proposed as one 

of the reasons of the adaption capacity of T. urticae to novel hosts. Four main detoxification 

enzymes families have been described: P450 monooxygenases, carboxyl/cholinesterases, 

glutathione-S-transferases (GST), and ATP-binding cassette transporters; which respond 

strongly in T. urticae in relation to host plant switching (Van Leuween and Dermauw, 2016). 

Besides, when T. urticae were fed with inhibitors of P-450 detoxification enzymes, mites 

performance was depressed severely on tomato (Agrawal et al., 2002), highlighting their 

importance in the adaptation to this host. Remarkably, A. lycopersici has only 24 P450 genes, 

compared with the 81 genes present in T. urticae, potentially reflecting host specialization (Van 

Leuween and Dermauw, 2016). A proliferation of cysteine protease genes (27 cathepsins B, 29 

cathepsins L and 19 legumains) has also been reported in the genome of T. urticae (Grbic et al., 

2011). This species regulates the expression of these genes in response to the ingestion of 

protease inhibitors to compensate for inhibitor-targeted enzymes, though they may also act as 

a direct barrier against other ingested plant defensive proteins (Santamaria et al., 2015a). The 

digestive physiology and the physiological adaptations of T. evansi and A. lycopersici to plant 

defenses remain largely unexplored. 

Herbivore attack can also induce changes in plant primary metabolism, such as the 

reallocation of carbon and nitrogen resources (Steinbrenner et al., 2011; Zhou et al., 2015). The 

function of these changes for the plant is still not clear, but it has been suggested that they might 

be used by the plant as a source of energy, as precursors of defense compounds and to hamper 

herbivore performance by reducing the nutritive value of plant tissue (Zhou et al., 2015). 

However, the alteration of plant primary metabolism has been demonstrated to be beneficial for 

the performance of some herbivores, for example aphids (Sandström et al., 2000; Koyama et 

al., 2004; Errard et al., 2016). T. urticae has been reported to increase the levels of sucrose on 

damaged cotton tissue (Schmidt et al., 2009). In tomato, T. urticae infestation down regulates 

the transcriptional response associated with anabolic processes, including the expression of 

amino acid catabolizing enzyme genes (Martel et al., 2015; Wybouw et al., 2015). However, 

when the effects of T. urticae on free amino acid content in tomato were analyzed, inconsistent 

results were obtained (Nachappa et al., 2013; Errard et al., 2016). 
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1.5 Tomato response to drought stress  

When facing drought stress, plants can adopt two strategies, avoidance or tolerance 

(Levitt 1980; Chaves and Oliveira, 2004; Verslues et al., 2006). The avoidance mechanism 

includes a more efficient water uptake by roots, and the capacity of plant cells to hold acquired 

water and further reduce water loss through reduced leaf area and limited transpiration. For 

drought stress tolerance, the plant activates mechanisms to withstand water deficit, like 

improving osmotic adjustments and increasing antioxidant metabolism. Plants often combine 

both strategies when responding to drought stress, a response that takes place in two phases 

(Chaves et al., 2003; Harb et al., 2010). The short-term response is characterised by stomatal 

closure and down-regulation of photochemistry. For the long-term response, morphological, 

physiological and metabolic changes take place. Protective responses must be triggered quickly 

to prevent the plant from being irreversibly damaged. Chemical signalling relies mostly on 

redox-active compounds and plant hormone pathways, ABA being particularly relevant (Verma 

et al., 2016). Summary of tomato plant response to drought on Figure 1.6. 

 
Figure 1.6 Plant responses to drought stress in short term (left) and long term or acclimation phase 
(right). Down is represented the process of soil water loss as Saturation Weight percentage (SW). 
The abbreviation: ABA= Abscisic acid; ROS= Reactive Oxygen Species; POD= Peroxidases.  
(Stomata image by Jeremy Burguess, SPL, Science Source). 
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 Stomatal closure is among the earliest plant responses to water deficit, which restricts 

water loss and maintains leaf turgor by modulating the transpiration level (Daszkowska-Golec 

and Szarejko, 2013). Stomatal conductance (gs) provides a reliable indicator of the intensity of 

drought stress and it has been successfully used for tomato (Thompson et al., 2007), being able 

to discriminate between mild, moderate and severe stress (Hummel et al., 2010). It has also 

been reported as an indicator of drought stress tolerance on tomato plant varieties, which 

showed reduced stomatal conductance (Galmes et al., 2011). By closing stomata, the pathway 

through which atmospheric CO2 enters the leaf is also restricted, affecting photosynthesis 

(Chaves and Oliveira, 2004). An effective way to measure the effect of water deficit on 

photosynthesis is the maximum quantum yield of photosystem II photochemistry (Fv/Fm), 

being also an indicator of the health status of the tomato plant (Nankishore and Farrell, 2016). 

Its optimal value in tomato is around 0.8 (Rigano et al., 2016), but it can be reduced to values 

under 0.7 after long-term water shortage (Mishra et al., 2012).  

Morphological changes mediated through acclimation to drought stress include 

reductions in growth and leaf area, changes in stomatal density and enhanced leaf thickness to 

increase water retention (De Micco and Aronne 2012; Clauw et al., 2015). Plants also reduce 

their growth by modulating both cell division and cell expansion, as ways to save and 

redistribute resources that can become limited under stress (Skirycz and Inze 2010; Xu et al., 

2010;). As a result, a reduction in stem growth rate, length, leaf area, plant weight and biomass 

has been reported for tomato plants under drought stress (Thompson et al., 2007; Petrozza et 

al., 2014; Tapia et al., 2016).  

Osmotic adjustment is a key factor in drought stress tolerance that allows plants to 

maintain turgor and keep normal cell activity (Bartels and Sunkar, 2005; Blum, 2017). It 

involves the accumulation of osmolites, mainly soluble carbohydrates and amino acids, 

facilitating water uptake and retention, and protecting and stabilizing macromolecules and 

structures from damage induced by stress conditions. The increase in free sugars and amino 

acids mostly results in increased starch and protein hydrolysis, respectively, which requires 

activitiy of hydrolytic enzymes (Hummel et al., 2010). Both, free sugars and amino acids 

accumulate on tomato leaves during restricted watering (English-Loeb et al., 1997; Tapia et al., 

2016). Among the amino acids, proline is considered to be a compatible solute in many plant 

species, being a good indicator of drought stress on tomato plants (Claussen, 2005). Apart from 

acting as an osmolyte, other roles have been proposed for proline in drought stressed plants, 

such as being a hydroxyl radical scavenger, an energy and nitrogen source, and a signalling 

molecule to modulate mitochondrial functions, cell proliferation and cell death (Szabados and 
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Savouré, 2010). Another amino acid that has been reported to play an important role during 

water stress in tomato is glutamine for the relocation of leaf nitrogen (Bauer et al., 1997).   

  A consequence of stomatal closure in response to water deficit is an imbalance between 

the use and the generation of electrons in the chloroplast due to decreased availability of CO2 

for photosynthesis, leading to overproduction of Reactive Oxygen Species (ROS) (Cruz de 

Carvalho, 2008; Miller et al., 2010). This enhanced ROS production, which also occurs in 

mitochondria and peroxisomes, serves as a stress signal for the activation of drought stress-

response (Miller et al., 2010; Verma et al., 2016), but has the potential to cause oxidative 

damage to plant cells (Sharma et al., 2012). To alleviate this effect, plants have evolved 

enzymatic and non-enzymatic systems for ROS scavenging and detoxification (Cruz de 

Carvalho, 2008; Noctor et al., 2014; Sharma et al., 2012). Enzymatic antioxidant activities in 

tomato include superoxide dismutases, catalases and peroxidases (POD) (Hayat et al., 2008; 

Sanchez-Rodriguez et al., 2010; Rai et al., 2013). The POD activity, whose anti-herbivore 

activity has already been mentioned, converts H2O2 into water. Its activity becomes 

increasingly greater the older the tomato plant becomes (Hayat et al., 2008) and in the early 

stages of drought stress (Rai et al., 2013). Its induction might vary depending on the tomato 

plant genotype (Sanchez-Rodriguez et al., 2010). 

 Other proteins involved in herbivore defense including protease inhibitors (PIs) and 

polyphenol oxidases (PPO) are also induced and play a role in the plant response to drought 

stress. Both serine and cysteine PIs are induced by drought in Solanum dulcamara, rice, potato 

and Arabidopsis (Kang et al., 2002; Huang et al., 2007; Zhang et al., 2008; Nguyen et al., 

2016a), with not clear pattern in tomato (English-Loeb et al, 1997). They have been proposed 

to regulate the proteases induced by drought, delaying leaf senescence and thus increasing 

drought tolerance (Huang et al., 2007; Zhang et al., 2008; Diaz-Mendoza et al., 2014). In turn, 

PPO activity is reported to be induced by drought in tomato (English-Loeb et al., 1997; 

Thipayong et al., 2004), however its role in drought tolerance is not yet understood (Thipyapong 

et al., 2004; Mayer 2006). 

Hormone-mediated regulation of the plant response to water deficit is mainly 

dependent on abscisic acid (ABA), which in turn triggers the expression of a cascade of stress-

responsive genes (Verma et al., 2016). The fluctuation in ABA levels occurs as an early 

response to stress with an attenuation if the drought stress continues (Harb et al., 2010). In the 

case of tomato, ABA has been involved in different drought tolerance mechanisms such as 

stomatal closure, growth reduction, metabolism reconfiguration and the increase of free sugars 

and amino acids (Thompson et al., 2007; Asbahi et al., 2012; Iovieno et al., 2016). Nevertheless, 
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SA and JA, the two main regulators of biotic stress responses, have been also reported to be 

involved in the plant response to drought (Daszkowska-Golec and Szarejko, 2013; Bartels and 

Sunkar 2005; De Ollas and Dodd, 2016). Jasmonates play an important role in the plant 

response to drought, interacting at different levels with the ABA signaling pathway on tomato 

plants (Muñoz-Espinosa et al., 2015; De Ollas and Dodd, 2016). In contrast, the role SA on 

plant response to drought is not clearly understood, in tomato is reported to increase drought 

tolerance and is involved on early signaling (Hayat et al., 2008; Muñoz-Espinosa et al., 2015).  

The high sensitivity of tomato to water deficit has prompted different approaches for 

breeding drought-resistant crops (Hu and Xiong, 2014), including exploiting plant genetic 

diversity for the search of drought tolerant/adapted varieties (Foolad, 2007; Sinclair, 2011). 

Cultivated tomato germplasm has a narrow base, although it is one of the crops with the highest 

diversity of genetic sources, most coming from wild species from the Andean region where it 

originated (Bai and Lindhout, 2007; Foolad 2007). Drought tolerance has been studied on 

tomato wild relatives such as S. pennelli, S. chilensis and S. peruvianum originating from dry 

zones in Peru and Chile (Rigano et al., 2016; Tapia et al., 2016). Another source of diversity 

for drought tolerance are the landraces from the secondary diversity areas such as the semiarid 

Mediterranean or tropical regions (Galmes et al., 2011; Fullana-Pericas et al., 2016; Nankishore 

and Farrel, 2016). “Tomàtiga de Ramellet” tomatoes are a good example, they are a group of 

landraces from the Balearic Islands (Spain) traditionally growth under low water conditions 

whose adaptation to drought has been studied recently (Galmes et al., 2011, 2013). The link 

between traits and yield in those studies has been investigated by comparing the changes induce 

by water shortage on drought-adapted and non-adapted varieties, with the limitation of not 

being able to prove casual relationship between changes and drought adaptation (Verslues and 

Juenger 2011). In summary, they conclude that a more efficient use of water by an earlier 

stomata closure and a higher production of drought tolerance molecules such as the 

overproduction of antioxidative enzymes, the increase on chlorophyll, the higher accumulation 

of free amino acids and carbohydrates, are good indicators of drought stress tolerance. 

1.6 Drought effect on the tomato-spider mite interaction  

As climate change will increase the co-occurrence of abiotic (drought) and biotic 

(herbivory) stresses, it is crucial to understand how plants react to both stresses together, 

something that is not yet well understood (Nguyen et al., 2016b). As already mentioned, the 

response to both stresses is regulated by phytohormones, the interaction between them is crucial 

for the final response of the plant (Fujita et al., 2006; Nguyen et al., 2016b; Verma et al., 2016). 
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In tomato, a synergistic effect between ABA and JA has been reported in the response to 

drought stress and herbivory (Muñoz-Espinosa et al., 2015; Nguyen et al., 2016a), the 

transcription factor MYC2 playing a key role in regulating the crosstalk between these two 

phytohormones (Kazan and Manners, 2013). In S. dulcamara, a species close to tomato, drought 

has been shown to increase the levels of JA and ABA, increasing resistance to the beet 

armyworm Spodoptera exigua (Nguyen 2016a) with a similar effect observed in tomato 

(English-Loeb et al., 1997). Interestingly, ABA-deficient tomato plants reduced the resistance 

to S. exigua but increased the SA linked defense response increasing the resistance to biotrophic 

pathogens (Thaler and Bostock, 2004). However, the interaction between biotic and abiotic 

stresses may not necessarily involve ABA. Thus, drought stress stimulates the resistance of 

tomato plants to pathogens, whereas exogenous ABA resulted in increased susceptibility 

(Achuo et al., 2006). It can be concluded that the effect of abiotic factors in plant–biotic 

interactions is complex and depends on the system studied. 

Drought has been historically advocated as a key factor for herbivore outbreaks 

(Mattson and Haack, 1987). However, experimental studies have shown that although some 

phytophagous arthropods benefit from drought-stressed plants, others are adversely affected 

(Huberty and Denno, 2004). Two main hypotheses have been proposed to explain the effect of 

drought-stressed plants on herbivores. The “Plant stress hypothesis” assumes that the increase 

in free sugars and amino acids induced by drought stress increases the plant nutritional value, 

improving as consequence herbivore performance (White, 1984, 2009). The “Plant Vigor 

Hypothesis” in contrast, states that the reduction in plant growth and the increase in some 

defense compounds induced by drought stress make the plant less suitable for herbivores (Inbar 

et al., 2001; Cornelissen et al., 2008). The resulting performance of phytophagous arthropods 

on drought-stressed plants will then depend on the balance of plant nutrients and defenses, 

which may vary from plant to plant, depending on the plant species and genotype and in 

response to the intensity and the mode of the imposition of stress (Huberty and Denno, 2004; 

White, 2009). For instance, different tomato cultivars and different drought stress levels have 

positive, negative or no-effect on the aphid Macrosiphum euphrobiae (Rivelli et al., 2013). 

Nevertheless, the consequences of water stressed plants are not equivalent for different feeding 

guilds, since in general they have positive responses for borers, negative responses for gall-

formers, and inconsistent responses for free-living species and leaf miners (Inbar et al., 2001; 

Huberty and Denno, 2004). Another important factor is the grade of specialization of the 
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herbivore, polyphagous species being expected to be more affected than specialists by drought-

mediated alterations in plant defenses (Gutbrodt et al., 2011). 

In the case of mites, drought stress has been reported to be positive, negative or to have 

no effect on their performance, depending on the mite species, the host plant and the stress level 

(Table 1.1).  

Drought stress triggers both the mobilization of plant nutritional compounds (Bauer et 

al., 1997) and the induction of plant defenses (English-Loeb et al., 1997; Inbar et al., 2001; 

Hayat et al 2008) in tomato. Both scenarios are then possible in the case of drought-mediated 

tomato-mite interactions. On one hand, a positive correlation has been reported between mite 

fecundity and the amino acid and sugar content on plants (Tulisalo, 1971; Dabrowski and 

Bielak, 1978; Wermelinger et al., 1991), supporting the “Plant stress hypothesis”. On the other 

hand, drought induces the accumulation of defense compounds like IPs, PPO and POD in 

tomato (English-Loeb et al., 1997; Inbar et al., 2001) that are detrimental for mites (Santamaria 

et al., 2012, 2015b), which is consistent with the “Plant Vigor Hypothesis”. The only study on 

tomato was performed with A. lycopersici, which increased its population and the damage it 

causes in the plant when irrigation was reduced (Gispert et al., 1989). However, no information 

is available on how tomato plant physiology is affected by the combined effects of both mites 

and drought stress and how these changes influence mite performance. 

Table 1.1 Effect of drought stress on mite performance on different plants.  It can be positive (+) 
negative (-) or have no effect (=) 

Mite Plant Stress level 
Effect on 

mites Reference 

T. urticae Alfalfa Severe - Butler, (1995) 
T. urticae Alfalfa Moderate - Butler, (1995) 
T. urticae Cotton Severe - Sadras et al., (1998) 
T. urticae Cucumber Severe - Gould, (1978) 
T. urticae Soybean Moderate - Mellors et al., (1984) 
T. urticae Bean Severe - English-Loeb, (1989) 
T. urticae Bean Moderate + English-Loeb, (1990) 
T. urticae Corn Moderate + Nansen et al., (2010) 
T. urticae Corn Severe + Nansen et al., (2010) 
T. urticae Pink Delight Moderate + Gillman (1999) 
T. urticae Peppermint Moderate + Hollingsworth and Berry (1982) 

T. pacificus Vineyards --- + Stavrinides et al., (2010) 
T. pacificus Almond tree Moderate + Youngman et al., (1988) 
T. pacificus Almond tree Severe = Youngman et al., (1988) 

A. lycopersici Tomato Moderate + Gispert et al., (1989) 
A. lycopersici Tomato Severe + Gispert et al., (1989) 
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1.7 Objectives and general outline. 

The general aim of this thesis is to investigate the effect of drought stress in tomato 

plants on the performance of three key mite pests. Wheter or not mild or moderate drought 

stress (simulating two deficit irrigation schedules) induces physiological changes in tomato 

plants, and if they have an effect on the mite’s behavior, development and physiology was 

investigated. Both water stress regimes were over the wilting point associated with severe 

drought stress. This information is essential to assess risks of mite outbreaks on tomato drought 

sensitive cultivars like Moneymaker and on drought-adapted tomato accessions under future 

deficit irrigation scenarios. Specifically, the horizontal objectives of this thesis are: 

 To evaluate the effect of drought stress on the biology of the phytophagous mite: 

Tetranychus urticae (tomato adapted and non-adapted), Tetranychus evansi, and 

Aculops lycopersici. 

 To measure the morphological, physiological and molecular changes induced by abiotic 

(drought) and biotic (mite infestation) stresses and the combination of both on tomato 

plants. 

 To measure the physiological response (i.e. digestive proteases and detoxification 

enzymes) of T. evansi and adapted and non-adapted T. urticae when feeding on drought 

stressed tomato plants. 

 To assess the plant-mediated effects of water deficit on the performance of T. evansi on 

tomato drought-adapted accessions 

Chapter 2 and 3 focus on the effect of mild and moderate drought stress on the tomato-

Tetranychid interaction. In Chapter 2, the performance of T. evansi on drought stressed tomato 

plant was studied, while in Chapter 3 it was analysed whether tomato adapted and non-adapted 

T. urticae strains perform equally when feeding on drought stressed plants. In both Chapters 

the changes in plant nutrients and defense compounds, as well as mite digestive proteases was 

estimated.  

Chapter 4 concentrates on how both drought stress and the Eryophid mite, A. 

lycopersici, modify tomato plant metabolism increasing mite performance. In this chapter, 

changes in nutrients as well as the different layers of defense (phytohormones, genes and 

protein) were investigated.  The mite´s digestive physiology was not determined due to the 

difficulty in collecting mite samples. 
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Finally, in Chapter 5, the performance of T. evansi on four accessions of drought-

adapted “Tomàtiga de Ramellet” tomatoes was studied. The differential response of these 

accessions to drought stress was analyzed to ascertain the differences in mite performance 

between accessions.  
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DROUGHT-STRESSED TOMATO PLANTS TRIGGER 
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2.1 Introduction 

Agricultural production faces the challenge to produce more food while constrained by 

a number of biotic and abiotic factors. Climate change is predicted to produce an increase in 

temperature and drought events in the next decades, especially in the mid-continental and 

Mediterranean climate areas where they are expected to be more frequent and intense (IPCC, 

2013). Drought is by far the leading environmental stress in agriculture that limits the global 

productivity of major crops by directly reducing plant potential yield (Mishra et al., 2012), but 

also by indirectly influencing their interactions with biotic factors, as a consequence, playing a 

critical role on the world´s food security.  

Drought stress has been historically advocated as one key factor for herbivorous 

outbreaks (Mattson and Haack, 1987; English-Loeb, 1990). Yet, the relationship between 

arthropod outbreaks and drought is not consistent, depending on the timing, intensity and water 

stress phenology (Huberty and Denno, 2004) and on the feeding guild that the herbivore belongs 

to (Inbar et al., 2001). It is widely accepted that drought stress triggers significant alterations in 

plant biochemistry and metabolism (Hummel et al., 2010) that may alter the physiology of the 

host plant and modify the nutritional values, affecting herbivore performance (Han et al., 2014). 

There are several hypotheses concerning the response of the plant to drought stress and how 

herbivores adapt to those changes (Huberty and Denno, 2004; Cornelissen et al., 2008; White, 

2009). Drought induces metabolic changes in the plant, such as increased levels of free sugars 

and free essential amino acids, which according to the “Plant stress hypothesis” causes the plant 

to have a higher nutritional value for herbivores (White, 1984; Inbar et al., 2001; White, 2009), 

and can play an important role in herbivore outbreaks (Guo et al., 2013; Johnson et al., 2014). 

In contrast, drought is also associated with a reduction in growth and an increase in defense 

compounds making the plant less suitable for herbivores according to the “Plant Vigor 

Hypothesis” (Cornelissen et al., 2008). The resulting performance of phytophagous arthropods 

on drought-stressed plants will then depends on the access they have to an optimal balance of 

nutrients in the plant according to their feeding habit (Huberty and Denno, 2004), and their 

adaptation to plant defense compounds according to their grade of specialization (Gutbrodt, 

2011).  

Climate change is expected to increase the incidence of water shortage in semi-arid 

environments. Then, deficit irrigation scheduling, yielding mild and moderate drought, might 

help to improve the efficiency with which water is used in major crops, such as tomato, widely 

cultivated in semi-arid regions. The tomato agro-ecosystem is threatened by a few major key 
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pests, such as spider mites, and many minor or secondary pests (Lange and Bronson, 1981). 

The red tomato spider mite, Tetranychus evansi Baker & Pritchard was first recorded in Brazil, 

and has emerged as a serious invasive agricultural pest in invaded areas such as Africa and 

Europe (Meynard et al., 2013). In last decade, it has been considered one of the most important 

pests of solanaceous crops in Africa, causing high yield losses in tomato in some African 

regions (Saunyama and Knapp, 2003). This species has been reported as highly tolerant to hot 

and dry conditions. As a result of climate change, the Mediterranean basin is the most 

threatened area for the potential spread of T. evansi (Navajas et al., 2013). In fact, outbreaks 

have been recorded in Europe, particularly around the Mediterranean basin where T. evansi has 

spread significantly in the last decades (Navajas et al., 2013). The high invasive potential of T. 

evansi and the severity of damage have prompted its addition to the alert list of the European 

and Mediterranean Plant Protection Organization (EPPO, 2004).  

When feeding on tomato leaves, T. evansi was found to suppress anti-mite plant 

defenses by down-regulating the expression of genes involved in the regulation of secondary 

metabolites and defense proteins, increasing the fitness of these mites in the absence of 

competitors (Sarmento et al., 2011; Alba et al, 2015). However, water deficit stress in tomato 

plants had been reported to increase some of these plant defenses, such as protease inhibitors 

and the oxidative enzymes polyphenol oxidases and peroxidases (English-Loeb et al., 1997; 

Inbar et al., 2001; Ripoll et al., 2014). On the other hand, water deficit stress can elicit 

accumulations of nutrients in tomato plants. Among such nutrients, free amino acids, which are 

known to be instrumental in the maintenance of host plant osmotic balance, and free sugars are 

usually detected at elevated levels, and can therefore contribute to improve mite performance 

(Showler, 2013). Moreover, free proline, a non-essential amino acid for arthropods that 

accumulates in most drought stressed plants, has been reported to be a feeding stimulant for 

many phytophagous species (Mattson and Hack, 1987). However, there is little information on 

the combined effects of both biotic (mites) and abiotic (drought) stress on the tomato plant 

physiology and on how these changes influence T. evansi performance. 

This study represents an attempt to establish if mild or moderate drought stress 

(simulating two scenarios of deficit irrigation) induces physiological changes (i.e. nutritional 

values and chemical defenses) in tomato plants, and if they have an effect on T. evansi behavior, 

development and physiology. This holistic approach provides insight into the bottom-up effects 

that may influence mite performance on drought-stressed tomato plants and the implications 
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for outbreak risks of T. evansi, which might strongly affect tomato production on area-wide 

scales. 

