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Abstract
Podosphaera xanthii is the main causal agent of cucurbit powdery mildew and a lim-
iting factor of crop productivity. The lifestyle of this fungus is determined by the 
development of specialized parasitic structures inside epidermal cells, termed haus-
toria, that are responsible for the acquisition of nutrients and the release of effectors. 
A typical function of fungal effectors is the manipulation of host immunity, for ex-
ample the suppression of pathogen-associated molecular pattern (PAMP)-triggered 
immunity (PTI). Chitin is a major component of fungal cell walls, and chitin oligo-
saccharides are well-known PAMP elicitors. In this work, we examined the role of 
PHEC27213, the most highly expressed, haustorium-specific effector candidate of 
P.  xanthii. According to different computational predictions, the protein folding of 
PHEC27213 was similar to that of lytic polysaccharide monooxygenases (LPMOs) 
and included a conserved histidine brace; however, PHEC27213 had low sequence 
similarity with LPMO proteins and displayed a putative chitin-binding domain that 
was different from the canonical carbohydrate-binding module. Binding and enzy-
matic assays demonstrated that PHEC27213 was able to bind and catalyse colloidal 
chitin, as well as chitooligosaccharides, acting as an LPMO. Furthermore, RNAi si-
lencing experiments showed the potential of this protein to prevent the activation 
of chitin-triggered immunity. Moreover, proteins with similar features were found 
in other haustorium-forming fungal pathogens. Our results suggest that this protein 
is a new fungal LPMO that catalyses chitooligosaccharides, thus contributing to the 
suppression of plant immunity during haustorium development. To our knowledge, 
this is the first mechanism identified in the haustorium to suppress chitin signalling.
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1  | INTRODUC TION

Podosphaera xanthii is the main causal agent of cucurbit powdery mil-
dew, a disease that causes important yield losses in cucurbit crops 
(Bellón-Gómez et  al.,  2015; Fernández-Ortuño et  al.,  2006; Pérez-
García et al., 2009; del Pino et al., 2002). Like all powdery mildew fungi, 
P. xanthii is dependent on living plant cells to complete its asexual life 
cycle (Martínez-Cruz et al., 2014; Vogel & Somerville, 2002; Weßling 
et al., 2012). In this cycle, conidia transported by wind are deposited 
onto the leaf of a susceptible host plant. Subsequently, conidial adhe-
sion, germination, and penetration are necessary steps for disease es-
tablishment (Spanu et al., 2010). After penetration, the fungus forms 
a specialized parasitic structure inside plant epidermal cells called the 
haustorium, which is responsible for the exchange of factors with the 
plant, such as the acquisition of nutrients (Bindschedler et al., 2009; Both 
et al., 2005; Martínez-Cruz et al., 2014; Micali et al., 2011). However, to 
complete this cycle, the pathogen needs to avoid the action of plant de-
fence elements, such as enzymes (van den Burg et al., 2007; Delaunois 
et al., 2014) and receptors, that recognize pathogen-associated molecu-
lar patterns (PAMPs) (de Jonge et al., 2011; Tanaka et al., 2010), activat-
ing the so-called PAMP-triggered immunity (PTI) (Pieterse et al., 2009). 
For this reason, fungal pathogens have had to evolve and adapt to their 
hosts by developing several strategies to overcome plant defence re-
sponses. In this way, they counter with effectors, small proteins ac-
quired during the coevolution of plant-pathogenic fungi and their hosts 
(Pieterse et al., 2009), which, among other functions, prevent the rec-
ognition of PAMPs by plant receptors (Jones & Dangl, 2006; Lo Presti 
et al., 2015; Sánchez-Vallet et al., 2013).

A major component of the fungal cell wall and a well-known PAMP 
is chitin (de Jonge et al., 2010; Kombrink & Thomma, 2013; Pieterse 
et al., 2009; Tanaka et al., 2013), which is a long-chain polymer of β-
1,4-N-acetylglucosamine, a derivative of glucose (de Jonge et al., 2010; 
Liu, Li et al., 2012; Wan et al., 2008; Young et al., 2005). Chitin provides 
structural rigidity to the fungal cell wall and acts as the first line of 
defence of pathogenic fungi against plant-secreted enzymes, such as 
chitinases (Kombrink & Thomma, 2013; Wan et al., 2008). As a con-
sequence of the enzymatic activity of plant chitinases, chitin oligosac-
charides are released from the fungal cell wall and can be recognized 
by the plant receptor CERK1, a transmembrane LysM-containing re-
ceptor with an intracellular kinase domain, thereby promoting chitin-
specific signalling (Cao et al., 2014; Miya et al., 2007; Sánchez-Vallet 
et  al.,  2013). This signalling induces the activation of several plant 
defence mechanisms, including the accumulation of reactive oxygen 
species (ROS) and cell wall deposits, such as lignin and callose, that pro-
vide cell wall reinforcements (van den Burg et al., 2007; Doehlemann & 
Hemetsberger, 2013; Kaku et al., 2006; Mentlak et al., 2012).

To counter chitin-triggered immunity, several effectors have been 
described in phytopathogenic fungi that play roles in avoiding chitin 
oligosaccharide recognition by plant receptors. One of these effectors 
is Avr4, a Cladosporium fulvum apoplastic effector, which protects fun-
gal cell wall chitin from the action of plant chitinases released during 
the infection process (Bolton et al., 2008; van den Burg et al., 2007). 
Other effectors include Ecp6 and Slp1, proteins secreted by C. fulvum 

and Magnaporthe oryzae, respectively. These proteins sequester the 
free chitin oligosaccharides released as a consequence of the activity 
of plant chitinases, thus avoiding their recognition by the host. Another 
mechanism involved in the suppression of chitin-triggered immunity 
is the action of the chitin deacetylase (CDA) enzyme. CDA is a widely 
conserved enzyme that catalyses the hydrolysis of the acetamido 
groups of N-acetylglucosamine in chitin, promoting their conversion 
to chitosan, a glucosamine polymer and deacetylated chitin derivative 
that shows a considerably lower degree of immune elicitation than chi-
tin (Mochizuki et al., 2011; Sánchez-Vallet et al., 2013; Xi et al., 2014).

The suppression of PAMP-triggered immunity by powdery mildew 
fungi has been a poorly investigated issue despite the fact that their 
nature as obligate biotrophs implies that the suppression of host de-
fensive response activation should be a key aspect of their physiology. 
The first evidence in this regard has been the recent identification 
of effectors with chitinase activity (EWCAs), a family of conserved 
chitinases, secreted mainly by hyphae, that suppress chitin signalling 
by catalysing immunogenic chitooligosaccharides (Martínez-Cruz 
et  al.,  2021). In the haustorial transcriptome of P. xanthii, a unigene 
encoding a small secreted protein without an annotated function 
but predicted by protein modelling to be a putative lytic polysac-
charide monooxygenase (LPMO) with a chitin-binding domain, was 
found among the top 50 expressed genes; it was the most highly ex-
pressed gene among those encoding proteins specifically expressed 
in the haustorium (Polonio, Seoane, et al., 2019). LPMOs are a class 
of recently characterized enzymes that are able to oxidize different 
recalcitrant polysaccharides, including chitin (Hemsworth et al., 2015; 
Vaaje-Kolstad et al., 2010). Chitin LPMOs act on the crystalline chitin 
surface, introducing chain breaks and generating oxidized chain ends 
(Vaaje-Kolstad et al., 2010). These enzymes are part of a pool of en-
zymes that different organisms secrete to obtain energy from dead 
biomass (Hemsworth et al., 2014). However, to date, LPMOs have not 
been reported in plant-pathogenic or biotrophic fungi. Considering the 
putative role of this protein in chitin modification, as well as its high 
and exclusive expression in the haustorium, in this work we analysed 
the role of this putative LPMO in powdery mildew pathogenesis using 
computational approaches, experiments with purified recombinant 
proteins, and RNAi silencing experiments. Our results suggest that this 
effector could play a role in the catalysis of the chitin oligosaccharides 
released during the development of haustoria by plant endochitinases, 
thus avoiding the perception of chitin by the host plant and thereby 
allowing the development of haustoria inside plant epidermal cells.

2  | RESULTS

2.1 | The protein folding of PHEC27213 is similar to an 
LPMO and it contains a putative chitin-binding domain

The unigene PHEC27213 was selected from the P.  xanthii haus-
torial transcriptome because it was the most highly expressed, 
haustorium-specific gene encoding a secreted protein. However, 
because PHEC27213 lacks an annotated function or domains, the 
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F I G U R E  1   Main features predicted for the PHEC27213 protein. (a) Predicted three-dimensional (3D) models of Podosphaera xanthii 
PHEC27213 performed by the I-TASSER, IntFOLd, and Phyre2 servers, as well as the most similarly folded proteins. The structural 
alignments of both 3D models are also shown. (b) Amino acid sequence of the putative chitin-binding domain of PHEC27213 predicted by 
MotifScan. Conserved residues are shown in the box. (c) Sequence alignment of PHEC27213 and several AA10 chitin lytic polysaccharide 
monooxygenase (LPMO) proteins retrieved from the Protein Data Bank, 5FJQ from Cellvibrio japonicus, 4A02 from Enterococcus faecalis, and 
2YOW from Bacillus amyloliquefaciens. The amino acid similarity is shown in grey, with the darkest grey amino acids being the most similar. 
Conserved amino acids are marked with an asterisk. The putative chitin-binding domain, corresponding to several conserved residues from 
CBM33 of the AA10 chitin LPMOs, is shown in a red box
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amino acid sequence corresponding to the mature protein, without 
the signal peptide, was used to perform 3D modelling using the I-
TASSER, Phyre2, and IntFOLD servers to elucidate the putative func-
tion of PHEC27213. In all cases, the resulting 3D models were similar 
(Figure 1a). These models were used as templates to perform protein 
fold recognition analyses. The I-TASSER model matched with high 
confidence with an AA11 LPMO from Aspergillus oryzae (PDB code 
4MAH) (Figure 1a, Table 1), whereas the Phyre2 and IntFOLD mod-
els matched with high confidence with an LPMO-like protein from 
Laetisaria arvalis (PDB code 6IBH) (Figure 1a, Table 1). However, there 
was only 15.4% and 21.8% sequence identity between PHEC27213 
and the A. oryzae and L. arvalis proteins, respectively (Figure S1).

On the contrary, it was not possible to detect any complete 
carbohydrate-binding module (CBM) characteristic of the LPMO pro-
teins using the Pfam or dbCAN2 servers. However, using MotifScan 
software, a putative chitin-binding domain 3 (Pfam ID  =  Chitin_
bind_3) was located from amino acids 115 to 128, corresponding to 
some residues of CBM33 from the AA10 LPMO (Figure 1b,c).

Thus, PHEC27213 appears to be a protein with a typical LPMO his-
tidine brace and folding similar to LPMO proteins, while it lacks the full 
CBM domain that is present in canonical LPMOs; instead, it has only a 
few residues of this domain, which seem to be related to chitin binding. 
The presence of this putative chitin-binding domain and the specific 
expression of this protein in the haustorium suggest that PHEC27213 
could interact with the chitin from the haustorial cell wall of P. xanthii.

2.2 | PHEC27213 shows chitin-binding activity and 
breaks chitin into small oligosaccharides

To validate the function of PHEC27213, the protein was ex-
pressed in vitro as a 6  ×  His-tagged fusion in the Escherichia coli 

Bl21-CodonPlus-RIL. PHEC27213 was predominantly found in the 
soluble fraction and was obtained after purification by immobiliza-
tion on a nickel affinity column with a yield of 1.34 mg/ml of sol-
uble protein (Figure  2a). The polysaccharide-binding ability of the 
PHEC27213 protein was studied via a binding assay using colloidal 
chitin and cellulose as polysaccharides and bovine serum albumin 
(BSA) as a negative control. Only approximately 20% of the total 
soluble protein was present in the supernatant after exposure to 
chitin and approximately 70% was present after exposure to cellu-
lose, indicating a high binding of PHEC27213 to chitin. By contrast, 
BSA was fully recovered from the supernatant, indicating the ab-
sence of binding (Figure 2b). These samples were also analysed by 
western blot analysis. In the presence of colloidal chitin, most of the 
PHEC27213 was retained in the pellet. However, while PHEC27213 
was also observed in the pellet in the presence of cellulose, the pro-
tein was mainly detected in the supernatant (Figure 2c).

The putative function of PHEC27213 was also studied in terms 
of chitin and cellulose degradation. For this purpose, the protein 
was incubated overnight with colloidal chitin or cellulose and ascor-
bic acid as a reducing agent, and after incubation the presence of 
free oligosaccharides was analysed by matrix-assisted laser desorp-
tion ionization-time of flight-mass spectrometry (MALDI-TOF-MS). 
In the reaction of PHEC27213 with chitin, small oligosaccharides 
were detected (Figure  3a), whereas in the same reaction without 
PHEC27213 (Figure 3b) or without ascorbic acid (Figure 3c), it was 
not possible to detect small chitin oligosaccharides; because of their 
low solubility, longer oligosaccharides were never observed. In the 
reaction with chitin, among the small oligosaccharides, those with 
a degree of polymerization of 5 (DP5) were the most highly repre-
sented (Figure 3a). In addition, smaller peaks corresponding to DP4 
and very small peaks corresponding to DP6 and DP7 were also de-
tected. In the cases of DP6 and DP7, they presented a difference 

Server
Model quality 
scorea  Structural analoguesb  TM-scorec  Coveraged 

I-TASSER −0.70 AA11 LPMO from A. oryzae 
(4MAH)

0.715 0.764

IntFOLD 0.463 LPMO-like from L. arvalis 
(6IBH)

0.721 0.733

Phyre2 – LPMO-like from L. arvalis 
(6IBH)

97.5% 0.670

aIn I-TASSER, this value is the C-score. C-score is in the range of −5 and 2, where a C-score of 
higher value signifies a model with a high confidence. In IntFOLD, the global model quality scores 
range between 0 and 1, where scores less than 0.2 indicate there may be incorrectly modelled 
domains and scores greater than 0.4 generally indicate more complete and confident models. This 
value is not available in Phyre2. 
bProtein structurally closest to the corresponding PHEC27213 model according to protein fold 
recognition analysis. The corresponding PDB (Protein Data Bank) code is shown in parentheses. 
cTM-score values are known standards for measuring the structural similarity between two 
structures, which are usually used to measure the accuracy of structure modelling when the native 
structure is known. In I-Tasser and IntFOLD, TM-scores are in the range of 0 to 1, being 1 a perfect 
match between models. In Phyre2, TM-scores range between 0% and 100%. 
dCoverage represents the coverage of the alignment by TM-align and is equal to the number of 
structurally aligned residues divided by length of the query protein. 

