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During host colonization, plant-associated microbes, including fungi and oomycetes, 
deliver a collection of glycoside hydrolases (GHs) to their cell surfaces and surrounding 
extracellular environments. The number and type of GHs secreted by each organism is 
typically associated with their lifestyle or mode of nutrient acquisition. Secreted GHs of 
plant-associated fungi and oomycetes serve a number of different functions, with many 
of them acting as virulence factors (effectors) to promote microbial host colonization. 
Specific functions involve, for example, nutrient acquisition, the detoxification of 
antimicrobial compounds, the manipulation of plant microbiota, and the suppression or 
prevention of plant immune responses. In contrast, secreted GHs of plant-associated 
fungi and oomycetes can also activate the plant immune system, either by acting as 
microbe-associated molecular patterns (MAMPs), or through the release of damage-
associated molecular patterns (DAMPs) as a consequence of their enzymatic activity. In 
this review, we highlight the critical roles that secreted GHs from plant-associated fungi 
and oomycetes play in plant–microbe interactions, provide an overview of existing 
knowledge gaps and summarize future directions.
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INTRODUCTION

Plant–Microbe and Microbe–Microbe Interactions
Filamentous fungi and oomycetes have evolved as efficient colonizers of plants, utilizing multiple 
strategies to interact with their hosts. Many of these organisms primarily reside in the plant 
apoplast during at least the first stages of colonization (Rocafort et  al., 2020). The apoplast 
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comprises all extracellular matrices and compartments outside 
the plasma membrane of plant cells (Sattelmacher, 2001) and 
contains toxic compounds and hydrolytic enzymes that disrupt 
fungal and oomycete growth (Doehlemann and Hemetsberger, 
2013). Cell surface-localized immune receptor proteins, termed 
pattern recognition receptors (PRRs), also monitor the 
extracellular space for molecular invasion patterns to activate 
the plant immune system (Cook et  al., 2015; van der Burgh 
and Joosten, 2019). Here, PRRs recognize microbe- or damage-
associated molecular patterns (MAMPs or DAMPs, respectively) 
to activate immune responses that further slow or halt fungal 
and oomycete growth. These responses include the production 
of defensive compounds and reactive oxygen species (ROS), 
the deposition of polysaccharides and proteins (e.g., lignin, 
callose, and hydroxyproline-rich glycoproteins that reinforce 
or strengthen plant cell walls and infection sites; Kuć, 1997) 
and, in some cases, a localized cell death response (Dickman 
and Fluhr, 2013). Of the invasion patterns, MAMPs typically 
comprise broadly conserved molecules, such as proteins, lipids, 
and polysaccharides of invading fungi or oomycetes, whereas 
DAMPs are made up of endogenous molecules, such as cytosolic 
proteins, peptides, nucleotides, amino acids, and polysaccharides 
that are released from the plant upon fungal or oomycete 
attack (Newman et  al., 2013; Raaymakers and van den 
Ackerveken, 2016; Hou et  al., 2019; Tanaka and Heil, 2021).

Outside of the apoplast, plant-associated fungi and oomycetes 
are exposed to exudates that may contain a cocktail of plant-
derived antimicrobial compounds (Jacoby et  al., 2020). 
Furthermore, at all locations of colonization, secondary metabolite 
compounds, hydrolytic enzymes, and other proteins may 
be  produced by other co-inhabiting microbes with roles in 
microbial antagonism (e.g., Carrión et al., 2019; Snelders et al., 
2020, 2021). It is no surprise then that plant-associated fungi 
and oomycetes must neutralize or suppress plant defenses, 
whether constitutive or induced, as well as the antimicrobial 
activities of co-inhabiting microbes, in order to colonize their 
hosts. For this purpose, plant-associated fungi and oomycetes 
deploy a collection of virulence factors, termed effectors. These 
effectors, many of which are proteinaceous, function outside 
the plant cell in  locations such as the apoplast or inside the 
plant cell, where they are translocated into various cell 
compartments (Ökmen and Doehlemann, 2014; He et al., 2020; 
Rocafort et  al., 2020). In some cases, these effectors can also 
act as MAMPs (Thomma et  al., 2011) or generate DAMPs 
that are recognized by PRRs to activate the plant immune system.

Plant and Microbial Cell Walls
Immediately outside the plant plasma membrane is the plant 
cell wall, which forms part of the apoplast. The plant cell wall 
is a complex structure that fulfils diverse cellular functions 
ranging from maintenance of structural integrity to regulation 
of plant development (Zhang et  al., 2021a). In terms of 
composition, more than 90% of the plant cell wall is made 
up of carbohydrates, with cellulose, hemicelluloses, and pectic 
polysaccharides the main carbohydrate components (Popper 
et  al., 2011; Kumar and Turner, 2015). Crucially, the plant 
cell wall also provides a protective barrier against abiotic stresses 

and invading microbes (Vaahtera et al., 2019; Rui and Dinneny, 
2020). Indeed, many plant-associated fungi and oomycetes must 
first breach the plant cell wall in order to colonize their hosts 
(Bellincampi et al., 2014). Breakdown or hydrolysis of the plant 
cell wall does, however, risk the release of DAMPs (such as 
oligogalacturonides, mixed-linked glucans, xyloglucans, and 
cellulose-derived oligomers) that can then be  recognized by 
plant PRRs to activate the plant immune system (Aziz et  al., 
2007; Brutus et  al., 2010; Ferrari et  al., 2013; Benedetti et  al., 
2015; de Azevedo Souza et  al., 2017; Claverie et  al., 2018; 
Mélida et  al., 2018, 2020; Rebaque et  al., 2021).

Like in plants, the cell walls of plant-associated fungi and 
oomycetes play a vital role in maintaining the structural integrity 
of the cell, as well as in regulating development. Although 
types, distributions and linkages of cell wall carbohydrates vary 
from species to species (e.g., Gow et  al., 2017), the main ones 
in fungi are chitin (β-1,4-N-acetylglucosamine, GlcNAc; inner 
layer) and β-1,3/1,6-glucans (outer layer), while the most 
abundant carbohydrates in oomycetes are cross-linked cellulose, 
β-1,4- and β-1,3/1,6-glucans (Wanke et  al., 2021). Research 
on fungi, in particular, has shown that the cell wall is dynamic, 
with ongoing remodeling required for the morphological 
differentiation of specialized infection structures in planta. Such 
remodeling is necessary to protect fungal cell wall carbohydrates 
against hydrolysis by plant-derived enzymes, as well as to 
prevent their detection by PRRs (El Gueddari et  al., 2002; 
Fujikawa et  al., 2009, 2012; Oliveira-Garcia and Deising, 2013, 
2016; Becker et  al., 2016; Noorifar et  al., 2021). As might 
be  expected, however, this remodelling also runs the risk of 
releasing MAMPs (e.g., chitin and β-glucan fragments) that 
activate the plant immune system (Miya et  al., 2007; Shimizu 
et  al., 2010; Cao et  al., 2014; Sánchez-Vallet et  al., 2015; Fesel 
and Zuccaro, 2016; Rovenich et  al., 2016; Wanke et  al., 
2020, 2021).

Glycoside Hydrolases of Plant-Associated 
Fungi and Oomycetes
Many plant- and microbe-derived hydrolytic enzymes are 
carbohydrate-active enzymes (CAZymes). CAZymes are involved 
in the breakdown, biosynthesis, or modification of glycosidic 
bonds present in carbohydrates and glycoconjugates. Based on 
sequence and structural similarity of their functional domains, 
CAZymes can be  classified into six main classes: glycoside 
hydrolases (GHs), carbohydrate esterases (CEs), polysaccharide 
lyases (PLs), glycosyltransferases (GTs), auxiliary activity enzymes 
(AAs), and carbohydrate-binding modules (CBMs; Lombard 
et  al., 2014; Drula et  al., 2022).1

GH proteins represent the largest class of CAZymes and 
are involved in the hydrolysis and/or rearrangement of glycosidic 
bonds in glycoconjugates, oligo- and polysaccharides (Henrissat, 
1991; Henrissat and Davies, 1997). The CAZy database describes 
172 GH families, which are grouped into 18 different GH 
clans (GH-A to -R) based on sequence similarity (Henrissat 
and Davies, 1997). Although a classification system based on 

1 http://www.cazy.org/
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sequence similarity is a very powerful way to predict the 
enzymatic activity of a novel GH enzyme, many GH families 
are polyspecific, meaning that one GH family can comprise 
enzymes with different substrate specificities (Henrissat, 1991).

