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Summary 

Aphids are phloem-feeding insects that cause severe yield losses on crops, 

including cereals such as barley. While most aphid species are limited to one or 

few host species, some are able to reproduce on many plants belonging to 

different families. Interestingly, aphid probing-behaviour can be observed on 

both host and non-host plants indicating that interactions take place at the 

molecular level and may impact host range.  

We found that the barley specialist Rhopalosiphum padi and the broad host 

range Myzus persicae showed differences in colonization, settlement and 

probing-behaviour on barley. Analyses of barley transcriptional responses 

revealed gene sets differentially regulated upon the different barley-aphid 

interactions, where M. persicae induced the most pronounced barley 

transcriptional response. Interestingly, we identified several genes strongly up-

regulated upon interaction with M. persicae, and to a lesser extent upon R. padi 

interaction, including thionins and the Late Embryogenesis Abundant gene 14 

(LEA14). Ectopic expression of two barley thionins in Nicotiana benthamiana 

reduced host susceptibility to M. persicae, potentially reflecting a role in defence 

against aphids. We have generated barley mutant lines, using CRISPR-Cas9 

technology, to investigate its role in plant-aphid interactions.  

We characterized also the R. padi and M. persicae responses upon being 

exposed to different plant environments. We characterized the aphid probing 

and feeding in different host and poor-/non-host plants, revealing that plant 

resistance to aphids can be based in different plant cell layers. Aphids only 

showed limited transcriptional responses upon being moved from host plants to 

either a host-, poor-host/non-host plant, or to an artificial diet, and predicted 
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aphid effector genes, essential for parasitism, were expressed regardless of the 

type of interaction.   

Focusing on aphid effectors, we characterized 4 putative orthologous effector 

pairs from R. padi and M. persicae with regards to their subcellular localization, 

expression, and contribution to plant susceptibility. We demonstrate that ectopic 

expression of two R. padi effectors in barley enhances plant susceptibility to R. 

padi but not M. persicae, highlighting the importance of these two effectors in 

barley colonization in an aphid species-specific manner.  
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1. General introduction, contributions and scope 

1.1. Aphids are major agricultural pests  

Aphids are phloem-feeding insects that cause severe damage to crops globally, 

particularly in temperate climates. Aphids belong to the order Hemiptera (family 

Aphididae, suborder Sternorrhyncha, order Hemiptera; Remaudière and 

Remaudière, 1997) with more than 4700 different species reported of which 250 

are considered plant pests (Blackman and Eastop, 2000). Populations can 

reach high densities relatively quickly due to parthenogenesis (asexual 

reproduction), which takes place as part of the aphid life cycle, especially during 

summer months. Direct damage caused by aphids is primarily related to plant 

nutrient loss, resulting in nutrient sinks that eventually can lead to severe 

impairment of plant fitness (Mittler and Sylvester, 1961; Girousse et al., 2005). 

Also, some species can cause chlorosis, like for example the Russian wheat 

aphid (Diuraphis noxia), whereas others can trigger necrosis or leaf rolling or 

curling (van Emden and Harrington, 2007). However, generally plant injury due 

to aphid infestations is asymptomatic. Most importantly, aphids are common 

vectors of plant viruses, and are responsible for the transmission of up to 50% 

of the existing plant viruses (Hull, 2002; Nault, 1997). Secondary plant infections 

are often observed in aphid-infested plants and there are reports such plants 

become more susceptible to other pest and pathogens, such as caterpillars 

(Soler et al., 2012). Moreover, feeding aphids excrete honeydew, which is rich 

in sugars, providing a nutrient-rich environment to saprophytic fungus or 

bacteria (reviewed by Guerreri and Digilio, 2008). Aphid honey-dew 

accumulation and fungal growth can also impair plant photosynthesis (reviewed 

by Guerrieri and Digilio, 2008).  
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Pest management approaches to control aphids rely on the use of insecticides. 

Insecticides have been linked to toxic effects on other organisms, including 

humans (Colborn et al., 1993; Wagner et al., 1994; Grandjean and Landrigan, 

2014), but they also have negative environmental impacts, such as off-target 

effects on beneficial organisms, which can impact on biodiversity and 

ecosystems (Henry et al., 2012, Woodcock et al., 2017). In addition, the 

continuous exposure to insecticides drives the development of insecticide-

resistant aphid genotypes through a range of mechanisms mainly based on 

detoxification (Foster et al., 2002, Bass et al., 2014). Examples of aphid 

detoxification mechanisms comprise aphid carboxylesterase content or 

modification in the insecticide target acetylcholinesterase (Foster et al., 2002). 

As a consequence of the negative effects of insecticides, many of them have 

now become banned under EU legislation (https://ec.europa.eu/food/plant/ 

pesticides/ approval_ active_substances). Therefore, it is of vital importance to 

investigate novel ways to control infestations of economically important pests. 

Knowledge of the plant immune system effective against aphids and of the 

biology underlying aphid infestation is essential to allow development of novel 

control strategies that could be based on novel plant resistances, novel and 

specific insecticide targets, and strategies aimed at reducing crop susceptibility.  
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1.2. Aphids have complex life cycles 

The evolutionary success of aphids is linked to their extreme phenotypic 

plasticity, which allows them to adapt to their environment, like for example the 

ability to switch between different reproductive modes and the development of 

winged adult forms (alates). Whilst most aphid species go through different life 

cycles on a single host plant species, about 10% of species can switch between 

a primary host in winter and secondary hosts in summer months, which is also 

called host alternation or heteroecy (Powell and Hardie, 2000) (Figure 1.1). The 

secondary host species of these aphids include many important crop plants. 

These host alternating aphid species generally use woody plants as their 

primary host, on which they lay (overwintering) eggs that give rise to the first 

generation of aphids (also called fundatrices) in spring. The fundatrices, and 

their offspring, reproduce by parthenogenesis (asexual reproduction) giving 

birth to live nymphs. Winged forms (alates) will migrate to secondary host plants 

over the summer months where the aphid populations will go through multiple 

parthenogenic generations. In autumn, sexual female and male aphids will 

reproduce sexually and overwintering eggs are laid on the primary host (Figure 

1.1).  Exceptions to this general life cycle exist, with some aphids for example 

having multi-year cycles (Kennedy and Stroyan, 1959). Heteroecy in aphids has 

independently arisen in different aphid lineages throughout evolutionary history 

(reviewed by Moran, 1988), with monoecy (with the entire life cycle taking place 

on one plant species) on trees thought to be the ancestral state. Many different 

hypotheses explain the maintenance of heteroecy and driving factors described 

include nutritional optimization, oviposition sites, natural enemies, temperature 

tolerance, and fundatrix specialization (reviewed by Moran, 1988). With many 

important agricultural crops being aphid secondary hosts, understanding how 
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aphids are able to switch between their primary and secondary hosts will provide 

better insight into crop infestation. It is likely that switching between host plant 

species requires aphids to adapt to differences in host nutritional status as well 

as potential differences in plant defence mechanisms against insects.   

 

Figure 1.1. Overview of the Rhopalosiphum padi lifecycle.  

In spring and summer, egg-hatched females (fundatrices) reproduce asexually giving rise to 

the next generation of aphids, which will migrate from primary host Prunus spp. to secondary 

hosts, including cereals, where the aphids will reproduce asexually for multiple generations. In 

autumn, environmental cues trigger the aphids to produce sexual females and males that move 

back to the primary host. The females lay overwintering eggs on the primary host produced by 

sexual reproduction. 
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1.3. Myzus persicae, Myzus cerasi and Rhopalosiphum 

padi: economically important pests with different host 

ranges 

An interesting feature of aphids is that there is a huge diversity in host ranges 

across species. This host range variation applies to the use of secondary hosts 

during summer months when aphid populations increase rapidly due to asexual 

reproduction (Moran, 1992). For example, Rhopalosiphum padi can infest a 

range of cereal species during summer months (Blackman and Eastop, 2000). 

Whilst the majority of aphid species exhibit a limited host range, dedicated to 

few closely related plant species, some aphid species, like Myzus persicae, 

have an exceptionally broad host range including plant species from across 

more than 40 families (Blackman and Eastop, 2000). Even close related aphid 

species can greatly differ in such a host range. For instance, the enormous host 

range displayed by Myzus persicae compared to the restricted Myzus cerasi 

host range (Figure 1.2).  The evolutionary drivers and determinants of such 

exceptionally broad host ranges in aphids remain to be elucidated. 
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Figure 1.2. Phylogenetic relationship between different aphid species and genomes 

sizes.  

A multi-gene phylogeny derived from a concatenated alignment of 123 highly-conserved 

BUSCO nuclear genes classified as single copy in five aphid species (Rhopalosiphum padi, 

Diuraphis noxia, Acyrthosiphon psium, Myzus persicae, and Myzus cerasi) and the outgroup 

model insect Drosophila melanogaster. Node values indicate boot strap support of 1000 

iterations. For each species, black circles are scaled by genome assembly size (taken from 

Thorpe et al., 2018). 
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Figure 1.3. Examples of leaf tissues infested with the aphid species Rhopalosiphum padi, 

Myzus persicae and Myzus cerasi. 

Upper panels: images of the aphids. Lower panels: images of secondary host plant species 

used to maintain the aphid cultures throughout my thesis research. Rhopalosiphum padi was 

maintained in barley (Hordeum vulgare), Myzus persicae in oil seed rape (Brassica napus) and 

Myzus cerasi in cress (Barbarea verna). 
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1.3.1. Rhopalosiphum padi  

The bird cherry-oat aphid, Rhopalosiphum padi (Linnaeus) is a major pest of 

important cereals such as barley, wheat, oats, and pasture grasses (Blackman 

and Eastop, 2000). A wingless adult of this species is about 2.5 mm long and 

has a dark-green to brown colour. The head, cornicles (tubes on the posterior 

dorsal part of the aphid, which secretes pheromones and defensive waxes) and 

cauda (tail) have a brown-black colour (Blackman and Eastop, 2000) (Figure 

1.2, 1.3). This aphid species has a narrow host range restricted to the winter 

host Prunus padus (bird-cherry) in Europe and Prunus virginiana (choke-cherry) 

in North America, and in summer this aphid colonizes secondary host plants 

from the family Poaceae (Quiroz et al., 1997) (Figure 1.1). R. padi is an 

important pest in temperate regions, particularly in Europe (Dixon, 1971; 

Leather et al., 1989). If the primary host is not present or winter is mild this 

species is able to survive on secondary hosts throughout the entire year without 

any sexual life cycle phase (Simon et al., 1996). R. padi infestations can lead to 

significant nutrient loss to the plants leading to produce yield losses of up to 

50% (Kieckhefer and Kantack 1986; Papp and Mesterhazy, 1993). R. padi also 

is a vector of numerous plant viruses, including the Barley Yellow Draft Virus 

(BYDV), Cereal Yellow Dwarf Virus (CYDV), or Maize Leaf Fleck Virus (MLFV) 

(Oswald and Houston, 1953; Riedell et al., 1999). Control of this aphid relies on 

insecticides; however, R. padi has developed resistance against some of the 

most popular insecticides such as imidacloprid (nicotinoid pesticide) and 

pyrethroids (Wang et al., 2018; Zhang et al., 2017). Whilst several sources of 

partial plant resistances have been identified in cereal crops that are effective 

against the aphid pests D. noxia and Schizaphis graminum, only limited 

resistance has been found effective against R. padi. The main plant resistance 
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source so far is Hordeum vulgare subsp. spontaneum, a wild progenitor of 

cultivated barley (Weibull, 1994; Ahman et al., 2000; Cheung et al., 2010). The 

genome of R. padi has recently been sequenced and provides an excellent 

resource for studying the functions of specific aphid genes, including effectors, 

in plant-aphid interactions (Thorpe et al., 2018). 

1.3.2. Myzus persicae  

Myzus persicae (Sulzer), the green peach aphid, has an exceptionally broad 

host range and is one of the most important aphid pests worldwide (Blackman 

and Eastop, 2000) (Figure 1.2, 1.3). This species has a body length of 1.2-2.1 

mm and varies in colour from green to yellow or even pink, depending on the 

genotype (Blackman and Eastop, 2000). Distinguishing characters are 

convergent inner faces of the antennal tubercles (the base of the antenna points 

inwards in dorsal view) and slightly clavate cornicles (club-like shape of tubes 

on the posterior dorsal part of the aphid) (Blackman and Eastop, 1994) (Figure 

1.3). M. persicae has a holocyclic life cycle and overwinters on several Prunus 

species, including its main primary host Prunus persica (peach). In summer, the 

aphids colonize multiple secondary hosts, although in warm climates clonal 

reproduction can be observed throughout the year (Blackman, 2007). M. 

persicae is speculated to have its origin in Asia, similar to its main primary host 

P. persica, but now displays a worldwide distribution (Margaritopoulos et al., 

2009). The host range of M. persicae consists of more than 4000 species 

belonging to different plant families, including important crops such as potato, 

pepper, Brassica spp., and sugar-beet (Blackman and Eastop, 2000). Despite 

its broad host range, this aphid species is not a pest of cereal crops, including 

barley (Halbert and Pike, 1985). Whilst direct feeding causes limited symptoms 
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on secondary host plants, infestations of P. persicae results in leaf rolling and 

stem distortion (Blackman and Eastop, 2000). Most damage by this aphid is 

caused indirectly, by the transmission of more than 100 plant viruses across 

more than 400 host plant species (Quaglia et al., 1993). Although host 

resistance in P. persicae trees has been reported against M. persicae, the 

genetic components of this resistance are not well understood (Massonié et al., 

1982; Monet and Massonié, 1994; Pascal et al., 2002; Lambert and Pascal, 

2011). Just recently, QTLs (Qualitatively Trait Loci) have been characterized 

contributing to resistance against M. persicae in the peach wild relative Prunus 

davidiana (Sauge et al., 2012). The continuous use of insecticides for controlling 

this pest has driven the pesticide resistance in M. persicae, which generally is 

based on detoxification mechanisms that can evolve over several generations 

upon exposure as reviewed by Bass et al. (2014). The genome of this aphid 

species was recently published and in combination with extensive transcriptome 

analyses of aphids adapted to different secondary hosts revealed that 

duplicated cathepsin B genes, which are secreted in saliva during aphid feeding, 

contribute to host adaptation of M. persicae (Mathers et al., 2017). 

1.3.3.  Myzus cerasi 

Myzus cerasi (Fabricius), the black cherry aphid, is a dark brown to black 

coloured aphid that is 1.5-2.6 mm in body length, and features black cornicles 

and cauda, and a dorsum hardened by the accumulation of the cuticle structural 

protein sclerotin (Blackman and Eastop, 1994; 2000) (Figure 1.2, 1.3). Although 

this aphid is within the same genus as M. persicae, it has a narrow host range 

(Figure 1.2). The primary hosts are broadly cherry trees, but also other Prunus 

species can be colonized. In some occasions, M. cerasi can spend the entire 
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year on cherry trees and go through both sexual and asexual stages on these 

hosts (Heie, 1995). The secondary hosts are limited to Gallium spp., some 

Brassica spp., Veronica spp. and Capsella spp. M. cerasi’s original distribution 

is within Europe and Asia, but it was more recently introduced in Australia and 

North America (Blackman and Eastop, 1994). On cherry, aphid feeding causes 

significant symptoms including leaf curling, defoliation, distorted shoots and the 

formation of pseudogalls (open galls) and fruit production is reduced (Blackman 

and Eastop, 1994; 2000). This aphid species is a vector for plant viruses, such 

as Bean Yellow Mosaic Virus (BYMV), Celery Mosaic Virus (CeMV), Onion 

Yellow Draft Virus (OYDV) and the destructive Potato Virus Y (PVY) (Kennedy 

et al., 1959; Bokx and Piron, 1990). Interestingly, most of these viruses are 

infectious on M. cerasi non-host plants and are acquired and spread due to the 

probing taking place during non-host interactions (Bokx and Piron, 1990).  Host 

plant resistance to M. cerasi was reported in sour cherry trees, where 5 to 10% 

populations produced by crosses between Prunus eucerasus and Prunus 

pseudocerasus showed different levels of resistance (Gruppe, 1991). The M. 

cerasi genome was recently released opening opportunities to explore 

comparative genomics and transcriptomics approaches to gain a better 

understanding of aphid biology and in particular parasitism (Thorpe et al., 2018). 
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1.4. Barley as a model crop to understand host, non-host 

and poor-host interactions with aphids   

Barley (Hordeum vulgare L.) is a monocot plant belonging to the family 

Poaceae. Domesticated barley is a crop with numerous cultivars available. The 

Near East Fertile Crescent is the centre of origin and diversity for wild barley, 

and the main site for early domestication, although more recently additional 

domestication sites have been revealed (Zohary and Hopf, 1973; Bard et al., 

2000; Dai et al., 2012). Barley is the fourth-most important cereal crop, after 

maize, rice and wheat, in terms of production worldwide, with 47 million of 

hectares cultivated producing 141 million of metric tonnes of barley (FAOSTAT, 

2016). The world Gross Production Value of barley is 17 billion US dollars per 

year (FAOSTAT, 2014). Barley, in general, is a crop adapted to a wide range of 

temperatures (12-25 ◦C), tolerant to drought and high salinity soils. 

Barley is a self-pollinating plant, diploid with 7 pairs of chromosomes, and 

therefore is genetically less complex than other grasses such as wheat 

(hexaploid) (Hockett and Nilan, 1985). Importantly, the barley genome has 

recently been sequenced by the International Barley Genome Sequencing 

Consortium and the UK Barley Sequencing Consortium (Mayer et al., 2012; 

Mascher et al., 2017). The cultivar selected for genome sequencing was Morex, 

a six-row malting barley released in Minnesota in 1978. The haploid genome 

has a size of 5.1 Gbps, 84% of which corresponds to non-coding DNA, and 

contains around 40.000 putative genes (Mayer et al., 2012; Mascher et al., 

2017).  

Functional tools are available in barley, with several tilling and mutant collection 

available (Lundqvist and Franckowiak, 2003; Gottwald et al., 2009; Lundqvist, 
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2014), and several cultivars, such as Golden Promise and Igri, are amenable 

for transformation. Golden Promise transgenic lines can be generated using 

Agrobacterium-mediated transformation or particle bombardment of embryos 

(Ritala et al., 1995; Tingay et al., 1997), whereas Igri can be transformed via 

androgenic pollen cell transformation with Agrobacterium (Kumlehn et al., 

2006). These transformation techniques do require plant regeneration and 

selection, which can be time-consuming. Recently, the latest gene-editing 

techniques have been applied to barley, such as those based on TALENs 

(Trans Activator-Like Effector Nucleases) and CRISPR/Cas9 (Clustered 

Regularly Interspaced Short Palindromic Repeats/CRISPR associated proteins 

9) (Gurushidze et al., 2014; Lawrenson et al., 2015; Kapusi et al., 2017; Holme 

et al., 2017). These new technologies represent ways to study gene function by 

knock-out, mutation, or activation, yet all these techniques require 

Agrobacterium-mediated transformation. In addition, transient barley 

transformation methods for the study of gene functions have been reported 

based on Agrobacterium or Pseudomonas fluorescens-mediated transformation 

methods as well as biolistic and protoplast transformation (Larezzi et al., 1990; 

Wan and Lemaux, 1994; Upadhyaya et al., 2014; Lu et al., 2016). Due to the 

technical challenges associated with working on a monocot crop such as barley, 

compared to, for example, dicot models Arabidopsis thaliana and Nicotiana 

benthamiana, most research to date within the molecular plant-insect 

interactions field has focused on aphid species with dicot hosts. Hence, there is 

a research opportunity here to investigate the molecular interactions of aphid 

species infesting monocot crops to come up with tailored solutions to infestation 

control. Moreover, and as pointed out above, the broad host range pest M. 

persicae does not perform well on cereals, including barley. Therefore, by 
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investigating the molecular mechanisms that underlie this poor performance on 

cereals, we may gain novel insight into plant resistance against a major aphid 

pest that can potentially be applied in protecting host crop species from 

infestations. 

1.5.  The plant-aphid interface 

Feeding behaviour studies have shown that aphids spent time both on host and 

non-host plants, suggesting that they need to establish an intimate contact with 

the plant in order to perceive whether the plant is an appropriate host. This 

process is known as host selection (Wiktelius, 1982; Doring, 2014). The host 

selection process can be separated into several distinct steps as reviewed by 

Powell et al. (2006) and detailed in this section. 
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Figure 1.4. The plant-aphid interface.  

Aphids explore the leaf surface where they encounter pre-existing defences such as trichomes 

and the plant cuticle. After leaf surface recognition, aphids probe the leaf surface, using 

specialized mouthparts, called stylets, and follow a mainly extracellular route to reach the plant 

phloem. Whilst doing so they pierce several cells along the stylet pathway. Saliva containing 

effectors is secreted along the entire stylet pathway, including different cell types. Aphids can 

reach the xylem and drink xylem sap or continue with the stylets to the phloem for prolonged 

feeding. 

 

 

 

Effectors 
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1.5.1. Pre-landing behaviour 

Prior to landing, aphids are already able to detect olfactory and visual cues to 

direct their flight towards a potential host plant in what is called host finding 

behaviour (Pickett et al., 1992; Doring and Chittka, 2007; Doring, 2014). For 

example, aphid tends to prefer landing on a yellow coloured surface, but this 

can also vary according to the species (reviewed by Doring and Chittka, 2007). 

Moreover, volatiles have been reported as cues for the host finding behaviour 

which can inform about host suitability or even about the plant fitness status 

(reviewed by Doring, 2014). 

1.5.2. Initial aphid contact with the leaf surface 

Upon landing on the leaf surface, aphids will be able to detect various plant 

cues, such as plant secondary metabolites, but also leaf surface components, 

such as epicuticular waxes, trichomes or colours (Neal et al, 1990; Powell et al., 

1999) (Figure 1.4). Detection of leaf surface cues is based on typical antenna 

waving behaviour, which involve aphid sensory antenna (Powell et al., 1995). 

The different sensory cues may affect subsequent probing behaviour, but also 

previous experiences or the aphid physiological status, like for example 

starvation, can influence later probing (Ramirez and Niemeyer, 2000; Powell et 

al., 2006). 

1.5.3. Probing the epidermal layer 

Aphids will probe different cells very briefly using their highly specialized 

mouthparts, called stylets, regardless of the plant species encountered 

(Wensler, 1962; Powell et al., 1999). During cell probing, aphid saliva is 

secreted into the cells and a small amount of the cell content is ingested, which 

may inform the aphid about host suitability (Tjallingii and Esch, 1993). This 
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indiscriminate probing also plays a key role in the spread of plant viruses, which 

occurs during both host and non-host interactions between plants and aphids 

(Harrington et al., 1986). After probing, aphids can either reject the plant or try 

to continue their way to the phloem (Figure 1.4). In the case of plant rejection, 

the aphid retracts the stylets and will continue to probe different leaf areas, or 

may ultimately try to move to a different plant (Harrington et al., 1986; 

Schwarzkopf et al., 2013). Thus, mobility plays an essential role in host finding 

and feeding site selection, which is in stark contrast to the generally immobile 

lifestyle of plant pathogens. 

1.5.4.  The aphid stylet pathway 

Whilst trying to reach the phloem, aphids move their stylets between cells 

through the epidermis and the mesophyll cell layers, and probe diverse cells 

(Tjallingii and Esch, 1993; Prado and Tjallingii, 1994; Tjallingii, 2006) (Figure 

1.4). The damage caused by the aphid stylets being inserted into the plant 

tissues is minimal compared to the damage caused by mandibles of chewing 

insects. It is thought that aphids use plant cues such as pH and carbohydrate 

contents to locate the phloem sieve elements (Hewer et al., 2010; 2011). During 

probing and feeding two different types of saliva are secreted by aphids: gelling 

and watery saliva (Miles, 1959). This aphid saliva is produced in dedicated gland 

cells located in the aphid head (Ponsen, 1972). Prior to feeding, gelling saliva is 

secreted around the stylet in the apoplast forming a sheath, which seals the 

feeding site and is hypothesized to prevent detection by the plant immune 

system (Will et al., 2012). The watery saliva is secreted during probing into cells 

along the stylet pathway, into the apoplast, and into the phloem during sustained 

feeding (Prado and Tjallingii, 1994; Martin et al., 1997; Moreno et al., 2011). 

This saliva contains molecules including proteins, that are predicted to function 
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as effectors and likely play a key role in suppressing plant defences and/or 

enabling infestation, by for example promoting the release of nutrients (See 

section “1.8 Effectors in plant-aphid interactions”) (Figure 1.5) (Hogenhout and 

Bos, 2011). 

1.5.5. Sieve element puncture and sustained ingestion of phloem 

sap 

Once the aphid stylets pierce the sieve tube, the plant responds by forming sieve 

pore callose and accumulation of P-proteins (phloem proteins) , the latter 

leading to sieve pore occlusions (Knoblauch and van Bel, 1998; Eckardt, 2001). 

It is thought that the aphid saliva can reverse the formation of sieve pore 

occlusions based on in vitro assays (Will and van Bel, 2006). However, a more 

recent study by Medina-Ortega and Walker (2013), which was performed in 

vivo, provided no support for this hypothesis and many questions regarding the 

role of aphid saliva in preventing sieve pore occlusion remain to be addressed. 

Once the sieve tube is successfully penetrated, the aphid will start a passive 

ingestion of its content. Aphids can passively feed on the phloem for several 

hours to allow ingestion of large quantities of relatively nutrient poor (i.e. low 

amino acid content) phloem sap and avoid dehydration (Douglas, 1993; 

Tjallingii, 1995) (Figure 1.4). To compensate for the low amino acid and nitrogen 

phloem content, aphids also establish obligate mutualistic relationships with 

bacteria such as Buchnera aphidicola spp. (Baumann, 2005; Douglas, 2006). 

The bacteria synthesize essential amino acids that the aphids cannot obtain 

from the phloem or synthesize themselves (Douglas, 1998). 
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1.5.6. Plant defences active against aphids 

Plants are constantly challenged in their environment by a wide range of abiotic 

and biotic stresses, and, as a consequence, have evolved different mechanisms 

to overcome or tolerate these. Within the plant-insect interactions research field, 

most of the aphid-related research in the past focused on the plant side of the 

interaction and generated important insight into plant defences against aphids, 

including pre-existing barriers, constitutive chemical defences and inducible 

defences, as reviewed by Wu and Baldwin (2010). 

1.5.7. Pre-existence defences contributing to defence against 

aphids 

The first layers of defence constitute pre-existing barriers. Physical fortifications 

include spines, waxes, the cuticle or the plant cell wall, which prevent infection 

or infestation of most plant parasites. Also, secondary metabolites or phyto-

anticipins such as terpenoids, alkaloids or anthocyanins are involved in this first 

layer of defence, as reviewed by War et al. (2012). For instance, flavonoids, acyl 

sugars, terpenoids and alkaloids can be secreted through trichomes and can 

deter or have toxic effects on plant parasites (Joris et al., 2012) (Figure 1.4). 

These types of pre-existing defences are important to protect against chewing 

insects, but also have been proven to be effective against phloem-feeding 

insects (Glas et al., 2012). Epicuticular waxes are composed of complex organic 

compounds and were shown to have negative effects on aphid fitness 

(Thompson, 1963; Varanda et al., 1992; Rashotte, 1999; Powell et al., 1999). 

For example, Thompson (1963) observed better reproduction of the cabbage 

aphid Brevicone brassicae on Brassica oleracea non-waxy plants compared to 

waxy plants in field experiments. Under laboratory conditions, the Arabidopsis 
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cer3 (ECERIFERUM 3) mutant, which display increased levels of the 

epicuticular waxes alcohol (triacontanol), showed reduced susceptibility to the 

cabbage aphid (Rashotte, 1999). A role of leaf wax in non-host resistance was 

provided by a study on the black bean aphid, Aphis fabae, which showed faster 

initial probing on oat plants (non-host) upon wash-off of the epicuticular waxes 

(Powell et al., 1999). By comparing the wax composition between host and non-

host plants the authors of this study proposed that a fatty alcohol, hexacosanol, 

was involved in oat non-host resistance to this aphid species (Powell et al., 

1999). 

1.5.8. Defence signalling 

The pre-existing plant defences provide in some cases sufficient deterrent 

effects on aphids, but do not in all cases prevent aphid attack. Indeed, there is 

increasing evidence that complex molecular events take place during plant and 

aphid interactions that determine compatibility. Most of our understanding of 

plant defence signalling events comes from studies focused on the compatible 

interaction between Arabidopsis thaliana and M. persicae, which revealed the 

contribution of different signalling pathways as described in the sections below. 

 Calcium signalling in plant-aphid interactions 

One of the first events upon pathogen or chewing insect perception by plants is 

the increase in cytosolic calcium (Ca2+) levels leading to activation of a defence 

signalling cascade (Blume et al., 2000; Ma et al., 2009; Verillo et al., 2014). Also 

in the case of plant-aphid interactions, elevated concentrations of Ca2+ have 

been reported, for example upon M. persicae probing on Nicotiana tabacum 

(Ren et al., 2014). Recently, a more detailed characterization of the calcium 

signals triggered by aphids was performed by Vincent et al. (2017). The authors 
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used a GFP-based calcium biosensor to show the transient Ca2+ increase 

initiated upon M. persicae probing on Arabidopsis epidermal and mesophyll 

cells layers and revealed a highly localized response around the aphid feeding 

site. The calcium signalling was dependent on the presence of BAK-1 (BRI1-

ASSOCIATED RECEPTOR KINASE 1), which is a leucine-rich repeat receptor-

like kinase and an important co-receptor involved in activation of plant immunity. 

In addition, two plasma membrane cation-permeable channels GLR3.3 and 

GLR3.6 (GLUTAMATE RECEPTOR-LIKE 3.3 and 3.6), as well as the vacuole 

ion channel TPC1 (TWO-PORE CHANNEL1) were required for the aphid-

triggered calcium response (Vincent et al., 2017). TPC1 mediates the release 

of calcium from the vacuoles (Peiter et al., 2005) and its over-activation leads 

to reduced plant susceptibility to aphids, suggesting that amplification of Ca+2 

signalling enhances plant immunity. 

 Hormone signalling in plant-aphid interactions 

Plants generally use different hormone signalling pathways in response to an 

aphid attack (reviewed by Züst and Agrawal, 2016). Whilst in general, SA 

(salicylic acid) is associated with plant defence responses against biotrophic 

pathogens; JA (jasmonic acid) tends to be associated with defences against 

necrotrophic pathogens and herbivorous insects. During plant-aphid 

interactions, multiple hormone signalling pathways seem to be activated, 

including the SA-ET (ethylene) and ABA (abscisic acid)-dependent pathways as 

determined by gene expression analyses (Moran and Thompson, 2001; De Vos 

et al, 2005). For example, M. persicae infestation of Arabidopsis leads to the 

induction of PR-1 (PATHOGENESIS-RELATED 1) gene expression (Moran and 

Thompson, 2001; De Vos et al., 2005), a hallmark of the SA-signalling response. 
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In addition, Kusnierczyk et al. (2008) observed the temporal activation of SA-

related markers, after infestation of Arabidopsis with the cabbage aphid B. 

brassicae. Similarly, Kerchev et al. (2013) showed that Arabidopsis mutants with 

low ascorbate levels and increased SA-signalling were less susceptible to M. 

persicae than wild-type plants. Moreover, SA was linked to the R-gene Mi-1-2-

mediated resistance against the potato aphid Macrosiphum euphorbiae (Li et 

al., 2006).  

However, JA has also been extensively implicated in plant responses against 

aphids. For instance, Ellis et al. (2002) showed that the Arabidopsis mutant cev1 

(CONSTITUTIVE EXPRESSER OF VEGETATIVE STORAGE PROTEIN 1), 

which features constitutive JA-signalling, is less susceptible to M. persicae than 

wild-type plants. In contrast, the Arabidopsis aos (ALLENE OXIDE SYNTHASE) 

mutant, which is unable to synthesize JA, showed reduced activation of defence 

gene expression upon aphid infestation but this did not translate into altered 

susceptibility (Kuśnierczyk et al., 2011). On the contrary, the constitutive JA 

activation in fou2 mutants likely is linked to reduced cabbage aphid infestations 

on these plants (Kuśnierczyk et al., 2011). The diverse outcomes of research 

related to signalling pathways likely reflect that multiple hormone signalling 

pathways are involved in plant-aphid interactions (Smith and Boyko, 2007; 

Foyer et al., 2015). Moreover, Arabidopsis lines over-expressing WRKY22 

showed a mesophyll-mediated susceptibility linked to SA suppression, 

suggesting that WRKY22 is involved in regulating the interplay between the SA-

JA pathways (Kloth et al., 2016).  

Similar to Arabidopsis,  different hormones in monocot crops  were shown to 

play important roles in signalling upon aphid interaction (Morkunas et al., 2011).  
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There are several examples that illustrate the importance of SA in cereals. For 

example, high levels of this hormone were found in resistant wheat upon 

infestation with D. noxia compared to a susceptible wheat cultivar (Mohase and 

van der Westhuizen, 2002). Also, SA levels were found to be elevated in 

different barley varieties in response to damage caused by the grain aphid 

Schizaphis graminum feeding (Chaman et al., 2003). Infestation of Sorghum 

bicolor with the grain aphid was also related to increased levels of SA-maker 

genes (Zhu-Salzman et al., 2004). In addition, JA has been reported to have a 

significant role in cereal-aphid interactions. For instance, LOX 

(LIPOXYGENASE) genes, which are involved in JA biosynthesis, were highly 

expressed in several partial resistant cereal species upon aphid challenge, 

including barley, wheat and sorghum (Delp et al., 2009; Park et al., 2006). 

Another plant hormone involved in cereal-aphid interactions is ET, with ET 

accumulations being correlated with higher aphid infestation rates (Miller et al., 

1994; Argandoña et al., 2001; Botha et al., 2005). For instance, S. graminum 

feeding activates ET production, analysed by gas chromatography in wheat 

(Anderson and Peters, 1995). Also by gas chromatography Miller et al. (1994) 

reported higher ethylene production in susceptible barley lines compared to  

barley resistant lines to the Russian wheat aphid D. noxia, whereas, in the same 

lines, both susceptible to S. graminum, ethylene was detected at similar levels. 

By contrast, using the same technique, elevated ET was linked to the less 

susceptible barley cultivars upon S. graminum and R. padi infestations; and 

comparing the two aphids, S. graminum infecting barley produced more 

ethylene than R. padi infesting the same barley cultivars (Argandoña et al., 

2001). Furthermore, ET was shown to be required for the accumulation of the 
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MIR1 (MAIZE INSECT RESISTANCE1) gene, a cysteine proteinase which 

confers maize resistance against R. maidis (Louis et al., 2015). 

1.6. Plant immunity to aphids 

In the case of plant-microbe interactions, the evolutionary arms race between 

plants and pathogens has been well described in the Zig-Zag model proposed 

by Jones and Dangl (2006).  According to this model, plants recognize plant 

parasite conserved molecules, called PAMPs (Pathogen Associated Molecular 

Patterns) using PRRs (Pattern Recognition Receptors) to trigger PTI (PAMP-

triggered immunity). These PRRs generally contain a recognition domain and a 

signalling domain and form complexes with co-receptors, such as BAK1, to 

activate defences (Figure 1.5A). Plant parasites have evolved to suppress PTI 

by delivering effectors inside host cells that target specific host proteins and 

modify their activity to promote ETS (Effector-Triggered-Susceptibility) (Figure 

1.5B). Some plant genotypes will carry Resistance (R) proteins that recognize 

these effectors to trigger ETI (Effector-Triggered-Immunity) (Figure 1.5C). To 

what extent this model also applies to molecular plant-aphid interactions 

remains to be determined. In the next sections, I will discuss recent progress in 

the field with regards to the applicability of the Zig-Zag model to plant-aphid 

interactions. 
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Figure 1.5. Model overview of plant immunity against aphids (modified from Hogenhout 

and Bos, 2011). 

A) Plants detect Pathogen-Associated Molecular Patterns/Hervivore-Associated Molecular 

Patterns (PAMPs/HAMPs) leading to a Pattern-triggered immunity (PTI). B) During the 

compatible interaction, aphids secrete effectors, which are able to suppress PTI and other 

defences, to promote Effector-triggered-susceptibility (ETS). C) Resistant plants harbour R-

proteins (R), which are able to recognize aphid effectors leading to Effector-triggered immunity 

(ETI). 