TA B L E  1   Main quality scores of the 3D 
protein models obtained for PHEC27213 
using different servers
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F I G U R E  2   Polysaccharide-binding activity of His-tagged PHEC27213. (a) In vitro expression and purification of His-tagged PHEC27213 
protein. This protein was expressed in the Escherichia coli Bl21-CodonPlus-RIL and purified using Protino Ni-TED 2000 Packed Columns 
(Macherey-Nagel GmbH & Co). The image shows the different steps of protein purification visualized using Mini-PROTEAN Stain-Free 
Precast Gels (Bio-Rad) in a ChemiDoc XRS + system (Bio-Rad). The arrow indicates the band corresponding to the soluble purified protein. 
Lanes are MW (protein marker), Precision Plus Protein Unstained Standard (Bio-Rad); P, pellet sample; L, supernatant sample after cell lysing; 
FT, discarded flow-through sample after protein-column binding; W1, first wash sample; W2, second wash sample; E, eluted soluble protein 
sample. (b) Polysaccharide-binding activity of His-tagged PHEC27213 protein. Quantification of soluble proteins (supernatant fraction) 
after incubation of soluble PHEC27213 (1 mg/ml) for 60 min with colloidal chitin or cellulose (10 mg/ml). Bovine serum albumen (BSA) was 
used as a negative control. Bars indicate the standard error of three technical replicates from three different experiments. (c) Western blot 
analysis of the His-tagged PHEC27213 protein from the supernatant samples of the polysaccharide-binding assay described in (b). The lanes 
are MW (protein marker), Precision Plus Protein Unstained Standard (Bio-Rad); E (eluted protein), soluble PHEC27213 (1 mg/ml) taken from 
the final elution step after protein expression; P (pellet fraction), presence of PHEC27213 in the pellet after incubation with colloidal chitin 
or cellulose; Ch (chitin), colloidal chitin solution; Ce (cellulose), cellulose solution; S (supernatant fraction), presence of PHEC27213 in the 
supernatant after incubation with colloidal chitin or cellulose. Arrows indicate the bands corresponding to the PHEC27213 protein
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of −2 m/z, which could be due to the oxidation of the free C4 in 
the terminal monosaccharide (Figure  S2). To check the number of 
oxidations that may occur during chitin catalysis by PHEC27213, the 
unoxidized standard oligosaccharide corresponding to the most pre-
dominant peak detected after enzymatic assays with PHEC27213, 
that is, DP5, was also analysed by MALDI-TOF-MS, which showed an 
m/z difference that corresponded with a single oxidation (Figure 3d). 
Moreover, to test the ability of PHEC27213 to catalyse oligosac-
charides, a reaction with unoxidized DP7 (Figure 3e) was also car-
ried out. An analysis of the reaction products showed that indeed 
PHEC27213 was able to release, predominantly, DP5 oligosaccha-
rides (Figure  3f). In the case of cellulose, no peaks corresponding 
to oligosaccharides released from cellulose could be detected, indi-
cating that PHEC27213 did not catalyse cellulose (Figure S3). These 
results revealed the ability of the PHEC27213 protein to bind and 

catalyse chitin via a single oxidation. With such activity and its pre-
dicted structure as an LPMO, the protein was renamed PxLPMO1 
(P. xanthii lytic polysaccharide monooxygenase 1).

2.3 | Molecular docking suggests a binding site 
for the chitin heptamer near the histidine brace 
active site

The putative chitin-binding site was computationally assessed 
by molecular docking using the best 3D model of PHEC27213 
(PxLPMO1), that is, that predicted by IntFOLD (Table  1), and the 
3D model of the chitin heptamer (DP7). Molecular docking analy-
sis using the SwissDock server resulted in the identification of 31 
clusters at different sites of the protein. Among them, cluster 24 

F I G U R E  3   Lytic polysaccharide monooxygenase (LPMO) activity of His-tagged PHEC27213 on different substrates. The protein 
PHEC27213 (1 μM) was incubated with the corresponding substrates in the presence of 1 mM ascorbic acid in 0.1 M sodium phosphate 
buffer (pH 7.0) at 37 ºC overnight. After incubation, the reaction products were analysed by MALDI-TOF-MS. The peaks corresponding to 
the adducts of oxidized chitin oligosaccharides were annotated according to Vaaje-Kolstad et al. (2010) and Hemsworth et al. (2014). (a) 
MALDI-TOF-MS analysis of the products of an LPMO reaction with colloidal chitin (2 mg/ml) as the substrate. (b, c) Analysis of the products 
of the same reaction without PHEC27213 (b) or without ascorbic acid (c). (d-e) MALDI-TOF-MS analyses of chitooligosaccharides. (d) Native 
nonoxidized DP5 (penta-N-acetylchitopentaose m/z = 1,033.98). (e) Native nonoxidized DP7 (hepta-N-acetylchitoheptaose m/z = 1,440.36). 
(f) Analysis of the products of an LPMO reaction with native nonoxidized DP7 as a substrate
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showed the best “Full Fitness” parameter (−544.95) and the lowest 
ΔG (−12.97 kcal/mol). This putative binding site is formed by Asp118, 
Gly189, His190, and Phe191, which can form six putative hydrogen 
bonds with DP7, two with the amino group and the hydroxyl group 
of Phe191 ([1] 1.93 Å, [2] 1.86 Å), one with the hydroxyl group of 
His190 ([3] 2.05  Å), one with the hydroxyl group of Gly189 ([4] 
2.79 Å), and two with the amino group and the hydroxyl group of 
Asp118 ([5] 1.77 Å and [6] 2.11 Å) (Figure 4a). Three of these residues 
(Gly189, His190, and Phe191) are located in the C-terminal domain of 
the protein, while Asp118 is located near the putative chitin-binding 
motif predicted by MotifScan (residues 120–126). The binding site 
identified by molecular docking is located very close to the histidine 
brace (His1 and His52), the active site of LPMO enzymes (Figure 4b), 
with the closest oxidation site being the C1 of DP5 (Figure 4a), which 
is consistent with the predominant release of DP5 observed in the 
enzymatic assays.

2.4 | PxLPMO1 is coexpressed with two plant 
endochitinase genes

To elucidate the physiological function of PxLPMO1, its expres-
sion was studied during the first 72 hr of infection. In addition, the 
expression of host chitinase genes was also analysed during the 
same period of interaction. For this purpose, data were first ex-
tracted from an RNA-Seq analysis performed previously (Polonio, 

Pineda, et  al.,  2019). Five different chitinases were identified: 
chitinase-like protein 1 (KAA0044632.1), chitinase-like protein 
2 (XP_008438940.1), acidic endochitinase (XM_008439336.2), 
basic endochitinase B (XP_008448502.1), and acidic EP3-like en-
dochitinase (XM_008446389.2). Among them, only acidic endo-
chitinase (XM_008439336.2) and acidic EP3-like endochitinase 
(XM_008446389.2) were strongly expressed in P.  xanthii-infected 
melon leaves (Figure 5a). To validate the RNA-Seq data, the expres-
sion patterns of these melon endochitinases were analysed by quan-
titative reverse transcription PCR (RT-qPCR). In these experiments, 
the expression of PxLPMO1 was also studied. The results showed 
that host and pathogen genes presented similar expression patterns 
during the course of infection (Figure 5b). Moreover, the Pearson's 
correlation coefficients obtained for the expression of acidic endo-
chitinase and acidic EP3-like endochitinase in relation to the expres-
sion of PxLPMO1 were 0.914 and 0.991, respectively, demonstrating 
that host endochitinases and PxLPMO1 are coexpressed during the 
first stages of P. xanthii infection in melon plants.

2.5 | RNAi silencing of the PxLPMO1 gene 
reduces P. xanthii development and activates an 
oxidative burst

The high expression of PxLPMO1, which was the 13th most highly 
expressed gene in the haustorium and the most highly expressed 

F I G U R E  4   Molecular docking of chitin 
heptamer (DP7) to PxLPMO1. Docking 
analysis was performed with SwissDock 
software using the 3D model of PxLPMO1 
predicted by IntFOLD and the DP7 
molecule and visualized using UFSC 
Chimera software. (a) Docking results of 
putative PxLPMO1-DP7 binding. DP7 
is proposed to bind to PxLPMO1 via six 
hydrogen bonds (cyan lines) that involve 
(yellow) Phe191 (1:1.93 Å; 2:1.86 Å), 
His190 (3:2.05 Å), Gly189 (4:2.79 Å), and 
Asp118 (5:1.77 Å; 6:2.11 Å). (b) Panoramic 
view of the PxLPMO1 protein with the 
DP7 molecule docked in the proposed 
binding site. DP7 binds to PxLPMO1 via 
residues 191, 190, 189, and 118 (yellow), 
which allow the interaction of the chitin 
heptamer with residues 1 and 52 of the 
histidine brace active site (green)
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gene among the genes encoding haustorium-specific secreted 
proteins (Polonio, Seoane, et  al.,  2019), suggested that it plays 
an important role in P.  xanthii biology. To validate the role of 
PxLPMO1, the Agrobacterium tumefaciens-mediated host-induced 
gene silencing (ATM-HIGS) assay was used. To quantify fungal 
growth after gene silencing, two approaches were used: hausto-
rial counts by light microscopy and a molecular approach by quan-
titative PCR (qPCR). The activation of plant defence responses 
was also studied. In this regard, the production of reactive oxygen 
species, such as hydrogen peroxide (H2O2), was histochemically 
examined. The efficacy of ATM-HIGS was studied by RT-qPCR, 
showing that the levels of the CmMLO1 (the positive control for 
RNAi-induced resistance) and PxLPMO1 transcripts decreased 
by approximately 50% during RNAi gene silencing experiments 
(Figure  S4). As shown in Figure  6, after silencing PxLPMO1, the 
development of P. xanthii was clearly altered and delayed, and this 
decrease was evident 72 hr after inoculation compared with the 

negative control (empty vector). In parallel, a strong accumulation 
of H2O2 was observed that was even higher than that observed in 
the samples corresponding to the CmMLO1 RNAi-positive control 
(Figure 6a). As observed in the figure, the quantification of fungal 
growth by haustorial counts (Figure 6b) and the estimation of fun-
gal biomass by qPCR (Figure 6c) showed a dramatic reduction in 
fungal development in PxLPMO1-silenced cotyledons compared 
to that in the negative control (empty vector), with both assays 
achieving similar percentages of growth reduction of approxi-
mately 70% at 72  hr after pathogen inoculation. Regarding the 
activation of the oxidative burst, silencing of PxLPMO1 resulted 
in a strong accumulation of H2O2 (Figure 6d), suggesting the likely 
activation of chitin-triggered immunity in PxLPMO1-silenced tis-
sues. Accordingly, the infiltration of leaf tissue with the superna-
tant of the PxLPMO1 reaction products described above showed 
no activation of the oxidative burst. By contrast, the oxidative 
burst was rapidly and strongly activated by the infiltration of 

F I G U R E  5   Expression pattern analysis of Cucumis melo chitinases and Podosphaera xanthii PxLPMO1 during the first stages of 
infection. (a) Expression of melon chitinases in response to P. xanthii infection extracted from previous RNA-Seq data (Polonio, Pineda, 
et al., 2019). The discontinuous red line indicates the considered significance threshold for induced expression (log2(fold change) > 1). 
(b) Relative expression of PxLPMO1 and highly expressed host endochitinases analysed by quantitative reverse transcription PCR. Total 
RNA was isolated from melon cotyledons at different time points after inoculation with P. xanthii. The expression of plant endochitinases 
is represented as the log2(FC) relative expression (infected plants/control plants), whereas the expression of the PxLPMO1 gene was 
normalized to the transcription of the endogenous control, the elongation factor 1 gene PxEF1 (MK249653). Bars show the standard error of 
three technical replicates from three different experiments
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F I G U R E  6   Effect of silencing PxLPMO1 on fungal growth and oxidative burst. RNA interference (RNAi) silencing was carried out by 
Agrobacterium tumefaciens-mediated host-induced gene silencing. An empty vector was used as a negative control, and RNAi silencing of 
the melon CmMLO1 gene was used as a positive control for RNAi-induced resistance. (a) Visualization of fungal structures and oxidative 
bursts. Detection of hydrogen peroxide was performed by the 3,3′-diaminobenzidine (DAB) uptake method. Pictures were taken at 24, 
48, and 72 hr after inoculation with Podosphaera xanthii. Arrowheads indicate penetration points corresponding to haustoria, and asterisks 
indicate reactive epidermal cells with H2O2 accumulation. Bars = 100 μm. (b) Estimation of fungal growth by haustorial counting. The 
growth of P. xanthii is expressed as the number of haustoria per mm2 of transformed tissue. The values are the means of 30 samples from 
three independent experiments ± standard error. (c) Molecular estimation of P. xanthii growth by quantitative PCR. Agroinfiltrated melon 
cotyledons taken 72 hr after pathogen inoculation were used for isolation of genomic DNA. The genomic DNA ratio of P. xanthii to melon 
cotyledons (Px/Cm gDNA) was used as an indicator of fungal biomass after amplification of the P. xanthii β-tubulin and Cucumis melo actin-7 
genes (Table S2). Bars indicate the means ± standard error of three technical replicates from three different DNA samples each derived from 
five pooled cotyledons. (d) Time course analysis of the accumulation of H2O2 in melon cotyledons. Detection of H2O2 was performed by 
the DAB uptake method. The reactive epidermal cells were identified as those containing brown-red precipitates (Figure 5a, asterisks). Data 
represent the number of reactive cells per mm2 and are the means of 30 samples from three independent experiments ± standard error. 
Values with different letters in (b), (c), and (d) are significantly different at p = .05 according to Fisher's least significant difference test (LSD). 
(e) Effect of the infiltration of the products from the PxLPMO1 (PHEC27213) enzymatic reaction on the oxidative burst. The supernatants 
from the reaction products described in Figure 3a were infiltrated into melon cotyledons, and then the samples were processed for 
detection of H2O2 by the DAB uptake method. As positive and negative controls for the production of oxidative burst in leaf tissue, the 
products of the same reactions without PxLPMO1 or without colloidal chitin were used, respectively
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the supernatant of the reaction mixture without PxLPMO1 
(Figure 6e).