The number and type of secreted GH proteins produced 
by plant-associated fungi and oomycetes with different lifestyles 
is highly variable. In biotrophic pathogens, as well as plant-
associated endophytic microorganisms, a relatively low number 
of GHs targeting the plant cell wall are produced during host 
penetration and colonization, which minimizes host damage 
(Hane et  al., 2020). On the other hand, necrotrophs and 
hemibiotrophs display more aggressive strategies during host 
colonization. At the necrotrophic stage of colonization, these 
pathogens secrete a wide range and number of GHs to directly 
or indirectly break down plant cell walls, and thus host cells, 
to feed on dead tissue (Hane et  al., 2020). This is reflected 
in the genomes of these organisms, where it is generally accepted 
that biotrophs contain relatively few genes encoding plant cell 
wall-degrading GHs compared to necrotrophs and hemibiotrophs 
(Hane et al., 2020). Comparative genome analyses have revealed 
that, regardless of phylogenetic distance, the number and 
diversity of GH-encoding genes present in fungal and oomycete 
genomes is associated with their lifestyle. Although there are 
exceptions, many necrotrophic and hemibiotrophic fungi and 
oomycetes have around 300 GH-encoding genes (Zerillo et  al., 
2013; Zhao et  al., 2013), while biotrophic and endophytic 
(symbiotic) fungi and oomycetes often contain only around 
100 GH-encoding genes (Zerillo et  al., 2013; Zhao et  al., 2013; 
Hane et al., 2020). In contrast to necrotrophs and hemibiotrophs, 
biotrophs and symbiotic fungi lack GH6 family members, which 
display endoglucanase and cellobiohydrolase activities that target 
cellulose in the plant cell wall (Martin et  al., 2010; Couturier 
et  al., 2012; Zhao et  al., 2013). Although saprophytes are not 
associated with plant diseases, they have a similar number of 
GH-encoding genes to hemibiotrophs and necrotrophs, 
supporting their well-known capacity for biomass decomposition 
(Zerillo et  al., 2013; Zhao et  al., 2013). On the other hand, 
saprophytic yeasts (such as those in the Class Saccharomycetes) 
lack many GH families including GH1, GH6, GH10, GH11, 
GH30, and GH79, and possess even fewer GH-encoding genes 
than biotrophs (Zhao et  al., 2013).

In addition to lifestyle, the diversity of GH families is also 
correlated with cell wall composition of the host plants. For 
example, dicot plants encode more pectin in their cell wall 
compared to monocot plants. Thus, dicot-specific pathogens 
tend to have more pectinases, including GH28, GH88, and 
GH105 families, than monocot-specific pathogens (Zhao et  al., 
2013). Since the plant cell wall-degrading GH repertoire of 
plant-associated fungi and oomycetes is strongly associated 
with infection strategy or lifestyle, Hane et  al. (2020) have 
developed a CAZyme-Assisted Training And Sorting of -trophy 
(CATAStrophy) pipeline to predict the lifestyle of 
a microorganism.

Over recent years, it has become increasingly clear that 
secreted GH proteins of plant-associated fungi and oomycetes 
(i.e., those that are targeted extracellularly, but that lack a 
transmembrane domain or a glycophosphatidylinositol lipid 

modification site) play diverse roles in promoting host 
colonization and/or activating host immune responses (e.g., 
as effectors, MAMPs, or proteins that generate DAMPs; Kubicek 
et al., 2014; Rafiei et al., 2021; Figure 1; Supplementary Table 1). 
In this review, we  highlight these roles, provide an overview 
of existing knowledge gaps and summarise future directions.

SECRETED GH PROTEINS FROM 
PLANT-ASSOCIATED FUNGI AND 
OOMYCETES WITH ROLES IN 
PROMOTING PLANT COLONIZATION 
AND/OR ACTIVATING PLANT IMMUNE 
RESPONSES

Secreted Glycoside Hydrolase Family 3 
(GH3) and 10 (GH10) Proteins
Saponins are fungi-toxic plant-derived secondary metabolites 
that play a role in plant defense, such as α-tomatine of tomato 
(Solanum lycopersicum) and avenacin of oat (Avena sativa; 
Bowyer et  al., 1995). These saponins form a complex with 
sterols in the plasma membrane of fungi, but not oomycetes, 
resulting in a loss of membrane integrity (Bangham and Horne, 
1962; Steel and Drysdale, 1988; Bowyer et  al., 1995). Several 
fungal species, however, produce GH family 3 (GH3 tomatinase 
or avenacinase) or 10 (GH10 tomatinase) enzymes that break 
down or detoxify these saponins into non-toxic or less toxic 
compounds. For GH3 tomatinases, this is achieved through 
the removal of a terminal glucose from α-tomatine to give 
β2-tomatine, while for GH10 tomatinases, the entire lycotetraose 
moiety is removed to give tomatidine and β-lycotetraose (Turner, 
1961; Osbourn, 1996).

Research on these enzymes was initially performed on a 
GH3 avenacinase from Gaeumannomyces graminis var. avenae, 
the necrotrophic fungal pathogen responsible for take-all disease 
in grasses. Similar to GH3 tomatinases, this avenacinase removes 
the terminal glucose molecules from avenacin A1 to give less 
toxic compounds (Crombie et  al., 1986). Disruption of the 
avenacinase-encoding gene in G. graminis var. avenae resulted 
in an inability of the pathogen to cause disease on oat, suggesting 
an important role in pathogenicity (Bowyer et  al., 1995).

Unlike the avenacinase-encoding gene from G. graminis var. 
avenae, targeted disruption of the GH3 tomatinase-encoding 
gene from Septoria lycopersici, a necrotrophic fungal pathogen 
responsible for leaf spot disease on tomato and other solanaceous 
plants, did not affect the ability of this pathogen to cause 
disease symptoms on currant tomato (Solanum pimpinellifolium; 
Martin-Hernandez et  al., 2000). Instead, disruption only led 
to the increased expression of plant defense-related genes 
(Martin-Hernandez et  al., 2000). Interestingly, while infection 
of Nicotiana benthamiana by wild type (WT) S. lycopersici 
resulted in clear disease lesions, no disease symptoms were 
observed upon infection with the tomatinase-deficient mutant 
(Bouarab et al., 2002). Disease symptoms were, however, observed 
when N. benthamiana leaves were pre-treated with either the 
GH3 tomatinase, or the resulting product (β2-tomatine), prior 
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to infection with the tomatinase-deficient mutant (Bouarab 
et  al., 2002). This suggested that the tomatinase enzyme of S. 
lycopersici is required for infection of N. benthamiana and, 
furthermore, that β2-tomatine is key to disease establishment 
by this pathogen (Bouarab et  al., 2002).

Another tomatinase enzyme that has been studied in detail 
is FoTom1, a GH10 protein from Fusarium oxysporum f. sp. 
lycopersici, a hemibiotrophic fungal pathogen responsible for 
vascular wilt disease of tomato (Pareja-Jaime et  al., 2008). 
In line with a role in virulence, ∆fotom1 deletion mutants 

were significantly delayed in their ability to cause death of 
tomato plants, when compared to plants infected with WT 
F. oxysporum f. sp. lycopersici or a strain overexpressing 
FoTom1 (Pareja-Jaime et  al., 2008). It should be  pointed out, 
however, that although a role in virulence was shown, ∆fotom1 
deletion mutants only showed 25% reduction in tomatinase 
activity in culture (Pareja-Jaime et  al., 2008). Thus, it was 
anticipated that F. oxysporum f. sp. lycopersici produces other 
GH3 enzymes that also function as tomatinases (Pareja-Jaime 
et  al., 2008).

