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Abstract:



Aphids are phloem feeders that cause large damage globally as pest insects. They induce a variety of responses in the host plant, but not much is known about which responses are promoting or inhibiting aphid performance. Here, we investigated whether one of the responses induced in barley by the cereal aphid, bird cherry-oat aphid (Rhopalosiphum padi L.) affects aphid performance in the model plant Arabidopsis thaliana L. A barley cDNA encoding the protease inhibitor CI2c was expressed in A. thaliana and aphid performance was studied using the generalist green peach aphid (Myzus persicae Sulzer). There were no consistent effects on aphid settling or preference or on parameters of life span and long-term fecundity. However, short-term tests with apterous adult aphids showed lower fecundity on three of the transgenic lines, as compared to on control plants. This effect was transient, observed on days 5 to 7, but not later. The results suggest that the protease inhibitor is taken up from the tissue during probing and weakly inhibits fecundity by an unknown mechanism. The study shows that a protease inhibitor induced in barley by an essentially monocot specialist aphid can inhibit a generalist aphid in transgenic Arabidopsis.
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1. Introduction


Aphids are phloem feeding insects and serious crop pests. They are vectors of plant viruses and by themselves reduce plant growth at heavy infestations. Some species cause visible symptoms and even plant death [1]. The main control method to fight aphid pests is the usage of insecticides, which, however, have well-established negative effects, such as toxicity versus non-target organisms [2] and the development of insect resistance [3,4,5]. Because of such problems, regulations for insecticide usage are becoming increasingly restrictive [6,7]. The alternative approach of breeding for aphid resistance has been applied in several crops [8,9]. However, when based on single gene resistance, this approach faces the problem of the development of resistant aphid biotypes, such as in the case of the Russian wheat aphid [10]. In view of the need for durable resistance, more interest is now being directed to quantitative trait based resistance involving multiple loci, which is believed to be more durable [8,11,12].



The infestation by aphids induces a reprogramming of the gene expression in the host plant [8], something that has been studied in many plant/aphid species combinations (reviewed in, e.g., [9,13]). The interaction between Arabidopsis thaliana L. and the generalist green peach aphid (GPA) (Myzus persicae Sulzer) has emerged as a model system [13,14,15]. Genes induced in the Arabidopsis/GPA interaction and in other plant/aphid interactions have been further studied in transgenic and gene silencing approaches. The reducing effect on aphid population growth was confirmed in Arabidopsis for a lipase [16] and a gene involved in trehalose metabolism [17]. Likewise, for a α-dioxygenase upregulated in tomato by potato aphid, (Macrosiphum euphorbiae Thomas), the expression level was shown to correlate to numbers of potato aphids in tomatoes [18].



The present study is based on the similar assumption, i.e., that genes upregulated by aphids might confer aphid resistance. We have used a transgenic approach and the Arabidopsis/GPA interaction to investigate the effect of a protease inhibitor (PI), encoded by the barley (Hordeum vulgare L.) gene CI2c. There were several lines of evidence to suggest that CI2c might have a role in defense against aphids. First, CI2c, at the time named BCI-7, belongs to a small number of barley genes found to be induced in leaves by synthetic mimics of salicylic acid (SA) and by methyl jasmonate (MeJA) [19]. This is the background to the acronym BCI, meaning Barley Chemically Induced. Both SA- and JA-mediated responses have been reported in numerous plant–aphid interaction studies and there is suggestive evidence that they are important in efficient aphid defense [20].



A second reason to expect CI2c to be involved in aphid defense is its function. It is part of the Mla-locus, which confers resistance to powdery mildew and belongs to a family of six chymotrypsin inhibitor 2 (CI2) genes [21]. Plant protease inhibitors (PIs) are small proteins often induced upon pathogen or herbivore attack and have been much discussed as being important in plant defense against pathogens as well as insects [22,23,24,25,26]. It has since long been shown in several types of insects that PIs inhibit protein digestion in the gut and thereby their growth and reproduction [22]. With regard to aphids, some plant PIs have been shown to affect aphid performance. For example, some seed PIs of the cystatin, cysteine PI type have shown antibiosis effects against aphids in transformed plants [27,28,29], and the opposite effect has also been found [30]. There are also numerous studies with PIs added in artificial diets showing antibiosis effects against aphids, but usually at quite high PI concentrations [31,32,33,34]. However, most of the inhibitors tested have been seed or potato tuber PIs, which the aphids would not encounter on stems or leaves. Our study is the first where a sequence encoding a PI that is induced by aphids in leaf tissue is transformed to another plant species and evaluated for its effect against another aphid species. CI2c belongs to the potato inhibitor I family of serine protease inhibitors of the trypsin/chymotrypsin type [21]. The induction of chymotrypsin inhibitors in barley by aphids was shown as increased inhibitor activity long before transcript studies were carried out [35]. In our previous studies, CI2c was one of the genes found specifically induced by bird cherry-oat aphid (BCA) (Rhopalosiphum padi L.) in two moderately BCA resistant and not in two BCA susceptible barley genotypes [36]. In addition, the constitutive expression of CI2c/BCI-7 was higher in a large selection of moderately BCA resistant barley genotypes in comparison to in susceptible genotypes [37]. This suggests that, in barley, the gene might be contributing to the multifactor BCA resistance, causing lower nymph growth [36]. Evidence for a function for serine proteases in GPA comes from a study where Arabidopsis was expressing ds-RNA of a GPA serine protease gene. Aphids feeding on these plants exhibited lower serine protease activity and a lower fecundity [38]. With this background, we hypothesized that the CI2c inhibitor might reduce the performance of GPA in Arabidopsis.



A PI may be acting in a plant/pathogen interaction by inhibiting either a plant protease or a protease from the pathogen and the effect may be either to the advantage or to the disadvantage of the pathogen [26]. A similar variety of scenarios can be expected in the plant/aphid interaction. Aphid proteases have been found in the aphid saliva [39] and the suggested function is in degrading phloem fiber proteins. This has been shown in vitro [40]. Proteases within the aphid body may be involved in digestive processes or in other functions related to protein turnover, reproduction or interaction with the bacterial symbionts. However, the PI may not necessarily act in a detrimental manner to the aphid. It is known that aphids manipulate plants to their own favor [41] and induced PIs might be favorable to the aphid by inhibiting plant proteases that are part of the plant defense machinery.



In order to find out whether CI2c would affect GPA on Arabidopsis, various bioassays were carried out on transformed plants expressing CI2c to examine host acceptance, fecundity and life span. The gene was expressed under control of either a constitutive promoter (CaMV35S) or the rolC promoter with a restricted expression, often cited as phloem-specific [42,43]. A change in host acceptance would indicate the recognition of the gene product during penetration of the aphid stylet in the tissue and probing. A short-term effect on fecundity would be an indication of an effect during probing or feeding establishment. Any long-term effect on fecundity or life span might indicate that the metabolism or other aspects of reproduction are affected. We used both bolting and non-bolting plants in several of the tests, since the interaction between GPA and Arabidopsis has been shown to differ depending on the growth stage of plants (rosette or flowering) [13,14]. In a parallel approach, we overexpressed CI2c in barley and studied the effect on BCA and GPA. It was found that this did not cause any effects on the performance of BCA, and that the overexpression caused GPA to prefer the transgenic line [44].



The main aim of the present study was to investigate whether the product of the CI2c gene induced by aphids in barley affects the generalist aphid GPA in another plant species. The major effect of overexpressing CI2c in Arabidopsis was a transient inhibition on GPA fecundity, indicating that the aphid encounters the CI2c protein during probing and that it inhibits metabolism or unknown aspects of reproduction.