2.6 | RNAi silencing of the PxLPMO1 gene activates 
chitin-triggered immunity

The ability of the purified PxLPMO1 protein to catalyse chitin 
combined with the fact that the supernatant of PxLPMO1 reac-
tion products was not capable of triggering an oxidative burst in 
leaf tissue suggested that the activity of PxLPMO1 was related 
to preventing the activation of chitin-triggered immunity. To 
conclusively determine this role of PxLPMO1, new RNAi silenc-
ing experiments, including the RNAi silencing of the melon chitin 
receptor kinase gene CmCERK1, were performed. The efficacy 
of ATM-HIGS during co-silencing was studied by RT-qPCR, and 
similar to the single RNAi silencing experiments the transcript 
levels of CmMLO1, PxLPMO1, and CmCERK1 decreased by ap-
proximately 50%–60% (Figure  S4). Regarding the phenotypes, 
as expected, co-silencing of the PxLPMO1 and CmCERK1 genes 
restored the original phenotype, that is, there was normal devel-
opment of P. xanthii and a low level of reactive epidermal cells 
compared to that found with only PxLPMO1 silencing, similar to 
the negative control (empty vector; Figure 7a). The quantification 
of fungal growth by both haustorial counts (Figure 7b) and qPCR 
(Figure 7c) supported the phenotypes observed by light micros-
copy; P. xanthii development after co-silencing of the PxLPMO1 
and CmCERK1 genes was virtually indistinguishable from that 
of the negative control and significantly different from that ob-
tained with the silencing of only PxLPMO1. Similarly, quantifica-
tion of hydrogen peroxide production by epidermal cells showed 
that there was a basal level of reactive cells in co-silenced tis-
sues that was identical to the negative control (Figure 7d), which 
indicated that the oxidative burst typical of chitin-triggered im-
munity was not activated in such circumstances.

2.7 | PxLPMO1 orthologues and putative 
LPMOs are present in many pathogenic 
ascomycete fungi and in other haustorium-forming 
fungal pathogens

The presence of PxLPMO1 orthologues was studied by BLASTp 
(BLAST + v. 2.7.1; E value < 1E−5) analysis using the deduced amino 
acid sequence of PxLPMO1 as a query sequence. As shown in 
Table  2, orthologous genes are widely present in the genomes of 
many pathogenic ascomycete fungi, mostly in animal and human 
pathogens, but also in plant and insect pathogens. Furthermore, this 
gene is also present in endophytic/endomycorrhizal fungi. The pres-
ence of PxLPMO1 orthologues in saprophytic fungi is very limited in 
comparison with their wide presence in pathogenic and endophytic/
endomycorrhizal fungi. However, it was surprising that no ortho-
logues were found in other haustorium-forming fungal pathogens.

With the absence of PxLPMO1 orthologues in haustorium-
forming fungal pathogens after the first analysis, a more exhaus-
tive search was performed using BLASTp (BLAST+  v. 2.7.1; E 
value  <  1E−5) against the available proteomes of the powdery 
mildew fungi Blumeria graminis f. sp. hordei DH14, Erysiphe necator, 
Erysiphe pulchra, and Golovinomyces cichoracearum, as well as the 
proteomes of the rust fungi Melampsora larici-populina, Puccinia gr-
aminis f. sp. tritici, Puccinia triticina, Puccinia striiformis f. sp. tritici, and 
Puccinia sorghi. Similarly, tBLASTn and BLASTn searches (BLAST+  
v. 2.7.1; E value  <  1E−5) were used to scan the newly assembled 
P. xanthii genomes for paralogs and other LPMO-like proteins.

In all powdery mildew fungi examined, including P. xanthii, as well as 
in the poplar rust fungus M. larici-populi, at least one PxLPMO1-like pro-
tein was found (Figure S5 and Table 3). However, in the case of species 
of the genus Puccinia, none was found. These proteins showed common 
features with PxLPMO1 (similar folding, small size, presence of a signal 
peptide, the typical histidine brace, and the presence of conserved 
residues corresponding to chitin-binding domain 3), but they only 
had sequence identities with PxLPMO1 of 20%–36% (Figure S5b and 
Table 3). This lack of identity is largely due to the high sequence vari-
ability present in the C-terminal domain of PxLPMO1 and PxLPMO1-
like proteins (Figure S5c). Moreover, according to DeepLoc software 
predictions, only three of the proteins (B. graminis LPMO-like 2, E. pul-
chra LPMO-like 2, and M. larici-populina LPMO-like 1) were predicted to 
be secreted proteins and, according to PredGPI predictions, four of the 
proteins were predicted as highly probable (E. pulchra LPMO-like 1) or 
probable (P. xanthii LPMO-like 2 and M. larici-populina LPMO-like 2 pro-
tein) and two of them were predicted as weakly probable (B. graminis 
LPMO-like 2 and G. cichoracearum LPMO-like 2) to be GPI-anchored 
proteins (Table 3). Interestingly, phylogenetic analysis of these proteins 
showed that the LPMO-like proteins from haustorium-forming fungal 
pathogens form an independent clade and are phylogenetically sepa-
rated from bacterial AA10 and fungal AA11 chitin LPMOs (Figure S5d).

Finally, BLASTn searches of the P.  xanthii genomes showed 
the presence of two copies of PxLPMO1 that were identical in the 
two available genomes. The paralog A (PxLPMO1A) that was the 
object of this study was found in the JACSEY010001314.1 and 
JAAAXZ010000022.1 scaffolds, while the paralog B (PxLPMO1B) 
was found in the JACSEY010001350.1 and JAAAXZ010000055.1 
scaffolds. Compared to PxLPMO1A, PxLPMO1B showed seven nu-
cleotide changes that caused four amino acid substitutions, includ-
ing one in the signal peptide (F2S) and two in the highly variable 
C-terminus (R188G and G194W) (Figure S5e).

3  | DISCUSSION

As an obligate biotroph, P. xanthii requires living cells to complete 
its asexual life cycle, which ultimately implies that it must suppress 
the activation of plant defence responses. The mechanisms by which 
P.  xanthii avoids recognition by the host remain largely unknown. 
For this purpose, P. xanthii, among its other abilities, has to hide its 
PAMPs or manipulate their detection to suppress the activation of 
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F I G U R E  7   Effect of co-silencing of PxLPMO1 and the melon chitin receptor kinase gene CmCERK1 on fungal growth and the oxidative 
burst. RNAi silencing was carried out by Agrobacterium tumefaciens-mediated host-induced gene silencing. The empty vector was used as 
a negative control, and RNAi silencing of the melon CmMLO1 gene was used as a positive control. (a) Visualization of fungal structures and 
oxidative bursts. Detection of H2O2 was performed by the 3,3′-diaminobenzidine uptake method. Pictures were taken at 24, 48, and 72 hr 
after inoculation (hpi) with Podosphaera xanthii. Fungal hyphae and haustoria (black dots) are easily recognized. The brown colour indicates 
the presence of reactive epidermal cells with H2O2 production. Bars = 100 μm. (b) Estimation of fungal growth by haustorial counting. The 
growth of P. xanthii is expressed as the number of haustoria per mm2 of transformed tissue. The values are the means of 30 samples from 
three independent experiments ± standard error. (c) Molecular estimation of P. xanthii growth. Cotyledon samples were taken at 72 hpi and 
were used for the isolation of genomic DNA. The ratios of P. xanthii to melon cotyledon genomic DNA (Px/Cm gDNA) were determined 
by quantitative PCR as indicated in Figure 5c. Bars indicate the means ± standard errors of three technical replicates from three different 
DNA samples each derived from five pooled cotyledons. (d) Time course analysis of H2O2 production by epidermal cells. Detection of 
H2O2 was performed by the DAB uptake method. The reactive epidermal cells were identified as containing brown-red precipitates 
(Figure 5a, asterisks). Data represent the number of reactive cells per mm2 and are the means of 30 samples from three independent 
experiments ± standard error. Different letters in (b), (c), and (d) indicate values significantly different at p = .05 according to Fisher's least 
significant difference test (LSD)
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PTI. These activities are most likely carried out by the secretion of 
effectors. In other fungal pathogens, such as C.  fulvum or M.  ory-
zae, effector proteins with the ability to suppress chitin-triggered 
immunity have been described (Bolton et  al.,  2008; van den Burg 
et  al.,  2007; Jonge et  al.,  2010; Sánchez-Vallet et  al.,  2013; Xi 
et al., 2014). In the case of P. xanthii, the recent discovery of an effec-
tor family with chitinase activity (EWCAs) has revealed a new mech-
anism to suppress chitin signalling that consists of the degradation 
of immunogenic oligosaccharides, effectors that are also present in 
other powdery mildews and many fungal pathogens (Martínez-Cruz 
et al., 2021). However, in the case of haustorium-forming pathogens, 
to date no specific mechanisms associated with the haustorium have 
been identified to suppress chitin-triggered immunity, despite the 
fact that this ability should be essential for the survival of this cell 
because it is the fungal structure that maintains the most intimate 
relationship with the host cells (Bindschedler et  al.,  2009; Both 
et al., 2005; Martínez-Cruz et al., 2014; Micali et al., 2011). In this 
regard, the absence of any known mechanism related to this purpose 
in the most extensively studied powdery mildew species, Blumeria 
graminis, is striking, even though several studies have indicated that 
numerous candidate effectors expressed in haustoria become en-
gaged in a coevolutionary arms race with the innate immune system 
of the host (Hacquard, 2014; Pedersen et al., 2012). Thus, proteomic 
studies in B. graminis revealed how its haustoria are enriched with 
small secreted proteins, including proteins involved in carbohydrate 
metabolism (Bindschedler et al., 2009, 2011; Godfrey et al., 2009) 
that can act in a similar way.

The fact that chitin is a major component of the haustorial cell 
wall (Micali et al., 2011) suggests the importance of neutralizing the 
recognition of this polymer by the host for successful infection by 
haustorium-forming fungal pathogens. The haustorial transcriptome 
of P. xanthii (Polonio, Seoane, et al., 2019) allowed us to identify an 
effector candidate, PHEC27213, that had typical effector features, 
such as no annotated function, a small size, and a wave-like expres-
sion pattern (Hacquard, 2014; Pedersen et al., 2012). Furthermore, 
PHEC27213 was the most highly expressed, haustorium-specific, 
putative secreted protein (Polonio, Seoane, et al., 2019), pointing to 
its key role in haustorial physiology. In this work, we performed a 
molecular characterization of PHEC27213 to elucidate its putative 
function as a chitin manipulation-related protein.

The computationally predicted function of PHEC27213 showed 
a similar protein folding to an AA11 LPMO from A. oryzae and to an 
LPMO-like protein from L. arvalis, indicating that it has an LPMO-like 
structure. To date, LPMOs have been classified into seven families 
(AA9, AA10, AA11, AA13, AA14, AA15, AA16) according to their 
auxiliary activity (AA) in the CAZy database (Levasseur et al., 2013; 
Lombard et  al.,  2014). The fungal AA9 family members cleave 
cellulose and hemicellulose (Agger et  al.,  2014; Bennati-Granier 
et al., 2015; Frommhagen et al., 2015; Phillips et al., 2011; Quinlan 
et  al.,  2011; Vu, Beeson, Phillips, et  al.,  2014). AA10 LPMOs have 
been described in bacteria, viruses, and eukaryotic organisms, cleav-
ing both cellulose and chitin (Forsberg et  al.,  2014; Vaaje-Kolstad 
et  al.,  2010). AA11 and AA13 are present exclusively in fungi and 

target chitin and starch, respectively (Hemsworth et  al.,  2014; Lo 
Leggio et al., 2015; Vu, Beeson, Span, et al., 2014). AA14, AA15, and 
AA16 have been recently described; fungal AA14 members show 
activity on cellulose fibres coated with xylan (Couturier et al., 2018), 
whereas AA15 is an LPMO active against cellulose and chitin and 
the first LPMO of animal (invertebrate) origin (Sabbadin et al., 2018). 
Finally, the last family discovered, AA16, is present in fungi and is 
active against cellulose (Filiatrault-Chastel et al., 2019).

Although the presence of common features of LPMO enzymes, 
such as a similar protein folding and the typical histidine brace 
(Hemosworth et al., 2014), supported the putative function of 
PHEC27213 as an LPMO, it lacks a complete carbohydrate-binding 
module (CBM), which is also a characteristic of LPMO proteins. 
However, PHEC27213 displayed a putative chitin-binding domain 
(Chitin_bind_3) that corresponded to several residues of the CBM33 
from AA10 LPMO. The chitin-binding activity of PHEC27213 was 
confirmed by a binding assay, which also showed its ability to bind 
cellulose to a lesser extent. On the contrary, an enzymatic assay 
showed that PHEC27213 was active only against chitin, catalysing it 
into small chitooligosaccharides. Therefore, the PHEC27213 protein 
was renamed PxLPMO1 (P. xanthii LPMO1). Furthermore, MALDI-
TOF-MS analysis of the enzymatic reaction products showed that 
the product masses were consistent with the cleavage of the primary 
chain by C1 oxidation, producing predominantly aldonic acid oligo-
saccharides, as has been previously described for AA10 and AA11 
LPMOs (Hemsworth et al., 2014; Vaaje-Kolstad et al., 2010).

The lytic activity of PxLPMO1 was more similar to AA11 LPMO 
than to AA10 LPMO, because AA10 LPMO-released chitooligosac-
charides showed even-numbered degrees of polymerization (DP4, 
DP6, DP8, etc.), while in the case of AA11 LPMO, the chitooligosac-
charides presented any degree of polymerization (DP5, DP6, DP7, 
DP8, etc.). However, in the case of PxLPMO1, the product masses 
predominantly showed a degree of polymerization of 5, which is dif-
ferent from that previously described for AA10 and AA11 LPMOs. 
Furthermore, the catalytic activity of PxLPMO1 is also different from 
EWCA effectors that randomly catalyse immunogenic chitooligosac-
charides through endochitinase activity (Martínez-Cruz et al., 2021). 
This new chitin catalyst pattern was analysed further by molecular 
docking. The docking results obtained with SwissDock were con-
sistent with the results obtained by MALDI-TOF-MS analysis of the 
enzymatic reaction products, as the proposed chitooligosaccharide-
binding site is located very close to the histidine brace, placing the 
C1 of DP5 as the closest oxidation site. However, the proposed 
chitin-binding site is different from those previously described 
in other LPMOs (Hemsworth et  al.,  2014). At this point, we must 
mention that our docking analysis has two important limitations. 
First, the protein model used is a computational prediction and 
not a crystallized protein. Second, the ligand used is a large mole-
cule with too many atoms and it is too flexible, which are the main 
reasons why no results or favourable-binding sites were obtained 
when using additional docking software, such as Glide or AutoDock 
Vina (data not shown). Even if docking algorithms are remarkably 
accurate these days, each docking program relies on the ability of 
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the docking server to generate poses approximate to experimental 
poses. In other words, different programs rely on different algo-
rithms when generating predictive simulations, which may explain 
the strong discrepancy when comparing results obtained with Glide 
and AutoDock Vina with those obtained with SwissDock. Therefore, 
our docking results, while consistent with enzymatic data, must be 
confirmed experimentally.

In our view, the recent discovery of LPMO activity (Vaaje-
Kolstad et  al.,  2010), the identification of new families in the last 
2  years (Couturier et  al.,  2018; Filiatrault-Chastel et  al.,  2019; 

Sabbadin et  al.,  2018), and the fact that these enzymes have not 
yet been described in pathogenic organisms suggest that PxLPMO1 
could be a novel type of chitin LPMO specifically involved in patho-
genic processes.