FIGURE 1 | Secreted glycoside hydrolase (GH) proteins from plant-associated fungi and oomycetes play diverse roles in promoting plant colonization and/or 
activating plant immune responses. These roles include: (1) the modification of surface-associated carbohydrates present in their own cell walls to enable the 
remodeling of hyphal surfaces or infection structures produced during plant colonization; (2) the induction of plant immune responses, such as plant cell death, 
following their recognition as microbe-associated molecular patterns (MAMPs; 2A), or the recognition of cell wall carbohydrate fragments (e.g., chitin or β-glucan 
oligomers) released from their own cell walls as a consequence of their activity [e.g. in (1); 2B], by pattern recognition receptors (PRRs) at the plant cell surface to 
provide plant resistance or susceptibility. Regarding the latter, plant cell death could, for example, result in a release of nutrients to support the growth of fungal or 
oomycete pathogens with a necrotrophic lifestyle, or drive a switch from biotrophy to necrotrophy for fungal or oomycete pathogens with a hemibiotrophic lifestyle; 
(3) nutrient acquisition through the release of carbohydrate fragments from plant cell walls or the breakdown of entire plant cells; (4) the induction of plant immune 
responses, such as cell death, following the recognition of plant cell wall carbohydrate fragments, generated as a consequence of their activity [e.g., in (3)] by PRRs 
at the plant cell surface to provide plant resistance or susceptibility. Again, plant cell death could support necrotrophy (as in 2B); (5) the sequestration (5A), 
modification (5B) or degradation (5C) of MAMPs or DAMPs to prevent their recognition by PRRs at the plant cell surface to prevent activation of plant immune 
responses; (6) acting as a decoy to bind host-produced proteins that would otherwise inhibit GH proteins produced by plant-associated fungi or oomycetes; (7) the 
detoxification of antimicrobial compounds produced by plants or microbial competitors (e.g., through the removal of a sugar group from enzymatic or non-enzymatic 
proteins or secondary metabolites); (8) functions that promote host colonization upon uptake into plant cells (currently uncharacterized); (9) manipulation of the host 
microbiome through, for example, breaking down the cell walls of microbial competitors. Figure created with BioRender.com.
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In another example, Cladosporium fulvum, a biotrophic 
fungal pathogen responsible for tomato leaf mould disease, 
was shown to produce a functional GH10 tomatinase enzyme, 
CfTom1 (Ökmen et  al., 2013). As with FoTom1 (Pareja-Jaime 
et  al., 2008), CfTom1 expression was induced in culture in 
the presence of α-tomatine (Ökmen et  al., 2013). During the 
early stages of tomato infection (3, 6, and 9 days post-inoculation, 
dpi), the expression of CfTom1 was low, but was significantly 
induced at 12 dpi and peaked at 15 dpi (Ökmen et  al., 2013). 
While both WT C. fulvum and ∆cftom1 deletion mutants 
displayed similar levels of biomass during the initial penetration 
stages of infection, ∆cftom1 biomass was significantly reduced 
from 10 dpi and, unlike WT infection, no accumulation of 
tomatidine was observed (Ökmen et al., 2013). Taken together, 
these results demonstrated that CfTom1 is required for the 
full virulence of C. fulvum on tomato (Ökmen et  al., 2013).

Secreted Glycoside Hydrolase Family 11 
(GH11) Proteins
A large number of GH proteins from several GH families 
trigger cell death in host and/or non-host plants 
(Supplementary Table  1). In many cases, the ability of these 
proteins to trigger cell death is independent of enzymatic 
activity, suggesting that they are recognized as MAMPs by 
PRRs localized on the plant cell surface (Supplementary Table 1). 
One such example is ethylene-inducing xylanase (EIX), a GH 
family 11 (GH11) protein with β-1-4-endoglucanase activity 
from Trichoderma viride, the symbiotic biocontrol fungus 
associated with plant roots and soil (Fuchs and Anderson, 
1987; Dean et al., 1989; Fuchs et al., 1989; Dean and Anderson, 
1991). EIX (hereafter referred to as TvEIX) triggers a wide 
range of plant immune responses (mostly in N. benthamiana 
cv. Xanthi), including the induction of ethylene biosynthesis, 
electrolyte leakage, pathogenesis-related (PR) protein expression, 
phytoalexin and ROS production, as well as cell death (Bailey 
et  al., 1990, 1992; Lotan and Fluhr, 1990; Fluhr et  al., 1991; 
Avni et  al., 1994; Yano et  al., 1998; Ron et  al., 2000; Laxalt 
et  al., 2007). Consistent with the recognition of TvEIX as a 
MAMP, mutation of the active site residues in this protein 
revealed that the xylanase activity of TvEIX is not required 
for cell death elicitation (Furman-Matarasso et  al., 1999). This 
is in line with a previous study which concluded, based on 
protoplast assays, that the enzymatic activity of TvEIX is also 
not required for induction of ethylene biosynthesis (Sharon 
et  al., 1993). It has since been shown that a five-amino acid 
surface-exposed pentapeptide motif, TKLGE, which is not 
required for enzymatic activity, is the epitope recognized by 
N. benthamiana cv. Xanthi (Rotblat et  al., 2002).

The cell death responses triggered by TvEIX in N. benthamiana 
cv. Xanthi and tomato are governed by a single dominant 
locus (Bailey et  al., 1993; Ron et  al., 2000). In tomato, this 
locus is made up of two genes, SlEIX1 and SlEIX2, which 
both encode leucine-rich repeat receptor-like protein (LRR-
RLP) PRRs capable of binding TvEIX (Ron and Avni, 2004). 
Of these two PRRs, however, only SlEIX2 is capable of initiating 
immune responses upon recognition of TvEIX, while SlEIX1 

instead acts as a decoy immune receptor to attenuate TvEIX-
induced immune signaling by SlEIX2 (Ron and Avni, 2004; 
Bar et  al., 2010). It is known that LRR-RLPs often dimerize 
with receptor-like kinases (RLKs), such as suppressor of BIR1 
(SOBIR1) and/or BRI1-associated kinase-1 (BAK1), in order 
to initiate signal transduction (Li et  al., 2002; Liebrand et  al., 
2013, 2014). Interestingly, while SlEIX2 associates with the 
co-receptor SOBIR1 (Liebrand et  al., 2013), the co-receptor 
BAK1 has been shown to interact with SlEIX1 only, indicating 
that the recognition of TvEIX by SlEIX2 is BAK1-independent 
(Bar et  al., 2010). Based on these and other experiments, a 
model was put forward in which SlEIX1, in the presence of 
BAK1, binds to TvEIX, and heterodimerizes with SlEIX2 to 
prevent SlEIX2 endocytosis and resultant plant immune responses 
(Bar and Avni, 2009; Bar et  al., 2010, 2011). Because longer 
TvEIX exposure leads to a stronger immune response, including 
cell death (Bar et  al., 2010), it is anticipated that the function 
of SlEIX1 is to prevent immune responses over the short term 
which, in turn, enables symbiotic T. viride to enter host plants. 
Importantly, this function is not expected to prevent immune 
responses from occurring against pathogenic microbes when 
necessary (Bar et  al., 2010, 2011).

Following on from the research on TvEIX and SlEIX1/
SlEIX2, an LRR-RLP PRR named NbEIX2, which is orthologous 
to SlEIX2 from tomato, was identified in N. benthamiana (Yin 
et  al., 2021). NbEIX2 recognizes VdEIX3, a TvEIX-like protein 
from Verticillium dahliae, a broad host-range, hemibiotrophic 
fungal pathogen responsible for vascular wilt disease (Yin et al., 
2021). While NbEIX2 constitutively associates with both BAK1 
and SOBIR1, co-immunoprecipitation assays revealed that 
NbEIX2 dissociates from BAK1 after treatment with VdEIX3, 
indicating that the cell death and other immune responses 
elicited by VdEIX3 (i.e., ROS production and the induction 
of PR and MAMP-triggered defense genes) are BAK1-independent 
(Yin et al., 2021). This result was corroborated by gene silencing 
experiments in which VdEIX3 triggered cell death and other 
immune responses, including ROS production, in N. benthamiana 
plants silenced for the BAK1 gene (Yin et  al., 2021). The same 
was observed in N. benthamiana plants silenced for SOBIR1, 
indicating that the immune responses triggered by VdEIX3 
are also SOBIR1-independent (Yin et  al., 2021).

Another well characterized fungal GH11 is BcXyn11A, a 
protein with β-1,4-endoxylanase activity from Botrytis cinerea, 
the broad host-range necrotrophic pathogen responsible for 
grey mould disease (Brito et  al., 2006). During invasion of 
tomato, the BcXyn11A gene is expressed from the beginning 
of the infection process, increasing from 24 to 48 h post-
inoculation (hpi), with Δbcxyn11a deletion mutants showing 
significantly reduced virulence (Brito et  al., 2006). BcXyn11A 
hydrolyses the linear backbone of xylan, which is the main 
hemicellulose component of plant cell walls. The BcXyn11A 
protein was shown to induce immune responses including the 
upregulation of defense-related genes, ROS production, electrolyte 
leakage, and cell death, when infiltrated into leaves of tomato 
and Nicotiana tabacum cvs. Havana, Alcalá and Paraíso (Brito 
et  al., 2006; Noda et  al., 2010; Frías et  al., 2019). Like TvEIX, 
enzymatic activity is not required for cell death induction, 
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suggesting that BcXyn11A is recognized as a MAMP by host 
plants (Noda et  al., 2010). Remarkably, although Δbcxyn11a 
deletion mutants had reduced virulence on both tomato leaves 
and grape berries (Brito et al., 2006), when Δbcxyn11a mutants 
were complemented with copies of the BcXyn11A gene that 
encode enzymatically inactive versions of the protein, virulence 
was restored, suggesting that BcXyn11A contributes to the 
virulence of B. cinerea through cell death induction (i.e., 
necrosis), rather than by enzymatic activity (Noda et al., 2010).

