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Introduction 18 

Plants have evolved highly complex ways for detecting non-self entities. This is driven by the need to 19 

protect themselves against potential pathogens, parasites or herbivores (Boller & Felix, 2009).   One 20 

of the pillars that support plant immunity are “resistance” (R) genes. The existence of R genes 21 

controlling disease was first established right after rediscovery of Mendelian genetics at the beginning 22 

of the twentieth century (Biffen, 1905). Many R genes determine highly specific recognition of so-23 

called “avirulence” (Avr) factors in the pathogens. In recent decades, our knowledge of R and Avr 24 

genes has progressed significantly, even if a mechanistic understanding of recognition is still 25 

incomplete. This understanding is complicated by the observation that many of the products encoded 26 

by Avr genes actually play significant roles in contributing to virulence and pathogenicity – that is 27 

they are “effectors” of disease (Jones & Dangl, 2006).  In some plant-pathogen interactions, the key 28 

players in this game are well known. But that is not the case for the very common and agronomically 29 

significant powdery mildews. In these diseases information is very skewed in favour of the hosts: 30 

whilst several R genes have been cloned and characterised in some key crops (notably barley 31 

(Hordeum vulgare) and wheat (Triticum aestivum)) (Zhou et al., 2001; Srichumpa et al., 2005), 32 

understanding avirulence in the fungi that cause powdery mildew is poorly understood, and until 33 

recently was limited to two enigmatic transposon-like Avr genes in barley powdery mildew (Ridout et 34 

al., 2006; Sacristán et al., 2009).  This situation is now rebalanced with the publication of three 35 

seminal papers over the past year (Bourras et al., 2015; Lu et al., 2016; Praz et al., this issue). 36 

Cloning cereal powdery mildew secreted avirulence effectors 37 

Through truly Herculean efforts of researchers in two of the main laboratories involved in cereal 38 

powdery mildew research, we now have positive identification of several additional avr genes in 39 

Blumeria graminis:  AvrPm3a2/f2 and AvrPm2 in the forma specialis tritici, which infects wheat 40 

(Bourras et al., 2015; Praz et al., this issue), and Avra1 and Avra13 in the forma specialis hordei, which 41 

infects barley (Lu et al., 2016). Additionally, one gene (SvrPm3a1/f1) has been identified that 42 

effectively suppresses recognition of one of the Avr proteins in wheat (Bourras et al., 2015).  In this 43 

commentary, I argue that, contrary to what is stated in the original papers, four out of the five genes 44 

are clearly phylogenetically related. In fact, they are most likely to have derived from a single 45 

ancestral gene encoding a ribonuclease (RNase). More of this later. 46 

One of the reasons that make the work leading to the cloning of these Avr genes impressive is that B. 47 

graminis, like all powdery mildew fungi, are obligate pathogens: they can only be grown on live 48 

hosts. The strategies taken by the two research groups combine several independent “orthogonal” 49 

approaches that were dependent on the new genomic resources the powdery mildew community has 50 

developed over the past decade (Spanu et al., 2010; Wicker et al., 2013).  In essence, the wheat 51 
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powdery mildew Avr effector genes were identified and cloned by a combination of genome-informed 52 

map-based cloning coupled with a genome-wide association (Bourras et al., 2015; Praz et al., this 53 

issue). In contrast, the barley powdery mildew Avr genes were cloned by a complex transcriptome-54 

wide association study of a large set of isolates originating from very widely dispersed locations 55 

across the globe (Lu et al., 2016). In both cases, successful attempts were made to validate 56 

experimentally the functional identity of the candidate genes. Heterologous expression of the wheat 57 

powdery mildew genes induces a clear necrosis in Nicotiana benthamiana when co-expressed with 58 

the corresponding “cognate” resistance genes; conversely, the barley powdery mildew Avr proteins 59 

determine specific responses when expressed in barley genotypes carrying the cognate R genes. Both 60 

sets of experiments were driven by transient expression of T-DNA-based constructs delivered by 61 

Agrobacterium. The barley powdery mildew Avr proteins are also active in transgenic Arabidopsis 62 

thaliana plants that heterologously express the correct barley R genes.  Taken together, these 63 

experiments not only corroborate functionally the gene identification, but also demonstrate a 64 

significant conservation of the fundamental signalling pathways underpinning immune responses in 65 

plants; a conservation that goes back at least as far as the dicot-monocot divergence (ca. 150 MYA). 66 

Many cereal Avr proteins are RALPHs 67 

One intriguing observation is that three out of the four Avr genes identified in these studies, as well as 68 

the suppressor of avirulence in the wheat powdery mildew pathogen (SvrPm3a1/f1), encode proteins 69 

with features resembling catalytically inactiveRNases. That is, they are part of the superfamily of 70 

RnAse-Like Proteins associated with Haustoria: i.e. the so-called “RALPH” effectors. The existence 71 

of this large superfamily was examined in great detail in a comprehensive study on B. graminis f.sp. 72 

hordei Candidate Secreted Effector Proteins (CSEPs) (Pedersen et al., 2012). Meanwhile it has been 73 

shown that expression of two RALPH encoding genes in barley powdery mildews is necessary for full 74 

development of virulence: they appear to function indeed as effector proteins (Pliego et al., 2013).  75 

