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There was a time, she thought, when his mind, his energy, his 
inexhaustible resourcefulness had been given the task of a 

producer devising better ways to deal with nature; now, they were 
switched to the task of a criminal outwitting men. She wondered 

how long a man could endure a change of that kind.

- Atlas Shrugged -

Ayn Rand, 1957
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Growing plants among pathogens
Starting about 11.000 years ago, human groups switched from hunting and gathering to 
domesticating plants as crops (Diamond 1997). Nowadays fourteen crop species provide 
the bulk of our food (Strange & Scott 2005). All these crops, however, are prone to diseases, 
resulting in a more than 10% annual loss in global food production. The causal agents of many 
of these plant diseases are filamentous microbes belonging to the oomycetes and fungi, which 
are capable through spore dispersal of rapidly establishing epidemics that can have disastrous 
consequences for large-scale agricultural production (Soanes et al. 2007). An infamous example 
of this is the large outbreak of potato blight in the 1840s in Ireland, caused by the oomycete 
Phytophthora infestans. The resulting great famine caused about a million people to die of 
starvation and more than a million people were forced to emigrate (Strange & Scott 2005). In 
our current age, worldwide losses solely due to the pathogen P. infestans combined with costs 
of its control measures are estimated to exceed $5 billion annually (Birch & Whisson 2001). 
Another important group of plant pathogenic oomycetes are the downy mildews, causing 
diseases in lettuce, spinach, tobacco, sorghum, maize, millet, onion, sunflower, grapevine and 
many other crops with yield losses of up to 78% (Thakur & Mathur 2002), and costly control 
measures. Despite their huge impact on agriculture, oomycete plant pathogens have been 
understudied compared to fungi (Coates & Beynon 2010). Ways to control infection with 
fungal pathogens do not always work when used on oomycete pathogens and as a result, 
disease control can be ineffective (Latijnhouwers et al. 2003). 

Oomycetes
Oomycetes (or water molds) are especially known as pathogens of plants, causing severe 
damage to many crop species (Erwin & Ribeiro 1996). They can also be severe pathogens of 
humans (Pythiosis, caused by Pythium insidiosum, Krajaejun et al. 2006) and other animals 
(e.g. Saprolegniosis in fresh water fish, caused by Saprolegnia parasitica, Jiang et al. 2013a). 
Oomycetes (literary meaning “egg fungi”, referring to their sexual reproductive structures, the 
oospores) were long considered a class within the fungal kingdom, as they morphologically 
strongly resemble fungi and were even called Pseudofungi (Cavalier-Smith & Chao 2006). 
Despite their similar appearance, the biology of these two groups of filamentous microbes 
differs significantly. For example, oomycetes are diploid and have a cell wall mainly composed 
of cellulose, while most fungi are usually haploid during the major part of their life cycle 
and have a cell wall containing substantial amounts of chitin (Latijnhouwer et al. 2003). 
Fungi are related to animals, while phylogenetic analysis shows oomycetes belong to the 
kingdom Stramenopila, also known as the Heterokonts (Baldauf et al. 2000). This kingdom 
contains photosynthetic groups, such as the golden algae (Chrysophyceae), brown algae 
(Phaeophyceae) and diatoms (Bacillariophyceae), and non-photosynthetic groups such as 
slime nets (Labyrinthulomycetes) and water moulds (Oomycetes). Several species of the 
kingdom Stramenopila have been sequenced, allowing for a detailed phylogenetic analysis 
(Fig. 1). Based on the presence of chloroplast-derived genes in the nuclear genome, it was 
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predicted that the non-photosynthetic groups (including the oomycetes) had a photosynthetic 
ancestor, which lost their chloroplasts during evolution (Lamour et al. 2007).

The oomycetes contain several orders which include pathogenic species, such as the 
Saprolegniales, Pythiales, Albuginales, and Peronosporales (Beakes & Sekimoto 2009). The 
Saprolegniales harbour animal pathogenic species such as S. parasitica (Jiang et al. 2013a) 
and plant pathogenic species such as Aphanomyces euteiches (Gaulin et al. 2007). Also the 
Pythiales contain both animal pathogens (P. insidiosum, Krajaejun et al. 2006) and plant 
pathogens (Pythium ultimum, Lévesque et al. 2010). The Albuginales and the Peronosporales 
are thus far only known to contain plant pathogenic species.

Figure 1: Phylogenetic relationship among Stramenopiles. Adapted from Seidl (thesis 2013) who 
based the phylogeny on 65 core genes found in all species.

Lifestyles of plant pathogenic oomycetes
There are three main lifestyles defined in plant-pathogenic oomycetes (Latijnhouwer et 
al. 2003), a classification that is based on their interaction with the host. (1) Necrotrophy 
is a lifestyle generally associated with a wide host range (Lévesque et al. 2010), in which 
the pathogen invades the host tissue, immediately kills host cells and lives on dead plant 
material. Oomycetes with this lifestyle cause root rot and are found in the genera Pythium and 
Aphanomyces. (2) Hemibiotrophy is a lifestyle that is generally associated with a more limited 
host range. Hemibiotrophic pathogens initially establish a relationship with living host cells, 
extracting nutrients from them, yet subsequently kill these host cells as the infection proceeds. 
Spores are formed while at the same time new plant tissues are being infected. During the 
biotrophic stage these pathogens form invasive structures called haustoria. These specialised 
structures breach the plant cell wall, yet do not penetrate the host cell membrane. Haustoria 
are thought to serve a function in both nutrient uptake and delivery of factors to manipulate 
living host cells. This lifestyle is found in the oomycete genera Phytophthora and Pythium, 
causing late blight, foliar blight and root rot. (3) Biotrophy is a lifestyle generally associated 
with a narrow host range, requiring living host tissue, and involving the establishment of 
intimate interactions with living plant cells for the exchange of nutrients and signals. Most 
biotrophs do not form intracellular hyphae, but invade host cells mainly through haustoria 
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formation (Thines 2009). Their sporangia ripen simultaneously, giving these pathogens a 
defined infection, proliferation and reproduction phase. Plants infected with biotrophs develop 
less severe symptoms then when infected with necrotrophs or hemibiotrophs and can recover 
from infection. Oomycetes with this lifestyle are found in the families Peronosporaceae and 
Albuginaceae, and cause diseases called downy mildew and white rust, respectively. Both 
families are so closely associated with and dependent on their hosts, that they cannot be 
grown on artificial media and are therefore called obligate biotrophs (Kemen et al. 2011). 
Obligate biotrophy is often associated with partial loss of primary metabolic pathways, and 
creation of regulatory networks to respond to cues from the host (Spanu 2012). Obligate 
biotrophy in oomycetes has evolved multiple times independently (Jiang & Tyler 2012) and is 
thought to have gradually developed through step-by-step evolution from necrotrophy, with 
hemi-biotrophy as an intermediary stage (Thines & Kamoun 2010). 

Oomycete genomes
Each pathogenic lifestyle involves a different approach towards the host and requires its own 
molecular toolbox (Stassen & van den Ackerveken 2011). A powerful and very comprehensive 
way of studying this toolbox is by analyzing the genomes of different pathogenic species. 
During the last few years several genome sequences of oomycetes became available. Most 
of the sequenced oomycetes are plant pathogens, such as Phytophthora sojae, Phytophthora 
ramorum (Tyler et al. 2006), P. infestans (Haas et al. 2009), Phytophthora capsici (Lamour et al. 
2012), Phytophthora cinnamomi (JGI Genome portal), P. ultimum (Lévesque et al. 2010), the 
white rusts Albugo laibachii (Kemen et al. 2011) and Albugo candida (Links et al. 2011), and 
the downy mildew Hyaloperonospora arabidopsidis (Baxter et al. 2010). Recently, the genome 
was sequenced of the first non-plant pathogenic oomycete: the oomycete fish pathogen S. 
parasitica (Jiang et al. 2013a). Next to complete genomes, partial genome sequences are 
available of the downy mildews Pseudoperonospora cubensis (Tian et al. 2011)and Peronospora 
tabacina (VBI Microbial database), as well as expressed sequence tags (ESTs) of Aphanomyces 
euteiches (AphanoDB, Madoui et al. 2007) and transcript sequences of Bremia lactucae 
(Stassen et al. 2012). Next to oomycetes, also a number of genomes of their free-living non-
oomycete relatives within the Stramenopiles (Fig. 1) have been published, such as the diatoms 
Thalassiosira pseudonana (Armbrust et al. 2004) and Phaeodactylum tricornutum (Bowler 
et al. 2008), the brown alga Ectocarpus siliculosus (Cock et al. 2010) and the pelagophyte 
Aureococcus anophagefferens (Gobler et al. 2011).