 

1.6.1. PAMP-triggered immunity  

In the case of herbivorous insects, several elicitors of plant immunity have been 

identified, including elicitors associated with plant damage, or DAMPs (Damage 

Associated Molecular Patterns) as reviewed by Hogenhout and Bos (2011) 

(Figure 1.5A). In the case of aphids, there are several lines of evidence for 

elicitor activity present in aphid saliva. For instance, elicitor activity was first 

identified in a 3-10kDa saliva fraction from M. persicae (De Vos and Jander, 

2009). Specifically, infiltration of this saliva fraction into plants reduced 

susceptibility to aphids, and the activation of defences was shown to be 

https://www.frontiersin.org/articles/10.3389/fpls.2014.00663/full#B36
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independent of JA, SA or ET signalling (De Vos and Jander, 2009). More 

recently, 3-10kDa and >10kDa fractions obtained from whole body extracts from 

the aphid species M. persicae induced Arabidopsis defences active against M. 

persicae (Prince et al., 2014). The defences triggered by the 3-10kDa fraction 

were dependent on BAK-1 and included responses such as callose deposition 

and a ROS (Reactive Oxygen Species) burst (Prince et al., 2014). BAK-1 is a 

co-receptor required for the PRR-mediated perception of PAMPs from different 

plant pathogens including oomycetes, bacteria and fungi (Fradin et al., 2009; 

Roux et al., 2011; Chaparro-Garcia et al., 2011). Acyrthosiphon pisum (pea 

aphid, non-host interaction with Arabidopsis) showed an increased survival time 

on the Arabidopsis bak1-5 mutant compared to wild-type plants, implicating this 

receptor in non-host resistance to aphids (Prince et al., 2014).  

Additional evidence for PTI-like responses activated by aphids comes from work 

by Chaudhary et al. (2014), which identified the chaperonin GroEL from the 

aphid symbiont Buchnera aphidicola in aphid saliva collections, indicating it is 

potentially delivered inside plant tissues during aphid probing and/or feeding. 

Ectopic expression of GRoEL in tomato (Solanum lycopersicum) and 

Arabidopsis reduced levels of aphid infestation. Additionally, ectopic expression 

of GroEL in Arabidopsis triggered the induction of marker genes for PTI and 

SAR (Systemic Acquire Resistance), such as genes encoding the receptor 

FRK1 (FLG22-INDUCED RECEPTOR-LIKE KINASE), the transcription factor 

WRKY29 and PR-1 proteins, and also triggered ROS production. These 

responses were dependent on the co-receptor BAK1. Elicitor activity has also 

been associated with aphid honeydew (Schwartzberg and Tumlinson, 2014), 

which contains several bacterial proteins including ET-Tu, flagellin and 

chaperones (Sabri et al., 2013). Thus, the aphid microbiota may play an 
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important role in plant-aphid interactions and activation, and potentially 

suppression, of plant defence responses. 

The contribution of PTI to plant defence against aphids, or other insects, in 

monocots remains to be investigated. Interestingly, the BPH (brown 

planthopper) loci in rice are associated with 21 different resistances effective 

against the brown planthopper (Nilaparvata lugens), which also is a phloem-

feeding insect (Jena and Kim, 2010). Recently, it has been discovered that the 

Bph3 locus is a cluster of genes encoding lectin receptor kinases (OsLecRK1-

3), which function together to deliver broad-spectrum resistance to the brown 

planthopper and white back planthopper (Liu et al., 2015). The resistance 

mediated by Bph3 is associated with inhibited phloem-feeding, decreased 

honeydew production, reduced population growth or increased mortality, 

indicating an effective plant defence response. Altogether these findings 

suggest that lectin receptor kinases might act as PRRs contributing to the PTI 

response. 

1.6.2. Effector-triggered-immunity 

Several R-genes conferring resistance against aphids have been reported to 

date (Smith and Chuang, 2014) (Figure 1.5C). The first reported R-gene 

conferring resistance to aphids was Mi-1.2 from tomato (Solanum esculentum), 

which is effective against specific genotypes of the potato aphid M. euphobiae. 

Mi-1.2 belongs to the NB-LRR or NLR (Nucleotide-Binding-Leucine-Rich-

Repeat) protein family (Rossi et al., 1998; Vos et al., 1998) and features a typical 

R-protein structure comprised of an N-terminal NB (Nucleotide-Binding) domain 

and C-terminal LRR (Leucine-Rich Repeat) domain. The latter domain is 

involved in either direct or indirect recognition of plant parasite effectors. 
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Strikingly, Mi-1.2 gene confers broad resistance against some other pathogens 

and phloem-feeding insects, such as psyllids, nematodes or whiteflies (Casteel 

et al., 2006; Rossi et al., 1998; Nombela et al., 2003). Another R-gene effective 

against aphids is Vat from melon (Cucumis melo), which encodes an NLR that 

confers resistance to specific genotypes of the melon aphid, Aphis gossypii, but 

also to certain non-persistent viruses transmitted by this vector (Bohn et al., 

1973; Pauquet et al., 2004; Boissot et al., 2010; Diaz et al., 2011; Dogimont et 

al., 2014).  

In cereals, resistances were found for several aphid species and, as Mi-1.2 or 

Vat, these are effective in a genotype-dependent manner (Smith and Chuang, 

2018). However, often the sources of resistance to aphids in grasses come from 

landraces or wild relative species, and therefore, long and tedious breeding 

programs are needed to introgress the genes of interest into commercial 

varieties (Dogimont et al., 2010). For instance, up to six (partial) resistances 

against S. graminum, known as Gb1-6, were found in wheat, rye (Secale 

cereale), and Aegilops tauschii (wheat progenitor) (Berzonsky et al., 2010; 

Boyko et al., 2006; Castro et al., 2005). In wheat, 13 (partial) resistance genes, 

Dn1-9, Dnx, Dny, Dn2414 and Dn626580, have been identified to be effective 

against genotypes of the RWA (Russian wheat aphid), eleven of which are 

dominant, except for Dn3 from A. tauschii (Berzonsky et al., 2010; Peng et al., 

2007; Shufran et al., 2009). Recently, Adr1 (Associated with Dn1 R-gene), 

which encodes an NLR-ID (Nucleotide-Binding Leucine-Rich Repeat Genes 

Which Integrated Domains) was identified and shown to be required for Dn1-

mediated resistance to RWA (Nicolis and Venter, 2018). Interestingly, Adr1 

harbours an integrated C-terminal WRKY domain with additional N-terminal 

ankyrin repeats. The silencing of Adr1 abolished Dn1-mediated resistance to 
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aphids in wheat plants. The authors suggested that Adr1 might work as co-

receptor of Dn1 (Nicolis and Venter, 2018). In contrast, no R-genes have been 

identified thus far conferring resistance against the important cereal pest R. 

padi. As mentioned in section “1.3.1 Rhopalosiphum padi”, Hordeum vulgare 

subsp. spontaneum, a barley wild progenitor, is partially resistant to R. padi with 

a population reduction of 57% compared to modern commercial cultivars 

(Weibull, 1994). Some QTLs were mapped in Cheung et al. (2010), however, it 

is unknown which plant components are responsible for the resistance 

phenotype.  

 
Despite the proven control effect of several R-genes against specific aphid 

species genotypes, aphids can quickly evolve to overcome these resistances 

(Smith and Chuang, 2018). Moreover, the availability of crop resistances is 

limited with no or only few resistances effective against some of the most 

important aphid pests, including M. persicae.  Therefore, there is an urgent need 

to develop novel more durable resistance-based strategies, which requires a 

detailed understanding of the molecular dialogue taking place between plants 

and aphids and of nonhost resistance. 

1.6.3. Consequences of defence activation upon aphid attack  

Upon aphid attack, the plant activates signalling cascades and potential 

transcriptional response leading to the production of a wide array of plant 

defences, including toxins, secondary metabolites, callose and ROS as 

reviewed by Louis and Shah, (2013).  The involvement of the majority of these 

defence products in plant-aphid interactions has been studied during compatible 

interactions, and mainly in Arabidopsis. Below, I describe in more detail how 

these defence compounds contribute to plant immunity against aphids. 
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 Potential toxins 

Lectins are proteins present in the phloem, which can bind to carbohydrates and 

impair digestion (Vandenborre et al., 2009; Jaber et al., 2010). For instance, the 

addition of lectins to aphid artificial diets, which were isolated from resistant 

Brassica spp., was shown to decrease the survival of the cabbage aphid B. 

brassicae (Cole, 1994). Furthermore, antimicrobial lectins were found to be 

active against M. persicae leading to reduced aphid growth and reproduction by 

ectopic expression in transgenic tobacco (Hilder et al., 1995). More recently, the 

constitutive expression of the lectin PP2-A1 (PHLOEM PROTEIN 2) in the 

phloem of Arabidopsis appeared to have a negative impact in the feeding of M. 

persicae from the sieve elements (Zhang et al., 2011). Sprawka et al. (2014) 

found a potential mode-of-action of lectins by demonstrating the activity of the 

Concanavalin A lectin, which impairs R. padi feeding by inactivating digestive 

enzymes such as glucosidases. Other work from the same authors, described 

how applying the same lectin to artificial diet resulted in aphid developmental 

delays, reduced reproduction and potentially led to apoptosis in gut cells of the 

grain aphid S. avenae (Sprawka et al., 2015). In addition, PI (Proteinase 

Inhibitors), which are polypeptides able to bind to phytophagous insects mid-gut 

proteolytic enzymes and impair digestion, were found to have anti-aphid 

activities as reviewed by Haq et al. (2004). For instance, the pea PI Bowman-

Birk trypsin/chymotrypsin expressed in transgenic oilseed rape plants was 

shown to be effective against the pea aphid Acyrthosiphon pisum (Rahbé, et al., 

1995). Also, Ceci et al. (2003) tested in aphid artificial diet an array of mustard 

PIs showing different degrees of toxicity against A. pisum, A. gossypii and M. 

persicae. 
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 Secondary metabolites 

The production of defensive metabolites or phytoalexins is triggered by aphid 

attack (reviewed by Nalam et al., 2018). One example is the metabolic pathway 

implicated in the production of camalexin, which was shown to contribute to the 

defence of Arabidopsis against M. persicae (Kettles et al., 2013). Camalexin is 

an antimicrobial secondary metabolite, and its production is negatively regulated 

by plant miRNAs (Kettles et al., 2013). Arabidopsis miRNA pathway mutants 

produced higher levels of camalexin, showed a stronger induction of PAD3 

(PHYTOALEXIN DEFICIENT 3) compared to wild-type plants upon aphid 

challenge and were also less susceptible to M. persicae (Kettles et al., 2013). 

In addition, PAD4 (PHYTOALEXIN DEFICIENT 4) was found highly expressed 

upon M. persicae feeding in Arabidopsis and contributes to Arabidopsis 

defences against this aphid species (Pegadaraju et al., 2005). For example, 

PAD4 overexpression in Arabidopsis deterred aphids from feeding, while aphids 

showed increased performance on pad4 mutants plants compared to wild-type 

(Pegadaraju et al., 2007). Moreover, PAD4 was found to be expressed in the 

vascular tissues upon M. persicae infestation (Louis et al., 2012a). 

Glucosinolates, produced by the glucosinolate-myrosinase metabolic pathway 

and specific to the Brassicaceae family also play a key role in Arabidopsis 

defences against aphids (Kim and Jander, 2007). Mutant Arabidopsis lines with 

increased levels of glucosinolates were more resistant to M. persicae, while 

mutants deficient in the production of this secondary metabolite were more 

susceptible (Kim et al., 2008). 

Secondary metabolites production has also been implicated in cereal-aphid 

interactions (Leszczynski and Dixon, 1990; Ahman et al., 2000; Larsson et al., 



55 
 

2011). Gramine is a barley indole alkaloid present in epidermal and mesophyll 

cells (Argandoña et al., 1987); its content on barley was negatively correlated 

with R. padi population growth and gramine supplied in artificial diet resulted in 

reduced survival, ingestion and reproduction (Zúñiga and Corcuera, 1986).  

Gramine was also found to have a dose-dependent toxic effect on S. avenae 

feeding on artificial diet (Cai et al., 2009). In contrast, Forslund et al. (1998) 

observed that gramine content did not affect R. padi settlement on the leaves. 

Likewise, Ahman et al. (2000) observed no differences in aphid performance in 

a large collection of different barley genotypes with different gramine content. 

Therefore, the role of gramine in plant-aphid interactions remains unclear, 

although it is possible that the gramine delivery via artificial diet has more toxic 

effect that plant produced gramine. Another example is BXs (Benzoxazinoids), 

which are secondary metabolites in grasses involved in defence against cereal 

aphids (Niemeyer et al., 1995). The resistance in the wild wheat Triticum 

uniaristatum to S. graminum and D. noxia was correlated with the presence of 

DIMBOA (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one), a sub-product of 

BX oxidation (Gianoli and Niemeyer, 1998). Moreover, BXs deficient maize 

showed enhanced susceptibility to R. padi and R. maidis compared to wild-type 

plants (Ahmad et al., 2011; Tzin et al., 2015). BXs were shown to accumulate 

in the apoplast of maize upon aphid probing, leading to callose deposition 

(Ahmad et al., 2011; Betsiashvili et al., 2015).  

 Callose 

Callose is a β-1,3 glucan polymer which is incorporated into several plant 

structures such as the cell plate, plasmodesmata canals and root hairs, and 

plays an important role in plant growth (Chen and Kim, 2009). However, callose 
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production is also involved in plant immunity and is activated in plants upon 

wounding or biotic stress (Nakashima et al., 2003). Callose deposition was 

observed in the epidermis of Arabidopsis at the stylets entry sites of B. 

brassicae, alongside the induction of the callose synthase gene, cals1 

(CALLOSE SYNTHASE 1) (Kusnierczyk et al., 2008). Similarly, callose deposits 

were observed in wheat and barley upon RWA infestation (Botha and Matsiliza, 

2004; Saheed et al., 2008). Particularly in barley, callose was shown to 

accumulate mainly in the vascular tissue around the aphid feeding sites, at the 

plasmodesmata between companion cells and sieve tubes in the case of RWA 

feeding, and at the sieve pores in the case of R. padi feeding (Saheed et al., 

2007; 2009). Moreover, PR-genes encoding β-1,3-glucanases, which are 

involved in callose production, were upregulated in barley leaves upon D. noxia 

and R. padi feeding (Saheed et al., 2007, 2009). Altogether these data provide 

evidence that callose deposition is triggered by aphid attack during compatible 

interactions. 

 Reactive Oxygen Species 

 Reactive Oxygen Species have a dual role in defence, one is to deter or cause 

damage to the plant parasite, and the other is a role in signalling (reviewed by 

Torres et al., 2006; Obrien et al., 2012). Kuśnierczyk et al. (2008) showed ROS 

activation around the B. brassicae stylet penetration sites in Arabidopsis, and 

ROS production was similarly found to be triggered in barley upon interaction 

with S. graminum and R. padi (Argandoña et al., 2001), in potato upon 

infestation with M. persicae (Kerchev et al., 2012) and in pea upon interaction 

with A. pisum (Mai et al., 2013). The activity of ROS-producing enzymes has 

been also implicated in limiting aphid infestations. Miller et al. (2009) found that 

https://www.frontiersin.org/articles/10.3389/fpls.2013.00336/full#B111
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the Arabidopsis atrbohD-3 mutant, which does not express RbohD 

(RESPIRATORY BURST OXIDASE HOMOLOG D), an NADPH 

(NICOTINAMIDE ADENINE DINUCLEOTIDE PHOSPHATE) involved in ROS 

production, was more susceptible to M. persicae. However, this finding was not 

confirmed by Jaouannet et al. (2015), who did not report altered susceptibility 

of the same mutant when plants were grown under 12h light instead of constant 

light as in Miller et al. (2009).  The work by Jaouannet et al. (2015) also showed 

that another Rboh, RbohF, contributed to Arabidopsis defences against aphids 

during both host and nonhost interactions. Both ROS metabolism-related genes 

and ROS production were more activated during poor- and non-host interactions 

than during host interactions, possibly reflecting a stronger activation of plant 

defences during incompatible interactions. Therefore, ROS production seems a 

general consequence of aphid challenge and contributes to plant defences.  

1.7. Non-host resistance to aphids 

Non-host resistance is defined as the resistance provided for an entire plant 

species to all genotypes of a plant parasite (review by Nürnberger and Lipka, 

2005). As detailed in section “1.5.3 Probing the epidermal layer”, aphids display 

probing behaviour irrespective of the plant species they encounter. Thus, aphids 

have an occasion for a molecular exchange with host and non-host plants.  

Possibly, as a consequence of such preliminary interaction, aphids are not able 

to feed on non-host plants. Therefore, it is very interesting from a plant 

protection perspective to understand the events taking place in such 

incompatible interactions. However, what happens at the molecular level during 

these kinds of nonhost plant-aphid interactions, which can lead in novel control 

strategies, is rather limited, with only few studies having included nonhost plants 

to study defence responses to aphids (Prince et al., 2014; Jaouannet et al., 
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2015). As described already in section “4.3.1. PAMP-triggered immunity “, the 

Arabidopsis bak1-5 mutant allowed increased survival of the pea aphid (non-

host interaction) compared with wild-type plants. In addition, the work by 

Jaouannet et al. (2015) described Arabidopsis transcriptional responses upon 

interaction with the three different aphid species M. persicae, M. cerasi and R. 

padi to gain insight into host, poor-host and non-host responses to aphids, 

respectively. Despite there was a high level of overlap between the Arabidopsis 

transcriptional responses to these different interactions, several genes were 

differentially regulated. A set of Arabidopsis genes with opposite genes 

expression patterns between host and non-host interactions was further 

characterized using mutant lines and identified novel roles in Arabidopsis host 

and nonhost resistance to aphids. For example, both the NADPH AtRbohF 

oxidase and the Arabidopsis vsp1 (VEGETATIVE STORAGE PROTEIN 1) 

increased the survival time of R. padi in Arabidopsis, contributed to non-host 

resistance to R. padi in different ways as well as immunity to M. persicae (host 

interaction). However, despite recent progress in the field, the molecular basis 

of resistance to aphids remains largely unknown, especially in crops plants. 

1.8. Effectors in plant-aphid interactions  

As detailed in section 1.5.4 “The aphid stylet pathway”, aphids deliver saliva 

inside host plant cells and the apoplast that contains molecules, including 

effectors (Elzinga and Jander, 2013; Rodriguez and Bos, 2013; van Bel and 

Will, 2016; Kaloshian and Walling, 2016). Our working hypothesis is that these 

aphid effectors benefit the aphids by suppressing the plant immune system 

and/or promoting the release of nutrients (van Bel and Will, 2016). In line with 

what we know about effectors in the molecular plant-microbe interactions field, 



59 
 

we predict that these proteins interact with host proteins to modify their activity, 

thereby enhancing plant susceptibility.  Indeed, recent progress in the field, as 

further detailed in the sections below, supports this model and provides 

evidence for parallels between molecular plant-aphid and plant-microbe 

interactions. 

1.8.1. Aphid effector identification 

Two main approaches have been used to date to identify aphid effector 

repertoires. One approach is based on collection of saliva followed by mass 

spectrometry, and the other is based on aphid transcriptome analyses and 

bioinformatics prediction pipelines (Harmel et al., 2008; Carolan et al., 2009; 

Carolan et al., 2011; Thorpe et al., 2016, Zhang et al., 2017; Thorpe et al., 2018) 

(Figure 1.6). 

 Aphid saliva can be readily collected by allowing aphids to feed on artificial diet 

(Cherqui and Tjallingii, 2000).  Artificial diet, containing aphid saliva, can be 

cleaned up and prepared for LC-MS/MS (Liquid Chromatography-Tandem 

Mass Spectrometry) and the mass spectrometry data (peptides) is used for 

peptide matching against available genome and transcriptome sequences 

databases to identify saliva proteins (Figure 1.6A). Several research studies 

have applied proteomic approaches for effector identification. For example, 

Harmel et al. (2008) identified more than 200 peptides by mass tandem 

spectrometry in the saliva of M. persicae upon feeding on artificial diet. With a 

similar approach, Carolan et al. (2009) identified 9 proteins of the pea aphid A. 

pisum secreted in the saliva. Other aphid species for which effector repertoires 

have been identified by proteomics include S. graminum, D. noxia, A. pisum, S. 

avenae, Metopolophium dirhodum, M. euphorbiae, M. cerasi and R. padi 
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(Cooper et al., 2010; Nicholson et al., 2012; Rao et al., 2013; Chaudhary et al.,  

2015; Thorpe et al., 2016). 

An alternative method makes use of transcriptome datasets (Figure 1.6B). 

Aphid effectors have been predicted based on their expression in specific aphid 

tissues such as the salivary glands, or heads, which contain the salivary glands 

(Carolan et al., 2011; Atamian et al., 2013; Thorpe et al., 2016; Zhang et al., 

2017). A bioinformatics pipeline can then be applied to identify sequences 

predicted to encode secreted proteins based on the presence of a signal peptide 

sequence in combination with the absence of transmembrane domain (Bos et 

al., 2010) (Figure 1.6B). However, there is evidence that aphid effectors may 

also be secreted by a non-canonical secretory pathway. For example, up to 30 

and 50% of the proteins identified in saliva from M. persicae and D. noxia, 

respectively, do not contain a signal peptide as reviewed by Rodriguez and Bos 

(2013). Additional evidence was given in Thorpe et al. (2018), where genes 

were predicted to encode effectors based on tight co-regulation with a validated 

and genetically linked effector pair. A bioinformatics pipeline, using EST 

(expressed sequence tag) sequence data, for effector identification was for the 

first time used in Bos et al. (2010) and identified 43 candidate effectors from M. 

persicae. In addition, Carolan et al. (2011) identified a much higher number of 

putative effectors in the pea aphid using a combination of proteomics (of whole 

salivary glands) and transcriptomics (ETS from aphid salivary glands cDNA). A 

total of 900 salivary proteins and 1557 transcripts were identified, of which 300 

contained signal peptide sequences. More recently, Thorpe et al. (2016) used a 

combination of proteomic and transcriptomics to identify conserved and 

potential species-specific putative effectors form three aphid species (R. padi, 

M. persicae and M. cerasi) that differ in their host range. 



61 
 

 

Figure 1.6. Overview of the two main experimental strategies used to identify putative 

effectors from different aphid species. 

A) Proteomic approach. Aphid effectors have been identified based on their presence in aphid 

saliva, which can be collected in artificial diets. The collected saliva is subjected to LC-MS/MS 

analysis and peptide matching against sequence databases to identify saliva proteins. B) 

Transcriptomic and bioinformatics approach. RNA can be extracted from aphid tissues that likely 

produce effectors, such as the salivary glands, and sequenced using the Illumina platform. 

Following quality control and transcriptome assembly, a bioinformatics pipeline can be applied 

to select coding sequences predicted to encode secreted proteins based on the presence of a 

signal peptide sequence (but no transmembrane domain) and/or based on co-expression with 

known effectors. 
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1.8.2. Functional characterization of aphid effectors: 

Despite many putative effectors being identified for several economically 

important aphid species, only few have been functionally characterized. 

Moreover, most of the aphid effector functional characterization studies aphid 

species M. persicae which can infest model plants Arabidopsis and Nicotiana 

benthamiana (Jaouannet et al., 2014; Kaloshian and Walling, 2016) (Table 1).   

The first characterized aphid effector was C002 from A. pisum, which was 

identified based on high abundance within an aphid salivary gland EST dataset 

(Mutti et al., 2008). Knock-down of ApC002 by RNAi, reduced the contact time 

with the phloem when aphids were feeding on Vicia faba, leading to reduced 

aphid survival. Similarly, silencing of MpC002 in M. persicae led to reduced plant 

colonization (Pitino et al., 2011). Moreover, over-expression of MpC002 in the 

host plants N. benthamiana and Arabidopsis was shown to promote colonization 

enhancing plant susceptibility to M. persicae (Bos et al., 2010; Pitino and 

Hogenhout, 2013). Interestingly, the N-terminus of MpC002 contains 

NDNQGEE tandem repeats, which have been implicated in the function of 

MpC002 in that a mutant lacking the motif does no longer enhance plant 

susceptibility to aphids (Pitino and Hogenhout, 2013). Another effector that likely 

contributes to aphid virulence is M. persicae Mp1 (also called PlntO1) (Pitino 

and Hogenhout, 2013). Importantly, the ectopic expression of the Mp1 effector 

ortholog from the pea aphid A. pisum (Ap1) did not enhance plant susceptibility 

to aphids, indicating a potential species-specific role of these aphid effectors 

(Pitino and Hogenhout, 2013). In agreement with this research, Rodriguez et al. 

(2017) found plants were more susceptible to aphids upon overexpression of 

Mp1 in the phloem of N. benthamiana, but not upon over-expression of Mp1-

like variants from other aphid species with a different host range. Mp1 was found 
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to interact with Vacuolar Protein Sorting-Associated Protein 52 (VPS52), a 

protein involved in vesicle trafficking between the endosomes and Golgi 

apparatus (Lobstein et al., 2004; Guermonprez et al., 2008; Schindler et al., 

2015). Mp1 was found to specifically interact with VPS52 from M. persicae host 

plants, but not with VPS52 orthologs from poor-host species (Rodriguez et al., 

2017). The effector Me10-like is genetically linked to Mp1 across 5 aphids 

genomes, indicating effectors might work together to promote infestation 

(Thorpe et al., 2018). Me10 from the M. euphorbiae was found to increase M. 

persicae performance upon transient expression of the effector in N. 

benthamiana. Moreover, Me10 expression in tomato increased the performance 

of M. euphorbiae, suggesting that this effector was functional for two very 

different aphid species with broad host ranges (Atamian et al., 2013). However, 

the putative Me10 orthologue in M. persicae, also called Mp58, negatively 

impacted M. persicae performance upon expression in N. tabacum and 

transgenic Arabidopsis (Elzinga et al., 2014). Finally, the Mp55 effector from M. 

persicae also enhances Nicotiana tabacum and Arabidopsis susceptibility to 

aphids (Elzinga et al., 2014). Interestingly, Arabidopsis plants overexpressing 

Mp55 were also shown to have reduced glucosinolate content, hydrogen 

peroxide signalling and callose deposition upon aphid feeding, indicating Mp55 

might counter plant defence responses (Elzinga et al., 2014).   

To further understand the activities of these aphid effectors, the next important 

step is to elucidate their plant targets. This may provide us with important 

insights into how we may be able to engineer resistance based on preventing 

effector-mediated targeting of host proteins. Most of the effector studies have 

been focused on model plants, which are not necessarily host species of 

economically important aphid pests, such as for example R. padi. As described 
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in section “1.4 Barley as a model…”, opportunities for studying effector biology 

in barley are now becoming available, with genomic information and new 

molecular techniques available that are facilitating the move from model plants 

to important agricultural crops. 

Table 1. Summary of characterized aphid effector proteins 
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1.9. Scope of this thesis 

With the recent progress in aphid genomics as well as the development of 

functional tools in a wide range of plant species, including the monocot crop 

barley, there are now exciting opportunities to explore the molecular dialogue 

taking place between plants and aphids. Therefore, one of the initial objectives 

of this research was to characterize the molecular interaction of barley with the 

damaging pest R. padi. Furthermore, we used barley to investigate plant 

immune responses to aphid species R. padi, M. persicae and M. cerasi that 

differ in their ability to infest this crop to gain insight not only into host but also 

non-host defences against aphids, a previously unexplored area of research. 

In Chapter 2, I characterize the barley interaction with three aphid species, R. 

padi, M. persicae and M. cerasi, with regards to colonization, aphid probing, and 

aphid settlement. Based on the data generated I was able to define three types 

of interactions: host, poor-host and non-host interaction. Next, I studied barley 

transcriptional responses to these different aphid species at two different 

timepoints (3h and 24h) after aphid challenge. I provide here a detailed analysis 

of barley transcriptional responses across the different types of aphid 

interactions and show that the most pronounced response occurs upon 

exposure to the aphid M. persicae (poor-host interaction). When focusing on 

barley genes most strongly affected during this interaction compared to the host 

and non-host interactions with the other two aphid species, I identified two 

barley thionins contributing to resistance against M. persicae. This work has 

been published as Escudero-Martinez, C. M., J. A. Morris, P. E. Hedley and J. 

I. B. Bos (2017). "Barley transcriptome analyses upon interaction with different 
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aphid species identify thionins contributing to resistance." Plant Cell and 

Environment 40(11): 2628-2643. 

In Chapter 3, I initiated functional analyses of two barley thionins and LEA14 

(Late Embryogenesis Abundant 14), which were identified as differentially 

regulated across barley host and poor-host interactions with aphids. For this, I 

generated different barley mutant lines by gene editing with CRISPR-Cas9. 

Whilst no mutants were obtained for the thionins, I generated 3 independent 

mutants for LEA14 and tested the corresponding lines for altered susceptibility 

to aphids. Aphid performance assays with R. padi and M. persicae resulted in 

limited differences, at least in terms of nymph production. Further aphid 

characterization of these lines will be required to find in which manner LEA14 

impact aphids. 

In Chapter 4, I performed characterization of aphid responses upon interaction 

with host, poor-host and non-host plants. First, I performed a detailed 

characterization of aphid probing and feeding behaviour by EPG (electrical 

penetration graph). This approach revealed that plant resistance to aphids can 

take place in different plant cell layers, in this case the phloem (barley-M. 

persicae) or mesophyll cell layers (Arabidopsis-R. padi). Next, I used RNAseq 

to study the aphid transcriptional responses to different plant environments and 

an artificial diet. The dataset I generated revealed only limited aphid plasticity 

upon exposure to host versus non-host environments or artificial diet. Moreover, 

the data generated here facilitated the R. padi genome assembly and the 

discovery of shared transcriptional control mechanisms for aphid effectors 

(Thorpe et al., 2018). 
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In Chapter 5, I characterized and compared a set of four effectors from padi and 

M. persicae in barley and Nicotiana benthamiana that are predicted to be 

orthologs (Mp/RpC002, Mp/Rp1, Mp/Rp55 and Mp/Rp58). These effectors were 

compared in terms of localization, expression and function. I also initiated 

functional characterization assays of aphid effectors in barley, which has not yet 

been reported before, and showed that several R. padi effectors, when 

expressed in barley plants, increased susceptibility to R. padi, but not M. 

persicae, pointing to an aphid species-specific effector activity.In the last 

Chapter, I will discuss the overall results of my thesis research in a wider 

context, as well as its impact on the research field. Also, I will suggest some 

research directions for the future.  
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2. Barley transcriptome analyses upon interaction with 

different aphid species identify thionins contributing to 

resistance 

The content of this chapter is an extended version of the published work by Escudero-Martinez 

et al., (2017). 

2.1. Abstract 

Aphids are phloem-feeding insects that cause yield loss on a wide range of 

crops, including cereals such as barley. While most aphid species are limited to 

one or few host species, some are able to reproduce on many plants belonging 

to different families. Interestingly, aphid probing-behaviour can be observed on 

both host and non-host species indicating that interactions take place at the 

molecular level that may impact host range. Here, we aimed to gain insight into 

the interaction of barley with aphid species differing in their ability to infest this 

crop by analysing transcriptional responses. We found that the barley cereal 

specialist Rhopalosiphum padi, the broad host range Myzus persicae, and the 

narrow host range M. cerasi showed differences in colonization, settlement, and 

probing-behaviour on barley, describing three different types of interactions 

host, poor-host and non-host interactions, respectively. Analyses of barley 

transcriptional responses revealed gene sets differentially regulated upon the 

different barley-aphid interactions, where M. persicae induced the strongest 

gene deregulation. Interestingly, we identified several genes strongly up-

regulated upon M. persicae interaction, and to a lesser extent upon R. padi, 

such as some members of the thionin family and a late embryogenesis 

abundant gene. Ectopic expression, including phloem-specific expression, of 
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two barley thionins in Nicotiana benthamiana reduced host susceptibility to M. 

persicae, potentially reflecting a role in defence against aphids. 

2.2. Introduction 

Aphids are phloem-feeding insects that cause substantial yield loss on a wide 

range of crop plants, including monocots and dicots. Most aphid species have 

a narrow host range, limited to one or few plant families. However, some aphids 

are able to infest a wide range of plant species, including many important 

agricultural crops. One example is Myzus persicae (green peach aphid), which 

can infest plants in over 40 families, including solanaceous crops such as potato 

and tomato, cucurbits, legumes, as well as ornamentals (Blackman and Eastop, 

2000). In contrast, closely related Myzus cerasi (black cherry aphid) is only able 

to infest a small number of herbaceous plants (Figure 1.2). Other species, like 

Rhopalosiphum padi, are highly specialized to infest grasses. Host selection by 

aphids involves a complex set of plant cues and signals, and most likely, 

molecular interactions that take place between plant and aphid upon probing 

and feeding (reviewed by Powell et al., 2006; Jaouannet et al., 2014).   

Upon landing on the leaf surface aphids may detect plant cues and structures 

that impact their behaviour. During the interaction with a compatible host plant, 

aphids will use their specialized mouthparts, or stylets, to feed on the phloem. 

Once the stylets penetrate the leaf epidermal cells, they follow a mainly 

extracellular pathway to reach the phloem (Tjallingii et al., 1995). Also, the 

stylets briefly puncture individual cells along the stylet pathway to potentially 

detect plant cues. Saliva is secreted during both probing and feeding, which 

contains sets of proteins and small molecules, called effectors, that promote 

aphid virulence during compatible interactions (Will et al., 2007; Bos and 
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Hogenhout 2011; Elzinga and Jander, 2013). Interestingly, aphid probing not 

only takes place on host plant species, but also on non-hosts suggesting that 

recognition and activation of resistance may be dependent on the perception of 

molecules in aphid saliva (Powell et al., 2006). Indeed, aphid saliva exhibits 

elicitor activity and can trigger responses similar to PAMP (Pathogen Associated 

Molecular Pattern)-Triggered Immunity (PTI) in plant-pathogen interactions (De 

Vos and Jander, 2009; Chaudhary et al., 2014). Although these studies all 

focused on Arabidopsis as a model host, elicitor activity has also been reported 

in whole extracts of Diuraphis noxia (Russian wheat aphid) on resistant wheat 

(Triticum aestivum L.) genotype (Lapitan et al., 2007). These observations imply 

that plants, including monocots, recognize aphid saliva components to trigger 

defences. Whether such recognition events are indeed determinants of aphid 

host range remains to be investigated.  

Aphid infestations can cause significant yield losses in cereals worldwide. One 

of the major aphid pests of cereals is Rhopalosiphum padi, which infests wheat, 

barley, and oats. This aphid not only causes direct feeding damage resulting in 

yield losses up to 50% (Kieckhefer and Kantack, 1986; Papp and Mesterhazy, 

1993), but also transmits Barley Yellow Dwarf Virus (BaYDV), which infects 

cereals and grasses, and causes reduced growth and leaf yellowing (Oswald 

and Houston, 1953; Riedell et al., 1999). Barley (Hordeum vulgare L.) is a major 

economical cereal crop, but also a model monocot plant for molecular biology 

and genetics research. Although no resistant commercial barley cultivars are 

available against R. padi, partial resistant genotypes were previously identified 

(Delp et al., 2009). Gene expression analyses of susceptible versus partially 

resistant barley genotypes upon R. padi interaction identified a few genes 

specifically induced in resistant plants (Delp et al., 2009). These included genes 
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encoding a Ser/Thr kinase, a BCI4 (calcium-binding EF-hand protein), a 

proteinase inhibitor, and LOX2 (lipoxygenase 2). A number of genes were more 

highly expressed in resistant versus susceptible genotypes in the absence of 

aphid infestation, including genes encoding thionins (Delp et al., 2009; Mehrabi 

et al., 2014).  

Although oxidative stress responses play an important role in several plant-

aphid interactions, R. padi does not elicit peroxidase activity or consistently 

activate peroxidase genes in barley (Ni et al., 2001; Delp et al., 2009). Moreover, 

only limited callose deposition is triggered upon interaction of barley with R. padi 

as compared to other cereal aphids, indicating that plant defence responses 

may differ depending on both host and aphid species (Saheed et al., 2007; 

Saheed et al., 2008).  

The broad host range aphid M. persicae is not considered a pest of barley. 

However, this aphid has been reported on wheat and barley under field 

conditions (Halbert and Pike, 1985). Despite this, M. persicae performed poorly 

on barley under controlled growth chamber conditions and showed low levels of 

colonization and limited ingestion of phloem sap on barley when compared to 

wheat (Davis and Radcliffe, 2008). Based on these observations, barley can be 

considered a poor-host species of M. persicae. Here, we were interested to 

investigate in what way barley responds to different aphid species, including R. 

padi and M. persicae, to gain insight into why this plant is a suitable host for 

specific aphid species. Explicitly, we aimed to gain insight into why M. persicae 

performs poorly on barley despite an exceptionally broad host range, which 

includes species within the Poaceae.  
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We previously dissected plant transcriptional responses to aphids during host, 

poor-host and non-host interactions in Arabidopsis (Jaouannet et al., 2015). 

