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Editorial on the Research Topic
 Plant-Pest Interactions Volume I: Acari and Thrips



Plants and phytophagous arthropods have shared more than 400 million years of evolution. Consequently, both adversaries have developed physical and chemical barriers to protect against each other. They have not only modified their metabolic pathways and physiology but have also adapted behavior habits, to finally maintain a growth-defense trade-off which ensures their survival. Many publications have appeared in the last years, particularly focusing on the molecular aspects associated with the defense and counter-defense processes involved in the plant-pest relationship (reviewed by Santamaria et al., 2018, 2020; Stahl et al., 2018; Erb and Reymond, 2019).

This Research Topic is addressed in a special issue on plant-pest interactions which has been divided into three volumes based on the pest order. Volume I is dedicated to Acari and thrips, a group of pest species small in size but with a great impact on agricultural production worldwide (Migeon and Dorkeld, 2006–2021; Wu et al., 2018; Sperotto et al., 2019). Although phylogenetically distant, Acari and thrips have two essential characteristics in common: (i) the feeding mode mediated by a stylet which facilitates sucking from mesophyll or epidermal cells (Kindt et al., 2003; Bensoussan et al., 2016), and (ii) the ability to develop resistance to pesticides used to control them (van Leeuwen and Dermauw, 2016; Steenbergen et al., 2018). The six articles included in Volume I add novel insights at the physiological and molecular levels on plant-Acari/thrip interactions as well as new experimental procedures to work with these pests.

Among thrips, Frankliniella occidentalis Pergande (Thysanoptera: Thripidae) is the most intensively studied species because it causes direct damage by feeding on a wide range of crops and acts as an important transmitter of viral diseases (Rotenberg and Whitfield, 2018; Rotenberg et al., 2020). It is the most efficient vector of the tomato spotted wilt virus (TSWV), which is ranked in the top 10 most important plant viruses worldwide. Previous data had reported that as a consequence of the TSWV transmission, indirect or plant-mediated effects were produced on the vector-plant interaction, by altering plant physiology and benefiting vector fitness (Ogada et al., 2013; Wu et al., 2019). In this research context, Nachappa et al. investigated the tomato-mediated molecular mechanisms underlying the TSWV-F. occidentalis relationship. Microarray assays performed in tomato, mock or systemically-infected with TSWV and subsequently infested with or without thrips, revealed that TSWV is the main driver of the plant responses. Either TSWV alone or in combination with thrips suppressed genes involved in host primary metabolism, altered the expression of genes associated with hormone defense signaling, and upregulated genes involved in protein metabolism. Consequently, the total free amino acid content was increased and plants became more suitable hosts for thrips. So, the dual attack compromised plant health and defenses.

Spider mites (Acari: Tetranychidae) are the most economically important group of phytophagous mites leading to serious agricultural losses all over the world. Defenses developed by plants against spider mites have been widely investigated in model and crop species in the last decades. Most studies have compared transcriptomic, proteomic, and metabolomic data derived from infested susceptible and resistant accessions/cultivars to identify key genes/proteins/molecules with altered abundance via spider mite infestation (Zhurov et al., 2014; Hoseinzadeh et al., 2020; Zhang et al., 2020). The article published by Weinblum et al. combines transcriptome and metabolome analyses to obtain a comprehensive insight into the defense responses of domesticated tomato cultivars against the polyphagous spider mite Tetranychus urticae. Results revealed changes in genes associated with primary and secondary metabolism, including hormones and volatiles. The major significant differences dealt with monoterpenoid and phenylpropanoid volatiles induced in infested resistant cultivars, which were consistent with transcriptomic data. Olfactory choice bioassays with Phytoseiulus persimilis, a predator of mites, showed exclusive attraction for infested resistant tomatoes which corroborated the defense role of these metabolites. Other aspects of the plant-mite relationship were studied by Jiwuba et al. who evaluated 60 cassava genotypes across different environments on the resistance of the cassava green mite Mononychellus tanajoa (Tetranychidae), and their effects on cassava yields in Nigeria. The end goal was to determine their adaptability and find genotypes that could be potentially recommended for cultivation. They identified four cassava genotypes that were more stable and resistant to M. tanjana, which combined with useful agronomic traits could be selected as preferred cassava genotypes to be adopted by farmers. This is practical work to provide superior cassava plants, considered as an essential staple food and animal feed in tropical and sub-tropical Africa.

In an article reported by Ghazy et al. a new method is described that uses a sheet-like structure to mimic plant leaves for delivering experimental solutions to stylet-feeding arthropods. The flexibility of the method was tested with three acarine and one aphid species and allowed large-scale screens of active ingredients and/or pesticides for pest control.

A systematic review by Garcia et al. presented a meta-analysis to evaluate the effects of induced plant defenses produced upon pest feeding on plant fitness and surrogate parameters. The information on defense-growth trade-offs is of great help to the scientific community for the design of pest management strategies and reducing costs.

Finally, a perspective article by Arnaiz et al. compiles the current, although still limited knowledge, on nitric oxide (NO), either as a signal molecule, a metabolic intermediate, or a toxic oxidative product in the generation of plant defenses against insects and plant feeding mites, and particularly in T. urticae, as well as the contribution of other molecules associated with NO metabolic pathways.

The information reported in Volume I on plant-pest interaction has enlarged the knowledge on the plant-Acari/thrip interplay, and has added new experimental methods and novel perspectives, but further research is required to obtain full understanding-driven sustainable control against a diverse range of pest mites and thrips.
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Spider mites (Acari: Tetranychidae) are pests of a wide range of agricultural crops, vegetables, and ornamental plants. Their ability to rapidly develop resistance to synthetic pesticides has prompted the development of new strategies for their control. Evaluation of synthetic pesticides and bio-pesticides—and more recently the identification of RNA interference (RNAi) target genes—requires an ability to deliver test compounds efficiently. Here we describe a novel method that uses a sheet-like structure mimicking plant leaves and allows for oral delivery of liquid test compounds to a large number of individuals in a limited area simultaneously (~100 mites cm−2). The main component is a fine nylon mesh sheet that holds the liquid within each pore, much like a plant cell, and consequently allows for greater distribution of specific surface area even in small amounts (10 µl cm−2 for 100-µm mesh opening size). The nylon mesh sheet is placed on a solid plane (e.g., the undersurface of a Petri dish), a solution or suspension of test compounds is pipetted into the mesh sheet, and finally a piece of paraffin wax film is gently stretched above the mesh so that the test mites can feed through it. We demonstrate the use of the method for oral delivery of a tracer dye (Brilliant Blue FCF), pesticides (abamectin and bifenazate), dsRNA targeting the Vacuolar-type H+-VATPase gene, or fluorescent nanoparticles to three species of Tetranychus spider mites (Acari: Tetranychidae) and to the cotton aphid, Aphis gossypii Glover (Hemiptera: Aphididae). The method is fast, easy, and highly reproducible and can be adapted to facilitate several aspects of bioassays.
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Introduction

Effective delivery of xenobiotics to herbivorous arthropods is a prerequisite for evaluating synthetic pesticides and bio-pesticides. The delivery method should be simple and reproducible and allow for precise estimation of the lethal concentration of a candidate agent (Kabir et al., 1993). Several methodologies are used for evaluating synthetic pesticides against spider mites (Acari: Tetranychidae), including direct spraying, leaf-dip, slide-dip, residual contacted vial, and membrane feeding bioassays (e.g., Potter, 1952; Dittrich, 1962; Hanna and Hibbs, 1970; Kwon et al., 2010).

Pesticide spraying—usually using the Potter spray tower that simulates field application (Potter, 1952)—is probably the most common method of assessing toxicity and resistance in mites. This method, however, requires costly laboratory equipment and a large liquid volume. In the leaf-dip method, an infested or uninfested plant leaf is dipped into a test solution for about 5 s and then air dried (e.g., Dittrich, 1962; Knight et al., 1990). A major source of variability is the uneven distributions of the residues and test mites on the dipped leaf in addition to the high probability of mite escape from the treated leaf. In the slide-dip method, mites are affixed on double-sided adhesive tape attached to a glass slide, and then the whole set is dipped into a test solution for several seconds (Dittrich, 1962). Both the leaf-dip and slide-dip methods share the common drawback of requiring a large volume of test solution. Moreover, according to Dittrich (1962), when using the slide-dip method, about 2 h of preparation is needed to affix ca. 60 mites onto 10 slides. The residual contacted vial method is used to assay pesticide resistance in field populations (Kwon et al., 2010); the inner surface of a 5-ml glass vial is coated with 100 µl of an acetone-based test solution and kept for about 1 h under a fume hood until the acetone is completely dried. Although the preparation is simple because plant material is not required, mite handling and mortality scoring after treatment, particularly under non-lethal concentrations, can be problematic. The membrane feeding method was originally developed as a feeding device for the beet leafhopper, Citculifer tenellus Baker (Hemiptera: Cicadellidae); artificial diet was placed in a sachet made of fish-skin membrane so that the test insects could feed through it (Carter, 1927). Mittler and Dadd (1962) later developed a membrane feeding device using an extensible and waterproof paraffin wax film (i.e., Parafilm) for the green peach aphid, Myzus persicae (Sulzer) (Hemiptera: Aphididae). Using the Parafilm membrane feeding method, many nutritional and pharmacological studies have been carried out on aphids, spider mites, planthoppers, thrips, bedbugs, whiteflies, and mosquitoes (Dadd and Mittler, 1966; Walling et al., 1968; Mitsuhashi and Koyama, 1969; Hanna and Hibbs, 1970; van der Geest et al., 1983; Montes et al., 2002; Gotoh et al., 2008; Upadhyay et al., 2011; Costa-da-Silva et al., 2013; Torres-Quintero et al., 2013; Suzuki et al., 2017a). Although the membrane feeding method was successfully used, the small specific surface area of the feeding arena that coincides with the liquid under the membrane limits the efficiency of the bioassays. Overall, these methods are not suitable for the delivery of extracts/compounds that are available in small amounts and, with the exception of spraying, are less feasible for testing pesticide toxicity on mite immature stages.

In addition to the delivery of chemical compounds, there is also a need for efficient delivery of double-stranded RNA (dsRNA) for RNA interference (RNAi)-based functional genomics and pest management. To date, the dsRNA is delivered into mites using three common methods: microinjection, soaking, or orally via plant leaf discs. Microinjection is widely used for delivering dsRNA into nematodes and insects (Fire et al., 1998; Bucher et al., 2002). Although microinjection was used for dsRNA delivery to the two-spotted spider mite, Tetranychus urticae (Acari: Tetranychidae) (Khila and Grbić, 2007), this method is not feasible for practical application due to the difficulty of injecting mites that are ~0.5 mm in length and the possibility of causing physical damage (Price and Gatehouse, 2008; Yu et al., 2013; Suzuki et al., 2017a). Delivery of dsRNA via soaking mites in dsRNA solution was also demonstrated, but the difficulties of recovering mites after soaking and soaking of immature stages reduce the utility of this method for high-throughput RNAi screens (Suzuki et al., 2017a; Suzuki et al., 2017b). Ultimately, delivering dsRNA orally via feeding is the most attractive method because it is the least invasive (i.e., entails no physical damage to test organisms) and is conducive to dsRNA application as a bio-pesticide.

The leaf disc-mediated oral delivery of dsRNA (i.e., foliar application) is widely used for triggering RNAi in spider mite species. Kwon et al. (2013) used leaf discs floating on a dsRNA solution to orally deliver dsRNA to mites. This method requires a large volume of dsRNA solution and consequently a large amount of dsRNA. Leaf disc dehydration is a modified method of foliar application of dsRNA used for the carmine spider mite, Tetranychus cinnabarinus (Boisduval), where plant leaf discs are dehydrated at 60°C for 3 min and then soaked in a dsRNA solution for 5 h (Shi et al., 2015). Thereafter, the surface-dried leaf discs are desiccated and used for the bioassay. Broad application of this method is uncertain, however, because the preparation of leaf discs requires a long time, and different plant species may vary in their tolerance to high-temperature dehydration. More recently, Suzuki et al. (2017b) have used the leaf coating approach to deliver dsRNA into T. urticae. Although this method uses a small volume (~7.6 μL cm−2 leaf disc) of dsRNA solution compared to the floating leaf discs, it requires the manual spreading of dsRNA in order to cover an entire leaf surface. Alternatively, a surfactant such as Silwet L-77 can be used to promote liquid dispersion, but it has been shown to have a negative impact on some test organisms (Cowles et al., 2000; Ray and Hoy, 2014; Abouelmaaty et al., 2019). Hence, identification of a high-throughput dsRNA delivery method to mites remains a great challenge.

We recently developed the mesh method for delivering a test solution or suspension to sucking arthropods. This method allows easy manipulation of test arthropods, uses a small liquid volume, requires no plant material, and the overall preparation requires no specialized skills. Here, we demonstrate the use of the mesh method to deliver tracer dye (Brilliant Blue FCF), pesticides (abamectin and bifenazate), dsRNA targeting the Vacuolar-type H+-VATPase gene, and fluorescent nanoparticles to TSSM. In addition, we also delivered the tracer dye to tomato red mite, Tetranychus evansi Baker and Pritchard, Kanzawa spider mite, Tetranychus kanzawai Kishida, and cotton aphid, Aphis gossypii Glover (Hemiptera: Aphididae), to test the flexibility of our method. We anticipate that this method will enable large-scale, high-throughput screens of active ingredients of synthetic pesticides and bio-pesticides that include environmental RNAi-based pesticides in spider mites and other sucking herbivores.



Materials and Methods


Mite and Aphid Colonies

The reference population of T. urticae was established in early 2000 and has previously been used for whole-genome sequencing (Grbić et al., 2011). The T. urticae population is maintained in the laboratory on seedlings of kidney beans (Phaseolus vulgaris L.) at an air temperature of 25°C, relative humidity of 50%, and light period of 16 h day−1. The population of T. evansi was collected from black nightshade (Solanum nigrum L.) in Tokyo, Japan, in 2006 (Gotoh et al., 2009). The T. evansi population is maintained in the laboratory on detached leaves of eggplant (Solanum melongena L. cv. Senryo #2). The T. kanzawai population was collected from red clover (Trifolium pratense L.) in Sobetsu, Hokkaido, Japan in 2008 and is routinely reared on detached leaves of P. vulgaris. The population of A. gossypii is maintained in the laboratory on detached leaves of P. vulgaris. An air pump-based system (Cazaux et al., 2014; Suzuki et al., 2017a) was used to collect mites or aphids used in the following experiments.



Preparation of the Feeding Device in the Mesh Method

In general, the feeding device consists of three main components: a waterproof solid plane (e.g., the undersurface of a Petri dish), a nylon mesh sheet with an opening size of 50, 100, or 500 µm (#62-0866-38, #2-9566-05 or #2-9566-03; As One, Osaka, Japan) and a paraffin wax film (Parafilm M; Bemis, Neenah, WI, USA). First, a piece of the mesh sheet is placed on the undersurface of a polystyrene Petri dish flipped upside down (Figure 1A). Second, an appropriate volume (see below) of test solution or suspension is pipetted into the mesh sheet. Third, the entire mesh sheet is covered with a piece of Parafilm stretched to almost four times its original area to prevent evaporation of the liquid and to allow test arthropods to suck the underlying liquid by piercing the Parafilm membrane (Supplementary Video S1). Finally, the liquid-filled area of the mesh sheet is surrounded with a wetted Kimwipe (Nippon Paper Crecia, Tokyo, Japan) or an adhesive (Tangle B; Fuji Pharm, Tokyo, Japan) to form a feeding arena into which mites or aphids, respectively, can be placed. Figures 1B, C represent the assembled feeding devices for mites and aphids, respectively. A food dye (Brilliant Blue FCF; Fujifilm Wako Pure Chemical, Osaka, Japan) was used to visualize the distribution of liquid applied in the mesh sheet and to trace it in the digestive tracts of test arthropods. The structure of the feeding device and its use for oral administration are patent pending (Japanese Patent Application No. 2018-197157).




Figure 1 | Description of the feeding device in the mesh method. (A) Schematic of the procedure for preparation of the feeding device in the mesh method. Prepared feeding device for (B) mites and (C) aphids, in which a 1 or 2.5% (w/v) blue tracer dye (Brilliant Blue FCF) was added into the nylon mesh sheet (2 × 2 cm) with a 100- or 500-µm opening size, respectively. Scale bar: 1 cm. (D) The relationship between the volume of tracer dye solution and the solution-filled area of the nylon mesh sheet (2 × 2 cm) with a 50-, 100-, or 500-µm opening size. Data were collected from three independent experimental runs and are presented with a regression line and a 95% confidence interval band.





Liquid Volume Required for the Feeding Device

To determine the volume of liquid required to fill the entire mesh sheet (4 cm2) with opening sizes of 50, 100, or 500 µm in the feeding device, we tested 10 to 160 µl of the 1% (w/v) blue dye solution. The test was conducted in three independent experimental runs for each volume and mesh opening size. The feeding devices were then scanned with an image scanner (GTX980; Seiko Epson, Suwa, Japan), and the proportion of the area filled with the blue dye solution was determined using an image processing program (ImageJ 1.52f).



Time Required for T. urticae Feeding

Adult emergence of mites was synchronized as described previously (Suzuki et al., 2017a). To determine the time required for mite feeding in the mesh method, about 150 newly emerged adult T. urticae females were placed onto the feeding device using the nylon mesh sheet (2 cm2) with a 100-µm opening to which 40 µl of 1% (w/v) blue dye solution was added. The T. urticae females were allowed to feed on the solution for 1 to 4 h under standard laboratory conditions. Mite feeding was determined by the change of body color. The test was conducted in three independent experimental runs.



dsRNA Synthesis

Total RNA was extracted from about 800 adult TSSM females frozen in liquid nitrogen with NucleoSpin RNA Plus (Macherey-Nagel, Düren, Germany) according to the manufacturer’s protocol. The quality and quantity of RNA were measured using a spectrophotometer (NanoPhotometer N60; Implen, Munich, Germany). cDNA was synthesized from 3 µg of total RNA using reverse transcriptase (SuperScript II Reverse Transcriptase; Thermo Fisher Scientific, Waltham, MA, USA) and an oligo (dT)12–18 primer (Thermo Fisher Scientific) according to the manufacturer’s protocol. cDNA was then stored at −30°C until use. Genomic DNA (gDNA) was extracted using a NucleoSpin Tissue extraction kit (Macherey-Nagel) and stored at −30°C. Using cDNA or gDNA as a template, specific primers targeting a 600-bp fragment of the TuVATPase gene (tetur09g04140) or a 382-fragment of the intergenic region (negative control [NC], genomic coordinates: scaffold 12, position 1690614–1690995) were used, respectively, for PCR amplification using DNA polymerase (Phusion High-Fidelity DNA Polymerase; New England Biolabs, Ipswich, MA, USA). Primers designed to amplify the DNA fragments of TuVATPase and NC are shown in Table 1. DNA fragments were then purified with NucleoSpin Gel and PCR Clean-Up Kit (Macherey-Nagel). The integrity of the purified DNA fragments was further confirmed with 2% (w/v) agarose gel (Agarose 21; Nippon Gene, Tokyo, Japan) electrophoresis, quantified with the spectrophotometer, and stored at −30°C until use. A template of 0.1 µg of each DNA fragment was used for RNA synthesis with an in vitro Transcription T7 Kit (Takara Bio, Kusatsu, Japan) in 1.5-ml centrifuge tubes according to the manufacturer’s protocol. After DNase I (Takara Bio) treatment for 30 min, RNA was denatured at 95°C for 5 min followed by slow cool-down to room temperature to facilitate dsRNA formation (Suzuki et al., 2017b). The dsRNA fragments (dsRNA-TuVATPase and dsRNA-NC) were purified by phenol-chloroform extract and precipitated with ethanol, quantified, and confirmed with the spectrophotometer and 2% (w/v) agarose gel, respectively.


Table 1 | Primers used in this study for dsRNA production and real-time qRT-PCR analysis.





Oral Delivery of dsRNA to T. urticae

Newly emerged adult T. urticae females were placed onto the feeding device (~30 mites/device) using 1 cm2 of nylon mesh sheet (opening size: 100 µm) to which 1 µg µl−1 of dsRNA-TuVATPase or dsRNA-NC and 1% (w/v) of blue dye solution had been added. The T. urticae females were allowed to feed for 24 h under standard laboratory conditions. Fed mites were transferred onto 1-cm-diameter kidney bean leaf discs (1 mite/disc), and the survivorship, fecundity, and dark-body phenotype previously reported in oral delivery of dsRNA-TuVATPase (Suzuki et al., 2017b) were observed with a stereomicroscope (SZ40; Olympus, Tokyo, Japan) for 6 days in the laboratory. The RNAi assay was conducted in three or four independent experimental runs.



Real-Time Quantitative Reverse Transcription-PCR Analysis

Approximately 50 adult T. urticae females were collected at 2, 3, and 4 days after feeding on dsRNA-TuVATPase or dsRNA-NC, kept frozen in liquid nitrogen, and stored at −80°C until use. Total RNA was extracted using NucleoSpin RNA Plus (Macherey-Nagel), and single-stranded cDNA was synthesized by reverse transcription of total RNA using the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). Real-time quantitative reverse transcription-PCR (qRT-PCR) reactions were performed in three technical replicates with Power SYBR Green Master Mix (Thermo Fisher Scientific) on an ABI StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). A gene encoding a ribosomal protein, RP49, was used as a reference gene (Suzuki et al., 2017b). Primers and amplification efficiencies for the reference gene (ER) and target gene (ET) are shown in Table 1. The threshold cycle (Ct) value was calculated by averaging three technical replicates. The expression value of the target gene (T) was normalized to the reference gene (R), and normalized relative quantity (NRQ) was calculated as follows: NRQ = (1 + ER)CtR/(1 + ET)CtT. The real time qRT-PCR analysis was conducted in three independent experimental runs.



Oral Delivery of Synthetic Pesticides to T. urticae

The efficiency of the mesh method for bioassays was evaluated with two synthetic pesticides: abamectin (Agrimec; 1.8 g L−1 EC [emulsifiable concentrate], Syngenta Japan, Tokyo, Japan) and bifenazate (Mito-Kohne; 20 g L−1 FL [flowable], Nissan Chemical, Tokyo, Japan). Ten microliters of water-diluted abamectin (0.018 to 18 mg L−1 [=ppm]) or bifenazate (0.2 to 200 ppm) was applied to the feeding device using a 1-cm2 nylon mesh sheet with an opening size of 100 µm. Newly emerged adult T. urticae females (n = 29–92) were placed onto the feeding device, and the mortality was observed at 24 h and at 48 h for the treatment with abamectin and bifenazate, respectively. The pesticide assay was conducted in three independent experimental runs.



Oral Delivery of Nanoparticles to T. urticae

To examine whether the mesh method can be used for oral delivery of nanoparticles, newly emerged adult T. urticae females were placed onto the feeding device (100 mites/device) using 1 cm2 of nylon mesh sheet (opening size: 100 µm) to which polystyrene fluorescent microspheres (diameter, 500 nm; Polysciences, Warrington, PA, USA) suspended in 1% (w/v) blue tracer dye solution was added. According to Bensoussan et al. (2018), mites can uptake 500-nm-diameter particles with their stylets, and the size cutoff is around 750 nm. After allowing mites to feed for 24 h, fluorescent images were taken with a digital camera (EOS Kiss X7, Canon, Tokyo, Japan) installed on a fluorescence stereomicroscope (M205FA; Leica Microsystems, Wetzlar, Germany) fitted with a GFP filter (395–455 nm excitation, >480 nm emission) with an exposure time of 5 s (ISO: 200). Bright-field images were taken using the same system without filters with an exposure time of 1 s (ISO: 200). The fluorescent microsphere assay was conducted in three independent experimental runs.



Oral Delivery Assays in Other Spider Mites and an Insect

The mesh method was tested for the oral delivery of the blue tracer dye to other spider mite species (T. evansi and T. kanzawai) and to A. gossypii as a representative of sap-sucking insects. The same experimental procedure described for the T. urticae was used for T. evansi and T. kanzawai except that a 24-h fasting pre-treatment of newly emerged adult females prior to the assay was introduced in order to enhance the solution uptake. The starved T. evansi and T. kanzawai females (n = 50) were then introduced onto the feeding device and allowed to feed on 1% (w/v) blue tracer dye solution for 24 h under standard laboratory conditions. After 24 h, the number of mites to which the tracer dye was delivered was counted under a stereomicroscope. For A. gossypii, nylon mesh with an opening size of 500 µm was used in the feeding device, applying parameters preliminarily determined. The Parafilm of the feeding device for aphids was stretched less than that for spider mites, resulting in thicker film, in order to prevent them from cutting the Parafilm with their legs. In addition, the feeding arena was isolated with adhesive to prevent aphid escape (Figure 1A). Aphid nymphs and adults of various ages (n = 30–50) were placed onto the feeding device and allowed to feed on 2.5% (w/v) blue tracer dye solution for 24 h under the standard laboratory condition. After 24 h, the number of aphids to which the tracer dye was delivered was counted under a stereomicroscope.



Data Analysis

All data analyses were performed with R v3.3.2 or v4.0.0 (R Core Team, 2016; R Core Team, 2020). Results for the relative area of distribution of the dye applied in the feeding device and the relative number of dye-fed mites are presented with a regression line and a 95% confidence interval band (R package: ggplot2). Survival curves were plotted with the Kaplan–Meier method (R function: survfit, package: survival). Differences in the survival curves between the dsRNA treatments were analyzed using the log-rank test (R function: survdiff, package: survival). Data normality and equality of variance in fecundity, cumulative proportion of dark phenotype mites, and relative quantity of TuVATPase gene expression were analyzed with the Shapiro–Wilk test (R function: shapiro.test) and F-test (R function: var.test). Differences in daily mite fecundity between the dsRNA treatments were statistically analyzed using the Wilcoxon–Mann–Whitney test (R function: wilcox.exact, package: exactRankTests). Arcsine square-root transformation was applied to normalize the cumulative proportion of mites with dark phenotype. Differences in the normalized proportional data and the relative quantity of TuVATPase gene expression between the dsRNA treatments were analyzed with a t-test (R function: t.test). Results for the daily fecundity and the cumulative proportion of mites with dark phenotype are presented as overlaid bee-swarm (R function: beeswarm, package: beeswarm) and box-and-whisker plots (R function: boxplot). The dose–response curves in the pesticide assay were generated with the two-parameter log-logistic function (R function: drm, R package: drc) and are represented with a 95% confidence interval band.




Results


Liquid Volume Required for the Feeding Device in the Mesh Method

The feeding device in which 4 cm2 of nylon mesh with a pore size of 50, 100, or 500 µm required 30, 40, or 160 µl (7.5, 10, or 40 µL cm−2) of liquid, respectively, to saturate the entire area (Figure 1D).



Time Required for T. urticae Feeding in the Mesh Method

Adult T. urticae females fed on blue tracer dye solution in the feeding device for 24 h showed blue color in the midgut (Figure 2A), which consists of the ventriculus, caeca, and posterior midgut (Bensoussan et al., 2018). In the fed mites, the blue color was most concentrated in the posterior midgut, consistent with the filtering of small molecules (<1 to 4 kDa) from the ventriculus to the posterior midgut (Bensoussan et al., 2018). However, blue dye was also visible in the caeca. The proportion of dye-fed mites increased over the feeding time (Figure 2B; Supplementary Video S2). The tracer dye was observably delivered to approximately 95% of mites after feeding for 4 h.




Figure 2 | Efficiency of oral administration to Tetranychus urticae using the feeding device. (A) Adult females kept on the feeding device in which a 1% (w/v) blue tracer dye (Brilliant Blue FCF) was excluded (left) or included (right) at 25°C for 24 h after molting. C, caeca; v, ventriculus; pm, posterior midgut. Scale bar: 100 µm. (B) The relationship between the feeding time and relative number of fed mites. Newly molted adult females were placed onto the feeding device using a nylon mesh sheet (2 × 2 cm) with a 100-µm opening, and ingestion was determined by the change of body color. Data were collected from three independent experimental runs and are represented with a regression line and a 95% confidence interval band. n = 127–193.





Oral Delivery of dsRNA for RNAi of TuVATPase

A significantly lower survivorship was observed in mites fed on dsRNA-TuVATPase than mites that fed on the control dsRNA (Figure 3A). The fecundity was significantly lower in mites fed on dsRNA-TuVATPase than in the control group at 2 to 6 days after treatment (Figure 3B). The dark-body phenotype that is associated with VATPase gene silencing in T. urticae (Figure 3C; Suzuki et al., 2017b; Bensoussan et al., 2020) was observed in around 80 and 90% of mites fed on dsRNA-TuVATPase at 2 days and at 3–6 days after treatment, respectively, whereas no mites showed the dark coloration in the control group even at 6 days after treatment (Figure 3D). The expression level of endogenous TuVATPase transcripts was significantly lower in the treatment group than in the control group at 2–4 days after treatment (Figure 3E).




Figure 3 | The effect of 1 µg µl−1 dsRNA-TuVATPase or dsRNA-NC (negative control) delivered via the mesh method on the survivorship, fecundity, and endogenous TuVATPase gene expression in adult Tetranychus urticae females at 25°C. (A) Survivorship of adult females for 6 days after treatment (DAT) with dsRNA-TuVATPase and dsRNA-NC. Survival curves were plotted by using the Kaplan–Meier method and compared by using the log-rank test. (B) Daily fecundity of adult females that survived after treatment with dsRNA-TuVATPase and dsRNA-NC. Data were represented by bee-swarm and box-and-whisker plots and compared by using Wilcoxon–Mann–Whitney tests (NS, P > 0.05; ***, P < 0.001). Values in parentheses indicate the number of surviving mites. (C) Mite body phenotype associated with dsRNA treatment. Lower photos are of mites soaked in a 50% (v/v) glycerol and 0.1% (v/v) Triton X-100 solution. Scale bar: 100 µm. (D) Cumulative frequency of dark-body phenotype observed after treatment with dsRNA-TuVATPase and dsRNA-NC. Data were represented by bee-swarm and box-and-whisker plots and compared by using a t-test after normalization with arcsine square-root transformation (NS, P > 0.05; **, P < 0.01; ***, P < 0.001). Data were collected from four and three independent experimental runs for treatments with dsRNA-TuVATPase (n = 4) and dsRNA-NC (n = 3), respectively. In each experimental run, 25 to 42 mites were used. (E) TuVATPase gene expression relative to the expression of RP49 reference gene at 2, 3, and 4 days after treatment with dsRNA-TuVATPase and dsRNA-NC. Data were represented as mean ± SE and compared by using a t-test (*, P < 0.05). (A, B, E) Data were collected from three independent experimental runs. (B, D) In the box-and-whisker plots, the central line (second quartile, Q2) indicates the median, the distance between the box bottom (first quartile, Q1) and top (third quartile, Q3) indicates the interquartile range (IQR), and the whisker bottom and top indicate the minimum and maximum values, respectively. Outliers that are outside the range between the lower [Q1 − 1.5 × IQR] and upper limits [Q3 + 1.5 × IQR] are plotted outside of the IQR.





Oral Toxicity of Abamectin and Bifenazate

More than 90% mortalities were observed in mites placed onto the feeding device and allowed to feed on >1.8-ppm abamectin (Figure 4A) and >20-ppm bifenazate (Figure 4B). The LC50 values were 0.43 ± 0.05 and 3.41 ± 0.35 ppm for mites ingesting abamectin and bifenazate, respectively. A rapid toxicity was observed in mites fed on 18-ppm abamectin and all mites tested were dead or dying within 2 h after placement on the feeding device (Supplementary Video S3).




Figure 4 | Effects of the acaricides (A) abamectin and (B) bifenazate delivered via the mesh method in adult Tetranychus urticae females at 25°C for 24 and 48 h, respectively. Data were collected from three independent experimental runs and presented with a regression curve and a 95% confidence interval band. In each experimental run, 25 to 92 mites were used.





Oral Delivery of Particle Suspension

Fluorescent microspheres were delivered to approximately 90% of mites (n = 309) that were allowed to ingest 500-nm-diameter fluorescent microsphere suspensions for 24 h, and the fluorescent signal was observed in the ventriculus and caeca in the midgut (Figure 5).




Figure 5 | Oral delivery of fluorescent nanoparticles (diameter, 500 nm) to adult Tetranychus urticae females with the mesh method. Mites were allowed to ingest at 25°C for 24 h. In the control, water or 1% (w/v) blue tracer dye (Brilliant Blue FCF) solution was placed in the feeding device.





Liquid Delivery to Other Species

Unlike T. urticae, adult female T. evansi and T. kanzawai required prior starvation for 24 h to enhance their liquid uptake through the feeding device in the mesh method. After this pre-treatment, uptake of 1% (w/v) blue tracer dye solution was observed in more than 90% of T. evansi (n =105) and T. kanzawai females (n = 96) after feeding for 3 h (Supplementary Figure S1A). In the cotton aphid A. gossypii, uptake of 2.5% (w/v) blue tracer dye solution was observed in ~80% of nymphs and adults (n = 117) of various ages (Supplementary Figures S1B, C, Supplementary Video S4).




Discussion

Resistance to conventional synthetic pesticides in arthropod herbivores imposes severe threats to the productivity of agricultural and horticultural crops. Therefore, it is important to develop new compounds or other strategies for arthropod pest control. However, the development of an effective compound requires numerous candidates to be screened with time-consuming bioassays. Thus, the development of a simple and effective method for the delivery of a wide range of compounds would support high-throughput screening of candidate molecules. Here, we reported a new method for the oral delivery of test compounds into spider mites and aphids. Our experiments demonstrate its applicability in environmental RNAi with exogenously supplied dsRNA and bioassays with synthetic pesticides and nanoparticles as a potential carrier of bio-active compounds in T. urticae.

The mesh method has a high efficiency of oral administration: >90% of mites ingested the tracer dye within 4 h (Figure 2B). Compared to the soaking method, where a 24-h ingestion time is provided (Suzuki et al., 2017a, b; Bensoussan et al., 2020), our method is time saving. In addition, the mesh method requires fewer resources, as 10 µl of liquid can be delivered to ~100 mites (i.e., 0.1 µl/mite). This efficiency is quite high compared to previously reported methods for oral administration by soaking (1 µl/mite) (Suzuki et al., 2017a, b; Bensoussan et al., 2020), feeding on artificial diet filled in hemispherical Parafilm bubbles (3.3 µl/mite) (Suzuki et al., 2017a, b), and feeding on treated leaf discs (2–400 µl/mite) (Kwon et al., 2013; Suzuki et al., 2017b; Abouelmaaty et al., 2019). Furthermore, preparation of the feeding device is simple (Figure 1A). Hemispherical Parafilm bubbles used in the artificial diet method requires a custom-built vacuum device, as described by Jonckheere et al. (2016) and Suzuki et al. (2017a). All materials used in the mesh method are low-cost and general-purpose products that are likely available in most laboratories. Unlike the hemispherical Parafilm bubbles, the feeding device in the mesh method is flat like a leaf disc, making it easy to inoculate and maintain mites and allowing the inoculation of ~100 mites even in a limited area of 1 cm2, which enables the execution of the area-efficient bioassays. Moreover, the mesh method does not require post-treatment manipulation of mites, such as the rinsing and drying of soaked mites, which is the bottleneck of the soaking method (Suzuki et al., 2017b). Thus, mite handling is as easy as that on leaf discs, which enables time-efficient bioassays.

To evaluate the usefulness of the mesh method to deliver genetic materials, we tested environmental RNAi targeting the TuVATPase gene with exogenously supplied dsRNA in mites. The dark-body phenotype (Figure 3C) associated with RNAi targeting the TuVATPase gene was observed in approximately 90% of mites (Figure 3D), which was 2 to 3 times higher than that reported by Suzuki et al. (2017b) and comparable to that noted by Bensoussan et al. (2020), who tracked dsRNA ingestion using a tracer dye. In addition, we observed reductions in mite survivorship and fecundity by RNAi targeting the TuVATPase gene (Figures 3A, B). According to Suzuki et al. (2017b) and Bensoussan et al. (2020), a marked reduction in mite survivorship was observed at 6 to 10 days after treatment. In the present study, the reduction in mite survivorship was moderate when compared to these reports, partly because the observation period was limited to 6 days after treatment. Thus, an observation period of about 10 days should be used to accurately assess the lethal effect of environmental RNAi in mites. Although the dsRNA concentration used (1 µg µl−1) was higher than that used by Suzuki et al. (2017b) and Bensoussan et al. (2020) (20 to 320 ng µl−1), the reductions in mite survivorship and fecundity were comparable. Bensoussan et al. (2020) have reported no significant difference in the effects of RNAi targeting the TuVATPase and a subunit of coatomer protein complex (TuCOPB2) genes at dsRNA concentrations higher than 160 ng µl−1, which suggest that the lethal RNAi effect may have already been saturated at 1 µg µl−1 dsRNA. The TuVATPase transcript level reached >75% reduction in mites collected 4 days after treatment (Figure 3E). Although the reduction of the transcript abundance was 2 to 3 times higher than that reported in previous studies (Kwon et al., 2013; Suzuki et al., 2017b; Bensoussan et al., 2020), this might be due to the high concentration of orally administered dsRNA used in the present study. Optimizing the observation period (~10 days) and dsRNA concentration (>160 ng µl−1) in the mesh method should allow for high-throughput screening of candidate genes for RNAi-based T. urticae control.

The mesh method can also be used to evaluate the oral toxicity of synthetic pesticides to sucking arthropod herbivores. The LC50 values were 0.43 and 3.41 ppm in mites that ingested abamectin and bifenazate, respectively (Figure 4). These LC50 values are higher than those observed in leaf disc-sprayed bioassays (0.024 and 1.89 ppm, respectively) in which mites are exposed to both contact and oral toxicities (Khajehali et al., 2011). These results suggest that the mesh method is useful in evaluating the oral toxicity of pesticides and could be particularly applicable for testing the synergic effects between pesticides and RNAi targeting xenobiotic metabolic process genes.

Delivery of dsRNA via nanoparticles is a promising approach for enhancing the efficiency of environmental RNAi not only by increasing the stability of dsRNA but also by increasing the cellular uptake of dsRNA (Joga et al., 2016; Debnath and Das, 2018; Taning et al., 2020). The mesh method supported delivery of 500-nm-diameter particles to approximately 90% of mites (n = 309) within 24 h (Figure 5). Thus, the mesh method can be used to evaluate the significance of nanoparticles as dsRNA delivery vehicles.

The mesh method could be more widely used for delivering experimental solutions to other stylet-feeding arthropods. Although we were able to effectively deliver blue tracer dye to T. evansi and T. kanzawai by using the mesh method (Supplementary Figure S1A), unlike T. urticae, T. evansi and T. kanzawai required 24-h starvation before the experiment to enhance their feeding. It was also necessary to clear the gut of these mite species because their bodies are pigmented red, which obscures the blue color of the tracer dye. Therefore, a starvation period allowed T. evansi and T. kanzawai to excrete the dark digestive cells in the midgut as feces (Bensoussan et al., 2018), which helped the visualization of the tracer dye but might influence the outcome of follow-up experiments with dsRNA or acaricides. The impact of 24-h starvation on the follow-up experiments remains to be investigated. We also showed that the mesh method can be used for delivering the blue tracer dye solution to aphids (Supplementary Figures S1B, C). Although not tested in the present study, we hypothesize that the mesh method may also be used for delivering test compounds to blood-feeding insects such as bedbugs and mosquitos.
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Figure S1 | Oral delivery of blue tracer dye to other sucking arthropod herbivores with the feeding device in the mesh method. (A) Adult females of the tomato red mite, Tetranychus evansi, and the Kanzawa spider mite, Tetranychus kanzawai, kept for 24 h on the feeding device filled with water (control) or 1% (w/v) blue tracer dye (Brilliant Blue FCF) solution. (B) Nymphs and adults of the cotton aphid, Aphis gossypii, kept for 24 h on the feeding device filled with water (control) or 2.5% (w/v) blue tracer dye solution. In adult aphids, almost half of individuals kept on the feeding device filled with 2.5% (w/v) blue tracer dye solution turned blue across the whole body, and others turned blue only in the digestive tract. (C) Aphis gossypii adult sucking the dye solution in the feeding device. The white arrowhead points at the stylets of the aphid. Scale bars: (A) 100 µm; (B, C) 500 µm.

Video S1 | Preparation of the feeding device in the mesh method.

Video S2 | Adult Tetranychus urticae females (n ≈ 50) sucking on 1% (w/v) blue tracer dye (Brilliant Blue FCF) solution in the mesh method feeding device for 1.5 h. The video is shown at 64× speed. Feeding arena: 5 × 5 mm.

Video S3 | Adult Tetranychus urticae females (n = 50) sucking on 18-ppm abamectin in 1% (w/v) blue tracer dye (Brilliant Blue FCF) solution in the mesh method feeding device for 2.5 h. The video is shown at 128× speed. Feeding arena: 4 × 3 mm.

Video S4 | Aphis gossypii nymphs sucking on 2.5% (w/v) blue tracer dye (Brilliant Blue FCF) solution in the mesh method feeding device for 16 min. The video is shown at 32× speed.
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Cassava is the main source of carbohydrate for over 70% of the people in Nigeria, the world’s largest producer and consumer of the crop. The yields of cassava are, however, relatively low in Nigeria largely due to pests and disease infections that significantly lead to inconsistencies in productivity of cassava genotypes in various environments. Fifty-eight F1 hybrid cassava genotypes plus their two parents which served as check varieties were evaluated in three locations for two years (that is six environments). The objectives of the study were to evaluate genotype by environment interactions (GEI) on resistance to cassava green mite [CGM, Mononychellus tanajoa (Bondar)] associated traits and effects on yield performance of cassava genotypes in Nigeria and to identify superior genotypes that exhibit high stability which combine CGM resistance and high fresh root yield with general and specific environmental adaptation using additive main effects and multiplicative interaction (AMMI) and genotype stability index (GSI). The combined analysis of variance based on AMMI revealed significant genotype, environment, and genotype by environment interactions (GEI) for all traits. The percentage variation due to environment was higher than the percentage variation due to genotype for cassava green mite severity (CGMS), leaf retention (LR), root dry matter content (RDMC), and fresh root yield (FRY) indicating that environment greatly influenced the expression of these traits. The percentage variation due to GEI accounted for higher percentage variation than that of genotype and environment separately for all traits, indicating the influence of genotype by environment interaction on expression of the traits. These findings reveal that screening/evaluating for these traits needs multi-environment trials. According to GSI ranking, genotypes G31 (IBA131794), G19 (IBA131762), the check variety G52 (TMEB778), and G11 (IBA131748) were identified as the most stable and most resistant to CGM which also combine high FRY and other useful agronomic traits, implying that these traits in cassava can even be incorporated as preferred by farmers. These genotypes can be tested in more environments to determine their adaptability and potential recommendation for release to farmers for growing.




Keywords: cassava, cassava green mite (CGM), genotype by environment interactions (GEI), additive main effects and multiplicative interaction (AMMI), genotype stability index (GSI), F1 hybrid



Introduction

Cassava (Manihot esculenta) is a perennial vegetatively propagated woody shrub, mostly grown as an annual that belongs to the Euphorbiaceae family. It is commonly grown in the tropical regions of the world (El-Sharkawy, 2003) with Nigeria being the world’s largest producer with approximately 45 million tonnes (Adekanye et al., 2013). The crop is an essential staple food and animal feed, especially in tropical and sub-tropical Africa because it is a major source of low-cost carbohydrates (Adekanye et al., 2013). Millions of Nigerians (even Africans) daily depend on cassava. It serves as a famine reserve crop, and the plants are left in the soil until required. Cassava is cultivated nearly in all the agro-ecological zones of Nigeria for its edible parts (roots and leaves). This also provides farmers with steady income since it can be harvested at regular intervals.

Unfortunately, biotic and abiotic stresses are the major challenges that farmers face in cassava production. These have resulted in subsequent yield and biomass losses worldwide. Cassava green mite [CGM, Mononychellus tanajoa (Bondar)] is one of the major and most destructive dry season cassava pests. CGM threatens food security in Neotropics and Africa by causing yield losses ranging from 30 to 80% (Yaninek and Hanna, 2003). It has been recorded to cause the greatest yield losses in the Americas and Africa (Bellotti et al., 2012), particularly in the seasonally dry areas of the lowland tropics. Reproduction in CGM is arrhenotokous (Roy et al., 2003). There are four active stages, a six-legged larva, two nymphal stages, and the adult stage. From egg to adult developmental stage is about 12.5 days at 27°C. The adult female survives for about 12 days and lays an average of 60 eggs (Yaninek and Hanna, 2003). The adults are green to yellowish in color and can be hardly seen with the naked eyes. The mite pierces and sucks out the fluid content from the abaxial surface of cassava leaves (Yaninek et al., 1989); this causes chlorosis, defoliation, severe ‘candle-stick’ effects with the loss of terminal shoots and die-back.

CGM diminishes the plant’s photosynthetic capacity and growth rate by reducing the leaf area of the plant (Tomkiewicz et al., 1993). Damage by the mite affects the quantity and quality of planting material and roots, reduces the acceptability for both fresh consumption and processing, increases weed infestation, reduces root dry matter, and causes root rot disease in cassava (Yaninek et al., 1989). However, the selection of resistant genotypes to these constraints is difficult due to the complexity of the genotype responses across environments. These differential genotypic responses when exposed to different environments are commonly known as genotype × environment interaction (GEI) (Fox et al., 1997). This kind of interaction leads to bias in the prediction of genetic advance and decreases gain from selection (Farshadfar, 2013). In plant breeding and varietal release programs, GEI enables plant breeders to identify genotypes that are superior with better stability and adaptability (Yan et al., 2000). Various GEI studies on cassava have explored areas related to yield, nutrition, and disease traits (Egesi et al., 2007; Ssemakula and Dixon, 2007; Esuma et al., 2016; Adjebeng-Danquah et al., 2017; Nduwumuremyi et al., 2017; Masinde et al., 2018). Unfortunately, reports are quite few on the effects of GEI on CGM (Bellotti et al., 2012; Chalwe, 2013). In this study, multi-environment trials were conducted to study GEI effects on resistance to CGM and other useful agronomic traits using AMMI model. AMMI analysis is the most reliable statistical method for determining stable cassava clones for specific adaptations, and AMMI biplot analysis enables a simple view of the specific interactions between genotypes and environments (Kvitschal et al., 2009). The AMMI model in multi-environmental trial (MET) data analysis combines analysis of variance (ANOVA) and principal component analysis (PCA) into an integrated approach (Crossa et al., 1990; Gauch and Zobel, 1996). AMMI uses ANOVA to study the main effects of genotypes and environments and a PCA for the residual multiplicative interaction among genotypes and environments. It also helps in grouping environments with the best genotypes into mega-environments using the principal component axis scores and AMMI stability value (ASV) (Hagos and Abay, 2013). The ASV is derived from the Interaction Principal Components Axes 1 and 2 (IPCA1 and IPCA2) scores of the AMMI model (Purchase et al., 2000). Stability parameter alone does not provide much information about the yield performance of a genotype and cannot be used as the only selection parameter since most stable genotypes would not necessarily be the best yield performer. Therefore, Mahmodi et al. (2011) and Tumuhimbise et al. (2014) used yield stability index (YSI) and genotype stability index (GSI) which incorporate high yield performance with stability. Both the YSI and the GSI are based on the sum of the ranking due to ASV scores and yield or performance ranking. Low GSI value indicates desirable genotypes with high mean yield or performance and stability (Mahmodi et al., 2011).


Shoot morphological traits such as high pubescence on the leaves, outstanding retention of the leaves, and ability to stay green also known as cassava green mite associated traits have been reported to promote resistance to CGM; therefore, selecting genotypes for stability and enhanced expression of such traits would improve the durability of resistance and yield (Aina et al., 2007). The main aim of this research was to analyze the effects of genotype by environment interaction on resistance to CGM, shoot morphological and yield traits on 60 cassava genotypes using AMMI model. The specific objectives were to:

	identify superior genotypes that exhibit high stability which combine CGM resistance and high fresh root yield with general and specific environmental adaptation


	identify stable genotypes with enhanced expression of the shoot morphological traits to promote resistance to CGM and increase yield


	identify environments that best represent the target environment for high expression of the traits.






Materials and Methods


Study Sites

The research was done at Umudike, Igbariam, and Otobi in two years 2015 and 2016 cropping seasons, totaling six environments (3 locations × 2 years, denoted as Umudike2015, Umudike2016, Igbariam2015, Igbariam2016, Otobi2015, and Otobi2016). Umudike location is situated at 7°24′East, 5°29′North at an altitude of 120 m belonging to humid forest agro ecological zone. It has an annual rainfall of 2,200 mm, average annual temperature of 22 to 31°C and dystric luvisol soils. Igbariam is located in forest-savanna transition agro ecological zone with the geographical coordinates 7°31′East, 5°56′North, altitude of 150 m, annual rainfall of 1,800 mm, average annual temperature of 24 to 32°C and dystric luvisol soils. Otobi is located at 7°20′East and 8°41′North geographical coordinates of southern guinea savanna agro ecological zone. It has an annual rainfall of 1,500 mm, altitude 319 m, mean annual temperature of 24 to 35°C and ferric luvisol soils. These sites represent the country’s major cassava-growing agro-ecological zones.



Experimental Plant Materials

Sixty cassava genotypes were evaluated in the experiment (Table 1). These included fifty-eight F1 hybrids and two check varieties (TMEB419 and TMEB778). The fifty-eight F1 hybrids were generated by crossing two parents with contrasting responses to CGM; TMEB778 is the female parent, resistant to CGM and high yielding while TMEB419 is the male parent, very susceptible to CGM and moderately yielding. These two parent varieties are extensively used in breeding programs to develop new superior genotypes which combine high and stable yield, pest and disease resistance because of the consumer acceptance qualities of their roots.


Table 1 | Cassava genotypes with their codes evaluated during 2015 to 2016 cropping seasons at three locations.





Experimental Design and Management

A 6 × 10 alpha lattice design with three replications was used to execute the experiment at each location. The plot area was four ridges with five plants in a ridge giving a population of 20 plants in each plot at a spacing of 1 m × 1 m inter-plant and inter-row distances, respectively. No fertilizer was applied to the trial. Weeds were controlled manually using hoes.



Data Collection

Data were collected from the inner six plants to avoid border effects. Cassava green mite severity, leaf pubescence, leaf retention, and stay green were evaluated at the peak of dry season (January) at six months after planting (MAP). Harvesting was done at 12 MAP and data were collected on yield and yield traits (Table 2).


Table 2 | Description of the studied traits.





Data Analysis

The effects of the genotype, location, year, genotype by location by year interaction, and replication were determined for each trait in an analysis of variance (ANOVA) using the standard linear model:

	

where Yijkl is the phenotypic observations, µ is the mean, βi is the effect of the location, Rij is the replication effect, Gk is the clone effect, βi × Gk is the interaction between clone by location, and eijkl is the residual. Broad-sense heritability (H2) for the traits were captured using the equation   where   and   are the variance components for the genotype effect and the residual error, respectively, on a plot basis.

The phenotypic correlations were calculated between traits using trait means of the genotypes, and this was performed using Pearson’s correlation coefficient. A multivariate regression was calculated to predict yield traits (FRY, RDMC, and biomass) based on CGM associated traits (CGMS, LP, LR, and SG). The model is

	

where X is the explanatory variable and Y is the dependent variable; b1, b2 and b3 are regression coefficients and a is the intercept (the value of y when x = 0).

Data analyses were done in R statistical software package (R Core Team, 2014) and Genstat 12th edition.

The additive main effect and multiplicative interaction (AMMI) equation by (Mahmodi et al., 2011) was used for the analysis

	

where Yij is the cassava yield of the ith genotype in the jth environment, μ is the grand mean, Gi and Ej are the ith genotypic effect and jth environment effect, respectively, λk is the square root of the eigenvalue of the PCA axis k, αik and γjk are the principal component scores for PCA axis k of the ith genotype and the jth environment, respectively, and eij is the residual.

The AMMI model fits the analysis of variance for genotypes and environment effects as the additive main effects and fits the genotype by environment interaction by principal component analysis as the multiplicative terms. AMMI biplots are primarily used in exploring and visualizing G × E pattern.



Stability Analysis


AMMI Stability Value (ASV) Analysis

ASV was calculated for each genotype based on the contributions of the principal component scores (IPCA1 and IPCA2) to the interaction sum of squares (Farshadfar, 2008).

Purchase et al., 2000 proposed ASV formula for calculating and ranking each genotype based on the stability of yield as follows

	

Where IPCA1 sum of squares/IPCA2 sum of squares is the weight given to the IPCA1 value by dividing the IPCA1 sum of squares by the IPCA2 sum of squares. Genotypes with lower ASV scores are considered to be more stable across environments (Mahmodi et al., 2011).



Genotype Stability Index

Genotype stability index (GSI) was calculated for each genotype based on summing the ranking of overall mean performances for each trait and the ranking for ASV for each trait. GSI incorporates both genotype performance and stability in a single criterion to determine the best-performing stable genotypes across the six environments.

The GSI was calculated as follows:

	

Where: GSI = genotype stability index for the genotype across environments for each trait; RASV = rank of ASV across environments; RY = rank of the genotypes based on mean performance of a trait across environments. The genotype with the lowest GSI score for a particular trait was considered as the best for combined performance and stability across the environments (Farshadfar et al., 2012).





Results


Descriptive Summary of Cassava Traits Analyzed Across the Environments

Summary statistics of phenotypic data acquired for two cropping seasons 2015 and 2016 in the three locations Igbariam, Otobi, and Umudike are shown in Table 3.


Table 3 | Summary statistics (mean ± standard error of mean (SEM), coefficient of variation (CV) and broad-sense heritability estimates (H2) for phenotypic data across locations and years.



The lowest mean (1.72 of a maximum of 5) was obtained for CGM at Umudike, and the highest mean (2.80 of a maximum of 5) was obtained for CGM at Otobi. The highest mean for LP, LR, and SG was found in Umudike, whereas the lowest was found in Otobi. This means that the higher the CGM attack on the leaves, the lower the LP, LR, and SG. The highest mean for biomass (10.97), FRY (24.98), and RDMC (30.85) was recorded at Umudike and the lowest mean for biomass (6.34), FRY (18.01), and RDMC (24.0) was recorded at Otobi. Broad-sense heritability (H2) estimates varied from low-to-moderate, with the highest H2 for biomass (0.67) and the lowest H2 for SG (0.32). Coefficient of variation was used to measure the variability among the traits, ranging from 25.96% for RDMC to 85.46% for biomass.



Correlation Analysis of the Traits

The results of phenotypic correlation between CGMS and other useful agronomic traits (Table 4) showed that LP (r = −0.80), LR (r = −0.52), SG (r = −0.52), FRY (r = −0.50), RDMC (r = −0.20), and biomass (r = −0.31) were significantly and negatively correlated with CGMS (P < 0.001, P < 0.01, and P < 0.05). LR (r = 0.57), SG (r = 0.61), and FRY (r = 0.44) significantly and positively correlated with LP. LR had a significant positive correlation with SG (r = 0.76) and FRY (r = 0.44). FRY had a significant positive correlation with SG (r = 0.31), RDMC (r = 0.32), and biomass (r = 0.28). These results indicate that plants with severe CGM had glabrous to little leaf pubescent, poor leaf retention and stay green, low root dry matter content, low root and stem yield.


Table 4 | Phenotypic correlation coefficients for cassava green mite severity and other agronomic traits.





Multivariate Regression Analysis

A multivariate regression was calculated to predict yield traits (FRY, RDMC, and biomass) based on CGM associated traits (CGMS, LP, LR, and SG). For FRY, a high significant regression equation was found [F (4, 1075) = 73.48, p < 0.000], with an R2 of 0.21. Using the same variables, multivariate regression model was carried out for RDMC and biomass. The multivariate regression model for RDMC was highly significant, R2 = 0.06, F (4, 1075) = 27.63, p < 0.000. For biomass, the model was highly significant at the p < 0.000 level, R2 = 0.10, F (4, 1075) = 29.38. This model showed significant negative sign of CGMS on the yield traits. This means that the CGMS had significant negative effect on FRY, RDMC, and biomass. The results of the model showed that CGMS caused a loss of 4.5 tonnes of fresh root yield per ha (Supplementary Table 1). The current value of this loss is around 367.85 USD (135,000 Naira). In addition, the results showed that LR is significantly positive for FRY. Also, for biomass, LP (B = −0.27, p < 0.01) and LR (B = 0.61, p < 0.01) contributed significantly to the model. For DMC, LP (B = −0.25, p < 0.01) and LR (B = 0.98, p < 0.000) contributed significantly to the model.



Analysis of Variance for Traits Evaluated

The combined analysis of variance results for all traits evaluated in three locations across two years revealed highly significant (P < 0.001) for effects of genotype, location, and genotype by location interaction, indicating that there were substantial variations in phenotypic response across locations, and also the locations had a strong influence on the traits (Supplementary Table 2). Genotype by year interaction and location by year interaction were not significant for any of the traits. Besides SG, all other traits were significant for year effect, genotype by location by year interaction and location by rep. The results also indicated that the effect of replication was significant (P < 0.001 and 0.05, respectively) for CGMS, LP, LR, biomass, RDMC, and FRY. In other words, blocking was effective for these traits.



AMMI Analysis of Variance

The results of the combined AMMI analysis of variance revealed high significant (P < 0.001 and P < 0.01) effects of genotypes, environment, and genotype by environment interactions for all the traits evaluated (see Table 5). Block effect was highly significant (P < 0.001) for CGMS, LP, biomass, RDMC, and FRY and very significant (P < 0.01) for LR but was not significant for SG. The % treatment sum of squares due to environment was higher than the % treatment sum of squares due to genotype for CGMS, LR, RDMC, and FRY, indicating that environment greatly influenced the expression of these traits. The interaction principal component analysis (IPCA1) indicated high significant (P < 0.0001) variation for all traits. IPCA2 also showed significant difference (P < 0.001 and P < 0.05) for all the traits, justifying the use of the AMMI2 (IPCA2 vs IPCA1) biplot model for all the traits studied. AMMI2 biplots show the pattern of the genotype by environment interaction based on the plot of the IPCA1 and IPCA2 of both genotype and environment.


Table 5 | Combined AMMI ANOVA for 7 traits of 60 cassava genotypes evaluated across six environments.



The % treatment sum of squares due to GEI for CGMS was higher (50.22%) than that due to environment (25.39%) and genotype (24.39%). The GEI variation partitioned into principal components indicated that IPCA1 accounted for 56.04% and IPCA2, 19.36% (Table 5). For leaf pubescence, 25.14% of the treatment sum of squares was due to genotype effect, while environment and interaction effect accounted for 12.97 and 61.86%, respectively. The IPCA1 accounted for 46.21% with IPCA2 accounting for 19.76%. A greater proportion of the treatment sum of squares for leaf retention was due to interaction effect (61.41%) followed by environment effect (20.64%) and genotype effect (17.95%). The first two interaction principal component axes (IPCA1 and IPCA2) cumulatively accounted for 77.83% of the GE interaction SS. Genotype effects accounted for 21.43% of the treatment sum of squares for stay green ability, whereas environment and interaction effects accounted for 15.70 and 62.88%, respectively. The IPCA1 accounted for 54.63% of the interaction sum of squares with IPCA2 accounting for 15.70%. For biomass, interaction effect (55.82%) contributed a greater proportion of the treatment sum of squares compared with genotype effect (32.24%) and environment effect (11.94%). The IPCA1 and IPCA2 explained 46.26 and 22.60% of GE interaction SS, respectively. The influence of genotype by interaction (49.08%) on dry matter content of the root was greater than both effects of environment (34.10%) and genotype (16.83%). The IPCA1 and IPCA2 accounted for 64.74% of the interaction sum of squares. Interaction effect (43.80%) on fresh root yield was greater than the effect of environment (33.17%) and genotype (23.03%). The first two principal component axes captured a total of 65.04% of the interaction SS. The % treatment sum of squares due to GEI accounted for higher % variation than that for genotype and environment separately for all traits studied, indicating that all the observed variations cannot be explained independently by each variable.



Stability and Biplot Analysis


Genotype-by-Environment Interaction Effects on Resistance to Cassava Green Mite Across Environments

The majority of the genotypes were scattered far from the AMMI2 biplot origin, indicating that most of the genotypes were unstable across the six environments (Figure 1). The ASV and the AMMI2 biplots indicated that G19, G33, G36, G10, and G18 were the most stable genotypes but not those showing the lowest severity and should therefore not be recommended, whereas the GSI revealed that G31, G19, G52, G38, and G11 showed the lowest severity and were the most stable genotypes (Table 6). Thus, genotypes G31 and G19 were more stable with better response to CGM attack than the check variety (G52). G19, G18, G31, and G36 lie close to the biplot origin (0, 0) indicating low interaction with the environments scattered far from the biplot center (Figure 1). The mean rank and GSI rank show that G31 was the best genotype to resist cassava green mite attack (Table 6). The AMMI2 biplot indicated that the environments Otobi2015 and Otobi2016 were located far away from the biplot origin thus elicit a stronger interactive force than those environments Umudike2016, Umudike2015, Igbariam2015 and Igbariam2016 which were near the origin. The distance from the biplot origin (0, 0) indicates that G37, G14, and G13 were positively interacting with Igbariam2016 and Igbariam2015, indicating specific adaptation to these environments, whereas genotype G15 showed specific adaptation to the Umudike2015 environment. Environment Umudike2016 which had the lowest CGMS score appears to be the most stable environment with genotypes G52 (check variety), G20, and G16. G1, G2, and G51 showed specific adaptation to the Otobi2015 environment, and G7 and G8 showed positive interaction with the Otobi2015 environment, indicating specific adaptation (Figure 1).




Figure 1 | AMMI2 biplot for CGMS.




Table 6 | Overall mean and ranking of 60 cassava genotypes across six environments based on cassava green mite score.





Genotype-by-Environment Interaction Effects on Shoot Morphological Traits Across the Six Environments

For LP, these genotypes G28, G23, G18, G58, and G19 were the best performers in that order since they have the least scores for ASV (Table 7). G17, G7, G1, G40, and G22 were ranked in that order as the least stable genotypes. GSI ranked G31, G19, G52 (check variety), G11, and G41 as genotypes with highest pubescent and improved stability (Table 7). The AMMI2 biplot graph showed that apart from environment Umudike2016, all other environments were far from the biplot origin (0, 0). It also revealed that G28, G23, and G18 were close to the origin, and hence they were most stable genotypes (Figure 2A), whereas G15, G22, and G17 were found to be more responsive because they are far from the origin. Genotypes that are close to each other appear to have similar performance, and those close to the environment have better adaptation to that specific environment. In this case, the best adapted genotypes for environments Otobi2016 and Otobi2015 were G22, G17, and G32; for environment Igbariam2015 were G7, G24, and G33, for Igbariam2016 were G24, G19, and G33; for environment Umudike2016 was G7; for environment Umudike2015 were G8 and G7. The AMMI2 biplots for LR and SG showed that most of the genotypes were scattered far from the biplot center, implying that most genotypes were unstable (Figures 2B, C). In Figure 2B for LR, G46, G12, G34, and G51 lie close to the biplot origin (0, 0) revealing weak interaction with the locations scattered far from the biplot center. The mean and GSI ranks indicate that G31, G45, G44, G46, and G19 were the best five genotypes with better response to leaf retention and improved (Table 7). On the genotype points on environments, G26 had positive interaction with the Otobi2015 environment, indicating specific adaptation to the environment. G60 and G55 showed specific adaptation to the Igbariam2015, while G7 and G2 were specifically adapted to the Umudike2016 and Umudike2015 environments, revealing their specific adaptation to both environments. G22, G31, G37, and G44 were specifically adapted to Otobi2016, whereas G3 had a positive interaction with Igbariam2016 environment. For SG, G59, G46, and G54 were close to the biplot origin (0, 0) indicating general adaptation to the environments while G7, G60, and G44, which were far apart from the origin, tend to show a dissimilar pattern of response over the environments (Figure 2C). Therefore, the genotypes close to the origin are not sensitive to environmental interaction, while those that are distant from the origin are sensitive and have a wider interaction. To identify superior genotypes with very good stay green ability and high stability, GSI was used to rank these genotypes G31, G19, G45, G46, and G48 as the superior genotypes across environments.


Table 7 | Overall mean and ranking of 60 cassava genotypes across six environments for shoot morphological traits.






Figure 2 | AMMI2 biplot. (A) for LP, (B) for LR, (C) for SG.





Genotype-by-Environment Interaction Effects on Yield Traits Across the Six Environments

For FRY, the AMMI2 biplot and ASV indicated that the most stable genotypes were G33, G44, G56, and G55, whereas the most unstable ones were G15, G32, and G28 (Figure 3A, Table 8). Particularly, ASV measures genotype by environment interaction effects but does not show the best (high-yielding and stable) genotype. The GSI combines both genotype stability and high yield, indicating the best method to determine ideal genotypes. Accordingly, GSI ranked genotypes G52, G31, G11, G19, and G25 as the most ideal genotypes for all environments (Table 8). The check variety (G52) was, therefore, the highest yielder in all the environments. In Figures 3A–C, the environmental scores are joined to the origin by side lines. Environments with long spokes exert stronger interactive forces than those with short spokes. From the point where the environments are connected to the origin, the environments Igbariam2015 and Igbariam2016 had short spokes, and they exert weak interactive forces (Figure 3A). The AMMI biplot and ASV indicated that G19, G15, G14, G16, and G49 were the most stable genotypes (Figure 3B, Table 8), whereas the GSI showed that G9, G1, G3, G60, and G54 were the most ideal genotypes for biomass. For RDMC, ASV ranking and AMMI biplots indicated genotypes G15, G9, G12, G45, and G30 were most stable, whereas the GSI indicated that genotypes G15, G19, G52 (check variety), G9, and G37 were the ideal (Figure 3C, Table 8). Based on the distance from the biplot origin (0, 0), the highest GE interaction for RDMC was recorded in the Otobi2015 and Otobi2016 environments (Figure 3C).




Figure 3 | AMMI2 biplot (A) for FRY, (B) for biomass, (C) for RDMC.




Table 8 | Overall mean and ranking of 60 cassava genotypes across six environments for yield and yield traits.







Discussion

In this study, there were seasonal and environmental effects on the performance and stability of cassava genotypes. During the dry season and in areas with little rainfall, CGM attacks tend to be more severe than during the rainy season. High pubescent found on leaves, longevity of leaves, and amount of leaves found on the apex tip of cassava during the peak of dry season reduce CGM severity. Active plant growth was observed with concurrent reduction of the CGM attack during heavy rainfall. Agreeing with the observation of Yaninek et al., 1989, new plant growth is triggered by rainfall, and mites are washed off the leaves during the rainy seasons.

Estimates of broad sense heritability for the traits were found to be relatively low-to-moderate. This is in agreement with the findings of Ezenwaka et al., 2018. This suggests that the traits had non-additive gene action, and the combination of the genotype and environment effects greatly influenced the expression of the traits. However, traits that show strong dependency on non-additive genetic effects can still be enhanced by reciprocal recurrent selection and marker-assisted breeding (Ceballos et al., 2015; Ezenwaka et al., 2018).

The significant negative correlation observed between CGMS and other traits suggests that genotypes with high pubescent leaves, outstanding leaf retention, very good stay green, high biomass, high RDMC, and high FRY tend to be resistant to CGM attack. The negative pattern of the relationship between CGMS and LP is due to the leaf trichomes that restrict the movement of CGM on the leaves, resulting in a reduction of the pest damage to the leaves. Moreover, LP, specifically on immature leaves and shoot tips, has also been reported to harbor Typhlodromalus aripo (a phytoseiid predatory mite and CGM natural enemy) (Onzo et al., 2012). LP is a heritable character that effectively suppresses CGM populations in cassava (Hahn et al., 1989). The negative correlations between CGM and yield traits (biomass, FRY and RDMC) may be explained by the negative impact of the pest on yield.

The significant positive correlation between LP and all other traits means that these traits can be selected simultaneously and enhanced through breeding for resistance to CGM. It has been studied that cassava genotypes that have outstanding leaf retention with very good stay green ability play an important role in promoting the survival of T. aripo (Zundel et al., 2009) and other phytoseiid predatory mites (Pratt et al., 2003) both in the rainy and dry seasons.

Cassava yield and economic losses due to CGM attack is a serious threat to rural household incomes and global food security. The results of the multivariate regression analysis revealed the negative significance of CGMS on FRY which caused a loss of 20% of average yield approximately equivalent to a current value of 367 USD (135,000 Naira) per hectare. This proves that CGM damage is a significant factor affecting the quality and quantity of yield cassava root.

The combined AMMI analysis of variance of 60 cassava genotypes revealed that there were significant genotypic variations for all the traits indicating the presence of genetic variation in the population. This genetic variability observed indicates opportunity for selection and prospects for enhancing cassava for the traits. The environmental effect was significant for all the traits which justified the importance for multilocational testing to identify best performers for specifically and generally adapted to the environments. There were significant responses of genotype by environment interaction for all the traits. This implies that the genotypes have different adaptations explaining the need to identify and select location specific genotypes. Alternatively, genotype stability analysis (GSI) can be performed to identify genotypes with better response and improved stability over several years and environments (Mutegi et al., 2009). In this study, genotypes performed better in the ideal environments than under stress environments.

The GSI incorporates both genotype stability and high yield, indicating the best method for identifying ideal genotypes. CGMS was evaluated to identify the most stable and resistant genotypes during the growing period of cassava. GSI ranked G31 (IBA131794), G19 (IBA131762), G52 (TMEB778), G38 (IBA131809), and G11 (IBA131748) as the genotypes that combined resistance with stability. They are the most desirable and can be recommended for wider production or as sources of resistance for breeding program. Genotypes G31 (IBA131794), G52 (TMEB778), G11 (IBA131748), and G19 (IBA131762) were found to combine high stability with high FRY, high level of LP, outstanding LR, enhanced SG, and high RDMC and should be used as parents for hybridization with other cassava genotypes to enhance the level of resistance to CGM and yield traits of cassava. Accordingly, GSI ranked genotypes G52 (TMEB778), G31 (IBA131794), G11 (IBA131748), G19 (IBA131762), and G25 (IBA131776) as the most ideal genotypes for fresh root yield across environments. The check variety G52 (TMEB778) was the highest yielder in all the environments; therefore, a greater number of elite genotypes should be assessed in the future in these environments to obtain superior variety.



Conclusion

Genotype by environment interaction was significant for most of the traits suggesting the need to evaluate the genotypes in several environments before effective selection is made. The study has identified genotypes, G31 (IBA131794), G19 (IBA131762), G52 (TMEB778), and G11 (IBA131748) as most stable and most resistant to CGM which also combine high FRY and other useful agronomic traits, indicating that these traits can be combined in cassava as preferred by farmers. These genotypes can be tested in more environments to determine their adaptability and potential recommendation for release to farmers for cultivation. Umudike location displayed a low pest pressure followed by Igbariam location which showed a moderately high pest pressure, then Otobi location appeared to be the highest pest pressure zone. However, the research has helped to improve food security in Nigeria and elsewhere where cassava is grown through the identification of CGM resistant genotypes that also have high FRY and RDMC. CGM resistance, high FRY, and RDMC are the lead farmer-preferred traits. The enhancement of these traits through plant breeding is also likely to increase farmers’ adoption of new genotypes.
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Several plant viruses modulate vector fitness and behavior in ways that may enhance virus transmission. Previous studies have documented indirect, plant-mediated effects of tomato spotted wilt virus (TSWV) infection on the fecundity, growth and survival of its principal thrips vector, Frankliniella occidentalis, the western flower thrips. We conducted thrips performance and preference experiments combined with plant gene expression, phytohormone and total free amino acid analyses to determine if systemically-infected tomato plants modulate primary metabolic and defense-related pathways to culminate into a more favorable environment for the vector. In a greenhouse setting, we documented a significant increase in the number of offspring produced by F. occidentalis on TSWV-infected tomato plants compared to mock-inoculated plants, and in choice test assays, females exhibited enhanced settling on TSWV-infected leaves. Microarray analysis combined with phytohormone signaling pathway analysis revealed reciprocal modulation of key phytohormone pathways under dual attack, possibly indicating a coordinated and dampening defense against the vector on infected plants. TSWV infection, alone or in combination with thrips, suppressed genes associated with photosynthesis and chloroplast function thereby significantly impacting primary metabolism of the host plant, and hierarchical cluster and network analyses revealed that many of these genes were co-regulated with phytohormone defense signaling genes. TSWV infection increased expression of genes related to protein synthesis and degradation which was reflected in the increased total free amino acid content in virus-infected plants that harbored higher thrips populations. These results suggest coordinated gene networks that regulate plant primary metabolism and defense responses rendering virus-infected plants more conducive for vector colonization, an outcome that is potentially beneficial to the vector and the virus when considered within the context of the complex transmission biology of TSWV. To our knowledge this is the first study to identify global transcriptional networks that underlie the TSWV-thrips interaction as compared to a single mechanistic approach. Findings of this study increase our fundamental knowledge of host plant-virus-vector interactions and identifies underlying mechanisms of induced host susceptibility to the insect vector.
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INTRODUCTION

Most plant-pathogenic viruses depend exclusively on insects for transmission to plants (Hogenhout et al., 2008). It would therefore seem to be evolutionarily advantageous for a plant virus to modify vector behavior and performance in ways that enhance its likelihood of acquisition and dissemination in the landscape [reviewed in Eigenbrode et al. (2018)]. Indeed, there are cases that demonstrate the direct effect of some plant viruses to alter vector performance. For example, acquisition of barley yellow dwarf virus (BYDV) altered aphid vector preference for non-infected compared to BYDV-infected plants (Ingwell et al., 2012) and acquisition of tomato mottle virus increased oviposition of its whitefly vector (McKenzie, 2002). Indirect or plant-mediated effects due to virus infection also play a role in vector-plant interactions. For example, plants infected with potato leafroll virus and BYDV were not only more attractive to aphid vectors, but also increased nutrient quality that enhanced vector survival and fecundity (Eigenbrode et al., 2002; Jimenez-Martinez et al., 2004; Ngumbi et al., 2007). These studies highlight the widespread occurrence of vector manipulation by plant viruses across several pathosystems for aphids (Fereres et al., 1989; Blua et al., 1994; Eigenbrode et al., 2002; Mauck et al., 2010), whiteflies (Guo et al., 2010), and thrips (Carter, 1939; Maris et al., 2004; Belliure et al., 2005; Abe et al., 2012).

Among thrips-transmitted tospoviruses, Tomato spotted wilt orthotospovirus (order Bunyavirales, family Tospoviridae, genus Orthotospovirus) is ranked among the top 10 most economically important plant viruses worldwide (Rybicki, 2015). The virus is transmitted in a circulative-persistent manner exclusively by thrips, the most efficient of which is the western flower thrips, Frankliniella occidentalis (Pergande) (Whitfield et al., 2005, 2015; Rotenberg and Whitfield, 2018). The thrips-tospovirus relationship is unique in that adult thrips are only able to transmit TSWV if acquisition occurs in the first instar and early second larval thrips stages (Van De Wetering et al., 1996). The virus then replicates in the midgut and adjacent tissues, and eventually reaches the primary salivary glands (Ullman et al., 1992; Montero-Astúa et al., 2016; Rotenberg and Whitfield, 2018). After infection of the salivary glands, adults during feeding release the virus into viable plant cells along with the saliva. Hence, TSWV replicates in both the vector and the host plant, offering the opportunity for both direct and indirect (i.e., plant-mediated) effects on the vector. Studies of direct effects are rare (Belliure et al., 2005; Shrestha et al., 2012) but there are numerous reports of indirect effects of orthotospoviruses on thrips vectors. For example, TSWV infection has been shown to increase vector fecundity, development, population growth, and survival (Carter, 1939; Maris et al., 2004; Belliure et al., 2005; Shrestha et al., 2012; Ogada et al., 2013) and longevity (Ogada et al., 2013) on infected plants relative to uninfected plants. Although most documented virus effects are positive, there are reports of negative (DeAngelis et al., 1993; Stumpf and Kennedy, 2005) and neutral (Wijkamp et al., 1996) effects of TSWV on thrips vectors as well. These reports suggest that TSWV infection can alter plant physiology to benefit vector fitness.

The literature on the molecular mechanisms underlying the tospovirus-thrips vector-plant interaction is emerging. Most studies have focused on defense-related signaling pathways as a potential mechanism in the model plants, Arabidopsis thaliana and Nicotiana benthamiana. Abe et al. (2012) demonstrated the role of antagonistic crosstalk between salicylic acid (SA) and jasmonic acid (JA)-responses in the TSWV-thrips interaction using Arabidopsis mutants. The authors suggested that increased performance of thrips on TSWV-infected plants was caused by a reduction of the JA-regulated plant defense, which was suppressed by an increase in SA-regulated plant defense responses in virus-infected plants. More recently, Wu et al. (2019) showed that the TSWV non-structural protein, NSs, suppressed biosynthesis of monoterpenes, which are known to repel F. occidentalis by directly interacting with MYCs, key regulators of the JA signaling pathway. To date, there have been four studies on transcriptional responses (microarray and RNA-Seq) to TSWV in host plants which report changes in plant immune defenses and metabolism in virus-infected plants (Catoni et al., 2009; Nachappa et al., 2013; Padmanabhan et al., 2019; Xu et al., 2020). However, these studies did not analyze global transcriptional changes in response to the thrips vector and the combination treatment of virus and vector.

The roles of the three major phytohormones, SA, JA, and ethylene (ET) in defense responses to pathogens and insects is well-established (Walling, 2000; Stout et al., 2006; Howe and Jander, 2008; Bari and Jones, 2009; Pieterse et al., 2009; Verhage et al., 2010). However, research in the past decade demonstrates that plant defense responses is more than just SA and JA/ET pathways, with more coordination and integration of a range of hormones including, abscisic acid (ABA), auxins, brassinosteroids, cytokinins and gibberellins (De Bruyne et al., 2014; Shigenaga and Argueso, 2016; Yue et al., 2016; Berens et al., 2017; Yang et al., 2019). For instance, ABA can act as both a positive and negative regulator of disease resistance. ABA can suppress SA-mediated defenses, and plant susceptibility to pathogens can increase following exogenous applications of ABA (Asselbergh et al., 2008). In certain instances, exogenous application of ABA can have the opposite effect on SA-mediated defenses resulting in increased resistance to pathogens (Ton and Mauch-Mani, 2004; Wiese et al., 2004; Melotto et al., 2006). The antagonism of SA-mediated defenses by ABA may be explained in part by the positive effect of ABA on JA biosynthesis (Adie et al., 2007). These phytohormones not only mediate immunity, but also growth and development (Pieterse et al., 2009; De Bruyne et al., 2014; Berens et al., 2017; Züst and Agrawal, 2017). For example, the classic growth hormone-auxin acts in an antagonistic manner with SA during plant defense, whereas auxin and JA signaling act synergistically. Moreover, some pathogens either produce auxin themselves or increase plant auxin biosynthesis to manipulate plant defense responses and development [reviewed in Kazan and Manners (2009)]. The evolutionary conservation of the intricate network of phytohormone signaling pathways likely enables plants to effectively balance trade-offs between defense and growth (Züst and Agrawal, 2017).

In the current study, we sought to elucidate the plant-mediated mechanisms underlying the interaction between TSWV and its insect vector, F. occidentalis, on the plant host, tomato, Solanum lycopersicum L. First, we performed replicated greenhouse and laboratory experiments to confirm that TSWV altered vector performance and behavior on TSWV-infected plants. To characterize plant molecular mechanisms, microarray analyses using the Affymetrix Tomato GeneChip® were performed to analyze gene expression in tomato plants receiving one of four treatments: (i) mock-inoculated, or (ii) systemically-infected with TSWV, and subsequently infested (iii) with or (iv) without non-viruliferous thrips. The microarray represents myriad genes associated with primary metabolism, including chloroplast function, cell wall modification, protein synthesis, as well as defense- and stress-related genes associated with phytohormone signaling pathways (JA, SA, ET, ABA, and auxin). In addition, we analyzed phytohormone levels and total free amino acid content in plants exposed to single and dual challengers. This is the first comprehensive analysis of plant-mediated mechanisms (genes and metabolites) that potentially improve the quality of TSWV-infected plants for its thrips vectors.



MATERIALS AND METHODS


Greenhouse Experimental Design and Treatment Structure

The greenhouse experiment consisted of four treatments: (1) TSWV infection alone; (2) thrips infestation alone; (3) TSWV infection and thrips infestation, and (4) mock-inoculated, healthy controls. Each treatment was replicated three or four times (i.e., three or four plants) in a randomized complete block design with one plant per treatment per block. The experiment was conducted three times (i.e., three biological replications).



TSWV and Thrips Sources

Tomato spotted wilt virus (isolate TSWV-MT2) was maintained by mechanical inoculations on caged tomato plants (S. lycopersicum cv Moneymaker) under greenhouse conditions as per (Rotenberg et al., 2009). A colony of thrips was maintained on green bean pods (Phaseolus vulgaris) as described by Bautista et al. (1995) at ambient room temperatures of 24 ± 1°C and a photoperiod of 16:8 h (L:D) light: dark cycle.



Plant Growth Conditions, Virus Inoculations, and Thrips Release

Tomato plants (cv Moneymaker) were grown in 6-inch pots filled with Metro mix® potting soil and housed in one thrips-proof-screened (No Thrips Insect® Screen, BioQuip Products, Rancho Dominguez, CA) cage in a greenhouse room. Plants were fertilized once a week with Miracle Gro®-Water Soluble All Purpose Plant Food (24-8-16) NPK. The temperatures in the greenhouse ranged from 23 to 25°C and the photoperiod was 16:8 h (L:D).

To generate TSWV-infected plants, 3-week-old plants were mechanically-inoculated with TSWV from infected plant tissue or mock-inoculated with buffer and healthy plant tissue. Virus inoculum was prepared by grinding two to three young symptomatic tomato leaves in ice-cold 5–10 ml of inoculation buffer (10 mM sodium sulfite and 5% wt/vol celite) using a pre-chilled mortar and pestle. Inoculum was applied and dragged lightly with a cotton swab over the surface of all fully-expanded leaves on the plant. Approximately 2 weeks after inoculation, plants were visually inspected for TSWV symptoms, i.e., stunting and deformation, chlorotic ring spots, mosaic patterns, and leaf-bronzing, and the most uniform group of symptomatic plants were chosen for each experiment.

Individual 5-week-old symptomatic and mock-inoculated control plants were moved to single-plant cages constructed from 19-liter cardboard ice cream buckets (38 cm tall × 26 cm diameter) with four 14 cm × 27 cm apertures cut into the side walls. The four apertures were covered with No-Thrips Insect ScreenTM (Green-Tek, Inc., Edgerton, WI, United States) and sealed with silicone. The top of the container was covered by thrips-proof-screen secured by rubber bands. These single-plant cages prevented cross-contamination between treatments. Cohorts of 40 adult females from the laboratory colony, 7-day post eclosion were transferred into 1.5 ml microcentrifuge tubes and then allowed to escape in a synchronous manner from one tube placed at the base of each plant.



Thrips Feeding Damage, Performance and Settling Assays

Thrips feeding leaf damage index (LDI) was determined using a modified visual rating scale according to McKinney (1923). All leaves from each plant were evaluated visually and grouped into six classes with values of 0, 1, 3, 5, 7, and 9, which corresponded to percentages of total leaf area damaged by thrips feeding of 0, <10, 10–25, 25–50, 50–75, and >75%, respectively. In addition, the number of thrips feeding lesions per plant were counted.

Thrips performance on virus-infected plants or mock-inoculated plants was defined as the number of offspring that emerged from leaf tissue at 7-day post release of adult thrips. For each biological replicate, 2-sample rank tests (i.e., Mann–Whitney) using Minitab v.14 (Minitab, Inc., State College, PA, United States) was performed to determine if the median count of offspring obtained from TSWV-infected plants was similar to that obtained from healthy, mock-inoculated plants. Data from all three experiments were pooled together and a two-way analysis of variance in Minitab using a GLM with treatment and biological replicate as fixed effects.

To determine adult thrips settling preference, assays using detached-leaflets were conducted as per (Nachappa et al., 2013). Same-age leaflets were taken from mock-inoculated plants and plants with TSWV infection alone at the termination of each greenhouse experiment (i.e., 6-week-old plants). Leaflet pairings consisted of choice and non-choice tests using pairs of leaflets in 15-cm diameter Petri-dishes with the lids of each dish fitted with thrips-proof screen to allow ventilation. Each Petri dish contained 15 ml of 1.5% water agar onto which were placed the adaxial surfaces of each paired leaflet. The agar prevented desiccation of leaflets while allowing thrips to move across the surface and choose leaflets. Ten adult female thrips were placed with a small paint brush in the center of the Petri dish, equidistant from each leaflet, and lids were sealed with Parafilm. The assay was conducted under laboratory conditions with a 16:8 h photoperiod and ambient temperatures of 24–25°C. Adult thrips preference (choice of virus infected vs. mock controls) was determined by counting the number of thrips present on each of the paired leaflet every hour for the first 6 h, and then at 12, 24, 36, 48, and 72 h after the release. For each biological replicate, we performed 1-Sample Wilcoxon sign rank tests using Minitab to determine if the median paired difference in accumulation on virus-infected vs. non-infected healthy tissue was significantly greater than zero at each time-point.



Leaf Tissue Sampling for Gene Expression, Phytohormone and Amino Acid Analyses

Preliminary observations revealed that thrips preferred to feed on older (basal) leaves, so leaflets were harvested from 10th–11th youngest leaf, counting down from the top to the base of the plant. From each of the three experiments (biological replications), two same-age, paired leaflets (on each side of leaf rachis) were harvested. We harvested leaflets exhibiting similar leaf damage ratings (thrips alone average LDI = 2; TSWV + thrips average LDI = 2.66) between the two thrips treatments (thrips alone and TSWV + thrips) to reduce the confounding effect of variation due to amount of feeding (Supplementary Table 1). In the current study, thrips were not localized or caged to a specific leaf rather allowed to colonize the whole plant. Given their thigmotactic behavior, i.e., preferring to hide in small crevices on plant surfaces, and high mobility of adult thrips, it is difficult to correlate feeding damage with number of thrips. Hence, we used LDI and number of lesions as a more reliable estimate of the effect of thrips feeding on plants rather than sighting the insects. Moreover, there was a significant positive correlation between LDI and lesions per plant (r = 0.739, P < 0.0001). One leaflet was processed for gene expression analysis (i.e., microarray hybridizations and RT-qPCR analysis) and the other was processed to determine phytohormone contents. Leaflet samples were flash-frozen in liquid nitrogen and stored at −80°C. To obtain enough leaf tissue (approximately 5 g) required for determination of total free amino acid content, a third leaf immediately basal to the leaflets chosen for microarray and phytohormone analyses was simultaneously harvested and freeze-dried.



RNA Isolation, Amplification, Labeling and Generation of GeneChip Data

Total RNA isolation and cDNA synthesis was performed as per Nachappa et al. (2013). Briefly, RNA was isolated from frozen leaflet samples (100 mg of tissue) using the Qiagen RNeasy Plant Mini Kit (Qiagen, Valencia, CA, United States) following manufacturer’s protocol. RNA quantity was determined by NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States) and quality was assessed with the 2100 Bioanalyzer using Nanochip technology (Agilent Technologies, Inc., Palo Alto, CA, United States). Total RNA was pooled for each treatment (3–4 experimental replicates, i.e., plants) within a biological replication. Pooled RNA samples were subjected to cRNA synthesis, labeling, and hybridization to Affymetrix Tomato Genome Arrays (GeneChip)® at Kansas State University, Integrated Genomics Center. Each GeneChip® contains more than 10,000 probe sets for over 9,200 genes with each gene being represented by at least one probe set containing 25-mer oligonucleotides. Hybridization intensities of scanned microarrays for each of the three biological replicates were generated with Gene Chip® Operating System, GCOS (Affymetrix Inc.). Global scaling was applied for each GeneChip to adjust the Target Intensity (TGT) Value to an arbitrary target of 500 so that hybridization intensity of all chips was equivalent. In addition, expressed genes were identified by GCOS, using a detection algorithm and assigned a present, marginal, or absent call for genes represented by each probe set on the array (GeneChip Expression Analysis Technical Manual). Microarray data files (.CEL) were analyzed using GeneSpring 10.1 (Silicon Genetics, Redwood, CA, United States) and normalized using RMA (Robust Multichip Average) algorithm. Differentially-expressed genes were selected using 2 criteria: (i) an expression ratio of at least ±2-fold change and (ii) P ≤ 0.05 in ANOVA tests comparing log2 (normalized hybridization intensity) of treatment to the mock control. Differentially-expressed genes were assigned functional annotations with Blast2GO software (Conesa and Götz, 2008) and classified by GO-biological process, cellular component and molecular function using default parameters and an E-value cut-off of 10–5. The microarray experiment design details and raw microarray data is available at ArrayExpress under the accession number E-MTAB-9294.



Hierarchical Cluster Analysis

We used the heatmap () base function in R to create a heatmap of a sub-set of 369 differentially expressed genes selected for their membership in candidate pathways (defense, phytohormones, photosynthesis, cell wall organization, and protein metabolism). The colors range from red to green, showing the expression of genes in each treatment group ranging from highly similar (green) to less similar (red). The heatmap was plotted from the adjacency matrix of the network, using the R heatmap () function. The Pearson correlation coefficients depicts correlation between genes and treatments based on the average fold change values from 3 replicates for each treatment.



Phytohormone Signaling Pathway Analysis

We analyzed changes in tomato phytohormone pathways for SA, JA, ET, ABA, and AUX-responses associated with each treatment using the pathway analysis method developed by Studham and MacIntosh (2012). This method provides a broad indication (pathway score) of relative upregulation or downregulation of individual phytohormone pathways based on the magnitude (fold change), direction of change (up or down), and significance of differentially-expressed genes (compared to mock treatment) associated with each pathway for each treatment. Pathway scores for each phytohormone pathway can be compared to provide a comprehensive picture of treatment-associated, host plant responses and to identify dominant pathways affected by treatment. To perform the pathway analysis, annotations for probe sets in the Tomato GeneChip® were obtained manually based on literature and from Blast2GO biological processes1 (Conesa and Götz, 2008). Additional annotations for probe sets that were not assigned a function were obtained by identifying the EC numbers using the annot8r program2. The EC numbers were used to identify pathway membership by querying UniProt3 and KEGG (Kanehisa et al., 2011). The genes associated with different functional categories have different roles such as biosynthesis, response, regulation, and others. Each role was assigned different weights indicating its relative importance in determining the induction or suppression of a hormone/protein (Studham and MacIntosh, 2012). A cumulative pathway score was then calculated for the subset of genes that exhibited microarray fold changes ≥ 1.0 and p-values ≤ 0.05 for each phytohormone pathway.



Co-expression Network Analysis

Gene co-expression network analysis is used to describe the correlation patterns among genes across microarray and other multidimensional expression data sets (e.g., RNAseq). The weighted gene correlation network analysis method (WGCNA, Langfelder and Horvath, 2008) can be used to identify clusters (modules) of highly correlated genes, and each module provides information about the pairwise relationships (correlations) between genes. In addition, community analysis of gene co-expression networks can identify communities (clusters and modules) of nodes. The nodes in a particular community have a higher likelihood of connecting to each other than to nodes from other communities (Barabási, 2016), and these relationships can provide additional information about groups of genes that are likely to be expressed together under particular experimental conditions. The WGCNA R package4 (Langfelder and Horvath, 2008) was used to analyze a sub-set of differentially expressed genes in candidate functional categories of interest [i.e., photosynthesis, plant hormone-related (ABA, AUX, ET, JA, and SA), protein metabolism and turnover, cell wall and defense functions] across four treatments (mock-infected, TSWV, thrips, and TSWV + thrips). The sample code in the WGCNA tutorial5 (Langfelder and Horvath, 2008) was adapted to perform WGCNA on our expression data set. The input data to WGCNA consisted of averaged three replicates for each of the four treatments. Code from the first tutorial on WGCNA network analysis6 was adapted and used to construct the correlation network. The nodes and edges of the WGCNA network were exported to files using the export network to Cytoscape (Shannon et al., 2003) function in the WGCNA package. The network figure was created using the R igraph package7. Different community detection methods were applied to the network data to determine the optimal method and number of community modules, and the leading eigen method was selected (Newman, 2006). As our goal was to visualize the network nodes clearly, we tried most of the igraph network layouts and compared the resulting network images. The ‘layout_with_fr’ igraph layout was chosen for the figure because it produced the clearest visualization of the network. This layout uses the force-directed layout algorithm of Fruchterman and Reingold to place the network vertices on a plane (Fruchterman and Reingold, 1991). The resulting network included five communities of nodes, each community representing a functional category (see list above).



Confirmation of Microarray Data Using Reverse Transcription Quantitative –PCR (RT-qPCR)

We targeted six genes associated with the SA, JA, and antiviral small-RNA-mediated gene silencing pathways. These genes were BGL2 and NPR1 (SA pathway) and OPR3, AOS and CI (JA pathway), and RNA-directed RNA polymerase 1 (RDR1). We chose elongation factor 1-alpha (leEF1) as the internal reference gene for normalization because expression of this gene was found to be invariant with TSWV infection or herbivore challenge in the microarray experiments and had been previously shown to be stably-expressed in Moneymaker tomato systemically-infected with tobacco rattle virus (Rotenberg et al., 2006). Target and leEF1 primer pair sequences, their corresponding melting temperatures, and real-time PCR efficiencies are indicated in Table 1. The normalized abundance of TSWV nucleocapsid (N) RNA compared to leEF1 was also determined to estimate virus titer in leaf tissue using primers tested previously (Rotenberg et al., 2009). We selected one plant per treatment (mock included) per biological replicate (i.e., 24 RNA samples in total) of the greenhouse experiment that represented the average fecundity and/or TSWV symptom severity for a given treatment. Subsamples of total RNA isolated from leaflet tissue used in the microarray hybridization experiment were treated with DNase using the rigorous DNA removal procedure of the Turbo DNA-free kit (Applied Biosystems Inc., Carlsbad, CA, United States) and cDNA was synthesized from 1 μg DNA-free RNA using the iSCRIPT cDNA synthesis kit (Bio-Rad, Hercules, CA, United States). Real-time PCR master mixes were prepared using iQ sybr Green Mix (Bio-Rad) according to manufacturer’s specifications and final reaction (20 μl) concentrations of 200 nM of each primer. Reactions were performed in duplicate using the iCycler iQ Thermal Cycler with a 96 ml × 0.2 ml reaction module and iCycler iQ software (Bio-Rad).


TABLE 1. Real-time quantitative reverse transcriptase – PCR primer pair sequences and corresponding PCR efficiencies.

[image: Table 1]
The relative abundance of target RNA was determined for each virus and herbivore treatment compared to the mock control. The relative expression ratio (RER) equation (Pfaffl, 2001) was calculated as follows: RER = EtargetΔCttarget[control–treatment]/Eref ΔCtref[control–treatment] where E refers to the PCR primer efficiency for target or internal reference (ref; leEF1) genes and ΔCt is the difference in Ct-values (i.e., threshold cycle values automatically calculated by the IQ software) between a treatment and mock control. The average Ct value (n = 3) obtained for the mock control for each target and reference gene was determined and used in the RER calculations. To estimate virus titer, the normalized abundance of TSWV N or NSs RNA (genomic and transcript RNA) was calculated using the Pfaffl inverse equation (Pfaffl, 2001): ErefCtref/ENCtN as described previously (Rotenberg et al., 2009).



Phytohormone Analysis

Frozen tomato leaflet samples from each biological replicate were sent to The Donald Danforth Proteomics & Mass Spectrometry Facility, St. Louis, MO, United States for chemical extraction and quantification of SA, JA, ABA, jasmonyl-isoleucine (JA-Ile), and 12-oxo-phytodienoic acid (OPDA) using liquid chromatography–electrospray tandem mass spectrometry as per (Pan et al., 2008). Analysis of variance was performed on log10-transformed phytohormone contents (ng analyte g fresh weight–1) in Minitab using a GLM that included treatment and biological replicate as two fixed factors and their interaction term as the random factor. The analyses revealed no apparent main effect or treatment interaction for any of the phytohormones measured due to biological replicate; therefore, data was combined for the three biological replicates and one-way ANOVA was performed to determine the main effect of treatment on phytohormone concentration. Pairwise treatment comparisons were performed using Tukey’s family error rate (P ≤ 0.05).



Total Free Amino Acid Analyses

Frozen tomato leaf samples obtained from each experiment were sent to the Ruminant Nutrition Laboratory at Kansas State University for extraction and quantification of total free amino acids. Total free amino acid content was analyzed using a modified protocol described (El Fahaam et al., 1990). Briefly, whole leaves (excluding rachis and petioles) were harvested from tomato plants and freeze-dried in an oven/desiccator at 80°C for 2–3 days or until no change in weight was recorded. Approximately 0.1 g of dry tissue was extracted with 10 ml of 70% hot ethanol and centrifuged at 2,500 g for 5 min. The dry residue was dissolved in 2.5 ml of 0.1 N HCl and kept at −20°C until assayed. Colorimetric procedures were adapted to Technicon Autoanalyzer II for simultaneous determination of total free amino acid content based on an internal standard (leucine) in plant tissue samples [modified from Broderick and Kang (1980)]. Total free amino acid content data were analyzed using a similar statistical model as the phytohormone analysis; however, biological replicate had a significant main or treatment interaction effect. Therefore, data from biological replicates were interpreted separately.




RESULTS


Performance and Settling Behavior of Thrips

The effect of TSWV infection of tomato plants on thrips performance (number of offspring) was evaluated 7-days after adult females were released onto individual plants. Our data revealed significant differences in the number of offspring (first and second instar larvae) produced on virus-infected plants compared to mock-inoculated plants (F = 11.78, df = 1, P = 0.003) (Figure 1A). There was no impact of time or biological replication (F = 1.73, df = 2, P = 0.21) and the interaction between number of offspring and biological replication (F = 0.03, df = 2, P = 0.97) on thrips population. On average, there were twofold more thrips offspring on virus-infected plants compared to mock-inoculated plants (Mean ± SE: 25.75 ± 2.02 and 13.50 ± 2.67, respectively). Leaf damage caused by thrips was quantified and no apparent differences were detected between thrips on healthy or virus-infected plants (leaf damage index: P = 0.34; number of lesions: P = 0.48, Kruskal–Wallis test; Supplementary Table 1). In Petri dish assays, thrips adults were given a choice between TSWV-infected and mock-inoculated leaflets harvested from the greenhouse experiments. By 3 to 4-h post-release, there were significantly more thrips adults (Z = 10.0, P = 0.03 and Z = 3.0, P = 0.02, respectively) associated with TSWV-infected leaflets compared to mock-inoculated leaflets (Figure 1B). This trend persisted over the course of the 72-h experiment. There were no apparent differences between the numbers of thrips observed between leaflets in the non-choice situation (P > 0.2 for all time-points, data not shown).
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FIGURE 1. Performance and settling preference of thrips, Frankliniella occidentalis, on tomato plants that were infected with TSWV or mock-inoculated. (A) Mean number of thrips offspring (first and second instars) on tomato plants 1-week after adult female release. Each bar represents the average of n = 4 plants per experiment or biological replicate, and (B) number of adult female thrips recovered on TSWV-infected and mock-inoculated leaflets in detached Petri dish assays. Leaflet pairs were obtained from same-aged TSWV-infected and mock-inoculated tomato plants from the corresponding greenhouse experiment. Values at each time point represent the average of n = 3–4 leaflets originating from a different greenhouse experiment or biological replicate. Plants were inoculated with TSWV by leaf-rub inoculation 2 weeks prior to insect release. Different letters (panel A) indicate significant differences between treatments at P < 0.05. Significant differences (P < 0.05) between treatments by 3 hours after insect release and thereafter (panel B).




Single and Combined Effects of TSWV and Thrips on Tomato Global Gene Expression Profiles

Tomato microarray hybridizations were performed to describe and quantify single and combined effects of virus and vector feeding on transcription-level expression. Collectively, of the 10,209 probe sets (i.e., 9,200 unique coding sequences) represented on the Tomato GeneChip, 1,722 sequences were differentially-expressed in plants challenged by the various treatments compared to mock-inoculated, healthy plants (P < 0.05, regardless of magnitude of fold change). Of these sequences, 307, 171, and 424 genes were significantly expressed by at least twofold and P ≤ 0.05 in TSWV, thrips, and TSWV + thrips challenged plants compared to the mock-inoculated controls (Supplementary Tables 2–4, respectively). Venn diagrams depicting the number of unique and shared genes that were differentially-expressed among treatments revealed several patterns (Figures 2A,B and Supplementary Table 5). First, only a small proportion of genes were unique to individual challengers. Second, systemic infection of tomato plants by TSWV contributed the most to global gene expression changes in both the positive (up-regulation) and negative (down-regulation) direction as compared to changes induced by thrips feeding. Third, the majority of genes differentially-expressed in response to thrips alone were down-regulated (64%). Fourth, the combined effect of TSWV and thrips resulted in a greater proportion of down-regulated genes that were unique to dual challenger (i.e., 32% down vs. 16% up) (Figures 2A,B).
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FIGURE 2. Venn diagrams depicting number of unique and shared differentially-expressed (A) up-regulated and (B) down-regulated genes. Data were obtained from differentially-expressed genes in tomato plants systemically-infected with TSWV and/or infested with F. occidentalis. Numbers outside of circles indicate the total number of differentially-expressed genes for a particular treatment.