Interrogating genomes
Studying an individual genome can give many insights into a pathogen’s lifestyle. A very 
informative fraction of the genome is the secretome, the organism’s collection of predicted 
secreted proteins (explained in Box 1). The secretomes of P. sojae, P. ramorum, and P. infestans 
contain many protein families that have previously been associated with plant pathogenicity, 
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such as pectinases, cutinases, protease inhibitors, Nep1-Like Proteins (NLPs), Crinklers 
(CRNs), elicitins, RXLR-effectors and many more (Tyler et al. 2006, Haas et al. 2009). 
The fish-infecting oomycete S. parasitica lacks most of these genes, and instead has a high 
number of proteases and Ricin-like proteins, a molecular toolbox that is likely needed for 
animal pathogenicity (Jiang et al. 2013a). Electronic annotation, through similarity searches, 
however has its limitation, as only proteins that share similarity with known proteins are 
identified, ignoring a large number of proteins with an, as yet, unknown function (Kamoun 
2006). A way to identify possible effector proteins of unknown function in a genome is by 
selecting for intrinsic properties of secreted effectors, of which three have been described. 
(1) Effectors are often under diversifying selection, as they are in a continuous co-evolution 
with factors from the host (Stahl & Bishop 2000), and thus possible effectors can be revealed 
by their characteristic relatively high non-synonymous substitution rate on the DNA level 
(Liu et al. 2005). (2) Many oomycete effectors have been found in families with extensive 
gene duplication and gene loss, speeding up the process of diversifying selection (Win et 
al. 2007). (3) In contrast to most non-effector genes, many effector gene families present 
in P. infestans are found in regions with a low gene density and many repeats (Haas et al. 
2009). A combination of these three properties was searched for in the genome of P. infestans 
and resulted in the identification of putative effectors (Raffaele et al. 2010), e.g. putative cell 
wall degrading enzymes, trypsin-like serine proteases, berberine-bridge enzymes, carbonic 
anhydrases, small cysteine-rich proteins, and repeat-containing proteins.

Comparative genomics
Another powerful approach that allows the identification of secreted proteins of unknown 
function, which play a putative role in the infection of host plants, is comparative genomics. By 
comparing the presence and abundance of protein domains of filamentous plant pathogenic 
microorganisms relative to other eukaryotes, a subset of 246 protein domains, correlated to a 
plant infecting lifestyle, was identified (Seidl et al. 2011). Approximately 20% of the proteins 
that were predicted to be secreted by plant pathogenic filamentous pathogens, included 
domains overrepresented in eukaryotic plant pathogens in general. Whether or not these 
secreted proteins play a role in the infection process remains to be tested, as association with a 
plant-infecting lifestyle does not by itself imply a functional role in infection. Yet, the overlap 
in genes found in plant-infecting oomycetes and fungi is striking, and could be related to the 
fact that both groups of organisms employ similar infection mechanisms (Latijnhouwer et al. 
2003, Meng et al. 2009). The overlapping proteins are thought to have evolved by convergent 
evolution as well as horizontal gene transfer. It was suggested that the Peronosporales were 
only able to establish a plant-infecting lifestyle through receiving several horizontal gene 
transfers from plant-infecting fungi (Richards et al. 2006, Richards et al. 2011). Regardless 
of their origin, comparing secreted proteins between oomycetes and fungi with the same 
lifestyle (Fig. 2) can give a detailed collection of secreted proteins of both known and unknown 
function, which may play a role in the plant pathogenic lifestyle, resulting in the identification 
of interesting candidate genes for further study and functional analysis.
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Figure 2: Comparative analysis of secretomes for identifying secreted proteins correlated to plant- 
pathogenic lifestyles. The secretome is defined as all proteins carrying a predicted signal peptide 
and lacking any predicted transmembrane helices. By subtracting the secretome of non-plant 
pathogenic organisms from the secretome of plant pathogenic relatives, proteins can be identified 
that correlate to a plant-pathogenic lifestyle. This results in subsets of secreted proteins specific to 
oomycetes (A), to fungi (B), or present in both groups of microorganisms (C).

The function of proteins secreted by the pathogen
In order to enter the plant, survive in the apoplast, and establish a parasitic relationship with 
host cells, plant-infecting oomycetes secrete a large number of proteins. Secreted proteins 
directly involved in the infection process can be functionally subdivided into four functional 
categories: (1) enzymes enabling the pathogen to physically gain access to the plant cells, (2) 
proteins mediating protection against constitutive host defenses to survive in the apoplast, (3) 
host-translocated effectors entering the plant cytoplasm intervening with immune responses 
and the host cell metabolism, and (4) toxins that kill host cells. A separate category of secreted 
proteins found in plant pathogenic oomycetes are those involved in maintenance and/or 
remodelling of their own cell wall, e.g. secreted exo- and endo-1,3-β-glucanases (for example 
the P. infestans proteins PiEXO1 and PiENDO1) that can remodel 1,3-β-glucans in oomycete 
cell walls (McLeod et al. 2003). Two known groups of secreted proteins can induce defense 
reponses in certain plant species, but do not fit any of the above mentioned categories, as their 
exact role in the infection process is unknown: the cellulose binding elicitor lectins (CBELs) 
(Gaulin et al. 2002) and the transglutaminase glycoprotein 42 (GP42) (Brunner et al. 2002).

Entering the plant (cell)
The outer waxy cuticle of plant leaves offers a first layer of protection against pathogens, 
and mainly consists of a cutin matrix, polysaccharides, and cuticular waxes (Riederer & 
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Schreiber 2001). Cutinases are indispensable for host penetration by certain plant-infecting 
fungi (Colletotrichum gloeosporioides, Dickman & Patil 1986), and although necessity of these 
proteins in Phytophthora species has not been demonstrated, these oomycetes have many 
cutinases encoded in their genome (with up to 16 in Phytophthora brassicae, Belbahri et al. 
2008). Their upregulated expression in germinating cysts suggests they are required during 
the penetration stage of infection. 

The next barrier is the plant cell wall, which consists of cellulose, hemicelluloses, pectin and 
small amounts of structural proteins (Cosgrove 2005, Gilbert 2010). Pectin is also the main 
component of the middle lamella that holds neighbouring plant cells together. In order to 
grow in between plant cells and gain entry to the plant cell plasma membrane, filamentous 
pathogens have to loosen the plant cell wall. This is achieved by secreting a large array of cell 
wall degrading enzymes (CWDEs), an important characteristic of both plant-infecting fungi 
and oomycetes (Latijnhouwer et al. 2003). Many CWDEs are predicted in the genomes of 
plant infecting oomycetes, such as cellulases and pectolytic enzymes (Jiang & Tyler 2012).

There are three main types of oomycete pectin degrading enzymes, pectin methylesterases 
(PMEs), pectate lyases (PLs) and polygalacturonases (PGs) (Jia et al. 2009). Most is known 
about PGs that break down pectin by degrading the galacturonan backbone of pectin 
molecules. Many PGs are described in different Phytophthora species (Götesson et al. 2002, 
Torto et al. 2002, Yan & Liou 2005, Jia et al. 2009). These enzymes are important for infection, 
as effective inhibition of pectin degradation can prevent oomycetes from infecting plants 
(Borras-Hildago et al. 2012, Prabhu et al. 2012). Plants inhibit pathogen PGs by secreting 
PG-inhibiting proteins (PGIPs), which are always present in the plant cell wall (Protsenko 
et al. 2008), and have co-evolved with pathogen PGs (Stotz et al. 2000, Misas-Villamil & van 
der Hoorn 2008). Although required for pathogenesis, breakdown of pectin is a potentially 
dangerous activity for pathogens, as it can result in the release of oligo-galacturonides 
(OGs) that are recognized as a damage-associated molecular pattern that can trigger 
immune responses (Brutus et al. 2010). Next to these alarm-triggering OGs, cell wall-bound 
antimicrobial metabolites are released during degradation of the plant cell wall (Tan et al. 
2004). Taken all together, pectin degradation is a precarious yet inevitable hurdle for a plant- 
infecting oomycete. 