2.2 Materials and Methods 

2.2.1 Plant material and mite rearing 

A colony of T. evansi collected in Beausoleil (South of France) was provided by Dr. 

Maria Navajas (CBGP, France). Mites were maintained on detached tomato leaves (Solanum 

lycopersicum L., cv. Moneymaker) placed in ventilated plastic cages (22x30x15 cm) for about 

30 generations. The petiole of the leaves was in contact with a thin layer of water in the bottom 

of the cages to avoid mites escaping and to maintain leaf turgor. Tomato plants were grown 

from seeds in 40 well trays. Plants with 3 expanded leaves were transferred to 2.5 liter pots 

(diameter: 16 cm, height: 15 cm) (Maceflor, Valencia, Spain) filled with 600 g of Universal 

growing medium `Compo sana´ (Compo GmbH, Münster, Germany) and watered to saturation. 

The mite colony and the tomato plants were maintained on a climate room at 25°C±1°C, 50±5% 

relative humidity and a 16 h light/8 h dark photoperiod.  

2.2.2 Drought stress regime and experimental design 

Water stress status of single tomato plants was quantified gravimetrically by frequent 

recording of pot weights (balance BSH 6000, PCE Iberica, Tobarra, Spain), and transpired 

water was replaced by intermittently watering them such that soil water content was maintained 

within a narrow range (Figure 2.1). Measurements of soil water status was determined by using 

two parameters: percentage of saturation weight [SW = 1-((weight of 100% water saturated 

soil−soil weight)/ weight of 100% water saturated soil)]; and the volumetric soil water content 

[Ɵ = (soil weight −soil dry weight)/(H2O density*soil volume); soil dry weight was determined 

by drying 600 g of soil in a stove at 70°C for 3 days]. Tomato plants with 4–5 expanded leaves 

were watered every 2–3 days to maintain the SW in the range of 80–95% (corresponding to Ɵ 

between 55–74%) for the control plants. We imposed two water stress regimes, defined as mild 

and moderate, by stopping irrigation for 4 or 7 days, respectively, and thereafter watering every 

2–3 days to maintain the SW in the range of 60–73% (Ɵ = 36–50%) for mild stress and between 

45–53% (Ɵ = 16–36%) for the moderate stress (Figure 2.1). Both water stress regimes were 

above the wilting point associated with severe drought stress (Fitter and Hay, 2002) that was 

established at 40% of SW for Moneymaker in our experimental conditions.  
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Mild and moderate stressed plants were coupled with well-watered (control) plants in 

two independent experiments. In each experiment, plants were divided into eight different 

groups combining two different treatments: Drought stress (control or drought) and T. evansi 

infestation (infested or non-infested); and two sampling times (4 or 10 days post infestation = 

dpi). Spider mite performance and leaf damage were assessed in both mild and moderate 

drought stress experiments. Chemical and biochemical analysis of plant material was only 

performed for moderate drought stress (the utmost applied). 

Tomato plants (6–7 expanded leaves) were infested when steady stress conditions were 

reached (Figure 2.1) by placing 8 spider mite females on each of the two leaflets next to the 

apical one of the leaves 3, 4 and 5 (48 mites per plant). Mites were collected from the laboratory 

colony using a vacuum pump D-95 (Dinko S.A., Barcelona, Spain) with a sucking power of 

10–50 mmHg connected to a modified Eppendorf. All plants were confined with a ventilated 

metacrylate cylinder fitting the pot diameter and set up in a climate chamber in a complete 

randomized block design. Temperature and humidity inside the cylinders were recorded by 

introducing USB dataloggers Log 32 (Dostmann electronic GmbH, Wertheim, Germany), on 

average the relative humidity was 76±2% inside the well-watered cylinders, and 73±2%, and 

Figure 2.1 Water stress status (well-watered, mild and moderate drought) of tomato plant. 
Drought induction was started 7 days before mite infestation and was continued until the end 
of the experiment [10 days post infestation (dpi)]. It is expressed as percentages of saturation 
weight (SW) and volumetric soil water content (Ɵ). The turgor loss point was established as 
40% of SW. 
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56±2% for mild and moderate drought conditions, respectively. The average temperature was 

24±1°C in all cases. 

The stress intensity of all plants at infestation and at each sampling time (4 or 10 dpi) 

was assessed by measuring: a) stomatal conductance (gs) and b) variations in maximum 

quantum yield of photosystem II photochemistry (Fv/Fm), as they are reported to be good 

drought indicators (Verslues et al., 2006; Mishra et al., 2012). Between sampling times, the 

stress status was not recorded to avoid mite disturbance. Stomatal conductance was measured 

using a leaf porometer (SC-1 Decagon-T, Pullman, USA) and the Fv/Fm was estimated using 

a FluorPen FP 100 (PSI, Drasov, Czech Republic). Both parameters were measured on the 4th 

leaf, as preliminary experiments showed that it is representative of the plant status. Plant growth 

was estimated by measuring the stem length (distance between the soil and the terminal bud) 

and by weighting the aerial part of the plant (transformed to dry weight by using the water 

content data calculated as referred to below). 

2.2.3 Performance of T. evansi and leaf damage 

The performance of T. evansi was determined by estimating mite population growth at 

4 and 10 dpi. At each time, 15 infested plants per treatment were analyzed in the moderate stress 

experiment, and 9 infested plants per treatment in the mild stress one. All leaves were detached 

from the plant, and the number of eggs and mobile mite stages (larvae, nymphs and adults) were 

counted under a stereomicroscope M125 (Leica Mycrosystem, Wetzlar, Germany). To 

determine the leaf damage area (mm2 of chlorotic lesions), damaged leaflets were scanned 

using hp scanjet (HP Scanjet 5590 Digital Flatbed Scanner series, USA). The scanned leaflets 

were analyzed by the program GIMP 2.8 (www.gimp.org), for which we created a new layer, 

and the damaged area was painted in black color, then the number of pixels in black was 

counted using the histogram-tool. Finally, the number of pixels was transformed to mm2 using 

a scanned ruler as a reference. 

2.2.4 Chemical and biochemical analysis of tomato plant material 

Leaves from control and drought stress plants were collected and analyzed (6 

plants/treatment). The collection was as follows: a) the left leaflets from leaves 3, 4 and 5 were 

collected together and frozen at -72°C; ground using a mortar and pestle in the presence of 

liquid nitrogen to a fine powder and stored for free amino acids, protein, protease inhibitors and 

oxidative enzymes analysis; and b) the right leaflets from the same leaves were collected 

together, dried in an oven at 70°C for 3 days, weighed before and after drying to assess the 
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percentage of water and ground using a mortar and pestle to obtain a fine powder and stored 

for C, N and free sugar analysis. Unless otherwise specified, all chemical compounds used here 

and in the mite enzymatic activities assay were from Sigma-Aldricht (St Luis, USA).  

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

determine total nitrogen and carbon concentration at the Elemental Microelement Center of 

Complutense University (Madrid, Spain) by using a microelement analyzer LECO CHNS-932 

(LECO, St Joseph, MI, USA). 

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

ethanol 95% (v/v), heated at 80°C for 20 min, centrifuged at 10000 rpm for 10 min, and the 

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

pooled. A volume of 750 μl of the mixture was dried on a SpeedVac Concentrator Savant SVC-

100H (ThermoFisher scientific, Willmington, DE, USA) and redissolved in 500 μl of water. 

Soluble carbohydrate concentration was estimated by the anthrone method (Maness, 2010) 

using glucose as standard. In brief, 1 ml of anthrone reagent (0.2% v/v anthrone on 95% sulfuric 

acid) was added to the extract, heated at 90°C for 15 min, and the absorbance at 630 nm was 

measured using a VERSAmax microplate reader (Molecular Devices Corp., Sunnyvale, USA). 

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

(Hacham et al., 2002). Samples of 50 mg of leaf frozen powder were homogenized with 600 μl 

of water:chloroform: methanol (3:5:12 v/v/v). After centrifugation at 12000 rpm for 2 min, the 

supernatant was collected and the residue was re-extracted with 600 μl of the same mixture, 

pooling the two supernatants. A mixture of 300 μl of chloroform and 450 μl of water was added 

to the supernatants, and after centrifugation the upper water:methanol phase was collected and 

dried in a SpeedVac. The samples were dissolved on 100 μl of sodium citrate loading buffer 

pH 2.2 (Biochrom, USA) and 10 μl were injected on a Biochrom 30 Amino Acid Analyser 

(Biochrom, USA) at the Protein Chemistry Service at CIB (CSIC, Madrid, Spain). 

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

μl of 0.15 M NaCl, ground with fine sand (Sigma, USA) in 1.5 ml tubes, the supernatant was 

frozen and stored at -20°C. The homogenate was centrifuged at 12000 rpm for 5 min at 4°C, 

and the total protein concentration was quantified using a Nanodrop 1000 spectophotometer 

(ThermoFisher scientific, Willmington, USA) with an absorbance ratio of A260/A280. 

Protease inhibitors. The inhibitory activity of plant protein extracts was tested in vitro 

against commercial enzymes: papain (EC 3.4.22.2), cathepsin B from bovine spleen (EC 
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3.4.22.1), trypsin from bovine pancreas (EC 3.4.21.4) and α-chymotrypsin from bovine 

pancreas (EC 3.4.21.1). As substrates, Z-FR-AMC (N-carbobenzoxyloxy-Phe-Arg-7-amido 4-

methylcoumarin) was used for papain, Z-RR-AMC (N-carbobenzoxyloxy-Arg-Arg-7-amido-

4-methylcoumarin) for cathepsin B, Z-LA-AMC (Z-L-Arg-7-amido-4-methylcoumarin) for 

trypsin and SucAAPF-AMC (Suc-Ala-Ala-Pro-Phe-7-amido-4-methylcoumarin) for 

chymotrypsin, all of them purchased from Calbiochem (MerkMilipore, Billerica, USA). 

Samples of 20 μg of plant protein extracts were preincubated for 10 min with 100 ng of the 

commercial enzyme. The incubation was carried out at 28°C in 100 mM sodium phosphate 

buffer pH 6.0 (10 mM L-cysteine, 10 mM EDTA, 0.01% (v/v) Brij 35) for the papain and 

cathepsin B assays and at 35°C in 0.1 M Tris-HCl buffer, pH 7.5, for the trypsin and 

chymotrypsin assays. Subsequently, the substrates were added at a final concentration of 0.2 M 

and incubated for 1 h at 28°C or 35°C depending on the enzyme. Fluorescence was measured 

using an excitation filter of 350 nm and an emission filter of 465 nm (Tecan GeniusPro, 

Mannedorf, Switzerland). Double blanks were used to account for spontaneous breakdown of 

substrates and the plant protease activity, and all assays were done in duplicate. Results were 

expressed as a percentage of protease activity inhibited. 

Oxidative enzymes. Samples of 100 mg of leaf frozen powder were ground in a 1.5 ml 

tube with sand and 500 μl of extraction buffer (0.1 M phosphate buffer, pH 7.0; 5% w:v 

polyvinylpolypyrrolidine). The homogenate was centrifuged at 12000 rpm for 10 min and the 

supernatant was collected and frozen until used. Polyphenol oxidase (PPO) activity was 

analyzed by incubating 20 μl of enzyme extract with cathecol (40 mM final concentration) in 

160 μl of TrisHCl pH 8.5 buffer at 30°C for 1 h. Absorbance was read at 420 nm. Peroxidase 

(POD) activity was determined incubating 20 μl of a 1:10 dilution of the enzyme extract with 

guaiacol (5 mM final concentration) and H2O2 (2.5 mM final concentration) in 150 μl of 

potassium phosphate pH 6 buffer at 30°C for 10 min. Absorbance was read at 470 nm. In both 

cases, a Varioskan Flash reader (ThermoFisher Scientific, Willmington, USA) was used. 

Mite enzymatic activities. To analyze the effect of tomato drought-stressed plants on 

mite enzymatic activities an additional experiment was performed. Control and drought-

stressed plants (6–7 leaves) were inoculated with 200 mites using the pump system previously 

described (6 replicates per treatment). Mites were collected at 10 dpi and frozen in liquid 

nitrogen. Mite protein extracts were obtained by homogenizing 1 mg of mites in 100 μl of 

0.15M NaCl, centrifuged at 12000 rpm for 5 min and collecting the supernatant. Total protein 

content was determined according to the method of Bradford (1976). 
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Cathepsin B-, cathepsin L- and legumain-like activities were assayed as described by 

(Santamaria et al., 2015a), using Z-RR-AMC, Z-FR-AMC (Calbiochem, USA) and Z-VAN-

AMC (N-carbobenzoxyloxyVal-Ala-Asn-7-amido-4-methylcoumarin) (Bachem, Bubendorf, 

Switzerland) as substrates, respectively. The assays were performed by incubating 10 μl of mite 

protein extracts with 85 μl of 100 mM sodium citrate buffer (0.15 M NaCl, 1 mM DTT, pH 5.5 

for cathepsin L- and B-like activities and pH 4.5 for legumain-like assay, containing 0.2 M of 

substrate) at 30°C for 15 min. Fluorescence was measured using an excitation filter of 350 nm 

and an emission filter of 465 nm on a Varioskan Flash reader (ThermoFisher Scientific, 

Willington, USA). A calibration curve was obtained with known amounts of AMC (7-amino-

4-methylcoumarin) (Bachem, Swizerland). 

 Cathepsin D-like activity was determined using MocAc-GKPILFFRLK(Dnp)-D-R NH2 

(PeptaNova GmbH, Germany) as substrate The assays were performed incubating 5 μl of the 

mite protein extract with 85 μl of 100 mM sodium citrate buffer (0.15 M NaCl, 1 mM DTT, 10 

μM E-64, pH 3.5, containing 20 μM substrate) at 30°C for 15 min. Fluorescence was measured 

using an excitation filter of 328 nm and an emission filter of 393 nm on a VarioskanFlash reader 

(ThermoFisher Scientific, Willington, USA), and MCA (MoCAC-Pro-Leu-Gly) (Peptanova 

GmbH, Germany) was used as standard. 

Leucine aminopeptidase-like activity was determined using LpNa (L-leucine p-

nitroanilide) as substrate. Samples of 10 μl of mite extracts were incubated with 160 μl of 1 

mM LpNa in 0.1 M Tris-HCl buffer (0.15 M NaCl, 5 mM MgCl2, pH 7.5) at 30°C for 4 h. The 

reaction was stopped with 100 μl of 30% acetic acid and the absorbance was measured at 410 

nm, using a molar extinction coefficient of 8800 M-1 cm-1 for LpNa. 

α-Amylase activity was determined using starch as a substrate as described by Valencia 

et al. (2000). Samples of 20 μl of mite extract were incubated with 80 μl of 0.1 M Tris-HCl 

buffer (40 mM CaCl2, 20 mM NaCl, pH 6.0) and 100 μl of 0.5% starch solution, at 30°C for 4 

h. The reaction was stopped by adding 1 ml of lugol solution (0.02% I2; 0.2% KI). The mixture 

was centrifuged at 6000 rpm for 5 min and the supernatant’s absorbance was measured at 580 

nm. A starch standard curve was used as a reference. 

Esterase activity was determined using 1-naphthyl acetate (1-NA) as a substrate. 

Samples of 10 μl of a dilution 1/40 of the mite protein extract were incubated with 160 μl of 

0.25 mM 1-NA in 0.1 M Tris-HCl buffer (0.15 M NaCl, 5 mM MgCl2 pH 7.0) for 1 h at 30°C. 

The reaction was stopped by adding 80 μl of a solution (0.04% (w/v) of Fast blue salt BN 
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(tetrazotized) and 1.5% (w/v) SDS) and incubating at room temperature for 1 h. A standard 

curve of 1-naphthol was used as a reference. Absorbance was measured at 600 nm. 

Glutathione S-transferase (GST) activity was determined incubating 40 μl of mite 

protein extract with 220 μl of 0.1 M Tris-HCl buffer (pH 8.0), containing 0.4 mM CDNB (1-

chloro- 2,4-dinitrobenzene) as substrate and 5 mM reduced glutathione as cofactor for 15 min 

at 30°C. The increment in absorbance at 340 nm was recorded every minute for 5 min, using a 

molar extinction coefficient of 9.6 mM–1 cm–1 for conjugated CDNB. 

P450 activity was assayed by incubating 60 μl of mite protein extract with 120 μl of 100 

mM Tris-HCl buffer, (pH 7.0; containing the NADPH generating system [0.5 mM NADP, 2.5 

mM glucose 6-phosphate and 0.3 units of glucose 6-phosphate dehydrogenase]) and 20 μl of a 

50 μM cytochrome c solution at 30°C for 4 h. The reaction was stopped with 100 μl of methanol 

and the absorbance measured at 550 nm, using a molar extinction coefficient of 27.6 mM-1 cm-

1 for cytochrome c reduced. 

Hydrolytic activities were expressed as nmol of substrate hydrolyzed per min and mg 

of mite protein, GST activity as nmol of CDNB conjugated per min and mg of protein and P450 

activity as nmol of cytochrome c reduced per min and mg of protein. 

2.2.5 Proline feeding stimulant test 

Assays were performed in plastic Petri dishes (30x90 mm), coated in their bottom half 

with about 30 ml of a 0.625% agar solution to prevent leaf desiccation. The Petri dishes had a 

hole in the top, and were covered with filter paper to allow ventilation and to prevent the escape 

of mites. Tomato leaf disks (3.14 cm2) were cut from well-watered tomato plants with a 

corkborer (Ø: 2 cm) and weighed. The abaxial and the adaxial surfaces of the leaf disks were 

dispensed with 25 μl of an ethanol solution of L-proline (Sigma, St Louis, USA) or ethanol 

alone for the control, and allowed to dry before mite inoculation. Concentrations were chosen 

to simulate the L-proline induced by both drought and T evansi infestation on tomato plants at 

4 and 10 dpi (see Section 2.4), corresponding to 0.070 mg and 0.202 mg of L-proline/g of fresh 

leaf weight, respectively. Twenty T. evansi adult females from the colony, replicated ten times, 

were placed on each leaf disk (one per plate), being the number of eggs laid and the leaf 

damaged area recorded after 48 h. All Petri dishes were kept in a growth chamber (Sanyo MLR-

350-H, Sanyo, Japan) at 25°C±1°C, 70±5% relative humidity and a 16 h light/8 h dark 

photoperiod. 
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2.2.6 Statistical analysis 

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

and heteroscedasticity, and transformed if necessary. Stem length and stomatal conductance 

were log10(x) transformed, Fv/Fm was log10(x+1) transformed; and these two parameters and 

stem dry weight data were statistically analyzed using a three-way ANOVA (using as fixed 

factors drought treatment, T. evansi infestation and time). The number of T. evansi eggs and 

mobile forms and leaf damage area were log10(x) transformed and analyzed by a two way 

ANOVA (drought treatment, time). For stem length, plant aerial dry weight, stomatal 

conductance, Fv/Fm, mite population and leaf damage a Bonferroni post hoc test was performed 

to compare drought-stress treatments within each time. Percentage of nitrogen, protein, free 

amino acids and free sugars, as well as C:N ratio and protease inhibition were 

arcsin(squareroot(x)) transformed. These data and the oxidative enzyme activities were 

analyzed using a two-way ANOVA for each time separately using as fixed factors drought 

treatment and T. evansi infestation. A Newman-Keuls post hoc test was performed to see 

differences between treatments mean. A Dunnet post hoc test was performed for every single 

amino acid data at 10 dpi, using as reference the control non-infested plant. Spider mite 

enzymatic activity data were analysed by a t-student test. For the proline feeding assay, data 

were log10(x) transformed and analysed by one-way ANOVA using proline concentration as a 

factor. A Bonferroni post hoc test was performed to determine the difference between 

treatments. 

2.3 Results 

2.3.1 Effects of drought on tomato plant growth, stomatal conductance and 
photosynthetic efficiency 

 Data from both infested and non-infested plants were pooled as no significant 

differences were found between them (data not shown). Moderate drought stress had a strong 

effect on stomatal conductance, which was significantly reduced between 4 and 5 times with 

respect to the control plants at 4 and 10 dpi (Figure 2.2a). The Fv/Fm of moderate drought stress 

plants was also significantly smaller than the control at infestation and at 10 dpi (Figure 2.2b). 

Similar effects, but less pronounced were obtained with mild stressed plants, with the stomatal 

conductance progressively reduced from about 20% less than in control plants at mite 

infestation to about half at 10 dpi, whereas Fv/Fm was only significantly lower at 10 dpi (Figure 

S2.1). Significant differences in the growing pattern (aerial dry weight and/or stem length) were 
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obtained at 10 dpi for both drought levels (Figure 2.2c, 2.2d and S2.1), with the reductions more 

acute for moderate stressed plants. 

 

Figure 2.2 Effect of moderate drought at mite infestation and at 4 and 10 days post infestation 
(dpi) on: a) tomato stomatal conductance (gs); b) maximum quantum yield of PSII photochemistry 
(Fv/Fm); c) stem length; d) plant aerial dry weight. Data are mean ± SE. * indicates a statistically 
significant difference within each time (Three-way ANOVA, Bonferroni post hoc test, P<0.05). 

 



CHAPTER 2 │ Drought Effect on Tetranychus Evansi 

40 
 

2.3.2 Effect of drought on T. evansi population growth and leaf damage 

The population of T. evansi increased faster when feeding on both moderate and mild 

drought-stressed plants than on control tomato plants (Figure 2.3). The number of eggs laid 

under moderate stress was significantly higher at 4 (2 fold) and 10 dpi (1.6 fold) than on control 

plants (Figure 2.3a). No differences on mobile forms were observed at 4 dpi, as these 

individuals correspond to the surviving adult females (F0) that were used to infest the plant 

Figure 2.3 Performance of T. evansi in the moderate (a,b&c) and mild (d,e,f) drought stress 
experiments. The number of eggs (a&d), total mobile forms (b&e) and leaf damaged area (c&f) on 
control and drought stressed (mild or moderate) tomato plants at 4 and 10 days post infestation (dpi) 
were measured. Data are mean ±SE. * indicates a statistically significant difference within each time 
(Two-way ANOVA, Bonferroni post hoc test, P<0.05).  
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(Figure 2.3b). However, a significant increase (2.1 fold) was observed at 10 dpi, with most of 

these individuals resulting from the F1 progeny. Interestingly, the leaf damage area was 1.3 and 

1.6 times significantly larger than on controls at both 4 dpi and 10 dpi, respectively (Figure 

2.3c). When mites were reared on mild drought-stressed tomato plants, significant increases in 

eggs laid (Figure 2.3d), mobile forms (Figure 2.3e) and leaf damage area (Figure 2.3f) were 

also recorded. 

2.3.3 Effects of drought and T. evansi on plant nutritional composition and 
defense proteins 

Differences in the levels of nutrients in the plants were found at 4 and 10 dpi, with 

drought stress the most significant factor (Table 2.1). At 4 dpi, drought, mite infestation and the 

combination of both factors produced a significant decrease in nitrogen and an increase of free 

sugars. Total protein was also reduced by drought at 4 dpi, but the difference was only 

significant in infested plants. At 10 dpi, a decrease in nitrogen and total protein, and an increase 

in free sugars were obtained with drought alone or in combination with mite infestation. 

Drought was also a significant factor for total free amino acids at 10 dpi, although no significant 

differences among treatments were found (Table 2.1). However, it could be demonstrated that 

drought drives the accumulation of specific amino acids (Figure 2.4). Proline was the amino 

Table 2.1 Effect of moderate drought and T. evansi infestation on key nutrients in tomato 
leaves at 4 and 10 days post infestation. 