The differentially-expressed genes were functionally-classified by Gene Ontology (GO) terms into biological process, cellular component and molecular function with relevance to plant health and responses. Overall, a greater proportion of genes responded to TSWV infection alone and combined treatment compared to thrips feeding alone in all three GO categories (Figures 3A–C). The GO-biological process most represented by the differential expression was in response to stimulus, including biotic and abiotic stimulus (Figure 3A). Within this category, a large percentage of genes were up-regulated in response to virus infection alone (74%) and the combination treatment (64%), whereas thrips feeding down-regulated a larger percentage of stress-related genes (63%). The second largest category was photosynthesis, and a majority of photosynthesis-associated genes (90%) were down-regulated in all three treatments. This trend is also reflected in GO cellular component category where chloroplast-associated genes were over-represented, and a large percentage (95%) were down-regulated across all three treatments (Figure 3B). Another category of potential interest was cell wall organization, which was overrepresented in GO-cellular component and GO- biological process as well (Figures 3A,B). Virus infection down-regulated 25% of cell wall related genes, but some genes were also up-regulated (14%). With regards to GO-molecular function, ATP binding genes were over-expressed, which agrees with the GO-CC category where cell membrane-associated genes were overrepresented (Figure 3C). There was no trend in ATP binding genes in response to virus infection, in contrast, thrips feeding resulted in down-regulation of ATP binding genes (100%). The protein binding category was overrepresented, with virus infection in the single and combined treatment resulting in induction of protein binding genes (69 and 87%, respectively), whereas thrips feeding resulted in suppression of the genes (88%).
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FIGURE 3. Gene ontology (GO) terms for differentially-expressed genes. Distribution of differentially-expressed genes in tomato plants systemically-infected with TSWV and/or infested with F. occidentalis. (A) Biological process, (B) cellular component, and (C) molecular function.




Single and Combined Effects of TSWV and Thrips on Defense-Related and Primary Metabolic Processes Inferred From Gene Expression


Defense Signaling Pathways

We examined the microarray hybridization data for possible interaction between SA and JA pathways. The magnitude and direction of differential expression of all known phytohormone genes in the Tomato GeneChip are shown in Supplementary Table 6. TSWV infection alone significantly up-regulated the majority (59%) of signature SA-responsive genes compared to mock-inoculated plants (Figure 4A). These include genes involved both upstream and downstream of SA synthesis such as chorismate mutase and pathogenesis-related proteins, respectively. Genes encoding the proteins NPR1 and NPR3 that have been shown to interact with SA were also up-regulated in virus-infected plants. We observed suppression of JA-genes in response to virus treatment; 29% suppression and 18% up-regulation in virus-infected plants (Figure 4B). This suggests that the strength of the SA-induced suppression of JA-genes was not as widespread. Moreover, most of the down-regulated JA genes belonged to the protease inhibitor category, specifically wound-induced proteinase inhibitors. A large percentage (60%) of ET-associated genes including those involved in ET synthesis such as 1-aminocyclopropane-1-carboxylate oxidase and ET signaling such as ethylene-responsive transcription factor 5 were up-regulated in TSWV-infected plants (Supplementary Table 6). Feeding by thrips alone resulted in up-regulation of JA-related genes (70%), but no major impact was observed on ET genes (Figure 4B and Supplementary Table 6). Interestingly, genes in all three signaling pathways were significantly up-regulated in TSWV and thrips dual treatment (Supplementary Table 6). In addition to signaling pathways, genes involved in general stress responses such as heat shock proteins, GSTs, and reactive oxygen species (ROS) were differentially-regulated in TSWV-infected tomato, and in most cases up-regulation occurred regardless of the presence of thrips (Supplementary Table 6). We also found transcription factors such as WRKYs, Myb family, bZIP family and Mitogen-activated kinase 6 that initiate defense responses to be up-regulated in response to virus infection.
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FIGURE 4. Proportion of differentially-expressed genes in the (A) salicylic acid (SA) and (B) jasmonic acid (JA) pathway in response to TSWV infection alone, F. occidentalis alone, and the combined treatment. n = 17 possible SA genes, n = 17 possible JA genes represented on the array. The list of SA and JA genes and the average normalized hybridization values are provided in Supplementary Table 4.


We analyzed other phytohormones that are known to interact with SA and JA/ET, namely ABA and auxin and that were differentially-expressed in our microarray analysis. Virus infection alone did not significantly impact ABA-related genes (66% showed similar expression to mock) and 33% ABA-related genes were down-regulated (Supplementary Table 6). Thrips alone and the dual treatment did not differ significantly in the expression from mock (83 and 60% similarity, respectively) (Supplementary Table 6). With regards to auxin, TSWV infection alone and in combination with thrips down-regulated 40 and 60% of auxin genes, whereas thrips activity had similar percentage of up-regulated and down-regulated genes (40% for both) (Supplementary Table 6).



Photosynthesis-Related Processes

Genes involved in photosynthesis were largely down-regulated in all three treatments (Figure 5A and Supplementary Table 7). Virus infection, both alone and in combination with thrips feeding, had a greater impact on photosynthesis-related genes with 54 and 70% of the genes being suppressed compared to mock-inoculated plants, respectively (Supplementary Table 7). These include ribulose bisphosphate carboxylase, ATP binding protein, chaperone, and chlorophyll a/b-binding proteins. Plants challenged with thrips also repressed 37% of photosynthesis-related genes compared to the control.
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FIGURE 5. Proportion of differentially-expressed genes involved in (A) photosynthesis and (B) cell wall organization and (C) protein metabolism in response to TSWV infection alone, F. occidentalis alone, and the combined treatment. n = 57 possible photosynthesis genes, n = 24 possible cell wall related genes and n = 48 possible protein metabolism genes represented on the array. The list of these genes and the average normalized hybridization values are provided in Supplementary Table 5.




Cell Wall Organization

Virus infection altered gene expression in both upward and downward direction. Among the up-regulated genes (29%), cell wall degradation genes such as expansin, some cellulases and beta-1, 4-glucanases that are also involved in the SA-pathway (Figure 5B and Supplementary Table 7). In contrast, cell wall-related genes that were significantly down-regulated (25%) were cell wall modification enzymes as xyloglucan endotransglycosylase/hydrolases and pectinesterase. In contrast, thrips feeding alone and combined treatment resulted in up-regulation of a large percentage of cell wall genes (37% for both; Supplementary Table 7). This perturbation of cell wall gene expression shows that thrips feeding has a major impact on cell wall genes even in the absence of virus infection in host tissues.



Protein Synthesis and Degradation

A majority of genes involved in protein synthesis such as constituents of 40S, 50S, and 60S ribosomal subunits and genes associated with protein degradation such as those that encode 26S proteasome and involved in ubiquitination were induced in response to TSWV and the combination treatment (64 and 70%, respectively; Figure 5C and Supplementary Table 8). The presence of thrips alone did not have an impact on expression of protein metabolism genes compared to mock-inoculated plants (Figure 5C).




Hierarchical Cluster Analysis

Focusing on the 369 DE genes associated with pathways of interest, the cluster analysis revealed more similar global gene expression patterns between TSWV infection alone and TSWV + thrips, and likewise, mock-inoculated and thrips alone treatments produced similar patterns (Figure 6 and Supplementary Table 8). Genes that were consistently up-regulated by virus alone or the dual treatment were protein metabolism genes such as E3 ubiquitin-ligase, 40S, 50S, and 60S ribosomal subunits (clusters 1, 5, and 6), but also involved genes with broad function in defense and phytohormone pathways, such as NPR1, PR-5 and EDS1 (Supplementary Table 8). In contrast, virus alone and the dual treatment consistently down-regulated photosynthesis and cell wall functional categories such as chlorophyll a-b binding proteins, rhodanese-like domain-containing proteins and xyloglucan endotransglycosylase/hydrolases, respectively (clusters 2, 3, and 4). Interestingly, TSWV alone and the mock treatment showed similar trends in expression (down-regulation) of the genes in cluster 7, which was predominantly comprised of JA and ET pathway genes (Figure 6). Moreover, in this cluster of genes, thrips activity alone resulted in an expression pattern (up-regulation) that was more similar to that of the dual treatment, which included defense and phytohormone related genes. Thrips activity largely down-regulated genes related to protein metabolism, photosynthesis and cell wall functional categories (clusters 1, 4, and 5). These results provide insights into correlation between biochemical pathways, including photosynthesis, protein metabolism, cell wall biogenesis and defense during single and dual attack by TSWV and the thrips vector.
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FIGURE 6. Hierarchical clustering of differentially-expressed genes in candidate pathways including defense and phytohormones, photosynthesis, cell wall organization, and protein metabolism. Heatmap showing the correlations of genes and treatments based on the averaged normalized hybridization data from 3 replicates per treatment. The row clusters (numbered 1 to 7) indicate genes that are correlated in terms of their expression and treatment from green (positive correlation) to red (negative correlation). The list of genes in each cluster is provided in Supplementary Table 6.




Pathway Analysis

Pathway analysis was performed on the microarray data to determine relative activities of five different phytohormone signaling pathways in modulating the TSWV-thrips interaction as per Studham and MacIntosh (2012). The pathway analysis uses q-values for each gene, magnitude and direction of fold change and assigns a role score based on Blast2GO and KEGG functional categories, then sums up their contributions to get the cumulative pathway score. Hence, it differs from an ANOVA that compares log2 (normalized hybridization intensity) of individual genes in the treatment relative to the control (Supplementary Table 6). Four of the five pathways (SA, JA, ABA, and AUX) appeared to be modulated by TSWV-infection alone or in combination with thrips (Table 2), however, plants infected with TSWV alone exhibited an overall negative effect (pathway score = −58.28) on the JA pathway. Thrips infestation on both non-infected and TSWV-infected plants activated the JA pathway, indication that the negative effect of TSWV alone on JA gene expression (Figure 4B) was neutralized by the large positive effect of thrips feeding and/or oviposition on the JA pathway (pathway score = 40.02 and 56.99). Tomato plants singly-challenged by pathogen or pest exhibited an apparent negative co-regulation or cross-talk between the SA and JA pathways, however, under dual challenge, both SA and JA pathways were generally up-regulated, suggesting that other factors, possibly the large ABA effect in the dual treatment (pathway score = 76.36), modulated the SA-JA crosstalk. It was also apparent that virus infection, regardless of thrips infestation, stimulated the ABA pathway and suppressed AUX pathway-associated genes, and had a moderate effect on the ET pathway even after infestation with thrips, indication that the observed thrips-only effect on the ET pathway (Table 2, pathway score = 40.01) was neutralized by TSWV infection (pathway score = 0.64) in the dual treatment. In total, our analysis revealed reciprocal modulation of key phytohormone pathways under dual attack. The phytohormone related genes used for this analysis are listed in Supplementary Table 9.


TABLE 2. Relative activity of phytohormones in the TSWV- Frankliniella occidentalis interaction.
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Gene Co-expression Network Analysis

Network analysis was performed on WGCNA-generated modules of co-expressed genes (Supplementary Table 10) to visualize connections among functional categories of interest (color coded) and differentially-expressed, annotated genes (Supplementary Figure 1), with the knowledge that the modular structure of complex networks plays a critical role in their functionality. The result of our network analysis indicated that the gene co-expression network contains five tightly connected groups of gene sequences, whose expression is highly correlated. While photosynthesis is the predominant functional category in all of the modules, each of the groups contain genes from other functional categories, such as plant hormone-related (ABA, AUX, ET, JA, and SA), protein metabolism, cell wall organization and defense functions, thus illustrating the interconnectedness among primary biological processes significantly perturbed by the virus and vector, and co-regulation of genes involved in primary metabolism (photosynthesis, cell wall organization, and protein synthesis) and defense responses.



Reverse Transcription-Quantitative PCR (RT-qPCR) Validation of Microarray Hybridization Data

Six genes associated with the SA, JA, and antiviral small-RNA-mediated gene silencing pathways that were determined to be differentially-expressed by the microarray hybridization experiment were further validated by reverse transcription-quantitative PCR (RT-qPCR) (Table 3). We included RNA-directed RNA polymerase 1 (RDR1), a key siRNA-pathway gene involved in the amplification of virus derived siRNAs that target viral dsRNAs for degradation, to examine antiviral defense. Overall, the average relative expression ratios of SA and JA marker genes, and RDR1 in response to virus infection alone or in combination with thrips mirrored the direction (positive or negative) of expression for the microarray analyses (Table 3). Furthermore, pairwise comparisons of treatment averages obtained for the microarray and real-time RT-qPCR analyses revealed similar patterns among treatments (Table 3). The normalized abundance (NA) of TSWV nucleocapsid (N) and silencing suppressor (NSs) RNA relative to leEF1 was also determined to estimate virus titer in leaf tissue. For virus infected plants (± thrips), there was a significant correlation (Pearson) (r = 0.996, P < 0.0001) between normalized abundance of N RNA and NSs RNA. Analysis of variance revealed significantly lower virus titers in leaves from TSWV-infected plants infested with F. occidentalis compared to plants infected with TSWV alone (Figure 7) (NSs RNA: P = 0.006; N RNA: P = 0.067), indicating that thrips infestation on infected leaves for 1 week significantly influenced virus accumulation. There were significant correlations (n = 6) between TSWV titer and Log2RER for NPR1 (NSs: r = 0.941, P = 0.005; N: r = 0.935, P = 0.006), and Cathepsin D (CI) inhibitor protein (NSs: r = −0.877, P = 0.022; N: r = −0.897, P = 0.015), an indication that expression of SA- and JA-associated transcripts may be quantitatively associated with the extent of TSWV infection (see Supplementary Table 11 for log2RER values for plant RNA expression (OPR3, AOS, CI, NPR1, BGL, and RDR1) and normalized abundance values for viral RNAs (N, NSs) and the corresponding correlation matrix).


TABLE 3. Reverse transcription quantitative-PCR (RT-qPCR) validation of differential genes.

[image: Table 3]

[image: image]

FIGURE 7. Estimation of virus titer in tomato plants systemically-infected with TSWV, 3-weeks post rub-inoculation. TSWV abundance was estimated by real-time quantitative reverse transcription PCR of TSWV N and NSs RNA normalized to tomato elongation factor 1 (leEF1) RNA in the 10th-youngest leaf of plants infected with TSWV alone (TSWV) or infested with F. occidentalis females (TSWV + thrips). Each bar represents the mean (and standard error) of three biological replications (n = 3 plants) of the thrips performance/microarray experiment. Analysis of variance revealed significant differences between the TSWV and TSWV + thrips treatments [N, P = 0.067; NSs, P = 0.006].




TSWV Infection Altered Phytohormone Levels

To determine single and combined effects of virus infection and thrips activity on the levels of the signal molecules (i.e., phytohormones), we quantified the levels of SA, JA, JA-Ile, and OPDA in leaf tissues 7-days post thrips release. Same-age leaflets that were immediately basal (older) to the leaves harvested for microarray analysis were used for phytohormone analysis. TSWV infection alone or in combination with thrips enhanced SA content in tomato leaves (Table 4). Thrips feeding had no apparent effect on any of the phytohormones at the time of sampling; however, the combined effect of TSWV and thrips resulted in significantly higher leaf contents of JA. There were no apparent differences among treatments with regards to JA-Ile or OPDA at the time of sampling (Table 4).


TABLE 4. Phytohormone content expressed as Log10(ng analyte g fresh weight–1) in leaflet samples from tomato plants systemically-infected with TSWV and/or infested with thrips 1 week-post thrips release.
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TSWV Infection Increased Total Free Amino Acid Content

As a measure of plant quality to the insect vector, we measured total free amino acid content to determine if TSWV infection altered the nutritional status of the host. There was a significant effect of time (biological replicate) (F = 10.87, df = 2, P = 0.0002) and treatment (F = 4.25, df = 3, P = 0.01) but not the interaction term (F = 1.11, df = 6, P = 0.37) on the total free amino acid content. Overall, TSWV infection alone and in combination with thrips feeding harbored greater total free amino acid content (Mean ± SE: 288.64 ± 110.87 and 290.12 ± 64.85, respectively) compared to mock-inoculated and thrips –fed plants (Mean ± SE: 164.03 ± 20.56 and 181.55 ± 25.23, respectively) (Figure 8).
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FIGURE 8. TSWV infection increased total free amino acid content in tomato plants. Tomato plants were systemically-infected with TSWV and/or infested with F. occidentalis. Each bar represents the mean ± standard error of n = 4 plants per biological replicate. Different letters indicate significant differences between treatments at P < 0.05.





DISCUSSION

Plants encounter and respond to multiple and often co-occurring biotic stresses such as pathogens and insect herbivores in a myriad of ways. Moreover, plant pathogens and insects that share the same host are likely to interact and these interactions may have positive, negative or neutral consequences (Belliure et al., 2005, 2010; Thaler et al., 2010; Pan et al., 2013; Eigenbrode et al., 2018). For instance, previous research by us and others showed that a plant virus, TSWV, enhanced survival and oviposition of a non-vector herbivore, spider mites (Belliure et al., 2010; Nachappa et al., 2013). In this study, we explored plant responses that underlie the impact of TSWV on its thrips vector, F. occidentalis. While previous research identified plant defense response as a key molecular mechanism through which TSWV affects its vector (Abe et al., 2012; Wu et al., 2019), other pathways could be involved (Nachappa et al., 2013). Here, we demonstrate that virus infection alters the expression of coordinated networks of regulatory genes controlling primary metabolic pathways and defense responses thereby rendering virus-infected plants more suitable hosts for its insect vectors. To our knowledge, this is the first study to identify global transcriptional networks that modulate TSWV-thrips interaction in tomato and provides information on key pathway players.

Orthotospoviruses depend solely on the thrips vector for transmission (Rotenberg and Whitfield, 2018). Several studies documenting changes in thrips settling behavior/host preference (Maris et al., 2004), feeding behavior (Stafford et al., 2011) or feeding ability (Shrestha et al., 2012) and/or performance (Maris et al., 2004; Belliure et al., 2005; Stumpf and Kennedy, 2005; Inoue and Sakurai, 2006; Stumpf and Kennedy, 2007; Shrestha et al., 2012; Ogada et al., 2013) due to direct or indirect effects of the virus illustrate the possibility of positive and negative outcomes (reviewed in Eigenbrode et al. (2018)). In the current study, we found that tomato plants infected with TSWV enhanced performance of thrips compared to healthy or mock-inoculated plants. Previous studies have shown that virus infection increases free amino acid content in infected plants (Markkula and Laurema, 1964; Shrestha et al., 2012), which is known to impact vitellogenesis in thrips and also serve as nutrients for the developing eggs (Klowden, 2013). In agreement with these results, we found that virus infection alone or in combination with thrips resulted in 2.5 and 1.9 times greater total free amino acid content compared to mock-inoculated plants. This suggests that the increased population of thrips is influenced by the increased concentrations of total free amino acids in TSWV-infected plants. In choice assays, we found that TSWV infection increased attractiveness of the host plant for thrips vectors. Recently, Wu et al. (2019) showed that TSWV infection enhances plant attractiveness to the thrips vector by suppressing synthesis of volatile plant terpenes, which is known to repel herbivores including thrips. There were two oligos related to terpene synthesis in the tomato GeneChip, monoterpene synthase 1 and sesquiterpene synthase 1, but they were not differentially-expressed (P < 0.05, fold change >2) between the treatments (data not shown). Taken together, we hypothesize that increased aggregation and population growth of thrips on virus-infected plants can potentially increase the number of viruliferous vectors, which in turn could be expected to increase virus secondary spread by thrips dispersal to neighboring plants. While it is well documented that TSWV spread in various vegetable crops grown in Australia (Coutts et al., 2004) and the south-eastern United States (Camann et al., 1995; Gitaitis et al., 1998) is primarily monocyclic in nature, i.e., primary flight of migratory viruliferous adults settling on plants and slow progression of within-field spread during the season, a 6-year epidemiological study of TSWV and F. occidentalis on processing tomatoes grown in the Central Valley of California points to the likelihood and impact of secondary spread of TSWV by viruliferous adults arising from larvae produced on early-season crops to neighboring late-season tomato crops (Batuman et al., 2020). Consistent with this scenario, attraction of female thrips to TSWV-infected plants would promote oviposition on these plants, and emerging larvae, the requisite stage for TSWV acquisition and subsequent plant inoculation as adults, would thrive on these plants, and at or around crop harvest, migrate as adults to inoculate later season crops.

Because we were primarily interested in separating indirect from direct effects of virus on adult thrips settling preference, we used non-viruliferous females in the current study. However, as stated above, one expected scenario in a field or greenhouse setting is the migration of viruliferous thrips settling on naïve or healthy plants. In this case, one might expect that plants would respond to thrips probing and feeding prior to establishment of a localized, and subsequently systemic viral infection, and this may have implications regarding host response to dual attack. Indeed, there is ample evidence that the type of the attacker (feeding guilds or host specialization) (Inbar et al., 1999; Kaplan and Denno, 2007; Poelman et al., 2008) and order of attack (Inbar et al., 1999; Viswanathan et al., 2007; Poelman et al., 2008; Erb et al., 2011) by two organisms can influence their plant-mediated interactions. A recent meta-analysis of published pest and/or pathogen, plant-mediated interaction studies revealed that in general, attack by a pathogen prior to herbivore attack had no significant effect on herbivore performance or the predicted outcome of JA-SA crosstalk (Moreira et al., 2018), an outcome that differs considerably from our findings. In addition, because very few studies have tested the reciprocal order (herbivore first, pathogen second), this meta-analysis study could not resolve the outcome. As such, the timing and relative occurrence of non-viruliferous and viruliferous thrips relative to orthotospovirus delivery, localized infection and systemic spread, and how these spatiotemporal events may coordinate plant host responses warrants future research to disentangle the complexity and dynamic nature of vector-transmitted plant diseases.

Plants infected with viruses are often found to be more suitable hosts for insect vectors than uninfected plants, specifically those transmitted in a persistent mode [reviewed in Eigenbrode et al. (2018)]. Until now, most studies have focused on virus-induced suppression of anti-herbivore defenses (Thaler et al., 2010; Abe et al., 2012; Casteel et al., 2012; Mauck et al., 2019; Wu et al., 2019). A recent study found that plants mount several layers of defense to resist attack from TSWV infection [reviewed in Zhu et al. (2019)]. Consistent with these findings, our study demonstrates that virus infection up-regulated a suite of genes related to plant innate immunity and defense response. In the TSWV-thrips interaction, virus infection has been shown to increase the anti-pathogen response (SA-related defenses) which suppresses the anti-herbivore response (JA-related defenses) by exploiting the antagonistic crosstalk between SA-JA plant defenses. This attracts and benefits the vector thrips compared to uninfected plants (Abe et al., 2012). Similarly, we found that virus infection induced a majority of SA-regulated genes and SA content in the plants, but only 29% of the JA-related responses in virus-infected plants were repressed in these plants, which suggests that the inhibition by SA of JA responsive genes is transient. SA-mediated suppression of JA- responsive gene expression is thought to mainly occur downstream of the JA biosynthesis pathway (Leon-Reyes et al., 2010). This may explain the down-regulation of JA-inducible genes such as wound-induced proteinase inhibitors, and the lack of down-regulation in JA biosynthesis genes such as OPR3, LOX AND AOS in TSWV-infected plants. In the current study, we used mechanical leaf-rub inoculation to infect plants with TSWV and thrips were released 2-weeks post virus-inoculation, by which time we expected that wound-related responses to be attenuated. Wounding and insect feeding activate JA-regulated wound response genes such as proteinase inhibitors (Green and Ryan, 1972; Walling, 2000; Wasternack et al., 2006) which could prime the plant to respond more strongly against thrips. However, previous studies found that early wound-response gene RNA levels are up-regulated 0.5 to 2 h after injury and late wound-response gene RNA levels increase from 4 to 8 h (Ryan, 2000; Chen et al., 2008; Scranton et al., 2013). Nevertheless, future experiments could include an undisturbed or healthy control to differentiate between host response to mock-inoculation and thrips feeding. It is likely that timing and magnitude of responses play a major role in orchestrating SA-JA antagonism. For example, Abe et al. (2012) found that the magnitude of suppression of JA-related genes was reduced at 7-day compared to 14-day post-TSWV infection. In the current study, gene expression was measured 3 weeks post-virus-infection, which may be one reason for attenuation of plant responses. Moreover, the host plants were different in the two studies, tomato (current study) versus Arabidopsis (Abe et al., 2012), which may in part explain the inconsistencies between the two studies. Further experimentation utilizing tomato mutants of the SA- and JA-signaling pathways would be useful to explore this result. Koornneef et al. (2008) showed that the antagonistic effect of SA on JA signaling was evident when SA was applied simultaneously with MeJA; however, when SA was applied more than 30 h prior to the onset of the JA response, SA-mediated suppression of JA was not observed. These results suggest that SA-JA crosstalk is transient and depends on the timing, magnitude and order of elicitation. Given the dynamic nature of TSWV infection and symptom development (chlorosis, stunting, and wilt), it is crucial to analyze gene expression profiles during early versus late stages of infection or disease development as it relates to vector performance. While the roles of SA and JA/ET in plant defenses are well-established, these hormones also affect a myriad of development processes such as growth repression, flower development and fertility (JA), flowering time (SA), and germination, senescence and fruit ripening (ET) that may influence outcomes of virus infection. This suggests an intimate interplay exists between phytohormone regulation and primary metabolism [reviewed in Rojas et al. (2014) and Berens et al. (2017)].

Other phytohormones such as ET, ABA, auxins, brassinosteroids, cytokinins and gibberellins also play in role in plant-pathogen interactions (De Bruyne et al., 2014; Shigenaga and Argueso, 2016; Yue et al., 2016; Berens et al., 2017; Yang et al., 2019). In the current study, we found that virus infection alone and in combination with thrips up-regulated ABA-related genes and down-regulated auxin-related genes. In general, ABA acts antagonistically with SA, hence it may be beneficial for the virus to induce ABA genes, resulting in suppression of anti-pathogen or SA-mediated defenses (Mauch-Mani and Mauch, 2005; Asselbergh et al., 2008). The role of ABA in response to insect feeding is not clear; however, studies have shown that aphids induce ABA as a decoy strategy to suppress SA- and JA-related defenses (Studham and MacIntosh, 2013; Nachappa et al., 2016). Thrips feeding down-regulated ABA-related genes. Auxin regulates plant growth and development, and is also involved in stress responses [reviewed in Kazan and Manners (2009)]. Auxin can affect disease outcomes directly and indirectly. Direct interaction may involve interaction with other phytohormones including SA, JA, and ET. For example, auxin suppresses immunity against the bacterial pathogen Pseudomonas syringae via SA suppression (Wang et al., 2007). Indirect effects of auxin may involve changes in plant growth and development and thereby outcomes of disease resistance. Virus-infected plants often show developmental abnormalities such as stunting and leaf curling, which resemble auxin mutants leading to the conclusion that virus infection alters host auxin signaling. We found that TSWV infection alone and the dual treatment suppressed auxin genes potentially resulting in TSWV-related developmental abnormalities; however, the impact of such developmental alterations on the insect vector is not known.

Although at different time points post-infection, similar trends documented in the transcriptome profiles of tomato and Arabidopsis during TSWV were consistent with our findings (Catoni et al., 2009; Padmanabhan et al., 2019; Xu et al., 2020). We collected plant samples after thrips infestation (3 weeks after virus inoculation) but the other published work suggests that at the time of first thrips deposition on plants, 2 weeks after TSWV-inoculation, these important defense responses and plant barriers were compromised and promoted thrips performance on plants infected with TSWV. Notably, we found that virus infection alone and the combined treatment of virus and thrips down-regulated the majority of the photosynthesis-related genes such as ribulose bisphosphate carboxylase, ATP binding protein, chaperone, and chlorophyll a/b-binding proteins. Although considerable progress has been made in understanding the plant defense responses, very little is known about the role of primary metabolic pathways associated with plant growth and development in regulating defense responses. It is hypothesized that the energy saved by down regulation of primary metabolism specifically photosynthesis and chlorophyll biosynthesis is diverted and used for defense responses (Less et al., 2011; Rojas et al., 2014). Moreover, the chloroplast houses several important steps in the synthesis of phytohormones involved in defense, such as SA, JA, and ABA [reviewed in Kangasjärvi et al. (2012)]. Hence, chloroplast-related proteins potentially crosstalk with defense-related proteins. The chloroplast is also the engine of plant growth and plays a crucial role in symptom development. For example, the development of chlorotic or yellowing symptoms of virus-infected plants is likely due to suppression of chloroplast pigment genes. Previous research found that TSWV-infected lettuce plants were more attractive for thrips vectors compared to healthy plants because of the yellow color of the infected plants (Yudin et al., 1987). Catoni et al. (2009) also found that genes related to photosynthesis were suppressed in tomato leaves 14 dpi. More recently, Xu et al. (2020) studied gene expression in response to TSWV infection in Arabidopsis across different development stages (9, 12, and 15 dpi). They too found that genes such as rubisco and Chaperonin and others involved in the photosynthesis pathway were largely suppressed in response to TSWV infection.

In this study, we found that virus infection altered genes related to cell wall organization or biogenesis. Most cell-wall-modification enzymes such as xyloglucan endochitinase, endotransglycosylase/hydrolases and pectinesterase expression levels were decreased in virus-infected plants. In contrast, cell wall degradation genes such as expansin, some cellulases and beta-1, 3-glucanases were upregulated. In agreement with our findings, Xu et al. (2020) found that cellulose synthesis genes were down-regulated whereas cellulases and beta-1,3-glucanases were up-regulated to promote cell wall degradation. Interestingly, beta-1, 3-glucanase is a SA-inducible PR gene that results in SA accumulation during pathogen attack. In a study on transcriptome analysis of a TSWV resistant tomato line (Sw-7) and susceptible line challenged with TSWV infection, the authors found cell wall-related genes to be down-regulated in the resistant line, Sw-7 and only three out of the five pectinesterases were up-regulated (Padmanabhan et al., 2019). The authors also reported up-regulation of pathogenesis-related proteins, PR-1 and PR-5 (osmotin) that modulate callose and lignin deposition in the cell wall leading to restricted virus movement in the resistant line. Indeed, our study also found increased expression of PR-1 and PR-5 in virus-infected plants. These findings provide evidence supporting the dual regulatory role of cell wall organization genes in plant structure and defense. It is possible that suppression of cell wall genes renders the plant more susceptible to the penetration of mouthparts of thrips vectors.

Another functional category of interest was protein synthesis and degradation. Plants are known to accelerate protein metabolism to resist virus infection and spread (Verchot, 2016). In the current study, genes related to protein synthesis and degradation were induced in response to TSWV infection alone and in combination with thrips feeding. Specifically, genes associated with ribosome 60S or 40S subunits were induced as were genes associated with protein degradation such as those that encode 26S proteasome and in the ubiquitination pathway. These results are in agreement with a previous report of increased up-regulation of protein degradation genes during TSWV infection (Xu et al., 2020). Analysis of total free amino acids revealed increased AA content in TSWV-infected plants compared to mock and thrips infested plant. This increase may in part be due to increased protein metabolism in virus-infected plants. It is likely that induction or suppression of specific amino acids is involved in plant defense against pathogens and insects. However, since we did not analyze individual amino acids, we cannot make conclusions about the role of amino acids in defense. There are reports of the involvement of particular amino acids in defense. For example, the lht1 (lysine histidine transporter 1) mutant of Arabidopsis has significantly reduced contents of glutamine, alanine, and proline in comparison with wild-type plants and showed enhanced resistance to diverse bacterial, fungal, and oomycete pathogens (Liu et al., 2010).

The positive effect of TSWV on F. occidentalis described here is consistent with the work of other researchers, but we cannot overlook the broad acting effects of TSWV on non-vector and other trophic levels. Indeed, previous research showed that TSWV infection had positive effects on non-vectors as well (Belliure et al., 2010; Nachappa et al., 2013) by modulating the same pathways namely defense response, photosynthesis, cell wall metabolism and protein metabolism (Nachappa et al., 2013). Hence, changes in these key pathways may also be exploited by non-vector herbivores. Interestingly, one study found that TSWV-infected female thrips were more predaceous on spider mite eggs compared to uninfected thrips (Stafford-Banks et al., 2014). While this behavior is unlikely to increase virus transmission directly, TSWV infection appears to indirectly enhance fitness of thrips vector by improving oviposition of the spider mite prey. In contrast, Pan et al. (2013) found that TSWV infection decreased fitness of whiteflies on peppers. Further research is required to determine whether these mechanisms are different from those identified in our study. Virus infection can also alter plant volatiles that can have consequences for both vector and non-vector herbivores. For example, significantly more aphids settled onto barley yellow dwarf virus-infected than non-infected plants (Jimenez-Martinez et al., 2004). In contrast, fungus gnat adults preferred non-infected plants compared to white clover mosaic virus-infected plants based on their volatile blends (van Molken et al., 2012). These results suggest that the consequences of virus infection on vector and non-vectors and the third trophic level depends on the specific ecological setting, i.e., the species involved, the order in which they attack, the time span of the interaction, the frequency and spatial scales at which pathogens and herbivores co-occur (Roossinck, 2011; van Molken et al., 2012).

In the current study, TSWV appeared to be the prominent driver of plant responses, with some modulation by the thrips vector. With a few specific exceptions, the combination of TSWV and thrips mirrored global gene expression patterns of TSWV infection alone, which suggests that TSWV infection has a significant effect on plant physiology compared to thrips. However, this was likely due, in part, to the length of time allowed for virus accumulation and symptom development (2 weeks) prior to release of female thrips on these plants. Interestingly, we found that thrips – on infected plants for only 1 week prior to sampling – had a negative effect on virus titer as measured by real time qRT-PCR using two viral genes, TSWV-N and NSs. The expression of canonical virus-activated pathways was similar for TSWV alone and the dual treatment leading us to hypothesize that (i) the dual attack may further compromise plant health and thus creates a less suitable host, or (ii) the presence of the insect vector alters the virus composition in the plant host through a yet unidentified pathway or mechanism. Further exploration of this phenomenon is warranted and it will be interesting to determine if thrips perception by the plant alters the virus in a way to promote acquisition similar to transmission morphs described for non-circulative viruses (Gutiérrez et al., 2013; Martinière et al., 2013; Berthelot et al., 2019).
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Reactive nitrogen species (RNS), mainly nitric oxide (NO), are highly reactive molecules with a prominent role in plant response to numerous stresses including herbivores, although the information is still very limited. This perspective article compiles the current progress in determining the NO function, as either a signal molecule, a metabolic intermediate, or a toxic oxidative product, as well as the contribution of molecules associated with NO metabolic pathway in the generation of plant defenses against phytophagous arthropods, in particular to insects and acari.
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INTRODUCTION

Plants are in constant struggle with a variety of biotic stresses in nature that limit their survival. Among them, phytophagous arthropods are one of the most devastating groups. These herbivores employ specialized feeding modes to obtain nutrients causing leaf defoliation, chlorosis, biomass destruction, growth delay, and even worse consequences under severe infestations leading to an important negative impact in crop yields. Plants have developed sophisticated protection strategies against herbivore combining constitutive and inducible defenses, as the result of their long coexistence during the last 100 million years (Santamaria et al., 2013, 2018a). While constitutive defenses are constantly present, inducible ones are just activated in response to a specific threat, being their nature and mechanism of action directly targeted to the precise feeder and dependent on the plant species and developmental stage. The induction of defenses starts when plasma membrane-specific receptors (pattern recognition receptors, PRRs) recognize conserved herbivore-associated molecular patterns (HAMPs), microbe-associated molecular patterns (MAMPs) derived from herbivore symbionts, or damage-associated molecular patterns (DAMPs) linked to the herbivore injury. The perception of these molecular patterns promotes downstream short-term responses, first at the membrane level (potential depolarization, Ca2+ influxes, etc.), followed by the generation of reactive oxygen and/or nitrogen species (ROS and RNS) as signaling molecules, the activation of kinase cascades, and the synthesis of hormones to finally regulate the expression of defense genes (Fürstenberg-Hägg et al., 2013; Santamaria et al., 2018a). These cues prompt a set of defense events known as pattern-triggered immunity (PTI), by activating signal transduction pathways to synthesize defense metabolites (Jones and Dangl, 2006; Zipfel, 2014; Santamaria et al., 2018a). Alternatively, plant intracellular receptors identify herbivore molecules, elicitors or effectors, that selectively can either trigger or compromise plant immunity altering the defense machinery. This additional response, termed effector-triggered immunity (ETI), is considered an amplified reaction of the PTI (Tsuda and Katagiri, 2010). Early responses take place within minutes to hours after herbivore detection to then induce late-term responses whose products include defensive molecules with toxic, anti-nutritive, deterrent, or repellent properties and volatiles to attract natural enemies of the phytophagous pest (Santamaria et al., 2018a; Stahl et al., 2018; Erb and Reymond, 2019). The whole process is under the regulation of a complex hormonal crosstalk between jasmonic acid (JA), salicylic acid (SA), and ethylene (ET), besides other phytohormones. The known antagonistic relation between SA and JA allows a fine-tune regulation of the defense process (Erb et al., 2012; Schmiesing et al., 2016). Generally, JA-depending pathway is activated by chewing insects, whereas SA regulates responses induced by sucking-feeders (Bari and Jones, 2009; Pieterse et al., 2012), and a balance between JA/SA modulates defenses against sucking mites (Wei et al., 2014; Zhurov et al., 2014; Santamaria et al., 2020a).

Despite all the information available about the plant defense against arthropods, our knowledge on oxidative and particularly on nitrosative signaling is poorly understood. Levels of ROS and RNS, mainly hydrogen peroxide (H2O2) and nitric oxide (NO), increase during insect and acari infestation, and the redox status balance in the cell determines their function since moderate ROS/RNS concentrations differentially sense defense signaling, but an excess of oxidative stress produces chemical oxidation and induces programmed cell death (Foyer and Noctor, 2005; Bittner et al., 2017; Santamaria et al., 2017, 2018b).



NO METABOLISM

Nitric oxide is clearly recognized as an intra- and intercellular signaling molecule involved in the regulation of a huge range of plant processes ranging from development to resistance and defense responses to biotic and abiotic stresses (Sanchez-Vicente et al., 2019). Two pathways coexist in plants to produce NO, reductive and oxidative ones, involving nitrite and arginine as substrates, respectively (Leon and Costa-Broseta, 2020; Figure 1). Within reductive pathways, NO production arises by both enzymatic and non-enzymatic reactions and is usually dependent on oxygen and NO2– concentrations. Nitrate reductase (NR), a multifunctional cytoplasmic enzyme, whose main function is nitrate assimilation to produce NO2– in a NADPH-dependent way (Campbell, 2001), also shows nitrite reductase (NR) activity, although this represents only 1% of its reductase ability under normal conditions (Yamasaki and Sakihama, 2000; Rockel et al., 2002; Astier et al., 2019). NO production through the action of NR has been demonstrated using different approaches. The mitochondrial electron transport chain (mETC) under anaerobic/hypoxic conditions and the xanthine dehydrogenase–oxidase under anaerobic conditions or phosphate deficiency may also produce NO (Wang et al., 2010; Gupta et al., 2011; Cantu-Medellin and Kelley, 2013). On the other hand, under specific environmental conditions, such as low pH and high concentrations of NO3–, non-enzymatic reduction into NO takes place (Wendehenne et al., 2001; Bethke et al., 2004; Stöhr and Stremlau, 2006; Fancy et al., 2017).
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FIGURE 1. Schematic overview of NO sources and pathways in a plant cell and a heatmap of NO-associated genes expressed in the subcellular locations of A. thaliana after spider mite feeding. The diagram shows the main sources and pathways of NO (black arrows) including both oxidative and reductive pathways, the main scavengers (pink arrows) including superoxide ion, GSH, and hemoglobins, and the main NO mechanisms of action (orange arrows). Discontinued lines represent the mechanisms not experimentally demonstrated. A heatmap showing transcriptomic data of NO-associated genes from A. thaliana at different infestation times (30 min, 1, 3, and 24 h) with T. urticae is comprised within bubbles, positioned over the subcellular compartment where genes are expressed according to SUBA predictions, with a score ≥0.5. IAA, indole-3-acetic acid; IBA, indole-3-butyric acid; GSH, glutathione; GSNO, S-nitrosoglutathione; GSNOR, S-nitrosoglutathione reductase; Hbs, hemoglobins; L-Arg, L-arginine; mETC, mitochondrial electron transport chain; NR, nitrate reductase; NO, nitric oxide; NOS-L, nitric oxide synthase-like; NOA, NO-associated protein; P-NO, nitrosylated protein; P-N-Tyr, nitrated protein; P-SNO, S-nitrosylated protein; PTMs, post-translational modifications; XOR, xanthine oxidoreductase.


The oxidative pathway involves the activity of specialized enzymes as the nitric oxide synthases (NOSs), which oxidize L-arginine to form L-citrulline and NO, and they are well characterized in mammals (Alderton et al., 2001). However, controversial results about this activity have been shown in plants. Bioinformatics approaches have shown no NOS gene/protein in higher plants (Jeandroz et al., 2016; Hancock, 2019), excluding some algae (Foresi et al., 2015), and the typical mammalian NO–cGMP signaling pathway has been also questioned (widely reviewed in Astier et al., 2019). Nevertheless, NOS-like activity has been extensively described in plants by the use of NOS inhibitors and even by heterologous expression of mammalian NOS (Zeidler et al., 2004; Ali et al., 2007; Astier et al., 2018), and the denomination “NOS-like” is adopted for this activity.

Once synthesized, NO is highly reactive, and there are three main types of molecules that react with NO: ROS, glutathione (GSH), and metals (Romero-Puertas and Sandalio, 2016). NO rapidly reacts when present, with the radical superoxide (O2–) generating peroxynitrite (ONOO–), which is one of the most potent oxidant molecules in the cell leading to lipid peroxidation, protein nitration (Ischiropoulos and al-Mehdi, 1995; Radi, 2004), oxygenated forms of cysteine (Cys) residues (sulfenic, sulfinic, and sulfonic acids), and S-glutathionylation (Martínez-Ruiz et al., 2013). ONOO– has been shown to be produced under different stress conditions in plants (Romero-Puertas et al., 2007; Arasimowicz-Jelonek and Floryszak-Wieczorek, 2019). NO can also react with lipid peroxyl radical (LOO⋅) to produce nitro-fatty acids that are related to plant development and plant response to abiotic stress (Rubbo, 2013; Mata-Perez et al., 2017). Besides, the reaction of NO with GSH produces nitrosoglutathione (GSNO), which is considered an endogenous NO reservoir (Noctor et al., 2012) and acts as an S-nitrosylating agent. GSNO is metabolized by GSNO reductase (GSNOR) to transform GSNO into glutathione disulfide (GSSG) and ammonia. Thus, GSNOR controls intracellular levels of GSNO and NO and, therefore, plant responses under different conditions (Liu et al., 2001; Yun et al., 2016). On the other hand, globins are proteins able to metabolize NO producing NO3– (Perazzolli et al., 2004; Becana et al., 2020), and consequently, these proteins can control NO levels by detoxification or through post-translational modification (PTM) reactions (Perazzolli et al., 2006; Figure 1).



NO MECHANISM OF ACTION: CROSSTALK WITH ROS AND H2S

Nitric oxide reactivity leads to its main mechanism of action being PTM of proteins, which are carried out by a series of RNS produced by the reaction of NO with other free radicals as described before. PTMs best studied in plants are: (i) S-nitrosylation/S-nitrosation, referred to the formation of a nitrosothiol group in cysteines, with more than thousand targets described in plants, although a small number have been characterized (Sanchez-Vicente et al., 2019; Sandalio et al., 2019); (ii) nitration, being mainly studied the addition of a nitro group to Tyr side chain, with more than hundred targets described and only a dozen characterized (Rubbo and Radi, 2008; Sanchez-Vicente et al., 2019), and (iii) nitrosylation of transition metals, with the formation of complex bonds to heme groups (Martinez-Ruiz and Lamas, 2009), scarcely studied in plants. NO-dependent PTMs result in the induction of different physiological responses and/or signaling processes as alteration of gene expression, metabolic changes, and phytohormone signaling. Furthermore, NO may regulate other signaling pathways, such as phosphorylation, oxidation, and ubiquitinylation (Cui et al., 2018; Leon and Costa-Broseta, 2020; Lindermayr et al., 2020). Therefore, the ability to regulate virtually all processes in the plant makes NO a do it all molecule (Delledonne, 2005).

Post-translational modification regulation of proteins is quite complex, however, due to the synergistic and antagonistic interplays between the different PTMs (Sandalio et al., 2019). Overlapping of different PTMs on the same protein is very often and follows common pattern in different species, which demonstrate the importance of multilevel PTM regulation in cell metabolism (Duan and Walther, 2015). NO crosstalk with other signaling molecules, such as the well-known ROS and the lesser-known sulfide (H2S), leads to an interplay between redox-dependent PTMs being targets the sulfur-containing amino acids, such as cysteine. Thus, the first step in Cys oxidation is S-nitrosylation while the main ROS involved in signaling, H2O2, leads Cys to the following steps, its reversible oxidation to sulfenic acid (–SOH; sulfenylation) and sulfinic acid (–SO2H; sulfinylation). Excessive ROS accumulation gives rise to the irreversible sulfonic acid (–SO3H; sulfonylation) derivative (Young et al., 2019). S-nitrosylation, sulfenylation, sulfinylation, and intra- and intermolecular disulfide bond formations are rapid and reversible mechanisms to regulate protein function, stability, and location of proteins (Sandalio et al., 2019; Young et al., 2019). Due to their transient nature, these sulfur modifications, which can be reversibly reduced by thioredoxin and glutaredoxin pathways, are regarded as redox switches, giving rise to rapid finely tuned regulation of metabolic pathways and signaling processes (Sandalio et al., 2019; Young et al., 2019). H2S, involved in regulating various processes essential for plant survival, has been demonstrated recently to be a signaling molecule in the same degree of NO and H2O2 in plant systems (Gotor et al., 2019; Hancock, 2019). The mechanism of action of H2S is related with its high affinity for metals from metalloproteins, but it also can oxidize Cys thiol groups to persulfide groups (R-S-SH) promoting covalent PTMs termed persulfidation, which could play a protective role for thiols against oxidative damage (Gotor et al., 2019). Interestingly, RNS and ROS levels are regulated by the interplay between ROS-, H2 S-, and NO-dependent PTMs. Curiously, S-nitrosylation prevents ROS-dependent oxidative damage to several proteins involved in the Calvin–Benson cycle, probably by inducing conformational changes in specific proteins (Tanou et al., 2012). Crosstalk between NO and H2S has been reported in acclimation processes in citrus plants (Molassiotis et al., 2016). On the other hand, antagonistic interplay between protein Tyr nitration and phosphorylation competing for the same Tyr sites has been reported, interfering with different cellular processes, such as cell signaling via MAP kinase cascades (Arasimowicz-Jelonek and Floryszak-Wieczorek, 2019). Although several proteins have been shown as targets of NO-dependent PTMs under different stress conditions, in particular, plant–herbivore interaction is a field that needs to be better explored.



NO IN PLANT–HERBIVORE INTERACTIONS

Some publications have described the rapid accumulation and participation of NO as a common feature to insect-infested plants (Table 1). Different arthropods including hemipteran (Smith and Boyko, 2007; Moloi and van der Westhuizen, 2009; Liu et al., 2011; Mai et al., 2014; Wozniak et al., 2017; Li et al., 2019; Xu et al., 2020) and lepidopteran species (Arimura et al., 2008; Bricchi et al., 2010) cause a rapid and transient increase of NO levels in insect-damaged tissues. However, its physiological significance remains to be established. NO has not been linked to Vm depolarization as H2O2 has, but it has been related to Ca2+ homeostasis and cGMP signaling (Wu and Baldwin, 2009; Misra et al., 2011). Thus, it could exert its biological function through the mobilization of secondary messengers or by the modulation of protein kinase activity. NO interacts with ROS and phytohormones (Mur et al., 2013) and, in consequence, may indirectly act as regulator of the gene expression. In addition, the PTM of proteins mediated by NO, described above, may have potential regulatory effects in plant defense against herbivores as it does toward plant pathogens (Mur et al., 2006; Martinez-Medina et al., 2019).


TABLE 1. Participation of NO and NO-related enzymes in the plant defenses against phytophagous insects.
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In seedling leaves of pea (Pisum sativum), Mai et al. (2014) described the convergence of NO and H2O2 accumulation with the induction of JA, ET, and SA, hormones that sequentially appeared within the first 24–96 h after the aphid Acyrthosiphon pisum feeding. The simultaneous generation of hormones and free radicals at the same time points suggested a synergistic defense action in pea plants to aphid infestation. Moreover, the application of exogenous NO donors (NO, GSNO, and SNP, sodium nitroprusside) to pea plants infested with A. pisum revealed the induction of defense reactions leading to a deterrent result on the pea aphid feeding and the reduction in its population growth (Wozniak et al., 2017). A side effect of SNP treatment is the release of cyanide, a potent respiratory poison with a deterrent effect on phytophagous arthropods who try to elude it or detoxify (Pentzold et al., 2014; Keisham et al., 2019). Campbell and Vallano (2018) analyzed the effects of atmospheric NO2 leaf uptake on tobacco (Nicotiana tabacum) metabolism and its impact in the tobacco responses to the lepidopteran Manduca sexta. Results showed that the foliar assimilation of NO2 increased the nitrogen-derived defensive metabolites, particularly of some alkaloids, and diminished insect feeding and growth. To avoid this defense mechanism, herbivore modified somehow the plant capacity to absorb the reactive nitrogen, prompting a decrease in foliar nitrogen uptake and limiting the concentration of metabolites in leaves. Moreover, accumulating evidences indicate that an interactive fashion of phytohormones and NO regulates guard cell ABA-signaling and stomatal closure, which restricts the foliar uptake of NO2 (Sun et al., 2019). In turn, only few available reports have demonstrated the function of enzymes and other molecules associated with NO metabolic pathway in the generation of plant defenses to pests. Li et al. (2019) showed that the NO production in rice (Oryza sativa) plants was associated with their responses to Nilaparvata lugens infestation, in both susceptible and resistant cultivars. The rice planthopper feeding induced the activity of the NOS-like enzyme only in the susceptible cultivar, whereas no significant alterations of the NR enzymatic activity were observed, in none of the two rice-infested cultivars. These results suggested the active role of NOS in rice defense mediated by NO. Likewise, Wünsche et al. (2011a) examined the function of the GSNOR enzyme in the plant–herbivore interaction by knocking-down GSNOR in Nicotiana attenuata plants. A decrease in JA and ET levels in the silenced plants was observed concomitant to an elevated susceptibility to M. sexta attack. Accordingly, the GSNOR-silenced tobacco plants showed a significant reduction of the trypsin proteinase inhibitor activity and in the diterpene glycosides content, both considered secondary defensive metabolites dependent on the JA derivatives. Wünsche et al. (2011b) also proved that the N. attenuata NO-associated protein 1 (NOA1) was required for the accumulation of JA and JA-Ile and the generation of defenses against M. sexta. NOA1-silenced tobacco plants compromised the production of most of the carbon-based defensive compounds while the synthesis of nitrogen-rich defense metabolites was not altered. These results were probably due to the role of NOA1 in plant chloroplast functions and in the allocation of carbon resources within phenylpropanoid pathway (Wünsche et al., 2011b). Very recently, Xu et al. (2020) have demonstrated that the hemipteran Bemisia tabaci infestation activated NO signaling in tobacco, leading to suppression of JA-dependent defenses and improving nymph performance. Additionally, they have confirmed the NOA1 involvement in the JA-mediated responses to B. tabaci.

The mechanism by which NO mediates the enhancement of plant defenses against pests is still poorly studied, but a recent publication by Li et al. (2019) has linked a mitogen-activated protein kinase, OsMAPK20-5, to NO production in N. lugens-infested rice plants. The OsMAPK20-5 gene expression was up-regulated by female adult feeding, which presumably could be a response to oviposition. Surprisingly, the levels of NO and ET increased after insect feeding in the OsMAPK20-5-silenced plants and consequently improved rice resistance to brown planthopper and oviposited eggs. According to the authors, OsMAPK20-5 could enable rice plants to control excessive hyperaccumulation of NO and ET and thereby to prevent autotoxicity. Importantly, in field trials, MAPK20-5-silenced rice lines displayed a wide protection not only to the N. lugens but also to the white-backed planthopper Sogatella furcifera. Therefore, NO could mediate defense responses in plants against pests acting as a signal molecule, a metabolic intermediate, or a toxic oxidative product.

Since no information on the NO’s role in the interplay between plant and phytophagous acari was available, we did a search of NO-related genes in the RNA sequencing of Arabidopsis thaliana in response to the spider mite Tetranychus urticae after 30 min, 1, 3, and 24 h of feeding (Supplementary Material; Santamaria et al., 2020b). Nineteen NO-associated genes, mainly encoding nitrate transporters, NRs, and nitrilases, were differentially expressed at different time points of infestation. Nitrate transporters showed different expression patterns based on their subcellular in silico location. Generally, those transporters located at the cytoplasmic membrane were rapidly induced by mite infestation, followed by the ones located at the vacuole. NIA1 and NIA2 genes that encode RNS were highly up-regulated at 30 min after mite feeding but were repressed at 24 h. Glutathione synthetase 2 (GSH2) gene putatively located at the chloroplast and cytosol and arginine amidohydrolase 2 (ARGAH2) gene product located at the mitochondria presented the opposite expression pattern being induced at longer infestation time (Figure 1). These differential expression profiles are according to the consecutive steps of plant defense to mite attack since after mite perception, signaling is first activated at the cell membrane level and then transmitted through the cytosol to the rest of the organelles to finally induce the expression of defensive genes. In addition, the identified genes were classified into five different over-expressed categories based on their Gene Ontology (GO) biological function, all of them related to RNS metabolic processes (Supplementary Table 1). These data suggested their functional significance during T. urticae infestation. Further studies are needed to clarify the NO and NO metabolic pathways in the plant defenses against acari feeders.

In conclusion, the current information on how plant responses are regulated by NO and NO-related molecules constitutes still a set of unknown events to be explored, particularly, in the plant–acari interplay. An advanced understanding of the NO function in plant–herbivore interactions will be a strong tool to enhance crop performance and potentially lead to biotechnological approaches for pest control in agricultural systems.
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Plants and phytophagous arthropods have co-evolved for millions of years. During this long coexistence, plants have developed defense mechanisms including constitutive and inducible defenses. In an effort to survive upon herbivore attack, plants suffer a resource reallocation to facilitate the prioritization of defense toward growth. These rearrangements usually end up with a penalty in plant growth, development or reproduction directly linked to crop losses. Achieving the balance to maximize crop yield requires a fine tune regulation specific for each host-arthropod combination, which remains to be fully elucidated. The purpose of this work is to evaluate the effects of induced plant defenses produced upon pest feeding on plant fitness and surrogate parameters. The majority of the studies are focused on specific plant-pest interactions based on artificial herbivory damage or simulated defoliation on specific plant hosts. In this meta-analysis, the relevance of the variables mediating plant-pest interactions has been studied. The importance of plant and pest species, the infestation conditions (plant age, length/magnitude of infestation) and the parameters measured to estimate fitness (carbohydrate content, growth, photosynthesis and reproduction) in the final cost have been analyzed through a meta-analysis of 209 effects sizes from 46 different studies. Herbivore infestation reduced growth, photosynthesis and reproduction but not carbohydrate content. When focusing on the analyses of the variables modulating plant-pest interactions, new conclusions arise. Differences on the effect on plant growth and photosynthesis were observed among different feeding guilds or plant hosts, suggesting that these variables are key players in the final effects. Regarding the ontogenetic stage of a plant, negative effects were reported only in infestations during the vegetative stage of the plant, while no effect was observed during the reproductive stage. In addition, a direct relation was found between the durability and magnitude of the infestation, and the final negative effect on plant fitness. Among the parameters used to estimate the cost, growth and photosynthesis revealed more differences among subgroups than reproduction parameters. Altogether, this information on defense-growth trade-offs should be of great help for the scientific community to design pest management strategies reducing costs.
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INTRODUCTION

As plants are sessile organisms, they cannot escape from environmental cues, therefore, they have developed various mechanisms to overcome these biotic and abiotic stresses (Schoonhoven et al., 2005). During millions of years, the interaction between plants and their phytophagous opponents has shaped an intricate network of defenses and counter-defenses (Santamaria et al., 2013). Plant defenses can be classified broadly as constitutive (permanent) or induced (temporary) (Karban and Baldwin, 1997). Constitutive defenses are always present in the plant and do not depend on the attack of herbivores. These defenses are constantly activated but not always needed, which entails high costs for the plants (Karban, 2011). On the other hand, induced defenses are activated only in the presence of the attacker. In this context, the plant defense theory suggests that inducible resistance has evolved to reduce the costs of constitutive defenses (Heil and Baldwin, 2002; Cipollini et al., 2003; Zangerl, 2003; Cipollini and Heil, 2010). Although induced defenses allow plants to avoid the costs of implementing defenses in the absence of enemies, plants may suffer considerable damage during the time required to mount this defense response upon infestation (Frost et al., 2008). The implementation of plant defenses imposes a substantial demand for resources, which has been suggested to reduce growth. This negative impact on growth could result from diminished photosynthesis (Xia et al., 2009; Kirschbaum, 2011), which would decrease the overall pool of energy reserves, and/or from a diversion of resources away from growth and toward defense. As deficiencies in defense capabilities can result in plant damage, a balance between growth and defense must be achieved to optimize plant fitness (Huot et al., 2014). This growth-defense trade-off appears to result from plant allocation decisions intended to maintain optimal fitness while responding to a specific stress. Allocation costs can occur if large quantities of fitness-limiting resources are redirected to resistance traits. Such allocations might not be quickly recycled and hence are unavailable for fitness-relevant processes like growth or reproduction (Heil and Baldwin, 2002). It is well-known that the effects of induced defense on plant fitness depends on the specific pest and the target plant host but there are other variables very important in the final result that have been unexplored. Only Hawkes and Sullivan (2001) have compared the growth and reproduction costs in different plants (dicot, monocot, woody). However, the results are inconclusive, being the approach and data used quite restrictive because of the early date of publication and the limited number and type of available experiments. Several articles have shown a negative effect on plant fitness due to the induction of defenses against a specific pest, but the effect of the phytophagous specialization or their feeding guild have been poorly studied. In this sense, Nykänen and Koricheva (2004) did not find any significant effect of feeding specialization in the growth rate of woody plants, and Zvereva et al. (2010) performed a broader analysis but restricted to woody plants attacked by sap-feeders.

Most of the previous reports were focussed on one plant species infested with one particular pest under specific infestation conditions. Furthermore, each study uses different approaches to measure plant fitness which makes comparisons much more complicated. The proper measurement of fitness is critical to evaluate the duty paid for plant survival upon phytophagous infestation. The term “fitness” is related with “reproductive success” and during years the effects of herbivory on plant fitness were measured exclusively in terms of seed production (Strauss, 1997). Other parameters related with plant reproduction have also been used as fitness indicators, like seed yield, fruit production or seed size (Bardner, 1968; Sances et al., 1982; Summers and Newton, 1989; Bufon et al., 2020). However, the term “fitness” is more complex and the parameters used to estimate it have been changing along the time. As phytophagous feeding causes numerous alterations of the plant primary metabolism, several authors have monitored different parameters related to photosynthesis, transpiration, remobilization of carbon and nitrogen resources, sugar or water content as indicators of plant growth (Sances et al., 1979; Hutchison and Campbell, 1994; Watanabe and Kitagawa, 2000; Nykänen and Koricheva, 2004; Botha et al., 2006; Giri et al., 2006; Schmidt et al., 2009; Halitschke et al., 2011; Ochoa-Lopez et al., 2015; Machado et al., 2017; Santamaria et al., 2017, 2018; Bufon et al., 2020). In addition, as the leaves are the photosynthetic organs, relative growth rate (RGR), leaf number, leaf length, leaf area, specific leaf area, leaf/mass ratio, biomass or biomass allocation have been measured to evaluate plant growth (Vranjic and Ash, 1997; Nykänen and Koricheva, 2004; Schmidt et al., 2009; Sotelo et al., 2014; Ochoa-Lopez et al., 2015; Santamaria et al., 2018; Bufon et al., 2020). Although the most direct measure of fitness is to analyse the offspring of a plant, plant fitness has also been inferred from the study of the plant reproductive structures (flowers), propagules (seeds) or the actual reproductive success (number of germinating seeds) (Erb, 2018). However, because of the high costs and difficulties in the maintenance of an infested plant until the reproductive phase under controlled conditions, growth or photosynthetic parameters have been usually preferred to estimate plant fitness. In a recent study, Younginger et al. (2017) reviewed 170 datasets on plant fitness and discuss the metrics commonly employed for fitness estimations. They showed that biomass and growth rate are frequently used and often positively associated with fecundity, which in turn suggests greater overall fitness.

Many studies correlated growth rates and measures of defensive compounds with and without herbivore infestation (Paul-Victor et al., 2010; Züst et al., 2015). This approach could be enhanced by partitioning growth rates into physiological components much more directly related to nutrient allocation, like the net assimilation rate, activity of the photosystem or gas exchange (Rees et al., 2010; Li et al., 2016). Other variables that could have an effect of the final plant phenotype are the infestation conditions (magnitude and duration of the infestation) and the age of the plant when the infestation takes place. From these variables, only the effects of the plant ontogenetic stage have been previously studied in woody plants with simulated foliar damage (Nykänen and Koricheva, 2004). In this case, the growth of seedlings was reduced more than the growth of saplings. In addition, Zvereva et al. (2010) also evaluated similar variables, but the studies were also limited to woody plants and sap-feeding insects. Figure 1 summarizes the main parameters and variables used to estimate the trade-off between the physiological processes implicated in the allocation of resources upon plant herbivore infestation. In the present study we analyzed the effect of all these variables on plant fitness and surrogate parameters upon induction of plant defenses extracting general conclusions of the effects provoked by phytophagous herbivory.
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FIGURE 1. A diagram depicting the concept of growth defense tradeoffs, the parameters to evaluate the fitness and the main variables involved. Resource allocation is related to different processes by arrows. Solid arrows refer to natural processes occurring in plants, while arrows with dashed lines refer to events in which resource allocation is altered by herbivore infestation.




MATERIALS AND METHODS

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA; Moher et al., 2009) was applied to design a systematic review protocol to compile information on the following questions: (i) What are the effects of arthropod herbivory on plant growth, photosynthesis or reproduction?, (ii) Are these effects dependent on the parameters used to estimate plant fitness?, and (iii) How important are the variables mediating plant-pest interaction in the final effects?


Compilation of the Database

A literature search was conducted to collect all relevant published data with no restriction of publication date related to the effect of arthropod herbivory on plant fitness. The publication screening process is provided in Supplementary Figure 1. Selection of the experiments was performed via online databases such as Google Scholar or ScienceDirect by a combination of keywords searches including “plant defense,” “herbivory attack,” “herbivory impact,” “plant fitness,” “plant insect herbivore interactions,” “tolerance,” “growth-defense trade-off,” “growth impact,” “photosynthesis impact,” “reproduction costs” or “fitness costs.” In this first step, a title and abstract screening procedure was followed, excluding those studies which do not contemplate outcomes related to fitness and surrogate parameters, studies with data related to other pathogens rather than herbivores, and studies with specified artificially defoliation treatments instead of herbivore attack, or with a lack of proper control data. Additional studies were also retrieved by examining the bibliographies of the selected papers. Once selected, to be included in the analysis, a study had to satisfy the following criteria: (1) Experiments include an arthropod herbivory treatment affecting plant growth, photosynthesis, reproduction or other parameters related to plant fitness; (2) The herbivory treatment has an appropriate control, not being altered their response by the application of herbicides, insecticides or previous herbivory damage; (3) If additional treatments were present in the experiment, data were selected from the control and herbivory treatment groups only; (4) The effects on plant fitness were measured immediately after herbivory removal with no long times after infestation measurements, not allowing the plants to recover from the stress; (5) The data required for the calculation of effect sizes (sample sizes, means, standard deviations, standard errors, F-test statistics or independent t-tests) can be extracted from the article in either numerical or graphical form; (6) The study provides information about both control and treated plants, including the study design and their characteristics. Measurements from different parameters, plant or arthropod species, plant stage, levels of infestation or experimental durations within a single study were considered to be distinct observations. Based on these criteria, experiments were excluded from the analysis if: (1) Fitness parameters were not included in the experimental set-up; (2) Herbivores included in the experiments were not arthropods but mammals or slugs; (3) Experiments were performed with artificial defoliation simulating herbivore damage instead of true direct phytophagous damage; (4) No control treatment was present in the experiment to compare the effect of the herbivore attack or control treatments were specified as plants with lower level of herbivory damage; (5) The effect of the fitness was measured weeks later after the herbivore feeding had taken place, being possible a recovery of the host plant; (6) Data available lack information for the extraction of the different effect sizes. In addition, one article was removed from the search because it was not possible to retrieve the full text of the paper.



Variable Categorization

The retrieved studies reported measurements of plant responses that are directly related to plant fitness: plant growth, photosynthesis, reproduction and carbohydrate content. Plant fitness-related parameters were grouped for the analyses due to the low number of total studies retrieved. The final conformed groups and their individual variables in the database were: plant growth (leaf area, leaf length, number of leaves, plant height, plant biomass, relative growth rate (RGR), water content, and branch production), photosynthesis (photosynthetic rate, stomatal conductance, transpiration, pigment content, chlorophyll fluorescence, efficiency of PSII, and quantum yield), reproduction (days to first flower, number of flowers, flowering period, fruit production, fruit weight, fruit quality, pollen production and size, seed weight, seed production, yield), and carbohydrate content (glucose, fructose, sucrose, starch, sugar content).

We also collected several variables that might affect the plant responses to herbivory and could explain the differences in the plant fitness. These variables were: (1) Feeding guild. Arthropod species were classified into different groups based on their feeding mode. This classification includes chewing, phloem-feeding, cell-content feeder, gall-forming and leafminer insects. (2) Plant host. Plants were classified into crops, herbaceous and woody plants. The division between crops and herbaceous was performed according to the main use of the different species. Plants commonly used in crop management in fields in which production is usually quantified were termed as crops, while wild plants commonly found in nature were termed as herbaceous plants. (3) Plant stage. Based on the literature and the life cycle of each plant, plants were also classified based on their ontogenetic stage. The classification includes the early vegetative stage (from the seedling to the middle phase of vegetative stage), late vegetative stage (from the middle phase of the vegetative stage to the first reproductive event), and reproductive stage (after first reproductive event). (4) Infestation length. The time of infestation was categorized into short term and long term infestation time. Those experiments with an infestation length ranged between 0 and 10 days were classified as “short term,” while infestation lengths larger than 10 days were classified as “long term.” (5) Magnitude of infestation. Based on the type and amount of arthropod used in each experiment, division of the variable include light, medium or heavy infestation levels. This classification was based on the literature included in the experiment. In those papers where no specification of the infestation levels was included, classification was performed according to the information of related papers. A summary of the experiments with their effect size and classification in the different explanatory variables is provided in Supplementary Dataset 1.



Data Extraction

The meta-analysis was conducted using R 4.0.0 (R Core Team, 2020) and RStudio 1.1.463 software (RStudio Team, 2016). Effect sizes were calculated as Hedge's g, the standardized mean difference (Gurevitch and Hedges, 2001) between the herbivore and control treatments by using the “esc” package (Lüdecke, 2018). Hedge's g is a similar measure than Cohen's d to calculate standardized mean differences, but it follows a different formula to calculate the pooled variance, controlling the slight bias in the small studies present in the Cohen's d (Hedges, 1981). If means and standard deviations or errors needed for the calculation of effect sizes were only present in graphs, the plugin “Figure Calibration” in ImageJ, available at: http://www.astro.physik.uni-goettingen.de/~hessman/ImageJ/Figure_Calibration/, was used to obtain data from plots (Hessman, 2009; Schneider et al., 2012). In some studies, means and standard deviations were unavailable. In those cases, univariate statistics such as F-test statistics or independent t-tests were transformed into Hedge's g estimates when present. When samples sizes were specified as a range of possible sizes, the lowest number was employed.

The individual measurements previously described to be related to plant fitness were extracted in agreement with the following rules. If more than one cultivar from the same plant species were analyzed in a single study, the most common host in nature for the herbivore was selected. If unspecified in the study, the susceptible one was selected over the resistant to estimate the real scope of the herbivory damage. However, in those cases where this resistance to the herbivore was not indicated, the data from all cultivars were included in the database, and aggregation of the effect into a single effect was calculated according to the “BHHR” procedure (Del Re, 2015). In those papers where varied length or magnitude of infestation were analyzed, one item per category (short/long term or light/medium/heavy) was selected. If a variable was measured in different tissues, foliage measurements were selected. In the case of photosynthesis, measurements including systemic responses were preferred over local responses as the data are more comparable to those studies where whole plant responses are analyzed. Finally, if the experiment was performed independently in two different years, data were selected randomly from one of them if the results were similar. When different, data was aggregated to include only one single effect. In the particular cases of the reproduction parameters of “days to first flower” and “flowering period,” a negative effect was considered when the time period increases. In these cases, longer periods to reach the first reproductive stage or longer flowering periods were considered to have a negative effect on reproduction.

All the analyses were performed following the random-effects model for pooling the different effect sizes using the “metagen” function of the “meta” package (Balduzzi et al., 2019). The random effects model assumes that, in addition to the sample error associated with each study, the true effect in each experiment will be influenced by several factors, including their characteristics, design and execution. Therefore, it is assumed that effects of individual studies deviate from the true intervention effect not only by sampling error, but also random variation. Assuming that in this meta-analysis sampling and random errors are likely to be important sources of variation, it was decided to follow this model. Once effect sizes were calculated, the experiments were divided into plant response parameters related to growth, photosynthesis, reproduction or carbohydrate content based on the individual variables analyzed. The magnitude of the treatment was considered to be statistically significant when the 95% confidence interval (CI) of the effect size did not overlap with 0 (Gurevitch and Hedges, 1993). Throughout the manuscript, the effect size and their confidence intervals as the mean effect size (Hedge's g) ± value to the 95% confidence interval limit (Hedge's g ± X.XX) was reported. In the cases where mean effect sizes were significantly different from 0, fail-safe number (nfs) was calculated using the weighted method of Rosenberg (2005). This number indicates the number of supplementary studies of null effect and mean weight needed to eliminate the significant effect. In addition, it was examined publication bias by performing the Egger's test of the intercept (Egger et al., 1997) for testing funnel plot asymmetry. Publication bias was considered if Egger's test was significant. Finally, Duval & Tweedie's trim-and-fill procedure (Duval and Tweedie, 2000) was followed in the cases where fail-safe number and Egger's test fail to reject the presence of publication bias. This method is also based on the funnel plot symmetry/asymmetry and is used to estimate the actual effect size that would be present in an asymmetric funnel plot by imputing “missing” studies until symmetry is reached. Egger's tests were conducted by using the “egger.test” function of the “dmetar” package (Harrer et al., 2019) while the trim-and-fill method was performed using the “trimfill” function of the “meta” package in R (Balduzzi et al., 2019).

In order to detect the presence of low-quality studies of small sample sizes, outlier detection was performed using the “dmetar” package (Harrer et al., 2019). Several potential outliers were identified in the data related to the general parameters of growth, photosynthesis and reproduction. Their effects on the results were tested by removing them from the data and re-running analyses. However, obtained results were very similar for analyses conducted with and without the potential outliers. For this reason, these studies were included in the final dataset. Subgroups of explanatory variables mediating plant-pest interactions were also analyzed individually to see if the presence of outliers altered their individual performance, showing high heterogeneity in each subgroup. Because of this reason, outliers on each subgroup were detected and removed to obtain more reliable effect sizes for the explanatory variables. To test whether effects on plant fitness in response to phytophagous differed among the explanatory variables discussed above (feeding guild, plant host, plant stage, infestation length and magnitude of infestation), studies were subdivided into corresponding groups, and between-group heterogeneity was examined using the χ2 statistic Qb (Gurevitch and Hedges, 2001).



Statistical Analyses

A comparison of the mean effect sizes was performed to study the similarities and differences in the plant response among the subgroups present in the explanatory variables. Shapiro tests were conducted to check the presence of normality on the data. Levene's tests were used for assessing the presence of homogeneity of variance. When comparing two groups, statistical analyses were performed using the parametric Student's t-test with equal or unequal variance depending on the Levene's test results, and the non-parametric Mann-Whitney U-test for data with equal variance. If more than two groups were compared, normally distributed data were analyzed using One-way ANOVA. These analyses were followed by Bonferroni tests for unequal sample sizes, Dunnet T3 tests for unequal variances and sample sizes, and Kruskal Wallis tests for non-normally distributed data followed by Dunn's tests with Benjamini-Hochberg p-value adjustment. A significance threshold of 0.05 was applied in all tests. R version 4.0.0 was used for all analyses and generated plots.




RESULTS


Meta-Analysis Data

Of the 1,255 papers initially identified, 1,210 come from searches in Google Scholar or ScienceDirect and 45 from the literature cited in these papers (Supplementary Figure 1). After duplicates were removed, 867 papers remained for abstract screening. Of these 867 studies, only 92 were finally identified as relevant articles to the review question. Finally, after carefully checking the preselected studies, a total number of 46 studies fitted our selection criteria. Of the excluded studies, 40% lacked information or showed low quality data for the extraction of effect sizes, 21% were studies performed with artificial defoliations instead of insects, 15% did not have an appropriate control to extract robust conclusions, 10% showed data measured weeks after infestation took place, 8% did not measure plant parameters related to fitness, and 6% were performed with no arthropod species. The 46 studies selected for the meta-analysis contained a total of 209 measurements of plant fitness responses to true direct herbivore damage, including observations on 44 plant species interacting with 46 arthropod herbivores (Supplementary Table 1). The most prevalent fitness parameters quantified were growth, photosynthesis and reproduction, with 62, 88, and 42 measurements, respectively. Carbohydrate content parameters were also included in the analyses, but with only 17 measurements. Within the growth parameters, 34 measurements were of plant biomass and relative growth rate, 18 of parameters related to the leaves like leaf number, leaf area or leaf size, and 10 of parameters related to plant height, stem size, branch production or water content. In the case of photosynthesis, measurements were more equally distributed in the quantification of different parameters. 26 out of 88 studies measured the efficiency of the PSII or the quantum yield, 24 the photosynthetic rate, 24 the stomatal conductance and transpiration, 11 the chlorophyll or pigment content, and 3 the CO2 assimilation and carbon exchange rate. Finally, the reproduction parameters conformed the most heterogeneous group, with 18 measurements of parameters related with seed production, like weight and yield, 13 related to fruit production and quality, 7 related to flowering or flower production, and 2 related to pollen production and size.

Parsing the selected studies allowed us to establish the following variables as partially explanatory of the variable plant responses: (1) Feeding guild (including chewing, cell-content, phloem-, gall-forming, and leafminer feeders), (2) plant host (including crops, herbaceous, and woody plants), (3) plant stage (including early and late vegetative and reproductive stages), (4) infestation length (including short term and long term infestation times), and (5) magnitude of infestation (including light, medium, and heavy densities of infestation). These variables led to the formation of different subgroups with or without equal responses to the growth, photosynthesis, reproduction and carbohydrate content effect sizes (Supplementary Dataset 1).



Plant Infestation Exerts a Negative Effect on Plant Fitness When Growth, Photosynthesis, or Reproduction Parameters Are Measured

The effect of plant pest infestation in plant fitness has been evaluated. The experiments used in our meta-analysis showed differences in the effects depending on the sub-groups of parameters used to estimate plant fitness (p < 0.05). No effect sizes were detected when carbohydrate content (Hedge's g = −0.01 ± 0.29, N = 17) was measured as plant fitness indicator. However, negative effects were detected when growth (Hedge's g = −0.88± 0.29, N = 62), photosynthesis (Hedge's g = −1.029 ± 0.30, N = 88) or reproduction (Hedge's g = −0.83 ± 0.30, N = 42) parameters were measured (Figure 2). Besides the sub-group of parameters measured, different variables mediating plant-pest interactions as phytophagous feeding guild, plant host, plant stage at the moment of the infestation and length and magnitude of the infestation influenced final plant fitness. The impact of these variables on the fitness-related parameters is analyzed in the following sections.
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FIGURE 2. Effect sizes on general parameters related to fitness. Sample sizes are provided in brackets. Symbols specify mean values of Hedge's g with their 95%CI. Negative values indicate a higher negative effect in fitness on attacked plants than control plants. Different letters indicate significant differences between subgroups (p-value < 0.05). Statistical analysis were performed using Kruskal Wallis tests for non-normally distributed data followed by post-hoc Dunn's tests. Rosenberg's fail-safe numbers are reported in italics. An asterisk indicates a significant fail-safe number.




Effects of Plant-Pest Interaction Variables on Plant Growth

Differences were observed when the plant growth effect sizes were studied attending to the feeding guild (p < 0.05). No effect sizes were detected in the experiments performed with gall-forming insects (Hedge's g = 0.05 ± 0.20, N = 7). However, negative effects on plant growth were revealed after infestation with cell content- (Hedge's g = −1.87 ± 0.67, N = 11), chewing (Hedge's g = −0.38 ± 0.24, N = 17), and phloem (Hedge's g = −1.36 ± 0.34, N = 16) feeders (Figure 3A). Plant growth was reduced to a greater extent in the experiments performed with cell-content and phloem feeders. Plant growth effect sizes were also analyzed depending of the plant host infested. The effects were always negative but significant differences were found between the effect observed in experiments performed on crops and herbaceous plants (p < 0.05). The most negative effects were detected when crops were infested (Hedge's g = −1.13 ± 0.43, N = 19) followed by woody (Hedge's g = −0.60 ± 0.47, N = 10) and herbaceous (Hedge's g = −0.38 ± 0.25, N = 18) plants (Figure 3B). Regarding the stage of the plants at the moment of infestation, no effects on plant growth were detected when the infestation was performed at the reproductive stage (Hedge's g = −0.18 ± 0.38, N = 9). Contrarily, negative effects were detected when the infestations were accomplished during the early (Hedge's g = −0.87 ± 0.24, N = 28) or late (Hedge's g = −1.54 ± 0.71, N = 10) vegetative stages (Figure 3C). The length and the magnitude of the infestation had also an impact on plant growth. Differences among effects were found by comparing short with long-term (Figure 3D) infestations and light/medium with heavy (Figure 3E) infestations (p < 0.05). While no effects on plant growth were detected for short-term infestations (Hedge's g = −0.24 ± 0.25, N = 10) and light infestation levels (Hedge's g = −0.24 ± 0.35, N = 15), negative effects were showed under long-term (Hedge's g = −0.90 ± 0.22, N = 33) and medium (Hedge's g = −0.55 ± 0.24, N = 19) and heavy infestations (Hedge's g = −2.38 ± 0.77, N = 11).
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FIGURE 3. Growth effect sizes classified by subgroups. Fitness was analyzed based in different parameters related to growth. Subgroups included feeding guild (A), type of plant host (B), plant ontogenetic stage (C), infestation length (D), and magnitude of infestation (E). Sample sizes are provided in brackets. Symbols specify mean values of Hedge's g with their 95%CI. Negative values indicate a higher negative effect in fitness on attacked plants than control plants. Different letters indicate significant differences between subgroups (p-value < 0.05). When comparing two groups, statistical analyses were performed using the parametric Student's t-test. If more than two groups were compared, statistical analysis were performed using One-way ANOVA for normally distributed data followed by Bonferroni test, and Kruskal Wallis tests for non-normally distributed data followed by post-hoc Dunn's tests. Rosenthal's fail-safe numbers are reported in italics. An asterisk indicates a significant fail-safe number.




Effects of Plant-Pest Interaction Variables on Photosynthesis

Differences in plant fitness measured using photosynthesis parameters were found depending on the phytophagous way of feeding (p < 0.05). A positive impact on photosynthesis was detected only in the experiments performed with gall-forming arthropods (Hedge's g = 0.65 ± 0.58, N = 5). However, in this case, fail-safe number is equal to 0, indicating this effect cannot be distinguished from the null effect. The rest of groups showed negative effects on plant photosynthesis parameters (Figure 4A). Among them, the strongest negative effects were detected in plants infested with leafminers (Hedge's g = −3.81 ± 1.10, N = 3) and cell-content feeders (Hedge's g = −1.64 ± 0.52, N = 20) followed by chewing (Hedge's g = −0.69 ± 0.42, N = 14) and phloem (Hedge's g = −0.79 ± 0.41, N = 28) feeders. Regarding the plant host, no effects on photosynthesis were found in woody (Hedge's g = 0.14 ± 0.65, N = 11) plants while negative effects were detected in herbaceous plants (Hedge's g = −1.87 ± 0.64, N = 9) and crops (Hedge's g = −0.79 ± 0.24, N = 49) (Figure 4B). Statistical differences were found among the three groups of plants, being the most negative effects observed in the herbaceous plants followed by crops and woody plants (p < 0.05). Plant photosynthesis was unaffected when plants were infested at the reproductive stage (Hedge's g = −0.88 ± 0.91, N = 6). In contrast, clear negative impacts on photosynthesis were detected when plants were infested at early (Hedge's g = −1.13 ± 0.30, N = 29) or late vegetative stages (Hedge's g = −0.97 ± 0.48, N = 23) (Figure 4C). Negative effects on photosynthesis were also detected for short- (Hedge's g = −0.87 ± 0.27, N = 39) and long-term (Hedge's g = −1.56 ± 0.43, N = 23) infestations, showing a stronger negative (p < 0.05) in the long-term infestations (Figure 4D). According to the magnitude of the infestation, light infestations did not show negative effects on photosynthesis (Hedge's g = −0.26 ± 0.24, N = 33) while in medium (Hedge's g = −1.88 ± 0.52, N = 17) and heavy (Hedge's g = −1.14 ± 0.44, N = 18) infestations high negative effects were detected (Figure 4E). Statistical differences were found among light and medium/heavy infestations (p < 0.05).
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FIGURE 4. Photosynthesis effect sizes classified by subgroups. Fitness was analyzed based in different parameters related to photosynthesis. Subgroups included feeding guild (A), type of plant host (B), plant ontogenetic stage (C), infestation length (D) and magnitude of infestation (E). Sample sizes are provided in brackets. Symbols specify mean values of Hedge's g with their 95%CI. Negative values indicate a higher negative effect in fitness on attacked plants than control plants. Different letters indicate significant differences between subgroups (p-value < 0.05). When comparing two groups, statistical analyses were performed using the non-parametric Mann-Whitney U-test. If more than two groups were compared, statistical analysis were performed using One-way ANOVA for normally distributed data followed by Bonferroni test, and Kruskal Wallis tests for non-normally distributed data followed by post-hoc Dunn's tests. Rosenberg's fail-safe numbers are reported in italics. An asterisk indicates a significant fail-safe number.




Effects of Plant-Pest Interaction Variables on Plant Reproduction

Most variables reported negative effect sizes when reproduction was altered by phytophagous infestation (Figure 5). In the case of the feeding guild, chewing (Hedge's g = −0.72 ± 0.25, N = 14), phloem- (Hedge's g = −1.23 ± 0.54, N = 3) and cell- content feeders (Hedge's g = −1.38 ± 0.65, N = 11) displayed a negative effect on plant reproduction (Figure 5A). Attending to the plant host infested, a negative impact was found independently of the plant host of study. Statistical differences among crops (Hedge's g = −1.10 ± 0.49, N = 15), herbaceous (Hedge's g = −0.57± 0.32, N = 8) and woody plants (Hedge's g = −0.64 ± 0.37, N = 7) were not found (Figure 5B). An effect on reproduction was also observed when plant stage and infestation length were studied. Negative effects on reproduction are found at early vegetative (Hedge's g = −0.74 ± 0.31, N = 13), late vegetative (Hedge's g = −0.68 ± 0.27, N = 16) and reproductive stages (Hedge's g = −2.32 ± 1.39, N = 1), as well as in short-term (Hedge's g = −0.65 ± 0.42, N = 4) and long-term (Hedge's g = −0.84 ± 0.25, N = 22) infestations, but no statistical differences were extracted among the subgroups within each variable (Figures 5C,D). Reproductive stage data cannot be used to infer effect sizes as composed by a unique experiment. Finally, no effects on reproduction were identified in experiments performed with light infestations (Hedge's g = −0.40 ± 0.58, N = 6), but negative effects were detected in medium (Hedge's g = −0.74 ± 0.23, N = 17) and heavy (Hedge's g = −1.63 ± 0.90, N = 11) infestations (Figure 5D).


[image: Figure 5]
FIGURE 5. Reproduction effect sizes classified by subgroups. Fitness was analyzed based in different parameters related to reproduction. Subgroups included feeding guild (A), type of plant host (B), plant ontogenetic stage (C), infestation length (D) and magnitude of infestation (E). Sample sizes are provided in brackets. Symbols specify mean values of Hedge's g with their 95% CI. Negative values indicate a higher negative effect in fitness on attacked plants than control plants. No statistical differences are present between subgroups (p-value > 0.05). When comparing two groups, statistical analyses were performed using the parametric Student's t-test with Welch's correction for unequal variances. If more than two groups were compared, statistical analysis were performed using One-way ANOVA for normally distributed data. Rosenberg's fail-safe numbers are reported in italics. An asterisk indicates a significant fail-safe number.




Assessment of Risk Bias

Publication bias represents a major concern to consider when performing a meta-analysis. Significant effects are more likely to be published than non-significant effects (Borenstein et al., 2011), leading to a probable scenario of overestimation of effects. Therefore, the quality of the data of the final database is of critical importance to extract robust conclusions.

In our case, the risk of including overestimating effects in our final database was analyzed by calculating Rosenberg's fail-safe numbers and performing Egger's tests. Publication bias was suggested when Egger's tests were significant. However, it was safely ignored when the fail-safe numbers were >5n + 10, where n represents the number of studies, which are considered robust values against publication bias (Rosenthal, 1991; Rosenberg, 2005). In the cases where sample size was small (lower than 10), Egger's test may lack the statistical power to detect bias and consequently, p-values were not considered. In our data, fail-safe numbers and Egger's test allowed to reject the presence of publication bias in most cases, suggesting a non-overestimation of the effects. When neither Egger's test nor fail-safe number were able to reject the risk of publication bias, Duval & Tweedie's trim-and-fill procedure was performed, being effect sizes recalculated for estimating the true effect size without the presence of publication bias (Duval and Tweedie, 2000). Fail-safe numbers, Egger's test values and groups where effect sizes were recalculated by the trim-and-fill method are provided in Supplementary Table 2.




DISCUSSION


Pest Infestation Produces an Overall Impact on Plant Fitness

Plant induced defenses are assumed to be energetically costly and have an impact on plant fitness. Fitness is a quite complex concept that has been traditionally evaluated by measuring growth, photosynthesis, carbohydrates or reproduction parameters (Züst and Agrawal, 2017). Our meta-analysis supports this assumption and shows a clear negative impact of pest infestation on plant growth, photosynthesis and reproduction rates. This negative impact was independent of several variables mediating plant-pest interactions critical for the final plant phenotype, such as the effect of the arthropod feeding guild, plant host, plant stage and the length and magnitude of the infestation. However, differences among the negative effects produced by the subgroups analyzed on each variable are expected to be found. In contrast, when carbohydrate content was measured, no effects were detected. This could be due to the more limited number of experiments found for carbohydrate content together with a variable effect either slightly positive or negative on the final plant fitness.



Effect of Feeding Guild on Plant Fitness

Phloem and cell content feeders inflict less mechanical damage than chewing, mining or gall forming phytophagous because only their stylets penetrate in the sap or the mesophyll/epidermal cells (Wondafrash et al., 2013). Among the data assembled on this meta-analysis, most of the experiments were performed with phloem-, cell content- and chewing insects. Independently of the parameter measured, the infestation with these arthropods had a negative impact on plant fitness. Interestingly, our meta-analysis indicates that the impact on plant growth was higher after infestations with phloem or cell content feeders than upon chewing insects. This result lines with Zvereva et al. (2010) who observed that the effects on plant photosynthesis were negatively stronger upon sap-feeder infestation than when plants were treated with chewing insects. This result could be explained by the mechanical consequences of the different feeding modes and the parameters measured to estimate fitness. Chewing insects produce a loss of the attacked tissue while no tissue removal is present after phloem- or cell-content feeder attack. As a consequence, the remaining amount of damaged tissue is higher after phloem- and cell-content infestation than after chewing insect attack. However, lower amounts of plant tissue due to chewing infestations were not correlated to lower plant biomass measurements when comparing to phloem- and cell-content infestations. This result may be associated to the different interactions with plant signaling pathways described for insect species differing in the feeding style.

The central phytohormones that mediate between signal recognition and activation of defenses against pests are Jasmonic Acid (JA) and Salicylic Acid (SA). Whereas JA regulates the induced defenses against chewing insects (Schmiesing et al., 2016) and mesophyll sucking mites (Zhurov et al., 2014; Alba et al., 2015; Martel et al., 2015), SA-regulated responses are induced by phloem-feeding insects (Kawazu et al., 2012; Thaler et al., 2012) and also by mesophyll sucking mites (Kant et al., 2004; Santamaria et al., 2017, 2019). Once plant defense responses are activated at the site of infestation, a systemic defense response is triggered to protect distal undamaged tissues, generating a long-lasting induced resistance (Durrant and Dong, 2004). There are two forms of induced resistance: systemic acquired resistance (SAR) and induced systemic resistance (ISR). The establishment of SAR is associated with increased levels of SA (Mishina and Zeier, 2007; Tsuda et al., 2008). In fact, mutant and transgenic plants impaired in SA signaling are incapable of developing SAR, reflecting the critical role of SA in the SAR signaling pathway (Durrant and Dong, 2004). On the other hand, ISR is a SA-independent pathway dependent on JA and ethylene (ET) signaling (Choudhary et al., 2007). Therefore, it is suggested a higher SAR systemic response of the plant led by different regulation of JA and higher expression of SA when phloem- and cell-content feeders are present. This systemic response would produce an allocation of the fitness resources to invest in defense, reducing the growth of the plant in a manner much more severe than the one elicited by the chewing insects, which would produce a more reduced systemic response. In the case of photosynthesis, the lowest negative effects found in chewing insects are easily understood as photosynthesis parameters are measured in the remaining tissue, which is more negatively affected in the case of cell-content feeders. Regarding leafminers, only three experiments were found and all of them measured photosynthesis to study the infestation impact on plant fitness. The effect of leafminer feeding on photosynthesis was the one with the strongest negative effect found among the different feeding guilds. According to this, it has been previously suggested that, in response to leafminers, plants try to minimize losses via trade-offs between the negative impact on photosynthesis and the positive effects on water use efficiency (Pincebourde et al., 2006). When plants were infested with gall forming insects, the effect on plant fitness varied depending of the parameters measured. While no effects were detected on growth parameters, a null or even a slightly positive impact was present on photosynthesis. Aldea et al. (2006) detected negative effects on plant photosynthesis upon gall forming infestation when quantum yield was measured solely in the damaged patches. This result could be due to the feeding way of these insects, which induced the development of pathologically isolated cells where the photosynthesis decreases (Huang et al., 2015). However, when photosynthesis was measured in the whole plant, the effects of the infestation were slightly positive, suggesting a compensatory response to the damage generated in the galls (Aldea et al., 2006).

The specificity of induced plant responses has been previously associated to the recognition of specific feeding styles and damage patterns and/or herbivore specific elicitors in salivary secretions and regurgitates introduced in the plant during the feeding process (Santamaria et al., 2018). These responses will turn out with very specific allocation resources that will have a positive, negative or neutral impact on plant fitness. Our results strongly indicate that the induction of plant defenses by herbivorous arthropods causes adverse effects on plant growth and photosynthesis, which severity depends on the feeding guild of the phytophagous species.



Effect of Host Plant on Plant Fitness

Our meta-analysis showed that the cost of the induced defenses varied depending if the plant host is a woody, an herbaceous or a crop species. When growth, photosynthesis and reproduction parameters were measured, the effects of the infestation on plant fitness were always negative independently of the plant host, with the exception of a null or slightly positive effect detected for woody plants. Similar results were found in a previous meta-analysis performed with woody plants upon natural or simulated feeding in which the photosynthesis increment was justified by the elevated sink demands in plants recovering from damage (Nykänen and Koricheva, 2004). It has also been suggested that partial defoliations on Eucalyputs globulus increase the photosynthetic rates due to an increase of the maximum rate of carboxylation and RuBP regeneration (Turnbull et al., 2007). Additional findings support the importance of the plant host in the cost of induced defenses by pests. In the above described meta-analysis on woody plants, the growth rate of evergreen plants was reduced more than in deciduous plants (Nykänen and Koricheva, 2004). However, deciduous and evergreen woody plants did not differ in their abilities to tolerate damage imposed by sap-feeders (Zvereva et al., 2010). A higher negative effect of the herbivory was reported on monocots than on dicots or woody plants (Hawkes and Sullivan, 2001). Furthermore, Bownes et al. (2010) suggested that if the hosts included in the analysis were limited to real hosts infested in the field the result should be more representative and marked.



Effect of Plant Stage on Plant Fitness

The structures associated with plant growth, defense and reproduction require a complex set of resources, including minerals like carbon, nitrogen and phosphorus (Bazzaz et al., 1987). Variations in the allocation of these resources occur through differences in the chemical composition of plant structures, the relative mass of the structures or organs, and the relative numbers of the structures produced by a plant. Our meta-analysis showed that when plants were infested in early or late vegetative stages, the reallocation of resources ends up with negative effects on plant growth, photosynthesis and reproduction. However, when the infestations were carried out during the reproductive stage, this resource reallocation does not ended up with an impact on plant fitness. Our hypothesis is that when the reproductive stage is reached, the plant prioritizes growth against defense to guarantee a proper development of seeds. According to this, Rusman et al. (2019) have observed that the negative consequences of herbivory on flowering traits and reproductive output were stronger when plants were attacked early in life that when plants have already ensured the reproductive stage.



Effect of Length and Magnitude of the Infestation on Plant Fitness

As expected, our meta-analysis showed negative effects on all the parameters measured to estimate fitness when long-term infestations were analyzed. In the short-term infestations, a negative impact was detected on photosynthesis and reproduction, but not on growth, and always with lower effect sizes than in long-term infestations. These results suggest that longer exposures of plants to a stress lead to larger negative impacts on fitness probably due to a longer time of investing in plant defenses rather than in growth. If more extended periods of infestation lead to higher population densities, larger negative effects are expected to take place in the plant due to a higher number of individuals feeding on it. In fact, our meta-analysis indicates the strong importance of the level of the infestation in the final plant fitness. The experiments performed with medium or heavy infestation levels produced a final negative impact on plant fitness independently of the parameter measured, but when the infestation level was light no effects were detected. According to these results, light density of infestations could allow plants to recover successfully from the initial stress. Thus, light densities of pests remaining and surviving in the plant could lead to a reproductive success of both the plant and the arthropod species.



Differences Among Sub-groups Within Each Variable Depends on the Parameters Used to Estimate Plant Fitness

Significant differences in the effect sizes among sub-groups within each variable were found when growth and photosynthesis parameters were evaluated. However, when reproduction parameters were analyzed, no significant differences were detected within any of the variables. This absence of statistical differences could be associated to the lowest number of experiments that used reproduction parameters to estimate plant fitness, probably due to the complex and tedious work of estimating reproduction parameters. It could be possible that data collected for reproductive parameters come only from experiments in which plants are able to survive until the reproductive phase. Those experiments in which plant prematurely die due to the biotic stress were not likely to be used for analyzing reproductive parameters, and therefore, not being reflected this negative effect in the final analyses. Another possibility is that the parameters used to quantify reproduction could be introducing additional variability. For example, the number of flowers can be used to estimate the reproductive potential of a plant. However, the quantification of the number of flowers did not lead to corresponding effect sizes in seed production when herbivores are affecting pollination (Herrera et al., 2002) or when flowers are shed prematurely (Niesenbaum, 1996). In this case, the number of seeds could lead to higher or lower effect sizes than the number of flowers. More experiments are required to know if the negative effects found in reproduction without significant differences within variables are due to the limited number of experiments compiled, to the intrinsic variability of the methods to measure reproduction or to a physiological reason based on a plant specific response.




CONCLUSIONS

The cost of inducible defenses in plant fitness has been traditionally focused on the impact on a specific plant-pest system under its optimal experimental conditions. This meta-analysis was designed to obtain a broad view of defense-growth trade-offs considering the most important parameters to estimate fitness and the main variables mediating plant-pest interactions. In fact, it is the first meta-analysis not focused only on a specific plant host and using data coming from experiments with direct feeding damage not artificially simulated. Our results enable us to extract some reliable conclusions: (i) The effects observed on plant growth, photosynthesis and reproduction upon plant-pest interaction are negative independently of the variables mediating plant-pest interphase; (ii) Due to the limited number of studies or the dependence on the specificity of the response and the variables modulating plant-pest interaction, herbivore infestations do not show a significant effect on carbohydrate content of plants; (iii) The feeding guild of the arthropods and the plant host used are definitely decisive in the final taxes that the plant pay for defense; (iv) The ontogenetic stage of the plant when the infestation takes place, the durability, and the density of the infestation are key factors in the final fitness phenotypes, independently of the parameter used to estimate costs; (v) Differences among subgroups within each variable depends on the parameters used to estimate plant fitness, being growth and photosynthesis the best to discriminate the impact on them.

Globally, the meta-analyses presented here convincingly shows that induced defenses have a fitness cost with a relevance that varies according to the parameter used to estimate it and an impact that depends on the variables mediating the particular plant-pest interaction. Increasing our knowledge about pest impact on plant fitness, understanding the importance of the variables mediating plant-pest interactions and identifying the proper parameters to estimate plant fitness would be key for the proper design of experiments focused on deciphering the mechanisms under the trade-off established upon plant-pest interactions. In this next step, these mechanisms and the particularities behind these trade-offs established upon different plant-pest specific combinations will be unveiled and used in the design of specific pest management strategies. These programs will be focused on the production of more resistant plants minimizing plant fitness costs, allowing an improvement of the current production systems, which will be very important in the current context of increasing demands and costs, linked to the constant climate change that our agricultural systems are facing nowadays.
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The two-spotted spider mite (TSSM; Tetranychus urticae) is a ubiquitous polyphagous arthropod pest that has a major economic impact on the tomato (Solanum lycopersicum) industry. Tomato plants have evolved broad defense mechanisms regulated by the expression of defense genes, phytohormones, and secondary metabolites present constitutively and/or induced upon infestation. Although tomato defense mechanisms have been studied for more than three decades, only a few studies have compared domesticated cultivars' natural mite resistance at the molecular level. The main goal of our research was to reveal the molecular differences between two tomato cultivars with similar physical (trichome morphology and density) and agronomic traits (fruit size, shape, color, cluster architecture), but with contrasting TSSM susceptibility. A net house experiment indicated a mite-resistance difference between the cultivars, and a climate-controlled performance and oviposition bioassay supported these findings. A transcriptome analysis of the two cultivars after 3 days of TSSM infestation, revealed changes in the genes associated with primary and secondary metabolism, including salicylic acid and volatile biosynthesis (volatile benzenoid ester and monoterpenes). The Terpene synthase genes, TPS5, TPS7, and TPS19/20, encoding enzymes that synthesize the monoterpenes linalool, β-myrcene, limonene, and β-phellandrene were highly expressed in the resistant cultivar. The volatile profile of these cultivars upon mite infestation for 1, 3, 5, and 7 days, revealed substantial differences in monoterpenoid and phenylpropanoid volatiles, results consistent with the transcriptomic data. Comparing the metabolic changes that occurred in each cultivar and upon mite-infestation indicated that monoterpenes are the main metabolites that differ between cultivars (constitutive levels), while only minor changes occurred upon TSSM attack. To test the effect of these volatile variations on mites, we subjected both the TSSM and its corresponding predator, Phytoseiulus persimilis, to an olfactory choice bioassay. The predator mites were only significantly attracted to the TSSM pre-infested resistant cultivar and not to the susceptible cultivar, while the TSSM itself showed no preference. Overall, our findings revealed the contribution of constitutive and inducible levels of volatiles on mite performance. This study highlights monoterpenoids' function in plant resistance to pests and may inform the development of new resistant tomato cultivars.

Keywords: Solanum lycopersicum, Tetranychus urticae (Koch), salicylic acid, volatile organic compounds, Terpene synthase, Phytoseiulus persimilis


INTRODUCTION

In response to herbivore attack, plants express broad phenotypic plasticity to defend themselves. These defense strategies directly and/or indirectly affect herbivores and combine pre-existing, developmentally regulated constitutive defenses with inducible processes modified in response to specific herbivores (Santamaria et al., 2020). Direct mechanisms include morphological structures, such as hairs, trichomes, and the production of compounds such as latex, acyl-sugars, waxes, and callose that form the first barrier discouraging herbivore attack (Santamaria et al., 2013). Plants also synthesize defensive proteins and small molecules (i.e., secondary metabolites) consumed by herbivores, which repel or toxify them and reduce their fitness (Fürstenberg-Hägg et al., 2013). Moreover, they produce volatile organic compounds (VOCs) involved in direct and indirect defense responses (War et al., 2012). Ubiquitous and species-specific plant volatiles belong to a wide range of different biochemical classes, mainly phenylpropanoids and benzenoids, terpenoids, and aliphatics, which play a key role in direct or indirect defense (Cheynier et al., 2013; Kessler, 2017; Ameye et al., 2018).

Complex blends of volatiles released into the atmosphere can mediate both direct defense, by repelling herbivores, and indirect defense, by attracting natural enemies such as predators and parasitoids (Kessler and Baldwin, 2001), deterring oviposition (De Moraes et al., 2001), and even priming neighboring plants and distal plant parts (Frost et al., 2008; Heil, 2014; Agut et al., 2015). These molecules can be emitted either continuously or as herbivore-induced plant volatiles (HIPVs). The largest and most diverse class of plant volatiles functioning in plant defense are terpenoids (Aharoni et al., 2006), classified into hemiterpenes, monoterpenes, sesquiterpenes, and diterpenes. Another category of VOC terpenoids includes those with irregular structures, for example, homoterpene 4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT) (Ament et al., 2006), and β-ionone, the catabolism product of tetraterpenes (Cáceres et al., 2016). VOCs produced by tomato plants are predominantly monoterpenes, and a variety of sesquiterpenes (Markus Lange and Ahkami, 2013). Some monoterpenes display pesticidal activity (deterring oviposition and digestive processes) against different arthropods (Keeling and Bohlmann, 2006), including mites (Agut et al., 2014), and some exhibit repellent properties (De Moraes et al., 2001), while sesquiterpenes are involved in indirect responses.