Next to breakdown of the cell wall, also the attachment between cells walls and cell membrane 
is being loosened. The secreted protein IPI-O of P. infestans is capable of disrupting the 
adhesion between the cell wall and the plasma membrane through an RGD (arginine-glycine-
aspartic acid) motif (Senchou et al. 2004), by binding to a legume-like lectin receptor kinase 
(Gouget et al. 2006). Next to disrupting the plasma membrane - cell wall adhesion, IPI-O also 
suppresses plant immunity (Bouwmeester et al. 2011). 

Surviving in the apoplast
Having successfully penetrated the plant’s outer layer, the pathogen now finds itself in the 
apoplast, which is a microbe-unfriendly environment. Low molecular weight antimicrobial 
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compounds and antimicrobial proteins are induced upon pathogen detection (see Box 2 
for plant immunity in a nutshell), but are also already constitutively present (VanEtten et 
al. 1994), and impair growth of microbes, including plant-infecting oomycetes (Islam 2008, 
Schlaeppi & Mauch 2010). Although the presence of more than 20 groups of plant-derived 
low molecular weight antimicrobial compounds and their detoxification by plant-pathogenic 
fungi has been described (Pedras & Ahiahonu 2005), no detoxifying enzymes have yet 
been described for oomycetes (Latijnhouwers et al. 2003). Next to low molecular weight 
antimicrobial compounds, plant cells secrete a basal level of antimicrobial proteins into 
the intercellular space. Just as oomycetes secrete specific plant cell wall degrading enzymes, 
plants secrete enzymes into the apoplast specifically targeting cell walls of bacteria, fungi and 
oomycetes. These include proteins such as glucanases, chitinases and proteases (van Loon et 
al. 2006, Seo et al. 2008).

To survive in the apoplast, oomycetes are known to secrete various types of inhibitors of 
host-secreted antimicrobial proteins. A good example is a group of glucanase inhibiting 
proteins (GIPs) secreted by Phytophthora species (Rose et al. 2002) that inhibit plant-
secreted endo-β-1,3 glucanases. This is important, as endo-β-1,3 glucanases are capable of 
breaking down the oomycete cell wall, thereby releasing oligosaccharide elicitors. Inhibition 
of endo-β-1,3 glucanases by GIPs is highly specific, and both enzyme and inhibitor are in a 
continuous evolutionary arms race (Rose et al. 2002, Bishop et al. 2005, Misas-Villamil & 
van der Hoorn 2008). A similar situation is identified for several plant-secreted proteases 
that play a role in plant defense. The secreted subtilisin A serine protease P69B of tomato is 
specifically inhibited by the P. infestans secreted Kazal-like inhibitors EPI1 (Tian et al. 2004) 
and EPI10 (Tian et al. 2005). Another type of secreted solanaceous protease, the papain-like 
extracellular cysteine proteases PIP1 and its relatives Rcr3 and C14, are inhibited by a group 
of proteins secreted by P. infestans: Extracellular Protease Inhibitor with Cystatin-like domain 
(EPIC) (Tian et al. 2007, Kaschani et al. 2010, Kaschani & van der Hoorn 2011). Strikingly, 
effectors that are secreted by the fungus Cladosporium fulvum and the nematode Globodera 
rostochiensis, also target Rcr3, suggesting it is an important defense component acting against 
many types of pathogens (Lozano-Torres et al. 2012).

Establishing a relationship through host-translocated effectors
If a (hemi-)biotrophic pathogen has safely reached a living plant cell, it has to establish a 
parasitic relationship with its host, a process that involves the intracellular manipulation of 
host processes by host-translocated effectors. These oomycete proteins enter the host cell 
using conserved motifs in the N-terminal part of secreted proteins, e.g. RXLR (Morgan & 
Kamoun 2007), LXLFLAK (Schornack et al. 2010), CHXC (Kemen et al. 2011) and possibly 
YXSL[RK] (Lévesque et al. 2010). Also degenerated sequences of the RXLR motif such as 
RVRN (Bailey et al. 2011), QXLR (Tian et al. 2011) and GKLR (Stassen et al. 2013) have been 
described. Although no pathogen-encoded translocation machinery seems to be involved 
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(Bozkurt et al. 2012), the exact mechanism of host cell entry facilitated through all these 
N-terminal sequences remains unknown. A translocation mechanism involving binding to 
phosphatidyl-inositol-3-phosphate, present in the host plasma membrane, has been proposed 
(Kale et al. 2010, Jiang et al. 2013b), yet this is under heavy debate (Wawra et al. 2013). Once 
inside the plant cell, these host-translocated effectors either stay in the cytoplasm, translocate 
to the nucleus, or associate with host membranes (Boevink et al. 2011, Caillaud et al. 2012, 
Bozkurt et al. 2012). Several unrelated host-translocated effectors from different pathogenic 
kingdoms are predicted to have common host targets (Mukhtar et al. 2011), suggesting the 
presence of hubs that could be the important players in the plant immune system. Many 
of the host-translocated RXLR proteins have been shown to be involved in suppression of 
defense (Birch et al. 2009, Stassen & van den Ackerveken 2011, Fabro et al. 2011), but the 
exact mechanism often remains unknown. Examples of known RXLR-effector function are 
the P. infestans host-translocated AVR3a, which stabilizes the host U-box E3 ligase CMPG1, 
thereby preventing host cell death during the biotrophic phase of infection (Bos et al. 2010), 
and the P. sojae PsAvh18 and PsAvh146 (PSR1 and PSR2, respectively), which interfere 
with host gene silencing, resulting in enhanced susceptibility to infection (Qiao et al. 2013). 
Host-translocated effectors influencing host metabolism have been described for fungi and 
bacteria (Chen et al. 2010), but not yet for oomycetes, although changes in host metabolism 
have been observed during infection (Berger et al. 2007), suggesting a similar process of host 
manipulation.

Toxins: the end of a biotrophic relationship
Hemibiotrophic pathogens initially take up nutrients from living host cells, but at a certain 
point switch to necrotrophy, killing host cells. Several groups of effectors that kill plant cells 
have been described for oomycetes, such as the elicitins (Yu 1995), Nep1-Like Proteins 
(NLPs) (Gijzen & Nürnberger 2006) and PcF/SCR toxins (Orsomando et al. 2001). Elicitins 
and Elicitin-like proteins are secreted proteins that are found in Pythium, Phytophthora 
(Jiang et al. 2006), and H. arabidopsidis (Cabral et al. 2011), and some members of this group 
of proteins were shown to have sterol-binding capability (Mikes et al. 1998). Mutation of 
these proteins has shown that sterol-loading by these proteins is correlated with induction of 
necrosis, suggesting this function of the proteins is responsible for plant cell death (Osman et 
al. 2001). It was proposed that the expression of elicitins is minimized during the biotrophic 
phase so that cell death responses are not triggered at the early stages of infection (Colas et 
al. 2001). The sterol-binding function of these proteins is likely important, as Peronosporales 
lack the required metabolic enzymes and thus the ability to make their own sterols (Gaulin et 
al. 2010). A second class of toxins are the NLPs, which are widely distributed as they are found 
in bacteria, fungi and oomycetes (Gijzen & Nürnberger 2006). In oomycetes they occur in the 
genus Pythium and in the Peronosporales, in which they have undergone a large expansion, 
with up to 33 paralogs in P. sojae (Dong et al. 2012). Although not all oomycete NLPs cause 
necrosis, expression of phytotoxic members has been associated with the switch from 
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biotrophy to necrotrophy (Kanneganti et al. 2006). Phytotoxic NLPs cause direct leakage of 
dicot plant cell membranes, yet their exact mechanism of action remains unknown (Ottmann 
et al. 2009). The last class of toxins are the PcF/SCR proteins, named after the Phytophthora 
cactorum – Fragaria (PcF) pathosystem in which they were first identified (Orsomanso et al. 
2001), and their small cysteine-rich (SCR) feature. A group of SCR-like proteins was identified 
in P. infestans (Bos et al. 2003), and neither the PcF/SCR nor the SCR-like proteins show any 
clear homology to known proteins in other organisms (Nicastro et al. 2009). Both groups are 
only identified in Phytophthora and Pythium species, and their toxic action may be attributed 
to mimicking of a plant-derived peptide, although their mode of action remains unknown 
(Orsomando et al. 2011).