A 25-amino acid peptide, Xyn25, has since been identified 
as the component of BcXyn11A that is sufficient for elicitation 
of cell death, as well as other immune responses, in N. tabacum 
cv. Havana and S. lycopersicum cv. Moneymaker (Frías et  al., 
2019). From this peptide, two regions consisting of four 
consecutive amino acid residues (YGWT and YYIV, respectively) 
are required for the induction of defense responses (Frías et al., 
2019). These amino acids are partially exposed on the predicted 
tertiary structure of BcXyn11A and are conserved across other 
xylanases like TvEIX (Frías et al., 2019). Interestingly, a xylanase 
inhibitor protein, TAXI-I, has been identified from wheat 
(Triticum aestivum) that can prevent the necrotizing activity 
of BcXyn11A when expressed in the host plant Arabidopsis 
thaliana (Brutus et  al., 2005; Tundo et  al., 2020). As the 
25-amino acid cell death elicitation region is located next to 
the catalytic site in the predicted tertiary structure of BcXyn11A, 
it is hypothesized that binding of TAXI-I to the catalytic site 
hides the necrotizing region from recognition by a putative 
PRR (Tundo et  al., 2020).

Secreted Glycoside Hydrolase Family 12 
(GH12) Proteins
Like the GH11 proteins described above, a diverse range of 
GH family 12 (GH12) proteins belonging to both plant-associated 
oomycetes and fungi are capable of triggering cell death when 
transiently expressed in, or infiltrated into, plants 
(Supplementary Table  1). One of the best studied is PsXEG1, 
a GH12 protein with hydrolytic activity towards both β-glucan 
and xyloglucan that was identified from Phytophthora sojae, 
a hemibiotrophic oomycete pathogen (Ma et al., 2015b). PsXEG1 
triggers cell death in some solanaceous plant species, including 
the model host N. benthamiana, as well as the native fabaceous 
host, soybean (Glycine max; Ma et  al., 2015b). While either 
silencing of PsXEG1, or mutation of the catalytic residues 
present in the protein it encodes, significantly reduced P. sojae 
virulence on soybean, PsXEG1 catalytic mutants were still 
capable of eliciting cell death. This suggested that not only is 
PsXEG1 an important virulence factor of P. sojae but also that 
its contribution to virulence on soybean is dependent on enzyme 
activity. Furthermore, given that enzymatic activity is not 
required for cell death induction by PsXEG1, these results 
suggested that PsXEG1 is recognized as a MAMP (Ma et  al., 
2015b, 2017).

PsXEG1 is secreted into the apoplast as two isoforms. The 
larger isoform is N-glycosylated at positions N174 and N190, 
protecting it from degradation by the apoplastic aspartic protease 
of soybean, GmAP5. However, the smaller, non-glycosylated 

isoform of PsXEG1 is bound by GmAP5 and quickly degraded 
(Ma et  al., 2015b; Xia et  al., 2020). In the apoplast, 
non-glycosylated PsXEG1 is also bound by the soybean glucanase 
inhibitor protein, GmGIP1, which not only prevents xyloglucan 
hydrolysis by this isoform of PsXEG1 but also inhibits the 
contribution of this isoform to P. sojae virulence (Ma et  al., 
2017; Xia et  al., 2020). Interestingly, only one other GH12 
protein of P. sojae, PsXLP1, which shares 67% amino acid 
identity and a similar expression profile with PsXEG1 (i.e., 
highly expressed from 20 min to 2 h during P. sojae infection 
of soybean; Ma et  al., 2015, 2017), was found to bind to 
GmGIP1 (Ma et  al., 2017). PsXLP1 harbours a C-terminal 
deletion that results in the loss of E222, one of the residues 
essential for enzyme activity (Ma et  al., 2015b), rendering it 
catalytically inactive (Ma et  al., 2017). Despite this C-terminal 
deletion, PsXLP1 was found to bind GmGIP1 with five times 
higher affinity than PsXEG1 (Ma et  al., 2017). In doing so, 
PsXLP1 acts as a decoy, preventing GmGIP1 inhibition of 
PsXEG1 (Ma et  al., 2017).

Using a virus-induced-gene silencing (VIGS) approach, Wang 
et  al. (2018) showed that the recognition of PsXEG1 as a 
MAMP in the apoplast of N. benthamiana is mediated by the 
LRR-RLP PRR RXEG1, which is an ortholog of the SlEIX2 
and NbEIX2 PRRs described above. Notably, RXEG1 recognizes 
not only PsXEG1 but also a broad range of GH12 cell death 
elicitors from both fungal and oomycete species (Wang et  al., 
2018). This recognition is achieved through the LRR domain 
of the PRR, with co-operation of both BAK1 and SOBIR1 
(Ma et  al., 2015b; Wang et  al., 2018). Here, both co-receptors 
interact with RXEG1 even in the absence of PsXEG1, although 
interaction between RXEG1 and BAK1 is enhanced in the 
presence of PsXEG1 (Wang et  al., 2018).

GH12 proteins have also been characterized in V. dahliae. 
Of the six GH12 proteins identified in this species by Gui 
et  al. (2017), only two (VdEG1 and VdEG3) triggered plant 
immune responses (ROS accumulation, callose deposition, and 
cell death) in N. benthamiana. These responses were independent 
of their cellulolytic activity (Gui et al., 2017). Similar to PsXEG1, 
VdEG1-triggered cell death was dependent on both BAK1 and 
SOBIR1, while only BAK1 was required for VdEG3-triggered 
cell death (Gui et  al., 2017). A deletion analysis demonstrated 
that while full length VdEG1 was required for induction of 
cell death, only a 63-amino acid peptide from VdEG3 was 
necessary (Gui et  al., 2017). Interestingly, VdEG3 is composed 
of both a GH12 domain and a carbohydrate-binding module 
family 1 (CBM1) domain, but expression of the VdEG3 GH12 
domain alone triggered stronger cell death than full length 
VdEG3. This suggested that the CBM1 domain suppresses 
VdEG3-GH12-triggered cell death (Gui et al., 2017). The addition 
of more CBM1 domains appeared to have an additive effect, 
suppressing both VdEG3-triggered cell death and ROS 
accumulation (Gui et al., 2017). Furthermore, the VdEG3-CBM 
domain also suppressed cell death triggered by GH12 proteins 
from other fungal species (Gui et  al., 2017). Of note, several 
other microbial GH proteins have been found to contain CBM 
domains (Tundo et al., 2021; Takeda et al., 2022). These include 
MoCel10A and MoCel6A, a GH10 xylanase and GH6 
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cellobiohydrolase, respectively, from Magnaporthe oryzae, the 
hemibiotrophic fungal pathogen responsible for blast disease 
of rice (Oryza sativa). Recently it has been shown that both 
of these proteins interact through their CBM domains with 
the rice protein OsCBMIP, which subsequently inhibits their 
plant cell wall degrading activity (Takeda et  al., 2022).

Infection of N. benthamiana with V. dahliae strains harboring 
a deletion of either the VdEG1 or VdEG3 gene resulted in 
increased virulence and significantly increased fungal biomass 
compared to infection by WT V. dahliae (Gui et  al., 2017). 
However, the opposite was true during infection of cotton 
(Gossypium hirsutum). In this case, there was a reduction in 
both Verticillium wilt symptoms and fungal biomass. During 
infection of cotton with V. dahliae VdEG1 or VdEG3 
complementation strains, fungal biomass was restored to WT 
levels as expected; however, complementation with catalytic 
mutant versions of these genes did not restore biomass, suggesting 
that enzyme activity is required for the virulence function of 
VdEG1 and VdEG3  in this plant host. In addition, VdEG1 
and VdEG3 were unable to trigger plant cell death or ROS 
accumulation, suggesting they are not recognised as MAMPs 
by cotton (Gui et  al., 2017).

Another example of a secreted GH12 protein that is recognized 
as a MAMP by plants is FoEG1 from F. oxysporum (Zhang 
et  al., 2021d). During infection of cotton and tomato roots, 
FoEG1 is most highly expressed during the early stages of 
infection, from 24 to 48 hpi (Zhang et  al., 2021d). Deletion 
mutants (Δfoeg1) demonstrated reduced virulence on cotton 
plants (Zhang et  al., 2021d). This reduction in virulence was 
also observed for Δfoeg1 mutants complemented with a 
catalytically-inactivated version of the gene, indicating that the 
enzymatic activity of FoEG1 is required for full virulence of 
the pathogen (Zhang et  al., 2021d). In line with the protein 
being recognized as a MAMP, FoEG1 triggered cell death, 
independent of enzymatic activity, upon infiltration into N. 
benthamiana, N. tabacum, tomato and cotton and, in N. 
benthamiana, was dependent on both BAK1 and SOBIR1 (Zhang 
et al., 2021d). Other defense responses reported in N. benthamiana 
included ROS accumulation, callose deposition and the induction 
of defense-related genes (Zhang et  al., 2021d). Notably, an 
internal 86-amino acid fragment from amino acid positions 
144–229 of FoEG1 was found to be  sufficient for cell death 
induction and ROS accumulation in N. benthamiana (Zhang 
et  al., 2021d).