To validate this hypothesis, RNAi silencing of PxLPMO1 was car-
ried out by the previously described ATM-HIGS method (Martínez-
Cruz et al., 2018). The results showed a notable reduction in P. xanthii 
growth that was even higher than the reduction caused by RNAi silenc-
ing of the melon CmMLO1 gene, the positive control for RNAi-induced 
resistance typically used in ATM-HIGS experiments with P.  xanthii 

TA B L E  2   Fungal species assessed for the presence of PxLPMO1 orthologues

Species Pathogenicity Identity (%) Accession no.

Leotiomycetes

Rhynchosporium commune Plant pathogen 60 CZT02273.1

Rhynchosporium secalis Plant pathogen 60 CZT53033.1

Rhynchosporium agropyri Plant pathogen 61 CZT08592.1

Cadophora sp. Plant pathogen 61 PVH76518.1

Phialophora americana Animal/human pathogen 52 KIW70575.1

Phialophora hyalina Endophytic/endomycorrhizal 55 RDL36398.1

Hyaloscypha finlandica Endophytic/endomycorrhizal 52 ACP19527.1

Hyaloscypha variabilis Endophytic/endomycorrhizal 59 PMD37570.1

Coleophoma crateriformis Endophytic/endomycorrhizal 54 RDW78501.1

Coleophoma cylindrospora Plant pathogen 60 RDW84639.1

Duddingtonia flagrans Entomopathogen 53 RVD84252.1

Dactylellina haptotyla Entomopathogen 48 EPS41873.1

Glarea lozoyensis Saprophytic 54 XP_008087835.1

Pezoloma ericae Endophytic/endomycorrhizal 53 PMD21535.1

Meliniomyces bicolor Endophytic/endomycorrhizal 52 XP_024729819.1

Dothideomycetes

Cladophialophora yegresii Animal/human pathogen 52 XP_007754892.1

Cladophialophora carrionii Animal/human pathogen 53 OCT50285.1

Cladophialophora bantiana Animal/human pathogen 54 XP_016616728.1

Cladophialophora psammophila Animal/human pathogen 54 XP_007747041.1

Cladophialophora immunda Animal/human pathogen 46 XP_016253641.1

Hortaea werneckii Animal/human pathogen 49 OTA23506.1

Eurotiomycetes

Chaetothyriales sp. Animal/human pathogen 50 RMZ91855.1

Rhinocladiella mackenziei Animal/human pathogen 54 XP_013274494.1

Arthrobotrys oligospora Entomopathogen 52 XP_011117840.1

Exophiala aquamarina Animal/human pathogen 54 XP_013256137.1

Exophiala dermatitidis Animal/human pathogen 50 XP_009158214.1

Exophiala xenobiotica Animal/human pathogen 53 XP_013315436.1

Fonsecaea erecta Animal/human pathogen 53 XP_013315436.1

Fonsecaea multimorphosa Animal/human pathogen 54 XP_016636211.1

Fonsecaea pedrosoi Animal/human pathogen 52 XP_013285390.1

Sordariomycetes

Ophiostoma piceae Plant pathogen 47 EPE09813.1

Sporothrix insectorum Entomopathogen 52 OAA55257.1
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(Martínez-Cruz et al., 2018). Moreover, the accumulation of ROS by 
epidermal cells was also higher than that observed with the silencing 
of CmMLO1. The activation of the oxidative burst in the host when 
PxLPMO1 was silenced, together with the fact that the infiltration of 
the product from the enzymatic reaction catalysed by PxLPMO1 using 
colloidal chitin as a substrate was not able to trigger the oxidative burst 
elicited by the substrate, indicated a role for PxLPMO1 in the suppres-
sion of plant defence response activation. For this reason, the melon 
CmCERK1 gene was co-silenced together with the PxLPMO1 gene. 
CERK1 is a transmembrane kinase receptor indispensable for the per-
ception of chitin oligosaccharides by the plant; because the absence 
of CERK1 causes the loss of the ability to respond to oligosaccharide 
elicitors, the production of ROS is suppressed, MAP kinases are not ac-
tivated, and defence-related genes are not expressed (Gimenez-Ibanez 
et al., 2009; Lee et al., 2013; Miya et al., 2007; Petutschnig et al., 2014). 
The silencing of both genes caused a reversion to the wild-type pheno-
type, that is, to the normal growth of P. xanthii and the suppression of 
the oxidative burst, indicating that CmCERK1 was involved in the PTI 

response mediated by chitin when PxLPMO1 was silenced. Altogether, 
we can conclude that the mechanism of action of PxLPMO1 is to sup-
press the activation of plant immunity by avoiding the recognition of 
haustorial chitin by plant cells. This mechanism could be related to the 
dimerization of CERK1 induced by chitooligosaccharides. It has been 
reported that chitin octamers (DP8) induce CERK1 dimerization and 
thereby activate the plant defence mechanisms mediated by chitin, 
whereas DP5 and shorter oligosaccharides do not promote CERK1 
dimerization and do not activate the subsequent signalling response. 
Moreover, it has been reported that DP5 attenuated the dimerization 
and, subsequently, the immune response caused by DP8 or longer chi-
tooligosaccharides (Liu, Liu et al., 2012). Because PxLPMO1 catalyses 
chitin mostly into chitooligosaccharides with DP5, this enzyme activity 
should prevent the dimerization of CmCERK1.

The strong expression of two endochitinases in melon plants in-
fected with P. xanthii and the fact that they are coexpressed with 
PxLPMO1 suggest that, after its putative secretion, PxLPMO1 may lo-
calize to the extrahaustorial matrix and act on large chitin fragments 

TA B L E  3   Main features of LPMO-like proteins present in P. xanthii and other haustorium-forming fungal pathogens

Protein
Length (amino 
acids)a  Annotation

Accession 
number

Identity 
(%)b 

Signal 
peptidec  Locationd  GPI-anchorede 

Podosphaera 
xanthii LPMO1

191 Putative 
uncharacterized 
protein

MT234390 100 Yes Extracellular No

Podosphaera 
xanthii LPMO-
like 2

205 Uncharacterized 
protein

— 26.89 Yes Membrane Probable

Erysiphe necator 
LPMO-like 1

195 Putative GPI-
anchored protein

KHJ34437 26.87 Yes Cell membrane No

Blumeria graminis 
LPMO-like 1

201 GPI-anchored 
protein

CCU83093 25.71 Yes Cell membrane No

Blumeria graminis 
LPMO-like 2

201 Hypothetical 
protein

CCU79606 26.29 Yes Extracellular Weakly probable

Golovinomyces 
cichoracearum 
LPMO-like 1

191 Uncharacterized 
protein

RKF73882 30.00 Yes Cell membrane No

Golovinomyces 
cichoracearum 
LPMO-like 2

209 Uncharacterized 
protein

RKF80963 27.40 Yes Cell membrane Weakly probable

Erysiphe pulchra 
LPMO-like 1

196 Uncharacterized 
protein

POS84877 36.65 Yes Cell membrane Highly probable

Erysiphe pulchra
LPMO-like 2

146 Hypothetical 
protein (partial)

POS88026 32.32 Yes Extracellular No

Melampsora larici-
populina LPMO-
like 1

151 Hypothetical 
protein

XP_007414865 18.63 Yes Extracellular No

Melampsora larici-
populina LPMO-
like 2

197 Hypothetical 
protein

XP_007411790 18.63 Yes Cell membrane Probable

aLength of the mature protein (without signal peptide). 
bIdentity of the haustorium-forming fungal pathogen protein against Podosphaera xanthii LPMO1 protein (PxLPMO1). 
cPresence of signal peptide predicted by SignalP 4.1 server. 
dPrediction of final location of mature protein using DeepLoc server. 
ePrediction of GPI-anchored proteins by PredGPI software. 
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released from the haustorial cell wall by plant endochitinases, ca-
talysing them into small oligosaccharides and thus avoiding chitin 
recognition by CmCERK1, thereby suppressing the activation of 
chitin-triggered immunity (Figure 8). In this model, we anticipate that 
CmCERK1 should be located in the extrahaustorial membrane, as 
previously described for other plant receptors responsible for patho-
gen recognition, such as RPW8.2, which enhances hydrogen perox-
ide accumulation and callose encasement of the haustorial complex 
(Kim et al., 2014; Wang et al., 2009). Obviously, further experiments 
are necessary to confirm this prediction. To date, no mechanisms 
have been described to explain the suppression of PTI during the de-
velopment of powdery mildew haustoria. Micali et al. (2011) did not 
find chitosan or any other modification in the haustorial chitin, and 
they suggested the presence of “unknown mechanisms” that allow 
for the suppression of chitin-triggered immunity. To our knowledge, 
PxLPMO1 is the first mechanism described to avoid the activation of 
PTI induced by chitin in powdery mildew haustoria.

Although at first we only found orthologues of PxLPMO1 in patho-
genic fungi and, to a lesser extent, in endophytic and endomycorrhi-
zal fungi, a deeper analysis using the specific proteomes of different 
haustorium-forming fungal pathogens allowed us to detect PxLPMO1-
like proteins in other powdery mildew and rust fungi. These proteins 
share common features with other known chitin LPMOs, such as the 
histidine brace present in all LPMOs, the protein folding of AA11 
LPMOs, or the presence of several residues of the CBM33 typical of 
the AA10 LPMOs. However, these proteins are phylogenetically sep-
arated from chitin LPMOs, suggesting that the LPMO-like proteins 
from haustorium-forming fungal pathogens are a putative new group 
of LPMO proteins that could be specifically related to the suppression 

of chitin recognition by the host. These LPMO-like proteins present 
low sequence identities with PxLPMO1; however, they have the same 
structure, that is, they are small proteins with a signal peptide, they 
have the histidine brace, they have a similar fold, they have a putative 
chitin-binding domain, and they have a highly variable C-terminal do-
main. Although it is tempting to speculate that LPMO-like proteins from 
haustorium-forming fungal pathogens could act similar to PxLPMO1, 
the putative membrane localization and predicted GPI-anchors of 
some of them differs from PxLPMO1, which suggests that they could 
carry out different functions according to their C-terminal domains. 
This fact could explain the binding of chitin by the C-terminal domain of 
PxLPMO1 that the LPMO-like proteins located in the membrane could 
not perform. This is the case of other LPMO-like proteins, such as the 
LPMO-like proteins from the ectomycorrhizal fungus Laccaria bicolor 
(Labourel et al., 2020) or from the yeast pathogen Cryptococcus neo-
formans (Garcia-Santamarina et al., 2020), both belonging to the X325 
family, as well as the 6BIH protein from L. arvalis, which has a protein 
fold similar to PxLPMO1. These proteins are essential for symbiosis and 
pathogenesis, respectively, but they are GPI-anchored proteins and 
carry out functions different from canonical LPMOs. In the case of L. bi-
color, the protein acts as a chitin-reorganization protein, but it is inca-
pable of catalysing chitin, while the C. neoformans protein acts primarily 
as a copper acquisition protein and is incapable of catalysing cellulose 
(Garcia-Santamarina et al., 2020; Labourel et al., 2020). However, these 
observations do not exclude the possibility that they exhibit enzyme 
activity on other yet unidentified polysaccharide substrates.

To conclude, our findings show the presence of a novel class 
of chitin LPMOs in P.  xanthii with orthologues in different asco-
mycete ectomycorrhizal and fungal pathogens. We also suggest 

F I G U R E  8   Schematic representation 
of the proposed role of PxLPMO1. (a) In 
the absence of PxLPMO1, plant-secreted 
endochitinases release chitin fragments 
from the haustorial cell wall that can be 
recognized by the CmCERK1 receptor, 
activating chitin-triggered immunity 
(PTI). (b) When PxLPMO1 is released 
into the extrahaustorial matrix, the 
enzyme catalyses the transformation of 
immunogenic chitin fragments into small 
chitooligosaccharides, predominantly 
DP5 oligosaccharides, that cannot 
induce CmCERK1 dimerization, thereby 
suppressing the activation of PTI. To 
reduce complexity, other components of 
the fungal cell wall have been omitted, 
such as β-glucans and cell wall proteins
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the existence of LPMO-like proteins in haustorium-forming fungal 
pathogens that can carry out different functions related to fungal 
development or pathogenesis, according to their C-terminal do-
mains. Regarding pathogenesis, we demonstrate the involvement 
of LPMO enzymes in the suppression of chitin signalling, which re-
inforces the idea that the evolution of molecular strategies to dis-
arm the activation of chitin-triggered immunity is mandatory for the 
successful colonization of plant environments by fungi, especially 
haustorium-forming fungal pathogens.

4  | E XPERIMENTAL PROCEDURES

4.1 | Plants, fungi, bacteria, and culture conditions

Zucchini (Cucurbita pepo) cv. Negro Belleza (Semillas Fitó) and melon 
(Cucumis melo) cv. Rochet (Semillas Fitó) plants were used for P. xan-
thii growth and RNAi silencing experiments, respectively. Plants were 
cultivated in growth chambers at 24 °C under a 16 hr light/8 hr dark 
cycle. For the growth of the P. xanthii isolate 2086, disinfected cot-
yledons of zucchini maintained in 8-cm Petri dishes with Bertrand 
medium were used as previously described (Álvarez & Torés, 1997). 
For agroinfiltration and RNAi silencing, Agrobacterium tumefaciens 
C58C1 was used and grown at 28 °C in Luria Bertani (LB) medium 
with rifampicin (50 μg/ml) and spectinomycin (100 μg/ml) when re-
quired. For the maintenance, construction, and propagation of RNAi 
silencing vectors, E. coli strains DH5α or DB3.1 were used, whereas 
for protein expression, E.  coli Bl21-CodonPlus-RIL was used. E.  coli 
strains were grown at 37 °C in LB medium with ampicillin (100 μg/ml), 
spectinomycin (100 μg/ml), or kanamycin (50 μg/ml) when required.

4.2 | Sequence analysis, protein modelling, and 
molecular docking

The unigene PHEC27213 was selected from the previously published 
P. xanthii secretome (Polonio, Seoane, et al., 2019). This unigene was 
the most expressed gene among the expressed haustorium-specific 
proteins; however, PHEC27213 had no annotated function. To ana-
lyse the signal peptide and select the mature protein sequence, the 
SignalP v. 4.1 server (Petersen et al., 2011) was used. To elucidate the 
putative function of PHEC27213, the mature protein sequence of 
PHEC27213 was employed to construct 3D models using the I-TASSER 
(Zhang,  2008), Phyre2 (Kelly et  al.,  2015), and IntFOLD (McGuffin 
et al., 2019; Roche et al., 2011) servers. The identification of domains 
in the mature protein was carried out by the Pfam (Sonnhammer 
et  al.,  1998), dbCAN2 (Zhang et  al.,  2018), and MotifScan (Pagni 
et al., 2007) servers, whereas the UniProt server (Apweiler et al., 2004) 
was used to perform protein alignments with several AA10 LPMO se-
quences retrieved from Protein Data Bank (PDB).