 

Non-infested  Infested ANOVA 
(p<0.05) Control    Drought   Control   Drought 

4 Days Post Infestation                   

Nitrogen1 6.7±0.1 a 5.7±0.2 b  5.8±0.2 b 5.7±0.1 b D;I; D*I 

Protein1  31±2 ab 26±3 b 35±2 a 25±2 b D 

Free aa1 1.0±0.2   1.2±0.2     1.0±0.1   1.1±0.2   - 

C:N 5.9±0.1  6.4±0.2   6.5±0.3  6.3±0.2  - 

Free Sugars1 3.3±0.1 b 3.9±0.3 a   4.2±0.1 a 4.3±0.2 a I 
 
10 Days Post Infestation                 

Nitrogen1 6.3±0.2 a 5.7±0.1 b  5.9±0.2 ab 5.3±0.1 b D 

Protein1 40±5 a 19±4 b   27±6 ab 15±2 b D 

Total free aa1  0.9±0.2   1.7±0.3     1.2±0.3   1.8±0.4   D 

C:N 6.3±0.1  6.4±0.1   6.1±0.2  6.6±0.2  - 

Free Sugars1  3.2±0.2 c 4.8±0.3 a   3.7±0.1 cb 4.3±0.3 ab D;D*I 
(1) Data, as % of dry weight, are mean ± SE. D (drought) and I (mite infestation) indicate significant factors in 
the Two-Way ANOVA. Different lower case letters within rows indicates significant differences (Newman-
Keuls test at p<0.05) 
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acid more clearly induced by drought, increasing significantly by > 20 fold by drought alone or 

in combination with mite infestation (Figure 2.4). The levels of several essential (valine, 

isoleucine, leucine, tyrosine, histidine) and non-essential (glutamine) amino acids were also 

significantly induced by drought in combination with mites (Figure 2.4). The infestation by T. 

evansi did not have significant effects on any of the amino acids analyzed at 10 dpi. 

Tomato plant defense proteins were also affected by drought stress and mite infestation, 

but different responses were obtained depending on the post-infestation time (Table 2.2). At 4 

dpi, the inhibitory activity of tomato leaf extracts against papain was reduced by mite infestation 

under both drought and control conditions, whereas the inhibitory activity against chymotrypsin 

was reduced by drought conditions on non-infested plants. By contrast, the inhibitory activity 

Figure 2.4 Levels of free amino acids in tomato leaves subjected to moderate drought stress and 
T. evansi infestation at 10 days post infestation (dpi). Data represent the ratio ± SE of the different 
treatments with respect to non-infested control plants at 10 dpi. = [(Treatment – Control 10dpi) / Control 
10dpi]. The division between essential and nonessential amino acids is based on a study with the closely 
related species Tetranychus urticae (Rodriguez and Hampton, 1966). * Indicates significant difference 
of the treatment with the control determined by Dunnet post hoc test p<0.05. 
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of tomato leaf extracts at 10 dpi was enhanced against papain and cathepsin B as a response to 

both drought and mite infestation, whereas the inhibitory activity against trypsin increased in 

response to drought. The specific activity of the oxidative enzymes PPO and POD was 

significantly increased in response to mite infestation, drought stress and a combination of both 

at 4 dpi, but only in response to mite infestation at 10 dpi 

2.3.4 Enzymatic activities of T. evansi fed on drought-stressed and well-watered 
tomato plants 

Hydrolytic and detoxification enzyme activities in T. evansi were analyzed after feeding 

for 10 days on moderate drought-stressed or control tomato plants (Table 2.3). A significant 

increase in total mite protein and a reduction in the specific activity of cathepsin D- and 

legumain-like proteases and of α-amylase were observed in mites fed on tomato plants exposed 

to drought stress. The activity of the other digestive proteases (cathepsin B- and L-like and 

Table 2.2 Effect of moderate drought and T. evansi infestation on plant defense proteins 
in tomato leaves at 4 and 10 days post infestation  

 

Non-infested  Infested ANOVA 

Control Drought          Control Drought    (p<0.05) 

4 Days Post Infestation 

Protease inhibitors (% Inhibition) 
Papain 48±2 ab 64±2 a  31±5 c 45±5 b D;I 
Cathepsin B 

49±3  62±6   63±8  66±4  - 
Trypsin 40±8  44±2   49±8  43±2  - 
 Chymotrypsin 61±7 a  45±6 b   64±2 a 63±4 a I 
Oxidative enzymes  (specific activity)  

Polyphenol oxidases1 1.1±0.1 b 2.1±0.1 a  2.5±0.2 a 2.6±0.3 a D;I;D*I 
Peroxidases2 2.7±0.2 b 5±0.5 a  6.8±1.1 a 5.1±0.2 a I; D*I 

10 Days Post Infestation 

Protease inhibitors (%Inhibition)   
Papain 57±3 c 81±3 a  71±4 b 86±3 a D;I 
Cathepsin B 40±5 c 60±7 b  63±6 b 83±5 a D;I 
Trypsin 37±3 ab 54±4 a  31±8 b 52±5 a D 
 Chymotrypsin 69±4   65±6     74±6   77±4   - 

Oxidative enzymes (specific activity)  

Polyphenol oxidases1 2.2±0.1 b 2.5±0.4 b  3.7±0.5 a 3±0.4 ab I 
Peroxidases2 4.3±0.5 b 4±0.5 b  8.1±0.9 a 5.8±0.6 b D; I 

(1) PPO: nmol hydrolyzed Cathecol/ mg Protein*min (2) POD: nmol hydrolyzed Guaiacol/ mg Protein*min. 
Data are mean ± SE. D (drought) and I (mite infestation) indicate significant factors in the Two-Way ANOVA. 
Different lower case letters within rows indicates significant differences (Newman-Keuls test at p<0.05). 
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aminopeptidase) and detoxification enzymes (esterase, GST and P450) analysed were not 

affected by the drought status of the plant on which they fed.  

 

 

 

 

 

 

 

 

 

Table 2.3 Enzymatic activities in T. evansi feeding on moderate 
drought-stressed or control tomato plants for 10 days  

  Control Drought-stressed 

Protein1                                                55±2 69±5* 
Digestive enzymes (specific activity)   
Cathepsin B2                                                                        7.8±1.0 8.7±1.1 
Cathepsin L2                                                                       1.9±0.2 1.8±0.2 
Cathepsin D2                                                                       13±2 5.5±0.4* 
Legumain 2                                                                        0.29±0.03  0.20±0.02* 
Aminopeptidase2                                                        23±3 24±3 
α-Amylase2                                                                                162±7 130±8* 
Detoxification enzymes  
Esterase2 1774±146 1397±216 
GST3 197±30 179±17 
P4504 0.2±0.02 0.2±0.01 
Data are mean ± SE. * indicates statistically significant difference 
 between treatments   (t-student, p<0.05). 
(1) µg/mg fresh weight    
(2) nmol substrate hydrolyzed per min and mg of protein  
(3) nmol CDNB conjugated per min and mg of protein 
(4) nmol cytochrome c reduced per min and mg of protein.   

 

Fig 2.5 Performance of T. evansi with regard to the number of eggs laid (a) and leaf 
damaged area (b), on leaf disks treated with L-proline. Concentrations applied are equivalent 
to that estimated on drought-stressed tomato plants at 4 and 10 days post infestation. Data are 
mean ±SE. Different letters indicate significant differences (One-way ANOVA, Bonferroni post 
hoc test, P<0.05). 
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2.3.5 Proline feeding stimulant assay 

The proline feeding stimulant assay showed a significant increase in eggs laid (2.5 fold) 

and leaf damage area (1.8 fold) on leaf disk treated with L-proline at the highest concentration 

tested (equivalent to that estimated for drought- and mite-stressed tomato plants at 10 dpi). In 

contrast, the effect was not significant when disks were treated with a concentration of proline 

equivalent to that estimated for drought- and mite-stressed tomato plants at 4 dpi (Figure 2.5). 

This result suggests a phagostimulant effect on T. evansi at the highest concentration of proline 

tested. 

2.4 Discussion  

 Under a climate change scenario, invasive mite species, such as T. evansi, raise further 

concerns because they might expand to new geographical areas (Migeon et al., 2009) and have 

more generations per year, causing severe damage on tomato (Azandémè-Hounmalon et al., 

2014). Our data revealed that mild and moderate drought stressed tomato plants trigger bottom-

up effects on T. evansi, with these plants physiologically more suitable for mite development. 

Mite performance was enhanced on both mild and moderate drought-stressed tomato plants, as 

revealed by a significant increase in the number of eggs laid and of mobile forms, resulting in 

more leaf damage. It has been reported that plants under drought stress mobilize proteins into 

amino acids and carbohydrates into free sugars for osmotic adjustments (Hummel et al., 2010). 

We have found that both drought and T. evansi damage triggered the decline of foliar soluble 

protein and total nitrogen content, suggesting that mites and drought are accelerating leaf 

senescence and likely inducing the transference of nutrients to younger leaves (Mody et al., 

2009), as reported in cotton for the combined effects of water-stress and T. urticae infestation 

(Sadras et al., 1998). In contrast, the amount of several free amino acids and free sugars 

increased significantly in drought-stressed tomato leaves, as already reported for tomato (Bauer 

et al., 1997), with proline the amino acid most clearly induced by drought. Interestingly, we 

have demonstrated that L-proline, a known phago-stimulant for insects (Mattson and Haack, 

1987), also has a significant feeding stimulant effect on T. evansi, increasing both eggs laid and 

leaf damage area when added to tomato leaf discs. In addition, mite-infested, drought-stressed 

tomato plants showed significantly increased concentrations of five essential amino acids 

(valine, isoleucine, leucine, tyrosine and histidine), which have been reported to enhance the 

fecundity of the closely-related species T. urticae on strawberry, cucumber and chrysanthemum 

plants (Tulisalo, 1971; Dabrowski and Bielak, 1978). Therefore, T. evansi is probably taking 

advantage of the increase in these plant-derived essential amino acids to synthesize structural 
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proteins and enzymes, reducing the metabolic costs associated with digestion that can be 

reallocated for growth and development. A similar role can be proposed for the increase in free 

sugars, since it has been reported that fecundity of T. urticae correlated with sugar content in 

apple leaves (Wermelinger et al., 1991), and free sugars can also act as phagostimulants for 

some herbivores (Showler, 2013). Altogether, our data suggests that significant increases of 

available free sugars and essential amino acids, jointly with their phagostimulant effects, 

created a favourable environment for a better T. evansi performance on drought-stressed tomato 

leaves.  

Another important aspect concerning the palatability of plants for mites is the level of 

antinutritional plant defense proteins that accumulate in response to abiotic and biotic stresses. 

As reported for other species (Mosolov and Valueva, 2011), drought consistently induced the 

inhibitory activity of tomato leaf extracts against cysteine (papain and cathepsin B) and serine 

(trypsin) proteases. This response was obtained for both T. evansi infested and non-infested 

plants, indicating that the response was driven by drought stress. By contrast, chymotrypsin 

inhibitory activity and the activity of PPO and POD varied depending on the time of plant 

exposure to drought stress, which may be a consequence of the complex regulatory pathways 

for some of these inducible defense genes in plants (Atkinson et al., 2015). It has been reported 

that T. evansi suppresses plant defenses in tomato by down-regulating the induction of both the 

salicylic acid and jasmonic acid signalling pathways (Kant et al., 2015). In particular, this was 

reflected in a reduction in the expression of serine protease inhibitors and PPO (Sarmento et al., 

2011; Alba et al., 2015), which are normally induced in tomato leaves in response to the attack 

by other spider mites (Kant et al., 2004). Likewise, we have shown that the inhibitory activity 

against serine proteases (trypsin and chymotrypsin) was not significantly induced in leaves 

attacked by T. evansi, when compared to non-infested tomato plants. However, we found that 

mite infestation induced the inhibitory activity against cysteine proteases (cathepsin B and 

papain), which were not considered in previous studies. These results are especially relevant, 

since proteolytic digestion in spider mites relies on cysteine proteases (including T. evansi, see 

below) and cysteine protease inhibitors have been shown to be harmful against the spider mite 

T. urticae, in vivo (Santamaria et al., 2012). We have also found that the specific activities of 

both PPO and POD were significantly increased in response to T. evansi infestation. These 

results may be considered somewhat contradictory with those obtained by Alba et al. (2015), 

who reported that T. evansi suppressed the expression of two PPO genes (PPO-D and PPO-F) 

in tomato. However, this suppression only occurred when compared with tomato plants infested 
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with mites from a non-suppressor T. urticae strain, but the expression of these genes in plants 

infested with T. evansi was slightly but significantly higher than on non-infested tomato plants 

(Alba et al., 2015) Thus, further studies to determine the in vivo effect of tomato cysteine 

protease inhibitors and PPOs on T. evansi are required. 

Plant-feeding arthropods have developed a remarkable diversity of physiological 

adaptations to respond to changes in the nutritional composition of their host plants and to 

counteract the adverse effects of plant defenses including the regulation of digestive and 

detoxification enzymes (Grbic et al., 2011; Ortego, 2012; Zhu-Salzman, 2015). The hydrolysis 

of dietary proteins in spider mites relies on cysteine (cathepsin B-, cathepsin L- and legumain-

like) and aspartyl (cathepsin D-like) proteases and aminopeptidases (Carrillo et al., 2011; 

Santamaria et al., 2015a). Our results indicate that T. evansi has a similar digestive proteolytic 

profile, hydrolyzing specific substrates for cathepsin D, cathepsin B, cathepsin L and legumain 

proteases and aminopeptidases. In addition, we determined the presence of α-amylase activity 

for the hydrolysis of carbohydrates in T. evansi, as already reported in other tetranychid mite 

species (Akimov and Barabanova, 1997). We found that cathepsin D- and legumain-like 

proteases and α-amylase activities were significantly reduced when T. evansi mites were fed on 

drought-stressed plants, but this reduction did not seem to affect their performance. The 

decrease of these mite hydrolytic activities could be explained by the ingestion of hydrolytic 

enzyme inhibitors from tomato plants. However, cathepsin B- and L-like activities in T. evansi 

were not affected, despite the induction of specific inhibitors for these two types of proteases 

in drought-stressed plants. These results suggest that T. evansi is capable of circumventing the 

adverse effects of at least some plant protease inhibitors. An alternative explanation for the 

reduction of some digestive protease and α-amylase activities in T. evansi could be related to 

the higher availability of nutrients in a readily assimilated form (essential amino acids and free 

sugars) in tomato plants subjected to drought conditions. Tomato plants are known to induce 

an array of secondary metabolites during periods of water deficit (Ripoll et al., 2014), thereby 

potentially increasing the concentration of compounds involved in plant defense. However, no 

significant changes in esterase, GST or P450 specific activities were observed when T. evansi 

was fed on drought-stressed plants. Secondary metabolites were not analyzed in this study, but 

it has been reported that T. evansi suppresses the expression of genes involved in regulation of 

secondary metabolites (Alba et al., 2015) and the release of inducible volatiles (Sarmento et al., 

2011). This down-regulation of plant defenses may render unnecessary the induction of the mite 

detoxification enzymes, and the metabolic resources saved diverted toward growth and 
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reproduction. Nevertheless, further studies will be needed to determine the combined effects of 

drought and T. evansi infestation in the regulation of secondary metabolites in tomato.  

2.5 Conclusions  

Our data reveal that both drought and T. evansi infestation induced significant changes 

in the nutritional quality of tomato plants, as more essential amino acids and free sugars are 

available. These changes trigger a bottom-up effect on key biological traits of T. evansi causing 

a highly significant increase in leaf damage and mite performance. Plant defense proteins were 

also induced by drought and/or mite infestation, but the mite physiological responses suggest 

that T. evansi is capable of circumventing their potential adverse effects. These findings support 

the “Plant stress hypothesis” and suggest that drought-stressed tomato plants even at a mild 

level may be more prone to T evansi outbreaks in a climate change scenario, which might 

strongly affect tomato production on area-wide scales. Moreover, abiotic stresses can also exert 

a strong impact at higher tropic levels. Thus, it has been demonstrated recently that plant water 

status may also trigger bottom-up effects on the reproductive behaviour and fitness of some 

natural enemies, especially the omnivorous predators (Han et al., 2015; Seagraves et al., 2011), 

which might shape the arthropod structure. Therefore, this complexity of food-web structures 

should be considered when using species distribution models to infer climate change effects on 

crop pests. 
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2.6 Supporting information 

 

 

 

Figure S2.1 Effect of mild drought at mite infestation and at 4 and 10 days post infestation 

(dpi) on: a) tomato stomatal conductance (gs); b) maximum quantum yield of PSII 

photochemistry (Fv/Fm); c) stem length; d) plant aerial dry weight. Data are mean ± SE. * 

Indicates significant difference within each time (Three-way ANOVA, Bonferroni post hoc 

test, P<0.05). 
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Chapter 3  

 

DROUGHT STRESS IN TOMATO INCREASES THE 
PERFORMANCE OF ADAPTED AND NON-ADAPTED 

STRAINS OF Tetranychus urticae 
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3.1 Introduction 

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

worldwide distribution. While this species has been reported feeding on more than 1000 plant 

species (Migeon and Dorkeld, 2006–2015), local mite populations do not perform equally well 

on all potential hosts (Gotoh et al., 1993; Kant et al., 2008). The capability of T. urticae to cope 

with the varying nutritional value and defense compounds of different host plants has been 

explained by the proliferation of gene families involved in digestion and detoxification 

processes (Grbic et al., 2011; Van Leeuwen and Dermauw, 2016) and by its transcriptional 

plasticity in response to host plant shifts (Dermauw et al., 2013; Wybouw et al., 2015). 

Moreover, it has been demonstrated that horizontally transferred genes from microorganisms 

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

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

L.) as a host, but they can rapidly become adapted (Fry, 1989; Agrawal et al., 2002), causing 

crop losses worldwide (Jayasinghe and Mallik, 2010; Meck et al., 2013). Studies on tomato–T. 

urticae interactions highlight the importance of secondary metabolites (e.g. phenylpropanoids, 

flavonoids and terpenoids) and anti-digestive proteins (e.g. protease inhibitors, polyphenol 

oxidases, amino acid catabolizing enzymes and peroxidases) as prominent components of 

tomato-induced defenses elicited by spider mite feeding (Li et al., 2002; Kant et al., 2004; 

Martel et al., 2015). Induction of these defenses is especially relevant, since the ingestion of 

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

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

pathways in tomato, resulting in an attenuated induction of defense genes to levels at which 

they are less detrimental (Kant et al., 2008; Alba et al., 2015). Interestingly, Wybouw et al. 

(2015) demonstrated that during their adaptation to tomato, T. urticae extensively rearranged 

their xenobiotic metabolism through differential expression of genes that code for detoxifying 

enzymes and xenobiotic transporters, and acquired the ability to interfere with plant defenses. 

Candidate effector proteins in T. urticae that attenuate plant defenses have been identified in 

their saliva (Villarroel et al., 2016).  

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

differentially affected by water deficit. For example, T. urticae performance has been shown to 

increase (Hollingsworth and Berry, 1982; Nansen et al., 2010), decrease (Gould, 1978; Sadras 

et al., 1998) or vary (English-Loeb, 1990) depending on the plant species and the intensity of 

the water stress. Plants under drought stress are potentially more suitable as food because of 
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increased nutrient availability (Brodbeck and Strong, 1987; Showler, 2013), and can therefore 

contribute to improve herbivore performance (Huberty and Denno, 2004; Showler, 2013). A 

positive correlation has been reported between T. urticae fecundity and amino acid and sugar 

content on plants (Dabrowski and Bielak, 1978; Wermelinger et al., 1991). Aside from acting 

as direct sources of available nutrients, free sugars and amino acids have also been reported to 

be feeding stimulants for many phytophagous species (Showler, 2013). On the other hand, 

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

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

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

will then depend on the balance of induced nutrients and chemical defenses in the plant, and 

how the mites adapt to these changes. Drought stress triggers both the mobilization of plant 

nutritional compounds (Bauer et al., 1997) and the induction of plant defenses (English-Loeb 

et al., 1997; Inbar et al., 2001) in tomato. Recently, it has been reported that the tomato red 

spider mite T. evansi, an oligophagous mite feeding mainly on solanaceous plants, takes 

advantage of the changes in the nutritional quality of drought-stressed tomato plants and it is 

capable of circumventing the potential adverse effects of tomato plant defenses (Ximénez-

Embún et al., 2016).  

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

tomato adapted and tomato non-adapted T. urticae strains, since its performance might vary 

depending on the rate of adaptation of mite populations to this host (Kant et al., 2008). 

Furthermore, changes in plant nutritional composition and defense proteins, as well as mite 

enzymatic (hydrolytic and detoxification) activities, were analyzed to understand how mite and 

plant physiological responses interact against each other under drought stress, which might 

provide insights for mite outbreaks under future deficit irrigation scenarios. 

3.2 Materials and methods 

3.2.1 Plant material and mite rearing 
Tomato (cv. Moneymaker) plants were grown from seeds in 40 well trays. Plants with 

three expanded leaves were transferred to 2.5 L pots (diameter: 16 cm, height: 15 cm) 

(Maceflor, Valencia, Spain) filled with 600 g of Compo Sana Universal potting soil (Compo 

GmbH, Münster, Germany) and watered to saturation. Bean (Phaseolus vulgaris L. cv 

California Red Kidney Beans) seeds were germinated and transferred to 1.6 L pot (diameter: 

15 cm, height: 13 cm) (Plásticos Alber, Granada, Spain) filled with 500 g of the same growing 
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medium. All plants were maintained in a rearing room at 25 ºC ± 1 ºC, 50 ± 5% relative humidity 

and a 16 h light/8 h dark photoperiod. Two colonies of T. urticae derived from the London 

strain that was originated in Ontario (Canada) and kept in laboratory conditions for over 100 

generations were used: tomato adapted (TA) and tomato non-adapted (TNA). The TA colony 

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

was in contact with a thin layer of water in the bottom of ventilated plastic cages (22 x 30 x 15 

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

potted bean plants for the same period of time. Both colonies were kept in two separate growth 

chambers (Sanyo MLR-350-H, Sanyo, Japan) at 25 ºC ± 1 ºC, 70 ± 5% relative humidity and a 

16 h light/8 h dark photoperiod. 

3.2.2 Drought stress regime 

Drought stress was attained by water deficiency as described by Ximénez-Embún et al. 

(2016). In brief, tomato plants were well-watered until they developed four-five expanded 

leaves, then we imposed three watering treatments, defined as control, and mild and moderate 

drought stress, in order to establish three irrigation regimes. Control plants were watered every 

two-three days to maintain the soil volumetric water content (H) up to 74%. For mild and 

moderate drought stress, watering was stopped for four and seven days, respectively, and 

thereafter plants were watered to maintain H between 36 and 50% in case of the mild stress and 

between 21 and 30% in case of the moderate stress. The H was determined gravimetrically by 

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

stress conditions were reached at about seven-nine days after ceasing irrigation. Both water 

stress regimes were above the wilting point associated with severe drought stress that was 

established at H = 16% for Moneymaker in our experimental conditions (Ximénez-Embún et 

al., 2016). The severity of drought stress was assessed by measuring the following parameters 

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

(SC-1 Decagon-T, Pullman, USA); and b) variations in maximum quantum yield of 

photosystem II photochemistry (Fv/Fm), using a FluorPen FP 100 (PSI, Drasov, Czech 

Republic). Plant growth was estimated by measuring the stem length (distance between the soil 

and the terminal bud) and by weighting the aerial part of the plant (transformed to dry weight 

by using the water content data calculated as referred below). 
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3.2.3 Bioassays to test drought stress effects on mite performance and plant 
nutritional composition 

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

urticae infestation (infested or non-infested) and two sampling times (4 or 10 days post 

infestation = dpi) was conducted. Mild and moderate drought-stressed plants were coupled with 

well-watered (control) plants in independent experiments. When drought stress conditions were 

reached a subset of tomato plants were infested. Mite females, of random age, were collected 

from the laboratory colony using a vacuum pump D-95 (Dinko S.A., Barcelona, Spain) with a 

sucking power of 10–50 mmHg connected to a modified Eppendorf. They were placed on the 

two sub-terminal leaflets of tomato leaves three, four, and five (eight mites per leaflet, each 

plant receiving 48 mites in total). All plants (infested and non-infested) were confined with a 

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

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

humidity inside the cylinders was recorded introducing USB dataloggers Log 32 (Dostmann 

electronic GmbH, Wertheim, Germany), on average the relative humidity was 79 ± 2% inside 

the well-watered cylinders, and 71 ± 2%, and 58 ± 2% for mild and moderate drought stress 

conditions, respectively. The average temperature was 24 ± 1 ºC in all cases. In each 

experiment, a subset of 74 plants was used to assess mite performance and the other subset for 

plant nutritional composition. Mite performance was assessed at 4 and 10 dpi for the two levels 

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

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

effect of drought stress on two consecutive generations of spider mites. At each time, 15 

infested plants per treatment (control or drought) were analyzed in the moderate stress 

experiments, and nine infested plants per treatment in the mild stress one. All leaves were 

detached from the plants, and the number of eggs and mobile mite stages (larvae, nymphs and 

adults) counted under a stereomicroscope M125 (Leica Mycrosystem, Wetzlar, Germany). The 

leaf damaged area (mm2 of chlorotic lesions) was determined as described by Ximénez-Embún 

et al. (2016) by scanning the damaged leaflets using hp scanjet (HP Scanjet 5590 Digital Flatbed 

Scanner series, USA) and analyzing the scanned leaflets with the program GIMP 2.8 

(www.gimp.org). The nutritional composition of plant material was analyzed in control and 

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

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

since most mites from the TNA strain have already moved away from the plant at 10 dpi (see 

results section). The left leaflets from leaves three, four, and five were pooled and grounded in 
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liquid nitrogen to a fine powder and stored for free amino acid and protein analysis. The right 

leaflets from the same leaves were dried together in an oven at 70 ºC for 3 days, weighed before 

and after drying to assess the percentage of water and ground using a mortar and pestle to obtain 

a fine powder and stored for C, N and free sugar analysis. 