Adaptations to obligate biotrophy
Many plant-pathogenic (hemi-)biotrophic oomycetes have lost the capacity to synthesize 
several metabolites, such as thiamine and sterols, which they have to acquire from their 
hosts (Judelson 2012). Obligate biotrophs such as A. laibachii and H. arabidopsidis have lost 
more genes in primary metabolism, such as genes involved in inorganic nitrate and sulphate 
metabolism, a phenomenon that is also observed in obligate biotrophic fungi (Spanu et al. 
2012). Also the repertoire and abundance of secreted proteins is strongly reduced in the 
obligate biotrophic oomycetes compared to that of Phytophthora species. H. arabidopsidis 
(Baxter et al. 2010) has, for example, only 18 extracellular protease genes (compared to over 
40 in Phytophthora species), around 70 CWDEs (compared to 150-200 in Phytophthora), 
less than half the number of RXLR effectors found in Phytophthora, no PcF/SCR toxins, 
and fewer NLPs, none of which cause necrosis (Cabral et al. 2012). This overall reduction 
in the number of effector genes could be explained by the fact that obligate biotrophs 
need living host cells, and therefore adopt a stealthy lifestyle to avoid triggering the plant’s 
immune system. By producing fewer proteins and inflicting less damage that could reveal 
their presence, the obligate biotrophs can infect with a lower number of effectors (Judelson 
2012, Lowe & Howlett 2012). But next to gene losses, also expansions of effector families are 
observed that are not present in Phytophthora species (Spanu et al. 2012). Around 45% of 
genes found in H. arabidopsidis are species specific. An example is a group of secreted small, 
cysteine rich proteins (PPAT12/24-like) that are only found in H. arabidopsidis. These genes 
may be specially geared towards this highly specialized lifestyle. This suggests the switch to 
obligate biotrophy did not only involve loss of genes, but also gain of new genes and associated 
functions.

Plant - Obligate biotroph: model systems
The intimate interaction between obligate biotrophs and their plant hosts is a topic of high 
interest. Next to adding insight in how to protect crops against pathogens, studying these 
interactions reveals novel insights in plant biology (Pais et al. 2013). Several fungal model 
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species for biotrophic interactions have been sequenced, e.g. the barley powdery mildew 
pathogen Blumeria graminis f. sp. hordei (Spanu et al. 2010), the wheat rust pathogen Puccinia 
graminis f. sp. tritici, and the poplar rust pathogen Melampsora larici-populina (Duplessis et 
al. 2011). The oomycete model systems for biotrophic interactions are the Brassicacea white 
rust pathogen A. candida (Links et al. 2011), and pathogens of the model plant Arabidopsis 
thaliana (Koornneef & Meinke 2010), A. laibachii (Kemen et al. 2011) and H. arabidopsidis 
(Baxter et al. 2010). 

Figure 3: Asexual life cycle of H. arabidopsidis. A: Conidiospores land on leaves of A. thaliana. 
B: Spores germinate and form an appressorium. Once inside the plant, a haustorium is formed 
in every adjacent plant cell. C: After 1-2 weeks of growth, conidiophores grow out of the stomata. 
Airborne conidiospores are released. Adapted from Slusarenko & Schlaich (2003).

To facilitate research on oomycete pathogens and biotrophic interactions, during the early 
90s, the pathosystem of the downy mildew H. arabidopsidis on the well-studied model plant 
A. thaliana was established (Koch & Slusarenko 1990, Holub 2008). This model system is 
very convenient, with short times between generations. This pathogen has a sexual cycle, 
producing oospores, and an asexual cycle (Fig. 3), producing conidiospores. Conidiospores 
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germinate on the leaf surface, and subsequently produce an infection structure called an 
appressorium. This structure uses a combination of physical pressure and hydrolytic enzymes 
to force its entry into the host plant, usually between adjacent epidermal cells. Once inside 
the plant, mycelium grows in between host cells and spreads throughout the tissue. Feeding 
structures called haustoria penetrate through cell walls, but stay surrounded by a host-derived 
membrane. After a few days of growth in the plant, conidiophores emerge from stomata to 
release airborne conidiospores. Under favourable conditions, this cycle can be completed 
within a week.

Since the establishment of this pathosystem, a large body of knowledge has been generated. 
This pathosystem is best known for its high level of genetic diversity in host resistance, and 
pathogen solutions to overcome resistance, as these two organisms have co-evolved very 
closely. A large part of the research has focused on dominant resistance genes, most of which 
recognize host-translocated effectors (Coates & Beynon 2010). Secreted effectors that remain 
in the apoplast, however, are more likely to interact with extracellular host proteins, cell 
surface receptors, and the host membrane. Due to the overall complexity of this intimate 
interaction, only a fraction of it is understood, and more research on this system is required.

Box 1- Defining a Eukaryote secretome 

The collection of proteins that are targeted extracellularly is called the organism’s 
secretome (Choi et al. 2010). Proteins that enter the classical secretory pathway require a 
specific N-terminal targeting signal: the signal peptide (SP) (von Heijne 1990), which can 
be predicted using computational algorithms (Petersen et al. 2011). As soon as the SP is 
translated and emerges from the ribosome, it is recognized by an RNA-protein complex, 
called the signal recognition particle (SRP) (Akopian et al. 2013). This leads to elongation 
arrest, during which the ribosome is guided to a protein-conducting channel located on the 
endoplasmatic reticulum (ER). Upon docking, the SP is inserted into the ER, and protein 
synthesis resumes while the SP is cleaved of. In the ER the proteins are prepared for exposure 
to the extracellular environment through maturation and quality control (Braakman & 
Bulleid 2011). This happens through correct folding, disulfide bridge formation and post-
translational modifications, such as N-linked glycosylation, O-linked glycosylation, tyrosine 
sulfation and many more. During this processing the proteins are transported to the Golgi 
system, in which they are sorted into secretion vesicles that are transported to the plasma 
membrane. Specific signals cause these secretion vesicles to merge with the plasma membrane, 
resulting in the release of their content on the outside of the cell. As many proteins that reside 
in the plasma membrane are also processed in the ER (and thus also possess an SP), these are 
subtracted from the secretome based on the presence of predicted trans-membrane helices or 
signal anchors (Krogh et al. 2001). Although non-classical secretion has been described for 
mammals and plants (Regente et al. 2012), all secreted oomycete effectors, published so far, 
carry classical N-terminal signal peptides (Raffaele et al. 2010).
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Box 2 – Plant innate immunity in a nutshell
Plants have evolved a surveillance system consisting of pattern recognition receptors (PRRs), 
which are membrane bound proteins that monitor the extracellular environment for specific 
non-self molecules (e.g. microbe associated molecular patterns, MAMPs) (Boller & Felix 
2009). Upon recognition of a MAMP, a cascade of defense responses is triggered, ranging from 
rapid upregulation of many pathogenesis-related (PR) genes, production of phytoalexins and 
reactive oxygen species (ROS) to (in some cases) a hypersensitive response (HR) (Thomma 
et al. 2011), a form of programmed cell death that releases many toxic chemicals to the 
pathogen. PR genes and phytoalexins are defined as being “upregulated and accumulated 
after recognition of a possible attack” (VanEtten et al. 1994, van Loon et al. 2006), yet both 
are often already present in low concentrations in uninfected tissues, in which case they 
are referred to as phytoanticipins. If the rapid accumulation of these compounds combined 
with ROS production is sufficient to stop the invading pathogen, it causes MAMP-triggered 
immunity (MTI). Well adapted pathogens trigger only limited or no MTI as they are able to 
suppress it, either by disguising their MAMPs, preventing perception, or by interfering with 
signal transduction, thereby blocking the plants ability to respond effectively (Boller & Felix 
2009). A second line of defense is called effector-triggered immunity (ETI) (Jones & Dangl 
2006). This type of defense is generally activated by (race or cultivar) specific detection of 
pathogen effector proteins in the cytoplasm or at the plasma membrane, and is associated 
to programmed cell death in most cases. MTI and ETI, however, overlap in both location of 
recognition and severity of immune responses, and therefore separation between these two 
forms of immunity cannot be strictly maintained (Thomma et al. 2011).
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Thesis Outline

The obligate plant-pathogenic oomycete Hyaloperonospora arabidopsidis that causes downy 
mildew on Arabidopsis thaliana has become a model to study biotrophic interactions in 
general, and to gain insights into the mechanisms of infection by oomycetes, which are a 
worldwide threat to agriculture. During infection of plant hosts, oomycetes secrete a large 
array of effector proteins, for many of which the function is still unknown. The research 
performed in this thesis focused on the comparative and functional analysis of two groups 
of proteins of unknown function, secreted by H. arabidopsidis during infection: Hexose 
6-Phosphate Epimerase Like proteins (H6PELs), and Nep1-Like Proteins (NLPs).