An effective defense against pests depends not only on secondary metabolite accumulation but also on hormonal signaling. This process is mediated by several phytohormone signaling pathways, mainly salicylic acid (SA), jasmonic acid (JA), abscisic acid (ABA), and ethylene (ET) (Pérez-Hedo et al., 2018). These phytohormones activate different signaling cascades that regulate transcriptional responses, followed by the downstream synthesis of secondary metabolites, protease inhibitors, and other defenses that have toxic, repellent, and/or anti-nutritive effects on herbivores (Takabayashi et al., 2000). The transcriptomic and metabolomic responses to the feeding of the two-spotted spider mite (TSSM; Tetranychus urticae Koch) have been studied in multiple plant species, including Arabidopsis (Zhurov et al., 2014), tomato (Martel et al., 2015), pepper (Capsicum annuum) (Zhang et al., 2020), and cucumber (Cucumis sativus) (He et al., 2020), and the results have suggested that JA is the principal phytohormone regulating the induction of plant defenses against herbivores (Zhurov et al., 2014; Rioja et al., 2017). SA and its methylated volatile form MeSA also play an important role in determining TSSM response intensity and the crosstalk between SA and JA (Thaler et al., 2012). In the tomato, in some cases, the TSSM triggers the expression of genes encoding for the biosynthesis of both JA and SA (Ament et al., 2004; Martel et al., 2015), while in the lima bean (Phaseolus lunatus), the two phytohormones have shown an antagonistic relationship, modulating indirect volatile emission (Wei et al., 2014). These results indicate that the phytohormone crosstalk is species-specific and can vary between different cues.

The TSSM is an important polyphagous arthropod herbivore, feeding on greenhouse, field, and orchard crops worldwide (Weintraub and Palevsky, 2008). It was reported to infest over 1,100 plant species, including more than 150 crops (Martel et al., 2015), especially within the Solanaceae family (Migeon et al., 2009). The TSSM's wide host range, short life cycle, and straightforward maintenance in the laboratory, combined with its genomic and genetic tools, make it an attractive model pest for elucidating the molecular mechanisms of plant-herbivore interactions and plant defense mechanisms (Zhurov et al., 2014; Rioja et al., 2017). TSSMs feed through their mouthpart stylet adapted for a sucking mode of feeding on the cells within the leaf mesophyll (Park and Lee, 2002). They reach the cells with their stylet, either through stomatal openings or in between the intercellular space of the epidermal cells without damaging them (Reddall et al., 2004; Bensoussan et al., 2016). Due to their small body size and short life cycle, TSSMs often remain unnoticed until their presence is revealed by plant damage. Hence, their control mostly depends on the application of synthetic insecticides and acaricides (Bolland et al., 1998). However, TSSM populations can develop resistance toward these compounds, and their control has become problematic in many regions in the world (Van Leeuwen et al., 2010). A predator commonly used commercially as a biological control is Phytoseiulus persimilis, which feeds on all TSSM life stages (Khalequzzaman et al., 1970). Phytoseiulus persimilis mites are blind and use olfactory cues to locate their prey (Van Den Boom et al., 2004; Kappers et al., 2011). Upon TSSM infestation, tomato plants emit volatiles as a signal to attract the predatory mite (Takabayashi et al., 2000). The application of P. persimilis on tomato plants has not been widely adopted, probably due to its inconsistent performance (Escudero and Ferragut, 2005), the requirement of intense monitoring of the prey population, and variation throughout plant growth. Thus, a combination of mild acaricides and biological control approaches has been recommended for farmers, in addition to improving genetic variation for mite resistance.

The tomato (Solanum lycopersicum L.) is one of the most popular and economically valuable vegetables worldwide. Elite cultivars suffer from severe yield loss due to susceptibility to diseases caused by all types of pathogens (i.e., viruses, bacteria, and fungi) and pests such as nematodes, insects, and mites. This susceptibility is due to the strong genetic bottlenecks introduced during domestication and modern breeding (Bai and Lindhout, 2007). Therefore, improved resistance is a desirable trait. Consequently, the available cultivated tomato varieties present a large diversity of fruit-related traits and adaptation to different habitats (Schauer et al., 2005), but they show reduced resistance to pests, or lack it altogether (Escobar-Bravo et al., 2016). Wild tomato genotypes evolved both physical and chemical barriers as resistance mechanisms against the TSSMs, including synthesizing acyl-sugars, methyl ketones, and terpenoids, accumulated in the trichomes, while in cultivated tomatoes, these mechanisms are reduced or completely lost (Escobar-Bravo et al., 2016; Rioja et al., 2017). Resistance to TSSMs could be achieved by improving constitutive and/or inducible levels of physical and/or chemical defenses. A few studies successfully improved TSSM resistance by transferring trichome-based compounds, high in acyl-sugars, from wild tomatoes into susceptible cultivated tomatoes (Fernández-Muñoz et al., 2000; Rakha et al., 2017). However, these data have not yet been translated into commercial cultivars. Other studies have highlighted the importance of the genotype-based volatile composition of tomatoes and indicated its potential role in the interaction between the host plants, pests, and natural enemies (Keskin and Kumral, 2015). It is unknown which volatiles affect TSSM recognition and attraction to tomato plants or affect TSSM performance on the plant. The effects of mite-induced plant volatiles on natural enemies have been previously studied. Nevertheless, to our knowledge, no study has compared the volatile and transcriptional changes of commercial tomato cultivars and their effect on TSSMs.

In this research, we investigated the constitutive and inducible molecular levels that cause variations in mite susceptibility. We assessed the relative TSSM susceptibility of two cluster cherry tomato cultivars with similar fruit shape, size, and markets, in net house conditions, and determined the mite population size and their damage to plants. Second, the performance and oviposition of TSSMs were evaluated on whole plants and intact tomato leaves, respectively. Third, we used gene expression analysis to assess which biosynthetic and signaling pathways may be involved in these plant defenses, followed by a time point analysis of volatiles. Finally, an olfactory analysis of TSSMs and P. persimilis revealed different volatile blends emitted by plants under naïve or infested conditions. Three TPS genes were found to have potential value as TSSM resistance genes for breeding new resistant varieties. The results obtained in this study provide useful data for improving volatile content in the tomato, which can be adjusted to constitute a comprehensive pest management program for the TSSM in tomato fields and net houses.



MATERIALS AND METHODS


Evaluation of TSSM Populations and Plant Damage

Two commercial cluster cherry tomato cultivars were selected: Ofir (Rimi Ltd., Israel) and Shiran (Hazera Seeds Ltd., Israel). According to the Rimi website (https://www.rimi.co.il/; in Hebrew), Ofir was reported as a mite-resistant cultivar relative to the other cultivars. Seeds were germinated at a nursery (Hishtil Ltd., Israel), and 1-month-old seedlings were transplanted directly in the ground in net houses located at the R&D Southern Station (MOP Besor). From each cultivar, 45 plants were planted under a net house condition (Supplementary Figure 1). The net house size is 6 m2 and is entirely covered by a white 50-Mesh net, which is used for blocking pests such as whiteflies, aphids, and leafminers. Plants were grown for 3 months with an irrigation system and were treated with pesticides except for acaricides. From the 2nd week after transplanting, the mite population was monitored (usually once a week). For mite infestations, tomato leaves with dense TSSM populations were intentionally introduced to the net house and spread throughout the central rows (Supplementary Figure 1 middle rows, #3 and #4). Mites were counted from 9 leaves per plant (three from each position, top, middle, and bottom) of the 20 plants in rows #2 (Shiran), and #5 (Ofir). The mites were scored according to two phenologies: juvenile and adult, along with a total of 9 sampling time points. Plant damage was evaluated once, at 5 weeks after TSSM infestation, divided into three categories: (i) low, (ii) mild, and (iii) severe damage.



Growing Plants Under Controlled Growth Conditions and Mite Rearing

Tomato seeds of the two commercial tomato cultivars, Ofir and Shiran were sown in plastic pots, each containing ~500 cm3 of a tuff mixture with vermiculite (2:1) and an N-P-K fertilizer (20–20–20). Plants were maintained under controlled growth conditions (16 h/8 h light/dark; 250–350 μmol photon m-2 s-1 light intensity from a 3,000 lm LED; 60–70% RH; 24 ± 2°C), watered every day, and fertilized twice a week with a balanced nutrient solution. Plants used in the experiments were 4–5 weeks old. The two-spotted spider mite (TSSM), Tetranychus urticae, and the predatory mite, Phytoseiulus persimilis, were obtained from Biobee Sde Eliyahu Ltd. They were reared in a climate-controlled room (24 ± 2°C, 60 ± 10% RH, 16 h/8 h light/dark). The TSSMs were maintained on tomato plants, and the predatory mites were reared on detached tomato leaves infested with TSSMs on wet cotton wool inside plastic trays.



TSSM Performance and Fecundity

Ofir and Shiran plants were grown in a climate-controlled room for 3-weeks, then infested with ten 4 to 5-day-old TSSM, which were randomly transferred to each plant with a fine camel paintbrush. Six tomato plants of each cultivar were used per assay, which was repeated three times. To prevent mite's movement from one plant to another, plants were isolated using a plastic tray filled with water. Samplings were conducted 13 days after mite infestation (dpi), and leaves were inspected visually to count the total number of TSSMs on each plant. To evaluate oviposition, 10 leaf disks (2 cm in diameter) of tomato leaves from each of the two cultivars were placed upside down on water-saturated cotton wool in a plastic container (20 cm×8 cm×3 cm); 6 sets of these containers were prepared, for a total of 30 leaf-disks per cultivar. One female spider mite (4–5 days old) was transferred using a fine brush, onto each of the cut leaf disks and allowed to oviposit under laboratory conditions (24 ± 2°C, 60 ± 10% RH, L16:D8). The eggs laid by each individual female were counted daily under a binocular microscope (10–20×) for 5 days or until the female died.



RNA Extraction, Libraries, and Sequencing

Leaflets from 5-weeks old tomato plants were either infested with 15 TSSMs on four different leaflets (a total of 60 mites per plant) for 3 days (sample name Oi-3d and Si-3d) or remained untreated as a control (sample name Oc-3d, and Sc-3d). Then, leaflets were harvested, and two leaflets were pooled for each biological replicate and immediately frozen in liquid nitrogen. Sampling included three replicates for each treatment, except for Shiran control treatment that had only two replicates sampled on the 3rd day. Therefore, we extracted two additional Shiran control samples from the same experiment, collected on the 1st day (sample name Sc-1d). Total RNA was extracted using an SV Total RNA Isolation Kit with an on-column DNaseI treatment (QIAGEN), quantified, and 2.5 μg of each sample was dried in RNA protective tubes (GenTegra LLC, USA). After the library preparation, paired-end (150 bp read length) RNA sequencing was conducted using an Illumina HiSeq 4000 instrument performed by the GeneWIZ Company (www.genewiz.com). Quality control was performed using FASTQC, where low-quality sequences and adapters were trimmed and excluded using Trimmomatic v0.36.



Transcriptome Analysis

Mapping was performed using a STAR aligner v2.5.3a against the Solanum lycopersicum genome (SL3.0; EnsemblPlants release 47) reference transcriptome (ftp.ensemblgenomes.org/pub/plants/release-47) using sjdbOverhang of 149 and quantMode of “geneCounts.” The mapped sequence reads showed a high percentage of uniquely mapped reads of the two cultivars (Supplementary Table 1). Gene counts were transformed to trimmed mean of M-values (TMM) (Robinson and Oshlack, 2010) using the bcbioRNAseq v0.3.39 (Supplementary Table 2). DESeq2 v1.26.1 (Love et al., 2014) was used for differential gene analysis [adjusted p < 0.05; |log2 (fold change)| ≥1] with design ~Infestation + Cultivar and contrasting Shiran vs. Ofir (reference variable) and Infested vs. Control (reference variable). The data for the transcriptomic overview PCA were transformed using a regularized log (rlog) transformation. A functional ontology enrichment analysis was performed using topGO v2.42.0 (Alexa et al., 2006) with Fisher's exact test. A comparison between the TMM values of genes from two selected pathways, terpenoid and salicylic acid biosynthetic genes, showed a high similarity between the 11 samples (only 3d) and the 13 samples (3d and 1d) as shown in Supplementary Figure 2. The TMM datasets are presented in Supplementary Table 3. Due to the high similarity, we decided to conduct Student's t-test analyses, including the two additional samples of Shiran control 1d, and to present the data in fold change. The raw sequence data have been submitted to the NCBI Sequence Read Archive (SRA) accession PRJNA663461.



Volatile Profiling Using Headspace Solid-Phase Micro-Extraction Coupled With Gas Chromatography-Mass Spectrometry (HS-SPME-GC-MS)

Ofir and Shiran plants were grown in a climate-controlled room for 5 weeks, then infested with 15 TSSMs on four different leaflets, for a total of 60 mites per plant. Samples were collected at multiple time points 1, 3, 5, and 7 dpi. Leaflets (1 gr) were collected in 15 ml falcon tubes, immediately frozen in liquid nitrogen, and stored at −80°C. For each time point and cultivar, 5 biological replicates were collected, including untreated leaflets (at each time point). Then, tissue was ground in liquid nitrogen and placed in 20 ml glass vials (CleanVial, Chrom4, Thüringen, Germany), which also contained 1 gr of NaCl and 7 ml of a 20% (w/v) NaCl solution. Additionally, Isobutylbenzene (10 mg/L, Sigma-Aldrich, Israel), was added to each vial as an internal standard. The volatile profiles were examined by headspace solid-phase microextraction (HS-SPME) coupled with GC-MS. Prior to analysis, glass vials were incubated for 15 min at 60°C with PAL COMBI-xt (CTC Analytics AG Switzerland) to release free volatiles into the headspace. A 10 mm long SPME fiber, assembly 50/30 μm, divinylbenzene/carboxen/polydimethylsiloxane (Supelco, Bellefonte, PA, USA), was introduced into the headspace for 15 min at 60°C. The fiber was then desorbed for 10 min at 250°C in splitless mode within the inlet of a 7890A GC (Agilent, Santa Clara, CA, USA) equipped with an VF-5MS 10 m EZ guard capillary column (30 m × 0.25 mm inner diameter, 0.25 μm film thickness; Agilent CP9013, USA), coupled to a 5977B MS detector (Agilent). Helium was the carrier gas in a constant pressure mode rate of 1 mL·min−1, and the GC temperature was programmed for 40°C (1 min), and increased to 250°C at 6°C /min. Ionization energy was 70 eV with a mass acquisition range of 40–400 m/z, and a scanning rate of 6.34 spectra/s. Retention index (RI) was calculated by running C8–C20 n-alkanes. Compounds were identified by Wiley 10 with NIST 2014 mass spectral library data using the Mass Hunter software package (version B.08.00, Agilent, USA). Further identification of major compounds was based on a comparison of mass spectra and the retention index. Compounds with authentic standards (Sigma-Aldrich, Israel) were analyzed under similar conditions. Quantitative evaluation was performed using internal standard; peak areas were normalized that of to the Isobutylbenzene, Sigma-Aldrich, Israel, 0.8 μg per sample. Retention indices of the compounds and the reference source can be found in Supplementary Table 6. The experiment was repeated twice for all time points and repeated three times for 1 and 3 dpi.



Volatile Profile Measurement Using a Gas Chromatography-Mass Spectrometry (GC-MS) Liquid Extraction

Leaflets from the net house experiment were sampled eight times during along the growth season (from August till October 2017). To determine the internal pool compositions of volatile compounds in tomato plants, leaflets (1 gr from three leaflets per sample, five replicates for each treatment) were harvested periodically over the season and immediately flash-frozen in liquid nitrogen. Samples were ground in liquid nitrogen, then extracted in hexane (4 ml gr−1 tissue) supplemented with 4 μg of Isobutylbenzene (Sigma Aldrich, Israel) as the internal standard. Following a 2 h incubation with shaking at 200 rpm, samples were centrifuged at 10,000 g for 10 min. Supernatants were then removed and flush-concentrated ~40-fold under the nitrogen stream prior to chromatography. For GC-MS analysis, 1 μL of the sample was injected by a HT2800T autosampler (HTA, Italy), into a TRACE GC ULTRA gas chromatograph (Thermo-Fisher, USA) as previously described (Kumari et al., 2020). The compound identification as described above.



Two-Choice Bioassay Using Y-Shape Olfactometer

Mite responses to volatiles were observed by a two-choice vertical olfactometer previously described by Pallini et al. (1997) and Gyan et al. (2020) with minor adjustments. A Y-shape glass tube (3.5 cm inside diameter) was formed with a base arm (20 cm in length) and two side arms of 15 cm in length at 75° angle, with a Y-shaped metal wire (1 mm thick) in the middle to channel the mites. The two side arms were each connected with polytetrafluoroethylene (PTFE) tubing to a glass beaker (10 L in volume) containing one potted tomato plant, serving as an odor source. The plant was placed in a small tray inside a second tray containing water, which served as an airtight seal for the glass beaker. Airflow was provided by an aquarium air compressor pump—pushing air from the odor source to the side arms of the Y-tube, adjusted with a flow meter to 0.4 L × min−1 for each arm. Before reaching the two glass beakers, the air passed through an activated charcoal filter (Millennium, HI, USA). Individual mites were placed on the wire in the base of the Y-tube with a paintbrush after being starved for at least 2 h. Each mite was observed until it moved at least 10 cm through one of the side arms. Mites that did not choose a sidearm within 5 min, were considered as having made no-choice and were excluded. Each female was tested only once in the Y-tube selection system. For each pair of volatile sources (plants), 40 adults were tested on two different experimental days. To minimize positional bias, after testing a batch of five females, the volatile sources were switched between the sides of the arms. After testing 10 females, the Y-tube and glass beakers were washed with ethanol (70%). To eliminate the possible effect of light source, a 20 W fluorescent light was placed in front of the two side arms of the Y-tube. Mite bioassays were carried out in a climate-controlled room at 24 ± 2°C, 60 ± 10% RH. Mite responses were assessed for combinations of the following treatments: (i) mite-resistant tomato cultivar, free of TSSMs (Ofir-control), (ii) mite-susceptible tomato cultivar, free of TSSMs (Shiran-control), (iii) mite-resistant tomato cultivars, infested with TSSMs (Ofir-infested), and (iv) mite-susceptible tomato cultivar, infested with TSSMs (Shiran-infested). For the infested treatment, plants were infested with 60 spider mites for 3 days prior to the experiments.



Statistics

For the RNA-seq principal component analysis (PCA) whole transcriptomic overview, 22,592 genes were selected (transcripts with only zero values were excluded). Then, regularized log-transformed data were scaled to the average and standard deviation [(x – x)/σ], calculated and designed using R. For the PCA of selected genes (SA and terpenoid biosynthesis), the missing values (zeros) were replaced by LoDs (1/5 of the minimum positive value of each variable), normalized with a log transformation using MetaboAnalyst tool (Xia et al., 2009). Data for the PCA plot of the VOCs were log-transformed and calculated using MetaboAnalyst tool. The Venn diagram was designed using the Venny 2.1.0 drawing tool (http://bioinfogp.cnb.csic.es/) using DEGs data. The oviposition results were analyzed by two-way ANOVA (analysis of variance), and one-way ANOVA (each time point or leaf section), followed by a post-hoc test using Tukey's HSD. For gene pair-wise comparisons, a Student's t-test was used, p-value adjusted (FDR; false discovery rate), and data were presented in log2 fold change. For the two-choice vertical olfactometer bioassay, a Chi-square (χ2) goodness of fit test based on a null model, was used, where the odor sources were selected with equal frequency (50:50 response). These analyses were conducted using JMP13 software (SAS; www.jmp.com) and Microsoft Excel.




RESULTS


Evaluation of Mite Populations in the Net House and Their Damage to Tomato Leaves

The two commercial tomato cultivars (Shiran and Ofir) were selected based on the following information: description on the Rimi website (www.rimi.co.il), and pre-observation by the Agriculture Extension Service of Israel that reported a lower mite population on Ofir than on the other commonly grown cultivars of cluster cherry tomato. Mite populations were evaluated according to the adult and juvenile pest life cycle stages (eggs were excluded). The average numbers of adult and juvenile mites on two sampling dates, 5 and 8 weeks after TSSM infestation, are presented in Figure 1. A comparison of the two sampling dates indicated that Shiran had more mites than Ofir in the juvenile stages, while only on the 5 weeks the adult stage had significantly higher on Shiran than on Ofir. In the 8 weeks, the adult mite population on Shiran had reduced, and in Ofir, it was not changed, which might be the outcome of severe plant damage. Supplementary Figure 3 shows the total number of adult and juvenile mites on the two tomato cultivars along 2 months of scouting for mites. These results also show a higher number of both adults and juveniles on Shiran vs. Ofir. Overall, they suggest that in net house growth conditions, Shiran is more mite susceptible than Ofir.
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FIGURE 1. The total number of adult and juvenile TSSMs per plant on the two tomato cultivars grown in a net house. Mite population was counted 5 and 8 weeks after TSSM infestation. At each time point, nine leaves from a plant were selected, twenty plants of each cultivar were sampled (Student's t-test; *p < 0.05; n = 20; mean ± SE). The time points that are presented are the ones in which the peak of the mite population was observed.


Additionally, plant morphology was scored at a single time point (5 weeks after TSSM infestation; Figure 2A), 3 months from the beginning of the experiment. Figure 2B presents the distribution of the plant damage in the two tomato cultivars in the net house. Most Shiran plants were mildly damaged and more damaged than most of the Ofir plants. These results suggest that the plant damage was related to the intensity of mite infestation, and that the Ofir cultivar is more resistant to mites.
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FIGURE 2. Plant damage rate of the tomato cultivars grown in a net house. (A) Photos from the tomato plants. (B) Plant damage rate of whole tomato plants. Plant severity symptoms were scored on three damage levels: (1) slight, (2) mild, and (3) severe. n = 24–26.




Evaluating TSSM Performance and Fecundity Under Controlled Growth Conditions

To validate whether Ofir was more resistant to TSSMs than Shiran in a controlled environment, two complementary experiments were conducted: (i) mite reproduction, in which the number of mobile mites was evaluated on whole mite-infested plants for 13 days; and (ii) mite oviposition, in which the number of eggs was counted for 5 days during mite infestation using leaf disks. As shown in Figure 3A, mite reproduction was significantly higher on Shiran (386.5) than on Ofir (306.2) plants, suggesting that Shiran is more susceptible to TSSMs under laboratory conditions. We determined the oviposition rate of TSSMs on the cultivars by applying females and counting new eggs each day, as shown in Figure 3B. The two-way ANOVA indicated a significant difference in the number of eggs between sampling days (df = 4; F = 6.3; p < 0.0001), while no significant difference was detected between the cultivars (df = 1; F = 1.1; p = 0.29). Therefore, we conducted a one-way-ANOVA comparing the number of eggs on each cultivar separately. On Ofir, the highest number of eggs was counted on the 3rd day (9.4 eggs per female), then it declined to 8.3 eggs per female on the 5th day, while on Shiran, the highest numbers of eggs were counted on days 3–5 (9.1–9.9 eggs per female). These results revealed the different time responses of the two cultivars, possibly driven by variations in the molecular mechanisms.
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FIGURE 3. Evaluation of TSSM performance and oviposition rate on the two tomato cultivars Ofir and Shiran. (A) The mites were counted 13 days after infestation, 4-week-old tomato plants were infested with 10 TSSMs per plant. Asterisks indicate significant differences between cultivars (Student's t-test; *p < 0.01; n = 6; mean ± SE. (B) Oviposition rate was determined from 30 sets of leaf disks infested with one adult female mite per leaf disk. The figure shows the average total egg production per day. There was no significant difference between the number of eggs produced in the cultivars (ANOVA with df = 1; F = 1.1; p-value = 0.29). There was a significant difference in the number of eggs between sampling days in each cultivar (ANOVA with df = 4; F = 6.3; p < 0.0001). Different letters indicate significant differences determined by one-way ANOVA (p < 0.05; HSD).




Pathway Analysis and Identification of Relevant Metabolic Pathways Mediating the Tomato Responses Against TSSMs

To investigate the global transcriptional changes of the tomato cultivars, leaves from 5-week-old plants were infested with 60 TSSMs for 3 days, and then samples from TSSM-infested and untreated controls were collected. The total transcript levels (22,592 genes with no zero values) were used to construct a principal component analysis (PCA) plot. As presented in Figure 4A, the PCA plot indicates that each cultivar's samples were clustered with one another. The samples were separated into infestation treatments, which explained 92% of the variance (PC1), and into cultivars, which explained 4% of the variance (PC2). This analysis suggests strong inducible responses of both cultivars following TSSM infestation, as well as distinct constitutively expressed sets of genes between the two cultivars. The DESeq2 tool was used to detect differentially expressed genes in the transcriptomic dataset (Love et al., 2014), which generated two sets of transcriptional variations: (i) between the two cultivars and (ii) between treatments (TSSM-infested vs. untreated control). A list of the gene sets is presented in Supplementary Table 3. The analysis of differentially expressed genes resulted in a total number of 7,099 differentially expressed genes, and the distribution of these genes was calculated and is presented in a Venn diagram (Figure 4B). Many genes were altered in response to mite attack (6,632), while only a small number of genes (252) were differentially expressed between the two cultivars. Additionally, 215 genes varied between both cultivar and treatment. This result indicates that the major transcriptomic effects are induced by TSSM infestation.
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FIGURE 4. Transcriptomic overview of two tomato cultivars infested with TSSMs for 3 days. (A) PCA plot was generated using 22,592 genes (transcripts with only zero values were excluded). (B) Venn diagram illustrates the number of genes that were differentially expressed (DEGs) between the two cultivars (Shiran/Ofir) and/or treatments (TSSM-infested/control). Absolute fold change >|2|, p < 0.05 FDR (n = 5–6 biological replicates).


To reveal the biological processes involved in each group of the Venn diagram, an over-representation pathway enrichment analysis was performed, and the results were compared using the LycoCyc database (http://solcyc.solgenomics.net/). In this analysis, the differentially expressed genes were included (both up- and downregulated in each group). In Table 1, the significantly enriched pathways of cultivars, TSSM-induced treatment, and overlap group genes are presented (Tables 1A–C, respectively). The pathways significantly enriched by the cultivars alone were mainly associated with the biosynthesis of phenylpropanoids (flavonol, syringetin, luteolin, and leucopelargonidin and leucocyanidin) and terpenoids (monoterpenes). A large number of over-represented pathways were enriched upon mite infestation, including the following central metabolic pathways: amino acid biosynthesis (Phe, Tyr, Trp, Asp, and Glu), fatty acid and lipid biosynthesis (phospholipids), photosynthesis, and carbohydrate metabolism (Table 1B). Additionally, several pathways associated with secondary compound biosynthesis were enriched: cofactor, prosthetic group, electron carrier, and vitamin (folate and chlorophyll cycle), nitrogen-containing compounds (hydroxycinnamic acid tyramine amides), and terpenoid (antheraxanthin and violaxanthin, and phaseic acid). Notably, another over-represented pathway was the biosynthesis of volatile benzenoid esters (i.e., MeSA and methylbenzoate), which result from the degradation of aromatic compounds (Tzin and Galili, 2010).


Table 1. Pathway enrichment analysis of significantly altered gene expression between the two tomato cultivars and in response to TSSM infestation.
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As presented in Table 1C, only a few pathways within the overlap group were significantly enriched, including the initial reaction of phenylpropanoids toward flavonols and suberin biosynthesis, as well as the biosynthesis of the phytohormone, SA. Together, these observations revealed the contribution of cultivars to the variation, which was mainly associated with secondary metabolism. In contrast, the mite-inducible changes were related to both primary and secondary metabolism. The overlap group, which represents genes that differ by both cultivar type and infestation treatment, is related to secondary metabolism. GO enrichment for each of these groups showed similar results to Table 1, with a few additional categories. The GO enrichment summary of biological process, molecular function, and cellular component is presented in the Supplementary Table 4. There was at least one pathway in all the groups involved in the metabolism of volatile compounds, including monoterpenes, salicylate (and MeSA), and volatile benzenoid ester biosynthesis. Therefore, we further explored these two pathways, looking at gene expression and measuring volatile composition changes.



Comparing the Expression of Genes Associated With the Terpene Pathway and Salicylic Acid Biosynthesis

The terpene biosynthesis gene list was generated according to a recently published study characterizing the tomato Terpene synthase (TPS) gene family by Zhou and Pichersky (2020) and Apocarotenoid cleavage dioxygenase (CCD) by Ilg et al. (2014). Out of 51 genes, 23 were detected in our dataset. As shown in Table 2A, five Terpene synthase (TPS) genes were highly expressed in untreated Ofir vs. Shiran, including TPS5 (Solyc01g105890), TPS7 (Solyc01g105920), and TPS19/20 (Solyc08g005665) involved in monoterpene biosynthesis, TPS9 (Solyc06g059885) involved in monoterpene and sesquiterpene biosynthesis, and TPS18 (Solyc08g005720) involved in diterpene biosynthesis. This revealed the constitutive transcriptomic difference between the two tomato cultivars. Upon mite-infestation in the Ofir cultivar, the expression levels of six genes were reduced, including TPS4 (Solyc01g105880), TPS12 (Solyc06g059930), Geranylgeranyl diphosphate synthases (GGPPSs; Solyc04g079960 and Solyc02g085700), Solanesyl diphosphate synthase (SPPS; Solyc07g061990), and Carotenoid cleavage dioxygenase (CCD2; Solyc01g087260), while TPS46 (Solyc03g006550) was significantly overexpressed. In Shiran cultivar, three genes were underexpressed (TPS35, Solyc01g101210; GGPPS2, Solyc04g079960 and CCD2, Solyc01g087260), and two genes were overexpressed (TPS5, Solyc01g105890; and TPS46, Solyc03g006550).


Table 2. Changes in the expression of genes involved in the biosynthesis of terpenoid and salicylic acid pathways.
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Notably, the gene ID of TPS20 and TPS19 was Solyc08g005665.1, Solyc08g005670.2, and then Solyc08g005665.1 again in S. lycopersicum annotation versions 2.4, 3.2, and 4.0, respectively. Both gene IDs have been used in the literature (Xu et al., 2018; Zhou and Pichersky, 2020). The current annotation suggests that TPS19 and TPS20 are two coding sequences on the same transcript and are likely splice variants. However, their high sequence similarity prevented the distinction between the two during the mapping phase. Therefore, to separate them in the current RNAseq data, their amino acid variation from the reference genome (Heinz. cv) was used to infer their presence in the raw sequencing reads. A few reads that showed amino acid profiles congruent with both proteins, were excluded. The quantification of the reads revealed that both isoforms are present in Ofir and Shiran (Supplementary Figure 4). In all four groups, TPS20 had more reads than TPS19. Unlike the TMM analysis, where TPS19/20 was not detected in control samples of Shiran cultivar (Supplementary Table 5), a few reads were detected in these samples.

Salicylic acid (SA) is synthesized via two pathways: (i) chorismate through Isochorismate synthase (ICS) and (ii) from Phe via Phe ammonia-lyase (PAL) (Lefevere et al., 2020). The gene list was generated from LycoCyc (http://solcyc.solgenomics.net/) and MetaCyc databases (Caspi et al., 2018). The results of the genes involved in SA and volatile benzenoid ester biosynthesis are shown in Table 2A. In Ofir, the expression levels of 11 genes from the Phe pathway were altered upon mite infestation, including PALs (Solyc03g042560, Solyc05g056170, Solyc09g007900, and Solyc09g007910), Benzoate-CoA ligase (BCLA; Solyc12g044300), Benzyl alcohol benzoyl transferase (BEBT; Solyc05g015800, Solyc07g049660, and Solyc07g049670), Cinnamate:CoA ligase (CNL; Solyc02g081360), and Salicylate 1-O-methyltransferase (SAMT; Solyc01g081340 and Solyc09g091550), and the expression of ICS (Solyc06g071030) from the chorismate pathway was significantly decreased. In Shiran, the expression levels of 9 genes from the Phe pathway were altered, including PALs (Solyc10g011920, Solyc03g036470, and Solyc09g007900), BEBTs (Solyc05g015800, Solyc07g049660, Solyc07g049670, and Solyc08g005760), and CNLs (Solyc02g081360 and Solyc03g031870), while the level of ICS did not change. While several genes were significantly modified in response to mite-infestation, none of these genes were significantly different between the two cultivars' untreated samples (constitutive differences), suggesting that the SA pathway is mostly involved in the inducible defense mechanisms. Altogether, the results indicate a dramatic change in the gene expression levels of SA and volatile benzenoid ester biosynthesis, mostly affected by mite treatment (inducible manner). Additionally, only a slight effect on the terpene biosynthesis pathway was seen, which was enriched more in the Ofir than the Shiran cultivar (constitutive manner).



Content of Volatile Organic Compounds (VOCs)

The transcriptome analysis suggested that one of the major differences between these cultivars was related to the metabolism of VOCs. The two cultivars' volatile content was determined under both mite-infested and untreated control conditions using the HS-SPME-GC-MS technique to link the transcriptomic to the metabolic changes. A total of 54 metabolites were identified across all different treatments, including 12 monoterpenes, 7 sesquiterpenes, 8 irregular terpenes, 7 phenylpropanoids and benzenoids, and 20 aliphatics (Supplementary Table 6). In a principal component analysis, the majority of variance in volatiles content was due to the cultivar factor (PC1, 68.7% of total variation). The TSSM infestation factor (PC2) explained another 10% of the total variation in the data, reflecting the induced change in the volatiles content (Supplementary Figure 5).

To compare the relative levels of VOCs, Student's t-tests were conducted. The values in log2 fold change, separated into five volatile biosynthetic classes, are presented in Table 3. This analysis revealed that nine compounds from the mono-, and irregular terpenes differed between the two cultivars in both conditions (mite-infested and untreated control), including 4-carene, limonene, p-cymene, p-cymenene, terpinolene, α-terpinene, β-phellandrene, β-pinene, and crypton. However, only two compounds, α-pinene and o-guaiacol, were modified in the untreated Ofir vs. untreated Shian, and three compounds, 1-nonanol, 1-Octanol, and methyl salicylate, were altered in mite-infested Ofir vs. mite-infested Shiran. Methyl benzoate was the only compound that increased upon mite infestation in Shiran cultivar, while none of the metabolites changed upon mite infestation in the Ofir cultivar. Notably, two monoterpenes 3,7,7-trimethyl-1,3,5-cycloheptatriene and β-myrcene were detected only in the Ofir cultivar. These comparisons suggested that monoterpenes are the main VOCs that differ between cultivars (constitutive levels), while only minor changes occur upon TSSM attack.


Table 3. Changes in the mean abundance of volatiles between TSSM-infested/untreated tomato cultivars Ofir vs. Shiran.
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To compare the amount of VOCs in each cultivar and condition, we measured all compounds produced on day 3 dpi, and the change in each VOC was tested by a one-way ANOVA. Overall, 29 out of 54 VOCs varied significantly (df = 4; Fisher's LSD; p ≤ 0.05), indicating unique volatile content between the cultivars and treatments (Supplementary Table 7A). The most pronounced differences between the cultivars were in the levels of monoterpenes, of which 3,7,7-trimethyl-1,3,5-cycloheptatriene and β-myrcene were only detected in Ofir, and seven other monoterpenes were over-represented in Ofir relative to Shiran. Additionally, the most pronounced difference in response to TSSM infestation was in the level of the benzenoid compound methyl benzoate, which increased in response to TSSM infestation in both cultivars. Overall, MeSA was the most abundant molecule, followed by β-phellandrene in Ofir and methyl benzoate in Shiran (Supplementary Table 7B). To compare the total amount of VOCs in each cultivar and condition, we measured all 54 compounds produced. The total VOC content extracted from the Ofir control plants was approximately twice that of the Shiran plants. Upon infestation, both Ofir and Shiran plants produced ~1.5 times more VOCs (Supplementary Table 7B).

In this dataset, Ofir and Shiran seemed to produce different volatile patterns, both in quality and quantity. The question was whether differences in these patterns were due to changes in specific classes of metabolites. To that end, the use of hierarchical cluster analysis (Ward's linkage) resulted in a heatmap, presented in Supplementary Figure 6. Overall, the VOC dataset was divided into six clusters, and volatiles mostly grouped by classes (monoterpenes, sesquiterpenes, and irregular terpenes). Six groups of metabolites were further selected, and their average levels were present in infested and untreated plants at different times (1, 3, 5, and 7 dpi) shown in Figure 5. The sum of 9 monoterpenes was more than 10 times higher in Ofir than in Shiran. Notably, the only monoterpenes in greater quantity in Shiran were α-pinene and β-pinene (Figures 5A,B, respectively). Both sesquiterpene and the irregular terpenes presented similar patterns between the groups and were higher in Ofir than in Shiran. However, irregular terpenes varied more between the Shiran control and infested treatments (Figures 5C,D, respectively). The volatile phytohormone MeSA was significantly higher in Ofir than in Shiran and increased in the infested treatments (Figure 5E). Methyl benzoate was the most prominent compounds that increased in response to TSSM infestation in both cultivars and was the only compound that increased over time (Figure 5F). VOCs associated with the aliphatic class did not show a clear pattern, and most of them were more abundant in Ofir than Shiran, except 1-nonanol, and 1-octanol, which presented the opposite trend (Table 3 and Supplementary Figure 6).
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FIGURE 5. Volatile compound contents of tomato plants infested with TSSM or untreated (control) for 1, 3, 5, or 7 days. The graphs show the average relative production at each day for (A) monoterpenes, including the sum of 3,7,7-trimethyl-1,3,5-cycloheptatriene, 4-carene, α-terpinene, β-myrcene, β-phellandrene, p-cymene, p-cymenene, limonene, and terpinolene. (B) β-pinene, (C) sequiterpenes represent the sum of α-humulene, β-elemene, β-trans-caryophyllene, and guaiazulene. (D) Irregular terpenes represent the sum of β-cyclocitral, β-homocyclocitral β-ionone, β-ionone epoxide, and crypton. (E) Methyl salicylate (MeSA) and (F) methyl benzoate. Data represent mean ± SE; n = 4–5. Asterisks indicate significant differences between the control and the infested in each cultivar (Student's t-test, *p < 0.05, **p < 0.01, and ***p < 0.001).


Further evidence for volatile differences between the two cultivars was discovered by measuring the VOC profile of tomatoes grown in the net house. Leaf samples were collected over 3 months, and volatiles were detected using GC-MS liquid extraction. The results suggested that Ofir accumulated higher amounts of volatiles during this time than in Shiran (Supplementary Figure 7). These findings supported our laboratory experiments, wherein the total amount of VOCs was higher in Ofir than Shiran (Supplementary Table 7B). Furthermore, 1 week after TSSM infestation, the amount of volatiles increased until 2 weeks after infestation. Subsequently, it declined during the establishment of the mite population (Figure 1 and Supplementary Figure 5, respectively). The VOC list is presented in Supplementary Table 8.



Olfactometry Bioassay of TSSM and Phytoseiulus persimilis Upon Exposure to Shiran and Ofir Odors

A Y-shape olfactometry bioassay was designed (Figure 6) to understand the effect of different VOC emissions on mite behavior. The TSSMs showed no preference for the odor source emitted by intact Shiran-control and Ofir-control plants (χ2 = 0.31; p = 0.577). Similarly, TSSMs had no preference when given a choice between Ofir-control and Ofir-infested plants (χ2 = 0.31; p = 0.577), Shiran-control and Shiran-infested plants (χ2 = 0.13; p = 0.715), and Shiran-infested and Ofir-infested plants (χ2 = 0.78; p = 0.376; Figure 6A). Phytoseiulus persimilis predatory mite is known to respond to unique VOC compositions (Takabayashi et al., 2000). Therefore, we tested the indirect effect of the VOCs blend of the two cultivars on these mites by exposing them to either TSSM-infested or untreated (control) Ofir and Shiran volatile emissions. The P. persimilis clearly chose Ofir-infested over Shiran-infested plants (χ2 = 4.94; p = 0.0263; Figure 6B). Phytoseiulus persimilis did not show a significant preference when given a choice between Shiran-control and Ofir-control plants (χ2 = 0.31; p = 0.577), Ofir-control and Ofir-infested plants (χ2 = 0.31; p = 0.577), and Shiran-control and Shiran-infested plants (χ2 = 0.13; p = 0.715). The results indicated that the predator mite could distinguish between infested Ofir and Shiran, but the TSSM could not.
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FIGURE 6. Olfactory response of Tetranychus urticae (TSSM) and Phytoseiulus persimilis to different tomato cultivars infested with TSSMs and untreated (control). (A) Percentage of TSSMs that chose the odors of infested plants (striped bars) for control plants (solid bars) or Ofir cultivar (light blue bars) for Shiran cultivar (light beige bars). (B) Percentage of P. persimilis that chose the odors of infested plants (striped bars) for control plants (solid bars) or Ofir cultivar (blue bars) for Shiran cultivar (beige bars). Experiments were repeated twice. In each experiment, 40 individual adult mites were tested (χ2-test, *p < 0.05).





DISCUSSION

Considerable progress has been made in tomato plant cultivation by characterizing its volatile emissions during herbivore attack and investigating their crucial role in attracting natural enemies (Kant et al., 2004; Mayo-Hernández et al., 2019). However, the genetic basis underlying the constitutive release of VOCs involved in direct and indirect defenses, and their effect on herbivores, are still poorly understood. In this work, we compared the changes in volatile content and related gene expression in two commercial tomato cultivars and their effects on mites to identify the resistance mechanism. We characterized the variation of the TSSM population in the field and climate-controlled conditions and compared the transcriptomic and volatile profiles. Many studies have compared genotypes to reintroduce beneficial traits such as VOC emissions from wild species into domesticated lines (Bleeker et al., 2009; Mayo-Hernández et al., 2019; Paudel et al., 2019). Here, we focused on two cluster cherry tomato cultivars with similar physical (similar trichome density; Supplementary Figure 8) and agronomic traits (fruit size, shape, color, and cluster architecture), but with contrasting TSSM susceptibility to isolate chemical traits involved in mite-resistance. Beyond exploiting the chemical diversity of wild tomato species, we propose that there is an untapped potential within domesticated tomato cultivars for isolating and exploiting resistance traits due to the great genetic variation between them, including variation in monoterpene volatiles.


Salicylic Acid and Terpenoid Biosynthesis Are Involved in Mite Responses in Tomato Leaves

One of the first plant physiological responses to TSSM infestation is stomatal closure, leading to reduced photosynthetic rates, chlorophyll content, transpiration efficiency, and overall yield (Reddall et al., 2004). As a result of mite infestation, primary metabolism (i.e., amino acids, sugar and starch biosynthesis, photosynthesis, and chloroplast-related metabolism) is modified, in addition to changes in secondary metabolites and phytohormones (i.e., SA, JA, and ET; Martel et al., 2015). Via transcriptome analysis, we revealed that the expression of specific genes was affected by TSSM infestation in the leaves of Shiran and Ofir tomato cultivars. Notably, only a few pathways were significantly enriched by the differences between cultivars alone. These genes were associated with primary and secondary metabolism, such as terpenoid and phenylpropanoid pathways (Table 1). One class of over-represented terpenoids was monoterpenes, which reportedly varies between cultivars in a constitutive as well as inducible manner (Raghava et al., 2010). The second class of terpenoids enriched by TSSM infestation was tetraterpenoids (related to carotenoids and abscisic acid). Carotenoids serve as pigments and degrade into irregular volatile terpenoids (i.e., β-ionone), previously reported to be induced in response to TSSM infestation (Nyalala et al., 2013). Genes related to SA biosynthesis were significantly enriched in the group overlapping cultivars and mite infestation. SA and MeSA are generally known to accumulate upon infection with biotrophic pathogens (Wei et al., 2014) and infestation with herbivores such as phloem-sap-sucking insects (Zarate et al., 2007) and TSSM (Kawazu et al., 2012; Thaler et al., 2012). Notably, in our analysis, the JA pathway was not enriched based on the over-representation and GO enrichment analysis (Table 1 and Supplementary Table 4). Previous reports indicated that the crosstalk between SA-JA was important for VOC biosynthesis and emission. However, the relationship between the two phytohormones still requires investigation. A reciprocal antagonistic relationship between SA and JA has been described in at least 17 different plant species (Thaler et al., 2012), and their levels were manipulated by both herbivores and pathogens (Martel et al., 2015). On the other hand, a few other reports have shown that both SA and JA biosynthetic and signaling genes were enhanced upon TSSM infestation in tomatoes (Kawazu et al., 2012). This suggested that the SA-JA crosstalk is species-specific, cultivar-specific, and can vary between different responses (Kappers et al., 2010; Thaler et al., 2012; Wei et al., 2014; Rioja et al., 2017).



TSSM Induces SA-Related Gene Expression, Whereas Constitutive Changes Are Associated With Terpenoid Biosynthesis

Plants synthesize SA via two pathways, Isochorismate synthase (ICS) and Phe ammonia-lyase (PAL), both originating from chorismate. However, not all enzymes catalyzing SA have been identified. The importance of these two pathways varies in different plant species (Lefevere et al., 2020). In Arabidopsis, for instance, the ICS pathway is more active; in rice, the PAL pathway seems to be more dominant, while in soybean, both pathways contribute equally to SA accumulation (Silverman et al., 1995; Duan et al., 2014). In our study, transcriptional changes in TSSM-induced genes were associated with PAL degradation (via phenylpropanoids), whereas ICS (Solyc06g071030) expression was only reduced upon TSSM infestation in the Ofir cultivar. Similar results were previously reported in tomato (cv. Heinz 1706) and pepper (Martel et al., 2015; Zhang et al., 2020). Terpene synthases genes TPS5, TPS7, TPS9, TPS18, and TPS19/20, were expressed more in the TSSM-resistant cultivar (Ofir) vs. Shiran. Our findings indicated that SA-pathway-associated gene expression was induced upon infestation, whereas terpenoid biosynthetic genes varied more between cultivars and were more constitutively higher in Ofir than it Shiran.



Quantity and Diversity of Volatiles Play an Important Role in Determining Resistance to TSSMs

The transcriptome analysis revealed that several pathways involved in VOC biosynthesis were modified in response to mite infestation, including SA, benzenoid esters, and terpenoid biosynthesis (Table 2). These results were consistent with the change in volatile compounds. Numerous metabolites originating from these classes were previously shown to confer repellent or toxic properties. Methyl benzoate (benzenoid class), for instance, exerts significant contact toxicity against TSSM eggs and adult females and displays repellent activity against adult mites (Mostafiz et al., 2020). In our study, methyl benzoate was increased upon infestation in both cultivars.

The majority of VOCs detected in our experiments were terpenoids. Figure 7 presents a summary of changes in genes and metabolites associated with mono-, and irregular terpenoid pathway in uninfested Ofir vs. Shiran cultivars as presented in Tables 2, 3. From a total of 54 VOCs, 11 monoterpenes, one irregular terpene and five Terpene synthases genes were modified in the resistant cultivar (Ofir) relative to the susceptible cultivar (Shiran). Although many genes involved in the production of volatiles and their regulation in tomato are known (Zhou and Pichersky, 2020), many details remain unresolved. Some of the terpenoids identified in our results were not shown in the summary scheme due to a lack of previous research. The previous report had indicated that the release of TSSM herbivore-induced plant volatiles (HIPV) from sour orange (Citrus aurantium) triggered defense responses in another citrus plant, Cleopatra mandarin. This HIPV was dominantly composed of terpenes α-ocimene, α-farnesene, pinene, and limonene, and the green leaf volatile 4-hydroxy-4-methyl-2-pentanone (Agut et al., 2015). Limonene (monoterpene) was described in determining mite reproduction of TSSMs and was reported to possess acaricidal activity (Roh et al., 2013; Abdelgaleil et al., 2019). Other monoterpenes, p-cymene, α-terpinene, and β-phellandrene, were identified as repellent compounds in whitefly bioassays (Bleeker et al., 2009) while p-cymene was also reported to repel western flower thrips (Janmaat et al., 2002). Exogenous application of two irregular terpenes, β-cyclocitral and β-ionone, reduced TSSM activity (Nyalala et al., 2013). These data are consistent with our results: all terpenoids mentioned above (limonene, p-cymene, α-terpinene, β-phellandrene, β-cyclocitral, and β-ionone) were higher in the resistant cultivar than in the susceptible one (Figure 7). TPS7 and TPS19/20 genes were significantly different between the two cultivars and were expressed more in the resistant cultivar (Ofir). TPS7 encodes enzymes known to catalyze the formation of several monoterpenes, namely, β-myrcene, β-pinene, and limonene. β-myrcene and limonene were higher in Ofir as expected by the higher expression of TPS7; however, α-pinene and β-pinene levels were lower in Ofir compared to Shiran (Figure 7). These findings may suggest differential preferences of TPS7 toward some substrates rather than others by a yet unknown gene mechanism. Previous studies highlighted the importance of TPS20 (catalyzing the formation of several monoterpenes, namely, α-terpinene, β-phellandrene, and limonene) and its alleles in terpene biosynthesis and chemical diversity in the glandular trichomes of tomato, and its wild relative Solanum habrochaites (Schilmiller et al., 2009; Gonzales-Vigil et al., 2012). These reports combined with our findings suggest that in our selected tomato cultivars, TPS7 and TPS19/20 genes are important for determining mite resistance. Additionally, TPS5 was detected in Ofir, but the catabolic product, linalool, was not detected.


[image: Figure 7]
FIGURE 7. Summary of the significant differences in gene expression of the terpene biosynthesis in the leaves of two tomato cultivars. Genes are shown in italics, red-colored expressed higher in the resistant cultivar (Ofir) than in the susceptible cultivar (Shiran). Volatiles with red background produced more in Ofir, and volatiles with blue background produced more in Shiran. Gene and volatiles identified in this work are shown in bold. CPT, cis-prenyltransferase; DMAPP, dimethylallyl diphosphate; E,E-FPP, trans-farnesyl diphosphate; FPPS, E,E-FPP synthase; GPP, geranyl diphosphate; GGPP, geranylgeranyl diphosphate; GGPPS, GGPP synthase; IPP, isopentenyl diphosphate; NPP, neryl diphosphate; NNPP, nerylneryl diphosphate; SSU, small subunit of GGPPS; TPS, terpene synthase; Z,Z-FPP, cis-farnesyl diphosphate.




The Different Effect of VOCs on Phytoseiulus Persimilis and Tetranychus Urticae

Variation in volatile blends is known to play a crucial role in processes such as natural enemy attraction (Kant et al., 2004). The predator mite, P. persimilis, is known to rely on olfactory cues to locate its prey (Van Den Boom et al., 2004; Kappers et al., 2011). However, the effect of olfactory cues on TSSMs is less studied. A previous study of citrus rootstocks demonstrated a TSSM preference using a similar olfactometer system (Agut et al., 2015), which helped to guide our decision to test the TSSM olfactory choice. TSSMs showed no preference in cultivar choice, suggesting that volatile blends are less effective in long-distance repellency. Our results from the P. persimilis olfactory choice assays showed that the predator mite was more attracted to the volatile blend of TSSM-infested Ofir than TSSM-infested Shiran. Nevertheless, P. persimilis showed no preference between either untreated cultivar or between infested and untreated Ofir. It is impossible to determine which of the volatile components affects P. persimilis attraction without isolating each compound. Previous studies have confirmed that MeSA is a key P. persimilis attractant (De Boer and Dicke, 2004; De Boer et al., 2008). Our data shows that MeSA was markedly higher in the resistant cultivar and was significantly induced after 3 days of TSSM infestation (the day that the Y-tube bioassay was conducted) as presented in Supplementary Table 7. MeSA was significantly different between the infested Shiran and Ofir plants. These differences might explain the P. persimilis preference in our results.

Altogether, the expression levels of genes involved in the terpenoid biosynthesis and differences in terpenoid volatile contents of tomato cultivars with different mite resistance levels, suggest that this chemical class plays an important role in the resistance of tomatoes to TSSM infestation. Further investigation is required to understand the source of these differences, for example, transcription factor expression and regulation and genetic variation, among other factors.

The TSSM olfactory choice assays showed that TSSMs are not repelled by the volatile blend. However, the colony size, TSSM performance, and fecundity experiments reinforce the notion that Ofir is more resistant than Shiran. If we couple the VOC and RNA-seq datasets with the literature showing direct effects of volatiles such as limonene, α-terpinene, and β-phellandrene on oviposition or feeding, it is quite likely that volatile blends may at least partially contribute to close-contact-related mite resistance in tomatoes. To validate this, we will further need to manipulate specific VOC levels via gene knock-down of over-expression, together with targeted metabolomics to reveal non-volatile compounds that potentially confer Ofir resistance (e.g., acyl-sugars and alkaloids).




CONCLUSION

Pests are responsible for substantial crop losses worldwide by destroying plant tissues and depleting their resources (direct damage), as well as transmitting plant diseases (indirect damage) (Douglas, 2018). Multiple strategies such as plant breeding and genetic modifications are being used to improve crop resistance to pests, including optimization of defense mechanisms. This process requires a knowledge of specific defense mechanisms and their regulation. Our results may serve as the basis for breeding and developing new management strategies for the TSSM, based on plant volatile emissions to improve defense mechanisms. One strategy that may be used is developing markers for TSSM resistance. However, further molecular and fieldwork is needed to increase our understanding of the precise resistance mechanism, focusing on the constitutive levels and defense induction that confers this resistance between the cultivars.
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Editorial on the Research Topic
 Plant-Pest Interactions Volume II: Hemiptera



Plant-pest interactions involve multi-faced processes encompassing a complex network of molecules, signals, and pathways to overcome defences developed by each other. Insects end is to obtain nutrients from their hosts and to assure a safe place for oviposition. Plants respond to insect infestation by triggering defence mechanisms including the development of physical barriers to hamper pest access and compounds with antinutritional, deterrent, repellent, and toxic properties to interfere with the physiology and behaviour of the herbivore. In turn, insects reply by developing strategies to avoid plant defences. In a second round, plants counter-attack implementing emergency responses. Progress, particularly on the molecular analyses of these relationships, has been widely published in recent years (reviewed by Santamaria et al., 2018; Stahl et al., 2018; Erb and Reymond, 2019; Wilkinson et al., 2019; Hamann et al., 2021).

This Research Topic is addressed in a special issue on plant-pest interactions which has been divided into three volumes based on the pest order. This volume II is focussed on hemipteran species, an extensive group of insect piercing-sucking species (e.g., aphids, whiteflies, stinkbugs, leafhoppers, and planthoppers) with a great impact on agricultural production worldwide. Phytophagous hemipteran may directly hurt plants but the major threat is due to the role of same species as vectors of plant pathogens. The understanding of mechanisms and molecular factors that participate in the plant-hemipteran interplay, mainly focused on aphids, has increased in the last decade (Koch et al., 2016; Shah and Walling, 2017; Nalam et al., 2019). The eight articles included in volume II add novel insights at the ecophysiological and molecular levels on plant-hemipteran interactions.

Deciphering of the plant defence responses in the interaction with aphids have been the objective of several articles. Pincebourde and Ngao have investigated the impact of the green apple aphid (Aphis pomi) on the leaf physiology of apple trees, across a range of leaf age. Results revealed that A. pomi enhanced assimilation and transpiration rates, stomatal conductance and internal CO2 concentration in apple leaves up to about the age of 30 days, and then, moved upward to younger leaves. After aphid migration, the carbon content came back to the level of non-infested leaves but the gas exchange patterns still differed, while the nitrogen/carbon ratio never reached the level of non-infested plants. Thus, the gas exchange may explain how plants could support moderate insect pressure. This relation between the leaf age and aphid infestation was also highlighted by Singh et al.. After evaluating the preference and feeding behaviour of the bird cherry-oat aphid Rhopalosiphum padi among several accessions of Triticum turgidum and a domesticated durum wheat cultivar. They conclude that that: (i) the position of the leaf (leaf age) defined the aphid performance; and (ii) the trichome density, and particularly the induction of benzoxazinoids in infested leaves were the main factors to determined aphid resistance. Likewise, Gyan et al. reported that those accessions of tef (Eragrotis tef ) with the higher number of trichomes presented a reduced R. padi progeny. Moreover, the volatile profile of tef infested plants presented similar defence responses as other Poaceae species. To control aphids, previous data had shown that Rag genes conferred resistance to soybean against Aphis glycyine and these genes were deployed in commercial cultivars (Hesler et al., 2013). However, soybean plants carrying the Rag5 gene were aphid resistant in whole plant assays but not in detached leaf assays. Joshi et al., confirmed previous findings and demonstrated that the resistance was located in the stem and correlated with the high kaempferol content in this tissue.

Plant-pest interactions can be influenced by both abiotica and biotic factors. Under climate change scenarios associated with high temperatures, increased atmospheric CO2 levels and elevated nitrogen deposition, a greater food consumption by phytophagous arthropods is expected (Bellard et al., 2012; Hamann et al., 2021). In this context, Carreras Navarro et al. have analysed the effect of different N application rates and CO2 levels on wheat growth and R. padi performance. These authors found that elevated CO2 treatments negatively correlated with wheat N content and aphid fecundity, whereas greater N applications increased both the plant N content and the aphid fecundity. So, environmental parameters determine plant and insect development, and consequently, grain yield and quality. Nevertheless, not only abiotic elements modified plant defences against pest, biotic factors also have a big impact. This has been demonstrated by Dove et al. who have analysed the microbiomes of needle, branch, root, and rhizosphere of two hemlock species, Tsuga canadiensis and T. sieboldii, with low and high population levels of the hemlock woody adelgied Adelges tsugae, respectively. Their findings highlighted that the variation between microbiomes was better explained by the host species or the plant tissue/organ habitats than by the invasive insect levels. In the same research line, another article by Mbaluto et al. reported the impact of a root-knot nematode Meloidogyne incognita on tomato leaf responses induced by the potato aphid Macrosiphum euphorbiae, and conversely the aphid-infested tomato responses to the nematode. Results revealed that nematode and aphid triggered different local and systemic defence responses and an asymmetrical interaction between them when plants were co-infested. Aphid feeding did not systematically alter the nematode-induced defences in roots, and M. incognita determined root defences regardless of the aphid.

Finally, a nice review by Naalden et al. updated the current knowledge on whitefly effectors, their plant targets, their function of the defence transduction pathways and their final impact on plant resistance.

The information reported in this volume II on plant-pest interaction, has added key elements in plant-hemipteran insect interplay, but further research is required to get a full understanding and for exploiting natural defence mechanisms in agriculture.
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The hemlock woolly adelgid (Adelges tsugae, HWA), an invasive insect, is devastating native hemlock populations in eastern North America, and management outcomes have so far had limited success. While many plant microbiomes influence and even support plant immune responses to insect herbivory, relatively little is known about the hemlock microbiome and its interactions with pathogens or herbivores such as HWA. Using 16S rRNA and ITS gene amplicon sequencing, we characterized the needle, branch, root, and rhizosphere microbiome of two hemlock species, Tsuga canadensis and T. sieboldii, that displayed low and high levels of HWA populations. We found that both archaeal/bacterial and fungal needle communities, as well as the archaeal/bacterial branch and root communities, varied in composition in both hemlock species relative to HWA population levels. While host species and plant-associated habitats explained a greater proportion of the variance in the microbiome than did HWA population level, high HWA populations were associated with enrichment of 100 likely fungal pathogen sequence variants across the four plant-associated habitats (e.g., needle, branch, root, rhizosphere) compared to trees with lower HWA populations. This work contributes to a growing body of literature linking plant pathogens and pests with the changes in the associated plant microbiome and host health. Furthermore, this work demonstrates the need to further investigate plant microbiome effects across multiple plant tissues to understand their influences on host health.

Keywords: 16S rRNA, epiphyte, ITS, microbial ecology, plant-microbe interactions, plant pathology, phyllosphere, rhizosphere


INTRODUCTION

A growing body of literature recognizes that microorganisms living inside or in close association with plant tissues are integral to plant health and survival (Compant et al., 2005; Santoyo et al., 2016). In some cases, microorganisms can increase their hosts’ resistance to insect herbivory (Pineda et al., 2017) by affecting plant secondary metabolism (Badri et al., 2013; Hubbard et al., 2019). Plant inoculation with foliar fungal isolates has been shown to reduce herbivory by virtue of fungal metabolites toxic to insects (Tibbets and Faeth, 1999), by fungi acting directly on herbivores as insect pathogens (Marcelino et al., 2008), or by “priming” production of salicylic and jasmonic acids used in plant resistance to pests and pathogens (Thaler et al., 2010). However, the extent and mechanisms of microbiome-induced plant pathogen or herbivore resistance are not broadly understood because these services are primarily studied in model plants and important agricultural species such as Arabidopsis thaliana (Badri et al., 2013), Gossypium (Karban et al., 1987), and Allium cepa (Muvea et al., 2014) and less often in trees such as Populus (Busby et al., 2013). Interestingly, research also points toward the influence of herbivorous arthropods (mites) on the leaf endosphere microbiome and in particular the fungal pathogens Melampsora (Busby et al., 2016) and Drepanopeziza (Busby et al., 2019).

Expanding our understanding of the reciprocal influences of insect and arthropod herbivores and plant host microbiomes could be particularly useful in instances where plants that are especially important to ecosystem health are under threat. For example, eastern hemlock (Tsuga canadensis) is a foundational species in eastern North American forests (Ellison et al., 2005), yet comparatively little is known about the hemlock microbiome and its interactions with pathogens or herbivores, such as the hemlock woolly adelgid (HWA, Adelges tsugae), which is currently devastating native hemlock populations (Eschtruth et al., 2013). The HWA often feeds on young hemlock branches where needles intersect the branch (McClure, 1987), however, the HWA can also be found on the hemlock trunk with unknown consequences for the tree (Oten, 2011; Leppanen et al., 2019). Feeding at the needle base prevents nutrients required for growth from reaching the needles, causing them to discolor and desiccate (Young et al., 1995; McClure et al., 1996; Havill et al., 2016b). The HWA does not appear to harm hemlock species within its native range of Asia and northwestern North America (Oten et al., 2014). However, in the mid 20th century, the HWA arrived in the eastern United States (USA) with the introduction of ornamental hemlocks, and it has since spread from northern Georgia to southern Nova Scotia (Kantola et al., 2019). Hemlock loss can have ecosystem-level effects owing to their foundational role in some eastern mixed hardwood forests. For instance, they provide habitat for many animals (Yamasaki et al., 2000), moderate diel fluctuations in temperature and moisture that improves stream habitats for many invertebrates (Snyder et al., 2002), and slow biogeochemical cycling, preventing stream eutrophication (Jenkins et al., 1999).

The use of chemical control to manage HWA is effective (Silcox, 2002) but not sustainable, and biological control has not yet proven successful in lowering hemlock mortality (Havill et al., 2016b). Resistance or tolerance to HWA in hemlocks from within the native range of the HWA and in some apparently resistant stands in its invasive range is also studied to inform HWA control (Oten et al., 2014; Leppanen et al., 2019; Kinahan et al., 2020). Natural enemies are hypothesized to be at least partially responsible for controlling HWA populations in its native range (Cheah et al., 2004). However, hemlock species from the native range of the HWA (i.e., Asia) introduced to North America (e.g., T. chinensis, T. dumosa) support similarly low HWA populations in eastern North America where these same predators are absent (Bentz et al., 2002, 2007; Leppanen et al., 2019), suggesting a bottom-up resistance to HWA in some hemlock species. This apparent resistance may be conferred through differences in twig tissue chemistry (McKenzie et al., 2014) or cuticle thickness (Oten et al., 2012). Another possibility is that resistance to insect herbivory may, in part, originate from the plant microbiome, as has been demonstrated in some plants (e.g., Mejía et al., 2014; Garbelotto et al., 2019; Hubbard et al., 2019).

Initial investigations of the hemlock microbiome show that the branch microbiome varies across hemlock species, differing between HWA-susceptible and HWA-resistant species (Rogers et al., 2018). However, among HWA-susceptible hemlock species, the microbiome did not differ significantly between HWA population levels. Although these observations suggest that HWA infestation is independent of the plant microbiome, this initial work was limited in replication (n = 3) and investigated only the branch microbiome. It is also possible for outcomes of interactions with the microbiome associated with pest populations to appear in tissues away from the feeding site. For example, the soil microbiome can influence plant secondary metabolism impacting resistance to herbivory (Hubbard et al., 2019). Furthermore, even if the microbiome does not influence HWA populations, HWA feeding and subsequent associated damage still may affect the hemlock microbiome, e.g., because HWA infestation causes a plant immune response and the release of methyl salicylate into the vascular tissue (Pezet et al., 2013). In the rhizosphere of Populus trichocarpa, the concentration of salicylic acid correlated with the abundance of many bacterial and fungal phyla (Veach et al., 2019). Hence, a more systemic evaluation of the hemlock microbiome associated with HWA infestations and resistance is needed to reveal potentially important interactions.

To determine associations between the hemlock microbiome and HWA, we investigated the microbiome of two hemlock species, T. canadensis and T. sieboldii, with different HWA population levels across three plant tissue endospheres (e.g., needle, branch, and root) and their rhizosphere soils. Collectively, we use the term “plant-associated habitats” to describe the plant tissue endospheres and rhizosphere. Tsuga canadensis is native to eastern North America, and T. sieboldii is native to southern Japan (within the native range of HWA, Havill et al., 2016a) but has been introduced throughout the eastern USA (Farjon, 2010). We hypothesize that microbial α-diversity and community composition will differ among plant-associated habitats and between host species as has been shown previously in hemlock (Rogers et al., 2018) and other tree species such as Populus (Cregger et al., 2018), Ginkgo (Leff et al., 2015) and Broussonetia (Chen et al., 2020). However, we also hypothesize that microbial α-diversity and community composition will also differ across HWA population levels. We hypothesize that these differences in microbial community composition will correlate with changes in plant and soil chemistry associated with different host species and HWA population levels. We are also interested in the differences in specific microbial taxa with different hemlock host species and HWA population levels, specifically potential fungal pathogens and mycorrhizal fungi, which are well-characterized in the literature (Nguyen et al., 2016) and are known to affect plant host survivability (Smith and Read, 2008; Dean et al., 2012). We thus hypothesize that the relative abundance of potential fungal pathogens will increase with high HWA population levels due to compromised host defenses (Pezet et al., 2013). Additionally, the relative abundance of mycorrhizal fungi will decrease and the composition of mycorrhizal fungi will differ with high HWA population levels owing to altered resource allocation belowground with HWA infection (Gehring and Whitham, 1994a, b). Our overall goal is to describe the hemlock microbiome across plant tissues and host species and to identify microbial taxa associated with different HWA population levels that might subsequently be considered in HWA control.



MATERIALS AND METHODS


Site Description and Sample Collection

Hemlock samples were collected on June 23, 2018, at the North Carolina State University Mountain Horticultural Crops Research Station, Mills River, NC, United States (35.420468 N, −82.556092 E, altitude: 643 m). Here, a variety of hemlock species were planted in a mixed-use forested landscape in 2008. Soils are characterized as Hayesville series (clayey, kaolinitic, mesic Typic Kanhapludults). For 2018 and 2019, mean annual precipitation was 176 cm, and temperature between October–March was 7.6°C and April–September was 19.6°C.

We collected samples from 40 hemlock trees across the two hemlock species (T. canadensis and T. sieboldii) and two HWA population levels (high and low) in full factorial design (10 replicate trees per species-HWA population level combination). Trees were characterized as having low HWA population levels when fewer than 10 HWA ovisacs were detected during 10 min censuses of the entire tree, and trees were characterized as having high HWA population levels when ovisacs were detected on >16 of 20 surveyed branches, five in each cardinal direction from approximately 0.1, 0.5, 1.0, 1.5, and 2.0 m above the ground. From each tree, we collected three 10 cm terminal branches from northeast, south–southeast, and west–northwest facing foliage at 1.5 m in height. These samples were composited and frozen on dry ice (−80°C) until sample pre-processing in the laboratory. We also collected fine roots (<2 mm diameter) and the attached soil, which we operationally defined as the rhizosphere, at each tree. Root and rhizosphere collections occurred in the upper 10 cm of soil and within 1 m of the base of the tree. All roots were traced back to the base of the tree. These samples were also frozen on dry ice until sample pre-processing.



Sample Pre-processing and DNA Extraction

Prior to DNA extraction, needles, branches, and fine roots were washed and surface-sterilized as described by Cregger et al. (2018). To increase DNA yield prior to extraction, 50 mg of tissue per sample were cut into ∼5 mm pieces, flash-frozen in liquid nitrogen, and homogenized by bead-beating with a sterile 6 mm steel bead for two 1-minute intervals. Samples went through an additional flash freeze between intervals to prevent thawing. The DNA extractions were performed using the Qiagen PowerPlant Pro DNA Kit (Qiagen, Venlo, Netherlands) following the standard protocol with a slight procedural modification to ensure high-quality, high-concentration DNA yields. This modification consisted of homogenizing in a Precellys 24 (OMNI International, Kennesaw, Georgia, United States) at 3200 g for 3 min at 30 s intervals of pulse and rest. Rhizosphere soil was collected as the pre-sterilized rinsate of the fine roots. Rinsates were centrifuged at 10,000 rcf, and we removed the supernatant. We then used the Qiagen PowerSoil DNA Kit (Qiagen, Venlo, Netherlands) to extract these rinsates, following the standard protocol with the same modification to the procedure as seen above. Extractions were quantified on a NanoDrop 1000 spectrophotometer (NanoDrop Products, Wilmington, DE, United States). We used a Zymo DNA Clean and Concentrator-5 kit (Zymo Research Corporation, Irvine, CA, United States) to purify and concentrate needle, branch, and fine root endosphere extractions prior to polymerase chain reaction (PCR) amplification.



PCR Amplification, Sequencing, and Bioinformatics

Archaeal/bacterial libraries were prepped for 16S rRNA gene sequencing by means of a two-step polymerase chain reaction (PCR) approach with a mixture of custom 515F and 806R primers (Cregger et al., 2018; Rogers et al., 2018), and for fungi using the ITS2 gene region with a custom mixture of primers (Cregger et al., 2018; Rogers et al., 2018; Supplementary Table S1). An adapter sequence was added to each forward and reverse primer to make them compatible with Nextera XT indexes (Illumina). The initial polymerase chain reaction (PCR) consisted of 2 × KAPA HiFi HotStart ReadyMix Taq (Roche, Indianapolis, Indiana, United States), 10 μmol/L total for each forward primer combination, and 10 μmol/L total for each reverse primer combination, with approximately 25 ng DNA. The 16S rRNA and ITS2 PCRs were performed separately. Both reactions consisted of 3 min at 95°C, followed by 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 5 min. Successful PCR amplification was confirmed by running 4 μL of PCR product on a 2% agarose gel. The PCR product was then purified by use of AMPure XP beads (Agencourt, Beverly, MA, United States). Nextera XT indexes were then added to the PCR products by use of a second, reduced cycle PCR, such that each sample had a unique combination of forward and reverse indexes. This reduced reaction was the same as the previous reaction but with only eight cycles. The products were purified again using AMPure XP beads. Samples were quantified on a NanoDrop spectrophotometer (Fisher Scientific) and pooled into an archaeal/bacterial pool and a fungal pool to approximately equal concentrations within each pool. Final product sizes and concentrations were confirmed on an Agilent Bioanalyzer (Santa Clara, CA, United States) using the standard sensitivity kit. Both bacterial and fungal libraries were diluted to 4 μmol/L, independently combined with 5% of a 4 μmol/L PhiX adapter-ligated library control, and run paired-end on a v2, 500 cycle flow cell of an Illumina MiSeq sequencer.

Demultiplexed sequences were imported into the QIIME2 environment (Bolyen et al., 2019), and the median Phred quality scores of joined sequences were visualized. Both 16S and ITS2 datasets were denoised and classified into sequence variants (SVs) with the DADA2 algorithm in QIIME2 with reads truncated to 200 bases with the first 25 bases trimmed for 16S and reads truncated to 230 bases with the first 13 bases trimmed for ITS (Callahan et al., 2016). We then assigned representative sequences a taxonomic classification using Naïve Bayes classifier through the sklearn python package for 16S rRNA sequences with the SILVA database (Release 132; Quast et al., 2013), and we assigned taxonomic classifications to ITS rRNA representative sequences using BLAST and the UNITE reference database (version 8.0, Abarenkov et al., 2010). We removed contaminants (unassigned reads, mitochondria, chloroplasts for 16S; Protista, Chromista, Animalia, and Plantae reads for ITS2).



Soil and Plant Chemical Analysis

To determine correlations between microbial community composition and plant and soil chemistry, branch, root, and rhizosphere samples were sent to the University of Georgia Extension Soil, Plant, and Water Laboratory for chemical analyses. Branch and root tissues as well as rhizosphere soils were ground and analyzed for total carbon (C) and nitrogen (N) concentrations by direct combustion using the Elementar vario MAX CNS Element Analyzer (Elementar, Langenselbold, Germany). Additionally, rhizosphere soils were analyzed for pH and lime buffer capacity (LBC). Briefly, pH was measured in a well-mixed 1:1w:v soil:CaCl2 slurry (0.01 M) using a Fisherbrand accuTupH Rugged Double Junction pH Combination Electrode (Waltham, MA, United States). For LBC, pH was measured before, and 30 min after, a 2.7 ml addition of 0.023 M Ca(OH)2 to a 20 g soil and 20 ml 0.01 M CaCl2 slurry using the same pH electrode as above following Kissel et al. (2012).



Statistical Analysis

All statistical analyses were conducted in R (R Development Core Team, 2008) with the phyloseq (McMurdie and Holmes, 2013), DESeq2 (Love et al., 2014), hillR (Li, 2018), nlme (Pinheiro et al., 2017), and vegan (Oksanen et al., 2019) packages.

Differences in α-diversity were compared by means of Hill numbers (Jost, 2006) of the point estimate of samples rarified to 1,000 reads (highest number of reads present across all samples) at orders of q = 0 and q = 1 (full rarefaction curves are presented in Supplementary Figure S1). The parameter q determines the relative weighting of rare species. At q = 0, all species are weighted equally (richness); at q = 1, species are weighted proportionally to their relative abundance (analogous to Shannon’s index). Differences in means of Hill numbers among plant-associated habitats, host species, and HWA population levels were assessed by nested ANOVA with tree identity as a random effect. Because we were primarily interested in a HWA population-level effect, where we found significant interactions between HWA population level and host species and/or plant-associated habitat, we performed individual ANOVAs and corrected the p-values using the Benjamini and Hochberg false discovery rate adjustment (Benjamini and Hochberg, 1995). The resulting ANOVAs did not include a random effect if plant-associated habitat was not a dependent variable because the resulting models would have had one sample per tree. Where independent variables were significant, we assessed multiple comparisons by Tukey’s test of honest significant differences. We used Q-Q plots and scale-location plots to inspect normality and homoscedasticity, respectively.

Differences in the community composition of the archaeal/bacterial and fungal microbiomes among plant-associated habitats, between hemlock host species, and across HWA population levels were assessed by nested distance-based redundancy analysis (dbRDA) constraining permutations within individual tree. We used the varpart() function in vegan (Oksanen et al., 2019) to determine the variance explained by each factor in our dbRDAs. For the dbRDAs, we used quantitative Jaccard (Ružička) distances applied to proportionally normalized data. Similar to our approach for α-diversity, where we found significant interactions, we performed individual dbRDAs for each host species or plant-associated habitat and corrected the p-values as described above. When performing separate dbRDAs for each plant-associated habitat, we similarly did not constrain permutations by tree because we had only one sample per tree.

We also assessed differences in community composition associated with HWA population level by identifying differentially abundant SVs across HWA population levels in each plant-associated habitat across host species. To do this, we first normalized the SV table through variance stabilization, then estimated the fold change of differentially abundant microbial SVs between low and high HWA population levels using Wald tests and shrinkage estimation for dispersions (Love et al., 2014) and similarly adjusted p-values of differentially abundant SVs with the Benjamini and Hochberg false discovery rate adjustment (Benjamini and Hochberg, 1995).

To assess the variation of the microbial community explained solely by plant and soil chemistry, we conducted dbRDAs for each plant-associated habitat individually (and therefore did not have to constrain by tree) using only the plant and soil variables as independent variables in the models. We conducted separate dbRDAs for each plant-associated habitat because we used only proximal plant chemical data (e.g., we did not attempt to correlate root C:N with the branch microbiome because we had chemical data from the tree branch). We determined the variation explained by each predictor with variance partitioning using the varpart() function in vegan (Oksanen et al., 2019).

Differences in fungal potential pathogen and mycorrhizal relative abundance (assessed by FUNGuild, Nguyen et al., 2016) among plant-associated habitats, host species, and HWA population levels were assessed by nested ANOVA and Tukey’s test of honest significant differences similarly to our approach for α-diversity. The resulting models were similarly inspected for normality and homoscedasticity. To satisfy these assumptions, the dependent variable in each model was log-transformed. We also assessed differences in the ectomycorrhizal community composition of the root and rhizosphere separately between host species and across HWA population levels using dbRDA, similarly using quantitative Jaccard (Ružička) distances applied to proportionally normalized data.



RESULTS


Sequencing Results

After quality and taxonomic filtering (i.e., removal of plant and plasmid DNA), we sequenced 6.30 × 106 16S reads across 142 samples [18 samples were removed due to low read depths (<1,000)], with a minimum read depth of 1,448 and a maximum of 244,262. For ITS, we sequenced 5.92 × 106 reads across 160 samples with a minimum read depth of 1,586 and a maximum of 122,712.



Alpha Diversity


Archaeal/Bacterial Community

Archaeal/bacterial α-diversity (at q = 0 and 1) differed across plant-associated habitats (q = 0: F3,88 = 1047.358, p < 0.001; q = 1: F3,88 = 744.668, p < 0.001; Figure 1) with the microbiome of the rhizosphere being more diverse than the plant tissue microbiomes (all comparisons: p < 0.001). Also, at q = 0 (i.e., richness), the branch microbiome was less rich than the needle and root microbiomes (both comparisons: p < 0.01). We also detected greater archaeal/bacterial α-diversity in T. canadensis compared to T. sieboldii, but only at q = 0 (q = 0: F1,37 = 8.539, p = 0.006; q = 1: F1,37 = 1.482, p = 0.231). We failed to detect an effect of HWA population on archaeal/bacterial α-diversity (q = 0: F1,37 = 0.964, p = 0.333; q = 1: F1,37 = 0.759, p = 0.389).
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FIGURE 1. Boxplots representing α-diversity based on Hill numbers (Jost, 2006) of archaea/bacteria and fungi across plant-associated habitats, hemlock woolly adelgid (HWA) population levels, and host species at q = 0 (richness) (A) and q = 1 (analogous to Shannon diversity) (B). Note different axis scales.




Fungal Community

Plant-associated habitat and host species interacted in their effect on fungal α-diversity (q = 0: F3,107 = 6.031, p < 0.001; q = 1: F3,107 = 4.023, p = 0.009; Figure 1). Therefore, we analyzed the differences in fungal α-diversity for each plant-associated habitat individually. At q = 0, host species and HWA population level interacted in their effect on needle and root fungal richness (needle: F1,36 = 4.422, p = 0.043; root: F1,36 = 5.457, p = 0.025) such that diversity in T. canadensis exceeded that in T. sieboldii only at low HWA population levels (needle-low: p < 0.001, needle-high: p = 0.386, root-low: p < 0.001, root-high: p = 0.486). At q = 1, T. canadensis had greater needle and root fungal α-diversity compared to T. sieboldii regardless of HWA population level (needle: F1,36 = 7.505, p = 0.010; root: F1,36 = 3.906, p = 0.056). We detected no effect of host species or HWA population level on branch or rhizosphere fungal α-diversity at q = 0 and q = 1 (all: p > 0.1).



Microbial Community Composition


Archaeal/Bacterial Community

Plant-associated habitat explained 21.3% of the variation in archaea/bacteria community composition (p < 0.001, adj-R2 = 0.203). Because there was a three-way interaction among plant-associated habitat, host species, and HWA population level (p = 0.068), we analyzed each plant-associated habitat separately.

Hemlock woolly adelgid population level explained 2 and 1% of the variation in the needle and branch archaea/bacteria microbiomes, respectively, across both hemlock species (needle: p = 0.002, adj-R2 = 0.019; branch: p = 0.089, adj-R2 = 0.008; Figure 2). Additionally, there was a host species∗HWA population-level interaction in the root archaea/bacteria microbiome (p = 0.011) such that there was a greater HWA population-level effect in T. sieboldii (p = 0.036) than in T. canadensis (p = 0.052). At the phylum level, needles on trees with high HWA populations had greater abundance of Actinobacteria and lower abundance of Proteobacteria compared to needles on trees with low HWA populations, and the branch microbiome of trees with high HWA populations had greater abundance of Bacteroidetes and lower abundance of Actinobacteria compared to the branch microbiomes of trees with low HWA populations (Supplementary Figure S2). At the order level, high HWA population levels corresponded with high levels of Cytophagales in the needle microbiome and high levels of Betaproteobacteriales and Sphingomonadales in the branch microbiome (Supplementary Figure S3). For the needle, branch, and root archaea/bacteria microbiomes, there was a relatively stronger main effect of host species (needle: p < 0.001, adj-R2 = 0.048; branch: p < 0.001, adj-R2 = 0.074; root: p < 0.001, adj-R2 = 0.032), however, differences did not clearly emerge at the phylum level. Instead, these differences emerged at the family and genus level. For instance, we found that T. sieboldii had greater relative abundance of Beijerinckiaceae but a lower relative abundance of the genus Candidatus Uzinura (order: Flavobacteriales) in the branch microbiome compared to T. canadensis (Supplementary Figures S4, S5). We detected no effect of either HWA population level (p = 0.894) or host species (p = 0.182) on the rhizosphere archaea/bacteria microbiome composition. The effect of HWA population level on the microbial community also emerged at the sequence variant (SV) level. Hemlock woolly adelgid population level was associated with four differentially abundant archaeal and 1,057 differentially abundant bacterial SVs across the four plant-associated habitats (some SVs are shared among plant-associated habitats; needle: 104 SVs, 6.4% of SV richness; branch 8 SVs, 1.2% of SV richness; root: 173 SVs, 3.8% of SV richness; rhizosphere: 791 SVs, 2.7% of SV richness; Supplementary Figure S6 and Supplementary Table S2).
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FIGURE 2. Distance-based redundancy analysis (dbRDA) ordinations of archaea/bacteria community composition across plant-associated habitats, hemlock woolly adelgid (HWA) population levels, and host species. Note different axis scales.




Fungal Community

Plant-associated habitat explained 13% of the variation in fungal community composition (p < 0.001). Because of a three-way interaction among plant-associated habitat, host species, and HWA population level on the fungal microbiome (p < 0.001), we also analyzed each plant-associated habitat separately.

Hemlock woolly adelgid population level explained 1% of the variation in the needle fungal community composition in both host species (p = 0.008, adj-R2 = 0.013, Figure 3). We detected no association between HWA population level and the composition of branch (p = 0.472), root (p = 0.174), and rhizosphere (p = 0.924) fungal communities (Figure 3). Except for the rhizosphere, composition of all other plant microbiomes was influenced by host species (needle: p < 0.001, R2 = 0.082; branch: p < 0.001, R2 = 0.109; root: p < 0.001, adj-R2 = 0.009; rhizosphere: p = 0.204). These differences in host species emerged at the class level with greater relative abundance of Teliomycetes (particularly order Helotiales) in the needles and branches and of Dothideomycetes (particularly order Pleosporales) in the roots of T. canadensis compared to those of T. sieboldii (Supplementary Figures S7, S8). Differences at the family and genus level were more nuanced because taxonomic classification at these levels is for the most part incomplete (Supplementary Figures S9, S10). Hemlock woolly adelgid population level was also associated with 1,481 differentially abundant fungal SVs across the four plant-associated habitats (some SVs are shared among plant-associated habitats; needle: 583 SVs, 19.1% of SV richness; branch: 168 SVs, 17.3% of SV richness; root: 298 SVs, 27.5% of SV richness; rhizosphere: 665 SVs, 19.5% of SV richness; Supplementary Figure S11 and Supplementary Table S3).
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FIGURE 3. Distance-based redundancy analysis (dbRDA) ordinations of fungal community composition across plant-associated habitats, hemlock woolly adelgid (HWA) population levels, and host species. Note different axis scales.




Correlation of Microbiomes With Soil and Habitat Characteristics

Total soil C, total soil N, branch C:N, root C:N, pH, and LBC were correlated with the composition of the needle archaeal/bacterial community (p = 0.006, variance explained: 17.3%), the root archaeal/bacterial community (p = 0.003, variance explained: 17.8%), and the needle fungal community (p = 0.046, variance explained: 15.7%; Figure 4). We detected no correlations between the plant and soil chemistry data and the microbial community for all other microbial community × plant-associated habitat combinations (p > 0.1). For the needle archaeal/bacterial community, lime buffer capacity (LBC) explained 1% of the variation in community composition (p = 0.014, adj-R2 = 0.011), and branch C:N explained 2% of the variation in community composition (p = 0.078, adj-R2 = 0.016). Root C:N and soil pH explained 2% and 3%, respectively, of the root archaeal/bacterial microbiome composition (root C:N: p = 0.012, adj-R2 = 0.025, pH: p = 0.026, adj-R2 = 0.020). Branch C:N and LBC explained 2 and 1%, respectively, of the needle fungal microbiome composition (Branch C:N: p = 0.072, adj-R2 = 0.015, LBC: p = 0.073, adj-R2 = 0.006).
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FIGURE 4. Distance-based redundancy analysis (dbRDA) ordinations of the needle archaeal/bacterial (16S) community composition, root archaeal/bacterial community composition, and needle fungal (ITS) community composition across hemlock woolly adelgid (HWA) population levels and host species. Microbial community compositions were ordinated along the variables soil total carbon (C), total nitrogen (N), pH (1:2 CaCl2), and lime buffering capacity LBC as well as the C:N of the plant-associated habitat (rhizosphere, root, or branch [same for needle]). Other environmental variable dbRDAs were not significant (p < 0.05). Environmental variables are represented by arrows, and bolded labels represent significant (p < 0.05) variables in the dbRDAs. Note different axis scales.




Fungal Potential Pathogens and Mycorrhizal Fungi

One hundred fungal SVs classified as potential pathogens across the four plant-associated habitats were associated with high HWA populations, and about half of these were found in aboveground plant tissues (Supplementary Table S3). Analyzing the relative abundance of fungal potential pathogens in our samples, we detected a three-way interaction among plant-associated habitat, host species, and HWA population level (F3,107 = 2.801, p = 0.044, Figure 5). Therefore, we analyzed each plant-associated habitat separately. When analyzed separately for each plant-associated habitat, the relative abundance of fungal potential pathogens was comparable overall among HWA population levels and host species, except in specific instances. For example, there was an almost 10-fold greater relative abundance of potential pathogens in the roots of T. sieboldii with a high HWA population level compared to T. sieboldii with a low HWA population level (p = 0.029) (the relative abundance of potential pathogens in T. canadensis roots did not vary among HWA population levels [p = 0.988]). Between host species, the root fungal microbiome had a 5-fold greater relative abundance of potential pathogens in T. canadensis than in T. sieboldii only with low HWA population levels (p = 0.049).
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FIGURE 5. Relative abundance of fungal potential pathogen reads as a proportion of all fungal reads across plant-associated habitats, hemlock woolly adelgid (HWA) population levels, and host species.


The relative abundance of ectomycorrhizal (EM) fungi in the root endosphere in T. canadensis significantly exceeded that in T. sieboldii (p = 0.025, Figure 6). However, there was no host species effect on the relative abundance of EM fungi in the rhizosphere (p = 0.693). Similarly, HWA population level was not associated with EM fungal relative abundance in the roots (p = 0.297) or rhizosphere (p = 0.930). The EM community composition did not vary between HWA population levels and host species in both roots (HWA: p = 0.736; host species: p = 0.281) and rhizosphere samples (HWA: p = 0.778; host species: p = 0.107; Supplementary Figure S12).
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FIGURE 6. Relative abundance of arbuscular mycorrhizal (AM) and ectomycorrhizal (EM) fungal reads as a proportion of all fungal reads in the roots and rhizosphere across hemlock woolly adelgid (HWA) population levels and host species. Note different axis scales.




DISCUSSION

Consistent with our hypothesis, HWA population level was associated with many specific microbial taxa in the microbiomes of T. canadensis and T. sieboldii across multiple plant tissues and the rhizosphere at the SV level. Such findings, however, are inconsistent with previous research that found no association of HWA population levels with the branch microbiome (Rogers et al., 2018). By increasing the sample size compared to that of Rogers et al. (2018) (10 vs. 3), increasing the scope of the sampling to include other plant-associated habitats, and by investigating HWA-hemlock microbiome associations at multiple scales (e.g., SV level, community level), we were able to detect a significant relationship between HWA population level and the hemlock microbiome.

At the community-level, we detected a significant HWA population level association with the hemlock needle microbiome for both archaea/bacteria and fungi. It is not surprising that the needle microbiome had the strongest association with HWA population level because HWA infestation can affect nutrient delivery to the needles (Havill et al., 2016b). However, we found little effect of altered nutrient status on the needle microbiome in our environmental variable dbRDA, likely because we did not measure needle C or N and used branch C and N instead as a proxy. Future work should measure the nutrient content of the needles, including micronutrients, which may affect microbial community composition as well (Kembel et al., 2014), to test the hypothesis that HWA-induced changes in nutrient content affect the needle microbiome.

Infestation of HWA may also affect plant performance by increasing plant susceptibility to pathogens, either by compromising the plant defense system (e.g., Pezet et al., 2013) or by increasing labile substrate in the affected plant tissues (e.g., Tooker and De Moraes, 2009). Specifically, we found about an 8-fold enrichment of two Gibberella spp. SVs (which could not be classified to species resolution) in the needle microbiome of trees with high HWA populations (Supplementary Figure S11 and Supplementary Table S3). Gibberella species are globally widespread plant pathogens associated with many plant hosts, and they have multiple modes of pathogenesis (Desjardins, 2003). In an agricultural study, Gibberella ear rot severity in corn (Zea mays) was linked with the western bean cutworm (Striacosta albicosta) infestation (Parker et al., 2017), highlighting the interaction between plant pests and fungal pathogens. These Gibberella spp. SVs and the other 98 SVs classified as potential pathogens that were associated with high HWA population levels should be prioritized for future study of the interaction between HWA infestation and the hemlock microbiome.

We present preliminary evidence that hemlocks with high HWA population levels are selecting for microorganisms that may improve plant defense. For instance, we detected an eight-fold (on average) enrichment of two Mycobacterium and two Pseudomonas SVs (Supplementary Figure S6 and Supplementary Table S2) in the root endosphere; in some cases, these are known to produce salicylic acid (Ratledge and Winder, 1962; Visca et al., 1993; Lemanceau et al., 2017). Salicylic acid is an important plant defense compound (Pieterse et al., 2012), and by selecting for microorganisms with the capability to produce salicylic acid, plants may be better equipped to defend against pathogenesis (Lebeis et al., 2015). However, such evidence is highly speculative, and further metabolomic and transcriptomic work is necessary to determine if these taxa increase salicylic acid production in HWA-infested plants.

Lack of a mycorrhizal response to HWA population level is surprising in light of the fact that HWA not only reduces photosynthetic capacity (Nelson et al., 2014) and presumably C allocation belowground but also increases the nutrient supply in litter through increased throughfall (Stadler et al., 2006), both of which can decrease mycorrhizal colonization (Gehring and Whitham, 1994a, b). Resistance to HWA could be supported through mycorrhizal networks where mycorrhizae colonize multiple trees (Simard et al., 2012), altered growth strategies (e.g., mycorrhizal to saprotrophic, Johnson et al., 1997), or a delayed signal from the plant. Also, it was interesting that arbuscular mycorrhizal (AM) fungi were in such high abundance in hemlock roots, especially those of T. canadensis with low HWA population levels. Many of these AM fungi could not be identified beyond the family level (Glomeraceae). Hemlock species (family: Pinaceae) are not normally associated with AM fungi (Smith and Read, 2008), but in a greenhouse bioassay experiment, 25% of T. heterophylla seedlings were colonized by AM fungi (Cázares and Smith, 1995). Such findings counter the traditional paradigm that members of Pinaceae associate exclusively with EM fungi and promote the idea of mycorrhizal co-occurrence in Pinaceae (Wagg et al., 2008). Because the relative dominance of mycorrhizal types can potentially affect ecosystem-level processes (Phillips et al., 2013), the impact of HWA infestation on co-occurrence of AM and EM fungi in hemlock warrants detailed research.

Consistent with earlier work (Rogers et al., 2018), we found a greater percent of the variation in the microbiome composition explained by host species than by HWA population level. The effect of host species on the microbiome composition was strongest in the needles, branches, and roots, where the plant has a relatively stronger control over the microbiome environment (Kembel et al., 2014). Indeed, root C:N, which was, on average, about 12% lower in T. canadensis compared to T. sieboldii, was a significant determinant of microbiome composition across microbial domains. However, the differences in the microbiome composition among host species generally did not affect the relationship between the microbiome composition and HWA population level (i.e., no host species × HWA population level interaction). Therefore, we conclude that the microbiome compositions of these two HWA-susceptible species correlate with HWA population level in much the same way.

As with other studies (e.g., Beckers et al., 2017; Rossmann et al., 2017; Cregger et al., 2018), we found large differences in the composition of microbial communities among the different plant-associated habitats. Aboveground plant tissues were dominated by Alphaproteobacteria and Ascomycota, specifically two fungal classes: Dothideomycetes and Eurotiomycetes. Roots were dominated by Actinobacteria, and rhizospheres were enriched in Acidobacteria. Belowground habitats also had a greater proportion of Basidiomycota reads, specifically Agaricomycetes. These broad taxonomic patterns among different plant-associated habitats resemble those found in other temperate tree species such as Magnolia kwangtungensis (Qian et al., 2019), Populus trichocarpa and P. deltoides × P. trichocarpa hybrids (Cregger et al., 2018), and Picea abies (Kovalchuk et al., 2018; Ren et al., 2019; Terhonen et al., 2019), suggesting that, at higher taxonomic levels, microbiomes are fairly consistent among tree species. However, as our study and others show, at more specific taxonomic levels, microbiomes diverge among closely related host species (Cregger et al., 2018; Rogers et al., 2018) and even among different genotypes of the same host species (Bálint et al., 2013; Veach et al., 2019).

An important consideration of this work is that these results were obtained during a single sampling date. Indeed, microbiomes change seasonally and interannually (Redford and Fierer, 2009; Shade et al., 2013), and these temporal dynamics of the microbiome may increase or decrease our ability to distinguish ecological phenomena (Grady et al., 2019; Dove et al., 2020). Nevertheless, our results suggest modest to strong variations in the microbiome among HWA population levels, host species, and plant-associated habitats. Future work should determine the temporal robustness of these trends.

Investigating interactions among pests, microbial communities, and plant genetics contributes to a holistic understanding of the plant system that can be leveraged to promote plant health. Using 16S rRNA and ITS gene amplicon sequencing, we found a relatively modest relationship between HWA population level and the hemlock microbiome composition in two species. Nevertheless, even modest dissimilarities in the overall microbiome can result in functional consequences when specific driving taxa are differentially abundant (Agler et al., 2016). Future work should specifically investigate interactions between HWA infestation and the differentially abundant taxa highlighted in this study, especially those classified as potential plant pathogens.
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The rise in atmospheric carbon dioxide (CO2) generally increases wheat biomass and grain yield but decreases its nutritional value. This, in turn, can alter the metabolic rates, development, and performance of insect pests feeding on the crop. However, it is unclear how elevated CO2 (eCO2) and nitrogen (N) input affect insect pest biology through changes in wheat growth and tissue N content. We investigated the effect of three different N application rates (low, medium, and high) and two CO2 levels (ambient and elevated) on wheat growth and quality and the development and performance of the bird cherry-oat aphid, a major cereal pest worldwide, under controlled environmental conditions. We found that eCO2 significantly decreased total aphid fecundity and wheat N content by 22 and 39%, respectively, when compared to ambient CO2 (aCO2). Greater N application significantly increased total aphid fecundity and plant N content but did not offset the effects of eCO2. Our findings provide important information on aphid threats under future CO2 conditions, as the heavy infestation of the bird cherry-oat aphid is detrimental to wheat grain yield and quality.

Keywords: climate change, food security, carbon dioxide, fertilizer, agriculture, wheat pest


INTRODUCTION

The current atmospheric carbon dioxide (CO2) concentration of 414 ppm (NOAA, 2020) is projected to double by the end of this century (RCP 8.5; Stocker et al., 2013), resulting from fossil fuel combustion and deforestation (IPCC, 2014). Climate models predict an increased occurrence of extreme temperature, rainfall, and drought events under future climatic conditions (IPCC, 2012), therefore, threatening the resilience of current food production systems (Campbell et al., 2016). Projections indicate that feeding a world population of 9.7 billion by 2050 (United Nations, 2019) will require doubling the current food production (Mbow and Rosenzweig, 2019). Thus, meeting the future food demand is considered a major challenge in the twenty-first century (Mbow and Rosenzweig, 2019).

Wheat (Triticum aestivum L.) is one of the most important cereal crops produced and consumed worldwide. It is a main source of carbohydrate in North America, Australia, Europe, the Middle East, Asia, and North and Sub-Saharan Africa (Awika et al., 2011; Shewry and Hey, 2015), and provides approximately 20% of the protein in human diet (Wang et al., 2013). Wheat has shown to be highly responsive (11.8–38% biomass increase) to CO2 fertilization (Jablonski et al., 2002; Högy et al., 2009; O’Leary et al., 2015; Fitzgerald et al., 2016). However, elevated CO2 (eCO2) also decreases the protein content and nutritional quality of wheat-derived products through decrease in plant nitrogen (N) content (Taub et al., 2008; Myers et al., 2014). A potential adaptation strategy to maintain the nutritional quality of wheat is optimizing the use of nitrogen fertilizer.

There are a number of biotic stresses behind crop losses worldwide, among which insect pests are of high importance. Despite the extensive use of insecticides, the total loss of food crops attributed to insect pests is estimated at 30–40% (García-Lara and Saldivar, 2016). In grain crops, such as rice, maize, and wheat, insect pests are currently responsible for 5–20% yield loss (Deutsch et al., 2018). Aphids are among the most important cereal pests worldwide, inflicting economic damage directly through feeding and through the spread of viruses. In temperate regions, the bird cherry-oat aphid, Rhopalosiphum padi, is one of the most important cereal pests (Morales-Hojas et al., 2020; Trębicki, 2020). It is distributed in all wheat growing regions worldwide and is the main vector of Barley yellow dwarf virus (BYDV), responsible for significant losses in cereal yield and quality (Smith and Sward, 1982; Jones and Naidu, 2019).

Climate change will impact aphid population size, migration activity, and distribution (Luck et al., 2011; Ryalls and Harrington, 2016; Trębicki et al., 2017; Deutsch et al., 2018; Trębicki and Finlay, 2019; Trębicki, 2020). In particular, eCO2 has shown to increase aphid metabolic rates and, thus, feeding behavior (Robinson et al., 2012; Trębicki et al., 2016), and to alter aphid development and fecundity through changes in host biochemistry (Johnson and Jones, 2017; Johnson and Züst, 2018; Trębicki and Finlay, 2019; Moreno-Delafuente et al., 2020). There are contrasting findings in terms of the effect of eCO2 on aphid fecundity (Xing et al., 2003; Robinson et al., 2012; Oehme et al., 2013; Ryan et al., 2014; Ryalls and Harrington, 2016; Trębicki et al., 2016; Moreno-Delafuente et al., 2020), as it can be highly species/host specific (Hughes and Bazzaz, 2001). In terms of aphid development time, the findings can vary; for example, eCO2 did not affect the development time of R. padi reared on wheat (Trębicki et al., 2016) but significantly increased that of Myzus persicae reared on bell pepper (Dáder et al., 2016).

Despite its positive impact on crop production, increased N inputs have shown to increase insect populations by improving the nutritional quality of host plants (Cisneros and Godfrey, 2001; Aqueel and Leather, 2011), thereby increasing the damage of insect pests. In a meta-analysis, higher N inputs improved the performance of herbivore insects reared on broadleaf plants and conifers (Li et al., 2016). Greater N fertilizer application rates significantly increased the fecundity and longevity of the aphid Hysteroneura setariae when reared on rice (Jahn et al., 2005), and the fecundity and intrinsic rate of increase (maximum growth rate per individual for a population) of the cereal aphid Metopolophium dirhodum when reared on wheat (Gash, 2012). Moreover, the addition of N fertilizer increased the fecundity and decreased the development time of the bird cherry-oat aphid and the English grain aphid (Khan and Port, 2008).

