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Abstract

:

Some herbivores suppress plant defenses, which may be viewed as a result of the coevolutionary arms race between plants and herbivores. However, this ability is usually studied in a one-herbivore-one-plant system, which hampers comparative studies that could corroborate this hypothesis. Here, we extend this paradigm and ask whether the herbivorous spider-mite Tetranychus evansi, which suppresses the jasmonic-acid pathway in tomato plants, is also able to suppress defenses in other host plants at different phylogenetic distances from tomatoes. We test this using different plants from the Solanales order, namely tomato, jimsonweed, tobacco, and morning glory (three Solanaceae and one Convolvulaceae), and bean plants (Fabales). First, we compare the performance of T. evansi to that of the other two most-commonly found species of the same genus, T. urticae and T. ludeni, on several plants. We found that the performance of T. evansi is higher than that of the other species only on tomato plants. We then showed, by measuring trypsin inhibitor activity and life history traits of conspecific mites on either clean or pre-infested plants, that T. evansi can suppress plant defenses on all plants except tobacco. This study suggests that the suppression of plant defenses may occur on host plants other than those to which herbivores are adapted.
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1. Introduction


Plants have a broad set of defenses that allow them to decrease their susceptibility to herbivore attack [1]. This may result in the decrease of food quality to herbivores, reducing their survival and fecundity [2]. Herbivores, in turn, have evolved diverse strategies to circumvent plant defenses, allowing them to counter the negative effects caused by such defenses and maximize the conversion of plant material into offspring [3]. Such a history of evolution of defense and counter-defense may lead to a plant–herbivore coevolutionary arms race [4].



There is ample variation in how herbivores cope with defensive plant traits. Whereas some species have evolved means to avoid tissues with high levels of toxic compounds [5,6,7] or to digest them [8,9,10], others can manipulate the induction of plant defenses by fully or partially suppressing them [11,12,13,14,15,16]. Suppression was found in several plant pathogens and insects, being often associated with an increase of herbivore performance [11,15,16,17,18,19].



This ability to suppress plant defenses is generally believed to result from plant-herbivore coevolution. If so, then one would expect suppression to be expressed on plants to which herbivores are adapted to (or in phylogenetically close plants), and not on other plants. Most herbivore-plant defensive interactions have been traditionally addressed using one herbivore and one plant species [20]. Some studies, however, have moved beyond this paradigm by using a few plant species or several herbivores and one plant species [16,21,22,23]. However, these studies concern herbivores that induce, not suppress, plant defenses, with the exception of Godinho et al. (2016), which compares the suppression of two spider mite species on tomato. Clearly, studies addressing how the ability to suppress plant defenses extends to different host plants are highly needed.



Spider mite species of the genus Tetranychus are important crop pests that feed by piercing leaf mesophyll cells and sucking the intracellular content [24,25]. Within this group, T. urticae induces tomato plant (Solanum lycopersicum) defenses [12,15,26,27,28]. On these plants, as with many others, after herbivore feeding, genes that downstream the jasmonic acid (JA) biosynthesis are induced [26,29,30]. This induction leads to an increase in the expression of wound-induced cysteine- and serine-like proteinase inhibitors [26], which affect herbivore performance by interfering with their digestion and their offspring development, respectively [31]. However, some populations of T. urticae were found to suppress such tomato plant defenses [12]. Suppression was also found in T. evansi and T. ludeni [15,16,32]. Those species may even suppress plant defenses to levels below those of non-attacked plants, although this ability was not found in all spider mite populations [32].



Although the interaction between T. evansi and tomato defenses is well-studied, little is known about how this ability extends to other plants, namely those belonging to the Solanales order, to which the tomato belongs. In the present study, we aim to fill this gap by testing whether T. evansi also suppresses the defenses of other plant species from the Solanaceae and Convolvulaceae families, namely tomato, jimsonweed, tobacco, and morning glory, and bean plants (Fabales). We chose tomato because it is the host plant on which suppression has been identified [15], and bean because it is a plant commonly used by spider mites and unrelated to tomato. The other host plants were chosen based on (a) their phylogenetic distance to tomato, (b) the fact that plant-herbivore interactions and their chemical blend of secondary metabolites are well studied [33], (c) spider mites have been found on those plants [34], and (d) they are relatively easy to rear in the laboratory. First, we address the degree of local adaptation of T. evansi. This was performed by comparing its performance, on each host plant, to that of two other species of the same genus, T. urticae and T. ludeni, which are often found in the same locations as T. evansi in Southwestern Europe [35]. Second, the effect of T. evansi on plant defenses was evaluated by pre-infesting plants with this mite species and subsequently analyzing conspecific performance and plant physiological measurements. Specifically, we measured leaf reflectance between 300.4 nm and 313.9 nm which correspond to the area of UV-light, as it has been shown that herbivores affect plants similarly to UV-B light exposure [36,37]. Therefore, differences in leaf reflectance at the spectra of 300.4 nm to 313.9 nm, between clean and pre-infested plants, indicate herbivore effects on plants. Additionally, wound inducible trypsin-like inhibitor (TI) activity has been validated as a good indicator of the level of expression of plant defenses in several host plants and against several herbivores [23,38,39,40,41,42], including those of tomato plants against spider mites [15,16,26,31]. TIs inhibit the digestive serine proteases of several organisms and are inducible by JA and wounding (i.e., mite feeding) in several plant species [43,44,45]. Thus, to assess the effect of spider mites on the plant defenses, TI activity was measured. We showed that T. evansi can suppress plant defenses on the plant to which it is locally-adapted (tomato). However, it also suppresses the defenses of other plants, including those of distantly-related plants such as the bean. This study revealed that suppression may not be systematically associated to herbivores being adapted to their host plants.