Secreted GH12 proteins from plant-associated fungi and 
oomycetes also play an active role in DAMP release. Examples 
include MoCel12A and MoCel12B, two secreted GH12 proteins 
with β-glucanase (endoglucanase) activity from M. oryzae 
(Takeda et  al., 2010; Yang et  al., 2021). The expression of both 
MoCel12A and MoCel12B is upregulated during the early stages 
of infection when the fungus is undergoing biotrophic growth. 
Here, expression is initiated at 8 h post-inoculation (hpi), around 
the time of primary infection hyphae formation, then peaks 
at 24 and 12 hpi, respectively (Yang et al., 2021). While ∆mocel12a 
deletion mutants did not display reduced virulence on rice, 
∆mocel12a/b double-mutants exhibited enhanced virulence, as 
measured by more severe disease symptoms and increased 

fungal biomass (Yang et  al., 2021). Furthermore, strains 
overexpressing MoCel12A had reduced biomass during host 
infection (Yang et  al., 2021). Taken together, these results 
suggested that MoCel12A and/or MoCel12B negatively contribute 
to the virulence of M. oryzae. This is supported by the finding 
that the ectopic expression of MoCel12A in rice leads to 
enhanced resistance against this fungus, associated with the 
significant upregulation of immune-responsive genes, a dwarf 
phenotype, and the formation of spontaneous lesions on leaves 
of transgenic plants (Yang et  al., 2021).

Notably, ectopic expression of an enzymatically inactive 
variant of MoCel12A, with mutations in both active site residues, 
failed to provide resistance to M. oryzae, suggesting that 
MoCel12A activates the plant immune system through the 
production of DAMPs (Yang et  al., 2021). In line with this, 
only extracts from rice cell walls pre-incubated with active 
MoCel12A or MoCel12B enzymes triggered a ROS burst and 
induction of immunity-related genes in rice suspension cells 
(Yang et al., 2021). It was subsequently established that MoCel12A 
and MoCel12B release two major Poaceae-specific 
oligosaccharides from the hemicellulose component of rice cell 
walls, namely the trisaccharide 31-β-D-cellobiosyl-glucose 
(BGTRIB) and the tetrasaccharide 31-β-D-cellotriosyl-glucose 
(BGTETB), which are detectable along with MoCel12A in the 
apoplastic wash fluid of M. oryzae-infected rice plants, and 
that activate the rice immune system (Yang et  al., 2021). 
Consistent with this finding, BGTRIB, as well as another 
immune system-activating oligosaccharide identified in the 
study, 33-β-D-glucosyl-cellotriose (BGTETC), can prime the 
immune system of rice, with BGTRIB and BGTETC pre-treatment 
providing enhanced resistance against rice blast disease (Yang 
et  al., 2021). Yang et  al. (2021) also showed that the 
abovementioned oligosaccharides are perceived by the PRR 
OsCERK1, a lysin motif (LysM) RLK, but not the LysM-RLP 
PRR OsCEBiP (Yang et  al., 2021). This recognition induces 
OsCERK1 homodimerization, as well as heterodimerization 
with OsCEBiP, which Yang et  al. (2021) suggest likely form 
OsCERK1-OsCEBiP tetramers to transduce immune signaling.

In the case of MoCel12A and MoCel12B, it remains unclear 
what their primary role is in promoting host colonization. 
However, it has been shown that the virulence of M. oryzae 
is enhanced when MoCel12A is overexpressed in an oscerk1 
mutant background, suggesting that the endoglucanase activity 
of this protein is important for infection when released 
oligosaccharides cannot be  perceived (Yang et  al., 2021). As 
such, MoCel12A and MoCel12B may play a vital role in nutrient 
acquisition but, through this activity, can produce DAMPs that 
are inadvertently recognized by OsCERK1 (Yang et  al., 2021). 
It should be  noted, though, that roles in the modification of 
MAMPs or other DAMPs, or in the switch from biotrophy 
to necrotrophy, have not yet been ruled out.

Secreted Glycoside Hydrolase Family 16 
(GH16) Proteins
Although nothing has yet been shown for plant-associated 
oomycetes, research is emerging that selected secreted GH 
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proteins from plant-associated fungi can be  translocated into 
host cells. One such example is BcCrh1, a GH family 16 
(GH16) transglycosylase from B. cinerea that requires 
dimerization for enzymatic activity (Bi et  al., 2021). BcCrh1 
was originally identified in the secretome of B. cinerea-infected 
bean (Phaseolus vulgaris) leaves (Zhu et  al., 2017) and triggers 
cell death and other defense responses (e.g., ROS accumulation, 
callose deposition and the upregulation of defense-related genes) 
in N. benthamiana and tomato (Bi et  al., 2021). During host 
infection, the expression of BcCrh1 is induced following first 
contact of the fungus with the plant, and peaks at 12 hpi, 
while at the protein level, BcCrh1 is initially released into the 
apoplast from structures called infection cushions (Bi et  al., 
2021). Mutation of catalytic site residues (E120Q/D122H/E124Q) 
demonstrated that the ability of BcCrh1 to trigger cell death 
was independent of enzymatic activity (Bi et al., 2021). However, 
this cell death could still be  triggered by a mutant version of 
the protein incapable of forming dimers (Bi et  al., 2021).

Notably, following secretion into the apoplast of N. 
benthamiana, BcCrh1 was shown to be  targeted to the cell 
cytoplasm, with a version of the protein lacking a signal peptide 
(i.e., confined to the plant cytoplasm) retaining its ability to 
trigger cell death (Bi et  al., 2021). A 35-amino acid region of 
BcCrh1 (position 93–127) was determined to be  sufficient for 
this cell death-inducing activity, while a 53-amino acid region 
(position 21–74, directly after the native signal peptide) was 
found to mediate the uptake into plant cell cytoplasm (Bi 
et al., 2021). Interestingly, deletion or overexpression of BcCrh1 
had no effect on B. cinerea virulence (Bi et al., 2021). However, 
overexpression of the enzyme-inactive version of BcCrh1  in 
a ∆BcCrh1 mutant background significantly reduced B. cinerea 
virulence (Bi et  al., 2021). This reduction is thought to be due, 
in part, to impaired infection cushion formation, as a result 
of accumulating enzyme-inactive dimers (Bi et al., 2021). Taken 
together, it has been proposed that BcCrh1 may have a role 
in the formation of infection cushions, and that excessive 
BcCrh1 is released from these structures to induce plant cell 
death (i.e., as an effector) upon translocation into host cells 
from the apoplast (Bi et  al., 2021).

Secreted Glycoside Hydrolase Family 17 
(GH17) Proteins
Another example of a secreted GH protein that releases a DAMP 
through its enzymatic activity is CfGH17-1, an apoplastic GH 
family 17 (GH17) protein with 1,3-β-glucanase activity from C. 
fulvum (Ökmen et al., 2019). CfGH17-1 expression is downregulated 
during the biotrophic phase of C. fulvum growth, but upregulated 
during later stages of infection when tomato leaves are necrotic 
and the fungus is saprophytic (Ökmen et  al., 2019). CfGH17-1 
was shown to trigger cell death in three out of four lines of 
Moneymaker tomato tested, but not in the non-host plants N. 
benthamiana and N. tabacum (Ökmen et  al., 2019). Through 
targeted mutation of the enzymatic active site residues present 
in CfGH17-1, cell death activity could be  prevented, indicating 
that the protein is not recognized as a MAMP (Ökmen et  al., 
2019). Instead, it is anticipated that CfGH17-1 releases a sugar 

molecule from the plant cell wall that is subsequently recognized 
as a DAMP by an uncharacterized PRR present in specific tomato 
lines, but not in N. benthamiana or N. tabacum (Ökmen et  al., 
2019). Based on this observation, it was proposed that CfGH17-1 
likely plays a role in nutrient acquisition by acquiring sugar 
molecules from the host cell wall to support the growth and 
reproduction of C. fulvum during the late stages of infection 
when the host is no longer able to recognize and respond to 
DAMPs (Ökmen et  al., 2019). Consistent with this, symptom 
development remained unchanged in tomato plants infected with 
Δcfgh17-1 deletion mutants of C. fulvum, when compared to 
plants infected with WT fungus, whereas fewer disease symptoms 
were observed in tomato plants infected with strains constitutively 
overexpressing the CfGH17-1 gene (Ökmen et  al., 2019).