This revealed several genes specifically involved in either host susceptibility to 

M. persicae and/or non-host resistance to R. padi (bird cherry-oat aphid). Here, 

we used a combination of aphid interaction assays as well as barley 

transcriptomics to assess how a monocot crop species responds to different 

types of aphid interactions and to identify barley genes that may contribute to 

defences against aphids. 

2.3. Materials & methods 

2.3.1. Aphid cultures 

Aphids used for all the experiments were maintained under controlled conditions 

in growth chambers (18°C, 16 h of light) contained in cages. R. padi was raised 

on Hordeum vulgare L. cv Optic, M. persicae (genotype O) was reared on 

Brassica napus (oilseed rape) and M. cerasi was raised on Barbarea verna (land 

cress).  R. padi and M. persicae were kindly provided by Dr B. Fenton and M. 

cerasi was collected from cherry trees in Dundee (UK). 

2.3.2. Barley colonization assays 

Seven-day-old barley plants of different cultivars (Golden Promise, Optic and 

Morex) were infested with each of two 1st instar nymphs of the species R. padi, 

M. persicae and M. cerasi. We performed colonization experiments in three 

biological replicates with seven individually bagged plants for each aphid 

species per replicate. The total number of aphids was monitored at 8, 14 and 

20 days after placing nymphs on the plants or days after challenge (DAC 

hereafter). To compare M. persicae colonization of barley versus oilseed rape 

(OSR) in parallel, three four-week-old oilseed rape plants and three seven-day-
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old barley cv Golden Promise plants were each challenged with two 1st instar 

nymphs. The total number of aphids was recorded at 7 and 14 DAC. Statistical 

analysis of the above experiments was performed using the Shapiro-Wilk test 

for normality and a one-way non-parametric test (Mann-Whitney) in Genstat. 

We measured the length and width of M. persicae aphids reared on oilseed rape 

and the three different barley cultivars 7 days after aphid challenge. Each plant 

was challenged with 10 1st instar nymphs. Length and width (mm) of aphid was 

measured in images taken from a set distance with the software Image J 

(Schneider et al., 2012). Statistical analyses were done using ANOVA, with a 

single factor for the parameters length and width. All experiments were 

performed in growth chambers (18°C, 16 h of light). 

2.3.3. M. persicae phenotype plasticity to switching between host and 

poor-host plant species 

Seven-day-old barley and 4-week old OSR plants were infested with three 1st 

instar nymphs (n=3). The number of nymphs per adult was counted daily from 

7 to 15 DAC. Aphids were reared on oilseed rape (OSR) or on barley cv Golden 

Promise for 7 days and then transferred from barley to OSR until 15 DAC or left 

on OSR and barley until 15 DAC.  At 7 and 15 DAC, pictures were taken of the 

adult aphids to measure width and length using Image J as explained above. 

Results were analysed by ANOVA with Fisher's protected least significant 

differences post-hoc test per timepoint. Kruskal-Wallis one-way analysis of 

variance with single factor was used for the aphid size, parameters length and 

width. The experiment was completed in growth chambers (18°C, 16 h of light). 

Three independent replicates were performed. 
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2.3.4. Aphid settlement assays 

Seven-day-old barley plants (cv. Optic) were used to assess R. padi, M. 

persicae and M. cerasi settlement on barley leaves. Four clip cages per aphid 

species were prepared to contain 10 aphids of each species per clip cage. At 

time 0 the cages, containing the aphids, were placed on the barley leaves. At 

intervals of 15 minutes, the clip cages were opened and the number of aphids 

settled on the barley leaf counted. The experiment was performed as three 

biological replicates. The results were analysed by ANOVA with Fisher's 

protected least significant difference post-hoc test per timepoint. 

2.3.5. Aphid probing assays 

Barley leaf samples (1 cm2) were placed on 24-well plates containing 1% water 

agar. Subsequently, four age-synchronized adult aphids from the species R. 

padi, M. persicae or M. cerasi were each placed on the leaf samples (cv Golden 

promise, Optic and Morex). Six leaf samples were used per aphid species and 

three independent replicates were set up. Plates with aphids were kept in short 

day chambers at 22°C. After two days, the leaf samples were stained with an 

acid fuchsine solution (Urbanska, 2010) and analysed under a light microscope 

for the presence of stylet pathways. Stylet paths were counted for each 1 cm2 

leaf sections challenged with aphids and classified as long pathways or short 

probes. Differences between path and probes were assessed by ANOVA with 

Fisher's protected least significant difference post-hoc test (p>0.05). We used a 

similar set-up to visualize callose with aniline blue staining. We removed the 

chlorophyll from the barley leaves (cv Optic) using (1:3) acetic acid: ethanol over 

8 h with two changes in a constant shaker. Next, samples were incubated for 

24 h in a solution of 0.05% aniline blue (protocol adapted from Daudi et al., 
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2012). Samples were analysed for the presence of cells with callose deposition 

under a confocal microscope Zeiss LSM 510 (Jena, Germany) using a Zeiss 

x20 lens and a green excitation filter (wavelength 516 nm).  

2.3.6. Barley transcriptome analyses 

Barley plants (cv Optic) were pre-germinated in Petri dishes covered with wet 

filter paper for three days in the dark. Germinating seeds were then moved to 

soil and grown under controlled conditions (short day, at 22 °C, 70% humidity 

and 125 µmol photons/m2.s). One week later, the plants were challenged with 

fifteen mixed-age aphids enclosed in clip cages. As a control, we also placed 

clip cages without aphids on barley plants. Leaf tissues enclosed within the clip 

cages were collected after 3 h and 24 h from both aphid-challenged and control 

treatments. Samples from the same treatment (6 samples) were pooled together 

in a Falcon tube submerged in liquid nitrogen. We performed this experiment as 

three biological replicates. Individual replicates were set up at the same time of 

day to take into account any effects of the plant circadian cycle. The experiment 

was started at 9 am, with the 3 h samples being collected from 12 pm and the 

24 h samples being collected from 9 am the next day.  RNA was extracted using 

the Qiagen RNeasy Plant Mini Kit® following the manufacturer’s protocol. RNA 

quality was assessed using the Agilent 2100 Bioanalyzer prior to microarray 

processing. RNA from each of three replicates was hybridized to a custom-

design Agilent barley 60k microarray (Comadira et al., 2015). The microarray 

experimental design and dataset can be accessed at ArrayExpress 

(https://www.ebi.ac.uk/arrayexpress ; accession # E-MTAB-5133). 

Recommended total RNA labelling (100 ng each) and hybridization was used 

throughout (Agilent One-Colour Microarray-Based Gene Expression Analysis: 
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Low Input Quick Amp Labeling version 6.5). Data were extracted from each 

microarray using Feature Extraction software (version 10.7.3.1; Agilent 

Technologies) with default settings, and subsequently, data were imported into 

GeneSpring (version 7.3; Agilent Technologies) software for pre-processing and 

analyses. Default one-colour normalization was performed and probes filtered 

on flags to remove inconsistent data. To identify genes differentially expressed 

between aphid-challenged versus unchallenged barley samples at the 3 h and 

24 h time points, a paired Student’s t-test (p-value ≤ 0.05 with Benjamini-

Hochberg correction) was performed. Data were visualized using line graphs, 

box-whisker plots, tree-heatmaps for hierarchical clustering, and Venn diagrams 

for gene-list comparisons. MapMan functional BIN classification was performed 

using Wilcoxon Rank Sum Test (cut-off p ≤0.05 and fold change ≥ 2) (Thimm et 

al., 2004).  

We assessed variation between the 3 h and 24 h control samples to determine 

the impact of potential diurnal effects or different exposure time to clip cages on 

hierarchical clustering. By comparing the 2 controls, we identified 331 genes 

differentially expressed. Of these, 120 were also identified in our set of 974 

differentially expressed genes across barley-aphid interactions. Removing 

these 120 genes from the hierarchical clustering approach did not affect the 

main groups identified across barley aphid interactions as shown in Figure 2.3 

(Figure S2.1, Table S2.11). 
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2.3.7. GO enrichment analyses 

We used Biomaps software available on the Virtual Plant web platform, version 

1.3 (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) (Katari et al., 2010) to 

analyze gene ontologies (GO) using Arabidopsis thaliana Columbia TAIR10 

genome (28,775 genes) as a reference genome. Gene enrichment analysis of 

the set of genes was performed in Biomaps. The different gene sets were 

interrogated with the available options: GO Biological Process, GO Molecular 

Function and GO Cellular Compartments (TAIR/TIGR), AraCyc pathways 

(v11.5) from PlantCyc, functional classification by the Munich Information 

Center for Protein Sequences (MIPS) and KEGG Pathways. The gene ontology 

was calculated with Fisher Exact Test p ≤0.05 (False Discovery Rate 

correction). 

2.3.8. Co-expression of selected candidates genes 

Candidate genes for validation were selected based on deregulation during 

specific barley-aphid species interactions, and with a focus on genes strongly 

up-regulated during the poor-host interaction with M. persicae. For co-

expression analyses, we selected those genes that we confirmed to be 

differentially expressed by qRT-PCR.  Co-expression analysis was performed 

in Gene-Spring by Pearson correlation (p<0.05). The gene ontology of these 

sets of genes was analysed in BioMaps with Fisher Exact Test (p< 0.05). 
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2.3.9. Quantitative RT-PCR to assess gene expression changes 

Validation of the microarray data and analyses of gene expression changes 

across select barley cultivars was done by qRT-PCR using the Universal Probe 

Library (UPL) (Roche Diagnostics). To validate the expression of selected 

genes, we pooled the RNA of the three barley cv Optic biological replicates used 

for microarray hybridization. For expression analyses of barley thionins at 72 h 

post-infestation, we used three biological replicates of barley cultivar Optic 

challenged with aphids for 72 h using clip cages as described for the microarray 

experiment. To assess expression of selected genes across cultivars, we used 

three biological replicates of barley cultivars Morex and Golden Promise 

challenged with aphids for 24 h using clip cages as described for the microarray 

experiment with cultivar Optic. DNAse treated RNA (Ambion TURBO DNA-free 

DNase Treatment) was converted into cDNA with SuperScript III Reverse 

Transcriptase (Invitrogen) using random primers. Databases used for primer 

design were a local database containing predicted barley cv Morex genes, 

NCBI, Ensembl Plants Hordeum vulgare, and the Plant Genome and Systems 

Biology (PGSB) barley genome database. Primers and probes were designed 

using the UPL Roche website and are listed in Table S10. Primers and probes 

were first tested for efficiency (85-105%). Reactions were prepared using 25 µl 

of total volume, 12.5 µl of FastStart TaqMan Probe Master Mix (containing ROX 

reference dye), 0.25 µl of gene-specific primers (0.2 mM) and probes (0.1 mM). 

A StepOne thermocycler (Applied Biosystems by Life Technology) was run as 

follows: 10 min of denaturation at 95 °C, followed by 40 cycles of 15 s at 94 °C 

and 60 s at 60 °C. Relative gene expression was calculated with the method 

ΔΔCt (Delta Cycle threshold) with primer efficiency taken into consideration. 

Every sample was run as three technical replicates. Cycle threshold values were 
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normalized with three reference genes, actin-2 (MLOC_78511.2), ubiquitin 

(AK248472.1) and pentatricopeptide (AK373147/MLOC_80089.1). Expression 

of these reference genes was unaffected in our microarray experiment (data not 

shown). 

2.3.10. Cloning of thionins  

Two different thionins Beta-thionin (Thionin 1_AK252675.1) and thionin (Thionin 

2_AK359149) were selected based on the genes specifically up-regulated 

during the non-host interaction in the microarray experiment. Entry clones were 

designed based on the thionin sequences with signal peptide and synthesized 

by GenScript in the pCU57 vector (GenScript®) with AttL sites for 

recombination. LR reactions (Gateway®, Invitrogen) were performed with the 

destination vectors pB7WG2 (ubiquitous overexpression by the 35S promoter, 

no tag), pHW59 (phloem-specific expression AtSUC22 promoter, no tag) for 

aphid performance assays. Destination vectors were transformed into E. coli 

Mach1™ Competent Cells (Thermo) and verified by sequencing. Agrobacterium 

tumefaciens strain GV3101 was transformed with the vectors for transient 

overexpression in N. benthamiana. 

2.3.11. Ectopic expression of thionins followed by aphid performance 

assays 

Two different barley thionin genes (AK252675.1/MLOC_46400.1 and 

AK359149/ MLOC_34881.1) were selected for cloning into the vectors pB7WG2 

and pHW59 for aphid performance assays. Agrobacterium tumefaciens strain 

GV3101 carrying the thionin constructs or the empty vector were infiltrated into 

Nicotiana benthamiana leaves at a relative OD600 = 0.1. Twelve infiltration sites 

were used for each construct (two per plant, a total of 6 plants per construct). 
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One day after infiltration, 2 adult M. persicae aphids were placed at the 

underside of the infiltrated leaf areas and the area was enclosed with a clip 

cage. One day later, the adult aphids and all except 3 nymphs were removed 

from the leaf area.  Aphids were moved to freshly infiltrated plants 7 days after 

initial agroinfiltration. Total nymph numbers were counted 14 days after the start 

of the experiment. Three independent biological replicates were performed. 

Differences between thionin-expressing leaves and the vector control were 

assessed by one-way ANOVA and post-hoc Fisher’s test (p ≤0.01).  

To assess activation of Nicotiana benthamiana defence genes PAD4, PR-1, 

TP1 and PR-4, by barley thionins were ectopically expressed with the vector 

pB7WG2 and leaves of three different plants were agroinfiltrated per biological 

replicate and leaf samples were collected for RNA extraction with the Qiagen 

RNeasy Plant Mini Kit®. Quantitative RT-PCR was performed as previously 

described by Rodriguez et al. 2014. 
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2.4. Results 

2.4.1. Differences in barley colonization by the aphid species Myzus 

persicae, Myzus cerasi and Rhopalosiphum padi 

Although M. persicae and M. cerasi have not been reported to cause significant 

infestations on barley, M. persicae has been found on barley plants in a field 

setting, suggesting this aphid may be able to at least survive on this crop 

(Halbert and Pike, 1985). We were interested to determine whether, and to what 

extent, both these aphids were able to colonize barley under controlled 

glasshouse conditions. Therefore, we set-up aphid infestation assays of three 

barley cultivars, Golden Promise, Optic and Morex, with M. persicae and M. 

cerasi, as well as Rhopalosiphum padi, a major aphid pest of barley. Seven-

day-old plants were challenged each with 2 nymphs per plant and the number 

of aphids was counted at 8, 14 and 20 days after challenge (DAC) (Figure 2.1A). 

Whilst the R. padi population reached on average between 800-1200 aphids 

across the cultivars, the M. persicae population only reached on average 

between 30-45 aphids at 20 DAC (Figure 2.1A). No living aphids were found for 

M. cerasi at 8 DAC, indicating this species was unable to survive on barley.  

Since we found that M. persicae was able to reproduce on barley we were 

interested to compare how the level of reproduction on barley compared to that 

on the well-documented host plant oilseed rape (Brassica napus). We 

performed colonization experiments of barley and oilseed rape in parallel for M. 

persicae, and infested 7-day-old barley and 4-week-old oilseed rape plants each 

with 2 synchronized adult aphids per plant. The total populations were counted 

after 14 days. Whilst we counted over 80 aphids on oilseed rape, we only found 

around 10 aphids on barley (cultivar Golden Promise), indicating an 8-fold 
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difference in population size (Figure 2.1B). During these experiments, we noted 

that the M. persicae adults reared on barley were smaller in size than those on 

oilseed rape. To confirm this observation, we measured aphid body length and 

width of M. persicae reared on barley versus oils seed rape. We allowed 6 

nymphs to feed on barley or oilseed rape plants for 7 days and measured body 

length and width. Aphids feeding on barley were significantly smaller than those 

feeding on oilseed rape (One-Way ANOVA, p ≤0.01) (Figure 2.1C). No 

significant differences in aphid size were found between different barley 

cultivars (Figure 2.1C). Although M. persicae was able to survive and reproduce 

on barley, this species performs poorly on this crop plant compared to R. padi. 

Based on our colonization data we defined M. cerasi-barley as a non-host 

interaction and M. persicae-barley as a poor-host interaction in our follow-up 

work detailed below. 

Throughout our colonization experiments, we noticed also a smaller number of 

aphids remained on the leaf surface for M. cerasi compared to the other species 

after placing them on barley leaves. This observation led us to further 

investigate whether the aphid species settled differently on barley in a no-choice 

experiment. We placed 10 adult aphids for each species in a clip cage, which 

was attached to the lower side of the leaf surface, allowing aphids to either stay 

in the clip cage or move onto the plant. Aphid numbers on the leaf surface were 

counted at 15-minute intervals for three hours. Whilst both R. padi and M. 

persicae moved from the clip cages to the leaf surface, with 7-9 aphids counted 

after 3 hours, only a few aphids (between 1-3) were found on the leaf surface in 

the case of M. cerasi (Figure 2.1D). This, together with the inability of M. cerasi 

to survive and reproduce on barley, shows barley is a non-host of this aphid 

species.  
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Figure 2.1. Barley colonization by aphid species Rhopalosiphum padi, Myzus persicae 

and Myzus cerasi. 

A) Number of aphids counted on different barley cultivars (Optic, Golden Promise and Morex) 

8, 14 and 20 days after challenge (DAC) of individual plants with 2 adult aphids. Error bars show 

the standard deviation. Triple asterisks indicate statistically significant differences, using a one-

way non-parametric test Mann-Whitney (p ≤0.001), between the numbers of R. padi (Rp) and 

M. persicae (Mp) aphids counted. M. cerasi (Mc) was unable to survive on barley. Seven plants 

per treatment and replicate were used and three independent biological replicates were 
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performed. B) Number of M. persicae (Mp) aphids counted on host plant oilseed rape and barley 

cv. Golden Promise 14 days after placing 2 adult aphids on individual plants in parallel. Error 

bars show standard deviation. The asterisk indicates significant differences (p ≤0.01) using a 

Mann-Whitney test.  Three plants per treatment and replicate were used and three independent 

biological replicates were performed. C) Plot of the M. persicae (Mp) body length and width 

when raised on oilseed rape (OSR) and on barley cultivars Golden Promise (GP), Optic and 

Morex. Error bars indicate standard error. Differences were assessed by one-way ANOVA. The 

image on the right shows a representative individual aphid taken from the population raised on 

oilseed rape (OSR) and barley (cv. Golden Promise) and was taken 7 days after placing 1st 

instar nymphs on the different plant species. Ten 1st instar nymphs per treatment were used in 

each replicate and three independent biological replicates were performed. D) Number of aphids 

counted on barley leaves (cv Optic) during the first 3 hours after placing 10 aphids in clip cages 

to the underside of leaves. Four plants (1 clip cage per plant) were used per treatment per 

replicate, and three independent biological replicates were performed. Error bars indicate the 

standard deviation of three independent replicates. Asterisks indicate significant differences in 

ANOVA with Fisher's protected least significant difference post-hoc test per timepoint (single 

asterisk p>0.05, triple asterisk p>0.01). Rp stands for R. padi, Mp stands for M. persicae and 

Mc stands for M. cerasi. 

 

2.4.2. M. persicae displayed phenotype plasticity upon poor-host to 

host plant (barley and OSR) switching 

To investigate whether M. persicae adult aphids were able to recover with 

regards to their phenotype (size) and fecundity after being raised on barley 

plants, we performed a poor-host to host switch experiment. We placed 3 M. 

persicae 1st instar nymphs on barley (n=6) (barley poor-host plant) and 3 

nymphs onto OSR (n=3) (host plant). After a week, 3 out of the 6 aphids on 

barley were transferred to OSR (n=3) (poor-host to host switch). At 8 days after 

infestation, nymphs were produced for the first time regardless of the host 

confronted (Figure 2.2A). Therefore, the aphid developmental stage on the host 
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and the poor-host plants was similar and this was not the reason for the 

differences observed in size and fecundity. The number of nymphs produced on 

OSR (3 nymphs) was significantly higher compared to the number of nymphs 

produced on barley (0,16 average nymphs) and the aphids transferred from 

barley to OSR (0,29 average nymphs) (Figure 2.2A). These differences in 

reproduction continued until 11 DAC when significant differences between the 

three treatments OSR (18 nymphs), barley (3 nymphs) and barley-OSR transfer 

(7 nymphs) were observed. At 14 DAC, the number of nymphs produced by the 

aphids transferred from barley to OSR (18 nymphs), were not significantly 

different from the number of nymphs produced by on OSR (25 nymphs), but 

was significantly higher compared to the number of nymphs produced on barley 

(6 nymphs). Thus, 7 days after the aphids were switched from the poor-host 

(barley) to the host (OSR), we noted recovery with regards to aphid 

reproduction. At 14 days timepoint, we observed similar results, however, we 

observed a drop of the parameter nymphs per adult for the OSR treatment, due 

to complete development of new adults which started to produce second 

generation nymphs (ANOVA post-hoc Fisher's protected least significant 

differences) (Figure 2.2A). 

By assessing aphid size when raised on barley versus OSR we observed the 

same differences in width at 7 DAC, but differences in length were not confirmed 

to a statistically significant level (Figure 2.2B). Remarkably, no differences in 

size (width and length) were found between adult aphids from OSR at 15 DAC 

and adult aphid transferred from barley to OSR, pointing to phenotype recovery 

(Kruskal-Wallis one-way analysis of variance) (Figure 2.2B). 
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Figure 2.2. Myzus persicae phenotype recovery upon switching from poor-host barley to 

host oilseed rape.  

A) M. persicae reproduction (number of nymphs per adult) from 7 days after challenged (DAC) 

until 15 DAC on oilseed rape (OSR series), on barley cv. Golden Promise (Barley series), and 

on barley until 7 DAC, when aphids were moved to oilseed rape until 15 DAC (Barley-OSR 

series). Differences between treatments per timepoint were analysed using ANOVA with 

Fisher's protected least significant difference post-hoc test (single asterisk p>0.05, triple asterisk 

p>0.01). B) Plot showing M. persicae body length and width when raised on OSR (OSR 7 DAC 

or OSR 15 DAC), on barley cultivar Golden Promise (Barley 7 DAC or Barley 15 DAC) and on 

barley until 7 DAC, when the aphids were moved to oilseed rape until 15 DAC (Barley-OSR 15 

DAC). Error bars indicate standard error. C) Table below shows significant differences between 

the above treatments. Differences were assessed by Kruskal-Wallis one-way analysis of 

variance and Dunn post-hoc test (single asterisk p>0.05, triple asterisk p>0.01, NS no 

significantly differences). 

 

2.4.3. The aphid species Myzus persicae, Myzus cerasi and 

Rhopalosiphum padi produce different stylet pathways when 

probing barley leaves and activate callose deposition 

Aphid probing has been reported to take place during both host and non-host 

interactions and is essential for the delivery of saliva inside plant cells and the 

apoplastic space (McLean and Kinsey 1968; Wiktelius 1982). We investigated 

whether the different aphid species included in our study were all probing barley 

leaves, and how stylet pathways compared among the different interactions. To 

do this, we made use of an acid fuchsin stain, which is commonly used to 

visualize aphid stylet pathways, in combination with light microscopy. We 

challenged barley leaves with R. padi (host interaction), M. persicae (poor-host 

interaction), or M. cerasi (non-host interaction), and collected leaf samples for 

staining 2 days later. For R. padi, we mainly observed long highly-branched 

stylet pathways, whereas for M. cerasi, which was unable to survive on barley, 

we observed a small number of short probes, visible as pink dots (Figure 2.3A). 

For M. persicae, we observed a large number of short probes, visible as pink 
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dots, but also some stylet pathways (Figure 2.3A, Figure S2.2). We then 

quantified the number of pathways and short probes (dots without pathway) in 

a 1 cm2 size leaf area of three different barley cultivars (Morex, Optic, and 

Golden Promise). This confirmed that during the host interaction with R. padi 

long and branched stylet pathways were most abundant, with between 40 to 50 

pathways per leaf area, and less than 20 short probes (Figure 2.3B). During the 

poor-host interactions with M. persicae, we mostly detected short probes, 

ranging from 40 to 60 probes per leaf area, and around 20 stylet pathways 

(Figure 2.3B). During the non-host interaction with M. cerasi, we observed a 

much lower number of short probes (around 10) per leaf area compared to the 

poor-host interaction with M. persicae, and only few stylet pathways. We 

observed similar results across the three barley cultivars (Figure 2.3B). Our data 

show that although M. cerasi and M. persicae do not or poorly infest barley, 

these aphids probe the barley leaf tissue, indicating that signals can be 

exchanged at the plant-aphid stylet interface. Also, clear differences in stylet 

pathway formation were observed, which may reflect the ability of the aphids to 

successfully feed on the phloem and establish populations. 

During compatible host barley-aphid interactions, the production of callose 

depositions has been reported (Saheed et al., 2009). Therefore, we assessed 

whether barley responds to M. persicae (poor-host interaction), M. cerasi (non-

host interaction) and R. padi (host interaction), in a similar way with regards to 

callose deposition.  We visualized callose using aniline blue staining on barley 

epidermal cells from leaves 2 days after infestation with 5 adult aphids. We 

observed a strong callose accumulation at the site of the stylet penetration in 

the epidermal cells for all three interactions (Figure 2.3C, Figure S2.3). For R. 

padi, we usually observed one stylet pathway or probe per cell and we also 
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noted callose depositions at the cell wall of punctured cells where we detected 

a stylet pathway (Figure 2.3C). For M. persicae, we noted multiple sites of 

callose deposition per cell, which most likely reflect multiple probing sites per 

cell (Figure 2.3C). These results are consistent with our observations that M. 

persicae shows increased probing compared to R. padi. Occasionally, cell wall 

depositions could be observed during M. persicae-barley interactions. For M. 

cerasi, we only occasionally detected callose depositions, which again likely 

reflects limited probing consistent with the results obtained using fuchsine 

staining and light microscopy (Figure 2.3C).  
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Figure 2.3. Probing of barley leaf tissue by aphid species Rhopalosiphum padi, Myzus 

persicae and Myzus cerasi. 

A) Images showing aphid probes and stylet pathways in barley cv. Golden Promise two days 

after aphid challenge visualized by staining with acid fuchsine. Images were taken with a light 

microscope. The probes and stylet pathways are indicated by arrows. Scale bars are 20 µm. B) 

Graph showing numbers of brief probes and stylet pathways as observed in Figure 2.1(A) for 
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the different barley-aphid interactions. Four adult aphids per species were placed in 1 cm
2
 leaf 

sample and after two days the number of stylet paths or short probes was counted. Six leaf 

samples were used per aphid species per replicate and three independent biological replicates 

were performed. Rp stands for R. padi, Mp stands for M. persicae and Mc stands for M. cerasi. 

Error bars indicate standard deviation. Different letters indicate significant differences in ANOVA 

with Fisher's protected least significant difference post-hoc test (p>0.05). C) Representative 

images showing callose deposition upon aphid probing visualized using aniline blue staining 

two days after aphid challenge. The sites of callose deposition after aphid stylet penetration are 

indicated by an arrow. Samples were visualized under the confocal microscope using a green 

filter (wavelength 516 nm). Six leaf samples were used per aphid species per replicate and the 

experiment was done in three independent biological replicates. Scale bars are 20 µm. 

Additional images are shown in Figure S2.3. 

 

2.4.4. The barley transcriptome responds most strongly to 

interaction with M. persicae compared to the interactions with R. 

padi and M. cerasi 

We previously compared Arabidopsis host, poor-host and non-host responses 

to aphids, which identified genes differentially expressed during specific 

interactions (Jaouannet et al., 2015). Here, we aimed to perform a similar 

comparison using barley as a model monocot crop species. We challenged 7-

day-old barley plants (cv. Optic) each with 15 adults of M. persicae, M. cerasi, 

R. padi aphids or no aphids, and collected leaf material 3 and 24 hours later. 

RNA was extracted and prepared for hybridization with a custom Agilent 60K 

barley microarray. We identified 974 genes that were significantly differentially 

expressed (p-value ≤0.05) in at least one of the aphid treatments compared to 

the no-aphid control (STable 2.1). Hierarchical gene tree cluster analysis of the 

differentially expressed genes revealed two main clusters within this set of 

genes based on their expression profiles (Figure 2.4). Cluster A comprised 779 

genes and cluster B 195 genes. Within these two main clusters, we identified 

sub-clusters that behave differently across the treatments within the main 

cluster (Figure 2.4, STable 2.2). Two subclusters, A-2 and B-2, showed 
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significant over-representation of gene functional categories based on GO 

annotation. Sub-cluster A-2 comprised 717 genes which were predominantly 

up-regulated during the interactions with R. padi and M. persicae at the 24 h 

timepoint, and cluster B-2, which contained 110 genes specifically up-regulated 

at the 24 h timepoint during the M. persicae interaction (Figure 2.4, STable 2.2). 

Both these clusters showed over-representation of genes predicted to be 

involved in a range of metabolic processes with functions in catalytic activity 

(GO:0003824), (STable 2.2 and 2.3). 
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Figure 2.4. Hierarchical clustering of differentially expressed barley genes among the 

different aphid treatments and controls. Significantly changing genes were identified using 

paired t-test comparisons (Benjamini Hochberg correction, p-value ≤0.05) between the aphid 

treatment and the corresponding no-aphid control for each timepoint. The tree represents all 

974 genes differentially expressed in comparisons to the no-aphid control. Hierarchical gene 

tree cluster analysis of the 974 genes identified two main clusters (A and B). Cluster A was 

divided into 4 sub-clusters and cluster B was comprised of 2 sub-clusters. Cluster and sub-

clusters genes are plotted in the line graphs on the right panel. Blue colour indicates low 

expression level and red colour indicates high expression level. No-aphid control (C), R. padi 

(Rp), M. persicae (Mp), and M. cerasi (Mc) treatments are indicated. 
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2.4.5. Differential barley transcriptome responses specific to the 

interaction with R. padi or M. persicae 

Overall analyses of the barley transcriptional responses during different aphid 

interactions suggested that some responses were more pronounced during 

specific aphid interactions or potentially aphid species-specific. This led us to 

investigate potentially unique barley responses to each one of the aphid 

species. We performed pairwise analysis of the set of 974 genes to identify 

down- and up-regulated genes per aphid species treatment per timepoint as 

compared to the no-aphid control (Figure 2.5, Table S2.4 and S2.5). The barley 

transcriptional response to aphids was more pronounced at the 24 h timepoint 

compared to the 3 h timepoint, with 905 genes (24 h timepoint) versus 91 genes 

(3 h timepoint) being significantly differentially expressed in at least one of the 

aphid treatments compared to the non-infested control (p ≤0.05).  

For the 3 h timepoint, the barley transcriptional response was most pronounced 

upon interaction with R. padi, with 50 genes significantly differentially 

expressed. In total, 40 of these were host interaction-specific, with 36 being up-

regulated and 4 down-regulated (Figure 2.5A, Table S2.4 and S2.5). GO 

annotation showed over-representation of genes with predicted molecular 

functions in catalytic, transferase, hydrolase and chitinase activity 

(GO:0003824, GO:0016740, GO:0016798, GO:0004568) in the set of 36 up-

regulated genes (Table S2.6). During the interaction with M. persicae 24 genes 

were significantly differentially expressed; of which 15 were not affected by the 

other aphid species to a statistically significant level (Figure 2.5A, Table S2.4 

and S2.5). Upon interaction with M. cerasi, a total of 26 genes were down-

regulated, of which only 1 was similarly affected by one of the other aphid 

interactions. Eleven barley genes were similarly affected by different aphid 
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interactions at the 3 h time point, of which 8 were shared between the R. padi 

and M. persicae interactions (Figure 2.5A, Table S2.7). 

At 24 h after aphid challenge, we observed a much stronger barley 

transcriptional response, especially in the case of the interactions with R. padi 

and M. persicae (Fig. 2.4B, Table S2.4 and S2.5). The response to M. cerasi 

was weak, with just 20 genes differentially expressed (Figure 2.5B, Table S2.4 

and S2.5). Therefore, for further detailed analyses, we specifically focused on 

the barley interactions with R. padi and M. persicae as detailed below.  

At the 24 h timepoint, 76 genes were significantly up-regulated upon interaction 

with R. padi and M. persicae, whereas only 9 genes were commonly down-

regulated between these interactions (Figure 2.5B, Table S2.7). GO enrichment 

analyses showed that catalytic activity and oxidoreductase activity were over-

presented molecular functions for the up-regulated set of genes (Table S2.8). 

Out of the 317 genes significantly affected only upon R. padi interaction, 222 

were up-regulated (Figure 2.5B, Table S2.4). GO enrichment showed an over-

representation of genes predicted to be involved in metabolic processes 

(GO:0008152, GO:0009987, GO:0044237, GO:0044238), response to stimulus 

(GO:0050896), and response to stress (GO:0006950), and with over-

represented molecular functions in catalytic, transferase, and kinase activity 

(GO:0003824, GO:0016740, GO:0016301) (Table S2.6). In addition, BLAST 

similarity searches against rice and Arabidopsis databases (E < 10-5) revealed 

several genes predicted to function as WRKY transcription factors (WRKY3, 4, 

31 and 50), cytochrome P450s, heat shock proteins, and receptor-like kinases, 

many of them related to the jasmonate pathway defence response against 

insects pest (Figure S2.4). We then assessed whether this gene set showed a 
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similar direction of regulation during the interactions with M. persicae by 

applying a log2 ratio = 1.0 cut off. This showed that actually, 98% (218/222) of 

genes up-regulated upon interaction with R. padi showed a similar direction of 

expression change upon M. persicae interaction (Table S2.4). For several of 

these genes, we even noted a higher fold-change upon M. persicae interaction 

than upon R. padi interaction. Despite the higher fold-changes these genes 

were not found to be significantly up-regulated upon M. persicae interaction, 

which is likely due to the overall stronger transcriptional response to this aphid 

species. Additionally, the response to R. padi included the specific down-

regulation of 95 genes, with no significant GO terms found (Figure 2.5B, Table 

S2.5 and S2.6).  Of these 95 genes, only 11 were affected in a similar direction 

upon interaction with M. persicae based on a log2 ratio = 1.0 cut off. This 

suggests that the majority of these genes are specifically down-regulated upon 

interaction with R. padi. These downregulated gene set revealed no significant 

GO terms. 

All of the 480 barley genes significantly affected specifically upon interaction 

with M. persicae were up-regulated (Figure 2.5B, Table S2.4). GO annotation 

revealed an overrepresentation of genes with predicted functions in catalytic 

activity (GO:0003824) and copper binding (GO:0005507) (Table S2.6). BLAST 

similarity searches (E < 10-5) revealed many genes predicted to function as 

thionins, peroxidases, lipoxygenases, receptor-like kinases and protein kinases 

(Table S2.4). In this gene set, top-upregulated genes were directly induced by 

the jasmonate defence pathway (Figure S2.4). To determine whether the 480 

genes were regulated in a similar direction upon interaction with R. padi we 

applied again a log2 ratio = 1.0 cut off. Only 14% (67/480) of genes showed a 

similar trend in expression during R. padi interaction, although not to a 
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statistically significant level (Table S2.4). Based on this, we conclude that the 

barley transcriptional response to M. persicae is stronger than the response to 

R. padi, with over 400 genes specifically up-regulated during the M. persicae 

interaction.  

 

Figure 2.5. Venn diagrams showing the overlap between differentially expressed genes 

among different aphid interactions and timepoints.  

A) Venn diagrams showing the numbers of genes differentially expressed by the no-aphid 

control at 3 hours after aphid challenge (paired t-test, p ≤0.05 B) Venn diagrams showing the 

numbers of genes differentially expressed from the control at 24 hours after aphid challenge 

(paired t-test, p ≤0.05). Rp indicates R. padi, Mp indicates M. persicae and Mc indicates M. 

cerasi.  
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MapMan analyses further confirmed differences in barley transcriptional 

responses to R. padi and M. persicae after 24 h (Figure S2.5). We observed 

differences in functional categories between the two barley-aphid interactions, 

especially in the case of metabolic enzymes, and stress-related genes.   

2.4.6. Validation of barley transcriptional responses to aphids for 

selected genes across different barley cultivars 

Based on the microarray data analyses, we selected 11 significant differentially 

expressed genes across different types of aphid interactions for validation by 

qRT-PCR analyses. Three of the 11 genes, predicted to encode a cysteine 

proteinase (MLOC_74627.1), a Jasmonate ZIM-domain (JAZ) transcription 

factor (MLOC_9995.2) and a WRKY4 transcription factor (AK371133), were 

similarly affected during interaction with R. padi and M. persicae. Eight of the 11 

genes, predicted to encode three different thionins (AK252675, AK359149, and 

AK357884),  late embryogenesis abundant protein 14 (LEA 14) 

(MLOC_5174.1), a protein kinase (AK373791), a lipoxygenase 2 (LOX2) 

(AK357253.1), a plant cadmium resistance protein 2-like (PCR2-like) 

(MLOC_79086.1), and a receptor-like kinase (MLOC_55207.1), were 

significantly up-regulated upon interaction with M. persicae. In addition to 

validating the microarray results for barley cultivar Optic, we also challenged 

cultivars Golden Promise and Morex with the different aphid species in three 

replicated experiments to determine if transcriptional responses were 

conserved across different barley cultivars.  