3.2.4 Bioassays to test drought stress effects on plant defense proteins and mite 
enzymatic activities 

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

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

conducted. When drought stress conditions were reached, a subset of tomato plants were 

infested by placing 150 adult female mites on leaves three, four, and five (450 mites per plant), 

laying a thin barrier of Lanolin (Manuel Riesgo S.A., Madrid, Spain) on the petiole to contain 

the mites. Plants (infested and non-infested) were placed in a rearing chamber in a complete 

randomized block design (the experiment was repeated two times in time) and maintained at 25 

C ± 1 C, 50 ± 5% relative humidity and a 16 h light/8 h dark photoperiod. The experiment was 

terminated at 4 dpi. Plant material (six per treatment) was collected by sampling together 

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

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

material was immediately frozen in liquid nitrogen and stored at -80 ºC. Mites from the TNA 

strain reared on bean plants were also collected for comparison. 

3.2.5 Chemical and biochemical analysis 

Unless otherwise specified, all chemical compounds used were from Sigma-Aldricht (St 

Luis, USA). Fluorimetric measurements were made using a Varioskan Flash reader 

(ThermoFisher Scientific, Willmington, USA), and spectrophotometric measurements with a 

VERSAmax microplate reader (Molecular Devices Corp., Sunnyvale, USA). 

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

determine total nitrogen and carbon concentration at the Elemental Microelement Center of 

Complutense University (Madrid, Spain) by using a microelement analyzer LECO CHNS-932 

(LECO, St Joseph, MI, USA). 

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

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

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

pooled. A volume of 750 µl of the mixture was dried on a SpeedVac Concentrator Savant SVC 
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100H (ThermoFisher scientific, Willmington, DE, USA) and redissolved in 500 µl of water. 

Soluble carbohydrate concentration was estimated by the anthrone method (Maness, 2010) 

using glucose as standard. In brief, 1 ml of anthrone reagent (0.2% v/v anthrone on 95% sulfuric 

acid) was added to the extract, heated at 90 ºC for 15 min, and the absorbance measured at 630 

nm. 

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

Hacham et al. (2002). Samples of 50 mg of leaf frozen powder were homogenized with 600 µl 

of water:chloroform:methanol (3:5:12 v/v/v). After centrifugation at 12,000 rpm for 2 min, the 

supernatant was collected and the residue was re-extracted with 600 µl of the same mixture, 

pooling the two supernatants. A mixture of 300 µl of chloroform and 450 µl of water were 

added to the supernatants, and after centrifugation the upper water:methanol phase was 

collected and dried in the SpeedVac. The samples were dissolved on 100 µl of sodium citrate 

loading buffer pH 2.2 (Biochrom, USA) and 10 µl were injected on a Biochrom 30 Amino Acid 

Analyser (Biochrom, USA) at the Protein Chemistry Service at CIB (CSIC, Madrid, Spain). 

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

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

5 min at 4 ºC, and the soluble protein quantified by absorbance at 280 nm on a Nanodrop 1000 

spectophotometer (ThermoFisher scientific, Willmington, USA). 

Plant defense proteins. Samples of 100 mg of leaf frozen powder were homogenized 

with 500 µl of extraction buffer (0.15 M NaCl for protease inhibitors, and 0.1 M phosphate 

buffer, pH 7.0; 5% w:v polyvinylpolypyrrolidine for oxidative enzymes) and soluble protein 

quantified as explained above. The inhibitory activity of plant protein extracts was tested 

against commercial enzymes: papain (EC 3.4.22.2), cathepsin B from bovine spleen (EC 

3.4.22.1), trypsin from bovine pancreas (EC 3.4.21.4), a-chymotrypsin from bovine pancreas 

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

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

conditions are summarized in Table S3.1. Results were expressed as a percentage of protease 

activity inhibited. Polyphenol oxidase (PPO) and Peroxidase (POD) activities of plant extracts 

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

summarized in Table S3.2. 

Mite enzymatic activities. Samples of 1 mg of mites were homogenized in 100 µl of 

0.15 M NaCl, centrifuged at 12,000 rpm for 5 min and the supernatant was collected. Total 
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protein content was determined according to the method of Bradford (1976). Hydrolytic 

enzymes (cathepsin B-, cathepsin L-, cathepsin D- and legumain-like) activities were assayed 

as described by Santamaria et al. (2015a), and leucine aminopeptidase- and α-amylase-like 

activities and detoxification enzymes (esterase, glutathione S-transferase and P450) activities 

as described by Ximénez-Embún et al. (2016). Reaction conditions are summarized in Table 

S3.3. 

3.2.6 Statistical analysis 

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

ormalityand heteroscedasticity, and transformed if necessary. Stem length and stomatal 

conductance were log10(x) transformed, Fv/Fm was log10(x + 1) transformed; and these three 

parameters and stem dry weight data were statistically analyzed using a three-way ANOVA 

(using as fixed factors drought stress treatment, T. urticae infestation and time). The number of 

T. urticae eggs and mobile forms and leaf damaged area were log10(x) transformed and analyzed 

by a two-way ANOVA (drought stress treatment, time). For stem length, plant aerial dry weight, 

stomatal conductance, Fv/Fm, mite eggs and mobile forms, and leaf damage a Bonferroni post 

hoc test was performed to compare drought-stress treatments within each time. Percentage of 

water, nitrogen, protein, free amino acids and free sugars, as well as C:N ratio and protease 

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

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

factors drought stress treatment and T. urticae infestation. A Newman-Keuls post hoc test was 

performed to see differences of mean between treatments, except for essential and non-essential 

amino acids that were analyzed by a Dunnet post hoc test to compare the different treatments 

with respect to control non-infested plants. Spider mite enzymatic activity data were log10(x) 

transformed and analyzed by a one-way ANOVA, using Newman-Keuls as post hoc test. 
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3.3 Results 

3.3.1 Effects of drought stress on stomatal conductance, photosynthetic 
efficiency and tomato plant growth 

Drought stress significantly affected leaf stomatal conductance, which was reduced 

between five and seven times in the case of moderate drought stress and between 1.3 and 1.8 

times in the case of mild drought stress when compared to control plants (Figure S3.1a). The 

photosynthetic efficiency determined as Fv/Fm was also significantly lower on drought stressed 

plants in all experiments at 10 dpi (Figure S3.1b). These results corroborated that the severity 

of the stress was different for the two water stress regimes imposed (moderate and mild), but 

severe drought stress conditions were never reached, since Fv/Fm values were never below 0.7 

(Ritchie, 2006). Moderate drought stress slowed plant growth, as both stem length and aerial 

dry weight were significantly smaller compared to control plants at most measured points, 

whereas mild drought stress only produced a significant reduction in aerial dry weight at 10 dpi 

(Figure S3.2a, b). The infestation by T. urticae (TA or TNA) did not affect stomatal 

conductance, photosynthetic efficiency and tomato plant growth. Thus, data from infested and 

non-infested plants were pooled within each experiment. 

3.3.2 Effects of drought stress on T. urticae (TA and TNA strains) population 
growth and leaf damage 

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

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

of eggs on moderately stressed plants than on control plants at 4 dpi (2.4-fold) and 10 dpi (1.5 

fold) (Figure 3.1d). The F1 generation (mobile forms) was significantly more abundant on 

moderately stressed plants at 4 and 10 dpi (1.4 and 2-fold respectively) (Figure 3.1e). As a 

result, damaged leaf area doubled in moderately stressed plants compared to control tomatoes 

(Figure 3.1f). The same trend was observed under mild drought stress, but the differences 

among treatments were less pronounced and only significant in the case of number of eggs laid 

(1.5 fold) at 4 dpi, and mobile forms (1.4 fold) and leaf damage (1.5 fold) at 10 dpi (Figure 

3.1a, b and c). Population growth in the case of the TNA strain was negative, with lower number 

of mobile forms at 4 and 10 dpi than at the beginning of the assay. Only a few dead mites were 

found on the tomato leaves, indicating that mites were most likely dispersing from the plant. 

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

(about 1.5 fold) on drought-stressed tomato plants than on control plants (Figure 3.1g and h). 
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Damaged leaf area as a result of TNA infestation was markedly lower than that produced by 

TA infestation and could not be reliably measured. 

 

 

 

Figure 3.1 Performance of T. urticae tomato adapted strain (TA) on mild (a, b and c) and moderate 
(d, e and f) drought stressed tomato plants and of the non-adapted strain (TNA) on moderate 
stressed plants (g and h). Plants were infested with 48 adult females (day 0) and eggs laid on plants (a, 
d and g), total mobile forms (b, e and h) and leaf damaged area (c and f) assessed at 4 and 10 days post 
infestation (dpi). Leaf damage was negligible in TNA. Data are mean ±SE. * indicates statistically 
significant differences between drought stress treatments within each time (Two-way ANOVA, 
Bonferroni post hoc test, p<0.05).  
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3.3.3 Changes in plant nutritional composition induced by drought stress and T. 
urticae (TA and TNA) 

Drought stress was the most significant factor in plant nutritional composition (Table 

3.1), resulting in a decrease in the relative amount of water (all cases) and protein (TA at 10 

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

Table 3.1 Effect of moderate drought stress and infestation by T. urticae tomato adapted 
(TA) and non-adapted (TNA) strains on nutritional composition of tomato leaves. 

 
Non-infested  Infested ANOVA 

(p<0.05) Control Drought   Control Drought 
TA strain 

4 Days Post Infestation                
Water

1 93.0±0.4 a 91.0±0.6 b   93.0±0.4 a 91.0±0.7 b 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±0.1 a 3.6±0.1 a  4.5±0.1 b 4.9±0.2 b D; I 
10 Days Post Infestation                
Water

1 93.0±0.7 a 91.0±0.5 b  93.0±0.3 a 92.0±0.4 ab D 
Nitrogen

2  6.2±0.1  6.1±0.3   6.0±0.3  5.9±0.2  - 
Protein

2  17.7±1.3 ab 14.5±1.5 b  25.7±2.6 a 13.6±1.9 b 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) 
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cases) and C:N ratio (TA at 4 dpi). The effect of drought stress on nitrogen was not consistent, 

as it decreased in the TA experiment at 4 dpi and increased in the TNA experiment. 

Concentrations of free sugars increased in plants exposed to both mite strains at 4 dpi, while 

total protein quantities increased in tomatoes exposed to mites from the TA strain and decreased 

when tomatoes were fed upon by mites from the TNA strain.  

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

according to Rodriguez and Hampton (1966), were also analyzed (Figure 3.2). Proline was the 

amino acid most highly induced by drought stress alone or in combination with mites (about 

10–16 times depending on the experiment). Likewise, most of the essential amino acids for this 

species (valine, isoleucine, leucine, tyeosine, phenylalanine, histidine, lysine and arginine) and 

 

Figure 3.2 Levels of free amino acids in tomato leaves from control plants and plants under 
moderate drought stress and/or infested with T. urticae tomato adapted (TA) and non-adapted 
(TNA) strains at 10 and 4 days post infestation (dpi), respectively. Data are mean ± SE of amino 
acid contents (% dry weight) represented at logarithmic scale. The division between essential and non-
essential amino acids for T. urticae is based on Rodriguez and Hampton (1966). * Indicate significant 
difference of the treatment with respect to control plants (Two-way ANOVA, Dunnet post hoc test, 
p<0.05). 

. 
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the non-essential amino acid serine were also induced by drought stress alone or in combination 

with TA or TNA mite infestation. However, none of the amino acids analyzed were 

significantly affected when plants were stressed only by mite infestation. 

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

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

The response was generally higher to the TNA strain than to the TA strain (Table 3.2). The 

inhibitory activity against chymotrypsin was significantly induced by both TA and TNA strains 

and the inhibitory activity against trypsin by TNA, independently of the watering conditions. 

The infestation with TA only induced trypsin inhibitory activity when combined with drought 

stress, and aminopeptidase inhibitory activity was only induced by TNA under control 

conditions. Drought stress induced peroxidase activity, but it was only significant when 

combined with TA mite infestation, whereas the interaction drought stress-infestation was 

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

cathepsin B, D, and papain inhibition. 

 

Table 3.2 Effect of moderate drought stress and infestation with T. urticae tomato adapted (TA) 
and non-adapted (TNA) strains on tomato plant defense proteins at 4 days post infestation. 

  Non-infested   Infested with TA  Infested with TNA ANOVA 
(p<0.05)  Control Drought   Control Drought   Control Drought 

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 hidrolyzed Cathecol/ mg Protein*min  
(2) POD (peroxidases): nmol hidrolyzed Guaiacol/ mg Protein*min.  
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3.3.5. Physiological response of T. urticae (TA and TNA) to drought-stressed 
tomato plants 

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

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

differences between mite strains (Table 3.3). When feeding on tomato, the TNA strain had 

lower activity than the TA strain for cathepsin B and legumain-like proteases, in both drought 

stressed and well-watered plants, and for cathepsin L- and D-like proteases and α-amylase 

activities in well-watered plants. In contrast, aminopeptidase activity was higher on the TNA 

strain. When the TNA strain was fed on bean (the habitual host plant for this strain), all the 

hydrolytic activities, except cathepsin D-like and aminopeptidase, were significantly higher 

Table 3.3 Enzymatic activities of mites from T. urticae tomato adapted (TA) and non-
adapted (TNA) strains when feeding for 4 days on control or moderate drought stressed 
tomato plants. TNA mites feeding on beans were also analyzed. 

 

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 indicate 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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than when fed on tomato, and even higher than for TA in the case of cathepsin B-, L-like 

proteases and aminopeptidase.  

Among the detoxification enzymes studied, we only found significant differences 

between the strains in the case of esterase activity (Table 3.3). The TA strain showed the highest 

activity, the TNA strain reared on bean the lowest, and the TNA strain feeding on tomato an 

intermediate level. 

3.4 Discussion 

Performance of T. urticae on tomato depends on the rate of adaptation of mite 

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

the changes induced by drought stress on tomato nutritional composition and plant defenses 

(Bauer et al., 1997; English-Loeb et al., 1997; Inbar et al., 2001) have been identified as key 

factors affecting mite host preferences and performance (Kant et al., 2008; Wybouw et al., 

2015). Our data revealed that drought-stressed tomato plants increased the performance of T. 

urticae, enhancing population growth of a tomato adapted TA strain and being more suitable 

as a host for a non-adapted TNA strain. These findings could have significant implications for 

mite outbreaks under future climate change scenarios, when longer periods of drought and less 

water availability are expected for irrigated crops like tomato in semiarid environments (IPCC, 

2013). Moreover, T. urticae is expected to have more generations per year as a direct effect of 

rising temperature on mite developmental rates, increasing mite pressure (Luedeling et al., 

2011), which might contribute to exacerbate mite damage.  

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

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

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

mobilize existing proteins and complex carbohydrates into amino acids and simple sugars, 

respectively, for osmotic adjustments and for the transference of available plant nitrogen and 

carbon to younger leaves and reproductive organs (Hummel et al., 2010; Showler, 2013). 

Drought-stressed tomato leaves showed an increase in the concentrations of total free amino 

acids and free sugars and a decrease of total protein, as already reported for tomato (Bauer et 

al., 1997; Ximénez-Embún et al., 2016). However, the effect of drought stress on nitrogen was 

not consistent, as it decreased in the assay performed with the TA strain but increased in the 

assay performed with the TNA strain. Likewise, nitrogen content of tomato plants has been 

reported to increase under drought stress in some cases (English-Loeb et al., 1997) and decrease 
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in others (Inbar et al., 2001). Interestingly, when particular amino acids were analyzed, most of 

those considered as essential for T. urticae (Rodriguez and Hampton, 1966) rose in drought 

stressed tomato leaves. Some of these essential amino acids have been reported to stimulate T. 

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

most clearly induced by drought stress was proline, which is not an essential nutrient. Proline 

has been shown to stimulate feeding in many different phytophagous arthropods (Showler, 

2013; Ximénez-Embún et al., 2016). In addition, proline is unique among the amino acids 

because can be used by arthropods as a direct energy substrate for glycolysis and the production 

of ATP (Scaraffia and Wells, 2003). A similar role as sources of available nutrients can be 

proposed for the increase in free sugars, since it has been reported that fecundity of T. urticae 

correlated with sugar content in plants (Wermelinger et al., 1991). 

Herbivore attack can also induce changes in the primary metabolism of plants, including 

the reallocation of carbon and nitrogen resources (Zhou et al., 2015; Martel et al., 2015). We 

observed that the levels of free sugars were increased in tomato leaves infested with mites from 

both the TA and the TNA strains. However, mite infestation had different effects on total 

protein concentration, as it was reduced by TNA while it increased after 4 dpi with TA, though 

no differences in the levels of total or specific free amino acids were observed. Likewise, 

Ximénez-Embún et al. (2016) reported that a tomato adapted strain of T. evansi also triggered 

the levels of free sugars in tomato leaves. As a result, more edible carbohydrates are apparently 

available in mite-exposed tomato plants. Our results do not allow distinguish whether these 

effects correspond to a plant defensive response, which may result in subsequent carbon 

remobilization to other tissues, or that the mites are manipulating plant primary metabolism for 

their own benefit. 

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

with T. urticae performance (Kant et al., 2008; Wybouw et al., 2015). Our data revealed that 

tomato plants responded to mite infestation by the induction of serine (trypsin and 

chymotrypsin) and aminopeptidase protease inhibitors (PIs), resulting the inhibitory activity 

higher in response to the TNA than to the TA mites, despite the damage inferred by the adapted 

strain was higher. These results are in line with those previously reported, in which serine PIs 

has been shown to be consistently induced upon T. urticae attack, but this response is attenuated 

by tomato adapted strains (Li et al., 2002; Kant et al., 2004, 2008; Alba et al., 2015). However, 

we did not observe mite induction of tomato polyphenol oxidase (PPO) and peroxidase (POD) 

activities, as found in some of these studies (Alba et al., 2015; Martel et al., 2015). This could 
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be related to the fact that these genes are induced in tomato as an early response to T. urticae 

infestation, maximum induction occurring within 24 h post infestation, whereas our experiment 

run for at least 4 days. Regardless, our results appear to be species specific since contrast with 

those reported for tomato-T. evansi interactions, in which this mite infestation induce tomato 

cysteine PI activity and the specific activities of both PPO and POD, but has no effect on the 

plant inhibitory activity against serine proteases (Ximénez-Embún et al., 2016).  

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

and legumain-like) and aspartyl (cathepsin D-like) proteases and aminopeptidases, whereas 

serine proteases do not appear to be directly involved in the hydrolysis of dietary proteins 

(Carrillo et al., 2011; Santamaria et al., 2015a). Thus, tomato serine PIs may probably be 

targeting other physiological processes in mites, such as the regulation of growth and 

development (Santamaria et al., 2012). Indeed, both cysteine and serine PIs can be harmful 

when ingested by T. urticae (Carrillo et al., 2011; Santamaria et al., 2012, 2015b). Interestingly, 

we have found that when feeding on tomato, cysteine and aspartyl protease and α-amylase 

activities were higher in T. urticae mites of the TA strain, whereas aminopeptidase activity was 

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

associated to the induction of aminopeptidase PIs in tomatoes infested with mites from this 

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

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

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

significantly in TNA when feeding on bean, its preferred host, resulting even higher than for 

TA in tomato. Nonetheless, we can not discard that the higher activity of these digestive 

proteases in the TA strain may have an adaptive value, since gut proteases have the potential to 

inactivate plant defense proteins targeting the digestive system or other tissues (Ortego, 2012). 

In this sense, it has been shown that the expression of cysteine and aspartyl protease genes 

increased in T. urticae after feeding on plants over-expressing the HvCPI-6 cystatin, that 

specifically targets cathepsins B and L, but also when feeding on plants over-expressing the 

CMe trypsin inhibitor that targets serine proteases (Santamaria et al., 2015a). However, we did 

not find differences for any of the T. urticae hydrolytic enzyme activities analyzed when fed on 

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

with mite infestation. 

T. urticae produces large amounts of detoxifying enzymes to circumvent plant 

secondary metabolites (Grbic et al., 2011; Van Leeuwen and Dermauw, 2016), and 
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transcriptional changes in genes coding for P450 s, GSTs, and esterases has been reported to 

occur during the adaptation process of T. urticae to tomato (Dermauw et al., 2013; Wybouw et 

al., 2015). We have found that esterase activity was significantly higher in mites of the TA 

strain, which can be related to their adaptation to tomato plants. An induction of the esterase 

activity was also observed when mites of the TNA strain maintained on beans were transferred 

to tomato, probably in response to some of the xenobionts present in tomato. However, the level 

of activity was lower than that of the TA strain on tomato, which may partially explain their 

lower performance. 

3.5 Conclusions 

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

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

of essential amino acids and free sugars). Yet, the improved performance of the tomato adapted 

strain could be associated to changes on the digestive (higher cysteine and aspartyl protease and 

α-amylase activities) and detoxification (higher esterase activity) physiology of the mites and 

the attenuation of some of the defense responses (PIs) of the plant. Adaptation to tomato and 

drought stress favored mite performance, having an additive effect on most of the physiological 

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

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

due to climate change (IPCC, 2013), our results imply an increase in the risk of outbreaks of T. 

urticae on tomato by significantly enhancing population growth of adapted populations and 

increasing the suitability of tomato as a host for non-adapted ones. Moreover, breeding 

programs aimed at improving drought tolerance in tomato might take into consideration 

varieties whose nutritional composition is not enhanced by drought stress for avoiding or 

mitigating spider mite damage. 
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3.6 Supporting information 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.1 Effect of drought stress (moderate and mild) on A) tomato stomatal conductance (gs) 
and B) maximum quantum yield of PSII photochemistry (Fv/Fm) at mite infestation and at 4 and 
10 days post infestation (dpi). Data (mean ± SE) shown are average of the values on infested and non-
infested plants on experiments with T. urticae adapted (TA) and no adapted (NTA) strains, as mite 
infestation didn´t show a significant effect.* indicates a statistically significant differences between 
drought strain treatments within each time (Three-way ANOVA, Bonferroni post hoc test, p<0.05).  

. 
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Figure S3.2 Effect of drought stress (moderate and mild) on tomato plant growth, expressed as A) 
aerial dry weight at 4 and 10 days post infestation (dpi) and B) stem length trough the experiment. 
Data (mean ± SE) shown are average of infested and non-infested plants on experiments with T. urticae 
adapted (TA) and no adapted (NTA), as mite infestation didn´t have a significant effect. * indicates a 
statistically significant difference between drought treatments within each time (Three-way ANOVA, 
Bonferroni post hoc test, p<0.05).  