2. Results


2.1. Confirmation of Transformation and Phenotypes of Arabidopsis Plants Expressing CI2c


Two CI2c lines (CI2c p:7 and CI2c p:8) with constitutive expression of the transgene and three psCI2c lines with phloem-specific expression (psCI2c p:1, psCI2c p:3 and psCI2c p:7) were selected for experiments with aphids. Gene expression analysis revealed that the transcript abundance of the transgene was high in the selected lines with constitutive expression of CI2c (Figure 1a). The transcript abundance was, as expected, much lower in the psCI2c lines (Figure 1c). There was no expression of the transgene in any of the azygous lines selected as controls. Measurements of enzyme activity confirmed the presence of the gene product in the CI2c lines by strong inhibition of chymotrypsin activity as compared to control plants (Figure 1b). The transformation with phloem-specific expression did not result in detectable inhibition in the enzyme assays (Figure 1d), which can be explained by the limited tissue expression in these transformants.


Figure 1. Transcript abundance and chymotrypsin inhibition in Arabidopsis expressing CI2c. Relative transcript abundance of the CI2c sequence in CI2c (a) and psCI2c (c) lines. The results represent the average (±SD) of four biological replicates. The transcript abundance was calculated relative to two reference genes: Clathrin and TIP41. The sequence was not found expressed in the corresponding azygous control lines. The inhibition of chymotrypsin activity in protein extracts from CI2c (b) and psCI2c (d) lines. Bars indicate average (± SD) of three technical replicates.
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The germination rate was lower in two of the psCI2c lines, but there were no significant differences in leaf area, percentage of flowering plants or time to flowering (Supplementary Figures S1 and S2, Table S1) or any other obvious phenotypic differences between transgenic lines and control plants (Supplementary Figure S3).




2.2. CI2c Expressed in Arabidopsis Has No or Minor Effect on GPA Settling


The no-choice test showed no difference between controls and transgenes in the proportion of aphids settled, at any of the time points 2, 4 and 6 h (Figure 2). In choice tests, a significant difference was observed in aphid settling in one combination only; control and CI2c p:7 plants (p ≤ 0.05, Wilcoxon signed rank test) for bolting plants (Figure 3). In the case of non-bolting plants, there was a consistent trend in aphid preference for control plants instead of CI2c p:7 and CI2c p:8 plants, but no significant difference. There was no difference in settling when the aphids had the choice between the two transgenic lines CI2c p:7 and CI2c p:8, or between the psCI2c transgenic lines and their respective controls (Figure 3).


Figure 2. Proportion of GPAs settled in a no-choice test on (a) CI2c and (b) psCI2c lines and their respective controls. Ten adult apterous aphids were released in the center of the rosette of each Plant Results (±SE) (n = 12) represent data from two independent experiments. No significant differences were observed (p > 0.05 Kruskal–Wallis test).
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Figure 3. Percentage of GPAs settled in choice tests on CI2c and psCI2c lines or their controls. Twenty adult apterous aphids were released in the middle between two genotypes. The bars represent the percentage of aphids settled on each genotype. The data are from two independent experiments with number of replicates as given in the Section 4. Black or grey bars = transgenic lines as indicated; white bars = respective azygous controls. The asterisk indicates significant difference (** p ≤ 0.01 Wilcoxon signed rank test).
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2.3. CI2c Expressed in Arabidopsis Has a Transient Short-Term Effect on GPA Fecundity


To detect possible effects on aphid fecundity due to ingestion of the CI2c protein during penetration and probing, short-term fecundity tests were carried out. Adult aphids were added to bolting plants and the total numbers of aphids on each plant were counted after five days. The results showed lower numbers of aphids on the two CI2c transgenic lines (p ≤ 0.01 for CI2c p:7 and p ≤ 0.001 for CI2c p:8) and on psCI2c p:3 (p ≤ 0.05) as compared to on control plants (Figure 4). To further study the time scale of this effect, aphids were counted each day after settling during eight consecutive days in one of the transgene lines. The number of adults did not differ between the control and CI2c p:8 plants (two-way ANOVA: F1,80 = 3.38, p = 0.0697) (Figure 5a). It was the highest at day 8 when nymphs born at the beginning of the experiment reached adulthood and thus were counted as adults. The comparison of number of nymphs and the total number of aphids on control and CI2c p:8 plants showed that there were significant differences between the two lines (for nymphs: F1,80 = 18.1, p = 0.0001; for total aphid numbers: F1,80 = 16.76, p = 0.0001). There was no significant line × day interaction [nymphs: F7,80 = 0.92, p = 0.4927; total aphid numbers: F7,80 = 0.88, p = 0.5242]. Post hoc analysis revealed a significant decrease in the number of nymphs and total number of aphids on transgenic plants during the period of day 5 to 7 (p ≤ 0.01 for day 5 and 6 and p ≤ 0.05 for day 7) (Figure 5b,c).


Figure 4. GPA fecundity on CI2c and psCI2c plants and on azygous controls. Five apterous adults were put on each plant and the total number of aphids on each plant counted after five days. The results (±SE) are from two independent experiments and normalized to the average aphid numbers on control plants for each experiment as 100 (these numbers were 48 and 26 for CI2c and 43 and 55 for psCI2c, respectively). Asterisks indicate significant differences between control and transgenic plants (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001, one-way ANOVA (p ≤ 0.05) followed by Tukey HSD as post hoc test).



[image: Ijms 18 01317 g004]





Figure 5. Time curve of GPA fecundity on CI2c p:8 and control plants. Five apterous adult aphids were released on each plant and the number of adult aphids and nymphs counted on a subset of the plants each day during eight consecutive days. (a) number of adults; (b) number of nymphs and (c) total number of aphids. White bars = control plants, black bars = CI2c p:8 plants. The results are the average (±SE). n = 6 for each day. For (b,c), the numbers were normalized to the average aphid numbers on control plants as 100. These numbers were 21, 41, 47, 68, 82, 34, 43, 47 for nymphs and 26, 45, 51, 72, 85, 39, 48, 54 for total aphids, respectively. Asterisks indicate significant differences between control and transgenic plant (* p ≤ 0.05; ** p ≤ 0.01, two-way ANOVA with line × day as factors followed by Tukey HSD as post hoc test).
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2.4. CI2c Has No Long-Term Effect on GPA Fecundity


In order to find out if CI2c would have an effect on aphids when they have settled and are feeding from the phloem, long term experiments were carried out. In life span experiments, both the life span and the fecundity during the total life span are recorded starting with the birth of each nymph. The results showed no differences between transgenic lines and the control plants in the number of days for aphids to the start of reproduction, the length of the reproductive life, the life span, the number of nymphs produced per individual, the number of nymphs per day or the intrinsic rate of population increase rm (Table 1).



Table 1. Life span and reproduction of green peach aphid (GPA) on CI2c and psCI2c p:3 lines. The results represent mean values (±SE). rm = intrinsic rate of population increase. There were no significant differences between control and transgenic plants for any of the parameters (Kruskal–Wallis test, p > 0.05).