Research has shown that changing climate conditions, mainly driven by the increase in CO2, will continue to alter the productivity and suitability of farmland (Mbow and Rosenzweig, 2019). As previously mentioned, increasing CO2 has a positive effect on C3 crop growth through carbon fertilization (Mitchell et al., 1993; Jablonski et al., 2002; Bloom et al., 2010; Taub, 2010; Lam et al., 2012; Ryan et al., 2014; O’Leary et al., 2015; Fitzgerald et al., 2016) but decreases the N content and nutritional quality (protein and macronutrients) of food crops (Taub et al., 2008; Myers et al., 2014; Vassiliadis et al., 2016). To replenish the extra N removed from grain cropping systems under eCO2 (Lam et al., 2012), increasing or optimizing N fertilizer application may be considered (Walker et al., 2017). The increase in N input, however, uncovers other challenges through its indirect impact on insect pests and diseases. Insect pests are known to display a strong response to plant N content (Cisneros and Godfrey, 2001; Khan and Port, 2008; Aqueel and Leather, 2011; Gash, 2012; Li et al., 2016). However, increased N fertilization and its indirect effect on insect-plant herbivore interactions under eCO2 are largely unknown (Sudderth et al., 2005; Ryan et al., 2014). Hence, this research investigates the interaction between current ambient and projected elevated CO2 levels [ambient CO2 (aCO2) = 400 ppm and eCO2 = 800 ppm] and three levels of N fertilization on wheat growth and quality, and on the development and performance of the bird cherry-oat aphid. We hypothesize that the effect of eCO2 on wheat growth and quality and consequently on aphid development and performance will be mitigated by greater N application rates.



MATERIALS AND METHODS


Source of Bird Cherry-Oat Aphid

A single adult female bird cherry-oat aphid obtained from a field located near the Grains Innovation Park facility in Horsham, VIC, Australia was placed on an individual potted wheat (cv. Mace) plant. After 24 h, the female aphid and all its progeny except for a single nymph were removed. This nymph was placed on a new wheat plant in order to start a colony that was then used for the experiment. This clonal lineage was reared on wheat for over five generations prior to the experiment.



Plant CO2 and Nitrogen Growing Conditions

All plants were grown in 0.5 L pots filled with 300 g of potting mix. Trace elements (Manutec PTY LTD) and different amounts of ammonium sulfate (Richgro Garden Products), corresponding to the three N treatments, were added into the nutrient-free potting mix, and then thoroughly mixed in a cement-mixer. The amount of ammonium sulfate applied to each N treatment was calculated based on wheat rooting depth, potting mix bulk density, and concentration of N in ammonium sulfate (21%; Speight, 2017). The low, medium, and high N treatments consisted of 141, 282, and 423 mg/100 g of ammonium sulfate, respectively.

Plants were grown in CO2-controlled plant growth chambers (Thermoline Scientific, TPG-1260) at a constant temperature of 20°C, and 16:8 D:L photoperiod (light intensity: 1000 μmol m−2 s−1 at plant canopy level, powered by five high pressure sodium 400 W lights and five 77 W incandescent lights). Plant growth chambers were set at either aCO2 (400 ppm) or eCO2 (800 ppm). Of the 48 potted plants that were sown for each N treatment, 24 were placed in a tray and grown at one of the two CO2 conditions. The same amount of water was applied to each tray daily. CO2 concentration and wheat plants were alternated between the chambers twice a week to eliminate any chamber-induced effect.



Plant CO2 and Nitrogen Response Assessment

Plant growth parameters including plant height, tiller number, and chlorophyll content were measured on a weekly basis for 4 consecutive weeks. The change in plant height at different growth stages was used to evaluate plant growth (Demir et al., 2018), and the tiller number was used as an indirect measurement of biomass (Boe and Beck, 2008). Chlorophyll content was measured using SPAD chlorophyll meter (Soil Plant Analytical Development-502Plus, Konica Minolta, Japan), generally used as a proxy for foliar N content (Xiong et al., 2015). The SPAD measurement was taken from the first fully extended leaf of the main stem and was recorded as an average of three readings per plant. At the 4th week of assessment, 10 wheat plants per N and CO2 treatment were destructively sampled; in addition to plant height, tiller number, and chlorophyll content, dry weight and N content were measured.



Bird Cherry-Oat Aphid Development and Fecundity

To evaluate aphid development and fecundity, a single adult bird cherry-oat aphid was placed on the second fully extended leaf of the main stem of each of the 14 replicates (insect-plant combination) for each treatment. Each aphid was confined in a clip cage (the top of the clip cage was covered with a fine mesh to allow transpiration) that was placed onto a transparent acrylic platform and secured to the plant by a hair clip (Figure 1; Trębicki et al., 2016). After 24 h, the female aphid and all its progeny, except for one nymph, were removed. Each individual nymph was assessed daily until adulthood. During each assessment, and for each of the 14 replicates, the instar number was recorded and the shed exuvia were removed. When the aphid reached adulthood, its fecundity was assessed by counting and removing the progeny every 24 h for at least 12 days. To evaluate the bird cherry-oat aphid performance, we calculated duration of the period from birth to the onset of both adulthood (development time) and reproduction (d), the mean nymph number per female over a period of time equivalent to the pre-reproductive period (Md), and the mean number of nymphs produced per aphid female over a 10-day period (M10). Additionally, we calculated the mean generation time (Td = d/0.738), the intrinsic rate of natural increase [rm = 0.738 (ln Md)/d], and the mean relative growth rate (RGR = rm/0.86) following calculations described by Wyatt and White (1977) and commonly used to assess aphid performance (Dáder et al., 2016; Trębicki et al., 2016; Moreno-Delafuente et al., 2020).
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FIGURE 1. (A) The bird cherry-oat aphid was confined in a clip cage to study its development and fecundity, (B) transparent, acrylic platform used to support the leaf the bird cherry-oat aphid was reared on, and (C) close up of the adult bird cherry-oat aphid.




Plant Carbon and Nitrogen Content

To determine aboveground nitrogen (N) and carbon (C) content, plants were oven dried (TD-150F, Thermoline Scientific, NSW, Australia) at 60°C for 72 h, and then finely ground (<0.5 mm) using a tissue lyser (Retsch MM300, Haan, Germany) prior to analysis by the Dumas combustion method at the University of Melbourne TrACEES Soil Node platform.



Statistical Analysis

Two-way ANOVA was used to examine the effects of CO2, N and their interaction on wheat growth and quality and aphid development and performance variables. CO2 factor had two levels (aCO2 and eCO2) and N factor had three (low, medium, and high). In the case of a significant interaction of these factors (p < 0.05) on any of the measured variables, a simple main effects analysis was conducted. IBM SPSS for Mac was used to perform these analyses (IBM SPSS Statistics for Mac, Chicago, United States).




RESULTS


Plant CO2 and Nitrogen Response

At the fourth week of plant assessment, eCO2 significantly increased tiller number by 23% (F1,54 = 34.308, p < 0.001) and biomass by 58% (F1,54 = 57.401, p < 0.001) when compared to aCO2. Greater nitrogen application rates also significantly increased tiller number (F2,54 = 133.263, p < 0.001; Figure 2A). Although the main effect of N was significant on dry weight (F2,54 = 21.214, p < 0.001), plant biomass did not significantly increase between the high and medium N levels (p = 0.170; Figure 2C). Furthermore, the leaf chlorophyll content was significantly decreased by 33% under eCO2 when compared to aCO2 (F1,54 = 129.603, p < 0.001), and significantly increased with greater nitrogen application rates (F2,54 = 76.915, p < 0.001). There was an interaction effect of CO2 and N on leaf chlorophyll content (F2,54 = 25.852, p < 0.001). The effect of N on leaf chlorophyll content was dependent on CO2 condition (Figure 2B). Under eCO2, greater nitrogen application rates significantly increased leaf chlorophyll content (p < 0.001). Nevertheless, under aCO2, the leaf chlorophyll content did not significantly differ between the high and the medium N levels (p = 0.747, 95% CI of the difference = −2.83 to 7.89) nor between the medium and low N levels (p = 0.053, 95% CI of the difference = −10.67 to 0.05), whereas it did between the high and low N levels (p < 0.01, 95% CI of the difference = 2.48–13.20; Figure 2B).
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FIGURE 2. (A) Tiller number, (B) chlorophyll content, and (C) dry weight in response to CO2 and N treatments at the fourth week of plant assessment. ***p < 0.001. The error bars indicate the standard error of the mean (SEM). N = 10.




Bird Cherry-Oat Aphid Development and Performance

The average development time of the bird cherry-oat aphid, measured as the duration of the period from birth to adulthood, ranged from 6.29 to 6.86 days across all treatments and was not significantly affected by N application nor CO2 condition. Elevated CO2 significantly increased the duration of the period from birth to the onset of reproduction (d; aCO2 = 7.78 and eCO2 = 8.317 days, F1,76 = 11.438, p < 0.001) and the mean generation time (Td; aCO2 = 10.52 and eCO2 = 11.27 days, F1,70 = 10.758, p < 0.01). Nevertheless, greater nitrogen application rates did not affect d (F2,76 = 1.109, p = 0.335) nor Td (F2,70 = 1.277, p = 0.285).

Elevated CO2 significantly decreased the bird cherry-oat aphid total fecundity by 22%, calculated as the mean number of nymphs per aphid over a 12-day period starting from adulthood (aCO2 = 32.5 and eCO2 = 25 nymphs, F1,70 = 11.365, p < 0.001; Figure 3). It also decreased aphid daily fecundity when compared to aCO2, even if this difference was only significant on several assessment days for the low and medium N treatments (Figure 4). Greater nitrogen application rates significantly increased the aphid’s total fecundity (F2,70 = 3.806, p < 0.05; Figure 3), as well as the aphid daily fecundity (Figure 4). Moreover, eCO2 significantly decreased the mean nymph number per aphid over a period of time equivalent to the pre-reproductive period (Md) by 19% (F1,70 = 12.919, p < 0.001), and decreased the number of nymphs produced by each aphid from the onset of reproduction till the end of the assessment (M10) by 21% (F1,70 = 12.444, p < 0.001; Table 1). Greater nitrogen application rates significantly increased Md (F2,70 = 3.530, p < 0.05). The intrinsic rate of natural increase (rm) and mean relative growth rate (RGR) were also significantly decreased by 13% under eCO2 when compared to aCO2 (F1,70 = 18.676, p < 0.001; Table 1).
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FIGURE 3. Total fecundity per female aphid in response to CO2 and N application. *p < 0.05 and ***p < 0.001. The error bars indicate the SEM. N = 14.


[image: Figure 4]

FIGURE 4. Daily fecundity in response to CO2 and (A) low, (B) medium, and (C) high N treatments. Day 1 indicates the day the aphid reaches adulthood. *p < 0.05 and **p < 0.01. The error bars indicate the SEM. N = 14.




TABLE 1. The bird cherry-oat aphid development and performance parameters in response to carbon dioxide (CO2) and nitrogen (N) treatments (mean [image: image]SEM, N = 14).
[image: Table1]



Plant N and C Analysis

Neither CO2 nor N had an effect on plant C content (Figure 5). Elevated CO2 significantly decreased the N content of aboveground biomass (both leaves and stems) by 39% (F1,54 = 168.848, p < 0.001) and increased the C:N ratio by 81% (F1,54 = 106.231, p < 0.001; Figure 5). Furthermore, greater N application rates significantly increased the N content (F2,54 = 245.163, p < 0.001) and decreased the C:N ratio of aboveground biomass (F2,54 = 139.953, p < 0.001).
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FIGURE 5. (A) N content, (B) C content, and (C) C:N in response to CO2 and N treatments. ***p < 0.001. The error bars indicate the SEM. N = 10.





DISCUSSION

Under future climate, the nutritional quality of wheat products will decrease. This can potentially be mitigated by increasing or optimizing fertilizer use, which in turn can increase aphid pest numbers thus the damage caused. To our knowledge, this is the first study which investigates the effects of different levels of CO2 and N fertilizer application on the development and performance of the bird cherry-oat aphid, which is a global pest and vector of viruses in wheat.

In our study, eCO2 significantly increased tiller number and aboveground dry biomass, which is consistent with previous findings (Bloom et al., 2010; Taub, 2010; Trębicki et al., 2016; Walker et al., 2017; Moreno-Delafuente et al., 2020). The observed eCO2-induced reduction in leaf chlorophyll content (a proxy for plant N content) has also been noted by others (Myers et al., 2014; Ryan et al., 2014; Dáder et al., 2016; Trębicki et al., 2016; Vassiliadis et al., 2018; Moreno-Delafuente et al., 2020). The mechanisms responsible for such a reduction are not fully understood, though Myers et al. (2014) proposed that it may be due to a combination of factors including carbohydrate dilution, slower N uptake in the roots and decreased transpiration-driven N flow, among others. It has also been suggested that nitrate assimilation is suppressed under eCO2 (Bloom et al., 2010).

Nitrogen fertilizer application often improves wheat yield (Sudderth et al., 2005; Belete et al., 2018; Xu et al., 2020). We observed that greater N application rates significantly increased tiller number, aboveground dry biomass, leaf chlorophyll content and plant N content of wheat, in agreement with different studies on wheat and other plant species (Chaturvedi, 2005; Sudderth et al., 2005; Walker et al., 2017). In our study, the positive effect of N fertilization on wheat N content was not sufficient to compensate for its reduction induced by eCO2. This suggests that the addition of N alone may not be able to sustain wheat N content under future CO2 conditions. Indeed, N application was not able to revert the eCO2-induced reduction in wheat grain protein concentration even under high N input (Walker et al., 2017).

Nitrogen is also an important macronutrient for aphid biological functions (Mattson, 1980). We found that the parameters used to evaluate aphid performance (Md, M10, rm, and RGR) were increased as the plant N content of the leaf tissue increased. Nevertheless, another study reported that the effect of eCO2 and high N inputs on Solanum dulcamara and Amaranthus viridis aphid populations was not dependent on the leaf C:N ratio (Sudderth et al., 2005). This supports that different insect-plant models respond differently to eCO2 (Ryalls and Harrington, 2016). Several studies have reported an increase in aphid fecundity (Jiang et al., 2018) and abundance (Ryan et al., 2015), while others a decrease in aphid fecundity under eCO2 (Newman et al., 1999; Awmack et al., 2004; Oehme et al., 2013; Ryan et al., 2014; Dáder et al., 2016; Trębicki et al., 2016; Moreno-Delafuente et al., 2020). Although we found that eCO2 significantly decreased the fecundity of the bird cherry-oat aphid, it was overall lower than that reported by Trębicki et al. (2016) on the same insect-plant model and under similar conditions (controlled plant growth chambers set at 20°C; aCO2 = 385ppm and eCO2 = 650ppm). Thus, the decrease in aphid fecundity under eCO2 could be attributed to the decrease in tissue N content, as well as to changes in the amino acid content in the phloem (Oehme et al., 2013; Ryalls and Harrington, 2016). We suspect that the lower fecundity under both aCO2 and eCO2 observed in our study when compared to that of Trębicki et al. (2016) may be caused by the rapid depletion of N by the wheat plants supplied with a single N application at sowing. Future studies would benefit from investigating the interactive effects of eCO2 and N application at different plant growth stages for different insect-plant models.

Furthermore, we found that eCO2 did not have a significant effect on aphid development time, measured as the duration of the period from birth to adulthood. This is consistent with a study using the same insect-plant model Trębicki et al. (2016), as well as others on different aphids and their predators (Awmack et al., 2004; Boullis et al., 2018; Jiang et al., 2018). However, a decrease in aphid development time was observed under eCO2 in Brevicoryne brassicae when reared on ornamental cabbages (Amiri-Jami et al., 2012). We found that greater N application rates did not significantly affect aphid development, duration of the period from birth to the onset of reproduction or mean generation time. Although the importance of N in aphid biological functions is widely reported (Hosseini et al., 2010; Zarghami et al., 2010), our study suggests that aphid development was not affected by N content or was potentially dulled by a stronger eCO2 effect.

We investigated the impact of CO2 levels, N application rates and their interactions on wheat growth and N content, and the development and performance of the bird cherry-oat aphid. Our study provides insights into aphid and wheat interactions under predicted future, higher CO2 climate, where management options to revert the CO2-induced reduction in grain protein content might be considered. It highlights the importance of considering the flow-on effects on insect pests when assessing strategies to address nutrient deficiency in cereals.
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Tef (Eragrostis tef), a staple crop that originated in the Horn of Africa, has been introduced to multiple countries over the last several decades. Crop cultivation in new geographic regions raises questions regarding the molecular basis for biotic stress responses. In this study, we aimed to classify the insect abundance on tef crop in Israel, and to elucidate its chemical and physical defense mechanisms in response to insect feeding. To discover the main pests of tef in the Mediterranean climate, we conducted an insect field survey on three selected accessions named RTC-144, RTC-405, and RTC-406, and discovered that the most abundant insect order is Hemiptera. We compared the differences in Rhopalosiphum padi (Hemiptera; Aphididae) aphid performance, preference, and feeding behavior between the three accessions. While the number of aphid progeny was lower on RTC-406 than on the other two, the aphid olfactory assay indicated that the aphids tended to be repelled from the RTC-144 accession. To highlight the variation in defense responses, we investigated the physical and chemical mechanisms. As a physical barrier, the density of non-granular trichomes was evaluated, in which a higher number of trichomes on the RTC-406 than on the other accessions was observed. This was negatively correlated with aphid performance. To determine chemical responses, the volatile and central metabolite profiles were measured upon aphid attack for 4 days. The volatile analysis exposed a rich and dynamic metabolic profile, and the central metabolism profile indicated that tef plants adjust their sugars and organic and amino acid levels. Overall, we found that the tef plants possess similar defense responses as other Poaceae family species, while the non-volatile deterrent compounds are yet to be characterized. A transcriptomic time-series analysis of a selected accession RTC-144 infested with aphids revealed a massive alteration of genes related to specialized metabolism that potentially synthesize non-volatile toxic compounds. This is the first report to reveal the variation in the defense mechanisms of tef plants. These findings can facilitate the discovery of insect-resistance genes leading to enhanced yield in tef and other cereal crops.
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INTRODUCTION

The world depends on many crop species to sustain the food supply. However, the commercialization of conventional agriculture has led to concentrating on only a few of these crops, which must be examined critically to ensure reliable food supply even with current population growth and climate change (Awika, 2011; Curtis and Halford, 2014). Approximately 50% of plant-based caloric intake is obtained from three primary grain sources—rice, wheat, and maize, while most traditional species are neglected and underutilized. Examples for underutilized cereals are broomcorn millet (Panicum miliaceum L.), canary seed (Phalaris canariensis L.), and tef [Eragrostis tef (Zuccagni) Trotter], which are monocotyledonous plants in the family of Poaceae (grasses), the same as the abovementioned staple crop (Bekkering and Tian, 2019). Most of these traditional crops offer an opportunity to improve agricultural production and maintain sustainable food security. Furthermore, these crops have a wealth of nutritional qualities and desirable traits that enhance their adaptability to climate change (Padulosi et al., 2012), and much more fundamental research is required to better understand them as a potential source of sustainable food production.

Tef is a small-seeded cereal millet. Tef is an allotetraploid cereal with a chromosome number of 20 (AB; 2n = 4x = 40), and its subgenomes are relatively small (∼300 Mb), with high gene density and low transposable element content (VanBuren et al., 2020). It originated in Ethiopia, where it is considered a staple crop, and the number one cereal produced in the country (Seyfu, 1993). Traditionally, it is grown by small-scale farmers; therefore, thousands of locally adapted accessions have been developed (Report on Area and Production Major Crops, 2012). The available genetic diversity in Ethiopia has driven breeding programs to improve existing varieties and meet market demand and consumers’ specifications (Ayalew et al., 2011; Assefa et al., 2015). The grains are commonly used for the preparation of a fermented sourdough bread known as “injera,” as well as for straw, feed, and to reinforce the walls of mud huts. Tef has more essential amino acids—including lysine, the most limiting amino acid—than barley, and wheat (Jansen et al., 1962; Yigzaw et al., 2004). It has high flour productivity, high market price, and adaptability to a wide range of environmental conditions (Reda, 2014). Recently, tef plants have been introduced to different parts of the world, including the United States, the Netherlands, and Israel (Assefa et al., 2011).

Millets such as tef face several production constraints since they are mostly cultivated in marginal areas with low moisture and limited fertility conditions (Dosad and Chawla, 2018). Inherent characteristics, such as susceptibility to pests and diseases, can cause a significant yield loss (Assefa et al., 2011; Ben-Zeev et al., 2020). One of the main reasons for crop loss is pests, which cause an average 15% reduction in grain quality and yield (Lee et al., 1981; Deutsch et al., 2018). Aphids (Hemiptera: Aphididae), of which there are approximately 5,000 species worldwide, are a dominant pest of cereal crops (Vickerman and Wratten, 1979; Rabbinge et al., 1981). This pest affects plant production through the reduction of nutrients, diminished photosynthetic efficiency, modification of sink-source ratio (Bing et al., 1991; Zhou et al., 2015), and transmission of plant viruses (Fereres et al., 1989; Nault, 1997). The aphids are phloem-feeding insects that use their stylets to penetrate the host tissues, causing minimal tissue damage (Douglas, 2003). Once an aphid finds a suitable feeding site, it can ingest phloem sap for hours or even days and adapt to the phloem sap compound composition (Nalam et al., 2020). There is limited knowledge about tef pests in general and aphids in particular. To reduce pest damage, plants have evolved defense strategies, that can be present constitutively or be induced on demand (Agrawal, 1999; Mithöfer and Boland, 2012). Some of the main strategies commonly present in the Poaceae family plant species include: (i) physical barriers, (ii) metabolic adjustments to modify the food source consumed by aphids, and (iii) chemical defenses and signals (volatiles and non-volatiles). The physical barrier on the leaf surface is the key interface between plants and insects that interrupts insect feeding. Many surface characteristics, including the trichomes, cuticle, epidermis, waxes, and cell walls, can modulate these interactions (Agrawal et al., 2009). The leaf surface of young wheat and barley plants are covered with non-glandular trichomes, specialized epidermal hair-like structures, that might affect aphid movement and reproduction rate (Leybourne et al., 2019; Batyrshina et al., 2020b; Correa et al., 2020). To cope with insect attack, plants adjust their central metabolism by transiently modifying photosynthetic efficiency and remobilizing carbon and nitrogen resources (Meihls et al., 2012; Appel et al., 2014). The Russian wheat aphid (Diuraphis noxia) infestation on wheat leaves has caused significant losses of chlorophyll a and b and carotenoids (Ni et al., 2002). In barley leaves, 30 genes associated with photosynthesis were inhibited after 3 h of feeding (Gutsche et al., 2009). The metabolite content in the phloem sap can be adjusted in response to aphid feeding (Leybourne et al., 2019). For example, the feeding of greenbug aphids (Schizaphis graminum) on wheat leaves enhances the content of essential amino acids in the phloem sap (Dorschner et al., 1987; Sandström et al., 2000).

In response to insect attack, plants adjust not only their central metabolites but also synthesize specialized deterrent metabolites that can affect the insect nervous, digestive, and endocrine systems (Eisner et al., 2000; Meihls et al., 2012; Fürstenberg-Hägg et al., 2013). In the Poaceae family, substrates from the shikimate pathway, mainly indole-, and Tyr-derived compounds, serve as a source for various classes of specialized deterrent metabolites. This includes: (i) benzoxazinoids in wheat and maize (Frey et al., 1997), (ii) gramine in cultivated barley (Grün et al., 2005), (iii) serotonin and melatonin, detected in rice, and Echinochloa esculenta (Japanese barnyard millet) (Ishihara et al., 2008; Lu et al., 2018), and (iv) the cyanogenic glucoside dhurrin in Sorghum (Zhu-Salzman et al., 2004). However, none of these specialized metabolites were previously reported to be synthesized in tef plants. Another chemical response is the biosynthesis and emission of volatile organic compounds (VOCs) (Dicke, 1999). VOCs are released into the atmosphere and act as long-distance cues for herbivore deterrence, natural enemy attraction, or even serve as host-finding signals for the herbivores themselves (Gershenzon and Dudareva, 2007; Bleeker et al., 2009). The VOCs are composed of a blend of metabolites from diverse chemical groups: (i) terpenoids, (ii) fatty acids (FAs) derivatives including methyl jasmonate, and green leaf volatiles (GLVs), (iii) indole- and Phe-derived phenolic products including methyl salicylate, (iv) methanol; and (v) ethylene (Kant et al., 2009). Most studies conducted on plants from the Poaceae family have suggested that the mono-, sesqui-, and di-terpenoids, and FAs are the main VOCs that are modified in response to herbivory (Richter et al., 2015, 2016; Ameye et al., 2018) as well as methyl salicylate (Stepanycheva et al., 2016).

Here, we characterized what are the pests that feed on tef in Israel, and how the plants defend themselves against these pests. Plant genotypes (accessions or lines) can widely differ in their molecular responses to aphids (Song et al., 2017). We hypothesize that tef plants evolved defense mechanisms similar to other Poaceae plant species, that can vary between tef accessions. To reveal the variety and effectiveness of tef defense mechanisms, we used three tef accessions. We started this study by elucidating the overall insect abundance on tef in the field, then focused on one pest, the bird cherry-oat aphid (Rhopalosiphum padi L.), which is among the most agriculturally devastating aphids worldwide (Blackman and Eastop, 2000; Parry, 2013). We analyzed the differences in insect performance and preference, trichome density, and metabolic and transcriptomic changes in response to aphid attack. We discovered that tef plants rely on both physical and chemical defenses and adjust their central metabolism in repose to aphid attack. Our work is the first report to highlight the defense mechanisms of tef plants in response to herbivore attack on the molecular level. These findings could be further utilized to reduce pesticide applications and breed accessions with enhanced resistance.



MATERIALS AND METHODS


Plant Material, Field Experiment, and Insect Survey

Three tef accessions, RTC-144, RTC-405, and RTC-406, were selected from the available germplasm (Ben-Zeev et al., 2018). Among 273 tef accessions examined in this field study, both RTC-405 and RTC-406 were found suitable for Mediterranean climate and used as standards in our earlier trials. RTC-144, which is also named “Magna,” is an improved variety that was previously used as a part of 20 tef cultivars panel, for discovering novel, simple sequence repeat (SSR) markers (Cannarozzi et al., 2014). The plant phenotypes, and seed color of the three accessions are presented in Supplementary Figure S1. Field experiments were conducted at two research sites: (i) Sede Boqer campus, southern Israel (30.87417°N, 34.79639°E), and (ii) Revadim, central Israel (31.772576°N, 34.806949°E). The Sede Boqer experiment consisted of three 1 m2 plots of each of the three tef accession, randomly positioned with 1 m distance between plots. Water was provided once a week, either via rainfall or irrigation. Fertilizer was provided as previously described (Batyrshina et al., 2020a), and no pesticides or herbicides were applied during the experiments. The Revadim experimental site included a total of 21 accessions sown in a randomized block design with four replicates. Each plot was 8 m long by 1.93 m wide. Water was applied once a week using a sprinkler irrigation system. All management operations (soil preparation, irrigation, and pesticide application), were conducted according to the commercial growing protocol adopted by local farmers in Israel. Only two accessions were grown in this site, RTC-405 and RTC-406. The insect survey was conducted by holding the VortisTM suction sampler (Burkard Manufacturing Co., Ltd., United Kingdom) above the plants across the 1 m2 plot (Sede Boqer), and along 15.4 m2 (Revadim) and vacuuming at maximum suction power for 30 s into a 50 mL collection tube (Arnold, 1994; Zentane et al., 2016). Sampling was done prior to flowering (late May 2019), and during flowering (late June 2019). Insects were subsequently kept in 2–3 mL of 70% ethanol, transferred to 9 cm diameter Petri dishes, then observed by stereomicroscope (Nikon SMZ745, Nikon Instruments Inc., United States) under 10x magnification. The insects were sorted by order level, using the Key to Insects Orders (extension.colostate.edu/Gardennotes/315.pdf) and family level (Hamilton et al., 2012; Zettler et al., 2016), and normalized for insect order per square meter of tef plants (Supplementary Table S1 and Supplementary Figure S2).



Plant Growth in Laboratory Conditions

Several dozen tef seeds were sown on moistened soil mix [tuff mixture with vermiculite (2:1) and an N-P-K fertilizer] in 330 cm3 plastic pots, maintained under controlled growth conditions with a light regime of 12 h light/12 h dark photoperiod at a constant room temperature of 26–28°C, relative humidity of 60–70%, and an average light intensity of 300 μmol photons m–2 s–1. After 2 weeks, the seedlings were transplanted into individual plastic pots, and the same growth conditions were maintained.



Aphid Non-choice Bioassay

The bird cherry-oat aphids (Rhopalosiphum padi) were collected from the field in Spring 2017, and the colony was reared on tef plants (accession RTC-144) under controlled conditions, as mentioned above. For the aphid reproduction bioassay, 20 adult aphids were applied onto 1-month-old tef plants for 4 and 7 days (14–15 biological replicates were tested at each time point and accession). The total number of aphids was counted (total nymphs and adults) and divided by the initial number of adults. The bioassays were conducted in a whole cage bioassay where plants were covered with plastic bags (Cryovac Crispac Beutel Super Micro Lochung 15 × 60 cm; Baumann Saatzuchtbedarf, Germany). After infestation time, tissue samples were harvested and flash frozen in liquid nitrogen, then stored at −80°C for further metabolic analysis.



Aphid Choice Bioassay Using a Y-Shape Tube Olfactometer

The Y-shape olfactometer was built as previously described (Akol et al., 2003), with several adjustments. It was comprised of a 21 cm-long base with an internal diameter of 3.5 cm and two lateral 15 cm branches at an angle of 75°connected to a 10 L glass beaker in which the odor source was held (see Supplementary Figure S3). The tef plants were held for 1 h in the glass beaker as a source of volatiles, and air was provided at 0.8 L min–1 to both branches of the Y-tube via an air pump. One adult aphid was released within the base of the Y-tube with a paintbrush after being starved for 2 h. The aphid choice was conducted up to 5 min, and an aphid that walked halfway or more toward the Y-tube lateral branches was reported as a responsive individual. A 20W fluorescent light was placed 0.5 m above the Y-tube olfactometer in a controlled environment (25°C and 60% relative humidity) to disable the insect’s vision. The positions of the volatile sources were alternated between replicates to eliminate directional bias. All glassware and Y-tubes were cleaned and sterilized with 70% ethanol before new plants were used to reduce the risk of contamination by previously tested volatiles. Overall, the test was repeated five times for each pair of odor sources, with 30 adult aphids. As a control, aphids were introduced to the same accession (RTC-405) from both sides of the Y-tube, which had shown no significant differences, indicating that the olfactometer system is balanced.



Aphid Feeding Behavior Recorded by the Electrical Penetration Graph (EPG) System

Aphid feeding behavior was monitored on two tef accessions, RTC-144 and RTC-406, using the EPG on a Giga-8dd system (Wageningen, Netherlands). A gold wire (18 μm diameter) was attached to the dorsal surface of each R. padi aphid’s abdomen using silver glue (Salvador-Recatalà and Tjallingii, 2015). One-month-old tef plants were placed into a Faraday cage, electrodes were placed into the soil, and the insect probes were adjusted, allowing for contact between the leaf surface and the insect. Voltage waveforms were digitized at 100 Hz with an A/D converter, and patterns were identified as previously described (Tjallingii, 1978; Tjallingii and Esch Hogen, 1993). Waveform recordings were dissected every 30 s with the EPG analysis software StyletD installed in a computer connected to a Giga direct current amplifier. The parameters measured were comparable to those categorized by Sarria et al. (2009): (i) time until first probing (t_1Pr), (ii) xylem–including duration (s_G), and number of occurrences (n_G); (iii) phloem–including the total duration of E1 followed by E2 (s_E1– > E2), the total duration of E (s_E), number of E1 occurrences (n_E1), and number of E2 occurrences (n_E2); (iv) all tissue–including the total duration of C occurrences (s_C), the total duration of non-probing occurrences (s_NP), the total duration of potential drops occurrences (s_PD), number of probing occurrences (n_Pr), number of non-probing occurrences (n_NP), and number of potential drop occurrences (n_PD). The pathway phase analyzed A, B, and C were not calculated separately. EPG waveforms and results were analyzed using StyletA software as previously described (Nalam et al., 2018), and Excel for automatic parameter workbook calculation (Sarria et al., 2009). The data for the four phases was recorded for 6 h, while after the 4–5 h, plant rejections were observed. Therefore, we analyzed the first 3 h, where the significant possible sequence of feeding differences was detected (Marchetti et al., 2009). Overall, 15 plants from each accession were tested.



Determination of Trichome Density on Leaf Surfaces

Tef plants from the three accessions were grown for 1 month (no aphids were applied on these leaves). Then, 2 cm sections were sampled from the widest part of three leaves: (i) lower leaf (a first leaf from the base), (ii) middle leaf, and (iii) upper leaf. The three leaves were dissected, bleached in 80% (v/v) ethanol, boiled at 90°C for 20 min, and washed with distilled water as previously described (Batyrshina et al., 2020b). For trichome visualization, leaves were mounted on microscope slides with the adaxial side facing up, covered with glass coverslips. A digital camera connected to an Axioplan 2 Upright Light Microscope (Zeiss, Oberkochen, Germany) was used for imaging. For each tef accession, five biological replicates with two pictures per leaf were taken. For density quantification, trichomes were counted using ImageJ software1 and normalized per mm2.



Volatile Organic Compound (VOC) Analysis

One-month-old plants of the three accessions were infested with R. padi aphids for 4 days, and tissue samples were harvested and immediately frozen in liquid nitrogen and stored at −80oC. Then, 1 g of frozen tissue was ground and added to a 20 mL glass vial (Chrom4, Thüringen, Germany), containing 0.8 μg isobutylbenzene internal standard (Sigma-Aldrich, Israel), 7 mL NaCl (20%), and 1 g NaCl. A divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS 50/30 μm, Supelco/Sigma-Aldrich, Israel) solid-phase micro-extraction (SPME) fiber was used to collect VOCs. Since tef volatiles have not been previously studied, a broad survey to reveal all potential VOCs was selected. C2–C20 n-alkane size standards were added to the samples (Garcia-Esteban et al., 2004). A COMBI PAL-XT (CTC Analytics AG, Switzerland) auto-sampler/robot for Agilent gas chromatography (GC) 7890 connect to mass spectrometry (MS) 5977b was used. Glass vials were heated at 60°C for 15 min prior to sampling, after which the fiber was inserted into the vial headspace for an additional 15 min at the same temperature. The vial needle penetration was 11 mm. The injection volume was 10 μL, the needle penetration was 32 mm, and the injection fiber exposure was 22 mm for an absorption time of 10 min. The analytes were then desorbed by heating the fiber in the injection port of a GC-MS to 250°C for 3 min. The analytes were separated on a VF-5MS + 10 m EZ guard capillary column (30 m × 0.25 mm × 0.25 μm; Agilent CP9013, United States). The oven temperature program was as follows: 40°C initially for 1 min, increased to 250°C at 6°C/min, followed by a post-run 280°C for 5 min. Helium was used as a carrier gas at a constant flow rate of 1 mL min–1. Injection temperature was set to 270°C (splitless mode), the transfer line temperature was 280°C and the ion source was adjusted to 230°C. Mass spectra were collected at 2.1 scans s–1 with a scanning range of 40–400 mass−to−charge (m/z) ratio and electron energy of 70 eV. Extracted compounds were tentatively identified based on Wiley 10 with NIST 2014 mass spectral library data using the MassHunter software package (version B.10.0.368, Agilent, United States). Further compound identification was based on a comparison of mass spectra and retention times with authentic standards (Sigma−Aldrich, Israel) analyzed under similar conditions. Compounds that could not be identified using standards were designated as “Unidentified,” followed by their putative class (Supplementary Tables S2, S3). For each tef accession, 4–5 biological replicates were analyzed.



Central Metabolite Analysis

One-month-old plants of the three accessions were infested with R. padi aphids, or kept uninfested as control, following the non-choice whole cage bioassay as described above. After 4 days, the samples were harvested and immediately flash frozen in liquid nitrogen, and stored at −80°C. Then metabolites were extracted using 100 mg of ground frozen plant tissue mixed with a methanol/water/chloroform solvent at a ratio of 55:23:22 (v/v/v) following a previously described protocol, with minor modifications (Rosental et al., 2016). In brief, the top 300 μL of hydrophilic layer was collected and dried in a vacuum. For derivatization, 40 μL of 20 mg/mL methoxyamine hydrochloride (Sigma-Aldrich, Israel) was added, dissolved in pyridine, and incubated for 2 h in an orbital shaker at 37°C. Next, N-methyl-N-(trimethylsilyl) tri-fluoroacetamide (MSTFA), including an alkane standard mix in a volume of 77 μL, was added to each sample, followed by a 30 min incubation in an orbital shaker at 37°C. Finally, 1 μL of the sample was injected into the Agilent 5977B GC-MS instrument. Data acquisition was conducted using the Mass Hunter software, NIST mass spectral library, and retention index (RI) libraries2 (Lisec et al., 2006; Hochberg et al., 2013). Each metabolite was normalized to D-sorbitol (13C6) as an internal standard and presented as the relative abundance of the ion counts (Supplementary Tables S4, S5). For each tef accession, 4–5 biological replicates were analyzed.



RNA Extraction, Transcriptome Sequencing and Analysis

One-month-old RTC-144 tef plants were infested with 20 adult R. padi aphids for 6, 24, and 96 h as well as uninfested control using a non-choice whole cage bioassay as described above. All plants were caged at the beginning of the experiment, and the addition of aphids was staggered so that the leaf tissues for gene expression were harvested at the same time (96 h after the start of the experiment). For each time point, three replicates were generated. Total RNA was extracted using an SV Total RNA Isolation Kit with on-column DNaseI treatment (QIAGEN), then purified and quantified. For next-generation sequencing, 2.5μg of each sample was used. The paired-end (150 bp read length) RNAseq was conducted using an Illumina HiSeq 4000 instrument by GeneWIZ Inc.3 Quality control was performed using FASTQC. Adapters and low-quality sequences were trimmed and excluded using Trimmomatic v0.36. Then, mapping was performed using STAR aligner v2.5.2b against the Eragrostis tef reference transcriptome version 1.0 (Cannarozzi et al., 2014). Reads aligning to exons were retrieved using Subread v1.5.2. Differential gene analysis was performed using DESeq2 v1.22.2 (Love et al., 2014), via a likelihood ratio test to evaluate multiple genotypes at once (adjusted p < 0.05). The data was transformed using rlog (Supplementary Table S6). GO annotations were extracted by comparison with the SwissProt annotation of tef genes provided by Cannarozzi et al. (2014) to functional annotation of SwissProt entries. Gene expression fold change was calculated by dividing each value by the average of the gene control samples. The raw sequence data have been submitted to NCBI Sequence Read Archive (SRA) accession PRJNA623870.



Statistical Analysis

The olfactometer results were examined by chi-square goodness of fit test at p < 0.05. The EPG parameters were compared between the two accessions using a paired Student’s t-test, p < 0.05. Differences in aphid reproduction using a non-choice bioassay and trichome density among accessions at each time or leaf section, were analyzed by two-way ANOVA (analysis of variance), and one-way ANOVA (each time point or leaf section, respectively), followed by a post hoc test using TukeyHSD, corrected with the false discovery method. These analyses were conducted by JMP13 software (SAS)4, and figure presentations were done in Microsoft Excel. For the VOC and central metabolic analysis, the raw data were normalized using the MetaboAnalyst software using the following steps: observations missing more than 50% of value estimation features were removed and replaced by a small value that was calculated as half of the minimum value of the original data, and the interquartile range data was filtered, then normalized to the median, transformed into log scale, and auto-scaled (Xia et al., 2009). The normalized data was used for the heatmap, the two-way ANOVA, and the paired Student’s t-test (p < 0.05) corrected with the false discovery method. These analyses were conducted by MetaboAnalyst. The principal component analysis (PCA) and Venn diagrams were calculated and designed using R. For the heatmap, the Euclidean distance with Ward’s minimum variance method was calculated using the default parameters.



RESULTS


Insect Abundant on Three Selected Tef Accessions in the Field

In the first sampling date (May 2019; prior to tef flowering) at the Sede Boqer field insect survey, seven insect orders were detected on tef plants: Coleoptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera, Neuroptera, and Orthoptera (Figure 1). The largest number of insects counted on all three tef accessions were of Hemiptera, including three families: Pentatomoidea, Cicadoidea, and Aphididea, the smallest number belonged to Lepidoptera. The survey indicated differences in insect abundance between the three tef accessions, wherein Orthoptera showed more than twofold differences between the tef accessions (13% to RTC-144 relative to 6% to RTC-406 from the total insects per accession). The Dipteran order, including the superfamily Tachinidea, and families Muscidae and Syrphidae, play an essential role in various trophic levels both as pests of crops, as well as pollinators (Rader et al., 2016). The Dipteran order showed the most diversity between the three tef accessions and was 2.5 times more abundant on RTC-144 (10%) than RTC-405 (4%). A similar trend was detected on the second sampling date (June 2019) in Sede Boqer, as well as in the Revadim site (Supplementary Table S1). Results of both sampling dates and sites emphasize that the insects from the Hemiptera order are highly abundant on tef plants in this geographic region, 23–34% in Sede Boqer, and 30–38% in Revadim from the total insects per accession.
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FIGURE 1. Insect abundance on the three tef accessions from the field survey. Pie chart of the insects that were collected in three locations in the field (total of 3 m2 and normalized to 1 m2) sorted by orders. The insect families monitored in each order are included in the table. Sampling was performed prior to flowering (late May 2019).




The Difference in Aphid Preference, Performance, and Feeding Behavior on Tef Leaves Under Controlled Growth Conditions

The bird cherry-oat aphid (Hemiptera; Aphididae; Rhopalosiphum padi), is highly abundant on host plants from the Poaceae family (Swirski and Amitai, 1999). Thus, we characterized tef defense responses by focusing our laboratory experiments on a single aphid species, R. padi. First, we performed a choice bioassay using a Y-shape olfactometer. The results showed that aphids tended to be repelled by accession RTC-144 compared to either RTC-405 or RTC-406, while no preference between the two later accessions, RTC-405 and RTC-406 were observed (Figure 2A). Additionally, we evaluated the aphid reproduction on the three tef accessions at two infestation time points, 4 and 7 days, using a non-choice bioassay (Figure 2B). The two-way ANOVA suggested a significant difference between the three tef accessions (Faccession 2,86 = 8.44, p = 0.0005), the time of aphid-infestation (Ftime 1,86 = 61.53, p < 0.0001), but no significant interaction between the two factors (Faccession*time 2,86 = 2.45, p = 0.092). A one-way ANOVA of the aphid number at each time point indicated that after a 4 days infestation, the number of aphids was significantly lower in the RTC-406 accession relative to the other two accessions, while after 7 days, there was only a significant difference between RTC-144 and RTC-406.
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FIGURE 2. Aphid performance and preference for 1-month-old tef plants. (A) A Y-tube olfactometer choice bioassay was used to determine the aphid preference. Bars represent the average number of aphids (mean ± SE, n = 5). In each replicate, 30 aphids were tested. The asterisk indicates significantly different choices as determined by the chi-square goodness of fit test at P < 0.05. (B) A non-choice bioassay was used to determine the differences in aphid performance between the three tef accessions. The whole-plants were infested with 20 adult R. padi aphids for 4 and 7 days, then the total number of adult and nymphs was counted (mean ± SE, n = 14–15). On the top, a summary of the two-way ANOVA, comparing the aphid reproduction among the three accessions at two infestation time periods 4 and 7 days (p < 0.05). Different letters above the bars indicate significant differences, using one-way ANOVA followed by TukeyHSD test separately for each time point, corrected with the false discovery method.


Lastly, we investigated aphid feeding behavior using the electrical penetration graph (EPG) technique (Tjallingii and Esch Hogen, 1993). We conducted this experiment on two selected accessions, RTC-144 and RTC-406, which possessed opposite trends in performance and preference (Figure 2). Parameters from the four phases were recorded, including epidermis, xylem, phloem, and all tissues (the phases were categorized by Sarria et al., 2009). As shown in Table 1, three variables were significantly different between the tef accessions. The time to first probe from the start of EPG (t_1Pr) was significantly longer in RTC-406 (13.05 min) than RTC-144 (4.59 min). The number of xylem events (n_G) was larger on RTC-144 (2.58 times) than RTC-406 (1.29 times), and the total duration of non-probing (s_NP) was longer for RTC-406 (22.30 min) than RTC-144 (11.82 min). Altogether, the results indicated that the variation in aphid performance and feeding behavior between the tef accessions might be due to multiple factor defense responses. Thus, we performed several experiments to reveal these factors, including evaluating the physical barriers related to the time to first probing, and central and specialized metabolites that might affect reproduction. Additionally, we quantified volatile content, as their potential emission can affect aphid preference from a long distance.


TABLE 1. Feeding behavior of Rhopalosiphum padi on two tef accessions using the electrical penetration graph (EPG) technique.
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Non-granular Trichome Density on the Leaf Surface as a Physical Barrier Factor

The trichome density was evaluated on the lower, middle, and upper leaves of the main tiller. The experiment was conducted on uninfested leaves, and therefore, represent the constitutive trichome levels. As presented in Figure 3, the two-way ANOVA suggested a significant difference in trichome number between tef accessions (F accession (2,89) = 49.74, p < 0.0001), leaf position (F leaf position (2,89) = 261.70, p < 0.0001), and a significant interaction between the two factors (F accession*leaf position (4,89) = 3.99, p = 0.0052). Between three tef accessions, the number of trichomes was significantly higher in the middle leaf than on the lower and upper leaf. Next, we analyzed the differences in trichome density at each leaf position between accessions, using one-way ANOVA. The results revealed that RTC-406 possessed the highest number of trichomes on all three leaves compared to the other two accessions. The high trichome density of RTC-406 can limit aphid feeding and cause a reduction in their reproduction.
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FIGURE 3. Trichome density of three tef leaves. Bars represent the average number of trichome density per mm2 (mean ± SE, n = 10). On the top, a summary of the two-way ANOVA, comparing the number of trichome among the three accessions at three leaf sections (p < 0.05). Different letters above the bars indicate significant differences, using one-way ANOVA followed by TukeyHSD test separately for each time point, corrected with the false discovery method.




Constitutive and Inducible Metabolic Levels of Tef Leaves Under Aphid Attack

The olfactometer experiment indicated that aphids respond according to the variation in tef’s volatile organic compound (VOC) profile, which conveys long-distance signals. Thus, we analyzed the tef VOC profiles of aphid infested plants using solid-phase micro-extraction (SPME) coupled with GC-MS. In total, 105 VOCs were identified and classified into five main chemical groups: fatty acid (FA) derivatives (including green leaf volatiles; GLVs), furans, terpenoids (mono-, and irregular terpenes), phenylpropanoids and benzenoids, and an unidentified nitrogen-containing compound. A two-way ANOVA analysis revealed 74 metabolites that were different in one of the factors: accession and aphid treatment, or an interaction between the two factors (Supplementary Table S3). A heatmap of the normalized value of these 74 metabolites is presented in Figure 4. The results revealed that treated and untreated RTC-405 and RTC-406 accessions were clustered together, while the aphid-treated and untreated RTC-144 samples were grouped separately. In the RTC-144 accession, almost half of the VOCs, belonging to classes of FA derivatives (aldehydes, ketones, and alcohols), terpenes, and furans, decreased under aphid attack, while the ester FA derivatives increased. The VOC changes were slight in RTC-405 and RTC-406 accessions. To detect the changes induced in response to aphids, paired t-tests were conducted between aphid-treated samples relative to untreated control in each accession separately. Table 2 presents only metabolites with at least twofold changes, and p < 0.05, false discovery rate (FDR) adjusted. RTC-144 showed a massive modification in the VOC levels, including a reduction in aldehyde-, ketone-, and alcohol FA derivatives, furans and phenylpropanoid and benzenoid classes, and induction in the ester FA derivatives. In RTC-405, only three metabolite levels were altered, including 2-methyl-2-butene and ethyl 3-hexanoate and methyl hexanoate, which, together with methyl hexanoate, were the only metabolites significantly increased in all three accessions. Altogether, this suggested that tef leaves possess a rich and unique blend of VOCs, which was largely modified in response to aphid infestation, especially in the RTC-144 accession.


[image: image]

FIGURE 4. Heatmap of the VOC profile of aphid-infested and untreated control tef plants. The VOCs were selected using two-way ANOVA comparing the three accessions and the aphid treatment. The Euclidean distance with Ward’s minimum variance method was calculated using the default parameters of the MetaboAnalyst software, and the graph was created in R and presented in average values. Colors correspond with concentration values (autoscaled parameters), where red indicates high levels, and blue indicates low levels (n = 4–5 biological replicates).



TABLE 2. Volatile organic compounds significantly modified in response to aphid feeding in at least one tef accession.

[image: Table 2]
We also characterized the central metabolite profiles of the three tef accessions and their adjustment to aphid feeding after 4 days of infestation, using GC-MS. The levels of 65 metabolites were detected, including amino acids, amino alcohols, lipids, nucleotides, organic acids, sugars, and sugar alcohols (Supplementary Table S4). A two-way ANOVA analysis revealed a total of 24 metabolites that were either significantly different between the accessions, in response to aphid infestation, and/or interaction between the two factors (Supplementary Table S4). Figure 5 presents a heatmap of the average value of these 24 metabolites. The levels of most of the sugars and organic acids, as well as glutamate and myo-inositol-2-phosphate, were high in the untreated plants. Upon aphid feeding, the levels of most of the sugars, organic acids, and the amino acid Gln declined, while the levels of most of the amino acids (Gly, Leu, and Val), and the organic acid pyruvate increased. This trend was strongest for accession RTC-406. To determine the inducible effect of aphid infestation, paired t-tests were performed, and FDR adjusted (p < 0.05) on metabolites with at least a twofold change. As presented in Table 3, the RTC-405 accession showed a significant reduction in organic acid, succinic acid, and two sugars (raffinose and xylulose-5-phosphate), while only Val was significantly elevated in RTC-144. RTC-406 showed a significant reduction in cellobiose, laminaribiose, and 2-oxoglutaric acid, while glucose and Val were increased. Altogether, this suggested that the composition of the central metabolites in the tef plants slightly shift from carbon-rich compounds such as sugars and organic acids, toward nitrogen-containing compounds such as amino acids, upon aphid feeding. The metabolic changes are more pronounced in RTC-406 than RTC-144 and RTC-405.


[image: image]

FIGURE 5. Heatmap of the central metabolites profile of aphid-infested and untreated control tef plants. The Euclidean distance with Ward’s minimum variance method was calculated using the default parameters of the MetaboAnalyst software, and the graph created in R. Colors correspond with concentration values (autoscale parameters), where red indicates high levels and blue indicates low levels (n = 4–5 biological replicates).



TABLE 3. Central metabolites significantly modified in response to aphid feeding in at least one tef accession.
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Transcriptomic Analysis Revealed Potential Specialized Metabolite Pathways

We searched for the presence of known deterrent molecules, that were previously reported in other Poaceae family species by comparing the GC-MS data to gramine, and serotonin authentic standards, and HPLC to the benzoxazinoids authentic standards (data not shown). None of these indole-derived compounds were detected. Therefore, we performed a transcriptomic analysis and looked for potential specialized metabolite pathways that are modified in response to aphid infestation. The RTC-144 accession was selected due to its massive variation in VOC metabolism that might relate to the production of other non-volatile specialized metabolite pathways (War et al., 2012). A time-course experiment exposing 1-month-old leaves to R. padi for 6, 24, and 96 h, was conducted, and the transcripts were annotated to the gene models found in the Eragrostis tef v1.0 reference genome sequence (Cannarozzi et al., 2014). This analysis revealed a total of 35,284 transcripts (Supplementary Table S6). For an overview of the transcriptomic dataset, a PCA plot was constructed on the total tef transcripts. As presented in Figure 6A, the PCA plot indicated that samples from each infestation point were clustered together, with component 1 (90% variance) showing a separation of control and treated samples. Component 2 (3% variance) showed discrimination between 24 and 96 h, while the 6 h samples were divided between these two.
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FIGURE 6. Transcriptomic overview of RTC-144 tef leaves infested with R. padi aphid for different periods. (A) PCA plot was generated using 35,284 genes. (B) Venn diagram illustrating the number of genes up- or down-regulated by aphid infestation in the time course. p < 0.05 FDR, and absolute fold change > 2 (n = 3 biological replicates for each time point).


We selected genes with significant expression differences (p < 0.05, FDR), and at least a twofold change relative to control, for at least one of the time points (Supplementary Table S7). The total number of up-regulated genes was 7,872, and the down-regulated genes was 6,015 (at least in one of the infestation time points). The distribution of up- and down-regulated genes was calculated for each time point and is presented in a Venn diagram (Figure 6B). Although a unique set of genes was modified at each time point, an impressively large number of genes were detected in the overlap between the three time points (6,009 up-regulated and 3,875 down-regulated genes) These set of genes were associated with defense strategies and metabolic adjustments.

To characterize the metabolic changes occurring in response to aphid attack, an over-representation pathway enrichment analysis was performed on the gene list from each Venn diagram group using the MetGenMAP tool (Joung et al., 2009), comparing the rice orthologs (LOC gene ID; Supplementary Table S8). The super-class of each pathway was categorized by RiceCyc output5. Table 4 presents the significantly enriched pathways of up- and down-regulated genes divided into 14 groups. The up-regulated enriched pathways belong to the biosynthesis of specialized metabolites from flavonoids, canavanine, and terpenes. Jasmonic acid biosynthesis, which is a defense-related phytohormone, was enriched upon 24 and 96 h of aphid feeding. In addition, the following pathways were overrepresented: amino acid metabolism (Gly, Cys, Pro, Trp, Asn, Asp, and Arg), nucleoside and nucleotide biosynthesis (purine and pyrimidine), cofactors, prosthetic groups, electron carrier biosynthesis (chlorophyllide a, glutathione), carbohydrate biosynthesis (UDP-D-xylose and dTDP-L-rhamnose) and cell structure biosynthesis (cellulose) (Table 4A). The down-regulated enriched pathways mainly included biosynthesis of specialized metabolites and phytohormones, such as phenylpropanoid biosynthesis, gibberellin, jasmonic acid, cytokinin, and ethylene. Genes from the following pathways were downregulated: carbohydrate biosynthesis (gluconeogenesis and trehalose), carbohydrate degradation (sucrose, starch, and mannose), as well as UDP-glucose conversion and generation of precursor metabolites and energy such as the Calvin cycle, glycolysis and photorespiration were over-represented pathways. Additionally, FA and lipid biosynthesis (acyl-CoA thioesterase and glycolipid), nitrogen metabolism, and Met, Cys, and His amino acid biosynthesis were downregulated (Table 4B). Overall, this suggested massive transcriptomic changes occurring in response to R. padi feeding on tef leaves and indicated few potential specialized metabolite pathways that might be involved in tef chemical defense mechanisms.


TABLE 4. Enrichment analysis of metabolic pathways.
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DISCUSSION


Tef Plants Grown in a Mediterranean Climate Are Hosts for Insects From Seven Different Orders

Our study is the first report of insect groups associated with tef crops grown in a Mediterranean climate. Seven orders were detected in our survey: Coleoptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera, Neuroptera, and Orthoptera (Figure 1). In Ethiopia, the major insect pests of tef plants are the Wello-bush cricket (Decticoides brevipennis, order Orthoptera), the barley fly (Delia arambourgi; order Diptera), the black tef beetle (Erlangerius niger Weise; order Coleoptera), the Mendi termite (Macrotermes subhyalinus; order Isoptera), and red tef worm (Mentaxya ignicollis; order Lepidoptera). Among the minor pest abundance in Ethiopia are two aphids species from the Hemiptera order, Russian wheat aphid (Diuraphis noxia) and corn leaf aphid (Rhopalosiphum maidis), and desert locust (Schistocerca gregaria; order Orthoptera) (Gebremedhin, 1987; Stallknecht et al., 1993), and Insect Pests of Cereals in Ethiopia database6. There are some similarities between the insect orders in Israel and Ethiopia, but not in the insect abundance. In Israel, the most abundant insects in Sede Boqer (three tef accessions) and Revadim (two accessions) were Hemipterans and their three families, Pentatomidae, Cicadidae, and Aphidoidea (Figure 1).

In Israel, 194 aphid species were reported, and many of them are fed on Poaceae family plant species (Swirski and Amitai, 1999). Interestingly, green lacewings (Chrysopa perla), from the Neuroptera order and Chrysopidae family, were also spotted in the field. Larvae of this species are documented to be voracious predators feeding on aphids and other soft-bodied arthropods, therefore serving as a biocontrol of aphids (Tauber et al., 2000). Increasing vegetation biodiversity in agroecosystems can impact the abundance of insect herbivory and their natural enemies (Knops et al., 1999). Tef is commercially grown in Israel since 2014 at a minor scale and might change the vegetation biodiversity. If tef cultivation expands, it might affect insect pests, depending on the insect’s ability to use a wide range of plants such as wild and cultivated Poaceae plant species as well as alternative hosts.



Aphid Reproduction, Preference, and Feeding Behavior Are Different Between the Three Selected Accessions

Aphids are major agricultural pests worldwide and are considered a common pest on Poaceae family plant species such as maize, wheat, barley, and millets (Robinson and Hsu, 1963; Kalaisekar et al., 2017). The non-choice bioassay indicated that aphids reproduced in all three accessions; RTC-406 was the most aphid resistant among the three accessions (Figure 2B), while the choice bioassay revealed that RTC-144 is the most repelling (Figure 2A). The EPG results imply that the aphids settled and started probing more swiftly on the leaf of RTC-144 and spend less time non-probing than RTC-406. A recent study assessed the potential surface resistance of sorghum plants to sugarcane aphids (Melanaphis sacchari) and suggested that the aphids spend approximately twice longer in the non-probing phase in the resistant plants than in the susceptible plants (Tetreault et al., 2019). Barley leaves infested with R. padi showed a shorter time of salivation and ingestion of the phloem on resistant relative to the susceptible plants. Feeding patterns reflect many factors, including mechanical barriers present at the leaf surface, olfactory repellents, and host metabolism (Tetreault et al., 2019). The results highlight the need for conducting multiple bioassays combined with metabolic and transcriptomic methods to expose the mode of defense.



Non-granular Trichome Density Is Negatively Correlated With Aphid Reproduction and Might Affect Feeding Behavior

Tef leaves are covered with non-glandular trichomes (epidermal hair-like structures). Similar structures were observed on wheat and barley leaves (Leybourne et al., 2019; Correa et al., 2020). The non-glandular trichomes serve as a physical barrier that can limit insect movement and interrupt the stylet insertion of phloem feeders (Handley et al., 2005; Sato and Kudoh, 2015). Trichome density can vary by leaf position, development stages, genetic backgrounds, and even be induced upon insect attack (Leybourne et al., 2019). The RTC-406 accession possessed the highest trichome levels in all three leaves, suggesting the combined impacts of leaf position and genotype (Figure 3). Trichome density was negatively correlated with aphid reproduction (Batyrshina et al., 2020b), suggesting the role of non-glandular trichomes on tef leaves as a partial defense strategy. The trichome destiny and feeding behavior results emphasize that the high number of trichomes of RTC-406 tef leaves, is one of the factors that might extend the time of aphid penetration to the tef leaf tissue. The time spent by aphids in the phloem stage is linked primarily to feeding as well as acquisition and transmission of viruses and bacteria (Martin et al., 1997). However, we found no significant difference between RTC-406 and RTC-144 in the phloem phase. Aphids are phloem feeders that occasionally feed on xylem fluid (Nalam et al., 2020), possibly to attenuate the high osmotic potential of the phloem sap (Douglas, 2006; Tetreault et al., 2019). The EPG results expose that aphids spent more time ingesting sap in the xylem on RTC-144 than RTC-406. This might be due to differences in the constitutive levels of glucose between the two accessions (Figure 5), which is known to determine the osmotic potential of the phloem sap (van Bel and Hess, 2008). The results suggest that the factors involved in tef resistance are found not only on the surface but also in phloem and xylem composition.



Tef Plants Synthesize a Rich Blend of Volatile Compounds

Tef plants synthesized VOCs from five different metabolic classes (Supplementary Table S2). A recent study on two grasses, itchgrass (Rottboellia cochinchinensis) and African star grass (Cynodon nlemfuensis), showed that their VOC profile is composed of metabolites from different classes (Ramírez-Medorio et al., 2019). In contrast, wheat and maize main VOC classes are terpenoids and FA derivatives (including the GLV), which are associated with defenses (Richter et al., 2015, 2016). Although several mono-, and sesqui-terpenes have shown repellent properties to insects (Bleeker et al., 2009), none of the compounds from the terpene class were significantly modified in tef (Table 4), which suggests that other VOC classes might play a defensive role. Furans were only detected in fleshy fruits during ripening stages (Klein et al., 2007), but were not previously reported in vegetative tissues. This class might be unique for tef volatiles and might demonstrate that VOC compositions are species-specific (Nordlund et al., 1977).



Aphid Host Preference Mediated by Volatiles in Tef Plants

Volatile compounds have broad ecological functions as olfactory repellents or attractants (Bernasconi et al., 1998; Jimenez-Martínez et al., 2004; Piesik et al., 2008). For example, (E)-2-pentenal (GLV class), and FA esters are known to have anti-feedant properties to aphids (Hammond et al., 2000; Santana et al., 2012). The VOC profile revealed that untreated RTC-144 plants, produced high levels of GLV, furans, and irregular terpenes and low levels of ester FA derivatives compared to RTC-406 (Figure 4). This accession repelled the R. padi aphids in the olfactometer choice bioassay (Figure 2A), which emphasizes that the VOC composition of RTC-144 has constitutive repellent properties. In response to aphid infestation, ester FA derivative levels increased while some of the aliphatics were reduced in RTC-144 (Figure 3). These results suggest that FA derivatives might have a potential function as attractants of predators and parasitoids (Kessler and Baldwin, 2002; Shiojiri et al., 2006); this requires further investigation. Methyl hexanoate was significantly increased in all three accessions (Table 2). This compound was previously reported to act as insect attractant pheromone of Mediterranean fruit fly (Ceratitis capitate) in peach plants (Prunus persicae), and found in low levels in the least susceptible cultivars (Tabilio et al., 2013). The ecological function of methyl hexanoate produced by the tef plants is yet unknown.



Constitutive and Inducible Alternation of Central Metabolism Profiles Upon Aphid Infestation

Numerous changes in the central metabolism of plants occur in response to insect herbivory, including the alternation of photosynthetic efficiency, remobilization of carbon and nitrogen resources, and regulation of plant growth rate (Zhou et al., 2015). The metabolic analysis of tef leaves infested with R. padi, indicated a shift in the biosynthesis of carbon-rich compounds (sugars and organic acids), toward nitrogen-containing compounds (amino acids). Modification of the amino acid composition and levels can reduce plant palatability and nutritional quality in the phloem sap, and contribute to increased resistance to aphids (Karley et al., 2002). The infestation of R. padi on barley plants under nitrogen-deficient growth conditions exhibited reduced reproduction rates relative to aphids exposed to plants grown under nitrogen-rich conditions (Ponder et al., 2000, 2001). This can be determined by the composition of amino acids. Previous studies reported that upon aphid infestation, the levels of essential amino acids were elevated in susceptible plants (Vogel and Moran, 2011; Leybourne et al., 2019). Similarly in the three tef accessions, both essential amino acids (Val and Leu), as well as a non-essential amino acid (Gly), were increased upon aphid attack (Table 3 and Figure 5). Cereal aphid species actively remobilize wheat and barley nutrients in the phloem to increase the abundance of amino acids, while R. padi seems to have a slight effect on amino acid composition (Sandström et al., 2000; Leybourne et al., 2019). To better understand the metabolic changes in the tef leaves, further metabolic analysis of the phloem sap is required.



Transcriptional Changes of Infested RTC-144 Points to Metabolic Pathways That Might Be Involved in Chemical Defenses

The tef transcriptome was dramatically modified in response to aphid infestation. The effect of insect feeding on plant leaves is a dynamic process that continually changes according to exposure time (Tzin et al., 2015). A recent time-course transcriptomic analysis of wheat leaves infested with S. graminum aphids reported that approximately 10,000 genes were significantly altered (Zhang et al., 2020). In the tef leaves, the expression levels of 13,887 genes were significantly altered within 6 h and continued to change during the entire 96 h experiment (Figure 6). Herbivory causes changes in the expression of genes involved in both central and specialized metabolism (Appel et al., 2014). In the tef transcriptome analysis, the up-regulated enriched pathways included amino acid metabolism, and biosynthesis of nucleosides and nucleotides, cofactors, prosthetic groups, electron carriers, carbohydrates, and cell structures. The downregulated enriched pathways mainly included FAs and lipids, inorganic nitrogen metabolism, and amino acid biosynthesis (Met, Cys, and His), carbohydrate biosynthesis, carbohydrate degradation, glucose conversion and generation of precursor metabolites and energy such as through the Calvin cycle, glycolysis, and photorespiration. The observed reduction in carbohydrate metabolism and generation of precursor metabolites and energy pathways combined with modification in the biosynthesis of phytohormones such as jasmonic acid has been reported as the result of regulation of resource-based trade-offs between growth and defense (Mitra and Baldwin, 2014).

The transcriptomic dataset indicated that the gene expressions of different classes of specialized metabolites were over-represented, including flavonoids, canavanine, and terpenes. The accumulation of flavonoids, including the subclass flavones, flavonols, and anthocyanins, was enhanced in pea seedlings (Pisum sativum) in response to attacks by the pea aphid (Acyrthosiphon pisum) (Morkunas et al., 2016). Canavanine is a non-protein toxic amino acid, structurally related to the amino acid Arg. It is highly abundant in seeds and sprouts of many legumes and possesses insecticidal properties to most insects (Rosenthal, 2001; Mitri et al., 2009; Staszek et al., 2017). Terpenes have defensive properties such as volatile metabolites or non-volatiles such as triterpene saponins (Fürstenberg-Hägg et al., 2013; Liu et al., 2019). These three pathways should be further investigated as potential defensive compounds in tef.



CONCLUSION

While the world depends on many crop species, the commercialization of conventional agriculture is limited to a few cereal crops, mainly wheat, rice, and maize. Traditional crops, such as tef, are important resources for improving agricultural diversity, production, nutritional qualities, and increasing food security (Padulosi et al., 2012). Therefore, further investigation is required to understand understudied crop plants such as tef and other millets. In this research, we explored the molecular mechanisms involved in the interaction between R. padi and tef by comparing them to the well-studied physical and chemical mechanisms used by other crops such as wheat and barley. We discovered that tef plants use similar defense mechanisms; however, the indole-derived toxic compounds present in these crops were not synthesized by tef leaves. Here, we suggest three potential specialized metabolite pathways that might function as deterrent metabolites, which requires further investigation. Notably, in this research, only three accessions were tested that represent a random sampling of the variation in tef and were not selected based on aphid resistance. The tef germplasm might exhibit stronger resistant and susceptible accessions than the ones that we tested. To fully understand how well tef adapted to aphids, there is a need to conduct a large-scale experiment and exploit the most resistant accessions to better understand deterrent molecules involved in defenses. The overall understanding of tef biotic challenges and their responses are essential for the development of strategies to control pest infestations and reduce yield loss in worldwide cereal crops, supporting global food security.
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Plants mediate interactions between different herbivores that attack simultaneously or sequentially aboveground (AG) and belowground (BG) organs. The local and systemic activation of hormonal signaling pathways and the concomitant accumulation of defense metabolites underlie such AG-BG interactions. The main plant-mediated mechanisms regulating these reciprocal interactions via local and systemic induced responses remain poorly understood. We investigated the impact of root infection by the root-knot nematode (RKN) Meloidogyne incognita at different stages of its infection cycle, on tomato leaf defense responses triggered by the potato aphid Macrosiphum euphorbiae. In addition, we analyzed the reverse impact of aphid leaf feeding on the root responses triggered by the RKN. We focused specifically on the signaling pathways regulated by the phytohormones jasmonic acid (JA), salicylic acid (SA), abscisic acid (ABA), and indole-3-acetic acid (IAA) as well as steroidal glycoalkaloids as induced defense compounds. We found that aphid feeding did not induce AG hormonal signaling, but it repressed steroidal glycoalkaloids related responses in leaves, specifically when feeding on plants in the vegetative stage. Root infection by the RKN impeded the aphid-triggered repression of the steroidal glycoalkaloids-related response AG. In roots, the RKN triggered the SA pathway during the entire infection cycle and the ABA pathway specifically during its reproduction stage. RKN infection also elicited the steroidal glycoalkaloids related gene expression, specifically when it was in the galling stage. Aphid feeding did not systemically alter the RKN-induced defense responses in roots. Our results point to an asymmetrical interaction between M. incognita and Ma. euphorbiae when co-occurring in tomato plants. Moreover, the RKN seems to determine the root defense response regardless of a later occurring attack by the potato aphid AG.

Keywords: aboveground-belowground interactions, phytohormones, plant-mediated interactions, potato aphid (Macrosiphum euphorbiae), root-knot nematodes (Meloidogyne incognita), steroidal glycoalkaloids, systemic responses, local responses


INTRODUCTION

Plants encounter several species of insect herbivores and pathogens that reduce their fitness. To defend themselves against these attackers, plants have evolved multifaceted mechanisms to perceive and appropriately respond to the specific attackers, thus preventing or attenuating the attack (Mithöfer and Boland, 2008; War et al., 2012; Mortensen, 2013). Plant hormones regulate the plant’s immune system (Pieterse et al., 2012). Among them, jasmonic acid (JA) with its derivates (collectively called jasmonates; JAs) and salicylic acid (SA) are considered as major defense hormones (Pieterse et al., 2009, 2012; Erb et al., 2012). The activation of phytohormone related pathways occurs with considerable specificity. The JA pathway is typically (but not exclusively) activated upon the attack of chewing herbivores and necrotrophic pathogens, while piercing-sucking herbivores and biotrophic pathogens trigger the SA pathway (Walling, 2000; Zhu-Salzman et al., 2004; Howe and Jander, 2008; Diezel et al., 2009; Lemarié et al., 2015; Wasternack, 2015). While the JA and SA pathways form the backbone of the plant’s immune system, other hormones such as ethylene, abscisic acid (ABA), auxins, and cytokinins also contribute to defense signaling (Bari and Jones, 2009; Erb et al., 2012; Kammerhofer et al., 2015). These hormones can antagonistically or synergistically interact with the JA-SA backbone of the plant’s immune signaling network. This so-called hormone cross-talk provides the plant with a powerful capacity to finely regulate its immune response to the specific attacker (Pieterse et al., 2009; Li et al., 2019).

The induction of plant defense responses upon herbivory at local sites is often accompanied by systemic induced responses in distal tissues, thereby protecting undamaged plant parts from subsequent attack. Systemic signaling is not limited to the particular organ (roots or shoots) under attack, but it can cross the root-shoot interface. Several studies show that the attack by aboveground (AG) and belowground (BG) herbivores and pathogens leads to systemic responses mediated via the plant which influence organisms associated with the other organ. BG herbivores can induce systemic responses in AG plant parts that can facilitate or impede the performance of the AG insect herbivores. For example, root damage by the insect herbivore Tecia solanivora decreases the performance of the AG leaf chewers Spodoptera exigua and Spodoptera frugiperda when feeding on potato plants (Kumar et al., 2016). On the other side, root infection by the parasitic root nematode Globodera pallida increased the reproductive success of the AG-feeding aphid Myzus persicae (Hoysted et al., 2017). Although less studied, AG herbivory can also systemically influence the performance of herbivores feeding on BG plant parts. For example, simulated AG herbivory by Manduca sexta on Nicotiana attenuata enhanced the performance of the parasitic root nematode Meloidogyne incognita (Machado et al., 2018). In contrast, AG herbivory can also negatively affect BG-feeding herbivores. For example, leaf-feeding by Spodoptera littoralis on maize plants deterred larvae of Diabrotica virgifera virgifera from infesting the roots (Erb et al., 2015).

These AG-BG plant-mediated interactions are driven at least partially, by the activation of hormonal-related pathways triggered by the attacking herbivores. This leads to changes in plant primary metabolism as well as the production of compounds that are toxic or deterrent for the herbivores, at both local and systemic sites. For instance, root herbivory and root elicitation by exogenous application of JA result in the accumulation of secondary metabolites, including steroidal glycoalkaloids, glucosinolates, and nicotine in leaves of different plant species, including N. attenuata, Solanum tuberosum, and Cardamine hirsuta (Fragoso et al., 2014; Kumar et al., 2016; Bakhtiari et al., 2018). On the other hand, AG herbivory or elicitation by exogenous application of methyl jasmonate enhances JA biosynthesis and the accumulation of secondary metabolites, including steroidal glycoalkaloids, phenolic acids, and glucosinolates in roots of several plants, including tomato, potato, brussels sprouts, Brassica nigra, Solanum dulcamara, and maize (Hlywka et al., 1994; Soler et al., 2007; Abdelkareem et al., 2017; Calf et al., 2020; Karssemeijer et al., 2020; Mbaluto et al., 2020). Such systemically-triggered changes in plant defense compounds can drive the impact on the performance of herbivores in the opposite compartment (Kumar et al., 2016; Bakhtiari et al., 2018; van Dam et al., 2018; Karssemeijer et al., 2020).

Most of the studies addressing the systemic defense-responses elicited by AG and BG interacting attackers focus on insect herbivores. Moreover, the majority of these studies focus on the impact of one herbivore feeding on one organ (AG or BG) on the induced systemic responses and the effect of the herbivores feeding on the other organ (Erb et al., 2009; Kumar et al., 2016; Hoysted et al., 2017, 2018; Machado et al., 2018; van Dam et al., 2018; Karssemeijer et al., 2020). It remains less explored how plants integrate sequential BG and AG attack, and the resulting concomitant induced responses in AG and BG organs of the same plant (Kutyniok and Muller, 2012; McCarville et al., 2012; Kammerhofer et al., 2015). In this study, we analyzed the systemic induced defense responses underlying the reciprocal interaction between root-knot nematodes (RKNs) and AG-feeding aphids sharing the same host.

Root-knot nematodes are soil-inhabiting parasites that infect the roots of thousands of plants. As obligate root feeders, they spend most of their life inside roots, thereby significantly influencing root physiology. After egg hatching, the infective second-stage juveniles (J2s) penetrate their host roots and migrate in between cells to reach and settle in the vascular cylinder (Fenoll et al., 1997; Perry et al., 2009). They select several vascular cells to induce their feeding sites, commonly known as giant cells. As they feed and develop further to reach maturity, they secrete and inject effector molecules that cause hyperplasia and hypertrophy of cells surrounding the giant cells to form root galls. Throughout the development, RKNs manipulate the host’s phytohormonal signaling in order to suppress defense responses and establish a sink for nutrients (Gheysen and Mitchum, 2011, 2019). Remarkably, several studies demonstrate that root infection by RKNs also affects defense-related responses in AG plant parts (Hamamouch et al., 2011; Arce et al., 2017; van Dam et al., 2018). However, the studies dealing with the impact of RKNs on AG defenses are scarce and show contrasting results. For instance, in Arabidopsis thaliana and rice plants, root infection by different RKN species was found to both increase and decrease systemically in leaves the JA levels and the expression of marker genes in the JA and SA pathways, depending on the study systems (Hamamouch et al., 2011; Kyndt et al., 2017b).

Aphids are insect herbivores that in analogy to RKNs, feed directly on vascular content. They insert their mouthparts (stylet) in between the primary and secondary cells layers of the leaf to reach the sieve elements in the vascular tissues. Plants generally respond to aphid attack by activating the SA responsive pathway (Walling, 2000; De Vos et al., 2005), although some studies revealed the activation of the JA pathway upon aphids attack (Fidantsef et al., 1999) as well as the negative impact of JA elicitation on aphids feeding (Cooper and Goggin, 2005). Remarkably, it has been shown that aphids can trigger systemic induction of defenses in roots, and influence BG-associated biota. For example, AG herbivory by the aphid Brevicoryne brassicae triggered an increase in JA levels systemically in roots of Brassica oleracea, although this increase did not affect the development of root fly Delia radicum (Karssemeijer et al., 2020).

Because plant-parasitic root nematodes and aphids tap resources from the vascular tissues, they can affect each other via direct competition or by systemically triggering the plant’s defense system (Hol et al., 2013). In this study, we aimed to disentangle the molecular and chemical mechanisms driving the plant-mediated reciprocal interaction between RKNs and AG feeding aphids. With this aim, we established a bioassay including the important crop species tomato (Solanum lycopersicum) and addressed the effects of root infection by the RKN Ma. incognita on leaf defenses triggered by the potato aphid Macrosiphum euphorbiae; as well as the impact of leaf herbivory by Ma. euphorbiae on root defenses induced by M. incognita. Because the interactions between AG herbivores and M. incognita-induced plant defense responses are modulated by the RKN infection stages (Mbaluto et al., 2020), we studied the M. incognita-Ma. euphorbiae interaction during the different stages of the M. incognita infection cycle namely; invasion, galling, and reproduction. Our results show that M. incognita has a moderate systemic effect on defense responses triggered locally in leaves by Ma. euphorbiae. Our results further indicate that this systemic effect is modulated during the M. incognita root infection cycle. On the other hand, Ma. euphorbiae did not interfere systemically with the defense responses triggered by M. incognita locally in roots. Our findings suggest an asymmetrical interaction between M. incognita and Ma. euphorbiae when co-occurring in tomato plants, where M. incognita seems to determine the root defense response regardless of the AG Ma. euphorbiae attack.



MATERIALS AND METHODS


Nematode and Aphid Cultures

We used the RKN M. incognita as the BG herbivore and the potato aphid Ma. euphorbiae as the AG herbivore. The M. incognita colony was initially obtained from Rijk Zwaan (De Lier, Netherlands) and maintained on tomato cv “Moneymaker” in a glasshouse. The colony was initiated from a single egg mass, and 8 weeks later, eggs were extracted for use in the experiments (Martínez-Medina et al., 2017). The potato aphid was kindly provided by Dr. Zeger van Herwijnen (Rijk Zwaan Breeding B.V De Lier, Netherlands). We maintained a laboratory colony using the leaf disc method (Rocca and Messelink, 2017) with slight modifications. In brief, we prepared 1% (w/v) water-agar and poured in plastic boxes 8 cm (length) × 5 cm (width) × 4 cm (height) to obtain ~0.5 cm thickness. A leaf disc from Capsicum annuum was embedded on the solidified agar with the abaxial side facing up to mimic normal aphid feeding side or position. The colony was maintained in a growth chamber (CLF PlantClimatic, CLF PlantClimatics GmbH, Wertingen, Germany) under 12-h light, 22°C: 12-h dark, 20°C, 45% relative humidity conditions. In the bioassays, we used apterous individuals.



Plant Material and Growth Conditions

We used tomato (S. lycopersicum) cultivar “Moneymaker,” as the study model plant. Tomato seeds were obtained from Intratuin B.V (Woerden, Netherlands). The seeds were sterilized, germinated, and transplanted, according to Mbaluto et al. (2020). In the glasshouse, the plants were randomly distributed and grown under 16-h light 25 ± 3°C: 8-h dark 22 ± 3, 40% relative humidity conditions. The plants were watered as required and supplemented weekly with half-strength Hoagland solution (Hoagland and Arnon, 1938). Four weeks after germination, we used the plants for the bioassays.



Nematode Inoculation and Aphid Infestation

In order to mimic the natural sequence of events, we infected plants with the RKN M. incognita first. Indeed, root feeders such as plant-parasitic nematodes are among the first pests encountered by annual plants; while AG feeders such as aphids generally arrive later in the plant’s life cycle (Bezemer and van Dam, 2005; van Dam et al., 2018). In all the bioassays, the plants assigned for M. incognita inoculation received 3,000 M. incognita eggs suspended in 1 ml of tap water (Mbaluto et al., 2020). Plants not assigned for M. incognita inoculation were mock-inoculated with 1 ml of tap water. We established three-time points after the M. incognita inoculation, corresponding to the main stages of its life cycle: 5 days post nematode inoculation (dpi), corresponding to the invasion stage; 15 dpi corresponding to the galling stage, and 30 dpi corresponding with the reproduction stage (Mbaluto et al., 2020). At each specific time point after M. incognita inoculation, plants assigned to the AG herbivore were challenged with 12 Ma. euphorbiae individuals of mixed-stages (adults and nymphs). The aphids were contained on a single leaf for 24 h, using a round clip cage of 7 cm in diameter. The clip cage was mounted on one fully expanded leaf: specifically on the three leaflets close to the tip (Bandoly and Steppuhn, 2016). Similarly, we mounted an empty clip cage on similar leaves, as mentioned above, on the plants not assigned for the aphid infestation. At each study time point, i.e., invasion, galling, and reproduction stage, we established four treatment groups including; (1) controls: plants not challenged with any of the herbivores, (2) plants root-infected with M. incognita, (3) plants infested on leaves with Ma. euphorbiae, and (4) plants infected with M. incognita in roots and infested with Ma. euphorbiae on leaves. Ten biological replicates of each treatment per time point were established, giving a total of 120 plants. At 24 h after infesting the plants with aphids, we harvested the plants, starting with the leaves and followed with the roots samples. We selected this specific time point (i.e., 24 h) in accordance with previous studies (Kafle et al., 2017), and also based on a pilot experiment in which the time points 12, 24, and 48 h were tested (data not shown). For root sampling, the entire root system was harvested. For the leaves, we harvested specifically the leaves that the aphids were feeding on, or the leaves that were mounted with empty clip cages without aphids, in the case of non-infested plants. Leaf and root material was stored at −80°C until use. In addition, after washing the root systems, we counted the number of galls visible to the naked eye from the root system of M. incognita infected plants. Approximately, the number of galls visible at the galling stage (15 dpi) averaged between 120 and 130 per plant. The number of visible galls had increased to 280–300 per plant at the reproduction stage (30 dpi).



Assessment of the Impact of Nematode Root Infection on Aphids Performance

We assessed the impact of M. incognita root infection on the reproduction of Ma. euphorbiae by comparing the number of nymphs produced by the aphids on tomato plants that were root infected or not with M. incognita. For this, we established a bioassay in which we inoculated tomato plants with M. incognita eggs as described above. Plants not assigned for M. incognita inoculation were mock-inoculated with 1 ml of tap water. We established three-time points after the M. incognita inoculation, coinciding with the invasion, galling, and reproduction stages of M. incognita, as described above. At each specific time point after M. incognita inoculation, we carefully placed three apterous Ma. euphorbiae adults using a soft-bristled brush on a similar leaf to the one used in the defense response experiments. We allowed the adult female aphids to feed on the plants and reproduce for 3 days, after which we counted the number of nymphs on the third day. This experiment was conducted twice, with similar results.



Phytohormone Extraction and Analysis

We extracted and quantified phytohormones from 100 mg of leaf and root material following the protocol previously described by Machado et al. (2013), with slight modifications. The extraction solution contained deuterated form of each phytohormone as the internal standards (i.e., D6-JA, D6-JA-Ile, D6-ABA, D5-IAA, and D6-SA). At the nebulization stage, the compounds were nebulized by electron spray ionization in the negative mode using the following conditions: capillary voltage 4,500 eV, cone gas 35 arbitrary units/350°C, probe gas 60 arbitrary units/300°C, and nebulizing gas at 60 arbitrary units. Data acquisition and processing were performed using the “MS data Review” software (Bruker MS Workstation, version 8.2, Bruker, Bremen, Germany). Phytohormone levels were calculated based on the peak area of the corresponding internal standard and the amount of fresh mass of plant material (ng−1 mg−1 FW), according to Mbaluto et al. (2020).



Real-Time Quantitative qPCR

Total RNA was extracted from ~100 mg (fresh weight) of ground leaf and root material, according to Oñate-Sánchez and Vicente-Carbajosa (2008). We performed quality check both quantitative and qualitative using a NanoPhotometer® P330 (Implen, Munich Germany) and by gel electrophoresis (1% agarose). We removed traces of DNA by treating 5 μg of the extracted RNA with 2 U/μl of DNaseI (Thermo Fisher Scientific, Schwerte, Germany) and following the manufacturer’s instructions. The clean RNA was rechecked for quality as stated above. We synthesized the first-strand cDNA from 1 μg DNase free RNA by reverse transcription using 200 U/μl Revert Aid H-minus RT (Thermo Fisher Scientific Baltic UAB, Vilnius, Lithuania) following the manufacturer instructions. The amplification cycle conditions for cDNA synthesis were: at 42°C for 60 min, 50°C for 15 min, and 70°C for 15 min using a Thermal cycler (Techne, Stone, United Kingdom). Real-time quantitative qPCR reactions and relative quantification of specific mRNA levels were performed using CFX 384 Real-Time PCR system (Bio-Rad Laboratories Inc., Singapore), and with gene-specific primers described in Supplementary Table 1. The RT-qPCR cycle conditions were: 2 min at 50°C, 2 min at 95°C, and 40 cycle of 15 s at 95°C, and 60 s at 60°C (Vos et al., 2015). Melting curves analysis was done to verify the amplification of each gene transcript. Three technical replicates of each sample were included in the RT-qPCR. The gene expression levels were determined by normalizing the data to the reference gene SIEF (X14449), which encodes for the tomato elongation factor 1α (Miranda et al., 2013; Martínez-Medina et al., 2017). The stability of the SIEF gene was previously evaluated in the different tissues (roots and leaves) and under the different experimental conditions (nematode and aphids challenge) analyzed here. Normalized gene expression data were analyzed by the 2−∆∆ct method (Livak and Schmittgen, 2001).



Extraction of Metabolites and Data Processing

We extracted ~100 mg fresh leaf and root material for metabolites analysis following the method described by Mbaluto et al. (2020) with slight modifications. In brief, the modifications included, using formic acid in methanol (0.05% v/v) as solvent B in the mobile phase. The separation and characterization of secondary metabolites were done according to Mbaluto et al. (2020). The data was processed in MS-DIAL (v. 4.00, RIKEN) according to Moreno-Pedraza et al. (2019) and with modification of several parameters including retention time-end = 12.5 min, mass range end = 1,500 mass to charge ratio (m/z), and the alignment parameter setting: retention time tolerance = 0.2 min. We generated two datasets (i.e., leaves and roots datasets) from which we selected all features with mass to charge ratio (m/z) of 576.3 and 578.4 at retention time 11–12 min for each study time point. These m/z values represent fragments of the main steroidal glycoalkaloids in tomato α-dehydrotomatine and α-tomatine (Cataldi et al., 2005).



Statistical Analysis

Datasets were analyzed using R software v 3.6.1 (R Core Development Team, 2019) unless indicated otherwise. Following three-way ANOVAs with factors M. incognita (Mi), Ma. euphorbiae (Me), and time (T) as model explanatory factors; two-way ANOVAs with M. incognita (Mi) and Ma. euphorbiae (Me) as factors were performed for each time point [invasion (5 dpi), galling (15 dpi), and reproduction (30 dpi) stages] to analyze the impact of plant herbivory on the phytohormones, steroidal glycoalkaloids, and the gene expression. Before the ANOVA analysis, all data sets were pre-screened for outliers using the interquartile range (IQR) method as a function in R. The number of outlying values varied between treatment groups from 0 to 2. In cases where the ANOVA results were significant, we detected the differences between the treatment groups using Tukey’s Honest Significant Difference (HSD) for multiple comparisons at p ≤ 0.05.




RESULTS


Impact of Meloidogyne incognita Root Infection on Leaf Hormonal Responses Triggered by Macrosiphum euphorbiae Feeding

We first analyzed the local effect of Ma. euphorbiae herbivory on leaf hormonal responses when feeding on plants not inoculated with M. incognita. Because we used the M. incognita infection cycle stages [i.e., invasion (5 dpi), galling (15 dpi), and reproduction (30 dpi)] to time the experiment, the plants had different ages over the course of the experiment. This means that plants (young) infected by M. incognita as well as their respective control plants were 33 days-old when the M. incognita were at the invasion stage, those used when M. incognita were at the galling stage were 43 days-old (medium), and by the time the M. incognita had reached the reproduction stage, the plants were 58 days-old. We found that Ma. euphorbiae feeding did not alter the concentrations of JA-Ile, SA, and ABA compared to the control plants, regardless of plant age (Figures 1A–C,E–G,I–K; black vs. yellow boxplots; Supplementary Tables 2 and 8; JA levels were below the detection threshold). In agreement with the phytohormonal responses, Ma. euphorbiae feeding did not change the expression of Proteinase inhibitor II (PI II) and Pathogenesis-related protein 1 (PR1) compared to controls (Figure 2; black vs. yellow boxplots; Supplementary Tables 3 and 9). Remarkably, Ma. euphorbiae feeding on 8 weeks old plants increased the overall levels of IAA (main effect of Me; Supplementary Table 8, p = 0.024), but there was no significant difference when compared with control plants (Figures 1D,H,L; black vs. yellow boxplots).
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FIGURE 1. Phytohormones concentrations in tomato leaves upon aboveground and belowground herbivory. Mean concentrations (ng/mg fresh weight) of phytohormones in leaves of tomato plants infected belowground with Meloidogyne incognita (Mi), or infested aboveground with Macrosiphum euphorbiae (Me) or with both herbivores (MiMe). Control = plants without herbivores. Boxplots indicate the mean (±SEM, n = 5) concentrations of jasmonyl-L-isoleucine (A,E,I), salicylic acid (B,F,J), abscisic acid (C,G,K), and indole-3-acetic acid (D,H,L) measured at the nematodes’ invasion (A-D), galling (E-H), or reproduction (I-L) stages. Different letters above the boxplots indicate significant differences (p ≤ 0.05) in mean values between treatments, determined by Tukey's HSD test after ANOVA analysis.
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FIGURE 2. Expression of the jasmonic acid (JA) marker gene Proteinase inhibitor II (PI II) and the salicylic acid (SA) marker gene Pathogenesis-related protein 1 (PR1) in tomato leaves upon aboveground and belowground herbivory. Relative expression of PI II and PR1 genes were analyzed in leaves of tomato plants infected belowground with Meloidogyne incognita (Mi), or infested aboveground with Macrosiphum euphorbiae (Me) or with both herbivores (MiMe). Control = plants without herbivores. Boxplots indicate mean (±SEM, n = 5) expression values of PI II (A,C,E) and PR1 (B,D,F), measured at the nematodes’ invasion (A,B), galling (C,D), or reproduction (E,F) stages.


Next, we studied the systemic impact of M. incognita root infection, throughout its infection cycle, on leaf hormonal responses. Meloidogyne incognita root infection did not significantly affect the concentrations of JA-Ile, ABA, or IAA in tomato leaves compared to control plants at either of its infection cycle stages (Figures 1A,C–E,G–I,K,L; blue vs. yellow boxplots; Supplementary Tables 2 and 8). Despite a lack of JA-Ile response, M. incognita root infection overall downregulated the expression of the JA-responsive gene PI II compared to controls, as shown by a significant main effect (Supplementary Table 9, p = 0.028) in the reproduction stage (Figures 2A,C,E; blue vs. yellow boxplots; Supplementary Tables 3 and 9). Root infection by M. incognita significantly increased systemic SA levels compared to controls, specifically at the reproduction stage (Figure 1J; blue vs. yellow boxplot; Supplementary Tables 2 and 8). In contrast, the expression level of the SA-marker gene PR1 in M. incognita-infected plants was not significantly different from that observed in controls (Figures 2B,D,F; blue vs. yellow boxplots; Supplementary Tables 3 and 9).

To decipher the systemic effect of M. incognita root infection on AG phytohormonal-related responses triggered by Ma. euphorbiae leaf herbivory, we compared plants challenged by both M. incognita and Ma. euphorbiae to those challenged with Ma. euphorbiae alone at each stage of M. incognita root infection cycle [Figures 1, 2, red (MiMe) vs. black (Me) boxplots; Supplementary Tables 2, 3, 8, and 9]. The levels of JA-Ile, ABA, and IAA, as well as the expression levels of PI II and PR1 in leaves of co-infected plants were not significantly different from those infested with Ma. euphorbiae alone (Figures 1A,C–E,G–I,K,L, 2; red vs. black boxplots; Supplementary Tables 2, 3, 8, and 9). The SA levels were similar in Ma. euphorbiae and co-infected plants when M. incognita was at the invasion and galling stages (Figures 1B,F). Remarkably, when M. incognita was at the reproduction stage, the SA levels in co-infected plants increased compared to plants infested with Ma. euphorbiae alone (Figure 1J; red vs. black boxplots; Supplementary Tables 2 and 8).



Effect of Meloidogyne incognita Root Infection on Leaf Accumulation of Steroidal Glycoalkaloids Induced by Macrosiphum euphorbiae Feeding

Steroidal glycoalkaloids are important antiherbivore defense compounds in Solanaceae plants (Chowański et al., 2016). We first assessed the local effect of Ma. euphorbiae on leaf concentrations of the steroidal glycoalkaloids α-dehydrotomatine and α-tomatine, and the expression of the steroidal glycoalkaloid metabolism-related genes jasmonate-responsive ethylene response factor (ERF) 4 transcription factor (JRE4; encoding a master transcriptional regulator in defense-related steroidal glycoalkaloids) and glycoalkaloid metabolism 1 (GAME1; encoding a UDP-Gal:tomatidine galactosyltransferase biosynthetic gene) when feeding on plants of different ages (Figure 3). Leaf feeding by Ma. euphorbiae led to a decrease in the concentrations of α-dehydrotomatine and α-tomatine, in young plants compared to controls (Figures 3A,B; black vs. yellow boxplots; Supplementary Tables 4 and 10). In agreement, Ma. euphorbiae feeding on young plants significantly downregulated the expression of JRE4 (Figure 3C; black vs. yellow boxplot; Supplementary Tables 4 and 10). However, Ma. euphorbiae feeding did not affect GAME1 expression in young plants (Figure 3D; black vs. yellow boxplot; Supplementary Tables 4 and 10). In the medium age and old plants, infestation by Ma. euphorbiae did not significantly alter the concentrations of α-dehydrotomatine and α-tomatine nor the expression of JRE4 and GAME1 compared to controls (Figures 3E–L; black vs. yellow boxplots; Supplementary Tables 4 and 10). These findings show that Ma. euphorbiae represses the accumulation of α-dehydrotomatine and α-tomatine in tomato leaves, specifically when feeding on plants in the vegetative stage.
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FIGURE 3. Relative intensities of the m/z signals of the steroidal glycoalkaloids α-dehydrotomatine and α-tomatine and relative expression of glycoalkaloid-related metabolism genes jasmonate-responsive ethylene response factor 4 (JRE4) and glycoalkaloid metabolism 1 (GAME1) in tomato leaves upon aboveground and belowground herbivory. Mean LC-MS intensities of α-dehydrotomatine (m/z 576.38721; rt. 12.057 min) and α-tomatine (m/z 578.40302; rt. 12.107 min) and expression of JRE4 and GAME1 in leaves tomato plants infected belowground with Meloidogyne incognita (Mi), or infested aboveground with Macrosiphum euphorbiae (Me) or with both herbivores (MiMe). Control = plants without herbivores. Boxplots are the mean (±SEM, n = 5) of α-dehydrotomatine (A,E,I), α-tomatine (B,F,J), JRE4 (C,G,K), and GAME1 (D,H,L) measured at the nematodes’ invasion (A-D), galling (E-H), or reproduction (I-L) stages. Different letters above the boxplots indicate significant (p ≤ 0.05) differences in mean values between treatments, determined by Tukey's HSD test after ANOVA analysis.


We next studied the systemic impact of M. incognita root infection throughout its infection cycle on the leaf concentration of α-dehydrotomatine and α-tomatine as well as on the expression levels of JRE4 and GAME1 genes. At the invasion stage, the leaf concentration of α-dehydrotomatine and α-tomatine decreased in M. incognita infected plants compared to control plants (Figures 3A,B; blue vs. yellow boxplots; Supplementary Tables 4 and 10). Although not statistically significant (Main effect of Mi in Supplementary Table 10, p = 0.089), we found a slight downregulation of JRE4 in leaves of plants that were infected with M. incognita at the invasion stage (Figure 3C; blue vs. yellow boxplot; Supplementary Tables 4 and 10). Meloidogyne incognita at the invasion stage did not affect the expression of the GAME1 gene in leaves compared to control plants (Figure 3D, blue vs. yellow boxplot; Supplementary Tables 4 and 10). At the M. incognita galling and reproduction stages, the leaf levels of α-dehydrotomatine and α-tomatine, as well as the expression of JRE4 and GAME1, were similar in M. incognita infected plants and control plants (Figures 3E–L; blue vs. yellow boxplots; Supplementary Tables 4 and 10). These results indicate that M. incognita triggers early and transient repression of the accumulation of α-dehydrotomatine and α-tomatine, specifically during the root invasion stage.

To check whether M. incognita root infection alters the repression of steroidal glycoalkaloid levels induced by Ma. euphorbiae in young (vegetative) plants, we compared plants challenged with Ma. euphorbiae alone to those co-infected with both M. incognita and Ma. euphorbiae at each of the M. incognita root infection cycle stages [Figure 3; red (MiMe) vs. black (Me) boxplots; Supplementary Tables 4 and 10]. At the invasion stage, co-infected plants had overall higher α-dehydrotomatine and α-tomatine levels than plants infested by Ma. euphorbiae alone (Figures 3A,B; red vs. black boxplots; Supplementary Tables 4 and 10 the interactive effect Mi∗Me). The expression of JRE4 and GAME1 in co-infected plants at the nematodes’ invasion stage was at a similar level to that in plants challenged with Ma. euphorbiae alone (Figures 3C,D; red vs. black boxplots; Supplementary Tables 4 and 10). At the galling and reproduction stages of M. incognita, the concentrations of α-dehydrotomatine and α-tomatine, as well as the expression of JRE4 and GAME1 in co-infected plants, were similar to those plants challenged with Ma. euphorbiae alone (Figures 3E–L; red vs. black boxplots; Supplementary Table 10). Our results indicate a moderate effect of M. incognita root infection on leaf steroidal glycoalkaloids associated with Ma. euphorbiae feeding.



Impact of Macrosiphum euphorbiae Leaf Feeding on Root Hormonal Related Responses Triggered by Meloidogyne incognita Infection

We first analyzed the local impact of M. incognita infection on root phytohormonal-related responses throughout its infection cycle. Meloidogyne incognita root infection did not significantly affect the level of JA, JA-Ile, or IAA in tomato roots compared to controls and regardless of the infection cycle stage (Figures 4A,B,E–G,J–L,O; blue vs. yellow boxplots; Supplementary Tables 5 and 11). Meloidogyne incognita infection did not affect the expression of PI II compared to controls, regardless of the infection cycle stage (Figures 5A,C,E; blue vs. yellow boxplots; Supplementary Tables 6 and 12). Meloidogyne incognita root infection triggered the root accumulation of SA at all infection stages when compared to controls (Figures 4C,H,M; blue vs. yellow boxplots; Supplementary Tables 5 and 11). However, M. incognita root infection did not alter PR1 expression compared to controls (Figures 5B,D,F; blue vs. yellow boxplots; Supplementary Tables 6 and 12). We found no differences in the levels of ABA in roots M. incognita-infected plants compared to controls when M. incognita was at the invasion and galling stages (Figures 4D,I; blue vs. yellow boxplots). However, at the reproduction stage, M. incognita significantly increased the ABA levels compared to control plants (Figure 4N; blue vs. yellow boxplot; Supplementary Tables 5 and 11).
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FIGURE 4. Phytohormones concentrations in tomato roots upon aboveground and belowground herbivory. Mean concentrations (ng/mg fresh weight) of phytohormones in roots of tomato infected belowground with Meloidogyne incognita (Mi), or infested aboveground with Macrosiphum euphorbiae (Me) or with both herbivores (MiMe). Control = plants without herbivores. Boxplots indicate the mean (±SEM, n = 5) of JA (A,F,K), jasmonyl-L-isoleucine (B,G,L), SA (C,H,M); abscisic acid (D,I,N) and indole-3-acetic acid (E,J,O) concentrations measured at the nematodes’ invasion (A-E), galling (F-J), or reproduction (K-O) stages. Different letters above the boxplots indicate significant differences (p ≤ 0.05) in mean values between treatments, determined by Tukey's HSD test after ANOVA analysis.
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FIGURE 5. Expression of the jasmonic acid (JA) marker gene Proteinase inhibitor II (PI II) and the salicylic acid (SA) marker gene Pathogenesis-related protein 1 (PR1) in tomato roots upon aboveground and belowground herbivory. Relative expression of PI II and PR1 genes were analyzed in roots of tomato plants infected belowground with Meloidogyne incognita (Mi), infested aboveground with Macrosiphum euphorbiae (Me), or with both herbivores (MiMe). Control = plants without herbivores. Boxplots indicate mean (±SEM, n = 5) expression values of PI II (A,C,E) and PR1 (B,D,F) measured at the nematodes’ invasion (A,B), galling (C,D), or reproduction (E,F) stages. Different letters above the boxplots indicate significant differences (p ≤ 0.05) in mean expression among treatments, determined by Tukey's HSD test after ANOVA analysis.


Leaf herbivory by Ma. euphorbiae did not systemically affect root levels of JA-Ile or SA regardless of the plant age (Figures 4B,C,G,H,L,M; black vs. yellow boxplots; Supplementary Tables 5 and 11). We observed that JA, ABA, or IAA also did not systemically change when Ma. euphorbiae was feeding on young or medium-age (vegetative) plants (Figures 4A,D–F,I,J; black vs. yellow boxplots; Supplementary Tables 5 and 11). However, in old plants, Ma. euphorbiae feeding led to a significant decrease in the root levels of JA, ABA, and IAA (Figures 4K,N,O; black vs. yellow boxplots; Supplementary Tables 5 and 11). Macrosiphum euphorbiae feeding, in general, did not affect the expression level of PI II and PR1, regardless of plant age (Figure 5). Only in medium-aged plants, the expression levels of PR1 decreased in the roots of plants challenged with Ma. euphorbiae (Figure 5D; black vs. yellow boxplot; Supplementary Tables 6 and 12).