2. Results


2.1. Performance of Tetranychus Species on Several Host Plants


The survival of females from the three spider mite species, on leaf discs, was differentially affected by the different host plants (Figure S1; Interaction host plant × mite species,    X 8 2    = 32.83, p < 0.001, Table S1). Analyses within each plant species showed that all mite species had similar survival rates on tomato (   X 2 2    = 3.328, p = 0.189), jimsonweed (   X 2 2    = 4.547, p = 0.103) and bean (   X 2 2    = 3.476, p = 0.176) plants. However, T. evansi females had higher survival rates than T. ludeni on tobacco plants (T. evansi vs. T. ludeni: Z = −2.639, p = 0.022), but lower survival rates than T. ludeni on morning glory plants (T. evansi vs. T. ludeni: Z = 2.752, p = 0.015), whereas other comparisons revealed non-significant differences (Figure S1; Table S1).



The oviposition rate (Figure 1a) was also significantly affected by the interaction between a mite and host plant species (F8654.4 = 62.19, p < 0.001). Tukey post-hoc comparisons within plant species revealed that the three-mite species had a similar oviposition rate on jimsonweed (F23.807 = 1.585, p = 0.316) and bean plants (F216.70 = 1.233, p = 0.317). T. evansi had the highest fecundity on tomato plants (T. evansi vs. T. ludeni: Z = 18.33, p < 0.001; T. evansi vs. T. urticae: Z = 17.15, p < 0.001; T. ludeni vs. T. urticae: Z = −1.209, p = 0.447). Conversely, T. ludeni had the highest fecundity on morning glory plants (T. evansi vs. T. ludeni: Z = 8.611, p < 0.001; T. evansi vs. T. urticae: Z = 0.651, p = 0.792; T. ludeni vs. T. urticae: Z = 9.596, p < 0.001). Additionally, on tobacco plants, both T. evansi and T. ludeni had higher fecundity than T. urticae, with no significant differences between them (T. evansi vs. T. ludeni: Z = 0.939, p = 0.615; T. evansi vs. T. urticae: Z = 7.127, p < 0.001; T. ludeni vs. T. urticae: Z = 7.033, p < 0.001).



Embryonic mortality (Figure 1b) was significantly affected by the plant (F4679 = 8.673, p < 0.001), the mite species F2679 = 6.383, p = 0.002), but not by their interaction (   X 8 2    = 7.495, p = 0.484). The plant species, mite species, and their interaction significantly affected juvenile mortality (Figure 1b; F4670 = 43.80, p < 0.001; F2670 = 3.346, p = 0.036; and F8670 = 30.85, p < 0.001, respectively). Analysis within plant species showed similar juvenile mortality on jimsonweed (F297 = 0.372, p = 0.690) and bean (F2148 = 1.073, p = 0.345) plants. Additionally, T. evansi had the lowest juvenile mortality on tomato (T. evansi vs. T. ludeni: Z = −7.729, p < 0.001; T. evansi vs. T. urticae: Z = −6.278, p < 0.001), whereas it was the highest on morning glory plants (T. evansi vs. T. ludeni: Z = 6.521, p < 0.001; T. evansi vs. T. urticae: Z = 6.426, p < 0.001). On tobacco plants, T. evansi had higher juvenile survival than T. urticae (T. evansi vs. T. urticae: Z = 2.490, p = 0.033), with other comparisons yielding non-significant results (Table S1).




2.2. The Effect of T. evansi Infestations on Plant Defences


2.2.1. Reflectance Spectroscopy Analysis


Leaf reflectance (Figure 2) varied significantly with the plant species in the wavelengths of 310.5 nm (F447.47 = 3.178, p = 0.022) and 313.9 nm (F447.53 = 2.625, p = 0.046; Table S2), and infestation status had a significant effect in all wavelengths tested (300.4 nm: F150.10 = 71.65, p < 0.001; 303.7 nm: F150.08 = 50.57, p < 0.001; 307.1 nm: F150.28 = 52.43, p < 0.001; 310.5 nm: F146.09 = 87.30, p < 0.001; 313.9 nm: F146.10 = 60.08, p < 0.001). There was no significant interaction between plant species and infestation status in all wavelengths tested (p > 0.05, Table S2). In fact, all plants pre-infested with T. evansi had significantly lower spectral reflectance factors (ρ) in all the studied wavelengths.




2.2.2. Trypsin Inhibitors Quantification


The relative content of TIs (µg) per total soluble protein (mg) present on each sample was significantly affected by the interaction between plant species and infestation status (Figure 3; F447.83 = 3.373, p = 0.041). Analysis within plant species showed that the relative content of TIs was similar between clean and T. evansi pre-infested plants on tomato (F18.835 = 0.003, p = 0.960), jimsonweed (F16.988 = 2.916, p = 0.132), morning glory (F14.888 = 0.097, p = 0.768), and bean (F15.370 = 0.305, p = 0.603) plants. These results suggest that T. evansi was able to suppress TIs to levels of clean plants on these plant species. Additionally, there was an increase in the relative content of TIs on tobacco plants pre-infested with T. evansi (F18.102 = 12.92, p = 0.007), suggesting the induction of TIs in this plant species.




2.2.3. Conspecific Performance


During infestation, the mortality of T. evansi females was significantly affected by the host plant (F4,29 = 15.08, p < 0.001, Figure S2). Indeed, infesting females survive less on morning glory than on all other plants, on which their rates of survival are similar (jimsonweed-bean: Z = 2.620, p = 0.058; tobacco-bean: Z = 1.588, p = 0.463; tomato-bean: Z = 0.540, p = 1.000; tobacco-jimsonweed: Z = −0.571, p = 0.974; tomato-jimsonweed: Z = −0.744, p = 0.934; tomato-tobacco: Z = −0.164, p = 1.000, morning glory-bean: Z = −6.828, p < 0.001; morning glory-jimsonweed: Z = −6.525, p < 0.001; morning glory-tobacco: Z = −5.676, p < 0.001; morning glory-tomato: Z = −5.818, p < 0.001).



On the leaf discs, the survival of T. evansi conspecific females was not significantly different on clean or T. evansi pre-infested plants (      X  1 2    = 1.221, p = 0.269, Figure S3), and this result was not affected by the plant species (interaction between the plant species and infestation status:      X  4 2    = 6.011, p = 0.198).