	

	
Control

(n = 6)

	
CI2c p:7

(n = 6)

	
CI2c p:8

(n = 6)

	
Control

(n = 9)

	
psCI2c p:3

(n = 9)






	
Days to reproduction

	
8.7 ± 0.2

	
8.4 ± 0.3

	
8.7 ± 0.2

	
8.7 ± 0.2

	
9.1 ± 0.3




	
Reproductive life (days)

	
23.6 ± 2.0

	
22.7 ± 1.8

	
24.2 ± 1.4

	
24.4 ±1.7

	
25.3 ±1.5




	
Life span (days)

	
42.0 ± 4.0

	
41.1 ± 3.1

	
42.8 ± 2.7

	
49.1 ±3.4

	
46.6 ± 3.9




	
Nymphs/individual

	
63.9 ± 4.4

	
59.3 ± 2.7

	
59.7 ± 3.8

	
49.0 ± 6.1

	
38.9 ± 2.5




	
Nymphs/day

	
2.8 ± 0.1

	
2.8 ± 0.3

	
2.6 ± 0.3

	
2.0 ± 0.3

	
1.6 ± 0.1




	
rm

	
0.31 ± 0.004

	
0.31 ± 0.008

	
0.30 ± 0.010

	
0.26 ± 0.012

	
0.23 ± 0.014










Another type of fecundity test starting with nymphs was carried out during 14 days on both bolting and non-bolting plants. Considering that the days to the first reproduction is eight to nine days (Table 1), only one generation of nymphs are born within this time. The results showed lower aphid reproduction on the non-bolting line psCI2c p:3 in comparison with the controls (p ≤ 0.01), but not on any of the other transgenic lines or growth conditions (Figure 6).


Figure 6. GPA fecundity on (a) CI2c and (b) psCI2c lines and their respective controls. Five nymphs were put on each plant and the total numbers of aphids on each plant were counted after 14 days. The data are from two independent experiments. Results (± SE) are normalized to the average aphid numbers on the control plants for each experiment as 100. The average numbers on control plants were: CI2c, bolting: 120 and 135; non-bolting 53 and 91; psCI2c, bolting 176 and 159; non-bolting 77 and 92. Asterisks indicate significant differences between control and transgenic lines at ** p ≤ 0.01 (one-way ANOVA followed by Tukey HSD).
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3. Discussion


A. thaliana was transformed with CI2c under control of the constitutive CaMV35S promoter and in addition, the phloem-specific promoter rolC. The rolC promoter has been shown to direct the expression to phloem parenchyma and companion cells in tobacco [42] and in stems of A. thaliana to primary phloem and a random selection of cortical cells [45]. We found much lower transcript abundance of CI2c using the rolC promoter than the constitutive CaMV35S promoter (Figure 1), which is in agreement with the expected tissue-specific expression of the transgene.



We considered that differences in plant size or development between transgenes and control plants might affect the nutritional value and thus cause secondary effects on aphid performance. We find this very unlikely since there were no phenotypic differences between the transgenic and control plants at the age of the aphid tests. The only difference found was reduced seed germination in two of the psCI2c lines, possibly caused by the inhibition of storage protein degradation needed for germination in these seeds. The possibility of “seed history” effects, i.e., that induced defenses in the previous generation may have been carried through to the plants to be tested [46] was avoided by using azygous controls from the same line and from the same generation as the transgenic plants. Thus, the plants used for comparisons had experienced the same growth conditions in several generations.



A first consideration when analyzing the results is whether the PI stays within the cytosol or is secreted to the apoplast. In the first case, it may be delivered symplastically from the companion cells to the sieve cell elements, since this is the presumed trafficking pathway for proteins found in the sieve cell elements [47]. In this case, it would be present in the phloem sap from which the aphid is feeding. If, however, the PI has an extracellular location, it is unlikely to enter into the phloem sap because it would have to pass the plasma membrane. Many of the plant protease inhibitors are secreted to the extracellular space [24,25,26]. The CI2c sequence does not contain a signal peptide, but it has been suggested that, for certain small proteins, a signal peptide is not necessary for entry into the secretory pathway [48]. As an example, the closely related CI2, present in barley endosperm, did not contain any signal peptide [49] and yet was directed from the cytosol into protein bodies [50]. Based on the above, we presume that CI2c is secreted out of the cell.



There are several stages during aphid infestation where a PI might affect aphid performance. One possibility is that the PI has its main effect during aphid probing. The major factors determining aphid preference are encountered after stylet penetration of the peripheral host plant tissues, but before phloem ingestion [51,52]. The stylet follows an apoplastic pathway to the phloem and on its way briefly punctures many cells. The aphid quickly withdraws the stylet upon puncturing cells, but a mixture of saliva and cytoplasm is ingested. Will and coworkers [53] showed that the aphid saliva composition is different depending on the milieu of the stylet tip and concluded that aphids must permanently take up plant fluids, both from the apoplast and the cytosol. The results from our study do not give support to a strong effect of CI2c on host acceptance, since there was no delay in aphid settling on the transgenic lines in the no-choice tests and evidence for non-preference in the choice test was found with only one of the transgenic lines (Figure 3).



A second possibility is that ingestion of the CI2c during probing has a negative impact on the metabolism or reproduction and, as a consequence, the fecundity. Our results support this idea, since we found transient lower fecundity in three transgenic lines as compared to control lines. The effect was found with adults in three transgenic lines but only with one line using nymphs, suggesting that reproductive mechanisms are targeted. In the life span test, the mother has established feeding in the phloem. The finding that there were no differences in fecundity or life span between plants expressing CI2c and control plants in this test indicates that the CI2c protein is not ingested from the phloem, and supports the idea that it is an extracellular protein.



The CaMV35S promoter directs expression to both phloem and other tissue in dicots [54,55] and the expectations from transformation with the rolC promoter was to distinguish effects mainly restricted to phloem tissue to those in other parts of the leaf. As an example, in an earlier report, tobacco and chickpea were transformed with a gene encoding a leaf agglutinin protein using either CaMV35S or rolC-directed expression and the effects evaluated with GPA nymphs (on tobacco) or Aphids craccivora nymphs (on chickpea) [56]. The results showed somewhat higher nymph mortality on the rolC-transformants than those transformed with the CaMV35S-promoter [56]. Contrary to the CI2c protein, the protein in that study caused strong toxicity, since less than 50% of the nymphs survived, the 72 h test [56]. Our present results do not show any strong effects related to the use of promoter. It may be noted that, despite much lower total transcript abundance and activity of CI2c than in the lines with constitutive expression, the psCI2c p:3 line supported lower fecundity both in the short term (five days) and the 14 days tests starting with nymphs.



The transient effects on aphid fecundity that we found might be caused by targets in the aphid saliva or within the aphid. One target might be the gel saliva that forms a sheath in the apoplast during stylet penetration. It was shown with pea aphid (Acyrthosiphon pisum Harris) that, when the sheath protein is downregulated and no sheath can be formed, the long-term reproduction is suppressed [57]. Since this effect was not seen in our experiments, it seems unlikely that the gel saliva was affected. Alternatively, proteases in the watery saliva injected into the sieve cell elements might be inhibited. Recent studies showed that saliva from pea aphid and potato aphid digested the Cucurbita maxima Duchesne PP1 sieve-tube protein, and it was suggested that PIs in the phloem sap might protect the phloem proteins by inhibiting the saliva proteases [40]. In this scenario, GPAs might successfully establish feeding, but the inhibition of proteases by CI2c might delay reproduction. The argument against this idea is that we would then expect inhibitory effects during the life span tests where aphids have established feeding, and no such effects were found. We therefore suggest that the CI2c protein is ingested during probing and that the targets are within the aphids.