For 10 of the 11 selected barley genes, qRT-PCR analyses confirmed the 

expression profile of the microarray data (cultivar Optic) (Figure 2.6). For thionin 

3, expression was outside reliable detection limits in the qRT-PCR experiment, 
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and as a result of this, we did not confirm up-regulation as observed in the 

microarray data (Figure 2.6). When assessing expression profiles for the 

selected genes in cultivars Golden Promise and Morex, we noted that although 

the direction of expression was similar across cultivar-aphid interactions, the 

strength of response was slightly weaker in cultivar Morex for the majority of 

genes. In addition, we obtained variable expression profiles across replicates 

for the three selected thionins, but despite this observed up-regulation in the 

majority of replicates, especially upon interaction with M. persicae. We also 

assessed the expression of thionins at a later timepoint (72 h) upon interaction 

with M. persicae and R. padi to determine if there was a more pronounced 

difference in expression at a later stage during the infestation process.  Although 

thionins were up-regulated upon infestation with both aphid species for 72 h, 

expression was higher for the M. persicae interaction compared to the R. padi 

interaction (Figure S2.6). As mentioned above, we identified 12 thionins 

significantly up-regulated upon interaction with M. persicae in the microarray 

data, and further sequence analyses revealed these genes are part of a large 

gene family in barley with over 39 members that show a high level of sequence 

similarity (Figure S2.7). The primers and probes designed for qRT-PCR 

analyses are unlikely to discriminate between the different members of this 

family (Figure S2.8), which may be differently affected by aphid interaction, and 

this could explain the level of variation observed in this experiment. Overall, we 

were able to verify differential expression of selected barley genes upon aphid 

interaction across different barley cultivars and confirmed that some barley 

genes responded more strongly to M. persicae than to R. padi. 

In order to further characterize the validated set of genes a co-expression 

analysis was performed in Gene-Spring by Pearson correlation (p<0.05) of 
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these selected and validated genes by qRT-PCR. The gene ontology of these 

sets of genes was analysed in BioMaps with Fisher Exact Test (p< 0.05) (Figure 

2.6C, Table S2.12). Cysteine proteinase expression was correlated with 25 

genes, which mainly are predicted to encode WRKY transcriptions factors and 

the molecular function of this group was nucleic acid binding (GO:0001071, 

GO:0003700). The Jasmonate ZIM-domain transcription factor was co-

expressed with other 13 genes; gene ontology revealed that the 

overrepresented biological function of this set was defence response to fungus 

(GO:0009620, GO:0050832) and flavonoid metabolism (GO:0051552, 

GO:0051553, GO:0051554, GO:0051555), and the overrepresented molecular 

function term was catalytic activity (GO:0003824). WRKY4 was co-expressed 

with 9 genes, all predicted to encode kinases and receptor-like kinases. Gene 

ontology analysis for this set of genes revealed the terms catalytic activity 

(GO:0003824), kinase activity (GO:0016301), and cellular component plasma 

membrane (GO:0005886). The thionin genes were co-expressed together in a 

set of 25 genes that includes 12 related thionins. The significant GO term for 

this set related to the biological function was toxin receptor binding 

(GO:0050827, GO:0005102. Late embryogenesis abundant gene (LEA14) was 

co-expressed with 18 genes, whose GO molecular function was catalytic activity 

(GO:0003824). Protein kinase was co-expressed with 10 genes whose GO 

molecular function was long-chain-fatty-acyl-CoA reductase activity 

(GO:0050062). Plant cadmium resistant co-expressed with a total of 23 genes, 

which are involved in primary metabolism (GO:0044238) and response to 

stimulus (GO:0050896) and their GO molecular function was carboxypeptidase 

activity (GO:0004180). LOX2 expression was correlated with 16 genes with GO 

molecular functions was catalytic activity (GO:0003824). The receptor-like 
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kinase was co-expressed with 15 genes with a GO molecular function of 

catalytic (GO:0003824) and transferase activity (GO:0016740). 
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Figure 2.6. Validation of microarray data for selected genes using qRT-PCR across 

different barley cultivars.  

A) Gene expression profiles of selected genes for validation of microarray results by qRT-PCR. 

The values represent the average of the Log2 (ratio = E 
sample

 
Δct sample 

/E 
reference

ΔCt reference
, where 

reference genes were Actin 2, Ubiquitin and Pentatricopeptide). Array indicates the average 

intensity of the three replicates according to the microarray results. Optic indicates the 

expression level within the pool of three independent biological replicates used for microarray 

hybridization as determined by qRT-PCR. GP1, GP2 and GP3 indicate the expression level in 

three independent biological replicates of barley cv. Golden Promise challenged with aphids. 

Morex 1, Morex 2, and Morex 3 indicate the expression level in three independent biological 

replicates of barley cv. Morex challenged with aphids. Light grey bars represent the Log2 

intensity during Rhopalosiphum padi interaction and dark grey bars represent the Log2 intensity 

during Myzus persicae interaction. Error bars indicate standard error. B) Correlations between 
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the expression values obtained in the microarray experiment and the values obtained by qRT-

PCR for the different barley cultivars (Optic, Golden Promise and Morex) upon interaction with 

R. padi (Rp) and M. persicae (Mp). C) Table displaying co-expression of the selected genes for 

validation.  The analysis was performed in Gene-Spring by Pearson correlation (p<0.05). The 

different genes are organized in rows in the table, the columns indicate: Cluster corresponds 

the number of genes co-expressed with the selected, cluster composition and the gene ontology 

term for the co-expressed genes. 

2.4.7. Transient overexpression of barley thionins in Nicotiana 

benthamiana reduces M. persicae virulence 

Among the 480 genes significantly up-regulated during the M. persicae-barley 

interaction, we identified 12 genes predicted to encode thionins, which are small 

proteins found specifically in plants that have antimicrobial activity (Bohlmann 

and Apel, 1991; Thevissen et al., 1996). Based on this, we were interested to 

determine whether thionins impact aphid virulence. We cloned two of the barley 

thionin genes (AK252675 and AK359149) and ectopically expressed these 

under the 35S promoter or AtSUC2 promoter by agroinfiltration in the 

solanaceous M. persicae host plant N. benthamiana. Infiltrated leaf areas were 

then challenged with 3 synchronized nymphs of M. persicae, and progeny per 

adult was counted over a 14-day period.  

Ectopic expression of thionins under the 35S promoter significantly reduced the 

number of nymphs per adult after 14 DAC. While aphids produced 11 nymphs 

per adult on leaf areas infiltrated with the Agrobacterium strain carrying the 

empty vector control, on the leaves transiently over-expressing the thionins 

progeny production was only 6 nymphs per adult, indicating a reduction of nearly 

50% compared to the vector control (Figure 2.7A right chart). To determine 

whether this observation was linked to possible defence activation due to 

ectopic expression of the thionins in N. benthamiana, we performed expression 

analyses of marker genes for SA-signalling (PR-1, PAD4), and JA-signalling 
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(PR4 and TP1). None of the markers was consistently differentially expressed 

upon transient ectopic expression of thionins (Figure S2.9). Therefore, it is 

unlikely that activation of the corresponding defence signalling pathways is 

responsible for the observed reduction in reduced aphid performance. 

 

Figure 2.7. Ectopic expression of two barley thionin genes in Nicotiana benthamiana 

reduces Myzus persicae reproduction.  

A) Box plots showing the number of nymphs produced per adult aphid 14 days after infestation 

of leaf areas transiently expressing thionins or the vector control (EV) driven by the 35S 

promoter. Differences between treatments were assessed by one-way ANOVA and post-hoc 

Fisher’s test (p ≤0.01). EV represents the empty vector (pB7WG2), whereas thionin 1 

(AK252675.1) and thionin 2 (AK359149) indicate the selected barley thionins. B) Box plots 

showing the number of nymphs produced per adult aphid 14 days after infestation of leaf areas 

transiently expressing thionins or the vector control (EV) driven by the AtSUC2 promoter. 

Differences between treatments were assessed by one-way ANOVA and post-hoc Fisher’s test 

(p ≤0.01). EV represents the empty vector (pB7WG2), whereas thionin 1 (AK252675.1) and 

thionin 2 (AK359149) indicate the selected barley thionin. 

As aphids are phloem-feeders, we were also interested to assess whether 

expression of the two barley thionins in the phloem tissue of N. benthamiana 

could impact host susceptibility. We expressed the two genes under the AtSUC2 

in N. benthamiana leaves by agroinfiltration and challenged infiltrated areas with 
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aphids. Whilst aphids fed on the vector control leaves produced 23 nymphs per 

adult, those fed on tissues expressing Thionin 1 produced 18 nymphs, a 

reduction of 21% compared to the control, and those fed on tissues expressing 

Thionin 2 (pHW59_Thio2) produced 16 nymphs adult, a 30% of reduction 

compared to the control (Figure 2.7B).  

2.5. Discussion 

In this Chapter, we characterized the interaction of barley with three aphid 

species that differ in their ability to infest this monocot plant species, to identify 

barley genes potentially involved in plant defences against aphids. This not only 

generated a comprehensive overview of how barley responds to aphid species 

during both host, poor-host and non-host interactions at the transcriptional level, 

but also revealed that thionins, which are highly up-regulated upon aphid 

interaction, especially in the case of the poor-host interaction, may be involved 

in crop resistance. 

2.5.1. Characterization of barley with different aphid species 

identified different types of interactions 

Whilst we selected aphid species based on their ability to infest or not infest 

barley in a field environment, our experiments performed under controlled 

conditions showed that M. persicae was able to use barley as a host, but with 

poor performance, whereas M. cerasi was not even settling on this crop. Both 

M. persicae and M. cerasi are considered non-pests of barley and our findings 

suggest that the mechanisms underlying resistance against these two species 

are different. In the case of M. cerasi, it is possible that external plant cues, such 

as volatiles and epicuticular waxes, deter aphids from settling on barley and 

initiating probing (Powell et al., 2006). Alternatively, this species could be 
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deterred by peripheral cues upon only one or few brief probes. Aphid probing, 

which allows aphids to contact the host cell cytoplasm as well as apoplast, is 

thought to be key in the differentiation of host versus non-host species (Powell 

et al., 2006). The frequent short probes by M. persicae and a low number of 

stylet pathways, in combination with poor growth of this aphid on barley, 

suggests that this aphid species is not able to feed optimally on this plant. 

Multiple short probes are also observed during incompatible interactions of other 

aphid species with both resistant host and non-host plants. For example, 

frequent brief probes were observed for Macrosiphum euphorbiae feeding on 

resistant tomato plants containing the Mi-1 resistance gene (Kaloshian et al., 

2000), indicating that although aphids were able to locate the phloem, their 

ability to successfully feed was impaired. Also, during non-host interactions, 

frequent brief probes have been reported, which are sufficient to support the 

transmission of non-persistent viruses (Schwarzkopf et al., 2013; Harrington et 

al., 1986). Nevertheless, the feeding difficulties were not causing a delay in 

aphid development and normal growth was recovered when aphids were 

transferred back from a poor-host plant to a host plant. 

2.5.2. Differential barley transcriptional responses during host and 

poor-/non-host interactions 

Potentially, the probing of the leaf tissue may cause damage that is responsible 

for the common activation of redox-stress and JA-regulated genes as 

determined by GO analyses (Figure S2.3, Table S2.6). The most highly up-

regulated gene for the R. padi and M. persicae interactions encoded a cysteine 

protease, with similarity to Arabidopsis Senescence-Associated Gene 12 

(SAG12) (Table S2.8). Interestingly, infestation of Arabidopsis by M. persicae 

results in activation of SAG genes, including SAG12, and hypersenescence, 



107 
 

potentially as part of the plant defence response (Pegadaraju et al., 2005). 

However, in barley, the function of this cysteine protease and its potential link 

with senescence has not yet been investigated. 

A large number of genes were highly up-regulated upon barley interaction with 

M. persicae compared to the interactions with the other aphid species, which 

could reflect specific activation of defences against this aphid species resulting 

in limited infestation success. One possibility is that the stronger barley 

transcriptional response to M. persicae is due to the frequent short probes 

observed. A number of genes predicted to function in cell wall-related processes 

were specifically up-regulated in response to M. persicae, which could be part 

of a damage response upon repeated probing of epidermal and mesophyll cell 

layers (Table S2.6). However, the combined number of short probes and stylet 

pathways between the M. persicae and R. padi were quite similar among 

cultivars (Figure 2.3B), suggesting that the frequency of total probes is 

comparable. Barley genes with a more pronounced expression upon M. 

persicae interaction, as confirmed by qRT-PCR analyses, were those encoding 

a receptor-like kinase, LOX2, protein cadmium resistant 2, a protein kinase, LEA 

14 protein and thionins. Most of these genes are not well characterized in 

monocot crops, yet, taking into account the co-expression analysis of these 

genes they seem to contribute to catalytic activity potentially linked to the biotic 

stress response (Figure 2.6C). Our experimental design took into account local 

barley responses (i.e. leaf areas within clip cages) to the different aphid species, 

and the impact on systemic responses remains to be investigated.   

We identified several barley genes responsive to aphid infestation that show 

similarity to RLKs (receptor like-kinases) and E3 ubiquitin ligases implicated in 
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PTI in other plant species (Table S2.4). PTI is not well characterized in barley 

but the activation of these genes by aphids may reflect activation of components 

of PTI signalling pathways, which will need to be investigated further. 

LOX2 in barley is inducible by JA treatment and is involved in lipid peroxidation 

(Voros et al., 1998; Bachmann et al., 2002; Sharma et al., 2006). Lox2 gene 

expression was activated by both the M. persicae and R. padi interactions, 

although more strongly upon interaction with M. persicae. LOX2 overexpression 

in barley increased resistance towards R. padi and M. persicae, possibly by 

activating a group of JA-related genes (Losvik et al., 2017b). Also, knock-down 

of lox2 in barley resulted in enhanced susceptibility to these aphid species, 

(Losvik et al., 2017b). Indeed, we did find several JA-responsive genes 

activated in barley upon different aphid interactions (Figure S4, Tables S4, S5), 

suggesting the JA-pathways may be triggered by different aphid species. In 

Arabidopsis we previously also found JA-responsive genes activated, including 

LOX3, upon both host and non-host interactions with aphids (Jaouannet et al. 

2015).  

We observed an interesting expression pattern for a gene predicted to encode 

the LEA14 protein, with specific up-regulation upon interaction with M. persicae 

compared to the other interactions. We previously reported that an Arabidopsis 

LEA7 gene was specifically activated upon interaction with R. padi (nonhost 

interaction) but not upon interaction with M. persicae (host interaction) 3 h after 

aphid challenge (Jaouannet et al., 2015). Moreover, Arabidopsis knock-out 

mutants for this gene showed higher survival rates of R. padi compared to wild-

type suggesting this LEA protein may contribute to Arabidopsis non-host 

resistance to this aphid species. LEA proteins have been implicated in abiotic 
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and biotic stress (Tunnacliffe and Wise; 2007; Liu et al., 2013). For example, 

Atlea14 promoter-GUS reported lines showed activation of expression in 

developing syncytia of the plant pathogenic nematode Heterodera schachtii (De 

Meutter et al., 2005). Moreover, maize ZmLEA3 expressed in tobacco confers 

tolerance to oxidative and osmotic stress and increased hypersensitive cell 

death triggered by the bacterial plant pathogen Pseudomonas syringae pv 

tomato (Liu et al., 2013). Also, Arabidopsis AtLEA5 over-expression reduced 

the virulence of the fungal pathogen Botrytis cinerea and Pseudomonas 

syringae pv tomato suggesting this protein might contribute to plant defences 

against these pathogens (Salleh et al., 2012). Potentially, LEA genes contribute 

to non-host/poor-host defences against aphids and their expression may be 

suppressed during host interactions as part of a successful infestation strategy.  

2.5.3. Thionins may contribute to the barley defences against 

aphids 

Our transcriptomics approach allowed us to identify barley thionin genes that, 

upon transient ectopic expression, decreased the susceptibility of a 

solanaceous plant species to M. persicae. Thionins are small peptides of around 

5 kDa that contain 6-8 cysteines involved in disulfide bridge formation, which 

are present in endosperm and leaves of cereals and several other plant species 

(Bohlmann and Apel, 1991). The leaf-specific thionins in barley are encoded by 

a large gene family, spanning 50-100 members per haploid genome (Bohlmann 

et al., 1988), and can be detected in either the plant cell wall as well as inside 

plant cells (Reimann-Phillipp et al., 1989). Due to high levels of sequence 

similarity between different members of this family we were unable to assess 

gene expression of specific thionins in either the microarray or qRT-PCR 

experiments. Although in the microarray experiments we noted a consistent up-
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regulation of thionins, especially upon interaction with M. persicae, we obtained 

rather varying results in the validation qRT-PCR experiments. Possibly, 

differences in gene expression among different members of the thionin family 

detected by the qRT-PCR primers and probes could explain the observed 

variation. The induction of thionin expression increased beyond the timepoint 

selected for sampling for the microarray experiment, upon exposure to both M. 

persicae and R. padi. This suggests that thionin expression is not suppressed 

by R. padi during interactions with barley host plants. However, we cannot rule 

out this aphid species may be able to suppress thionin function at the post-

transcriptional level or that R. padi is not affected by barley thionins.  

Interestingly, over-expression of thionins in various plant species implicated 

these peptides in plant defences against plant pathogenic fungi (Bohlmann and 

Apel, 1991), bacteria (Hao et al., 2016; Iwai et al., 2002) and chewing insects 

(Charity et al., 2005). Although it is thought that their activity relies on forming 

pores in the cell membranes of pathogens (Pelegrini and Franco, 2005), it was 

recently shown that an Arabidopsis cell wall thionin suppressed cell death 

triggered by a fungal fruit body lectin from Fusarium graminearum upon direct 

binding (Asano et al., 2013). Also, it was demonstrated that thionins can inhibit 

bacterial protein synthesis (Garcia-Olmedo, 1983). Our results suggest that 

thionins may be able to contribute to defences against phloem-feeding aphids, 

but the underlying mechanism remains to be elucidated. An important next step 

is to confirm whether these thionins contribute to defences against aphids in 

barley and whether such defences are active against different aphid species 

that differ in their ability to infest this crop plant.  
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2.7. Supplementary figures: 

  

Figure S2.1. Assessment of variation between 3 h and 24 h control samples in microarray 

analyses.  

A) Venn diagram showing the overlap between the gene set identified as differentially expressed 

between the 3 h and 24 h control barley samples (331 genes, shown in the green circle on the 

left) and the gene set identified as differentially expressed genes across barley-aphid 
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interactions (974 genes, shown in the red circle on the right). The statistical analyses used were 

paired t-test between samples (p ≤0.05). B) Cluster analysis of the 854 differentially expressed 

across different aphid interactions after excluding the 120 genes differentially expressed 

between the 3 h and 24 h control samples that overlapped with the set of 974 differentially 

expressed genes across aphid interactions. Blue colour indicates low expression level and red 

colour indicates high expression level. No-aphid control (C), R. padi (Rp), M. persicae (Mp), and 

M. cerasi (Mc) treatments are indicated. 

 

 

 

 

Figure S2.2. Aphid probing on different cultivars Optic and Morex.  

Images showing aphid stylet short probes and pathways in barley cv. Optic and Morex. Pictures 

were taken two days after aphid challenge and visualized by staining with acid fuchsine. Images 

were taken with a light microscope. The stylets short probes and pathways are indicated arrows. 

Scale bars are 20 µm. 
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Figure S2.3. Additional pictures displaying callose deposition two days after probing for 

the aphid species R. padi, M. persicae and M. cerasi.  

The callose was visualized with aniline blue and confocal microscope (wavelength 516nm). Six 

leaf samples were used per aphid species per replicate and the experiment was done in three 

independent biological replicates. White arrows point stylet probing paths. Scale bars are 20 

µm. 
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Figure S2.4. Hierarchical gene tree cluster analysis profile of Jasmonate (JA)-related 

barley genes (2-fold change, p-value 0.05).  

Hierarchical gene tree cluster analysis profile of jasmonate (JA)-related barley genes during the 

host interaction with R. padi. B) Hierarchical gene tree cluster analysis profile of jasmonate (JA)-

related barley genes during the poor-host interaction with M. persicae. 
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Figure S2.5. MapMan analyses of genes differentially regulated during interactions with 

R. padi and M. persicae at the 24 h timepoint.   

A) Number of genes mapped for the R. padi-barley in different functional categories (BINs). 

Significant BINs: RNA (blue), Signalling (red) and Miscelaneuos (Misc.). enzyme families 

(green) are indicated. B) Number of genes mapped for the M. persicae-barley interaction in 

different functional categories. Significant BINs: Proteins (lilac), Misc. enzyme families (green), 

RNA (blue), Stress (orange) and Secondary metabolism (grey) are indicated. Main BINs are 

indicated in bold. Genes were mapped using the WSR-test (Benjamin and Hochberg correction, 

p ≤0.05).  
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Figure S2.6. Expression of 2 selected barley thionin genes 24 h and 72 h after aphid 

infestation.  

The graph shows relative fold changes in expression 24 h and 72 h after aphid infestation with 

Rhopalosiphum padi and Myzus persicae compared to the control (uninfected barley).  Thionin 

1 (AK252675.1) and thionin 2 (AK359149) expression was assessed by qRT-PCR in three 

independent biological replicates. Error bars represent the standard error.  
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Figure S2.7. Crustal-Wallis (C-W) alignment of thionins and thionin-like peptides found 

across the barley genome.  

C-W multiple alignment of thionins and thionin-like sequences (cds) found throughout the barley 

genome. Dark lilac and lilac shades indicate identical and highly similarity nucleotides, 

respectively. 
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Figure S2.8. Crustal-Wallis alignment of thionins and their amplicons after qRT-PCR.  

C-W multiple alignment of thionins sequences (HC genes database) (cds) identified by 

microarray and the amplicons resulting from virtual probes and primers proposed by Probe 

finder software (lifescience.roche.com) for the validated thionins (AK252675.1, AK359149 and 

AK357884). Dark lilac and lilac shades indicate identical and highly similarity nucleotides, 

respectively. 
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Figure S2.9: Expression of defence marker genes upon transient overexpression of two 

different thionins in Nicotiana benthamiana.   

Bar graph shows the relative expression of defence markers genes upon transient 

overexpression of thionin 1 (AK252675.1), thionin 2 (AK359149) and the empty vector (EV) in 

N. benthamiana plants. The marker genes used were a salicylic acid (SA) marker (Nb_PR1), 

the jasmonate (JA) markers (Nb_PR4 and Nb_TP1) and a defence marker of M. persicae 

infestation phytoalexin deficient (PAD4) (Nb_PAD4). The expression was measured 4 days after 

infiltration by qRT-PCR. Three independent replicates were used in this experiment. Asterisks 

indicate significant differences between treatments (Paired T-test, P < 0.05). Error bars 

represent standard errors. 

 

 

 

 

 

 

 

 

 

 



121 
 

2.8. Supplementary tables 

Supplementary tables can be found in the CD-ROM attached to this thesis, or 

accessed online via: https://onlinelibrary.wiley.com/doi/full/10.1111/pce.12979 

Table S2.1. Genes differentially expressed 3 h and 24 h after aphid challenge. Genes were 

selected based on pair-wise comparisons of each aphid treatment versus the no-aphid control 

(paired t-test, p ≤0.05). Indicated are the probe array code, normalized expression value (Log2 

fold-change), brief description, top hit and descriptions in rice, HarvEST35, Arabidopsis, AHRD 

Blast-Hit-Accession, AHRD Interpro-ID, AHRD-Quality-Code and HC_genes, chromosome 

(POPSEQ) and position on the chromosome (POPSEQ cM). Rp indicates R. padi, Mp indicates 

M. persicae and Mc indicates M. cerasi.  

Table S2.2. Hierarchical cluster lists for the genes differentially expressed 3 h and 24 h 

after aphid challenge. Clustering of the 974 differentially expressed genes identified two main 

clusters (A and B), with 4 sub-clusters of interest within cluster A and 2 within cluster B (p ≤0.05). 

Indicated are the probe array code, normalized expression value (Log2 fold change), brief 

description, top hit and descriptions in rice, HarvEST35, Arabidopsis, AHRD Blast-Hit-

Accession, AHRD Interpro-ID, AHRD-Quality-Code and HC_genes, chromosome (POPSEQ) 

and position on the chromosome (POPSEQ cM).  

Table S2.3. GO enrichment analysis of the barley genes in different clusters and sub-

clusters lists based on homology to Arabidopsis. Gene ontology of genes within the different 

clusters and sub-clusters as listed in Supplementary Table 2 calculated with Fisher Exact Test 

(p ≤0.05). Gene Ontology codes for Biological process, Molecular function, Compartments, the 

Munich Information Centre for Protein Sequences (MIPS) or Plant Metabolic Network (AraCyc 

pathways, v11.5) information are included in the first column. The second column indicates 

terms related to the GO code. Columns 3 to 5 correspond to the frequency of the term observed 

in our dataset, the frequency of the term observed in the whole genome, and the p-value.  The 

list of genes associated with each GO term is given in the last column. 

Table S2.4. Genes specifically up-regulated for each barley-aphid interaction. Genes 

specifically up-regulated per aphid treatment and timepoint (paired t-test, p ≤0.05). Indicated are 

the probe array code, normalized expression value (Log2 fold-change), brief description, top hit 

and descriptions in rice, HarvEST35, Arabidopsis, AHRD Blast-Hit-Accession, AHRD Interpro-

ID, AHRD-Quality-Code and HC_genes, chromosome (POPSEQ) and position on the 

chromosome (POPSEQ cM). Rp indicates R. padi, Mp indicates M. persicae and Mc indicates 

M. cerasi.  

Table S2.5. Genes specifically down-regulated for each barley-aphid interaction. Genes 

specifically down-regulated per aphid treatment and timepoint (paired t-test, p ≤0.05). Indicated 

are the probe array code, normalized expression value (Log2 fold-change), brief description, 

top hit and descriptions in rice, HarvEST35, Arabidopsis, AHRD Blast-Hit-Accession, AHRD 
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Interpro-ID, AHRD-Quality-Code and HC_genes, chromosome (POPSEQ) and position on the 

chromosome (POPSEQ cM). Rp stands for R. padi, Mp indicates M. persicae and Mc indicates 

M. cerasi.  

Table S2.6. GO enrichment analysis of gene sets de-regulated during each barley-aphid 

interaction. Gene ontology of the genes differentially regulated during specific barley-aphid 

interactions listed in Tables S5. GO was calculated using Fisher Exact Test (p ≤0.05). Gene 

Ontology codes for Biological process, Molecular function, Compartments, the Munich 

Information Centre for Protein Sequences (MIPS) or Plant Metabolic Network (AraCyc 

pathways, v11.5) information are included in the first column. The second column indicates a 

term related to the GO code. Columns 3 to 5 correspond to the frequency of the term observed 

in our data set, the frequency of the term observed in the whole genome and the p-value.  The 

list of genes associated with each GO term is given in the last column. Rp indicates R. padi, Mp 

indicates M. persicae and Mc indicates M. cerasi.  

Table S2.7. Genes similarly affected across different barley-aphid interactions. List of 

genes similarly affected across two barley-aphid interactions as determined by paired t-tests (p 

≤0.05). Indicated are the probe array code, normalized expression value (Log2 fold change), 

brief description, top hit and descriptions in rice, HarvEST35, Arabidopsis, AHRD Blast-Hit-

Accession, AHRD Interpro-ID, AHRD-Quality-Code and HC_genes, chromosome (POPSEQ) 

and position on the chromosome (POPSEQ cM). Rp indicates R. padi, Mp indicates M. persicae 

and Mc indicates M. cerasi.  

Table S2.8. GO enrichment analysis for genes similarly affected across different plant-

aphid interactions. Gene ontology analysis of genes listed in Supplementary Table 7. 

Significance of GO annotation was calculated using Fisher Exact Test (p ≤0.05). Gene Ontology 

codes for Biological process, Molecular function, Compartments, the Munich Information Centre 

for Protein Sequences (MIPS) or Plant Metabolic Network (AraCyc pathways, v11.5) information 

are included in the first column. The second column indicates a term related to the GO code. 

Columns 3-5 correspond to the frequency of the term observed in our dataset, the frequency of 

the term observed in the whole genome, and the p-value.  The list of genes associated with 

each GO term is given in the last column. Rp stands for R. padi, Mp indicates M. persicae and 

Mc indicates M. cerasi.  

Table S2.9. List of genes mapped using MapMan into different BINs. List of genes 

specifically regulated after aphid challenge mapped in the different BINs and sub-BINs using 

MapMan. The table shows the name of the BIN, number of elements in each BIN, and p-value 

of the mapping per treatment and timepoint. Genes significantly mapped using the WSR-test (p 

≤0.05) are highlighted in light grey. Rp indicates R. padi and Mp indicates M. persicae.  

Table S2.10. Taq-Man probes, primers, and primer efficiency. Indicated are the HC_genes, 

gene name, Taq-Man probe number, primers, primer efficiency, and gene status in the 

microarray.  Rp indicates R. padi and Mp indicates M. persicae.  
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Table S2.11. List of 331 differentially expressed transcripts between the 3 h and 24 h 

control samples. 
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3. Functional characterization of genes potentially contributing 

to defences against aphids: LEA14 and thionin family in 

barley 

3.1. Abstract 

Based on the specific barley transcriptional response to Myzus persicae (poor-

host interaction), we selected several members of the thionins family and the 

LEA14 (late embryogenesis abundant 14) genes for aphid performance 

characterization in barley. Gene functional characterization requires the 

generation of mutant plants. In this chapter, we made use of the CRISPR-Cas9 

technology with a single gRNA for each of the targets, one for thionins and a 

different one for LEA14. Whilst we obtained homozygous lea14 mutant plants, 

we could not complete the mutant selection for thionin plants due to their highly 

redundant nature. We selected different mutants of LEA14 plants, which are 

putatively knock-outs, for aphid performance assays with Rhopalosiphum padi 

and Myzus persicae, resulting in limited differences, at least in terms of nymph 

production. Further aphid characterization of these lines will be required to find 

in which manner LEA14 impact aphids. 
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3.2. Introduction 

Aphids are important pests of cereals and cause significant yield losses to crops 

like barley, wheat and rice. Therefore, it is important to understand the plant 

genes that contribute to plant immunity to aphids. Moreover cereals, including 

barley, can represent important sources of resistance to certain aphid species 

such as described in Chapter 2 where I showed that barley is not a suitable host 

plant for the broad host range pest M. persicae and identified barley genes 

contributing to defences against this aphid. Specifically, ectopic expression of 2 

barley thionins, which were highly expressed during Myzus persicae interaction, 

in Nicotiana benthamiana reduced the performance of this aphid species 

(Escudero-Martinez et al., 2017). Therefore, unravelling the function of aphid 

responsive genes may help us facilitate the development of novel control 

strategies for these important pests. However, the characterization of cereal 

genes is challenging and only a few genes have been studied in relation to plant-

aphid interactions to date. For instance, secondary metabolites, such as 

benzoxazinoids (BXs) and terpenes, were implicated in plant defence 

responses against aphids (Unsicker et al., 2009; Ahmad et al., 2011). Tzin et al. 

(2015) identified genes involved in BXs and terpenes biosynthesis were strongly 

up-regulated upon Rhopalosiphum maidis feeding on maize using a 

transcriptomics and metabolomics approaches. To investigate how these 

secondary metabolites influence aphid performance, the authors screened a 

collection of Ds (Dissociation) transposon insertions maize mutants affected in 

different metabolic pathways. Different mutant plants corresponding to different 

genes of the BXs (Bx1, Bx2 and Bx6) and to components of the terpenoids 

(TPS2 and TPS3) biosynthesis pathways, were more susceptible to R. maidis 

and this susceptibility was also associated with a reduction in callose 
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accumulation, implicating these secondary metabolites in aphid-maize 

interactions. 

Using a transcriptomic approach, I previously identified barley genes responding 

to interactions with aphids, including to the poor-host interaction with M. 

persicae (Chapter 2; Escudero-Martinez et al., 2017). Among them, there were 

several members of the thionin family, which constitutes at least 32 members in 

barley, and a gene encoding LEA14 (Late Embryogenesis Abundant 14), a 

protein involved in desiccation, osmotic stress response and redox balance 

(Ingram and Bartels, 1996; Tunnacliffe et al., 2010).  In order to characterize the 

function of these genes in barley with regards to their role in plant-aphid 

interactions, we aimed to generate mutant barley plants to knock-out/down 

genes of interest, and for that we chose to use CRISPR-Cas9 technology.  

We selected the CRISPR-Cas9 system (Jinek et al., 2012; Feng et al., 2013; 

Shan et al., 2013) because it allowed to generate mutations in specific target 

sequences within genes of interest, as reviewed in Belhaj et al. (2015). The 

approach involves a guide RNA (gRNA or spacer) that contains about 20 

nucleotides complementary to the target DNA (protospacer) in combination with 

a CRISPR-associated endonuclease, like Cas9. The guide RNA contains both 

a scaffold sequence for Cas-endonuclease binding and the spacer to guide the 

endonuclease to the DNA sequence of interest, where it can introduce a double-

stranded break (Figure 3.1A). The break commonly occurs at 3 or 4 nucleotides 

upstream of the PAM (Protospacer Adjacent Motif), a short sequence (NGG or 

NAG), which is recognized by the Cas-endonuclease to initiate its enzymatic 

activity (Figure 3.1A). The break caused by the Cas-endonuclease will be fixed 

by the DNA repair machinery which can introduce changes in the sequence of 
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the target DNA (Figure 3.1B). There are two different pathways of DNA repair, 

HR (homologous recombination) and NHEJ (non-homologous end joining). The 

latter repair mechanism is error-prone and can introduce mutations which 

significantly alter the DNA sequence leading in many cases to a frameshift 

(Figure 3.1B, C). The main characteristic mutations introduced by Cas9-NHEJ 

repair are 1 or 2 nucleotide mutations known as small INDELs (insertion-

deletion) (Jiang et al., 2013b; Zhu et al., 2017). Nevertheless, the main 

drawback of CRISPR-Cas9 technology is the high probability off-target events 

(Pacher and Puchta, 2016). 

 

Figure 3.1. Illustration representing different steps in the CRISPR-Cas9 technology for 

generating mutations into a specific gene sequence (Modified from Khatodia et al., 2016). 

A) The Cas9 endonuclease binds to a scaffold sequence within the guide RNA (sgRNA). The 

gRNA also contains a ± 20 nucleotides (gRNA) spacer sequence for targeting the gene of 

interest. B) The target sites must lay immediately upstream of the 5′-NGG-3′ PAM (Protospacer 

Adjacent Motif). C) The Cas9 nuclease induces double-stranded breaks (DSB) at the target site 

which are repaired by Non- Homologous End Joining. The repair can lead to gene disruption by 

INDELs. 
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In plants, CRISPR-Cas9 has been proven to work, and it is extensively used in 

model plants such as Arabidopsis and N. benthamiana (Jiang et al., 2013b; Li 

et al., 2013; Nekrasov et al., 2013; Upadhyay et al., 2013; Belhaj et al., 2013; 

Bortesi and Fischer, 2015), but also in monocot crops such as rice, wheat and 

maize (Feng et al., 2013; Jiang et al., 2013b; Shan et al., 2013; Upadhyay et 

al., 2013; Wang et al., 2014). The diploid monocot barley has been likewise 

successfully mutated by CRISPR-Cas9 (Lawrenson et al., 2015; Kapusi et al., 

2017; Holme et al., 2017) facilitated by available methods for plant 

transformation (Agrobacterium-based or using particle bombardment) and the 

availability of barley genome sequences (Bartlett et al., 2009; Mayers et al., 

2012; Mascher et al., 2017). However, there is not a uniform method for gene 

editing in barley, and the reported efficiencies of gene editing are variable 

(Lawrenson et al., 2015; Kapusi et al., 2017; Holme et al., 2017). Lawrenson et 

al. (2015) described for the first time how Cas9 induced INDELs mutations in a 

multigene family in barley with a single gRNA, demonstrating that multiple 

members of a single gene family can be targeted. The approach, however, 

resulted in a very low rate of mutant plants, with efficiencies ranging from 10 to 

23%. They also demonstrated the independent heritability of the transgene 

(Cas9) and the mutations, therefore confirming that it was possible to obtain 

Cas9-free mutant plants. The authors also reported a high frequency of off-

target mutations, even in transgene-free plants. More recently, Kapusi et al. 