. 
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Table S3.1 Summary of analytical methods to assess the inhibitory activity of plant protein extracts 1 

Commercial enzyme 2 Substrate 3 Buffer 4 Incubation  Measurement 5 

Cathepsin B from  

bovine spleen (EC 3.4.22.1) 
Z-RR-AMC 

100 mM NA phosphate, pH 6.0 (10 mM L-
cysteine, 10 mM EDTA, 0.01% (v/v) Brij 35) 1 h at 28 ºC 

excitation filter 350 
nm 

Papain  

(EC 3.4.22.2) 
Z-FR-AMC 

100 mM Na phosphate, pH 6.0 (10 mM L-
cysteine, 10 mM EDTA,  0.01% (v/v) Brij 35) 1 h at 28 ºC 

excitation filter 350 
nm 

Cathepsin D from  

bovine spleen (EC 3.4.23.5) 

MocAc-
GKPILFFRLK 

100 mM sodium citrate, pH 3.5 

 (0.15 M NaCl, 5 mM MgCl2) 
10 min at 30 ºC 

excitation filter 328 
nm 

Trypsin from  

bovine pancreas (EC 
3.4.21.4), 

Z-LA-AMC 
100 mM Tris-HCl, pH 7.5 

(0.15 M NaCl, 5 mM MgCl2)  
1 h at 35 ºC 

excitation filter 350 
nm 

α-Chymotrypsin from  

bovine pancreas (EC 
3.4.21.1), 

SucAAPF-AMC 
100 mM Tris-HCl, pH 7.5 

(0.15 M NaCl, 5 mM MgCl2)  
1 h at 35 ºC 

excitation filter 350 
nm 

Leucine aminopeptidase 
from  

porcine pancreas (EC 

LpNa 
100 mM Tris-HCl, pH 8 

(0.15 M NaCl, 5 mM MgCl2) 
1 h at 30 ºC 

absorbance at 410 nm 

1 Procedures adapted from Ximénez-Embún et al. (2016). Samples of 20 µg of plant protein extracts (40 µg in case of leucine aminopeptidase) were preincubated for 10 min 
with 100 ng of the commercial enzyme. 
2 All purchased from Sigma-Aldricht (St Luis, USA). 
3 The substrates were added at a final concentration of 20 µM. Z-RR-AMC (N-carbobenzoxyloxy-Arg-Arg-7-amido-4-methylcoumarin) for cathepsin B, Z-FR-AMC (N-
carbobenzoxyloxy-Phe-Arg-7-amido-4-methylcoumarin) for papain, Z-LA-AMC (Z-L-Arg-7-amido-4-methylcoumarin) for trypsin, SucAAPF-AMC (Suc-Ala-Ala-Pro-Phe-
7-amido-4-methylcoumarin) for chymotrypsin, all purchased from Calbiochem (MerkMilipore, Billerica, USA), MocAc-GKPILFFRLK(Dnp)-D-R- NH2 from Peptanova 
(Germany) for cathepsin D, and LpNa (L-leucine p-nitroanilide) from Sigma-Aldricht (St Luis, USA) for leucine aminopeptidase. 
4 Concentrations are expressed at molarity in the reaction mixture. 
5 AMC (7-amino-4-methylcoumarin) (Bachem, Swizerland) as standard for all fluorescent substrates, except MCA (MoCAC-Pro-Leu-Gly) (Peptanova GmbH, Germany) for 
cathepsin D. Double blanks were used to account for spontaneous breakdown of substrates and the plant protease activity, and all assays were done in duplicate. 
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Table S3.2 Summary of analytical methods to assess the enzymatic activity of plant protein extracts 

Plant Oxidative Enzymes 
1 Substrate 2 Buffer 3 Incubation  

Measurement 

Polyphenol oxidase (PPO) cathecol (40 mM) Tris-HCl pH 8.5 1 h at 30 ºC absorbance at 420 nm 

Peroxidase (POD) guaiacol (5 mM) 
Potassium phosphate pH 6,  

with 2.5 mM H2O2 
10 min at 30 ºC absorbance at 470 nm 

1 Procedures adapted from Ximénez-Embún et al. (2016). Assays were performed with 20 µl (PPO activity) and 20 µl of a 1:10 dilution (POD activity) of 
the plant protein extract 

2 The substrates were added at a final concentration of 40 mM (PBO) and 5 mM (POD). Both from Sigma-Aldricht (St Luis, USA). 

3 Concentrations are expressed at molarity in the reaction mixture. 
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Table S3.3 Summary of analytical methods to assess the enzymatic activity of mite extracts 

 Substrate 2 Buffer 3 Incubation  Measurement 4 
Hydrolytic Enzymes 1     
Cathepsin B-like Z-RR-AMC 100 mM sodium citrate, pH 5.5 

 (0.15 M NaCl, 1 mM DTT) 
15 min at 30 ºC excitation filter 350 nm 

emission filter 465 nm 
Cathepsin L-like Z-FR-AMC 100 mM sodium citrate, pH 5.5 

 (0.15 M NaCl, 1 mM DTT) 
15 min at 30 ºC excitation filter 350 nm 

emission filter 465 nm 

Cathepsin D-like MocAc-GKPILFFRLK 
(Dnp)-D-R- NH2 

100 mM sodium citrate, pH 3.5 
 (0.15 M NaCl, 1 mM DTT, 10µM E-64) 

15 min at 30 ºC  excitation filter 328 nm 
emission filter 393 nm 

Legumain-like Z-VAN-AMC 100 mM sodium citrate, pH 4.5 
 (0.15 M NaCl, 1 mM DTT) 

15 min at 30 ºC excitation filter 350 nm 
emission filter 465 nm 

Leucine aminopeptidase-like LpNa 100 mM Tris-HCl, pH 7.5  
(0.15M NaCl, 5mM MgCl2) 

4 h at 30 ºC absorbance at 410 nm 

α-Amylase-like Starch 100 mM Tris-HCl, pH 6.0 
(40 mM CaCl2, 20 mM NaCl) 

4 h at 30 ºC absorbance at 580 nm 

Detoxification Enzymes 1     

Esterase 1-NA 
100 mM Tris-HCl, pH 7.0 
(0.15M NaCl). 1 h at 30 ºC 

absorbance at 600 nm 

Glutathione S-transferase CDNB 
100 mM Tris-HCl, pH 8.0 
(0.15M NaCl, 5 mM reduced glutathione) 15 min at 30 ºC 

absorbance at 340 nm 

P450 cytochrome c 
100 mM Tris-HCl, pH 7.0 (0.15M NaCl,  
containing the NADPH generating system 5  4 h at 30 ºC 

absorbance at 550 nm 

1 Procedures for cathepsin B-, L- and D- and legumain-like activities adapted from Santamaría et al. (2015a); and for leucine aminipeptidase- and α-amylase-like activities 
and esterase, glutathione S-transferase and P450 activities from Ximénez -Embún et al. (2016). Assays were performed with 60 µl (P450), 40 µl (glutathione S-
transferase), 20 µl (α-amylase-like), 10 µl (cathepsin B- and L-, legumain- and leucine aminopeptidase-like activities ), 5 µl (cathepsin D-like activity) and 0.25 µl 
(esterase) of the mite protein extract. 
2 The substrates were added at a final concentration of 20 µM (cathepsin B- L-, D- and legumain-like activities), 1mM (LpNa), 0.25% starch, 0.25 mM (1-NA), (0.4 mM 

CDNB) and 50 µM (cytochrome c). Z-RR-AMC, Z-FR-AMC, MocAc-GKPILFFRLK(Dnp)-D-R- NH2 and LpNa as in Table S; Z-VAN-AMC (N-carbobenzoxyloxy-
Val-Ala-Asn-7-amido-4-methylcoumarin) from Bachem (Bubendorf, Switzerland); starch, 1-NA (1-naphthyl acetate), CDNB (1-chloro-2,4-dinitrobenzene) and 
cytochrome c from Sigma-Aldricht (St Luis, USA). 
3 Concentrations are expressed at molarity in the reaction mixture. 
4 AMC and MCA were used as standards for fluorescent substrates as in Table S3.1; starch and 1-naphthol were used as standars for α-amylase-like and esterase activities 

5 The NADPH generating system consisted of 0.5 mM NADP, 2.5 mM glucose 6-phosphate and 0.3 units of glucose 6-phosphate dehydrogenase 
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DROUGHT STRESS PROMOTES THE 
COLONIZATION SUCCESS OF A HERBIVOROUS 
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4.1 Introduction 

Global agriculture faces a big challenge as climate change will affect crop production 

in the near future. According to the IPCC (2013), temperatures will increase and there will be 

more periods of drought, especially in areas with a Mediterranean climate. Thus, less water will 

be available for irrigation and for key summer crops, like tomato, often only a suboptimal 

amount of water will be available. Furthermore, plant drought stress will also have 

consequences for herbivores and their interactions with plants (Cornelissen, 2011). Drought 

and high temperature conditions are often associated with herbivore outbreaks (Mattson and 

Haack 1987), but both positive and negative effects on herbivores have been reported depending 

on the severity of the stress and differing across species and across the plants they are attacking 

(Huberty and Denno, 2004; Cornelissen et al., 2008; White 2009; Gutbrodt et al., 2011). Yet, 

plant responses to a combination of abiotic (e. g. drought stress) and biotic (e. g. herbivory) 

stresses and its impact on herbivore performance are poorly documented (Inbar et al., 2001; 

Huberty and Denno, 2004; Gutbrodt et al., 2011). 

 When a plant detects drought, it activates a series of tolerance mechanisms. First it will 

close the stomata but if the stress continues it will stop growing while it may reset its 

metabolism (Harb et al., 2010; Hummel et al., 2010). In order to prevent desiccation, cells 

undergo an osmotic adjustment, increasing the amount of free sugars and free amino acids, 

especially proline (Hummel et al., 2010; Showler, 2013). The “plant stress hypothesis” assumes 

that such a plant will be of higher nutritional quality for herbivores and therefore can promote 

their performance (Huberty and Denno, 2004; White, 2009). In contrast, the “plant vigor 

hypothesis” (Huberty and Denno, 2004; Cornelissen et al., 2008) assumes that drought stress 

may induce the production of defense compounds (English-Loeb et al., 1997; Inbar et al., 2001) 

which, together with the reduction in plant growth, might have a negative effect on herbivore 

performance. However, herbivores appear not to be passive and may themselves manipulate 

the plant’s primary metabolism (Zhou et al., 2015) and secondary metabolism i.e. defenses 

(Kant et al., 2015) to their own benefit. 

 Plant stress responses are regulated by a complex network of phytohormones, with 

Jasmonic acid (JA) and Salicylic acid (SA) as the central players assisted by ancillary hormones 

such as Abscisic acid (ABA), auxins and ethylene. The response to herbivory is predominantly 

regulated by the JA pathway (Howe and Jander, 2008). This pathway generates the active 

component Jasmonic Isoleucine (JA-Ile) via oxophytodienoic acid (OPDA) and JA (Schuman 

and Baldwin, 2016). In contrast, SA is the key regulator of defense responses induced by 
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phloem feeding insects and biotrophic pathogens (Howe and Jander, 2008). Finally, drought 

stress gives rise to accumulation of ABA, which regulates processes like stomatal closure 

(Verma et al., 2016). Phytohormones can crosstalk and thereby modulate each other’s actions. 

JA and SA pathways are often antagonistic and some herbivores abuse this to manipulate plant 

defenses (Howe and Jander, 2008; Schuman and Baldwin, 2016). The herbivorous spider mites 

Tetranychus evansi and some strains of T. urticae, in contrast, have been reported to suppress 

plant defenses downstream of JA and SA and independent of crosstalk when feeding on tomato 

(Alba et al., 2015). This defense suppression could be attributed to salivary effector-proteins 

secreted into plants during feeding (Villarroel et al., 2016). Also abiotic (drought) stress can 

change the plant’s hormonal balances during herbivory (Atkinson et al., 2015) as ABA was 

reported to suppress the SA pathway while inducing the JA pathway (Thaler and Bostock, 

2004), although its effects can be varying and operate indirectly via other hormones (Verma et 

al., 2016).  

The Tomato Russet Mite (TRM), Aculops lycopersici (Massee) is a cosmopolitan pest 

on solanaceous crops, mainly on tomato (Solanum lycopersicum). TRM causes massive yield 

losses of tomato (Duso et al., 2010), one of the most important horticultural crops worldwide. 

TRM is an eriophioid mite, a family that includes the world’s smallest terrestrial animals 

(Keifer, 1946; Sabelis and Bruin, 1996) and, therefore, are often detected too late by growers. 

It has a short life completing its life-cycle within 7 days, depending on the temperature (Haque 

and Kaway, 2003). Once detected, TRM is difficult to control since it hides in the forest of 

tomato leaf hairs (trichomes) that protects it from predators (van Houten et al., 2013). Early 

studies on the TRM-tomato interaction reported that TRM induces accumulation of oxidative 

enzymes like peroxidases (POD) but not protease inhibitors (PI) or polyphenol oxidases (PPO) 

when feeding on the plant (Stout et al., 1996; Petanovic and Kielkiewicz, 2010). Recently, Glas 

et al. (2014) described that TRM manipulates tomato plant defenses by suppressing JA-

defenses, but not SA-defenses, downstream of phytohormone accumulation and independent 

from JA-SA antagonistic crosstalk. TRM outbreaks might be promoted directly by climate 

change as it´s optimal growth conditions are at 27 ºC and 30% relative humidity (Duso et al., 

2010). However, we were primarily interested in how drought affects herbivores that suppress 

plant defenses. Recently we showed that T. evansi, which suppresses both JA and SA defenses 

simultaneously (Alba et al., 2015), is promoted on plants under mild and moderate watering 

regimes probably due to increased levels in free sugars and essential amino acids, indicating 

that indirect plant-mediated effects independent from defenses may promote population growth 
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of this mite (Ximénez-Embún et al., 2016). For the current study we used TRM since it 

selectively suppresses only JA-defenses (Glas et al., 2014) while, in theory, increased ABA 

could modulate JA-defenses beyond the control of the mite (Golldack et al., 2014). 

The overall aim of this study was to assess the extent to which drought affects TRM-

induced changes in the primary and secondary metabolism of plants. Moreover, we aimed to 

assess the extent to which their combination affects the physiological status (i.e. nutritional 

value and chemical defenses) of tomato in order to estimate the magnitude of the interaction 

between these two stresses. This information is a useful intrument for predicting outbreaks of 

pests that manipulate plant resistance during a changing climate. 

4.2 Materials and methods 

4.2.1 Plant material and mite rearing 
Tomato (cv. Moneymaker) seeds were germinated in soil (commercial peat) and 

transferred to 0.66 L pots (diameter: 12 cm) filled completely with the same soil and grown in 

a greenhouse at 25 ºC and a 15h light /9 h dark regime.  

A tomato russet mite population collected in summer 2008 from a greenhouse in the 

Westland area (The Netherlands) was supplied by Koppert Biological System (Berkel en 

Rodenrijs, The Netherlands). They were reared in insect cages (Bug-Dorm-44590DH, Bug 

Dorm Store, MegaView Science, Taichung, Taiwan) on 3-5 week old tomato plants (cv 

Castelmart), and maintained in a climate room at 27 ºC/25 ºC day/night under a 16h light /8 h 

dark regime at 60 % Relative Humidity (RH). 

4.2.2 Drought stress regime 

Drought stress was attained using the protocol described by Ximénez-Embún et al. 

(2016) with minor modifications. In brief, tomato plants were maintained well-watered in the 

greenhouse as described previously until they had developed three expanded leaves (in about 3 

weeks). Then plants were transferred to a climate room (same conditions as above) and were 

randomly divided in two groups: one group for control and the other for the moderate drought 

stress treatment. Control plants were watered every two to three days to maintain the soil 

volumetric water content (Ɵ) up to 74 %. For moderate stress, watering was stopped for seven 

days and thereafter plants were watered to maintain Ɵ between 21 and 30 %. The wilting point 

was avoided as it happens at Ɵ: 16 %. Ɵ was determined gravimetrically by recording single 

plant pot weight.  
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The severity of drought stress was assessed by measuring the stomatal conductance (gs) 

of the sub-terminal leaflet of the third leaf using a leaf porometer (SC-1 Decagon-T, Pullman, 

USA). Plant growth was estimated by measuring the stem length (distance between the soil and 

the terminal bud). 

4.2.3 Bioassays  

 Two different experiments were carried out: the first to measure the effect of drought 

on mite population growth, the second to obtain plant material for the different metabolite 

analyses and to evaluate plant damage. Both experiments were carried out in a climate room 

under the same environmental conditions as used for the mite rearing.  

Mite population growth. Tomato plants were assigned to four different groups: two 

served as controls and two were used for the drought stress treatment. For each, one group was 

sampled at 7 and the other at 14 days post infestation (dpi). When drought stress conditions had 

stabilized (at about 7-9 days after stopping irrigation for Moneymaker in our experimental 

conditions: see Ximénez-Embún et al., 2016), this moment coincided with the plants having 

four expanded leaves), 12 plants per group were infested with TRM by placing 20 individual 

adult mites on leaf 2, 3 and 4 using a fine-bristle paint brush. Thus, plants were inoculated with 

a total 60 TRM each. A thin barrier of Lanolin (Sigma_aldrichChemie, Zwijndrecht, The 

Netherlands) was prepared, using a needleless syringe, around the petioles of the leaf to prevent 

the mites from escaping. The TRM population density was assessed at the two time points using 

the protocol described by Glas et al. (2014). In brief, the three infested leaves of each plant were 

detached and washed one by one for 20 seconds in a single volume of 25 ml of Ethanol 100%. 

TRM were counted by running 2 ml of leaf washes through a particle count system (PAMAS 

SVSS, PAMAS, Rutesheim, Germany). The number of particles measured was in the range of 

50 to 200 μm as TRM adults size is around 120-150 µm.  

Plant sampling and plant damage evaluation. Tomato plants were divided in four 

different groups combining two treatments: drought stress (control or drought) and TRM 

infestation (infested or non-infested). When drought stress conditions had stabilized (see “mite 

population growth” section), plants were infested with TRM by placing a small piece of an 

infested leaf (ca. 0.5 cm2) on each of the two subterminal leaflet on leaves 2, 3 and 4, resulting 

in 6 pieces per plant. These pieces were cut from highly infested tomato plants and each piece 

contained around 200-250 mobile stages as determined by stereomicroscope (1200 - 1500 mites 

per plant). A thin barrier of Lanolin was prepared, using a needleless syringe, around the 
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petioles of the leaf to prevent the mites from escaping. Seven days after infestation plant 

material was collected by pooling the subterminal leaflets of leaves 2, 3 and 4 of each plant. 

Samples were flash frozen in liquid nitrogen, then ground in liquid nitrogen using a mortar and 

pestle to a fine powder and stored at -72 ºC. Six plants were sampled for each of the four 

treatments, except for phytohormone analysis for which eleven plants were sampled per 

treatment.  

To determine the damage produced by TRM on tomato, a plant injury index was 

established between 0 (healthy leaf) and 5 (dead leaf) as described in Figure S4.1. The plant 

injury index was assessed at 7 dpi, and at 10 dpi and was averaged for three infested leaves. 

4.2.4 Chemical and biochemical analysis 

Chemicals and Equipment. Unless specified otherwise, all chemical compounds 

were obtained from Sigma-Aldricht (St Luis, USA). Fluorimetric measurements were made 

using a Varioskan Flash reader (ThermoFisher Scientific, Willmington, USA), and 

spectrophotometric measurements with a VERSAmaxmicroplate reader (Molecular Devices 

Corp., Sunnyvale, USA). 

Free sugars. Samples of 40 mg of frozen leaf powder were dried in an oven at 70 ºC 

for three days and 2.5 mg of the resulting material was homogenized in 650 µl of ethanol 95% 

(v/v), heated at 80 ºC for 20 min, centrifuged at 10,000 rpm for 10 min, and the supernatant 

collected. The process was repeated two more times and the three supernatants were pooled. A 

volume of 750 µl of the mixture was dried on a SpeedVac Concentrator Savant SVC-100H 

(ThermoFisher scientific, Willmington, DE, USA) and redissolved in 500 µl of water. Soluble 

carbohydrate concentration was estimated by the anthrone method (Maness, 2010) using 

glucose as a standard. In brief, 1 ml of anthrone reagent (0.2% v/v anthrone on 95% sulfuric 

acid) was added to the extract, heated at 90 ºC for 15 min, and the absorbance measured at 630 

nm. 

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

Hacham et al. (2002). Samples of 50 mg of frozen leaf powder were homogenized with 600 µl 

of water:chloroform:methanol (3:5:12 v/v/v). After centrifugation at 12,000 rpm for 2 min, the 

supernatant was collected and the residue was re-extracted with 600 µl of the same mixture, 

pooling the two supernatants. A mixture of 300 µl of chloroform and 450 µl of water were 

added to the supernatants, and after centrifugation the upper water:methanol phase was 

collected and dried in the SpeedVac. The samples were dissolved on 100 µl of sodium citrate 
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loading buffer pH 2.2 (Biochrom, USA) and 10 µl were injected on a Biochrom 30 Amino Acid 

Analyser (Biochrom, USA) at the Protein Chemistry Service at CIB (CSIC, Madrid, Spain). 

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

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

5 min at 4 ºC, and the soluble protein quantified by absorbance at 280 nm on a Nanodrop 1000 

spectophotometer (ThermoFisher scientific, Willmington, USA). 

 Plant defense proteins. Samples of 100 mg of leaf frozen powder were homogenized 

with 500 µl of extraction buffer (0.15 M NaCl for protease inhibitors, and 0.1 M phosphate 

buffer, pH 7.0; 5% w:v polyvinylpolypyrrolidine for oxidative enzymes) and soluble protein 

quantified as explained above. 

Protease inhibitors. The inhibitory activity of plant protein extracts was tested against 

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

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

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

porcine pancreas (EC 3.4.11.1), as described by Ximénez-Embún et al. (2016). In brief, samples 

of 20 µg of plant protein extracts (40 µg in case of leucine aminopeptidase inhibition assay) 

were preincubated for 10 min with 100 ng of the commercial enzyme, subsequently substrate 

is added and incubated for a specific time and absorbance is measured. Reaction conditions are 

summarized in Table S4.1. Results were expressed as a percentage of protease activity 

inhibited. 

Oxidative enzymes. Polyphenol oxidase (PPO) activity was analyzed by incubating 20 

µl of enzyme extract with cathecol (40 mM final concentration) in 160 µl of Tris-HCl pH 8.5 

buffer at 30 ºC for 1 h. Absorbance was read at 420 nm. Peroxidase (POD) activity was 

determined incubating 20 µl of a 1:10 dilution of the enzyme extract with guaiacol (5 mM final 

concentration) and H2O2 (2.5 mM final concentration) in 150 µl of potassium phosphate pH 6 

buffer at 30 ºC for 10 min. Absorbance was read at 470 nm. PPO and POD activities were 

expressed as nmol substrate metabolized relative to time and total protein content. 

4.2.5 Quantification of phytohormones by means of LC-MS 

 Phytohormones were extracted adapting the procedure described by Alba et al. (2015).  

In brief 100 mg of frozen leaf powder was homogenized using a GenoGrinder (Precellys24 

Tissue Homogenizer, Bertin Technologies, Aix-en-Provence, France) in 1 ml of ethyl acetate 

spiked with 100 ng of D6-SA and D5-JA (C/D/N Isotopes Inc., Pointe-Claire, Quebec, Canada) 

as internal standards. After centrifugation for 20 minutes at 13,000 rpm and 4 ºC, the 
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supernatant was collected and the residue was re-extracted with 0.5 ml of ethyl acetate without 

internal standards. After centrifugation the supernatant was combined with the previous one 

and evaporated on a vacuum concentrator (CentriVap Centrifugal Concentrator, Labconco, 

Kansas City, MO, USA) at 30 oC. The pellet was re-suspended in 250 µL of 70% LCMS-grade 

methanol (v/v), centrifuged for 10 minutes and transferred to liquid chromatography-mass 

spectrometry (LC-MS) vials (Fisher Scientific, Hampton, NH, USA). A serial dilution of pure 

standards of OPDA, JA, JA-Ile, SA and ABA was run separately. Phytohormone measurements 

were conducted on a liquid chromatography tandem mass spectrometry system (Varian 320 

Triple Quad LC/MS/MS, Agilent Technologies, Santa Clara, CA, USA). The mobile phase 

comprised solvent A (0.05% formic acid in water; Sigma-Aldrich, Zwijndrecht, the 

Netherlands) and solvent B (0.05% formic acid in methanol; Sigma-Aldrich). The program was 

set as follows: 95% solvent A for 1 minute 30 seconds, followed by 6 minutes in which solvent 

B increased till 98% which continued for 5 minutes, subsequently returning to 95% solvent A 

for 1 minute until the end of the run (18 minutes in total). The flow was 0.2 ml/min. during all 

the run. Compounds were detected in the electrospray ionization negative mode. The parent 

ions, daughter ions used for these analyses are listed in Supporting information Table S2. For 

all oxylipins and ABA we used D5-JA to estimate the recovery rate and D6-SA for SA. Their in 

planta concentrations were subsequently quantified using the external standard series. 

Phytohormone amounts were expressed as ng per gram of fresh leaf material.  