This idea would be in accordance with recent studies where lower serine protease activities in the GPA gut were correlated to lower fecundity [38]. It is also possible that the PI does not act on protein digestion in the gut, but, for example, on functions related to aphid reproduction or the interaction with the bacterial endosymbionts. This was suggested based on the finding that in GPA reared on oilseed rape expressing a gene for the cysteine PI oryzacystatin (OC-I), the inhibitor was found in the oenocytes and bacteriocytes of the aphid [27]. More recently, it was demonstrated that a cathepsin-L-like protease purified from the midgut of bean bug (Riptortus pedestris Fabricius) had antibacterial activity against gut symbiotic bacteria [58].



In barley overexpressing CI2c, GPA preferred the transgenic plants compared to controls, possibly due to protection against a serine protease found to be upregulated by GPA in barley [44]. The transcripts induced by GPA in Arabidopsis do not seem to include any serine proteases [59]. This may explain the absence of any preference of GPA for Arabidopsis expressing the CI2c gene.




4. Materials and Methods


4.1. Plant Cultivation


Seeds of A. thaliana were surface sterilized in a three-step procedure. Seeds were first kept for 1 h in a refrigerator in water with a few drops of Triton X-100 (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), then washed during 20 min in 1:3 diluted NaClO-based commercial bleach (Klorrent, Nilfisk Advance, Brøndby, Denmark) and finally washed for 30 s in 70% ethanol. After each step, the seeds were rinsed with sterile water to remove the sterilizing agent. Plants were grown in growth chambers at 150 μmol photons m−2·s−1 and 22 °C. To obtain bolting plants, seeds were sown on plates with half-strength Murashige and Skoog (MS) medium and 0.25% (w/v) Gelrite (both from Duchefa Biochemie, Haarlem, the Netherlands) and transferred to a growth chamber with long day (LD) conditions (L16:D8). After 14 days, plants were transferred to 6 cm × 6 cm pots with soil (Blomjord, Hammenhög, Sweden) and grown under the same conditions for 10 more days. To obtain non-bolting plants, surface-sterilized seeds were sown directly into pots (6 cm × 6 cm) containing soil and placed in a growth chamber with short day (SD) conditions (L8:D16). After four weeks, the seedlings were replanted to 7 cm × 7 cm pots.




4.2. Aphid Rearing


Individuals of green peach aphid, Myzus persicae Sulzer (Aphididae, Hemiptera) were collected in the field near Uppsala, Sweden. Aphids were reared on kohlrabi (Brassica oleracea L. cv. Delikatess weisser) in a growth chamber with SD conditions as described above.




4.3. Plasmid Constructs, Plant Transformation and Selection


RNA was extracted from the doubled haploid barley breeding line 5172-28:4 [36] using the NucleoSpin® RNAII kit (Macherey-Nagel, Düren, Germany) following the manufacturer’s instructions. Three µg of RNA was used for synthesis of first strand cDNA using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s instructions. The ORF of the barley PI (CI2c) was amplified from the cDNA using the primers 5′-CACCATGAGCTGCGCCGCC-3′ and 5′-TTGCAAAGCTAGCTAGCCAATGTGG-3′. Phusion high-fidelity DNA polymerase (Thermo Scientific, Vilnius, Lithuania) was used for the PCR reaction at 98 °C for 30 s, 35 cycles at 98 °C for 10 s and 72 °C for 30 s followed by 72 °C for 7 min. The PCR product was cloned into the Gateway® pENTR/D-TOPO cloning vector (Invitrogen, Life technologies Corporation, Carlsbad, CA, USA). For constitutive expression with the cauliflower mosaic virus (CaMV) 35S promoter, the PCR product was introduced by LR clonase reaction (Invitrogen) in the destination vector pK7WG2 [60]. For phloem-specific expression, the Agrobacterium rhizogenes rolC-promoter was amplified using primers 5′-AGCGAAAGGATGTCAAAAAAGGATGC-3′ and 5′-ATGGTAACAAAGTAGGAAACAGGTTGC-3′ from plasmid pPCV7002-rolBC and cloned into the Gateway® pENTR5′TOPO vector (Invitrogen). The PCR products (promoter in pENTR5′TOPO and cDNA in pENTR/D-TOPO) were introduced in the destination vector pK7m24GW.3 [61] using the LR Clonase II plus enzyme mix (Invitrogen). The binary vectors were transformed into Agrobacterium tumefaciens strain C58pGV2260 and used to transform plants of A. thaliana ecotype Colombia by the floral dip method [62] at the Uppsala Transgenic Arabidopsis Facility, Sweden. Transformants were selected on medium containing kanamycin (50 µg·mL−1, Sigma-Aldrich), self-fertilized, and analyses were performed on T3 or T4 lines homozygous for a single-gene insertion. Controls were azygous lines selected at T3.




4.4. Analyses of Transcript Abundance


For RT-qPCR studies, plant material was frozen in liquid nitrogen and stored at −80 °C until used for RNA isolation. Total RNA was extracted from three leaves of seven to eight weeks old plants. RNA extraction, reverse transcription, qPCR conditions and calculations of relative transcript abundances were performed as described in [37]. Clathrin and TIP41 were used as reference genes [63]. A standard curve was made for each primer pair to calculate the efficiency of the primer in the reaction. The primer sequences are presented in Supplementary Table S2.




4.5. Enzymatic Assay of Protease Inhibitor Activity


Six weeks old non-bolting Arabidopsis plants were frozen in liquid nitrogen and stored at −80 °C. Whole shoot tissue was ground in a cold mortar on ice, with 0.1 M potassium phosphate buffer (3 mL buffer g−1 tissue) containing 5% polyvinylpolypyrrolidone (Sigma-Aldrich) and 0.1 M β-mercaptoethanol, pH 7.1. The samples were centrifuged at 12,000× g for ten minutes at 4 °C. The supernatants were cleaned from low molecular weight compounds on PD-10 columns (GE Healthcare, Little Chalfont, UK), eluted with 0.1 M phosphate buffer, pH 7.1. The protein concentration was determined using Bradford reagent (Sigma-Aldrich) with bovine serum albumin (Sigma-Aldrich) as standard. Protease activity in the extracts was measured with N-succinyl-Ala-Ala-Pro-Phe-7-amido-4-methylcoumarine (Sigma-Aldrich) as the fluorogenic substrate. The substrate was solubilized in dimethyl sulfoxide (Sigma-Aldrich) and then diluted in 0.1 M Tris-HCl (pH 8.0). The chymotrypsin inhibition assay in a final volume of 0.2 mL contained 60 µL of plant protein extract (final protein concentration of 24 µg·mL−1), 20 µL of chymotrypsin (Sigma-Aldrich; final concentration of 60 ng·mL−1) and 20 µL of substrate (final concentration of 40 µM). The plant extract was first incubated for 10 min at 30 °C with chymotrypsin in 0.1M Tris-HCl buffer pH 8.0. Then, the fluorogenic substrate was added and the fluorescence signal was measured in a Hidex Sense (Hidex, Turku, Finland) microplate reader for 30 min at 30 °C using a 390 nm excitation filter and an emission filter of 460 nm. Each reaction was prepared in triplicate. Enzyme activities were calculated from 10 min of initial linear velocity rates.