We finally assessed whether M. euphoribae feeding affected the phytohormonal root responses associated with M. incognita root infection [Figures 4, 5; red (MiMe) vs. blue (Mi) boxplots; Supplementary Tables 5, 6, 11, and 12]. Roots infected by M. incognita alone had similar levels of JA, SA, ABA, and IAA as roots of plants co-infected with M. incognita and Ma. euphorbiae (Figures 4A,C–F,H–K,M–O; red vs. blue boxplots; Supplementary Tables 5 and 11). Similar to the SA levels, the expression of PR1 in M. incognita-infected roots did not differ from that in roots of co-infected plants (Figures 5B,D,F; red vs. blue boxplots; Supplementary Tables 6 and 12). The levels of JA-Ile in the roots of co-infected plants were similar to that on roots of plants infected with M. incognita alone at the invasion and reproduction stages (Figures 4B,L). However, when M. incognita was at the galling stage, a higher level of JA-Ile was observed in the root of co-infected plants compared to roots of plants infected with M. incognita alone (Figure 4G; red vs. blue boxplot; Supplementary Tables 5 and 11). By contrast, a higher expression level of PI II was found in the roots of M. incognita-infected plants compared to expression in co-infected plants at the galling stage. At the invasion and reproduction stages, PI II expression was similar in M. incognita and co-infected plants (Figures 5A,E; red vs. blue boxplots; Supplementary Tables 6 and 12).



Effect of Macrosiphum euphorbiae Leaf Feeding on Root Steroidal Glycoalkaloids Induced by Meloidogyne incognita Infection

We first analyzed the impact of M. incognita on the root concentration of α-dehydrotomatine and α-tomatine as well as on the expression of JRE4 and GAME1 genes throughout its infection cycle. Meloidogyne incognita root infection at the invasion and reproduction stages did not significantly affect the root level of α-dehydrotomatine and α-tomatine or the expression of JRE4 and GAME1 compared to controls (Figures 6A–D,I–L; blue vs. yellow boxplots; Supplementary Tables 7 and 13). When M. incognita was in the galling stage, its feeding increased the level of α-dehydrotomatine and α-tomatine and the expression of JRE4 and GAME1 compared to controls (Figures 6E–H; blue vs. yellow boxplots; Supplementary Tables 7 and 13).
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FIGURE 6. Relative intensities of the m/z signals of the steroidal glycoalkaloids α-dehydrotomatine and α-tomatine and relative expression of glycoalkaloid-related metabolism genes jasmonate-responsive ethylene response factor (ERF) 4 transcription factor (JRE4) and glycoalkaloid metabolism 1 (GAME1) in tomato roots upon aboveground and belowground herbivory. Mean LC-MS intensities of α-dehydrotomatine (m/z 576.39117; rt. 12.072 min) and α-tomatine (m/z 578.40649; rt. 12.123 min) and expression of JRE4 and GAME1 in roots of tomato plants infected belowground with Meloidogyne incognita (Mi), infested aboveground with Macrosiphum euphorbiae (Me), or with both herbivores (MiMe). Control = plants without herbivores. Boxplots indicate the mean (±SEM, n = 5) of α-dehydrotomatine (A,E,I), α-tomatine (B,F,J) m/z intensities, JRE4 (C,G,K), and GAME1 (D,H,L) measured at the nematodes’ invasion (A-D), galling (E-H), or reproduction (I-L) stages. Different letters above the boxplots indicate significant differences (p ≤ 0.05) in mean values between treatments, determined by Tukey's HSD test after ANOVA analysis.


We then assessed the systemic impact of Ma. euphorbiae leaf herbivory on the root defense expression. Leaf herbivory by Ma. euphorbiae did not affect the level of α-dehydrotomatine and α-tomatine, nor the expression of JRE4 and GAME1, regardless of plant age (Figure 6; black vs. yellow boxplots; Supplementary Tables 7 and 13). These results indicate that leaf feeding by Ma. euphorbiae does not systemically alter the steroidal glycoalkaloids metabolism pathway in tomato roots.

Finally, we analyzed whether Ma. euphorbiae feeding systemically affects the root levels of steroidal glycoalkaloids and the expression patterns of GAME genes associated with M. incognita root infection. In general, the levels of α-dehydrotomatine and α-tomatine, and the expression of JRE4 and GAME1 of M. incognita-infected roots were similar to those in co-infected plants, regardless of the M. incognita infection cycle stage [Figure 6; red (MiMe) vs. blue (Mi) boxplots; Supplementary Tables 7 and 13]. Only in the case of JRE4 expression, a higher expression level was found in the roots of co-infected plants compared to the roots of plants infected with M. incognita at the reproduction stage (Figure 6K; red vs. blue boxplot; Supplementary Tables 7 and 13). Overall, these results show that Ma. euphorbiae leaf herbivory has only a minor effect on root steroidal glycoalkaloid induction associated with M. incognita root infection.



Impact of Meloidogyne incognita Root Infection on the Reproduction of Macrosiphum euphorbiae

We found an overall stronger effect of M. incognita root infection on the plant responses triggered by Ma. euphorbiae in leaves, compared to the reverse interaction (i.e., the reciprocal effect of Ma. euphorbiae feeding on root induced responses by M. incognita infection). Because of this, we next aimed to assess the impact of M. incognita root infection on the reproduction rate of Ma. euphorbiae. Similar to the defense response bioassays, we used the M. incognita infection cycle stages to time the performance bioassay. On plants without M. incognita root infection, we found that the numbers of nymphs produced on young and medium-age plants was significantly higher compared to those found on old (flowering) plants (Table 1). In plants that were challenged with M. incognita, we found a similar number of nymphs, at every nematode root infection stage compared to those observed in plants without M. incognita (Table 1).



TABLE 1. Number of nymphs produced by Macrosiphum euphorbiae adults on tomato plants.
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DISCUSSION

Here, we used tomato as a model plant, to explore how root infection by M. incognita affects the leaf responses triggered by Ma. euphorbiae, and the reciprocal impact of leaf herbivory by Ma. euphorbiae on root responses induced by M. incognita infection in roots. Because root responses to M. incognita infection are tightly modulated during its infection cycle stages (Mbaluto et al., 2020), we studied the dynamics of the interaction between the induced plant responses by the two herbivores during the entire M. incognita root infection cycle. We show that root infection by M. incognita had mild systemic effects on phytohormones and steroidal glycoalkaloid responses triggered by Ma. euphorbiae locally on leaves. On the reverse, leaf-feeding by Ma. euphorbiae did not interfere systemically with the defense responses triggered by M. incognita locally in roots. In both interaction directions, the induction of defense responses occurred depending on the M. incognita root infection cycle stages. Collectively, our results indicate that root infection by M. incognita induces a strong effect in roots that is not overruled by AG Ma. euphorbiae feeding. They also demonstrate that the root infection cycle of M. incognita is an important factor influencing the dynamics of the interaction between the two herbivores.

We found that feeding by Ma. euphorbiae did not significantly affect phytohormonal signaling locally in leaves. In contrast to our results, several studies revealed that plants can activate the SA pathway upon attack by aphids, including Ma. euphorbiae (Mohase and van der Westhuizen, 2002; Chaman et al., 2003; Kuśnierczyk et al., 2008; Coppola et al., 2013). For instance, an increase in the expression of SA-responsive genes has been reported in A. thaliana upon the attack by M. persicae (Moran and Thompson, 2001) and by Schizaphis graminum on aphid-susceptible barley (Chaman et al., 2003). Moreover, the attack by M. euphobiae, B. brassicae, or M. persicae triggered the expression of both SA- and JA-responsive genes in A. thaliana and tomato plants (de Ilarduya et al., 2003; Kuśnierczyk et al., 2008; Coppola et al., 2013). Although we do not have a clear explanation for such apparent discrepancies with our results, the different outcomes may be partly explained by differences in the experimental set-ups, including the number and different stages of aphids or the duration of the experiments. Moreover, the differences in the studies can be due to the fact that piercing-sucking herbivores may antagonize defense responses to make the plant a more suitable host, depending on the system under investigation (Walling, 2008). Aphid salivary secretions contain effector proteins that may suppress defense responses (Hogenhout and Bos, 2011; Kettles and Kaloshian, 2016). In line with this, we found that Ma. euphorbiae infestation reduced the levels of the steroidal glycoalkaloids α-dehydrotomatine and α-tomatine and the expression of steroidal glycoalkaloid-related gene JRE4 in leaves. Solanum alkaloids have a broad range of biological activity against insect herbivores, including aphids (Chowański et al., 2016). Thus, our results suggest the ability of Ma. euphorbiae to manipulate the secondary chemistry of the host plant to its benefit. Previous studies showed that aphids, including Ma. euphorbiae and M. perciase, can decrease secondary metabolites as well as trigger the downregulation of a set of alkaloid biosynthesis genes in tomato and A. thaliana (Mewis et al., 2012; Coppola et al., 2013). Interestingly, in this study, the aphid-triggered decrease in steroidal glycoalkaloids was specifically observed when the aphid fed on plants at the vegetative stage (young and medium-aged plants). By contrast, Ma. euphorbiae failed to counteract the steroidal glycoalkaloid-related responses in plants at the flowering stage (old plants). This indicates that plant age and ontogeny are important factors determining the ability of Ma. euphorbiae to modulate defense responses in tomato plants. In accordance to the inability of Ma. euphorbiae to suppress steroidal glycoalkaloid-related responses in flowering plants, we found that it performed worse when feeding on plants at the flowering stage (old plants), compared to plants in the vegetative stage. This is further evidence that the suppression of steroidal glycoalkaloid-related responses in local tissues can be important for aphid’s performance.

Whereas Ma. euphorbiae feeding did not induce phytohormonal responses locally in leaves, it systemically decreased the levels of JA, ABA, and IAA in roots, suggesting that this aphid might alter the allocation of defenses between roots and leaves. It has been previously demonstrated that aphids can reduce aliphatic glucosinolates in the roots. This led to a shift in the ratio of aliphatic and indole glucosinolates in systemic tissues, indicating that plants alter the allocation of defense compounds upon aphid attack (Kutyniok and Muller, 2012). Remarkably, the systemic impact of Ma. euphorbiae on root phytohormonal responses was only observed when it fed on flowering plants (old plants). In the same plants, we observed a trend for reduced levels of steroidal glycoalkaloids in roots. This suggests that plant age and ontogeny are also important factors influencing the systemic effect of Ma. euphorbiae leaf herbivory on root responses. Possibly, plants prioritize the allocation of defenses to reproductive tissues over vegetative tissues after herbivory (Chrétien et al., 2018). However, the ecological consequences of the decrease in the levels of phytohormones and glycoalkaloids triggered systemically by the aphids in the roots of the flowering tomato plants remain unclear.

Root infection by M. incognita triggered an increase of SA levels locally in roots throughout the entire infection cycle. Local accumulation of SA in roots upon the infection by different RKN species was found in several plant species, including A. thaliana, rice, and tomato (Branch et al., 2004; Hamamouch et al., 2011; Kumari et al., 2016; Guo and Ge, 2017). Meloidogyne incognita infection further led to an increase in ABA levels, specifically when it was at the reproduction stage. Increases in ABA are associated with increasing the susceptibility to Meloidogyne infection (Kyndt et al., 2017a). Therefore, we speculate that the increase in ABA levels triggered by M. incognita at the reproduction stage might be related to an enhancement of host susceptibility to the next generation of infective juveniles.

Besides the changes in phytohormone levels M. incognita infection also altered the steroidal glycoalkaloid response locally in roots. Indeed, specifically at the galling stage, M. incognita triggered an increase in the levels of the steroidal glycoalkaloids α-dehydrotomatine and α-tomatine and upregulated the expression of the steroidal glycoalkaloid related genes JRE4 and GAME1. In agreement with our results, an increase in α-tomatine levels has been reported in tomato plants infected by M. incognita at the galling stage (Elliger et al., 1988). The induction of steroidal glycoalkaloids is associated with enhanced resistance to root infecting plant-parasitic nematodes (Wang et al., 2012; Jang et al., 2015). Therefore, the relevance of the increased steroidal glycoalkaloid levels in the present study remains unclear.

We further found that M. incognita root infection had just mild effects on the hormonally regulated pathways systemically in the leaves. Such a mild effect of root infecting plant-parasitic nematodes on systemic phytohormone signaling in AG tissues has been previously observed (Hamamouch et al., 2011; Kutyniok and Muller, 2012; Hoysted et al., 2017). On the other hand, M. incognita root infection reduced the levels of steroidal glycoalkaloids systemically in leaves, although this effect was significant just for α-dehydrotomatine in the invasion stage. Although it is unclear how systemic repression of host plant defenses can benefit nematode parasitism, some nematode effectors can suppress systemic signaling of defense responses in AG (Kyndt et al., 2014). These results indicate that M. incognita can cause subtle systemic changes in major defense compounds of tomato.

In co-infected plants, infection with M. incognita, in general, did not affect the leaf phytohormonal profile associated with Ma. euphorbiae leaf-feeding. However, the increase in SA levels triggered systemically in leaves by M. incognita infection at the reproduction stage was also evident in leaves of plants that were co-infected with both herbivores. This indicates that Ma. euphorbiae was unable to counteract SA signaling triggered systemically by M. incognita root infection. M. incognita infection further affected the steroidal glycoalkaloid-related responses triggered by Ma. euphorbiae feeding on plants at the vegetative stage. Indeed, the levels of α-dehydrotomatine and α-tomatine in leaves of co-infected plants were in between the levels found in controls and Ma. euphorbiae plants. This indicates that M. incognita infection counteracted, at least partially, the decrease in the levels of steroidal glycoalkaloids triggered by Ma. euphorbiae. Remarkably, these interactions did not affect the performance of the aphids. Previous studies show that SA levels can increase AG after root infection by plant-parasitic nematodes, but these changes differentially affect AG piercing-sucking insect herbivores. Guo and Ge (2017) reported an increase in SA levels in leaves of tomato plants infected by M. incognita in roots, which was concomitant with a reduction in the performance of whiteflies (Bemisia tabaci). On the other hand, Hoysted et al. (2017) found an increase in SA level in leaves of potato plants that were infected with G. pallida in roots, which correlated with the greater reproductive success of M. persicae. Taking together these studies, the variations in the findings can be attributed to differences in herbivores specialization and the plant system under investigation.

In roots, Ma. euphorbiae did not affect the phytohormonal profile associated with M. incognita root infection. The increased SA levels triggered by M. incognita throughout its infection cycle were still evident in the roots of co-infected plants. In analogy, Ma. euphorbiae did not interfere with the increased ABA levels triggered by M. incognita at the reproduction stage, even when Ma. euphorbiae infestation alone decreased the JA, ABA, and IAA levels systemically in roots. In line with this, Ma. euphorbiae feeding did not interfere with the increased levels of steroidal glycoalkaloids triggered by M. incognita at the galling stage. This further corroborates that the local effect of M. incognita determined the plant responses regardless of the later arriving herbivore Ma. euphorbiae. However, in our experimental design, the aphids were feeding for a limited time (24 h). Therefore, we cannot rule out a possible effect of Ma. euphorbiae on M. incognita-triggered plant responses nor on the performance of M. incognita at a later time points after aphid infestation.

In conclusion, we found that both M. incognita and Ma. euphorbiae triggered different local and systemic defense responses in tomato plants. When both herbivores co-occurred, M. incognita caused mild systemic effects on the induced plant responses to Ma. euphorbiae herbivory in leaves, which were not associated with changes in aphid’s performance. On the other hand, M. incognita-induced local root responses were not overruled by the systemic effect caused by Ma. euphorbiae leaf feeding, suggesting an asymmetrical interaction between M. incognita and Ma. euphorbiae when co-occurring in tomato plants.
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The bird cherry-oat aphid (Rhopalosiphum padi) is one of the most destructive insect pests in wheat production. To reduce aphid damage, wheat plants have evolved various chemical and physical defense mechanisms. Although these mechanisms have been frequently reported, much less is known about their effectiveness. The tetraploid wild emmer wheat (WEW; Triticum turgidum ssp. dicoccoides), one of the progenitors of domesticated wheat, possesses untapped resources from its numerous desirable traits, including insect resistance. The goal of this research was to determine the effectiveness of trichomes (physical defense) and benzoxazinoids (BXDs; chemical defense) in aphid resistance by exploiting the natural diversity of WEW. We integrated a large dataset composed of trichome density and BXD abundance across wheat genotypes, different leaf positions, conditions (constitutive and aphid-induced), and tissues (whole leaf and phloem sap). First, we evaluated aphid reproduction on 203 wheat accessions and found large variation in this trait. Then, we chose eight WEW genotypes and one domesticated durum wheat cultivar for detailed quantification of the defense mechanisms across three leaves. We discovered that these defense mechanisms are influenced by both leaf position and genotype, where aphid reproduction was the highest on leaf-1 (the oldest), and trichome density was the lowest. We compared the changes in trichome density and BXD levels upon aphid infestation and found only minor changes relative to untreated plants. This suggests that the defense mechanisms in the whole leaf are primarily anticipatory and unlikely to contribute to aphid-induced defense. Next, we quantified BXD levels in the phloem sap and detected a significant induction of two compounds upon aphid infestation. Moreover, evaluating aphid feeding patterns showed that aphids prefer to feed on the oldest leaf. These findings revealed the dynamic response at the whole leaf and phloem levels that altered aphid feeding and reproduction. Overall, they suggested that trichomes and the BXD 2,4-dihydroxy-7- methoxy-1,4-benzoxazin-3-one (DIMBOA) levels are the main factors determining aphid resistance, while trichomes are more effective than BXDs. Accessions from the WEW germplasm, rich with trichomes and BXDs, can be used as new genetic sources to improve the resistance of elite wheat cultivars.

Keywords: benzoxazinoids, defense, phloem sap, Rhopalosiphum padi, trichome, wild emmer wheat (T. turgidum ssp. dicoccoides), electrical penetration graph recording


INTRODUCTION

Plants are continuously confronted by various types of herbivorous insects that cause significant yield loss. Aphids (Hemiptera, Aphididae) are phloem-feeder herbivores that consume water and nutrients from their host, reduce plant growth, and transmit devastating plant viruses (Blackman and Eastop, 2000). Plants have evolved physical and chemical defense strategies to control plant-aphid interactions and ensure plant survival and fitness (Mitchell et al., 2016). Constitutive defense mechanisms are present in plant tissues as anticipatory strategies in preparation for forthcoming adverse conditions (Mertens et al., 2021). Defense mechanisms can also be dynamic and induced upon herbivore attack, depending on plant age, developmental stage, and genetic background (Howe and Jander, 2008; Brunissen et al., 2009; Chandrasekhar et al., 2018; Batyrshina et al., 2020a). Variation in these mechanisms at the spatial level (individual parts within a plant) may be one of the key determinants of pest reproduction and feeding behavior (Awmack and Leather, 2002; Karley et al., 2002; Jakobs and Müller, 2018). The relationship between the defense mechanisms, their anticipatory variation, and their effectiveness in response to aphid attack has not been fully addressed.

Physical structures, such as trichomes, epidermal barriers including the cuticle, waxes, and cell wall, and feeding-induced callose deposition, act as the first barriers between the insect and the plant (War et al., 2012). Glandular trichomes are used for exudate storage and secretion, while non-glandular trichomes, specialized epidermal hair-like structures, may affect aphid movement and reproduction rates (Riddick and Simmons, 2014). The leaf surface of young wheat, barley (Hordeum vulgare), and tef (Eragrostis tef) plants are covered with non-glandular trichomes (Leybourne et al., 2019; de Correa et al., 2020; Gyan et al., 2020). Trichome-based insect resistance is distributed unevenly across plants, tissues, and organs. It is usually more evident in young tissues than in older ones (Valkama et al., 2004; McCall and Fordyce, 2010). Several studies have shown that herbivore feeding induces the subsequently formed leaves to produce higher trichome densities. The inducibility of trichome density is ecologically significant, affecting insect feeding behaviors and limiting their performance in wheat and barley (Roberts and Foster, 1983; de Correa et al., 2020). One chemical defense strategy used in a variety of plants is the production of toxic indole-derived specialized metabolites called benzoxazinoids (BXDs) (Lattanzio et al., 2000; Kettles et al., 2013). These compounds are highly abundant in monocots, such as wheat, maize, rye, and several wild barley species (Frey et al., 2009), and in some distinct dicot families (Schullehner et al., 2008; Hannemann et al., 2018). The abundant BXDs in wheat are DIMBOA (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one), DIMBOA-Glc, and its methylated form HDMBOA-Glc [2-(2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one)-β-d-glucopyranose] (Shavit et al., 2018). The accumulation of these compounds is developmentally variable, but they are usually present in high concentrations in young leaves (Cambier et al., 2000; Batyrshina et al., 2020b). These defensive metabolites can be synthesized de novo in response to insect attack and can also be produced constitutively and stored as an inactive form in the vacuole. BXDs possess antifeedant and antibiosis properties (Niemeyer, 1988; Feng et al., 1992; Escobar et al., 1999). For instance, DIMBOA is required for callose formation, which accumulates in response to aphid probing, thus possessing antifeedant characteristics (Yan et al., 1999; Ahmad et al., 2011; Betsiashvili et al., 2015), while HDMBOA-Glc acts as a deterrent to aphids (Meihls et al., 2013), as well as generalist and specialist chewing insects (Glauser et al., 2011).

The mobilization of resources between plant tissues relies on the plant’s vascular system (Griffiths et al., 2016). This process is mediated by the phloem tissue’s sieve elements and associated companion cells, which allow transportation and long-distance distribution of resources. Phloem-feeding insects rely on the plant’s phloem sap composition and water to support their life and reproduction. The phloem cell’s architecture provides an additional line of defense in terms of mechanical barriers, owing to latex exudation, resin, or callose deposition around the sieve elements (Ahmad et al., 2011). The interaction between the aphid and the host plant involves the coordinated reconfiguration of metabolism, which is regulated by developmental, genetic, and environmental inputs (Kooke and Keurentjes, 2011; Batyrshina et al., 2020a). Many defensive compounds, such as glucosinolates, terpenes, and BXDs, have been detected in phloem sap (Chen et al., 2001), which may be particularly effective against aphids and other phloem-feeding insects. The abundance of BXDs in the phloem sap depends on several factors, including (i) biosynthesis of glucosides in the plastid, endoplasmic reticulum membrane, and cytosol, (ii) translocation of glucosides from compartmentalized cells to the vacuoles of undamaged plant cells and activation by specific glucosidases near the damaged sites, and (iii) loading into the phloem (Wouters et al., 2016; Niculaes et al., 2018). Hence, plants can take advantage of BXD biosynthesis and interconversion to improve their defensive strategy at either the leaf tissue or phloem level. To date, most of the studies detailing the function of BXDs in wheat-aphid relationships have focused on BXD composition in the leaf tissue. A few reports have indicated that compounds have also been detected in wheat phloem sap, indicating that their accumulation in sap may be relevant for aphid feeding and resistance (Givovich et al., 1994; Frébortová et al., 2010).

Wheat is a staple crop that provides 20% of human calories and protein nutrition (Shewry and Hey, 2015). At current population growth rates, the demand for food is predicted to increase by 40% by 2050. To meet this need, crop yield must be increased. One of the main reasons for crop loss is pest damage, contributing to 15% of crop losses worldwide (Deutsch et al., 2018). Cultivated wheat has been continuously bred for high yield, but as a result of the various genetic bottlenecks in domestication and breeding, not all alleles contributing resistance to herbivory have been captured from wild relatives. Wild wheat genotypes are adapted to a broader range of biotic and abiotic conditions than cultivated wheat and may contain greater resistance diversity than cultivated species that were developed in a more uniform, protected environment (Huang et al., 2016). Tetraploid wild emmer wheat (WEW) (T. dicoccoides; genome BBAA; WEW hereafter) is the progenitor of both durum and bread wheat and is distributed across the Fertile Crescent. Variation in aphid resistance between Triticum species demonstrated the potential of using ancient tetraploid wild emmer to discover novel defense mechanisms (Nevo et al., 2002; Migui and Lamb, 2003). Geneticists and plant breeders can hybridize wild emmer to both tetraploid and hexaploid cultivated wheat and transfer new alleles (Gerechter-Amitai et al., 1984; Peng et al., 1999; Cheng et al., 2010).

In this study, we investigated the effectiveness of wheat physical and chemical defense responses against bird cherry-oat aphid (Rhopalosiphum padi), a major insect pest, causing serious economic damage to cereal crops (Rabbinge et al., 1981; Blackman and Eastop, 2000). We hypothesized that aphid resistance is determined by a combination of both BXD levels (chemical defense) and non-glandular trichome density (physical barrier defense). We analyzed the BXDs and trichome densities on the first three leaves (leaf position) for constitutive and aphid-feeding-induced variation. We also investigated variation in phloem sap BXDs and aphid feeding behavior. To sample the diversity in these traits, we first determined aphid reproduction in a diverse panel of 203 accessions of WEW germplasm. Then, we selected a representative subset of eight genotypes for a detailed analysis that spanned the range of aphid reproductive levels in the population, as well as one domesticated durum wheat cultivar. This dataset allowed us to ask several fundamental questions regarding wheat-aphid interactions: (i) Do chemical and physical defenses vary between leaves, and does this affect aphid reproduction? (ii) What is the contribution of aphid-induced versus constitutive resistance mechanisms? (iii) What is the BXD composition of phloem sap, and is this similar to the BXD composition in the whole leaf? (iv) Do these mechanisms contribute equally to the control of aphid reproduction? Addressing these questions has allowed us to identify WEW accessions that can be used as genetic material to improve the aphid resistance of elite wheat cultivars.



MATERIALS AND METHODS


Plant Genetic Material

A panel of 203 accessions of WEW (Triticum dicoccoides) that maximized genetic diversity was chosen for screening aphid resistance. This panel was obtained from The Harold and Adele Lieberman Germplasm Bank, The Institute for Cereal Crops Improvement (ICCI), Tel-Aviv University, Israel. Accessions were collected from about 100 locations throughout Israel, and each accession originated from a single plant. The list of accessions and the locations of their collection sites are described in Supplementary Table 1. Additionally, a domesticated tetraploid durum wheat (Triticum turgidum ssp. durum) cultivar named Svevo was used (Avni et al., 2014). Svevo was previously characterized for its BXD profile, trichome density, and aphid performance (Chandrasekhar et al., 2018; Shavit et al., 2018; Batyrshina et al., 2020b), and therefore, it was used as a reference genotype in this study.



Plant Growth and Aphid-Rearing Conditions

Seeds were germinated on Whatman paper soaked in tap water for 48 h before being stored in the dark; then, young seedlings were planted individually in 330-cm3 plastic pots filled with moistened soil mix containing >95% organic matter from sphagnum peat moss. Plants of each accession were grown in a randomized block design in the growth room under a controlled photoperiod regime with a 16-h-light/8-h-dark cycle, with an approximate 300 μmol m–2 s–1 light intensity at a constant 25 ± 2°C temperature. Experiments were conducted on approximately 10-day-old seedlings when 2–3 leaves were merged (Zadoks stage 1.2) (Zadoks et al., 1974). Simultaneously, under similar growth conditions in the insectarium, a colony of the bird cherry-oat aphid (Rhopalosiphum padi) was maintained for many generations on 2-week-old barley plants (Hordeum vulgare L. cv. Noga). The vitality of the colony was preserved by transferring the colony to fresh non-infested plants every other week.



Aphid Bioassays

The panel of 203 WEW accessions was screened for aphid reproduction, as was the domesticated tetraploid durum wheat cultivar, Svevo. For aphid bioassay, 10 apterous adult R. padi aphids were confined with a fine paintbrush on 10-day-old individual plants, covered with transparent micro-perforated polypropylene bags (15 × 60 cm; Baumann Saatzuchtbedarf, Germany). After 96 h of infestation, aphids on each plant were gently brushed off, and the total number of nymphs and adults were counted from the entire plant (non-choice whole cage bioassay). Due to the large number of WEW accessions, the non-choice whole cage bioassay screening was divided into small batches where the bread wheat “Chinese Spring” genotype was repeatedly used in each batch as a reference. Then, a subset of the WEW was selected, and the total number of nymphs and adult aphids were counted from plant parts (leaves and stem; choice whole cage bioassay). The plant parts (leaf position) were (i) leaf-1: the bottommost and oldest leaf, (ii) leaf-2: the midpoint and middle-aged leaf, and (iii) leaf-3: the topmost and youngest leaf. Aphid counting on an individual leaf was normalized to the average leaf area. The average leaf area was calculated for the three leaves separately for each accession, using the ImageJ software1. For evaluating the constitutive (anticipatory) levels, plants were covered with the bags without applying aphids and are referred to as the untreated control. Leaf tissues from untreated and aphid-infested plants were harvested for either trichome counting or rapidly frozen in liquid nitrogen and stored at −80°C for metabolic analysis.



Non-glandular Trichome Density Analysis

The middle sections of leaf-1, leaf-2, and leaf-3, from untreated and aphid-infested plants, were collected. From each leaf, 1 cm2 was excised, cleared with 80% ethanol at 85°C for 15 min, and rinsed with distilled water. The tissue segment was placed on glass microscope slides facing the adaxial side, and the total non-glandular trichomes were counted (Batyrshina et al., 2020b). Images were acquired with a digital camera (Axiocam 305 color) connected to a Zeiss Axioplan 2 Upright Light Microscope (Zeiss, Oberkochen, Germany). For each accession, three images per plant were captured from the middle portion of the leaves, and trichome density in mm2 was calculated using ImageJ software (see text footnote 1).



Benzoxazinoid Extraction and Analysis From Whole Leaves

Approximately 4–6 cm of leaf-1, leaf-2, and leaf-3, from untreated and aphid-infested plants, were cut and immediately frozen in liquid nitrogen to prevent further changes. These samples were referred to as a “whole leaf” fraction. The tissue was ground to a fine powder, weighed, and homogenized with a 1:10 (w:v) benzoxazinoid extraction solution containing 80% methanol, 19.9% DDW, and 0.1% formic acid. For each sample, 10 μg of benzoxazolin-2(3H)-one (BOA; Sigma-Aldrich, United States) from a 1-mg ml–1 stock was added. The homogenized samples were vortexed briefly, sonicated for 40 min at 4°C, centrifuged for 5 min at 14,000×g, and filtered using a 0.22-μm sterilizing filter membrane (EMD Millipore Corp., Billerica, MA, United States). Approximately 150 μl of the filtered supernatant was transferred to a 200-μl glass insert and placed in a 2-ml HPLC glass vial. Then, 5 μl of the sample was injected, and BXD compounds were separated and detected using a UV-vis detector on a DIONEX UltiMate 3000 high-performance liquid chromatography (HPLC) system equipped with a C18 reverse-phase Hypersil GOLD column (3 μm pore size, 150 × 4.60 mm; Thermo Fisher Scientific, Germany), following the running conditions and data analysis as previously described (Mijares et al., 2013; Shavit et al., 2018). A metabolite with a BXD UV spectrum with a retention time of 8.3 min was identified as either HDMBAO-Glc or HM2BOA-Glc.



Phloem Sap Collection for Benzoxazinoid Analysis

Wheat plants were grown under controlled growth room conditions for 10 days, then infested with 10 apterous adult R. padi aphids for 96 h as described above. Phloem sap from the untreated control and aphid-infested plants was collected from leaf-1 and leaf-2 samples, while leaf-3 (topmost and youngest) was too small and, therefore, not included in this analysis. Phloem sap was collected using an EDTA-facilitated method as described in Tetyuk et al. (2013). In brief, for each sample, eight leaves were excised from the main shoot by cutting at the base of the petiole, and immediately submerged in dishes containing 10 mM of K2-EDTA. The cut leaves were gently stacked on top of each other, cut again, and placed in 1 ml of a 10-mM K2-EDTA solution for 10–15 min, followed by a thorough wash with deionized water to remove all K2-EDTA. The phloem exudates were then collected for 6 h in a new 15-ml tube, containing 3 ml of fresh deionized water, and placed in the light, under similar growth conditions, on a clear box container with wet paper towels at the bottom to allow photosynthesis, maximize humidity, and reduce leaf transpiration. After the intended collection time, the phloem exudates were immediately frozen in liquid nitrogen. Later, 1.5 ml of phloem exudate was dried in a vacuum and resuspended in 100 μl of the BXD extraction solution, and the filtered supernatant was transferred into a 100-μl glass insert and placed in a 2-ml HPLC vial, and BXD compounds were detected as described above.



Measuring Feeding Patterns Using an Electrical Penetration Graph

The feeding behavior of R. padi on selected WEW accessions (TD-805, TD-2056, and Svevo) was monitored via the EPG on a GIGA-8d system (EPG Systems, Wageningen, Netherlands) (Tjallingii and Esch Hogen, 1993). Adult aphids were starved for 1 h prior to wiring. The dorsal surface of the aphids was glued with water-based silver conductive paint to a 2-cm-long gold wire (20 μm in diameter). The experimental setup for EPG recording was performed as previously described (Leybourne et al., 2019). The feeding behavior of aphids on leaf-1 and leaf-2 was monitored, while leaf-3 was excluded due to its small size. The combination of plant accession and specific leaf position was randomized, while data were acquired using the Stylet + d software. New plants and aphids were used in each run, and approximately 18 successful recordings per leaf in each accession were made. Recordings were excluded if aphids spent more than 70% of the recording time in non-probing + derailed stylet + xylem activities, as suggested by Nalam et al. (2020). Waveform recordings were analyzed every 30 s with the EPG analysis software Stylet+ a installed in a computer connected to a Giga direct current amplifier (van Helden and Tjallingii, 2000; Nalam et al., 2018). Different waveform patterns, in which the aphid is engaged in different activities, were identified according to previously described categories (Tjallingii, 1978; Tjallingii and Esch Hogen, 1993). Due to the large number of experimental groups (two leaves from three accessions), aphid behavior was recorded for 3 h to capture only the initial events of significant feeding differences among the accessions (Gyan et al., 2020). Three main phases were analyzed, including (i) epidermis: time until the first probing (t_1Pr), (ii) the total duration of C (s_C), and (iii) the total duration in the phloem E (s_E), which includes phloem salivation (E1) followed by phloem ingestion E2 (s_E1–>E2). Annotated waveforms were converted into time-series data using the Microsoft Excel macros developed by Sarria et al. (2009).



Statistical Analysis

The statistical analysis in the present study was conducted using Microsoft Excel 2010 and JMP13 software (SAS2). The data obtained for aphid reproduction were subjected to a quantile box-plot with continuous fit using the Shapiro–Wilk test for histogram analysis. The effects of leaf position, accession, treatment, and their interaction (leaf position × accession × treatment) were tested using a two-way Analysis of Variance (ANOVA). The differences among the accessions were tested using a one-way ANOVA with Tukey’s honestly significant difference (HSD) test (p ≤ 0.05). The statistical differences between the untreated control and the aphid-infested plants for each accession were evaluated using Student’s t-test (p ≤ 0.05). Multivariate analyses, including Pearson correlations and Principal Component Analysis (PCA) plots, were performed. We measured the effectiveness of overall physical defense (trichomes), chemical defense (sum of all three BXDs), and total defense [each value (trichomes and each BXD)] using median normalized followed by their sum on aphid reproduction. Then a multiple linear regression analysis was performed on the normalized data. GraphPad Prism was used for figure presentation.



RESULTS


Variation in Aphid Reproduction in the Wild Emmer Wheat Population

To determine whether the WEW plants differ in their susceptibility, aphids (R. padi) were applied for 96 h on 203 different accessions, and their numbers were recorded. As shown in Figure 1, the number of aphid progeny over the 203 accessions ranged from 10 to 80 aphids per plant, with a median of 34.9 aphids per plant. A few accessions (13.8%; 28 accessions) were found to be highly susceptible, resulting in 50–80 aphids per plant. The number of aphids of the remaining accessions (86.2%; 175 accessions) was ranged from moderately susceptible to resistance with 10–50 aphids per plant. The full list of accessions, including geographic locations and the numbers of aphids on each accession, is presented in Supplementary Table 1. To further understand the resistance mechanism dynamics, a subset of eight WEW accessions was selected from across the range of aphid reproduction including: TD-2056 (10.0; aphids per plant), TD-1855 (13.75; aphids per plant), TD-3115 (24.5; aphids per plant), TD-805 (34.1; aphids per plant), TD-1059 (49.3; aphids per plant), TD-728 (61.5; aphids per plant), TD-1405 (70.4; aphids per plant), and TD-2390 (73.7; aphids per plant). The domesticated durum tetraploid Svevo, with 35.5 aphids per plant, was also included in this subset. These nine genotypes spanned the entire panel distribution, and their positions are marked in Figure 1.
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FIGURE 1. Distribution of 203 wild emmer wheat (WEW) accessions according to their aphid performance. The total aphids per plant (X-axis) were evaluated after 96 h following infestation using a whole cage bioassay (n = 8). The distribution ranged from 10 to 80 aphids per plant using the Shapiro–Wilk test shown in red color (p < 0.0025). The plot above the histogram displays the quantile box plot with quantile marks (2.5th, 10th, 90th, and 97.5th quantile). The Y-axis represents the number of WEW genotypes in each bin. The purple arrows indicate the nine selected WEW accessions further used in this study.




Leaf Position Affects Aphid Progeny

We determined whether leaf position led to differential aphid performances in the selected WEW subset. Therefore, a choice whole cage bioassay was used to evaluate the number of aphids on each leaf. In Figure 2, the numbers of aphids on leaf-1, leaf-2, and leaf-3 are presented. A two-way ANOVA revealed that the aphid number per unit of leaf area was significantly affected by leaf position (F2,215 = 1052.63, p < 0.0001). The mean value of aphids per leaf was found to be highest in leaf-1 (7.14), lower on leaf-2 (2.99), and lowest on leaf-3 (1.21). This is consistent with the optimal defense theory, where plant defenses are allocated to younger leaves, which have greater potential to contribute to future fitness (McCall and Fordyce, 2010). There was also a significant effect of wheat accession (F8,215 = 147.38, p < 0.0001) and interaction between leaf position and accession (F16,215 = 32.37, p < 0.0001) on aphid performance. Overall, this suggests that the leaf position and genetic background affect aphid reproduction in WEW seedlings. This might be the outcome of the differential magnitudes of defense strategies.
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FIGURE 2. Spatial performance of aphids on selected wheat genotypes. Aphid performance was evaluated in three leaf positions: leaf-1, leaf-2, and leaf-3. The number of total aphids per cm2 in each leaf was shown at 96 h following infestation with Rhopalosiphum padi using the choice whole cage bioassay (mean ± SE, n = 8). The dashed purple lines represent the mean value of aphids per cm2 on an individual leaf type among the accessions. The effects of leaf position, accession, and their interaction (leaf position × accession) were tested by two-way analysis of variance (ANOVA) analyses. In bold are the parameters that were significantly affected, p < 0.05. Significant differences between accessions are indicated by different letters (one-way ANOVA, Tukey’s honestly significant difference test, p < 0.05).




Trichome Density Varies Across Leaf Position

The differential aphid performance on the youngest leaves (leaf-3), as compared to more mature leaves (leaf-1), prompted the quantification of non-glandular trichomes as a physical defense. As presented in Figure 3, the constitutive number of trichomes was the highest in leaf-3 (64.85), lower in leaf-2 (44.79), and lowest in leaf-1 (35.84). Aphid infestation enhanced the trichome density with the strongest effect in leaf-3 (69.63), followed by leaf-2 (49.70) and leaf-1 (38.64). Then, a two-way-ANOVA was used to elucidate the contribution of each parameter: genotype (accession), leaf position (leaf-1-3), and treatment (untreated control and aphid-infested). In the control plants, the trichome density was highly variable, with major significant differences across leaf position (F2,809 = 1620.93, p < 0.0001), the nine accessions (F8,809 = 810.17, p < 0.0001), and their interaction (F16,809 = 44.07, p < 0.0001). The aphid-infested results showed that the trichomes were significantly increased by 6.04–29.13% (F1,809 = 90.32, p < 0.0001) upon aphid feeding. The induction was also significant between accessions × aphid infestation treatment (F8,809 = 2.11, p = 0.033) and the interaction between accession × leaf position × aphid infestation treatment (F16,809 = 1.65, p = 0.049). The leaf position did not interact with treatment (F2,809 = 2.42, p = 0.089). Using pair-wise Student’s t-tests between the infested and untreated leaves indicated that in four WEW accessions, trichomes were significantly more abundant in leaf-3, while only two accessions were significantly altered in leaf-1. This emphasizes the adaptive plasticity of young leaves to aphid herbivory and the variation in aphid-induced responses.
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FIGURE 3. Trichome densities of nine selected wheat genotypes. Trichome density per mm2 was evaluated in leaf-1, leaf-2, and leaf-3 in both the untreated control (C) and 96 h following infestation (I) with R. padi using the choice whole cage bioassay. Values are expressed as mean ± SE (n = 5 replicate with three images per replications). The solid and dashed purple lines represent the mean value of each leaf type under the untreated control and infested conditions among the accessions, respectively. The effects of leaf position, accession, treatment, and their interaction (leaf position × accession × treatment) were tested by two-way ANOVA analyses. The asterisk represents the significant difference between treatments in a particular accession analyzed by Student’s t-tests (p < 0.05). In bold are the parameters that were significantly affected, p < 0.05.




Chemical Defensive Compounds: Constitutive and Inducible Benzoxazinoid Levels in the Whole Leaf

In wheat, BXDs play an important role in chemical defense against a variety of biotic stresses, including insect herbivores (Zhou et al., 2018). Therefore, the abundance of these defensive metabolites was determined in the three leaves. In total, three BXDs, DIMBOA, DIM2BOA-Glc, and HDMBOA-Glc/HM2BOA-Glc, were detected across all nine accessions while DIMBOA was the most abundant BXD in WEW leaf tissues (Figure 4). The WEW accessions, both in the control and aphid-infested plants, had overall average DIMBOA mg g–1 fresh weight values that slightly differed across leaf-1 (3.86), leaf-2 (3.71), and leaf-3 (3.51). A two-way-ANOVA was conducted in order to reveal the contribution of each of the three parameters: genetics, leaf position, and treatment. The constitutive DIMBOA levels significantly differed among accessions (F8,215 = 1144.80, p < 0.0001), leaf position (F2,215 = 16.09, p < 0.0001), and their interaction (F16,215 = 25.23, p < 0.0001). Further, the DIMBOA level, in response to aphid treatment, significantly increased from 1.16 to 43.8% (F1,215 = 194.48, p < 0.0001). Significant interactions for genotype × aphid treatment (F8,215 = 12.83, p < 0.0001) and accession × leaf position (F16,215 = 2.49, p = 0.002) were observed. There was no significant interaction between leaf position and treatment (p = 0.239). The levels of DIM2BOA-Glc and HDMBOA-Glc/HM2BOA-Glc followed similar spatial patterns as found in DIMBOA. The mean levels of these two compounds were highest in leaf-1, lower in leaf-2, and lowest in leaf-3, across all accessions and both treatments (Supplementary Figures 1, 2). In contrast to physical defenses, which were more pronounced in the youngest leaf, the abundance of chemical defensive compounds was greater in mature leaves.
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FIGURE 4. The levels of DIMBOA of nine selected wheat genotypes. The content of the BXD, DIMBOA, (mg per g FW) was evaluated in leaf-1, leaf-2, and leaf-3 in untreated controls (C) and 96 h following infestation (I) with R. padi using the choice whole cage bioassay. Values are expressed as mean ± SE (n = 4). The solid and dashed purple lines represent the mean value of each leaf type under control and infested conditions among the accessions, respectively. The effects of leaf position, accession, treatment, and their interaction (leaf position × accession × treatment) were tested by two-way ANOVA analyses. The asterisk represents the significant difference between treatments in a particular accession analyzed by Student’s t-tests (p < 0.05). In bold are the parameters that were significantly affected, p < 0.05.




Benzoxazinoid Abundance in Wheat Phloem Sap

To determine the different BXD abundance levels in the phloem, we measured these metabolites in phloem sap collected from untreated and aphid-infested plants of two selected WEW accessions, TD-805 and TD-2056, and the durum wheat, Svevo. Phloem sap was collected from leaves 1 and 2, but sufficient samples for metabolomic analysis could not be obtained from leaf-3 due to its small size. Only two BXD compounds were detected in the sap, DIMBOA and HDMBOA-Glc/HM2BOA-Glc, and their levels were low relative to the whole leaf (Figures 4, 5). The average of the constitutive DIMBOA level in leaf-1 was 0.92 mg g–1 fresh weight, while it was slightly lower in leaf-2, 0.88 mg g–1 fresh weight (p = 0.290; leaf position). It was strongly influenced by genetic background (F2,47 = 132.42, p < 0.0001), where the TD-805 accession accumulated the least amount of DIMBOA. A significant interaction between leaf position × accession was also observed for the DIMBOA level (F2,47 = 14.40, p < 0.0001). In response to aphid treatment, the DIMBOA levels increased (F1,47 = 87.74, p < 0.0001), and treatment interacted with the accession (F2,47 = 54.82, p < 0.0001), with TD-2056 exhibiting the highest increase. No significant effects were observed in leaf position interacting with treatment and/or accessions.
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FIGURE 5. Quantification of chemical defensive metabolites in the phloem sap. (A) DIMBOA concentration (mg per g FW) and (B) HDMBOA-Glc/HM2BOA-Glc content (peak area) were evaluated in the phloem sap obtained from leaf-1 and leaf-2 in both untreated controls (C) and 96 h following infestation (I) with R. padi using the choice whole cage bioassay. Values are expressed as mean ± SE (n = 4). The solid and dashed purple lines represent the mean value for each individual leaf type under control and infested conditions among the accessions, respectively. The effects of leaf position, accession, treatment, and their interaction (leaf position × accession × treatment) were tested by two-way ANOVA analyses. The asterisk represents the significant difference between treatments in a particular accession analyzed by Student’s t-tests (p < 0.05). In bold are the parameters that were significantly affected, p < 0.05.


The HDMBOA-Glc/HM2BOA-Glc levels were higher in leaf-1 than in leaf-2, under both the control and aphid-infested treatments (Figure 5B). The basal level of HDMBOA-Glc/HM2BOA-Glc was significantly affected by accession (F2,47 = 186.31, p < 0.0001), leaf position (F1,47 = 166.11, p < 0.0001), and interaction between these factors (F2,47 = 9.31, p < 0.0001). The levels of this compound significantly increased upon aphid treatment (F1,47 = 219.63, p < 0.0001), where all the accessions were significantly affected (F2,47 = 104.69, p < 0.0001), but not with leaf position (p = 0.632) or the interaction between leaf position × accession × treatment (p = 0.153). The HDMBOA-Glc/HM2BOA-Glc level increased in TD-805 and TD-2056 upon aphid feeding.



The Effect of Leaf Position on Aphid Feeding Behavior

To determine the influence of variation in defense mechanisms on aphid behavior, R. padi feeding behavior was examined. We used an electrical penetration graph (EPG) technique to compare the aphid feeding patterns on leaf-1 and leaf-2 among three selected accessions. As shown in Figure 6, the comparisons of the feeding behavior revealed a significant difference in the time until the first probe from the start of EPG between leaf-1 and leaf-2 (F1,107 = 129.85, p < 0.0001). Aphids waited longer until their first probing in leaf-2 (17.48 min) than leaf-1 (7.16 min), with no significant difference between accessions (p = 0.234) or the interaction between them (p = 0.496). In contrast, the time spent in the pathway phase was not significantly altered by leaf position (leaf-1; 35.71 min, and leaf-2; 41.31 min, p = 0.193), accession (p = 0.409), or the interaction between them (p = 0.708). The aphids’ feeding duration in the phloem phase was much longer (101.91 min) than in the other measured phases. Aphids spent significantly more time in the phloem phase on leaf-1 (110.5 min) than on leaf-2 (93.3 min) (F1,107 = 5.72, p = 0.019). The feeding time also differed significantly between the accessions (F2,107 = 6.17, p = 0.003). The time spent by aphids in the salivation E1 phase did not significantly differ between leaf-1 (3.8 min) and leaf-2 (4.4 min) (p = 0.723) and accession (p = 0.08). The subsequent E2 phase was longer (>10 min), and aphids spent significantly more time in E2 on leaf-1 (106.7 min) than on leaf-2 (88.9 min) (F1,107 = 5.629, p = 0.019) with a significant difference between the accessions (F2,107 = 4.008, p = 0.021), as presented in Supplementary Figure 3. Overall, the EPG analysis of R. padi aphids showed a clear and significant difference in feeding performance between leaf positions through the differences in total time until first probing and the total duration of E (specifically E2), whereas time spent during the C phase and the E1 phase differed only between accessions. Furthermore, only the total duration of E exhibited a significant interaction between accession and leaf position and not any other EPG event waveform.
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FIGURE 6. Feeding behavior of R. padi aphids. Aphid feeding was measured on leaf-1 and leaf-2 of two selected wild emmer wheat (WEW) accessions and one domesticated durum wheat cultivar. Data of electrical penetration graph (EPG) waveforms were recorded in minutes. (A) time until first probe from the start of EPG, (B) total duration of C, and (C) total duration of E. Values are expressed as mean ± SE (n = 18). The dotted purple line represents the overall mean value of the waveform on individual leaf types among the accessions. The effects of leaf position, accession, and their interaction (leaf position × accession) were tested by two-way ANOVA analyses. Significant differences between accessions are indicated by different letters (one-way ANOVA, Tukey’s honestly significant difference test, p < 0.05). In bold are the parameters that were significantly affected, p < 0.05.




DISCUSSION


Rhopalosiphum padi Aphids Prefer to Feed on Old, Less Protected Wheat Leaves

Our results indicated that both BXD levels and trichome density depend on the leaf position. While the trichome density was highest in the younger leaf (leaf-3) and the lowest in the oldest leaf (leaf-1), the BXD levels showed the opposite trend (Figures 3–4, respectively). Each strategy operates under spatial constraints, in which trichomes rely on young tissues’ more plastic cell division and morphogenesis, and BXD accumulation is dependent on biochemical activities. The BXDs belong to a diverse class of specialized metabolites that play a crucial role in plant resistance to insects (Klun et al., 1967; Argandora et al., 1981; Cambier et al., 2001; Dafoe et al., 2011; Glauser et al., 2011), in arresting fungal infection (Oikawa et al., 2004), and in allelopathy affecting weed growth (Niemeyer, 2009), and they also function in shaping the root microbiome (Neal et al., 2012; Kudjordjie et al., 2019), and iron chelators in maize (Hu et al., 2018). Trichomes serve as a barrier against various external factors, including herbivores and pathogens, UV-B radiation, extreme temperatures, and excessive water loss. They also act as a mechanosensory switch, transducing mechanical stimuli into physiological signals (Werker, 2000; Liu et al., 2016; Fambrini and Pugliesi, 2019). The abundance of chemical and physical defenses depends on several factors, including variety, tissue, and age, where they are mostly high in young seedlings and tend to decline during development toward the juvenile stage (Ebisui et al., 1998; Cambier et al., 2000; Nomura et al., 2005, 2008). In maize, for example, the levels of DIMBOA-Glc and DIM2BOA-Glc were the highest 10 days after seed germination (Cambier et al., 2000). Trichome density is also age-dependent, reported as being high in young leaves and decreasing with leaf expansion (Pérez-Estrada et al., 2000). In the late stages of leaf development, when the formation of the epidermis is completed, trichomes’ functional roles become less important, and leaves often senesce and shed (Valkama et al., 2004). Notably, in our recent reports, we compared the aphid resistance of wheat genotypes in a lab-controlled growth room, counting aphid reproduction after 96 h on wheat seedlings (Batyrshina et al., 2020b), with an evaluation of the natural aphid population on 3-month-old plants grown in the field (Batyrshina et al., 2020a). We found the opposite trends between the two growth conditions, where Svevo was more resistant in the lab conditions and more susceptible in the field versus the WEW accession, Zavitan. Therefore, we suggest expanding this experiment and testing selected WEW accessions in the field across various plant developmental stages, and in the lab with diverse aphid infestation durations.



The Constitutive Levels of the Trichomes, DIMBOA, and DIM2BOA-Glc Are the Main Factors That Determine Aphid Performance

Plants respond to herbivory through multiple morphological, biochemical, and molecular mechanisms. These mechanisms are wide-ranging between plant species and are either constitutively present or induced in response to damage (War et al., 2012). Defense strategies can be affected by different factors, such as developmental stages, tissue, leaf position, genetics, and the perception of environmental cues, which, taken together, govern the potential for aphid resistance (Cambier et al., 2000). To assess the relationships between various mechanisms and aphid progeny on constitutive and inducible levels, PCAs were conducted (Figures 7A,B, respectively). The results indicated that DIMBOA, DIM2BOA-Glc, and trichomes were grouped opposite to the aphid performance, while HDMBAO-Glc/HM2BOA-Glc levels measured in the three leaves were clustered separately. The negative relationship between aphids and DIMBOA might be due to its dual role in defense as both: (i) a deterrent molecule and (ii) a cell-wall-mediated defense strategy affecting callose deposition (Betsiashvili et al., 2015). Both leaf trichomes and BXDs that protect plants from insect herbivory are constitutively produced and can also be induced in response to biotic stresses (Traw and Bergelson, 2003). The constitutive levels of trichome density are negatively related to aphid progeny (Batyrshina et al., 2020b), as well as the increase in the trichome density on new leaves (Traw and Bergelson, 2003). It was previously reported that aphid progeny was negatively correlated with the anticipatory levels of DIMBOA-Glc and positively correlated with HDMBOA-Glc (Meihls et al., 2013). HDMBOA-Glc/HM2BOA-Glc and DIMBOA-Glc showed only a minor induction, depending on different wheat or aphid species (Shavit et al., 2018). To determine the contribution of the inducible defense mechanism to aphid resistance, we compared the parameters of the two PCAs, shown in Figure 7A (constitutive levels) and Figure 7B (inducible levels). The correlation coefficient of comparing between the eigenvectors of PC1 and PC2 revealed a very high similarity between the values (r = 0.982 for Component 1 and r = 0.972 for Component 2), as presented in Supplementary Figure 4. The results emphasize that only minor changes occur in the defense mechanisms after aphid feeding for 96 h. Thus, we suggest continuing the search for aphid resistance mechanisms by focusing on the anticipatory levels, which can conserve the amount of work and resources invested in this intensive screening.
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FIGURE 7. Principal component analysis plots of plants’ physical and chemical defense parameters measured at the whole leaf level. The relation between trichome density, BXDs of the three leaves (leaf-1 [L1], leaf-2 [L2], and leaf-3 [L3]) under untreated control (A), and aphid infestation (B) on aphid reproduction. The data for the aphid bioassay, trichomes, and BXDs were normalized to log2 transformation for the projection of PCA. The accessions that were tested in this analysis are TD-728, TD-805, TD-1059, TD-1405, TD-1855, TD-2056, TD-2390, TD-3115, and Svevo, the domesticated durum wheat.




Trichome Density Is a More Effective Defense Than BXDs

Although many reports have studied the factors that influence aphid resistance, the relationship between the factors and their effectiveness is unclear. To determine the effectiveness of plant defenses against aphids, we performed multiple linear regression analyses. As shown in Supplementary Figure 5, the predictors–trichome density (physical defense), total chemical defense (sum of BXDs at leaf level), and total defense–explained 46.9% (adjusted R2) of aphid resistance. Among them, trichome density was the most powerful, with a higher magnitude of aphid resistance (p < 0.0001) than chemical defense (p = 0.0067). The integration of physical defense into the chemical defense improved the prediction of aphid resistance (p = 0.0047), suggesting that physical defense is more effective than chemical defense.

We also correlated all parameters in each leaf, both constitutive and inducible, as presented in a heatmap. These results, shown in Figure 8, indicated that aphid progeny in the three leaves was negatively correlated with trichomes, DIMBOA, and DIM2BOA-Glc. Trichome density was the only parameter that was significantly negatively correlated with aphid progeny in all three leaves. DIM2BOA-Glc was only negatively correlated in leaf-1 and leaf-2, and DIMBOA was negatively correlated in leaf-1 and leaf-3. HDMBOA-Glc/HM2BOA-Glc had no significant correlation with aphid progeny. The non-glandular trichomes on the leaf surface can interrupt the stylet insertion of phloem feeders (Handley et al., 2005; Sato and Kudoh, 2015). The feeding behavior results emphasize that leaf-2’s high number of trichomes might have extended the time for aphid penetration to the leaf mesophyll (Figure 6A). In our previous study, we quantified the BXD levels and trichome density of wheat seedlings from three genotypes, Svevo, Chinese Spring, and a WEW accession named Zavitan (Batyrshina et al., 2020b). These data suggested that in domesticated wheat, the BXD levels provide a better defense mechanism than trichomes against R. padi aphids, while Zavitan possessed high trichome density and mild susceptibility. This can be due to differences in sample sizes and genetic diversity, as well as conducting measurements on different leaves. We concluded that in these selected WEW accessions, trichomes are the main factor determining aphid reproduction, while the BXDs may have more complicated regulation and distribution across the genotypes and leaf position. Unlike trichomes, BXDs are synthesized in the leaf and mobilized in the phloem sap. Their effect on aphids depends on their abundance in the phloem and other tissues penetrated by these insects on their way to the phloem. DIMBOA-Glc was also found in the apoplast of maize leaf and increased upon aphid infestation (Ahmad et al., 2011), which may reflect the complexity of the link between BXDs and defense.
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FIGURE 8. Multivariate correlation between the plants’ physical and chemical defense. The constitutive and inducible data for plant defense were pooled together for correlation analysis. Red indicates a positive correlation, and blue indicates a negative correlation. *p < 0.05; **p < 0.01.




The Benzoxazinoids Have Different Abundance Levels in the Phloem Sap Than in the Whole Leaf

Aphids solely feed on phloem sap, therefore the BXD composition in the phloem directly affects their fitness. BXD abundance levels in the phloem sap depend on several factors, including (i) biosynthesis in the leaves, (ii) translocation from compartmentalized vacuoles and aglycone activation, and (iii) transportation in the phloem (Wouters et al., 2016; Niculaes et al., 2018). Aphids can sense aglycones BXD on the leaf tissues (Wouters et al., 2016). Prior to feeding, the aphid’s stylet penetrates the plant’s epidermis and passes through the apoplast, where BXD glucosides are present, which exhibit antifeedant activity (Hewer et al., 2011; Schwarzkopf et al., 2013). The aphid stylet’s penetration into the sieve elements leads to the hydrolysis of BXD glucosides and produces a locally high concentration of toxic BXD against herbivores (Wouters et al., 2016). Therefore, the allocation of different BXDs via phloem tissues allows the dynamic protection of plants. In the present study, two BXD metabolites, DIMBOA and HDMBOA-Glc/HM2BOA-Glc, were detected in the phloem sap, while in the whole leaf, DIM2BOA-Glc was also detected. The basal level of DIMBOA in the phloem did not differ greatly among the leaf positions within the accessions. However, a high induction of DIMBOA and HDMBOA-Glc/HM2BOA-Glc levels was found among the different leaf positions from the WEW accessions, suggesting that plants can opt for either biosynthesis or transport activity for BXDs in phloem tissues (Givovich et al., 1994). Recently, two transporter systems of ATP-binding cassette (ABC) transporters and multidrug and toxic compound extrusion transporters (MATE) (Baetz and Martinoia, 2014) were found to play a role in the release of antifungal or antimicrobial root exudates (Nawrath et al., 2002; Stukkens et al., 2005; Bienert et al., 2012). The connection between these transporters and BXD allocation in root cap border cells (Niculaes et al., 2018) or phloem sap is still unclear and requires further investigation. The HDMBOA-Glc/HM2BOA-Glc levels in the phloem sap from leaf-2 displayed a negative effect on aphid performance, while the DIMBOA level displayed a positive effect (Figure 9). This was supported by a previous report that HDMBOA-Glc is more toxic to R. maidis aphids than DIMBOA-Glc when administered in an artificial diet (Meihls et al., 2013). HDMBOA-Glc/HM2BOA-Glc in leaf-2 might have had toxic properties, as was explained by the feeding behavior measurements that showed a positive association with the time spent in the path phase (C phase). DIMBOA showed a positive association with aphid progeny (Figure 9), which was in contrast to a previous report where BXDs in the phloem sap of three bread wheat cultivars showed a negative correlation between DIMBOA-Glc and aphid performance (Givovich et al., 1994). This suggests that the functions of specific BXDs are genotype- and tissue-dependent. We also observed a positive association between DIMBOA and aphid feeding on phloem sap through their time spent in the phloem phase (duration of E) and a relatively short time spent in the first probing on leaf-1, proposing a different potential role for DIMBOA other than protecting plants against aphids (Hu et al., 2018). Overall, these findings indicate that HDMBOA-Glc/HM2BOA-Glc and DIMBOA might have different transporting abilities from the whole leaf into the phloem; that may affect their role in aphid defense, which requires further investigation.
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FIGURE 9. Principal component analysis plot for parameters measured at the phloem level. Aphid feeding behavior was analyzed using the EPG technique only for two leaves (leaf-1 [L1] and leaf-2 [L2], and results were integrated to aphid progeny, trichome density, and BXDs (DIMBOA and HDMBOA-Glc/HM2BOA-Glc) detected in the phloem sap. The data for the trichomes and BXDs are the constitutive levels [C] and aphid-induced [I]. Average values were normalized to log2 transformation for the projection of PCA. The accessions that were tested in this analysis are TD-805, TD-2056, and Svevo.




Wild Emmer Wheat Germplasm Can Be Used for Improving Aphid-Resistance Traits

The results revealed that both the BXD and trichome density levels depend on the wheat genetic background. Due to the large diversity within the resistance reactions of wild ancestors, wheat progenitors are commonly used as genetic sources for breeding other elite wheat cultivars (Pont et al., 2019). However, the claim that wild ancestors are resources of resistance does not mean that all wild accessions are resistant, but only selected accessions. For example, a recent study that compared the Metopolophium dirhodum aphid population of four cultivars of spring bread wheat and two WEW accessions revealed that one of the WEWs, named Rudico, was highly susceptible (Platková et al., 2020). This supported our previous report, where we measured the R. padi aphid progeny of three wheat genotypes, two domesticated wheat cultivars (Chinese Spring bread wheat and Svevo) and a WEW named Zavitan, and found that Zavitan is significantly more aphid susceptible than the two domesticated wheat cultivars (Batyrshina et al., 2020b). Thus, for breeding purposes, the wheat progenitors should be carefully screened and chosen to avoid the transmission of undesirable traits such as aphid susceptibility. The WEW panel we used in this research possesses a wide variation in aphid response. The TD-1855 accession had an optimal combination of both BXDs and trichomes and possibly other unrevealed mechanisms that allowed it to be more aphid-resistant to R. padi aphids than the other accessions. This accession may be a potential genetic source for enhancing wheat resistance.



CONCLUSION

In this study, we investigated the effectiveness of plant physical and chemical defense strategies against insect herbivory. We took advantage of WEW accession diversity and their spatial leaf positions under different conditions (constitutive and aphid-induced) to elucidate the differential mechanisms of plant defense. Our results suggest that physical defense by trichome density was more pronounced in the youngest leaf on which aphids performed poorly, while chemical defense by BXDs showed a complex response at the leaf and phloem level that altered aphid feeding preference. Moreover, we identified a resistant WEW accession that might be used to improve aphid resistance in cultivated wheat. The potential of this WEW accession as an aphid-resistant genetic resource should be further tested in the lab and in the field at various developmental stages and aphid exposure durations.
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The Bemisia tabaci species complex (whitefly) causes enormous agricultural losses. These phloem-feeding insects induce feeding damage and transmit a wide range of dangerous plant viruses. Whiteflies colonize a broad range of plant species that appear to be poorly defended against these insects. Substantial research has begun to unravel how phloem feeders modulate plant processes, such as defense pathways, and the central roles of effector proteins, which are deposited into the plant along with the saliva during feeding. Here, we review the current literature on whitefly effectors in light of what is known about the effectors of phloem-feeding insects in general. Further analysis of these effectors may improve our understanding of how these insects establish compatible interactions with plants, whereas the subsequent identification of plant defense processes could lead to improved crop resistance to insects. We focus on the core concepts that define the effectors of phloem-feeding insects, such as the criteria used to identify candidate effectors in sequence-mining pipelines and screens used to analyze the potential roles of these effectors and their targets in planta. We discuss aspects of whitefly effector research that require further exploration, including where effectors localize when injected into plant tissues, whether the effectors target plant processes beyond defense pathways, and the properties of effectors in other insect excretions such as honeydew. Finally, we provide an overview of open issues and how they might be addressed.

Keywords: phloem feeders, effector proteins, insect pests, host plants, plant defense, whitefly (Bemisia tabaci)


INTRODUCTION


Bemisia tabaci Poses a Serious Threat to Crops

Bemisia tabaci (Hemiptera; Aleyrodoidea) is a cryptic species complex consisting of at least 34 distinct genetic groups and 392 haplotypes (De Barro, 2012), most of which are challenging to distinguish morphologically (Boykin et al., 2013). Bemisia tabaci have been identified in most countries and on all continents except Antarctica (Kanakala and Ghanim, 2019; Sani et al., 2020). The Mediterranean (MED, formerly known as the Q biotype) and the Middle-East-Asia Minor 1 (MEAM1, formerly known as the B biotype or Bemisia argentifolii) are thought to be among the most widespread and invasive B. tabaci species (Boykin et al., 2013). Bemisia tabaci is a phloem-feeding polyphagous insect and feeding damage induced by these insects can cause crop losses with disastrous consequences for farmers, particularly smallholder farmers in developing countries. Infested plants show reduced vigor and yield due to the withdrawal of nutrients from the phloem. In addition, the sugary excretions of whiteflies (known as honeydew) form dense layers on the leaf surfaces that attract sooty molds and reduce photosynthesis (Inbar and Gerling, 2008). Honeydew on the other hand can attract natural enemies and parasitoids of whiteflies, which benefits the host plant (reviewed by Inbar and Gerling, 2008). Bemisia tabaci causes different types of feeding damage at the adult or nymphal stage. For example, modest infestations of adults and subsequent nymphal development can cause irregular ripening of tomato fruit (Schuster et al., 1990; Hanif-Khan et al., 1998). In cucurbits, feeding by MEAM1 causes the formation of silvery lesions on newly emerged leaves (Jiménez et al., 1995). The formation of these lesions involves the separation of the upper epidermis from the lower cell layer (Jiménez et al., 1995; Powell and Stoffella, 1995; Inbar and Gerling, 2008). Nymph colonization often induces chlorosis in young leaves of plants such as cotton (Pollard, 1955) and tomato due to decreased chlorophyll content (Buntin et al., 1993). In addition, B. tabaci transmits more than 200 plant viruses (Sani et al., 2020) from the following groups: Begomoviruses (e.g., tomato yellow leaf curl virus, TYLCV); Carlaviruses (Cowpea mild mottle virus, CPMMV); Criniviruses (Tomato chlorosis virus, ToCV); Ipomoviruses (Cucumber vein yellowing virus, CVYV); and Torradoviruses (Tomato torrado virus, ToTV) (Navas-Castillo et al., 2011). These viruses can cause up to 100% yield losses in crops (Brown and Bird, 1992). Plant viruses can promote the fecundity of B. tabaci, thereby increasing the chance that viral infections spread even further (McKenzie, 2002; Maluta et al., 2014).



Bemisia tabaci Induces Plant Defense Pathways

Bemisia tabaci feeds from the phloem via stylet bundle penetrations. The relatively limited cellular damage caused by these insects (compared to insects such as the chewing herbivores caterpillars and beetles) may reduce detection and defense induction by the plant host, thereby facilitating infestation. Upon feeding, a complex interaction between B. tabaci and the host plant occurs involving saliva and both electrical and hydraulic signals (Walling, 2000). The salivary components enable B. tabaci to modulate host defense mechanisms, thereby increasing plant susceptibility and enhancing whitefly performance (Kempema et al., 2007; Zarate et al., 2007; Walling, 2008). Nonetheless, plants respond to whiteflies by inducing several phytohormone-mediated defense pathways. Bemisia tabaci MEAM1 nymphs induce the salicylic acid (SA)-dependent pathway and either suppress or do not measurably affect the expression of jasmonic acid (JA) and ethylene (ET)-regulated genes in Arabidopsis thaliana (Zarate et al., 2007). Adult MED whiteflies increase SA levels, while reducing JA levels in tomato leaves (Shi et al., 2014). These findings indicate that different developmental stages of both MEAM1 and MED are able to repress JA-mediated defense responses by inducing SA-mediated defense responses.



Plant Defense Pathways Induced by Cell-Surface Receptors and Intracellular Receptors

The plant defense response comprises a network of integrated processes (Li et al., 2020). In summary, plants recognize some pathogens via surface-exposed receptors, such as receptor-like kinases (RLKs) and receptor-like proteins (RLPs). In general, plants recognize conserved pathogen components known as microbe-, pathogen-, or herbivore-associated molecular patterns (MAMPs/PAMPs/HAMPs). In addition, plants detect damage-associated molecular patterns (DAMPs) that are released from plant cells upon damage or wounding (Jones and Dangl, 2006; Steinbrenner et al., 2020). Receptor-like kinases or receptor-like proteins often require co-receptors, such as BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1 (BAK1) and SUPPRESSOR OF BIR 1 (SOBIR1), to transduce the recognition of a HAMP/DAMP into downstream defense signaling, such as the activation of kinases and an elevated plant defense response to invaders (Liebrand et al., 2014). This process is often referred to as PAMP-triggered immunity (PTI) (Jones and Dangl, 2006). Receptor-like kinases also play a role in plant defense against phloem-feeding insects. For example, the co-receptor BAK1 mediates plant resistance to aphids (Chaudhary et al., 2014; Prince et al., 2014), and plasma membrane-localized lectin receptor kinases (OsLecRK1-OsLecRK3) enhance resistance to the rice brown planthopper Nilaparvata lugens and the white-backed planthopper Sogatella furcifera (Liu et al., 2015). Although cell surface receptors that enhance resistance to insects have been identified, whitefly-derived HAMPs that are recognized by these receptors have not yet been identified.

Plants contain resistance (R) genes that produce nucleotide-binding site leucine-rich repeat (NBS-LRR) proteins that recognize pathogen effectors or their activities intracellularly. R genes can be further divided into the CC-domain-containing and TIR-domain-containing subfamilies (McHale et al., 2006). Recognition often leads to a hypersensitive response (HR) and immediate cell death, a process referred to as effector-triggered immunity (ETI) (Jones and Dangl, 2006; Dangl et al., 2013). All R genes that provide resistance to phloem-feeding insects identified to date are CC-NBS-LRRs. These include some brown planthopper N. lugens resistance genes (Balachiranjeevi et al., 2019; Li et al., 2019; Yang et al., 2019; Yuexiong et al., 2020) and the aphid resistance genes Vat (Boissot et al., 2016), Nr (Van Helden et al., 1993), and Mi-1.2 (Milligan et al., 1998). Beyond Mi-1.2, which provides some level of resistance to the whiteflies MEAM1 and MED (Nombela et al., 2003), R genes that provide resistance to whiteflies have not yet been identified. Moreover Mi-1.2 is not functional at high temperatures (Nombela et al., 2003), which is unfortunate given that whiteflies are particularly prevalent in warmer climates. To better understand the various stages of the plant immune response, the “zigzag” model was proposed (Jones and Dangl, 2006). In this model, PTI is depicted as an elevated plant defense response (“zig”), effector-triggered susceptibility (ETS) as the pathogen-mediated suppression of PTI (“zag”), and ETI as a powerful increase in the plant defense response to counteract the pathogen (“zig”), whereas the pathogen evolves (new) effectors to overcome this defense (“zag”). While this model has been useful for unraveling the various processes that define the outcome of plant–biotic interactions, more recent data indicate that PTI and ETI are not separate processes but are mechanistically connected (Thomma et al., 2011; Pruitt et al., 2020).



The Definition of Pathogen-Produced Effectors

Pathogens and pests that successfully colonize plants have evolved mechanisms to overcome plant PTI and ETI. In plant pathology research, the word “effector” refers to “a molecule from a plant eater that alters host-cell structure and function” (Hogenhout et al., 2009). This definition includes elicitors, (a) virulence factors, and PAMPs. Thus, an effector may have a positive or negative effect on a plant under attack, depending on the plant's ability to directly or indirectly detect the effector and respond in the appropriate manner. Indeed, effectors that were shown to suppress immunity and promote pathogen/pest colonization in one plant species or variety can evoke an HR or induce overall plant immunity, leading to reduced colonization, in another plant species or variety. Therefore, the classification of effectors can be highly context dependent and is often difficult based on only a few experiments. Effectors can also influence processes beyond plant immunity, such as altering plant development (MacLean et al., 2011; Sugio et al., 2011, 2015) or initiating gall formation (Korgaonkar et al., 2020). There is special interest in effectors that have evolved for the purpose of modulating host plant responses, especially host defense responses (Shiraishi et al., 1992), and in the counter-adaptations of plants to undo or bypass these modulations (Dangl, 1994). In the literature, “effectors” often refers to proteins secreted during feeding, but there are also examples of non-protein molecules that function as effectors, such as coronatine (Bender et al., 1999) and RNAs (Weiberg et al., 2013; Chen et al., 2020), and not all effectors are derived from saliva (Gouhier-Darimont et al., 2019). The ability of several effectors to modulate the host's physiology is dependent on specific host proteins referred to as susceptibility proteins or S proteins (Van Schie and Takken, 2014). S proteins are not involved in pathogen recognition but have other functions that indirectly facilitate the pathogen. Abolishing the expression of an S gene will therefore lead to (partial) resistance to the pathogen. Conversely, the ability of plants to recognize effectors can depend on the presence of RLK/RLP receptor proteins or R proteins (Kourelis and van der Hoorn, 2018). Therefore, the absence/presence of S genes and R genes together is the main determinant of the impact of an effector on virulence and thus the effector's “identity.” In this review, we will focus on effectors that were shown (in one or more plant–biotic interaction) to contribute to increased compatibility or are expected to do so (referred to as putative effectors). Effectors that were shown (in one or more plant–biotic interaction) to increase incompatibility are referred to as elicitors or avirulence factors.



The Topic of This Review

In the past decade, it has become clear that herbivorous arthropods produce effector molecules that modulate plant defense responses. Most studies of phloem-feeding insects have been performed with aphids and planthoppers, but several whitefly effector proteins were recently identified as well. The identification and functional analysis of these effectors is insect independent, as are studies of their modes of action and the identification of interacting plant proteins. This review will focus on effectors identified from B. tabaci and put these findings into the context of what is known about effectors from other phloem-feeding insects and plant-colonizing organisms. We will also critically discuss techniques used to identify and functionally characterize effector proteins and tools to identify and confirm their interacting partners.




THE IDENTIFICATION OF EFFECTORS


Effector Factories: The Glands

Effector proteins are often secreted by the salivary glands of phloem feeders. Whiteflies and other hemipterans contain two types of salivary glands: the principal or primary salivary glands and the accessory salivary glands (Ponsen, 1972; Wayadande et al., 1997; Ghanim et al., 2001; Su et al., 2012; Ammar et al., 2017). In B. tabaci, the primary salivary glands are located in the prothorax near the head and consist of at least 13 symmetrical cells. The accessory glands are located near the anterior part of the prothorax behind the primary salivary glands and consist of four cells. In both types of salivary glands, the cells contain microvilli lined into the central lumen of the gland. The gland lumens empty into primary or accessory salivary gland ducts, which are connected to each other (Ghanim et al., 2001). The primary salivary glands of all hemipterans investigated thus far contain multiple cell types that each have different kinds of electron-dense secretory vesicles (Sogawa, 1968; Wayadande et al., 1997; Ghanim et al., 2001; Reis et al., 2003; Ammar et al., 2017; Dai et al., 2019), and produce and secrete salivary components such as proteins (Sogawa, 1968; Mutti et al., 2008; Yang et al., 2017; Su et al., 2019; Xu et al., 2019; Huang et al., 2020), long non-coding RNAs (Chen et al., 2020), and small RNAs (Van Kleeff et al., 2016). Some of these secreted salivary component are effectors or elicitors, but some have other functions, such as structural roles in salivary sheaths (Cohen et al., 1998; Freeman et al., 2001; Will and Vilcinskas, 2015), and others may play a role in both (Shangguan et al., 2018).

The salivary transcriptome varies with different diets or plant species (Jonckheere et al., 2016; Rivera-Vega et al., 2018: Huang et al., 2020), the presence of viruses (He et al., 2020) or endosymbionts (Wang et al., 2020). For example, TYLCV alters gene expression in B. tabaci salivary glands where it replicates and this also occurs in the presence of the non-replicating papaya leaf curl China virus (PaLCuCNV) (He et al., 2020). In B. tabaci, the endosymbiont Rickettsia alters the transcriptome of whiteflies that colonize cotton (Kliot et al., 2019) and we speculate that these alterations might also occur in salivary glands. In other phloem feeders, symbionts can also induce the transcription of putative effector genes. For example, the aphid histidine-rich Ca2+-binding protein-like (ApHRC) gene is upregulated in salivary glands when the secondary symbiont Serratia symbiotica is present (Wang et al., 2020). Although ApHRC has effector properties it has not yet been shown to be secreted. Changes in the transcriptome most likely also affect the proteome of B. tabaci saliva, and the effector proteins therein, as was shown for the generalist spider mite Tetranychus urticae whose salivary transcriptome and proteome is strongly dependent on host plant identity (Jonckheere et al., 2016, 2018). In summary, the salivary glands produce effectors, and the expression of corresponding genes can vary depending on the plant host, and the presence of (endo)symbionts or plant viruses.



Effectors From Other Sources

Although the majority of effectors are secreted from salivary glands, effectors may come from other sources as well, including from other organisms. For example, effectors of bacterial plant pathogens such as phytoplasmas promote plant colonization of their insect vectors like leafhoppers, planthoppers, and psyllids (reviewed in Tomkins et al., 2018; Huang et al., 2021). Bemisia tabaci depends on endosymbionts to produce essential amino acids that phloem lacks. These symbionts include the primary (obligate) bacterial symbiont Portiera aleyrodidarum and one or more secondary (facultative) bacterial symbionts such as Hamiltonella, Wolbachia, and Rickettsia species. Portiera is vertically transmitted via the female line into the developing egg before it is laid, while the secondary symbionts may be both vertically and horizontally transmitted (Skaljac et al., 2017). The presence of the secondary symbionts in whiteflies is geographically specific and affects whitefly fitness, reproduction, host plant defense, insecticide susceptibility, adaptation to stress, thermal tolerance, or viral transmission (Gottlieb et al., 2010; Brumin et al., 2011; Himler et al., 2011; Rana et al., 2012; Civolani et al., 2014; Su et al., 2014, 2015; Rao et al., 2015; Ghosh et al., 2018; Kanakala and Ghanim, 2019). Saliva of the aphid Macrosiphum euphorbiae contains proteins that originate from the primary endosymbiont Buchnera aphidicola (Chaudhary et al., 2014). One of these proteins is GroEL, a heat-shock protein (chaperone), that induces PTI in A. thaliana (Chaudhary et al., 2014). GroEL has also been identified in B. tabaci, where it is produced by the insect's secondary endosymbiont Hamiltonella (Gottlieb et al., 2010). Carrying Hamiltonella defensa promotes whitefly–plant interactions by suppressing JA and JA-induced anti-herbivore defense responses (Su et al., 2015).

Honeydew is secreted by whiteflies and accumulates around the feeding site and on the leaves below, where it induces plant immune responses. Applying honeydew from whiteflies or aphids increases endogenous SA accumulation in the plant (Schwartzberg and Tumlinson, 2014; VanDoorn et al., 2015). Although more than 80% of the SA present in honeydew is converted into the inactive glycoside form (SAG), it still appears to be able to induce endogenous SA accumulation (VanDoorn et al., 2015). The honeydew of whiteflies likely also contains proteins. For example, the honeydew of the pea aphid Acyrthosiphon pisum contains not only proteins from the insect itself, but also from endosymbionts, such as GroEL (Sabri et al., 2013). The honeydew of the planthopper N. lugens was recently found to induce plant defense responses via its honeydew-associated microbiota. These microbiota induce the production of volatile organic compounds (VOCs) and phytoalexins in both rice cells and seedlings and activate diterpene-based defense responses (Wari et al., 2019a,b).

The detection of herbivore eggs by the plant induces defense responses, as their presence poses an important threat to the plant (Reymond, 2013). In A. thaliana, the lectin receptor kinase LecRK-I.8 is involved in the perception of Pieris brassicae eggs (Gouhier-Darimont et al., 2019). Recently, it was shown that A. thaliana induce plant defenses to an egg-associated glandular secretion of P. brassicae (Paniagua Voirol et al., 2020). Furthermore, phosphatidylcholines are released from P. brassicae eggs, resulting in SA and H2O2 accumulation, the induction of defense gene expression, and cell death in A. thaliana (Stahl et al., 2020). In addition, secretions from the oviduct of Diprion pini function as an elicitor of the systemic release of pine volatiles to attract the insect's enemy (Hilker, 2005). Whitefly eggs are secured to the leaf by the pedicel which is a hook-like structure, which extends beyond the egg chorion, and this structure is inserted directly into a slit created in the epidermal cells by the female ovipositor and is surrounded by a glue-like substance called cement (Paulson and Beardsley, 1985; Buckner et al., 2002). The pedicel functions in the uptake of water from the plant tissue to maintain the proper balance of water in the egg (Gameel, 1974). In addition, B. tabaci eggs are able to take up water-soluble, membrane permeable compounds via the pedicel (Buckner et al., 2002). It remains unclear whether eggs actively secrete effectors into plant tissue, as postulated in Reymond (2013). It is clear that one effector of B. tabaci is higher expressed in eggs compared to all nymphal stages (Yang et al., 2017), although its function in the egg remains to be determined.



Pipeline for the Identification of Effectors

The majority of whitefly effector proteins that have been described to date were detected by identifying transcripts encoding proteins with signal peptides that lack transmembrane domains (beyond the signal peptide) in transcriptome data (Su et al., 2019; Wang et al., 2019; Xu et al., 2019). This type of transcriptome data mining is commonly used to identify effectors from insect herbivores, including phloem-feeding insects (Bos et al., 2010; Hogenhout and Bos, 2011; Zhang et al., 2017; Pacheco et al., 2020). This mining tool is relatively easy to use and has led to the identification of many putative effectors. Other uses for transcriptome data in search for putative effector genes is determining gene expression under different environmental circumstances which could alter the expression of effector genes (Jonckheere et al., 2016; Malka et al., 2018; Rivera-Vega et al., 2018; Wang et al., 2019, 2020; He et al., 2020; Huang et al., 2020). Also, the analysis of the transcriptomes of different B. tabaci species on different host plants could point to effector genes that are specifically induced, as was shown for the aphid species Myzus persicae (Mathers et al., 2017; Chen et al., 2020), Myzus cerasi (Thorpe et al., 2020), and A. pisum (Eyres et al., 2016; Boulain et al., 2019).

Transcriptome analysis can generate a long list of putative effectors; thus, a well-thought-out selection process is required. Selection can be based on high similarity with other known effectors in other insects. Conversely, proteins essential for processes such as the regulation of gland cells can be excluded from selection. However, most proteins might have unknown functions and therefore, even selection based on the presence of signal peptides, the absence of transmembrane domains, and specific expression in salivary glands or on a particular host can generate a long list of putative effectors. Most bioinformatics data mining strategies in the field of phloem feeders is based on an aphid study (Bos et al., 2010). The presence of amino acid polymorphisms in putative effectors in two aphid species is used as a selection criterion in this pipeline and these polymorphisms are confirmed to be important for effector activities (Pitino and Hogenhout, 2013; Rodriguez et al., 2017; Escudero-Martinez et al., 2020). A similar study between MEAM1 and MED to investigate whether these genes are evolving could be an important step in the identification of additional whitefly effectors in the future. When searching for genes that confer durable resistance, there may be a benefit to look for effector genes that evolve less rapidly as such effectors are more likely to have essential functions for the insects and less likely to accumulate mutations that overcome plant resistance (Drurey et al., 2019).

In addition to bioinformatics data mining, analysis of proteomics data or measuring enzymatic activity in artificial diets has been shown to predict effector proteins for whiteflies, aphids, and planthoppers (Carolan et al., 2009; Cooper et al., 2010; Yang et al., 2017; Huang et al., 2018; Su et al., 2019). In a recent study, both salivary transcriptomic and saliva proteomic data were obtained for B. tabaci (MED) (Huang et al., 2020). Interestingly, the overlap between the identified proteins was rather small. Of the 171 proteins identified in the saliva proteome, only 45 were predicted from the transcriptomic data. In addition, of these 171 proteins, only 50 contained a signal peptide. Therefore, it appears that transcriptomic analysis is limited because it might exclude proteins that are somehow secreted by the whitefly into plant tissues via routes other than the endoplasmic reticulum (ER)-Golgi pathway (Rabouille, 2017) or are missed due to the limitations of the RNA sequencing technique itself (Oppenheim et al., 2015). An additional limitation is that not every protein with a signal peptide is secreted by the whitefly into the plant but is instead involved in cellular processes in the whitefly. Another point discussed by Huang and co-workers is that they did not find previously published effectors of whiteflies in their data set, indicating that different environmental conditions or diets might lead to the production of different cocktails of effectors in different studies (Huang et al., 2020).

A challenging approach to identifying effectors secreted into plant tissue is to perform proteomic analysis on tissue from which the whitefly feeds. This approach might be better than transcriptome mining and proteomic analysis of artificial diets, since the proteins identified by this analysis would actually be injected into the plant tissue. However, this would also lead to the identification of many plant proteins, and the concentrations of effectors might be rather low. Proteomics of phloem exudates is another approach used to identify whitefly effectors, but since these effectors likely enter cells and move from cell to cell, their concentrations are bound to be very low as well. In addition, the effectiveness of detecting proteins in plant material is also dependent on the availability of well-annotated genomes for both the host and insect. Finally, as whiteflies form a whole with their microbial symbionts, the transcriptome analysis should be extended to include the (partly prokaryotic) holobiome. Plant proteins that functionally interact with such secondary effectors can be used for resistance breeding just the same since the insect's well-being is often strongly dependent on a stable interaction with their symbionts (Sugio et al., 2015).



Identified Whitefly Effectors

The presence of effectors in the saliva of phloem-feeding insects in general has been recognized for several years. De Vos and Jander showed that injection of M. persicae saliva into A. thaliana leaves caused local aphid resistance. Subsequent fractionation of M. persicae saliva lead to a 3–10 kDa proteinaceous fraction responsible for this resistance (De Vos and Jander, 2009). Supplementary Table 1 depicts articles that have been published on aphid, planthopper and psyllid effectors. To date, six studies describing whitefly effectors have been published (Table 1) (Van Kleeff et al., 2016; Yang et al., 2017; Lee et al., 2018; Su et al., 2019; Wang et al., 2019; Xu et al., 2019). These effectors and their in planta locations and modes of action are illustrated in Figures 1A,B, respectively. The first evidence that whiteflies indeed secrete molecules into plant tissue was demonstrated by a study by van Kleeff and co-workers. This study shows that sRNAs originating from B. tabaci are present in phloem exudates of whitefly-infested tomato plants. Although not yet confirmed, this finding suggests that these sRNAs act as effectors by interfering with gene expression in host cells (Van Kleeff et al., 2016). The silencing of host genes by exogenous sRNAs has been demonstrated for several pathogenic organisms such as the fungus Botrytis cinerea (Weiberg et al., 2013; Wang et al., 2017) and the parasitic plant Cuscuta campestris (Shahid et al., 2018).


Table 1. Putative effectors of B. tabaci.
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FIGURE 1. Effectors secreted during B. tabaci infestation in plant tissue and their proposed modes of action. (A) Stages of B. tabaci development on the abaxial surface of the leaf. Yellowish eggs darken as they mature. The stylets from B. tabaci nymphs and adults puncture plant tissue in order to reach phloem sieve tube elements and release watery saliva containing effectors, which interfere with plant defense responses. Bemisia tabaci secretes sticky, sugary honeydew on the leaf surface. Bt56, Bsp9, 2G4, 2G5, 6A10, BtFer1, and LAC1 are expressed in salivary glands of adult B. tabaci, whereas LAC1 and BtFer1 are expressed in nymphs. The sRNAs and the effector BtFer1 are localized to the phloem, and Bt56, LAC1, and Bsp9 are also likely secreted into the phloem. (B) Modes of action of whitefly effectors in host cells. Bemisia tabaci MEAM1 releases Bsp9 and sRNAs into plant cells, whereas MED releases Bt56, LAC1, BtFer1, 2G4, 2G5, and 6A10. Bsp9 and Bt56 target transcription factors and keep them in the cytoplasm, inhibiting their activity in the nucleus. Bsp9 interacts with WRKY33 in the cytoplasm, thereby disrupting the interaction between WRKY33 and the pathogen-responsive MPK6 in the nucleus, resulting in increased host susceptibility. Bt56 targets tobacco KNOTTED 1-like homeobox (KNOX) NTH202 in the cytoplasm. BtFer1 convert ferrous iron to ferric iron, thereby suppressing the production of H2O2-generated oxidative signals. LAC1 helps B. tabaci detoxify defensive phytochemicals. 2G4, 2G5, and 6A10 induce systemic acquired resistance in the host plant upon exposure to the soil-borne pathogen Ralstonia solanacearum. ER, endoplasmic reticulum; SAR, systemic acquired resistance; Cu, cuticle; Ep, epidermal cells; Ms, mesophyll cells; Cc, companion cells; Se, sieve tube elements.


The first whitefly effector analyzed for its mode of action was laccase 1 (LAC1), which was identified in the salivary gland transcriptome of B. tabaci (MED) (Yang et al., 2017). LAC1 belongs to the blue copper-containing polyphenol oxidase family and harbors three Cu-oxidase domains typical for this family; these domains are conserved in several laccases of other insect species (Yang et al., 2017), and are thought to be important for metal ion metabolism, lignocellulose digestion, and detoxification of specialized plant metabolites (Dittmer et al., 2004; Coy et al., 2010; Yang et al., 2017). The LAC1 protein is secreted by B. tabaci, which was confirmed by the detection of LAC1 enzymatic activity in artificial diet. LAC1 is expressed at all developmental stages including eggs. The highest expression of LAC1 is seen in the adult salivary glands, but expression can also be detected in the midgut (Yang et al., 2017). The expression of LAC1 is influenced by the host and is higher when B. tabaci fed on tomato plants compared to an artificial diet. Reduced expression of LAC1 by RNA interference (RNAi) decreases the survival rate of B. tabaci adults feeding on tomato plants but not on artificial diet. In addition, the expression of LAC1, both in salivary glands and the midgut, increases when whiteflies feed on JA-treated plants compared to control plants. Taken together with the evidence of LAC1 secretion in the artificial diet, this suggests that LAC1 helps B. tabaci to overcome plant defense responses and may act as effector in the plant cell (Yang et al., 2017).

Several effectors were identified by screening a cDNA library of B. tabaci MED based on their capacity to suppress the HR caused by Pseudomonas syringae pv. tabaci or P. syringae pv. syringae (Lee et al., 2018). Of the 893 cDNAs tested, three effectors (2G4 and 2G5 encoding proteins with unknown function, and 6A10, a partial transcript of a large subunit ribosomal RNA) were selected using this bioassay. Also, transient expression of these effectors primes the expression of systemic acquired resistance (SAR) marker genes NbPR1a and NbPR2 in both local and systemic leaves compared to the control. 2G4 and 6A10 also induce the expression of SAR genes in the roots of plants exposed to the soil-borne pathogen Ralstonia solanacearum, whereas 2G5 only induces the expression of NbPR2. However, all three effectors decrease the symptoms induced by R. solanacearum. These effectors, or effector-induced signaling molecules, might be able to translocate between cells, leading to the priming of SAR-related genes (Lee et al., 2018). However, the underlying mechanism has not been further investigated. Both 2G5 and 6A10 are expressed in the salivary glands of whiteflies when feeding on cucumber plants, and high expression in the midgut is also observed for 6A10. The effector gene 2G4 is not expressed when whiteflies feed on cucumber (Lee et al., 2018).

The whitefly effector BtFer1 is a member of the ferritin-like superfamily with a ferritin-like domain at position 44Y–202M. BtFer1 was selected for further study for its putative mode-of-action on reactive oxygen species (ROS) production. Reactive oxygen species signaling is an important mechanism used by plants against phloem feeders and other insect herbivores (reviewed in Kerchev et al., 2012). BtFer1 was identified in the genome of B. tabaci (MED) (Xie et al., 2017; Su et al., 2019). In addition, BtFer1 shares 56–58% similarity with ferritins of other phloem feeders such as M. persicae, A. pisum, and Diuraphis noxia, but the mode of action of these proteins has not yet been analyzed. Four other ferritin genes were identified in the genome of B. tabaci, but these genes share only 19% similarity with BtFer1 (Su et al., 2019). The ability of BtFer1 to bind ferrous iron and its ferroxidase activity was confirmed in this study as well. BtFer1 is expressed equally in the salivary glands and midgut and higher during all B. tabaci feeding stages compared to non-feeding stages, indicating that BtFer1 plays a role during all B. tabaci feeding stages. Excitingly, the authors show that BtFer1 is secreted into the tomato phloem and suppresses H2O2-mediated oxidative signaling when whiteflies are feeding, confirming the hypothesis that ROS signaling is inhibited in sieve elements. Furthermore, BtFer1 suppresses other plant defense responses including callose deposition, proteinase inhibitor activation, and JA-mediated signaling pathways. Silencing BtFer1 reduces the duration of phloem ingestion and the survival rate of females on tomato plants (Su et al., 2019).

The B. tabaci (MEAM1) effector Bsp9 was identified by comparing the transcriptomes of whiteflies with and without TYLCV (Wang et al., 2019). Bsp9 is secreted into tomato leaves, as Bsp9 was detected in protein extracts from infested leaves. In planta expression analysis revealed that this protein accumulates in the cytoplasm where it interacts with the transcription factor WRKY33; this interaction was observed as cytoplasmic speckles in bimolecular fluorescence complementation (BIFC) assays. The Bsp9–WRKY33 interaction prevents WRKY33 from localizing to the nucleus (Wang et al., 2019). WRKY33 is required for the activation of the pathogen-responsive mitogen-activated protein kinases MPK3 and MPK6, and Bsp9 interferes with the interaction between WRKY33 and MPK6 (Mao et al., 2011; Wang et al., 2019). The role of Bsp9 in modulating the immune response is confirmed in Nicotiana benthamiana leaves where it reduces the PDF1.2 promoter activity induced by the DAMP immunity elicitor Pep1. The ability to suppress this DAMP immunity response is also observed for three other effectors (Bsp3, Bsp7, and Bsp8), whereas this response is actually stronger induced in the presence of the effectors Bsp1 and Bsp5. These effectors were not analyzed further in this study, but additional analysis could provide more insight into DAMP-triggered responses by the host against whiteflies. Bsp9 is highly conserved in both the MEAM1 and MED.

Bt56, an ortholog of the MEAM1 Bsp9, was selected from a published transcriptome of B. tabaci (MED) salivary glands (Su et al., 2012). Bt56 is expressed in both adults and nymphs but very low in eggs. In addition, Bt56 is highly expressed in salivary glands compared to midgut or ovaries. The secretion of this effector into plant tissue was demonstrated in Gossypium hirsutum (cotton) protein extracts. In planta expression of Bt56 in Nicotiana tabacum increases the insect's survival and fecundity, while knockdown of this effector gene by RNAi in both N. tabacum and G. hirsutum decreases the performance of whitefly (Xu et al., 2019). Knockdown of Bt56 interferes with feeding by reducing the duration of phloem ingestion. In planta expression of Bt56 results in the increased production of SA but does not influence the levels of JA or JA-Ile, neither significantly changed the transcript levels of marker genes in the JA-signaling pathway. Bt56 interacts with the KNOTTED 1-like homeobox (KNOX) transcription factor NTH202 in punctate structures in tobacco cytoplasm, as visualized by BiFC. This localization suggests that, like Bsp9, Bt56 is retaining a transcription factor from moving to the nucleus, preventing its function. Some SA- and JA-pathway genes are regulated by KNOX1 in maize. However, Xu and co-workers were careful to suggest that the altered SA levels caused by Bt56 were a direct result of this interaction, since SA levels in N. tabacum did not significantly change when NTH202 expression was silenced, but whitefly performance was improved (Bolduc et al., 2012; Xu et al., 2019).

It is exciting that two independent research groups identified the highly conserved orthologs Bsp9 and Bt56 as effector genes. They also identified two different transcription factors as their plant targets, which the interacting effectors inhibit localization of these transcription factors to the nucleus despite these proteins differing only one amino acid; Bt56 contains an asparagine at position 30, while Bsp9 contains an isoleucine at this position (Xu et al., 2019). The two effectors might even interact with both target proteins and this hypothesis is, at least partly, confirmed by the finding that the Bt56 ortholog of MEAM1 (Bsp9) indeed interacts with NTH202 in yeast; this interaction is also confirmed with Bt56 orthologs from the Asia II 3, Asia II 1, and China 2 species (Xu et al., 2019). Interestingly, although Bt56 from Asia II interacts with NTH202, the SA levels of Asia II 3-infested did not differ significantly from MED-infested N. tabacum plants. These findings help confirm the hypothesis that the interaction between Bt56 and NTH202 indirectly manipulates SA levels. It is not known if Bsp9 manipulates SA levels in the host, and therefore, we can only speculate that the reduction in JA levels occurs due to the induction of SA levels.

The number of whitefly effectors identified to date is most likely the tip of the iceberg. For example, in a search for genes exclusively expressed in the salivary glands, no fewer than 295 genes were predicted to encode proteins secreted from the salivary glands that might function as effectors in plant tissue (Su et al., 2012). In addition, recent proteomic and transcriptomic analyses of B. tabaci identified 698 salivary gland-enriched unigenes and 171 salivary proteins, 74 of which were specifically identified in the saliva, including 34 specifically from B. tabaci (Huang et al., 2020). Indeed, the interaction between the host and whitefly is complicated. A complete understanding of the different modes of action of the proteins that are not involved in salivary gland structure or cellular processes is essential for providing better protection against this pest.




CORE-EFFECTORS BETWEEN PHLOEM FEEDERS

Sap-feeding insects of the order Hemiptera have co-evolved with plants for more than 350 million years (Hogenhout and Bos, 2011). The insects share feeding behaviors by using stylet bundles to navigate and feed from plant tissues. Given this, it is not surprising that an overlapping cocktail of effectors has been identified. For example, orthologs of the Mp10 effector were identified in divergent plant-feeding but not in blood-feeding hemipterans (Drurey et al., 2019), and the B. tabaci LAC1 effector gene is very closely related to LAC1 found in other phloem feeders such as Diaphorina citri, A. pisum, N. lugens, and Nephotettix cincticeps (Yang et al., 2017). The B. tabaci effector BtFer1 shares more than 56% similarity with ferritins in M. persicae, A. pisum, D. noxia, and Coptotermes formosanus (Su et al., 2019). These effectors could be thought of as “core-effectors,” since they are present in multiple insects and potentially have similar properties. Huang and co-workers identified 171 salivary gland proteins via mass-spectrometry and found that 97 of these proteins have putative orthologs in 22 other arthropod species (Huang et al., 2020). This finding indicates that core-proteins are indeed widely conserved among insects, independently of their hosts; we speculate that some of these proteins are effector proteins. Whether these proteins fulfill similar functions is currently unknown, though all Mp10 orthologs investigated suppress plant ROS bursts to elicitors (Drurey et al., 2019). In contrast to core-effector proteins, some of the identified effectors appear to be specific to certain phloem feeders. For instance, sequences similar to the aphid SHP (structure sheath protein) and Ya1 effectors and other members of the Ya long non-coding RNA family are not found in hemipteran insects beyond aphids (Will and Vilcinskas, 2015; Chen et al., 2020). Similarly, the effector proteins Bt56 and Bsp9 have only been reported in whiteflies (Huang et al., 2020).



RESEARCH ON THE MODE OF ACTION OF EFFECTORS


In planta Expression of Effectors

Once putative effectors have been identified, their roles must be analyzed in planta in order to confirm their effector characteristics. Many techniques are available for this analysis and here we discuss a selection of the most common techniques used. Expressing effectors in the host plant is an important and efficacious strategy for determining whether a protein plays a role in insect–plant interactions. This technique provides the opportunity to study an effector protein separately from the cocktail of effectors that is normally secreted. These proteins can be expressed in planta via transient expression using Agrobacterium tumefaciens carrying a plasmid expressing the effector. This is commonly done in the model plant N. benthamiana (Rodriguez et al., 2014). One of the first steps in analysis is to determine whether plants expressing the effector are more susceptible to insects. For example, the transient expression of the M. euphorbiae effectors Me10 and Me23 in N. benthamiana increases aphid fecundity. Other examples include the transient expression of M. persicae effectors C002, PIntO1, and PIntO2, which lead to an increased insect performance (Pitino and Hogenhout, 2013). Increased B. tabaci performance is observed when Bt56 is transiently expressed in N. tabacum, whereas transient expression of effectors 2G4, 2G5, and 6A10 increases plant susceptibility to leaf and root pathogens (Lee et al., 2018; Xu et al., 2019). Alternatively, the P. syringae type three secretion system (T3SS) can be used to deliver effectors into plant cells such as tomato cells. This system was used to show that Me10 increases M. euphorbiae fecundity on tomato (Atamian et al., 2013). One has to choose which combination of delivery system and plant species works efficiently with the relevant insect. In addition, creating transgenic plants expressing an effector is also an option, as has been shown for the M. persicae effectors C002, PIntO1 (also known as Mp1), and PIntO2 (also known as Mp2) in A. thaliana, which all leads to increased aphid performance (Pitino and Hogenhout, 2013).