(2017) demonstrated that a higher mutation efficiency was possible (up to 78%) 

in barley transformed either with Agrobacterium or by particle bombardment, but 

in this case, multiple gRNAs were used for a single target gene of interest. Most 

of this research focused on establishing the CRISPR-Cas9 technology in barley 

without functional data which would demonstrate the loss of gene function. An 
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exception is Holme et al. (2017), who performed functional analyses of a barley 

phytase gene by editing its regulatory element-containing promoter region. This 

work linked a mutation in the promoter region of the phytase gene to reduced 

enzyme activity and a delay in germination. Since the CRISPR-Cas9 has been 

shown to work effectively in barley and it is an efficient way to generate barley 

(transgene-free) mutants, this technology was used to unravel the function of 

our genes of interest. 

We selected four members of the thionin family and the LEA14 gene based on 

our previous transcriptome analyses for mutagenesis in barley. We designed a 

CRISPR-Cas9 approach based on a single gRNA for each target gene. We 

were unable to identify any mutant lines of interest for the selected thionin 

genes, possibly due to high redundancy within the gene family. In contrast, we 

found that the transformation efficiency for lea14 was 76%. After selection of 

different types of lea14 homozygous mutants, we found that Rhopalosiphum 

padi and Myzus persicae nymph production was similar in different mutants 

compared to the wild-type in a simple aphid performance assays that measure 

fecundity over an 11-day time period for R. padi and a 14-day time period for M. 

persicae. Further plant assays will be undertaken to determine whether LEA14 

impacts plant-aphid interactions.  
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3.3. Materials & methods 

3.3.1. gRNA design and cloning 

Target gene sequences were extracted from the Barley assembly and RNA-seq 

Database from the James Hames Institute 

(https://ics.hutton.ac.uk/morexGenes/) based on the accession numbers in the 

microarray (Chapter 2), which are detailed in the result section. Using the Broad 

Institute sgRNA design tool (https://portals.broadinstitute.org 

/gpp/public/analysis-tools/sgrna-design) a single gRNA for the LEA14 sequence 

and complementary to the four thionin sequences were selected to target 

upstream of the 5′-NGG-3′ PAM sequence, which is required for target 

recognition by the Streptococcus pyogenes Cas9 enzyme. The gRNA score was 

calculated using the Broad Institute tool, according to the method described in 

Doench et al. (2016). The selected gRNA was incorporated into the following 

oligonucleotides CRISPR_F: ACGCGACCAACTTATAAACCCG 

CGCGCTGTCGCTTGTGTTGNNNNNNNNNNNNNNNNNNN and CRISPR_R: 

GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACNNNNNNNNNNN

NNNNNNNNC. These two oligonucleotides were annealed to form double 

stranded DNA and cloned into the pC95 vector using the Gibson assembly kit. 

Plasmid inserts were verified by sequencing with T7 primers. Next, the gRNA 

cassette was cut from the pC5-gRNA vector using EcoRV restriction enzyme 

and ligated into the pBract214m:HvCas9 vector, which was previously linearized 

(StuI and dephosphorylation) (Figure 2A). The recombinant vectors were further 

verified with diagnostic restriction enzyme digest using the enzyme BsrGI. This 

vector was designed in-house by Dr Abdellah Barakate (The James Hutton 

Institute). The resulting pBract214m:HvCas9 constructs with the different gRNA 

cassettes were transformed into Agrobacterium (AGL1/pSoup) and submitted 
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to the FUNGEN facility (James Hutton Institute) for barley transformation. Barley 

embryos were transformed using the provided Agrobacterium strains, and after 

transformation, plants were regenerated from callus tissue.  

3.3.2. Identification of mutations 

As a whole, the cloning, transformation, and plant regeneration process up to 

the T0 generation took around 8-9 months. Once the T0 plants were fully 

regenerated, they were transferred to the greenhouse and readily genotyped by 

screening for INDELs (insertion/deletion mutations) (Figure 2C). For this, DNA 

was extracted from each plant and a PCR was performed to amplify the DNA 

region targeted by the gRNA sequence. INDEL mutations were assessed using 

Amplicon Analysis, which is based on tri-primer amplicon labelling with FAM-6 

and DNA capillary electrophoresis with an ABI 3730 sequencer at the 

genotyping/sequencing facility (James Hutton Institute) (Figure S3). 

Sequencing results were later analysed with Peak Scanner 2 software (Applied 

Biosystems) (Figure 2B). Mutant plants were then taken to the T1 generation 

(20 plants per line), and checked for the presence of Cas9 using Cas9-specific 

primers by direct PCR on young barley seedlings (Figure S3).  Cas9 harbouring 

lines were discarded and Cas9-free plants DNA was used to again perform 

genotyping by Amplicon Analysis. Cas9-free mutant lines were taken to the T2 

generation (10 plants per line) and genotyped by sequencing the target gene 

sequence to obtain homozygous mutant lines, which were bulked for seed 

production. The sequence analysis was performed with the software CRISPR-

ID (Dehairs et al., 2016) (Figure 2D). 

 

 



132 
 

3.3.3. Aphid performance assays on barley lea14 mutants 

Seven-day-old mutant lines along with wild-type plants (cv. Golden Promise) 

were infested with two-day-old synchronized nymphs of the species R. padi or 

M. persicae. In total, we used n=3-8 plants per aphid treatment and individual 

transgenic line, with four independent replicates. The number of nymphs 

produced per adult was assessed at 11 days after infestation for R. padi, and 

after 14 days for M. persicae. Data were analysed using Shapiro-Wilk test for 

Normality and a One-way ANOVA post-host Fisher's protected Least Significant 

Differences (LSD). 

3.4. Results 

3.4.1. Generating barley mutants for LEA14 and thionins using 

CRISPR-Cas9  

The generation of the barley mutants was done according to a protocol 

developed by Dr Abdellah Barakate (James Hutton Institute). Briefly, we 

selected a single gRNA for targeting LEA14 (MLOC_5174.1/AK251018.1) and 

a single gRNA to target four members of the thionin family, AK368091, 

MLOC_40202/AK252983.1, MLOC_34881.1/AK359149 (thionin2 in Chapter 2) 

and MLOC_28125.2/ AK249533.1. The gRNAs were selected based on 

specificity to the target genes of interest compared to the remainder of the barley 

genome to avoid off-target effects, and the presence of a PAM sequence (NGG 

in this case), which is targeted by the Cas9-endonuclease we used here (Figure 

3.1A). We also selected our gRNA spacer based on highest scoring spacers 

with a 5’ “G”, since the U6 RNA polymerase III promoter, used here to express 

the gRNA prefers a 'G' at the transcription start site, and those with a 3’ “GG” 

which is linked to higher efficiency in the model organism C. elegans (Ma et al., 
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2014; Farboud and Meyer, 2015). The LEA14 gRNA we selected was the 

antisense LEA14_gRNA: 5’-GCACCTTCACGGGTATGTGG-3’ (gRNA score: 

0.7102). This gRNA was targeted towards the 3’- end of the LEA14 gene (Figure 

3.2A). The gRNA designed to target the 4 thionin genes was antisense 

Thionin_gRNA: 5’-GGAACCACCGGCGAAACGGC-3’ (gRNA score: 0.396) and 

was directed towards the middle part of the coding sequences (Figure 3.2B). 

Once the gRNAs were synthesized, they were cloned into the pC95 vector and 

eventually transferred into the final pBract214m:HvCas9 as explained in the 

methods section (Figure 3.3A). Barley embryo transformation via 

Agrobacterium and callus regeneration was performed by the FUNGEN facility 

(James Hutton Institute). These transformations resulted in 18 independent calli 

for the putative thionin mutants corresponding to a total of 52 plants. For the 

putative lea14 mutants we obtained 13 independent calli corresponding to a 

total of 57 plants in the T0 generation.   
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Figure 3.2. Sequence alignments of the gRNA and its target genes. Alignments were 

generated in Jalview 2.10.4, using MUSCLE with default parameters. The level of sequence 

conservation is indicated by dark (high conservation) to light purple colour (low conservation). 

Underlined in red is the PAM sequence. 

A) Nucleotide sequence alignment of LEA14 and its gRNA. B) Nucleotide sequence alignment 

of the 4 selected thionin genes and the designed gRNA 
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Figure 3.3. CRISPR-Cas9 to generate barley mutants.  

A) The pBRACT214m-HvCas9 vector used for transforming barley featuring the barley codon-

optimized Cas9 (HvCas9) and the hygromycin marker (Hygromycin R), under the transcriptional 

control of the ubiquitin promoter from maize (Zm Ubiq) and the terminator of Arabidopsis heat 

shock protein 18.2 gene; and gRNA (gRNA) (red arrow) under the transcriptional control of the 

rice U6 (OsU6) gene promoter and its terminator. B) Example of INDELs detected by amplicon 

analyses and capillary DNA electrophoresis analysed with Peak Scanner software. The left 

panel shows the amplicon of a wild-type plant displaying a single band. The right panel shows 

2 amplicons, one corresponding to the wild-type allele and one corresponding to the mutated 

allele. C) Pipeline followed to generate barley mutant as explained in the methods section “3.3.2 
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Screening for barley INDEL mutants”. D) Example of Sanger sequencing analysis results with 

the software CRISPR-ID. Upper panel corresponds to the wild-type sequence where the two 

alleles have the same sequence. The lower panel shows the allele of a mutant plant with one 

wild-type allele and one mutated allele, indicated by the mixed peak in the chromatogram.  

3.4.2. Identification of INDEL mutations 

Transformed plants were genotyped to screen for insertion-deletion mutations 

(INDELs). For this, a DNA collection from every T0 barley plant (lea14 and 

thionin) was prepared with the help of Pablo Santos de los Rios and Laura 

Torres Ortega, who worked as undergraduate internship students with me on 

this project (Figure 3.3C). We performed PCRs on each barley line with primers 

flanking the region of interest or gRNA (Table S3.1). INDEL mutations were 

assessed by amplicon analysis, as detailed in the method section. The results 

were analysed in Peak Scanner software, and an example of our results is 

shown in Figure 3.3B. This methodology allows the identification of a mutation 

in one of the two alleles (indicated by two peaks, one of which is at the same 

position as the wild-type allele (WT)), and mutations in both alleles, or biallelic 

mutations (indicated by 1 or 2 peaks at a different position from the original wild-

type peak). A limitation of the amplicon size screening method is that one cannot 

identify nucleotide substitutions that can result in important protein mutations or 

in premature stop codons. For the thionin lines, we found that in some cases 

the wild-type barley amplicon produced more than one band when using a single 

primer pair targeting four of our thionins, meaning that we amplified more than 

one member of the thionin family (Figure 3.2B). Therefore, we designed new 

gene-specific primers for each of the 4 thionin genes we aimed to target (Table 

S3.1), with the forward primer annealing to a region in the 5' UTR (untranslated 

region) and the reverse primer annealing to a polymorphic region within the 

thionin coding sequence. We performed PCR confirming the thionin sequences 
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and primer specificity in the wild-type barley. However, amplicon analysis and 

sequencing did not reveal any INDELs in our transformed barley plants. Due to 

the difficulties encountered when genotyping barley lines for mutations in 4 

select thionin genes we were unable to identify any mutations of interest and 

therefore we did not continue with the selection of these lines. 

In the case of LEA14, we successfully identified different mutations using 

amplicon analyses and genotyping by sequencing. In the T0 generation, the 

genome editing efficiency, indicated here by the percentage of positive 

mutations per 100 independent calli, was 76% for the lea14 lines (based on 13 

independent calli, of which 10 contained INDELs). Importantly, we observed that 

plants derived from the same calli, which are clones from the same transformed 

cells, not necessarily harbour the same type of mutations. For instance, from 

callus number 3, we obtained two lines A and B, with line A carrying a deletion 

in one of the two alleles and line B containing a biallelic mutation. Thus, Cas9 

can introduce mutations in late stages of callus differentiation forming chimeras, 

which leads to different mutations in plants originating from the same callus. 

Such chimeras were present in 7 out of 13 independent calli (54%). Genome 

editing efficiency calculated for individual plant lines was reduced compared to 

the efficiency calculated for independent calli. For example, from a total of 51 

independently regenerated barley plants in the T0 generation, 26 plants 

contained INDELs (51% efficiency), of which 8 carried a deletion (31% of the 

INDELs plants), and 1 line was found to harbour an insertion (4%) (Figure 3.4A). 

Interestingly, we found high frequencies of biallelic mutations in this T0 

generation, with 17 lines (65%) harbouring such mutations according to the 

amplicon analysis. The mutated lines in the two alleles were heterozygous in 

these mutations, a deletion in each of the two alleles was found in 12 plants 
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(49% of the biallelic mutants), and an insertion in one of the alleles in 

combination with a deletion in the other was found in 5 plants (16% of the 

biallelic mutants) (Figure 3.4A). Biallelic mutants (13 out of 17 lines) were further 

grown producing the T1 set of lea14 lines.  

 

Figure 3.4. Mutations in barley LEA14 generated by CRISPR-Cas9 technology and their 

frequencies. 

A) Types of mutations (y-axis) and their frequencies (x-axis) in 27 lea14 lines in the T0 

generation. Amplicon sequencing revealed deletions (42%), insertions (4%) and biallelic (54%) 

mutations, of which 38% consisted two deletions and 16% consisted of insertions in combination 

with deletions. B) Types of mutations (y-axis) and their frequencies (x-axis) in 13 lea14 lines 

selected in the T1 generation. Amplicon sequencing revealed deletion of two base pairs CA 

(80%), deletion of a single base pair C (70%), insertion of a base pair A (10%), substitution 

C→A (10%), and substitution C→T (20%). The sum of these percentages exceeds 100% 

because the mutations are counted as independent in biallelic mutant lines, which can harbour 

two different types of mutations. 

To be able to segregate the T-DNA (containing Cas9 alongside the Hygromycin 

selection marker) out from the lines of interest, we screened 20 self-fertilizing 

T1 seeds of each of 13 biallelic mutant lines by direct PCR on plant tissue. It 

was important to select the nuclease Cas9-free lines, not only to obtain T-DNA 

free plant lines but also because Cas9 is known to cause altered phenotypes in 
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planta (Zhang et al., 2018). The T-DNA encompassing the genes encoding for 

the hygromycin selection marker and Cas9 segregates independently from the 

generated mutations. The PCR screen of over 260 plants showed that the 

majority, 199 plants, harboured the Cas9 gene, and that around 23% of the 

plants were Cas9-free (25% expected). The 61 Cas9-free lines were subjected 

once more to amplicon analysis for selection of INDELs lines (Table S3.1). From 

these 61 lines, a total of 12 plants (20%) across different lines were found to 

contain mutations in the LEA14 target sequence. Since the Cas9 is segregated 

with the antibiotic resistance, these lines were further tested for a complete 

susceptibly to hygromycin and it was verified once more that these T2 INDEL 

mutant lines were indeed Cas9-free plants by PCR. 

3.4.3. Genotyping by sequencing the region targeted by the gRNA 

To analyse the type of mutations in our selected plants it was necessary to 

sequence the gRNA region. Ten out of 12 T2 lines were successfully genotyped 

by amplicon sequencing of the gRNA flanking regions (Figure 3.3D). All the 

plants were heterozygous were biallelic mutants, which was expected since we 

selected biallelic mutants in the T0 generation. The most frequent mutations 

were deletions of CA (80% of the lines) and C (70% of the lines), substitution 

C→T (20% of the lines) and C→A (10% of the lines), and one plant line 

contained an insertion (10% of the lines) (Figure 3.4B; Figure S3.1). The 

mutations were small INDEL (1 or 2 nucleotides) and in all cases were located 

3-4 nucleotides upstream of the PAM sequence (Figure S3.1). T2 plants were 

genotyped by sequencing of select regions to allow selection of homozygous 

lines for the above-described mutations. Three different homozygous lines were 

selected for barley susceptibility assays with aphids. The line LEA_9C-13, 

contains an “A” insertion 2 nucleotides upstream of the PAM sequence, resulting 
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in a frameshift in the C-terminal part of the protein (Figure 3.5A, B). The second 

selected line, 3B-13 contains a “CA” deletion 3 nucleotides upstream of the PAM 

sequence, also leading to a frameshift in the C-terminal part of the protein 

(Figure 3.5A, B). The third selected line, 10D-9 contains an “A” deletion in the 

4th nucleotide upstream of the PAM sequence leading to a premature stop 

codon approximately in the middle of the LEA domain (Figure 3.5A, B). 

Nevertheless, none of these independent barley mutant lines showed any 

phenotypic differences in morphology compared to wild-type plants (Figure 

3.5C). 
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Figure 3.5. Mutation analyses in three homozygous barley lea14 mutants. 

A) Nucleotide sequence alignment of LEA14 region containing mutations visualized with the 

software CRISPR-ID. The upper sequence corresponds to the wild-type sequence. Lower 

sequences correspond to three homozygous lea14 barley INDEL mutants line 9C13 (A 

insertion), line 3B13 (CA deletion) and line 10D9 (C deletion). The guide RNA is indicated in the 
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alignment by a red line. B) Amino acid alignment of LEA14 mutants in the three different 

homozygous lines 9C13 (A insertion), line 3B13 (CA deletion) and line 10D9 (C deletion) with 

the wild-type sequence.  The alignment was generated using Jalview 2.10.4. The level of 

sequence conservation is indicated by dark (high conservation) to light purple colour (low 

conservation).  Highlighted in yellow is the late embryogenesis abundant domain (LEA) and 

highlighted in green the water stress and hypersensitive response domain (WHy) within the 

LEA14 protein as predicted by InterPro scan (Jones et al., 2014). C) Image showing the 

phenotypes of lea14 homozygous mutants 1 week old selected for the aphid performance 

assays compared with the wild-type cultivar Golden Promise. 

3.4.4. Aphid performance assays on barley lea14 mutant lines 

Three different mutant homozygous lea14 lines were selected for aphid 

performance assays with R. padi and M. persicae, using barley cv. Golden 

Promise as the control to assess how barley host and poor-host interactions 

with aphids were affected. Each plant was infested with two nymphs and 

reproduction was assessed after 11 days for R. padi and after 14 days for M. 

persicae. We did not find consistent significant differences in aphid performance 

as measured by nymph production per adult (these adults are the two nymphs 

the plants were infested with) on any of the lea14 mutant lines (Figure 3.6A, B). 

We did notice that the variation in the M. persicae performance assays on the 

lea14 mutant lines was much greater compared to the wild-type lines, but the 

nature of this variation is not clear (Figure 3.6B). We are currently planning more 

detailed analyses to test whether aphid performance is affected on the lea14 

lines, by measuring population growth, aphid development over a longer time 

period.  
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Figure 3.6. Myzus persicae and Rhopalosiphum padi performance on barley lea14 mutant 

plants. Plants were challenged with aphids alongside wildtype plants (GP). Nymph production 

was monitored for 14 days for M. persicae and 11 days for R. padi. 

A) Nymph production per adult of M. persicae on barley lea14 mutant line 9C13 (A insertion), 

line 3B13 (CA deletion) and 10D9 (C deletion). B) Nymph production per adult of R. padi on 

barley lea14 mutant line 9C13 (A insertion), line 3B13 (CA deletion) and 10D9 (C deletion). 

Box plots show the average number of nymphs per adult 14 days after infestation from at least 

three independent replicates (n=4-8). Error bars represent the standard error and different 

letters indicate significant differences as determined with one-way ANOVA post-hoc Fisher's 

protected least significant difference test (p>0.05). 
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3.5. Discussion 

Here, we performed gene editing of select genes in barley to determine their 

role in barley susceptibility to aphids. Although we were unable to identify 

mutants for select thionin genes, we successfully generated different lea14 

mutant lines using CRISPR/Cas9 technology. We further tested the lea14 lines 

for altered susceptibility to aphids, which did not show an effect of mutations on 

plant susceptibility to M. persicae and R. padi. 

3.5.1. Generation of the barley mutant lines by gene editing  

The high level of conservation within the thionin gene family probably hampered 

our efforts to generate mutant plants for four selected members. It is possible 

that a mutation in a gene involved in an essential plant function could result in 

a lethal phenotype and therefore only wild-type plants or plants carrying 

mutations that do not impact protein function will be selected for in the 

mutagenesis process. However, in our case, the transformation of independent 

calli was even better for the thionin lines (18 lines) compared to lea14 lines (13 

plants). Moreover, all these thionin lines harboured Cas9 as an indication that 

the transgene was effectively inserted (Figure S3.3). It is also possible that other 

members of the thionin family, different from the targeted ones, were affected. 

There is a high level of sequence similarity between the different members of 

the thionin family across the barley genome (Chapter 2, Figure S3.7) and that 

at least for 1 member of this family (AK251911.1) the gRNA showed a mismatch 

in just 1 single base pair located five nucleotides 5’ downstream from the PAM 

sequence (Figure S3.2). It has been reported that off-target endonuclease 

cleavage can occur in homologous sequences with mismatches at any position 

of the spacer sequence (Fu et al., 2013). Although, other studies have described 
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that endonuclease cleavage frequently occurs if the mismatch is present in the 

distal part of the spacer away from the PAM sequence (from the 11th nucleotide 

position to the 20th position) (Cong et al., 2013) (Figure S3.2). An alternative 

approach that could have been used at this stage to find such putative mutations 

within the thionin gene family would be to sequence all of its members. However, 

the small proportion of Cas9-free mutants plants resulting after selection 

(section “3.4.3. Genotyping by sequencing...”) made this option challenging. 

Moreover, it is possible that not all members of the thionin gene family have 

been properly annotated. A future approach for generating mutations within the 

selected thionins using CRISPR-Cas9 would benefit from using a combination 

sequencing all members of the thionin gene family in the cultivar Golden 

Promise, which is used for plant transformation and designing multiple gRNAs. 

In contrast, the lea14 mutant lines were successfully selected, and were 

generated with a genome editing efficiency of 76% for independent calli and a 

51% efficiency in the case of individual plants. These genome editing 

efficiencies in the first generation are much higher than those reported in 

Lawrenson et al. (2015) (10-23%) and Holmes et al. (2017) (44%) for 

independent calli, but similar to the efficiency reported in Kapuzi et al. (2017) for 

individual plants with percentages of transformation of up to 78%. However, the 

high transformation efficiency reported in Kapuzi et al. (2017) was achieved 

using 5 different gRNAs for a single target gene which also increases the 

efficiency (Wang, et al., 2016). Differences in genome editing efficiencies can 

also be affected by the target sequence selected and the gRNA used, as 

explained in the introduction of this chapter (Doench et al., 2016). Additional 

factors that affect efficiency include the type of vector used (Ma et al., 2015) and 

the efficiency of the plant transformation method.  
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In the T0 generation, we noted different mutations in barley lines that originated 

from the same callus or chimeras. These chimeras were observed in 54% of the 

calli and were present in cell lines mutated after the division of the first 

embryogenic cell resulting in different genotypes, consistent with the findings by 

Zhang et al. (2014). Despite the high Cas9 transgene insertion efficiency in the 

lea14 lines (76%) in the T0 generation, the removal of the transgene in the next 

generation (T1) resulted in a substantial reduction in the mutation efficiency. For 

example, if we calculate the percentage of mutants obtained from the original 

260 screened plants, only 23% of the plants were transgene-free and just 5% 

of the 260 plants screened were mutant. Thus, there is a clear disadvantage in 

having the Cas9 introgressed into the genome, and transgene-free methods 

could be more desirable (Zhang et al., 2016). 

3.5.2. Mutations in the lea14 mutant lines 

The main mutations identified by the screening of  lea14 mutant plants were 1 

or 2 nucleotide deletions, 1 nucleotide insertion or 1 nucleotide substitution, 

which is in line with common mutations previously described in Manova and 

Gruszka (2015). Nevertheless, in the selection process, only a subset of the 

plants (biallelic mutants) was fully genotyped, meaning that more diversity in 

types of mutations could have occurred. Here we focused on biallelic mutant 

plants in the T1 generation for further selection. Similar double mutations have 

been also reported for barley (Kapusi et al., 2017), but also for other cereals 

(Zhu et al., 2017). We also found that the mutations occurred 1 to 3 nucleotides 

upstream the PAM sequence, which is in line with what has been reported by 

Lawrenson et al. (2015), although the authors identified also mutations in more 

distal regions form the PAM sequence.  
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3.5.3. The barley lea14 mutant lines does not show altered 

susceptibility to aphids 

The generated lea14 barley mutants did not show any apparent morphological 

phenotype and no significant differences were found in the aphid performance 

assays (Figure 3.6A, 3.5C). There is no phenotypic information available on 

lea14 mutants in Arabidopsis or other plants. However, Knepper et al. (2011) 

used homology modelling to show that LEA14 and NDR1 (NON-RACE-

SPECIFIC DISEASE RESISTANCE 1) have structural similarity. Interestingly, 

ndr1-1 Arabidopsis mutants showed a PTI (PAMP-Triggered Immunity) 

defective phenotype and LEA14 upregulation upon bacterial PAMP (Pathogen 

Associated Molecular Patterns) perception compared to the wild-type plants 

(Knepper et al., 2011). However, no barley defence characterization has been 

conducted in our lea14 mutant lines. Also, upon overexpression of LEA14 in 

Arabidopsis and sweet potato, plants dealt better with desiccation and osmotic 

stress (Singh et al., 2005; Park et al., 2011). Furthermore, aphid performance 

assays with R. padi and M. persicae did not reveal any significant differences in 

aphid performance on any of the different lea14 mutant lines (Figure 3.6). Yet, 

we cannot assume that these mutant plants are not affected with regards to how 

they interact with and respond to aphids. We used a rather simple measure of 

aphid performance in our work here that may not give us a complete overview 

of how the aphid population was affected with regards to growth and biomass, 

and how individual aphid development was affected. In future work, we can also 

test whether these plants have altered susceptibility or immunity to a range of 

different aphid species, not only cereal pest but also aphids that normally do not 

infest barley (e.g. Myzus cerasi). Moreover, a characterization of defence 

activation in these mutants upon aphid infestation would be informative. 



148 
 

Alternatively, it is possible that the function of lea14 is redundant and that other 

gene/s mask the effects of the mutation. All the above suggestions are going to 

be considered in further experiments to unravel the role of LEA14 in plant-aphid 

interactions. 
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3.7. Supplementary Figures 
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Figure S3.1: Mutation analyses in the T1 heterozygous barley lea14 mutants. 

Nucleotide sequence alignment of LEA14 region containing mutations visualized with the 

software CRISPR-ID. The upper sequence corresponds to the wild-type sequence. Lower 

sequences correspond to the T1 heterozygous INDELs lines. A) Wild-type sequencing results 

(WT). B) Line lea14_3B-13. C) Line lea14_6E-3. D) Line lea14_8F-6. E) Line lea14_10D-9. F) 

Line lea14_9C13. G) Line lea14_10F-6. The guide RNA is indicated in the alignment by a red 

line. 

 

Figure S3.2. Sequence alignments of the gRNA used to generate thionin mutant lines and 

thionin CDS (coding sequence) from the barley assembly and RNA-seq database. 

Alignments were generated using Jalview 2.10.4, using T-coffee with default parameters. The 

level of sequence conservation is indicated by dark (high conservation) to light purple colour 

(low conservation). Highlighted in the red square is the PAM sequence. 
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Figure S3.3. Thionin lines harbouring Cas9.  

Example of direct PCR in thionin lines leaf tissue. Bands indicate positive in genome Cas9 

intergration. 

 

 

 

 

 

 

 

 

 

 

 



153 
 
Table S3.1: Primers used to generate constructs in this study and to select and sequence 

barley mutant lines generated by CRISPR-Cas9 technology 
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4. Characterization of aphid responses to interactions with 

host and non-/poor-host plant species 

The content of this chapter is published in Thorpe et al., (2018) and in Escudero-Martinez et al., 

(2018). 

4.1. Abstract 

In this chapter, we further characterize different plant-aphid interactions with a 

specific focus on the aphid-side, by using a combination of electrical penetration 

graph (EPG) experiments and transcriptomic approaches. Based on the EPG 

technique, we found that plant resistance to aphids in different nonhost and 

poor-host interactions was based at different plant tissues. Whilst in the 

Arabidopsis nonhost interaction with the cereal pest Ropalosiphum padi 

resistance seems to reside in the mesophyll cell layer, in the barley poor-host 

interaction with the green peach aphid, Myzus persicae, resistance is phloem-

based. Interestingly, the barley poor-host interaction with M. persicae triggered 

a phloem transcriptional response specific to this interaction. In addition, we 

revealed R. padi and M. persicae transcriptional responses upon exposure to 

different host and poor/non-host plant species and artificial diet. Aphids showed 

limited transcriptional plasticity upon exposure to such different environments. 

Moreover, predicted aphid effector genes, essential for parasitism, were highly 

expressed regardless of the type of interaction. 
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4.2. Introduction 

Aphids are important agronomical pests that cause significant losses to 

agriculture, due to feeding damage and virus transmissions (Blackman and 

Eastop, 2000). These insects touch down on the plant surface and insert their 

specialized mouthparts, called stylets, into the leaf tissue to obtain information 

regarding the suitability of the plant as a food source, as reviewed by Powell et 

al. (2006). The aphid stylets will continue navigating through the apoplast 

between epidermal and mesophyll cell layers to reach the, and briefly puncture 

cells along their path (Figure 4.1). Plant cues, such as pH, sugar content and 

concentration will inform the aphid about the location of the phloem sieve tubes, 

and eventually the phloem sap (Hewer et al., 2010). After probing the different 

plant tissues, aphids can reject the plants if plant defences are activated, and/or 

when the nutrient composition is not suitable as reviewed by Züst and Agrawal 

(2016). As described in chapter 2, we confirmed that probing behaviour occurs 

during aphid-host and poor-/non-host interactions, implying that a molecular 

plant-aphid dialogue occurs regardless of the plant species the aphid 

encounters (Jaouannet, 2015; Escudero-Martinez, 2017). However, an in-depth 

analysis of this probing behaviour on host versus poor-/non-host plants is 

missing.  

Aphids are affected by different plant clues prior to probing, such as leaf colour, 

volatiles and leaf surface components such as epicuticular waxes or trichomes. 

Nevertheless, plant cell sampling is an important part of plant acceptance or 

rejection (reviewed by Powell et al., 2006). The aphid probing (stylet insertion in 

the plant tissue) and feeding behaviour (phloem-sap ingestion) has been 
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studied in great detail during compatible interactions with host plants using a 

technique called electrical penetration graph (EPG) and different phases of the 

interaction have been described (Tjallingii 1985a, b; Tjallingii and Esch, 1993; 

Prado and Tjallingii, 1994). The EPG technique is based on an electrical circuit, 

which connects to the aphid via a gold wire, and to the plant via a copper 

electrode that is placed in the soil. The whole set-up is contained in a Faraday 

cage (Kennedy, McLean and Kinsey, 1978; Tjallingii, 1978; Tjallingii, 1985a, b). 

Once the aphid probes the plant, the circuit closes, sending an electrical signal 

that is translated into a waveform by the computer (Tjallingii and Esch, 1993). 

The biological relevance of the many different waveforms that are detected in 

the EPG system has been extensively analysed (Tjallingii 1985a, b; Tjallingii, 

1989; Prado & Tjallingii, 1994) (Figure 4.1). Waveforms associated with aphid 

probing are: waveform np, representing non-probing behaviour where the 

stylets are not in contact with the leaf surface; waveform C, which is correlated 

with the intercellular apoplastic stylet pathway located at the epidermis or the 

mesophyll cell layers; waveform pd, which is linked to the moment in which the 

aphid pierces a cell and a signal potential drop occurs; waveform F, which 

reflects stylet mechanical difficulties. Waveforms associated with vascular 

interaction that inform about the actual aphid feeding site are: waveform G, 

which represents aphids drinking from the xylem sap; waveform E1, which is 

linked to aphid salivation into phloem elements before ingestion; waveform E2, 

which corresponds to the phloem sap ingestion from a sieve element. EPG, 

therefore, is not only a suitable tool to study how aphids interact with host plants 

but also how they interact with poor- or non-host plants. 
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Figure 4.1. Aphid probing and vascular-related electrical penetration graph (EPG) 

parameters.  

A) EPG waveforms associated with aphid probing are: waveform np, representing the non-

probing behaviour; waveform C, corresponding to the intercellular apoplastic stylet pathway 

through the epidermis and the mesophyll cell layers; waveform pd, linked to cell-puncturing and 
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the corresponding potential drop signal. EPG waveforms associated with vascular interactions: 

waveform G, corresponding with aphids drinking from the xylem sap; waveform E1, linked to 

aphid salivation into phloem elements; waveform E2, reflecting the phloem sap ingestion from 

a sieve element. B) Example of aphid activity during the different EPG waveforms. Figure taken 

from Escudero-Martinez and Leybourne (2018). 

In the case of plant pathogenic parasites, genes involved in pathogenicity, 

including effectors, tend to be tightly regulated and highly expressed during 

different life stages associated with pathogenicity (O'Connell et al., 2012; Jupe 

et at., 2013; Giraldo and Valent, 2013; Cotton et al., 2014). In contrast, little is 

known regarding aphid transcriptional responses during plant infestation and 

whether or not gene expression changes are associated with host infestation. 

Recently, aphid gene expression (Lu et al., 2016; Mathers et al., 2017) revealed 

some degree of transcriptional plasticity in aphids associated with adaptation to 

secondary hosts in long-term experiments. For example, Lu et al. (2016) 

performed a pea aphid (Acyrthosiphon pisum) host adaptation experiment over 

a 5 h (short-term) and during 6 months (long-term) period by transferring aphids 

from the common host plant pea (Vicia faba) to three closely related plant 

species (Vivia villosa, Medicago truncatula and Medicago sativa) with different 

levels of resistance to pea aphid biotypes. After short-term adaptation (5 h), 90 

(V. villosa), 411 (M. truncatula) and 439 (M. sativa) differentially expressed 

genes (DEGs) were associated with the host shift. After long-term adaptation (6 

months), only 188 DEGs were associated with adaptation to V. villosa and 166 

with adaptation to M. truncatula. No aphids were able to adapt and survive to 

M. sativa. In addition, Mathers et al., (2017) performed a long-term adaptation 

(1 year) of M. persicae to two very different host plant species from different 

families, Brassica rapa and Nicotiana benthamiana. After this long-term 

adaptation, limited aphid plasticity was observed and just 171 DEGs were 

identified between aphids adapted to these two plant species. However, how 
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aphids respond not only to host but also non-/poor-host plant species remains 

to be elucidated.  

 In chapter 2, we described the characterization of barley transcriptional 

responses to three different aphids that differ in their host range and ability to 

infest barley. As part of that work, we characterized barley colonization by the 

cereal specialist Rhopalosiphum padi, by the broad host range aphid M. 

persicae, and by its close-relative M. cerasi, a specialist infesting one or two 

plant families. This barley colonization experiment defined three different types 

of interaction between barley and these aphid species: the host interaction (R. 

padi), the poor-host interaction (M. persicae) and the non-host interaction (M. 

cerasi). In the case of M. cerasi, aphids did not settle on barley and no 

colonization occurred. Similarly, previous work in the Bos lab on Arabidopsis-

aphid interactions showed that this plant species was defined a non-host to R. 

padi, host to M. persicae, and a poor-host to M. cerasi (Jaouannet et al., 2015). 

In this chapter, I selected the barley and Arabidopsis interactions with R. padi 

and M. persicae to characterize aphid probing and feeding during host and poor-

/non-host interactions by EPG and reveal aphid transcriptional responses during 

the different types of interactions using an RNAseq approach (Figure 4.2). I 

showed that plant resistance to R. padi and M. persicae during poor-/non-host 

interactions occurs in different cellular layers. Whilst R. padi on Arabidopsis is 

unable to reach the phloem, potentially due to epidermal/mesophyll-based 

resistance, M. persicae does reach the phloem in barley, but is unable to ingest 

phloem sap for long periods of time. Surprisingly, we found limited 

transcriptional plasticity upon exposing aphids to poor-/non-host versus host 
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plants or artificial diet for 3 h and 24 h, and effector genes, important for 

parasitism, were highly expressed regardless of the type of interaction.  

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Different plant-aphid interactions used in this study to assess aphid 

probing/feeding behaviour and transcriptional responses at 3 h and 24 h after aphid 

challenge.  