Plant species significantly affected the oviposition rate of T. evansi females (F4609.2 = 367.9, p < 0.001; Figure 4a). However, this trait was not significantly affected by either infestation status or its interaction with the plant species (F1651.3 = 0.879, p = 0.349; F4647.8 = 0.807, p = 0.521, respectively). These results suggest that no cost or benefit was conferred to conspecifics by pre-infestation with T. evansi.



The proportion of unhatched eggs (Figure 4b) was significantly affected by the plant, infestation status, and their interaction (F4636 = 15.044, p < 0.001; F1636 = 4.373, p = 0.037; F4636 = 3.580, p = 0.007, respectively). Further analysis within plant species revealed that, on tomato and bean plants pre-infested by T. evansi, the proportion of unhatched eggs was higher than on clean plants (tomato: F1153 = 13.09, p < 0.001; bean: F1117 = 4.485, p = 0.034). On jimsonweed, tobacco, and morning glory plants, however, embryonic mortality was not affected by the infestation status (jimsonweed: F1114 = 1.499, p = 0.221; tobacco: F1139 = 3.593, p = 0.058; morning glory: F1105 = 0.268, p = 0.606).



Overall, the proportion of dead juveniles (Figure 4b) was similar between clean and T. evansi pre-infested plants (F1636 = 0.677, p = 0.411). However, plant species and the interaction between plant and mite species significantly affected this proportion (F4636 = 11.05, p = 0.044; F4636 = 9.617, p < 0.001, respectively). Analysis within plant species showed that the proportion of dead juveniles was lower for tomato plants pre-infested by T. evansi (F1153 = 8.626, p = 0.003) and higher for tobacco and morning glory plants pre-infested with T. evansi (tobacco: F1139 = 36.30, p < 0.001; morning glory: F1105 = 4.715, p = 0.032). Moreover, the proportion of dead juveniles on jimsonweed and bean plants was similar on clean plants or plants pre-infested with T. evansi (jimsonweed: F1114 = 1.446, p = 0.229; bean: F1117 = 0.702, p = 0.402).



The total offspring mortality (Figure 4b) was significantly affected by plant, mite species, and their interaction (F4636 = 29.19, p < 0.001; F1636 = 4.677, p = 0.031; F4636 = 4.335, p = 0.002, respectively). Analysis within plant species revealed that the total offspring mortality was similar on pre-infested tomato and jimsonweed plants (tomato: F1153 = 3.283, p = 0.072; jimsonweed: F1114 = 1.874, p = 0.179) compared to clean plants. For tobacco, morning glory, and bean plants pre-infested with T. evansi, the total mortality was higher than that on the respective clean plants (tobacco: F1139 = 31.53, p < 0.001; morning glory: F1105 = 6.291, p = 0.014; bean: F1117 = 7.011, p = 0.009).






3. Discussion


In this study, we show that the performance of T. evansi is higher than that of the other mite species on tomato plants, in terms of both fecundity and offspring mortality. However, this is not the case for the other host plants. Therefore, this mite species exhibits a pattern of local adaptation [46] on tomato plants. Moreover, for all plants except tobacco, we found no differences in TIs levels on clean plants vs. plants pre-infested with T. evansi. Because the analysis of leaf reflectance showed that mites modified the state of the plant, we may conclude that these similar levels of TIs were due to T. evansi suppressing plant defenses on all plants except tobacco. However, TIs levels were not always associated with conspecific performance.



Our life-history traits data, on clean plants that include other spider mite species, allowed us to conclude that T. evansi is locally adapted [46] to tomato plants. Moreover, on morning glory plants, the performance of T. ludeni was significantly higher compared to that of T. evansi and T. urticae, suggesting local adaptation [46] of this mite species on that host plant. Additionally, while the performance of all spider mite species was relatively high on jimsonweed and bean plants, it was quite low on tobacco plants. This may be due to the high levels of nicotine present in tobacco leaves, which can serve as a constitutive defense for spider-mites as well as for other herbivores [47]. However, differences in mite performance across host plants may also be partly due to effects of the host plant on which spider mites have been reared and/or due to maternal effects [48].



Plants pre-infested with T. evansi had a lower leaf spectral reflectance factor, on the 300.4 nm to 313.9 nm spectra, than clean plants. This is an important result, because on some host plants, such as morning glory and tobacco, T. evansi life-history traits had low values. We could thus question whether herbivores were interacting at all with the plant, in which case we would find no differences of TI activity between clean and pre-infested plants. From the leaf reflectance analysis, we can conclude that mites are actively interacting with all host plants. Addressing which type of interaction gives way to these reflectance patterns requires further analysis.



On tomato, jimsonweed, and bean plants, we found suppression of TI activity, as this activity did not differ between clean or pre-infested plants. However, TI activity in pre-infested plants was never below the basal levels of clean plants. As found in previous studies [15,16], a similar result regarding tomato plants was observed for other populations of T. evansi [32]. Therefore, there seems to be population variability for suppression levels. This may be due to differences in the evolutionary history of the populations (geographic location, host plant, among others.), or to different selection pressures in different laboratories.



Overall, we found a reasonable association between the effect of mite infestation on TI levels and on mite life-history traits, with two exceptions: On tobacco we found induction of TIs but no effect on the oviposition rate on this plant, whereas on morning glory we found suppression of TIs but an increase in juvenile mortality. The first result may be explained by the fact that oviposition on clean tobacco plants was very low, potentially hampering the detection of differences between treatments. Concerning the second result, female mortality during the infestation protocol was significantly higher on morning glory than on the other plants, possibly leading to a lower effect of herbivory. This may explain the high variation across replicates for TI activity of pre-infested morning glory plants. Despite the significant effect of T. evansi on morning glory plants observed through the leaf reflectance assay, the high mortality of infesting females may have prevented the detection of a significant induction of TIs on this host plant. To corroborate this hypothesis, plants could be infested with higher densities of spider mites to compensate for high mortality.