The fact that so many of the cereal powdery mildew Avrs are RALPHs may be due to the fact that a) 76 

they represent a large part of the overall CSEP complement (~25% of the barley powdery mildew 77 

CSEPs are RALPHs) and b) many of them are expressed at very high levels in the infected plant 78 

(Pedersen et al., 2012). In fact, these are some of the most abundant fungal proteins found specifically 79 

in infected epidermis: For example, Avra1 /CSEP0008 was the first protein identified as BEC1001 80 

(Blgr_ctg_01259) in a proteomic survey of the B. graminis proteins found specifically in infected 81 

barley epidermal tissues (Bindschedler et al., 2009).  It is therefore perhaps not surprising that host R 82 

genes evolved to target abundant proteins produced by B. graminis in host cells.  Alternatively, these 83 

proteins might be targeted by R protein since they exert key functions during fungal pathogenesis. We 84 

reported a very high signal of diversification selection pressure operating on some of the CSEP 85 

families, including Family 21 of the B. graminis CSEPs (see Fig. 4 in (Pedersen et al., 2012)) that are 86 
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homologous to the B. graminis f.sp. tritici AvrPm2 (Clade 1 in Fig. 6, Praz et al., this issue); these 87 

observations are congruent with a strong selective pressure to diversify and “escape” recognition 88 

imposed by host R proteins. 89 

A common ur-RALPH  90 

The identification of the B. graminis Avr and Svr proteins as four RALPH effectors leads to an 91 

interesting conclusion. In the original paper describing the barley powdery mildew CSEPs, we noticed 92 

that a very large number of RALPH effectors have a single intron in what appears to be the same 93 

relative position (Pedersen et al., 2012). The most parsimonious explanation for this is that all these 94 

RALPHs have evolved from a single RNase or RNase-like ancestor, a hypothetical ur-RALPH.  Here, 95 

I have compared the cDNA sequences of all of the RALPH Avrs and the Svr with their genomic DNA 96 

sequences. All four genes contain a single intron, and all are in the same relative position to the ones 97 

found previously (Fig 1, the sequences of CSEP0064 and CSEP0264 are shown as a comparison), and 98 

that includes the wheat powdery mildew RALPHs, too. I therefore suggest that, contrary to what was 99 

stated (Lu et al., 2016), these Avr effectors are both structurally and phylogenetically related. This is 100 

in spite of the fact that the primary protein sequence has diverged so much as to hide “homologies” 101 

that are detectable by simple sequence comparisons.  Evidently the ur-RALPH must have been 102 

present prior to the divergence of the barley and wheat powdery mildews, a fact that is also supported 103 

by the presence of homologous RALPH families such as Family 21/Clade1 (Praz et al., this issue). 104 

What next? 105 

The exciting results reported in the last few months promise to open new avenues of research into the 106 

evolution of the cereal powdery mildew Avr – R genes and may help to define in detail the 107 

mechanisms of how the respective proteins work (Lu et al., 2016; Praz et al., this issue). In spite of 108 

research into host proteins that interact with some of the RALPH effectors (Pennington et al., 2016), 109 

their mode of action to promote virulence in the absence of corresponding R genes is so far entirely 110 

hypothetical (Spanu, 2015) and remains to be elucidated. Likewise, how these effector proteins are 111 

targeted and internalised into the plant cell cytoplasm is unclear: this may be dependent on the so-112 

called “YxC” motif that is conserved in many B. graminis CSEPs (Godfrey et al., 2010). Intriguingly, 113 

Praz et al. (this issue) have noted the presence nearby YxC of a motif reminiscent the RXLR-dEER 114 

signature that is associated with translocation of oomycete effectors in their host cells; however, while 115 

the processes of internalisation in the host plant cells for oomycete effectors is still controversial 116 

(Petre & Kamoun, 2014), those which underpin the internalisation of fungal secreted effectors is 117 

completely unknown. Clearly, all these are now highly rich research seams to mine: I look forward to 118 

new nuggets emerging from this work.  119 



5 
 

Figure Legend 120 

Figure 1 Sequence alignment of three Avr proteins (AvrPm2, Avra13, AvrA1), one suppressor of 121 

avirulence (SvrPm3a1/f1) and two RALPH effectors (CSEP0064, CSEP0264) from the cereal 122 

powdery mildew B. graminis. The proteins were aligned using ClustalW (Blosum; gap open cost: 123 

10; gap extend cost: 0.1; Geneious V5.6 software). Amino acids with similar properties are 124 

highlighted on a grey scale (black: highest similarity). The positions of the single intron detected in 125 

each gene, by direct comparison of cDNA and genomic sequences are shown by red arrows. The 126 

observation that the intron appears to be in the same relative position suggests a common 127 

phylogenetic origin of all the genes. 128 

  129 
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