4.2.6 Quantification of gene expression via qRT-PCR 

Samples of 100 mg of frozen leaf powder were taken for total RNA extraction using the 

hot phenol method (Verwoerd et al., 1989). The integrity of RNA was checked on 1% agarose 

gels and subsequently quantified using a NanoDrop 100 spectrophotometer. DNA was removed 

with DNAse (Ambion, Huntingdon, UK) according to the manufacturer’s instructions, after 

which a control PCR was carried out to confirm the absence of genomic DNA contamination. 

cDNA was synthesized from 2 μ g total RNA using a poly(dT) primer and M-MuLV Reverse 

Transcriptase (Fermentas, St. Leon-Rot, Germany) according to the manufacturer’s 

instructions. cDNA dilutions (1:10) were used as the template in quantitative reverse-

transcriptase PCR (qRT-PCR). Reactions were carried out in a total volume of 20 μl containing 

0.25 μM of each primer, 0.1 μl ROX reference dye and 1 μl of cDNA template. Two technical 

replicates were performed per measurement. qRT-PCR was performed with Platim SYBR 

Green qPCR Super Mix (Invitrogen, Paisley, UK) using an ABI 7500 (Applied Biosystems, 

Foster City, C A, USA) system. The program was set to 2 minutes at 50 °C, 10 minutes at 95 
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°C, 45 cycles of 15 seconds at 95 °C and 1 minute at 60 °C, followed by a melting curve 

analysis. Target gene expression levels were normalized to those of actin. The normalized 

relative quantity (NRQ) data were calculated by the ΔCt method NRQ= 

(PEtarget
Ct_target)/(PEreference

Ct_reference) (PE = primer efficiency; Ct = cycle threshold). The PEs 

were determined by fitting a linear regression line on the Ct-values of a standard cDNA dilution 

series. Specific amplification was ensured by melting curve analyses and generated amplicons 

were sequenced. The primers used are listed in Table S4.3. 

 

4.2.7 Statistical analysis 

All plant and mite data were checked for the assumptions of normality and 

heteroscedasticity, and transformed if necessary. Stem length and stomatal conductance were 

log10(x) transformed and analyzed using a three-way ANOVA (using as fixed factors drought 

treatment, TRM infestation and time) performing a Bonferroni post hoc test to compare 

drought-stress treatments within each time. The TRM population size was log10(x) transformed 

and analyzed by a two-way ANOVA (drought treatment, time). The significant differences in 

leaf damage index in control versus moderate drought plants were determined by the non-

parametric Mann-Whitney-Wilcoxon test (U-test). The percentage of protein, free amino acids, 

free sugars and protease inhibition were arcsine square root transformed, phytohormone data 

were log10(x) transformed and gene-expression data (NRQ values) were ln(x) transformed. 

These data and the oxidative enzyme activities were analyzed using a two-way ANOVA using 

as fixed factors drought treatment and TRM infestation. A Newman-Keuls post hoc test was 

performed to see differences of mean between treatments, except for gene expression data 

where Fisher LSD (Least significant difference) post hoc tests were performed. 
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4.3 Results 

4.3.1 Effects of drought on Aculops lycopersici population growth and plant 
damage. 

 When feeding on drought-stressed tomato plants the TRM population grew faster than 

on control plants (Figure 4.1a). However, the difference in population size was significant only 

at 14 days dpi. Likewise, plant damage was significantly higher on stressed plants from 10 dpi 

onwards (Figure 4.1b).  

4.3.2 Effects of drought on stomatal conductance and tomato plant growth. 

The impact of drought stress on stomatal conductance was similar in the two 

experiments, and it was between 3 and 8 times smaller for stressed plants than for control plants 

(Figure S4.2 a). We observed a reduction in stomatal conductance for the control plants during 

the course of the experiment. Moderate drought also affected plant growth, as stem length was 

significantly shorter for stressed plants than for control plants at all measured points (Figure 

S4.2 b). The TRM infestation didn´t induce a significant effect on stomatal conductance and 

tomato plant growth. Therefore, data from infested and uninfested plants were pooled within 

each experiment for producing Figure S4.2.  

 

Figure 4.1 Population growth (A) of Aculops lycopersici (TRM) and plant injury (B) on moderately 
drought stressed tomato plants. Plants were infested with 60 individuals for the population growth 
assay (A) and 1250 individuals for the leaf damage index assay (B). Population size was measured at 7 
and 14 days post infestation (dpi) while plant damage index was measured at 7 and 10 dpi. Data points 
represent the mean ± SE. An asterisk indicates a significant differences between drought treatments 
(population assay: Two-way ANOVA, Bonferroni post hoc test, p<0.05; Injure index: Mann-Whitney-
Wilcoxon test).  
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4.3.3 Changes on plant nutritional composition induced by drought and TRM. 

The levels of nutrients (protein, free sugars and amino acids) in tomato leaves changed 

in response to drought stress as well as to TRM infestation (Table 4.1 and Figure 4.2). TRM 

induced a significant increase of the amount of total protein. The amino acids analyzed were 

separated as essential and non-essential ones according to the division made by Rodriguez and 

Hampton (1966) for the phytophagous mite T. urticae. Moderate drought induced a reduction 

of the amount of the non-essential amino acids aspartic acid and alanine but increased the 

amount of the essential histidine. Proline was the only non-essential amino acid that 

accumulated to higher levels in response to both TRM infestation and TRM combined with 

drought stress, whereas alanine levels were also reduced when both stresses were combined. In 

contrast, TRM alone and combined with drought stress induced the essential ones, valine, 

isoleucine, tyrosine, lysine and leucine, the latter at four times higher levels than in the control. 

The essential amino acid arginine was induced by TRM but not when combined with drought 

stress. Alone drought or TRM did not affect free sugar levels but combined they significantly 

increased these levels. 

Table 4.1 Effect of moderate drought and infestation by A. licopersici on nutritional 
composition of tomato leaves.  
 

 Non-infested    TRM infestation   

  Control 
Moderate 
drought   Control 

Moderate 
drought 

Protein  17±2 a  18±1 a   27±2 b 27±3 b 
Free aminoacids  0.37±0.05 a 0.27±0.02 a  0.44±0.09 a 0.28±0.03 a 
Free sugar  4.8±1.0 b 5.2±0.5 b   3.8±0.2 b 8.1±1.1 a  

Data are mean ±SE of % dry weight. Different lower case letters within rows 
indicates significant differences (Two-way ANOVA, Newman-Keuls post hoc 

test at p<0.05). 
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4.3.4 Effect of drought and TRM on tomato plant defense: phytohormones, 
defense genes and defense proteins. 

The defense response of the plant was analyzed at three levels: phytohormone 

accumulation (Figure 4.3), the transcript levels of marker genes linked to the JA and SA 

pathways (Figure 4.4) and the activity of defense proteins (Table 4.2).   

TRM induced a two-fold increase in the accumulation of JA, a 2.5-fold increase in 

OPDA (the precursor of JA) and an 8.7-fold increase in Ja-Ile (the bioactive form of JA) in 

tomato plants. In addition, TRM induced a fourfold increase in SA accumulation. When 

combining TRM infestation with drought stress the amount of OPDA increased 4-fold and those 

of SA 12-fold. However, while TRM alone induced JA and JA-Ile accumulation significantly, 

combining it with drought antagonized this effect. Moderate drought affected ABA 

Figure 4.2 Levels of free amino acids in tomato leaves from plants under moderate drought stress 
and/or infested with Aculops lycopersici (TRM) at 7 days post infestation (dpi). The bars represent 
the mean amount amino acid (µg) per gram of dry weight (DW) ± SE  represented on a logarithmic 
scale. The division between essential and non-essential amino acids for T. urticae is based on Rodriguez 
and Hampton (1966). Different letters indicate significant difference between treatments (Two-way 
ANOVA, Newman-Keuls post hoc test, p<0.05).  
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accumulation significantly (P = 0.007 in the two-way ANOVA), but the post hoc analysis did 

detect significant differences among treatments.  

TRM infestation did not significantly induce the expression of the JA-marker genes but 

it did elevate transcript accumulation for the SA-marker gene PR-P6 more than 20 times. 

Moderate drought, in contrast, down regulated the expression of the JA marker genes JIP-21 

and PPO-F by 2-fold and 4-fold respectively. When combining drought and TRM, expression 

levels decrease even further albeit not to significantly lower levels. 

The defense proteins were divided in two categories: protease inhibitors and oxidative 

enzymes. From the different protease inhibitors, TRM infestation increased the total activity of 

cysteine protease (cathepsin B and papain) inhibitors. Drought decreased the total inhibitory 

activity of serine protease (trypsin and chymotrypsin) inhibitors. Cathepsin D and 

aminopepetidase inhibitory activities were not affected by any of the treatments. The total 

activity of the oxidative enzymes PPO and POD was significantly increased by TRM. Drought 

Figure 4.3 Phytohormone levels in tomato leaves under moderate drought stress and/or infested 
with Aculops lycopersici (TRM) at 7 days post infestation. The bars represent the mean ng of 
phytohormone per gram of fresh weight (FW) ± SE of endogenous OPDA (A), JA (B), JA-Ile (C), ABA 
(D), SA (E). Different letters in each figure indicate significant difference between treatments (Two-
way ANOVA, Newman-Keuls post hoc test, p<0.05).  
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stress decreased the POD activity, but when combined with TRM infestation PPO and POD 

activities were equal to those of the control.  

 

 

 

 

Figure 4.4 Relative transcript abundance of tomato plants under moderate drought stress and/or 
infested with Aculops lycopersici (TRM) at 7 days post infestation. Selected genes mark the JA 
pathway: TD-II (A), PPO-F (B), JIP-21 (C) and PI-IIf (D) and the SA pathway: PR-P6 (E). The bars 
represent the mean normalized relative quantity (NRQ) ± SE. Different letters indicate significant 
difference between treatments (Two-way ANOVA, Fisher LSD post hoc test, p<0.05).  
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4.4 Discussion 

We showed that drought-stressed tomato plants reconfigure their metabolism (Bauer et 

al., 1997; English-Loeb et al., 1997) and become a better host for TRM. This finding is in 

agreement with the “plant stress hypothesis” that assumes that stress, such as drought stress, 

promotes herbivore performance due to an improvement of the nutritional value of the stressed 

plant (Huberty and Denno ,2004; White, 2009). Interestingly, drought and TRM synergized 

accumulation of free sugars which have been shown to act as a phagoestimulant (Wermenlinger 

et al., 1991; Showler, 2013). Also in a previous study we observed that drought-induced 

accumulation of free sugars and amino acid in tomato plants coincides with improved 

performance of the herbivorous mite T. evansi (Ximénez-Embún et al., 2016). In contrast, here 

we did not observed a reduction in proteins, indicating that there was not a mobilization of 

protein into free amino acids, as has been observed in other plant-herbivore interactions 

previously (Bauer et al., 1997; Ximénez-Embún et al., 2016). Accordingly, the amounts of most 

amino acids remained unaltered in drought stresses plants, except for a reduction of aspartic 

acid and alanine contents and an increase of histidine levels. Proline accumulation, an indicator 

of drought stress (Claussen 2005; Showler 2013), was not affected by our drought stress 

treatment. Leaf age or a low level of light radiation may explain the absence of a proline 

response, since we also observed a reduction in stomatal conductance and in plant growth which 

Table 4.2 Effect of moderate drought and infestation with Aculops lycopersici on tomato plant 
defense proteins at 7 days post infestation. 

  Non-infested   TRM infestation 
  Control Drought   Control Drought 
Cathepsin B 54±2 b 47±5 b  82±2 a 86±2 a 
Papain 56±3 c 57±3 c  72±4 b 83±2 a 
Cathepsin D 43±1 a 39±3 a  40±4 a 35±3 a  
Trypsin 40±4 ab 23±5 b  50±10 a 35±6 ab 
Chymotrypsin 91±2 a  45±12 b  95±2 a 75±8 a 
Aminopeptidase 14±3 a  10±3 a    16±4 a  19±4 a  
Poliphenol oxidases1 5.2±0,5 a 4.0±0.6 a  7.8±1.3 b 4.5±0.4 a 
Peroxidases2 9.4±2.4 b 3.9±0.9 c   29.9±6.4 a 12.1±2.6 b 
Data are mean ± SE. Different lower case letters within rows indicates 
significant differences (Two-way ANOVA, Newman-Keuls post hoc test at 
p<0.05). 
(1) PPO: nmol Cathecol metabolized/ mg Protein*min 
(2) POD: nmol Guaiacol metabolized/ mg Protein*min. 
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clearly indicates that the drought treatment did affect the plants (Harb et al., 2010; Hummel et 

al., 2010).  

 The first important aspect that determines plant palatability is its nutritional 

composition. Reconfiguration of the plant’s primary metabolism during herbivory (Zhou et al., 

2015), i.e. mainly that of free carbohydrates and amino acids, has been reported to affect the 

pool of precursors for defense compounds, the amount of available energy for the plant and 

may indicate reallocation of nutrients e.g. to storage tissues (Steinbrenner et al., 2011; Zhou et 

al., 2015).  Our data show that TRM infestation does not significantly affect the accumulation 

of free sugars and total free amino acids. In contrast, we observed increased accumulation of 

total protein. Something similar was observed for tomato plants infested with the generalist leaf 

feeder Helicoverpa zea (Steinbrenner et al., 2011). Nevertheless, the concentrations of several 

essential amino acids increased during TRM infestation significantly, with isoleucine and 

leucine levels being elevated the strongest. Possibly this is causally related to the increase in 

the JA conjugate JA-Ile which plays a decisive role in plant defense signalling (Ataide et al., 

2016; Schuman and Baldwin, 2016). Proline, a non-essential amino acid, was also induced by 

TRM reminiscent of Manduca sexta on tomato (Gomez et al., 2012) and the pea aphid on 

Medicago truncatula (Guo et al., 2013). Proline can be used by mosquitoes as a direct energy 

substrate for glycolysis and ATP production (Scaraffia and Wells, 2003) and it would be 

interesting to test its effect on TRM population growth. 

 The second important aspect that determines plant palatability and mite population 

growth is plant resistance as determined by its defense responses. As mentioned before, we 

investigated plant defense at three levels or organization: at the phytohormone-level, the 

marker-gene expression level and at the defense-protein activity level. We found that TRM 

elevated the accumulation of JA-precursor OPDA, JA, the JA-derivative JA-Ile and of SA. 

However, in response to TRM only the transcript levels of the SA-marker gene (PR-P6) 

increased but not those of the JA-marker genes PI-IIf, JIP-21, PPO-F and TD-II. This is in line 

with the results of Glas et al. (2014) who showed that TRM suppresses selectively the 

expression of JA-dependent defense genes downstream of phytohormone accumulation. JIP-

21 and PI-IIf are serine protease inhibitors and, accordingly, also the plant’s protease inhibition 

activity against trypsin and chymotrypsin was not induced by TRM. In contrast, TRM it induced 

an increase in the activities of cysteine (papain and cathepsin B) protease inhibitors and of the 

oxidative enzymes PPO and POD, similar to T. evansi (Ximénez-Embún et al., 2016). So far, 

the phytophagous mites analysed belonging to the family Tetranychidae (T. urticae and T. 
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evansi) and Tenuipalpidae (Brevipalpus chilensis) rely on cysteine proteases for digestion 

(Carrillo et al., 2011; Ximénez-Embún et al., 2016). In addition, cysteine protease inhibitors 

have been shown to be detrimental to tetranychid mites (Santamaria et al., 2015b). However, 

there is no information for digestive physiology for TRM. This raises an interesting question: 

while it was shown that suppression of defenses - i.e. JA- and SA-defenses by T. evansi and 

JA-defenses by A. lycopersici – it beneficial for mites and decreases plant resistance yet all 

three mite species – including the inducer of JA and SA defenses T. urticae – induce 

accumulation of cysteine protease inhibitors. Hence it would be interesting to see if these mites 

have a different sensitivity to this type of protease inhibitor or if the role of cysteine protease 

inhibitors within the collective defense response of the plant is minor. Tomato plants silenced 

for this class of inhibitors could be instrumental for answering this question. 

The hormonal responses in plant when experiencing a mixture of biotic and abiotic 

stresses are complex as many of these pathways interact via cross-talk (Thaler and Bostock, 

2004; Atkinson et al., 2015). The accumulation of hormones is dynamic in time and space and 

the quantities one measures inside of a single leaf or leaflet will depend on several factors such 

as the time of day (Atamian and Harmer, 2016), on where the stress started (i.e. is it a local or 

a systemic stress?) and on when it started (Eckardt, 2015). For instance ABA accumulation 

typically peaks during the first phase of a drought response but ceases again while the stress 

continues (Thompson et al., 2007). This might explain why we didn´t observed differences in 

ABA accumulation between treatments at the 14 dpi. Moreover, also JA and SA are involved 

in the early drought response of tomato (Muñoz-Espinosa et al., 2015), though there is not much 

information on their role in the later phases of the response. In our experiments, drought stress 

didn´t induce JA or SA. However, when drought stressed plants were also infested with TRM 

the accumulation of SA increased to almost threefold compared to the levels induced by the 

mite on control plants. This synergistic effect may be explained by hormonal crosstalk between 

JA and SA (Howe and Jander, 2008; Schuman and Baldwin, 2016) since the combination of 

TRM and drought reduces the levels of JA with a similar trend for JA-Ile. Hence the effects we 

observed on JA and SA may be causally linked. Although the effect of drought stress alone on 

JA and JA-Ile was not significant, it decreased the transcript levels of the JA-marker genes JIP-

21 and PPO-F, and reduced the activity of serine protease (trypsin and chymotrypsin) 

inhibition, and of POD. This indicates that the inducibility of JA-related responses by 

herbivores is strongly reduced in drought stressed tomatoes. This leads us to suggest that, under 

our conditions, the reduction of tomato defenses due to drought stress contributes to the increase 
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in the plant’s palatability to TRM. This implies that for TRM effects of drought on defenses 

may play a bigger role in promoting the mite’s population growth-response than for the spider 

mite T. evansi for which especially changes in nutritional quality were associated with an 

increase in the mite’s performance (Ximénez-Embún et al., 2016). However, in literature results 

on the effect of drought stress on tomato plant defenses are not always consistent (English-Loeb 

et al., 1997), possibly as a consequence of the spatiotemporal dynamics of (cross-talking) 

hormonal responses in relation to differences between sampling protocols and experimental 

conditions. Therefore, the most important readout is the performance of the herbivore since 

clearly not only spider mites (Ximénez-Embún et al., 2016) but also russet mites benefit from 

drought and become a more aggressive pest on tomato although the plant-physiological basis 

for these effects can be different. We feel that altering the nutritional quality of tomatoes under 

drought stress through breeding may be more challenging than breeding for resistances that 

perform well also under stressful conditions. Therefore we feel that identifying “stress-

resistant” defenses will be necessary to ensure crop protection also under a changing climate in 

times that pesticides are increasingly banned from the production process. 

4.5 Conclusions 

Our data indicate that the joint action of both drought stress and tomato russet mite 

infestation can have additive, synergistic and antagonistic effects on the plant’s nutritional 

quality and defense responses. These effects are characterized by a disproportional increase in 

the plant’s levels of free sugars, and some essential amino acids and also by a weakened JA-

response paralleled by an amplified SA-response. The predicted increase in the number, the 

duration and the extent of future periods of drought due to climate change will therefore likely 

promote TRM performance. Hence one may expect TRM to become a more problematic pest 

in tomato than it already is. To be ahead of this danger we should search for drought-stress 

resistant defenses that can be used to protect tomato cultivation also for future generations. 
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4.6 Supporting information 

 

Figure S4.1 Leaf damage index explanation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Drought Effect on Aculops lycopersici │CHAPTER 4 
 

95 
 

 

 

Figure S4.2 Effect of moderate drought on A) tomato stomatal conductance (gs) and B) 
stem length at mite infestation (mi) at 7 and 14 days post infestation (dpi). Data (mean ± 
SE) are average of the values on infested and non-infested plants on  TRM population growth 
and plant material experiments, as mite infestation didn´t show a significant effect.  An asterisk 
indicates a significant difference between drought and control treatments at each time (Three-
way ANOVA, Bonferroni post hoc test, p<0.05).  
 



CHAPTER 4 │ Drought Effect on Aculops lycopersici 

96 
 

  

Table S4.1 Summary of analytical methods to assess the inhibitory activity of plant protein extracts 1 

 

Commercial enzyme 2 Substrate 3 Buffer 4 Incubation  Measurement 5 

Cathepsin B from  
bovine spleen (EC 3.4.22.1) Z-RR-AMC 

100 mM NA phosphate, pH 6.0 (10 mM L-
cysteine, 10 mM EDTA, 0.01% (v/v) Brij 35) 1 h at 28 ºC 

excitation filter 350 
nm 
emission filter 465 nm 

Papain  
(EC 3.4.22.2) Z-FR-AMC 

100 mM Na phosphate, pH 6.0 (10 mM L-
cysteine, 10 mM EDTA,  0.01% (v/v) Brij 35) 1 h at 28 ºC 

excitation filter 350 
nm 
emission filter 465 nm 

Cathepsin D from  
bovine spleen (EC 3.4.23.5) 

MocAc-
GKPILFFRLK 
(Dnp)-D-R- NH2 

100 mM sodium citrate, pH 3.5 
 (0.15M NaCl, 5 mM MgCl2) 10 min at 30 ºC 

excitation filter 328 
nm 
emission filter 393 nm 

Trypsin from  
bovine pancreas (EC 
3.4.21.4), Z-LA-AMC 

100 mM Tris-HCl, pH 7.5 
(0.15M NaCl, 5 mM MgCl2)  1 h at 35 ºC 

excitation filter 350 
nm 
emission filter 465 nm 

α-Chymotrypsin from  
bovine pancreas (EC 
3.4.21.1), SucAAPF-AMC 

100 mM Tris-HCl, pH 7.5 
(0.15M NaCl, 5 mM MgCl2)  1 h at 35 ºC 

excitation filter 350 
nm 
emission filter 465 nm 

Leucine aminopeptidase from  
porcine pancreas (EC 
3.4.11.1). LpNa 

100 mM Tris-HCl, pH 8 
(0.15M NaCl, 5 mM MgCl2) 1 h at 30 ºC 

absorbance at 410 nm 

 
1 Procedures adapted from Ximénez-Embún et al. (2016). Samples of 20 µg of plant protein extracts (40 µg in case of leucine aminopeptidase) were preincubated for 10 min 
with 100 ng of the commercial enzyme. 
2 All purchased from Sigma-Aldricht (St Luis, USA). 
3 The substrates were added at a final concentration of 20 µM. Z-RR-AMC (N-carbobenzoxyloxy-Arg-Arg-7-amido-4-methylcoumarin) for cathepsin B, Z-FR-AMC (N-
carbobenzoxyloxy-Phe-Arg-7-amido-4-methylcoumarin) for papain, Z-LA-AMC (Z-L-Arg-7-amido-4-methylcoumarin) for trypsin, SucAAPF-AMC (Suc-Ala-Ala-Pro-Phe-
7-amido-4-methylcoumarin) for chymotrypsin, all purchased from Calbiochem (MerkMilipore, Billerica, USA), MocAc-GKPILFFRLK(Dnp)-D-R- NH2 from Peptanova 
(Germany) for cathepsin D, and LpNa (L-leucine p-nitroanilide) from Sigma-Aldricht (St Luis, USA) for leucine aminopeptidase. 
4 Concentrations are expressed at molarity in the reaction mixture. 
5 AMC (7-amino-4-methylcoumarin) (Bachem, Swizerland) as standard for all fluorescent substrates, except MCA (MoCAC-Pro-Leu-Gly) (Peptanova GmbH, Germany) for 
cathepsin D. Double blanks were used to account for spontaneous breakdown of substrates and the plant protease activity, and all assays were done in duplicate. 
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Table S4.2 Parameters used for detection of phytohormones and related compounds by LC-MS/MS

 
Compound 

Molecular ion [M-H] 
(m/z) 

Fragment ion  
(m/z) 

OPDA 291 165 
JA 209 59 
D5-JA (Internal Standard) 213 61 
JA-Ile 322 130 
SA 137 93 
D6-SA (Internal Standard) 141 97 
ABA 263 153 

 

Table S4.3 Nucleotide sequence of primers used for qRT-PCR analysis 

Target 
Gene 

Name GenBank (GB) 
accession  

Gen Model 
ITAG2.3:  

Forward Primer 
5’  3’ 

Reverse Primer 
5’  3’ 

PPO-F Polyphenol-oxidase-F AK247126.1 Solyc08g074630.1.1 CGGAGTTTGCAGGGAGTTATA
C 

TTGATCTCCACACTTTCAATG
G 

JIP-21 Jasmonate-inducible 
protein 21 

AJ295638.1 Solyc03g098790.1.1 ACTCGTCCTGTGCTTTGTCC CCCAAGAGGATTTTCGTTGA 

TD2 Threonine Deaminase-2 M61915.1 Solyc09g008670.2.1 TGCCGTTAAAAATGTCACCA ACTGGCGATGCCAAAATATC 

PI-IIf Proteinase Inhibitor IIf AY129402.1 Solyc03g020080.2.1 GACAAGGTACTAGTAATCAAT
TATCC 

GGGCATATCCCGAACCCAAGA 

PR-P6 Pathogenesis-related 
protein P6 

M69248.1 Solyc00g174340.1.1 GTACTGCATCTTCTTGTTTCCA TAGATAAGTGCTTGATGTCCA 

Actin Actin XM_004235020.1 Solyc03g078400.2.1 TTAGCACCTTCCAGCAGATGT AACAGACAGGACACTCGCACT 
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Chapter 5  

 

PLANT-MEDIATED EFFECTS OF WATER DEFICIT 
ON THE PERFORMANCE OF Tetranychus evansi ON 

TOMATO DROUGHT-ADAPTED ACCESSIONS 
 

 

 

 

 

 

 

 



 

 
 

 



T. evansi Performance on Drought-Adapted Tomato Accessions│CHAPTER 5 
 

101 
 

5.1 Introduction 

During cultivation, crop plants are exposed to a combination of biotic and abiotic 

stresses, among which soil water deficiency and arthropod pests are among the most critical. 