On tobacco and morning glory plants, but not on the other plants, T. evansi pre-infestations led to an increase in juvenile mortality, compared to clean plants. This may be associated with the induction of TI activity on tobacco plants and the probable induction on morning glory plants. It was previously shown that serine proteases, including trypsin and chymotrypsin-like proteases, are essential to the development of spider mites [31]. Indeed, after feeding on plants on which inhibitors for these proteases (TIs) are induced, spider mite juvenile development can be delayed or even arrested, leading to an increase in juvenile mortality [31]. In the current study, this trait seems to be well related with the effect of spider mites on TI activity. The other life-history traits, oviposition and female survival, are expected to be more affected by cysteine-like proteinase inhibitors, which affect a spider mite’s digestion by inhibiting the cysteine proteases produced in the mite’s gut [31,49]. Thus, although TIs have been amply validated as good surrogates for the induction of plant defenses by spider mites [15,16,26], measuring the activity of cysteine-like proteinase inhibitors could provide a broader view on the differences in induced defenses across plants.



We found suppression on several plants, but T. evansi was only locally adapted to tomato. That is, we found no association between the ability to suppress plant defenses and a pattern of local adaptation. Given that local adaptation generally indicates a long coevolutionary history between plants and herbivores, we here show that no association between suppression ability and a long coevolutionary history is expected. In fact, suppression on other plant species may be a by-product of the adaptation of spider mites to tomato plants defenses. Indeed, several plant species use the same pathway (JA) as a defense against herbivory; hence, a similar response may be expected on other host plants.



From an ecological perspective, our results suggest that T. evansi will not benefit from being on plants with conspecifics as compared to being on clean plants. If this holds true under more natural settings, it means that spider mite distribution on plants with or without T. evansi will be due to effects associated with resource competition rather than to effects associated with interaction with plant defenses. As this is probably not the case in a landscape in which T. urticae appears first (thus inducing plant defenses), it may be interesting to compare the distribution of mites on landscapes with different orders of infestation [50]. Moreover, suppression was also not associated with local adaptation of T. evansi. This means that, on plants in which the performance of heterospecifics (T. ludeni and T. urticae) is similar or even higher than that of T. evansi, suppression will probably benefit heterospecifics at least to the same extent as conspecifics. Thus, it is not clear that T. evansi collects a net benefit from suppressing defenses on those host plants. Clearly, more studies testing herbivores that suppress plant defenses on several plants are needed, preferably with an accurate control of their recent evolutionary history.




4. Materials and Methods


4.1. Plants


Four plant species from the Solanales order (Solanaceae and Convolvulaceae families) were used: Tomato (Solanum lycopersicum, var. Moneymaker, Johnsons, Suffolk, UK), jimsonweed (Datura stramonium, Botanical Garden of University of Trás-os-Montes e Alto Douro, Vila Real, Portugal), tobacco (Nicotiana tabacum, var. Virginia, Faculty of Sciences of University of Lisbon, Lisbon, Portugal), and purple morning glory (Ipomoea purpurea, Vilmorin, Paris, France). Bean plants (Phaseolus vulgaris, var. Contender, Germisem, Oliveira do Hospital, Portugal) from the Fabales order were used as an outgroup of the Solanales order. All plants used were sown and grown in an Aralab climatic chamber under controlled conditions (25–20 °C; 70% RH; photoperiod of 16L:8D). The taxonomic description, the age at which each plant was used, and which leaf was selected for the experiments are summarized in Table S3.




4.2. Spider Mite Cultures


Tetranychus evansi and T. ludeni were collected from jimsonweed plants (D. stramonium) in 2013 in Alenquer and Assafora, Portugal, respectively. T. urticae was collected in Carregado, Portugal, from tomato plants (S. lycopersicum) in 2010. Laboratory populations were formed from 500, 600, and 300 T. evansi, T. ludeni, and T. urticae individuals, respectively. T. evansi was maintained on four-weeks-old tomato plants (S. lycopersicum, var. Moneymaker), and T. ludeni and T. urticae were maintained on two-weeks-old bean plants (P. vulgaris), over approximately 160 generations. Following this, they were maintained on four-weeks-old tomato plants (S. lycopersicum, var. Moneymaker) over approximately 20 generations. All populations were reared in large numbers (>2000) under controlled conditions (25 °C; photoperiod of 16L:8D). Experiments were also performed under those same conditions.



For the present work, T. ludeni and T. urticae populations were reared on morning glory plants over approximately 10 generations, and the T. evansi population was reared on tomato plants over approximately 30 generations.




4.3. Performance of Tetranychus Species on Several Host Plants


Leaf discs (11 mm2 Ø) were made from non-infested plants (Table S3) and placed in water-saturated cotton. 15 ± 1 days-old mated females from each mite species were added to each leaf disc and allowed to oviposit for 4 days. Every day, the female status (alive, dead, or drowned) was recorded and, on the fourth day, the number of eggs laid was counted. 5 days later, the number of juveniles that hatched from the eggs (i.e., the hatching rate) was measured, and, 7 days later, the number of adults and dead juveniles on each leaf disc was measured (offspring survival).




4.4. The Effect of T. evansi Infestations on Plant Defences


Mite infestations were performed by placing 100 T. evansi mated females over 72 h on one fully-expanded non-detached leaf of each plant species (Table S3). This leaf was isolated from the rest of the plant by applying Vaseline to the petiole. The females, eggs and web were then removed and the number of live and dead females was assessed (infestation mortality). Afterwards, the performance of conspecific T. evansi females was measured, applying the same protocol as in Section 4.3. As a control, clean plants, also treated with Vaseline, were tested in the same controlled conditions (25 °C; photoperiod of 16L:8D) over 72 h.



4.4.1. Reflectance Spectroscopy Analysis


Using a UniSpec spectroradiometer (PP-Systems, Haver Hills, MA, USA), the reflectance spectra of the selected leaves were measured in the range of UV-B light (300.4 nm–313.9 nm) wavelengths, with an optimized integration time of 30 ms. Five measurements were performed per plant replicate (clean or after 72 h of infestation). Spectral reflectance factors (ρ) were obtained by normalizing the reflected radiation from the leaves by a reflectance white standard.