Barley is a host for R. padi and poor-host for M. persicae, based on data we 

describe in chapter 2. Arabidopsis is a non-host plant for R. padi and a host for 

M. persicae, based on data described by Jaouannet et al., (2015). The different 

aphid interactions with plants as well as with artificial diet were used to assess 

aphid probing and feeding by electrical penetration graph (EPG) analyses and 

to assess differences in aphid transcriptomes upon a change in plant host. 
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4.3.  Materials & methods 

4.3.1. Aphid sampling and rearing 

R. padi was raised on Hordeum vulgare L. cv. Optic and M. persicae (genotype 

O) was grown on Brassica napus (oilseed rape). These two aphid species were 

kindly provided by Dr B. Fenton. All aphid species used in the experiments were 

maintained in growth chambers under controlled conditions (18°C, 16 h of light). 

4.3.2.  Plant growth 

Barley plants (cv Optic) were pre-germinated in Petri dishes with wet filter paper 

for three days in the dark. Then, they were moved to a cabinet under controlled 

conditions and grown for 7 days until were used for aphid infestation. 

Arabidopsis plants were sown directly in soil; the seeds were stratified for 3 days 

at 4ºC and placed in the growth cabinet for 5 weeks before challenging plants 

with aphids. Artificial diets were prepared and placed between Parafilm sheets 

according to Thorpe et al., (2016). The cabinet conditions were 8 hours of light 

(125 µmol photons/m2/s), at 22 °C and 70% humidity. 

4.3.3.  Electrical penetration graph (EPG) analyses 

The probing and feeding behaviour of R. padi and M. persicae on different plant 

species was assessed using the electrical penetration graph (Tjallingii, 1995). 

We used a randomized block design for all EPG experiments performed here. 

The different aphid species were connected to an electrode by a golden thread, 

and subsequently, the aphids were placed on the Arabidopsis or barley leaf, 

depending on the treatment, and their feeding was recorded during 6 h. 

Simultaneously, the feeding of 3 aphids was recorded using three channels 

available in the EPG equipment (EPG-Systems; Dillenburg 12, 6703 CJ 
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Wageningen, the Netherlands). Each experiment was initiated between 10-12 h 

am and the different treatments and replicates were performed over an 

approximate 6-month period, with 18 host and 17 non-host replicates for R. padi 

and 23 host and 28 poor-host replicates for M. persicae. Data were acquired 

and waveforms analysed with the EPG Stylet + software package version 

V01.28 (Tjallingii EPG-Systems). Signals recorded were no penetration (np), 

stylet penetration in other tissues except the phloem or pathway phase (C, 

including A, B and C waveforms), watery salivation into sieve elements (E1), 

ingestion of phloem sap (E2) and xylem ingestion (waveform G) (Tjallingii, 

1995). Parameters used for comparisons in these experiments are described by 

Giordanengo et al. (2014) and include total time of probing, number of probes, 

duration of phloem sap ingestion, duration of xylem sap ingestion, and a total of 

112 parameters were measured. Statistical analyses were performed in R using 

the Wilcoxon rank test. 

4.3.4. Aphid transcriptome responses to different plant environments 

and artificial diet 

For transfer of R. padi and M. persicae aphids from stock plants to barley and 

Arabidopsis plants, 15 mixed-aged apterous aphids were enclosed in a single 

clip cage, with one clip cage per plant, and 6 plants per plant-aphid combination 

per time point (3 h and 24 h). The clip cage was placed in the middle of the 1st 

leaf for barley, and covering 1-2 fully expanded leaves for Arabidopsis. For the 

artificial diet treatment, 100 mixed-aged apterous aphids were used per time 

point in a single artificial diet container. All aphids were collected 3 h and 24 h 

after exposure to plants or diet and flash frozen in liquid nitrogen, and aphids 

from the 6 individual plants per plant-aphid combination per timepoint were 

pooled into one single tube. In total, 5 independent biological replicates were 
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performed during the whole experiment. Individual replicates were set up at the 

same time of day to avoid variability due to the aphid or plant circadian cycle. 

Host and non-host plant treatments were set up in sequential weeks at 

approximately 9:00 am, with the 3 h timepoint collected at 12:00 am the same 

day, and the 24 h timepoint at approximately 9:00 am the next day. Artificial diet 

treatments were not set-up in parallel to the plant treatments, but on consecutive 

days, between 11:00 and 12:00 am, with collection of the 3 h timepoint occurring 

between 13:00 to 13:30 pm the same day, and collection of the 24 h timepoint 

between 11:00 to 12:00 am the next day. 

RNA was extracted from 70-90 aphids with the Qiagen RNeasy Plant Mini Kit® 

following the manufacturer’s protocol. RNA quality was assessed using agarose 

gel electrophoresis and the Agilent 2100 Bioanalyzer. Approximately, 2.5 µg of 

total RNA per sample (60 samples total) was submitted to TGAC (now the 

Earlham Institute, Norwich) for Illumina TrueSeq library preparation and 

sequencing (100 bp paired-end). 

4.3.5. RNAseq data processing and analyses were performed by Peter 

Thorpe (Thorpe et al., 2018)  

Briefly, all raw RNAseq reads were assessed using FastQC (Andrews et al., 

2010), and low-quality bases were removed using Trimmomatic (Bolger et al., 

2014). Reads were mapped to the corresponding genome using STAR 

version2.5.1b (Dolbin et al., 2013). Gene counts were generated using 

Beedtools (Quinlan et al., 2010). Differential expression analysis was conducted 

using Edge (Robinson et al., 2010), using minimum threshold of Log2 fold 

change and an FDR p<0.001. 
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4.3.6. Quantitative RT-PCR with Universal Probe Library  

Validation of the RNAseq experiment was completed with the Universal Probe 

Library (UPL) qRT-PCR system (Roche Diagnostics ©). The validation was 

carried out by repeating the experiment as described above, in three 

independent biological replicates, using the resultant cDNA to perform qRT-

PCR. For all experiments, aphid RNA was extracted using RNeasy Plant Mini 

Kit (Qiagen). RNA samples were DNAse treated with Ambion® TURBO DNA-

free™. SuperScript® III Reverse Transcriptase (Invitrogen) and random primers 

were used to prepare cDNA. Primers and probes were designed using the 

predicted genes sequences generated in the RNAseq data analysis and the 

Assay Design Center from Roche, selecting “Other organism” 

(https://lifescience.roche.com/en_gb/brands/universal-probelibrary.html). 

Primers and probes (Table S4.5) were validated for efficiency (85-111%) before 

gene expression quantification; five dilutions of three-folds for each primer pair-

probe were used for generating the standard curve. The 1:10 dilution of cDNA 

was selected as optimal for qRT-PCR using the UPL system. Reactions were 

prepared using 25 µl of total volume, 12.5 µl of FastStart TaqMan Probe Master 

Mix (containing ROX reference dye), 0.25 µl of gene-specific primers (0.2 mM) 

and probes (0.1 mM). Step-One thermocycler (Applied Biosystems by Life 

Technology©) was set up as follows: 10 min of denaturation at 95 °C, followed 

by 40 cycles of 15 s at 94 °C and 60 s at 60 °C. Relative expression was 

calculated with the method ΔΔCt (Delta Cycle threshold) with primer efficiency 

consideration. Three technical replicates were run per sample. Reference genes 

for normalization of the cycle threshold values were selected base on 

constitutive expression across different conditions in the RNAseq experiment. 

R. padi reference genes were CDC42-Kinase (Rpa05873/), actin (Rpa25764) 
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and tubulin (Rpa03532), and M. persicae reference genes were CDC42-Kinase 

(Mpe20441), actin (Mpe03084) and elongation factor (Mpe03084). 

4.4. Results 

4.4.1.  R. padi feeding on Arabidopsis (non-host) is characterized 

by longer no-probing periods and difficulties to locate the 

vascular tissues compared to feeding on barley (host) 

We analysed R. padi probing and feeding behaviour for the first 6 hours after 

being transferred from barley (host) to Arabidopsis (non-host) by EPG analysis 

and found significant differences with regards to parameters related to probing 

and interaction with the plant vasculature (Figure 4.1, 3; Table S4.1). In general, 

probing parameters that differ in R. padi when interacting with non-host versus 

host plants are no-probing periods, number of probing events, and time spent 

in the epidermal/mesophyll cells (C phase) (Figure 4.3A). In the non-host 

interaction, the total time the aphids were not probing during 6 h recording was 

greater (48889 s) as compared to the host interaction (1767 s) (Figure 4.3A; 

Table S4.1). Also, aphids were more frequently probing non-host plants (18 

attempts), a significant increase in the number of probing attempts compared to 

host plants (8 attempts) (Figure 4.3A; Table S4.1). Although the number of times 

that R. padi reached the C phase was not statistically different between non-

host and host interactions, the time that this aphid spent in the 

epidermis/mesophyll cells (C phase) was significantly longer during the non-

host (14128 s) compared to the host interaction (6237 s) by nearly double the 

time (Figure 4.3A; Table S4.1). All the vascular-related parameters (G xylem 

phase, E1 salivation and E2 ingestion phase) measured for R. padi were 

significantly lower during the non-host compared to the host interaction (Figure 
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4.1, 4.3B). The number of times that this aphid species reached the xylem (G 

phase) was significantly lower during the non-host interaction (0,24 times) 

compared to the host interaction (0,50 times) (Figure 4.3B; Table S4.1). The 

length of this G phase, during which xylem sap is ingested, was also significantly 

shorter in the non-host (1021 s) versus the host interaction (1483 s) (Figure 

4.3B; Table S4.1). We observed significantly fewer salivation events (E1 phase) 

during the non-host interaction (0.18 events) compared to the host interaction 

(3.67 events), and salivation events were shorter during the non-host (18 s) 

versus host (93 s) interactions (Figure 4.3B; Table S4.1). Ingestion of phloem 

sap (E2 phase) rarely occurred during the non-host interaction (0.06 times) 

compared host interaction (3 times), and duration of this ingestion period was 

greatly reduced on non-host (19 s) versus host plants (10030 s) (Figure 4.3B; 

Table S4.1). 
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Figure 4.3. Box plots showing different EPG parameters associated with Rhopalosiphum 

padi-barley (host) and Rhopalosiphum padi-Arabidopsis (non-host) interactions.  

A) Probing-related parameters: no probing period length, number of probing events, number of 

pathway (C phase) events and pathway phase length. B) Vascular-related parameters: number 

of xylem (G phase) events, xylem phase length, number salivation (E1 phase) events, salivation 
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phase length, number of ingestion (E2 phase) events and ingestion phase length. Green boxes 

indicate the host interaction and red boxes represent the non-host interaction. R. padi on host 

plants was replicated 18 times and R. padi on non-host plants was replicated 17 times. 

Significant differences between interactions were assessed by Wilkonson non-parametric t-test 

(*= p ≤0.05 and *** = p ≤0.01).  

4.4.2.  M. persicae feeding on barley (poor-host) was characterized 

by a lack of sustained phloem ingestion compared to feeding on 

Arabidopsis (host) 

Similar to the EPG assays performed with R. padi, we also assessed probing 

and feeding of M. persicae on host plants (Arabidopsis) and poor-host plants 

(barley) over a 6-hour period (Figure 4.1). The differences between the M. 

persicae interactions with poor-host versus host plants were mainly at the 

vascular level with extended periods of time spent in the xylem and reduced 

phloem ingestion on poor-host plants (Figure 4.4). Within the probing 

parameters, we observed significant differences in the number of probing 

attempts on poor-host compared to host plants, while the non-probing time, and 

number and time of events associated with epidermal and mesophyll cells (C 

phase) was similar (Figure 4.4A). During the poor-host interaction, there was a 

significant increase in the number of aphid probing attempts (19 attempts) 

compared with the host interaction (16 attempts) (Figure 4.4A; Table S4.1). The 

time aphids spend in the no-probing phase was longer in the poor-host 

interaction (3130 s) than the host interaction (2275 s), but this difference was 

not statistically significant (Figure 4.4A; Table S4.1). The aphids spend a similar 

amount of time in the C phase, or pathway phase, which lasted 13328 s during 

the poor-host and 11879 s during the host interaction. For the vascular EPG 

parameters, the xylem phase (G phase), E1 salivation and E2 ingestion phase 

of M. persicae interacting with barley (poor-host) were significantly different 
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compared to aphids interacting with the Arabidopsis host plants (Figure 4.1, 

4.4B). The number of times that M. persicae reached the xylem (G phase) during 

the poor-host interaction was significantly higher (1.33 times) and longer (2321 

s) compared to the host interaction, where aphids reached the xylem 0.30 times, 

and spend a total of 691 s in the xylem over a 6-hour time period (Figure 4.4B; 

Table S4.1). For the E1 salivation phase, the number and duration of events 

were higher during the poor-host (1.73 events with a time length of 562 s), 

compared to the host interaction (7 events with a time length of 652 s) (Figure 

4.4B; Table S4.1). M. persicae showed limited ingestion periods during poor-

host compared to host interactions. The number of E2 phases and their length 

was greatly reduced on poor-host plants (0.53 events with a total length of 126 

s) compared to host plants (5.7 events with a total length of 5064 s) (Figure 

4.4B; Table S4.1). Moreover, the time aphids spend in sustained E2 ingestion 

phase was 49 s with events being nearly absent (0.07 events) during the poor-

host interaction whereas they spend 4322 s in the sustained ingestion phase on 

host plants over 2.1 events during the 6 h recording (Figure 4.4B; Table S4.1). 

Therefore, the M. persicae poor-host interaction features reduced phloem 

ingestion. 

 

 

 

 

 

 



170 
 

 

Figure 4.4. Box plots showing different EPG parameters in Myzus persicae interaction 

with a host (Arabidopsis) and a poor-host plant (barley).  

A) M. persicae probing-related parameters: number of probing events, no probing period length, 

number of pathway (C phase) events and pathway phase length. B)  M. persicae vascular-

related parameters: number of xylem (G phase) events, xylem phase length, number of 
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salivation (E1 phase) events, salivation phase length, number of ingestion (E2 phase) events 

and ingestion phase length. Green boxes indicate the host interaction and red boxes represent 

the poor-host interaction. M. persicae on host plants was replicated 23 times and M. persicae 

on poor-host plants was replicated 28 times. Significant differences between interactions were 

assessed statistically by Wilkonson non-parametric t-test (*= p ≤0.05 and *** = p ≤0.01).  

4.4.3. Phloem-specific genes expressed during the M. persicae-

barley interaction 

Since our EPG data pointed to a potential contribution of barley phloem 

defences against M. persicae, we were interested to determine whether barley 

features any response of phloem-expressed genes during the interaction with 

this aphid species. We made use of the barley microarray data generated in 

chapter 2 to identify phloem-expressed genes differentially expressed in barley 

infested and non-infested plants. We selected phloem-expressed genes based 

on orthologues gene prediction to Arabidopsis and rice vasculature genes 

identified in Xu et al. (2013). We identified several phloem-specific genes with 

known anti-aphid activity, such as diverse classes of plant lectins (reviewed by 

Will et al., 2013). We assessed whether 228 phloem-related genes were 

differentially expressed in barley upon 24 h exposure to different aphid species 

as determined by microarray analyses in chapter 2. We observed that 22 genes 

were more highly expressed in aphid-challenged compared to non-challenged 

barley plants, and specifically induced upon interaction with M. persicae. These 

22 genes clustered into two main groups, (A and B) (Figure 4.5). Cluster A 

contains 9 genes, which were activated across all aphid interactions, but 

significant higher activation against M. persicae. This set of genes was predicted 

to be involved in cell recognition/phosphorylation (Figure 4.5; Table S4.2). 

Cluster B contains 13 genes, which are more expressed upon challenge with M. 
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persicae (poor-host interaction) and are involved in responses to abiotic stimuli 

(Figure 4.5; Table S4.2). 

 

Figure 4.5. Hierarchical clustering of barley phloem genes differentially expressed upon 

interaction with aphids. 

The tree represents 22 selected barley phloem genes that are differentially expressed between 

aphid exposed barley plants and the no-aphid control plants (Benjamini Hochberg correction, p-

value ≤0.05). Two main clusters can be distinguished, cluster A and B. Blue colour indicates low 

expression level and red colour indicates high expression level. No-aphid control (C), R. padi 

(Rp), M. persicae (Mp), and M. cerasi (Mc) treatments are indicated. Gene expression data was 

generated and described in chapter 2. 
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4.4.4.  Aphid transcriptional responses to host, poor-/non-host 

plants and artificial diet (Rhopalosiphum padi and Myzus 

persicae) 

We were interested to also assess changes in aphid transcriptomes when 

exposed to different plants as well as an artificial diet environment, as in the 

case of many plant pathogens genes associated with parasitism tend to be 

tightly regulated during infection (O'Connell et al., 2012; Jupe et al., 2013; 

Hacquard et al., 2013; Cotton et al., 2014). Moreover, the characterization of 

aphid responses during feeding on a host and poor/non-host plant is of vital 

interest as the identification of genes involved during these different interactions 

could lead to the discovery of new pest control targets. Aphids feeding on a host 

plant, non/poor-host plant species and artificial diet were collected at two 

different timepoints, 3 h and 24 h, and processed for transcriptome analyses. 

The different plant-aphid combinations were: R. padi feeding on barley (host) 

and Arabidopsis (non-host), M. persicae feeding on Arabidopsis (host) and 

barley (poor-host), and both aphid species feeding on artificial diet (Figure 2). 

Samples were submitted to TGAC (now the Earlham Institute, Norwich) for 

library preparation using Illumina TrueSeq kit and RNAseq. Peter Thorpe (at the 

time a post-doc in the Bos Lab) performed all data processing and analyses 

(Thorpe et al., 2018). 

Genome-wide analysis of transcriptional responses of the two different aphids, 

R. padi and M. persicae, exposed to the different plants and diet environments 

revealed only limited variation. When performing cluster analyses on the 

transcriptome data for the different samples, including replicates, we were 

unable to distinguish different treatments, as replicates within treatments did not 

cluster together (Figure 4.6A; 4.7A). We included in these analyses also 
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transcriptome datasets previously generated in the lab (Thorpe et al., 2016) that 

correspond to different aphid tissues, and for those datasets replicates clustered 

well together (Figure 4.6A; 4.7A). In addition, we performed Principle 

component analysis (PCA), which also showed that the tissue-specific aphid 

samples could be distinguished into separate groups, but the aphid samples 

generated upon exposing aphids to different environments could not be 

distinguished into separate groups (Figure 4.6B; 4.7B). These data indicate that 

the aphids show very limited transcriptional changes upon being exposed to 

host versus poor/non-host plants or artificial diet, and that gene expression 

profiles of the different aphid samples are highly similar. Despite the lack of 

extensive aphid differential gene expression, we performed pairwise 

comparisons of the different datasets to identify potentially differentially 

expressed genes across treatments as detailed in the next two sections. 

Moreover, the dataset generated here was used to specifically look into aphid 

effector gene co-expression profiles, which provided evidence for a shared 

transcriptional control mechanism regulating expression of aphid effectors 

(Thorpe et al., 2018).  



175 
 

 

Figure 4.6. Genome-wide analysis of R. padi transcriptional response to artificial diet, 

host and non-host plants (taken from Thorpe et al., 2018).  

 A) Clustering of transcriptional response reveals that R. padi exhibits extremely inconsistent 

transcriptional responses to these quite different environments, such that the response is more 

highly correlated between samples than within replicates. With the exception of tissue-specific 

expression, most samples are more highly correlated with a different condition than they are 

with other replicates of the same condition. B) Principle component analysis. The top 3 most 

informative principal components describe approximately 50% of the variation, separate the 

tissue-specific data well, but are unable to clearly distinguish other conditions from one another.  
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Figure 4.7. Genome-wide analysis of M. persicae transcriptional response to artificial 

diet, host and non-host plants (taken from Thorpe et al., 2018).  

A) Clustering of transcriptional response reveals that M. persicae exhibits extremely 

inconsistent transcriptional responses to these quite different environments, such that the 

response is more highly correlated between samples than within replicates. With the exception 

of tissue-specific expression, most samples are more highly correlated with a different condition 

than they are with other replicates of the same condition. B) Principle component analysis. The 

top 3 most informative principal components describe approximately 50% of the variation, 

separate the tissue-specific data well, but are unable to clearly distinguish other conditions from 

one another.  
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4.4.5. Identification of R. padi genes differentially expressed upon 

interaction with different plants and artificial diet 

Despite the limited R. padi transcriptional responses upon exposing aphids to 

host, poor-host plants and artificial diet, we identified differentially expressed 

genes (DEGs) in pair-wise comparisons (Figure 4.8; Table S4.3). Specifically, 

we identified 12 DEGs when comparing datasets of aphids exposed for 3 h to 

host (barley) versus non-host (Arabidopsis) plants (Figure 4.8A). Of these, 7 

DEGs were more highly expressed during the host compared to the non-host 

interaction, whereas 5 transcripts were found more highly expressed during the 

non-host compared to the host interaction. No overrepresented GO terms were 

associated with these DEGs (Figure 4.8A; Tables S4.3, S4.4, S4.5). 

We found more DEGs (45) between aphids exposed to host versus non-host 

plants for the 24 h timepoint (Figure 4.8B). Of these, 25 DEGs were consistently 

more highly expressed in aphids from host plants compared to aphids from non-

host plants (Figure 4.7B). Putative annotations for these DEGs included terms 

such as lactases (Rp_GG_4601_c6_g1_i1, _c9_g1_i2, c9_g1_i6), myrosinase 

(Rp_GG_3661_c2_g1_i1, Rp_GG_4601_c12_g1_i1), gamma-

glutamyltranspeptidase (Rp_GG_4473_c32_g1_i1) and legumain 

(Rp_GG_7165_c14_g1_i1) (Table S3, S5). GO terms related the molecular 

function overrepresented for this set of 25 DEGs were hydrolase activity and 

hydrolyzing O-glycosyl compounds (GO:0004553, GO:0016798) (Figure 4.8B;  

Tables S4.3, S4.4, S4.5). During the non-host interaction, however, 18 DEGs 

were more expressed compared with the host interaction, most of them with 

relatively low expression level compared with the host interaction (13 transcripts 

with >1 Log2 fold change). Examples of the most expressed DEGs were 

putatively annotated as a mediator of transcription protein 
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(Rp_GG_9420_c0_g1_i1), a zinc finger protein (Rp_GG_18287_c7_g1_i2) or a 

stress-responsive gene (Rp_GG_8505_c6_g1_i1) (Figure 4.8B, Table S4.3, 

S4.5).  

 

Figure 4.8. Hierarchical clustering of Rhopalosiphum padi differentially expressed genes 

(DEGs). Yellow colour in the heat map refers to high expression, whereas purple corresponds 

to low expression compared to the no-aphid control.   

A) Heat map of 12 R. padi DEGs that were identified by comparing aphids exposed to barley 

(host; red bar) and Arabidopsis (non-host; blue bar) plants for 3 h. B) Heat map representing 

the 45 R. padi DEGs that were identified by comparing aphids exposed to host plants (red bar) 

and non-host plants (blue bar) for 24 h. C) Heat map of 98 R. padi DEGs that were identified by 

comparing aphids exposed to host plants (blue bar) and artificial diet (diet; red bar) for 24 h. D) 
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Heat map representing 9 R. padi DEGs that were identified by comparing aphids exposed to 

artificial diet (red bar) and non-host plants (blue bar) for 24 h. 

Comparisons between aphid exposed to artificial diet and plants identified the 

largest set of DEGs. When comparing aphids exposed to host plants versus diet 

at the 24 h time point, a total of 98 DEGs were identified (Figure 4.8C). Within 

this set, 40 DEGs were more highly expressed during the host interaction 

compared to the diet interaction (Figure 4.8C). The set of 18 DEGs highly 

expressed during the host interaction compared to the non-host interaction, fully 

overlapped with this set (Figure 4.8C; Table S4.3, S4.5). The remaining 58 

DEGs were more highly expressed in aphids feeding on artificial diet for 24 h 

than on host plants (Figure 4.8C). Examples of the most significant DEGs for 

this comparison include genes predicted to encode a glucose transporter 

(Rp_GG_7730_c59_g1_i6), a calmodulin-binding transcription activator 

(Rp_GG_4620_c12_g1_i3) and a thyroid adenoma-associated gene 

(Rp_GG_15836_c10_g1_i2) (Table S4.3; S4.5). The GO terms related to 

biological function for this set of 58 DEGs were transport (GO:0006810), the 

establishment of localization (GO:0051234) and localization (GO:0051179) 

(Figure 4.8C; Tables S4.3, S4.4, S4.5). When comparing aphids exposed to 

non-host plants versus artificial diet for 24 h, only 9 DEGs were found. Four of 

these were more highly expressed during the non-host interaction and 5 more 

highly expressed when feeding on artificial diets (Figure 4.8D; Table S4.3; 

S4.5). 
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4.4.6. Identification of M. persicae genes differentially expressed 

upon interaction with different plants and artificial diet 

M. persicae showed even fewer differences in its transcriptomic responses 

across interactions with host, poor-host plants or artificial diet. No differences at 

transcriptomic level were found between treatments at the earliest timepoint (3 

h after infestation), and minor differences were detected at the 24 h timepoint. 

We found 19 DEGs between aphids exposed to host versus poor-host plants 

for the 24 h timepoint (Figure 4.9A). Of these, 10 DEGs were more highly 

expressed in aphids from host plants compared to aphids exposed to poor-host 

plants (Figure 4.9A). Annotations for these DEGs included a dehydrogenase 

(TRINITY_GG_7369_c39_g4_i5) and a saccharopine dehydrogenase 

(TRINITY_GG_4018_c2_g2_i4) (Table S4.3, S4.5). During the poor-host 

interaction, 9 DEGs were more expressed compared to the host interaction. 

Annotations for these DEGs included a methyltransferase 

(TRINITY_GG_11726_c10_g1_i3) and microRNA 263a 

(TRINITY_GG_7308_c1_g1_i2). However, the fold change of these genes was 

very low (with Log2= -1 to 1), inconsistent between replicates, and no related 

GO terms were found (Figure 4.8A; Table S4.3, S4.5).  

Comparisons between aphid exposed to artificial diet and host plants identified 

a set of 29 DEGs (Figure 4.9B). Within this set, 17 DEGs were more highly 

expressed during the host interaction compared to the diet interaction (Figure 

4.9B). Gene annotations within this set include transformer-2 

(TRINITY_GG_7023_c16_g2_i11), Golgin superfamily gene 

(TRINITY_GG_11592_c8_g1_i6), and DNA repair gene 

(TRINITY_GG_4177_c10_g1_i2) (Figure 4.8B; Table S4.3, S4.5). The 

remaining 12 DEGs were more highly expressed in aphids feeding on artificial 
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diet than in aphids on host plants at 24 h. The most significant DEGs had 

putative role as fructose-1, 6-bisphosphatase 

(TRINITY_GG_11726_c10_g1_i3) and fructose-1,6-bisphosphatase 

(TRINITY_GG_8959_c2_g1_i3). No significant GO terms related to these sets 

of genes were found (Figure 4.8B; Table S4.3, S4.5). Similarly, when comparing 

aphids exposed to poor-host plants versus artificial diet for 24 h, 29 DEGs were 

found (Figure 4.9C). Eleven of these were more highly expressed during the 

non-host interaction and 18 more highly expressed when feeding on artificial 

diet. No relevant GO terms were associated with this set of genes (Figure 4.9C, 

Table S4.3).  
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Figure 4.9. Hierarchical clustering of Myzus persicae differentially expressed genes 

(DEGs). Yellow colour in the heat map refers to high expression, while purple corresponds to 

low expression compared to the no-aphid control.   

A)Heat map of the 19 M. persicae DEGs that were identified by comparing aphids exposed to 

Arabidopsis (host; red bar) and barley (poor-host; blue bar) for 24 h. B) Heat map representing 

the 29 M. persicae DEGs that were identified by comparing aphids exposed to host plants (blue 

bar) and artificial diet (diet; red bar) plants for 24 h. C) Heat map representing the 29 M. persicae 

DEGs that were identified by comparing aphids exposed to poor-host plants (blue bar) and 

artificial diet (red bar) for 24 h.  

 

 



183 
 

4.5. Validation of R. padi DEGs by qRT-PCR 

We performed qRT-PCR of 25 select DEGs using three additional independent 

biological replicates of the aphid transcriptional response experiment to validate 

their expression profiles. These 25 DEGs were selected based on pair-wise 

comparisons for the 24 h timepoint only, as most of the differences we identified 

in the transcriptome analyses were associated with this timepoint (Table 4.1, 

4.2; Figure 4.10, 4.11; Table S4.5).  Ten genes, with different predicted 

functions, were selected based on higher expression in aphids collected from 

host plants versus aphids from non-host plants or artificial diet (Table 4.1; Figure 

4.10A, B). We could confirm the expression profile of 8 of these 10 DEGs by 

qRT-PCR in aphids collected from host versus non-host plants (Table 4.1; 

Figure 4.10A) and in aphids exposed to host plants versus diet from 

independent biological replicates (Table 4.1, Figure 4.10B). 

We also selected 5 DEGs that were more highly expressed in aphids during the 

non-host compared to host interaction, but their level of differential expression 

was rather low (Table 4.2, Table S4.3). We were unable to verify expression 

profiles as determined by RNAseq for these DEGs possibly due to the low level 

of differences (Table 4.2; Figure 4.10C). 

Similarly, we selected 10 DEGs for M. persicae based on the higher level of 

expression in aphids collected from host versus poor-host plants (Table 4.3, 

Table S4.3). However, the level of differential expression was relatively low for 

all selected DEGs (Table 4.3, Table S4.3). None of these genes could be 

validated due to low expression and replicate variability (Table 4.3, Figure 

4.11A). Another 5 DEGs were selected from the poor-host versus host 

interaction comparisons. As with the previous set, we were unable to verify 



184 
 

expression profiles as determined by RNAseq for these DEGs (Table 4.3; Figure 

4.11B). 

Table 4.1. Selected R. padi DEGs highly expressed during host versus non-host 

interactions and during host versus diet interactions: names, putative functions and fold-

changes as determined by qRT-PCR and RNAseq are indicated 
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Table 4.2. Selected R. padi DEGs highly expressed during non-host versus host 

interactions: names, putative functions and fold changes as determined by qRT-PCR and 

RNAseq are indicated. 
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Figure 4.10. qRT-PCR analyses of Rhopalosiphum padi differentially expressed genes 

identified by RNAseq.  

A) Bar graph showing the expression of different R. padi genes upon exposure to host plants 

relative to the gene expression in aphids exposed to non-host plants   (24 h timepoint). Ten 

DEGs selected were: myrosinase (Rp_GG_4601_c12_g1_i1), lactase 

(Rp_GG_4601_c6_g1_i1/c9_g1_i2/_c9_g1_i6), gamma-glutamyltransferase 

(Rp_GG_4473_c32_g1_i1), unknown function protein with a magnesium binding site 

(Rp_GG_13901_c9_g1_i1), unknown protein (Rp_GG_16750_c12_g1_i1), legumain 

(Rp_GG_7165_c14_g1_i1), RNA-binding protein (Rp_GG_4712_c4_g1_i1), serine-arginine 

protein (Rp_GG_18849_c14_g1_i2), membrane-bound alkaline phosphatase-like 

(Rp_GG_16191_c22_g1_i1) and a protein similar to a beta-glucosidase 

(Rp_GG_683_c5_g1_i2). B) The bar chart shows the expression of different R. padi genes 

when exposed to host plants relative to the gene expression in aphids exposed to artificial diet 

(24 h timepoint). The validated DEGs are the same as the ones more highly expressed during 

the host versus the non-host interaction. C) The chart displays the expression of different R. 

padi genes upon exposure to non-host plants relative to the gene expression in aphids exposed 

to host plants (24 h timepoint). The transcripts corresponded to alcohol dehydrogenase 

(Rpa19110), RNA polymerase (Rp_GG_9420_c0_g1_i1), protein involved in lipid transport 

(Rp_GG_8505_c6_g1_i1), a protein with no similarity found in the blast search 

(Rp_GG_10111_c0_g1_i1) and a zinc finger protein (Rp_GG_18287_c7_g1_i2). Dark violet 

series indicates the relative expression according to the qRT-PCR results and the light violet 

series indicates relative expression according to the RNAseq.  
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Table 4.3. Selected M. persicae DEGs highly expressed during host versus non-host 

interactions and during host versus diet interactions: names, putative functions and fold-

changes as determined by qRT-PCR and RNAseq are indicated 

 



189 
 

 

Figure 4.11. qRT-PCR analyses of M. persicae differentially expressed genes identified 

by RNAseq.  

A)Bar graph showing the expression of different M. persicae genes upon exposure to host plants 

relative to the gene expression in aphid exposed to poor-host plants (24 h timepoint): 

cappuccino-like (GG_1526_c6_g1_i6), dehydrogenase (GG_7369_c39_g4_i5), RNA binding 2 

(GG_7425_c0_g2_i7), protein with no homology (GG_4363_c6_g3_i1) and saccharopine 

dehydrogenase-like oxidoreductase (GG_4018_c2_g2_i4). B) The chart displaying the 

expression of different M. persicae genes upon exposure to poor-host plants relative to the gene 

expression in aphid exposed to host plants at 24 h timepoint: methyltransferase 

(GG_11726_c10_g1_i3), Rho GTPase-activating gene (GG_3630_c6_g1_i6), mitochondrial 

reticulon (GG_729_c2_g1_i1), microRNA 263a (GG_7308_c1_g1_i2) and mitochondrial 

GTPase (GG_4043_c3_g1_i3). Dark orange series indicates the relative expression according 

to the qRT-PCR results and the light orange series indicates relative expression according to 

the RNAseq.  

 

 

 

 

 



190 
 

4.6. Discussion 

The global aim of this chapter was to characterize aphid responses during host 

versus non-host interactions. We compared here the R. padi and M. persicae 

probing and feeding behaviour and the aphid transcriptomic responses upon 

exposure to a different host and poor-/non-host plants and artificial diet. The 

EPG experiment revealed that during the R. padi-Arabidopsis interaction (non-

host), the aphids very rarely reached the vascular tissues. On the contrary, 

during the M. persicae-barley interaction (poor-host) aphids reached the phloem 

but were unable to ingest sap for prolonged periods of time, pointing to different 

levels of plant resistance to aphids depending on the plan-aphid species 

interaction. Furthermore, aphids featured only limited transcriptional responses 

upon exposure to different plant and diet environments, with genes important 

for parasitism (i.e. encoding for putative effectors) constitutively expressed. 

4.6.1. Plant resistance to aphids in different plant tissues 

Our data support a model of different layers of plant resistance to aphids, with 

potential resistance residing in the epidermis/mesophyll (non-host interaction of 

R. padi-Arabidopsis) as well as in the phloem (poor-host interaction of M. 

persicae-barley). On top of that, resistance may also present itself at the pre-

probing stage as shown in chapter 2, where the aphid species M. cerasi shows 

low settlement levels on barley compared to R. padi and M. persicae. During 

the EPG experiments performed here, common features during the non-host 

and poor-host interactions were an increased number of probing events and 

longer no-probing periods. Using the different parameters, I have generated 

models for aphid probing and feeding during the different interactions that were 

assessed, as further detailed below. It is important to note that the experimental 
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set-up was of a no-choice nature (i.e. aphids were placed on the plants) (Powell 

et al., 2006; Escudero-Martinez et al., 2017).  

During the R. padi-barley interaction (host) the aphids spend less time probing 

and in the pathway phase compared to the non-host interaction with 

Arabidopsis, and readily reach the phloem where salivation and ingestion take 

place for several hours (Figure 4.12A). Occasionally, aphids will drink from the 

xylem, which is thought to be important for dealing with osmotic effects 

associated with ingestion of large amounts of phloem sap (Spiller et al., 1990; 

Pompon et al., 2011). In contrast, R. padi shows increased probing behaviour 

on the non-host plant Arabidopsis, as well as an extended stylet pathway phase. 

Only rarely does the aphid reach the Arabidopsis phloem or xylem and salivates 

or ingests sap there (Figure 4.12B). Likely the occasions on which the R. padi 

stylets reached the vascular tissue were accidental, and the ingestion of sap on 

these occasions was not effective since this aphid is unable to survive on 

Arabidopsis (Jaouannet et al., 2015). Interestingly, R. padi encountered stylet 

mechanical difficulties when interacting with Arabidopsis, as reflected by the F 

phase. This F phase it is known to occur exclusively at the mesophyll cell layers, 

suggesting that the non-host resistance could reside there (Figure 4.12B) 

(Tjallingii, 1986). Further research would be needed to further understand the 

mechanisms underlying this type of resistance, and to investigate the 

involvement of specific recognition receptors there.  Moreover, Jaouannet et al. 

(2015) showed that the AtRbohF NADPH oxidase, some LEA (Late 

Embryogenesis Abundant) members and the protein VSP1 (Vegetative Storage 

Protein 1), involved in biosynthesis of ROS, abiotic/biotic stresses and 

jasmonate-induced stress, respectively, contribute to Arabidopsis non-host 
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resistance against R. padi.  It will be interesting to test whether these genes act 

within the mesophyll cell layer to activate defences against aphids. 