Secreted Glycoside Hydrolase Family 18 
(GH18) Proteins
Although the manipulation of chitin-triggered immunity in 
plants by pathogen effectors is not new, the involvement of 
GH proteins in this process has only recently been shown. A 
notable example is MpChi, an enzymatically inactive, secreted 
chitinase-like GH18 protein from Moniliophthora pernicosa, the 
hemibiotrophic fungal pathogen responsible for witches’ broom 
disease of cacao (Theobroma cacao; Fiorin et al., 2018). MpChi, 
which is encoded by a gene that is highly expressed during 
biotrophic infection of cacao, is able to bind chitin oligomers 
(Fiorin et  al., 2018). However, it was determined that MpChi 
harbours an amino acid substitution in the catalytic motif 
conserved in GH18 chitinases (E167Q), as well as substitution 
of a residue that forms part of the catalytic pocket in these 
enzymes (M238L); together these substitutions abolish chitinolytic 
activity (Fiorin et  al., 2018). Strikingly, in line with a role in 
manipulating chitin-triggered immunity, the treatment of N. 
tabacum cell suspensions with MpChi prevented defense gene 
expression and medium alkalinization that would otherwise 
be  triggered by chitin oligomers (Fiorin et  al., 2018). As this 
role was dependent on the chitin binding capacity of MpChi, 
it was determined that MpChi prevents chitin-triggered immunity 
through the sequestration of immunogenic chitin fragments 
(Fiorin et  al., 2018).

Interestingly, the orthologue of MpChi from Moniliophthora 
roreri, a related hemibiotrophic pathogen of cacao responsible 
for frosty pod rot disease, has canonical catalytic residues and 
is enzymatically active (Fiorin et al., 2018). However, a paralogous 
secreted GH18 protein from this pathogen, MrChi, was identified 
that has a different amino acid substitution in its GH18 chitinase 
catalytic motif (D135N; Fiorin et  al., 2018). This substitution 
resulted in reduced, but not abolished, enzymatic activity (Fiorin 
et  al., 2018). Like MpChi, MrChi is encoded by a gene that 
is highly expressed during biotrophic infection and can suppress 
the chitin-triggered immune response in N. tabacum cell 
suspensions (Fiorin et  al., 2018). Taken together, this study 
highlighted that GH18 proteins from two cacao pathogens of 
the same genus have independently evolved to prevent chitin-
triggered immunity through the sequestration of immunogenic 
chitin fragments (Fiorin et  al., 2018).
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Investigations have also been led into the roles of enzymatically 
active GH18 chitinases from fungal pathogens in modulating 
chitin-triggered immunity. In 2019, two separate studies focused 
on the same extracellularly-targeted GH18 chitinase from M. 
oryzae, named MoChia1 by Yang et  al. (2019) and MoChi by 
Han et  al. (2019). MoChia1/MoChi (hereafter referred to as 
MoChia1) is highly expressed at 48 hpi in rice (Yang et  al., 
2019). Like many other GH proteins described above, MoChia1 
is recognized as a MAMP and can induce a ROS burst and 
callose deposition in rice cell suspensions independent of 
enzymatic activity (Yang et al., 2019). In line with the recognition 
of MoChia1 as a MAMP, overexpression of MoChia1 in rice 
resulted in reduced virulence (Yang et  al., 2019). Interestingly, 
deletion of MoChia1 in M. oryzae gave delayed appressorium 
and germ-tube formation on glass coverslips (Yang et al., 2019), 
as well as a slower post-penetration growth-rate, fewer lesions, 
and reduced biomass in rice leaves (Han et  al., 2019; Yang 
et  al., 2019). Further analyses revealed that these in planta 
phenotypes were at least partially mediated by an enhanced 
immune response, as measured by the increased expression 
of defense-related genes in rice, suggesting that MoChia1 also 
plays a role in the suppression of MAMP-triggered immunity 
(Han et  al., 2019; Yang et  al., 2019).

Both studies also identified an interacting partner of 
MoChia1 in rice. More specifically, Yang et al. (2019) identified 
an interaction between the carbohydrate-binding domain of 
MoChia1 and the plasma membrane-localized tetratricopeptide-
repeat protein OsTPR1, while Han et  al. (2019) identified an 
interaction between MoChia1 and the plasma membrane-
localized, chitin-binding, jacalin-related lectin OsMBL1. In both 
cases, the genes that encode these proteins were induced by 
M. oryzae infection, suggesting a role in plant defense (Han 
et al., 2019; Yang et al., 2019). In support of this, overexpression 
of OsTPR1 or OsMBL1 in rice resulted in fewer lesions by 
M. oryzae and was concomitant with a significant reduction 
in fungal biomass, as well as the activation of defense-related 
genes (Han et  al., 2019; Yang et  al., 2019).

More in-depth analyses determined that MoChia1 suppresses 
the chitin-triggered ROS burst in rice (Han et  al., 2019; Yang 
et  al., 2019), but that this suppression can be  prevented by 
OsTPR1 (Yang et  al., 2019). Coincident with this, MoChia1 
suppressed the chitin-induced ROS burst in rice plants 
overexpressing OsTPR1 (Yang et al., 2019). The immune response 
following the recognition of MoChia1 as a MAMP, however, 
was not suppressed upon OsTPR1 overexpression (Yang et  al., 
2019). Yang et  al. (2019) discovered that, although OsTPR1 
was unable to bind chitin, the interaction between OsTPR1 
and MoChia1 was stronger than the interaction between MoChia1 
and chitin. Based on these and other results, it was proposed 
that, through its interaction with MoChia1, OsTPR1 allows 
free chitin that would otherwise be  bound or degraded by 
MoChia1 to activate chitin-triggered immune responses (Yang 
et  al., 2019).

Unlike OsTPR1, Han et al. (2019) demonstrated that OsMBL1 
interacts with chitin and observed a negative correlation between 
the amount of MoChi1 present and the amount of chitin bound 
by OsMBL1. Thus, it was proposed that OsMBL1 is a cell 

surface-localized PRR required for the recognition of chitin 
oligomers in rice, and that MoChia1 and OsMBL1 compete 
with each other for the binding of these chitin oligomers (Han 
et  al., 2019). As MoChia1 has a higher affinity for chitin 
oligomers than OsMBL1, MoChia1 can then degrade or sequester 
the chitin oligomers to prevent their recognition by OsMBL1, 
and in doing so, prevent the activation of chitin-triggered 
immune responses (Han et  al., 2019).

In addition to the functions described above, it is also 
expected that a subset of GH18 proteins secreted by plant-
associated fungi and oomycetes during host colonization function 
as effectors with roles in manipulating plant microbiota. 
Mycoparasite-produced chitinases have been found to inhibit 
a number of competitor species (reviewed in Patil et  al., 2000) 
and play an important role in antagonistic fungal interactions. 
Recently, a chitinase from the biocontrol fungus T. asperellum 
PQ34 was observed to have a strong inhibitory effect on the 
growth of fungal pathogens on their plant hosts (Sclerotium 
rolfsii on peanut and Colletotrichum species on mango or chilli; 
Loc et  al., 2020). Similar findings have also been made in 
Trichoderma sp. SANA20 (Aoki et  al., 2020). Furthermore, 
deletion and/or disruption of genes encoding GH18 chitinases 
from the mycoparasitic biocontrol fungus Clonostachys rosea 
(CrChiC2: Tzelepis et al., 2015; CrEch37, CrEch42, and CrEch58: 
Mamarabadi et  al., 2008) were found to reduce the inhibition 
of B. cinerea and Fusarium culmorum, respectively, in culture. 
While no such inhibition was observed in planta, this could 
be  explained by the high degree of functional redundancy 
within GH18 chitinases (Langner and Göhre, 2016). However, 
further research is required to determine whether this is the case.

Secreted Glycoside Hydrolase Family 25 
(GH25) Proteins
Similar to the GH18 proteins described above, other secreted 
GH proteins of plant-associated fungi and oomycetes function 
as effectors with roles in manipulating plant microbiota during 
host colonization (Rovenich et  al., 2014; Snelders et  al., 2018). 
An example is MbA_GH25, a GH family 25 (GH25) protein 
with lysozyme activity of the epiphytic, basidiomycete yeast 
Moesziomyces bullatus ex Albugo (MbA; Eitzen et  al., 2021). 
While M. bullatus is a smut pathogen of millet, MbA has 
been identified in the microbial phyllosphere of A. thaliana, 
where it showed antagonistic interactions with several bacteria 
(Eitzen et  al., 2021). MbA was originally co-isolated with the 
oomycete white rust pathogen Albugo laibachii, which is the 
primary hub microbe of the A. thaliana phyllosphere (Agler 
et  al., 2016). Interestingly, MbA strongly inhibited virulence 
of A. laibachii when co-inoculated onto A. thaliana leaves. 
RNA-sequencing of MbA identified the transcriptional induction 
of several GH-encoding genes upon contact with A. laibachii 
on the leaf surface (Eitzen et  al., 2021). Strikingly, deletion 
of an Albugo-induced GH25 gene, MbA-GH25, largely abolished 
the antagonistic activity of MbA towards A. laibachii (Eitzen 
et  al., 2021). Similarly, enzymatically active, recombinant 
MbA-GH25 protein could significantly block A. laibachii infection 
of A. thaliana, demonstrating the biological function of this 
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fungal lysozyme in microbial antagonism (Eitzen et  al., 2021). 
Beyond this recent example, the biological functions of GH25 
enzymes are poorly understood. Some of these hydrolases had 
been reported to be  associated with microbial hyperparasitism 
in both fungal and oomycete species (Horner et  al., 2012; 
Hyde et  al., 2019). Since GH25 hydrolases can be  found in 
many plant-associated fungi, future research will be  necessary 
to elucidate the functions of these enzymes in the microbial 
leaf phyllosphere.