4.4.2. Trypsin Inhibitors Quantification


To quantify TI activity, the Kassel protocol [51] was used. Using a Qiagen TissueRuptor (Qiagen, Hilden, Germany), ~300 mg of the plant material (either pre-infested or clean plants), previously stored at −80 °C, was ground and homogenized with 600 μL of extraction buffer (0.1 M Tris-HCl, pH 8.2; 20 mM CaCl2; 1:3). After centrifuging each sample at 4 °C, 16,000× g for 25 min, the supernatant was separated from the pellet and maintained at 4 °C during the entire procedure (to preserve the sample from autohydrolysis). Immediately before use, a trypsin solution containing 13,000–20,000 units/mL of trypsin and a 0.1% (w/v) N-Benzoyl-d,l-arginin-4 nitroamilide hydrochloride (BApNA) solution was prepared. To quantify TI activity through trypsin inhibition, several measures were defined: (1) “Positive control” for the full hydrolytic activity of trypsin upon BApNA in the absence of an inhibitor (15 µL of trypsin + 135 µL of extraction buffer + 75 µL of BApNA); (2) “BApNa negative” control for the autohydrolysis of trypsin (15 µL of trypsin + 210 µL of extraction buffer); (3) “Trypsin negative” control for the autohydrolysis of BApNa (150 µL of extraction buffer + 75 µL of BApNA); (4) “Sample control” for the hydrolytic activity intrinsic to the sample and for the supernatant color (135 µL of extraction buffer + 15 µL of sample + 75 µL of BApNA); (5) “Sample” quantification assay per se, in which the hydrolytic activity of trypsin is partially inhibited by the TIs present in the plant extracts (15 µL of trypsin + 120 µL of extraction buffer + 15 µL of sample + 75 µL of BApNA).



In a 96 well plate, each of the treatments described above was performed in triplicate. The plate was incubated 10 min at room temperature, and then BApNA was added. Immediately afterwards, the absorbance was read in a micro-plate reader (BioTek, Winooski, VT, USA) at 405 nm (t = 0 min) and was left to incubate at room temperature for another 5 min. After that, the absorbance was read again (t = 5). The proportion of trypsin inhibition was calculated as the difference between the two readings (Δ) (1).


  Inibibition   =   1   −    [    Δ Sample   −    (  Δ Sample   control   +   Δ Trypsin   negative   +   Δ BApNA   negative  )    Δ Positive   control   −    (    Δ Trypsin   negative   +   Δ BApNA   negative  )     ]   



(1)







To determine the TI concentration that leads to inhibition, the relative quantification of total soluble protein present in each sample was determined by the Bradford method [52], using bovine serum albumin (BSA) as standard. Due to technical constraints, the spectrophotometry readings were performed at 630 nm and not at 595 nm. However, the accuracy and resolution of the method at this wavelength was tested and verified (Figure S4).



As the trypsin solution was known to have 100 μg/mL of protein, the relative content of TIs in each sample was expressed by total soluble protein content in leaf extract (2).


   [  TIs  ]    =     Inhibition   ×     10  5    [ Total   protein ]       μ g   mg   − 1     protein  



(2)







Subsequently, the performance of 15 ± 1 days-old conspecific mated females on clean and pre-infested plants was measured as described in Section 4.3. This provides a reliable measure of the effect of defense induction or suppression on mite performance.




4.4.3. Conspecific Performance


Performance of conspecifics on clean and pre-infested plants was determined as described in Section 4.3. (Performance of Tetranychus species on several host plants).





4.5. Statistical Analysis


All statistical analyses were performed with the software R (version 3.2.5, R Development Core Team 2016, Chichester, UK). The description of the statistical models is available in Table S4.



To analyze the data regarding Section 2.1 (Host range of Tetranychus species), plant and mite species were defined as fixed explanatory variables, and block was defined as a random explanatory variable. For the data of Section 2.2 (The effect of T. evansi infestations on plant defenses), plant species and infestation status were defined as fixed explanatory variables and block as a random explanatory variable.



To understand the differences among mite species within plant species (Section 2.1 Performance of Tetranychus species on several host plants) fTukey post-hoc comparisons, applied to each plant subset, were done using a General Linear Hypothesis Test (glht, multcomp package) [53]. To compare the effect of infestation status within plant species (Section 2.2 The effect of T. evansi infestations on plant defenses), in the cases where a significant interaction between plant species and infestation status was found, the significance of infestation status was tested for each plant species separately.



To analyze female survival over the 4-day oviposition period, a cox proportional hazard mixed-effect model was used (coxme, coxme package) [54], with accidental deaths (i.e., drowned females and live females disposed of at the fourth day) as censored. For the subsequent analyses, the females that died accidentally before the fourth day were excluded.



For the analysis of oviposition rate, Box-cox transformations [55] were performed to improve normality (Section 2.1 Performance of Tetranychus species on several host plants: λ = 0.154; Section 2.2 The effect of infestations by T. evansi on plant defenses: λ = 0.265) and linear mixed-effect models (lm, lme4 package) were used [56].



To test for differences in the proportion of unhatched eggs, dead juveniles and live offspring, the three explanatory variables were computed using the cbind function. For the data of Section 2.2 (The effect of T. evansi infestations on plant defenses), total offspring mortality (unhatched eggs and dead juveniles) was also analyzed and the cbind function was applied. To account for overdispersion, a generalized linear mixed model with a beta-binomial error distribution was used (glmmadmb, glmmADMB package) [57].



To analyze the leaf reflectance factors (ρ) on the UV-B spectra (300.4 nm, 303.7 nm, 310.5 nm and 313.9 nm), Box-cox transformations [55] were performed to improve normality when needed (300.4 nm: λ = −3.6; 310.5 nm: λ = −11.5) and linear mixed-effect models (lm, lme4 package) [56] were used.