 

Figure 4.12. Model of R. padi probing and feeding during host (barley) and non-host plant 

(Arabidopsis) interactions.  

A) During the host interaction, the aphids will probe the epidermal and mesophyll cells (pathway 

C phase), then will drink from the xylem or salivate and feed on the phloem, with feeding lasting 

for hours. B) During the non-host interaction, the aphids will spend a long time not probing, and 

when probing eventually occurs the aphids remain in stylet pathway phase (in epidermis and 

mesophyll cell layers) most of the time and only occasionally will reach the vascular tissue, 

either xylem or phloem. No sustained ingestion of phloem sap takes place. 

Similar to the R. padi-barley interaction (host), the M. persicae-Arabidopsis 

interaction (host), features short probing and pathway times, and prolonged 
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salivation and ingestion once the phloem was reached, as well as occasional 

xylem drinking (Figure 4.13A). In contrast, during the M. persicae-barley 

interaction (poor-host) aphids increase their probing but spend a similar time in 

the stylet pathway phase as on host Arabidopsis plants. The main difference 

between the host and poor-host interactions with M. persicae is the reduced 

salivation in the phloem and relatively short phloem ingestion phase (less than 

10 minutes). It is likely that this reduced phloem sap ingestion is responsible for 

the reduced M. persicae performance on barley as described in chapter 2. 

Possibly M. persicae tried to compensate for this reduced ingestion by increase 

xylem drinking in line with the observation that aphid starvation indeed increases 

xylem periods (Figure 4.13B) (Ramirez and Niemeyer, 2000). Phloem 

resistance factors are related to the E2 ingestion parameters, and in particular 

to ingestion phases shorter than 10 minutes (Prado and Tjallingii, 1997). 

Phloem-mediated defences against aphids include the occlusion of sieve 

elements, which prevents aphids from ingesting phloem sap (Dreyer and 

Campbell, 1987; Will and van Bel, 2006; Medina-Ortega and Walter, 2015). In 

fact, this phloem occlusion occurs by callose deposition and formation of P-

protein plugs. The latter is tough to seal off the phloem upon damage and/or to 

clog the aphid food canal (Tjallingii, 2006; Will and van Bel, 2006). Interestingly, 

PAD4 was found to be a component of phloem-based immunity against M. 

persicae in Arabidopsis (Pegadaraju et al., 2007). However, we could not find 

PAD4 or PAD4-related genes up-regulated during M. persicae-barley 

(MLOC_1340) (Escudero-Martinez et al., 2017). Nevertheless, we did find 

several phloem-expressed defence genes up-regulated exclusively during the 

M. persicae-barley interaction, such as Phloem 2-like (PP2) as well as several 

lectins. PP2 proteins in cucurbits were shown to accumulate in damaged 
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phloem sieve pores to form protective plugs (Read and Northcote, 1983). 

Alternatively, the very infrequent phloem sap ingestion we observed might 

reflect a rejection of the sieve element, possibly due to the presence of a 

deterrent factor in the phloem sap (Mayoral and Tjallingii, 1992). Indeed, lectins, 

including PP2-like P-proteins, have been shown to have deterrent activities and 

insecticidal activities against M. persicae (Sauvion et al., 1996; Jaber et al., 

2010; Zhang et al., 2011).  

 

Figure 4.13. Model of M. persicae probing and feeding during host (Arabidopsis) and 

poor-host plant (barley) interactions.  

A) During the host interaction, the aphids will probe the epidermal and mesophyll cells (pathway 

C phase), then will drink from the xylem or salivate and feed on the phloem, with feeding taking 
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place for hours. B) During the poor-host interaction, the aphids show increased probing 

compared to the host interaction, while the stylet pathway phase (in epidermis and mesophyll 

cell layers) is similar to the interaction with the host plant. At the vascular level, long periods of 

time will be spent in the xylem, and eventually, aphid will reach the phloem, salivate and ingest 

phloem sap. However, contrary to the host interaction, no sustained (>10 minutes) ingestion of 

phloem sap takes place. 

4.6.2. Limited aphid transcriptional responses to changes in plant 

environment 

We noted only few aphid transcriptional changes upon exposing the insects to 

different plant species or artificial diet, which is in line with the few previous 

reports on transcriptional responses. For example, the host shift of pea aphid 

clones to different plant species that vary in their host suitability, resulted in a 

small set of genes specifically differentially expressed (Lu et al., 2016). 

Furthermore, limited plasticity was also observed in M. persicae upon 

adaptation to different host species, with 171 DEGs being identified, many of 

which showed very low fold change (<1 log fold change) (Mathers et al., 2017). 

Our work shows that these limited transcriptional responses extend also to 

interactions with less suitable or even non-host plant species, and also, that 

effector gene, essential for parasitism, are more or less constitutively 

expressed. Likewise, Elzinga et al., (2014), tested the expression of a set of 6 

M. persicae effectors that were identified using aphid saliva proteomics and 

showed limited variation in gene expression when aphids were reared on three 

different host plants, Brassica oleracea, Nicotiana tabacum and Arabidopsis. 

This is in contrast to what is generally observed for plant microbes (Kellner et 

al., 2014; Guyon et al., 2014; Harris et al., 2016) where effector genes show 

different patterns of expression throughout different infection stages or 

challenged with different host, but may ensure aphids are always “ready” to 

infest host plants when they encounter them.  
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4.6.3. Genes associated with digestion are up-regulated 

specifically during host-aphid interactions  

We identified few, but interesting DEGs across comparisons between host 

plants, poor/non-host plants and artificial diet. GO enrichment identified 

hydrolysis as the main differential process between R. padi host versus non-

host interaction. With most of the DEGs predicted to be involved in digestion 

and detoxification, indicative of an effective feeding process during the host but 

not non-host interaction as also confirmed by the EPG experiment. Digestive 

enzymes such as lactases or beta-glucosidases, involved in sugar metabolism, 

were up-regulated during the host interaction versus non-host interaction or 

artificial diet indicating that carbohydrates were taken up from the plant phloem. 

Secreted beta-glucosidases were also detected in the saliva of the cereal aphid 

S. avenae feeding on artificial diet (Rao et al., 2013). Legumain, also involved 

in digestion, was found up-regulated during the R. padi host interaction 

compared to the non-host interaction. Legumains are asparagine-specific 

proteases, which can cleave plant protein inhibitors upon ingestion, as observed 

for legumains from plant parasitic mites (Santamaria et al., 2015). Myrosinases 

were also more highly expressed in the R. padi-host interaction. These function 

as hydrolytic enzymes in the breakdown of glucosinolates, which contribute to 

plant defences against aphids, but specifically in the Brassicaceae. 

Interestingly, myrosinases have been found also in aphids, such as Lipaphis 

erysimi (turnip aphid) and Brevicoryne brassicae (cabbage aphid) (Bridges et 

al., 2002). These aphids accumulate intact glucosinolates from plants during 

feeding, using aphid myrosinases to break these glucosinolates as a 

mechanism of defence against insect predators (Pratt et al., 2008). B. brassicae 

myrosinases appear to be more similar to beta-glucosidases than to plant 
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myrosinases (Jones et al., 2002). Interestingly, we found myrosinase-like and 

beta-glucosidases in an aphid that does not infest Brassicaceae, but grasses. 

Likely these enzymes play roles in hydrolysing plant compounds for assimilation 

rather than to interfere with glucosinolate-related defences. Lastly, minimal 

differences with regards to transcriptional responses were found during M. 

persicae host or poor-host interactions and we were unable to verify DEGs by 

qRT-PCR for the associated datasets most likely as a result of low fold changes 

4.6.4. A new aphid RNAseq resource for the research community 

The dataset generated here has not only allowed us to study aphid 

transcriptional responses to different plant and diet environments, but also 

provides an important resource. The RNAseq data contributed to efforts within 

the Bos Lab to sequence the genomes of two aphid species, R. padi and M. 

cerasi and extensive comparative genomics analyses as detailed in Thorpe et 

al., (2018). The new genome assemblies for these two aphids are now publicly 

available to the community via AphidBase (http://bipaa.genouest.org/is/ 

aphidbase/). Already the dataset has helped us to address important biological 

questions in that we were able to assess expression of select effectors as further 

detailed in chapter 5 and to reveal a shared transcriptional control mechanism 

regulating effector gene expression in aphids (Thorpe et al., 2018).  
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4.8. Supplementary Tables 

Supplementary tables can be found in the CD-ROM attached to this thesis. 

Table S4.1. Electrical penetration graph (EPG) parameters. Average and standard deviation 

of the 97 electrical EPG parameters calculated for R. padi host (Rp_Hv) and non-host (Rp_At). 

Average and standard deviation of the 97 electrical EPG parameters calculated for M. persicae 

host (Mp_At) and poor-host (Mp_Hv). Calculations were made with summary statistics in 

Rstudio. The EPG list of variables was taken from EPG systems: 

www.epgsystems.eu/files/List%20EPG%20variables.xls 

Table S4.2. GO enrichment analysis of the barley phloem genes in different clusters 

DEGs during M. persicae-barley interactions. Gene ontology of the genes differentially 

regulated during specific M.persicae-aphid interactions listed in Figure 5. GO was calculated 

using Fisher Exact Test (p ≤0.05). Gene Ontology codes for Biological process, Molecular 

function, Compartments, information are included in the first column. The second column 

indicates a term related to the GO code. Columns 3 to 5 correspond to the frequency of the term 

observed in our dataset, the frequency of the term observed in the whole genome and the p-

value.  The list of genes associated with each GO term is given in the last column.  

Table S4.3. DEGs at 3 h and 24 h after aphid exposure to different plants and diet. Genes 

were selected based on pair-wise comparisons of each plant-/diet-aphid combinations (FDR, p 

≤0.01). Indicated are the Trinity code (Id), Log2 fold-change (Log FC), Log count per million 

(logCPM), p-value, false discovery rate (FDR), values across different replicates/treatments and 

descriptions. Rp indicates R. padi, Mp indicates M. persicae and art indicate artificial diet. 

Table S4.4. GO enrichment analysis of gene sets de-regulated during each plant-/diet-

aphid interactions. Gene ontology of the genes differentially regulated during specific plant-

/diet-aphid interactions listed in Table S3. GO was calculated using Fisher Exact Test (p ≤0.05) 

in Blast2go. The first column indicates over or underrepresented DEGs. The second and third 

columns indicate the GO code (ID) and a term related to the GO code, respectively. Columns 4 

and 5 correspond to the false discovery rate (FDR) and p-value.  Rp indicates R. padi, Mp 

indicates M. persicae and art indicate artificial diet. 

Table S4.5. Summary of all DEGs at 3 h and 24 h after aphid exposure to different plants 

and diet. Genes were selected based on pair-wise comparisons of each plant-/diet-aphid 

combinations (FDR, p ≤0.01). Indicated are the Trinity code (DEG ID), Log2 fold-change (Log 

FC), pair-wise comparison (Comparison) and timepoint after exposure (Timepoint). Rp indicates 

R. padi and Mp indicates M. persicae. 

Table S4.6. Taq-Man probes, primers, and primer efficiency. Indicated are the aphid_genes, 

Taq-Man probe number, description, primers, gene status in the RNAseq and primer efficiency. 

Rp indicates R. padi and Mp indicates M. persicae.  
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5. Comparative characterization of aphid effectors (putative 

orthologues) in different aphid species 

5.1. Abstract 

The bird cherry aphid Rhopalosiphum padi and the green peach aphid Myzus 

persicae are devastating insect pests on agriculturally important crops. While 

the host range of R. padi consists mainly of cereal plants, the host range of M. 

persicae comprises hundreds of plant species belonging to different plant 

families. However, while barley is a host plant for R. padi, M. persicae does not 

perform well on this monocot crop and is unable to cause significant infestations 

on barley under field conditions. The (molecular) determinants of aphid host 

range variation are largely unknown, and only few genes have recently been 

implicated in the case of M. persicae. We hypothesized that effectors could play 

an essential role in aphid parasitism but also in determining the aphid host 

range. To test this, we undertook functional analyses of 4 orthologues effector 

pairs from M. persicae and R. padi to assess their subcellular localization and 

impact on host susceptibility. For functional characterization of the 4 selected R. 

padi effectors in a monocot host crop, we generated transgenic barley lines 

ectopically expressing the corresponding effector genes for host and poor-host 

susceptibility assays with both R. padi and M. persicae. We demonstrate that 

ectopic expression of the R. padi effectors RpC002 and Rp1 in barley enhances 

plant susceptibility to R. padi but not M. persicae, highlighting the importance of 

these two effectors for barley colonization in an aphid species-specific manner. 

We also show similar localization of orthologues effectors in N. benthamiana, 

and revealed susceptibility to the M. persicae effector MpC002, along with a 

potentially conserved effector activity in the case of Mp58 and Rp58 in N. 
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benthamiana. This work not only advances our knowledge on aphid effector 

functions in a monocot crop, allowing further future characterization assays, but 

also highlights the biological relevance of aphid effector divergence. 

5.2. Introduction 

Aphids are phloem-feeding insects that feature highly specialized mouthparts, 

called stylets. These stylets puncture the epidermal cell layers and navigate 

between the plant cells to reach the phloem. Whilst probing and feeding, aphids 

secrete saliva, which plays an essential role in the feeding process and 

counteracts plant defences (Tjallingii and Esch, 1993; Martin et al., 1997; Miles 

1999; Mutti et al. 2006; Hogenhout and Bos, 2011; Will et al. 2013, van Bel and 

Will, 2015).  

Genomics, transcriptomics and proteomics approaches have facilitated the 

identification of effectors from a range of aphid species (Harmel et al. 2008; 

Carolan et al. 2009; Bos et al. 2010b; Carolan et al., 2011; Cooper et al., 2010; 

Nicholson et al., 2012; Rao et al., 2013; Vandermoten et al., 2014; Chaudhary 

et al., 2015; Thorpe et al., 2016, Zhang et al., 2017; Thorpe et al., 2018) and 

revealed extensive effectors repertoires, which consist of core or conserved 

effectors and species-specific effectors (Thorpe et al., 2016). However, even 

among core effector sets, sequence divergence and evidence for positive 

selection are apparent (Carolan et al., 2011; Thorpe et al., 2016).  This diversity 

suggests not only that effectors are crucial for infestation but possibly may 

function in an aphid species-specific manner. To date most aphid effector 

functional characterization studies have focused on aphid species that infest 

(model) dicot plants. The first described aphid effector, ApC002 from 

Acyrthosiphon pisum (pea aphid), was suggested to enhance feeding from 
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phloem sieve elements (Mutti et al., 2008). Additional research on this effector 

demonstrates that the C002 putative orthologue from the broad host range 

aphid Myzus persicae (green peach aphid) promotes plant susceptibility when 

ectopically expressed on N. benthamiana and Arabidopsis host plants (Bos et 

al., 2010b; Pitino and Hogenhout, 2013). Interestingly, ApC002 did not similarly 

impact plant susceptibility to M. persicae, but whether this was due to 

differences in protein stability or function between the different C002 versions 

remains unclear. Providing Arabidopsis is a non-host for the pea aphid, it is 

possible that this effector is not active in Arabidopsis, linking the action of 

effectors to aphid host range (Pitino and Hogenhout, 2013). In addition, several 

effectors from the broad host range pest M. persicae have been implicated in 

promoting host susceptibility, including Mp1, Mp55 and Mp58 (Pitino and 

Hogenhout, 2013; Elzinga et al., 2014; Rodriguez et al., 2017). However, the 

underlying mechanisms by which these effectors impact susceptibility remain 

largely unknown. The only aphid effector for which a host target has been 

described to date is Mp1, which associates in a species-specific manner with 

the host trafficking protein VPS52 (Vacuolar Sorting-Associated Protein 52) to 

promote plant susceptibility (Rodriguez et al., 2017). Interestingly, only Mp1, but 

not orthologues from other aphid species unable to infest Arabidopsis or N. 

benthamiana, were able to interact with VPS52 from these plant species, 

pointing to a high degree of specificity that may contribute to host range 

(Rodriguez et al., 2017). Interestingly, the Mp1 and Mp58 effectors and their 

orthologues are genetically linked across at least 5 different aphid genomes and 

feature a shared transcriptional regulation mechanism (Thorpe et al., 2018). 

Although a functional link between Mp1 and Mp58 remains to be elucidated, 

Mp58 has been found to have different activities according to the plant-aphid 
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system. For instance, the M. euphorbiae Mp58-like effector (also called Me10) 

enhances tomato and N. benthamiana susceptibility to M. euphorbiae and M. 

persicae when transiently expressed using a Pseudomonas fluorescens-based 

and Agrobacterium-mediated expression system, respectively (Atamian et al., 

2013). In contrast, Elzinga et al. (2014) observed a decrease in M. persicae 

performance when Mp58 was overexpressed in Nicotiana tabacum or 

transgenic Arabidopsis. Aphid effector research has been limited mostly to dicot 

plants and aphid species able to infest these. However, a significant number of 

aphid pests cause yield losses in cereals, and most of these are highly 

specialized on monocot plant species. To understand how effectors from such 

aphid species infest plants, it is essential we develop and apply approaches to 

study their function in relevant hosts.  

R. padi is an aphid species with a narrow host range, adapted to certain grass 

species, such as barley (Blackman and Eastop, 2000). This aphid is a 

particularly important pest of barley, wheat and oats, vectoring some of the most 

destructive viral diseases of cereals. Whilst this aphid species is highly 

specialized on cereals, other species, like M. persicae, feature an exceptionally 

broad host range that includes more than 4000 different plant species, including 

the model plants Arabidopsis or N. benthamiana (Blackman and Eastop, 2000). 

Despite its broad host range, M. persicae is not a pest of barley and, as detailed 

in chapters 2 and 4, poorly performs on this plant species. Recently, M. persicae 

and R. padi effector repertoires were identified and compared, allowing the 

prediction of orthologue effector pairs (Thorpe et al, 2016). To what extent the 

observed sequence variation among these effectors sets impacts host 

susceptibility and aphid host range is to be determined and will require extensive 

functional characterization across different plant species. 
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N. benthamiana is a well-established model plant due to its amenability to 

transient Agrobacterium-based expression assays, the availability of a 

sequenced genome, close phylogenetic relationship to economically important 

solanaceous crops, and susceptibility to a range of important plant pathogens 

and pests. However, to explore the functions of cereal pest effectors, the use of 

N. benthamiana may not be fully justified, and barley would be a more suitable 

model. Therefore, in this project, we used a combination of both N. benthamiana 

and barley to dissect and compare functions of M. persicae and R. padi 

effectors. Whilst transient expression assays in barley remain problematic (my 

own work, not shown), transformation protocols to generate transgenic plant 

lines are now well established (Harwood et al., 2009). However, barley 

transformation still presents important limitations, partly due to its relatively long 

life cycle compared to model dicot plants.   

In this chapter, we characterize and compare 4 select putative orthologues 

effector pairs from the two aphid species R. padi and M. persicae (Mp/RpC002, 

Mp/Rp1, Mp/Rp55, and Mp/Rp58) with regards to their subcellular localization, 

expression, and contribution to plant infestation. Our hypotheses were that 

these effectors, conserved across different aphid species, are important during 

plant infestation and might function in an aphid species-specific manner, thereby 

impacting host range. We demonstrate that ectopic expression of the R. padi 

effectors RpC002 and Rp1 in barley enhances plant susceptibility to R. padi but 

not M. persicae, highlighting the importance of these two effectors for barley 

colonization in an aphid species-specific manner. We also noted differences in 

the impact of ectopic expression of orthologues effector pairs on N. 

benthamiana susceptibility to M. persicae, with MpC002, but not RpC002, 

allowing for higher aphid reproduction. However, we cannot rule out this 
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difference in effector activity is due to the instability of the RpC002 protein in N. 

benthamiana. The work presented in this chapter highlights the biological 

relevance of aphid effector divergence and, importantly, advances our 

knowledge on aphid effector function in a monocot crop. 

5.3. Material & methods 

5.3.1. Aphid cultures 

Aphids used for the experiments were raised inside cages under controlled 

conditions in growth chambers (18°C, 16 h of light). R. padi was raised on 

Hordeum vulgare L. cv. Optic and M. persicae (genotype O) was reared on 

Brassica napus.  The aphid species were kindly provided by Alison Karley, 

Gaynor Malloch and Brian Fenton.  

5.3.2. Identification of putative orthologues effector pairs and plasmid 

construction 

Effector annotation and orthologues identification was performed as described 

by Thorpe et al. (2016). Orthologue searches were performed by reciprocal best 

BLAST hit analysis between R. padi and M. persicae transcriptomes with the 

minimum thresholds of 70% identity and 50% query coverage. Pair-wise 

sequence analysis was performed in Jalview 2.10.4 (Waterhouse et al., 2009) 

with T-coffee and default parameters. Signal peptide sequences were predicted 

with Signal P 4.1 (Petersen et al., 2011) and subcellular localization was 

predicted with Localizer (Sperschneider, 2017).  Coding sequences were 

amplified from R. padi and M. persicae cDNAs without the region encoding for 

the signal peptide and verified by sequencing (primers in Table S1). The 

resulting amplicons were cloned by Gateway technology into pDONR201 or 

pDONR207 by BP reaction (Gateway®, Invitrogen), or into pENTR_D-TOPO by 
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TOPO reaction (Gateway®, Invitrogen). Once verified by sequencing, the 

inserts were cloned into different destination vectors by LR reaction and 

transformed into E. coli Mach1™ Competent Cells (Thermo). Destination 

vectors pB7WGF2 (35S promoter, N-terminal GFP) and pB7WG2 (35S 

promoter, no tag) (Karimi, et al. 2002) were used for transient overexpression 

in N. benthamiana, and pBRACT214m (maize ubiquitin promoter, no tag), kindly 

provided by Abdellah Barakate (JHI) (Colas et al., unpublished data), was used 

for generating transgenic barley lines. 

5.3.3. Effector gene expression in aphids exposed to host-, non-/poor-

host plants and artificial diet 

The experimental set-up for determining aphid effector expression in aphids 

exposed to the different environments is explained in detail in chapter 4 as well 

as Thorpe et al., (2018). For each selected effector form the literature, we 

performed BLAST searches against the RNAseq datasets described in chapter 

4 to identify their corresponding gene models. To obtain R. padi effectors, 

BLAST search of the R. padi orthologues corresponding to Bos et al. (2010b) 

M. persicae effectors against the R. padi predicted genes models was 

performed. Transcripts were normalized by the fragments per kilobase of exon 

per million reads mapped (TMM-FPKM) method, which normalized the gene 

counts to the gene length and the library size. FPKM (fragments per 

kilobase/million) is divided by the count by the exonic length of the gene (in 

kilobases) and the library size (in millions of reads). RNA-seq analysis was 

performed by Peter Thorpe. 
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5.3.4. Agrobacterium-based transient expression assays in N. 

benthamiana  

Effectors were cloned into pB7WGF2 (for subcellular localization and detection 

of protein levels) and pB7WG2 (for transient overexpression) and 

electroporated into Agrobacterium tumefaciens strain GV3101. Gentamycin (15 

μg/ml), rifampicin (50 μg/ml), and spectinomycin (50 μg/ml) in LB were used for 

Agrobacterium transformants selection. After confirmation of transformation by 

colony PCR, transformants were further grown in LB with appropriate antibiotics 

overnight in a shaking incubator at 30oC, 300 rpm. Next day, Agrobacterium 

cells were harvested by centrifugation (8 min, 6000 rpm) and resuspended in 

infiltration buffer (acetosyringone 125 μM and MgCl2 10 mM) to an optical 

density of OD600= 0.1 for confocal microscopy and transient overexpression 

functional assays, and OD600 = 0.3 for western blotting.  

5.3.5. Effector localization 

Agrobacterium transformed with GFP-tagged effectors were infiltrated in 

duplicate N. benthamiana leaves in at least three different plants. RpC002 and 

MpC002 were co-expressed with a plasma membrane molecular marker 

(Nelson et al., 2007) and with p19 (OD600 = 0.1) silencing suppressor for 

improving the detection under the confocal microscope. All other effector pairs 

were infiltrated without p19. After three days, plants were analysed under the 

confocal microscope Zeiss LSM 510 (Jena, Germany) using a Zeiss x20/x40 

lens. GFP fusions were imaged with the GFP and chlorophyll filter (488 nm 

emmision), and colocalization was analysed with GFP-RFP filter (488-561 nm 

emmision). The experiment was replicated four independent times, and the 

resulting images were processed using ImageJ (Schneider et al., 2012). 
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5.3.6. Western blotting 

Recombinant GFP-tagged effectors were expressed as explained above in N. 

benthamiana plants. After four days, samples were harvested, and proteins 

were extracted with G-TEN buffer (10% glycerol, 25 mM Tris pH 7.5, 1 mM 

EDTA, 150 mM NaCl, 0.1% NP-40, 10 mM DTT and 1x protease inhibitor 

cocktail, Sigma). Laemmli sample buffer (4% (w/v) SDS, 20% glycerol, 120 mM 

Tris-Cl (pH 6.8) and 0.02% (w/v) bromophenol blue) was added, and the 

samples were denatured with heat (90 °C, 5 minutes).  Samples were then run 

on an SDS-PAGE precast gel 8-16% Tris-glycine (Mini-PROTEAN® TGX™, 

Bio-rad), and blotted onto a PVDF membrane (Trans-Blot Turbo, Bio-rad). Blots 

were probed with GFP-antibody overnight (Santa Cruz Biotechnology Inc, USA), 

and incubated with anti-rabbit-HRP for 1 hour (Santa Cruz Biotechnology Inc, 

USA). The substrate for blot visualization was Luminata TM Forte (Millipore). 

5.3.7. M. persicae performance assays on N. benthamiana 

Effectors were transiently expressed using vector pB7WG2 in N. benthamiana 

as explained above. The empty vector pB7WG2 was used as a control. Two 

infiltration sites per plant (n=12) were used per construct. Next day, the abaxial 

part of the infiltration sites was infested with two M. persicae adults enclosed in 

a clip cage. The following day, adult aphids were removed leaving three 1st 

instar nymphs at the underside of the leaves in a clip cage. Seven days later, 

N. benthamiana plants were replaced by freshly infiltrated plants to ensure 

continued expression of effectors in the plant tissue. After 14 days, the number 

of nymphs per adult was assessed and the collected data were statistically 

analysed with one-way ANOVA post-hoc Fisher's protected Least Significant 

Differences (LSD) was applied for normally distributed data. 
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5.3.8. Generation of transgenic barley lines expressing R. padi effectors 

Each of the effectors was cloned into the destination vector pBRACT214m 

containing the ubiquitin promoter from maize for constitutive expression in all 

plant organs, and a hygromycin marker gene for selection of transgenic lines, 

as described above. These vectors were then transformed into AGL1 

Agrobacterium strains supplied with pSOUP and delivered to the Functional 

Genomics facility for Agrobacterium-mediated barley embryo transformation of 

the cultivar Golden Promise (James Hutton Institute). After approximately four 

months, we obtained different barley lines regenerated from independent calli. 

The T0 generation was tested for the expression of effector genes by PCR on 

cDNA from the regenerated plants. RNA was extracted from T0 independent 

lines using the RNeasy Plant Mini Kit (Qiagen). RNA plant samples were DNAse 

treated with Ambion® TURBO DNA-free™. SuperScript® III Reverse 

Transcriptase (Invitrogen) and random primers were used to prepare cDNA. The 

majority of these plants were positive in PCR tests using effector gene-specific 

primers (Table S1). Once T1 seeds were harvested, they were germinated on 

selective media (AgarGelTM- containing hygromycin (100 μg/ml) to select for 

transformants. Lines showing 1:3 segregation, representing a single insertion 

(75% survival rate on selective media) were selected for further analyses. These 

selected T1 transgenic barley lines were tested for effector gene expression by 

qRT-PCR, as described below. Lines positive for effector expression were then 

bulked into T2 and screened for homozygosity based on complete resistance to 

Hygromycin. Three independent homozygous lines per effector were used to 

perform the aphid performance assays with R. padi and M. persicae.  
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5.3.9. Quantitative RT-PCR  

Universal Probe Library (UPL-Roche Diagnostics ©) was used to quantify 

effector gene expression in T1 barley transgenic lines ectopically expressing R. 

padi effectors. Barley cv. Golden Promise, the background genotype of the 

transgenic lines, and a barley line carrying the GUS marker (pBRACT214m-

GUS) were used as negative controls. Briefly, RNA from six different barley lines 

per construct was converted into cDNA as explained above. The 1:10 dilution 

of cDNA was used as a template for qRT-PCR. Probes and primers (Table 

S5.1). designed with the UPL System Assay Design (Roche) were tested for at 

least 95-105% efficiency. Internal controls were Actin-2 (MLOC_78511.2) and 

Pentatricopeptide (AK373147/MLOC_80089.1) from Escudero-Martinez et al., 

(2017). Every sample had three technical replicates.  StepOne thermocycler 

(Applied Biosystems by Life Technology©) was used as follows: 10 min of 

denaturation at 95 °C, followed by 40 cycles of 15 s at 94 °C and 60 s at 60 °C. 

Relative expression was calculated with the method ΔCt (Delta Cycle threshold) 

with primer efficiency consideration. One of each of the effector lines was used 

as a reference line to calculate the fold-change.  

5.3.10. Aphids performance assays on barley transgenic lines 

Seven-day-old barley plants ectopically expressing R. padi effectors were 

infested with two 1st instar synchronized nymphs of the species M. persicae or 

with two 2-day old synchronized nymphs of R. padi. The corresponding controls 

were barley cv. Golden Promise wild-type plants and barley (cv. Golden 

Promise) plants transformed with the pBRACT-214m vector to express the GUS 

marker. In total, we used n=6-8 plants per treatment and individual transgenic 

line, with four independent replicates. The number of nymphs per adult was 
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monitored at 11 days after infestation for R. padi, and after 14 days for M. 

persicae. Data were analysed using the Shapiro-Wilk test for Normality and 

Bartlett's test for Homogeneity. One-way ANOVA post-hoc Fisher's protected 

Least Significant Differences (LSD). 

5.3.11. Histochemical GUS staining  

To assess GUS expression driven by the maize ubiquitin promoter in different 

barley tissues, we sampled from the pBRACT214m-GUS plants. The different 

tissues were stained with 1mg/ml of X-gluc (5-bromo-4-chloro-3-indolyl-B-D-

glucuronic acid, Thermo Scientific, USA) in X-gluc buffer (100 mM sodium 

phosphate buffer pH 7.0, 0.1% Triton X-100, 2 mM potassium ferricyanide and 

2mM potassium ferrocyanide). Tissues were vacuum-infiltrated and incubated 

in darkness at 37 °C overnight. Next day, chlorophyll was removed from the 

tissues with 1:3 acetic acid/ethanol. Pictures were taken under the dissecting 

microscope with a Zeiss camera. 

5.4. Results 

5.4.1. Effector sequence divergence between the aphid species 

Rhopalosiphum padi and Myzus persicae 

We predicted putative orthologs for 4 previously described M. persicae 

effectors, MpC002, Mp1, Mp55, and Mp58 from R. padi using reciprocal best 

blast hit analyses on available aphid transcriptome datasets and aphid genome 

assemblies (threshold of 70 % identity and 50 % query coverage) (Thorpe et al., 

2016; Thorpe et al., 2018). To confirm the sequences of putative orthologs 

effector pairs we cloned and sequenced their coding sequences. Amino acid 

and nucleotide sequence alignments show varying degrees of sequence 

divergence across the selected effector pairs (Figure 5.1, Figure S5.1).  RpC002 
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is smaller than MpC002, with 193 amino acids compared to 265, respectively, 

and these effectors share 52.86% sequence identity. The difference in 

sequence length is partly due to a lack of the NDNQGEE repeat in the N-

terminal region of RpC002 (Figure 5.1A, Figure S5.1C). Variation in the number 

of NDNQGEE repeats in MpC002 was previously also detected within M. 

persicae (Thorpe et al., 2016), and in this study we cloned and characterized 

the MpC002 version containing 5 repeats. MpC002 also has an extended C-

terminal domain compared to RpC002 (Figure 5.1A, Figure S5.A). Rp1, which 

is similar to M. persicae Mp1, is composed of 140 amino acids compared to 139 

for Mp1, and these effectors share a percentage sequence identity of 56.12% 

(Figure 5.1B, Figure S5.1B). Mp58 and Rp58 contain 152 and 155 amino acids, 

respectively, share 64.94% sequence identity, and are most divergent in the C-

terminal region of the protein (Figure 5.1C, Figure S5.1C). Lastly, Mp55 and its 

putative orthologue Rp55 show a significant difference in size, with Mp55 

containing 340 and Rp55 268 amino acids, and share 46.67% sequence identity 

(Figure 1D, Figure S1D). Both Mp55 and Rp55 contain predicted nuclear 

localization signals (NLS), as determined using LOCALIZER (Sperschneider et 

al., 2017). Whilst two putative NLS domains were found in Rp55, four potential 

NLS domains were predicted in Mp55, with all NLS domains located in the C-

terminal part of the effector proteins (Figure 5.1D, Figure S5.1D) 
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Figure 5.1. Pair-wise amino acid sequence alignments of putative orthologues effectors 

from Rhopalosiphum padi and Myzus persicae. Alignments were generated using Jalview 

2.10.4. The level of sequence conservation is indicated by dark (high conservation) to light 

purple colour (low conservation). Predicted signal peptide (Signal P 4.1) sequences are 

underlined in black. 

A) RpC002/MpC002 alignment. The 5x repeat motif (NDNQGEE) in MpC002 is underlined with 

different colours. B) Rp1/Mp1 alignment. C) Rp58/Mp58 alignment. D) Rp55/Mp55 alignment. 

Nuclear localization signals were predicted with the tool Localizer and are underlined with 

colours red, green and grey.  
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5.4.2. Effector gene expression varies between aphid species but is 

consistent across host and non-/poor-host environments 

We were interested in assessing how gene expression of the four selected 

effector pairs was affected in the two different aphid species, M. persicae and 

R. padi upon exposure to host, non-host plants and artificial diet. We made use 

of aphid RNAseq data described in chapter 4 to investigate gene expression of 

our effectors of interest and plotted their gene counts across different treatments 

and timepoints. All 8 aphid effectors were expressed with only limited variation 

in expression across the different aphid treatments and timepoints (Figure 5.2). 

Whilst the four selected effectors from M. persicae displayed more similar levels 

of gene expression compared to one another, ranging from 280 counts for 

MpC002 to 904 counts for Mp1 (Figure 5.2B, 5.2C), the different effectors in R. 

padi showed a wider range of expression when compared to each other. For 

instance, gene counts varied from 37 for Rp55 to 2112 for Rp1 over the various 

time-points and environments (Figure 5.2A). Also, whilst Rp55 showed a 

relatively low expression compared to the other R. padi effectors, its putative 

orthologue in M. persicae was expressed at a similar level as the other M. 

persicae effectors.  
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Figure 5.2. Effector gene expression in Rhopalosiphum padi and Myzus persicae upon 

exposure to host, non-/poor-host plants or artificial diet for 3h and 24h as determined by 

RNAseq analyses. 

 A) Expression of selected R. padi effectors RpC002, Rp1, Rp58 and Rp55 upon aphid exposure 

to barley (host), Arabidopsis (non-host) or artificial diet. The expression of transcripts was 

normalized by the TMM-FPKM method (fragments per kilobase of exon per million reads 

mapped). Bars indicate standard error. B) Expression of selected M. persicae effectors 

MpC002, Mp1, Mp58 and Mp55 upon aphid exposure to Arabidopsis (host), barley (poor-host) 

or artificial diet. The expression of transcripts was normalized by the TMM-FPKM method. Bars 
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indicate standard error. C) Table displaying expression values for each effector. Letters indicate 

significant differences as determined by one-way ANOVA and post-hoc LSD protected (p<0.05 

*; p<0.01 ***). 

5.4.3. Similar localization of putative orthologs effectors from M. 

persicae and R. padi in N. benthamiana upon transient ectopic 

expression 

The subcellular localization of effectors can provide important information on the 

cellular compartment that is targeted by these proteins. We hypothesised that 

effector variants from different aphid species might have different subcellular 

localization patterns when expressed in a host or in a non-host plant due to the 

divergence of potential host targets. We expressed GFP-effector fusion proteins 

(N-terminal GFP tag) for the 4 putative orthologs effector pairs, using 

Agrobacterium, in leaves of N. benthamiana, which is a host for M. persicae, but 

a non-host for R. padi. Western blotting showed that all the GFP-fusion proteins 

were expressed, but that two of the R. padi effectors, RpC002 and Rp58, were 

less expressed compared to their putative orthologs in M. persicae (Figure 

S5.2). Also, two of the M. persicae effectors, Mp1 and Mp55, were less 

expressed compared to their putative orthologs in R. padi (Figure S5.2). These 

observations were consistent across 2 biological replicates of the western 

blotting experiment. GFP signal corresponding to the MpC002- and RpC002-

fusion proteins was detected at the plasma membrane, and in some cases, a 

weak signal was present in the nucleus or the cytoplasm (Figure 5.3A). 