Secreted Glycoside Hydrolase Family 28 
(GH28) Proteins
Secreted GH family 28 (GH28) endopolygalacturonases (PGs; 
Supplementary Table 1), which hydrolyze the homogalacturonan 
domain of pectic polysaccharides present in plant cell walls, 
can also be  recognized as MAMPs by plant PRRs. To date, 
PGs have been most extensively studied in B. cinerea, which 
carries six PG-encoding genes (BcPG1–6; Wubben et al., 1999). 
The expression of these genes in planta is dependent on both 
the infection stage and the host that is being colonized (ten 
Have et  al., 2001). Early research highlighted a role for the 
PGs of B. cinerea in promoting host colonization, with mutants 
deleted for either the BcPG1 or BcPG2 gene displaying a strong 
reduction in virulence on tomato and broad bean (Vicia faba) 
leaves (ten Have et  al., 1998; Kars et  al., 2005). Subsequent 
research revealed that four PGs from B. cinerea (BcPG2, BcPG3, 
BcPG4, and BcPG6), as well as one PG from the fungal 
saprotroph Aspergillus niger (AnPGB), trigger cell death upon 
infiltration into leaves of A. thaliana accession Colombia (Zhang 
et  al., 2014). This recognition was mediated by RLP42/RBPG1, 
an LRR-RLP PRR, with cell death elicitation dependent on 
SOBIR1 (Zhang et  al., 2014). Consistent with these proteins 
being recognized as MAMPs, the cell death response was also 
triggered by a catalytically-inactivated form of BcPG3 (Zhang 
et  al., 2014). Furthermore, RLP42 and BcPG3 were found to 
physically interact (Zhang et  al., 2014). This recognition of B. 
cinerea PGs as MAMPs is not restricted to A. thaliana; BcPG1 
is also able to induce defense responses such as ROS production 
in cell suspensions of grape (Vitis vinifera), independent of 
enzymatic activity (Poinssot et  al., 2003).

More recently, it has been shown that a nine-amino acid 
fragment from BcPG6, pg9(At), which is conserved across 
fungal PGs and is a derivative of a slightly larger but equally 
active 13-amino acid fragment, pg13(At), is sufficient to activate 
RLP42-dependent immunity in A. thaliana (Zhang et al., 2021c). 
Indeed, in immune system activation experiments involving 
ethylene production, synthetic pg9(At) or pg13(At) peptides 
derived from BcPG6 (and BcPG2), as well as the other fungal 
PGs AnPGI, AnPGB and AnPGD from A. niger, CluPG1 from 
Colletotrichum lupine (hemibiotrophic fungal pathogen of lupin) 
and FmPGA from Fusarium verticillioides (hemibiotrophic fungal 
pathogen of maize), were active upon infiltration into leaves 
from A. thaliana accession Colombia (Zhang et  al., 2021c). 
Pg9(At) derived from PGs of Phytophthora species, however, 
induced only residual ethylene production, suggesting that while 
PGs from this class of pathogens can be  recognized, it is with 

lower efficiency (Zhang et  al., 2021c). Consistent with the 
findings of Zhang et  al. (2014), RLP42 bound the pg13(At) 
peptide, leading to the recruitment of SERK family members, 
including BAK1, for activation of plant immune responses 
(Zhang et  al., 2021c). A structure–function analysis based on 
domain-swap experiments between recombinant proteins RLP42 
and RLP40 (a paralog of RLP42 that is insensitive to PGs; 
Zhang et  al., 2014), as well as domain deletion and amino 
acid substitution experiments, subsequently revealed that LRRs 
3, 5, 7, and 10, as well as a region containing a 49-amino 
acid island domain, are required for pg9(At) recognition by 
RLP42 (Zhang et  al., 2021c).

Interestingly, in an assessment of recognition across a range 
of plant species and accessions, only 16 of 52 A. thaliana 
accessions tested responded to pg13(At), while all 16 other 
plant species tested were unresponsive. This indicated that 
pg13(At) recognition is, so far, restricted to A. thaliana, albeit 
with notable within-species diversity (Zhang et  al., 2021c). 
Strikingly, Arabidopsis arenosa and Brassica rapa, two Brassicaceae 
species closely related to A. thaliana that are unresponsive to 
pg13(At), but responsive to BcPG6, instead perceived the 
overlapping PG peptides pg20(Aa); (20-amino acid fragment) 
and pg36(Bra); (36-amino acid fragment), respectively (Zhang 
et  al., 2021c). As these two peptides are structurally distinct 
from pg9(At), it was concluded that there are distinct recognition 
specificities for PGs within the Brassicaceae family (Zhang 
et  al., 2021c).

In contrast to that described for the PGs of B. cinerea in 
A. thaliana, A. arenosa and B. rapa, the BcPG2 protein was 
found to trigger necrosis when infiltrated into broad bean 
leaves or transiently expressed in N. benthamiana. However, 
this activity could be abolished upon mutation of the enzymatic 
active site (Kars et al., 2005; Joubert et al., 2007). This suggested 
that, in some host species, the PGs of B. cinerea may release 
oligogalacturonides from plant cell wall pectin that are 
subsequently recognized as DAMPs by plant PRRs to activate 
the plant immune system.

It should be  noted that plants produce extracellular 
LRR-containing polygalacturonase-inhibiting proteins (PGIPs), 
which specifically inhibit pathogen-secreted PGs (Liu et  al., 
2017). Examples include PvPGIP2 from bean, which inhibits 
BcPG1 from B. cinerea, and is associated with reduced 
colonization by this fungus in transgenic A. thaliana and N. 
tabacum plants overexpressing PvPGIP2 (Manfredini et  al., 
2005), as well as GhPGIP1 from cotton (Gossypium hirsutum), 
which interacts with VdPG1 and FovPG1 (albeit weakly) from 
V. dahliae and F. oxysporum f. sp. vasinfectum respectively, 
and provides enhanced susceptibility to these pathogens in 
cotton when transcriptionally silenced (Liu et  al., 2017). Along 
these lines, silencing of AcPGIP from kiwifruit (Actinidia 
chinensis) has also recently been shown to result in increased 
susceptibility to B. cinerea (Li et  al., 2021).

GH28 proteins have also been found to play important roles 
in the establishment of symbiotic interactions. One such example 
is a GH28-encoding gene from the ectomycorrhizal fungus 
Laccaria bicolor, LbGH28A, which was found to be  induced 
during the formation of ectomycorrhiza in Populus trichocarpa 
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(Veneault-Fourrey et  al., 2014) and P. tremula x alba (Zhang 
et al., 2021b). Immunocytolocalisation of LbGH28A demonstrated 
that the protein was present at hyphal tips within the Hartig 
net (Zhang et  al., 2021b), which is formed by a network of 
hyphae growing between the rhizodermal cells of the plant to 
create a symbiotic interface through which nutrients are exchanged 
(Becquer et al., 2019). Remarkably, LbGH28 knockdown mutants 
of L. bicolor were found to be  deficient in their ability to form 
Haritg nets (Zhang et  al., 2021b). As LbGH28A was shown 
to be  an active endopolygalacturonase with pectinase activity, 
Zhang et  al. (2021b) suggest that LbGH28 may be  involved 
in remodeling the middle lamella through pectin hydrolysis, 
thus playing an essential role in plant-fungal symbiosis.

Secreted Glycoside Hydrolase Family 45 
(GH45) Proteins
Outside of the GH11, GH12 and GH28 proteins, other GH family 
members are also recognized as MAMPs by plants. An example 
is EG1, a GH family 45 (GH45) endoglucanohydrolase from 
Rhizoctonia solani, a broad host-range, soil-borne, necrotrophic 
fungal pathogen (Ma et  al., 2015a). The EG1 gene is most highly 
expressed during the early stages of infection on maize (Zea 
mays), peaking at 2–3 days post-inoculation (dpi), with expression 
also detected at 4–7 dpi (Ma et al., 2015a). This expression coincided 
with cell death induction during infection of maize by R. solani 
(Ma et  al., 2015a). Protein infiltration experiments showed that 
EG1, as well as a catalytically inactive form of this protein, can 
trigger cell death in leaves of maize, N. tabacum cv. NC89 and 
A. thaliana, indicating that EG1 is recognized as a MAMP, with 
defense-related genes shown to be  upregulated in both maize 
and N. tabacum cv. NC89 (Ma et  al., 2015a). Other defense 
responses, such as ROS accumulation and ethylene biosynthesis, 
were also observed when these proteins were applied to suspension-
cultured cells of N. tabacum cv. NC89 (Ma et  al., 2015a). It has 
since been shown that three amino acid residues in a seven-amino 
acid sequence within EG1 (SPWAVND), as well as two amino 
acid residues in a five-amino acid sequence (GCSRK), are required 
for cell death induction in N. benthamiana (Guo et  al., 2021). 
Structural modelling suggests that these regions of EG1 are surface-
exposed, but structurally independent (Guo et  al., 2021).