4.6. Aphid Settling


No-choice tests of aphid settling were carried out on 24 days old bolting plants in the light. Ten adult apterous aphids were released in the center of the rosette on each plant and the total numbers of aphids settled (i.e., not moving) on each plant were counted at 2, 4 and 6 h after their release. The experiments were carried out in two independent experiments (n = 6 in each). In host choice tests, the different genotypes (24 days old bolting plants or 6–7 weeks old non-bolting plants) were planted in opposite corners of the same square pot (7 cm × 7 cm). Twenty apterous adult aphids were carefully released in the middle of a dry filter paper (3 cm diameter) that was placed between the plants (Supplementary Figure S4). The plants were kept in a growth chamber with SD conditions as described above and the aphid location was assessed after 24 h. The choice tests between transgenes and controls were carried out two times on bolting and non-bolting CI2c (n = 15 or 16) and on non-bolting psCI2c plants (n = 12) and once on bolting psCI2c plants (n = 11). Tests with the choice between two CI2c transgenic lines were carried out once for bolting plants (n = 5) and twice for non-bolting plants (n = 17).




4.7. Aphid Fecundity and Life Span


To determine short-term effects on fecundity, five apterous adult aphids were released on each transgenic or control plant (bolting plants, 24 days old), and, after five days, the total numbers of aphids on each plant were counted. Plants were in open trays. The experiment was carried out in two independent experiments (n = 6 to 8 in each). To follow the fecundity day by day during eight days, five synchronous apterous adult aphids (9–10 days old) were released on CI2c p:8 and control plants. Adults and nymphs were counted each day during eight days, each day from a new set of plants. This experiment was carried out once (n = 6 for each day). In the test to determine fecundity during 14 days, five one-day old nymphs were transferred to each transgenic or control plant (bolting, 24 days old or non-bolting, seven to eight weeks old). Plants were in a growth chamber with SD conditions as described above under transparent cages made of plastic and fabric (Supplementary Figure S4). The experiment was carried out in two independent experiments with 12 to 14 replicates.



To determine fecundity during the life span, one apterous adult aphid was placed on one of the young leaves (non-bolting plants, seven to eight weeks old) (six to eight replicates, each on a different plant). All selected leaves were similar in size and age. The leaf was enclosed in a transparent plastic container (5 cm high, 7 cm in diameter) with a small hole for the leaf (Supplementary Figure S4). Aeration was created by small holes in the plastic. The space around the leaf hole was closed with a piece of cotton wool to prevent aphid escape (Supplementary Figure S4). When the first offspring was produced, the aphid was removed together with all but one newborn nymph. For each single nymph, its reproduction and life span was monitored. All nymphs produced were counted and removed daily. During the period of the experiment, plants were kept in a growth chamber under SD conditions as described above. At the start of these experiments, plants were not flowering, but towards the end, flowers were developing. The intrinsic rate of population increase (rm) was calculated according to [64] as 0.738 (log Md)/d, where Md is the number of progeny produced by an aphid in a period equal to the pre-reproductive time and d is the pre-reproductive time in days.




4.8. Statistical and Sequence Analyses


Normal distribution of data was analyzed using the Shapiro–Wilk normality test and was confirmed for fecundity tests, but not for aphid settling and life span test. Analyses of differences in aphid settling were carried out using a Kruskal–Wallis test (no-choice test) or by Wilcoxon signed rank test (choice tests) at p ≤ 0.05. Differences in aphid fecundity (five days test and 14 days test) were analyzed using one-way ANOVA (p ≤ 0.05) followed by Tukey HSD as a post hoc test, at p ≤ 0.05. Differences in aphid fecundity measured over a period of eight days were analyzed using two-way ANOVA with “Line” and “Day” as fixed factors followed by Tukey HSD as post hoc test at p ≤ 0.05. Results from life span experiments were analyzed using a Kruskal–Wallis test. All statistical analyses were performed with StatPlus Pro v5 for Windows from AnalystSoft Inc (Walnut, CA, USA). The presence of a signal peptide in the CI2c amino acid sequence was analysed using SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) [65].





5. Conclusions


The CI2c gene, which is encoding a chymotrypsin inhibitor in barley, reduced certain aspects of GPA performance when its cDNA was expressed in Arabidopsis. The most consistent effect was a transient inhibition on the fecundity of adult aphids. We suggest that this is caused by ingestion of the CI2c protein during probing, causing inhibitory effects in the aphid or its symbionts.
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Supplementary materials can be found at www.mdpi.com/1422-0067/18/6/1317/s1.





Acknowledgments


The study was funded by the Swedish Foundation for Strategic Environmental Research (Mistra) via the PlantComMistra program, CF Lundström Foundation and The Royal Physiographic Society in Lund (stipends to Aleksandra Losvik and Sara Mehrabi). We thank Lantmännen Lantbruk for providing the barley breeding line 5172-28:4, Velemir Ninkovic, the Swedish University of Agricultural Sciences, (SLU) Uppsala for aphids at the start of the study and Thomas Schmülling, Freie Universität Berlin, Germany for the gift of the rolC promotor. Inger Åhman, SLU Alnarp and Katharina Pawlowski, Stockholm University are thanked for their critical reading of earlier versions of the manuscript.




Author Contributions


Aleksandra Losvik, Lisa Beste and Lisbeth Jonsson conceived and designed the experiments. Aleksandra Losvik, Lisa Beste and Sara Mehrabi performed the experiments. Aleksandra Losvik and Lisbeth Jonsson analyzed the data and wrote the manuscript. All authors read and approved the manuscript.




Conflicts of Interest


The authors declare that they have no conflict of interest.




Abbreviations




	BCA
	Bird cherry-oat aphid



	CI2c
	Barley chymotrypsin inhibitor 2c



	GPA
	Green peach aphid



	PI
	Proteinase inhibitor







References


	1. 
Quisenberry, S.; Ni, X. Feeding injury. In Aphids as Crop Pests; van Emden, H.F., Harrington, R., Eds.; CABI Publishing: Wallingford, UK, 2007; pp. 331–352. ISBN 9780851998190. [Google Scholar]

	2. 
Dewar, A.M. Chemical control. In Aphids as Crop Pests; van Emden, H.F., Harrington, R., Eds.; CABI Publishing: Wallingford, UK, 2007; pp. 391–422. ISBN 9780851998190. [Google Scholar]

	3. 
Foster, S.P.; Devine, G.; Devonshire, A.L. Insecticide resistance. In Aphids as Crop Pests; van Emden, H.F., Harrington, R., Eds.; CABI Publishing: Wallingford, UK, 2007; pp. 261–285. ISBN 9780851998190. [Google Scholar]

	4. 
Bass, C.; Puinean, A.M.; Zimmer, C.T.; Denholm, I.; Field, L.M.; Foster, S.P.; Gutbrod, O.; Nauen, R.; Slater, R.; Williamson, M.S. The evolution of insecticide resistance in the peach potato aphid, Myzus persicae. Insect Biochem. Mol. Biol. 2014, 51, 41–51. [Google Scholar] [CrossRef] [PubMed]

	5. 
Bass, C.; Denholm, I.; Williamson, M.S.; Nauen, R. The global status of insect resistance to neonicotinoid insecticides. Pestic. Biochem. Physiol. 2015, 121, 78–87. [Google Scholar] [CrossRef] [PubMed]

	6. 
Hillocks, R.J. Farming with fewer pesticides: EU pesticide review and resulting challenges for UK agriculture. Crop. Prot. 2012, 31, 85–93. [Google Scholar] [CrossRef]

	7. 
Schreinemachers, P.; Tipraqsa, P. Agricultural pesticides and land use intensification in high, middle and low income countries. Food Policy 2012, 37, 616–626. [Google Scholar] [CrossRef]

	8. 
Dogimont, C.; Bendahmane, A.; Chovelon, V.; Boissot, N. Host plant resistance to aphids in cultivated crops: Genetic and molecular bases, and interactions with aphid populations. C. R. Biol. 2010, 333, 566–573. [Google Scholar] [CrossRef] [PubMed]