To identify the putative site of chitin binding to the 3D predicted 
model of PHEC27213, the chitin heptamer molecule (DP7) was taken 
from the PDB model 5GQB, a Lepidoptera-exclusive insect chitinase 

from Ostrinia furnacalis (Liu et  al.,  2017), and used to perform an 
automated molecular docking analysis using the SwissDock server 
(www.swiss​-dock.ch/docking) (Grosdidier et al., 2011). The docking 
was performed using the “Accurate” parameter with default param-
eters otherwise and no region of interest defined (blind docking). 
Modelling and docking results were visualized using UCSF Chimera 
software (Pettersen et al., 2004).

To investigate the presence of putative orthologues of PxLPMO1 
in other fungi, BLASTp (BLAST+  v. 2.7.1) against the NCBI-nr data-
bases was used (E value < 1E−5); to investigate the presence of LPMO-
like proteins in other haustorium-forming fungal pathogens, BLASTp 
(BLAST+  v. 2.7.1; E value  <  1E−5) was also used against the avail-
able proteomes of Blumeria graminis f. sp. hordei (UNSH00000000) 
(Frantzeskakis et al., 2018), Erysiphe necator (JNVN00000000) (Jones 
et  al.,  2014), Erysiphe pulchra (PEDP00000000) (Wadl et  al.,  2019), 
Golovinomyces cichoracearum (MCBR00000000) (Wu et  al.,  2018), 
Puccinia graminis f. sp. tritici (AAWC01000000) (Duplessis et al., 2011), 
Puccinia triticina (ADAS00000000), Puccinia striiformis f. sp. tritici 
(AJIL00000000) (Cuomo et al., 2017), Puccinia sorghi (LAVV00000000) 
(Rochi et al., 2018), and Melampsora larici-populina (AECX00000000) 
(Duplessis et al., 2011). Similarly, to investigate the presence of paral-
ogs and LPMO-like proteins in the P. xanthii genome, the two recently 
assembled genomes, JACSEY000000000 (Polonio et  al.,  2021) and 
JAAAXZ000000000 (Kim et al., 2021), were analysed by BLASTNn 
and tBLASTn searches (BLAST+ v. 2.7.1; E value < 1E−5), respectively.

To delve into the sequences and characteristics of these putative 
orthologues, a set of tools were used: SignalP v. 4.1 (to predict the 
signal peptide) (Petersen et al., 2011), Clustal W-OMEGA (to perform 
phylogenetic analysis) (Sievers and Higgins, 2014), I-TASSER (to per-
form 3D model prediction) (Zhang, 2008), DeepLoc (to predict the 
exact protein locations) (Almagro Armenteros et al., 2017), PredGPI 
(to predict putative GPI-anchor domains) (Pierleoni et  al.,  2008), 
UniProt (to carry out the protein alignments) (Apweiler et al., 2004), 
and MEGA X (to generate the phylogenetic tree) (Kumar et al., 2018).

To identify melon leaf chitinases differentially expressed in re-
sponse to P.  xanthii infection, a previous RNA-Seq analysis of the 
early stages of melon powdery mildew disease was used (Polonio, 
Pineda, et  al.,  2019). In this study, the raw reads from the melon 
plants infected with P. xanthii were trimmed and aligned to the melon 
reference transcriptome to perform an expression analysis. Uniquely 
localized reads were used to calculate those differentially expressed 
genes between the control and infected plants. A p value <.05 and 
log2(fold change) >1 were considered the significance threshold for 
each gene. Two differentially expressed plant endochitinases, an 
acidic endochitinase (XM_008439336.2) and an EP3-like endochiti-
nase (XM_008446389.2), were selected and used for expression 
analysis in conjunction with the PHEC27213 unigene.

4.3 | DNA and RNA isolation and cDNA synthesis

To isolate DNA and RNA from P.  xanthii-infected zucchini coty-
ledons, the cotyledons were frozen in liquid nitrogen and ground 

http://www.swiss-dock.ch/docking
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with a mortar and pestle. Genomic DNA was isolated using the 
MasterPure Yeast DNA Purification Kit (Epicentre), and total 
RNA was extracted using the TRI reagent (Sigma-Aldrich), fol-
lowing the manufacturers’ instructions. Total RNA was quanti-
fied using a NanoDrop 2000 spectrophotometer (Thermo Fisher 
Scientific), and cDNA synthesis was performed using random 
primers (Thermo Fisher Scientific) and Superscript III reverse tran-
scriptase (Thermo Fisher Scientific) according to the manufactur-
er's recommendations.

4.4 | Construction of protein expression and RNAi 
silencing vectors

The plasmids used in this work are listed in Table S1 and are sche-
matically represented in Figure  S6. For the in vitro expression of 
the PHEC27213 protein, the complete open reading frame se-
quence, without the nucleotides corresponding to the signal pep-
tide and the stop codon, was amplified using the specific primers 
listed in Table S2, which contained NdeI and XhoI restriction sites. 
Subsequently, the PHEC27213 amplicon was digested with fast 
digest restriction enzymes (Thermo Fisher Scientific) and cloned 
into the pET30b plasmid using T4 ligase (Thermo Fisher Scientific) 
according to the manufacturer's recommendations. The pET30b 
plasmid places a 6  ×  His-tag at both the N-terminus and the C-
terminus of the protein, but with NdeI and XhoI combined diges-
tion, only the 6  ×  His-tag at the C-terminus was conserved. The 
resulting expression vector, pPHEC27213-EXPR, was propagated 
and maintained in E. coli DH5α and verified by PCR amplification, 
digestion, and sequencing. Finally, for the expression of the protein, 
pPHEC27213-EXPR was introduced into E. coli Bl21-CodonPlus-RIL 
by electroporation.

For RNAi silencing of the PxLPMO1 (PHEC27213) gene, the 
vector pB7GWIWG2(II) (Karimi et  al.,  2002) and Gateway clon-
ing technology (Invitrogen) were used as previously described 
(Martínez-Cruz et  al., 2018). Specific primers with attB1 or attB2 
tails (Table S2) were used to amplify a 315-bp fragment of PxLPMO1 
from the previously obtained cDNA (see above). The resulting plas-
mid, pPxLPMO1-RNAi, was checked by PCR and sequencing. For 
RNAi silencing experiments, the pCmMLO1-RNAi plasmid, contain-
ing a 412-bp fragment of the melon CmMLO1 gene, which encodes a 
plant transmembrane protein involved in abiotic and biotic stresses 
and whose loss-of-function mutation protects plants from powdery 
mildew infection (Kusch & Panstruga, 2017), was used as a positive 
control (Martínez-Cruz et al., 2018), and the empty pB7GWIWG2(II) 
vector was used as a negative control (Table  S1). In addition, for 
RNAi silencing of the melon chitin receptor kinase gene CmCERK1, 
the plasmid pCmCERK1-RNAi (Table  S1) containing a 614-bp 
fragment of the melon CmCERK1 gene was used (Martínez-Cruz 
et al., 2021). All of these plasmids were propagated and maintained 
in E.  coli strains DH5α or DB3.1. For the RNAi silencing experi-
ments, these plasmids were introduced into A. tumefaciens C58C1 
by electroporation.

4.5 | Protein expression and purification

For in vitro production of the PHEC27213 protein, E.  coli BL21-
CodonPlus-RIL harbouring the pPHEC27213-EXPR expression vec-
tor was used. For this purpose, E. coli cells were grown in LB medium 
with kanamycin (50 μg/ml) at 37 °C and induced with 0.5 mM IPTG 
(isopropyl-β-d-thiogalactopyranoside) when they reached an OD600 nm  
of 0.4. Subsequently, the cells were incubated overnight at 16  °C 
in an orbital shaker at 80  rpm. After incubation, E.  coli cells were 
harvested by centrifugation at 8,000 × g for 5 min at 4 °C and the 
resulting pellet was stored at −80 °C overnight to increase the yield 
from the protein extraction. The purification of soluble PHEC27213 
protein, which included a 6 × His-tag at the C-terminus, was carried 
out using a Protino Ni-TED 2000 Packed Columns (Macherey-Nagel 
GmbH & Co. KG) according to the manufacturer's instructions. The 
purified recombinant proteins were then desalted using Sephadex 
G-25 in PD-10 desalting columns (GE Healthcare) and 0.1 M sodium 
phosphate buffer, pH 7. Protein purification was confirmed using 
Mini-PROTEAN Stain-Free Precast Gels (Bio-Rad) and visualized 
in a ChemiDoc XRS+  System (Bio-Rad). Finally, the protein con-
centration was estimated by the Protein Concentration Calculator 
webserver (https://www.aatbio.com/tools/​calcu​late-prote​in-conce​
ntration) using the absorbance value at 280 nm, the extinction coef-
ficient, and the molecular weight of the protein calculated from the 
Expasy webserver (https://www.expasy.org/).

4.6 | Binding activity assays

Prior to binding assays, cellulose, and colloidal chitin solutions 
were prepared. In the case of cellulose, Avicel PH-101 crystalline 
cellulose was used. In the case of chitin, a suspension of colloidal 
chitin was prepared as described by Souza et al. (2009). Briefly, 5 g 
of chitin powder from shrimp shells (Sigma-Aldrich) was added to 
60 ml of a solution of concentrated HCl and incubated with stirring 
overnight. This mixture was then added to 200  ml of previously 
cooled 95% ethanol and incubated overnight with stirring again. 
The precipitate was centrifuged at 4 °C for 20 min at 5,000 × g and 
then filtered using filter paper. The resulting colloidal chitin was 
washed several times until reached a pH of 7 and was then stored 
at 4 °C in dark.

To perform binding assays, 250  μl of 1% solutions of colloidal 
chitin or cellulose were centrifuged at 13,000 × g for 5 min at 4 °C. 
The resulting pellet was resuspended in 250 μl of 1 mg/ml purified 
PHEC27213 protein in 0.1  M sodium phosphate buffer (pH 7) or 
bovine serum albumen (BSA) (negative control). The mixtures were 
incubated at 4 °C for 1 hr with gentle manual agitation every 15 min. 
Later, the mixtures were centrifuged at 13,000 × g for 5 min at 4 °C. 
After centrifugation, the supernatants and pellets were separated, 
and the proteins present in the supernatant were visualized using 
Mini-PROTEAN Stain-Free Precast Gels (Bio-Rad) in a ChemiDoc 
XRS + system (Bio-Rad) and quantified as described above as an in-
dicator of the proteins unbound to colloidal chitin or cellulose.

https://www.aatbio.com/tools/calculate-protein-concentration
https://www.aatbio.com/tools/calculate-protein-concentration
https://www.expasy.org/
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4.7 | LPMO activity assay

To validate the LPMO activity predicted for the PHEC27213 protein, 
chitin, and cellulose degradation assays were performed (Hemsworth 
et al., 2014). In these assays, 1 μM purified PHEC27213 was added 
to a reaction mixture containing 2  mg/ml colloidal chitin, hepta-N-
acetylchitoheptaose (DP7, m/z  =  1,440.36) or cellulose, and 1  mM 
ascorbic acid as a reducing agent in 0.1 M sodium phosphate buffer 
(pH 7). The reactions were incubated overnight at 37 °C with shak-
ing at 800 rpm in a thermomixer (Eppendorf). After incubation, the 
samples were centrifuged at 8,000 × g for 5 min at 4 °C. The oligo-
saccharides resulting from the enzymatic reactions were analysed 
by MALDI-TOF-MS using an Ultraflex MALDI-TOF/TOF instrument 
(Bruker Daltonics GmbH) with a nitrogen 337 nm laser beam as de-
scribed by Vaaje-Kolstad et al.  (2010). Penta-N-acetylchitopentaose 
(DP5, m/z = 1,033.98) was used as control of native unoxidized chi-
tooligosaccharide. Oligosaccharides were detected according to the 
product masses of the resulting peaks previously described by Vaaje-
Kolstad et al. (2010) and Hemsworth et al. (2015).

4.8 | RT-qPCR and qPCR

The expression analysis of P. xanthii and melon genes and the mo-
lecular estimation of P.  xanthii biomass were carried out by RT-
qPCR and qPCR, respectively. The primers used for these analyses 
(Table  S2) were designed using Primer3 software (Koressaar & 
Remm, 2007; Thornton & Basu, 2011). For gene expression analysis, 
total RNA was extracted and used to synthetize cDNA as described 
above. As normalization reference genes, the P. xanthii translation 
elongation factor 1-alpha gene PxEF1 (MK249653) and the C. melo 
actin-7 gene CmACT7 (XM_008462689.2) were used (Polonio, 
Pineda, et al., 2019; Polonio, Seoane, et al., 2019). For the molecular 
estimation of fungal biomass, total DNA was isolated from agroinfil-
trated and infected melon cotyledons as described above. For this 
purpose, the P. xanthii β-tubulin gene PxTUB2 (KC333362) and the 
C.  melo actin-7 gene CmACT7 (XM_008462689.2) were quantified 
and the P. xanthii/C. melo genomic DNA ratio was calculated as previ-
ously described (Vela-Corcía et al., 2016). RT-qPCR and qPCR assays 
were carried out in a CFX384 Touch Real-Time PCR detection sys-
tem (Bio-Rad) using SsoFast EvaGreen Supermix (Bio-Rad) according 
to the manufacturer's indications with the following conditions: en-
zyme activation step at 95 °C for 30 s, followed by 40 cycles at 95 °C 
for 5 s and 65 °C for 5 s. After amplification, the data were processed 
by CFX Manager Software (Bio-Rad), and the amplicon sizes were 
confirmed by visualization on 2% agarose gels.

4.9 | Agrobacterium tumefaciens-mediated host-
induced gene silencing (ATM-HIGS) assay

To study the role of PxLPMO1 in P. xanthii development, an ATM-
HIGS assay was carried out as previously described (Martínez-Cruz 

et al., 2018). The RNAi silencing plasmids pPxLPMO1-RNAi and 
CmCERK1-RNAi, as well as the RNAi-positive control plasmid 
pCmMLO1-RNAi and the pB7GWIWG2(II) empty vector were 
introduced into A. tumefaciens C58C1 by electroporation. Later, 
transformed A. tumefaciens cells were induced with 200 μM ace-
tosyringone and grown in 5 ml LB medium supplemented with ri-
fampicin (50 μg/ml) and spectinomycin (100 μg/ml) or kanamycin 
(50 μg/ml) at 28 °C and 200 rpm in an orbital shaker overnight. 
Subsequently, the different Agrobacterium cultures correspond-
ing to the different RNAi silencing constructs were washed 
twice in washing buffer and 200 μM acetosyringone. To induce 
the Vir proteins, the bacterial cells were incubated for 2  hr at 
room temperature in the same washing buffer without agita-
tion. Then, the Agrobacterium cells were centrifuged for 10 min 
at 1,800 × g and 28 °C and resuspended in MES buffer, and then 
their OD600 nm was adjusted to 0.5–1.0 in MES buffer. Finally, 
1-ml syringes without the needle were used to perform the agro-
infiltrations into the abaxial surface of melon cotyledons with 
the different cell suspensions. For the co-silencing experiments, 
equal volumes of the Agrobacterium cell suspensions carry-
ing the pPxLPMO1-RNAi and pCmCERK1-RNAi silencing con-
structs were mixed before agroinfiltration. The agroinfiltrated 
cotyledons were maintained in a growth chamber under a 16 hr 
light/8 hr dark cycle at 24 °C for 24 hr until inoculation with fresh 
P. xanthii conidial suspensions (105 conidia/ml) by pulverization. 
Then, the cotyledons were maintained under the same condi-
tions until analysis.