In transient and stable expression systems that drive the expression of transgenes via constitutive promoters, such as the commonly used CaMV35S promoter, the effector protein of interest is likely more abundant than the amount secreted by the insect, which might lead to artifacts. Also, these effector transgenes might result in more transcripts in epidermal and mesophyll cells than in the vasculature. These minor obstacles could be overcome creating transgenic plants harboring constructs with phloem-specific promoters (Pitino and Hogenhout, 2013; Javaid et al., 2016). Effectors can easily be fused to a fluorescent protein (FP), providing the opportunity to detect the in planta subcellular localization of the putative effector protein both transiently expressed and in stable transgenic plants. Fluorescence microscopy can be used to determine where the effector accumulates in the cell and if this location changes under different conditions or in the presence of another protein. Of course, the functionality of these effector-FP fusion proteins needs to be similar to that of non-tagged effectors. Fortunately, B. tabaci can feed on a wide variety of plants, including the model plants N. tabacum and A. thaliana, which can easily be used for in planta expression of effectors and bio-assays.



Analyzing the in planta Secretion of Effectors

One of the key questions in insect-effector biology is where the effectors localize within plant cells following salivation and feeding. This information is crucial for understanding their modes of action: not only the cells but also the organelles to which effectors localize are important for their putative functions, for example, in suppressing PTI or ETI, or their interactions with plant proteins. The whitefly stylet bundle consists of paired mandibles and maxillae, which form the food and salivary canal, respectively. A whitefly feeds from phloem tissue using its stylet bundle, which migrates through the outer tissue layers mainly via the intercellular space, with limited contact with the surrounding cells before it enters the phloem. However, it is unclear whether the penetration of the stylet bundle through the epidermis occurs intra- or intercellularly (Freeman et al., 2001; Stafford et al., 2012). During the migration of the stylet, the number of intracellular punctures is significantly lower for whiteflies compared to aphids (reviewed in Stafford et al., 2012). Freeman et al. (2001) reported, using scanning electron microscopy, that in most cases the whitefly stylets penetrate through the cytoplasm of the epidermal cell (intracellular) to continue in the intercellular space of the mesophyll cell. However, others reported, using DC Electrical Penetration Graph (EPG) techniques or styletectomy and light microscopy, that stylets penetrate the epidermis intercellularly while few intracellular punctures occur when the stylet bundle is close to the phloem (Walker and Perring, 1994; Jiang et al., 1999; Stafford et al., 2012). Electrical Penetration Graph techniques show that intracellular punctures occur less frequently during whitefly feeding than during aphid feeding, consequentially whitefly feeding causes less wounding of the host plant (Walker and Perring, 1994; Jiang et al., 1999; Stafford et al., 2012). Nymphs are sedentary, but with each molt, the chitinous exoskeleton and parts of the stylet bundle is discarded (Freeman et al., 2001). Like other phloem feeders, whiteflies secrete a gel-like saliva into the intercellular space around the stylets and a watery saliva into the phloem. The gel-like saliva forms a salivary sheath around the stylet bundle (Freeman et al., 2001). Although the salivary sheath provides protection and inhibits recognition by the plant cell, it is likely that the plant still responds to sheath proteins. Therefore, it is expected that effectors are not only secreted into the phloem but also into the intercellular space, as observed for aphids (Mugford et al., 2016). Effectors may function in both the apoplast and cytoplasm as is seen for the effector Mg16820, secreted by the root-knot nematode Meloidogyne graminicola, acting as an immune suppressor in both cell compartments (Naalden et al., 2018). We speculate that stylet bundle migration in the apoplast and feeding from the sieve tube both requires the secretion of effectors.

The precise locations of some effectors of phloem-feeding insects have also been determined. An elegant study using “effector-specific” antibodies and electron microscopy shows that the M. persicae effector Mp10 was present in mesophyll cells adjacent to aphid stylet tracks (Mugford et al., 2016). Another immunolocalization study with tomato leaf sections indicates that the whitefly effector BtFer1 localizes to the phloem (Su et al., 2019). Ideally, FP-effector fusion proteins would be produced by whiteflies itself to follow effector localization in planta during feeding. However, this requires the generation of transgenic whitefly lines stably expressing an effector-FP fusion protein. Whereas, it is possible to knock-out genes in whitefly using the CRISPR technology (Heu et al., 2020), further technology development is needed to generate transgenic whiteflies that express FP-tagged effectors.

Cell-to-cell movement of effectors has been reported mostly in plant-pathogen studies. For instance, very detailed studies of Magnaporthe oryzae shows how the effectors of this fungus can move from cell-to-cell via plasmodesmata (Khang et al., 2010). Also, studies of a phloem-based phytoplasma revealed that phytoplasma effectors are unloaded from the phloem sieve cells and migrate to other cells, including mesophyll, confirming the cell-to-cell movement of effectors (Bai et al., 2009; MacLean et al., 2014). A recent study of the hessian fly Mayetiola destructor, a gall midge, show that some of its putative effectors remain within the attacked cells in resistant wheat cultivars but move to other cells in susceptible cultivars (Aljbory et al., 2020). For phloem feeders so far, the M. persicae effector Ya1 long non-coding RNA is the only one known to migrate away from the aphid feeding site to distal tissues, including other leaves (Chen et al., 2020). To what extend cell-to-cell movement occurs for whitefly effectors needs to be investigated.



Effector Expression Patterns Through the Whitefly Lifecycle

Eggs of B. tabaci hatch after approximately 7 days into first instar nymphs, the crawler stage. Crawlers can walk for a few hours in a distance of several mm, to find an optimum feeding spot (Freeman et al., 2001; Simmons, 2002), where they go through three immobile nymphal stages until they reach adulthood. The time of development from egg to adult whitefly may take between 16 and 31 days depending on the plant host species and temperature (Powell and Bellows, 1992; Fekrat and Shishehbor, 2007; Sani et al., 2020). The crawler stage of whiteflies is the most sensitive stage of whitefly development. In the crawler stage, effector proteins would be essential to ensure the insect finds a suitable feeding site, as the stylet entering the leaf would probably cause a cascade of plant reactions that the insect needs to manipulate. To the best of our knowledge, the expression of putative effectors during the crawler stage has not yet been characterized. Analysis of the crawler transcriptome may lead to effectors essential for initiating feeding or infestation.

The immobility of nymphs means that they feed from a single site longer than adults and, therefore, may require different effectors and different adaptions around the area of the stylet. A molted nymph is known to penetrate the same leaf area that it fed on before molting (Freeman et al., 2001). Plant defense responses to the whitefly developmental stages may differ, and if so, effector repertoires may also differ among these stages. For instance, the LAC1 is continuously expressed in the different nymphal stages but at lower levels compared to adult females or eggs (Yang et al., 2017). This indicates that LAC1 can play a role at all developmental stages and might play an additional role before hatching or as effector in the egg–plant tissue interaction. BtFer1 is expressed during all stages, but at higher levels in nymphs and adult females and at the lowest levels in the pseudopupa (Su et al., 2019) indicating that btFER1 is specifically important during the feeding stages. Comparing transcriptome studies between the different nymphal stages may lead to insights into nymphal–plant interaction. Nymphal effectors can be studied in planta by expressing (either constitutive or with inducible promoters) or silencing the putative effector and perform fecundity or nymphal development assays which could give us insights into effectors needed for initial infestation or development. Finally, the transcript levels of effector genes may also differ depending on microbes present in the insects, as observed in the citrus psyllid D. citri; several effector genes were differentially expressed in adults and nymphs following infection with Candidatus Liberibacter asiaticus (Ca. Las) (Pacheco et al., 2020) and it may be the case with B. tabaci. Therefore, more research needs to be conducted on this area.



RNA Interference to Silence Effector Gene Expression

RNA interference (RNAi) is a posttranscriptional gene-silencing mechanism that is triggered by the presence of double-stranded RNA (dsRNA) in the cell (Vogel et al., 2019). The specific silencing of one effector gene provides the opportunity to study the effects of reduced levels (or absence) of the effector protein while the other effector proteins are still present in the saliva and injected into the plant tissues. This provides insights into whether the putative effectors are involved in plant–insect interactions (Grover et al., 2019). The first RNAi study in whitefly salivary glands was performed by Ghanim et al. (2007), wherein micro-injection of dsRNA into adult whiteflies was performed, resulting in a 70% decrease in gene expression. This study was followed by several other successful efforts to silence genes in whitefly via micro-injection or other methods (reviewed in Grover et al., 2019). Delivering dsRNA via artificial diet turns out to be a successful and relative fast approach to silence gene expression in adult B. tabaci, including effector genes (Yang et al., 2017; Su et al., 2019; Xu et al., 2019; Xia et al., 2021).

Although it is possible to rear nymphs on artificial diet (Davidson et al., 2000), a plant-based dsRNA delivery system is a good method for investigating nymph development over time. Stable dsRNA transgenic plants has been used to silence the aphid effector genes MpC002 and MpPIntO2 up to 70% (Coleman et al., 2015). Silencing of the B. tabaci v-ATPase gene using stable transgenic lettuce results in fewer eggs due to high adult mortality and a delay in nymphal development (Ibrahim et al., 2017). In addition to stable transgenic lines, transient expression of dsRNA can be used to silence insect effector genes as shown for the MpC002 effector (Pitino et al., 2011). Transient expression of dsRNA targeting acetylcholinesterase (AChE) or ecdysone receptor (EcR) in tobacco leaves results in a significant difference in mortality of B. tabaci, indicating that this method provides enough dsRNA to the phloem sieve tubes to accomplish the silencing effect (Malik et al., 2016). Similar effects are observed by using the virus-induced gene silencing (VIGS) technique in tomato to silence the BtPMaT1 gene (Xia et al., 2021). Next to transient expression, dsRNA can be taken up by cut tomato leaflets and was successfully used to silence ecdysone pathway genes resulting in delayed development and reduced survival of whitefly during the nymphal stages (Luan et al., 2013). In summary, dsRNA, delivered in various ways, can be effectively used to silence effector genes in B. tabaci.

CRISPR-Cas9-based genome editing is a relatively new technique in which genes are specifically modified by the Cas9 protein complexed with a guide RNA to target DNA (Taning et al., 2017). A method was recently developed to apply this tool to adult female whiteflies called “Receptor-Mediated Ovary Transduction of Cargo,” which targets the ovary instead of using micro-injection in eggs (Heu et al., 2020). This method provides exciting options for targeting effector genes over multiple generations, which could provide insights into the function of the effector at each developmental stage.



Immune Suppression Assays

A good immune response against insect infestation is essential for plant survival and is therefore an important target for insects. Most effector research has focused on the impacts of effectors on plant phenotypes or changes in insect performance as a first read out for immune suppression. Bos et al., 2010 pioneered the transient expression of putative hemipteran effectors in N. benthamiana by screening 48 putative effectors from M. persicae. They selected proteins for effector function based on reduced aphid fecundity (Mp10 and Mp42) or chlorosis (Mp10) (Bos et al., 2010). A similar experiment was performed for Bt56, which, when transiently expressed in tobacco, increases whitefly fecundity (Xu et al., 2019). Also for other phloem feeders transient expression studies with effectors have been done. For instance, transient expression of the N. lugens elicitor NlMLP in rice protoplasts decreases the viability of the plant cells. Furthermore, NlMLP expression triggers defense responses such as Ca2+ mobilization, the activation of MAPK cascades, and JA signal transduction, thereby reducing the performance of N. lugens in rice plants (Shangguan et al., 2018).

In addition to fecundity bioassays, studying the host immune response to pathogen-derived elicitors flg22 and elf8 (Zipfel, 2014) together with the effector could provide insight in any effects on PTI. It is relatively easy to measure ROS and Ca2+ levels, which are usually connected to the PTI response of the plant. The whitefly homolog of M. persicae Mp10 (Bt10) suppresses ROS production and Ca2+ response induced by the bacterial elicitor flg22 (Drurey et al., 2019), which induces PTI in a BAK1-dependent manner (Heese et al., 2007). Whitefly infestation in A. thaliana induces the expression the membrane receptor gene PEPR1, which also requires BAK1 for signaling (Postel et al., 2010; Wang et al., 2019) and the plant defense JA-related marker gene AtPDF1.2. This response can be mimicked by applying the DAMP immunity elicitor Pep1 to A. thaliana plants (Wang et al., 2019). This readout was also used in N. benthamiana to demonstrate that the whitefly effectors Bsp1 and Bsp5 increase DAMP-induced immunity, whereas four other proteins (such as Bsp9) suppress this response (Wang et al., 2019). Some insects secrete effectors to directly counteract ROS production. The proteomic analysis of salivary secretions of Cabbage looper (Trichoplusia ni) identified a catalase that functions as an ROS scavenger to inhibit ROS burst (Rivera-Vega et al., 2018). Similarly, the whitefly salivary protein BtFer1, secreted into plant tissue during feeding, suppresses H2O2-mediated oxidative signals in tomato (Su et al., 2019).

An additional approach to identifying the roles of effectors in plant defense is to analyze hormonal differences. Effectors can alter the expression of phytohormone-related marker genes, and effector genes can be upregulated when an insect feeds on plants treated with phytohormones. The whitefly effector Bt56 increases the expression of the SA marker gene encoding pathogenesis-related protein 1a (PR-1a) in N. tabacum locally following infiltration with agrobacterium. Whitefly effectors 2G4, 2G5, and 6A10 increase the expression of NbPR-1a both locally and systemically. No such phytohormone-related experiments were performed for LAC1, but the authors showed that LAC1 expression increases when MED whiteflies feed on tomato plants sprayed with JA, compared to whiteflies that feed from control plants. The increase in LAC1 expression might be an indication that LAC1 is involved neutralizing the plant defense mechanism. Knocking-down BtFer1 increases the expression of JA marker genes encoding allene oxide synthase (AOS) and threonine deaminase 2 (TD2) but not lipoxygenase D (LoxD). Taken together, these findings indicate that the whitefly effectors identified to date play various roles in manipulating hormonal pathways. We expect that in the near future, many more whitefly effectors involved in suppressing the immune response will be identified, and their exact roles and the underlying mechanisms will be further uncovered.



Target Proteins in Plants

Identification of a target protein in the host plant provides a possible insight into the mode of action of an effector. Several techniques are available to find a target protein in the host or to confirm these interactions in planta. The yeast-two hybrid (Y2H) system is a relatively easy tool to identify possible host target proteins for an effector. Several target proteins of phloem-feeding insect effectors have been identified using this method (Hu et al., 2017; Rodriguez et al., 2017; Chaudhary et al., 2019; Wang et al., 2019; Xu et al., 2019). Yeast-two hybrid screens revealed that Bt56 from MEAM1, AsiaII 1, AsiaII 3, and China 2 interact with the tobacco transcription factor NTH202 (Xu et al., 2019), whereas its MED1 ortholog Bsp9 interacts with AtWRKY33. A disadvantage of Y2H is that the effector and host proteins are forced together into the nucleus of the yeast cells. Instead, in plant cells the two proteins might be in different subcellular compartments. Contrarily, interactions that occur in planta might not be detected in yeast because the protein was not expressed in the library used. For example, the expression of genes in the host could change in the presence of the insect (Van de Ven et al., 2000; Kempema et al., 2007; Zarate et al., 2007; Puthoff et al., 2010; Li et al., 2016), making the choice for the cDNA-Y2H library very important. A possible method to identify in planta interactions is affinity purification coupled to mass spectrometry (MS). For this, plant tissue expressing a tagged effector of interest is used to pull out its plant target proteins that are subsequently analyzed by MS. This method also has several disadvantages. For example, a weak interaction could be disrupted during the washing steps, or rupture of the cells during protein extraction could allow proteins that are normally located in different cellular compartments to come into contact with one another including the effector (Bontinck et al., 2018). However, the big advance is that protein extractions can be made of whitefly-infested tissue, leading quickly to biologically relevant targets, for example when certain genes are only expressed in the presence of the herbivore.

Once an effector target protein has been identified, these interactions should be further confirmed. Commonly used techniques are: (i) BiFC, where the effector and target proteins are fused to complementary halves of a yellow fluorescent protein (YFP), producing a YFP-fluorescent signal upon interaction; (ii) Förster resonance energy transfer by fluorescence lifetime imaging (FRET-FLIM), whereby energy transfer taking place between a donor and an acceptor chromophore when the two fused proteins interact is detected by fluorescence microscopy; (iii) Co-Immunoprecipitation (Co-IP), where the effector and host protein are expressed with different tags and the pull-down of one of these proteins results in the pull-down of the interacting protein as well, detectable with immunoblot analysis. One advantage of BiFC over Co-IP is that it is relatively easy to perform and weak interactions are also visible using BiFC. In addition, BiFC and FRET-FLIM reveals where the interaction takes place within the plant cell as was shown for the orthologs Bsp9 and Bt56 with WRKY and NTH202, respectively, which both occur in the cytoplasm (Wang et al., 2019; Xu et al., 2019). Co-IP is generally considered to be more reliable for confirming interactions, since these interactions are pulled out of the protein solution, which may lead to fewer false signals. However, it is still necessary to confirm that these proteins are present in the same cellular compartment. These types of assays are usually performed in model plants such as N. tabacum and N. benthamiana, even when the host protein is identified from crop libraries. Therefore, it would be interesting to perform these assays in crops as well. The identification of target proteins may lead to the identification of resistance or susceptibility genes, providing interesting targets for resistance breeding (Van Schie and Takken, 2014).



Other Functions of Effectors

Most effector research is focused on manipulating the immune responses of plants, partly because assays based on plant immunity are relatively easy to perform. To the best of our knowledge, whitefly effectors affect plant resistance. Up to date no other functions as food digestion (Eichenseer et al., 2010), manipulating the plant's source-sink relationships (Walters and McRoberts, 2006), altering the plant's cell cycle (Goverse et al., 2000; Davis et al., 2011), gall formation (Zhao et al., 2015), or increased cell size have be linked to whitefly infestation or it's effectors. Also, not much is known about what occurs at the feeding site of whiteflies. Although less visible, specific, small changes in cell structure or cytoplasmic densities might occur in plant structures such as the phloem-associated companion cells. Ca2+-binding proteins in the watery saliva of the aphid Megoura viciae play a role in suppressing sieve-tube occlusion at sieve plates of Vicia faba. This has been observed for other aphid species as well (Will et al., 2009). These types of proteins are likely secreted by whiteflies as well, since unobstructed phloem is necessary to provide enough nutrients for the whitefly, especially during the immobile nymphal stages when the feeding process takes a long time. Some salivary effector proteins might also function as cofactors in taste perception by recruiting and delivering sapid molecules; these molecules, such as human tastant-binding proteins, interact with saliva and bind to receptors of taste-sensing cells (Fábián et al., 2015). In whitefly, chemosensing or tasting is thought to occur in the precibarial sensilla (Hunter et al., 1996). Finally, the gel saliva and stylet sheaths of aphids and possibily whiteflies (Will et al., 2012) contain effector proteins that function in immune suppression in the intercellular space (Mugford et al., 2016; Van Bel and Will, 2016; Mondal, 2020).




OUTLOOK

The rapidly growing field of effector studies, i.e., effectoromics, is uncovering the complexity of how insects modulate their hosts for their own benefit. It has become clear that herbivorous arthropods produce many proteins in their saliva, several of which influence the defense responses of their host plants. Optimal effectoromics research requires better genome assemblies and annotation resources, as these would facilitate the identification of duplicated multigene families, which might play important roles in the interactions of polyphagous insects such as B. tabaci with different host plants. Effectors are most often studied in plant–biotic interactions that involve specialized pathogens or pests, with the idea that effectors and their plant targets are in an evolutionary arms race. However, it is less clear how effectors of polyphagous insects evolve. To shed more light on this, it will be needed to generate genome-scale information of closely related specialists and generalists. So far, genome-wide comparisons have involved more divergent species (e.g., M. persicae and A. pisum). Whereas, these studies have provided information about large-scale evolutionary processes, such as chromosome organization, comparisons at this scale may be less useful for analyzing more recent evolutionary events involving effector genes. Hence, future research may focus on comparative genome analyses of closely related species with different plant host preferences. The B. tabaci species complex is a good candidate for this type of analysis, as there are many species with known host specificity (Malka et al., 2018). To functionally characterize candidate effectors gleaned from the comparative genome analyzes, further optimizations of whitefly RNAi and CRISPR approaches are required. Do these effectors truly contribute to insect feeding behavior, reproduction, and overall fitness? The answer to this question probably varies among plant species the insect may or may not colonize and whether the effector is more widely conserved or family/species specific within the hemipterans.

The plant interactors for some effector proteins were identified, providing more detailed insight into what these effectors accomplish in the plant cell. Altering the expression level of the corresponding plant genes leads to moderately altered levels of resistance. This incomplete or partial level of resistance phenotype indicates that we are dealing with a polygenic trait (Kliebenstein, 2014; Corwin and Kliebenstein, 2017; Du et al., 2020). The most likely explanation for this is that several proteins in the plant are targeted by effectors, that all have some impact on susceptibility. All of the data in hemipterans point in this direction. This information would have to be taken into account when breeding for resistance. This breeding objective could be met (i) via natural variation: as the genome sequences of host plants become more available, allelic variation in putative interaction sites could be detected in silico; and (ii) via EMS (Ethyl Methane Sulfonate) or CRISPR-based mutagenesis. Both approaches require a thorough understanding of the interaction domain of the plant protein and the effect of mutations in this domain on the phenotype of the plant. This would require complementation studies in which mutated forms of the plant protein are expressed in knock-out plants.

Other outstanding questions involve the localization of the effector proteins in planta. Although answering these questions will truly be challenging, several fundamental questions eventually need to be addressed to understand the functions of effectors in planta: In which cells are they active? Does this coincide with the cells in which the interactors are expressed? Are the effectors systemically transported? In order to better select effectors relevant to phloem-feeding insects, we need assays that are located in the phloem. The agroinfiltration assays described above have primarily involved the transformation of epidermal and mesophyll cells. One possible option is to adapt the phloem-localized GCaMP3 fluorescent protein-based [Ca2+]cyt sensor, which reports increased [Ca2+]cyt upon herbivory in A. thaliana, for use in the model plant of choice (Vincent et al., 2017; Toyota et al., 2018).

We hope that the field of insect-effector biology will grow in order to achieve the critical mass needed to study these topics in detail. Finally, the discovery that RNA molecules from insects, including sRNAs and long non-coding RNAs, are transported into plants has opened up a whole new field of research. However, the questions about these molecules also revolve around a central theme: What is their mode of action in planta, and how can we use this knowledge to increase plant resistance to whiteflies?
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Herbivore insects have strong impacts on leaf gas exchange when feeding on the plant. Leaf age also drives leaf gas exchanges but the interaction of leaf age and phloem herbivory has been largely underexplored. We investigated the amplitude and direction of herbivore impact on leaf gas exchange across a wide range of leaf age in the apple tree–apple green aphid (Aphis pomi) system. We measured the gas exchange (assimilation and transpiration rates, stomatal conductance and internal CO2 concentration) of leaves infested versus non-infested by the aphid across leaf age. For very young leaves up to 15 days-old, the gas exchange rates of infested leaves were similar to those of non-infested leaves. After few days, photosynthesis, stomatal conductance and transpiration rate increased in infested leaves up to about the age of 30 days, and gradually decreased after that age. By contrast, gas exchanges in non-infested leaves gradually decreased across leaf age such that they were always lower than in infested leaves. Aphids were observed on relatively young leaves up to 25 days and despite the positive effect on leaf photosynthesis and leaf performance, their presence negatively affected the growth rate of apple seedlings. Indeed, aphids decreased leaf dry mass, leaf surface, and leaf carbon content except in old leaves. By contrast, aphids induced an increase in leaf nitrogen content and the deviation relative to non-infested leaves increased with leaf age. Overall, the impacts of aphids at multiple levels of plant performance depend on leaf age. While aphids cause an increase in some leaf traits (gas exchanges and nitrogen content), they also depress others (plant growth rate and carbon content). The balance between those effects, as modulated by leaf age, may be the key for herbivory mitigation in plants.

Keywords: Aphis pomi, herbivory, leaf age, leaf gas exchange, nitrogen content, photosynthesis, stomatal conductance


INTRODUCTION

Plant gas exchanges are at the forefront of ecosystem functioning, as they are measurements of heat and mass exchange between the plant and the atmosphere. The impact of biotic and abiotic stressors on plant gas exchanges has received considerable attention, in particular for agricultural systems (Giron et al., 2018). The impacts on plant gas exchange of injuries caused by herbivore insects can be roughly of similar amplitude than the influence of climatic variables like temperature, irradiance, and humidity (Jarvis, 1976; Welter, 1989; Peterson, 2000). This comparison denotes the potential importance of herbivore injuries on the functioning of vegetation-atmosphere interactions. Nevertheless, any attempt to classify the impacts of herbivore insect species as negative or positive for leaf ecophysiology remains challenging because the direction of the impact depends on the nature of the system and insect feeding strategies (Welter, 1989).

The impacts of insect herbivory on photosynthesis are highly variable and depend on the exact insect–plant interaction. Most of the time, the loss of photosynthetic tissues following feeding by defoliating insects induces an increase in photosynthetic rate per unit area in the remaining leaf tissues, allowing the plant to compensate partially for herbivory (Welter, 1989). In other cases, herbivory induces a decrease in assimilation rate in the remaining leaf tissues (Zangerl et al., 2002). Large reductions in photosynthesis were also measured on leaves attacked by mesophyll feeders like spider mites (Welter, 1989; Haile and Higley, 2003) and stink bugs (Velikova et al., 2010). In phloem feeders like aphids, photosynthesis of the host plant can be dramatically lowered (Macedo et al., 2003), while sap feeders such as scale insects can induce an increase in leaf assimilation rate (Retuerto et al., 2004). Generally, an increase in photosynthesis following herbivory is interpreted as a strategy for the plant to compensate for the effect of the herbivore (Trumble et al., 1993). However, phloem feeders like aphids display the ability to strongly and actively reconfigure the leaf metabolism via effectors (Giron et al., 2018), which may annihilate the mitigation strategy of the plant. Effectors from aphids and spider mites, for instance, have been shown to suppress plant defense signaling and responses, thereby increasing the performance of the herbivores (Atamian et al., 2013; Naessens et al., 2015; Schimmel et al., 2017). The cascading consequences of this suppression for photosynthesis remain unclear.

The effects of insect herbivory on leaf stomatal conductance and transpiration rate are also quite variable. Insect injuries can cause an increase in water loss across the perimeter of the damaged tissues in soybean (Aldea et al., 2005). Both net photosynthesis and stomatal conductance in the remaining leaf tissues were not affected in this system involving defoliating beetle (Popillia japonica) and caterpillar (Helicoverpa zea). By contrast, Tang et al. (2006) indicated that both water stress, induced by the increased rate of water loss near the damaged tissues in Arabidopsis, and the reduced stomatal conductance in the tissues away from the injuries (by the Lepidoptera Trichoplusia ni) contributed to the inhibition of photosynthesis in the remaining leaf tissues. The general conclusion that can be drawn is that either assimilation and transpiration rates are affected concomitantly or photosynthesis is reduced while water loss increases. In the first case, the leaf efficiency (water use efficiency) remains at best constant if the plant compensates for the loss of tissues from herbivory. Full compensation is, however, rather rare (Peterson, 2000), but mitigation is possible and may contribute to plant tolerance against herbivores (Pincebourde et al., 2006).

The observed variability in the response of leaf gas exchange to insect herbivory remains difficult to explain. Herein, we argue that leaf age can be responsible for a significant part of this variability, following the suggestion from Trumble et al. (1993) that “the ages of the plants examined for compensation responses undoubtedly contribute to the observed variability in the literature.” Indeed, studies on the influence of leaf age on plant gas exchange offer promising insights. In general, photosynthesis and stomatal conductance decrease with leaf age mostly because the foliar nitrogen content is gradually reduced as the leaf is aging (Kositsup et al., 2010; Zhang et al., 2010) and also because mesophyll diffusion constraints photosynthesis more in older than in younger leaves (Niinemets et al., 2005). The influence of leaf age on photosynthesis does not depend on leaf longevity and instead relies on complex biochemical and structural dynamics (Mediavilla and Escudero, 2003; Pantin et al., 2012). Nutrients and defensive metabolites also vary with leaf age (Cao et al., 2018). Although most studies considered categories of leaf age (e.g., young versus old), more detailed works illustrated the rather subtle influence of leaf age on plant photosynthesis. Gas exchanges can gradually increase in very young leaves up to a maximum after which they decline (Ho et al., 1984; Guo and Lee, 2006; Zhang et al., 2008; Snider et al., 2009). Given the large effect of leaf age on plant gas exchange, it is therefore not surprising that leaf age interact strongly with other processes such as leaf response to heat stress (Snider et al., 2010; Marias et al., 2017), to increased atmospheric CO2 concentration (Katny et al., 2005) and to tropospheric ozone (Zhang et al., 2010). The influence of leaf age on the leaf gas exchange’s response to herbivore insects remains, however, largely underexplored. Here, we quantified the gas exchanges of leaves from plants attacked by an aphid across leaf age.

Our objective was to quantify the influence of leaf age on the amplitude of change in plant gas exchange following herbivore attack in the apple tree-green aphid (Aphis pomi) system. We surveyed apple seedlings during spring and summer in a greenhouse system such that the age of every leaf was known by the end of the growth period. A group of seedlings was infested by the apple green aphid to determine the leaf age preference of the aphid. We measured assimilation rate, stomatal conductance, internal CO2 concentration and transpiration for different leaf ages across this period. On leaves of about 30 days, the apple green aphid causes an increase in leaf transpiration and assimilation rates at a moderate infestation level (Pincebourde and Casas, 2019) but it also induces a decrease in these gas exchanges during early infestation stage (Cahon et al., 2018). We tested the hypothesis that gas exchange are enhanced in relatively young leaves but that infested leaves converge toward non-infested leaves as the leaf is aging. We further measured the impact of the aphid on leaf dry mass, leaf surface and leaf mass per area (LMA), nitrogen and carbon content, and plant growth rate to obtain a near-holistic assessment of the impact of the aphid on plant performance.



MATERIALS AND METHODS


Study System, Design and Leaf Age

For all experiments, we used apple seedlings (Malus domestica, Golden cultivar) that were 1- to 3-year-old at the time of this work. These apple seedlings were issued from planting seeds obtained from a fruit tree seed bank (INRAE IRHS, Angers, France). Apple seedlings were planted in earthenware pots (11.5 cm in diameter) and watered every 2 days. A nutrient solution was added to the water once weekly (6% [image: image], 6% P2O5, and 6% K2O, by volume). All seedlings grew in the same greenhouse in Tours, France (47°21′ N, 0°42′ E), until the time for experiments. Because all seedlings were pruned every year, they all had similar dimensions at the beginning of the experiment, before they initiate leafing (mean ± sd: height = 33.4 ± 4.5 cm; basal circumference of the trunk = 5.9 ± 2.6 cm). The green aphid A. pomi (Hemiptera: Aphididae) was collected in the apple orchard of La Morinière, close to our laboratory (47°09′ N, 0°35′ E; elevation: 95 m asl) in 2011. The aphids were subsequently reared on the apple seedlings in the greenhouse. We focused on the spring generation for all experiments. The experiments below occurred 2 years after the establishment of aphid populations on apple seedlings in the greenhouse, in 2013.

Early in 2013, before the seedlings started to produce leaves, the plants were split into two groups. The first group (“infested”; N = 18 seedlings) was left in the same greenhouse and was infested by the aphid (coming from the eggs apparent on the stems). The second group of plants (“non-infested”; N = 15 seedlings) was moved to another adjacent greenhouse to grow them without the presence of aphids. The stems were carefully cleaned with a soap solution to eliminate all the aphid eggs. These apple seedlings were inspected throughout the experiments to insure that they remain aphid-free. The two greenhouses were adjacent and exposed to the same environmental conditions. The climatic conditions inside the greenhouses varied daily but the range and global mean daily values were relatively stable during the experimental period in the “infested” and “non-infested” greenhouses, respectively: daily air temperature [range 14.5–38.5°C, global mean 24.4°C versus range 14.2–36.4°C, mean 24.3°C], daily relative humidity [range 29.5–95%, global mean 74% versus range 32.3–98.1%, mean 76.3%] and radiation load at the level of the plants was up to 875 W/m2 versus 853 W/m2. The air in the two greenhouses communicated via a large opening near the roof, ensuring that the atmosphere in the two units remained the same. The opening was covered with a fine-mesh net to impede the passage of any aphid. This design limited the potential for a greenhouse effect in our experiment.

Leaf age was determined by labeling the newly emerging leaves. Once a week, for all apple seedlings (infested or not by the aphid), the last emerging leaf was labeled with the date of emergence. At any point in time, the age of each leaf was retrieved with a precision of ±2 days by interpolating linearly between each weekly label (globally, seedlings produced between 2 and 5 leaves per week).



Leaf Gas Exchanges

Assimilation rate (Amax), transpiration rate (Tr), stomatal conductance (gsmax), and internal CO2 concentration (Ci) were measured on both non-infested and leaves infested by the green aphid within the period June 2, 2013 to July 12, 2013. Leaf gas exchanges were measured with an infrared gas analyzer equipped with a 2 × 3 cm leaf chamber system (LI-6400, Li-Cor Inc., Lincoln, NE, United States) and an external light source (6400-02B, Li-Cor Inc.). Gas exchange was measured under optimal conditions for apple leaves (Pincebourde and Casas, 2006; Pincebourde et al., 2006; Massonnet et al., 2007): irradiance 1500 μmol/m2/s, leaf temperature 25°C, leaf water vapor deficit 1 kPa and CO2 concentration of 390 ppm in air. Leaves were allowed to equilibrate for 20–30 min before any measurements were taken, and data were discarded if stomatal conductance was not stable after 45 min. For infested leaves, the leaf surface was gently brushed with a fine pencil to eliminate the aphids from the surface, such that the gas exchange from the animals did not bias the measurements for the leaf. We sampled gas exchange across a large spectrum of leaf ages from 7 to about 100 days. During each measurement session (i.e., 3 days per week during the period), leaves of different age were selected to finish with a relatively balanced sampling (N = 25 leaves from 5 to 125 days, from N = 15 different seedlings; and N = 30 leaves from 5 to 82 days, from N = 16 different seedlings; for non-infested and infested plants, respectively). Across the period, between 1 and 2 (non-infested) and between 1 and 3 (infested) leaves from the same individual tree were used at different sessions and to catch different leaf ages.



Plant Growth Rate and Aphid Densities

At the end of the experimental period (last week of July 2013), the growth rate of apple seedlings (N = 18 infested and N = 12 non-infested seedlings) was estimated from the relationship of leaf area accumulation across time. The size (maximal length and width) of each leaf was measured with a digital caliper to the nearest 0.5 mm. The leaf area of each leaf was calculated using an empirical relationship that was determined on a subset of leaves taken from all plants (linear regression for non-infested plants: leaf area = 0.6405 × length × width, all in cm, N = 121 leaves, R2 = 0.95, P < 0.001; for infested plants: leaf area = 0.6066 × length × width, all in cm, N = 166 leaves, R2 = 0.95, P < 0.001). In this subset of leaves (those leaves with a datum label), leaf area was determined by scanning them immediately after collection, and by measuring their surface area in ImageJ software v1.53e (Wayne Rasband, NIH, 1997)1. Using the labels for leaf emergence date, the accumulation of leaf area was regressed across time. The slope of the linear regression was used as an estimate of growth rate for infested and non-infested apple seedlings. The accumulation of leaf area across time was not strictly linear and therefore the slope estimate should be seen as a time-averaged growth rate (all the R2 for the linear regressions were >0.90 and >0.83 for non-infested and infested plants, respectively).

Finally, the number of aphids (nymphs and reproductive females) and the age/area of their host leaf were noted (using the same methods than above) at the end of the experimental period to analyze the preference of aphids relative to the age of their host leaf. We discriminated the larval stages (nymphs) from adults (females) based on the large difference in body size and the darker (green) coloration of adults.



Leaf Nitrogen and Carbon Contents

At the end of the experimental period (last week of July 2013), leaves were collected to measure their nitrogen and carbon contents. For both infested (N = 18) and non-infested (N = 12) apple seedlings, we sampled all the leaves with a datum label (i.e., one leaf for each week of growth). The leaves were frozen in liquid nitrogen and freeze-dried, dry weighed and finally ground prior to biochemical analyses. The total N and C concentrations were determined using an EA 1112 Series elemental analyzer (Thermo Fisher). In total, 124 and 166 leaves were sampled on non-infested and infested plants, respectively. Then, the LMA was calculated from the ratio of leaf dry mass and leaf surface. We also calculated the nitrogen to carbon ratio (N/C).



Statistical Analysis

The impact of aphids on plant growth was assessed by calculating the slope of the linear regression fitted on the total leaf area accumulated through time. The distribution of growth slopes of infested and non-infested plants was then compared running a simple ANOVA (with plant treatment as factor). The variables related to gas exchange (Amax, Tr, gsmax, and Ci), leaf dry mass, leaf surface, LMA, N and C contents, and N/C ratio were tested using an analysis of covariance (ANCOVA) with these response variables as dependent variable to compare between infested and non-infested plants (treatment as factor) with both leaf age and growth rate of individual plants as covariates. Normality and homogeneity of the variances were checked using the Lilliefors and the Levene’s test, respectively (transformation of the data was not necessary). We used the growth rate (slope of the linear regression explained above) of individual plants to account for the inter-plant variability for traits other than those that we measured. We took advantage of the ANCOVA to test the effect of treatment (infested versus non-infested) while accounting for the variability induced by both plant identity (growth rate) and leaf age; therefore the test on those covariates are seen as tests of the interaction with treatment. We also checked for the normality of the residuals from the ANCOVA model fit using a Lilliefors test after the ANCOVA run. A LOWESS smoother was applied to obtain an estimate of the trends. The water use efficiency was assessed using simple linear regressions on the relationship between assimilation rate and transpiration rate. The slopes of these regressions were used as an indicator of a change in the water use efficiency of the leaf under green aphid attack. All statistics were computed using SYSTAT 13.1 (Systat Software Inc., San Jose, CA, United States).



RESULTS

The exhaustive sampling at the end of the experiment indicated that aphids preferentially locate themselves on young leaves, both for females and juveniles (from N = 18 infested apple seedlings, N = 847 leaves). The vast majority of individuals were observed on leaves of <30 days (Figure 1). Throughout the growing period, we observed that aphids migrated regularly toward the recently emerged leaves at the tip of the stem, which displayed intermediate values for most leaf traits (Supplementary Figure 1). Therefore, the distributions measured at the end of the period may illustrate the location of aphids throughout the growing season. The growth rate of infested seedlings (N = 18 individuals) was on average 35% lower than that of non-infested (N = 12 individuals) seedlings (Figure 2; ANOVA: F1,28 = 10.655, P = 0.003).


[image: image]

FIGURE 1. Distribution of aphids according to leaf age for both adult females (A) and nymphs (B). These distributions were drawn from the number of aphids counted on each leaf of the 18 infested apple seedlings that were surveyed (total number of leaves = 847 leaves).
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FIGURE 2. Box plot representation of growth rate (leaf area in cm2 per day) for infested (N = 18) and non-infested (N = 12) apple seedlings.


The green aphid largely influenced leaf gas exchanges in a way that depends on leaf age (Figure 3). The leaf assimilation rate (Amax), transpiration rate (Tr), stomatal conductance (gsmax), and internal CO2 concentration (Ci) differed between infested and non-infested plants when controlling for leaf age variability (Table 1; ANCOVA: P < 0.015 for all). Leaf age influenced Amax and Tr (Table 1; ANCOVA: P < 0.019 for both), but not gsmax and Ci (Table 1; ANCOVA: P > 0.05 for both). The growth rate of apple seedling impacted the measure of Amax and gsmax (Table 1; ANCOVA: P < 0.014 for both), but not that of Tr and Ci (Table 1; ANCOVA: P > 0.05 for both). Globally, the green aphid caused an increase in assimilation rate, transpiration rate and stomatal conductance up to leaf age of about 25 days after which these physiological variables decreased at a similar rate than in non-infested plants. The internal CO2 concentration was slightly but significantly higher in attacked leaves compared to intact plants. Finally, the leaf assimilation rate increased linearly with its transpiration rate for both infested (linear regression: F1,28 = 17.329, P = 0.001) and non-infested plants (linear regression: F1,23 = 14.986, P = 0.001) (Figure 4). The slope of increase was slightly lower for infested compared to non-infested plants (2.348 versus 2.794, respectively), and as a result the mean water use efficiency (ratio of assimilation and transpiration rate) was slightly lower in infested leaves than in non-infested leaves (ANOVA: F1,53 = 12.67, P = 0.001).
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FIGURE 3. The effect of aphids on plant gas exchange depending on leaf age: leaf assimilation rate (A), stomatal conductance (B), internal CO2 concentration (C), and transpiration rate (D), for infested (red) and non-infested (black) plants. For the sake of visualization, a LOWESS smoother (0.8 tension) was applied on each data cloud.



TABLE 1. Statistics of the analysis of covariance (ANCOVA) with the dependent variables (Amax, maximal assimilation rate; Gsmax, maximal stomatal conductance; Tr, leaf transpiration rate; Ci, internal CO2 concentration; Dry mass, the dry mass of the leaves; Leaf surface, the leaf area of the leaves; LMA, the leaf mass per area; Nitrogen, the leaf nitrogen content; Carbon, the leaf carbon content; N/C ratio, the ratio of nitrogen to carbon content) and the source of the effects, with treatment as factor (infested versus non-infested plants) and leaf age and plant growth rate as covariates.
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FIGURE 4. Optimality assessment of gas exchange for infested (red) and non-infested (black) leaves from the plot of leaf assimilation rate as function of transpiration rate. Lines are the linear regressions (full line) with their 95% confidence interval (dashed lines).


Leaf dry mass differed between infested and non-infested leaves (Table 1; ANCOVA: P = 0.03) depending on both leaf age (Table 1; ANCOVA: P < 0.001) and seedling growth rate (Table 1; ANCOVA: P < 0.001). Leaf dry mass was higher in non-infested leaves except in relatively old leaves, which became lighter than infested leaves (Figure 5A). By contrast, leaf surface was similar in infested compared to non-infested leaves (Table 1; ANCOVA: P > 0.05) but varied with leaf age and growth rate (Table 1; ANCOVA: P < 0.001) (Figure 5B). As a result, the LMA of infested plants was only slightly lower than that of non-infested plants (Table 1; ANCOVA: P = 0.003) and it was not influenced by leaf age and growth rate (Table 1; ANCOVA: P > 0.05) (Figure 5C). Nitrogen and carbon contents differed between infested and non-infested leaves (Table 1; ANCOVA: P < 0.001) and varied across leaf age (Table 1; ANCOVA: P < 0.001), but seedling growth rate did not impacted them (Table 1; ANCOVA: P > 0.05). Globally, infested leaves contained more nitrogen and less carbon than non-infested leaves (Figure 6). However, the carbon content of infested leaves converged toward that of non-infested-leaves as the leaves were aging. By contrast, the nitrogen content of infested and non-infested leaves were similar for young leaves, and the deviation increased with leaf age. As a result, the nitrogen to carbon ratio was slightly higher in infested leaves compared to non-infested plants, and the difference was modulated by leaf age (Table 1; ANCOVA: P < 0.001 for both) (Figure 6C).
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FIGURE 5. Leaf allometry. Leaf dry mass (A), leaf surface (B), and leaf mass per area (LMA) (C) as function of leaf age for both infested (red) and non-infested (black) plants. For the sake of visualization, a LOWESS smoother (0.8 tension) was applied on each data cloud.
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FIGURE 6. Nitrogen (A) and carbon (B) contents (% of leaf dry mass), and nitrogen to carbon ratio (C) of leaves sampled on infested (red) and non-infested (black) plants, as function of leaf age. For the sake of visualization, a LOWESS smoother (0.8 tension) was applied on each data cloud.




DISCUSSION

Herbivore insects generate multiple biochemical, physiological, and ecological responses in the plant they attack. In particular, the impacts of herbivores on leaf gas exchange have been documented for a variety of insect taxa (Welter, 1989; Pincebourde and Casas, 2019). Nevertheless, the potential role of leaf age in modulating these effects has never been detailed. Our results indicate a strong interaction between leaf age and herbivory. The apple green aphid enhances assimilation rate, stomatal conductance and transpiration rate in apple leaves until about the 30th day of the leaf after which the aphids have left their leaf to migrate upward to younger leaves. The gas exchange then decreased gradually in leaves of age >30 days but they never meet the low levels of non-infested old leaves. This interaction was modulated by the growth rate of the apple seedlings, illustrating the importance of inter-individual variability in tree performance. The positive effect of the aphid on photosynthesis should balance somehow the negative incidence of aphid infestation on the plant growth rate and dry matter of leaves. When feeding on the phloem, aphids inevitably collect nutrients and carbon that are not available to contribute to plant growth. Globally however, the dry matter content and allometry of old infested leaves tend to converge toward the phenotype of non-infested plants, as the aphids do not feed on them anymore, but it takes almost 90 days for those leaves to converge. We found that aphids are preferentially located on young leaves (less than 25 days) at the end of our experimental period, but a more detailed and continuous monitoring of aphids is necessary to establish clearly the correlation between aphid presence and leaf gas exchange responses.

The apple green aphid induces an increase in assimilation rate when it attacks young leaves. It takes several days before the photosynthetic activity of infested leaves clearly starts to deviate from non-infested leaves. Then, the maximal deviation (about +50%) was observed at a leaf age of about 30–40 days. This result contrasts with the view that sap and phloem feeders have an almost universal negative impact on photosynthesis in woody plants (Zvereva et al., 2010), but adds up to previous studies indicating similar increase in assimilation rate after feeding from insects (Collins et al., 2001; Retuerto et al., 2004; Frier et al., 2012). Nevertheless, enhanced photosynthesis after herbivore feeding is not the rule among aphids (Meyer and Whitlow, 1992; Macedo et al., 2003). It seems that cell sap feeders generally reduce assimilation rate while the influence of phloem feeders (like the apple green aphid) is often null or positive (Zvereva et al., 2010; Frier et al., 2012). It remains unclear if the diversity of those effects relates to the diversity of effector/elicitor interactions used by insects and plants, respectively (Giron et al., 2018), especially given that the dynamics across leaf age of plant metabolites under insect attack remain to be characterized for most systems. However, the direction and amplitude of these effects on photosynthesis depends also on environmental and biotic parameters. Our experiments occurred under greenhouse climatic conditions that are somewhat more variable and hotter/wetter than in outdoor environments, and more research is needed to verify the strength of leaf age in modulating the plant-aphid interaction in more natural contexts. The infestation pattern certainly matters as well for the response of assimilation rate. For example, a previous study showed that the leaf temperature increases within the first 3 days after the apple green aphid started to feed on the apple leaf (Cahon et al., 2018), suggesting lower transpiration rate and stomatal conductance, and probably lower assimilation rate during early infestation on middle-aged leaves. It is unknown whether aphid females start infesting plants by attacking immediately the youngest leaves. Finally, we cannot exclude a covariation between leaf age, leaf allometry (surface, dry mass, and LMA) and aphid density across the season. Our design cannot detect such effect since aphids were not monitored throughout the experimental period. However, a higher growth rate of apple seedlings tended to increase even further the assimilation rate, suggesting that the effect of the phloem herbivore on photosynthesis was amplified by the capacity of the individual seedling to perform better. We hypothesize that the plant and the aphid drive each other at some point, thereby increasing both plant performance and aphid population growth. More work is needed to clarify this point.

Compensatory mechanisms are often suggested to explain the few cases of an increase in leaf assimilation rate following herbivore attack. At least two mechanisms were proposed to explain such increase in photosynthesis (Trumble et al., 1993). First, the feeding activity of the herbivore may decrease the resistance to CO2 diffusion across the mesophyll tissues and/or decrease the amount of starch accumulated within the leaf tissues–both factors normally inhibits photosynthesis. Indeed, the slightly higher intercellular CO2 concentration within the apple leaves infested by the apple green aphid (while assimilation is increased at the same time) supports this idea that the internal resistance to diffusion is lowered (Reddall et al., 2004). Second, the aphid itself may function as a new sink thereby increasing the photosynthetic activity of the attacked leaf. The increase in nitrogen content in the leaves attacked by the apple green aphid supports this sink hypothesis as shown in other systems (Syvertsen et al., 2003; Urban et al., 2004). The two mechanisms are not mutually exclusive and can also combine with other compensatory strategies at the cellular and biochemical levels (Trumble et al., 1993). Furthermore, in the case of interactions involving phloem feeders that reconfigure the leaf metabolism, the mitigation strategy could be annihilated by the effectors used by the herbivore. It remains challenging however to disentangle the effects of plant induced response to insect damage and the effects from insect manipulation of the leaf metabolism (Giron et al., 2018).

The apple green aphid also led to an increase in leaf transpiration rate, concomitantly to the increase in photosynthesis. The relationship between assimilation rate and transpiration rate (Figure 4) can be used as a proxy of the efficiency of the leaf to assimilate the highest amount of carbon (CO2) while limiting the water loss (instantaneous water use efficiency). Our result indicates that the leaf attacked by the green aphid is on the same “optimal” trajectory than non-infested leaves. In other herbivores (e.g., leaf miners), this relationship can be modified to the point that the infested leaf becomes even more efficient (Pincebourde et al., 2006). The aphid still have overall negative impact on the plant performance because its growth rate is lower, but our result suggest that these negative impacts can be mitigated by other effects that allow the plant to perform at a near-optimal level. The best examples of herbivory mitigation are in the leaf miner feeding guild (Raimondo et al., 2003; Pincebourde et al., 2006), which involves complex interactions with cytokinin production or accumulation at the mining location and a bacteria as a third partner (Giron et al., 2007, 2018). These effects of herbivory on leaf gas exchange could feedback on the ecophysiology of the insect pest itself (Van Loon et al., 2005). In particular, the leaf temperature variations following a change in leaf transpiration can influence the insect feeding and developmental performances (Pincebourde and Woods, 2012; Caillon et al., 2014; Pincebourde and Casas, 2015; Pincebourde et al., 2017; Ma et al., 2021). Aphids also host a diverse community of endosymbionts (Oliver et al., 2010), some of which can induce changes in plant volatile emission (Frago et al., 2017), but currently their indirect influence on the plant gas exchange are not known.

The influence of leaf age on the apple leaf–apple green aphid relationship is remarkable. Our results indicate that the aphid directs young leaves on a different ecophysiological path with a slightly lower instantaneous water use efficiency. Previous studies indicated a dynamics of leaf gas exchange (in intact plants) across leaf age (Ho et al., 1984; Guo and Lee, 2006) but these studies treated categories of leaf age (or leaf age classes) instead of analyzing it as a continuous variable. Our continuous analysis unravels the subtleties of the interaction between leaf age and leaf gas exchange, and more importantly how herbivory modify these links. When looking at very young leaves, the effect of herbivory can hardly be detected from gas exchange measurement alone. By contrast, the impact of herbivory on carbon content is already important early in the life of a leaf, certainly because the aphids are consuming most of the starch that contains the non-structural carbon. In old leaves, when aphids have already migrated upward, the carbon content (and dry mass) comes back to the level of non-infested leaves but gas exchange patterns still differ and the nitrogen to carbon ratio never gets back to the level of non-infested plants. Indeed, the leaf seems to compensate for the presence of an additional sink (the aphid) by increasing its surface relatively more than its dry mass, but our results indicate that this compensation may occur only in relatively old leaves (>70 days) when the aphids have already left to move upward to feed on younger leaves. This is coherent with the concept that the susceptibility of plant to stressors (including herbivory) is highest at the transition, when the leaf is aging, from metabolite sinks to metabolite sources (Coleman, 1986), but in our study system the herbivore may extend the metabolite sink stage of the leaf. Both aphid residence time and density are likely to modulate these dynamics across leaf age. By comparing the age distribution of the leaves used as hosts by the aphids at the end of the experimental period and the age range corresponding to the increasing trajectory of assimilation rate, we propose that photosynthesis is promoted as long as the aphid remains on its leaf. Therefore, we hypothesize that the leaf assimilation rate may reach even higher values if one constrains the aphid population to remain on the same leaf for a longer period. Experimental evidence are lacking to support this hypothesis.

The effects of herbivore insects on plant gas exchange can be subtle and vary with leaf age. Leaf age adds some complexity to an already quite sophisticated interaction since aphids largely influence the chemistry, physiology and ecology of their host plants (Giron et al., 2018). It remains challenging however to disentangle between the influence of the plant defenses (e.g., leaf secondary compounds; Nishida, 2014) and the herbivore effectors (Smith and Boyko, 2007), and we can suspect that both covary across leaf age. Our study system involves a temperate deciduous tree and as such, the leaf longevity remains relatively short (less than 9 months). Leaf lifespan is an important driver of insect-plant interaction dynamics (Zhang et al., 2017). Currently, no study has attempted to follow the response of plant gas exchange as function of leaf age in tropical plants, which display much higher leaf longevity than temperate woody species (Xu et al., 2017). Herbivory mitigation at the level of plant gas exchange may provide explanation to how plants could support moderate pressure from herbivores in systems with long leaf life span. More generally, our study suggests that leaf age modulates the interaction between plants and insects at the ecophysiological level. The control or standardization of leaf age is therefore required in any ecophysiological study investigating the impact of insect herbivores on leaf traits. The main challenge for future studies remain to integrate the impact of herbivores on leaf gas exchanges/traits, the relative importance of both constitutive and inducible plant defenses, the variability in the effectors used by herbivores, and the modulation of these interactions by leaf age.
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The soybean aphid (Aphis glycines) continues to threaten soybean production in the United States. A suite of management strategies, such as planting aphid-resistant cultivars, has been successful in controlling soybean aphids. Several Rag genes (resistance against A. glycines) have been identified, and two are currently being deployed in commercial soybean cultivars. However, the mechanisms underlying Rag-mediated resistance are yet to be identified. In this study, we sought to determine the nature of resistance conferred by the Rag5 gene using behavioral, molecular biology, physiological, and biochemical approaches. We confirmed previous findings that plants carrying the Rag5 gene were resistant to soybean aphids in whole plant assays, and this resistance was absent in detached leaf assays. Analysis of aphid feeding behaviors using the electrical penetration graph technique on whole plants and detached leaves did not reveal differences between the Rag5 plants and Williams 82, a susceptible cultivar. In reciprocal grafting experiments, aphid populations were lower in the Rag5/rag5 (Scion/Root stock) chimera, suggesting that Rag5-mediated resistance is derived from the shoots. Further evidence for the role of stems comes from poor aphid performance in detached stem plus leaf assays. Gene expression analysis revealed that biosynthesis of the isoflavone kaempferol is upregulated in both leaves and stems in resistant Rag5 plants. Moreover, supplementing with kaempferol restored resistance in detached stems of plants carrying Rag5. This study demonstrates for the first time that Rag5-mediated resistance against soybean aphids is likely derived from stems.

Keywords: soybean, Aphis glycines, RAG5, stem resistance, antixenosis, antibiosis


INTRODUCTION

The soybean aphid (Aphis glycines Matsumura), an invasive pest, is a significant threat to soybean production in the United States (Hurley and Mitchell, 2017). Feeding injury due to soybean aphids results in stunted plant growth, leaf yellowing and wrinkling, reduced photosynthesis, and low pod fill and seed quality, resulting in low yields (Beckendorf et al., 2008). Soybean aphids also cause additional losses, as they are competent vectors of many economically important plant viruses, such as soybean mosaic virus and alfalfa mosaic virus (Hill et al., 2012). If left untreated, yield losses of up to 40% can occur because of severe infestations (Ragsdale et al., 2007; Rhainds et al., 2008). The economic impact of soybean aphids in North America has been estimated to $3.6–4.9 billion every year (Hill et al., 2012). A suite of integrated pest management strategies, such as prophylactic neonicotinoid seed treatment, development of economic thresholds and injury levels, and deployment of aphid-resistant cultivars, has been successful in controlling soybean aphids (Ragsdale et al., 2011; Krupke et al., 2017). However, continuous use of insecticides increases production costs and can lead to insecticide resistance (Hanson et al., 2017) and has adverse effects on non-target and beneficial insects (Desneux et al., 2007).

A cost-effective and sustainable strategy for managing aphids is host plant resistance (Ragsdale et al., 2011; Hodgson et al., 2012). Aphid-resistant varieties carrying resistance to A. glycines (Rag) genes have been available for commercial cultivation since 2010 (Hesler et al., 2013). Screening of soybean germplasm and plant introductions (PIs) for aphid resistance has led to the identification of 12 Rag genes (Hesler et al., 2013; Neupane et al., 2019; Natukunda and MacIntosh, 2020) and four quantitative trait loci (QTLs) (Bhusal et al., 2017). The Rag genes present antibiosis (adverse effect on insect biology or performance), antixenosis (non-host preference), and tolerance (similar yield in presence or absence of soybean aphids) as mechanisms of resistance. The best described Rag gene is Rag1, a dominant gene that provides antibiosis and antixenosis against soybean aphids (Hill et al., 2006a,b; Kim et al., 2010a). Although none of the Rag genes have been cloned, many have been mapped, and their chromosomal location is known. Fine mapping and high-resolution linkage analyses of the genomic regions containing Rag genes have identified nucleotide-binding site leucine-rich repeat (NLR) genes, the most numerous and common R genes in plants (Cui et al., 2015), as candidates for Rag1 (Kim et al., 2010a) and Rag2 (Kim et al., 2010b; Brechenmacher et al., 2015).

Besides the NLR genes, additional genes and mechanisms have also been proposed for other Rag genes (Lee et al., 2017). The Rag5 gene identified in plant introduction (PI) 567301B located on chromosome 13 near the Rag2 locus (Jun et al., 2012) is an example. Despite the proximity of the two genes, evidence suggests that the two genes segregate independently. The Rag5-containing QTL explains 50% of the phenotypic variance to aphid resistance (Jun et al., 2012). Aphid resistance observed in whole plants of Rag5-containing PI 567301B is lost on detached leaves (Michel et al., 2010), suggesting that resistance is induced in plant parts other than the leaves. A role for plant parts, such as roots, which are not under attack by herbivores, has been reported in several instances (Nalam et al., 2012, 2013; Fragoso et al., 2014; Agut et al., 2016). As for the nature of resistance conferred by Rag5, greenhouse and field experiments indicate antixenosis as compared with antibiosis observed in Rag2-containing plants (Mian et al., 2008; Jun et al., 2012). More recently, Lee et al. (2017) analyzed global changes in gene expression in response to aphid infestation in Rag5 and/or Rag5-containing near-isogenic lines (NILs). In both NILs, aphid feeding resulted in activation of reactive oxygen species, upregulation of jasmonate signaling and the phenylpropanoid pathway, increased secondary cell wall synthesis, and down-regulation of photosynthesis.

Chemical defenses play a crucial role in plant response to insect herbivores, and several classes of secondary metabolites have been shown to impact aphid infestations adversely (Züst and Agrawal, 2016; Erb and Kliebenstein, 2020). In soybeans, phytoalexins, such as isoflavones, are induced in response to various stresses and serve as critical defensive compounds (Hart et al., 1983; Piubelli et al., 2003; Jahan et al., 2020). Isoflavones are a group of flavonoids found predominantly in legumes. A common theme in Rag-based soybean defenses is the upregulation of genes involved in flavonoid biosynthesis. In plants carrying the Rag1 gene, aphid colonization induces isoflavone biosynthesis (Li et al., 2008) and accumulation in leaves (Hohenstein et al., 2019). Metabolic analysis of Rag2 NILs indicates a correlation of aphid resistance with two triterpenoid saponins (isoflavones). In Rag5 NILs, aphid resistance was correlated with three specific kaempferol glycosides (Mian, 2014). A triglucoside of kaempferol containing gentiobioside and sophorose linkages was 7-fold higher in resistant NILs than the susceptible NIL (Mian, 2014). A QTL associated with aphid resistance in soybeans is also correlated with a locus for high isoflavone content (Meng et al., 2011), providing additional evidence for the role of isoflavones in soybean response to aphids. Although isoflavones have antimicrobial properties, their role in defenses against aphids has not been extensively characterized and warrants further investigation.

There is little knowledge of the potential mechanisms underlying Rag-mediated resistance. A better understanding of the resistance mechanisms can provide information about candidate gene identities and help guide breeding efforts in the long term. In this study, we explore the nature of Rag5-mediated resistance to soybean aphids. We show that the Rag5 gene confers both antibiosis and antixenosis modes of resistance against soybean aphids, and that the source of this resistance is likely located in the stem. Further, we show that the isoflavone, kaempferol, may be involved in reducing aphid populations in Rag5 plants. Overall, this study provides the first evidence of stems as a potential source of Rag5-mediated resistance.



MATERIALS AND METHODS


Seed Source and Plant Growth Conditions

Seeds for Rag5-containg PI 567301B and susceptible PI 548631(Williams 82) were obtained from the US National Plant Germplasm System, University of Illinois, Urbana, IL, United States. Plants were grown in Mastermix® 830 soilless media (Mastermix, Quakertown, PA, United States) in a growth chamber at 60–70% relative humidity, temperature of 24 ± 1°C, and photoperiod of 16:8 (L:D) hours (h) at photosynthetically active radiation (PAR) of 460 μmol/m2/s. The plants were watered three times per week and fertilized with Miracle Gro® (Scott's Co. LLC, Marysville, OH, United States) once a week. Soybean plants at the V1 stage [vegetative stage 1; full developed trifoliate leaf at the node above the unifoliate nodes based on the phenology scale described by Ritchie et al. (1985)] were used for all the experiments.



Insect Colony

The lab colony of soybean aphids (biotype 1) was initially collected (~100–200 mixed-age individuals) from a soybean field at the Pinney Purdue Agricultural Center (PPAC), Watanah, Indiana. Biotype 1 aphids are avirulent and cannot overcome Rag1-conditioned resistance. The cultivar AG3432® (Bayer Crop Science, Kansas City, MO, United States), devoid of any seed treatment (naked seed), was used to maintain the insect colony. In the laboratory, the aphids were maintained on AG3432 at a temperature of 24 ± 1°C and a photoperiod of 16:8 (L:D) h in a 30 × 30 × 76 cm insect cage (BioQuip®, Rancho Dominguez, CA, United States). The colony was replenished with fresh plants (V1 to V4 stage) every 4–5 days. Apterous aphids were transferred to experimental plants with a fine-bristled paintbrush.



Aphid Performance on Whole Plants, Detached Leaves, and Detached Stem + Leaves
 
Whole Plant Assays

A no-choice assay was performed on whole plants to determine aphid performance on Rag5-containing PI 567301B and the two susceptible controls, Williams 82 and AG3432. Ten adult (1-week-old) apterous aphids per trifoliate leaf were placed on all three leaflets in the first trifoliate leaf (30 adults/plant). A strip of Vaseline® was placed on the petiole of the trifoliate leaf to prevent the aphids from moving onto other parts of the plant (Unilever). The total number of adults and nymphs was counted every day for the following 4 days. We used 4 days because as per McCornack et al. (2004) and own observations, it takes, on average, 2 days for soybean aphid populations to double. The experiments were repeated three times (three independent experiments), with five biological replicates of each genotype per experiment.



Detached Leaf Assay

The detached leaf assay was conducted, as previously described by Michel et al. (2010). Briefly, a single trifoliate leaf was excised from the plant along with its petiole. Soybean plants at the V1 stage were used as the source of leaves. The petiole was carefully inserted in a 2-ml microfuge tube that contained 1.5 ml of water to maintain the moisture status of the leaf, and sealed with parafilm. The water in the microfuge tube was replenished as necessary to account for loss due to transpiration. Ten adult apterous aphids were placed on each detached leaf. The growth of the aphid populations was monitored for 4 days, during which the total number of aphids and the number of nymphs and adults were counted. Williams 82 and AG3432 served as the susceptible controls. The experiment was repeated three times over 3 months, with five replicates of each genotype in each experiment.



Detached Stem + Leaves Assay

A setup similar to the one used for the detached leaf assay was used for the detached stem + leaves assay. Soybean plants at the V1 stage served as the source for stems. The plants were excised ~2 cm below the base of the first trifoliate, allowing for a portion of the stem to be included and placed in a 50-ml centrifuge tube containing 25 ml of water and sealed with parafilm. A no-choice assay was performed by placing 10 adult apterous aphids on each leaf of the trifoliate and aphid populations, and the total number of nymphs and adults were counted for 4 days. Detached stem assay was performed on PI 567301B and Williams 82. The experiment was repeated three times over 3 months, with five replicates per genotype.




Aphid Settling Preference

Aphid choice or settling preference assay was performed as previously described by Diaz-Montano et al. (2006), with a few modifications. Circular pots (15.2 × 14.6 cm) were used as choice test arenas. The arena consisted of two positions, with seeds of Williams 82 and PI567301B planted 10 cm apart in each arena. When all the plants reached the V1 stage, 150 mixed-aged apterous aphids were placed on a filter paper strip (3 × 8 cm) in the center of each arena (Diaz-Montano et al., 2006). The pots were placed far enough apart on a greenhouse bench to prevent aphids from moving between pots. The aphids were allowed to colonize the plants freely by walking from the filter paper to the plants. Aphid counts on each plant in each arena were recorded after 24 h. The experiment was conducted as a completely randomized block design with seven replications.



Electrical Penetration Graph Analysis

The feeding behavior of the aphids on both whole plants and detached leaves of PI 567301B, and Williams 82 plants were determined by EPG analysis on a GIGA 8 complete system (EPG Systems, Wageningen, The Netherlands) as per Nalam et al. (2018). Adult apterous soybean aphids were starved 1 h before wiring and were wired on the dorsum with a 0.2-μm gold wire with the aid of water-based silver glue. The length of the gold wire was adjusted, such that it allowed the aphids to have free movement on the soybean leaf, and feeding was monitored for 8 h. For whole plants, an electrode (“plant electrode”) was inserted into the soil (Supplementary Figure 1A). For detached leaves, the electrode was placed into the microfuge tube containing the petiole immersed in water (Supplementary Figure 1B). For both the whole plant and detached leaf-feeding experiments, soybean plants at the V1 stage were used. The GIGA 8 system has eight channels that allow for the simultaneous recording of eight aphids feeding on eight plants. In the experimental setup, four channels recorded feeding behavior on PI 567301B plants, and four channels recorded feeding behavior on the susceptible Williams 82 plants. The entire EPG system and the experimental setup were placed in a Faraday cage to prevent the influence of external electromagnetic fields. Plants, detached leaves, and aphids were discarded after each experiment. Stylet+, the EPG acquisition software (EPG Systems, Wageningen, The Netherlands), was used to record waveforms for aphids feeding on whole plants or detached leaves and determine the amount of time spent on various feeding behaviors. The waveforms were categorized into five main phases: pathway or probing phase (C), non-probing phase (NP), sieve element phase (SEP), xylem phase (G), and derailed stylet phase (F), i.e., stylets having lost their proper position in the stylet bundle and therefore unable to penetrate normally (Tjallingii, 1988). The SEP can be further subdivided into the phloem salivation (E1) and phloem ingestion (E2) phases. Although E1 can occur by itself, the E2 phase is always preceded by the E1 phase. An Excel workbook developed by Sarria et al. (2009) was used to automatically calculate parameters that characterize soybean aphid feeding and probing behavior on the susceptible Williams 82 and resistant PI 567301B plants. There were 19 replicates each for Williams 82 and PI 567301B in the whole plant assays, and 20 replicates for Williams 82 and 23 replicates for PI 567301B in the detached leaf assays. Data were collected for all the treatments over 4 months. Recordings of aphids that did not show any feeding events and recordings in which aphids spent more than 70% of the recording time in the sum of NP, F, and G were discarded and not included in the analysis. The time spent in NP, C, SEP, and F, and the number of transitional events for each waveform were used to generate a behavioral kinetogram as described in Ebert et al. (2018).



Reciprocal Grafting

Reciprocal grafting followed by a performance assay was performed to determine the source (root vs. shoot) of Rag5-mediated resistance (Joshi, 2017). Grafting was performed on 8-day-old soybean seedlings. A wedge-shaped cut was performed on the rootstock ~2–3 cm above the soil using a sterile razor. A corresponding V-shaped cut was performed on the scion 2–3 cm below the unifoliate leaves. The rootstock and the scion were aligned precisely and held together using grafting wax (Trowbridge's Grafting Wax, Eaton Bros. Corp., Hamburg, NY, United States) and clamped using a 1-cm long coffee straw cut longitudinally. The grafted plants were covered with plastic saran wrap to maintain high relative humidity and placed in the dark for 3 days, after which the grafted plants were moved to the greenhouse. The grafted plants were grown at 60% relative humidity, a temperature of 24–30°C, and a photoperiod of 14:10 (L:D) h. All the grafted plants were watered and fertilized, as mentioned previously. Grafts that successfully reached the fully opened first trifoliate stage were considered successful grafts. Grafted plants were grown for 4–5 weeks until the V1 stage before they were used to analyze aphid population growth or performance assay as described previously.



Aphid Performance Assay on Detached Leaves Supplemented With kaempferol-9-Glycoside

Aphid performance, in response to kaempferol, was determined using a no-choice assay with detached leaves supplemented with kaempferol-9-glycoside (Sigma Aldrich, St. Louis, MO, United States). The setup was as mentioned previously for the detached leaf assay, except that kaempferol-9-glycoside was added to 1.5 ml of water in the microfuge tube for a final concentration of 10 mM. Kaempferol-9-glycoside was taken up systemically by the detached leaves. Three replications with PI567301B and Williams 82 were performed, with each experiment containing five replicates. Aphid population parameters, such the total numbers of adults and nymphs, were monitored and counted every day for 4 days, and data for day 4 are presented.



Kaempferol Analysis by LC-MS/MS

To analyze kaempferol levels, leaf petiole exudates were collected from soybean, as described previously (Nachappa et al., 2016). Briefly, a single trifoliate leaf from soybean plants at the V2 stage was excised at the petiole base and weighed before exudate collection. Bacterial contamination was minimized by immersing the cut end immediately in 50% ethanol, followed by a 0.05% bleach solution. The cut trifoliate was then placed in 1 mM EDTA solution (pH 8) until three single trifoliate leaves were processed similarly. An additional 1 cm of the petiole was excised before transfer into a fresh solution of 1 mM (EDTA (4 ml) contained in a single well of a six-well tissue culture plate (Corning, Corning, NY). A total of three trifoliates were placed in each well. The entire setup was placed under 100% relative humidity for 24 h. Leaf petiole exudates from three wells were pooled and filtered through 0.2-μm pore size syringe filters (Millipore Sigma, Burlington, MA, United States) and lyophilized. A similar procedure was used to collect stem exudates, with one significant difference: stem exudates from V2 soybean plants were collected by excising at the base of the stem rather than at the petiole. Vascular sap-enriched leaf petiole and stem exudates were collected from control and soybean aphid-infested plants. Aphid infestation was performed by placing 10 adult aphids on each trifoliate for 24 h before exudate collection.

The lyophilized samples were reconstituted in 750 μl of 80% acetonitrile. The LC-MS/MS system consists of a Nexera X2 UPLC with 2 LC-30AD pumps, A SIL-30AC MP autosampler, a DGU-20A5 Prominence degasser, a CTO-30A column oven, and SPD-M30A diode array detector coupled to an 8040 quadrupole mass-spectrometer with ESI. For kaempferol detection, the MS was in negative mode [M-H]− with an MRM optimized for: (a) 285.1 > 229 set for 100 ms dwell time with a Q1 pre-bias of 30 V, collision energy of 25 V, and Q3 pre-bias of 23 V; (b) 285.1 > 131.1 set for 100 ms dwell time with a Q1 pre-bias of 29 V, collision energy of 34 V, and Q3 pre-bias of 22 V, and (c) 285.1 > 239.05 set for 100 ms dwell time with a Q1 pre-bias of 12 V, collision energy of 27 V, and Q3 pre-bias of 15 V. The samples were chromatographed on a 100 × 4.6 mm Phenomenex Kinetex 2.6-μm Polar C18 100 Å (00D-4759-E0) maintained at 40°C. Solvent A consisted of water with 0.1% formic acid, and solvent B was acetonitrile with 0.1% formic acid. The solvent gradient was: 0–50% B, 6 −00% B, 9–100% B, 9.5–70% B, and 12–70% B. The flow rate was set at 0.4 ml/min, and the samples were analyzed as 1-μl injection volumes.



RNA Isolation, cDNA Synthesis, and Quantitative Real-Time Reverse-Transcribed PCR

To determine if kaempferol biosynthesis is induced in response to aphid feeding, the expression of two genes putatively involved in flavonoid and kaempferol biosynthesis was analyzed in a time course assay spanning 24 h, during which the plants were sampled every 6 h. Gene expression was determined in both leaf and stem tissues collected from soybean plants at the V2 stage. Ten adult soybean aphids from the colony were placed on each trifoliate on the top of leaves of Williams 82 and PI 567301B. For leaf samples, the central trifoliate leaf on the youngest leaf was sampled at time 0, i.e., without aphid infestation, and at 6, 12, and 24 h post infestation (hpi). From the same plants, a 2-cm portion of the stem just below the youngest trifoliate was collected at 0, 6, 12, and 24 hpi. There were four plants per treatment. After collecting leaf and stem tissue, the plants were discarded. All aphids and nymphs were removed from the leaf and stem tissue before sample collection using a camel hair paintbrush. The 0 h time point samples were treated similarly. Leaf and stem tissue were immediately frozen in liquid nitrogen and later at −80°C until further processing.

Total RNA from the leaf and stem tissues was extracted using the Direct-Zol RNA Miniprep Kit (ZymoResearch, Irvine, CA, United States) following the protocol of the manufacturer, which included DNase treatment to eliminate DNA contamination. The samples were then quantified using a Nanodrop 1000 (Thermo Scientific, Wilmington, DE, United States). One microgram of RNA was used as a cDNA synthesis template using the First Strand cDNA synthesis kit (Gold Biotechnologies, St. Louis, MO, United States). cDNA synthesis was performed according to manufacturer protocol. For quantitative real-time reverse transcribed PCR (RT-qPCR), the cDNA was diluted at 1:50, and 5 μl was used in the reaction mixture. The total reaction volume was 25 μl and consisted of 12.5 μl SsoFastEvaGreen Supermix (Bio-Rad, Hercules, CA, United States), 0.125 μl forward/reverse primer (50 μM each), and 7.475 μl of molecular biology grade water. The cycling conditions used an initial denaturing step at 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, 55°C for 30 s, followed by a melt curve analysis. Primer sequences, locus information, and amplicon lengths of the products are provided in Table 1. The PCR efficiencies of the target and internal control genes were determined using the LinRegPCR software (Ruijter et al., 2009) (Table 1). Reactions for all the samples were performed in triplicate, and the samples from four biological replicates were analyzed. Appropriate negative and positive controls were included in each run. The comparative CT method (Schmittgen and Livak, 2008) was used to determine fold change. The CT values of the genes of interest for each sample were first normalized to the internal control gene (ELF-1B), followed by normalization to the expression of the respective gene in Williams 82 0 h sample using the formula, 2−ΔΔCT (Schmittgen and Livak, 2008). Fold changes were log2 transformed to normalize data, and the log2 (fold change) data are presented and used for all statistical analyses.


Table 1. Quantitative real-time reverse transcribed PCR (RT-qPCR) primer pair sequences and corresponding PCR efficiencies.
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Statistical Analysis

For all aphid population assays, means and standard errors were calculated for each response variable for each aphid-plant pair. The Anderson–Darling goodness-of-fit statistic (P ≤ 0.05) was used to determine if all data sets conform to the normality assumption of ANOVA. Datasets that did not conform to the assumptions of ANOVA, i.e., the whole plant and detached leaf assays and reciprocal graft performance assay, were rank transformed. For the three assays, a pairwise comparison between variables was made by Tukey's test. Data for the choice assay were analyzed as an ANOVA with a binary response count (i.e., aphids on a single plant were divided by total aphids on plants in the pot). Differences in transitional probabilities (used to construct the behavioral kinetogram) between the genotypes for each transitional event were analyzed by one-way ANOVA. For the analysis of EPG variables and the various aphid feeding behaviors, data were rank transformed since the data were not normally distributed, and differences between groups were determined by a one-way ANOVA. Data for the detached stem + leaves assays showed a normal distribution, and data were analyzed by a two-sample t-test without transformation. The log2-fold change for the RT-qPCR gene expression analysis of kaempferol biosynthesis and Rag5 candidate genes between the two genotypes and at different time points was analyzed by a two-sample t-test at each time point. All data were analyzed using Minitab® 19 (Minitab, State College, PA, United States), other than the calculations of mean and standard error that were done using Microsoft Excel (Microsoft, Redmond, WA, United States).




RESULTS


Rag5-Mediated Resistance Causes Reduced Aphid Populations on Whole Plants but Not on Detached Leaves

Resistance to soybean aphids has been observed in Rag5-carrying PI 567301B whole plants but not detached leaves (Michel et al., 2010). We confirmed this finding by no-choice bioassays on whole plants and detached leaves. In whole plant assays, number of adults (P < 0.05, F2, 42 = 14.16), nymphs (P< 0.05, F2, 42 = 25.62), and total aphid (P = 0.003, F2, 42 = 27.85) populations were lower on Rag5 carrying plants as compared with the susceptible controls (Williams 82 and AG3432) (Figure 1A). On detached leaves, Rag5 resistance did not influence the number of adults (P = 0.195, F2, 42 = 1.69) or the total number of aphids (P = 0.813, F2, 42 = 0.21) (Figure 1B); however, a lower number of nymphs (P = 0.005, F2, 42 = 5.84) were observed on plants carrying the Rag5 gene.
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FIGURE 1. Rag5-mediated resistance to soybean aphids is lost in detached leaves. (A) Population of soybean aphids (total number of nymphs and apterous adults) on whole plants and (B) detached leaves of Williams 82, AG34332, and PI 567301B. The numbers of adults and nymphs were recorded daily for 4 days, and data for day 4 are shown. Three replications are performed for each genotype, and the experiment is repeated three times. Different letters above the bars indicate values that are significantly different. The cartoons represent the setup of the whole plant and detached leaf assays. Aphid size and number in the cartoons are not drawn to scale.




Rag5-Mediated Resistance Does Not Influence Aphid Settling Preference or Feeding Behavior

We evaluated soybean aphid settling preference for Williams 82 or Rag5 carrying PI 567301B in whole-plant assays. Aphids did not show a preference for either genotype, and the proportion of aphids observed on Williams 82 (50.2 ± 3.4%, Mean ± SEM) and Rag5 (49.7 ± 3.4%, Mean ± SEM) carrying plants was not different at 24 h post-release (P = 0.911, F1, 12 = 0.01).

The EPG technique was used to determine if Rag5-mediated resistance influences aphid feeding. Soybean aphid feeding behavior was monitored on whole plants and detached leaves of Williams 82 and Rag5 carrying PI 567301B. A behavioral kinetogram was constructed, which indicates the possible transitions to and from each waveform (Supplementary Table 1) and provides an overview of aphid feeding behavior (Figure 2). During aphid feeding, the non-probing (NP) phase always transitions into the probing/pathway phase (C). From probing, the aphid can transition back to non-probing, intracellular punctures, or potential drops (pd), xylem ingestion (G), derailed stylets (F), or phloem salivation (E1). The most common transition from probing on whole plants and detached leaves is to pd (Figures 2A,B). From pd, derailed stylets, and xylem ingestion, transitions back to probing can occur. From phloem ingestion, the aphid can transition to phloem salivation (E2) or back to probing. Finally, from phloem ingestion, the aphid can transition back to phloem salivation or return to probing. On whole plants, we did not observe any significant differences in the transitions from one phase to another between Williams 82 and Rag5 carrying plants (Supplementary Table 1). On detached leaves, we observed fewer transitions from E1 to E2 and E2 to E1 on Rag5 carrying plants compared with Williams 82 (Supplementary Table 1).
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FIGURE 2. Aphid feeding behaviors on (A) whole plants and (B) detached leaves of Williams 82 and PI 563701B. The behavioral kinetogram shows aphid feeding behavior with arrows representing transitions and arrow thickness proportional to frequency. The size of the circles represents the percentage of time aphids spent in each of the waveforms: non-probing (NP), probing/pathway phase (C), potential drops (pd), derailed stylet (F), xylem phase (G), phloem salivation (E1), and phloem ingestion (E2). The data summarized are the summed counts from all aphids in each treatment. The durations or circle areas with different colors and dotted arrows represent parameters that are significantly different.


Aphid feeding behavior on whole plants of Williams 82 and Rag5 carrying PI 567301B differed only in one parameter measured. A small but significant increase (1.3-fold) in the total time spent in probing on Rag5 carrying plants compared with Williams 82 (Figure 2A, Table 2) was observed. There were no differences in aphid feeding in any of the major feeding behaviors (C, NP, SEP, and G) (Table 3) on detached leaves. Several parameters were evaluated to determine plant acceptability in the epidermal, mesophyll, and phloem tissues. Significant differences were observed for only two of the parameters evaluated on detached leaves. The number of E2 waveforms was 1.9-n-fold lower on Rag5 carrying plants than Williams 82 (Table 2). However, no differences were observed in the total time spent in E2 (Table 2). Two parameters, the potential phloem ingestion index (potential E2 index) and the percent time spent in sustained E2 (i.e., E2 > 10 min), have been used previously to characterize phloem-based resistance to aphids (Girma et al., 1992). Both parameters provide a measure of the time spent in sustained E2 after the aphid initiates the first E1 phase. However, no differences were observed for both parameters on both whole plants and detached leaves (Tables 2 and 3). The second parameter showing a difference between the two genotypes on detached leaves was the mean duration of non-probing, which was 2.4-fold higher in Williams 82 compared with Rag5 carrying plants (Supplementary Table 2). The findings suggest that the Rag5-mediated resistance in PI 567301B did not influence aphid settling preference and did not affect aphid feeding behavior.


Table 2. Feeding behaviors of aphids on whole plants of Williams 82 and PI 567301B.
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Table 3. Feeding behaviors of aphids on detached leaves plants of Williams 82 and PI 567301B.
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Stem as a Potential Source of Rag5-Mediated Resistance

To determine the source of Rag5-mediated resistance, reciprocal grafting experiments were performed to generate chimeric Rag5/rag5 plants that contained PI 567301B scions (shoot) and Williams 82 rootstock, and rag5/Rag5 plants that contained Williams 82 scions and PI 567301B rootstock. Rag5/Rag5 (PI 567301B as scion and rootstock) and rag5/rag5 (Williams 82 as scion and rootstock) self-grafted plants were used as resistant and susceptible controls, respectively. In no-choice assays using the self-grafted plants, total number of aphids (P < 0.05, F3, 36 = 47.65) including the number of adults (P < 0.05, F3, 36 = 43.88) and nymphs (P < 0.05, F3, 36 = 41.88) (Figure 3A) were lower on Rag5/Rag5 (Figure 3A) plants as compared with rag5/rag5 plants. These results show the same pattern as in ungrafted plants (Figure 1A). We expected that if the roots were the source of Rag5-mediated resistance, aphid populations would be lower on graft combinations where the Rag5 gene is present in rootstocks. Contrary to the expectations, aphid populations were lower in the Rag5/rag5 chimera (PI 567301B scion/Williams 82 rootstock, Figure 3A). By contrast, the aphid population in the rag5/Rag5 chimera (Williams 82 scion/PI 567301B rootstock) was comparable with the aphid populations observed on the rag5/rag5 plant and higher than on Rag5/Rag5 plants. These results suggest that Rag5-mediated resistance in PI 567301B is derived from the shoots and not the roots.
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FIGURE 3. Rag5-mediated resistance to soybean aphids is derived from the stems. Populations of soybean aphids in (A) chimeric reciprocally grafted plants and in (B) detached stems of Williams and PI 567301B. For both (A,B), the numbers of adults and nymphs are recorded daily for 4 days, and data for day 4 are shown. In (A), the values are mean ± standard error of mean from 10 plants that showed successful graft formation. Different letters above the bars indicate values that are significantly different from each other (P < 0.05; GLM/ANOVA). In (B), three replications are performed for each genotype, and the experiment is repeated three times. Asterisks indicates values that are significantly different from each other (P < 0.05; t-test). The cartoons represent the setup of the reciprocal graft and detached stem assays. Aphid size and number in the cartoons are not drawn to scale.


Given that Rag5-mediated resistance is lost in detached leaves and the Rag5/rag5(PI 567301B scion/Williams 82 rootstock) chimera but present in the rag5/Rag5 (Williams 82 scion/PI 567301B rootstock) chimera, we hypothesized that the resistance factor in Rag5 carrying PI 567301B is derived from the stem. The hypothesis was verified by determining aphid performance on detached stem + leaves of Williams 82 and PI 567301B (Figure 3B). The total number of aphids is lower on Rag5 carrying plants than the susceptible variety, Williams 82 (P < 0.05, F1, 28 = 16.71). The number of nymphs was also lower on Rag5 containing detached stems (P < 0.05, F1, 28 = 19.03). However, the total number of adults did not differ (P = 0.788, F1, 28 = 0.09). Taken together, the reciprocal grafting and detached stem + leaves assays suggest that the possible site of Rag5-mediated resistance is the stem.



Kaempferol Potentially Mediates Rag5 Resistance

Isoflavones are important for aphid defense in Rag-containing plants (Hohenstein et al., 2019). The isoflavone kaempferol-9- glycoside is induced in Rag5-containing plants (Mian, 2014). A detached leaf assay was performed by supplementing leaves with 10 mM of kaempferol-9-glycoside to determine if the isoflavone impacts aphids. Supplementing with kaempferol-9-glycoside reduced the numbers of adults (P < 0.05, F1, 47 = 36.28), nymphs (P < 0.05, F1, 47 = 93.89), and total aphids (P < 0.05, F1, 47 = 93.93), irrespective of the genotype (Figure 4A).
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FIGURE 4. Kaempferol may play a role in Rag5-mediated resistance to soybean aphids. (A) Populations of soybean aphids on detached leaf assays supplemented with kaempferol-9-glycoside (K9). The numbers of adults and nymphs are recorded daily for 4 days, and data for day 4 are shown. The values are mean ± standard error of mean (n = 12). Different letters above the bars indicate values that are significantly different from each other (P < 0.05; GLM/ANOVA). Three replications are performed for each genotype and treatment combination, and the experiment is repeated three times. The cartoon represents the setup for the detached leaf assay. Aphid size and number in the cartoons are not drawn to scale. (B) Quantitative real-time reverse transcribed PCR (RT-qPCR) to determine the expression of kaempferol biosynthesis genes, chalcone synthase 7 (CHS7, Glyma01g228700), and flavanol synthase 1 (FLS1, Glyma13g082300) in leaf and stem tissue of Williams 82 and PI 567301B in a time course experiment. The comparative CT method is used to calculate fold change, and all samples are compared with Williams 82 0 h (uninfested samples). Data are presented as log2-fold change, and the error bars represent standard deviation (n = 4). Asterisks above the bars indicate statistically significant differences (P < 0.05; t-test).


The expression of two genes involved in kaempferol biosynthesis, chalcone synthase 7 (CHS7, Glyma01g228700) and flavonol synthase 1 (FLS1, Glyma13g082300) (Nagamatsu et al., 2007; Nakata et al., 2016) was monitored in leaf and stem tissue over a 24-h period. CHS7 is involved in converting p-coumaryl CoA to naringin chalcone, one of the first steps in kaempferol biosynthesis (Saito et al., 2013). In uninfested leaf samples, the expression of CHS7 was 6-fold lower in Rag5 carrying plants compared with Williams 82 (Figure 4B). At 24 h post infestation (hpi), the expression of CHS7 was higher in Rag5 carrying plants than in Williams 82 (Figure 4B). In stem tissue, the expression of CHS7 was induced in both genotypes within 6 hpi and remained upregulated at 12 and 24 hpi only in Rag5 carrying plants (Figure 4B). FLS1 is involved in the conversion of dihydrokaempferol to kaempferol (Saito et al., 2013). The expression of FLS1 was higher in un-infested leaves of Rag5 carrying plants compared with Williams 82. In response to aphid infestation, the expression of FLS1was higher only at 24 hpi (Figure 4B). On the other hand, in the stems, FLS1 was upregulated at all time points (Figure 4B).

As aphids feed on plant phloem and xylem, the presence of kaempferol was monitored in vascular sap-enriched petiole and stem and xylem exudates. Exudates collected from un-infested and aphid-infested plants were evaluated for the presence of kaempferol by GC-LC/MS. However, no kaempferol was detected in any of the exudate fractions (data not shown). The data of the authors show that the resistance lost in Rag5 carrying detached leaves is restored by supplementing 10 mM kaempferol, suggesting that isoflavanol has an antibiotic influence on aphids. Coupled with the observation that kaempferol biosynthesis is upregulated in both leaves and stems during aphid infestation, it is plausible that Rag5-mediated resistance involves kaempferol.



Glyma13g190600 Is a Potential Rag5 Candidate

Three non-NBS-LRR genes present in the Rag5-containing QTL region on chromosome 13 have been implicated in Rag5-mediated resistance (Lee et al., 2017). The expression of the three genes—Glyma13g190200, Glyma13g190500, and Glyma13g190600—was monitored in the leaves and stems of Williams 82 and Rag5 carrying PI 567301B in a time-course experiment in response to aphid feeding by RT-qPCR (Figure 5). In the leaves of soybean plants, the expression of all the three genes was higher in Rag5 carrying plants without aphid infestation (0 hpi, hours post infestation). Two of the putative Rag5-candidates—Glyma13g190500 and Glyma13g190600—showed greater than a 2-fold higher expression at 0 hpi in Rag5 carrying plants compared with Williams 82. For Glyma13g190200, higher expression was observed at 6 and 24 hpi in Rag5 carrying plants. For Glyma13g190500, the expression gradually increased in Williams 82 over the 24-h period and reduced in Rag5 carrying plants. On the other hand, low expression was observed for Glyma13g190600 in Williams 82, and a > 2-fold expression was observed in response to aphid infestation in Rag5 carrying plants at 6, 12, and 24 hpi. In the stems, no significant differences in expression were observed for Glyma13g190200 (Figure 5). For Glyma13g190500, significant downregulation was observed at 12 hpi in Williams 82, and significant upregulation was observed at 24 hpi (Figure 5). Of the three genes, Glyma13g190600 showed significant upregulation at 0, 6, 12, and 24 hpi in Rag5 plants.
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FIGURE 5. Soybean feeding induces expression of putative Rag5 candidate genes in leaves and stems. Quantitative real-time reverse transcribed PCR (RT-qPCR) to determine the expression of three putative Rag5 candidate genes, Glyma13g190200, Glyma13g190500, and Glyma13g190600, in leaf and stem tissue of Williams 82 and PI 567301B in a time course experiment. The comparative CT method is used to calculate fold change, and all samples are compared with Williams 82 0 h (uninfested samples). Data are presented as log2-fold change, and the error bars represent standard deviation (n = 4). Asterisks above the bars indicate statistically significant differences (P < 0.05; t-test).





DISCUSSION

Host plant resistance is an economical and sustainable strategy for managing soybean aphids (Hesler et al., 2013). However, a breakdown in resistance due to the emergence of virulent soybean aphid biotypes has been a major limiting factor for utilizing host plant resistance (Natukunda and MacIntosh, 2020). Hence, characterizing resistance mechanisms will help build a mechanistic understanding of soybean-soybean aphid interactions and inform strategies to identify and breed or engineer more durable resistance sources. To the knowledge of the authors, this is the first study to characterize the nature of Rag5-mediated resistance at several biological levels: ecological (aphid performance, settling preference, and feeding behavior); physiological (kaempferol content); and transcriptional (gene expression analysis).

Host plant resistance mechanism can be antibiosis (adverse impacts on insect biology), antixenosis (adverse impacts on insect behavior), and tolerance (similar yield in the presence or absence of insect pressure) (Painter, 1951; Kogan and Ortman, 1978; Smith, 2005; Natukunda and MacIntosh, 2020). No-choice tests or aphid performance growth assays have been performed to determine antibiosis, and choice tests have been performed to establish antixenosis (Diaz-Montano et al., 2006). The performance and preference assays suggest that Rag5 carrying PI 567301B has an antibiosis mode of resistance. The EPG technique has been used to characterize differences in the feeding behavior of soybean aphids colonizing resistant and susceptible plants (Diaz-Montano et al., 2007; Crompton and Ode, 2010; Chandran et al., 2013; Todd et al., 2016). For instance, on Rag1 carrying plants, a gene that confers antibiosis (Hill et al., 2006a; Mian et al., 2008), fewer aphids can reach the phloem, and those that do take a longer time to reach the first sieve element. These aphids also spend significantly shorter time feeding from the phloem, suggesting undetermined antibiotic factor(s) are present in the phloem of Rag1 plants (Crompton and Ode, 2010). Interestingly, although fewer aphids can reach the phloem and took longer to reach the first sieve element, the time spent in phloem-feeding was not affected by Rag2-mediated resistance (Todd et al., 2016; Baldin et al., 2018). In this study, the only significant difference in feeding behavior on whole plants was that aphids exhibited a longer duration of probing activity on plants carrying the Rag5 gene than on Williams 82. During probing, aphid stylets probe and sample epidermal and mesophyll cell content and longer probing suggest low plant acceptability and anti-xenosis type of resistance. Interestingly, PI 567301B was earlier identified to have a combination of antibiosis and antixenosis modes of resistance (Mian et al., 2008). Collectively, results from the aphid performance and preference assays and EPG analysis of feeding behaviors suggest both antibiosis and antixenosis modes of resistance in Rag5 carrying PI 567301B.

Aphid populations were lower on Rag5 plants than the susceptible control, while the antibiosis effect was absent when the experiment was conducted using detached leaves. The use of detached leaves has been proposed as a more rapid and practical assay to screen germplasm for resistance to aphids. Several studies have shown no significant differences in aphid performance on detached leaves than intact plants, but these studies used only susceptible plants (MacKinnon, 1961; Nam and Hardie, 2012; Soffan and Aldawood, 2014; Li and Akimoto, 2018). When detached leaf assays are performed with resistant plants, contrasting results are observed. For instance, soybean aphid performance on detached soybean leaves is genotype-dependent (Michel et al., 2010). Resistance observed in whole plants of Rag2 plants is retained in detached leaves, but resistance in whole plants of Rag5 plants is lost in detached leaves. A similar observation was also reported for greenbugs (Schizaphis graminum), which grew poorly on intact leaves of three resistant varieties of sorghum (Sorghum bicolor) but performed better on detached leaves of the same varieties (Montllor et al., 2002). To summarize, Rag5-mediated resistance is likely derived from a source other than the leaf.

In soybeans, attacks by pathogens and/or herbivores result in the accumulation of isoflavones in leaves. Examples of isoflavones that accumulate include daidzein, formononetin, genistein, glycitein, and glyceollins (Ingham et al., 1981; Osman and Fett, 1983; Wegulo et al., 2005; Lygin et al., 2013; Murakami et al., 2014; Hohenstein et al., 2019; Yao et al., 2020). During susceptible interactions, soybean aphid infestation leads to increased isoflavone biosynthesis and accumulation during both the short-term (Yao et al., 2020) and long-term colonization of plants (Hohenstein et al., 2019). It has been demonstrated that Rag5 resistance is correlated with levels of the isoflavone, kaempferol (Mian, 2014). In this study, supplementing kaempferol-9-glycoside in detached leaf assays reduced aphid populations on detached leaves of Rag5 carrying plants, but the resistance was absent from untreated detached leaves. Further, aphid feeding upregulated the expression of two genes involved in flavonoid and kaempferol biosynthesis consistently in stem tissues of Rag5 plants compared with leaves. Intriguingly, the requirement of stems for Rag5-mediated resistance, as evidenced from the reciprocal grafting experiments and detached stem assays, suggests that stems are required for kaempferol biosynthesis in the leaves. During feeding on plants, aphids secrete watery saliva that contains salivary effectors in the form of mRNA transcripts, proteins, and metabolites that modulate host physiology to benefit the insect and facilitate sustained feeding (Chen et al., 2020). These aphid salivary effectors are present in the phloem and can be perceived by plants in tissues other than those being infested. For instance, green peach aphid feeding on leaf tissue can induce oxylipin biosynthesis in the roots (Nalam et al., 2012). We hypothesize that during soybean aphid feeding, salivary effectors secreted into leaf tissue move systemically and activate an as yet undetermined defense response in the stems.

It has been proposed that isoflavones are part of a non-phloem defense mechanism against soybean aphids, as they tend to accumulate in the parenchyma or epidermal cells in response to aphid feeding (Hohenstein et al., 2019). We did not detect kaempferol in phloem-sap enriched stem and petiole exudates, which suggests that kaempferol is not found in the vasculature. There were no differences in aphid feeding in SEP, but we observed an increase in probing on Rag5 plants. The presence of isoflavones in parenchyma cells and the increased time spent in probing on Rag5 plants suggest that the aphids encounter and ingest isoflavones during probing. Collectively, the findings indicate that Rag5-mediated resistance is derived from the shoots and involves kaempferol.

NBS-LRR genes play an important role in plant defense (DeYoung and Innes, 2006). By RNA-seq analysis of resistant and susceptible near-isogenic lines (NILs) developed for the Rag5 locus, Lee et al. (2017) showed that LRR-type genes may not be responsible for Rag5-conferred aphid resistance in soybean leaves. We hypothesized that the LRR-type genes found in the Rag5-containing QTL would show differential expression in the stem tissue and not leaves. Of the 13 candidate genes in the Rag5-containing QTL, only three showed differential expression in response to aphid infestation in this study. Two of these genes have the annotated function “protease family S25 mitochondrial inner membrane protease.” The mitochondrial inner membrane proteases are required for the maturation of mitochondrial proteins delivered to the inner membrane space (Ghifari et al., 2019; Ruan et al., 2020). In Arabidopsis, FtSH4, a mitochondrial protease, regulates WRKY-dependent salicylic acid accumulation and signaling (Zhang et al., 2017), with increased levels of salicylic acid observed in FtSH4 knockouts. Previously, it has been shown that jasmonate-dependent plant defenses mediate soybean response to aphid infestation (Studham and MacIntosh, 2013; Selig et al., 2016). It is plausible that an increase in the expression of both the genes results in a suppression of salicylic acid-mediated signaling, resulting in an increase in jasmonate-mediated responses and resistance to soybean aphids. Whether this occurs can be the focus of future research efforts.

Interestingly, the third gene—Glyma13g190600—encodes a peptide of 93 amino acids and is annotated as an unknown function. Stringent BLAST searches with the peptide sequence did not reveal a homolog in any eukaryotic species, nor were we able to identify any conserved domains in the protein. BLASTN with the coding sequence identified a predicted subtilisin-like protease (XM_017565204.1) with only 30% query coverage (at the 3' end of the sequence) and an E-value of 1−20. However, it is important to keep in mind that the genome sequence of soybean is only available for Williams 82, and that the genotype may not possess a functional allele of the gene. The gene showed the highest expression levels in both leaves and stems in plants carrying the Rag5 gene, suggesting that Glyma13g190600 could plausibly represent a novel form of resistance to aphids and warranting further investigation.

This study demonstrated that Rag5-mediated resistance is derived from the stem and not the leaves; hence detached leaves alone should not be used for screening novel sources of resistance. We show that isoflavones, such as kaempferol, and potentially other chemical defenses are involved in Rag5 resistance response. Future research may aim to correlate transcriptomic and metabolomic responses in stem vs. leaf tissues with aphid performance and behavior on Rag5 and susceptible genotypes to understand mechanisms underlining Rag5-mediated resistance. A better understanding of potential mechanisms of Rag genes will inform strategies to confer broad and durable resistance to soybean aphids.
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Editorial on the Research Topic
 Plant-Pest Interactions Volume III: Coleoptera and Lepidoptera



The study of plant-pest interactions is a fast-moving research field built around the defence/counter-defence interchange between adversaries. The survival within this battle requires a high metabolic cost for both partners who, as a result of millions of years of coexistence, have developed weapons against each other. Progress, particularly on the molecular analyses of this relationship has been published in the last years, revealing a specific gene reprogramming dependent on the interactor species. Plant-pest interactions have been found to be associated with a battery of key elements, metabolic pathways, regulators and defensive metabolites, as well as physical barriers and behavioural changes (reviewed by Santamaria et al., 2018; Stahl et al., 2018; Erb and Reymond, 2019; Wilkinson et al., 2019; Hamann et al., 2021).

This Research Topic is addressed in a special issue on plant-pest interactions which has been divided in three volumes based on the pest order. This volume III is focussed on coleopteran and lepidopteran species.

The two orders with the greatest number of plant-feeding species, mainly biting-chewing beetles and caterpillars, have a high impact in agriculture since they consume large portions of plant tissues. Plants recognise this damage together with the herbivore-associated molecular patterns (HAMPs), and activate downstream responses triggering hormonal-regulated direct and indirect defences. In turn, biting-chewing beetles and caterpillars have evolved strategies to overcome these defences (Basu et al., 2018; Stahl et al., 2018). In this context, the four articles included in volume III present important and novel perspectives to the subject.

Chen et al. have investigated the differential molecular mechanisms underlying cotton plant defences against the bollworm Helicoverpa armigera and the mirid bug Apolygus lucorum, two pests with different feeding habits. They describe, at transcriptional level, how genes involved in defence signalling, hormonal regulation and final defensive products, are differentially expressed in cotton cotyledons depending on the feeder. The most important result deals with the mechanism of alternative splicing by which one gene may produce multiple different transcripts and in consequence, generate different proteins (Yang et al., 2014). Interestingly, the present work describes how the alternative splicing patterns differ in cotton in response to the two insect infestations, indicating that this co-transcriptional regulatory mechanism is also required for defences against pests.

An important aspect of the plant-pest interaction is the plant response to eggs laid by the herbivore, to particularly know whether oviposition mediates plant priming defences against hatching larvae or suppress them. Some nice publications have reported both antagonistic effects, mainly in lepidopteran species (Bruessow et al., 2010; Hilfiker et al., 2014). In this case, Valsamakis et al. have analysed how long the eggs from the cabbage butterfly Pieris brassicae need to remain on Arabidopsis plants to prime defences. Results show that larvae gain less biomass the longer the eggs have been on the plant, making to be the time coincident with P. brassicae embryo development inside the egg. Hence, it looks that the plant is preparing its defences just in time prior to larval hatching.