In Chapter 2 the analysis of secreted H6PELs, which are found in the plant-infecting 
Peronosporales, is described. Previously, two different bioinformatic approaches identified 
the H6PELs of oomycete pathogens as candidate effector proteins. Their distribution among 
the Peronosporales and their possible biological and biochemical role was examined. In 
addition, the occurrence of secreted H6PELs in plants was examined. Close examination of a 
small group of H6PELs only found in H. arabidopsidis, suggests that these proteins have lost 
their catalytic activity and likely evolved a novel function.

In Chapter 3 the NLP family of H. arabidopsidis was studied in detail, as it is remarkable to 
identify Nep1-Like Proteins in an obligate biotrophic organism that does not kill plant cells. 
It was shown that these HaNLPs do not induce necrosis in plant cells. The potential role in 
pathogenicity of non-cytotoxic NLPs, which are expressed early during infection, remains 
enigmatic. Through creating chimaeras between HaNLP3 and a related cytotoxic NLP from 
Phytophthora sojae, a surface exposed domain was identified that represses necrosis-induction 
by HaNLP3.

In Chapter 4 the widely distributed family of Necrosis and Ethylene-inducing Peptide 
1 (Nep1) Like Proteins (NLPs), members of which are also encoded in the genome of H. 
arabidopsidis (Baxter et al. 2010), is analyzed. NLPs are known for their ability to induce 
necrosis in many (dicotyledonous) plant species. In order to gain more insight in the evolution 
and distribution of these proteins, hundreds of NLP sequences were collected from publicly 
available databases, showing these genes are present in taxonomically unrelated organisms 
belonging to bacteria, fungi and oomycetes. Based on phylogenetic analysis, a new, third type 
of NLPs was identified that only occur in fungi. Type 1 and type 2 NLPs were found to differ 
in a putative Ca-binding motif (DxDxD) that is required for induction of necrosis by the type 
2 NLPPcc. Oomycetes were found to harbour a type 1 NLP subtype, which was designated 1a. 
These type 1a NLPs do not cause necrosis, likely due to the lack of an acidic pocket conserved 
in type 1 and type 2 NLPs. Finally, expression of type 1 and type 2 NLPs in different plant cell 
compartments suggests the two types have a different mechanisms of action.
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In Chapter 5 the effect of non-cytotoxic HaNLPs on the plant are described. The HaNLPs were 
constitutively expressed in A. thaliana in order to study their possible biological function. 
Expression of most of the HaNLPs resulted in a strong reduction of plant growth. Microarray 
analysis of an estradiol-inducible HaNLP3 line revealed that the secreted protein induced 
strong immune responses in A. thaliana. Truncated versions of  HaNLP3 were equally capable 
of triggering immune responses, indicating that a small part of the protein is being recognized, 
corresponding to a region that is highly conserved in type 1 NLPs. A synthetic peptide 
corresponding to the identified region was sufficient to trigger defense responses, suggesting 
that a conserved fragment of  NLPs is recognized as a microbe associated molecular pattern 
(MAMP) by A. thaliana. Interestingly, this MAMP is not limited to oomycetes, but is also 
found in plant-associated bacteria and fungi.

In Chapter 6 the results from the previous chapters are combined and placed in a broader 
perspective. First, the challenges in handling the enormous amounts of sequence data in 
order to indentify the proteins studied in this thesis is shortly exhibited. The possible ways 
by which genes have evolved new functions (by gene duplication, horizontal gene transfer, 
and/or neofunctionalization) is discussed, and applied to the H6PELs and the NLP family 
By combining phylogenetic and structural information, a model is proposed suggesting 
that the cytotoxicity of NLPs is a multi-step mechanism. The remarkable NLP family is 
further discussed, highlighting several unprecedented features, e.g. the unusual taxonomic 
distribution, and the evolution of many different disulfide bridges. The specific recognition of 
NLPs by A. thaliana, combined with species-specific adaptation of HaNLPs is placed in the 
context of this highly co-evolving pathosystem. Finally, the possible practical applications of 

the findings in this thesis are discussed.   

Thesis Outline
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Abstract
Plant-infecting oomycetes secrete numerous effector proteins to facilitate infection of their 
host. A group of genes encoding secreted proteins of the obligate biotrophic pathogen 
Hyaloperonospora arabidopsidis was identified that has evolved from a common housekeeping 
gene encoding a hexose 6-phosphate epimerase (H6PE), and are therefore called Hexose 
6-Phosphate Epimerase Like proteins (H6PELs). Based on two independent bioinformatic 
analyses of oomycete genomes, these proteins were identified as possible effectors. Within 
the oomycetes, the expanded family of secreted H6PELs is unique to the Peronosporales. In 
the downy mildew H. arabidopsidis, two separate groups of H6PELs could be distinguished, 
one of which is not present in Phytophthora species. H6PELs were also identified in plants, 
including Arabidopsis thaliana, the exclusive host of H. arabidopsidis. Overexpression of 
oomycete H6PELs in A. thaliana did not alter the plant’s susceptibility to downy mildew. 
To test their putative enzymatic function, the H6PELs of oomycetes and A. thaliana were 
expressed in a yeast h6pe mutant. However, none of the H6PELs could complement the yeast 
growth phenotype, suggesting H6PELs do not have the same activity as the yeast H6PE. 
Heterologously produced H6PELs differ in ligand binding, and do not display the epimerase 
activity of the yeast H6PE. Our data suggest that the oomycete H6PELs do not function 
as H6PEs, but have evolved a novel, so far unknown, function that could be related to the 
infection process.
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Introduction
Many plant diseases are caused by filamentous pathogens belonging to the oomycetes and 
fungi. These pathogens are capable of infecting healthy, undamaged plants, and produce 
spores profusely. Thereby, they can rapidly establish epidemics in agriculture with often 
disastrous effects (Soanes et al. 2007). Although fungi and oomycetes are morphologically 
quite similar, they are evolutionary very distantly related: in the tree of life, fungi group 
within the Ophistiokonts together with animals, whereas the oomycetes group within the 
Stramenopiles together with brown algae and diatoms (Baldauf et al. 2000). Therefore, their 
biology differs considerably, e.g. in cell wall architecture and ploïdy level (Latijnhouwers et 
al. 2003). As a consequence, ways to control fungal infections of plants can often not be used 
to combat oomycete pathogens and vice versa. Despite their huge impact on agriculture, 
oomycete plant pathogens have thus far been understudied compared to fungi (Coates & 
Beynon 2010). Next to the tools that have been developed to aid the research on oomycetes 
(Govers & Gijzen 2006), the amount of oomycete genome and transcriptome sequences is 
steadily rising. Therefore, comparative genomics of oomycete genomes has now become 
a powerful tool to get insight into the biology of this fascinating group of plant-infecting 
microorganisms.