	9. 
Smith, C.M.; Chuang, W.-P. Plant resistance to aphid feeding: Behavioral, physiological, genetic and molecular cues regulate aphid host selection and feeding. Pest. Manag. Sci. 2014, 70, 528–540. [Google Scholar] [CrossRef] [PubMed]

	10. 
Burd, J.D.; Porter, D.R.; Puterka, G.J.; Haley, S.D.; Peairs, F.B. Biotypic variation among North American Russian wheat aphid (Homoptera: Aphididae) populations. J. Econ. Entomol. 2006, 99, 1862–1866. [Google Scholar] [CrossRef] [PubMed]

	11. 
Åhman, I.; Ninkovic, V. Volatile interactions between undamaged plants: Effects and potential for breeding resistance to aphids. In Plant Communication from an Ecological Perspective; Baluška, F., Ninkovic, V., Eds.; Springer: Berlin, Germany, 2010; pp. 113–126. [Google Scholar]

	12. 
Cheung, W.Y.; Di Giorgio, L.; Åhman, I. Mapping resistance to the bird cherry-oat aphid (Rhopalosiphum. padi) in barley. Plant Breed. 2010, 129, 637–646. [Google Scholar] [CrossRef]

	13. 
Louis, J.; Shah, J. Arabidopsis thaliana—Myzus persicae interaction: Shaping the understanding of plant defense against phloem-feeding aphids. Front. Plant Sci. 2013, 4. [Google Scholar] [CrossRef] [PubMed]

	14. 
De Vos, M.; Kim, J.H.; Jander, G. Biochemistry and molecular biology of Arabidopsis-aphid interactions. Bioessays 2007, 29, 871–883. [Google Scholar] [CrossRef] [PubMed]

	15. 
Truong, D.-H.; Bauwens, J.; Delaplace, P.; Mazzucchelli, G.; Lognay, G.; Francis, F. Proteomic analysis of Arabidopsis thaliana (L.) Heynh responses to a generalist sucking pest (Myzus persicae Sulzer). Plant Biol. 2015, 17, 1210–1217. [Google Scholar] [CrossRef] [PubMed]

	16. 
Louis, J.; Lorenc-Kukula, K.; Singh, V.; Reese, J.; Jander, G.; Shah, J. Antibiosis against the green peach aphid requires the Arabidopsis thaliana MYZUS PERSICAE-INDUCED LIPASE1 gene. Plant J. 2010, 64, 800–811. [Google Scholar] [CrossRef] [PubMed]

	17. 
Singh, V.; Louis, J.; Ayre, B.G.; Reese, J.C.; Shah, J. TREHALOSE PHOSPHATE SYNTHASE11-dependent trehalose metabolism promotes Arabidopsis thaliana defense against the phloem-feeding insect Myzus persicae. Plant J. 2011, 67, 94–104. [Google Scholar] [CrossRef] [PubMed]

	18. 
Avila, C.A.; Arevalo-Soliz, L.M.; Lorence, A.; Goggin, F.L. Expression of α-DIOXYGENASE 1 in tomato and arabidopsis contributes to plant defenses against aphids. Mol. Plant Microbe Interact. 2013, 26, 977–986. [Google Scholar] [CrossRef] [PubMed]

	19. 
Beβer, K.; Jarosch, B.; Langen, G.; Kogel, K.-H. Expression analysis of genes induced in barley after chemical activation reveals distinct disease resistance pathways. Mol. Plant Pathol. 2000, 1, 277–286. [Google Scholar]

	20. 
Morkunas, I.; Mai, V.C.; Gabryś, B. Phytohormonal signaling in plant responses to aphid feeding. Acta Physiol. Plant 2011, 33, 2057–2073. [Google Scholar] [CrossRef]

	21. 
Wei, F.; Wing, R.A.; Wise, R.P. Genome dynamics and evolution of the Mla. (powdery mildew) resistance locus in barley. Plant Cell. 2002, 14, 1903–1917. [Google Scholar] [CrossRef] [PubMed]

	22. 
Ryan, C.A. Protease inhibitors in plants: Genes for improving defenses against insects and pathogens. Annu. Rev. Phytopathol. 1990, 28, 425–449. [Google Scholar] [CrossRef]

	23. 
Koiwa, H.; Bressan, R.A.; Hasegawa, P.M. Regulation of protease inhibitors and plant defense. Trends Plant Sci. 1997, 2, 379–384. [Google Scholar] [CrossRef]

	24. 
Van Loon, L.C.; Rep, M.; Pieterse, C.M.J. Significance of inducible defense-related proteins in infected plants. Annu. Rev. Phytopathol. 2006, 44, 135–162. [Google Scholar] [CrossRef] [PubMed]

	25. 
Habib, H.; Fazili, K.M. Plant protease inhibitors: A defense strategy in plants. Biotechnol. Mol. Biol. Rev. 2007, 2, 68–85. [Google Scholar]

	26. 
Jashni, M.K.; Mehrabi, R.; Collemare, J.; Mesarich, C.H.; de Wit, P.J.G.M. The battle in the apoplast: Further insights into the roles of proteases and their inhibitors in plant–pathogen interactions. Front. Plant Sci. 2015, 6, 584. [Google Scholar] [CrossRef] [PubMed]

	27. 
Rahbé, Y.; Deraison, C.; Bonadé-Bottino, M.; Girard, C.; Nardon, C.; Jouanin, L. Effects of the cysteine protease inhibitor oryzacystatin (OC-I) on different aphids and reduced performance of Myzus persicae on OC-I expressing transgenic oilseed rape. Plant Sci. 2003, 164, 441–450. [Google Scholar] [CrossRef]

	28. 
Ribeiro, A.P.O.; Pereira, E.J.G.; Galvan, T.L.; Picanço, M.C.; Picoli, E.A.T.; da Silva, D.J.H.; Fári, M.G.; Otoni, W.C. Effect of eggplant transformed with oryzacystatin gene on Myzus persicae and Macrosiphum euphorbiae. J. Appl. Entomol. 2006, 130, 84–90. [Google Scholar] [CrossRef]

	29. 
Carrillo, L.; Martinez, M.; Álvarez-Alfageme, F.; Castañera, P.; Smagghe, G.; Diaz, I.; Ortego, F. A barley cysteine-proteinase inhibitor reduces the performance of two aphid species in artificial diets and transgenic Arabidopsis plants. Transgenic Res. 2011, 20, 305–319. [Google Scholar] [CrossRef] [PubMed]

	30. 
Ashouri, A.; Michaud, D.; Cloutier, C. Unexpected effects of different potato resistance factors to the Colorado potato beetle (Coleoptera:Chrysomelidae) on the potato aphid (Homopthera:Aphididae). Environ. Entomol. 2001, 30, 524–532. [Google Scholar]

	31. 
Rahbé, Y.; Ferrasson, E.; Rabesona, H.; Quillien, L. Toxicity to the pea aphid Acyrthosiphon pisum of anti-chymotrypsin isoforms and fragments of Bowman–Birk protease inhibitors from pea seeds. Insect Biochem. Mol. Biol. 2003, 33, 299–306. [Google Scholar] [CrossRef]

	32. 
Azzouz, H.; Cherqui, A.; Campan, E.D.M.; Rahbé, Y.; Duport, G.; Jouanin, L.; Kaiser, L.; Giordanengo, P. Effects of plant protease inhibitors, oryzacystatin I and soybean Bowman-Birk inhibitor, on the aphid Macrosiphum euphorbiae (Homoptera, Aphididae) and its parasitoid Aphelinus abdominalis (Hymenoptera, Aphelinidae). J. Insect Physiol. 2005, 51, 75–86. [Google Scholar] [CrossRef] [PubMed]