Plants and pests search their ecological niches with other organisms and the combination of biotic and abiotic factors may alter their behaviour and physiology. In this scenario, Chalivendra et al. had observed in field trials, a preference in the natural infestation of the corn earworm Helicoverpa zea to specific maize genotypes with contrasting levels of resistance to Aspergillus flavus that correlated with seed fumonisin contamination by native Fusarium verticillioides strains. Since mycotoxins are very relevant for food safety, they have studied the factors underlying the host-pathogen-insect interaction and found that the host genotype even with demonstrable resistance can become vulnerable due to variation in flowering time and the outbreak of chewing insects. They could conclude that the incorporation of resistance to a single micotoxin accumulation not always pairs with insect resistance.

Regarding this multifactorial interaction between organisms, an article by Wang et al. has shown the profiles of volatile organic compounds (FVOCs) emitted by two ophiostomatoid fungi (Grosmannia clavigera and Ophiostoma ips) associated with two species of pine beetles and how can be influenced by the FVOC emissions from other ophiostomatoid fungi. The results suggest that the similarities in fungal volatiles may reflect a common ecological niche while differences may correspond to species-specific adaptation to their respective hosts or genetic factors.

The information reported in this volume III on plant-pest interaction, has added key elements in plant-coleopteran/lepidopteran insect interplay, but further research is needed to get a full understanding and for exploiting natural defence mechanism in agriculture.
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The green mirid bug (Apolygus lucorum) and the cotton bollworm (Helicoverpa armigera) are both preferred to live on cotton but cause different symptoms, suggesting specialized responses of cotton to the two insects. In this study, we investigated differential molecular mechanisms underlying cotton plant defenses against A. lucorum and H. armigera via transcriptomic analyses. At the transcription level, jasmonate (JA) signaling was dominated in defense against H. armigera whereas salicylic acid (SA) signaling was more significant in defense against A. lucorum. A set of pathogenesis-related (PR) genes and protease inhibitor genes were differentially induced by the two insects. Insect infestations also had an impact on alternative splicing (AS), which was altered more significantly by the H. armigera than A. lucorum. Interestingly, most differential AS (DAS) genes had no obvious change at the transcription level. GO analysis revealed that biological process termed “RNA splicing” and “cellular response to abiotic stimulus” were enriched only in DAS genes from the H. armigera infested samples. Furthermore, insect infestations induced the retained intron of GhJAZs transcripts, which produced a truncated protein lacking the intact Jas motif. Taken together, our data demonstrate that the specialized cotton response to different insects is regulated by gene transcription and AS as well.




Keywords: plant defense, Apolygus lucorum, Helicoverpa armigera, jasmonate signaling, alternative splicing



Introduction

Plants are sessile organisms and encounter a wide variety of herbivores during their life cycle. Insects have different mouthparts and feeding habits and they also secrete different active molecules to plants (Hogenhout and Bos, 2011; Chen et al., 2019; Jiang et al., 2019; Xu et al., 2019). Plants can distinguish the different insect infestations and make acute and specialized responses for survival. A set of protease inhibitor genes can be quickly activated in plants by the leaf-chewing Lepidopterans (Haq et al., 2004; Bezzi et al., 2010; Kuwar et al., 2015). The phloem-feeding insects, like whiteflies and aphids, induce the expressions of pathogenesis-related (PR) genes that are associated with disease resistance in plants (De Vos et al., 2006). Jasmonate (JA) and salicylic acid (SA) are two important defense hormones that coordinate with multiple signaling to form complex regulatory networks (Howe et al., 2018; Erb and Reymond, 2019). It is reported that JA is involved in plant defense against leaf-chewing insects, mesophyll feeder, and necrotrophic pathogens (Howe and Jander, 2008; Furstenberg-Hagg et al., 2013; Machado et al., 2016). SA is generally related to plant defense against sap-sucking insects and biotrophic pathogens (Pieterse et al., 2012). In many cases, JA- and SA-mediated signaling pathways are not separated but integrated. The differential responses of phytohormones in plants caused by insect infestations lead to highly specialized responses at the transcriptional level. Although JA/SA is well known in plant defense, the comparison of the detailed differential reactions of JA/SA signaling caused by insects with different feeding guilds is limited. Alternative splicing (AS) exists ubiquitously in eukaryotes, including animals, plants and fungi. There are four main types of AS in plants: skipping exon (SE), retained intron (RI), alternative 5’ splice site (A5SS) and alternative 3’ splice site (A3SS) (Dong et al., 2018a; Breitbart et al., 1987). One gene can produce multiple different mRNA transcripts and causes variant protein products through AS regulation. In plants, AS are found related to plant growth, development, and light morphology (Staiger and Brown, 2013; Hartmann et al., 2016). It also links to stress responses (Laloum et al., 2018; Calixto et al., 2018; de Francisco Amorim et al., 2018) and maintenance of the mineral nutrient homeostasis (Dong et al., 2018). JAZ proteins are the main repressors of the JA signaling (Chini et al., 2007; Sun et al., 2017; Howe et al., 2018). Multiple JAZ coding genes with variant splicing transcripts in Arabidopsis implies that AS regulation is involved in JA-mediated defense against insects (Zhang et al., 2017; Wu et al., 2019). It has been reported that AS patterns differ in two maize lines when responsed to aphid (Song et al., 2017). However, little is known about the global dynamics of AS and its function in plant response to different insects. Cotton is a global important fiber crop. The green mirid bug (Apolygus lucorum) and the cotton bollworm (Helicoverpa armigera) are two main pests with different mouthparts and feeding habits in cotton fields. The H. armigera larva belongs to leaf-chewing insects while A. lucorum is a mesophyll feeder that punctures into a leaf and consumes mesophyll cells. The cotton plant symptoms caused by the two insects were quite different. The H. armigera larvae infestation caused wounding damages and a large amount of leaf tissue losses. On the other hand, the A. lucorum affected cotton plants exhibited unique symptoms including leaf wilting, necrotic plaques and abnormal leaf development (Supplementary Figure S1). In this study, we investigate the different defense responses to H. armigera and A. lucorum in cotton via transcriptomics analysis. Our data reveal extensive differences between cotton responses to two different insects at transcriptome levels, including gene expression and AS patterns. These data provide new insight into the regulatory elements on plant-insect interactions.



Materials and Methods


Plant and Insect Cultures

Cotton (Gossypium hirsutum cv. R15) plants were grown in a climate chamber at 28°C, on a 16-h light/8-h dark photoperiod. H. armigera was reared in the laboratory at 25°C and 70% relative humidity with 14-h light/10-h dark photoperiod on artificial diet (Sinica et al., 2010). A. lucorum were reared on kidney beans in the laboratory at 22°C and 70% relative humidity with 12-h light/12-h dark photoperiod. For insect feeding treatment on the cotton leaf, the cotyledons of cotton seedlings that grow up to around 15 days were covered with plastic bags and each plastic bag contained 2 third-instar H. armigera larvae (HA) or 5 adult A. lucorum (AL). The cotyledons covered with empty plastic bags were used as control (CK). After 24 h of treatment, the cotyledon samples of HA, AL, and CK were collected for RNA extraction.



Hormone Treatment

SA (Sigma, USA) and methyl jasmonic acid (MeJA) (Sigma, USA) were dissolved in ethanol and configured as 1M and 0.25M storage solutions, respectively. Cotton cotyledons of 15 days seedlings were sprayed with SA (1 mM) and MeJA (250 μM) solution and collected at 1, 4 h, and 24 h post spray. Two independent tests with four biological replicates were performed.



Cotton Sample Preparation and RNA Sequencing

For transcriptome sequencing and gene expression analysis, each cotyledon samples of HA, AL, and CK have three biological replicates. Every replicate contained 6 cotton cotyledons. Total RNAs were isolated with CTAB (cetyltrimethylammonium bromide) extraction solution (2% CTAB, 0.1 M Tris, 20 mM EDTA, 1.4M NaCl, pH = 9.5) (Stewart and Via, 1993), precipitated by 2 M LiCl (Yang et al., 2010). DNase I was used to removing genomic DNA. RNA concentrations were determined by Nanodrop 2000 (NanoDrop products, USA) and RNA integrity was checked by Agilent 2100 (Agilent Technologies, USA). About 10 μg of the total RNA from each sample, was used to enrich poly(A) mRNA using oligo-dT magnetic beads (Invitrogen, USA), followed by fragmentation into 100–400 nt sizes, which were used to synthesize cDNAs with random hexamer primers (Invitrogen, USA). Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System were used to quantify and qualify all libraries. Then, paired-end RNA-seq libraries were prepared following the Illumina’s library construction protocol. The libraries were sequenced on Illumina HiSeq 4000 platform (Illumina, USA) at 1Gene (Hangzhou, China).



Sequence Alignment and Differential Expression Transcript Identification

Before mapping, 2 × 200 bp paired-end raw reads from each cDNA library were processed to remove low-quality sequences (Q < 20, reads of N > 5% and adaptors). SOAPaligner/SOAP2 (Li R. et al., 2009) (-m 0 -x 1,000 -s 40 -l 32 -v 5) was used to align the clean reads from each library to the reference cotton transcripts (Tianzhen et al., 2015). The RSEM (Li and Dewey, 2011) package was applied to calculate the normalized gene expression values of FPKM (fragments per kilobase per million mapped reads). A total of 23,729 well-expressed genes (unique reads > 20, coverage rate > 80%, FPKM > 5 in all the three replicates of at least one sample group) were screened for downstream analysis. Differential expressed genes were analysed by DEseq2 (Love et al., 2014) (padj < 0.001, lfcSE < 0.5).

TBtools (Chen et al., 2020) was used for GO enrichment analysis based on hypergeometric test, and Benjamini-Hochberg procedure was used for multiple testing. Set the cotton GO annotation (Ashburner et al., 2000; The Gene Ontology Consortium, 2018) according to the closest Arabidopsis gene (Tianzhen et al., 2015) for each cotton gene as a GO background.

For cluster analysis, amino acid sequences were aligned using ClustalX (Thompson et al., 1997), and the phylogenetic trees were constructed using the maximum parsimony method MEGA 5.1 (Tamura et al., 2011) with default settings and 1,000 bootstrap replicates.



Quantitative RT-PCR (qRT-PCR)

Total RNAs (1 μg) were used for cDNA synthesis by Genomic DNA Removal and cDNA Synthesis kit (Transgene, China) and the cDNA products were diluted 10 times. The qRT-PCR was performed on a Bio-Rad CFX Connect Real-Time PCR system (Bio-Rad, USA) using the SYBR Green PCR Mix (Bio tool, USA), according to the manufacturer’s instructions for standard two-step amplification program. Multiple biological replicates (n > 3 times; see in relevant figure legends) with technical duplicates were performed. The relative expression of genes was calculated using the 2−ΔΔCt method. Cotton HIS3 (Tian et al., 2018) was used as the internal standard. The oligonucleotide primers used in this investigation are given (Supplementary Table S1).



Analysis the Effects of Protease Inhibitors on Larval Growth and Protease Activity

The ORF of Gh_Sca005135G01(5135) and Gh_A11G1177(1177), in frame, were fused to the maltose-binding protein (MBP) tag of the expression vector pMAL-C5X (New England Biolabs), and then transformed into E. coli BL21 strain for prokaryotic expression. The oligonucleotide primers used in this investigation are given (Supplementary Table S1). The recombinant proteins were induced by 0.2 mM IPTG at 22°C for 16 h and affinity-purified following the manufacturer manual.

For analysis of the inhibition effects on midgut protease activity by protease inhibitor (Mao et al., 2013), 1 μl H. armigera midgut fluid was mixed with 9 μl of 50 mM Tris-HCl (pH 8.0) and incubated with10 μl purified recombinant proteins 5135, 1177, and MBP (2 mg/ml), respectively, at 28°C. After 30-min incubation, 40 μl 1% azocasein was added and incubated for another hour at 28°C. Then, 40 μl of 10% trichloroacetic acid was added to stop the reaction and incubated at room temperature for 1 h. The mixture was then centrifuged at 16,000 g for 10 min to remove the undigested azocasein. The supernatant was collected and mixed with equal volume 1 M NaOH and then the optical density was determined at 450 nm by Nanodrop 2000 (NanoDrop products, USA). Each protease activity assay contains 6–8 biological replicates.

For analysis the 5135 effects on the H. armigera growth, about 500-ml culture solution (OD = 1.0) of E. coli cells expressing 5135 and MBP, respectively, were centrifuged and the precipitate was mixed with 50 g artificial diet with indicated nutrition. For the artificial diet with 1/2 nutrition, the amount of wheat germ and casein in the artificial diet was reduced to half. The 2nd instar larvae of H. armigera, which were in a similar growth stage, were selected for experiments. After 5 days of feeding, the larvae weight was recorded, and the midgut fluid was extracted for protease activity assay. The insect feeding tests were repeated for three times (independent experiments).



AS Analysis

The clean data of CK, HA, and AL were subject to cufflinks (Trapnell et al., 2010) using the original GTF file (Tianzhen et al., 2015) as a reference to get the total possible mRNA variants. Then, the mRNA variants detected in all the three replicates of at least one sample group were selected and merged with the original GTF file (Tianzhen et al., 2015) to create a high quantity GTF file. All the clean data were mapped to the cotton genome (Tianzhen et al., 2015) by HISAT2 v2.1.0 (Kim et al., 2015) using the high quantity GTF file as a reference and followed by rMATS analysis to obtain the probable AS events. Well-expressed AS genes were screened by the IJC (inclusion junction counts) and SJCs (skipping junction counts) values under the rules (Supplementary Table S2). We compared the AS events in CK with that in HA and AL, respectively. The differential AS (DAS) events were calculated with the threshold of |Δ Percent spliced in (PSI) | > 0.05, FDR < 0.05 and standard deviation of PSI < 0.01.



Data Accessibility

All the raw sequence data of this article are deposited in the NCBI (BioProject accession number: PRJNA600707).




Results


Overall Impacts of Helicoverpa armigera and Apolygus lucorum Infestations on Cotton

To gain deeper insights into cotton plant defenses against H. armigera and A.lucorum, we performed RNA sequencing (RNAseq) using sample groups from the untreated (control, CK), H. armigera (HA), and A. lucorum (AL) infested cotyledons (Figure 1A and Supplementary Table S3). The global gene expression profiles had high uniformity within the 3 biological replicates of the same treatment and were quite different among the CK, HA, and AL (Supplementary Figures S2A, B). Compared to the control, there were 4,789 differentially expressed genes (DEGs) (2,389 up- and 2,400 down-regulated) in HA and 5,554 DEGs (2,687 up- and 2,867 down-regulated) in AL (Supplementary Figure S2C). The DEGs caused by the two insects were highly shared. A total of 1,765 genes were induced and 1,818 genes were reduced by both insects (Figure 1B). The down-regulated genes both in HA and AL are enriched in GO items such as “response to light stimulus” and “tetrapyrrole biosynthetic process”, showing the common effects on plant photosynthetic function and secondary metabolism by the two insects. The genes only down-regulated in HA was enriched in “regulation of chlorophyll metabolic process” and the genes only down-regulated in AL was enriched in “microtubule-based process” and “plant-type primary cell wall biogenesis” showing the differential down-regulation of gene expression in cotton response to the two insects (Supplementary Figure S2D and Table S4). For insect up-regulated DEGs, the following terms “response to wounding”, “response to chitin”, “salicylic acid biosynthetic process”, and “jasmonic acid-mediated signaling pathway” are enriched both in up-regulated DEGs of HA and AL (Supplementary Table S5). Although a large proportion of DEGs was the same between HA and AL, from the total DEGs up-regulated by either H. armigera or A.lucorum, scatter plot analysis displayed that 395 showed significant higher induction in AL whereas the inductions of 205 DEGs were significantly higher in HA (Figure 1C). Twelve up-regulated DEGs from the RNA-seq analysis were selected for further confirmation by qPCR analysis. As expected, we got consistent results with that obtained from the RNA-seq (Figure 1D).




Figure 1 | RNA sequencing (RNAseq) using sample groups from the untreated, H. armigera and A. lucorum infested cotyledons. (A) The flow diagram of the sample collection, sequencing, and analysis. The cotyledons were treated with H. armigera (HA) and A. lucorum (AL) for one day and the untreated cotyledons were used as control (CK). Total RNA of CK, HA, and AL samples with biological triplicates were sequenced and analyzed at both transcription and splicing levels. (B) The Venn diagrams of up- and down-regulated genes in cotton by H. armigera and A. lucorum. The overlapped regions stand for genes up- or down-regulated by both insects. (C) Scatter plot analysis of the total up-regulated genes by either insect feedings. The X- and Y-axis stand for the gene expression [Log2(FPKM+1)] in HA and AL, respectively. The blue and red spots indicate the genes with higher induction levels in HA and AL respectively (padj < 0.001). The gray spots indicate that the induction of these genes has no difference between HA and AL. (D) RT-PCR analysis of the 12 up-regulated DEGs from the RNA-seq results. Every four genes of both highly induced (first column), more highly induced in HA (second column) and more highly induced in AL (third column) were selected. Cotton cotyledons were treated as described in A. GhHIS3 was used as the internal standard. The expression in CK was set to 1. Error bar means ± SEM (n = 5 biological replicates). The results were consistent with the RNA-seq results. T-test, *P < 0.05.





JA and SA Had Different Contributions in the Defense Against H. armigera and A. lucorum

To further investigate the different responses in cotton against the two insects, the DEGs with significant higher inductions by H. armigera and by A. lucorum were subject to GO assay separately. Interestingly, the items including “response to oxygen-containing compound”, “response to wounding”, “response to jasmonic acid”, and “response to chitin” were enriched (p < 0.001) only in the DEGs with higher inductions by H. armigera while the terms: “terpenoid biosynthetic process”, “response to salicylic acid” were highly enriched only in DEGs with higher inductions by A. lucorum (Figure 2A and Supplementary Table S6).




Figure 2 | Different contributions of JA and SA in cotton defense against insects. (A) GO enrichment of the DEGs with higher inductions by H. armigera (HA, blue) and by A. lucorum (AL, red) were analyzed, respectively. (B) RNA-Seq analysis of JA and SA related gene expressions. The up part is the Venn diagrams of the induced DEGs related to JA and SA. The green part stands for the genes related to JA, the orange part stands for the genes related to SA and the overlapped part stands for the genes both related to JA and SA. The bottom part is the violin plot of JA and SA related genes in CK, HA, and AL.The FPKM of each gene was normalized by z-score. The average z-scoe of each gene was showed in the violin plot and the long horizontal line represented for the median. The detailed JA and SA related gene information were listed in Supplementary Table S7. (C) qRT-PCR analysis of the selected DEGs which were more highly induced by H. armigera (up) and by A. lucorum (bottom) from RNA-Seq data. The cotton cotyledons were treated with JA and SA respectively and collected at 1, 4, and 24 h post treatment. The expression of indicated genes was detected by qRT-PCR. GhHIS3 was used as the internal standard. The expression of untreated cotton leaves (0h) was set to 1. Error bar means ± SEM (n = 4 biological replicates).



From the total induced DEGs by either H. armigera or A.lucorum, 91 genes are related to the jasmonic acid pathway and 59 genes are related to the SA pathway. Venn diagram analysis showed that 64 genes were distributed only in JA-related items (JA-only), 27 genes were distributed in both JA- and SA-related items (JA/SA), and 32 genes were distributed only in SA-related items (SA-only). These JA-only DEGs showed higher induction in HA than in AL whereas JA/SA and SA-only DEGs were more highly induced in AL than in HA (Figure 2B and Supplementary Table S7). We selected 8 DEGs which were both induced by the two insects to analyze the impacts of JA and SA signaling on their expressions. The four selected DEGs with higher induction by H. armigera could be strongly induced by MeJA treatment but not by SA treatment, whereas the rest four DEGs with higher induction by A. lucorum could be induced either by MeJA or SA treatment and the inductions were more dominant in SA than in MeJA treatment (Figure 2C). These data supported that JA and SA were differentially contributed to plant defense. JA was a dominant regulator in defense against H. armigera whereas SA might be more important in defense against A.lucorum.



More Significance Induction of PR Genes by A. lucorum

Plant PR proteins are involved in various types of pathogen infections such as viruses, bacteria, and fungi (Lamb et al., 1989; Ali et al., 2018). Some PR proteins had also been reported to have insecticide activity (Singh et al., 2018). Based on their amino acid sequence similarity, enzymatic activity, or other biological properties (van Loon et al., 2006; Breen et al., 2017), PR proteins are classified into 17 groups of which the PR1, PR2, PR3, PR4, and PR5 are the five groups discovered firstly (Kitajima and Sato, 1999). PR1 protein was discovered in tobacco in response to tobacco mosaic virus (TMV) infection (Cornelissen et al., 1986) and its homologs have been identified in barley, tomato, corn, and rice (Niderman et al., 1995; Liu and Xue, 2006). The PR1 family contains the most abundant PR proteins which are induced by pathogen infections (Breen et al., 2017). We found 11 PR1 homolog genes in cotton and two of them can be induced by insect infestations (Figure 3A). Plant β-1,3-glucanases belong to the PR-2 family and reportedly play an important role in plant defense responses (Balasubramanian et al., 2012; Xie et al., 2015) and other biological processes such as pollen development (Wan et al., 2011), seed germination (Leubner-Metzger and Meins, 2000), and cold response (Hincha et al., 1997). These highly regulated enzymes catalyze the hydrolytic cleavage of β-1,3-glucans abundantly present in plant cell walls (Hoj and Fincher, 1995). Among the 82 cotton β-1,3-glucanase genes, seven genes in one branch were significantly induced by the insect feedings (Figure 3B). Chitin is a main component of the fungal cell wall and exoskeleton elements of insects. The PR3 family belongs to chitinase. In cotton, 45 chitinases were found and 16 of them in different clusters were induced by insects (Figure 3C). The PR4 family can be divided into two classes according to the functional domain: Class 1 is endochitinases because they can bind to chitin and exhibit chitinase activity and class 2 has RNase activity (Ponstein et al., 1994; Brunner et al., 1998; Li X. et al., 2009). There were five of the eight PR4 proteins in cotton which were significantly induced by insect feeding (Figure 3D). The PR5 protein family has high amino acid homology to sweet-tasting protein/thaumatin, including thaumatin-like protein and osmotin (Sinha et al., 2014). The expression levels of thaumatin-like genes in cotton did not change much by insect infestation, while 6 osmotin like genes were significantly induced (Figure 3E). From the insect-induced PR genes, most of them were induced by both H. amigera and A. lucorum indicated that these PRs might involve in cotton defense against both insects. Notably, the inductions of 10 PR genes were obviously higher in AL than in HA (Supplementary Figure S3) while only one showed higher induction in HA, suggesting more significant roles of PRs in the defense against A. lucorum than H. amigera (Supplementary Table S8).




Figure 3 | Phylogenetic analysis of PR genes and their transcription levels. Cluster analysis of PR1 (A), PR2 (B), PR3 (C), PR4 (D), and PR5 (E) family members in cotton. The heatmap in the right indicated the expression levels of the corresponding PR genes in untreated (CK), H.armigera (HA) and A. lucorum (AL) infested samples from the RNA-seq results. The detailed gene information was listed in Supplementary Table S8.





The Two Insects Caused Differential Inductions of Protease Inhibitor Genes

In plants, protease inhibitors are involved in many physiological processes, including promoting storage proteins, inhibiting endogenous enzyme activity, regulating apoptosis, programmed cell death, and insect resistance (Haq et al., 2004; Grosse-Holz and van der Hoorn, 2016). Protease inhibitors can be divided into four major families: cysteine protease inhibitors, non-metalloproteinase inhibitors, aspartic protease inhibitors, and serine protease inhibitors (SPIs) (Laskowski and Kato, 1980), of which the SPIs are the most extensively studied (Valueva and Mosolov, 2004; Rawlings et al., 2018). Some SPIs have been identified to have insecticide activities and applied for developing insect-resistant transgenic plants (Jongsma et al., 1995; Cloutier et al., 2000; Clemente et al., 2019). Cotton is one of the most preferred host plants of cotton bollworm and has a large number of SPIs; however, none of the SPIs has been identified involving in insect resistance. There were 33 SPI genes which were existed in our RNA-seq database and were classified into five clades (Figure 4A). Among them, most SPI genes of the clade 1, clade 3, and part of the clade 5 could be induced by both insect feeding. Interestingly, induced SPI genes of clade 1 exhibited much higher induction by H. armigera whereas induced SPI genes of clade 3 and clade 4 were more highly induced by A. lucorum (Figure 4A). This indicated that there was a clear association between the phylogenetic evolutions of protease inhibitors and their induction patterns by different insects. Gh_Sca005135G01 from the clade 1 was more highly induced and its transcripts were the most abundant among SPIs in cotton by H. amigera and Gh_A11G1177 in clade 5 was more highly induced by A.lucorum. These two SPIs were fused with MBP and expressed in Escherichia. coli. After incubation with prokaryotically expressed 5135 protein, the protease activity of the cotton bollworm midgut fluid was reduced by about 30%. However, when Gh_Sca005135G01 was instead of Gh_A11G1177 for assay, there was little effect on the protease activity of midgut fluid (Figure 4B). When the 2nd instar larvae of H. armigera were fed with the standard artificial diet mixed with E. coli cells expressing MBP and Gh_Sca005135G01, respectively, the larvae growth rates were similar (Supplementary Figure S4). Larvae fed with the standard artificial diet are growing more faster than that fed with cotton leaves. In view of that the adverse effects of protein inhibitiors might be reduced due to the adequate nutrition in artificial diet, we reduced the nutrition of the artificial diet to half for testing. Under such condition, the weight of larvae fed with the E. coli cells expressing Gh_Sca005135G01 was reduced by ~25% compared with that fed with MBP-expressed E. coli cells (Figure 4C). Accordingly, the protease activity of the midgut fluid extracted from the larvae which were fed with the Gh_Sca005135G01 expressing E. coli cells was decreased (Figure 4D). Combined with the result that the H. armigera larvae pre-fed plants showed predominantly enhanced resistance to its second feeding, while A. lucorum nymphs pre-feeding only have a little adverse effects on H. armigera (Figure 4E), we inferred that Gh_Sca005135G01 was toxic to cotton bollworm by blocking protease activities in digestion process on the condition when the larvae were raised on the diet with low nutrition.




Figure 4 | Differentially expressed protein inhibitors by H. armigera and A. lucorum. (A) Cluster analysis revealed that the serine protease inhibitors (SPIs) in cotton can be divided into five clades. The heatmap in the right indicated the expression level [lg(FPKM + 1)] of the corresponding SPI genes in untreated (CK), H.armigera (HA) and A. lucorum infested (AL) samples from the RNA-seq results. The SPI genes with an asterisk were used for the functional analysis. (B) The total proteinase activities of the larval gut fluids were inhibited by Gh_Sca005135G01(5135) instead of Gh_A11G1177 (1177). Gut fluids were incubated with the prokaryotically expressing proteins of MBP, 5135, and 1177, respectively. After incubation for 30 min, the proteinase activities of the gut fluids were detected. Error bar means ± SEM (n = 6 biological replicates). T-test, ****P < 0.0001. (C) Oral ingestion of 5,135 inhibited larval growth. The 2nd instar larvae were fed with the artificial diet (1/2 nutrition) mixed with the E. coli cells expressing MBP, 5,135 respectively for 5 days and the larval weight was recorded. Error bar means ± SEM (n = 30–35). T-test, ****P < 0.0001. (D) The total proteinase activities of the gut fluids from the larvae were determined. Error bar means ± SEM (n = 8 biological replicates). T-test, ****P < 0.0001. (E) The H. armigera larvae pre-fed plants showed enhanced resistance to its second feeding. The 15 days old cotton seedlings were pre-fed with H. armigera and A. lucorum for one day. The 2nd instar larvae were fed with the untreated (CK) and the insect pre-fed cotton cotyledons for 4 days and the weight of each individual was recorded. Error bar means ± SEM (n = 20–24). The weight of larvae on 4th day is analyzed by T-test. *P < 0.05, ****P < 0.0001. The insect feeding tests (C, F) were repeated for three times (independent experiments) and the results were consistent.





The Impacts of Insect Feedings on Gene AS Profile

We identified a total of 11,023 AS events from the RNA-seq data of CK, HA, and AL sample groups. Among them, RI events (7,676) occupied the maximum proportion (~70%). A3SS events (1,844) and A5SS events (1,216) account for ~17% and ~11%, respectively. The proportion of SE events was extremely low, accounting for less than 3% of the total (Supplementary Figure S5). The distribution feature of the different types of AS events were similar to that of the Arabidopsis, rice and maize (Marquez et al., 2012; Mei et al., 2017; Dong et al., 2018). There are 1,514 DAS events in total caused by either H. armigera or A. lucorum infestations and RI was the dominant type as expected (Figure 5A and Supplementary Table S9). The numbers of differential RI events in HA were almost twice that in AL while the amounts of differential A3SS, A5SS, and SE events were similar between HA and AL. The DAS events caused by H. armigera and A. lucorum were largely different and only 293 DAS events were shared (Figure 5B). The transcriptional levels of the DAS genes were largely unaffected by either of insect infestations. For DAS genes in HA, only 115 were up-regulated and 92 were down-regulated while 631 had no obvious change in the transcription level by H. armigera (Figure 5C). Similarly, the transcription levels of most DAS genes (426) in the AL group were not affected either, only 105 up- and 63 down-regulated by A. lucorum (Figure 5E). These results suggest that insect infestation regulated a set of plant defense genes at the splicing level but not at the transcription level.




Figure 5 | The alternative splicing profile of cotton was affected by the two insect infestations. (A) The differential AS (DAS) events caused by the H. armigera and A. lucorum infestations in cotton. (B) The Venn diagrams of DAS events caused by the H. armigera (HA, blue) and A. lucorum (AL, red) infestations. The overlapped region stands for the DAS events caused by both insects. (C, E) Scatter plot analysis of the transcription levels of the DAS genes in HA (C) and in AL (E). The X-axis stands for the gene expression (Log2(RPKM+1)) in CK and the Y-axis stands for the gene expression (Log2(RPKM+1)) in HA (C) and in AL (E). (D) GO enrichment analysis of the DAS genes from HA samples (blue spots) and from AL samples (red spots) were analyzed respectively. The size of the spot represents the number of DAS genes.



GO enrichment analysis of the DAS genes of HA and AL revealed that the “rhythmic process” items had similar enrichment levels in HA and AL; the “mRNA processing”, “cellular response to acid chemical”, “dephosphorylation”, and “response to osmotic stress” items are both enriched in HA and AL. However, more significance was observed in HA than in AL (Figure 5D and Supplementary Table S10). The “RNA splicing” and “cellular response to abiotic stimulus” items are found only enriched in HA while the “cellular amino acid metabolic process” is the only item that had a higher enrichment level in AL (Figure 5D). Notably, all the above items were not enriched in the DEGs, suggesting different roles of transcription regulation and AS regulation in cotton defense against insects.



Functional Significance of AS in Cotton Defense Against Insects

The DAS genes from HA enriched in the splicing items were mainly U1 snRNP and SR-related genes (Figure 6A). Gh_A06G0214 encoded a U1 snRNP-related protein and its RI transcript (Gh_A06G0214-RI) resulted in a truncated protein with the partial PRP40 domain (Figure 6B and Supplementary Table S11) which was a splicing factor domain involved in RNA processing and modification (Ester and Uetz, 2008). Gh_D10G0900 gene encoded the U1 snRNP 70K subunit, and the protein product of its A5SS transcript (Gh_D10G0900-A5SS) lacked the RNA recognition domain (RRM snRNP 70) (Figure 6C). The expressions of Gh_A06G0214-RI and Gh_D10G0900-A5SS were largely affected by H. armigera, whereas no significant change was observed by A. lucorum (Figures 6B, C). For the SR related protein-coding genes, Gh_A06G0936 belongs to the SC35 subfamily and Gh_D06G1819 and Gh_A13G0202 belong to Two-Zn-knuckles–type subfamily SR proteins (Iida and Go, 2006). The H. armigera induced the AS transcripts (Gh_A06G0936_A5SS, Gh_D06G1819_A3SS and Gh_A13G0202_RI) of which the protein products lacked the integral RRM_SF superfamily domain (Figures 6D–F). Gh_D13G2369 is a splicing factor PWI domain-containing protein. The RI transcript (Gh_D13G2369-RI) which encoded a protein lacking the ICP4 superfamily domain was significantly induced in HA (Figure 6G). Although some DAS of the above SR genes were also observed in AL, the significance was less than that in HA (Figures 6D–G).




Figure 6 | The differential alternative splicing of the splicing-related genes caused by the insect infestations. (A) The DAS genes involved in the splicing pathway were mainly U1-related and SR proteins which were colored in yellow. (B–G) The expression level of the representative variant splicing form in cotton by H. armigera (HA) and A. lucorum (AL) infestations. Error bar means ± SEM (n = 3 biolgical replicates). *FDR < 0.05; **FDR < 0.01; ***FDR < 0.001. The conserved domains of the DAS genes were marked in the corresponding color. ATG and TGA/TAA stand for initiation and termination codon respectively. The differential alternative splicing regions were marked in red. Yellow and gray boxes stand for exons and 3’UTR, respectively. The black line represents intron.



The JA ZIM-domain proteins are the main repressors of JA signaling (Chini et al., 2007; Sun et al., 2017). AS of multiple JAZ genes is observed in Arabidopsis (Chung and Howe, 2009; Chung et al., 2010; Moreno et al., 2013). For example, AtJAZ10.1 has a complete jas domain, while the jas motif of AtJAZ10.3 and AtJAZ10.4 is partially destroyed or missing, making them insensitive to JA-Ile (Zhang et al., 2017; Howe et al., 2018). We found similar splicing variants of the JAZ protein-coding genes in cotton. The Gh_D01G1406, Gh_D05G1155, and Gh_D05G2675 contained the complete jas domains, while the RI splicing variants of these three genes only had partial jas motif (Figure 7). This indicated that such AS form of the JAZ genes was conserved in cotton and Arabidopsis. Interestingly, these GhJAZ RI-transcription were significantly increased by the two insect infestations and the change was more significant in HA samples (Figure 7). This suggested that the plant further coordinated the defense response to insects by regulating JAZ sensitivity to JA-Ile through AS.




Figure 7 | The RI variants of the GhJAZ genes were induced by insect infestations. Gh_D01G1406 (A), Gh_D05G1155 (B), and Gh_D05G2675 (C) encoded GhJAZ proteins, and the RI variants were promoted by H. armigera (HA) and A. lucorum (AL) infestations compared with the untreated cotton leaves (CK). Error bar means ± SEM (n = 3 biolgical replicates). *FDR < 0.05; **FDR < 0.01; ***FDR < 0.001. The Jas motif was marked in purple. ATG and TGA/TAA stand for initiation and termination codon respectively. The differential alternative splicing regions were marked in red. Yellow and gray boxes stand for exons and 3’UTR, respectively. The black line represents intron.






Discussion

In this study, we surveyed the plant defense response to the two insects of the different guilds. Leaf-chewing insects cause serious wounding damage on plants, quickly triggering JA-mediated signaling (Howe et al., 2018; Erb and Reymond, 2019). This is consistent with our observation that JA signaling is dominantly involved in cotton defense against H. armigera. The feeding process of A. lucorum is more complicated including mechanical and punctured damages, and delivering a large amount of insect oral secretions in the plant tissues. A. lucorum not only induces genes of the JA signal pathway but also genes related to plant disease resistance pathways which can be usually induced by SA (Pieterse et al., 2012). The predominant induction of some PR genes in AL samples might be at least partially responsible for the symptoms of leaf wilting and necrotic plaques in the A. lucorum infested cotton. Hormone signaling usually shaped the global gene expression profiling and the differential contributions of JA and SA in response to the two insects might responsible for the highly specialized response.

The SPIs genes ubiquitously present in plants and have various functional roles (Clemente et al., 2019). It has been well acknowledged that some plant SPIs are involved in insect defense(van der Hoorn and Jones, 2004; Santamaria et al., 2012), however, no PI protein with insecticide has been identified from cotton. Here, we found that there was a huge difference in the induction of protease inhibitors between the two insects. The Gh_Sca005135G01 which strongly induced by H. armigera could significantly inhibit the growth of H. armigera, while A. lucorum induced SPI, Gh_A11G1177, could not. This indicated that the plant might defend different insects by inducing specialized protease inhibitors.

AS is a conserved gene regulation in eukaryotes and has been thought to be involved in many biological processes. In recent years the AS regulation in stress has been reported (Laloum et al., 2018; de Francisco Amorim et al., 2018; Calixto et al., 2018; Shih et al., 2019). Here, we found that most DAS genes caused by insect damage were not affected at the transcription level. Previous studies of defense usually focused on genes with significant changes in expression levels. Our study showed that a set of genes in plants respond to insect infestation by differentially AS suggesting the AS regulation is also required in defense.

Some JAZ protein-coding genes have conserved splicing patterns in Arabidopsis and cotton. The protein products of the variant AtJAZ RI-transcripts lacked the jas-domain and no longer respond to JA-Ile mediated degradation (Chung et al., 2010; Howe et al., 2018). The induction of GhJAZ RI-transcripts by H. armigera infestation in cotton might be important to avoid the overreaction to the JA signaling and minimize the negative impacts. The DAS events in HA and AL are largely different and the H. armigera has more impacts on AS in cotton than the A. lucorum. To date, it is well characterized that transcription is dominant in JA-mediated defense response to H. armigera (Figure 2). In the future, whether AS acts as a critical step to regulate JA signaling needs to be elucidated.
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Fungal volatile organic compounds (FVOCs) can act as intra- and inter-kingdom communication signals that influence the growth and behaviors of organisms involved in antagonistic or mutualistic relationships with fungi. There is growing evidence suggesting that FVOCs can mediate interactions between organisms within and across different ecological niches. Bark beetles have established mutualistic relationships with ophiostomatoid fungi which can serve as a food source and condition host plant tissues for developing beetle larvae. While the profiles (both composition and concentrations) of volatile emission from ophiostomatoid fungi can be influenced by abiotic factors, whether emissions from a given fungal species can be influenced by those from another is still unknown. Here, we analyzed FVOCs emitted from the two ophiostomatoid fungi, Grosmannia clavigera and Ophiostoma ips, associated with mountain pine beetle and pine engraver beetle, respectively, when each fungus was growing alone or in a shared headspace. We used two isolates of each fungus species. Overall, we detected a total of eight volatiles in both G. clavigera alone or in combination with O. ips including acetoin, ethyl acetate, cis-grandisol, isoamyl alcohol, isobutanol, 2-methyl-1-butanol, phenethyl acetate, and phenethyl alcohol. The profiles of volatiles emitted differed between the two fungal species but not between the two isolates of the same fungus. Six compounds were common between the species, whereas two compounds were detected only when G. clavigera was present. Moreover, the majority of volatiles were detected less frequently and at lower concentrations when the two fungi were grown together in a shared headspace. These results are likely due to reduced volatile emissions from O. ips in the presence of G. clavigera. However, changes in the profiles of fungal volatiles did not correspond with the observed changes in the growth of either species. Overall, these results suggest that the similarities in fungal volatiles among different species of fungi may reflect a common ecological niche and that the differences may correspond to species-specific adaptation to their respective host beetles or genetic factors.
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INTRODUCTION

Ecological interactions between fungi and other organisms can be mediated by fungal volatile organic compounds (FVOCs) (Davis et al., 2013; Hung et al., 2015; Kandasamy et al., 2016, 2019; Schulz-Bohm et al., 2017). These compounds can act as intra- and inter-kingdom communication signals to influence the behaviors of animals involved in antagonisms or mutualisms with fungi (Schulz-Bohm et al., 2017; Schenkel et al., 2018; Zhao et al., 2019). Intra- and inter-specific interactions between fungi can also be mediated by FVOCs (Hofstetter et al., 2005; Cale et al., 2016; El Ariebi et al., 2016; Wang et al., 2020). For example, volatiles of Penicillium paneum can inhibit spore germination of conspecifics and other species of fungi, representing a variety of genera (Chitarra et al., 2004). Moreover, VOCs emitted by older cultures of some fungal species can stimulate or inhibit the growth and reproduction of cultures of other species (Cale et al., 2016). How the outcomes of such interactions could be indirectly influenced by factors that affect FVOC emissions is unknown.

Many factors affect the profiles of FVOCs (both composition and concentrations of individual compounds) emitted by a fungus (Hung et al., 2015). Fungal VOCs can be produced directly and indirectly from metabolic processes in fungal cells (Martín et al., 2014); thus, genetic factors likely underlie some of the intra- and inter-specific variation in FVOC emissions (Polizzi et al., 2012; Buśko et al., 2014). Emissions also can be influenced by the environment in which a fungus is growing. For instance, large variations in FVOCs can result from apparent interactions among abiotic factors such as temperature, humidity, and growth substrate (Polizzi et al., 2012). Likewise, VOCs originating from host plants and insects can influence emission of FVOCs (Cale et al., 2019). However, how ecological factors may affect the profiles of FVOC emitted is unknown. Understanding the semiochemical aspects of fungal ecology can help clarify the mechanisms underlying interactions between co-occurring species that occupy similar niches. This is especially important for understanding the ecology of economically important fungi, such as the species of ophiostomatoid fungi (Ophiostomataceae and Ceratocystidaceae) vectored by tree-killing bark beetle species (Coleoptera: Curculionidae, Scolytinae).

Several species of bark beetles have caused extensive forest mortality throughout the world (Seidl et al., 2008; Bentz et al., 2010). This mortality is in part due to infections of tree vascular tissues by mutualistic ophiostomatoid fungi vectored by the beetles (Six, 2013). The fungi can support beetles by serving as a nutritional supplement (i.e., nitrogen) and by conditioning tree tissue for developing larvae (Bleiker and Six, 2007; Six, 2013; Therrien et al., 2015; Ojeda-Alayon et al., 2017). The successful colonization of host trees by beetles can also be supported by the use of complex semiochemical systems derived from host tree, beetle and fungal cues, that help beetles coordinate the activities of conspecifics in overwhelming healthy trees that otherwise resist attack (Erbilgin, 2019). These semiochemical systems could potentially be supported in part by beetle mutualistic fungi, which can emit a wide array of FVOCs including some that influence beetle behavior (Hanssen, 1993; Hofstetter et al., 2005; Cale et al., 2016, 2019; Kandasamy et al., 2016; Zhao et al., 2019). Because multiple ophiostomatoid species often co-occur in a given tree (Roe et al., 2011), FVOC-mediated interactions may potentially occur among co-occurring fungi in nature. While the FVOCs from cultures of some fungi can inhibit the growth and reproduction of other fungal species (Hofstetter et al., 2005; Cale et al., 2016; Kandasamy et al., 2019), whether these effects are associated with changes to the profiles of FVOCs emitted by the recipient fungus is unknown. However, understanding such changes could help elucidate novel aspects of the ecology of bark beetle-ophiostomatoid fungus symbioses.

Large-scale outbreaks of the mountain pine beetle MPB, Dendroctonus ponderosae Hopkins have killed millions of hectares of mostly lodgepole pine (Pinus contorta Douglas var. latifolia Engelmann) forests in western North America (Bentz et al., 2010; Safranyik et al., 2010). Moreover, warmer temperatures have allowed MPB to expand their range eastward from lodgepole pine-dominated forests into jack pine (Pinus banksiana Lambert)-dominated forests (Cullingham et al., 2011; Erbilgin et al., 2014) where it is likely interact with another species of bark beetle, the pine engraver beetle (Ips pini Say) (Kegley et al., 1997). Co-occurrence of these two beetle species in lodgepole pine can negatively affect the number of emerging beetles of either species (Rankin and Borden, 1991), which may in part result from interactions between the ophiostomatoid fungal species commonly vectored by each of these beetle species. How interactions between Grosmannia clavigera (Robinson-Jeffrey and Davidson) Zipfel, de Beer, and Wing, the primary fungus vectored by MPB (Lee et al., 2005, 2006), and Ophiostoma ips (Schenk and Benjamin, 1969; Kopper et al., 2004), the primary fungus vectored by I. pini, influence either fungus is poorly understood. While variation in host plant substrate quality (e.g., amounts of host defense compounds and nutrients) can influence how interactions between G. clavigera and O. ips influence the growth of either fungus (Wang et al., 2020), how such interactions could affect FVOC production or be mediated by FVOCs is unknown. Clarifying such aspects of G. clavigera–O. ips interactions is important to understanding the development of the fungi in the jack pine trees and, thus, understanding the success and persistence of their associated host bark beetles in the conifer forests of the Western North America.

Here, we collected FVOCs from and conducted laboratory bioassays with two fungal species, G. clavigera and O. ips. Specifically, headspace FVOCs above separate cultures of G. clavigera and O. ips were identified, quantified, and compared among treatments where cultures occurred alone or in combination in a shared headspace, and tested for potential effects of FVOCs on fungal growth. This approach was used to address two related research questions: (i) does the quality and/or quantity of FVOCs emitted from an ophiostomatoid fungus change when the fungus is growing in the presence of FVOCs from a different ophiostomatoid species?, and (ii) does the presence of FVOC emissions affect the growth of another ophiostomatoid fungi?



MATERIALS AND METHODS


Fungal Growth and Volatile Collections

The following experiments used the two isolates each for G. clavigera and O. ips that were reported in Cale et al. (2019) and Wang et al. (2020). For G. clavigera, both isolates (NOF2894 and NOF2896) were provided by the Northern Forestry Centre Culture Collection (Edmonton, Alberta) and were originally cultured from the phloem of MPB-infested lodgepole pine trees near Banff, Alberta (Rice et al., 2007). The O. ips isolates (NOF1205 and NOF1284) were isolated from bark beetle galleries in lodgepole pine (Cale et al., 2019). Master cultures of the four isolates were grown on potato dextrose agar (PDA) at 22°C in total darkness for 10 days. These cultures were subcultured onto PDA media in small Petri plates (60 mm diam.) at 22°C in total darkness for 4 days. These subcultures were used in the experiment described below. Throughout the paper, isolate refers different isolates of the same fungal species while species refer to the two fungal species (G. clavigera and O. ips).

Two-day old cultures of fungi were used in the following three treatment groups for the collection of headscape volatiles by air entrainment: (1) a culture of G. clavigera (Gc Control), (2) a culture of O. ips (Oi Control), and (3) separate cultures of G. clavigera and O. ips together (Combination). For the fungus-control treatments, a single 2-day old culture plate of the respective fungus was closed inside a volatile collection apparatus (see details under Fungal volatile collection apparatus subheading below). For the combination treatment, one culture plate from one species of fungus (either G. clavigera or O. ips) was placed 5–6 cm below a culture of the other fungus in the same chamber. The higher culture plate was held in place by a wire support. We randomly determined the placement of the fungus in the volatile collection apparatus to remove any bias. Since the air inside the apparatus was circulated, both fungi were likely equally affected by one another. Furthermore, Cale et al. (2016) showed that the vertical placement of fungal cultures inside the collection apparatus did not significantly affect fungal growth of volatile emissions. Lids of the culture plates were moved to cover only half of the plate area. Headspace volatiles from cultures in the control and combination treatments were then sampled for 48 h. Cultures of the two control treatments were each replicated ten times (N = 5 for each isolate). The combination treatment was replicated 12 times, representing three replicates from each of four isolate combinations (N = 3 for each isolate). Headspace volatiles were also collected from non-inoculated PDA plates (N = 10; PDA control) in order to help distinguish compounds emitted by fungi from those emitted by the media (data not shown); these compounds were removed from analysis. Total fungal growth (mm2) on each culture plate was measured by image analysis using ImageJ software (Abramoff et al., 2004). We used the same sampling apparatus to sample volatiles from each group of four treatments including the control. The mean (±SE) 4-day growth was calculated for cultures of each isolate (1845.7 ± 142.2 mm2 for NOF2894, 1905.0 ± 73.6 mm2 for NOF2969, 1397.7 ± 49.4 mm2 for NOF1284, and 1095.7 ± 28.3 mm2 for NOF1205).



Fungal Volatile Collection Apparatus

The volatile collection apparatus was similar to one reported in Cale et al. (2016) (Supplementary Figure S1). This was a closed-air system consisting of a 473 mL glass jar (collection chamber) whose threading was wrapped with Teflon tape and fitted with a metal cap fitted with two pairs of brass spigots (each pair fitted together by brass Swagelok) such that each pair consisted of a spigot extending above and below the cap surface. These spigots served as channels to allow constant airflow (475 mL min–1) using a flowmeter into and out of the collection chamber. The inlet channel was attached to 30.5 cm piece of Teflon tubing packed halfway down with activated carbon (800 mg; 6–14 mesh; held in place with glass wool) in order to purify air entering the collection chamber (air scrubber). This tubing was attached to a stainless-steel gang-valve connected to the outlet spigot of a bellows vacuum/pressure pump. A 15 cm section of Teflon tubing was attached to the outlet channel and attached to an adsorbant trap consisting of a 7.5 cm piece of Teflon tubing packed with 150 mg of activated carbon (held in place with glass wool). This trap collected culture headspace volatiles carried in the air stream as it flowed out of the collection chamber. The trap was attached to an eight cm long tube that joined the outlet channel to a gang-valve connected to the inlet spigot of the pump. A tight wrapping of Teflon tape was used at sites of tube and fitting connections in order to prevent outside air from entering and, thus, contaminating the system. The two gang-valves consisted of four spigots each, allowing us to connect to a set of four collection chambers/systems to each pump. Sample sets consisted of one replicate from each treatment plus a PDA control.

The sampling of headspace volatiles occurred over 48 h after culture/control plates were sealed in the collection chambers. The first 24 h represented a “charge period” that allowed headspace volatiles to accumulate in the jars before air started flowing through the system. The charge period was immediately followed by a 24 h “collection period” when the pumps were engaged and volatiles carried in an airstream were collected in the adsorbent traps. Pumps were then disengaged at the end of the collection period, and trap tubes were detached from the system, wrapped in labeled aluminum foil, and stored at −40°C prior to chemical extraction. Collection jars and caps were cleaned with acetone prior to each sampling set.



Chemical Analysis of FVOCs

Fungal VOCs were extracted from collection traps by placing the adsorbant into a 2 mL tube containing 1 mL of dichloromethane containing a tridecane as an internal standard (0.001%). The mixture was vortexed for 30 s, sonicated for 10 min, and centrifuged (18,213 rcf) at 0°C for 30 min. The extract was collected and transferred to a 2 mL gas chromatograph (GC) vial. This procedure was repeated a second time. The extracts were then analyzed using a GC (Agilent Tech., Santa Clara, CA, United States) fitted with a DB-5MS column (30 m length, 0.25 μm film, 0.25 mm I.D.; Agilent Tech., Santa Clara, CA, United States) and coupled to a mass spectrometer (GC-MS; GC: 7890A, MS: 5975C; Agilent Tech.). Helium was used as a carrier gas flowing at 1 mL min–1 with a temperature program beginning 50°C (held for 1 min) then increased by 5°C min–1 to 200°C, followed by an increase of 30°C min–1 to 325°C (held for 2 min). A 1 μL sample injection was used, and samples were run in splitless mode. Peaks present in the PDA controls were ignored when analyzing samples from the treatments. Peak identifications were confirmed using a NIST/EPA/NIH Mass Spectral library version 2.0f and analytical standards. The following standards were used: acetoin (≥96% chemical purity), ethyl acetate (≥99%), cis-grandisol [(1R,2S)-cis-2-isopropenyl-1-methylcyclobutaneethanol; ≥96%], isoamyl alcohol (≥98%), isobutanol (≥99%), 2-methyl-1-butanol (≥99%), phenethyl acetate (≥98%), and phenethyl alcohol (≥99%). All standards were purchased from Sigma-Aldrich (St. Louis, MO, United States) except cis-gransisol, which was purchased from Alpha Scents (West Linn, OR, United States). We quantified each individual compound using standard curves calculated from three serial dilutions of analytical standards. The internal standard (tridecane) was used to improve the precision of quantitative analysis with the calibration curve by plotting the signal from analyte with the signal from the internal standard as a function of the analyte concentration of the standards. The concentrations of the headspace volatiles detected were calculated as the amount of compound per unit culture area (as mean area of 4-day growth for a given isolate) per day (ng/mm2/day).



Fungal Growth Bioassays

The bioassays of fungal growth responses to FVOCs used new subcultures (on 60 mm PDA plates) of the same G. clavigera and O. ips isolates from which FVOCs were collected above. Bioassays were overall designed to expose a newly inoculated subculture (response culture) of a fungus to FVOCs emitted from 2- to 4-day old cultures (source cultures). The three plates were sealed together inside a glass jar (473 mL) such that the source culture plates were adjacent to each other on the bottom of the jar and the response culture was held 5–6 cm above them on a support of coiled wire. This approach was used to test the effects of source treatments on the growth of either G. clavigera or O. ips. Four source treatments were used: two plates of G. clavigera, two plates of O. ips one plate of each species of fungus (combination treatment), or two non-inoculated PDA plates as control. Isolates from each species of the fungus were randomly selected. The eight treatments were replicated ten times, with each isolate of a given fungus representing half of the replicates. Response cultures were grown in this manner for either three (G. clavigera) or four (O. ips) days to account for inherent inter-specific differences in growth rates. The total area (mm2) of response cultures was measured by image analysis using ImageJ software at this time (Abramoff et al., 2004).



Data Analysis

To test difference in the qualitative variation of fungal headspace VOC profiles (both composition and concentration of individual compounds) for statistical significance among collection treatments, matrices of the presence/absence of individual compounds (detection profiles) were constructed for each sample and analyzed using two-way permutational multivariate analysis of variance (PERMANOVA). This PERMANOVA tested the significance of main effects of isolate and treatment along with an effect of isolate-treatment interaction. Significant effects on the quality profiles were visualized using principle coordinate analysis (PCoA). To analyze differences in the quantitative variation of these VOCs, total VOC concentrations were calculated by summing the concentrations of each individual compound detected in a given sample. Total concentration differences among collection treatments were tested for statistical significance using two-way analysis of variance (ANOVA), which tested main effects of isolate and treatment and an isolate-treatment interaction effect. Pairwise Tukey Honest Significant Difference (HSD) tests were conducted following the identification of significant effects. Quantitative differences among collection treatments were also analyzed using profiles of individual compound concentrations. Two-way PERMANOVA was used to test statistical significance of isolate and treatment main effects as well as an isolate-treatment interaction, with significant effects being visualized using PCoA.

Fungal growth responses to VOC source treatments were analyzed separately for G. clavigera and O. ips response cultures. For each species, two-way ANOVA was used to test the statistical significance of source treatment and the isolate main effects of the responding fungus. Treatment-isolate interactions were also tested for significance. Pairwise comparisons were performed using Tukey HSD tests for significant effects.

Data were log-transformed to satisfy assumptions of normality and heteroscedasticity of the ANOVAs, as needed. All data analyses were conducted in the R software environment version 3.6.0 (R Core Team, 2019). All PERMANOVAs and PCoAs were calculated and tested using functions provided by the R package “vegan” version 2.5-5 (Oksanen et al., 2019).



RESULTS


Fungal Volatile Responses

Eight compounds were detected from the headspace of G. clavigera and O. ips isolates growing either alone (fungal controls) or in the presence of the other species (combination): acetoin, ethyl acetate, cis-grandisol, isoamyl alcohol, isobutanol, 2-methyl-1-butanol, phenethyl acetate, and phenethyl alcohol (Table 1). However, the FVOC profiles of compounds varied among treatments, as the profiles were influenced by fungal species and whether the fungus was growing alone or in the presence of FVOCs of the other species. The FVOC profiles differed among the three treatments (PERMANOVA F(2,26) = 3.54, P = 0.003; Figure 1A), with the combination treatment having profiles similar to that of the G. clavigera control but different from the O. ips control. Profiles from these controls differed from each other. However, the fungal isolates (or isolate combinations) used did not influence FVOC emission as the isolate main effect and the isolate-treatment interaction effect were not significant. The inter-treatment patterns in FVOC profiles were likely due to variation in the total number of compounds detected and their detection frequencies (percentage of samples) among the treatments (Table 1). Similarly, all compounds detected from the combination treatment were detected at least once from either of the fungal controls, indicating that for a given fungus, the presence of the other fungus did not elicit emission of any novel compounds (Table 1). However, cis-grandisol and phenethyl acetate were not detected from the O. ips controls. The detection frequencies of all compounds other than isobutanol were lowest for the combination treatment (Table 1).


TABLE 1. Percentage of samples in which individual volatile organic compounds were detected from headspace collections of Grosmannia clavigera (N = 10), Ophiostoma ips (N = 10), and G. clavigera plus O. ips grown on potato dextrose agar (N = 9).
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FIGURE 1. Qualitative (A) and quantitative (B) variation in volatile organic compound profiles detected from the headspace of Grosmannia clavigera (Gc; orange) cultures, Ophiostoma ips (Oi; purple) cultures, and these fungi together (Gc + Oi; green). Circles represent 95% confidence ellipses around cluster centroids. Acronyms for chemicals: ATN, Acetoin; IBA, Isobutanol; 2MB, 2-methyl-1-butanol; IMA, Isoamyl alcohol; PEA, Phenethyl alcohol; GRD, cis-Grandisol; ETA, Ethyl acetate; PEAC, Phenethyl acetate.


The headspace VOCs detected from G. clavigera and O. ips exhibited quantitative variation. The total concentrations of VOCs the fungi emitted responded to the treatments, as a significant main effect of treatment was detected (F(2,22) = 5.58, P = 0.011; Figure 2). Total FVOC concentrations from the combined treatment were 75 and 81% lower than those of the G. clavigera and O. ips controls, respectively. The fungal controls had similar concentrations of total FVOCs. Total FVOC concentrations did not vary by fungal isolate, as isolate main effects of isolate-treatment interactions were non-significant.
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FIGURE 2. Differences in the total concentration (ng/mm2/day ± standard error) of volatile organic compounds detected in the headspace of Ophiostoma ips (Oi control) cultures, Grosmannia clavigera (Gc control) cultures, and these fungi together (Gc + Oi). Bars with different letter superscripts were different as indicated by Tukey’s Honest Significant Different tests.


Emission of individual FVOCs also significantly varied among treatments (PERMANOVA F(2,22) = 5.22, P = 0.011; Figure 1B), with the profiles of the combination treatment being significantly different from those of the O. ips control but similar to the G. clavigera control. Fungal isolate did not influence these profiles, as significant isolate main effects of isolate-treatment interactions were not detected. The lowest concentrations of individual FVOCs were consistently detected from the combination treatment, which had concentrations ranging from 92 to 34% lower than either of the fungal controls, depending on the compound (Table 2). However, the O. ips control tended to have the highest concentrations for most of the individual VOCs detected in that treatment.


TABLE 2. Mean concentration of individual and total fungal volatile organic compounds detected from headspace collections of Grosmannia clavigera (N = 10), Ophiostoma ips (N = 10), and G. clavigera plus O. ips grown on potato dextrose agar (N = 9).
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Fungal Growth Responses

The total growth (mm2) of G. clavigera and O. ips varied after the cultures were grown in the presence of VOCs from source fungal cultures, occurring either separately or in combination, or two PDA control plates (Figure 3).


[image: image]

FIGURE 3. Differences in the growth (mm2) of the two isolates of Grosmannia clavigera (Gc) and Ophiostoma ips (Oi) when they grow alone (A,C, respectively) or in in a shared headspace environment (B,D, respectively). We used 4-day old cultures of each fungal species. Bars with different letter superscripts were different as indicated by Tukey’s Honest Significant Different tests. Statistical significance at P < 0.050 indicated by “*” and at P < 0.001 indicated by “***.”


For G. clavigera, the growth of response cultures significantly differed between the two isolates used (F(1,32) = 4.58, P = 0.040; Figure 3A), with the growth of isolate NOF2969 was slightly (8%) larger than isolate NOF2894 after 3 days, independent of emission treatment (Figure 3A). However, the isolate of G. clavigera grown did not influence their response to the emission treatments, as there was no significant treatment-isolate interaction effect. The growth of response cultures was influenced by the emission treatments as a significant treatment main effect was detected (F(3,32) = 3.43, P = 0.028; Figure 3B). Pairwise comparisons indicated that G. clavigera grew 15% less when exposed to VOCs of O. ips compared to when growing with controls (Figure 3B). However, G. clavigera growth was not influenced by VOCs from the G. clavigera or combination emission treatments (Figure 3B).

For O. ips, the growth of response cultures significantly differed between isolates (F(1,32) = 104.38, P < 0.001), with the growth of isolate NOF1284 being 33% larger than that of NOF1205 (Figure 3C) after 4 days. However, the growth of O. ips was not influenced by the emission treatments (Figure 3D), as the main effect of treatment was not significant. The isolate-treatment interaction for O. ips response cultures was non-significant.



DISCUSSION

Fungal VOCs emitted by one ophiostomatoid fungus can be affected by the headspace of FVOCs from another species. The FVOC profiles from the combination treatment (G. clavigera and O. ips together) differed from those of the O. ips alone treatment but not from those of the G. clavigera alone. The contribution of G. clavigera to the FVOC profiles of the combination treatment does not necessarily explain the difference between profiles of the O. ips control and the combination treatments, as the incidence of detection and the concentrations of several compounds (e.g., acetoin, isoamyl alcohol, and phenethyl alcohol) in the combination treatment were lower than those in the O. ips control. Taken together, these findings suggest that the FVOCs emitted from some ophiostomatoid fungi can alter FVOC profiles of other fungal species. These results complement to those observed in other systems, where changes in FVOC profiles were elicited by physical (mycelial) interactions among multiple species of fungi sharing a niche (Hynes et al., 2007; El Ariebi et al., 2016). However, our findings suggest that such effects could also result from FVOC-mediated interactions between fungal species without physical contact. Currently, the mechanism underlying such inter-fungal interactions compare to those mediated by water soluble chemical signals secreted by fungi growing in close proximity is unknown (Hofstetter et al., 2005; Schmidt et al., 2015).

While FVOC profiles changed as a result of growing both G. clavigera and O. ips in a shared headspace environment, these changes did not influence the growth of interacting fungi. However, the growth of ophiostomatoid species can respond to FVOCs from other ophiostomatoid fungi, with the outcome of such treatments varying with the species of fungus. Hofstetter et al. (2005) showed that the growth rate of Ophiostoma minus was reduced by the volatiles emitted from actively growing Entomocorticium sp. A and Ophiostoma ranaculosum in the southern pine beetle (Dendroctonus frontalis) system. However, in the same study another fungus tested Leptographium terebrantis had no effect on O. minus growth rate. Similarly, Cale et al. (2016) showed that the outcomes of interactions among three ophiostomatoid fungi vectored by MPB can result in either no-effect or inhibition of fungal growth in response to their FVOCs. In particular, G. clavigera cultures growing in the headspace of FVOCs from cultures of Ophiostoma montium were 50% smaller than controls but the fungus Leptographium longiclavatum did not respond to FVOCs from G. clavigera.

The FVOC profiles emitted differed between G. clavigera and O. ips. While six compounds were common between species, two compounds were detected only when G. clavigera grew alone. The six FVOCs (acetoin, ethyl acetate, isoamyl acetate, isobutanol, 2-methyl-1-butanol, and phenethyl alcohol) have also been detected in headspace of several ophiostomatoid fungal species, likely because they are byproducts of primary metabolism during vegetative growth (Kandasamy et al., 2016; Cale et al., 2019). Furthermore, the similarities in FVOCs among different ophiostomatoid fungal species may also reflect a common ecological niche as fungi with a common ecological niche share similar FVOC profiles (Müller et al., 2013). While only detected from the headspace of G. clavigera, here, phenethyl acetate has been detected in FVOC profiles of some other ophiostomatoid fungi (e.g., L. longiclavatum, Endoconidiophora polonica) (Cale et al., 2016, 2019; Kandasamy et al., 2016). However, among ophiostomatoid fungi, cis-grandisol has only been reported from the FVOC profiles of G. clavigera (Cale et al., 2016, 2019), suggesting species-specific production of FVOCs.

There are a number of studies reported the ecological roles of many FVOCs including those ophiostomatoid species identified in this study, in other organisms including fungi, bark beetles, and other insect species (Davis et al., 2013; Kandasamy et al., 2016; Cale et al., 2019). Thus, we here will keep our discussion on the ecological roles of FOVs identified in this study short. Phenethyl alcohol can inhibit attraction of MPB and D. frontalis (Renwick et al., 1976; Pureswaran et al., 2000; Pureswaran and Borden, 2004; Sullivan et al., 2007). Here, O. ips emitted more phenylethyl alcohol than G. clavigera, suggesting that trees attacked by I. pini vectoring O. ips may be less attractive to MPB because of strong phenethyl alcohol emissions from the fungus. Such behavioral effects may reduce competition between MPB and I. pini. Conversely, isoamyl alcohol is emitted by a number of ophiostomatoid fungal species and attractive to D. frontalis (Brand et al., 1977). Although the behavioral responses of MPB and I. pini to isoamyl alcohol are unknown, the emission of this compound by O. ips and G. clavigera may suggest it plays similar roles in the chemical ecology of both beetles. 2-methyl-1-butanol is a common FVOC that attracts a wide diversity of insect species, representing several phyla (Davis et al., 2013; Zhao et al., 2015; Cale et al., 2016). Although only detected from G. clavigera, among reported FVOC surveys of ophiostomatoid fungi, cis-grandisol (grandlure I) is an important aggregation pheromone of several weevil species (Tewari et al., 2014).

Individual FVOCs may be accurately sampled using different methodologies. While, we collected FVOCs using an air entrainment approach, our recent study with the same fungal isolates extracted FVOCs from filtrate from liquid cultures growing in potato dextrose broth (Cale et al., 2019). Each of the eight compounds detected in the current study were also detected in the liquid culture. Furthermore, in both studies, phenethyl alcohol, isoamyl alcohol, 2-methyl-1-butanol, and isobutanol were determined to be dominant components of FVOCs, being detected in at least 90% of samples and were major components of total FVOC concentrations from G. clavigera or O. ips isolates growing alone. Similarly, the same individual FVOCs were determined, here, and by Cale et al. (2019) to be minor components of the FVOCs of the same fungi here. Specifically, acetoin was the compound least frequently detected and represented a small percentage of total FVOC concentrations. Furthermore, cis-grandisol and phenethyl acetate were detected only from cultures of G. clavigera, here and by Cale et al. (2019). However, it should be noted that the chemistry of fungal growth media can influence FVOC profiles, and should be chosen carefully when designing studies of FVOCs (Cale et al., 2019).

Caveats are an inherent part of conducting in vitro bioassays investigating fundamental aspects of ecological interactions. Several such caveats should be considered with the study, here. First, the two isolates of G. clavigera and O. ips used here differed in growth rate, which may not accurately reflect the range of growth rates of either species exhibit in nature or culture. However, this may not influence how representative the FVOCs detected are of the species as profiles of both isolates were qualitatively and quantitatively similar when standardized by culture area. Furthermore, such similarities in FVOC profiles may be further representative of a particular ecological function/niche (Müller et al., 2013). Second, FVOCs were collected from culture growing on artificial growth media. Substrate chemistry can influence FVOCs from at least ophiostomatoid fungi (Cale et al., 2019), and the FVOCs profiles determined here may differ from those emitted by the fungi growing on their natural substrate of pine vascular tissue. However, the use of artificial media is integral in fungal ecology as growing conditions of cryptic species either cannot be replicated under laboratory conditions or cannot be designed using natural substrates in a manner that affords a mechanistic understanding of the interactions under study (Crowther et al., 2018). For studies of FVOCs from fungal cultures on any growth media, sampling FVOCs from a non-inoculated control is critical to distinguishing between fungus- and media-emitted compounds. Lastly, in nature, G. clavigera and O. montium would interact under pine bark, an anaerobic environment when intact that is rich with plant primary and secondary metabolites (Hofstetter et al., 2005). The outcome of inter-fungal interactions in such an environment may differ from those shown here as substrate chemistry can at least affect the FVOC emissions from these fungi (Cale et al., 2019).
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FIGURE S1 | Fungal volatile collection apparatus. This is a closed-air system consisting of a 473 mL glass jar fitted with a metal cap fitted with two pairs of brass spigots. Spigots serve as channels to allow constant airflow (475 mL min–1) into and out of the glass jar. The inlet channel is attached to 30.5 cm piece of Teflon tubing packed halfway down with activated carbon (800 mg; 6–14 mesh; held in place with glass wool) in order to purify air entering the glass jar. This tubing is attached to a stainless-steel gang-valve connected to the outlet spigot of a bellows vacuum/pressure pump. A 15 cm section of Teflon tubing is attached to the outlet channel and attached to an adsorbant trap consisting of a 7.5 cm piece of Teflon tubing packed with 150 mg of activated carbon (held in place with glass wool). This trap collects culture headspace volatiles carried in the air stream as it flows out of the collection chamber. The trap is attached to 8 cm long tube that joins the outlet channel to a gang-valve connected to the inlet spigot of the pump. A tight wrapping of Teflon tape is used at sites of tube and fitting connections in order to prevent outside air from entering and, thus, contaminating the system.
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Preharvest mycotoxin contamination of field-grown crops is influenced not only by the host genotype, but also by inoculum load, insect pressure and their confounding interactions with seasonal weather. In two different field trials, we observed a preference in the natural infestation of corn earworm (CEW; Helicoverpa zea Boddie) to specific maize (Zea mays L.) genotypes and investigated this observation. The field trials involved four maize lines with contrasting levels of resistance to Aspergillus flavus. The resistant lines had 7 to 14-fold greater infested ears than the susceptible lines. Seed aflatoxin B1 (AF) levels, in mock- and A. flavus-inoculated ears were consistent with genotype resistance to A. flavus, in that the resistant lines showed low levels of AF (<30 ppb), whereas the susceptible lines had up to 500 ppb. On the other hand, CEW infestation showed a positive correlation with seed fumonisins (FUM) contamination by native Fusarium verticillioides strains. We inferred that the inverse trend in the correlation of AF and FUM with H. zea infestation may be due to a differential sensitivity of CEW to the two mycotoxins. This hypothesis was tested by toxin-feeding studies. H. zea larvae showed decreasing mass with increasing AF in the diet and incurred >30% lethality at 250 ppb. In contrast, CEW was tolerant to fumonisin with no significant loss in larval mass even at 100 ppm, implicating the low seed aflatoxin content as a predominant factor for the prevalence of CEW infestation and the associated fumonisin contamination in A. flavus resistant maize lines. Further, delayed flowering of the two resistant maize lines might have contributed to the pervasive H. zea damage of these lines by providing young silk for egg-laying. These results highlight the need for integrated strategies targeting mycotoxigenic fungi as well as their insect vectors for enhanced food safety.




Keywords: Maize (Zea mays), Aspergillus flavus, Fusarium verticillioides, ear rot, resistant and susceptible lines, corn earworm (Helicoverpa zea Boddie), aflatoxin toxicity, fumonisin tolerance



Introduction

Besides causing crop damage and economic loss to the grower, mycotoxigenic fungi pose a serious risk to human and livestock health due to the contamination of commodities with carcinogenic and neurotoxic secondary metabolites known as mycotoxins. Aflatoxin B1 (AF) is the most dangerous among mycotoxins due to its very potent carcinogenicity. Aspergillus flavus, an opportunistic pathogen, is the predominant species that contaminates cereal and oil seed crops with AF. Although not as genotoxic as AF, fumonisins (FUM) are associated with esophageal cancer, particularly due to cytotoxicity of fumonisin B1 (FB1). They are also among the most common food- and feed-contaminating mycotoxins in many countries (Biomin, 2015; Munkvold et al., 2019). FUM are produced by Fusarium species, F. verticillioides (formerly known as F. moniliforme) being the predominant contaminant of commodities (Munkvold, 2003). A. flavus and F. verticillioides cause ear rots in maize (Zea mays L.), a globally important food, feed and fuel crop of high productivity. AF and FUM can be co-contaminants of commodities (Guo et al., 2017), particularly in high cancer-risk areas (Sun et al., 2011), and act synergistically on carcinogenesis (Lopez-garcia, 1998).

Aspergillus and Fusarium ear rots are more frequent in warmer and drier cropping seasons or a warmer and wetter weather combination at the time of harvest, and are often exacerbated by insect damage. Insect-vectored inoculum can breach the natural plant defense. The invasive methods of inoculation by chewing and piercing insects would bypass resistance mechanisms, such as remote defense signals triggered in the husk, silk or seed surface in response to natural infection via silk. Consequently, ear rot diseases are more common in the southern United States (US) and lowland tropics (Miller, 1994; reviewed in Cotty and Jaime-Garcia, 2007; Santiago et al., 2015). Among insect pests infesting maize, European Corn Borer (ECB) causes the most serious damage (Boyd and Bailey, 2001; Hutchison et al., 2010). It not only injures plants, exposing them to infection, but also vectors ear rot and stalk rot fungi, particularly F. verticillioides and F. graminearum (Widstrom, 1992). Extensive use of Bt (Bacillus thurigiensis crystal proteins-expressing) maize, with its high efficacy against ECB, has reduced overall ECB populations in the US (Hutchison et al., 2010). Maize pests previously considered as secondary to ECB are now taking its position (Bowers et al., 2014). Corn earworm [CEW; Helicoverpa zea (Boddie); formerly in the genus Heliothis] has become the most economically important pest in the southern US where non-freezing winters are conducive for it to multiply by 4–7 generations in a year. Resistance of this pest to a wide range of insecticides and to Bt maize has also been documented (Capinera, 2004; Dively et al., 2016; Kaur et al., 2019). Although CEW has multiple crop and weed hosts, maize is its preferred host (Johnson et al., 1975). Annual yield loss due to CEW ranges from 2–17% for field corn and up to 50% in sweetcorn in the southern US. A. flavus and F. verticillioides invade the seed through silk and are also vectored by CEW and other ear-infesting insects (Munkvold and White, 2016). F. verticillioides can grow also as an endophyte through root or stem infection, and is vectored by insects such as ECB that feed on vegetative tissues (Blacutt et al., 2018). In addition to facilitating fungal colonization, insect infestation can also enhance mycotoxin production in host tissues (Döll et al., 2013; Drakulic et al., 2015; Drakulic et al., 2016). Unlike a strong association observed in the case of FUM contamination (e.g., Smeltzer, 1959; Dowd, 2000; Mesterházy et al., 2012), seed AF levels were reported to be poorly correlated with CEW damage caused by either natural invasion (Ni et al., 2011; Cao et al., 2014) or manual infestation (Lillehoj et al., 1984). A meta-analysis of published work showed a 59% reduction in the mean FB1 concentration in Bt maize compared to the non-Bt control (Cappelle, 2018).

Insect–fungal interactions are much more complex than vector–cargo relationships and have domino effects on host colonization (Schulthess et al., 2002; Ako et al., 2003; Piesik et al., 2011; Döll et al., 2013; Drakulic et al., 2015; Drakulic et al., 2016). For example, AF is known to be toxic to CEW based on in vitro studies (Zeng et al., 2006). Recent work on Drosophila further suggests that aflatoxigenic A. flavus strains may have greater fitness than non-aflatoxigenic strains in the presence of insects (Drott et al., 2017). However, there has been no study on the implications of these observations in the context of AF production in crop hosts. It was fortuitous that we observed a preferential CEW infestation and increased FUM contamination in A. flavus resistant maize lines in two unrelated field trials. These observations were robust and derived from two different sets of resistant and susceptible maize lines (details in the Materials and Methods section). Since it is relevant to mycotoxin mitigation, we pursued to unravel the factors underlying this novel host–pathogen–insect interaction. Late flowering might have facilitated enhanced oviposition by H. zea in the resistant maize lines, but our analysis suggests that the toxicity of AF to CEW is a more compelling reason for the observed prevalence of ear damage in the low AF accumulating genotypes.



Materials and Methods


Maize Field Trials Related to the Study

Field experiments were carried out at the Agricultural Research Station, LSU AgCenter, Baton Rouge. The four maize genotypes used in both trials are non-transgenic and non-commercial lines. The first or “hybrid” study used two hybrids, GA209 × T173 (susceptible to AF accumulation) and Mp313E × Mp717 (resistant to AF accumulation) that were developed at the USDA-ARS Corn Host Plant Resistance Research Unit, Mississippi (Williams and Windham, 2009). Toxigenic A. flavus strain, CA14 (obtained from the USDA Agricultural Research Service Culture Collection, Northern Regional Research Laboratory, Peoria, IL, USA) was used in the study. The strain has whole genome sequence information and needed mutant resources (Chang et al., 2019). The second or “inbred” study was done with two popular inbreds B73 (susceptible to AF accumulation, (Campbell and White, 1995) and CML322 (resistant to AF accumulation, (Betrán et al., 2002). Tox4, an isolate from local maize fields (Chalivendra et al., 2018), was used in the study because it is produces high AF levels and serves as a good model strain to study microbiome changes, which is the planned objective of the study.

All four lines were planted in 4-row plots in the middle of April, 2018. To keep the insect pressure low, Besiege, a broad-spectrum foliar insecticide with chlorantraniliprole and λ-cyhalothrin as active ingredients, was sprayed at ~V9 and R1 growth stages. Three days after the second insecticide application, plants were inoculated with conidial suspensions of A. flavus strains by silk canal injections, as described before (Zummo and Scott, 1992). Plants were maintained with standard agronomic practices of fertilizer and herbicide applications and received irrigations during extended dry periods.



Weather Data

The 2018 cropping season in the US was unusual in its weather pattern. Daily high and low temperatures and rainfall data were downloaded from https://www.wunderground.com/history/monthly/us/la/baton-rouge/KBTR/ for April to July months of maize cropping season in 2017 and 2018 and are shown in Figure S1.



Assessment of Earworm Damage and Mycotoxin Measurements

One ear per plant from each genotype and treatment was harvested, resulting in 70–80 ears in inoculated plants and double the number from uninoculated plants. Ears in each lot were separated by the presence or absence of CEW infestation to monitor the effect of insect damage on mycotoxin levels. Only ears with visible internal damage (i.e., nibbled seed and cut silks, larval feeding tracks with frass; sometimes with dead or live CEW larvae) were considered as infested. No distinct spatial or other pattern of infestation was observed in our plots (also see Ni et al., 2011), except that a majority of resistant inbred or hybrid plants were infested, while only a few ears from susceptible lines showed damage by the earworm. At least three ears were used per replicate and each category had 3–5 replicates. Given the low frequency of CEW-damaged ears in B73 and GA209 × T173, all ears in each category were used for AF analysis to have robust AF data. When the seed meal exceeded more than 100 g (in uninoculated controls), we took more than one sample to minimize sampling error.

AF from seed meal was extracted and measured as before (Chalivendra et al., 2018) using modified high performance liquid chromatography (HPLC) conditions. The equipment included Waters e2695 HPLC (Waters Corp., Milford, MA, United States) fitted with a Nova-Pak C18 column, a photochemical reactor (Aura Industries Inc., New York, United States) and a Waters 2475 FLR Detector (Waters Corp.). The signal was detected by excitation at 365 nm and emission at 440 nm. Aqueous methanol (37.5%) was used as the mobile phase.

FB1, FB2, and FB3 in the same maize seed meal samples were analyzed by liquid chromatography–mass spectrometry (LC-MS) using an adaptation of a previously published method for mycotoxin analysis (Plattner, 1999). Briefly, maize samples were ground with a laboratory mill. Portions (5 g) of the seed meal were extracted with 25 mL 1:1 acetonitrile/water for 2 h on a Model G2 Gyrotory Shaker (New Brunswick Scientific, Edison, NJ, USA). Extracts were filtered with a Whatman 125 mm 2V paper filter (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). A total of 10 µL of extract was applied to a Kinetex (Phenomenex, Torrance, CA, USA) C18 column (50 mm length, 2.1 mm diameter). Chromatography was conducted utilizing a Thermo Dionex Ultimate 3000 (Thermo Fisher, Waltham, MA, USA) ultrahigh-performance liquid chromatography (UPLC) system consisting of an autosampler coupled to a binary gradient pump. Elution of analyte was achieved with a 0.6 mL min−1 gradient flow of methanol and water (0.3% acetic acid was added to the mobile phase). The solvent program used a 35–95% gradient over 5 min. Flow was directed to a Q Exactive (Thermo Fisher, Waltham, MA, USA) hybrid quadrupole-Orbitrap mass spectrometer equipped with an electrospray ionization source. The mass spectrometer was operated in full-scan mode over a range of 300 to 1,200 m/z. Operation of the LC-MS and quantification of the eluting fumonisins were performed utilizing Thermo Xcalibur software. Quantification of fumonisins was based upon intensity of protonated ions for FB1 (m/z 722.3), FB2 (m/z 706.3) and FB3 (m/z 706.3) compared to calibration standards of the toxins. The limit of quantification for the analytical method was determined to be 0.1 µg per g for FB1, FB2, and FB3.



Bioassays for Mycotoxin Toxicities to CEW

The toxicities of AF and FUM to CEW larvae were tested in a pre-mixed meridic diet (WARD’S Stonefly Heliothis diet, Rochester, NY) by supplementing with 0, 3, 10, 30 60, or 100 μg/g FB1 (Cayman Chemical, MI) or 0, 20, 50, 100, 250, or 500 ng/g of AFB1 (Sigma Chemicals). The diet was prepared as per manufacturer’s instructions. The FB1 stock, made in water, was diluted to the above rates before the dry diet was added and mixed thoroughly. AF was dissolved in methanol at a stock concentration of 2 mg/mL and diluted appropriately to provide the aforementioned concentrations. The highest concentration of methanol used (0.08% by w/w) was incorporated into the control diet. The assay was done in a 128 well bioassay plate (C-D International Inc., Pitman, NJ). A single CEW neonate from a laboratory CEW colony obtained from Benzon Research Inc. (Carlisle, PA) was added to each well with 1 g of diet using a camel hair brush (Kaur et al., 2019). At least 20 larvae were tested per treatment and the assay was repeated four times.



Statistical Analysis of Data

Insect damage and aflatoxin levels were compared by ANOVA and post-hoc analysis by Tukey’s Honestly Significant Difference (HSD) test using R program (version 3.6.2) in RStudio. Student’s t-test was used for comparison of specific pairs of data sets.



Safety

AF and FB1, being highly toxic mycotoxins, were handled with care using a biohood, surgical gloves and nose as well as mouth masks. All residues and containers were decontaminated using bleach and by autoclaving.




Results


Corn Earworm Outbreak in 2018 Summer

The unexpected observation that prompted the current work was made in two separate field experiments in 2018. The objective of hybrid study was to correlate the transcripts of A. flavus medusa A gene with the spatial distribution of the biofilm-like structure in maize seeds. Previous studies showed that A. flavus forms biofilm-like structure during maize seed colonization (Dolezal et al., 2013; Shu et al., 2014; Windham et al., 2018). The aim of the inbred study was to analyze microbiome changes in the susceptible and a resistant line in response to A. flavus colonization.

During the summer of 2018, daily profiles of rain fall and air temperature patterns were different from past years’ average in Louisiana as well as many of the maize-growing states in US. The growing season was shorter (late April to early August) due to extended cold temperatures into the beginning of the planting season and relatively warmer and drier days during the early crop growth period (Figure S1). April 2018 was the coldest April month since 1997 based on US average temperatures (and for Iowa and Wisconsin, it was the coldest April since records began in 1895). In contrast, May 2018 was the hottest May on record, breaking the record set in May 1934 during the Dust Bowl (National Oceanic and Atmospheric Administration: https://www.noaa.gov/). The unseasonal and steep warming, and the dry weather after protracted cold seems to have favored an explosion of CEW population as indicated by a heavy infestation of ears in both of our experimental plots. CEW incidence was also reported from maize fields in other states in southern (Porter and Bynum, 2018) as well as northern US (e.g., Handley, 2018). A similar buildup of CEW reported in Michigan in 2019 was also attributed to unusual weather pattern (Schuh and Springborn, 2019). In spite of two applications (before and after silking) of a strong broad-spectrum insecticide with fast knockdown as well as long-lasting residual effects, the insecticide seems to have failed to reach silks covered by the husks. Further, all ears were bagged immediately after inoculation/pollination, which concealed earworm damage until developing ears were sampled for analysis.



CEW Infestation Was Significantly Greater in A. flavus Resistant Maize Lines

During sampling of ears later in the season (July), we noticed that the two resistant lines, the hybrid Mp313E × Mp717 and the inbred CML322 showed greater infestation by CEW than the susceptible lines GA209 × T173 and B73 (Figure 1, left panels). The infestation was <10% in susceptible lines and it ranged from 22 to 68% in the resistant lines. The maize lines used in the two field trials have been extensively validated in the field and are often used as checks for evaluating new genotypes and in mapping resistance loci (e.g., Mideros et al., 2012; Guo et al., 2017). Despite our concerns that the distinctive patterns of CEW infestation might potentially interfere with the genetic response of maize lines to A. flavus, AF measurements showed that the genotype responses were robust in spite of CEW infestation. As described in the Materials and Methods section, we harvested and utilized all ears in the plots to obtain robust AF data. The insect infestation was 8-fold greater in CML322 than observed in B73 ears in the mock-inoculated set. Inoculation with the highly toxigenic Tox4 strain resulted in a significant (p<0.01) and nearly 4-fold decrease in the infestation of CML322, but still 2-fold greater than infestation in B73. This is inversely correlated with >3-fold increase in seed AF content in Tox4- inoculated CML322 ears. As expected from its susceptibility to A. flavus colonization, B73 seeds accumulated >100 ppb of AF even in mock-inoculated (Control) ears and >500 ppb in Tox4-inoculated ears. These AF levels are >12–19 fold higher than those measured in CML322 seeds (Figure 1B, right panel). CEW infestation was also greater in the resistant hybrid (Mp313E × Mp717) than in the susceptible hybrid by >30-fold in the control set and by 7-fold in the inoculated set (Figure 1A, left panel). Infestation was inversely correlated with seed AF levels in hybrids as well. The susceptible hybrid (GA209 × T173) had 100 ppb of AF in uninoculated control seeds and >400 ppb in the inoculated set (i.e., 3 and 24-fold greater than in the resistant hybrid). Unlike the resistant inbred CML322, the resistant hybrid showed no difference in either AF content or CEW infestation between the control and CA14-inoculated ears. Analysis of variance (ANOVA) confirmed that only the host genotype (i.e., resistance to A. flavus) affected infestation highly significantly (>99.99% confidence level) and inoculation-induced differences were not statistically different (Table S1).




Figure 1 | Rate of corn earworm infestation (left panels) and seed AF content (right panels) in maize lines. (A) Data is from hybrid plots. Infestation was significantly dependent on the host genotype with very little difference between control (mock-inoculated) and CA14-inoculated set. (B) Data shown is from inbreds. Values shown are average + SE. Significant differences (P value <0.05) between each data set were tested using an ANOVA (Table S1) followed by Tukey’s multiple-comparisons post hoc test in R (version 3.6.2). Means are significantly different if marked by a different letter.





CEW Infestation Is Negatively Correlated With Seed AF Content

As can be expected from the above data (Figure 1), ANOVA of seed AF content across the two experiments (Table S2) revealed that the host genotype and inoculation with toxigenic A. flavus strains showed highly significant direct as well as interaction effects on seed AF content. Infestation was also significantly related to AF content, although its interaction effect with genotype on AF was not significant. Both the resistant genotypes (CML322 and Mp313E × Mp717) manifested robust resistance to A. flavus and accumulated less than 30 ppb of AF in the seed either in the control (via colonization of native A. flavus strains) or the inoculated set. Conversely, the susceptible inbred and hybrid accumulated 100 and 500 ppb in control and inoculated sets, respectively. AF content is inversely correlated with CEW infestation pattern in each of the four maize genotypes. This relationship becomes clear when the data is combined for control and inoculated sets in each genotype (Figure 2) or when all data is combined (Figure S2). It is of interest to note that the uninfected controls from both resistant lines showed a numerical but statistically insignificant increase in AF in CEW-infested ears. AF was scarcely detectable in the uninfested and uninoculated controls (a mean value of 6 ppb in Mp313E × Mp717 and <1 ppb in CML322) but increased by 5 and 14-fold in infested ears of resistant hybrid and inbred respectively. This suggested that resistance to AF contamination might have been compromised to some extent in seeds heavily damaged by CEW.




Figure 2 | CEW damage is negatively correlated with seed AF content in maize 20 lines. The infestation and AF data from control and infected ears is combined in each genotype. Significant differences (P value <0.05) between each data set were tested using an ANOVA followed by Tukey’s multiple-comparisons post hoc test in R. Average (+SE) infestation and AF values between A. flavus susceptible and resistant lines are highly significant (denoted by **;p < 0.01).





Kernel Fumonisin Content Was Enhanced in CEW-Infested Ears

Fusarium verticillioides is among the most common mycotoxigenic fungi colonizing field-grown maize. We observed symptoms of F. verticillioides colonization (e.g., star-burst pattern on seeds) in our samples. We isolated the fungus from seeds with visual symptoms using Fusarium-selective Malachite Green Agar 2.5 medium (Alborch et al., 2010) and confirmed the species identity by genomic PCR using F. verticillioides-specific primers (Baird et al., 2008). FUM content was analyzed in the same seed samples used for AF determination (Figure 3A) and compared between uninfested and CEW-infested samples (Figure 3B).




Figure 3 | FUM contamination by native Fusarium strains. (A) Seed fumonisin content in the four maize lines. (B) Seed FUM content parsed by uninfested (clean) versus CEW infested ears in each genotype. The values are averages + SE in each genotype and were not significantly different at 95% confidence level.



Both maize hybrids used in this study have been previously shown to be resistant to FUM accumulation. The A. flavus resistant hybrid, Mp313E × Mp717 was shown to be more robustly resistant than GA209 × T173 in multiple studies (Williams, 2006; Henry et al., 2009; Williams and Windham, 2009). In the current study, however, the Mp313E × Mp717 accumulated >7-fold greater concentration of FUM in its seeds than GA209 × T173 (Figure 3A). Although CML322 accumulated a considerable amount of FUM, it was >4-fold less than that in B73, which is known to be among the most susceptible inbreds to Fusarium ear rot and FUM accumulation (Morales et al., 2019). However, when the data was parsed based on CEW infestation (only in sets where both clean and infested ears were available), infested ears showed >5-fold more FUM than uninfested ears (Figure 3B). The differences were not significant probably due to the high variability in the colonization by native strains (the lowest p-value was 0.052 for CML322; also see Figure S2). These data indicated that CEW may vector Fusarium spp. that produce FUM during its infestation, as often reported in the literature (Munkvold et al., 2019).



Differential Toxicity of AF Versus FB1 to CEW

The preferential infestation of A. flavus resistant lines by CEW, the negative correlation between AF and CEW infestation levels, and a greater FUM levels in infested ears, suggested that AF may be more toxic to H. zea than FUM. We tested this hypothesis by feeding experiments where CEW neonates were reared on artificial diet containing graded levels of AF or FB1. Results shown in Figure S3 and Figures 4A, B clearly demonstrate that the pest is more susceptible to AF than to FB1. As reported previously (Zeng et al., 2006), AF retarded CEW larval growth even at the lowest concentration tested, although the effect was not significant (Figure 4B) and was lethal above 200 ppb (Figure S3). On the other hand, FB1 had little impact on CEW larval growth at all concentrations tested (Figure S3 and Figure 4A). In fact, at lower concentrations (below 30 ppm; Figure S3) the toxin seems to marginally enhance the growth of the larvae (the effect was consistent although there was variability among the bioassays). These results support our proposal that the enhanced infestation of A. flavus resistant maize lines by H. zea may be due to very low levels of AF that are not inhibitory to larval growth.




Figure 4 | Effects of aflatoxin B1 and fumonisin B1 on the growth of H. zea larvae, as measured by the body mass. Graded doses of FB1 and AF (A, B respectively) were tested on CEW growth and mortality by incorporating them into an artificial insect diet. Larvae were grown in a 128 well bioassay plate for 10 d. Each well had 1 g of feed and a single neonate at the start of the assay. A representative assay from 4 replicated experiments is shown (Figure S3). At the end of the bioassay, larvae were removed from the well killed by chloroform vapors and weighed. Values are averages + SE of ≥16 larvae/treatment except at 250 ppb of AF, where mortality was 30% or greater (dead and dried larvae were seen stuck to the bottom of the well). The values marked with the same letter are not statistically significant. FB1 had no significant effect on larval growth at concentrations tested.





Delayed Flowering in A. flavus Resistant Maize Lines

Tassel and ear development was delayed in the resistant inbred CML322 by 3 weeks relative to B73 and by 4–5 weeks in the resistant hybrid, Mp313E × Mp717 compared to GA209 × T173, although all four lines were planted together. CML322 is a tropical inbred and manifests delayed flowering under long days, i.e., ≥13 h photoperiod (Hung et al., 2012). The parents of the resistant hybrid (Mp313E × Mp717), derived from the tropical maize race Tuxpeño (Scott and Zummo, 1990; Williams and Windham, 2006), are also known to flower late. This is true for most maize lines that are resistant to A. flavus. Attempts to segregate the two traits, so far, have met with limited success (Henry, 2013). The availability of green silks may be an important factor for an increased H. zea infestation of often observed in the late flowering genotypes. However, in an adjacent plot where B73 was planted two weeks later (unrelated to the current study), silk emergence coincided with that of CML322 plants used in the present study. Nonetheless, B73 ears showed low levels of CEW infestation correlating with highly elevated levels of seed AF (400 ppb in controls and 800 ppb in inoculated plants) in this plot as well. These observations suggest that high seed AF levels suppress CEW infestation due to its toxicity, even if provision of green silks can promote CEW egg-laying.




Discussion

The precise environmental factor that favored a CEW outbreak in 2018 is not clear. Unseasonal dry and warm weather is considered to support CEW population buildup in soybean but negatively affect infestation of drought-stressed maize (Herbert et al., 2003). For example, CEW damage was more severe in 2006 than in 2007 in the same maize field (Ni et al., 2011), although 2007 set the record as the then driest year in Georgia’s history (www.drought.gov/drought/states/georgia). Seasonal outbreaks of CEW population have been reported in the past but detailed correlative analysis between seasonal weather and CEW outbreaks is lacking. In a period of 25 years, severe crop damage by CEW was recorded during 9 of them in the state of Arkansas and no comparison to prevailing weather factors was made (reviewed in Dicke, 1939). There has also been no study where CEW infestation patterns have been compared in maize genotypes with varying resistance to A. flavus or AF accumulation, although toxicity of AF to CEW has been known for more than a decade (Zeng et al., 2006). Ni et al. (2011) compared spatial patterns of natural infestation of four ear-feeding insects including CEW with AF contamination by native A. flavus strains in a commercial maize hybrid. In the first year of the study, CEW infestation was extensive (95% of sampled ears) and in the second year, it was 41%. Although the low AF content observed in both years (>80% of ears had ≤30 ppb and only ≤4% ears had ≤100 ppb) makes it difficult to quantify the relationship between AF contamination and insect infestation, it indicated a negative association between CEW damage and seed AF content. The maize genotypes in our study have proven resistance or susceptibility to A. flavus. Further, high AF contamination (100 ppb) even in uninoculated susceptible lines has allowed to make robust comparisons.

The premise for this study is a novel and robust observation in that two unrelated maize lines (Tuxpeño germplasm versus CML) with proven resistance to A. flavus were heavily infested by CEW. Conversely, the two A. flavus susceptible lines (stiff-stalk inbred B73 and non-stiff stalk hybrid GA209 × T173) were spared by the pest. Although late flowering maize is known to be susceptible to CEW infestation by providing green silks, availability of silks alone could not fully explain our observations. Late flowering is more often a problem in the northeastern US where it coincides with CEW migration from southern states. Furthermore, late planted B73 in an adjacent plot had delayed silk emergence but showed no greater CEW infestation than the early planted set. The other and more likely explanation is that the susceptible lines had very high levels of AF that were toxic to CEW. Even mock-inoculated controls had 100 ng of AF per gram of seed meal prepared from entire ears that included both moldy and non-moldy seeds. This inference is supported by our feeding experiments (Figure S3 and Figure 4B) as well as previous work (Zeng et al., 2006). Zeng et al. (2006) showed that AF at 200 ppb strongly inhibited the growth and development of first instar larvae, leading to >50% larval death after 9 d and 100% death after 15 d of feeding. Even lower concentrations (1-20 ppb; FDA-regulated levels) affected larval development, delayed pupation rate and led to >40% mortality when the exposure was longer than 7 d (Zeng et al., 2006). Although concentrations below 20 ppb were not tested in our study, we observed a steady decline in larval mass as AF concentration increased resulting in ≥30% mortality at or above 250 ppb during 10–15 d exposure (Figure S3 and Figure 4B). We did not continue our observations beyond the larval stage to assess long-term developmental effects (e.g., pupation or emergence of adults). An apparent exception to the correlation between low AF and high CEW infestation was a significant decrease in CEW infestation observed in TOX4-inoculated ears compared to uninoculated ears in the A. flavus resistant inbred CML322, although average AF levels did not exceed 30 ppb. Given the highly variable distribution of AF in individual kernels of a maize ear (e.g., Lee et al., 1980), it is possible that the AF content particularly in damaged kernels at the ear tip was much greater than the average for the entire ear and high enough to be toxic to CEW. Furthermore, CEW may be sensitive also to other anti-insectan compounds that can be made by A. flavus (Cary et al., 2018) and act additively or synergistically with AF (e.g., Kojic acid; Dowd, 1988). Future experiments would involve late-maturing lines with A. flavus susceptibility and early maturing lines with A. flavus resistance to clarify and quantify the effects of flowering time and AF content on CEW infestation.

It is not surprising that AF is toxic to insects, not merely to mammals. A. flavus is predominantly a soil-living saprophyte, feeding on decaying organic matter, including dead insects. It is also an opportunistic pathogen and can colonize a wide variety of insects, e.g., moths, silkworms, bees, grasshoppers, houseflies, fruit flies and mealy bugs among others (St. Leger et al., 2000; Gupta and Gopal, 2002) and AF production may be an adaptive mechanism against fungivory (Drott et al., 2017). A. flavus is known to survive ingestion by mycophagous insects. Among three Aspergillus species tested, A. flavus conidia phagocytized by insect hemocytes were still able to germinate (St. Leger et al., 2000). A. flavus may also proliferate in the hindgut of CEW (Abel et al., 2002). Based on feeding studies in Drosophila, AF production is proposed to confer a fitness advantage to A. flavus when interacting with insects (Drott et al., 2017). In spite of being a polyphagous pest with a remarkable capacity to metabolize a wide array of plant compounds, CEW has limited tolerance to AF and poor ability to metabolize this mycotoxin (Dowd, 1988; Zeng et al., 2006). Beside AF, the fungus is known to make several anti-insectan compounds (TePaske et al., 1992; Cary et al., 2018). Other insect pests that are more tolerant may vector A. flavus (Zeng et al., 2006; Opoku et al., 2019; Reviewed in Munkvold et al., 2019). Based on spatial correlation analysis, Ni et al. (2011) reported that AF content was correlated to the frequency of weevils and stink bug-affected kernels, but not with CEW damage.

Our work also showed that FUM is not toxic to H. zea (Figure S3 and Figure 4A). This may have allowed CEW to vector F. verticillioides and other FUM-contaminating fungi, as indicated by an increased seed FUM content in infested ears (Figure 3). CEW damage is also frequently associated with the colonization by another mycotoxigenic fungus, Stenocarpella maydis, which causes diplodia ear rot (Munkvold and White, 2016). In animal model systems, FB1 at 25-50 µM (i.e., 18-36 ppm) has been shown to inhibit ceramide synthases and lead to the accumulation of toxigenic/carcinogenic sphinganine and related compounds (Riley et al., 2001; Riley and Merrill, 2019). Conversely, FB1 was not found to be toxic even at 450 ppm to yellow mealworm larvae when included in the diet or injected into larva (Abado-Becognee et al., 1998). Recently, the brown marmorated stink bug (Halyomorpha halys) was shown to enhance F. verticillioides infection and FUM contamination in field corn (Opoku et al., 2019). Among other secondary metabolites produced by F. verticillioides, fusaric acid is only a weak antisectan compound (Dowd, 1988). The lack of secondary metabolites with potent insecticidal properties in the biosynthetic repertoire of F. verticillioides could be one of the reasons for its frequently observed transmission via insect infestation (e.g., Smeltzer, 1959; Dowd, 2000; Alma et al., 2005; Mesterházy et al., 2012; Madege et al., 2018) and a critical link between insect damage and Fusarium ear rot (Munkvold et al., 2019). Successful mitigation of mycotoxins requires control of multiple pests, including CEW (Abbas et al., 2013; Bowers et al., 2014; Porter and Bynum, 2018). Bt-maize has been highly successful in crop protection from important pests, including CEW. However, global warming has been shown to enhance the risks of extensive Bt-adaptation as well as overwintering of CEW in the northern US (Venugopal and Dively, 2017) and could exacerbate the mycotoxin problem.

Although this study was pursued to explain a serendipitous observation, it has important implications in mycotoxin control. AF and FUM are ubiquitous and unpredictable contaminants of commodities, particularly maize. Our study clarifies a component of this unpredictability. The late flowering trait of A. flavus resistant lines (owing to their tropical origin) is known to delay harvest, potentially leading to frost damage and/or high grain moisture. Our current work shows that delayed flowering when coupled with unseasonal weather and low AF accumulation can exacerbate CEW infestation, which in turn can lead to contamination by other mycotoxins, such as fumonisins (Munkvold and White, 2016).