To analyze the relative content of TIs present in each sample (TIs per total soluble protein content), a Box-cox transformation [55] was performed to improve normality (λ = 0.23) and a linear mixed-effect model (lm, lme4 package) was used [56].









Supplementary Materials


Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/6/1783/s1.





Author Contributions


S.M., C.B. and J.T.P. conceived the project, and all authors designed experiments; J.T.P., D.P.G. and A.S. performed the experiments; J.T.P. analyzed the data; S.M., C.B., and A.S. provided reagents and materials; J.T.P. and S.M. wrote the paper, with input from all authors.




Funding


Funds were provided by an ERC consolidator grant (COMPCON, GA 725419) to Sara Magalhães.




Acknowledgments


The authors would like to thank Greg Howe, Juan Alba, António Crespi, and Fernando Dias for providing seeds; Manuela Lucas and Marta Palma for assistance during the experiments; and the Sara Magalhães team at the University of Lisbon (“mite squad”) for fruitful discussions throughout the project, in particular Leonor Rodrigues for an extensive statistical class to Jéssica Paulo, and Daniela Silva and Catarina Pinto for help with the trypsin protocol.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	JA
	Jasmonic Acid



	TI
	Trypsin Inhibitors



	BApNA
	N-Benzoyl-d,l-arginin-4 nitroamilide hydrochloride







References


	



Strauss, S.Y.; Agrawal, A.A. The ecology and evolution of plant tolerance to herbivory. Trends Ecol. Evol. 1999, 14, 179–185. [Google Scholar] [CrossRef][Green Version]

	



Karban, R.; Myers, J.H. Induced Plant Responses to Herbivory. Annu. Rev. Ecol. Syst. 1989, 20, 331–348. [Google Scholar] [CrossRef]

	



Karban, R.; Agrawal, A.A. Herbivore Offense. Annu. Rev. Ecol. Syst. 2002, 33, 641–664. [Google Scholar] [CrossRef]

	



Ehrlich, P.R.; Haven, P.H. Butterflies and Plants: A Study in Coevolution. Evolution 1964, 18, 586–608. [Google Scholar] [CrossRef]

	



Chapman, R.F. Contact chemoreception in feeding by Phytophagous Insects. Annu. Rev. Entomol. 2003, 48, 455–484. [Google Scholar] [CrossRef] [PubMed]

	



Zagrobelny, M.; Bak, S.; Vinther, A. Cyanogenic glucosides and plant–insect interactions. Phytochemistry 2004, 65, 293–306. [Google Scholar] [CrossRef] [PubMed]

	



Paschold, A.; Halitschke, R.; Baldwin, I.T. Using ‘mute’ plants to translate volatile signals. Plant J. 2006, 45, 275–291. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Stevens, J.L.; Snyder, M.J.; Koener, J.F.; Feyereisen, R. Inducible P450s of the CYP9 family from larval Manduca sexta midgut. Insect Biochem. Mol. Biol. 2000, 30, 559–568. [Google Scholar] [CrossRef]

	



Cianfrogna, J.A.; Zangerl, A.R.; Berenbaum, M.R. Dietary and developmental influences on induced detoxification in an oligophage. J. Chem. Ecol. 2002, 28, 1349–1364. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Schuler, M.A.; Berenbaum, M.R. Jasmonate and salicylate induce expression of herbivore cytochrome P450 genes. Nature 2002, 419, 712–715. [Google Scholar] [CrossRef] [PubMed]

	



Musser, R.O.; Hum-musser, S.M.; Eichenseer, H.; Peiffer, M.; Murphy, J.B.; Felton, G.W. Caterpillar saliva beats plant defences. Nature 2002, 416, 599–600. [Google Scholar] [CrossRef] [PubMed]

	



Kant, M.R.; Sabelis, M.W.; Haring, M.A.; Schuurink, R.C. Intraspecific variation in a generalist herbivore accounts for differential induction and impact of host plant defences. Proc. R. Soc. B 2008, 443–452. [Google Scholar] [CrossRef] [PubMed]

	



Su, Q.; Oliver, K.M.; Xie, W.; Wu, Q.; Wang, S.; Zhang, Y. The whitefly-associated facultative symbiont Hamiltonella defensa suppresses induced plant defences in tomato. Funct. Ecol. 2015, 29, 1007–1018. [Google Scholar] [CrossRef]

	



Soler, R.; Badenes-Pérez, F.R.; Broekgaarden, C.; Zheng, S.J.; David, A.; Boland, W.; Dicke, M. Plant-mediated facilitation between a leaf-feeding and a phloem-feeding insect in a brassicaceous plant: From insect performance to gene transcription. Funct. Ecol. 2012, 26, 156–166. [Google Scholar] [CrossRef]

	



Sarmento, R.A.; Lemos, F.; Bleeker, P.M.; Schuurink, R.C.; Pallini, A.; Oliveira, M.G.A.; Lima, E.R.; Kant, M.; Sabelis, M.W.; Janssen, A. A herbivore that manipulates plant defence. Ecol. Lett. 2011, 14, 229–236. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Godinho, D.P.; Janssen, A.; Dias, T.; Cruz, C.; Magalhães, S. Down-regulation of plant defence in a resident spider mite species and its effect upon con- and heterospecifics. Oecologia 2016, 180, 161–167. [Google Scholar] [CrossRef] [PubMed]

	



Hogenhout, S.A.; Bos, J.I.B. Effector proteins that modulate plant-insect interactions. Curr. Opin. Plant Biol. 2011, 14, 422–428. [Google Scholar] [CrossRef] [PubMed]

	



Alba, J.M.; Glas, J.J.; Schimmel, B.C.J.; Kant, M.R. Avoidance and suppression of plant defenses by herbivores and pathogens. J. Plant Interact. 2011, 6, 221–227. [Google Scholar] [CrossRef][Green Version]

	



Lortzing, T.; Steppuhn, A. Jasmonate signalling in plants shapes plant-insect interaction ecology. Curr. Opin. Insect Sci. 2016, 14, 32–39. [Google Scholar] [CrossRef] [PubMed]

	