In last decade, the genomes of the oomycetes Phytophthora sojae, Phytophthora ramorum 
(Tyler et al. 2006), Phytophthora infestans (Haas et al. 2009), Phytophthora capsici (Lamour 
et al. 2012), Pythium ultimum (Lévesque et al. 2010), the white rust Albugo laibachii (Kemen 
et al. 2011), the downy mildew Hyaloperonospora arabidopsidis (Baxter et al. 2010), and the 
fish-infecting Saprolegnia parasitica (Jiang et al. 2013) have been sequenced. The gene content 
of each studied genome has provided important information with respect to the lifestyles 
of the organisms (Jiang & Tyler 2012). For example, the genomes of the plant-destroying 
Phytophthora species and P. ultimum encode a large array of cell wall degrading enzymes and 
proteases, while the more delicate obligate biotrophs H. arabidopsidis and A. laibachii contain 
reduced numbers of these enzymes (Spanu 2012). All genomes of pathogenic oomycetes 
encode a large array of secreted proteins, many of which are thought to act on the host and 
have a putative role in pathogenicity. 

Most predictions of gene function are based on homology to genes of which the function has 
been demonstrated, but this approach is not flawless (Lee et al. 2007). When several paralogs of 
a gene are present, it is not uncommon to find subfunctionalization and neofunctionalization 
(Lynch & Conery 2000). In some cases, the functions of two paralogous proteins can be 
different based on substitutions in catalytic residues, or in amino acids forming a binding 
pocket (Leslie 2013). These variant proteins at first sight still resemble their functional 
paralog, yet evolved a novel function that can often not be predicted based solely on the type 
of amino acid substitutions. 

Based on the current knowledge of the function of proteins secreted by plant-infecting 
oomycetes, in combination with the presence or absence of conserved domains, we can 
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distinguish five categories: (1) Proteins with a known domain and associated function. This 
category includes many cell wall degrading enzymes (CWDEs) e.g. cutinases (Belbahri et al. 
2008), and pectinases (Götesson et al. 2002, Torto et al. 2002, Yan & Liou 2005, Jia et al. 2009). 
Many of these enzymes are also present in saprophytes (Lowe & Howlett 2012), in which these 
proteins are often best studied. There are a number of examples that, at first sight, belong to 
this first category, yet have lost their original function (Misas-Villamil & van der Hoorn 2008) 
and are therefore placed in category (2); proteins with a known domain yet domain-unrelated 
function. Many proteins in this category are “dead enzymes” (Leslie 2013), which have lost the 
activity originally attributed to the domain but have gained a new function. Several described 
secreted inhibitors of enzymes fit this category (Misas-Villamil & van der Hoorn 2008). An 
example within oomycetes is a group of glucanase inhibitor proteins (GIPs) of Phytophthora 
species, which have evolved from serine proteases, and lost their catalytic triad (Bishop et al. 
2005, Damasceno et al. 2008). In category (3) we define proteins with a known domain yet 
unknown function, e.g. the non-cytotoxic Nep1-Like Proteins (NLPs) of (hemi)biotrophic 
oomycetes (Kanneganti et al. 2006, Cabral et al. 2012). NLPs are known for their cytotoxic 
activity (Ottmann et al. 2009), however, within the Peronosporales ,NLPs have evolved that 
do not induce necrosis, and have an, as yet, unknown function. Proteins in category (4) have 
a known function for which no domain has been described as yet, e.g. the IPI-O proteins from 
Phytophthora species, which share no homology to any known domain (Senchou et al. 2004), 
yet are known to disrupt the adhesion between the plant cell wall and the plasma membrane 
by binding to a membrane bound lectin receptor kinase (Bouwmeester et al. 2011). Lastly, 
in category (5) we distinguish proteins of unknown domain and unknown function, e.g. the 
small secreted cysteine rich (CR) proteins of H. arabidopsidis. The corresponding genes are 
expressed during infection, but do not share any homology with known domains, nor is their 
function or activity known (Cabral et al. 2011). 

As inferred protein identity and function do not always overlap, additional bioinformatic 
approaches have been used to identify candidate pathogenicity or virulence proteins, which 
when secreted are commonly known as effectors. One way of predicting effectors is by 
identifying shared intrinsic properties of their encoding genes, such as having signatures of 
positive selection (Win et al. 2007), extensive gene duplication/gene loss (Jiang et al. 2008), 
and localization in expanded, low gene-density regions (Haas et al. 2009). By looking for genes 
that combine these three properties potential effector genes were predicted in the genome of 
the potato late blight pathogen P. infestans (Raffaele et al. 2010). A second way to identify new 
possible effectors, is by comparing both the identity and abundance of protein domains in 
plant-pathogenic oomycetes and plant-pathogenic fungi, to non-plant-pathogenic eukaryotes 
(Seidl et al. 2011). This approach revealed domains of which the presence and/or abundance 
is correlated to plant pathogenicity. Therefore the corresponding proteins could play a role in 
the infection of the plant host.
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One group of potential oomycete effector proteins that was identified by both methods 
encompasses the aldose 1-epimerases (Pfam: PF01263) (Raffaele et al. 2010, Seidl et al. 2011). 
This group of proteins is known for catalyzing the epimerization of (pyranose) sugars by ring 
opening, a process known as mutarotation. The two described types of aldose 1-epimerases 
are galactose mutarotases (GalM, CCD: cd09019, EC 5.1.3.3) (Thoden et al. 2003) and the 
phylogenetically related hexose 6-phosphate epimerases (H6PE, CCD: cd09020, EC 5.1.3.15) 
(Graille et al. 2006). These enzymes catalyze the conversion of the α-anomer to the β-anomer 
and back (inversion of chirality at C1), creating a mixture of both forms (Allard et al. 2001). 
In vivo, the availability of α- and β-anomers is very important as many enzymes involved in 
(phospho)sugar metabolism can use only one of the two anomers as a substrate (Salas et al. 
1965, Bouffard et al. 1994). Spontaneous mutarotation of (phospho)sugars happens in vitro in 
the absence of this class of enzymes, but is very slow (0.015 min-1 for glucose and 0.09 min-1 
for glucose 6-phosphate) (Livingstone et al. 1977). In vivo, spontaneous mutarotation can 
become rate limiting in sugar metabolism (Bouffard et al. 1994) and can alter the expression 
of carbohydrate processing enzymes (Fekete et al. 2008).

The hexose 6-phosphate epimerase YMR099c of the yeast Saccharomyces cerevisiae has been 
well characterized, and a crystal structure of the protein is available (Graille et al. 2006). 
YMR099c has been shown to bind several hexose phosphosugars, such as glucose 6-phosphate 
(G6P), galactose 6-phosphate (Gal6P), mannose 6-phopsphate (M6P), fructose 6-phosphate 
(F6P) and the pentose phosphosugar ribose 5-phosphate, while no binding could be detected 
for glucose. Next to binding, also in vitro enzymatic epimerization by YMR099c was shown for 
G6P, Gal6P, and M6P using NMR. Crystal structures of this enzyme with substrates revealed 
eight substrate contacting amino acid residues: R57, H82, R86, H159, H161, D203, W238, 
and E264. R57 and R86 together form an arginine clamp holding the phosphate group of the 
bound sugars, W238 serves as a binding place for the sugar ring, and H159 and E264 function 
as the catalytic acid and base, respectively. A biological requirement of this enzyme was found 
under several growth conditions in which the yeast mutant lacking YMR099c shows reduced 
growth compared to wild type (Giaever at al 2002, Breslow et al. 2008, Jo et al. 2009, Villa-
Garcia et al. 2011). Surprisingly, however, under most conditions tested, the ymr099c mutant 
is not reported to show any phenotype.