In contrast to a mutual antagonism reported previously between A. flavus and F. verticillioides (Zummo and Scott, 1992; also see Figure S4), we observed high levels of AF and FUM co-contaminating our samples. B73, in particular with its high susceptibility to both mycotoxigenic fungi, had very high levels of both AF and FUM in many of its seed samples. Although CEW damage was very low in this inbred (Figures 1B and 2), FUM levels were exacerbated in infested ears (Figure 3B). There is some evidence for an additive or even synergistic effect on carcinogenicity from co-exposure to AF and FUM (World Health Organization, 2018). Based on biomarker studies and food analyses, the co-occurrence of these two mycotoxins has been widely documented in developing countries (Shirima et al., 2013; Biomin, 2019). It is important to examine the underlying factors as well as effects of mycotoxin co-contamination both by researchers and regulatory agencies to mitigate its impact on food safety (Lopez-garcia, 1998). As demonstrated by our study, a host genotype even with demonstrable resistance can become vulnerable due to seasonal variation in flowering time or an outbreak of chewing insects. Further, incorporation of resistance to a single mycotoxin accumulation and not pairing it with insect resistance may not adequately ensure food safety.
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Plants can respond to eggs laid by herbivorous insects on their leaves by preparing (priming) their defense against the hatching larvae. Egg-mediated priming of defense is known for several plant species, including Brassicaceae. However, it is unknown yet for how long the eggs need to remain on a plant until a primed defense state is reached, which is ecologically manifested by reduced performance of the hatching larvae. To address this question, we used Arabidopsis thaliana, which carried eggs of the butterfly Pieris brassicae for 1–6 days prior to exposure to larval feeding. Our results show that larvae gained less biomass the longer the eggs had previously been on the plant. The strongest priming effect was obtained when eggs had been on the plant for 5 or 6 days, i.e., for (almost) the entire development time of the Pieris embryo inside the egg until larval hatching. Transcript levels of priming-responsive genes, levels of jasmonic acid-isoleucine (JA-Ile), and of the egg-inducible phytoalexin camalexin increased with the egg exposure time. Larval performance studies on mutant plants revealed that camalexin is dispensable for anti-herbivore defense against P. brassicae larvae, whereas JA-Ile – in concert with egg-induced salicylic acid (SA) – seems to be important for signaling egg-mediated primed defense. Thus, A. thaliana adjusts the kinetics of its egg-primed response to the time point of larval hatching. Hence, the plant is optimally prepared just in time prior to larval hatching.
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INTRODUCTION

Infestation of plants by herbivorous insects can start harmlessly by deposition of eggs on the plant. From these yet harmless eggs, herbivorous larvae will hatch, and they may heavily damage the plant. However, plants are able to perceive insect egg deposition and to mobilize defense responses killing the eggs. For example, the production of ovicidal substances, the formation of neoplasms or necrotic tissue may result in egg intoxication, detachment of eggs from the leaf, or egg desiccation. Oviposition-induced plant volatiles (OIPVs) and oviposition-induced chemical changes of the leaf surface can attract and arrest egg-killing parasitoids (e.g., Hilker and Fatouros, 2015, 2016; Geuss et al., 2017).

When direct plant defense responses do not kill all eggs or when egg parasitoids are absent, plants remain vulnerable to herbivory by hatching larvae. Then, feeding damage by the larvae can induce defense responses targeting the larvae (Karban and Baldwin, 1997; Howe and Jander, 2008; Mithöfer and Boland, 2012; Stam et al., 2014). The major drawbacks of defense responses induced by insect feeding damage are that it takes some time to scale the defense to full effectiveness against the herbivorous insect and that it is associated with plant fitness costs (e.g., Heil and Baldwin, 2002; Steppuhn and Baldwin, 2008; Cipollini et al., 2017).

To prime, i.e., to prepare for, an inducible defense against impending herbivory by responding to stimuli indicating impending insect infestation is a plant strategy to overcome these drawbacks (Frost et al., 2008). This strategy enables a plant to accelerate the establishment of an effective defense or to amplify anti-herbivore defense responses (Hilker et al., 2016). Thus, primed plants show improved defense, which harms the herbivore to a greater extent than the defense of non-primed plants. Therefore, primed plants might benefit from having lower fitness costs than non-primed plants (Hilker et al., 2016; Hilker and Fatouros, 2016; Martínez-Medina et al., 2016). In general, exposure of a plant to a wide range of biotic and abiotic natural stimuli and also to synthetic compounds may have a priming effect on plant responses to subsequent stress (Mauch-Mani et al., 2017). Naturally occurring environmental stimuli that may reliably indicate impending herbivory and prime plants for improved defense against attack by herbivorous arthropods are, for example, volatile compounds released by herbivorous insects or by herbivore-infested plants. Exposure of plants to insect sex pheromones (Helms et al., 2014, 2017; Bittner et al., 2019), to herbivory-induced plant volatiles (HIPVs, e.g., Heil and Kost, 2006; Dicke and Baldwin, 2010; Karban et al., 2014), or to insect OIPVs (Pashalidou et al., 2020) has been shown to render a plant’s anti-herbivore defense more effective. Furthermore, herbivory preceding further herbivory (e.g., Rasmann et al., 2012) and insect egg deposition preceding larval feeding damage (Hilker and Fatouros, 2015, 2016) are known to enhance plant defenses against the feeding stages of the herbivores.

By now, several studies showed that plant responses to eggs from specialist and generalist insects can prime anti-herbivore defenses against hatching larvae. Among these egg-primable plants are herbaceous annual species (several brassicaceous species, Nicotiana attenuata, Vicia faba, e.g., Geiselhardt et al., 2013; Pashalidou et al., 2013, 2015; Bandoly et al., 2016; Bonnet et al., 2017; Rondoni et al., 2018; Lortzing et al., 2019; Paniagua Voirol et al., 2020), a perennial shrub (Solanum dulcamara; Geuss et al., 2018), and two tree species (Pinus sylvestris, Ulmus minor; Beyaert et al., 2012; Austel et al., 2016). When larvae feed on previously egg-laden plants, they gain less biomass, suffer higher mortality, need more time to develop and/or have a weaker immune system than larvae feeding on non-primed plants (Bandoly et al., 2016; Hilker and Fatouros, 2016). Egg-mediated improved resistance against feeding larvae has been shown to be attributed to stronger or earlier expression of defense-related genes (Altmann et al., 2018; Lortzing et al., 2019) and to increased levels of phenylpropanoid derivatives that feeding larvae take up (Bandoly et al., 2015, 2016/N. attenuata; Austel et al., 2016/U. minor; Geuss et al., 2018/S. dulcamara; Lortzing et al., 2019/A. thaliana; Lortzing et al., 2020). Signaling of egg-mediated priming of anti-herbivore defense has especially been studied with respect to the phytohormones salicylic acid (SA) and jasmonic acid (JA).

Salicylic acid levels of brassicaceous plants (Brassica nigra, A. thaliana) are induced by egg deposition of the butterfly Pieris brassicae. Feeding-damaged plants previously exposed to P. brassicae eggs also show higher SA levels than plants only exposed to larval feeding (Bonnet et al., 2017; Lortzing et al., 2019). Further studies revealed that the egg-mediated priming effect of A. thaliana’s defense against hatching P. brassicae larvae is dependent on SA (Lortzing et al., 2019). This SA dependence has been proven by testing the effect of prior egg deposition on the performance of larvae feeding on mutant plants impaired in SA synthesis, including a sid2 mutant (Lortzing et al., 2019). SID2 encodes the isochorismate synthase involved in SA biosynthesis (Wildermuth et al., 2001). Performance of larvae feeding for 48 h on a sid2 mutant was not affected by the plant’s response to prior egg deposition (Lortzing et al., 2019). The SA-dependent, egg-mediated priming effect on A. thaliana defense against P. brassicae larvae is also linked with enhanced expression of SA-responsive, pathogenesis-related (PR) genes and of a gene encoding a cation exchanger (CAX3) and a plant defensin (PDF1.4). These genes show higher transcript levels in feeding-damaged, previously egg-laden plants than in feeding-damaged, egg-free ones (Lortzing et al., 2019). Higher transcript levels of PR genes and of PAD3 were also detected in undamaged, egg-laden A. thaliana plants than in egg-free ones (Little et al., 2007; Bruessow et al., 2010; Gouhier-Darimont et al., 2013; Paniagua Voirol et al., 2020). PAD3 encodes a cytochrome P450 enzyme that catalyzes the last step of camalexin biosynthesis in A. thaliana (Zhou et al., 1999; Schuhegger et al., 2006). PAD3 expression is suggested to be both SA-responsive (Glazebrook, 2005; Glawischnig, 2007) and JA-responsive (Pangesti et al., 2016). Several studies indicate that camalexin does not only play a role in plant immunity against phytopathogens but also in plant resistance against herbivory (Pangesti et al., 2016, and references therein). However, whether egg-laden, feeding-damaged plants contain higher camalexin levels than egg-free, feeding-damaged ones is unknown yet.

In spite of the central role of JA and its bioactive conjugate JA-isoleucine (JA-Ile) in plant resistance against chewing herbivores (Wasternack and Hause, 2013; Wasternack, 2015; Lortzing and Steppuhn, 2016), the role of these phytohormones as well as of others like abscisic acid (ABA) in the egg-mediated priming process is not clear yet (Bonnet et al., 2017; Lortzing et al., 2019, 2020). Disentangling their roles is hampered because (i) JA levels change in a strongly time-dependent manner after injury (Koo et al., 2009, and references therein), (ii) JA levels have only been measured at few time points after larval feeding on egg-primed plants, and (iii) other phytohormones than SA and JA have hardly been measured in the context of egg-mediated anti-herbivore defense-priming (compare Lortzing et al., 2019). Nevertheless, hints on the relevance of JA in egg-mediated priming of plant resistance against feeding larvae have been provided by studies on solanaceous species. Tomato plants (Solanum lycopersicum), which received egg depositions of the moth Helicoverpa zea, showed enhanced JA levels in response to subsequent wounding and application of oral secretion of conspecific larvae (Kim et al., 2012). This effect was detectable early after the application of oral secretion, i.e., after 30 and 60 min, but not later. However, an adverse effect of prior egg deposition on H. zea larvae feeding on the tomato plants was not shown. In N. attenuata, the transcription factor MYB8 plays a crucial role in egg-mediated priming of enhanced resistance against Spodoptera exigua and Manduca sexta larvae (Bandoly et al., 2015, 2016). MYB8 is activated in response to JA-mediated induction by M. sexta larval herbivory (Onkokesung et al., 2012). However, JA levels in egg-primed, feeding-induced plants were not higher than in non-primed, feeding-induced plants when measured 1 day after wounding (Bandoly et al., 2015; Drok et al., 2018).

Most studies on egg-mediated priming of plant defense against herbivores quantified resistance traits of plants exposed to insect eggs over the natural time needed by the embryo inside the egg to develop until larval hatching. For example, at moderate temperature (20–21°C), P. brassicae larvae hatch from eggs 6 days after oviposition on A. thaliana leaves. Neonate larvae feeding for at least 48 h on previously egg-laden plants show worse performance than larvae on egg-free plants (Geiselhardt et al., 2013; Lortzing et al., 2019; Paniagua Voirol et al., 2020). The priming effect of prior egg deposition is not only obvious by impaired larval development but also by less feeding damage upon egg-primed plants (Geiselhardt et al., 2013).

Up to now, little is known about the kinetics of expression of priming-relevant defense genes and the phytohormone levels during the natural egg-priming phase and how this affects the subsequently feeding larvae. For A. thaliana it is shown that SA levels and transcript levels of PR1 and PR5 increase over a period of 3–4 days after P. brassicae egg deposition or treatment with egg extracts (Little et al., 2007; Bruessow et al., 2010; Gouhier-Darimont et al., 2013). However, whether the kinetics of these and other priming-relevant defense traits is optimally adjusted to the time point of larval hatching has not been investigated so far.

To address the above-mentioned gaps in knowledge, we used A. thaliana and P. brassicae as the study system. We investigated (i) for how long eggs need to remain on a plant until a significant priming effect on plant defense against hatching larvae is reached. We further studied (ii) changes in expression of defense genes and phytohormone levels in dependence of the time past egg deposition and the duration of larval feeding. We measured larval performance as proxy of plant resistance, quantified transcript levels of defense-related genes and of genes involved in phytohormone biosynthesis and signaling, and measured phytohormone concentrations. Furthermore, (iii) we quantified levels of camalexin in egg-laden and feeding-damaged plants. We investigated (iv) the role of camalexin and of JA-Ile in egg-mediated priming of A. thaliana defense against larvae by analyzing larval performance on egg-laden mutant plants impaired in the biosynthesis of camalexin and JA-Ile, respectively. We hypothesized that camalexin accumulates in response to the eggs and thus negatively affects performance of neonate larvae.

We show that A. thaliana needs to perceive P. brassicae eggs for almost the entire egg incubation time (5–6 days) to mount a response that results in improved (primed) defense against hatching larvae. During the egg priming period, plants responded with distinct expression patterns of defense-related genes and induction of phytohormones that may contribute to the reinforced anti-herbivore defense response. Our results further suggest that not only SA but also other phytohormones, including JA-Ile, might play a role in egg-mediated priming of defense against the larvae, whereas the egg-inducible camalexin does not affect the performance of the larvae.



MATERIALS AND METHODS


Plant Material

Arabidopsis thaliana Columbia-0 (Col-0) wild type (WT) and mutant plants were grown as described by Firtzlaff et al. (2016) under short-day conditions (8 h/16 h light/dark cycle, 120 μmol m−2 s−1 light intensity, 20°C, and 50% relative humidity). The mutant sid2 (SALK_088254) was established in our lab, and the mutant jar1-1 was kindly provided by Anne Cortleven (Freie Universität Berlin). Mutant pad3-1 was obtained from the European Arabidopsis Stock Centre (http://arabidopsis.info), originally established by Glazebrook et al. (1997). The plants were treated in the vegetative stage when they were 6–7 weeks old.



Insect Rearing

Adults of the Large Cabbage White Butterfly, P. brassicae (Lepidoptera: Pieridae), were reared in flight cages (45 cm × 45 cm × 60 cm) in a climate chamber under long-day conditions (18 h/6 h light/dark cycle, 220 μmol m−2 s−1 light intensity, 23°C, and 70% relative humidity). Butterflies were fed with a fresh 15% aqueous honey solution every 2–3 days. Mated females were allowed to lay eggs on Brussels sprouts plants (Brassica oleracea var. gemmifera). Plants laden with eggs were kept in a cage in another climate chamber (18 h/6 h light/dark cycle, 160 μmol m−2 s−1 light intensity, 20°C, and 70% relative humidity) until the larvae hatched. Larvae remained in the same climate chamber and fed on Brussels sprouts throughout their entire larval development until pupation.



Experimental Setup and Plant Tissue Sampling


Experimental Setup I

Experimental setup I was designed to determine (a) for how long eggs need to remain on a plant until a priming effect on larval performance is detectable and (b) transcription levels as well as phytohormone and camalexin concentrations in leaves depending on the time of plant exposure to eggs.

Each A. thaliana plant was exposed to one P. brassicae egg cluster consisting of 40 ± 5 eggs. The butterfly was allowed to lay this egg cluster on rosette leaves 14–17. The plants were exposed to eggs for 1 day (E1), 2 days (E2), 3 days (E3), 4 days (E4), 5 days (E5), or 6 days (E6), or left untreated as controls (C; Figure 1A). For each plant that received eggs, different females were used, thus providing independent biological replicates. At the end of the egg exposure time, the egg cluster was gently peeled off the leaf with a pair of tweezers. Thereafter, the leaf was harvested for gene expression, phytohormone or camalexin analysis, or neonate P. brassicae larvae were placed on the previously treated leaf.
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FIGURE 1. Experimental setups studying timing of priming of Arabidopsis thaliana anti-herbivore defense by prior Pieris brassicae egg deposition and the effects of induced levels of phytohormones and camalexin on larval performance. (A) Experimental setup I focusing on the analysis of plant responses to insect eggs and larval feeding in dependence of the time period, for which plants are exposed to eggs: we determined the effect of P. brassicae egg deposition on A. thaliana plant gene expression, phytohormones, and camalexin levels after different egg exposure times: 1 day (E1), 2 days (E2), 3 days (E3), 4 days (E4), 5 days (E5), or 6 days (E6), and after 48 h of larval feedings. In addition, larval biomass and plant gene expression were determined 48 h after larval feeding. C = control plant without eggs. (B) Experimental setup II focusing on changes of plant responses early after the onset of larval feeding (3 h, 12 h) upon plants, which experienced egg exposure times for 6 days: we determined the effect of prior P. brassicae egg deposition on phytohormone and camalexin levels and the effect of prior egg deposition on performance of larvae feeding upon A. thaliana mutant lines. For phytohormone and camalexin quantification, the plants were exposed to eggs for 6 days (E), larval feeding (F), eggs and subsequent larval feeding (EF), or plants were left untreated (C). Leaf material was harvested after a 3 h or 12 h feeding period. Larval performance was evaluated after 48 h feeding on wild type (WT) plants or on SID2-, JAR1-, or PAD3-deficient/impaired mutant lines.


To obtain feeding-damaged plants, 10 neonate P. brassicae were placed onto the leaf that previously had carried eggs (EF plants) or to egg-free leaves of previously untreated plants (F plants). The larvae had hatched from eggs laid on non-experimental A. thaliana plants kept in a climate chamber (8 h/16 h light/dark cycle, 120 μmol m−2 s−1 light intensity, 20°C, and 50% relative humidity). One day before larval hatching, the eggs were carefully removed from the non-experimental plants. The eggs were subsequently kept in Petri dishes in the same climate chamber. After larval hatching on the following day, the neonates were placed into clip cages (2 cm in diameter, 1.7 cm high). The clip cages were mounted to the leaf with the former egg cluster (EF plants) or to leaves of egg-free plants with similar leaf position within the plant rosette (F plants). For control, we mounted empty clip cages on leaves of egg-free plants, i.e., C plants, and on E plants, which had received eggs but were not exposed to larvae.

The experimental setup I was used for three experiments. In one of them, we analyzed larval performance, in another independent one, we measured plant gene expression levels, and in a third independent one, phytohormone and camalexin levels were measured.

To determine the effect of different egg exposure times on the performance of P. brassicae larvae, we let larvae feed for 48 h on the plants, and then larval biomass was measured (see below). For control, we also determined the biomass of larvae feeding for 48 h on egg-free plants (Figure 1A).

For gene expression analysis, phytohormone and camalexin quantification, leaf material was harvested from the different plant treatments at the end of the egg exposure period. Since the E6 treatment was done first, followed by the E5 treatment 1 day later, etc., leaf material from all plants could be harvested on the same day (Figure 1A). For control, we also analyzed untreated control plants.

We quantified levels of the phytohormones SA, JA, JA-Ile, and ABA, as well as of the phytoalexin camalexin in plants exposed to eggs for 1–6 days and in untreated control plants (Figure 1A).

In addition, leaf material from feeding-damaged samples without prior egg deposition or with prior egg deposition (for 1–6 days) was harvested for gene expression analysis. These plants were exposed to feeding by neonate larvae for 48 h.



Experimental Setup II

A second experimental setup was designed to study the kinetics of changes in phytohormone levels and camalexin early after the onset of larval feeding. We studied the phytohormones SA, JA, JA-Ile, and ABA. We used a full factorial setup with the following treatments: (C) untreated controls, (E) 6 days egg deposition by P. brassicae, (F) feeding damage by P. brassicae larvae, and (EF) 6 days egg deposition followed by larval feeding.

Treatment of plants with eggs was conducted as described for experimental setup I, but for setup II, the eggs always remained on the plant for 6 days. Treatment of plants with larvae was conducted also as described for the experimental setup I, but here larvae were allowed to feed either for 3, 12, or 48 h (Figure 1B).

To quantify phytohormones and camalexin, leaf material was harvested from the different plant treatments after 3 and 12 h of feeding, and after respective time periods from untreated plants or undamaged, egg-laden plants (Figure 1B).

To elucidate the relevance of SA, JA, and camalexin in egg-mediated priming of A. thaliana resistance against P. brassicae larvae, we compared larval biomass on egg-free and egg-laden WT plants with the larval biomass on egg-free and egg-laden mutant plants impaired in SA biosynthesis (sid2), in conjugating JA to JA-Ile (jar1-1), or in camalexin biosynthesis (pad3-1). The larval biomass was measured after a 48 h feeding period (Figure 1B) in three independent experiments; one compared larval biomass on WT plants, sid2 plants, and jar1-1 plants, another one was done for verifying the results obtained with jar1-1 plants and WT plants, and a third experiment was conducted to compare larval biomass on WT plants with larval biomass on pad3-1 plants.



Larval Performance

The average biomass per larva was calculated for each plant replicate independently. The total biomass of all feeding larvae on each plant replicate was determined on a Sartorius MSA125P-100-DI Cubis Semi-Micro Balance (Sartorius Lab Instruments GmbH and Co, Göttingen, Germany) and subsequently divided by the number of larvae feeding on the plant so that the average biomass per larva per plant replicate was calculated. Thereafter, the mean larval biomass was calculated for each plant treatment.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from leaf material as described by Oñate-Sánchez and Vicente-Carbajosa (2008). Residual genomic DNA was removed with TURBO DNA free™ kit (ThermoFisher Scientific, Waltham, United States). For first-strand cDNA synthesis, 2 μg total RNA in 10 μl reactions were reverse transcribed with the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific) following the manufacturer’s protocol. Quantitative real-time PCR (qPCR) was conducted on a Stratagene MX3005p Real-Time PCR System (Stratagene Systems, Washington, United States) in 10 μl reactions with 1 μl cDNA, 0.5 μl of each gene-specific primer (2.5 μM), and 5 μl Power SYBR® Green PCR master mix (Applied Biosystems) with the following thermal profile: 1 × 10 min 95°C − 40 × (90 s 95°C − 60 s 60°C) followed by melt curve analysis at 95°C for 60 s to 60°C for 30 s to 95°C for 30 s. Samples were checked for genomic DNA residues with primers specific for genomic DNA.

We determined the expression levels of a set of genes known to be (i) inducible by insect egg deposition, involved in (ii) egg-mediated priming, (iii) phytohormone signaling and biosynthesis, and (iv) camalexin biosynthesis. As reference genes, we used AtACT2 (At3g18780), UBQ10 (At4g05320), and GAPDH (At1g13440; Kozera and Rapacz, 2013). Supplementary Table S1 provides a list of the analyzed genes and information on the primer sequences used for the transcript analysis. Relative expression levels were calculated according to Livak and Schmittgen (2001).



Phytohormone and Camalexin Analysis

Camalexin and the phytohormones SA, JA, JA-Ile, and ABA were extracted based on the protocol from Wang et al. (2007). In detail, leaf tissue was harvested in 2 ml tubes with homogenization matrix (Zirconox, 2.8–3.3 mm, Mühlmeier Mahltechnik, Bärnau, Germany) and frozen in liquid nitrogen. We added 1 ml ethyl acetate with 2 μl internal standard mix to each sample. The standard mix contained deuterated phytohormones, i.e., 10 ng/μl D4-SA, 10 ng/μl D6-abscisic acid (OlChemIm Ltd., Olomouc, Czech Republic), 30.2 ng/μl D6-JA, and 10 ng/μl D6-JA-Ile (HPC Standards GmbH, Cunnersdorf, Germany). The sample with these additions was homogenized for 3 × 20 s at 6 m s−1 in a grinder (Bertin technologies Precellys® Evolution, Montigny-le-Bretonneux, France). Homogenates were centrifuged at 4°C and 13,000 g for 10 min in an Eppendorf® centrifuge 5427R with rotor FA-45-48-11 (Eppendorf AG, Hamburg, Germany). Supernatants were transferred to new tubes. The extraction procedure was repeated with ethyl acetate without internal standard mix. Supernatants were combined and concentrated in an Eppendorf Concentrator 5301. Re-elution of phytohormones in 300 μl 70% methanol with 0.1% formic acid (v/v) was performed under vortexing for 10 min at room temperature (RT; Scientific Industries, model: Vortex-Genie 2 T, Bohemia New York, United States). Samples were centrifuged for at least 20 min at 13,000 g RT. The supernatant was transferred to HPLC vials (200 μl) and stored at −20°C until measurement.

Phytohormones and camalexin were separated, detected, and quantified by using UPLC-MS/MS (Q-ToF-ESI; Synapt G2-S HDMS; Waters®, Milford, Massachusetts, United States). Seven microliters extract were injected into the UPLC system (AQUITY™, Waters, Milford, Massachusetts, United States). Phytohormones and camalexin were separated on a C18 column (Acquity UPLC Waters, BEH-C18, Ø 2.1 mm × 50 mm, particle size 1.7 μm) using water and methanol [each with 0.1% formic acid (v/v)] as eluents A and B, respectively, in a gradient mode with a constant flow of 250 μl min−1 at 30°C: eluent B: 0 min 30%; 1 min 30%; 4.5 min 90%; 8 min 90%; 9 min 30%; and 3 min equilibration time between the runs. Separated compounds were negatively ionized by electrospraying (ESI) using the following conditions: capillary voltage 2.5 kV, nebulizer 6 bar, desolvation gas flow rate 500 l/h, 80°C source temperature and 150°C desolvation temperature, and N2 as desolvation gas. The compounds were detected by tandem mass spectrometry, and the full compound mass spectrum was scanned between 50 and 600 m/z. The compound annotation was based on the characteristic parent [M–H]-ion and a diagnostic daughter ion, and for phytohormones additionally on co-elution with their deuterated derivatives. The characteristic ions for the analyzed compounds were for camalexin (m/z 199 and 141), SA (m/z 137 and 93), ABA (m/z 263 and 153), JA (m/z 209 and 59), JA-Ile (m/z 322 and 130) and for their deuterated derivatives D4-SA (m/z 141 and 97), D6-ABA (m/z 269 and 159), D6-JA (m/z 215 and 59), D6-JA-Ile (m/z 328 and 136). For the quantification of the peak areas, we used the MassLynxTM Software (version 4.1; Waters). The phytohormones were quantified via the peak areas of the fragment ions relative to the fragment ions of the internal standard. Camalexin was quantified according to the peak area of the fragment ions of the plant-derived camalexin relative to the fragment ions of the external standard using the following dilution series: 0, 0.1, 0.5, 1, 5, 7.5, 10, and 50 μM [M (camalexin) = 200.26 g mol−1]. The concentrations of compounds per sample were normalized to the fresh weight.



Statistical Analysis

Datasets were statistically evaluated and visualized with the software “R (version 4.0.0)” (R Development Core Team, 2016) and R Studio (version 1.2.5042, R Studio Team, 2020) with the packages “car” (Fox and Weisberg, 2019), “lme4” (Bates et al., 2015), “lmtest” (Zeileis and Hothorn, 2002), “multcomp” (Hothorn et al., 2008), “nlme” (Pinheiro et al., 2020), and “psych” (Revelle, 2020). Normal distribution of data and their variance homogeneity were evaluated with the Shapiro-Wilk and Levene’s test, respectively, and with boxplots. If data were not normally distributed, data were log-transformed to fulfill the criteria for parametric test procedures. The following statistical tests were used: ANOVA with Tukey test for post hoc comparison, pairwise t-test with Benjamini Hochberg correction, and Student’s t-test and linear mixed model with general linear hypothesis test with Tukey contrasts using plant treatment as a fixed factor and experimental block as a random factor.





RESULTS


The Longer Insect Eggs Remain on Leaves, the Less Biomass the Feeding Larvae Gain

To assess for how long P. brassicae eggs need to stick to the plants until a significant priming effect on plant defense against hatching larvae is reached, we exposed A. thaliana for 1–6 days to eggs.

When larvae fed for 48 h on plants that had previously been exposed for 5 or 6 days to P. brassicae eggs (E5 and E6), they gained significantly less biomass than the larvae that fed on egg-free plants (C) or on plants exposed for 1 day to eggs (E1; Figure 2). When larvae fed on plants that had previously been exposed to eggs for 2, 3, or 4 days (E2, E3, or E4), they did not gain significantly less biomass than larvae on egg-free plants (Figure 2).
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FIGURE 2. Impact of P. brassicae egg deposition period on performance of larvae feeding on the previously egg-laden A. thaliana plants. Larval biomass of P. brassicae in mg (mean ± SE) after feeding for 48 h on egg-free A. thaliana plants control plants (C) or on plants exposed to eggs for 1 day (E1), 2 days (E2), 3 days (E3), 4 days (E4), 5 days (E5), or 6 days (E6). Different lowercase letters above the bars indicate significant differences at the level of p < 0.05 (ANOVA, post hoc Tukey). Biological replicates (plants) per treatment: N = 9–10.


Thus, P. brassicae eggs need to remain for at least 5 days on a plant to induce a significantly primed resistance response against larvae.



The Longer Insect Eggs Remain on the Leaves, the Stronger the Expression of Salicylic Acid- and Priming-Responsive Genes

We determined the expression levels of genes in A. thaliana plants exposed to P. brassicae egg deposition for 1–6 days. SID2, PR1, PR2, PR5, CAX3, and PDF1.4 are genes known to be induced by P. brassicae eggs and to play a role in egg-mediated priming of A. thaliana anti-herbivore defense (Little et al., 2007; Bruessow et al., 2010; Gouhier-Darimont et al., 2013; Lortzing et al., 2019; Paniagua Voirol et al., 2020). SID2 is involved in SA biosynthesis (Wildermuth et al., 2001), whereas PR1, PR2, and PR5 act downstream of the SA signaling pathway (Thomma et al., 1998). CAX3 encodes for a cation exchanger (Manohar et al., 2011), and PDF1.4 is suggested to encode a PR protein belonging to a plant defensin family (TAIR-https://www.arabidopsis.org/). The expression levels of all these genes were significantly induced in A. thaliana by P. brassicae eggs already 1 day after egg deposition on the plant (Figure 3A). The transcript levels gradually increased the longer the eggs remained on the leaves, i.e., the highest expression was reached 6 days after egg deposition.
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FIGURE 3. Impact of P. brassicae egg deposition period on transcript levels in A. thaliana leaves. Relative gene expression (log2, mean ± SE) of genes known to be involved in (A) egg-mediated responses of A. thaliana, (B) jasmonic acid (JA) biosynthesis and responsive genes, (C) abscisic acid (ABA) biosynthesis and responsive genes in untreated plants (C) and plants exposed for 1 day (E1), 2 days (E2), 3 days (E3), 4 days (E4), 5 days (E5), or 6 days (E6) to P. brassicae eggs. Different letters indicate significant differences between treatments (p < 0.05, linear mixed model and post hoc general linear hypothesis test with Tukey contrasts). Biological replicates (plants) per treatment: N = 9–10.


We also determined the expression of the same genes after a 48 h larval feeding period upon plants that had previously been exposed to egg deposition for 1–6 days. Except for SID2, also in feeding-damaged plants, the expression levels of the above-mentioned genes increased with the duration of prior egg exposure. Expression of SID2 decreased by trend; however, the expression levels in feeding-damaged plants with prior egg deposition did not differ from those in feeding-damaged, egg-free plants after 48 h of feeding (Supplementary Figure S1A).



Insect Eggs Induce Expression of Jasmonic Acid-Responsive Genes

We investigated how the expression of several genes involved in JA- or ABA-mediated signaling changes after egg deposition by P. brassicae. We selected AOS, which encodes for allene oxide synthase and is involved in JA biosynthesis in the chloroplasts (Hickman et al., 2017), JAR1, encoding an enzyme which conjugates JA with isoleucine (Staswick and Tiryaki, 2004), and MYC2, a transcription factor that plays a central role in JA-dependent signaling (Pozo et al., 2008). PR4 and VSP1 act downstream of JA signaling in interaction with other phytohormones (Thomma et al., 1998; Berger et al., 2002). As ABA biosynthesis and ABA-responsive genes, we selected ABA1 and ABI1, respectively (Xiong and Zhu, 2003).

The expression of AOS, JAR1, PR4, and VSP1 was significantly induced in A. thaliana 1 day after P. brassicae egg deposition (Figure 3B). The expression of MYC2 was significantly induced only 4 days after egg deposition, but neither after a shorter nor a longer egg exposure period. Egg deposition induced VSP1 evenly strong over the entire egg incubation period.

No such steady induction was observed for the other genes involved in the JA-mediated signaling network (Figure 3B). Their egg-induced expression was rather low and hardly exceeded a log2-fold change in expression greater than one relative to untreated controls. Interestingly, except for PR4, expression of these genes was by trend reduced after 48 h larval feeding on egg-laden plants. PR4 showed a tendency toward upregulation with increasing egg deposition time prior to feeding damage (Supplementary Figure S1B).

The expression levels of the ABA biosynthesis gene ABA1 and of the ABA-responsive ABI1 were not significantly affected by P. brassicae eggs when compared to egg-free control plants (Figure 3C). Neither did they differ between feeding-damaged plants with and without prior egg deposition (Supplementary Figure S1C).

Altogether, we found the inducibility of JA-responsive genes, but not of ABA-responsive genes by P. brassicae egg deposition. The temporal induction pattern of the JA-responsive genes independent of the time past egg deposition differed from the pattern detected for the genes involved in SA biosynthesis and SA-mediated signaling.



Plant Response to Insect Eggs Results in Increased Levels of SA, JA, and JA-Ile

To assess if and how levels of SA, ABA, JA, and JA-Ile are affected in A. thaliana by P. brassicae egg deposition throughout the natural egg deposition period, we quantified the phytohormones with LC/MS (Figure 4A). We further determined how their levels are affected after 3 and 12 h of feeding by P. brassicae larvae on egg-free plants or on plants that had previously been exposed to the eggs for 6 days (Figure 4B).
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FIGURE 4. Impact of P. brassicae egg deposition on phytohormone levels of non-damaged and larval feeding-damaged Arabidopsis thaliana leaves. (A) Impact of P. brassicae egg deposition period on phytohormone levels and (B) impact of 6 days lasting egg deposition on phytohormone levels after a 3 h or 12 h larval feeding period. (A) Phytohormone levels in egg-free control plants (C) or in plants exposed to eggs for 1 day (E1), 2 days (E2), 3 days (E3), 4 days (E4), 5 days (E5), or 6 days (E6). (B) Phytohormone levels in untreated control plants (C), for 6 days egg-laden plants and subsequent egg removal (E), 3 h or 12 h larval feeding-damaged plants without prior egg deposition (F) and with prior egg deposition for E6 (EF). Concentrations are log10-transformed in ng g−1 fresh weight (mean ± SE). From top to down: levels of salicylic acid (SA), JA, JA-isoleucine (JA-Ile), and ABA. Different letters indicate significant differences between treatments (p < 0.05, linear mixed model and post hoc general linear hypothesis test with Tukey contrasts). Biological replicates (plants) per treatment: N = 7–10.


Salicylic acid levels were induced by P. brassicae egg deposition and remained constantly high over the egg deposition period of 6 days (Figure 4A). Significantly egg-induced SA levels were also detectable 12 h after removal of eggs that had been on the plant for 6 days and by trend 3 h after egg removal (Figure 4B, E vs. C). When P. brassicae larvae fed for 3 or 12 h on a plant that had been exposed to eggs for 6 days, the SA levels were higher than in feeding-damaged, egg-free controls (Figure 4B, EF vs. F). When larvae fed on egg-free plants for 3 or 12 h, SA levels increased by trend, but not significantly (Figure 4B, F vs. C).

Jasmonic acid levels slightly but significantly increased in response to P. brassicae eggs. The highest level was reached 6 days after egg deposition (Figure 4A). Egg-induced JA levels were still detectable 3 and 12 h after egg removal (Figure 4B, E vs. C). As expected, JA levels were induced by larval feeding already after a feeding period of 3 h, but the levels between feeding-damaged plants with and without prior egg deposition were neither significantly different after 3 h nor after 12 h of feeding (Figure 4B, EF vs. F).

Jasmonic acid-isoleucine levels followed a similar pattern as the levels of JA, but in contrast to JA, the JA-Ile levels were not induced already 1 day after egg deposition. Instead, plants needed to be exposed for at least 6 days to P. brassicae eggs to reach significantly induced JA-Ile levels (Figure 4A). JA-Ile levels were no longer induced after removing the eggs, which had been on the plant for 6 days (Figure 4B, E vs. C). As expected, JA-Ile levels were induced by larval feeding in both egg-free and previously egg-laden plants (Figure 4B, F vs. C and EF vs. C). Interestingly, after a 3 h feeding period, JA-Ile levels were significantly higher in plants that had previously received eggs for 6 days than in egg-free, feeding-damaged plants (Figure 4B, EF vs. F). This difference vanished after a 12 h lasting larval feeding period.

Levels of ABA were not affected by P. brassicae egg deposition; no significant change was detected at any egg exposure period in comparison to egg-free plants (Figure 4A). However, after 12 h of larval feeding, ABA levels were induced both in egg-free and previously egg-laden plants (Figure 4B, F vs. C and EF vs. C). These feeding-induced ABA levels were higher in previously egg-laden than egg-free plants (Figure 4B, EF vs. F).

Thus, plants responded to insect eggs with simultaneous induction of SA and JA already 1 day after egg deposition, whereas JA-Ile levels peaked in egg-laden plants just before larvae hatched. Early after the onset of feeding damage, the plant’s response to prior egg deposition resulted in increased feeding-induced JA-Ile and ABA levels.



The Egg-Mediated Priming Effect on Larvae Is Absent in JAR1-Impaired Arabidopsis thaliana

The increase of JA-Ile levels after a 6-day lasting egg exposure period and the egg-mediated enhancement of the feeding-induced JA-Ile levels after a 3 h larval feeding period prompted us to investigate whether JA-Ile is required for egg-mediated priming of plant defense. Therefore, we measured larval biomass after a 48 h feeding period on egg-free jar1-1 mutants and on jar1-1 mutants laden with eggs for 6 days. As positive controls, we measured the larval biomass on egg-laden and egg-free WT plants. Furthermore, larval biomass was determined on egg-laden and egg-free sid2 mutants, which served as negative controls because a previous study revealed that the egg-mediated priming effect on WT plant defense against larvae is abolished when plants are SID2-deficient (Lortzing et al., 2019).

Our results show that larvae, which fed for 48 h on previously egg-laden WT plants, gained less biomass than larvae on egg-free plants. The egg-mediated effect on larval biomass was absent in sid2 and jar1-1 mutants (Figure 5). The experiment was repeated with WT and jar1-1 plants showing similar results (Supplementary Figure S2). These results indicate that next to SA also JA-Ile might play a role in egg-mediated priming of inducible plant defense against larvae.
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FIGURE 5. Impact of Arabidopsis thaliana JAR1- and SID2-impairment on performance of P. brassicae larvae feeding on previously egg-laden plants. Biomass in mg (mean ± SE) of P. brassicae larvae after feeding for 48 h on egg-free (F, green) or egg-laden (EF, yellow) WT A. thaliana plants, sid2- or jar1–1 mutant lines. Different lowercase letters above the bars indicate significant differences between the treatments at the level of p < 0.05 (ANOVA, post hoc Tukey). Biological replicates (plants) per treatment: N = 10.




Camalexin Levels Are Induced by Egg Deposition but They Do Not Affect Priming of Defense Against the Larvae

Expression levels of PAD3 encoding an enzyme relevant for camalexin biosynthesis increased with increasing time after egg deposition (Figure 6A). Camalexin levels were induced by P. brassicae eggs, too, but a significant induction effect was detectable only at the end of the priming phase, i.e., 5 and 6 days after egg deposition (Figure 6B). This egg-mediated induction of camalexin persisted after egg removal for 3 and 12 h, regardless of whether plants were damaged by larval feeding (EF vs. C) or not (E vs. C; Figure 6C). Feeding damage did not affect camalexin levels, neither after 3 nor 12 h feeding.
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FIGURE 6. Effect of P. brassicae egg deposition and larval feeding on regulation of camalexin levels in Arabidopsis thaliana. (A) Relative expression of PAD3 (log2, mean ± SE) and (B) camalexin levels in egg-free control plants (C) or in plants exposed to eggs for 1 day (E1), 2 days (E2), 3 days (E3), 4 days (E4), 5 days (E5), or 6 days (E6). (C) Camalexin levels in untreated control plants (C), for 6 days egg-laden plants (E) and subsequent egg removal, 3 h or 12 h larval feeding-damaged plants without (F) and with prior egg deposition for 6 days (EF). Concentrations of camalexin are log10-transformed in ng g−1 fresh weight (means ± SEM). (D) Biomass in mg (mean ± SE) of P. brassicae larvae that fed on previously egg-laden plants (EF) or egg-free (F) WT and pad3 mutant plants, respectively. Different lowercase letters above the bars indicate significant differences (p < 0.05, linear mixed model and post hoc general linear hypothesis test with Tukey contrasts). Biological replicates (plants) per treatment: N = 8–10.


To test whether the egg-induced camalexin levels at the end of the priming period (Figure 6B) and the persistence of enhanced levels during the feeding phase (Figure 6C) affect the larvae on previously egg-laden plants, we measured the biomass of larvae on pad3-1 mutants (Figure 6D). Again, larvae on previously egg-laden WT plants gained less biomass than larvae on egg-free WT plants. This effect of prior egg deposition on larval biomass was still present in pad3-1 mutants, indicating that camalexin does not play an essential role in egg-mediated priming of the plant’s defense against herbivores.




DISCUSSION

Our study investigated how long a plant needs to perceive insect egg deposition as “warning” of impending larval herbivory to improve (prime) its defense against the hatching larvae. Therefore, we investigated the kinetics of A. thaliana responses to P. brassicae eggs and larvae from an ecological, phytohormonal, and transcriptional perspective.

Our results show that the ecological priming effect of prior egg deposition on plant defense – here detected by the impaired larval performance – is only fully established at the end of the egg incubation period (after at least 5 days), i.e., just prior to larval hatching. Shorter egg deposition periods did not result in primed defense. This result suggested that the longer the eggs are present on the plant as “warning” of impending herbivory, the more the plant intensifies its responses. Indeed, our analysis of plant responses to eggs showed that transcript levels of several, especially SA-responsive genes significantly increased with increasing egg exposure time and reached a maximum shortly before larval hatching. Furthermore, at the end of the egg incubation time, levels of JA-Ile and camalexin significantly increased. In contrast, already early (1 day) after egg deposition, concentrations of JA and SA as well as expression of several JA-responsive genes increased and persisted at enhanced levels during the entire egg incubation time of 6 days. Our analysis of plant responses to the onset of larval feeding showed that levels of SA, JA-Ile, ABA, and camalexin were significantly higher in previously egg-laden plants than in egg-free ones. Larval performance studies on mutant plants indicate that both SA and JA-Ile might be important regulators of egg-mediated improvement of plant defense against larvae, whereas camalexin levels had no impact on the egg-mediated improvement of the plant’s response to larval feeding.

From an ecological perspective, a late and gradual increase of plant traits involved in defense against larval herbivory until the time when needed (here just prior to larval hatching) may be a cost-saving strategy. In this case, the plant invests into “getting ready for defense” only when the danger of herbivory is close. This interpretation might explain why some traits increase only late after egg deposition or gradually in the course of the egg incubation time but raises the question of why others are induced shortly after egg deposition and kept induced over (almost) the entire egg incubation time.

Our results suggest three temporal response patterns of A. thaliana to P. brassicae eggs: (i) early induced responses, which are activated shortly after egg deposition and maintained during the egg incubation time (response pattern I); such responses might contribute to defense against eggs and later hatching larvae as well as to resistance against insect-transmitted phytopathogens; (ii) responses induced late after egg deposition and protecting against impending danger of larval feeding damage and phytopathogen infection due to leaf wounding inflicted by the larvae (response pattern II); and (iii) egg-induced responses that gradually increase with the egg exposure time the closer the danger of herbivory comes (response pattern III; Figure 7A). In addition, our results suggest that egg-induced traits of response pattern I are also important for response patterns II and III against larval feeding damage and vice versa, thus providing an integrative strategy against different phases of insect infestation.
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FIGURE 7. Overview of results of the phytohormone, camalexin, and gene expression measurements. (A) Responses of plants to eggs. Response pattern I: traits significantly increased 1 day after egg deposition, almost kept the increased level for several days but showed no further significant increase. Response pattern II: traits significantly increased only 5–6 days past egg deposition. Response pattern III: traits significantly increased shortly after egg deposition and showed further significant increase at the end of the egg incubation time. Timeline: measurements 1–6 days after egg deposition. (B) Responses of previously egg-laden plants to feeding. Dashed, yellow arrows pointing upwards (downwards): higher (lower) levels of measured traits in EF plants when compared to F plants; EF: plants exposed to eggs and feeding, F: plants exposed to feeding only. Timeline: measurements 3, 12, or 48 h after onset of larval feeding. Please see text for further explanation.



Response Pattern I of Arabidopsis thaliana to Pieris brassicae Eggs: Early Induced and Maintained Responses

Which phytohormonal and molecular traits provide evidence for response pattern I? Levels of SA and JA were induced by egg deposition and maintained at the elevated level for the entire egg incubation time.

Salicylic acid is well-known to induce hypersensitive responses (HR) to phytopathogens (Ding and Ding, 2020, and references therein). Plants induce SA also in response to insect eggs, and this induction is associated with HR-like symptoms (e.g., Little et al., 2007; Reymond, 2013; Hilfiker et al., 2014; Bittner et al., 2017; Geuss et al., 2017; Lortzing et al., 2020), including ROS accumulation or formation of necrotic leaf tissue around the egg deposition site. These plant responses to insect eggs are known to be associated with increased egg mortality, as has been shown for B. nigra responding to Pieris rapae and Pieris napi eggs (Shapiro and DeVay, 1987; Fatouros et al., 2014), P. sylvestris responding to sawfly eggs (Bittner et al., 2017), and S. dulcamara responding to eggs of a moth (Geuss et al., 2017). While also A. thaliana Col-0 ecotype shows HR-like symptoms (chlorosis; Reymond, 2013) and ROS accumulation (Gouhier-Darimont et al., 2013), no detrimental effects of these responses to P. brassicae eggs are known (Griese et al., 2019). The increase of SA levels in response to eggs also mediates the plant’s protection from phytopathogens (Hilfiker et al., 2014). However, so far, no phytopathogens have been found to be associated with P. brassicae eggs (Paniagua Voirol et al., 2020). Even though it is well known that insects are also vectors of phytopathogens (Lynch and Lewis, 1978; Nadarasah and Stavrinides, 2011), further studies need to investigate whether the early response of A. thaliana to P. brassicae eggs may be considered a preventive response to the risk of (insect-transmitted) phytopathogen infection. While we here show that levels of free (non-derivatized) SA were already significantly enhanced 1 day after egg deposition and kept at the enhanced level for the entire egg incubation time, Bruessow et al. (2010) detected a gradual increase of total SA, which included SA-glucosides, in A. thaliana responding to P. brassicae eggs over a period of 4 days. According to our study, early (3–12 h) after the onset of larval feeding, free SA levels were also significantly higher in egg-laden plants than in egg-free ones. If larval feeding induces hydrolysis of SA-glycosides due to glucosidase activity in larval spit (Mattiacci et al., 1995), then both egg-induced free SA and SA-glycosides might contribute to the higher levels of free SA in egg-laden, feeding-damaged plants.

The egg-induced JA levels, which were kept moderately high during the entire egg incubation time, might be due to the permanent touch of the leaf by the egg cluster. Several lines of evidence suggest that “touch perception” (Weiler et al., 1993) by plants induces responses, which are mediated by JA (e.g., Tretner et al., 2008; Peiffer et al., 2009; Chehab et al., 2012). In accordance with egg-induced JA-levels, also genes involved in JA biosynthesis (AOS) and JA-responsive genes like PR4 and VSP1 (Thomma et al., 1998; Ellis and Turner, 2001) showed enhanced expression levels already at the first day after egg deposition. The ecological relevance of such an early egg-mediated induction of JA and genes involved in JA biosynthesis and signaling remains to be studied.



Response Pattern II of Arabidopsis thaliana to Pieris brassicae Eggs: Late Induced Responses

Phytohormonal and molecular traits of response pattern II (Figure 7A) are levels of JA-Ile and camalexin. These parameters were significantly induced by the eggs only at the very end of the egg incubation time.

Enhanced levels of JA-Ile at the end of the egg deposition period may be expected to result in enhanced expression of JA-responsive genes when larvae start feeding. However, after 2 days of feeding damage, the expression of JA-responsive genes in previously egg-laden plants was even lower than in egg-free ones (Supplementary Figure S1, Figure 7B). Future studies need to analyze transcription of JA-responsive genes in the very beginning of larval feeding to further elucidate whether JA-Ile-activated expression of genes early after the onset of feeding damage is crucial for the plant’s primed defense against herbivores. Our bioassay with a jar1-1 mutant impaired in biosynthesis of JA-Ile indicates that reduced levels of this phytohormone result in loss of the plant’s primability by insect egg deposition; larvae feeding on previously egg-laden jar1-1 mutants gained as much biomass as larvae on egg-free jar1-1 mutants. However, jar1 mutants are not completely lacking JA-Ile (Suza and Staswick, 2008). Upon wounding, they still show induced expression of some JA-responsive genes; this induction may occur with a time delay when compared to the response of WT plants (Suza and Staswick, 2008). Whether delayed wounding-induced expression of JA-responsive genes has contributed to the here observed absence of the egg-mediated priming effect on the anti-herbivore defense of jar1-1 mutant plants is unclear so far. To elucidate the relevance of JA-Ile in egg-mediated priming of defense against the larvae, follow-up studies should include larval performance studies on coi1-1 mutant lines, which are impaired in JA-Ile perception and thus in the expression of JA-dependent genes (Devoto et al., 2005; Suza and Staswick, 2008).

Our study shows that the phytoalexin camalexin is not only inducible by phytopathogen infection (e.g., Glawischnig, 2007; Ahuja et al., 2012; War et al., 2012; Zhang et al., 2014) but also by P. brassicae egg deposition on A. thaliana. Induction of camalexin by insect egg deposition has not been demonstrated before, but other studies indicate that feeding damage by chewing herbivorous insects, e.g., by larvae of the generalist moth species Mamestra brassicae or Trichoplusia ni, also induce camalexin (Pangesti et al., 2016; Vishwanathan et al., 2020). Feeding damage by the specialist P. brassicae larvae for 4 days did not induce camalexin levels (Supplementary Figure S3). Furthermore, camalexin has been shown to act as a defense compound against sucking herbivores such as aphids (Kusnierczyk et al., 2008; Kettles et al., 2013). For example, in A. thaliana ecotype Landsberg erecta camalexin was induced after 48 h of feeding by Brevicoryne brassicae aphids, and asexual fecundity of the aphids was higher on pad3-1 mutant plants (Kusnierczyk et al., 2008). Arabidopsis thaliana ecotype Col-0 responded to feeding by Myzus persicae with upregulation of PAD3 within 12 h after infestation, and the fecundity of these aphids was also higher when feeding on pad3-1 mutant plants (Kettles et al., 2013), indicating the defensive role of this compound against different aphid species. The late induction of camalexin in the end of the egg incubation period suggested that this indole alkaloid exerts adverse effects on the hatching larvae feeding upon previously egg-laden plants. However, our bioassay with a pad3-1 mutant impaired in camalexin biosynthesis revealed that plant defense against larvae is still primable; larvae feeding on previously egg-laden pad3-1 mutants gained significantly less biomass than larvae on egg-free pad3-1 mutant plants. Thus, we conclude that camalexin does not play a role in egg-mediated priming of the plant’s defense against herbivores. Nevertheless, the enhanced camalexin levels established in the end of the egg incubation time and maintained in egg-laden, feeding-damaged plants (Figures 6C, 7A,B) might benefit the plant when damaged by hatching larvae. The latter inflict leaf wounds that can provide entries for bacterial disease. Camalexin is well-known as an anti-microbial agent in systemic acquired resistance (SAR) against phytopathogens (Návarová et al., 2012). Conspicuously, P. brassicae egg extract induces intraplant and interplant SAR in A. thaliana, which therefore gets more resistant against bacterial disease elicited by Pseudomonas syringae infection (Hilfiker et al., 2014; Orlovskis and Reymond, 2020).



Response Pattern III of Arabidopsis thaliana to Pieris brassicae Eggs: Gradually Increasing Induced Response

Traits representing response pattern III (Figure 7A) are the SA-responsive PR genes, PAD3, CAX3, and PDF1.4; their expression gradually increased during the egg incubation time.

Accumulation of the respective PR proteins is well-known to be associated with HR induced by phytopathogens (e.g., Balint-Kurti, 2019, and references therein). Expression of these genes was found to be induced already shortly after egg deposition but reached its maximum only at the end of the egg incubation time, suggesting that this response is not only acting against the eggs but also targeting the larvae. This assumption is supported by the findings that (i) expression of PR genes was also higher in egg-laden, feeding-induced plants than in egg-free, feeding-damaged ones (Supplementary Figure S1 and Figure 7B) and (ii) the plant’s primability by egg deposition was lost in pr5 mutant plants (Lortzing et al., 2019). HR-like symptoms induced by P. brassicae eggs in A. thaliana leaves include cell death and callose deposition (Little et al., 2007). Such leaf tissue probably makes it harder for neonate, tiny larvae to gain access to nutrient-rich, well digestible leaf tissue. The gradual increase of PAD3 expression in response to egg deposition resulted in a significant increase of camalexin at the end of the egg incubation period. The functional role of the gradual increase of CAX3 and PDF1.4 during the egg deposition period remains unclear. These genes showed higher transcript levels in egg-laden, feeding-damaged plants than in egg-free, feeding-damaged ones, indicating that their expression levels are relevant for priming defense against feeding larvae (Supplementary Figure S1 and Figure 7B).



Interactions of Abscisic Acid, Jasmonic Acid, and Salicylic Acid During the Insect Egg Deposition Period and After the Onset of Larval Feeding

Interestingly, levels of SA and JA-Ile were significantly higher shortly after the onset of feeding damage in previously egg-laden than in egg-free plants (Figures 4B, 7B), suggesting a fine-tuned interplay of these phytohormones in priming a plant for improved anti-herbivore defense. The fine-tuning of the hormonal interactions may depend on hormone concentration, timing of induction, and sites of induction, as outlined below.

During the egg incubation time, no antagonistic effects of the egg-induced JA and SA levels on expression of the analyzed JA- and SA-related genes were observed. These results are in agreement with a study by Mur et al. (2006) demonstrating that the outcome of the interaction of JA and SA is plastic and depends on the hormonal induction level. In our study, levels of SA increased to about 100 ng/g leaf fresh weight after egg deposition, while egg-induced JA levels were about 10-fold lower. However, 1 day after larval feeding, JA levels were much higher (Lortzing et al., 2019). Our study here showed that the expression of JA-responsive genes was upregulated 2 days after larval feeding in comparison to untreated controls (Supplementary Figure S4B) but downregulated in previously egg-laden plants when compared to feeding-damaged plants without prior egg deposition (Supplementary Figure S1B). In contrast, the feeding-induced expression of CAX3, the SA-responsive PR genes and PDF1.4 in egg-free plants (Supplementary Figure S4) were further enhanced in feeding-damaged plants with prior egg deposition (Supplementary Figure S1A). Previous studies revealed that A. thaliana plants damaged by P. brassicae or by Spodoptera littoralis larvae for 48 h show suppressed induction of wounding- and JA-responsive genes, when the plants have been treated with egg extracts of P. brassicae prior to larval feeding (Bruessow et al., 2010; Bonnet et al., 2017). The treatment of plants with egg extracts resulted in the suppression of plant defense against larvae of the generalist S. littoralis but not of the specialist P. brassicae (Bruessow et al., 2010). A study by Schweizer et al. (2013) indicates that P. brassicae larvae are hardly affected by JA-mediated plant defense responses. Our current study here and previous studies show that P. brassicae larvae perform worse on previously egg-laden plants (Geiselhardt et al., 2013; Bonnet et al., 2017; Lortzing et al., 2019), which may be especially due to SA-mediated plant defense responses. The significance of SA for egg-mediated reinforcement of plant defense against larvae has been demonstrated already by our previous study (Lortzing et al., 2019) and is confirmed here by the bioassays with the sid2 mutant.

Timing of induction of different phytohormones may decide how they interact. Since levels of both JA and SA were induced already 1 day after egg deposition and maintained during the entire egg incubation time, their induction by eggs was not temporarily separated. However, the moderate JA levels induced by egg deposition might have contributed to the higher levels of JA-Ile in previously egg-laden plants damaged by larvae for 3 h. A bit later after onset of feeding damage (12 h), JA-Ile levels were equally high in egg-laden and egg-free plants. This finding suggests that the plant’s response to eggs results in earlier or accelerated conjugation of JA to the active JA-Ile when damaged by feeding larvae. In addition to hormone levels and timing of induction, the sites of induction may affect hormonal interactions. A study by Betsuyaku et al. (2018) provided evidence of spatial separation of induction of JA and SA levels in response to bacterial infection. While SA accumulated at the site of infection, JA accumulated in the surroundings of the infection site. Whether such spatial separation also occurs in response to egg deposition remains to be addressed in future studies.

Our study demonstrated that in spite of the often observed antagonistic interactions of SA and JA (Erb et al., 2012; Pieterse et al., 2012; Thaler et al., 2012), both phytohormones seem to be relevant for egg-mediated improvement of plant defense against larval feeding as indicated by our bioassays with jar1-1 and sid2 mutant plants. Priming of both the SA- and JA-mediated signaling pathway is also known for plant defense responses to other biotic stressors than insect infestation (e.g., Martínez-Medina et al., 2017; Jia et al., 2018). For example, priming of A. thaliana’s defense against P. syringae DC3000 by chitosan simultaneously upregulates SA- and JA-marker genes and enhances levels of SA and JA (Jia et al., 2018).

A recent study comparing the transcriptomes of different plant species infested by insect eggs and larvae suggests that the interplay of several phytohormones, especially JA, SA, and ABA, are required to prime a plant for improved defense against herbivorous larvae (Lortzing et al., 2020). In the study here, not only SA and JA-Ile levels but also ABA levels were significantly higher in previously egg-laden, feeding-damaged than in egg-free, feeding-damaged plants (Figures 4B, 7B). ABA-mediated signaling may synergistically interact with JA-mediated plant responses to chewing insects (Pieterse et al., 2012; Nguyen et al., 2016; Vos et al., 2019). Our results show that an egg-mediated increase of JA-Ile levels 3 h after the onset of feeding preceded the ABA burst after 12 h feeding upon egg-laden plants (Figure 4B). Thus, ABA might be important to reinforce the plant’s defense against herbivores. However, whether ABA is also required for egg-mediated improvement of the plant’s anti-herbivore defense has not yet been experimentally proven.




CONCLUSION

Our results suggest that egg-mediated priming of A. thaliana’s defense against herbivores is based on a fine-tuned temporal pattern of gene expression and phytohormonal signaling. Expression of the tested genes and changes of the analyzed phytohormone levels showed different kinetics. While several responses are induced already shortly after egg deposition, others are induced only late or gradually increase until the end of the egg incubation time. The egg-induced responses were shown to modify feeding-induced responses that negatively affect the herbivore. Furthermore, camalexin levels induced late after egg deposition may enhance the plant’s defensive forces against bacterial infection at the onset of larval feeding. This could be beneficial for the plant because the wounds inflicted by larval feeding may provide entries for bacterial phytopathogens.

Our study shows that the plant’s response to eggs results in amplifying some feeding-inducible defense traits against hatching larvae. Furthermore, the kinetics of changes indicates an earlier or accelerated feeding-induced change of JA-Ile levels in previously egg-laden than in egg-free plants. Such acceleration of organismic stress responses due to prior responses to danger-indicating cues may be a strategy serving improved stress management, in addition to amplification of stress responses primed by “warning” cues (Hilker et al., 2016; Hilker and Schmülling, 2019). Whether previously egg-laden plants also show earlier induction of JA-responsive genes at the onset of larval feeding than egg-free plants needs to be addressed in future studies.
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Class Compound method RTC-144 RTC-405 RTC-406

FC aphid/con p value (FDR) FC aphid/con p value (FDR) FC aphid/con p value (FDR)

Fatty acid 1-Penten-3-ol 1.9E-03 1.10 1.8E-01 1.19 8.2E-01
derivatives/Green 2,3-Dimethoxyhexane 3.6E-02 0.93 9.1E-02 0.78 4.1E-01
leaf volatiles 2-Pentenal, (E)- 1.3E-02 0.98 6.7E-02 1.49 6.1E-01
Acetic acid, methyl ester 2.9E-02 1.09 9.8E-01 0.75 4.1E-01
Butanal, 2-methyl- 6.5E-03 217 7.1E-01 1.47 7.2E-01
2,4-Hexadienal 7.8E-03 0.65 4.3E-08 0.72 1.7E-01
2-Methyl-2-Butene sse-0s [ 2= 1.29 8.3E-01
2-Hexenal, (2) 7.8E-03 0.81 2.2E-02 0.73 2.7E-01
Propanal 7.8E-03 0.84 6.1E-03 1.53 7.7E-01
Methyl hexanoate 4.25 7.8E-03 5.96 3.3E-03 7.36 4.2E-02
2-Penten-1-0l, (2)- B =~ 1.01 1.6E-01 0.92 3.5E-01
9-Hexadecenoic acid, methyl ester, (2)- 2 2.96 7.8E-03 1.81 3.4E-01 1.51 7.6E-01
9-Hexadecenoic acid, methyl ester, (2)- 3 2.16 7.8E-03 1.44 9.9E-01 1.77 3.5E-01
cis-5-Dodecenoic acid, methyl ester 2.05 7.8E-03 1.35 6.1E-01 1.34 8.8E-01
Ethyl 3-hexenoate 1.60 9.7E-02 4.07 3.5E-02 3.50 6.9E-02
Heptadecanoic acid, methyl ester 2.29 7.8E-03 1.57 71E-01 1.27 9.7E-01
Methy! stearate 215 6.5E-03 1.61 4.8E-01 1.37 8.8E-01
Methyl tetradecanoate/normal chain 212 2.0E-02 1.78 7.8E-02 1.86 2.7E-01
3-Penten-2-one 1.5E-02 2.53 5.4E-01 3.36 2.7E-01
Furans Furan, 2-methyl- 1.7E-02 0.46 8.9E-02 1.02 7.6E-01
2(5H)-furanone 4.8E-03 0.85 4.1E-02 0.97 41E-01
Phenylpropanoids Dimethyl phthalate 7.8E-03 1.14 4.2E-01 0.38 5.8E-02

and benzenoids

FC, fold change > 2 (red) and < 0.5 (blue). Student’s t-test was conducted on normalized data (median and log value, as described in “Materials and Methods” section),
p < 0.05, false discovery rate marked in bold (n = 4-5).
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Class Compound name RTC-144 RTC-405 RTC-406

FC (aphid/con) p value (FDR) FC (aphid/con) p value (FDR) FC (aphid/con) p value (FDR)

Amino acid Valine 5.64 2.7E-02 3.14 2.2E-01 4.0 3.7E-03
Organicacid  2-Oxoglutaric acid 1.33 2.5E-01 1.21 3.7E-01 _ 3.3E-02
Succinic acid 110 5.9E-01 | o4 | 2.6E-02 1.1 9.6E-01
Sugar Cellobiose 0.49 3.7E-01 0.56 2.5E-01 B 3.3E-02
Glucose 1.88 2.6E-01 0.67 3.9E-01 2.4 3.3E-02
Laminaribiose 0.46 3.8E-01 0.42 1.7E-01 B 3.3E-02

Raffinose 077 6.5E-01 2.7E-02 0.4 3.8E-01
Xylulose-5-phosphate 0.62 1.7E-01 2.6E-02 1.1 9.3E-01

FC, fold change > 2 (red) and < 0.5 (blue). Student’s t-test was conducted on normalized data (median and log value as described in “Materials and Methods” section),
p < 0.05, false discovery rate marked in bold (n = 4-5).
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Gene expression patterns were sorted into up- and down-requlated genes upon 6, 24, and 96 h of aphid feeding on RTC-144 tef plants.
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Phase

Xylem

Phloem

Al tissue

Parameter full name

Time to 1st probe from start of EPG
Duration of G

Number of G

Total duration of E1 followed by E2
Total duration of E

Number of E1

Number of E2

Total duration of C

Total duration of non-probing
Total duration of potential drops
Number of probes

Number of non-probing

Number of potential drops

Parameter short name

t_1Pr
s G
n_G
s E1-> E2
s_E
n_E1
n_E2
s C
s_NP
s_PD
n_Pr
n_NP
n_PD

Unit

min

min

min

min

min
min
min

RTC-144 (mean = SE)

4.59
31.81
2.58
3.19
29.63
6.33
2.93
109.75
11.82
1.56
4.00
4.00
14.00

+2.14
+4.89
+0.45
+0.78
+ 3.98
+1.27
+ 0.59
+4.83
+4.02
+ 0.60
+0.48
+0.48
+1.95

RTC-406 (mean =+ SE)

13.06 +£2.12
23.35 +6.61
129 + 016
6.13 £1.28
30.06 +6.51
6.60 +0.83
3.58 £0.39
105.22 £ 7.08
22.30 £3.09
0.63 +0.06
4.33 £0.54
4.33 £0.54
1113 £ 0.94

p value

8.89E-03
3.27E-01
8.50E-03
6.47E-02
9.56E-01
8.61E-01
4.03E-01
6.01E-01
4.82E-02
1.09E-01
6.48E-01
6.48E-01
1.79E-01

Waveforms were analyzed using StyletA software, and Excel for automatic parameter workbook for calculation (Sarria et al, 2009). In bold are significantly different
parameters (Student’s t-test, p < 0.05). Overall, 15 biological replicates from each tef accession were tested.
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Parameters  Sourceof M. incognita root infection cycle stages

variation
Invasion Galling  Reproduction
Control Mean=SEM 1564086 142:1660 4.0%1.37
Mi 106+1.083* 152+091" 2.8+ 1.36°
T-value 0.9853 -0.3104 0.7530
Student t-test  Df 8 8 8
p-value 0.3533 0.7642 0.4731
Df F P
Two-way Mi ;] 0.284 0.599
ANOVA T 2 24.007 <0.001
MI'T 2 0.425 0.659

The number of Ma. euphorbiae nymphs produced were counted on tomato plants
without root nfection (Control) and with root-infection by Meloidogyne incognita (M.
In co-infected plants, infestation with Me. euphorbiae was performed at the
nematodes' invasion, galling, or reproduction stages. Data are means + SEM (n = 5;
per treatment). Two-way ANOVA (D¥, F; and p-values) evaluated the effect of M.
incognita ife cycle stages on the Ma. euphorbiae reproduction. Student t-test
(T-values, Df, and p-values are shown) tested the difference between means of the
treatments per infection stage. Diferent lowercase superscript letters down column
and along the rows after the means indicate significant diferences (p < 0.05) in mean
values between treatments per life cycle stage, determined by Tukey's HSD test after
ANOVA analysis. §; T: T-statistics, Df: degrees of freedom, F: statistics, p: probabillty
value, Mi: Meloidogyne incognita, T: timepoint, MiT: interaction between M. incognita
and timepoint.
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Ofir-con/Shiran- Ofir-inf/Shiran- Ofir-int/Ofir-con Shiran-
con inf inf/Shiran-con
Class Shortname | Gene ID log2 | pvalue | log2 | pvalue | log2 | pvalue | log2 | p-value
(FC) (FDR) (FC) (FDR) (FC) (FDR) (FC) (FDR)
(G
Monoterpenes TPS4 SolycO1g105880 | 1.278 | 0872 | —0.943 0.432
PS5 Solyc01g105890 2.0348 647
TPS7 Solyc01g105920 5.504 0327 0678
TPS19/20 | Solyc08g005665 0478 | 0750 | —1954 | 0.146 02
TPS25 Solyc02g079890 1.6005 | 0474 | —0.079 0.79 0478
Monoterpenes/ TPS9 Solyc06g059885 11901 | 0463 | -0.681 | 0247 0639
sesquiterpenes.
TPS12 Solyc06g059930 | 1.498 | 0.308 0414 | 0.860 —0.833 | 0432
Sesquiterpenes TPS16 Solyc07g008620 | 0.24 0577 0595 | 0686 | -1728 | 0443 | —2083 | 0719
TPS17 Solyc12g006570 | —0.18 0572 0338 | 0991 | -0565 038 | —1074 | 079
TPS27 Solyc00g154480 | 2.671 | 0535 0796 | 099 | —0454 | 0999 1421 | 0192
TPS35 Solyc01g101210 | 0513 | 0584 1.0367 | 0451 | —0673 | 0676
Diterpenes. TPS18 Solyc08g005720 13328 | 0463 | —0.807 | 0247 | —0.435 | 0432
TPS21 Solyc08g005640 | 1.79 | 0372 18287 | 0908 | —2908 | 0095 | —2.958 | 0432
TPS24 Solyc07g066670 | —0.403 052 0390 | 0463 0802 | 0.025 0009 [ 0901
TPS24 Solyc07g066675 | —0.387 | 0663 | —0474 | 0699 0543 0.19 0329 | 0456
TPS40 Solyc06g084240 | 0656 | 0765 | —0414 | 0991 0556 | 0911 0678
TPS46 Solyc03g006550 | 0.728 | 0535 0555 | 0534
Monorditerpenes GGPPS2 Solyc04g079960 | 0.566 | 0372 0290 [ 0910
GGPPS3 Solyc02g085700 | 0155 | 0668 | -0.242 | 0.463
Ssul Solyc09g008920 | 0428 | 0694 | —0334 | 0451 | —0791 | 0039 | —0.334
Diterpenes. sPPs Solyc07g061990 | —0.55 0558 | 0123 | 0903 —151
Tetraterpene cleavage | CCD1 Solyc01g087250 | —0.897 058 0069 | 0.686
cop2 Solyc01g087260 | 0.071 | 0734 | —0.085 | 0951
®
SA biosynthesis (from ICs Solyc06g071030 0.735 0.535 0.751 0.283 -1.52 0.432
chorismate)
SA biosynthesis Il (rom | PAL Solyc10g011920 | 1.689 | 0372 1.7907 | 0.104 2064 | 0065
Phe)
PAL Solyc03g036470 | 4.854 | 0372 62477 | 0.120 5879 0.05
PAL Solyc03g042560 | 1.742 | 0535 7.0157 | 0.151 2005 | 0363
PAL Solyc05g056170 | —0.363 | 0558 0502 | 0.463 059 0306
PAL Solyc09g007900 | 0.366 | 0568 | —0.069 | 0991
PAL Solyc09g007910 | 0511 | 0568 | -0103 | 0991 1663 | 0.148
PAL Solyc10g086180 | —0.115 | 0663 | —0275 | 0991 | 0406 | 0697 | —0246 | 0.481
Volatile benzenoid ester | BCLA Solyc12g044300 | 0582 | 0138 | —0082 | 0945 —09%0 | 0013
biosynthesis
BEBT Solyc05015800 | 1.551 | 0415 | —0271 | 0895
BEBT Solyc07g049660 | 0.571 053 | —0061 | 0991 0.016
BEBT Solyc07g049670 | 0476 | 0558 0.181 | 0.903 0.04
BEBT Solyc0BO05760 | —0.268 | 0568 0164 | 0991 | -0747 | 0.446
BEBT Solyc119020640 | 1.418 | 0372 0117 | 0991 | -198 0083 | —0.63 0.723
ONL Solyc02g081360 | —0.087 097 | -0427 | 0.686
ONL Solyc03g031870 | 2678 | 0568 1.4372 | 0434 2472 | 0.143
SAMT Solyc01g081340 | —0.08 0663 0312 | 0699 —2.41 0218
SAMT Solyc02g084950 | —1.105 | 0372 | 0657 | 0344 0409 | 0065 | -0039 | 0.857
SAMT Solyc04g055260 | 0005 | 0988 0047 | 0991 0078 | 0.697 0036 | 0678
SAMT Solyc09g091550 | —0.748 | 068 0454 | 0991 3042 006

() Genes of the terpene biosynthesis were selected according to lg et a. (2014) and Zhou and Pichersky (2020). TPS, terpene synthase; GGPPS, geranyigeranyl diphosphate synthase;
SSU I, small subunit of geranyl diphosphate synthase; FPPS, farmesyl diphosphate synthase; SPPS, solanesyl diphosphate synthase; and CCD, carotenoid cleavage dioxygenase. (B)
Genes of salcylic acid (SA) and volatile benzenoid ester pathways were generated from LycoCyc and MetaCyc datebases. ICS, isochorismate synthase; PAL, Phe ammonia lyese;
BCLA, benzoate-CoA ligase; BEBT, benzoyl coenzyme A: benzyl alcohol benzoyl transferase; CNL, cinnamate:CoA ligase, and SAMT, salicylate 1-O-methyltransferase. Color coding
indicates Iog2(FC) of induction (red) or repression (blue) values of trimmed mean of M-values (TMIM) of average n = 3~4 (log2 |1, p < 0.05 FDR). Highlighted in bold are significantly

different p-values.
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Ofir-con/Shiran- Ofir-inf/Shiran-inf Ofir-int/Ofir-con ‘Shiran-inf/Shiran-
con con
Class Compund Name Log2z | pvalue | Log2z | pvalue | Logz | pvalue | Log2 | p-value
(FC) (FDR) (FC) (FDR) (FC) (FDR) (FC) (FDR)
Monoterpenes. 3,7,7-Timethy-1.3.5- 083 0270
cycloheptatriene
4-Carene 063 0270 | —1.24 0485
Limonene 068 0270 | 010 0899
p-Cymene 067 0448 009 0899
p-Cymenene 038 0631 —0.16 0899
Terpinolene 070 0270 | -003 0899
a-Pinene ~0.71 0269 062 0202 018 0899
a-Terpinene 0.46 0395 | 054 0852
B-Myrcene 054 0.431
B-phellandrene 051 0270 | 070 0559
B-Pinene 0.49 0.448 0.5 0899
y-Terpinene 014 075 0086 070 0071 009 0899
Sesquiterpenes ‘Aloaromadendrene 1.07 1.00 0223 038 0825 0.46 0282
Guaiazulene 053 1.06 0144 097 0358 0.44 0.485
a-Humulene 113 107 0125 049 0631 055 0261
B-Caryophyllen 090 1.01 0295 054 0.742 0.43 0261
B-Elemene 147 147 0.129 0.70 0474 070 0283
B-trans-Caryophyllene 084 094 0.134 046 0631 036 0331
& Elemene 057 —006 0894 0.82 0270 030 0899
Iregular terpenes T™TT 125 0.70 0.431 073 0500
[Oooon | o oo WNGESN NSO00  0o< | ozro | oi7 | 0%
Dihydroactinidiolide. 006 0976 | -006 0845 021 0631 034 0.424
Hexahydrofamesyl acetone 025 0.784 081 0.400 082 0478 027 0870
$-Cyclocitral 054 0164 020 0303 026 0478 060 0038
B-Homooyclocitral 0.40 0510 023 0223 033 0.474 050 0161
Bionone 054 0110 039 0120 043 0341 058 0038
Brlonone epoxide 0.78 0410 058 0.125 061 0341 080 0038
Aliphatics 1-Nonanol —092 0407 —0.17 0825 053 0.202
1-Octanol —047 075 —025 0.742 033 0.202
2,4-Heptadienal, E - —003 0804 022 0.430 009 0742_| 015 0712
2,4-Hexadienal 022 0344 021 0.730 015 0825 047 0.709
2-Heptenal, Z- 038 0.461 057 0303 013 0843 | -007 0902
2-Hexenal, E- ~016 0183 | -002 0894 0.06 0843 | 008 0709
9,12,15-Octadecatriencic acid, ~092 0293 | 02t 0853 032 0754 | -039 0852
methyl ester, 2.2,2-
9,12-Octadecadienoic acid, methyl | —0.39 0609 | -015 0894 016 0825 | -007 0899
ester 2,2-
E E-2,4-Decadienal 077 0609 183 0057 103 0396 | -003 0899
Hexanoic acid methyl ester 121 0415 074 0086 | -022 0848 025 0572
Methyl hexadecanoate 026 0528 043 0129 0.26 0.448 008 0899
Methyl myristate 049 0293 045 0304 0.44 039 048 0.709
Methyl nonanoate 006 0944 0.3 0.704 054 0.448 047 0899
Methyl octadecanoate 016 0857 052 0303 0.41 0448 005 0899
Methyl octanoate 0.76 0415 007 0832 003 0843 0.72 0417
Methyl palmitoleate —047 0972 | -069 0894 012 0825 064 0899
Methyl pentadecanoate 058 0228 078 0129 062 0270 041 0.709
Nonanal 008 0784 | 028 0295 | 010 0742 027 0572
Phenylpropancids and | 2-Phenylethanol 020 0.461 006 0705 | —0.40 0208 | 027 0572
benzenoids
Benzaldehyde 054 0.155 0.0 0598 | 049 0.742 025 0383
Benzaldehyde, 3-ethyl- 009 0804 047 0.705 022 0691 0.4 0899
Benzyl alcohol —001 0920 | -003 0998 | -002 0957 0.00 0.902
Methyl benzoate 049 0555 | 016 0853 214 0099
Methyl salicylate 129 0110 119 0270 063 0259
o-Guaiacol —087 0057 017 0825 | 034 0572

The average from five replicates produced on day 3 dpi was calculated and log-transformed for Student’s t-test (df = 4; log2 >|1), p < 0.05 FDR). Color coding indicates log2(FC) of
induction (red) or repression (blue), and gray are VOCs that were not detected. TMTT, 4,8,12-trimethyltrideca-1,3,7,11-tetraene. Highlighted in bold are significantly different p-values.
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Aphid parameter  CO, LowN Medium N High N co, N CO,xN

d aco, 7.79£021 7.85+0.19 7.71£0.16 0,001 0.335 0.500
eCO, 857 £0.20 829+0.19 8.08+0.18

Ty aco, 10.55 +0.29 10.61+0.28 10.39+0.25 0,002+ 0.285 0.483
eCO, 11,67 £0.29 11.15£0.27 10.95 +0.26

My aco, 24.57 + 189 2625+ 154 27.75 £ 2.30 0,001 0.144 0.910
eCO, 19.77 £1.35 2038+ 1.41 2333159

My aco, 27.57 £2.43 3017 £2.23 27.42 £2.30 0,001 0.035" 0.942
eCO, 2115+ 144 2285+ 1.80 3317 £3.05

s aCo, 0.31£001 0.31£001 0.32:£001 0,000 0.079 0.820
eCO, 0.26 +0.01 0.27 £001 0.29 40,01

RGR aCo, 0.36 +0.01 0.36 001 0.38:+0.01 0,000 0.079 0.820
eCO; 0.30+0.01 0.32£001 0.34+001

d s the duration i days of the period from birth to the onset of reproduction, T s the mean generation time, My s the mean nymph number per female over a period of time
equivalent to the pre-reproductive period, My is the mean number of nymphs produced per aphid female over a 10-day period, fn is the intrinsic rate of naturalincrease, and RGR is
the mean relative growth rate. *p < 0.05; *'p < 0.01; **'p < 0.001.
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Parameters

Probing behavior

Time Spent in non-probing
Time to 1% Probe

Number of probes

Total probing time

Total duration of G
Number of potential drops (pd)
Total duration of pd
Xylem feeding

Aphids with xylem phase
Number of G

Time spent in G

Sieve element phase
Aphids with SEP

Time in SEP

Number of E1 waveforms
Time to 19 E1

Total duration of E1
Number of E2 waveforms
Total duration of E2

Time to 1% E2

Potential E2 Index

Percent time in sustained E2

One-way ANOVA was performed to analyze the effects of treatments on each parameter (after rank transformation of the raw data).
“Data presented are means  standard error of mean for aphids that displayed the behaviors.
©P.values that are signiicant are highiighted in italics and bold.

(min)
(min)

(min)
(min)

(min)

%)

(min)

)
(min)

(min)
(min)

(min)
(min)
(%)
(%)

Williams 82
N=20

1179+ 189
264 £13.1
162425
362.1 +18.9
1430+ 17.8
100.2 + 13.2
5762 +71.0

70 (14/20)
21404
945+182

90 (18/20)
163.4 305
49£06
195.4 295
354 %152
39+05
1355+ 25.3
2483+ 305
509486
56585

P1 567301B*
N=23

100.7 £19.3
61+18
21.3+38

3788 & 19.4

167.1 £ 165

1130+ 12.2

6633+ 71.0

74(17/23)
23405
898+ 17.4

96 (22/23)
1520 +275
31+05
144.8 230
122£23
2102
1465 % 27.6
2014 £27.7
494 +£84
655+ 83

P-value®

0.414
0.227
0.549
0414
0.237
0.394
0.487

ns.
0.930
0.871

ns.
0.709
0.070
0.209
0177
0.002
0.989
0.160
0.908
0.367

F-value®
Fia1=074
Fia1 =007
Fia1 =037
Fra1 =068
Frai=144
Fi41 =074
Fra1 =049
Fi20 =001
Fiz0=0.03
Fias=0.14
Figs =345
Fias =163
Fiae =189
Fiae =488
Figs = 0.00
Fias =205
Fia6 =001
Fias =087

©The degrees of freedom for xylem feeding and sieve element phase vary from the total number of samples, since not all aphids displayed xylem and sieve element feeding.

9The z-test was performed to compare proportions, and n.s. indicates no significant differences.
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Time Spent in non-probing
Time to 1% Probe
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Total probing time

Total duration of G
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Potential E2 Index
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One-way ANOVA was performed to analyze the effects of treatments on each parameter (after rank transformation of the raw data).
?Data presented are the means = standard error of mean for aphids that displayed the behaviors.
bP.values that are significant are highighted in italics and are also boided.

(min)
(min)

(min)
(min)

(min)
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)
(min)

(min)
(min)

(min)
(min)
(%)
(%)

Williams 82*
N=19

205.7 £25.4
189+88
335+65

2743 £25.4

1573+ 17.5

102.8 + 16.8
90£1.2

89 (17/19)
19403
51.3+£202

74(14/19)
830855
27206
243.1 +89.1
187 £33
16+06
882447
33754366
275110
448 £14.7

P1 567301B*
N=19

1706 £ 19.2
168+7.2
33.0+4.3

300.6 + 19.2

2148+ 16.7

1106 £ 11.0
108+ 1.1

68 (13/19)
38+1.1
571+ 137

79(15/19)
466+ 86
33+08

2162+425
215+48
14404
314+83

356.4+81.1
227489
347 £12.7

P-value®

0.293
0.796
0.556
0.293
0.0015
0.566
0.365

ns.
0.872
0.140

ns.
0.551

0.760
0.378
0.264
0.776
0.523
0.931

0.882
0.701

F-value®
Fias=1.14
Fia6 =007
Fia6 =035
Fias=1.14
Fias=65
Fia6 =033
Fias =084
Fi26=0.03
Fizs =231
Fia7 =036
Fiz7 =0.09
Fi27 = 0.80
Fiar =13
Fi27 =008
Fia7 =042
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Fiz1 =002
Fia1=0.15

©The degrees of freedom for xylem feeding and sieve element phase vary from the total number of samples, since not ail aphics displayed xylem and sieve element feeding.

9The z-test was performed to compare proportions, and n.s. indicates no significant differences.
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Gene Functions

Internal control
ELF-1B Eukaryotic elongation factor 1 beta

Kaempferol biosynthesis
CHS7 Chalcone synthase 7

FLST Flavonol synthase 1

Ragb-candidate genes

190200 Protease family s26 mitochondrial
inner membrane protease-related
190500 Protease family 26 mitochondrial
inner membrane protease-related
190600 Unknown function

Glyma ID

Glyma 02g44460

Glyma.01g228870

Glyma.13g082300

Glyma.13g190200

Glyma.13g190500

Glyma. 13g190600

Primer sequences (5’ > 3)

F: ACTCTGCACTCACCACTGCC R:
AGGAAAGCTTGGAGCAAGTTGAG

F: TGAATGGGGTGTGTTGTTCG R:
TGTTGTTGTTACAAACCCCAAGC
F: AAGCCTGCTGGGTCTGATTC R:
AGGAAGGAGGCCACACAATG

F: TTCCG 'CCTCAGCAGGT R:
CATCTGCTGCAAAACCCTTGC

F: GGTCTGCAGCAGCACTAGAA R:

ATCCTGCAGAGGAAAACGGCA

F: AACATGGAGGTGCCGTGATT R:
CTTGCAACAAACCTCTCCGC

PCR
efficiency

2.00

1.99

2.04

Amplicon
length (bp)

247

103

112

162

212
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Variable

Amax

Gsmax

Dry mass

Leaf surface

LMA

Nitrogen

Carbon

N/C ratio

Source

Treatment
Leaf age
Growth rate
Constant
Error
Treatment
Leaf age
Growth rate
Constant
Error
Treatment
Leaf age
Growth rate
Constant
Error
Treatment
Leaf age
Growth rate
Constant
Error
Treatment
Leaf age
Growth rate
Constant
Error
Treatment
Leaf age
Growth rate
Constant
Error
Treatment
Leaf age
Growth rate
Constant
Error
Treatment
Leaf age
Growth rate
Constant
Error
Treatment
Leaf age
Growth rate
Constant
Error
Treatment
Leaf age
Growth rate
Constant
Error

Type Il SS

123.442
36.771
40.791

287.941
311.266
0.326
0.028
0.05
0.146
0.572
11.777
2.561
1.178
14.011
19.227
5397.436
649.437
16.335
360056.358
41279.346
0.018
0.21
0.159
0.187
1.064
1.213
10131.622
6466.103
3442.911
36764.618
1220.537
268.316
197.898
81006.442
39551.325
0.982
2.362
0.004
78.851
21.306
35.46
115.383
3.599
44739.755
521.602
0.001
0.002
0
0.038
0.01

o ek

286
1
1
|
1
286

F-ratio

20.226
6.025
6.683

47178

29.056
2.526
4.442

13.027

31.239
6.794
3.124

37.165

6.668
0.802
0.02
444.844

4.733
56.457
42.856
50.156

0.009
77.989
49.774
26.502

8.733
1.92
1.416
579.622

13.176
31.707
0.049
1058.459

19.443
63.266
1.974
24531.276

19.863
52.551
0.118
1106.818

P-value

<0.001
0.018
0.013

<0.001

<0.001
0.118
0.04

<0.001

<0.001
0.012
0.083

<0.001

0.013

0.375

0.888
<0.001

0.03
<0.001
<0.001
<0.001

0.923
<0.001
<0.001
<0.001

0.003

0.167

0.235
<0.001

<0.001

<0.001
0.825

<0.001

<0.001

<0.001
0.161

<0.001

<0.001

<0.001
0.731

<0.001

For each variable, the statistics display the Type il sum of square (Type Il SS), the
degrees of freedom (df), the Fisher test (F-ratio), and the corresponding P-value (in
bold when significant with a threshold at 0.05).
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Putative effector Proposed mode of action Additional putative effectors References
name
Small RNAs Unknown No Van Kleeff et al., 2016
Laccase 1 Allows whiteflies to overcome the chemical defenses of the host  Homologs LAG, LAG2, and LAC4 not Yang etal., 2017
plant functionally analyzed
264 Reduce disease development caused by the leaf pathogen No Leeetal., 2018
265 P syringae pv. tabaci and the soil-borne pathogen
6A10 R. solanacearum. Prime expression of SAR marker genes NbPR1a
and NbPR2 in local and systemic leaves in response to P syringae
pv. tabaci
BtFert Exhibits Fe2* binding ability and ferroxidase activity, thereby Homologs BtFer2, BiFer3, BtFerd, and Suetal, 2019
suppressing Hz0,-generated oxidative signals in tomato BtFer5 not functionally analyzed
Bspo® Suppresses DAMP-induced plant immunity induced by the elicitor ~ Bsp1®), Bsp29, Bsp (lectin)), Bspd®,  Wang et al., 2019
Pep1 by interacting with host immunity regulator WRKY33 Bsp5t), Bsp6?, Bsp7~), Bsp8(), and
Bsp10 screened for their ability to affect
induction of DAMP-induced plant
immunity on N. benthamiana leaf by the
elicitor Pep1: no effect (0), increased
PDF1.2 activity (+), decreased LUC
activity ()
BIS6" Activates the SA pathway and interacts with a plant KNOTTED Orthologs from Asia Il 3, Asia ll 1, and Xu etal., 2019

1-fike homeobox transcription factor (NTH202)

China 2

“Bt56 and Bsp9 are orthologous effectors in MED and MEAMT, respective

there is one amino acid difference between these two effectors according to the NCBI database.
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Mean concentration (ng mm~2 day—1; +S.E.)
of compound

Compounds Grosmannia Ophiostoma G. clavigera +
clavigera ips 0. ips
Acetoin 2.16 (+0.78) 4.20 (+1.06) 0.73 (+0.45)
Ethyl acetate 2.03 (+£0.68) 0.89 (£0.293) 0.49 (+£0.23)
cis-Grandisol 0.30 (+£0.15) ND 0.20 (£0.11)
Isoamyl alcohol 33.87 (+£8.55) 54.01 (£11.52) 9.37 (+£4.59)
Isobutanol 48.74 (£12.70) 58.17 (£10.99) 11.13 (+4.68)
2-Methyl-1-butanol 8.05 (+2.31) 7.21 (£2.19) 1.57 (+0.76)
Phenethyl acetate 2.82 (+1.58) ND 0.83 (£0.46)
Phenethyl alcohol 2.38 (£0.95) 5.93 (£2.02) 0.47 (£0.29)

Compounds not detected in a given collection group are indicated with “ND.”
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Percentage of samples compound was detected

Compounds Grosmannia Ophiostoma ips  G. clavigera +
clavigera 0. ips
Acetoin 60 80 33
Ethyl acetate 80 80 78
cis-Grandisol 60 ND 33
Isoamyl alcohol 100 100 78
Isobutanol 100 100 100
2-Methyl-1-butanol 100 100 78
Phenethyl acetate 40 ND 44
Phenethyl alcohol 90 100 33

Compounds not detected in a given collection group are indicated with “ND.”





OPS/images/fmicb-11-567462/fmicb-11-567462-g003.jpg
Ge + 0i

Oi

Treatment

CI Cl

(wuw ‘bs) ease aunynd
esobiAeO BILUUBWSO0JS)

xhK

1

8 B 8

(ww ‘bs) eae aunynd
sdi ewojsorydo

Ge + 0i

Oi

NOF1205 NOF1284

Treatment





OPS/images/fmicb-11-567462/fmicb-11-567462-g002.jpg
g 8 8 8 °
(Aepyww "bs/bu) uonesuaduo)

Gce + Oi

Qi control  Gc control

Treatment





OPS/images/fpls.2020.01218/fpls-11-01218-g002.jpg
Feeding time (h)

S8 8 & & o
8 8 8 R

3
g

o (%) sayw pay Jo Jaquinu aAeeY





OPS/images/fpls.2020.01218/fpls-11-01218-g003.jpg
‘Normalized relative quaniity

GSRNA-NC (n = 104)
GSRNA-VATPase (= 122)
P=00157

Fecundiy (egosfemalelday) ®

)
T,
JT 1 1
1 I I
|
4
I
.
2 s«

[,
g|e|=|=®






OPS/images/fpls.2020.01218/crossmark.jpg
©

2

i

|





OPS/images/fpls.2020.01218/fpls-11-01218-g001.jpg
()@ (m (@)

STER 1
Prepare apiece of nylon
mesh shee on a waterproo!
sold plane.

step2
‘Add coluton or ispersion
oftest compounds inf the
mesh sheet.

steps
‘Gover the mesh shoet it
apiece of genty.strelched
Parafim.

sTEP 4
Frame afeeding arena with
a piece of wetted Kimwipe
or Tanglefoot adhesive and
place test mites o sphids
onto the arena, respeciively.

Relative distributed area (%) ©

Mesh opening (um)

&5
.10
.50
100
Volume (pL)

150





OPS/images/fpls.2020.01218/table1.jpg
PCR amplification primers.

Prmor name, Oigonucieotde sequence (5' 0 3" Sze op)
Tetur-VATP-F GTTGOGGTGAGAGAGGTANTG 600
Tetur-VATP-R GAAGAGGTACGAAATCTGGG

Totur-sci2-F GCCCTCTCCTGGTIGTAMCTT 362
Tetur-sc12-8 CGACCCCATCAGGCTATTGA

GPCR analysis primers

Primer name Oigonudeotide sequence (5 103)  Primer eficiency
P49 (elur18903500)F  CTICAAGCGGCATCAGAGS  1009%

RP49 (etr18903590) R CGCATCTGACCCTIGAACTTC

VATPase GPCR F GGGTACCATGACATICOTCG  1033%
VATPasoGPCRR  AATCGGTCTGGTTTGACGAAC

“Primersfor amplting tho DNA fagments for dsRNAS nclde he T7 promoer sequence
(TAATACGACTCACTATAGGG) al tho 5" ond.
ONegative control (NC) fraoment (Suzukd et @, 2017b).
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Species Description Effects References
Plant Herbivore
Several species Several aphids Infestation Accumulation of NO Smith and Boyko (2007)
Phaseolus lunatus Spodoptera littoralis Infestation Accumulation of NO Arimura et al. (2008)
Triticum aestivum Diuraphis noxia Infestation Accumulation of NO Moloi and van der Westhuizen (2009)
Phaseolus lunatus Spodoptera littoralis Infestation Accumulation of NO Bricchi et al. (2010)
Oryza sativa Nilaparvata lugens Infestation Accumulation of NO Liu et al. (2011)

Nicotiana attenuat a

Nicotiana attenuata
Pisum sativum
Pisum sativum

Nicotiana tabacum

Oryza sativa
Nicotiana tabacum

Manduca sexta

Manduca sexta
Acyrthosiphon pisum
Acyrthosiphon pisum

Manduca sexta

Nilaparvata lugens Sogatella furcife ar

Bemisia tabaci

Infestation of GSNOR knock-down

Infestation of NOA7 Knock-out
Infestation
Infestation and application of NO donors

Infestation

Infestation of MAPK20-5 Knock-out
Infestation of NOA1 knock-out

Induction of NOS activity

Reduction of JA and ET

Reduction of trypsin proteinase inhibitor activity and
diterpene glycosides

Reduction of carbon-based defensive molecules
Accumulation of NO, HoOo, JA, SA, and ET
Accumulation of NO

Induction of defensive molecules (phenylalanine
ammonia lyase and pisatin)

Induction of nitrogen-derived defensive metabolites
(alkaloids)

Decrease in foliar N-uptake
Accumulation of NO and ET
Accumulation of NO

Suppression of JA-dependent defenses

Winsche et al. (2011a)

Winsche et al. (2011b)
Mai et al. (2014)
Wozniak et al. (2017)

Campbell and Vallano (2018)

Li et al. (2019)
Xu et al. (2020)
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Gene title Probe set ID TSWV Thrips TSWV + thrips TSWV Thrips TSWV + thrips
SA pathway

Beta 1,3 glucanase Les.3673.1.51_at 3.6a —0.9a 3.4a 9.2a 3.3b 7.3a
Non-expressor of pathogenesis-related 1 Les.5940.1.51_at 0.7a —0.4b 0.6a 2.3a —0.2b 1.0a

JA pathway

Allene oxide synthase Les.13.1.51_at —1.4a 0.6a —0.04a 1.0a 0.3a 1.5a
Cathepsin D inhibitor protein Les.3740.1.51_at —2.4b 0.9a 2.4a —2.8b 4.2ab b.la
12-oxophytodienoate reductase Les.22.1.51_at 0.8a 0.2a 0.8a 2.4a —0.2b 1.4ab
RNAi pathway

RNA-directed RNA polymerase 1 Les.61.1.81 at 1.1a —0.04b 1.1a 3.8a 1.2b 3.5a

Relative transcript abundance in tomato plants systemically-infected with TSWV and/or infested with thrips. Values represent mean of three biological replicates. Different
letters indiicate statistical difference between treatments at P < 0.05.
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Phytohormone Mock

Salicylic acid 1.72 £ 0.12b
Jasmonic acid 0.16 £+ 0.06b
JA-isoleucine 0.05 £ 0.48a
OPDA (12-oxo-phytodienoic acid) 0.60 £+ 0.39a

Values represent mean =+ standard deviation (n = 4 plants). Different letters indicate statistical difference between treatments at P < 0.05.

TSWV

3.16 +£0.18a
0.29 & 0.14b
0.26 £+ 0.36a
1.156 £ 0.34a

Thrips

1.856 £ 0.13b
0.256 +£0.11b
0.24 £ 0.50a
0.89 £0.34a

TSWV + thrips

2.90 £+ 0.22a
0.67 +£0.14a
0.92 +0.36a
1.33 £0.31a
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Super pathway Pathway name P-value  Number of

genes
(A) CULTIVAR ONLY
Phenylpropanoids Flavonol biosynthesis 1.29E-03 4
Syringetin biosynthesis 234E-03 4
Luteolin biosynthesis 9.04E-04 3
Leucopelargonidin and 1.81E-02 4
leucocyanidin biosynthesis
Terpenoid biosynthesis  Monoterpene biosynthesis ~ 6.67E-04 3
(B) TREATMENT ONLY
Amino acid Superpathway of 9.89E-03 23
biosynthesis phenylalanine, tyrosine, and
tryptophan biosynthesis
Tyrosine biosynthesis 3A7E02 3
Asparagine biosynthesis  3.89E-02 7
Amino acid Glutamate dependent acid ~ 1.58E-02 4
degradation resistance
Aspartate degradation 4.16E-02 9
Aromatic compound  Volatile benzenoid ester  4.71E-03 5
biosynthesis | biosynthesis
Phenylpropanoids ||
Phytohormones
Carbohydrate Melibiose degradation 3.96E-03 4
metabolism
Cofactor, prosthetic  Folate transformations 1.41E-02 10
group, electron carrier,
and vitamin
biosynthesis
Chiorophyll cycle 992604 5
Detoxification Removal of superoxide 1.26E-02 9
radicals
Fattyacidandlipid  Phospholipid desaturation  4.20E-03 6
biosynthesis
Phosphatidylcholine 3ATE02 3
biosynthesis
Nitrogen-containing  Hydroxycinnamic acid 9.49E-03 9
secondary compound  tyramine amides
biosynthesis biosynthesis
Photosynthesis Oxygenic photosynthesis ~ 1.76E-04 32
Terpenoid biosynthesis  Antheraxanthin and 1.58E-02 3
violaxanthin biosynthesis
Phaseic acid biosynthesis  4.06E-02 5
(C) OVERLAP (CULTIVARS AND TREATMENTS)
Phenylpropanoids Phenylpropanoid 1.57E-08 3
biosynthesis, intial reactions
Suberin biosynthesis 472603 5
Flavonol biosynthesis 1.37€-02 4
Phenylpropancids || Salicylate biosynthesis 1.676-08 3
Phytohormones

The genes were classified into three groups: (A) cultivars only (Ofir vs. Shian); (B)
mite treatment only (TSSM-infested vs. untreated control); and (C) overlap (both cultivar
and TSSM-induced treatment). The enrichment analysis and pathway clessification were
performed using MetGenMAP (o < 0.05). Pathway name indicates the specific pathway,
and supper class indicates the general metabolc classification according to SolCyc
database (http:/solcyc.solgenomics.net/).
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613 1BAT31750 68 1BAT31858
G14 1BAI31752 o4 1BAI31826
G15 1BAT31753 65 1BAT31827
616 1BAI31754 o6 1BAI31833
G17 1BAT31757 67 1BAT31836
618 1BAT31749 68 1BAT31839
G19 1BAT31762 Gi9 1BATS1842
G20 1BAT31763 650 1BAT31866
G21 1BAI31767 G5t 1BAI31869
G22 1BAT31768 652 TMEBTTS
623 1BA131770 653 1BAT31851
G24 1BAI31774 G54 1BAT31821
625 1BAT31776 655 1BAT31825
626 1BAT31800 656 1BAT31861
7 1BA131778 657 1BAT31863
628 1BAT31782 658 TMEBATO
G29 1BA131784 659 1BATS1844
630 1BAT31785 680 1BAT31847
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Treatment Salicylic acid Jasmonic acid Ethylene Abscisic acid Auxin

TSWV 62.25 —58.28 24.07 27.05 —77.83
Thrips —38.07 40.02 40.01 —16.8 6.57
TSWV + thrips 37.62 56.99 0.64 76.36 —48.63

Phytohormone pathway scores indicate induction (positive), suppression (negative), or insignificant effect (less than 1) of signaling pathways in response to virus infection,
thrips infestation and the combination treatment.
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Primer name

AOS

BGL2

Cl

leEF-1

NPR1

OPR3

RDR1

TSWV-NP

TSWV-NSs

Gene name/accession number

Allene oxide synthase/AJ271093

Beta-1,3-glucanase/M80604

Cathepsin D inhibitor protein/X73986

Elongation factor -1 alpha/X14449

Non-pathogenesis related protein

1/NM_001247629

12-oxophytodienoate reductase/AJ24255

RNA-directed RNA polymerase 1/Y10403

TSWV nucleocapsid gene/AF306490

TSWV non-structural protein (silencing suppressor)/NC_002051.1:89-1483

Primer sequence (5'-3', forward/reverse)

ATCGTCTTATCGTGTTAGTATTC/
GATGATGATGGTGATTGTGAT
CTTGTTGGGCTTCTAATCC/
CTTGATCCGATGGTAAATTATTG
GCGTTAGGTGGTGATGTA/
GAATTGTAGGTCCATTAGTTGAT
GATTGGTGGTATTGGAACTGTC/
AGCTTCGTGGTGCATCTC
GATAAGTCCTTGCCTCAT/
AATGCTCTATGTATCCTCTT
GGTGGTTACGATAGAGAAGA/
GGATAATCAGTATAGCCAACAAT
GCGACCTTCACAAGAGAT/
TCATAATGCCACCACTAAGT
GCTTCCCACCCTTTGATTC/
ATAGCCAAGACAACACTGATC
ACTCTGTTCTGGCACTATCTG/
GCTGGAATCGGTCTGTAATAT

2PCR efficiency

1.98

1.91

1.97

1.97

2.00

1.91

1.80

1.90

2.03

apCR efficiencies were calculated as 10~ 1/519P¢ from Pfaffl (2001).
bPrimer sequences obtained from Rotenberg et al. (2009).
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