CONCLUSIONS AND FUTURE 
PERSPECTIVES

A large body of research over many years has focused on 
understanding the role of small, mostly non-enzymatic, secreted 
proteins from plant-associated fungi and oomycetes in plant–
microbe interactions. However, it is clear from this review that 
a role for secreted GH proteins in these interactions cannot 
be  overlooked. Indeed, like a lot of the small secreted proteins 
described to date from plant-associated fungi and oomycetes, 
many secreted GH proteins from these microbial organisms 
also function as effectors to promote host colonization. Likewise, 
GH proteins can also act as (or produce) invasion patterns 
that activate the plant immune system to hinder host infection. 

Consequently, the identification and functional characterization 
of secreted GH proteins will be pivotal to our future understanding 
of how plant-associated fungi and oomycetes interact with their 
hosts at the molecular level to cause disease or trigger host 
resistance. Such an understanding is important, as it may inform 
disease control strategies. This could be  mediated through, for 
example, the use of PRR genes active against secreted GH 
proteins. In the case of the PRR RXEG1, for instance, which 
recognizes GH12 proteins from various fungal and oomycete 
species, a contribution to plant immunity against the broad 
host-range oomycete pathogen Phytophthora parasitica was 
observed in N. benthamiana (Wang et  al., 2018), suggesting it 
may be an interesting candidate for transfer to other plant species.

Much is still left to be learnt, however, about the full diversity 
of virulence functions performed by secreted GH proteins. In 
particular, it is not yet clear to what extent these proteins are 
involved in the remodeling of surface-associated carbohydrates 
present in fungal or oomycete cell walls, for example to enable 
modification of hyphal surfaces or infection structures required 
during plant colonization. Fujikawa et  al. (2012), for instance, 
identified MoAGS1, a transmembrane α-1,3-glucan synthase from 
M. oryzae that carries an extracellular GH family 13 (GH13) 
domain. While MoAGS1 is essential for the pathogenicity of 
M. oryzae on rice, and is responsible for the accumulation of 
α-1,3-glucan on the cell wall surface of infection structures 
(likely to prevent the hydrolysis of fungal chitin and β-1,3-glucan 
by plant-derived hydrolytic enzymes, as well as the detection 
of these carbohydrates by the plant immune system; Fujikawa 
et al., 2012), the precise role of the GH13 domain in this protein 
remains uncertain. In any case, a better understanding of substrate 
specificity will provide further information on the virulence 
functions that secreted GH proteins from plant-associated fungi 
and oomycetes play in plant–microbe interactions.

More research is also required to better understand to what 
extent secreted GH proteins of plant-associated fungi and 
oomycetes interact synergistically with each other or other 
CAZymes to perform their roles, as has been shown for FgXyr1 
(GH10) and FgPg1 (GH28) of F. graminearum, which function 
synergistically to promote virulence in soybean and wheat 
(Paccanaro et  al., 2017). Indeed, several other CAZymes have 
now been shown to be  important virulence factors of plant-
associated fungi and oomycetes, including CEs (Gui et  al., 
2018) chitin deacetylases (Cord-Landwehr et  al., 2016; Gao 
et  al., 2019; Noorifar et  al., 2021; Rizzi et  al., 2021), PLs (Fu 
et  al., 2015; Yang et  al., 2018), and lytic polysaccharide 
monooxygenases (LPMOs; Sabbadin et al., 2021). Another class 
of proteins not yet classified as CAZymes, but that have a 
DUF3129 domain (called effectors with chitinase activity; 
EWCA), have also been recently implicated in fungal virulence 
(Martínez-Cruz et  al., 2021). As an example of synergism 
outside of the GHs, a CE family 5 (CE5) cutinase from V. 
dahliae, VdCUT11, was found to trigger cell death and other 
defense responses in N. benthamiana only in the absence of 
VdCBM1, a carbohydrate-binding module family 1 (CBM1) 
protein from this fungus (Gui et al., 2017). It has been suggested 
that the defense responses triggered by VdCUT11 are the result 
of DAMP recognition, following the degradation of suberin 
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in the roots of N. benthamiana by this enzyme, and that 
VdCBM1 suppresses these defense responses to promote host 
colonization (Gui et  al., 2017).

The synergistic interaction between VdCUT11 and VdCBM1 
raises an important issue. Many of the secreted GH proteins 
from plant-associated fungi and oomycetes that have been shown 
to trigger cell death or other defense responses in plants have 
been studied in isolation of the microorganisms from which 
they are derived, for example by using Agrobacterium tumefaciens-
mediated transient expression assays (ATTAs) or protein 
infiltration experiments. As a consequence, these responses have 
been studied in the absence of other effectors that make up 
the microorganism’s full effector repertoire. This is important, 
because under natural infection conditions, other effectors in 
the repertoire may function to suppress or prevent the plant 
defense responses elicited by the secreted GH protein. An 
excellent example of this is the RXLR effector repertoire of P. 
sojae, from which 23 RXLR effectors were found to suppress 
XEG1-mediated cell death in N. benthamiana upon co-expression 
with XEG1  in ATTA experiments, including several known to 
be  expressed within 30 min of host infection by P. sojae (Ma 
et  al., 2015b).

In cases where A. tumefaciens-mediated transient expression 
assays or protein infiltration experiments have been used 
exclusively to determine whether a secreted GH triggers plant 
defense responses, care also needs to be  taken as to whether 
the observed responses are biologically relevant or an artefact 
of over-production or excessive protein concentration. Under 
natural infection conditions, the secreted GH protein may 
never be produced in sufficient quantities to elicit plant defense 
responses. Moreover, responses that are observed in non-host 
plants might not be  representative of responses observed in 
host plants; for example, secreted GH proteins may release 
a DAMP in the non-host plant that is not present in the 
host plant. Thus, ideally, secreted GH proteins should 
be  functionally characterized in the context of the 
microorganism from which they are derived, and the natural 
host plant.

Another area of research that requires more attention involves 
understanding why some secreted GH proteins from the same 
GH family trigger strong plant defense responses (i.e., cell death), 
while others trigger only weak defense responses (e.g., ethylene 
production or ROS accumulation) or no response at all. This 
has been shown for several GH12 proteins of fungal and oomycete 
species (Ma et  al., 2015b), as well as GH17 proteins from C. 
fulvum (Ökmen et  al., 2019). In such cases, differences in the 
amino acid sequence of the family members might influence 
their tertiary structure, surface charge, glycosylation status, or 
stability in the plant environment, for example; these differences 
could translate into variations in substrate specificity (e.g., affecting 

DAMP release) or the affinity for cognate immune receptors 
and/or other host targets involved in plant defense. Certainly, 
using experiments based on ATTAs or protein infiltration, secreted 
GH proteins that only trigger weak plant defense responses have 
largely been overlooked to date, with preference tending to 
be  given to those that instead trigger cell death. Experiments 
that focus on the identification of secreted GH proteins that do 
not trigger cell death, but instead induce responses such as 
ethylene production, ROS accumulation or the expression of 
defense-related genes, would provide a starting point for addressing 
this knowledge gap.

Finally, more research is required to better understand how 
secreted GH proteins, such as the BcCrh1 GH16 protein from 
B. cinerea (Bi et  al., 2021), enter plant cells. Here, one line of 
enquiry could involve the delivery of these proteins by extracellular 
vesicles (EVs), given that fungal EV cargo often contains CAZymes, 
such as GHs with a signal peptide (e.g., Garcia-Ceron et al., 2021).

In recent years, huge leaps have been made in our 
understanding of the roles that secreted GH proteins from 
plant-associated fungi and oomycetes play in promoting host 
colonization or in activating the plant immune system. However, 
much is still to be  learnt about the full diversity of roles played 
by this intriguing class of proteins, as well as the molecular 
mechanisms that underpin them. With more and more secreted 
GH proteins being identified, facilitated through the ever-
increasing number and availability of new fungal and oomycete 
genomes, we  anticipate that GH proteins will in future gain 
the same level of recognition as small secreted non-enzymatic 
proteins as critical effectors in plant-microbe interactions.
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