	33. 
Tran, P.; Cheesbrough, T.M.; Keickhefer, R.W. Plant proteinase inhibitors are potential anticereal aphid compounds. J. Econ. Entomol. 1997, 90, 1672–1677. [Google Scholar] [CrossRef]

	34. 
Pyati, P.; Bandani, A.R.; Fitches, E.; Gatehouse, J.A. Protein digestion in cereal aphids (Sitobion avenae) as a target for plant defence by endogenous proteinase inhibitors. J. Insect Physiol. 2011, 57, 881–891. [Google Scholar] [CrossRef] [PubMed]

	35. 
Casaretto, J.A.; Corcuera, L.J. Proteinase inhibitor accumulation in aphid-infested barley leaves. Phytochemistry. 1998, 49, 2279–2286. [Google Scholar] [CrossRef]

	36. 
Delp, G.; Gradin, T.; Åhman, I.; Jonsson, L.M.V. Microarray analysis of the interaction between the aphid Rhopalosiphum padi and host plants reveals both differences and similarities between susceptible and partially resistant barley lines. Mol. Genet. Genom. 2009, 281, 233–248. [Google Scholar] [CrossRef] [PubMed]

	37. 
Mehrabi, S.; Åhman, I.; Jonsson, L.M.V. Transcript abundance of resistance- and susceptibility-related genes in a barley breeding pedigree with partial resistance to the bird cherry-oat aphid (Rhopalosiphum. padi L.). Euphytica 2014, 198, 211–222. [Google Scholar] [CrossRef]

	38. 
Bhatia, V.; Bhattacharya, R.; Uniyal, P.L.; Singh, R.; Niranjan, R.S. Host generated siRNAs attenuate expression of serine protease gene in Myzus persicae. PLoS ONE 2012, 7, e46343. [Google Scholar] [CrossRef] [PubMed]

	39. 
Van Bel, A.J.E..; Will, T. Functional evaluation of proteins in watery and gel saliva of aphids. Front. Plant Sci. 2016, 7, 1840. [Google Scholar] [CrossRef] [PubMed]

	40. 
Furch, A.C.U.; van Bel, A.J.E.; Will, T. Aphid salivary proteases are capable of degrading sieve-tube proteins. J. Exp. Bot. 2015, 66, 533–539. [Google Scholar] [CrossRef] [PubMed]

	41. 
Giordanengo, P.; Brunissen, L.; Rusterucci, C.; Vincent, C.; van Bel, A.; Dinant, S.; Girousse, C.; Faucher, M.; Bonnemain, J.-L. Compatible plant-aphid interactions: How aphids manipulate plant responses. C. R. Biol. 2010, 333, 516–523. [Google Scholar] [CrossRef] [PubMed]

	42. 
Schmülling, T.; Schell, J.; Spena, A. Promoters of the rolA, B, and C genes of Agrobacterium rhizogenes are differentially regulated in transgenic plants. Plant Cell 1989, 1, 665–670. [Google Scholar] [CrossRef] [PubMed]

	43. 
Srivastava, A.C.; Ganesan, S.; Ismail, I.O.; Ayre, B.G. Effective carbon partitioning driven by exotic phloem-specific regulatory elements fused to the Arabidopsis thaliana AtSUC2 sucrose-proton symporter gene. BMC Plant Biol. 2009, 9, 7. [Google Scholar] [CrossRef] [PubMed]

	44. 
Losvik, A.; Beste, L.; Stephens, J.; Jonsson, L.M.V. Overexpression of the aphid-induced serine protease inhibitor CI2c gene in barley is beneficial to the generalist green peach aphid but does not affect the specialist bird cherry-oat aphid. Int. J. Mol. Sci. 2017. under review. [Google Scholar]

	45. 
Booker, J.; Chatfield, S.; Leyser, O. Auxin acts in xylem-associated or medullary cells to mediate apical dominance. Plant Cell 2003, 15, 495–507. [Google Scholar] [CrossRef] [PubMed]

	46. 
Pastor, V.; Luna, E.; Mauch-Mani, B.; Ton, J.; Flors, V. Primed plants do not forget. Environ. Exp. Bot. 2013, 94, 46–56. [Google Scholar] [CrossRef]

	47. 
Sjölund, R.D. The phloem sieve element: A river runs through it. Plant Cell. 1997, 9, 1137–1146. [Google Scholar] [CrossRef] [PubMed]

	48. 
Hunt, D.C.; Chrispeels, M.J. The signal peptide of a vacuolar protein is necessary and sufficient for the efficient secretion of a cytosolic protein. Plant Physiol. 1991, 96, 18–25. [Google Scholar] [CrossRef] [PubMed]

	49. 
Williamson, M.S.; Forde, J.; Buxton, B.; Kreis, M. Nucleotide sequence of barley chymotrypsin inhibitor-2 (CI-2) and its expression in normal and high-lysine barley. Eur. J. Biochem. 1987, 165, 99–106. [Google Scholar] [CrossRef] [PubMed]

	50. 
Rasmussen, U.; Munk, L.; Ullrich, S.E. Immunogold localization of chymotrypsin inhibitor-2, a lysine-rich protein, in developing barley endosperm. Planta 1990, 180, 272–277. [Google Scholar] [CrossRef] [PubMed]

	51. 
Powell, G.; Tosh, C.R.; Hardie, J. Host plant selection by aphids: Behavioral, evolutionary, and applied perspectives. Annu. Rev. Entomol. 2006, 51, 309–330. [Google Scholar] [CrossRef] [PubMed]

	52. 
Goggin, F.L. Plant-aphid interactions: Molecular and ecological perspectives. Curr. Opin. Plant Biol. 2007, 10, 399–408. [Google Scholar] [CrossRef] [PubMed]

	53. 
Will, T.; Steckbauer, K.; Hardt, M.; van Bel, A.J.E. Aphid gel saliva: Sheath structure, protein composition and secretory dependence on stylet-tip milieu. PLoS ONE 2012, 7, e46903. [Google Scholar] [CrossRef] [PubMed]

	54. 
Jefferson, R.A.; Kavanagh, T.A.; Bevan, M.W. GUS fusions: β-glucuronidase as a sensitive and versatile gene fusion marker in higher plants. EMBO J. 1987, 6, 3901–3907. [Google Scholar] [PubMed]

	55. 
Javaid, S.; Amin, I.; Jander, G.; Mukhtar, Z.; Saeed, N.A.; Mansoor, S. A transgenic approach to control hemipteran insects by expressing insecticidal genes under phloem-specific promoters. Sci. Rep. 2016, 6, 34706. [Google Scholar] [CrossRef] [PubMed]

	56. 
Saha, P.; Chakraborti, D.; Sarkar, A.; Dutta, I.; Basu, D.; Das, S. Characterization of vascular-specific RSs1 and rolC promoters for their utilization in engineering plants to develop resistance against hemipteran insect pests. Planta 2007, 226, 429–442. [Google Scholar] [CrossRef] [PubMed]

	57. 
Will, T.; Vilcinskas, A. The structural sheath protein of aphids is required for phloem feeding. Insect Biochem. Mol. Biol. 2015, 57, 34–40. [Google Scholar] [CrossRef] [PubMed]