Kessler, A.; Baldwin, I.T. Plant Responses to Insect Herbivory: The EmergingMolecular Analysis. Annu. Rev. Plant Biol. 2002, 53, 299–328. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Saona, C.R.; Musser, R.O.; Vogel, H.; Hum-Musser, S.M.; Thaler, J.S. Molecular, Biochemical, and Organismal Analyses of Tomato Plants Simultaneously Attacked by Herbivores from Two Feeding Guilds. J. Chem. Ecol. 2010, 36, 1043–1057. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Bidart-Bouzat, M.G.; Kliebenstein, D. An ecological genomic approach challenging the paradigm of differential plant responses to specialist versus generalist insect herbivores. Oecologia 2011, 167, 677–689. [Google Scholar] [CrossRef] [PubMed]

	



Musser, R.O.; Cipollini, D.F.; Hum-musser, S.M.; Williams, S.A.; Brown, J.K.; Felton, G.W. Evidence That the Caterpillar Salivary Enzyme Glucose Oxidase Provides Herbivore Offense in Solanaceous Plants. Arch. Insect Biochem. Physiol. 2005, 137, 128–137. [Google Scholar] [CrossRef] [PubMed]

	



Mothes, U.; Seitz, K.A. Fine structure and function of the prosomal glands of the two-spotted spider mite, Tetranychus urticae (Acari, Tetranychidae). Cell Tissue Res. 1981, 221, 339–349. [Google Scholar] [CrossRef] [PubMed]

	



Helle, W.; Sabelis, M.W. Spider Mites Their Biology, Natural Enemies and Control; Elsevier: Amsterdam, The Netherlands, 1985; Volume 1A, ISBN 0444423729. [Google Scholar]

	



Kant, M.R.; Ament, K.; Sabelis, M.W.; Haring, M.A.; Schuurink, R.C. Differential Timing of Spider Mite-Induced Direct and Indirect Defenses in Tomato Plants. Plant Physiol. 2004, 135, 483–495. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wybouw, N.; Zhurov, V.; Martel, C.; Bruinsma, K.A.; Hendrickx, F.; Grbić, V.; Van Leeuwen, T. Adaptation of a polyphagous herbivore to a novel host plant extensively shapes the transcriptome of herbivore and host. Mol. Ecol. 2015, 24, 4647–4663. [Google Scholar] [CrossRef] [PubMed]

	



Kant, M.R.; Jonckheere, W.; Knegt, B.; Lemos, F.; Liu, J.; Schimmel, B.C.J.; Villarroel, C.A.; Ataide, L.M.S.; Dermauw, W.; Glas, J.J.; et al. Mechanisms and ecological consequences of plant defence induction and suppression in herbivore communities. Ann. Bot. 2015, 115, 1015–1051. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Li, C. Resistance of Cultivated Tomato to Cell Content-Feeding Herbivores Is Regulated by the Octadecanoid-Signaling Pathway. Plant Physiol. 2002, 130, 494–503. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ament, K.; Kant, M.R.; Sabelis, M.W.; Haring, M.A.; Schuurink, R.C. Jasmonic acid is a key regulator of spider mite-induced volatile terpenoid and methyl salicylate emission in tomato. Plant Physiol. 2004, 135, 2025–2037. [Google Scholar] [CrossRef] [PubMed]

	



Santamaria, M.E.; Cambra, I.; Martinez, M.; Pozancos, C.; González-Melendi, P.; Grbic, V.; Castañera, P.; Ortego, F.; Diaz, I. Gene pyramiding of peptidase inhibitors enhances plant resistance to the spider mite Tetranychus urticae. PLoS ONE 2012, 7, 2–11. [Google Scholar] [CrossRef] [PubMed]

	



Alba, J.M.; Schimmel, B.C.J.; Glas, J.J.; Ataide, L.M.S.; Pappas, M.L.; Villarroel, C.A.; Schuurink, R.C.; Sabelis, M.W.; Kant, M.R. Spider mites suppress tomato defenses downstream of jasmonate and salicylate independently of hormonal crosstalk. New Phytol. 2015, 205, 828–840. [Google Scholar] [CrossRef] [PubMed]

	



Eich, E. Solanaceae and Convolvulaceae: Secondary Metabolites; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2008; ISBN 9788578110796. [Google Scholar]

	



Migeon, A.; Nouguier, E.; Dorkeld, F.; Cbgp, U.M.R.; Ird, I.; Montpellier, C.; Cedex, M. Spider Mites Web: A comprehensive database for the Tetranychidae Alain. Trends Acarol. 2010, 557–560. [Google Scholar] [CrossRef]

	



Zélé, F.; Santos, I.; Olivieri, I.; Weill, M.; Duron, O.; Magalhães, S. Endosymbiont diversity and prevalence in herbivorous spider mite populations in South-Western Europe. FEMS Microbiol. Ecol. 2018, 94, fiy015. [Google Scholar] [CrossRef] [PubMed]

	



Izaguirre, M.M.; Scopel, A.L.; Baldwin, I.T.; Ballare, C.L. Convergent Responses to Stress. Solar Ultraviolet-B Radiation and Manduca sexta Herbivory Elicit Overlapping Transcriptional Responses in Field-Grown Plants of Nicotiana longiflora. Plant Physiol. 2003, 132, 1755–1767. [Google Scholar] [CrossRef] [PubMed]

	



Izaguirre, M.M. Solar Ultraviolet-B Radiation and Insect Herbivory Trigger Partially Overlapping Phenolic Responses in Nicotiana attenuata and Nicotiana longiflora. Ann. Bot. 2007, 99, 103–109. [Google Scholar] [CrossRef] [PubMed]

	



Zavala, J.A.; Patankar, A.G.; Gase, K.; Baldwin, I.T. Constitutive and inducible trypsin proteinase inhibitor production incurs large fitness costs in Nicotiana attenuata. Proc. Natl. Acad. Sci. USA 2004, 101, 1607–1612. [Google Scholar] [CrossRef] [PubMed]

	