However, the expression of RpC002 was very low, especially compared to 

MpC002 (Figure S5.2), and only a few transformed cells were visible. We 

validated the plasma membrane localization of these effectors upon co-

expression with a plasma membrane marker AtPIP2A, a plasma membrane 

aquaporin (Nelson et al., 2007) (Figure 5.3A). The Mp1/Rp1, as well as the 
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Mp58/Rp58 pair, were detected in both the cytoplasm and nucleus, similar to 

the free GFP control (Figure 5.3B, C). Finally, GFP-Mp55 and Rp55 were both 

detected in the nucleus, and a particularly bright signal was present in the 

nucleolus (Figure 5.3D). On the same premise, we tried to express our tagged 

effectors in barley epidermal cells using particle bombardment but due to low 

signal, we were unable to reliably localize effectors in this system. Overall, the 

selected putative orthologs aphid effector pairs show similar subcellular 

localization patterns in N. benthamiana, but effectors showed variation in protein 

stability. 
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Figure 5.3. Localization aphid effectors in Nicotiana benthamiana. 

A) Confocal microscopy images of free GFP (empty vector, pB7WG2F), the effectors GFP-

MpC002 (upper section) and GFP-RpC002 (middle section) transiently overexpressed in N. 

benthamiana. Both effectors were co-expressed with a plasma membrane marker (Pm marker; 

Nelson et al., 2007). Merged pictures represent the overlay image of the GFP and RFP 

channels. Graphs represent overlay between the fluorescence intensity of the GFP (green 

series) and RFP (red series) channels of a particular selected region of interest (ROI) shown as 

a line in the merged picture. GFP-RpC002 (lower section) images represent the localization of 

RpC002 in different compartments: the plasma membrane (a), the plasma membrane and 

cytoplasm (b) and plasma membrane and nucleus (c) compared to the empty vector (GFP). The 

images were taken 3 days after agroinfiltration. The co-localization was analysed by Fiji software 

and the plugin RGB profiler. B) Confocal images of GFP alone (pB7WG2F), and the effectors 

GFP-Mp1 (upper section) and GFP-Rp1 (lower section) transiently overexpressed in N. 

benthamina leaves. C) Confocal images of GFP alone (pB7WG2F), and the effectors GFP-
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Mp58 (upper section) and GFP-Rp58 (lower section) transiently overexpressed in N. 

benthamina. D) Confocal images of the GFP (pB7WG2F), the effectors GFP-Mp55 (upper 

section) and GFP-Rp55 (lower section) transiently overexpressed in N. benthamina. All the 

confocal images were taken 3 days after agroinfiltration. 

5.4.4. Species-specific effects of aphid effector expression in N. 

benthamiana on host susceptibility to M. persicae 

To assess whether the four selected effector pairs similarly impacted host 

susceptibility to M. persicae, we performed aphid performance assays on N. 

benthamiana leaves transiently expressing the different effectors under the 

control of a 35S promoter. No significant differences in host susceptibility were 

noted upon expression of Mp1 and Mp55 from M. persicae and Rp1, and Rp55 

from R. padi (Figure 5.4B, D). However, we found that expression of MpC002, 

but not RpC002, significantly increased the number of M. persicae nymphs 

produced per adult by 27% (One-way ANOVA post-hoc Fisher's protected Least 

Significant Differences (LSD); p>0,05) (Figure 5.4A). Western blot analyses of 

GFP-MpC002 and GFP-RpC002 showed that RpC002 is expressed to a much 

lower level, which could account for the observed difference in effect on plant 

susceptibility (Figure S5.2). In contrast, the expression of both Mp58 and Rp58 

resulted in significantly lower M. persicae nymph production compared to the 

vector control, with 55% and 27% less nymphs being produced per adult, 

respectively (One-way ANOVA post-hoc Fisher's protected Least Significant 

Differences (LSD); p>0,05) (Figure 5.4B).  
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Figure 5.4. Myzus persicae performance assays on Nicotiana benthamiana transiently 

overexpressing effectors from the aphid species Myzus persicae and Rophalosiphum 

padi. Leaves of N. benthamiana were agroinfiltrated with different effector constructs (35S-

promoter) and infiltration sites were challenged with 3 M. persicae nymphs, which were allowed 

to develop and reproduce. Nymph production per aphid was monitored over a 14-day period, 

with the aphids being moved to freshly infiltrated leaves every 7 days. Empty vector was used 

as a control. Bar graphs show the average number of nymphs per adult 14 days after challenge 

(DAC) from three independent replicates (n=12). Error bars represent the standard error and 

different letters indicate significant differences at p>0.05. Statistical analyses were performed 

using one-way ANOVA post-hoc Fisher's protected Least Significant Differences (p>0.05). 

A) Number of nymphs produced per adult on leaf tissue expressing the vector control, MpC002 

or RpC002. B) Number of nymphs produced per adult on leaf tissue expressing the vector 

control, Mp1 or Rp1. C) Number of nymphs produced per adult on leaf tissue expressing the 

vector control, Mp58 or Rp58. D) Number of nymphs produced per adult on leaf tissue 

expressing the vector control, Mp55 or Rp55. 
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5.4.5. Transgenic barley lines expressing RpC002 and Rp1 are 

more susceptible to R. padi but not M. persicae than wild-type 

and mock-transformed plants. 

Aphid effector characterization studies to date have focused on model dicot 

plant species in combination with transient expression systems. With R. padi 

being a major pest of cereal, we aimed to extend aphid effector characterization 

studies to the monocot crop species, barley. To explore the contribution of R. 

padi effectors to host susceptibility, we generated barley transgenic lines in 

cultivar Golden Promise expressing the 4 selected R. padi effectors. For this, 

we transformed plants with a modified version of the pBRACT214 vector (Colas 

et al., in preparation), which contains the ubiquitin promoter from maize allowing 

constitutive expression in all plant organs (http://www.bract.org /constructs. Htm 

#barley). To gain further information about where candidate genes of interest 

are potentially expressed using this construct, we performed GUS-staining on 

different plant tissues, such as leaves, stems, spikes and roots of a barley 

transgenic line generated by transformation with pBRACT214m:GUS (Figure 

S5.3). We observed that GUS was expressed in all stained tissue, with 

particularly strong GUS expression in leaf vascular tissues and roots (Figure 

S5.3). After barley transformation, we obtained 13 independent lines for the 

RpC002 effector, 4 lines for the Rp1 effector, 16 lines for Rp58 and 10 lines for 

Rp55. In the first generation, lines with a single effector insertion were selected 

based on 75% survival on hygromycin (hygromycin phosphotransferase is the 

pBRACT selection marker). For RpC002, 4 of the 26 independent lines tested 

showed exactly 75% of hygromycin resistance, for Rp1 6 of the 10 lines showed 

resistance percentages between 65-85%, for Rp58 8 of the 24 lines showed 

percentages between 60-80% and for the effector Rp55 6 of 19 the lines showed 
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65-85% resistance. The presence of effector coding sequences (lacking the 

signal peptide encoding sequence) was confirmed in the first generation of 

transgenic lines by RT-PCR (data not shown) and the expression of the 

effectors was verified in second generation lines using qRT-PCR (Figure S5.4). 

Three homozygous T3 lines per effector construct were selected for aphid 

performance assays with R. padi and M. persicae, using barley cv. Golden 

Promise and the transgenic pBRACT214m:GUS line as controls to assess how 

barley host and poor-host interactions with aphids were affected. Each plant 

was infested with two nymphs and reproduction was assessed after 11 days for 

R. padi and after 14 days for M. persicae. We did not observe any visual 

differences in plant growth and development for any of the transgenic lines 

generated (Figure S5.4). 

In the case of the M. persicae infestation assays, we did not find consistent 

significant differences in aphid performance on the transgenic lines expressing 

the R. padi effectors as compared to the wild-type and GUS control lines (Figure 

5.5). On one of the Rp1 lines, Rp1_2A, however, we noted increased nymph 

production. But with no consistent effect of Rp1 expression on susceptibility to 

M. persicae in the two additional Rp1 transgenic lines we cannot rule out that 

the insertion site in the Rp1_2A line may play a role, or alternatively, the higher 

level of Rp1 expression in this line is responsible for enhanced susceptibility.  
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Figure 5.5. Myzus persicae performance on barley plants ectopically expressing different 

Rhopalosiphum padi effectors. Transgenic barley lines were challenged with aphids 

alongside wild-type plants cv Golden Promise (WT) and a transgenic line transformed with 

pBRACT241m-GUS (GUS). Nymph production was monitored for 14 days. 

A) Nymph production per adult on transgenic barley lines expressing effector RpC002. Three 

independent transgenic lines were assessed: RpC002_1A, RpC002_2A and RpC002_10A. B) 

Nymph production per adult on transgenic barley lines expressing effector Rp1. Three 

independent transgenic lines were assessed: Rp1_2A, Rp1_3B and Rp1_4E. C) Nymph 

production per adult on transgenic barley lines expressing effector Rp58. Three independent 

transgenic lines were assessed: Rp58_5A, Rp58_8A and Rp58_11A. D) Nymph production per 

adult on transgenic barley lines expressing effector Rp55. Three independent transgenic lines 

were assessed: Rp55_1F, Rp55_4C and Rp55_7D. 

Bar graphs show the average number of nymphs per adult 14 days after challenge (DAC) from 

at least three independent replicates (n=6-8). Error bars represent the standard error and 

different letters indicate significant differences as determined with one-way ANOVA post-hoc 

Fisher's protected least significant difference test (p>0.05). Mp indicates M. persicae. 
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Ectopic expression of two of the four R. padi effectors, RpC002 and Rp1, in 

barley resulted in enhanced susceptibility to R. padi. Specifically, one out of 

three independent RpC002 barley lines, RpC002_1A, showed a significant 

increase of susceptibility towards R. padi compared to GUS control, with 11% 

more nymph production. In addition, two of the lines line showed increased 

susceptibility when compared to the non-transformed plants with 16% more 

nymph production on line RpC002_1A, and 12% more nymph production on line 

RpC002_2A (One-way ANOVA post-hoc Fisher's protected Least Significant 

Differences (LSD); p>0,05) (Figure 5.6A). The transgenic line with the strongest 

susceptibility phenotype (RpC002_1A) also showed also the highest RpC002 

transcript levels (Figure 5.6A; Figure S5.4B). In addition, all three independent 

Rp1 barley lines showed enhanced susceptibility to R. padi compared to the 

GUS transgenic line and non-transformed control. Specifically, we noted a 18% 

and 22% increase in nymph production on line Rp1_2A compared to GUS and 

wild-type controls, respectively, and similarly, an increase of 20% and 16%, on 

line Rp1_3B, and an increase of 15% and 11% on line Rp1_4E (Oneway 

ANOVA post-hoc Fisher's protected Least Significant Differences (LSD); 

p>0,05) (Figure 5.6B). Also here we noted a link between the level of effector 

gene expression and impact on susceptibility, with the lines showing the most 

pronounced susceptibility phenotype towards R. padi (Rp1_2A and Rp_3B) also 

showing the higher Rp1 transcript levels (Figure 5.6B; Figure S5.4B).  
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Figure 5.6: Rhopalosiphum padi performance on barley plants ectopically expressing 

different R. padi effectors. Transgenic barley lines were challenged with aphids alongside 

wildtype plants cv Golden Promise (WT) and a transgenic line transformed with pBRACT241m-

GUS (GUS). Nymph production was monitored for 11 days. 

A) Nymph production per adult on transgenic barley lines expressing effector RpC002. Three 

independent transgenic lines were assessed: RpC002_1A, RpC002_2A and RpC002_10A. B) 

Nymph production per adult on transgenic barley lines expressing effector Rp1. Three 

independent transgenic lines were assessed: Rp1_2A, Rp1_3B and Rp1_4E.  C) Nymph 

production per adult on transgenic barley lines expressing effector Rp58. Three independent 

transgenic lines were assessed: Rp58_5A, Rp58_8A and Rp58_11A. D) Nymph production per 

adult on transgenic barley lines expressing effector Rp55. Three independent transgenic lines 

were assessed: Rp55_1F, Rp55_4C and Rp55_7D. 

Bar graphs show the average number of nymphs per adult 11 days after challenge (DAC) from 

at least three independent replicates (n=5-10). Error bars represent the standard error and 

different letters indicate significant differences as determined with one-way ANOVA post-hoc 

Fisher's protected least significant difference test (p>0.05). Rp inducates R. padi. 
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5.5. Discussion 

Aphids are damaging pests on cereals, including barley. Aphid effector 

characterization efforts to date have focused on dicot plant species including 

Arabidopsis, tomato, and Nicotiana benthamiana (Mutti et al., 2008; Bos et al. 

2010b; Pitino et al., 2011; Rodriguez et al., 2013; Pitino and Hogenhout, 2013; 

Elzinga, et al., 2014; Mugford et al., 2016; Rodriguez et al., 2017), and have not 

yet been described for monocot crops. It is crucial to understand the 

mechanisms employed by aphids and other insects to infest cereals, as well as 

to gain insight into how aphid effector function may have diverged across 

different plant-aphid species interactions. Here, we performed comparative 

functional analyses of 4 putative orthologs effector pairs from the cereal pest R. 

padi and broad host range pest M. persicae in N. benthamiana based on 

subcellular localization and impact on host susceptibility to aphids. Moreover, 

for functional characterization of the 4 selected R. padi effectors in a monocot 

host crop, we generated transgenic barley lines ectopically expressing the 

corresponding effector genes for host and poor-host susceptibility assays with 

both R. padi and M. persicae respectively. Our data show similar localization of 

the putative orthologue effectors in N. benthamiana and revealed potential 

species-specific activities in barley for the R. padi effectors, but also pointed to 

potentially conserved effector activity at least in the case of Mp58/Rp58 in N. 

benthamiana. Although challenging, functional characterization of aphid 

effectors not only in dicot (model) plants, but also monocot crops promises to 

reveal novel insight into effector function and evolution. 
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5.5.1. Sequence and expression variation of putative orthologue 

aphid effector pairs 

The effector diversity across different aphid species might reflect the adaptation 

to different host plants (Schulze and Panstruga, 2011). Amino acid alignments 

of the 4 putative orthologue effector pairs we selected showed different levels 

of sequence divergence which might reflect the different lifestyles of the two 

aphid species R. padi (cereal specialist) and M. persicae (broad host range 

pest). In general, the signal peptide sequences of these effectors tend to be 

more conserved than the rest of the protein, indicating divergence mainly 

occurred within the functional effector domains. The NDNQGEE repeat motif, 

which is absent in RpC002, was previously shown to be linked to virulence in 

M. persicae, since MpC002 transgenic Arabidopsis lines, but not lines 

expressing a deletion mutant missing the repeat motifs, showed enhanced 

susceptibility to aphids (Pitino and Hogegout, 2013). However, whether this 

difference in activity was due to a difference in protein stability was not tested 

(Pitino and Hogegout, 2013). We noticed that the RpC002 protein, which lacks 

the NDNQGEE repeats, is less stable in N. benthamiana, suggesting that the 

low level of protein expression is indeed one of the possible causes of the limited 

impact on plant susceptibility. Noteworthy, within M. persicae, different MpC002 

variants have been reported with different numbers of the NDNQGEE repeat 

(Thorpe et al., 2016). The biological significance of this repeat variation remains 

to be elucidated. 

All selected aphid effectors were expressed regardless of whether aphids were 

exposed to a host, non-host plant or artificial diet. It is possible that, unlike the 

case for plant pathogens where effector gene expression varies across different 

infections stages (Jupe et al., 2013; Hacquard et al., 2013; Cotton et al., 2014), 
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aphid effectors are constitutively expressed to ensure aphids are generally 

ready to infest a plant. This hypothesis is in line with other reports where no 

significant overall effector gene expression variation was reported when aphids 

were adapted to different plant environments (Lu et al., 2016; Mathers et al., 

2017; Thorpe et al., 2018).  

The Rp1/Mp1 and Rp58/Mp58 pair were more similarly expressed in the two 

aphid species relative to the other effector pairs. Interestingly, this effector pair 

is co-located in a non-syntenic region across the genomes of 5 different aphid 

species, and their expression is tightly co-regulated with a large set of aphid 

genes, including many (predicted) effectors such as RpC002/MpC002 (Thorpe 

et al., 2018). Whether and how these effectors work together to enable aphid 

infestation remains to be explored.  

5.5.2. Similar subcellular localization of R. padi and M. persicae 

putative ortholog effector pairs in N. benthamiana 

The selected putative ortholog effector pairs localized in the same cellular 

compartments, with 2 of the pairs localizing to the cytoplasm, one pair 

(Mp55/Rp55) localizing to the host nucleus, and one pair, RpC002/MpC002, 

localizing to the plasma membrane indicating these could be their sites of 

activity. It is possible that these effectors are similarly active both in host and 

non-host plants. Indeed, both Mp58 and Rp58 seem to similarly affect 

susceptibility to M. persicae, but, on the other hand, expression of Mp1/Rp1 

under a phloem-specific promoter only supported effector activity of Mp1 but not 

Rp1 in similar assays (Rodriguez et al., 2017). Moreover, effector localization 

can be affected by (endogenous) expression levels of their host targets, as 

shown for Mp1, which only re-localizes from the cytoplasm to vesicles in the 
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presence of over-expressed VPS52, its host target (Rodriguez et al., 2017). We 

did observe differences in stability of R. padi and M. persicae effectors with 

RpC002 and Rp58 less well detected by western blotting than MpC002 and 

Mp58, respectively. Perhaps some aphid effectors are less stable in non-/poor-

host plants due to the absence of interacting host proteins that do not only 

facilitate effector activity but also stability.  

Both the nucleus and plant plasma membrane play key roles in activating plant 

defences against plant pathogenic microbes (reviewed by Boutrot and Zipel, 

2017; Motion et al., 2015). The plasma membrane is the site of many immune 

receptors, such as receptor-like kinases, required for pathogen recognition and 

initiation of an immune response (Boutrot and Zipel, 2017). The RpC002 and 

MpC002 effector localization to the plasma membrane might indicate a role in 

interfering with immune receptors or any cell membrane-associated defences. 

The localization of Rp55 and Mp55 to the nucleus/nucleolus could indicate that 

these effectors target either host proteins or DNA within these compartments to 

suppress immunity or regulate gene expression to promote susceptibility.  

5.5.3. Species-specific versus general effects of ectopic effector 

expression in N. benthamiana on plant susceptibility to M. 

persicae  

Our observed increased susceptibility of N. benthamaina to M. persicae upon 

expression of MpC002 is in line with previous reports (Bos et al., 2010b; Pitino 

and Hogenhout, 2013; Elzinga et al., 2014). Yet, the expression of its putative  

orthologue from R. padi, RpC002, did not impact susceptibility the same way. 

As already mentioned above, the species-specific activity of the C002 family 

was previously reported and linked the presence/absence of the NDNQGEE 
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repeat motif (Pitino and Hogenhout, 2013). However, our work shows that the 

RpC002 protein is not well expressed in N. benthamiana, possibly due to the 

lack of the N-terminal repeats, and this difference in expression could be 

responsible for the lack of impact on plant susceptibility. Similarly to Elzinga et 

al. (2014), ectopic expression of Mp58 led to reduced plant susceptibility to M. 

persicae. Rp58, which shows a high level of sequence similarity to Mp58, 

similarly affected N. benthamiana susceptibility pointing to a potentially 

conserved function of this effector pair. It is possible that the artificially high 

levels of Mp58/Rp58 expression lead to an exaggerated host-targeting 

response and potentially subsequent activation of defence. In contrast to our 

observations, Atamian et al. (2013) reported that the putative orthologue of 

Mp58/Rp58 in Macrosiphum euphorbiae (Me10) increased tomato and N. 

benthamiana susceptibility to the potato aphid. There is a possibility that these 

effectors function in a different way between certain aphid species, and 

therefore we observed different effects on plant susceptibility. The ectopic 

expression of the effectors Mp1/Rp1 or Mp55/Rp55 did not have a significant 

effect on N. benthamiana susceptibility to M. persicae. For Mp1/Rp1, this was 

not surprising, as it was previously shown that Mp1, when expressed under the 

35S promoter, does not alter plant susceptibility (Elzinga et al., 2014). However, 

when expressed under a phloem-specific promoter, Mp1, but not Rp1, 

enhances host susceptibility to M. persicae (Pitino and Hogenhout, 2013; 

Rodriguez et al., 2017). By using the 35S promoter we obtained expression in 

almost all cells, but this expression was reported to be low in the phloem cells 

compared to the other plant tissues (Odell et al., 1985). Therefore, it is important 

to keep in mind that different expression methods may be needed to identify 

effector activity relevant to aphid infestation. The lack of Mp55 impact on plant 
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susceptibility was surprising as this effector was previously found to enhance 

Arabidopsis and N. tabacum susceptibility to M. persicae (Elzinga et al., 2014). 

Moreover, transgenic Mp55 Arabidopsis displayed lower levels of 4MI3M (4-

methoxyindol-3-ylmethylglucosinolate), a deterrent of M. persicae feeding 

(Elzinga et al., 2014; Kim and Jander, 2007), suggesting that this effector could 

be involved in modifying the glucosinolate pathway. Mp55 expression also 

decreased callose deposition and hydrogen peroxide production, which both 

contribute to plant defences against aphids (Elzinga et al., 2014). The reason 

that  Mp55 in our hands did not similarly enhance susceptibility remains unclear 

and would require further testing of our assay system under different conditions. 

5.5.4. R. padi effectors RpC002 and Rp1 enhance barley 

susceptibility to R. padi but not M. persicae 

In contrast to the N. benthamiana assays, where no effects of Mp1/Rp1 (35S 

promoter) were noted with regards to host susceptibility to M. persicae, Rp1 

expression in barley (ubiquitin-promoter) enhanced barley susceptibility to R. 

padi but not M. persicae. It is possible that the different expression system (35S 

versus ubiquitin promoter) is responsible for this difference. The GUS assays 

on transgenic barley lines show that the ubiquitin promoter may be well 

expressed in the plant vasculature, which may be the plant tissue where many 

aphid effectors are delivered during feeding. Although not all the lines were 

significantly different from the controls for RpC002, we did notice that 

susceptibility phenotypes were linked to the different level of effector gene 

expression between different lines. Our data, including the aphid-specific effects 

of RpC002 and Rp1 on barley susceptibility, suggest some aphid effectors may 

have activities tailored to specific plant-aphid interactions. 
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Other effectors, such Rp58 and Rp55, did not alter barley susceptibility to 

aphids, in contrast to what was previously reported for other plant-aphid 

systems (Atamian et al., 2013; Elzinga et al., 2014). It is important to note that 

the levels of effector expression in the Rp58 barley transgenic lines are lower 

compared to the rest of the effector lines. Alternative explanations could be that 

effectors are not expressed in tissues where they are usually active, or that they 

only function in combination with additional effectors in enhancing plant 

susceptibility.  

None of the transgenic lines was affected in susceptibility to M. persicae, except 

for Rp1_2A.  As detailed in chapter 2 and chapter 4, the interaction of this aphid 

species with barley leads to activation of many defence-related genes and also 

an unknown mechanism of barley phloem-based resistance seems to be in 

place. It is possible that these barley resistance mechanisms against this aphid 

species are not affected by the effectors and as a result susceptibility remains 

comparable to wild-type plants.  

In summary, we have characterized a set of effectors from two different aphids 

in a dicot and monocot plant species, revealing potential aphid-specific effector 

activities. We also, for the first time, undertook a functional characterization 

approach in barley to gain insight into the function of cereal aphid effectors. The 

generated transgenic plants are a valuable resource for analysing how these 

aphid effectors alter plant defences (callose deposition, hormone signalling, 

production of volatiles), but also to assess how aphid probing and feeding 

behaviour is affected upon ectopic expression of effectors.  
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5.7. Supplementary Figures 

 

Figure S5.1. Pair-wise nucleotide sequence alignments of putative orthologs effectors 

from Rhopalosiphum padi and Myzus persicae. Alignments were generated using Jalview 
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2.10.4. The level of sequence conservation is indicated by dark (high conservation) to light 

purple colour (low conservation). Predicted signal peptide (Signal P 4.1) sequences are 

underlined in black. 

A) RpC002/MpC002 alignment. B) Rp1/Mp1 alignment. C) Rp58/Mp58 alignment. D) 

Rp55/Mp55 alignment.  

 

Figure S5.2. Western blot showing the expression of GFP and the GFP-effector fusion 

proteins in Nicotiana benthamiana.  

GFP and GFP-effector fusion proteins were transiently expressed in N. benthamiana by 

agroinfiltration. Leaf tissues were harvested 4 days post agroinfiltration for extraction and 

western blotting. Western blots showed the signal for GFP (±27kDa), GFP-MpC002 (±47kDa) 

GFP-RpC002 (±50kDa), GFP-Mp58 (±42kDa), GFP-Rp58 (±40kDa), GFP-Mp1 (±47kDa), GFP-

Rp1 (±40kDa), GPF-Mp55 (±70kDa), GFP-Rp55 (±65kDa). Lower panel shows Rubisco staining 

with Ponceau S (PS) showing equal amounts of protein loading except for the GFP sample (half 

volume loaded).  
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Figure S5.3. Expression of GUS (β-glucuronidase) under control of the maize ubiquitin 

promoter in different tissue of the barley transgenic line pBRACT214:GUS. GUS 

expression was visualized by staining barley tissue with X-gluc solution and overnight incubation 

at 37C. 

 A) Leaf. B) Stem. C) Spike. D) Root. E) Grain. 
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Figure S5.4. Effector transcript levels in transgenic barley lines expressing 

Rhopalosiphum padi effectors. Expression was analysed by qRT-PCR on cDNA from 

selected transgenic barley lines in the second generation (T2). Right image: homozygous 
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transgenic lines selected for the aphid performance assays of each effector compared with the 

wild-type Golden Promise 

A) Left chart: normalized expression of RpC002 in transgenic lines relative to the line 

RpC002_4B.  B) Normalized expression of Rp1 in transgenic lines relative to the line Rp1_4E. 

C) Normalized expression of Rp58 in transgenic lines relative to the line Rp58_3G. D) 

Normalized expression of Rp55 in transgenic lines relative to the line Rp55_7I. In all graphs are 

highlighted in colour are the lines used for the aphid performance assays (Figure 5 and Figure 

6). Effector expression was not detected in the experimental controls, barley cv Golden Promise 

and the barley transgenic line transformed with the pBRACT214-GUS vector. 
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Table S5.1. PCR primers used to clone the different effectors and qRT-PCR primers and 

probes used to quantify the effectors expression. 
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6. General Discussion 

Most of the current knowledge in molecular plant-aphid interactions comes from 

studies that focus on the interaction of model host (dicots) plants with aphid 

species able to infest such plants. Notably, the best-characterized system to 

date in the field is the Arabidopsis thaliana-Myzus persicae interaction (Louis 

and Shah, 2013; Jaouannet et al., 2014). Great advances have been made 

towards understanding the molecular events taking place during this compatible 

interaction, particularly with regards to the plant defences (signalling) 

components. The significant amount of “omics” resources and techniques 

available for both Arabidopsis and M. persicae certainly have facilitated these 

advances in the field (reviewed by Louis and Shah, 2013). However, at the same 

time, there is a need to focus our research also on crop species and the aphid 

species infesting these. In this research project, we took advantage of the latest 

genomics/transcriptomics resources and techniques available for barley 

research to expand our knowledge from model plants to crops with regards to 

molecular plant-aphid interactions. Throughout my thesis, barley has been an 

important model to gain insight into monocot crop-aphid interactions, including 

the role of effectors. In addition, my research provides detailed information of 

aphid and plant responses during not only barley host interactions with 

Rhopalosiphum padi but also upon non-host and poor-host interactions with 

other aphid species, including M. persicae. Understanding plant immunity at the 

level of poor-host and non-host interactions is particularly important for aphid 

pests where no or limited genetic crop resistance is available to provide 

alternative approaches to control infestations (Dogimont et al., 2010). Finally, 

my work has generated a significant amount of aphid genomics resources which 
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not only contributed to other research projects within the Bos lab (Thorpe et al., 

2016, 2018) but also will be of use to the research community.  

6.1.1. Barley mounts an active immune response to aphids during 

both host- and poor-host interactions 

At the beginning of this project little was known about how barley interacts with 

insects, including aphids, at the molecular level. Indeed, we demonstrated that 

this crop can be used not only as a model to study monocot plant-aphids 

interactions, but also that barley is a resource of potential novel resistances 

against aphid species such as M. persicae, which do not cause barley 

infestations under field conditions. We made a detailed characterization of how 

barley interacts with three different aphid species and revealed different levels 

of resistance during host, poor-host and non-host interactions. Using a 

microarray, we analysed barley transcriptional responses during these types of 

interactions and showed that activation of (defences) genes occurs widely 

across interactions, but that a most pronounced response was activated upon 

interaction with M. persicae (poor-host interaction). Our transcriptional analyses 

of the barley host interaction with R. padi complemented previous work by Delp 

et al. (2009) and Mehrabi et al. (2014), in which susceptible versus partial 

resistant barley genotype transcriptional responses upon interaction with R. padi 

were compared. This knowledge will help to elucidate signalling or defence 

pathways that may play important roles in plant immunity and during aphid 

infestation, which can help us to better understand the molecular basis of the 

host susceptibility to aphids. Second, our approach also explored barley 

responses during poor- and non-host interactions with aphids and led to the 

identification of highly responsive genes during the poor-host interaction with M. 

persicae, which might contribute to resistance against this important pest. As a 
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proof of concept, we demonstrated that the ectopic expression of two barley 

thionins in host plant Nicotiana benthamiana reduced the performance of M. 

persicae. Follow on research will be needed to support this finding and may 

include testing the potential direct toxic effects on aphids by applying purified 

thionins to artificial diets and/or by generating plants overexpressing thionins to 

test their impact on aphid infestation. Moreover, an improved CRISPR-Cas9 

approach can be undertaken to try to knock-out select thionin genes in barley, 

which would allow determining to what extent these genes contribute to host 

and poor-host resistance to aphids.  

In chapter 3, I applied CRISPR-Cas9 technology to further test barley gene 

function for LEA14 and thionins, but the approach undertook only resulted in 

mutants suitable for functional analyses LEA14. We demonstrated the feasibility 

of the CRISPR-Cas9 system in barley for functional analysis by successfully 

generating lea14 mutant plants with a single gRNA. Herein, we contributed to 

the characterization of the CRISPR-Cas9 system in barley, mainly in terms of 

efficiency, segregation rates and types/sites of mutations expanding the 

information found in Lawrenson et al. (2015), Kapusi et al. (2017) and Holme et 

al. (2017). After obtaining different homozygous mutants for LEA14, I completed 

aphid performance assays with different aphid species, but found no significant 

differences in nymph production. Nevertheless, these lines will be further used 

in aphid performance assays that are based on more detailed measurements of 

population growth and aphid development as well as assays to look at defence 

gene activation. 
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6.1.2. Aphid responses to different plant environments  

By performing a detailed analysis of aphid probing and feeding behaviour during 

host-, poor-host and non-host interactions with Arabidopsis and barley we 

discovered that plant resistance to aphids can be based in different plant cell 

layers, at the epidermis/mesophyll or the phloem level. These findings 

suggested that particular defence responses against aphids are activated in 

different plant tissues. The next question would then be: what are the 

components of such defences and also how do these affect the aphids at the 

molecular level? In the case of the phloem-based resistance observed in barley 

during the interaction with M. persicae, we do not know what the molecular basis 

is of this resistance. However, our barley transcriptome dataset revealed that 

indeed a set of phloem-responsive genes is activated during this interaction and 

these would be interesting candidates to further dissect the role of potential 

phloem defences in poor-host interactions 

In addition, I assessed transcriptional responses to aphids during the different 

types of interactions with barley and Arabidopsis plants, as well as during the 

interaction with an artificial diet. Surprisingly, we only found limited aphid 

transcriptional plasticity when aphids were exposed to the different 

plant/artificial environments, at least within the first 24 h upon moving aphids 

from their host plants. Furthermore, we found that aphid parasitism genes 

(effectors) were highly expressed regardless of the environment, which is in 

contrast to the general patterns of induced expression that can be observed for 

parasitism genes from plant pathogenic microbes and nematodes during 

specific infection stages (Kellner et al., 2014; Guyon et al., 2014; Harris et al., 

2016). We propose that aphid effectors are expressed more or less 

constitutively, and can be readily secreted when an aphid encounters a suitable 
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host plant to allow colonization and a rapid response to plant defences. It is, 

however, possible that there is some variation in the level of expression of 

effectors, but that we have not been able to identify this due to collecting whole 

aphids for analyses rather than the specific tissues where effectors may be 

expressed. The RNAseq data generated here contributed also to novel aphid 

genomics resources by facilitating the genome assembly of two aphid species 

and the discovery of a shared transcriptional control mechanism that seems to 

regulate aphid effector expression (Thorpe et al., 2018). This finding raises 

further questions of interest within the effector biology field regarding how aphid 

effector gene expression is regulated or achieved and whether master 

regulators are involved, which may be targets of interest for developing novel 

control strategies. 

6.1.3. Cereal aphid effectors contribute to host susceptibility in a 

species-specific manner 

The study of aphid effectors is essential to unravel the virulence mechanisms 

that these pests use to infest plants (reviewed by Jaouannet et al., 2014). My 

thesis describes for the first time the functional characterization of several aphid 

effectors in barley, and showed that the ectopic expression of two R. padi 

effectors, RpC002 and Rp1, enhanced susceptibility to R. padi (host 

interaction), but not to M. persicae (poor-host interaction). The above findings 

indicate that these effectors may function in a species-specific activity.  

Demonstrating that effectors promote plant susceptibility is a great step forward 

to understand their mode of action. Knock-out aphid mutants would be 

necessary to confirm whether or not specific effectors are essential for aphid 

virulence. However, no genetic transformation approach is currently feasible in 

http://frontiersin.org/people/u/183983
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aphids, and the available alternative is to use (plant-mediated) RNAi 

approaches (Coleman et al., 2014). In the case of cereal aphids (e.g. R. padi), 

it will be time-consuming to generate barley plants expressing the RNAi 

constructs. Alternatively, RNAi delivery through artificial diet containing dsRNA 

could be another option (Pitino et al., 2011). However, generally, RNAi in aphids 

is inconsistent and leads to relatively low levels of gene expression knock-down 

(Christiaens et al., 2014; Zhang et al., 2017), making it hard to assess whether 

or not an effector is indeed essential. The transgenic barley lines ectopically 

expressing R. padi effectors generated here are a great tool for further research. 

For instance, we could characterize aphid probing and feeding by EPG on these 

lines. In addition, we could assess changes in barley gene expression in these 

lines as compared to wild-type plants to gain some insight into plant cellular 

processes that may be affected by effector expression. Follow-up research 

could then aim to identify the plant targets of these effectors, for example using 

a yeast-two-hybrid screening approach, to understand the underlying 

mechanisms of effector-triggered-susceptibility. In the long term, only with a 

profound knowledge of the effector biology, it will be possible to identify or 

engineer susceptibility targets that are not longet targeted by aphid effectors 

(Hogenhout et al., 2009; Gawehns et al., 2013). An alternative exciting strategy 

would be to engineer decoys that target and inactivate effectors (Kim et al., 

2016). 
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6.2. Concluding remarks 

This thesis has contributed to identifying barley genes with potential novel 

functions in plant-aphid interactions and poor-/non-host resistance to aphids. 

Furthermore, I initiated the functional characterization of several genes of 

interest by applying CRISPR-Cas9 technology in barley to generate gene 

knock-outs. In addition, my research findings linked plant resistance to aphids, 

during poor-host and non-host, to different plant tissues. The next step will be 

to further dissect the components of such a tissue-specific resistance. On the 

aphid-side of the interaction, I contributed to important genomics resources and 

initiated characterization studies in barley and N. benthamiana of four putative 

ortholog effector pairs from two different aphid species. Results from this work 

supported the general hypothesis that effectors contribute to plant susceptibility 

in a cereal crop and also pointed to potential aphid-species specific effector 

activities. In the long-term, identification and characterization of both plant and 

aphid proteins that have important roles during plant-aphid interactions will 

facilitate the development of novel control strategies that are durable and 

environmentally friendly. 
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