The identified secreted aldose-1 epimerases of oomycetes belong to the family of hexose 
6-phosphate epimerases, and were therefore named Hexose 6-Phosphate Epimerase Like 
proteins (H6PELs). As this group of proteins has thus far not been associated with plant-
infecting microbes, we analyzed the H6PELs for their possible activity and function in the 
infection process.
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Results

Expansion of secreted H6PELs is specific for the Peronosporales
To study the phylogenetic distribution of aldose 1-epimerases, we mined the genomes of nine 
oomycetes, five related Stramenopiles, as well as the yeast S. cerevisiae, the fruit fly (Drosophila 
melanogaster), and thale cress (A. thaliana). Aldose 1-epimerase genes occur ubiquitously 
and all genomes analyzed have at least one copy. We found the highest number of 11 aldose 
1-epimerase genes in A. thaliana (Table 1). Targeting peptide prediction (TargetP 1.1, 
Emanuelsson et al. 2007) on the collected proteins revealed that aldose 1-epimerases either 
have an N-terminal signal peptide for classical secretion, a transit peptide for targeting to 
the chloroplast, or lack any targeting peptide suggesting they are cytoplasmic. Two groups of 
epimerases can be distinguished; the Hexose 6-Phosphate Epimerase Like proteins (H6PELs) 
and Galactose Mutarotases (GalMs). All Stramenopile genomes were found to have single 
cytoplasmic H6PELs that could have the same function as the cytoplasmic yeast YMR099c 
protein. In addition, all photosynthetic species analyzed contain a single H6PEL with a 
predicted chloroplast transit peptide. To our surprise, a high number of secreted H6PELs 
were identified within the oomycetes. These are only found in the Peronosporales, and not in 
the genomes of P. ultimum (Levesque 2010), A. laibachii (Kemen et al. 2011) and S. parasitica 
(Jiang et al. 2013). 

Table 1: Aldose 1-epimerase proteins encoded in the genomes of Stramenopiles, A. thaliana and 
other selected eukaryotes.
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The genomes of most (plant-infecting) fungi were found to encode single H6PEL proteins 
that are 1:1 orthologs of the yeast cytoplasmic H6PE YMR099c, and all lacked signal peptide 
sequences (data not shown). In filamentous microbes, secreted H6PELs have thus uniquely 
evolved and expanded in the Peronosporales. The genome of the plant A. thaliana was found 
to encode five cytoplasmic, one secreted, and one chloroplastic H6PEL.

Homologs of the second group of aldose 1-epimerases, the galactose mutarotases (GalM) 
(Thoden et al. 2003), were identified in the genomes of yeast, fruit fly, A. thaliana, and in 
several photosynthetic Stramenopiles, but are absent in the oomycetes, except for the genus 
Phytophthora (Table 1). The GalM genes, found in members of this genus, are likely acquired 
through horizontal gene transfer from plant-infecting fungi (Richards et al. 2006, Richards 
et al. 2011). The Stramenopile GalMs are thought to be cytoplasmic, as they do not have 
a predicted targeting peptide. In contrast, the genome of A. thaliana encodes, besides one 
cytoplasmic GalM, 3 GalM proteins with a predicted signal peptide.

Phylogeny of oomycete aldose 1-epimerases
To determine the evolutionary relationship between the selected aldose 1-epimerases we 
constructed a phylogenetic tree (Fig. 1). The S. cerevisiae GalM and H6PE (YMR099c) proteins 
are separated into two defined clusters together with their respective orthologs, supporting the 
idea that they form two subfamilies, resulting from a very ancient duplication. All Stramenopile 
H6PELs lacking a chloroplast targeting sequence group together, indicating they were present 
in the Stramenopile ancestor. Within the Peronosporales, the predicted cytoplasmic H6PELs, 
lacking a signal peptide, group together, whereas the secreted H6PELs form a separate distinct 
group that has likely evolved from a cytoplasmic H6PEL. The cytoplasmic H6PEL orthologs 
found in all Stramenopiles share the substrate-contacting residues (R57, H82, R86, H159, Y161, 
D203, W238, and E264, see right hand panel in Fig. 1) described for the yeast H6PE YMR099c 
(Graille et al. 2006). The oomycete H6PELs with a predicted signal peptide are only found in 
the Peronosporales, and can be divided into five groups, based on their phylogenetic grouping 
and substitutions in their putative substrate-contacting residues. Most species show evidence 
of recent species-specific gene duplications, suggesting this gene family is still expanding in 
individual species. Secreted H6PELs of group 1 have the same substrate-contacting residues 
as the yeast H6PE YMR099c. All Peronosporales tested have at least one paralog in this group, 
and four out of the seven species show gene duplication in this group. Group 2, 3 and 4 are 
only found in Phytophthora species. In group 2, one amino acid in the binding pocket is 
substituted (corresponding to D203G in YMR099c) compared to cytoplasmic H6PELs. In 
group 3 H6PELs, substitutions in substrate-contacting residues are found in some paralogs, 
but not in all. All group 4 paralogs have a substitution of one amino acid in the binding pocket 
(corresponding to R57M in YMR099c), and a single paralog is found in each Phytophthora 
species.  Finally, group 5 paralogs, which are most divergent, have many substitutions in
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Figure 1: Left: Maximum likelihood tree of H6PELs in Stramenopiles and selected eukaryotes, 
based on alignment of the aldose 1-epimerase domains identified using Pfam. Gray boxes indicate 
H6PELs with a predicted signal peptide. H. arabidopsidis proteins are indicated in red. Bootstrap 
values are indicated with asterisks. Right: Substrate contacting residues, corresponding to those 
in the yeast H6PE YMR099c (Graille et al. 2006) are indicated in green, residues that differ 
from YMR099c are indicated in red. Based on substitution of these residues and phylogenetic 
grouping, five groups of secreted H6PELs can be distinguished, that are indicated at the right 
hand side of the graph.
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substrate-contacting residues, and, of the species analyzed, are only found in H. arabidopsidis. 
Its early branching from the other Peronosporales H6PELs suggests it evolved from a single 
gene duplication the common ancestor of H. arabidopsidis and the Phytophthora species, but 
was lost in the latter.

Analysis of the H6PEL gene family from Hyaloperonospora arabidopsidis
A total of 7 H6PEL genes were identified in the H. arabidopsidis genome (VBI, v8.3), which 
we named HaH6PEL1 to HaH6PEL7 (Table 2). In addition, four pseudogenes were identified 
in the genome sequence (Supplement 1). The coding sequences of the 7 HaH6PELs were 
PCR amplified, cloned, and sequenced to confirm the obtained nucleotide coding sequences. 
For one gene, HaH6PEL4, a variant differing in 25 amino acids, was identified and named 
HaH6PEL4a. As it was not resolved whether HaH6PEL4a is a separate gene, or an allele of 
HaH6PEL4, it was included in the analyses and further experiments. The HaH6PEL genes 
have coding sequences ranging from 924 to 1065 nucleotides and do not contain introns. 
Seven of the HaH6PELs are predicted to have a signal peptide (SignalP4.1, Petersen et al. 
2011), suggesting these proteins are being secreted.

Table 2: Properties of all H6PEL genes and proteins of H. arabidopsidis compared to YMR099c 
of S. cerevisiae. A SignalP score above 0,450 (grey) is recognized as the presence of a signal 
peptide. 

Alignment of the proteins encoded by the HaH6PEL genes together with the yeast H6PE 
YMR099c (Fig. 2) revealed that five of the H. arabidopsidis proteins (HaH6PEL1-HaH6PEL4a) 
share all predicted substrate contacting residues with YMR099c (Graille et al. 2006), suggesting 
they may bind phosphosugars, whereas HaH6PEL5, 6, and 7 differ at many of these residues 
from YMR099c suggesting they no longer bind phosphosugars. 
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Figure 2: Multiple sequence alignment of the HaH6PELs with the yeast H6PE YMR099c. 
YMR099c substrate contacting residues (Graille et al. 2006) are indicated in red, the predicted 
signal peptide is marked in yellow. Peptides identified by MS/MS from intercellular washing fluid 
of H. arabidopsidis-infected leaves (see below) are indicated in orange. 
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H6PELs only found in H. arabidopsidis
Three secreted HaH6PELs (5-7) form a separate group in the H6PEL phylogenetic tree of 
the Peronosporales, and do not cluster with Phytophthora homologs (Fig. 1, group 5). A 
DNA-based phylogenetic tree of the H. arabidopsidis H6PELs shows that the four identified 
HaH6PEL pseudogenes (that encode truncated proteins because of premature stop codons) 
group together with these 3 H. arabidopsidis-specific H6PELs (Fig. 3). Particularly striking is 
the substitution of the first arginine (R) of the substrate-contacting residues, suggesting that 
the arginine-clamp is disrupted and will no longer strongly bind phosphate groups. The high 
number of amino acid substitutions, also in other substrate-contacting residues, suggests that 
this group of proteins has rapidly evolved.