4.10 | Haustorial counts and visualization of fungal 
development and oxidative bursts

For the quantification of the number of haustoria after RNAi si-
lencing, the visualization of fungal development and to analyse 
the activation of oxidative burst (e.g., the accumulation of H2O2), 
the 3,3′-diaminobenzidine (DAB) method (Thordal-Christensen 
et al., 1997) proposed by Martínez-Cruz et al. (2018) was performed. 
Briefly, discs of 1  cm in diameter were taken from agroinfiltrated 
and P.  xanthii-infected cotyledons and incubated in 1  mg/ml DAB 
(pH 3.8) overnight in the dark and at room temperature. After incu-
bation, the discs were decoloured in boiling ethanol and observed 
by light microscopy using an Eclipse E800 microscope (Nikon). With 
these preparations, the haustoria can be visualized as black spots, 
whereas the hyphae are stained brown. In the same preparations, 
epidermal cells with brown-red precipitates are reactive cells with 
H2O2 accumulation.

4.11 | Statistical analysis

When required, statistical analysis of data was carried out by IBM 
SPSS v. 20 software (SPSS) using Pearson's correlation coefficient or 
Fisher's least significant difference test (LSD).



598  |     POLONIO et al.

ACKNOWLEDG EMENTS
We thank Irene Linares (University of Malaga, Spain) for her techni-
cal assistance. We are also grateful to Mercedes Martín from the 
Proteomics Service (University of Malaga) for the excellent technical 
support provided in MALDI-TOF-MS analysis. We also thank Jesús 
Hierrezuelo (University of Malaga) for his help in interpreting the 
MALDI-TOF-MS data. This work was supported by a grant from the 
Agencia Estatal de Investigación (AEI) (AGL2016-76216-C2-1-R), co-
financed by FEDER funds (European Union). A.P. was supported by 
a PhD fellowship (BES-2014-068602) from the former Ministerio de 
Economía y Competitividad (MINECO).

CONFLIC T OF INTERE S T
Authors declare no competing financial interest.

DATA AVAIL ABILIT Y S TATEMENT
The sequence of PxLPMO1 can be found in the GenBank database 
at https://www.ncbi.nlm.nih.gov/genba​nk/ with the accession no. 
MT234390.

ORCID
Álvaro Polonio   https://orcid.org/0000-0002-4977-9305 
Alejandro Pérez-García   https://orcid.org/0000-0002-1065-0360 

R E FE R E N C E S
Agger, J.W., Isaksen, T., Varnai, A., Vidal-Melgosa, S., Willats, W.G.T., 

Ludwig, R. et al. (2014) Discovery of LPMO activity on hemicellu-
loses shows the importance of oxidative processes in plant cell wall 
degradation. Proceedings of the National Academy of Sciences of the 
United States of America, 111, 6287–6292. https://doi.org/10.1073/
pnas.13236​29111

Almagro Armenteros, J.J., Sønderby, C.K., Sønderby, S.K., Nielsen, H. & 
Winther, O. (2017) DeepLoc: Prediction of protein subcellular local-
ization using deep learning. Bioinformatics, 33, 3387–3395. https://
doi.org/10.1093/bioin​forma​tics/btx431

Álvarez, B. & Torés, J.A. (1997) Cultivo in vitro de Sphaerotheca fuliginea 
(Schlecht. ex Fr.), efecto de diferentes fuentes de carbono sobre su 
desarrollo. Boletín de Sanidad Vegetal. Plagas, 23, 283–288.

Apweiler, R., Bairoch, A., Wu, C.H., Barker, W.C., Boeckmann, B., Ferro, 
S., et al. (2004) Uniprot: The universal protein knowledgebase. 
Nucleic Acids Research, 32, D115–D119. https://doi.org/10.1093/nar/
gkh131

Bellón-Gómez, D., Vela-Corcía, D., Pérez-García, A. & Torés, J.A. (2015) 
Sensitivity of Podosphaera xanthii populations to anti-powdery-
mildew fungicides in Spain. Pest Management Science, 71, 1407–1413. 
https://doi.org/10.1002/ps.3943.

Bennati-Granier, C., Garajova, S., Champion, C., Grisel, S., Haon, M., 
Zhou, S. et al. (2015) Substrate specificity and regioselectivity of fun-
gal AA9 lytic polysaccharide monooxygenases secreted by Podospora 
anserina. Biotechnology for Biofuels, 8, 90. https://doi.org/10.1186/
s1306​8-015-0274-3

Bindschedler, L.V., Burgis, T.A., Mills, D.J.S., Ho, J.T.C., Cramer, R. 
& Spanu, P.D. (2009) In planta proteomics and proteogenomics 
of the biotrophic barley fungal pathogen Blumeria graminis f. sp. 
hordei. Molecular & Cellular Proteomics, 8, 2368–2381. https://doi.
org/10.1074/mcp.M9001​88-MCP200.

Bindschedler, L.V., McGuffin, L.J., Burgis, T.A., Spanu, P.D. & 
Cramer, R. (2011) Proteogenomics and in silico structural and 

functional annotation of the barley powdery mildew Blumeria gram-
inis f. sp. hordei. Methods, 54, 432–441. https://doi.org/10.1016/j.
ymeth.2011.03.006

Bolton, M.D., van Esse, H.P., Vossen, J.H., de Jonge, R., Stergiopoulos, I., 
Stulemeijer, I.J.E. et al. (2008) The novel Cladosporium fulvum lysin 
motif effector Ecp6 is a virulence factor with orthologues in other 
fungal species. Molecular Microbiology, 69, 119–136. https://doi.
org/10.1111/j.1365-2958.2008.06270.x.

Both, M., Csukai, M., Stumpf, M.P.H. & Spanu, P.D. (2005) Gene ex-
pression profiles of Blumeria graminis indicate dynamic changes to 
primary metabolism during development of an obligate biotrophic 
pathogen. The Plant Cell, 17, 2107–2122. https://doi.org/10.1105/
tpc.105.032631.

van den Burg, H.A., Harrison, S.J., Joosten, M.H.A.J., Vervoort, J. & de 
Wit, P.J.G.M. (2007) Cladosporium fulvum Avr4 protects fungal cell 
walls against hydrolysis by plant chitinases accumulating during in-
fection. Molecular Plant-Microbe Interactions, 19, 1420–1430. https://
doi.org/10.1094/MPMI-19-1420.

Cao, Y., Liang, Y., Tanaka, K., Nguyen, C.T., Jedrzejczak, R.P., Joachimiak, 
A. et al. (2014) The kinase LYK5 is a major chitin receptor in 
Arabidopsis and forms a chitin-induced complex with related kinase 
CERK1. eLife, 3, e03766. https://doi.org/10.7554/eLife.03766.001.

Couturier, M., Ladevèze, S., Sulzenbacher, G., Ciano, L., Fanuel, M., 
Moreau, C. et al. (2018) Lytic xylan oxidases from wood-decay fungi 
unlock biomass degradation. Nature Chemical Biology, 14, 306–310. 
https://doi.org/10.1038/nchem​bio.2558.

Cuomo, C.A., Bakkeren, G., Khalil, H.B., Panwar, V., Joly, D., Linning, 
R. et al (2017) Comparative analysis s variable genome content of 
wheat rusts and divergence of the mating Loci. G3: Genes Genomes 
Genetics, 7, 361–376. https://doi.org/10.1534/g3.116.032797

Delaunois, B., Jeandet, P., Clément, C., Baillieul, F., Dorey, S. & Cordelier, 
S. (2014) Uncovering plant–pathogen crosstalk through apoplas-
tic proteomic studies. Frontiers in Plant Science, 5, 249. https://doi.
org/10.3389/fpls.2014.00249.

Doehlemann, G. & Hemetsberger, C. (2013) Apoplastic immunity and its 
suppression by filamentous plant pathogens. New Phytologist, 198, 
1001–1016. https://doi.org/10.1111/nph.12277

Duplessis, S., Cuomo, C.A., Lin, Y.-C., Aerts, A., Tisserant, E., Veneault-
Fourrey, C. et al. (2011) Obligate biotrophy features unraveled by the 
genomic analysis of rust fungi. Proceedings of the National Academy of 
Sciences of the United States of America, 108, 9166–9171. https://doi.
org/10.1073/pnas.10193​15108

Fernández-Ortuño, D., Pérez-García, A., López-Ruiz, F., Romero, D., de 
Vicente, A. & Torés, J.A. (2006) Occurrence and distribution of resis-
tance to QoI fungicides in populations of Podosphaera fusca in south 
central Spain. European Journal of Plant Pathology, 115, 215–222. 
https://doi.org/10.1007/s1065​8-006-9014-7

Filiatrault-Chastel, C., Navarro, D., Haon, M., Grisel, S., Herpoël-Gimbert, 
I., Chevret, D. et al. (2019) AA16, a new lytic polysaccharide mono-
oxygenase family identified in fungal secretomes. Biotechnology for 
Biofuels, 12, 55. https://doi.org/10.1186/s1306​8-019-1394-y

Forsberg, Z., Mackenzie, A.K., Sorlie, M., Rohr, A.K., Helland, R., Arvai, 
A.S. et al. (2014) Structural and functional characterization of a 
conserved pair of bacterial cellulose-oxidizing lytic polysaccharide 
monooxygenases. Proceedings of the National Academy of Sciences 
of the United States of America, 111, 8446–8451. https://doi.
org/10.1073/pnas.14027​71111

Frantzeskakis, L., Kracher, B., Kusch, S., Yoshikawa-Maekawa, M., Bauer, 
S., Pedersen, C. et al. (2018) Signatures of host specialization and 
a recent transposable element burst in the dynamic one-speed ge-
nome of the fungal barley powdery mildew pathogen. BMC Genomics, 
19, 381. https://doi.org/10.1186/s1286​4-018-4750-6

Frommhagen, M., Sforza, S., Westphal, A.H., Visser, J., Hinz, S.W.A., 
Koetsier, M.J. et al. (2015) Discovery of the combined oxidative 

https://www.ncbi.nlm.nih.gov/genbank/
info:x-wiley/peptideatlas/MT234390
https://orcid.org/0000-0002-4977-9305
https://orcid.org/0000-0002-4977-9305
https://orcid.org/0000-0002-1065-0360
https://orcid.org/0000-0002-1065-0360
https://doi.org/10.1073/pnas.1323629111
https://doi.org/10.1073/pnas.1323629111
https://doi.org/10.1093/bioinformatics/btx431
https://doi.org/10.1093/bioinformatics/btx431
https://doi.org/10.1093/nar/gkh131
https://doi.org/10.1093/nar/gkh131
https://doi.org/10.1002/ps.3943
https://doi.org/10.1186/s13068-015-0274-3
https://doi.org/10.1186/s13068-015-0274-3
https://doi.org/10.1074/mcp.M900188-MCP200
https://doi.org/10.1074/mcp.M900188-MCP200
https://doi.org/10.1016/j.ymeth.2011.03.006
https://doi.org/10.1016/j.ymeth.2011.03.006
https://doi.org/10.1111/j.1365-2958.2008.06270.x
https://doi.org/10.1111/j.1365-2958.2008.06270.x
https://doi.org/10.1105/tpc.105.032631
https://doi.org/10.1105/tpc.105.032631
https://doi.org/10.1094/MPMI-19-1420
https://doi.org/10.1094/MPMI-19-1420
https://doi.org/10.7554/eLife.03766.001
https://doi.org/10.1038/nchembio.2558
https://doi.org/10.1534/g3.116.032797
https://doi.org/10.3389/fpls.2014.00249
https://doi.org/10.3389/fpls.2014.00249
https://doi.org/10.1111/nph.12277
https://doi.org/10.1073/pnas.1019315108
https://doi.org/10.1073/pnas.1019315108
https://doi.org/10.1007/s10658-006-9014-7
https://doi.org/10.1186/s13068-019-1394-y
https://doi.org/10.1073/pnas.1402771111
https://doi.org/10.1073/pnas.1402771111
https://doi.org/10.1186/s12864-018-4750-6


     |  599POLONIO et al.

cleavage of plant xylan and cellulose by a new fungal polysaccha-
ride monooxygenase. Biotechnology for Biofuels, 8, 101. https://doi.
org/10.1186/s1306​8-015-0284-1

Garcia-Santamarina, S., Probst, C., Festa, R.A., Ding, C., Smith, A.D., 
Conklin, S.E., et al. (2020) A lytic polysaccharide monooxygenase-
like protein functions in fungal copper import and meningitis. Nature 
Chemical Biology, 16, 337–344. https://doi.org/10.1038/s4158​
9-019-0437-9.

Gimenez-Ibanez, S., Hann, D.R., Ntoukakis, V., Petutschnig, E., Lipka, 
V. & Rathjen, J.P. (2009) AvrPtoB targets the LysM receptor kinase 
CERK1 to promote bacterial virulence on plants. Current Biology, 19, 
423–429. https://doi.org/10.1016/j.cub.2009.01.054.

Godfrey, D., Zhang, Z., Saalbach, G. & Thordal-Christensen, H. (2009) A 
proteomics study of barley powdery mildew haustoria. Proteomics, 9, 
3222–3232. https://doi.org/10.1002/pmic.20080​0645

Grosdidier, A., Zoete, V. & Michielin, O. (2011) SwissDock, a protein-small 
molecule docking web service based on EADock DSS. Nucleic Acids 
Research, 39, W270–W277. https://doi.org/10.1093/nar/gkr366

Hacquard, S. (2014) The genomics of powdery mildew fungi: Past 
achievements, present status and future prospects. Advances in 
Botanical Research, 70, 109–142. https://doi.org/10.1016/B978-0-
12-39794​0-7.00004​-5.

Hemsworth, G.R., Henrissat, B., Davies, G.J. & Walton, P.H. (2014) 
Discovery of a new family of lytic polysaccharide mono-oxygenases. 
Nature Chemical Biology, 10, 122–126. https://doi.org/10.1038/
nchem​bio.1417.