Haruta, M.; Major, I.T.; Christopher, M.E.; Patton, J.J.; Constabel, C.P.A. Kunitz trypsin inhibitor gene family from trembling aspen (Populus tremuloides Michx.): Clonning, functional expression, and induction by wounding and herbivory. Plant Mol. Biol. 2001, 1, 181–191. [Google Scholar]

	



Reinbothe, S.; Mollenhauer, B.; Reinbothe, C. JIPs and RIPs: The Regulation of Plant Gene Expression by Jasmonates in Response to Environmental Cues and Pathogens. Plant Cell 1994, 6, 1197–1209. [Google Scholar] [CrossRef] [PubMed]

	



Walker-Simmons, M.; Ryan, C.A. Wound-induced Accumulation of Trypsin Inhibitor Activities in Plant Leaves: Survey of Several Plant Genera. Plant Physiol. 1977, 59, 437–439. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yeh, K.-W.; Lin, M.-I.; Tuan, S.-J.; Chen, Y.-M.; Lin, C.-J.; Kao, S.-S. Sweet potato (Ipomoea batatas) trypsin inhibitors expressed in transgenic tobacco plants confer resistance against Spodoptera litura. Plant Cell Rep. 1997, 16, 696–699. [Google Scholar] [CrossRef]

	



Thaler, J.S. Jasmonate-inducible plant defences cause increased parasitism of herbivores. Nature 1999, 399, 17–19. [Google Scholar] [CrossRef]

	



Cipollini, D. Environmental and developmental regulation of trypsin inhibitor activity in Brassica napus. J. Chem. Ecol. 2000, 26, 1411–1422. [Google Scholar] [CrossRef]

	



Cipollini, D.F.; Bergelson, J. Plant density and nutrient availability constrain constitutive and wound-induced expression of trypsin inhibitors in Brassica napus. J. Chem. Ecol. 2001, 27, 593–610. [Google Scholar] [CrossRef] [PubMed]

	



Kawecki, T.J.; Ebert, D. Conceptual issues in local adaptation. Ecol. Lett. 2004, 7, 1225–1241. [Google Scholar] [CrossRef][Green Version]

	



Baldwin, I.T.; Jena, D.; Jagger, M. An Ecologically Motivated Analysis of Plant-Herbivore Interactions in Native Tobacco. Plant Physiol. 2001, 127, 1449–1458. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Blanchet, E.; Egas, M.; Olivieri, I.; Magalha, S. Environmental effects on the detection of adaptation. J. Evol. Biol. 2011, 24, 2653–2662. [Google Scholar] [CrossRef][Green Version]

	



Santamaría, M.E.; González-Cabrera, J.; Martínez, M.; Grbic, V.; Castañera, P.; Díaz, I.; Ortego, F. Digestive proteases in bodies and faeces of the two-spotted spider mite, Tetranychus urticae. J. Insect Physiol. 2015, 78, 69–77. [Google Scholar] [CrossRef] [PubMed]

	



De Oliveira, E.F.; Pallini, A.; Janssen, A. Herbivores with similar feeding modes interact through the induction of different plant responses. Oecologia 2016, 180, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Kassell, B.; Radicevic, M.; Berlow, S.; Pea, R.J.; Laskowski, M. Bovine Trypsin-Kallikrein Inhibitor (Kunitz Inhibitor, Basic Pancreatic Trypsin Inhibitor, Polyvalent Inhibitor from Bovine Organs); Academic Press: San Francisco, CA, USA, 1970; Volume 230. [Google Scholar]

	



Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef]

	



Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous Inference in General Parametric Models. Biom. J. 2008, 50, 346–363. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Therneau, T.M. coxme: Mixed Effects Cox Models. R-Package Descr. 2012, 1–14. [Google Scholar]

	



Crawley, M.J. The R Book; John Wiley & Sons: Chichester, UK, 2012; ISBN 9780470510247. [Google Scholar]

	



Bates, D.; Mächler, M.; Bolker, B.M.; Walker, S.C. Fitting linear mixed-effects models using lme4. J. Stat. Softw. 2014, 67, 1–48. [Google Scholar] [CrossRef]

	



Fournier, D.A. AD Model Builder: Using automatic differentiation for statistical inference of highly parameterized complex nonlinear models. Optim. Methods Softw. 2012, 27, 233–249. [Google Scholar] [CrossRef][Green Version]








[image: Ijms 19 01783 g001 550] 





Figure 1. Performance of T. evansi, T. ludeni and T. urticae on tomato, jimsonweed, tobacco, morning glory or bean leaf discs: (a) Average (± standard error) oviposition rate; (b) Average (± standard error) proportion of embryonic mortality, dead juveniles, and alive offspring (bottom to top). Different letters indicate significant differences in oviposition rate (a) and dead juveniles (b) among mite species within plant species. 
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Figure 2. Effect of plant species and infestation status on the leaf reflectance factor (ρ) on wavelengths between 300.4 nm and 313.9 nm. The markers represent the average (± standard error) of ρ for each plant species, either clean or pre-infested by T. evansi. Different lowercase letters indicate significant differences in ρ among clean plants and plants pre-infested with T. evansi, within plant species. 
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Figure 3. Effect of the infestation status (clean plants or plants pre-infested with T. evansi) on therelative content of trypsin inhibitors (TIs, µg mg−1 total soluble protein) on tomato, jimsonweed, tobacco and bean plants. Different letters indicate significant differences in the average (±standard error) relative content of TIs among infestation status within plant species. 
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Figure 4. Performance of T. evansi on tomato, jimsonweed, morning glory, or bean leaf discs, either clean or pre-infested by conspecifics: (a) Average (± standard error) oviposition rate; and (b) Average (±standard error) proportion of unhatched eggs, dead juveniles, and alive offspring (bottom to top). n.s indicates non-significant differences on oviposition rate (a) among spider mites within plant species. Different uppercase letters indicate significant differences in the proportion of unhatched eggs (b) among mite species within plant species. Lowercase letters indicate significant differences in dead juveniles (b) among mite species within plant species. 
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