Drought is considered the main environmental factor limiting plant growth and yield 

worldwide, especially in semiarid areas like the Mediterranean (Chaves et al., 2003). Tomato 

(Solanum lycopersicum L) is a major vegetable crop grown all over the world in outdoor fields 

and greenhouses, and it is also one of the most water demanding. Thus, it needs to be cultivated 

under irrigation in most growing areas (Rivelli et al., 2013). Its cultivation is mainly 

concentrated in semiarid zones, where drought events associated with climate change are 

expected to be more frequent (Nankishore and Farrell, 2016). Thus, water shortage caused by 

drought periods can have important consequences for tomato production, as a deficient 

irrigation might produce yield reduction of up to a 50% in the case of an equivalent reduction 

in irrigation (Cantore et al., 2016).  

The high sensitivity of tomato to water deficit and the need for irrigation in the 

Mediterranean basin has prompted different approaches for breeding drought-resistant crops, 

including the search for drought tolerant/adapted varieties (Hu and Xiong, 2014). The term 

“drought-adapted” refers to higher yield in crop plants under water shortage conditions 

(Verslues and Juenger, 2011). Remarkably, tomato is one of the crops with the highest diversity 

of genetic sources, most coming from wild species from arid zones in the Andean region where 

it came from (Bai and Lindhout, 2007). Furthermore, the landraces formed in secondary centres 

of diversification like the Mediterranean area can be used as sources of genetic diversity. In this 

regard, finding tomato drought-adapted varieties might become an important approach to 

improve water-use efficiency, under future climate change scenarios. Hereof, the ‘Tomàtiga de 

Ramellet’ tomatoes, which represent a population of landraces from the Balearic Islands 

(Spain), have been traditionally cultivated outdoors under low water availability conditions 

during the Mediterranean summer, and thus they represent tomatoes adapted to cultivation 

under water deficit (Galmes et al. 2011, 2013). Several studies have compared groups of tomato 

varieties, landraces or wild species observing a differential expression on some drought-

associated traits between varieties, but without having a consistent response in the literature. 

For instance, proline is highly induced by drought in some varieties and poorly in others, 

whereas leaf water content is generally less reduced on tolerant plants (Sanchez-Rodriguez et 

al., 2010; Tapia et al., 2016). Other traits like stomatal conductance and the maximum quantum 

yield of photosystem II photochemistry (Fv/Fm) are the parameters most used as drought 
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response indicators. In general, a fast decrease in stomatal conductance and a long maintenance 

of the Fv/Fm value, are indicative of tolerance (Thompson et al., 2007; Mishra et al., 2012; 

Nankishore and Farrell, 2016; Tapia et al., 2016).  

The red tomato spider mite, Tetranychus evansi Baker & Pritchard, first recorded in 

Brazil, has emerged as a serious invasive pest in some areas of Africa and Europe (Navajas et 

al., 2013). It is described as a species highly tolerant to hot and dry conditions being thus 

expected to spread northwards across Europe (Meynard et al. 2013). In addition, it has been 

shown that T. evansi is able to suppress tomato plant defenses (Alba et al., 2015), and we have 

found that both drought and T. evansi infestation induced significant changes in the nutritional 

quality of tomato plants, as more essential amino acids and free sugars are available (Ximénez-

Embún et al., 2016). These changes trigger a bottom-up effect on key biological traits of T. 

evansi causing a highly significant increase in leaf damage and mite performance, thus it 

represents an increasing threat to tomato crop production in the face of climate change.  

Nevertheless, to our knowledge, there is little information on how drought-adapted local 

populations will face the combination of both moderate water deficit, which is the core for the 

application of deficit irrigation, and the infestation of T. evansi. We report here on a holistic 

approach that considers both drought and spider mites. Accordingly, we investigate the 

performance of T. evansi on drought-adapted (“Tomàtiga de Ramellet” landraces) tomatoes 

subjected to a moderate water deficit. The mite performance response when feeding on some 

of the selected landraces was linked to the observed changes in plant nutritional composition 

and compared to the commercial cultivar, Moneymaker. Furthermore, by imposing these two 

stresses in combination, the possible directions (synergistic or antagonistic) of the multiple 

interactions could be examined. 

5.2 Materials and methods 

5.2.1 Plant material and mite rearing 

Four tomato accessions (provided by Dr. Granell, IBMCP, Valencia, Spain) were used 

in this study: TR58, TR61, TR126 and TR154 (from a population of local landraces ‘Tomàtiga 

de Ramellet’ (TR) from Mallorca, Balearic Islands, Spain) traditionally grown under non-

irrigated conditions during the Mediterranean summer and selected on the basis of their 

adaptation to water deficit conditions; as well as the commercial cultivar Moneymaker. Tomato 

plants were grown from seeds in 40 well trays. Plants with 3 expanded leaves were transferred 

to 2.5 liter pots (diameter: 16 cm, height: 15 cm) (Maceflor ©, Valencia, Spain) filled with 600 
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g of Universal growing medium `Compo sana ®´ (Compo GmbH, Münster, Germany) and 

watered to saturation.  

A colony of T. evansi derived from the Nice strain collected in Beausoleil (South of 

France) was provided by Dr. Maria Navajas (CBGP, France). Mites were maintained on 

detached tomato leaves (cv. Moneymaker) placed on ventilated plastic cages (22x30x15 cm) 

for about 50 generations. The petiole of the leaves was in contact with a thin layer of water in 

the bottom of the cages to avoid mites escaping and to maintain the leaf turgor. Plants and mite 

cages were maintained in a climate room at 25±1 ºC, 50±5 % relative humidity and a 16 h 

light/8 h dark photoperiod. 

5.2.2 Drought stress regime 

Drought stress was attained by water deficiency as described by Ximénez-Embún et al. 

(2016). In brief, tomato plants were well-watered until they developed four-five expanded 

leaves, then we imposed two watering treatments, defined as control and moderate drought 

stress, in order to establish two irrigation regimes. Control plants were watered every two-three 

days to maintain the soil volumetric water content (Ɵ) up to 74%. For moderate drought stress, 

watering was stopped for seven days and thereafter plants were watered to maintain Ɵ between 

21 and 30%. Ɵ was determined gravimetrically by recording single plant pot weight (balance 

BSH 6000, PCE Iberica, Tobarra, Spain). Steady stress conditions were reached at about seven 

to nine days after ceasing irrigation. Water stressed plants from the four accessions were over 

the wilting point associated with severe drought stress, established at Ɵ ≤ 16% for Moneymaker 

in our experimental conditions (Ximénez-Embún et al., 2016). 

The severity of drought stress was assessed by measuring the following parameters on 

the sub-terminal leaflet of the 4th leaf: a) stomatal conductance (gs) using a leaf porometer (SC-

1 Decagon-T, Pullman, USA); and b) variations in maximum quantum yield of photosystem II 

photochemistry (Fv/Fm), using a FluorPen FP 100 (PSI, Drasov, Czech Republic). Plant growth 

was estimated by measuring the stem length (distance between the soil and the terminal bud). 

5.2.3 Bioassays  

 Two different experiments were carried out: the first to measure the effect of moderate 

drought on mite performance and leaf damage; the second to obtain plant material for chemical 

and biochemical analyses. Both experiments were carried out in a growth chamber under the 

same environmental conditions as those used for the mite rearing.  
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Experiment 1. Tomato plants from each of the four TR accessions were randomly 

assigned to control or moderate drought treatments. At about seven-nine days, after stopping 

irrigation, the drought stress conditions had stabilized, corresponding with the phenological 

stage of six-seven expanded tomato leaves. Then, plants were infested with T. evansi females, 

of unknown age, collected from the laboratory colony by using a vacuum pump D-95 (Dinko 

S.A., Barcelona, Spain) with a sucking power of 10-50 mmHg connected to a modified 

Eppendorf. They were placed on the two sub-terminal leaflets of tomato leaves three, four, and 

five (eight mites per leaflet, 48 mites per plant). All plants (infested and non-infested) were 

confined with a ventilated metacrylate cylinder fitting the pot diameter and set up in a growth 

chamber in a complete randomized block design. A total of nine replicates per treatment were 

performed. Mite performance was assessed at 4 days post infestation (dpi) to avoid overlaping 

generations, as eggs need at least 5 days to hatch in our experimental conditions. All leaves 

were detached from the plants, and the number of eggs and mobile mite stages (larvae, nymphs 

and adults) were counted under a stereomicroscope M125 (Leica Mycrosystem, Wetzlar, 

Germany). The leaf damaged area (mm2 of chlorotic lesions) was determined by scanning the 

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

analyzing the scanned leaflets with the program GIMP 2.8 (www.gimp.org), as described by 

Ximénez-Embún et al. (2016). 

Experiment 2. Plants of two of the selected varieties (TR126 and TR154) and of the 

cultivar Moneymaker were assigned to four different groups combining two treatments: drought 

stress (control or moderate drought) and T. evansi infestation (infested or non-infested). When 

drought stress conditions had stabilized, plants were infested as described above. Four days 

after infestation plant material was collected. The left leaflets from leaves three, four, and five 

were pooled and grounded in liquid nitrogen to a fine powder and stored for the analysis of total 

protein, free amino acids and plant defense proteins. The right leaflets from the same leaves 

were dried together in an oven at 70 ºC for 3 days, weighed before and after drying to assess 

the percentage of water, and grounded using a mortar and pestle to obtain a fine powder and 

stored for free sugar analysis. Six replicates per treatment were done. 

5.2.4 Chemical and biochemical analysis 

  Chemicals and Equipment. Unless specified otherwise, all chemical compounds were 

obtained from Sigma-Aldricht (St Luis, USA). Fluorimetric measurements were made using a 

Varioskan Flash reader (ThermoFisher Scientific, Willmington, USA), and spectrophotometric 
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measurements with a VERSAmax microplate reader (Molecular Devices Corp., Sunnyvale, 

USA). 

Free sugars. Samples of 40 mg of leaf powder were homogenized in 650 µl of ethanol 

95% (v/v), heated at 80 ºC for 20 min, centrifuged at 10,000 rpm for 10 min, and the supernatant 

collected. The process was repeated two more times and the three supernatants were pooled. A 

volume of 750 µl of the mixture was dried on a SpeedVac Concentrator Savant SVC-100H 

(ThermoFisher scientific, Willmington, DE, USA) and redissolved in 500 µl of water. Soluble 

carbohydrate concentration was estimated by the anthrone method (Maness 2010) using glucose 

as standard. In brief, 1 ml of anthrone reagent (0.2% v/v anthrone on 95% sulfuric acid) was 

added to the extract, heated at 90 ºC for 15 min, and the absorbance measured at 630 nm  

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

Hacham et al. (2002). Samples of 50 mg of frozen leaf powder were homogenized with 600 µl 

of water:chloroform:methanol (3:5:12 v/v/v). After centrifugation at 12,000 rpm for 2 min, the 

supernatant was collected and the residue was re-extracted with 600 µl of the same mixture, 

pooling the two supernatants. A mixture of 300 µl of chloroform and 450 µl of water were 

added to the supernatants, and after centrifugation the upper water:methanol phase was 

collected and dried in the SpeedVac. The samples were dissolved on 100 µl of sodium citrate 

loading buffer pH 2.2 (Biochrom, USA) and 10 µl were injected on a Biochrom 30 Amino Acid 

Analyser (Biochrom, USA) at the Protein Chemistry Service at CIB (CSIC, Madrid, Spain). 

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

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

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

1000 spectophotometer (ThermoFisher scientific, Willmington, USA). 

Plant defense proteins. Samples of 100 mg of leaf frozen powder were homogenized 

with 500 µl of extraction buffer (0.15 M NaCl for protease inhibitors, and 0.1 M phosphate 

buffer, pH 7.0; 5% w:v polyvinylpolypyrrolidine for oxidative enzymes) and soluble protein 

quantified as explained above. 

Protease inhibitors. The inhibitory activity of plant protein extracts was tested against 

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

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

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

porcine pancreas (EC 3.4.11.1); as described by Ximénez-Embún et al. (2016). Samples of 20 

µg of plant protein extracts (40 µg in case of leucine aminopeptidase inhibition assay) were 
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preincubated for 10 min with 100 ng of the commercial enzyme. Reaction conditions are 

summarized in Table S5.1. Results were expressed as a percentage of protease activity 

inhibited. 

Oxidative enzymes. Polyphenol oxidase (PPO) activity was analyzed by incubating 20 

µl of enzyme extract with cathecol (40 mM final concentration) in 160 µl of Tris-HCl pH 8.5 

buffer at 30 ºC for 1 h. Absorbance was read at 420 nm. Peroxidase (POD) activity was 

determined incubating 20 µl of a 1:10 dilution of the enzyme extract with guaiacol (5 mM final 

concentration) and H2O2 (2.5 mM final concentration) in 150 µl of potassium phosphate pH 6 

buffer at 30 ºC for 10 min. Absorbance was read at 470 nm. PPO and POD activities were 

expressed as nmol substrate metabolized relative to time and total protein content. 

5.2.5 Statistical analysis 

All plant and mite data were checked for the assumptions of normality and 

heteroscedasticity, and transformed if necessary. Stem length and stomatal conductance were 

log10(x) transformed while Fv/Fm was log10(x+1) transformed, and the three parameters were 

analyzed at mite infestation and at 4 days post infestation using a two-way ANOVA (using as 

fixed factors drought-stress treatment and tomato variety) and  Bonferroni post hoc tests to 

compare all combinations of treatments and varieties for each time. The number of T. evansi 

eggs, mobile forms and leaf damaged area were log10(x) transformed and analyzed by a two-

way ANOVA (drought stress treatment and tomato variety as fixed factors) and Bonferroni post 

hoc tests to compare drought-stress treatments within each variety. The percentage of water, 

free sugars, protein, free amino acids, and protease inhibition were arcsine square root 

transformed. These data and the oxidative enzyme activities were analyzed for each tomato 

variety separately using a two-way ANOVA (using as fixed factors drought stress and mite 

infestation treatments) and Newman-Keuls post hoc tests to make comparisons among 

treatments. 

5.3 Results 

5.3.1 Effect of drought on stomatal conductance, photosynthetic efficiency and 
tomato plant growth. 

 The impact of moderate drought stress on stomatal conductance, photosynthetic 

efficiency, and stem length was similar in Experiment 1 (Figure S5.1) and 2 (Figure S5.2). The 

infestation by T. evansi did not affect any of the physiological parameters analyzed, and thus 

data from infested and non-infested plants were pooled in Experiment 2. The Fv/Fm, values in 
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turn, corroborated that severe drought stress conditions were never reached, since values were 

never below 0.7 (Richie, 2006; Mishra et al., 2012). 

In all plant varieties, drought induced a significant reduction of stomatal conductance 

that was about 3.5 and 4.5 times smaller at mite infestation and 4 dpi, respectively (Figures 

S5.1A and S5.2A). No significant differences in stomatal conductance were found among the 

four accessions in control plants. However, the following differences in stomatal conductance 

were observed when plants were exposed to drought stress: it was significantly higher in TR126 

than in TR154 at mite infestation, and in TR58 and TR126 than in TR61 at 4 dpi in Experiment 

1 (Figure S5.1A); and higher in Moneymaker than in TR154 and both higher than in TR126 at 

the time of mite infestation in Experiment 2 (Figure S5.2). The photosynthetic efficiency 

(Fv/Fm) was not affected by drought on any variety (Figures S5.1B and S5.2B), with the 

exception of TR126 that has lower Fv/Fm in control than in drought-stressed plants at mite 

infestation in Experiment 2. However, some differences were observed among varieties, being 

Fv/Fm lower for TR58 at mite infestation in Experiment 1 (Figure S5.1B) and for TR126 at 

mite infestation in Experiment 2, (Figure S5.2B), though they were not significant differences 

at 4 dpi in both cases. Moderate drought stress reduced the plant growth, as stem length was 

smaller on drought stressed plants in all cases (Figures S5.1C and S5.2C). There were also 

differences in growing rate between varieties, being TR58 the fastest one with the lowest 

reduction in growth due to drought (Figure S5.1C). The stem length of Moneymaker was 

smaller than in TR126 and TR154 (Figure S5.2C).  

5.3.2 Effect of drought on T. evansi performance. 

 A differential effect of moderate drought was observed on T. evansi performance 

depending on the tomato TR accessions they were feeding on (Figure 5.1). Females laid 1.3 and 

1.4 times more eggs and produced 1.5 and 1.3 more damaged area on drought stressed than on 

control plants when feed on varieties TR61 and TR154, respectively (Figure 5.1A&B). In 

contrast, similar numbers of eggs and damaged area were obtained on control and drought 

stressed plants when fed on varieties TR58 and TR126. The number of mobile forms recovered 

at 4 dpi (surviving females, since eggs need at least 5 days to hatch in our experimental 

conditions) was not significantly different between drought stressed and control plants for all 

TR accessions. 
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The accessions TR154 and TR126 were selected for further chemical and biochemical 

analyses. The reasoning for this selection is that they represent the two types of plant-mediated 

effects of water deficit on mite performance: enhanced (TR154) and no effect (TR126); and 

that in both cases the biological parameters obtained on control plants are closer to the values 

obtained on tomato Moneymaker under identical experimental conditions (Ximénez-Embún et 

al., 2016) (Figure 5.1). 

Figure 5.1 Performance of T. evansi in the tomato accesions TR58, TR61, TR126 and TR154.
The number of eggs (a) and leaf damaged area (b) on control and moderate drought stressed tomato 
plants at 4 days post infestation were measured. Data are mean ± SE of 9 replicates/treatment.
* indicates a statistically significant difference between treatments within each variety; n.s. indicates 
no significant difference (Two-way ANOVA, Bonferroni post hoc test, P<0.05). The values obtained 
by Ximénez-Embún et al. (2016) on tomato Moneymaker under identical experimental conditions: 
control (cMM) and moderate drought stress (dMM), have been included for comparison.  
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5.3.3 Changes in plant nutritional composition induced by drought and T. evansi. 

 The nutritional composition of tomato leaves was determined by analyzing water, free 

sugars, protein and total free amino acid content (Figure 5.2). The combination of drought stress 

and T. evansi infestation was the most significant factor for Moneymaker, inducing the amount 

of total free sugars and amino acids, whereas drought stress alone induced an increase on total 

free sugars and T. evansi infestation alone had not significant effects. TR154 was affected by 

T. evansi infestation that induced an increase on free sugars, and all treatments had lower levels 

of protein than the control. In contrast, drought and/or T. evansi infestation didn´t caused any 

significant change on the nutritional composition in TR126. When the three were compared 

under control conditions, Moneymaker had significantly lower amounts of water (One-way 

ANOVA, and Newman-Keuls post hoc test, F = 4.737, P = 0.0254) and free sugars (F = 23.11, 

 

Figure 5.2 Effect of moderate drought, T. evansi infestation and the combination of both on 
nutritional composition: A) water, B) total free sugars, C) protein and D) total free amino acids of 
tomato accessions TR126, TR154 and Moneymaker (MM) at 4 days post infestation. Data are mean ± 
SE of 6 replicates/treatment. Different lower case letters indicate significant differences among 
treatments for a given variety (Two-way ANOVA, Newman-Keuls post hoc test, p<0.05).  
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P < 0.0001) than TR154 and TR126, but similar amounts of protein (F = 1.151, P = 0.3427) 

and free amino acids (F = 1.391, P = 0.2791).  

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

according to Rodriguez and Hampton (1966), were analyzed (Table 5.1). Proline, an indicator 

of drought stress, was induced in the three varieties by drought alone or in combination with 

mite infestation. With respect to the rest of amino acids, similar results were obtained with the 

varieties TR154 and Moneymaker, which responded to the combination of  both stresses with 

an increase of non-essential (serine) and essential amino acids (isoleucine, leucine, tyrosine, 

histidine, lysine and arginine).  The only differences being an increase of glutamine in 

Moneymaker and of valine in TR154. In contrast, only one essential amino acid (isoleucine) 

was induced in the variety TR126 by the combination of drought and mite infestation, and the 

non-essential glutamine was induced by drought. 

5.3.4 Effect of drought and T. evansi on tomato defense proteins. 

 Tomato plant defense proteins were affected by drought stress and mite infestation, but 

different responses were obtained depending on the variety (Table 5.2). Moneymaker was the 

variety with less defense proteins altered: drought stress induced an increase on peroxidase 

activity, and T. evansi infestation induced the inhibition activity against cathepsin D. The 

variety TR126 showed the highest changes in the levels of defense proteins as response to 

stress: drought induced the inhibitory activity against trypsin and aminopeptidase, T. evansi 

increased the inhibition against cathepsin B and chymotrypsin, and the combination of both 

stresses the inhibitory activity against cathepsins B and D, trypsin and chymotrypsin. In turn, 

the variety TR154 showed an intermediate response: drought induced a decrease on the 

cathepsin B inhibitory activity and an increase on peroxidase activity, T. evansi induced the 

inhibition of catepsins B and D and papain, and the combination of both stresses induced an 

increase of peroxidase activity.
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Table 5.1 Effect of moderate drought stress, T. evansi infestation and the combination of both (Dr+Te) on the amino acid composition of 
the tomato accessions TR126, TR154 and Moneymaker at 4 days post infestation. 

  

TR126 TR154 Moneymaker 
Control Drought T. evansi Dr+Te Control Drought T. evansi Dr+Te Control Drought T. evansi Dr+Te 

Non-essential amino acids 
Asp 2.10±0.50a 2.79±0.91a 2.97±0.52a 1.91±0.18a 4.00±0.89 a 2.02±0.17a 2.84±1.12 a 3.80±0.83a 1.47±0.11a 2.57±1.28a 1.32±0.08a 3.04±0.80a 

Thr 0.40±0.10a 0.98±0.36a 0.58±0.09a 0.71±0.08a 1.10±0.28 a 0.89±0.11a 0.78±0.27 a 1.48±0.27a 0.54±0.07a 1.70±0.94a 0.57±0.03a 1.83±0.37a 

Ser 2.00±0.70a 2.68±1.02a 2.77±0.92a 2.72±0.51a 2.49±0.45 a 4.42±0.97ab 2.44±0.62 a 7.36±1.53b 1.87±0.43a 8.42±5.52ab 1.80±0.26a 11.8±3.41b 

Glu 3.20±0.40a 10.00±3.60b 4.79±0.25ab 5.13±0.90ab 12.00±2.60 a 7.33±0.52a 8.82±2.63 a 14.09±3.00a 4.21±0.50a 4.34±1.00a 4.34±0.30a 8.38±1.15b 

Gly 0.03±0.01a 0.05±0.02a 0.04±0.01a 0.07±0.03a 0.04±0.01 a 0.03±0.01a 0.03±0.01 a 0.04±0.01a 0.02±0.01a 0.13±0.11a 0.02±0.01a 0.05±0.01a 

Ala 0.35±0.09a 0.43±0.16a 0.43±0.08a 0.49±0.21a 0.41±0.12 a 0.26±0.04a 0.28±0.09 a 0.47±0.10a 0.22±0.06a 0.92±0.73a 0.25±0.06a 0.56±0.13a 

Cys 0.03±0.01a 0.05±0.02a 0.04±0.01a 0.05±0.01a 0.06±0.01 a 0.05±0.01a 0.05±0.02 a 0.10±0.02a 0.02±0.01a 0.12±0.1a 0.02±0.01a 0.09±0.02a 

Pro 0.08±0.02a 0.79±0.27b 0.13±0.02a 0.84±0.32b 0.28±0.06 a 0.75±0.09b 0.2±0.05 a 1.39±0.44b 0.11±0.01a 1.20±0.79 b 0.11±0.01a 2.42±0.75b 

Essential amino acids 
Val 0.16±0.04a 0.36±0.13a 0.22±0.04a 0.51±0.16a 0.36±0.07 a 0.65±0.17ab 0.41±0.1 a 1.10±0.22b 0.26±0.08a 1.55±1.16a 0.29±0.04a 1.55±0.41a 

Met0.02±0.01a 0.03±0.02a 0.03±0.01a 0.08±0.05a 0.04±0.01 a 0.03±0.01a 0.03±0.01 a 0.04±0.01a 0.02±0.01a 0.21±0.18a 0.02±0.01a 0.07±0.02a 

Ile 0.10±0.02a 0.20±0.07ab 0.15±0.04ab 0.33±0.10b 0.21±0.04 a 0.47±0.14ab 0.28±0.08 a 0.80±0.18b 0.18±0.05a 1.01±0.75ab 0.21±0.04a 1.38±0.24b 

Leu 0.08±0.02a 0.14±0.05a 0.11±0.03a 0.46±0.25a 0.20±0.04 a 0.38±0.13ab 0.25±0.06 a 0.65±0.14b 0.15±0.05a 1.45±1.23ab 0.18±0.03a 1.32±0.24b 

Tyr 0.07±0.02a 0.1±0.03a 0.11±0.03a 0.27±0.12a 0.13±0.02 a 0.36±0.13ab 0.22±0.07 ab 0.55±0.12b 0.13±0.05a 0.86±0.66a 0.16±0.03a 1.46±0.22b 

Phe 0.13±0.02a 0.26±0.09a 0.19±0.02a 0.42±0.17a 0.34±0.07 a 0.35±0.09a 0.34±0.10 a 0.62±0.12a 0.19±0.03a 1.04±0.82a 0.2±0.02a 0.84±0.20a 

His 0.06±0.02a 0.09±0.03a 0.10±0.04a 0.15±0.04a 0.11±0.02 a 0.33±0.08a 0.18±0.04 a 0.68±0.19b 0.12±0.04a 0.45±0.28a 0.13±0.03a 0.88±0.16b 

Lys 0.09±0.03a 0.12±0.05a 0.15±0.06a 0.37±0.20a 0.17±0.03 a 0.36±0.09a 0.19±0.05 a 0.63±0.12b 0.11±0.03a 1.17±0.97a 0.13±0.02a 1.09±0.24b 

Arg 0.30±0.13a 0.07±0.04a 0.73±0.55a 0.24±0.12a 0.16±0.03 a 0.40±0.15ab 0.27±0.10 ab 0.63±0.15b 0.15±0.05a 2.10±1.64a 0.18±0.04a 3.93±1.33b 
 Data are the mean amount of amino acid (mg) per gram of dry weight ± SE. Different lower case letters indicates significant differences among 
treatments for a given variety (Two-way ANOVA, Newman-Keuls post hoc test, p<0.05). The division between essential and no-essential amino 
acids is based on a study with the closely related species Tetranychus urticae (Rodriguez and Hampton, 1966). In bold the amino acids that showed 
significant difference between treatments for a given accession. 
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Table 5.2 Effect of moderate drought, T. evansi infestation and the combination of both (Dr+Te) on plant defense proteins of the tomato 
accessions TR126, TR154 and Moneymaker at 4 days post infestation. 