Hemsworth, G.R., Johnston, E.M., Davies, G.J. & Walton, P.H. (2015) 
Lytic polysaccharide monooxygenases in biomass conversion. 
Trends in Biotechnology, 33, 747–761. https://doi.org/10.1016/j.tibte​
ch.2015.09.006

Jones, D.T., Taylor, W.R. & Thornton, J.M. (1992) The rapid generation 
of mutation data matrices. Bioinformatics, 8, 275–282. https://doi.
org/10.1093/bioin​forma​tics/8.3.275.

Jones, J.D. & Dangl, J.L. (2006) The plant immune system. Nature, 444, 
323–329. https://doi.org/10.1038/natur​e05286

Jones, L., Riaz, S., Morales-Cruz, A., Amrine, K.C., McGuire, B., Gubler, 
W.D. et al. (2014) Adaptive genomic structural variation in the grape 
powdery mildew pathogen, Erysiphe necator. BMC Genomics, 15, 
1081. https://doi.org/10.1186/1471-2164-15-1081

de Jonge, R., Bolton, M.D. & Thomma, B.P.H.J. (2011) How filamentous 
pathogens co-opt plants: The ins and outs of fungal effectors. Current 
Opinion in Plant Biology, 14, 400–406. https://doi.org/10.1016/j.
pbi.2011.03.005

de Jonge, R., van Esse, H.P., Kombrink, A., Shinya, T., Desaki, Y., Bours, R. 
et al. (2010) Conserved fungal LysM effector Ecp6 prevents chitin-
triggered inmunity in plants. Science, 329, 953–955. https://doi.
org/10.1126/scien​ce.1190859.

Kaku, H., Nishizawa, Y., Ishii-Minami, N., Akimoto-Tomiyama, C., Dohmae, 
N., Takio, K. et al. (2006) Plant cells recognize chitin fragments for de-
fense signaling through a plasma membrane receptor. Proceedings of 
the National Academy of Sciences of the United States of America, 103, 
11086–11091. https://doi.org/10.1073/pnas.05088​82103

Karimi, M., Inzé, D. & Depicker, A. (2002) GATEWAYTM vectors for 
Agrobacterium-mediated plant transformation. Trends in Plant Science, 
7, 193–195. https://doi.org/10.1016/S1360​-1385(02)02251​-3.

Kelly, L.A., Mezulis, S., Yates, C., Wass, M. & Sternberg, M. (2015) The 
Phyre2 web portal for protein modelling, prediction, and anal-
ysis. Nature Protocols, 10, 845–858. https://doi.org/10.1038/
nprot.2015.053.

Kim, H., O’Connell, R., Maekawa-Yoshikawa, M., Uemura, T., Neumann, 
U. & Schulze-Lefert, P. (2014) The powdery mildew resistance pro-
tein RPW8.2 is carried on V AMP721/722 vesicles to the extrahaus-
torial membrane of haustorial complexes. The Plant Journal, 79, 835–
847. https://doi.org/10.1111/tpj.12591

Kim, S., Subramaniyam, S., Jung, M., Oh, E., Kim, T.H. & Kim, J. (2021) 
Genome resource of Podosphaera xanthii, the host-specific fungal 
pathogen that causes cucurbit powdery mildew. Molecular Plant-
Microbe Interactions. https://doi.org/10.1094/MPMI-11-20-0307-A

Kombrink, A. & Thomma, B.P.H.J. (2013) LysM effectors secreted pro-
teins supporting fungal life. PLoS Pathogens, 9, e1003769. https://doi.
org/10.1371/journ​al.ppat.1003769

Koressaar, T. & Remm, M. (2007) Enhancements and modifications of 
primer design program Primer3. Bioinformatics, 23, 1289–1291. 
https://doi.org/10.1093/bioin​forma​tics/btm091

Kumar, S., Stecher, G., Li, M., Knyaz, C. & Tamura, K. (2018) MEGA X: 
Molecular evolutionary genetics analysis across computing plat-
forms. Molecular Biology and Evolution, 35, 1547–1549. https://doi.
org/10.1093/molbe​v/msy096

Kusch, S. & Panstruga, R. (2017) mlo-based resistance: An apparently 
universal “weapon” to defeat powdery mildew disease. Molecular 
Plant-Microbe Interactions, 30, 179–189. https://doi.org/10.1094/
MPMI-12-16-0255-CR.

Labourel, A., Frandsen, K.E.H., Zhang, F., Brouilly, N., Grisel, S., Haon, M., 
et al. (2020) A fungal family of lytic polysaccharide monooxygenase-
like copper proteins. Nature Chemical Biology, 16, 345–350. https://
doi.org/10.1038/s4158​9-019-0438-8.

Lee, W.S., Rudd, J.J., Hammond-Kosack, K.E. & Kanyuka, K. (2013) 
Mycosphaerella graminicola LysM effector-mediated stealth patho-
genesis subverts recognition through both CERK1 and CEBiP homo-
logues in wheat. Molecular Plant-Microbe Interactions, 27, 236–243. 
https://doi.org/10.1094/MPMI-07-13-0201-R.

Levasseur, A., Drula, E., Lombard, V., Coutinho, P.M. & Henrissat, B. 
(2013) Expansion of the enzymatic repertoire of the CAZy database 
to integrate auxiliary redox enzymes. Biotechnology for Biofuels, 6, 41. 
https://doi.org/10.1186/1754-6834-6-41

Liu, B., Li, J.-F., Ao, Y., Qu, J., Li, Z., Su, J. et al. (2012) Lysin motif-containing 
proteins LYP4 and LYP6 play dual roles in peptidoglycan and chitin 
perception in rice innate immunity. The Plant Cell, 24, 3406–3419. 
https://doi.org/10.1105/tpc.112.102475

Liu, T., Liu, Z., Song, C., Hu, Y., Han, Z., She, J. et al. (2012) Chitin-induced 
dimerization activates a plant immune receptor. Science, 336, 1160–
1164. https://doi.org/10.1126/scien​ce.1218867

Liu, T., Chen, L., Zhou, Y., Jiang, X., Duan, Y. & Yang, Q. (2017) Structure, 
catalysis, and inhibition of OfChi-h, the Lepidoptera-exclusive insect 
chitinase. Journal of Biological Chemistry, 292, 2080–2088. https://
doi.org/10.1074/jbc.M116.755330.

Lo Leggio, L., Simmons, T.J., Poulsen, J.C.N., Frandsen, K.E.H., Hemsworth, 
G.R., Stringer, M.A. et al. (2015) Structure and boosting activity of 
a starch-degrading lytic polysaccharide monooxygenase. Nature 
Communications, 6, 5961. https://doi.org/10.1038/ncomm​s6961.

Lo Presti, L., Lanver, D., Schweizer, G., Tanaka, S., Liang, L., Tollot, M. 
et al. (2015) Fungal effectors and plant susceptibility. Annual Review 
of Plant Biology, 66, 513–545. https://doi.org/10.1146/annur​ev-arpla​
nt-04301​4-114623.

Lombard, V., Golaconda, R.H., Drula, E., Coutinho, P.M. & Henrissat, B. 
(2014) The carbohydrate-active enzymes database (CAZy) in 2013. 
Nucleic Acids Research, 42, D490–D495. https://doi.org/10.1093/
nar/gkt1178

Martínez-Cruz, J., Romero, D., Dávila, J.C. & Pérez-García, A. (2014) The 
Podosphaera xanthii haustorium, the fungal Trojan horse of cucurbit-
powdery mildew interactions. Fungal Genetics and Biology, 71, 21–31. 
https://doi.org/10.1016/j.fgb.2014.08.006.

Martínez-Cruz, J., Romero, D., de la Torre, F.N., Fernández-Ortuño, 
D., Torés, J.A., de Vicente, A. et al. (2018) The functional char-
acterization of Podosphaera xanthii candidate effector genes re-
veals novel target functions for fungal pathogenicity. Molecular 
Plant-Microbe Interactions, 31, 914–931. https://doi.org/10.1094/
MPMI-12-17-0318-R.

https://doi.org/10.1186/s13068-015-0284-1
https://doi.org/10.1186/s13068-015-0284-1
https://doi.org/10.1038/s41589-019-0437-9
https://doi.org/10.1038/s41589-019-0437-9
https://doi.org/10.1016/j.cub.2009.01.054
https://doi.org/10.1002/pmic.200800645
https://doi.org/10.1093/nar/gkr366
https://doi.org/10.1016/B978-0-12-397940-7.00004-5
https://doi.org/10.1016/B978-0-12-397940-7.00004-5
https://doi.org/10.1038/nchembio.1417
https://doi.org/10.1038/nchembio.1417
https://doi.org/10.1016/j.tibtech.2015.09.006
https://doi.org/10.1016/j.tibtech.2015.09.006
https://doi.org/10.1093/bioinformatics/8.3.275
https://doi.org/10.1093/bioinformatics/8.3.275
https://doi.org/10.1038/nature05286
https://doi.org/10.1186/1471-2164-15-1081
https://doi.org/10.1016/j.pbi.2011.03.005
https://doi.org/10.1016/j.pbi.2011.03.005
https://doi.org/10.1126/science.1190859
https://doi.org/10.1126/science.1190859
https://doi.org/10.1073/pnas.0508882103
https://doi.org/10.1016/S1360-1385(02)02251-3
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1111/tpj.12591
https://doi.org/10.1094/MPMI-11-20-0307-A
https://doi.org/10.1371/journal.ppat.1003769
https://doi.org/10.1371/journal.ppat.1003769
https://doi.org/10.1093/bioinformatics/btm091
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1094/MPMI-12-16-0255-CR
https://doi.org/10.1094/MPMI-12-16-0255-CR
https://doi.org/10.1038/s41589-019-0438-8
https://doi.org/10.1038/s41589-019-0438-8
https://doi.org/10.1094/MPMI-07-13-0201-R
https://doi.org/10.1186/1754-6834-6-41
https://doi.org/10.1105/tpc.112.102475
https://doi.org/10.1126/science.1218867
https://doi.org/10.1074/jbc.M116.755330
https://doi.org/10.1074/jbc.M116.755330
https://doi.org/10.1038/ncomms6961
https://doi.org/10.1146/annurev-arplant-043014-114623
https://doi.org/10.1146/annurev-arplant-043014-114623
https://doi.org/10.1093/nar/gkt1178
https://doi.org/10.1093/nar/gkt1178
https://doi.org/10.1016/j.fgb.2014.08.006
https://doi.org/10.1094/MPMI-12-17-0318-R
https://doi.org/10.1094/MPMI-12-17-0318-R


600  |     POLONIO et al.

Martínez-Cruz, J., Romero, D., Hierrezuelo, J., Thon, M., de Vicente, A. & 
Pérez-García, A. (2021) Effectors with chitinase activity (EWCAs), a 
family of conserved, secreted fungal chitinases that suppress chitin-
triggered immunity. The Plant Cell, https://doi.org/10.1093/plcel​l/
koab011

McGuffin, L.J., Adiyaman, R., Maghrabi, A.H.A., Shuid, A.N., 
Brackenridge, D.A., Nealon, J.O. et al. (2019) IntFOLD: An integrated 
web resource for high performance protein structure and function 
prediction. Nucleic Acids Research, 47, W408–W413. https://doi.
org/10.1093/nar/gkz322

Mentlak, T.A., Kombrink, A., Shinya, T., Ryder, L.S., Otomo, I., Saitoh, H. 
et al. (2012) Effector-mediated suppression of chitin-triggered im-
munity by Magnaporthe oryzae is necessary for rice blast disease. The 
Plant Cell, 24, 322–335. https://doi.org/10.1105/tpc.111.092957.

Micali, C.O., Neumann, U., Grunewald, D., Panstruga, R. & 
O'Connell, R. (2011) Biogenesis of a specialized plant–fungal in-
terface during host cell internalization of Golovinomyces oron-
tii haustoria. Cellular Microbiology, 13, 210–226. https://doi.
org/10.1111/j.1462-5822.2010.01530.x

Miya, A., Albert, P., Shinya, T., Desaki, Y., Ichimura, K., Shirasu, K. et al. 
(2007) CERK1, a LysM receptor kinase, is essential for chitin elici-
tor signaling in Arabidopsis. Proceedings of the National Academy of 
Sciences of the United States of America, 104, 19613–19618. https://
doi.org/10.1073/pnas.07051​47104

Mochizuki, S., Saitoh, K., Minami, E. & Nishizawa, Y. (2011) Localization 
of probe-accessible chitin and characterization of genes encoding 
chitin-binding domains during rice–Magnaporthe oryzae interac-
tions. Journal of General Plant Pathology, 77, 163–173. https://doi.
org/10.1007/s1032​7-011-0310-5.

Pagni, M., Ioannidis, V., Cerutti, L., Zahn-Zabal, M., Jongeneel, C.V., 
Hau, J. et al. (2007) MyHits: Improvements to an interactive re-
source for analyzing protein sequences. Nucleic Acids Research, 35, 
W433–W437. https://doi.org/10.1093/nar/gkm352

Pedersen, C., van Themaat, E.V.L., McGuffin, L.J., Abbott, J.C., Burgis, 
T.A., Barton, G. et al. (2012) Structure and evolution of barley pow-
dery mildew effector candidates. BMC Genomics, 13, 694. https://
doi.org/10.1186/1471-2164-13-694

Pérez-García, A., Romero, D., Fernández-Ortuño, D., López-Ruiz, F., 
de Vicente, A. & Torés, J.A. (2009) The powdery mildew fungus 
Podosphaera fusca (synonym Podosphaera xanthii), a constant threat 
to cucurbits. Molecular Plant Pathology, 10, 153–160. https://doi.
org/10.1111/j.1364-3703.2008.00527.x.

Petersen, T.N., Brunak, S., von Heijne, G. & Nielsen, H. (2011) SignalP 4.0: 
Discriminating signal peptides from transmembrane regions. Nature 
Methods, 8, 785. https://doi.org/10.1038/nmeth.1701.

Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, 
D.M., Meng, E.C. et al. (2004) UCSF Chimera – a visualization sys-
tem for exploratory research and analysis. Journal of Computational 
Chemistry, 25, 1605–1612. https://doi.org/10.1002/jcc.20084.

Petutschnig, E.K., Stolze, M., Lipka, U., Kopischke, M., Horlacher, J., 
Valerius, O. et al. (2014) A novel Arabidopsis CHITIN ELICITOR 
RECEPTOR KINASE 1 (CERK1) mutant with enhanced pathogen-
induced cell death and altered receptor processing. New Phytologist, 
204, 955–967. https://doi.org/10.1111/nph.12920

Phillips, C.M., Beeson, W.T., Cate, J.H. & Marletta, M.A. (2011) Cellobiose 
dehydrogenase and a copper-dependent polysaccharide monooxy-
genase potentiate cellulose degradation by Neurospora crassa. ACS 
Chemical Biology, 6, 1399–1406. https://doi.org/10.1021/cb200​351y.