	58. 
Byeon, J.H.; Seo, E.S.; Lee, J.B.; Lee, M.J.; Kim, J.K.; Yoo, J.W.; Jung, Y.; Lee, B.L. A specific cathepsin-L-like protease purified from an insect midgut shows antibacterial activity against gut symbiotic bacteria. Dev. Comp. Immunol. 2015, 53, 79–84. [Google Scholar] [CrossRef] [PubMed]

	59. 
Jaouannet, M.; Morris, J.A.; Hedley, P.E.; Bos, J.I.B. Characterization of Arabidopsis transcriptional responses to different aphid species reveals genes that contribute to host susceptibility and non-host resistance. PLoS Pathog. 2015, 11, e1004918. [Google Scholar] [CrossRef] [PubMed]

	60. 
Karimi, M.; Inzé, D.; Depicker, A. GATEWAYTM vectors for Agrobacterium-mediated plant transformation. Trends Plant Sci. 2002, 7, 193–195. [Google Scholar] [CrossRef]

	61. 
Karimi, M.; Bleys, A.; Vanderhaeghen, R.; Hilson, P. Building blocks for plant gene assembly. Plant Physiol. 2007, 145, 1183–1191. [Google Scholar] [CrossRef] [PubMed]

	62. 
Clough, S.J.; Bent, A.F. Floral dip: A simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 1998, 16, 735–743. [Google Scholar] [CrossRef] [PubMed]

	63. 
Czechowski, T.; Stitt, M.; Altmann, T.; Udvardi, M.K.; Scheible, W.-R. Genome-wide identification and testing of superior reference genes for transcript normalization in Arabidopsis. Plant Physiol. 2005, 139, 5–17. [Google Scholar] [CrossRef] [PubMed]

	64. 
Wyatt, I.J.; White, P.F. Simple estimation of intrinsic increase rates for aphids and tetranychid mites. J. Appl. Ecol. 1977, 14, 757–766. [Google Scholar] [CrossRef]

	65. 
Petersen, T.; Brunak, S.; von Heijne, G.; Nielsen, H. SignalP 4.0: Discriminating signal peptides from transmembrane regions. Nat. Methods 2011, 8, 785–786. [Google Scholar] [CrossRef] [PubMed]





















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijms-18-01317


  
    		
      ijms-18-01317
    


  




  





media/file8.jpg
120

100

H
s
5
H
]

i Cizep7 | Cizeps Con | pscizepd | psQizep3 | pscizepd





media/file6.jpg
Bolting plants

Non-bolting plants

cize p:7/Con
cize p:8/Con
Cl2c pi7/CIze pi8
psCi2e p:t/Con
PpsCl2e p:y/Con
psCize p:7/Con
cizc pi7/Con
cize pi8/Con
Cl2c p:7/CI2e pi8
psCize p:/Con
PpsCl2e p:y/Con

PpsCize p:7/Con

75%

50%

25%

0%

25%

50%

75%





media/file16.png





media/file2.png
T T T T T 1
o o o o w o o
N o =} ©o N
- -

(%) Anapae uisdAnowAyo

(b)

-

n

500 A
1000 -

asuepunge jdjiosues) aape|dy

(@) 2000

T
o o
o

Cl2c p:7 Cl2c p:8

Con

Cl2c p:8

Cl2c p:7





media/file13.png
I 1 1 Ll

I
o o o o o
o © 0 < N

120 -

g

- -

(josuod j0 9,) spiyde jo JoquunnN

)

Day2 Day3 Day4 Day5 Day6 Day7 Day38

Day 1





media/file10.jpg
B

(b)

Number of adults

Number of nymphs (% of control)
8 &8 8 8

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Days
Day1 Day2 Day3 Day4 Day5 Day6 Day7 Days





media/file7.png
Bolting plants

Cl2c p:7/Con
Cl2c p:8/Con
Cl2c p:7/Cl2c p:8
psCl2c p:1/Con
psCl2c p:3/Con

psCl2c p:7/Con

Non-bolting plants

Cl2c p:7/Con
Cl2c p:8/Con
Cl2c p:7/Cl2c p:8
psCl2c p:1/Con
psCl2c p:3/Con

psCl2c p:7/Con

ko

T

T

=

——

75%

50%

25%

0%

25%

50%

75%





media/file9.png
—
- -

TT

X
«
*
*
X

g

o
N
-

o o o m o o

o @ ©o
—

(jo43u09 j0 9,) spiyde jo JoaquinN

N

psCi2c p:7

Cl2c p:7 Cl2c p:8 Con psCl2c p:1 psCi2c p:3

Con





media/file14.jpg
(a)

Number of aphids (% of control)

(b)

Number of aphids (% of control)

140

¥ &2 8 8

140

120

100

8 &8 8 8

Bolting Non-bolting
T b
| I | I
Con  ciep7  Cizeps  Con | Ciep7 | Clzepd

Bolting Non-bolting

con o " pecze pucize

pscize psazc psﬁz:
P P






media/file1.jpg
& 8 8 8 8 & °
o0 Auanoe uisdAnouwkuo
g

()

99uepUNGE 1S OAEIOY

pscon Clzcp:1 Cize p:3 Cizcpi7

Clze p:7

cize p:

Cl2c p:1





media/file5.png
~&-Cl2c p:7
—dr=Cl2c p:8

w=Con

6h

4h

2h

10.0

(@)

L L) L L L

® © T & 9
o o o o o

spiyde panes Jo Jequiny

L)
®

= psCl2c p:1
wdr=psCl2c p:3
-@=psCl2c p:7

wiCon

10.0 |

(b)

KX @€ «w¥ N @<

o o o o o
spiyde paes Jo Jequiny

6h

4h

2h





media/file15.png
(a)

Number of aphids (% of control)

(b)

Number of aphids (% of control)

140

120 -

100 H

80 -

60

20 A

140

120

100

8

N
o

o

Bolting Non-bolting
Con ' Cl2c p:7 ' Cl2c p:8 Con ' Cl2c p:7 ' Cl2c p:8
Bolting Non-bolting

I

+

11

Con

psCl2c
p:1

psCl2c
p:3

psCl2c
p:7

Con psCl2c psCl2c psCl2c
p:1 p:3 p:7





media/file12.png
®

Number of adults
N w FeN (&)} (=] ~ (o] [{e]

0"_' T T T T T T T

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Days8

(b)

140

120

-

o

o
a.
*

—t—

*
»
*

8

& 8

Number of nymphs (% of control)
S

Day1 Day2 Day3 Day4 Day5S Day6 Day7 Days8

o





media/file3.png
120

(d)

T T T T T T
o o o m o o
o (=] o N

(%) Anapoe uisdAnowAyo

(c)

T T T T T T T T
N~ o wn < ™ N - o

aouepunqe jduosuel) aAlje|oy

psCon Cil2c p:1 Cl2c p:3 Cl2c p:7

Cl2c p:3 Cl2c p:7

Cl2c p:1





media/file4.jpg
@ 100

2

2 08
s
3 96
H ~+—Con
304 ~.-Cizcp:7
S 92 ——Ci2c p:8
H
5 00

88

2n an 6h
(b) 100

3
2 98
s
3% ——Con
$ 04 —m-psCi2c p:1
s 02 —a—psCi2c p:3
2 ~e=psCi2c p:7
H

20
2

88

2h 4h 6h





media/file11.jpg
(c)

Number of aphids (% of control)
8 8 8 8 8 8B 8

°

Day 1

Day2 Day3 Day4 Day5 Day6 Day7 Day8





media/file0.jpg
(%) Auanoe uisdAnowkuo

(b)

oauepUNGeIdpIosUen AEISY

@) 2000

8 8 g °

Cl2c p:8

Cl2e p:7