  
TR126 TR154 Moneymaker 

Control Drought T. evansi Dr+Te Control Drought T. evansi Dr+Te Control Drought T. evansi Dr+Te 
Protease inhibitors (% inhibition) 
Cathepsin B 47±3 ab 41±2a 55±3 b 53±3b 46±4a 36±2b 58±2c 53±3ac 42±4a 38±5 a 54±4 a 45±5a 

Papain 66±5 a  46±7a  71±5 a  61±11a  49±5ab 40±6a 70±7b 61±11ab 50±8a  45±9 a  72±7 a  64±5a  

Cathepsin D 36±3 a 55±4ab 47±3 ab 59±5b 47±3a 47±5a 65±4b 59±5ab 45±4a 55±5 ab 67±6 b 61±5ab 

Trypsin 24±1 a 32±2b 27±1 ab 33±2b 36±5a 31±1a 36±2a 33±2a 32±5a 29±3 a 36±4 a 29±4a 

Chymotrypsin 33±5 a 35±3a 52±5 b 49±5b 44±3a 38±3a 51±5a 49±5a  40±2ab 29±5 a 49±5 b 43±3ab 

Aminopeptidase 36±2 a 42±1b 34±2 a 36±1a 31±2a 39±6a 41±1a 36±1a 37±3a 36±3 a 43±5 a 41±3a 

Oxidative enzymes (specific activity) 
Polyphenol 
oxidases1 

5.8±0.7 a 7.4±1.0a 5±1 a 5.1±0.7a 4.8±0.6a 5.5±0.7a 6.2±1a 5.1±0.6a 4.8±0.5a 6.2±0.4 a 5.4±0.7 a 5.0±0.5a 

Peroxidases2 3.5±0.4 a 3.2±0.5a 3±0 a 3.6±0.5a 2.9±0.3a 3.8±0.3b 4±0.6b 4±0.2b 2.4±0.3a 3.6±0.4 b 2.9±0.3 ab 2.8±0.3ab 

 Data are mean ± SE. Different lower case letters indicates significant differences among treatments for a given variety (Two-way ANOVA, 
Newman-Keuls post hoc test, p<0.05). In bold the defense proteins that showed significant difference between treatments for a given accession. 
(1) PPO: nmol Cathecol metabolized/ mg Protein*min 
(2) POD: nmol Guaiacol metabolized/ mg Protein*min. 
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5.4 Discussion   

Our data reveal that drought stress, T. evansi infestation and their combined effect have 

a differential effect on the performance of T. evansi on drought-adapted ̀ Tomàtiga de Ramellet´ 

tomatoes. Thus, the mite performance on two of the TR accessions (TR61 and TR154) had a 

similar pattern that the one found on Moneymaker, though the actual values of the biological 

traits (egg laid and leaf damage) were considerably smaller. In contrast, no increase in mite 

performance was observed on TR58 and TR126, as similar amount of eggs laid and leaf damage 

were recorded on drought-stressed and not stressed tomato plants. This is an important issue, 

as it has been reported that the changes induced by drought stress on the tomato cultivar 

Moneymaker triggered a bottom up effect on T. evansi, thus increasing mite performance and 

the damage to the plant (Ximénez-Embún et al, 2016). These results cannot be explained by 

morphological adaptation of the TR accession to water deficit conditions, as all TR accessions 

had a significant reduction of stem length but didn´t show a consistent differential response.  

Other parameters like the stomatal conductance and Fv/Fm did not differ consistently between 

the accessions. Previous studies of `Tomàtiga de Ramellet´ tomatoes showed that differences 

in Fv/Fm between varieties were not maintained over time in most accessions (Galmes et al., 

2011).  

A clear link, in contrast, could be observed between some of the plant nutritional 

components and T. evansi performance on the two accessions analyzed. We have considered 

those nutrients that could be relevant for mite performance. Among them, the increased levels 

of relative water content of TR accessions compared with Moneymaker seems to be clearly 

related to their adaptation to water deficit conditions, but not to the differential performance of 

T. evansi. The accumulation of free sugars has been reported to increase tomato tolerance to 

drought (Khodakovskaya et al., 2010; Tapia et al., 2016), in line with the high basal levels found 

in both TR accessions. However, a significant induction of free sugars, as a response to drought 

stress was only observed in the non drought-adapted Moneymaker variety, which is the one 

with the best T. evansi performance (Ximénez-Embún et al., 2016). Tomato plants have been 

reported to metabolize protein into amino acids in response to drought stress (Bauer et al., 1997; 

Ximénez-Embún et al., 2016). We have observed the amino acid composition changed between 

accessions as well as the induction patterns by drought stress and T. evansi. We recorded a 

similar pattern of increase of essential amino acids for Moneymaker and TR154, particularly 

by the combined effect of drought stress and mite infestation, which can explain the better 

performance of T. evansi on these plants. In contrast, the performance was not affected in 
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TR126. Interestingly, in this later case only one essential amino acid was increased significantly 

under the same stress conditions. The positive effect of amino acid concentration on mite 

performance has been previously observed in T. evansi (Ximénez-Embún et al., 2016) and T. 

urticae, a related species (Tulisalo, 1971; Dabrowski and Bielak, 1978; Ximénez-Embún et al., 

2017). A special mention should be made of proline, an osmolite traditionally used as a good 

indicator of plant response to drought (Claussen, 2005). However, drought-adapted tomato 

cultivars have been reported to have a smaller increase in proline than sensitive ones (Sanchez-

Rodriguez et al., 2010; Tapia et al., 2016). Thus, the levels found in TR126 and TR154 are in 

agreement with this, and there are much lower that the ones found in Moneymaker, where 

proline was reported to act as a feeding stimulant of T. evansi above certain thresholds 

(Ximénez-Embún et al., 2016).  

Another important aspect that determines plant palatability and thus, mite performance, 

is the production of plant defense proteins. Interestingly, differences were observed between 

accessions, with TR126 showing the highest induction of defense proteins in response to 

drought and/or mite infestation, and Moneymaker the lowest levels of induction. The main 

differences were observed on protease inhibitors (PIs), which are recognized as key components 

of the defensive response of tomato to mite infestation (Kant et al., 2004; Santamaria et al., 

2012, 2015b; Alba et al., 2015). Serine (trypsin and chymotrypsin) and aminopeptidase PIs 

were induced in TR126 by drought stress, T. evansi or both stresses combined, but not in 

Moneymaker or TR154 by any treatment. Differences were also observed for cysteine 

(cathepsin B) PIs that were induced by mite infestation, though reduced by drought stress, in 

TR154, but were not altered in TR126 or Moneymaker. The only type of PI analyzed that were 

induced in all plants by mite infestation alone or when combined with drought stress are those 

targeting aspartyl (cathepsin D) proteases. It has been reported that T. evansi suppresses plant 

defenses in tomato (Kant et al., 2015), including the down-regulation of PIs in two different 

tomato varieties (Santa Clara and Castlemart) (Sarmento et al., 2011; Alba et al., 2015). Our 

results suggest that this suppression ability is maintained on Moneymaker, but lost on TR126 

for serine PIs and on TR154 for cysteine PIs. An induction of cysteine (papain and cathepsin 

B) PIs by drought, T. evansi infestation and the combination of both was reported on 

Moneymaker (Ximénez-Embún et al., 2016), but this induction was only observed at a later 

response (10 dpi) and with mite infestation levels about 8 times bigger than in the present study. 

The differential induction of cysteine and serine PIs in the TR accessions, when compared to 

Moneymaker, might be a factor contributing to the lower performance of the mites on these 
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plants. T. evansi relies mostly on cysteine (cathepsin B, and L- and legumain-like) and aspartyl 

(cathepsin D-like) proteases and aminopeptidases for proteolytic digestion (Ximénez-Embún et 

al., 2016). Thus, the ingestion of PIs targeting some of these proteases may be harmful, as 

already demonstrated for T. urticae (Carrillo et al., 2011; Santamaria et al., 2012). Serine 

proteases do not appear to be directly involved in the hydrolysis of dietary proteins in this 

species, but tomato serine PIs may target other physiological processes, as has been indicated 

for T. urticae which has a similar digestive proteolitic profile (Santamaria et al., 2012, 2015b). 

With regard to oxidative enzymes, peroxidase and polyphenol oxidase activities have 

been reported to be induced in tomato by drought stress (English-Loeb et al., 1997; Inbar et al., 

2001) and mite infestation (Kant et al, 2004; Alba et al., 2015; Ximénez-Embún et al., 2016). 

We have found different results for peroxidase activity depending on the tomato plants, since it 

was induced by drought, mite and the combination of both on TR154, only by drought in 

Moneymaker, and it was not affected in TR126. The production of peroxidases is an adaptive 

mechanism for the scavenging and detoxification of reactive oxygen species in drought-stressed 

plants (Rai et al., 2013), but its induction might vary depending on the tomato plant genotype 

(Sanchez-Rodriguez et al., 2010). This might explain the absence of induction in the case of 

TR126. We did not observed significant differences in polyphenol oxidase activity, whose 

expression pattern has been shown to vary depending on both the duration of plant exposure to 

drought stress and the infestation by different mite species (Ximénez-Embún et al., 2016, 2017). 

5.5 Conclusions  

 All together, our data revealed differential plant-mediated effects of water deficit on the 

performance of T. evansi on drought-adapted `Tomàtiga de Ramellet´ tomatoes. Those 

accessions where free amino acids were induced in response to drought stress resulted more 

suitable for the mites, as it has already been reported for the commercial cultivar Moneymaker 

(Ximénez-Embún et al., 2016). On the contrary, the accessions where defense proteins were 

induced by drought stress and/or mite infestation contributed to the lower performance of T. 

evansi. These findings have important implications for decision making in the selection of the 

tomato seed to be planted in a forthcoming climate change scenario, as the nutritional changes 

observed might speed up or slow down the expansion of this important invasive species in area-

wide tomato production.  
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5.6 Supporting information 

 

 

 

Figure S5.1 Effect of moderate drought on A) stomatal conductance (gs), B) maximum 
quantum yield of PSII photochemistry (Fv/Fm) and C) stem length of the tomato 
accessions TR58, TR61, TR126 and TR154 at mite infestation and at 4 days post 
infestation. Data shown are mean ± SE of 9 replicates/treatment from Experiment 1. Different 
lower case letters indicates significant differences among all combinations of treatments and 
varieties for each time (Two-way ANOVA, Bonferroni post hoc test, p<0.05).  
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Figure S5.2 Effect of moderate drought on A) stomatal conductance (gs), B) maximum 
quantum yield of PSII photochemistry (Fv/Fm) and C) stem length of the tomato 
accessions Moneymaker (MM), TR126 and TR154 at mite infestation and at 4 days post
infestation. Data (mean ± SE) shown are from infested (6 replicas) plus non-infested (6 
replicas) plants on Experiment 2. Different lower case letters indicate significant differences 
among all combinations of treatments and varieties from each time (Two-way ANOVA, 
Bonferroni post hoc test, p<0.05).  
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Table S5.1. Summary of analytical methods to assess the inhibitory activity of plant protein extracts 1 

Commercial enzyme 2 Substrate 3 Buffer 4  Incubation  Measurement 5 
Cathepsin B from  
bovine spleen (EC 
3.4.22.1) Z-RR-AMC 

100 mM NA phosphate, pH 6.0 (10 
mM L-cysteine, 10 mM EDTA, 0.01% 
(v/v) Brij 35) 

 

30 min at 28 ºC 

excitation filter 350 nm 
emission filter 465 nm 

Papain  
(EC 3.4.22.2) Z-FR-AMC 

100 mM Na phosphate, pH 6.0 (10 mM 
L-cysteine, 10 mM EDTA,  0.01% 
(v/v) Brij 35) 

 

30 min at 28 ºC 

excitation filter 350 nm 
emission filter 465 nm 

Cathepsin D from  
bovine spleen (EC 
3.4.23.5) 

MocAc-
GKPILFFRLK 
(Dnp)-D-R- NH2 

100 mM sodium citrate, pH 3.5 
 (0.15M NaCl, 5 mM MgCl2) 

 

20 min at 30 ºC 

excitation filter 328 nm 
emission filter 393 nm 

Trypsin from  
bovine pancreas (EC 
3.4.21.4), Z-LA-AMC 

100 mM Tris-HCl, pH 7.5 
(0.15M NaCl, 5 mM MgCl2)  

 

1 h at 35 ºC 

excitation filter 350 nm 
emission filter 465 nm 

α-Chymotrypsin from  
bovine pancreas (EC 
3.4.21.1), SucAAPF-AMC 

100 mM Tris-HCl, pH 7.5 
(0.15M NaCl, 5 mM MgCl2)  

 

30 min at 35 ºC 

excitation filter 350 nm 
emission filter 465 nm 

Leucine aminopeptidase 
from  
porcine pancreas (EC 
3.4.11.1). LpNa 

100 mM Tris-HCl, pH 8 
(0.15M NaCl, 5 mM MgCl2) 

 

30 min at 30 ºC 

absorbance at 410 nm 

1 Procedures adapted from Ximénez-Embún et al. (2016). Samples of 20 µg of plant protein extracts (40 µg in case of leucine aminopeptidase) were preincubated for 10 min 
with 100 ng of the commercial enzyme. 
2 All purchased from Sigma-Aldricht (St Luis, USA). 
3 The substrates were added at a final concentration of 20 µM. Z-RR-AMC (N-carbobenzoxyloxy-Arg-Arg-7-amido-4-methylcoumarin) for cathepsin B, Z-FR-AMC (N-
carbobenzoxyloxy-Phe-Arg-7-amido-4-methylcoumarin) for papain, Z-LA-AMC (Z-L-Arg-7-amido-4-methylcoumarin) for trypsin, SucAAPF-AMC (Suc-Ala-Ala-Pro-Phe-
7-amido-4-methylcoumarin) for chymotrypsin, all purchased from Calbiochem (MerkMilipore, Billerica, USA), MocAc-GKPILFFRLK(Dnp)-D-R- NH2 from Peptanova 
(Germany) for cathepsin D, and LpNa (L-leucine p-nitroanilide) from Sigma-Aldricht (St Luis, USA) for leucine aminopeptidase. 
4 Concentrations are expressed at molarity in the reaction mixture. 
5 AMC (7-amino-4-methylcoumarin) (Bachem, Swizerland) as standard for all fluorescent substrates, except MCA (MoCAC-Pro-Leu-Gly) (Peptanova GmbH, Germany) for 
cathepsin D. Double blanks were used to account for spontaneous breakdown of substrates and the plant protease activity, and all assays were done in duplicate. 
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The effect of biotic (arthropod pests) and abiotic (drought) stresses on plants has been 

usually studied separately. However, in nature both stresses often co-occur, interacting with 

each other modifiyng the plant response outpout. Moreover, biotic and abiotic stress 

interactions will increase under conditions of climatte change. Thus, it is becoming increasingly 

important to understand the ecological consequences of arthropod pests and water deficit 

interaction, particularly in summer irrigated crops like tomato in Mediterranean areas, where 

deficit irrigation schedules are predicted. In this thesis, we have investigated the tomato plant 

response to mites and drought stress and how they interact in order to provide insights on the 

influence of drought stress on mite’s behavior, development and physiology. We have 

demonstrated that the performance of two different spider mites (Tetranychus urticae and T. 

evansi) and one eriophyid mite (Aculops lycopersici) was enhanced when feeding on moderate 

drought-stressed tomato plants (cv. Moneymaker), increasing thus outbreak and yield loss risks 

in area-wide tomato production. However, when four accessions of the drought-adapted 

tomatoes, ‘Tomàtiga de Ramellet’ (TR) were analyzed, it was found an enhancement on mite 

performance by drought in two accessions (TR61 and TR154), but not in the other two (TR58 

and TR126), which could help to support the choice of cultivars by farmers. 

In all experiments the moderate drought conditions caused a reduction on tomato plant 

growth, stomatal conductance and Fv/Fm, as an adaptation to water deficit conditions and in 

agreement with previous reports (Thompson et al., 2007; Mishra et al., 2012; Nankishore and 

Farrell, 2016; Tapia et al., 2016). The accumulation of proline, considered as a drought response 

indicator (Claussen, 2004; Sanchez-Rodriguez et al., 2010), was also observed in Moneymaker 

and in the four TR accessions tested. However, an increase on free amino acids considered 

essential for mites (Rodriguez and Hampton, 1966) was observed on Moneymaker and on 

TR154 but not on TR126. Accumulation of free sugars was also observed in all experiments 

with Moneymaker. The effect of drought on plant defences was minor and no consistent, 

especially for the protease inhibitors (PIs) as observed by English-Loeb et al. (1997). All 

together, our data revealed a positive link between the induction of soluble carbohydrates and 

amino acids used by the plant for osmotic adjustment and the mite performance. 

When feeding on tomato plants, T. evansi, A. lycopersici and some strains of T. urticae 

have been reported to be able to suppress the induction of plant defences (Glas et al., 2014; 

Alba et al., 2015; Kant et al., 2015; Wybouw et al., 2015). However, we have showed that while 

T. evansi and A. lycopersici suppress mainly serine PIs and induce cysteine PIs and oxidative 
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enzyme activities, T. urticae had the opposite effect suppressing cysteine PI and oxidative 

enzyme and inducing serine PI, being the induction higher in response to a non-adapted strain 

than an adapted one. The mechanism of defense suppression, which can explain the differences 

between mite species, is still unknown (Kant et al., 2015), though mite salivary secretions 

contain a wide amount of proteins that can potentially interfere with plant defences (Jonckheere 

et al., 2016; Villarroel et al., 2016). This suppression ability is lost on TR126 for serine PIs and 

on TR154 for cysteine PIs and oxidative enzymes, which might be a factor contributing to the 

lower performance of the mites on these plants when compared to Moneymaker. In regard of 

nutrients, we observed that T. urticae and T. evansi infestation induced the accumulation of free 

sugars while A. lycopersici induces the increase of essential amino acids. This can explain the 

facilitation of T. urticae development on tomato leaf previously infested with A. lycopersici 

(Glas et al., 2014).  

The plant response to the combination of both stresses (drought and mite infestation) 

determines the performance of mite on drought stressed plants. We observed an additive effect 

between both stresses on most of the physiological parameters analyzed. Thus, the levels of 

free sugars and free amino acids in most of the experiments were higher when both stresses 

were combined than when the stresses were presented separately. In the case of defence 

compounds, the combination of stresses also induced higher levels of PIs, whereas oxidative 

enzyme activities were not altered. In any case, tomato plant defences didn´t showed a clear 

effects on T. evansi and T. urticae digestive and detoxification enzymes, which in the later case 

depended mostly on their adaptation to tomato. Our results are thus, in agreement with the 

“plant stress hypothesis” (White, 1984, 2009), as mites benefit from the increases on free sugars 

and amino acids and are able to overcome the increase defense proteins. The link between plant 

nutritional value and mite performance was confirmed by the use of tomato drought-adapted 

TR accessions that differ on its metabolic response to the biotic and abiotic stresses. This 

represent a new approach on studying the plant mediated herbivore-drought interaction, as most 

of the previous works focus mainly on how drought induced changes on tomato plants affects 

differently insects with different feeding strategies (English-Loeb et al., 1997; Inbar et al., 

2001).  

All together, these data revealed that drought stimulates mite performance and increases 

plant damage on different mite species. Furthermore, it provides an experimental framework 

for screening for drought-resistant tomato accessions that will be at the same time resistant to 

herbivore mites, since we have found that the levels of nutrients will determine that a plant that 
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is resistant to drought might be also resistant to mites or more susceptible, as it was observed 

on the TR126 accession. This finding is especially important in the task of adapting area-wide 

tomato production to mitigate the effects of climate change, and for the management and 

prediction of herbivore mite proliferation.  
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7. Conclusions  

1. The performance of three key mite pests (Tetranychus urticae, T. evansi and Aculops 

lycopersici) was remarkably improved when feeding on moderate drought-stressed 

tomato plants (cv. Moneymaker) increasing plant damage and the potential yield losses.  

2. Both drought and mite infestation induced changes in the nutritional quality of tomato 

plants, as more essential amino acids and/or free sugars were available, contributing to 

improve mite performance of all mite species fed on Moneymaker. 

3. An additive effect between both stresses was recorded on most of the physiological 

parameters analyzed. In general, the levels of free sugars and free essential amino acids 

were higher when both stresses were combined. 

4. It was demonstrated that L-proline, the amino acid highest induced by drought, had a 

phagostimulant effect on T. evansi, increasing both egg laid and leaf damage area in 

tomato. 

5. The link between plant nutritional value and mite performance was confirmed by the use 

of drought-adapted ‘Tomàtiga de Ramellet’ tomato accessions, since T. evansi 

performance was enhanced only on those accessions in which drought induced the 

accumulation of essential free amino acids. 

6. The three mite species attenuate some of the defense responses of Moneymaker, but while 

T. evansi and A. lycopersici suppress mainly serine PIs and induce cysteine PIs and 

oxidative enzymes, T. urticae had the opposite effect suppressing cysteine PIs and 

oxidative enzymes and inducing serine PIs. 

7. The plant defenses suppression ability was lost in T. evansi when feeding on some of the 

‘Tomàtiga de Ramellet’ accessions, which might be a factor contributing to its lesser 

performance on these plants as compared to Moneymaker. 

8. The digestive and detoxification physiological responses of the mites indicate that T. 

evansi and tomato-adapted T. urticae are able to circumvent the potential adverse effects 

of tomato plant defenses. 
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9. Our findings support the “Plant stress hypothesis” and suggest that drought-stressed 

tomato plants, even at a mild level, may be more prone to mite outbreaks in a climate 

change scenario, which might strongly affect tomato production on area-wide scales. 

10. Overall, our data have important implications for decision-making in the choice of 

cultivars by farmers and provides an experimental framework for screening for drought-

adapted tomato accessions, and for the management and prediction of herbivore mite 

proliferation.  
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