Pierleoni, A., Martelli, P. & Casadio, R. (2008) PredGPI: A GPI-
anchor predictor. BMC Bioinformatics, 9, 392. https://doi.
org/10.1186/1471-2105-9-392

Pieterse, C.M.J., Leon-Reyes, A., van der Ent, S. & van Wees, S.C.M. 
(2009) Networking by small-molecule hormones in plant immunity. 
Nature Chemical Biology, 5, 308–316. https://doi.org/10.1038/nchem​
bio.164.

del Pino, D., Olalla, L., Pérez-García, A., Rivera, M.E., García, S., Moreno, 
R. et al. (2002) Occurrence of races and pathotypes of cucurbit pow-
dery mildew in southeastern Spain. Phytoparasitica, 30, 459–466. 
https://doi.org/10.1007/BF029​79750

Polonio, A., Díaz-Martínez, L., Fernández-Ortuño, D., de Vicente, A., 
Romero, D.F., López-Ruiz, F. et al. (2021) A hybrid genome assembly 
resource for Podosphaera xanthii, the main causal agent of powdery 
mildew disease in cucurbits. Molecular Plant-Microbe Interactions. 
https://doi.org/10.1094/MPMI-08-20-0237-A

Polonio, A., Pineda, M., Bautista, R., Martínez-Cruz, J., Pérez-Bueno, 
M.L., Barón, M. et al. (2019) RNA-seq analysis and fluorescence im-
aging of melon powdery mildew disease reveal an orchestrated re-
programming of host physiology. Scientific Reports, 9, 7978. https://
doi.org/10.1038/s4159​8-019-44443​-5.

Polonio, A., Seoane, P., Claros, M.G. & Pérez-García, A. (2019) The haus-
torial transcriptome of the cucurbit pathogen Podosphaera xanthii 
reveals new insights into the biotrophy and pathogenesis of pow-
dery mildew fungi. BMC Genomics, 20, 543. https://doi.org/10.1186/
s1286​4-019-5938-0.

Quinlan, R.J., Sweeney, M.D., Leggio, L.L., Otten, H., Poulsen, J.C.N., 
Johansen, K.S., et al. (2011) Insights into the oxidative degradation 
of cellulose by a copper metalloenzyme that exploits biomass com-
ponents. Proceedings of the National Academy of Sciences of the United 
States of America, 108, 15079–15084. https://doi.org/10.1073/
pnas.11057​76108.

Roche, D.B., Buenavista, M.T., Tetchner, S.J. & McGuffin, L.J. (2011) The 
IntFOLD server: An integrated web resource for protein fold recog-
nition, 3D model quality assessment, intrinsic disorder prediction, 
domain prediction and ligand binding site prediction. Nucleic Acids 
Research, 39, 171–176. https://doi.org/10.1093/nar/gkr184.

Rochi, L., Diéguez, M.J., Burguener, G., Darino, M.A., Pergolesi, M.F., 
Ingala, L.R., et al. (2018) Characterization and comparative analysis 
of the genome of Puccinia sorghi Schwein, the causal agent of maize 
common rust. Fungal Genetics and Biology, 112, 31–39. https://doi.
org/10.1016/j.fgb.2016.10.001.

Sabbadin, F., Hemsworth, G.R., Ciano, L., Henrissat, B., Dupree, P., 
Tryfona, T. et al. (2018) An ancient family of lytic polysaccharide 
monooxygenases with roles in arthropod development and biomass 
digestion. Nature Communications, 9, 756. https://doi.org/10.1038/
s4146​7-018-03142​-x.

Sánchez-Vallet, A., Saleem-Batcha, R., Kombrink, A., Hansen, G., 
Valkenburg, D.-J., Thomma, B.P. et al. (2013) Fungal effector Ecp6 
outcompetes host immune receptor for chitin binding through intra-
chain LysM dimerization. eLife, 2, e00790. https://doi.org/10.7554/
eLife.00790.001.

Sievers, F. & Higgins, D.G. (2014) Clustal omega. Current Protocols in 
Bioinformatics, 48, 3.13.1–3.13.16. https://doi.org/10.1002/04712​
50953.bi031​3s48.

Sonnhammer, E.L.L., Eddy, S.R., Birney, E., Bateman, A. & Durbin, R. 
(1998) Pfam: Multiple sequence alignments and HMM-profiles of 
protein domains. Nucleic Acids Research, 26, 320–322. https://doi.
org/10.1093/nar/26.1.320

Souza, C.P., Burbano-Rosero, E.M., Almeida, B.C., Martins, G.G., Albertini, 
L.S. & Rivera, I.N.G. (2009) Culture medium for isolating chitinolytic 
bacteria from seawater and plankton. World Journal of Microbiology 
& Biotechnology, 25, 2079–2082. https://doi.org/10.1007/s1127​
4-009-0098-z.

Spanu, P.D., Abbott, J.C., Amselem, J., Burgis, T.A., Soanes, D.M., Stüber, 
K. et al. (2010) Genome expansion and gene loss in powdery mildew 
fungi reveal tradeoffs in extreme parasitism. Science, 330, 1543–
1546. https://doi.org/10.1126/scien​ce.1194573

Tanaka, K., Nguyen, C.T., Liang, Y., Cao, Y., Stacey, G., Tanaka, K. et al. 
(2013) Role of LysM receptors in chitin-triggered plant innate immu-
nity. Plant Signaling & Behavior, 8, e22598. https://doi.org/10.4161/
psb.22598

https://doi.org/10.1093/plcell/koab011
https://doi.org/10.1093/plcell/koab011
https://doi.org/10.1093/nar/gkz322
https://doi.org/10.1093/nar/gkz322
https://doi.org/10.1105/tpc.111.092957
https://doi.org/10.1111/j.1462-5822.2010.01530.x
https://doi.org/10.1111/j.1462-5822.2010.01530.x
https://doi.org/10.1073/pnas.0705147104
https://doi.org/10.1073/pnas.0705147104
https://doi.org/10.1007/s10327-011-0310-5
https://doi.org/10.1007/s10327-011-0310-5
https://doi.org/10.1093/nar/gkm352
https://doi.org/10.1186/1471-2164-13-694
https://doi.org/10.1186/1471-2164-13-694
https://doi.org/10.1111/j.1364-3703.2008.00527.x
https://doi.org/10.1111/j.1364-3703.2008.00527.x
https://doi.org/10.1038/nmeth.1701
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1111/nph.12920
https://doi.org/10.1021/cb200351y
https://doi.org/10.1186/1471-2105-9-392
https://doi.org/10.1186/1471-2105-9-392
https://doi.org/10.1038/nchembio.164
https://doi.org/10.1038/nchembio.164
https://doi.org/10.1007/BF02979750
https://doi.org/10.1094/MPMI-08-20-0237-A
https://doi.org/10.1038/s41598-019-44443-5
https://doi.org/10.1038/s41598-019-44443-5
https://doi.org/10.1186/s12864-019-5938-0
https://doi.org/10.1186/s12864-019-5938-0
https://doi.org/10.1073/pnas.1105776108
https://doi.org/10.1073/pnas.1105776108
https://doi.org/10.1093/nar/gkr184
https://doi.org/10.1016/j.fgb.2016.10.001
https://doi.org/10.1016/j.fgb.2016.10.001
https://doi.org/10.1038/s41467-018-03142-x
https://doi.org/10.1038/s41467-018-03142-x
https://doi.org/10.7554/eLife.00790.001
https://doi.org/10.7554/eLife.00790.001
https://doi.org/10.1002/0471250953.bi0313s48
https://doi.org/10.1002/0471250953.bi0313s48
https://doi.org/10.1093/nar/26.1.320
https://doi.org/10.1093/nar/26.1.320
https://doi.org/10.1007/s11274-009-0098-z
https://doi.org/10.1007/s11274-009-0098-z
https://doi.org/10.1126/science.1194573
https://doi.org/10.4161/psb.22598
https://doi.org/10.4161/psb.22598


     |  601POLONIO et al.

Tanaka, S., Ichikawa, A., Yamada, K., Tsuji, G., Nishiuchi, T., Mori, M. et al. 
(2010) HvCEBiP, a gene homologous to rice chitin receptor CEBiP, 
contributes to basal resistance of barley to Magnaporthe oryzae. BMC 
Plant Biology, 10, 288. https://doi.org/10.1186/1471-2229-10-288

Thordal-Christensen, H., Zhang, Z., Wei, Y. & Collinge, D.B. (1997) 
Subcellular localization of H2O2 in plants. H2O2 accumulation in 
papillae and hypersensitive response during the barley-powdery 
mildew interaction. The Plant Journal, 11, 1187–1194. https://doi.
org/10.1046/j.1365-313X.1997.11061​187.x

Thornton, B. & Basu, C. (2011) Real-time PCR (qPCR) primer design using 
free online software. Biochemistry and Molecular Biology Education, 
39, 145–154. https://doi.org/10.1002/bmb.20461.

Vaaje-Kolstad, G., Westereng, B., Horn, S.J., Liu, Z., Zhai, H., Sørlie, M. 
et al. (2010) An oxidative enzyme boosting the enzymatic conversion 
of recalcitrant polysaccharides. Science, 330, 219–222. https://doi.
org/10.1126/scien​ce.1192231

Vela-Corcía, D., Bautista, R., de Vicente, A., Spanu, P.D. & Pérez-García, 
A. (2016) De novo analysis of the epiphytic transcriptome of the cu-
curbit powdery mildew fungus Podosphaera xanthii and identification 
of candidate secreted effector proteins. PLoS One, 11, e0163379. 
https://doi.org/10.1371/journ​al.pone.0163379

Vogel, J. & Somerville, S. (2002) Isolation and characterization of pow-
dery mildew-resistant Arabidopsis mutants. Proceedings of the 
National Academy of Sciences of the United States of America, 97, 1897–
1902. https://doi.org/10.1073/pnas.03053​1997

Vu, V.V., Beeson, W.T., Phillips, C.M., Cate, J.H.D. & Marletta, M.A. (2014) 
Determinants of regioselective hydroxylation in the fungal polysac-
charide monooxygenases. Journal of the American Chemical Society, 
136, 562–565. https://doi.org/10.1021/ja409​384b

Vu, V.V., Beeson, W.T., Span, E.A., Farquhar, E.R. & Marletta, M.A. 
(2014) A family of starch-active polysaccharide monooxygenases. 
Proceedings of the National Academy of Sciences of the United States 
of America, 111, 13822–13827. https://doi.org/10.1073/pnas.14080​
90111

Wadl, P.A., Mack, B.M., Beltz, S.B., Moore, G.G., Baird, R.E., Rinehart, 
T.A., et al. (2019) Development of genomic resources for the pow-
dery mildew, Erysiphe pulchra. Plant Disease, 103, 804–807. https://
doi.org/10.1094/PDIS-05-18-0719-A.

Wan, J., Zhang, X. & Stacey, G. (2008) Chitin signaling and plant dis-
ease resistance. Plant Signaling & Behavior, 3, 831–833. https://doi.
org/10.4161/psb.3.10.5916.

Wang, W., Wen, Y., Berkey, R. & Xiao, S. (2009) Specific targeting of the 
Arabidopsis resistance protein RPW8.2 to the interfacial membrane 

encasing the fungal haustorium renders broad-spectrum resistance 
to powdery mildew. The Plant Cell, 21, 2898–2913. https://doi.
org/10.1105/tpc.109.067587.

Weßling, R., Schmidt, S.M., Micali, C.O., Knaust, F., Reinhardt, R., 
Neumann, U. et al. (2012) Transcriptome analysis of enriched 
Golovinomyces orontii haustoria by deep 454 pyrosequencing. 
Fungal Genetics and Biology, 49, 470–482. https://doi.org/10.1016/j.
fgb.2012.04.001.

Wu, Y., Ma, X., Pan, Z., Kale, S.D., Song, Y.I., King, H. et al. (2018) 
Comparative genome analyses reveal sequence features reflecting 
distinct modes of host-adaptation between dicot and monocot pow-
dery mildew. BMC Genomics, 19, 705. https://doi.org/10.1186/s1286​
4-018-5069-z

Xi, Y., Pan, P.L., Ye, Y.X., Yu, B. & Zhang, C.X. (2014) Chitin deacetyl-
ase family genes in the brown planthopper, Nilaparvata lugens 
(Hemiptera: Delphacidae). Insect Molecular Biology, 23, 695–705. 
https://doi.org/10.1111/imb.12113.

Young, V.L., Simpson, R.M. & Ward, V.K. (2005) Characterization of an 
exochitinase from Epiphyas postvittana nucleopolyhedrovirus (family 
Baculoviridae). Journal of General Virology, 86, 3253–3261. https://
doi.org/10.1099/vir.0.81262​-0.

Zhang, H., Yohe, T., Huang, L., Entwistle, S., Wu, P., Yang, Z. et al. (2018) 
DbCAN2: A meta server for automated carbohydrate-active enzyme 
annotation. Nucleic Acids Research, 46, W95–W101. https://doi.
org/10.1093/nar/gky418

Zhang, Y. (2008) I-TASSER server for protein 3D structure prediction. 
BMC Bioinformatics, 9, 40. https://doi.org/10.1186/1471-2105-9-40

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the 
Supporting Information section.

How to cite this article: Polonio Á, Fernández-Ortuño D, de 
Vicente A, Pérez-García A. A haustorial-expressed lytic 
polysaccharide monooxygenase from the cucurbit powdery 
mildew pathogen Podosphaera xanthii contributes to the 
suppression of chitin-triggered immunity. Mol Plant Pathol. 
2021;22:580–601. https://doi.org/10.1111/mpp.13045

https://doi.org/10.1186/1471-2229-10-288
https://doi.org/10.1046/j.1365-313X.1997.11061187.x
https://doi.org/10.1046/j.1365-313X.1997.11061187.x
https://doi.org/10.1002/bmb.20461
https://doi.org/10.1126/science.1192231
https://doi.org/10.1126/science.1192231
https://doi.org/10.1371/journal.pone.0163379
https://doi.org/10.1073/pnas.030531997
https://doi.org/10.1021/ja409384b
https://doi.org/10.1073/pnas.1408090111
https://doi.org/10.1073/pnas.1408090111
https://doi.org/10.1094/PDIS-05-18-0719-A
https://doi.org/10.1094/PDIS-05-18-0719-A
https://doi.org/10.4161/psb.3.10.5916
https://doi.org/10.4161/psb.3.10.5916
https://doi.org/10.1105/tpc.109.067587
https://doi.org/10.1105/tpc.109.067587
https://doi.org/10.1016/j.fgb.2012.04.001
https://doi.org/10.1016/j.fgb.2012.04.001
https://doi.org/10.1186/s12864-018-5069-z
https://doi.org/10.1186/s12864-018-5069-z
https://doi.org/10.1111/imb.12113
https://doi.org/10.1099/vir.0.81262-0
https://doi.org/10.1099/vir.0.81262-0
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1186/1471-2105-9-40
https://doi.org/10.1111/mpp.13045