Figure 3: Relation between the HaH6PEL genes and pseudogenes. Left: Maximum likelyhood 
tree based on nucleotide sequences of the HaH6PEL genes and HaH6PEL pseudogenes (created 
with Mega5). The grey area indicates the branch of HaH6PELs in which all detected HaH6PEL 
pseudogenes cluster. Bootstrap values are indicated with asterisks. Right: Substrate contacting 
residues as determined for the yeast H6PE YMR099c (Graille et al. 2006) of the HaH6PEL 
proteins. Green indicates these residues are the same as in YMR099c, red indicates the presence 
of a different amino acid. The corresponding amino acid residues in the pseudogene coding 
sequences are also indicated, although they are preceded by a stop codon and are therefore not 
translated into protein. 

Analysis of the A. thaliana H6PEL gene family
Also the genome of the exclusive host of H. arabidopsidis, A. thaliana, encodes several H6PELs. 
Five of these (AtH6PEL1-5) do not encode a predicted targeting sequence, suggesting the 
proteins are localized in the plant cell cytoplasm. Only one of these (AtH6PEL3) has the same 
8 substrate-contacting residues as YMR099c (Fig. 4), while the others have one or two amino 
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Figure 4: Phylogeny of the H6PEL proteins of photosynthetic Stramenopiles and A. thaliana, 
displayed as a maximum likelihood tree. Left: The photosynthetic Stramenopiles have two H6PEL 
orthologs, of which one has a predicted chloroplast transit peptide (grey). AtH6PEL6 (red) is the 
only H6PEL of A. thaliana with a predicted signal peptide. Right: Substrate contacting residues 
as determined for the yeast H6PE YMR099c (Graille et al. 2006) of the AtH6PEL and chloroplast 
H6PEL proteins. Green indicates these residues are the same as in YMR099c, red indicates the 
presence of a different amino acid. Bootstrap values are indicated with asterisks. 
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acid substitutions in these residues. One of the proteins (AtH6PEL7) is predicted to have a 
chloroplast transit peptide, and has indeed been detected in chloroplasts in several proteomic 
studies (Peltier et al. 2006, Rutschow et al. 2008, Zybailov et al. 2008). An ortholog of this 
gene is also found in the photosynthetic Stramenopiles (Fig. 4A) and other photosynthetic 
eukaryotes, suggesting an endosymbiont origin. The proteins in this orthologous group all 
have a chloroplast transit peptide, and their substrate binding pockets differ from the other 
H6PELs. One of the AtH6PELs (AtH6PEL6) has a predicted signal peptide, and the secreted 
protein has been detected in the apoplast in independent proteomic studies (Borderies et al. 
2003, Boudart et al. 2005, Minic et al. 2007). 

Interestingly, in contrast to the other six AtH6PELs, the AtH6PEL6 gene was found  to be 
upregulated by biotic stress, such as during exposure to the fungal elicitor chitosan (Ndimba 
et al. 2003), exposure to ethylene (Paepe et al. 2004), during Pseudomonas syringae infection 
(Sato et al. 2007) and during many other forms of biotic stress (Fig. 5), including infection 
with H. arabidopsidis. The number of biotic stress-related microarray experiments in which 
the AtH6PEL6 gene is upregulated was comparable to that of a number of well studied 
pathogenesis-related genes, e.g. PR-1. These data suggest that AtH6PEL6 has a possible 
function in plant immunity that is beyond primary metabolism.

Figure 5: Number of microarray experiments, related to biotic stress (infection or exposure to 
elicitors), in which pathogenesis-related (PR) genes and AtH6PELs are upregulated (>2-fold 
induction compared to untreated control, according to Genevestigator). The PR genes (gray 
background) show an upregulation in 40-63 experiments. Of the AtH6PELs, only AtH6PEL6 is 
frequently upregulated, but not the other AtH6PELs.

Expression profile of H6PELs during infection
The expression pattern of the HaH6PEL genes during the different infection stages of H. 
arabidopsidis was examined using qPCR (Fig. 6). HaH6PEL1 is expressed relatively uniform 
at a low level during infection. HaH6PEL2, 3, 4, and 6 are upregulated at six hours after 
inoculation, during which appressoria and the first haustoria are formed (Cabral et al. 2012). 
Expression of HaH6PEL4 and HaH6PEL4a is not measured separately as the used primers 
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amplify cDNA of both genes. HaH6PEL5 and 7 are upregulated at a later stage of infection, 
from three days after inoculation when an advanced infection has been established. The 
finding that HaH6PELs are expressed during different stages of infection suggest they have a, 
so far unknown, role in the interaction with the host.

 

Figure 6: Expression of HaH6PEL genes during H. arabidopsidis infection of A. thaliana. 
Transcript levels relative to actin of the different HaH6PEL genes during H. arabidopsidis 
Emoy2 infection of A. thaliana Oy-0 leaves was determined by quantitative PCR. The error bars 
represent the standard deviation of three technical replicates. Similar results were obtained in 
three independent experiments.

Identification of HaH6PELs in the apoplast
To test if we could detect secreted proteins of H. arabidopsidis, e.g. HaH6PELs, we isolated 
intercellular washing fluids (IWFs) from downy mildew-infected A. thaliana leaves. 
Infiltration of leaves with 300 mM mannitol, followed by centrifugation, allows proteins to be 
washed from the apoplastic space of the leaves, thereby extracting mostly secreted proteins of 
host and pathogen, although there is always some leakage from intracellular compartments 
(Boudart et al. 2005, Witzel et al. 2011). IWF was isolated from leaves infected with the 
compatible H. arabidopsidis isolate Cala2 at 3 and 5 days post inoculation and separated 
by SDS-PAGE. Interestingly, tandem mass-spectrometric analysis of samples revealed the 
presence of peptide fragments of three HaH6PELs that matched to HaH6PEL5, 6 and 7 
(indicated in Figure 2). This confirms that H. arabidopsidis expresses and secretes HaH6PEL5, 
6 and 7 during infection.

Overexpression of H6PELs in A. thaliana
To study the function of secreted H6PELs during the infection process, the coding sequences 
of several H. arabidopsidis HaH6PELs, but also the A. thaliana AtH6PEL6 were cloned in a 
T-DNA vector under the control of the 35S promoter and stably transformed into A. thaliana. 
The transformants had no altered developmental phenotypes (data not shown), suggesting 
the HaH6PELs do not negatively affect the growth and development of A. thaliana. Also a 
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T-DNA mutant with an insertion in AtH6PEL6 (SAIL_1276_F07) did not show any visible 
phenotype. If secreted H6PELs have a virulence function, overexpression lines could be more 
susceptible to infection. However, the H6PEL–expressing lines did not show an enhanced 
level of susceptibility to H. arabidopsidis infection, nor did the ath6pel6 mutant show a 
significantly altered level of susceptibility. The Col-0 eds1 mutant (Falk et al. 1999) did show 
significantly higher levels of sporulation, indicating that our experimental setup was able to 
reveal enhanced susceptibility (Fig. 6). Our data suggest that reducing or increasing the levels 
of secreted H6PELs does not affect the level of susceptibility to H. arabidopsidis.

Figure 7: The level of susceptibility of transgenic A. thaliana lines expressing secreted H6PELs to 
H. arabidopsidis. Ten days old plant were infected with a compatible H. arabidopsidis isolate 
and five days after inoculation the number of conidiophores per plant was counted. None of the 
overexpression, nor the ath6pel6 mutant, have an altered level of susceptibility compared to 
the Col-0 parental line. The enhanced susceptible eds1 mutant did show an increased level of 
susceptibility. Standard deviation is based on 20 plants.

Do the H6PELs act as mutarotases?
To test if oomycete and A. thaliana H6PEL proteins have the same activity as the yeast H6PE 
YMR099c, we expressed them in a S. cerevisiae deletion mutant. Two growth conditions were 
selected under which the ymr099c-deficient mutant shows a reduced growth phenotype (Jo 
et al. 2009, Villa-Garcia et al. 2011). One assay is based on an increased demand for inositol 
at 37°C (Villa-Garcia et al. 2011), which S. cerevisiae can take up from its environment, or 
when lacking, can also synthesize itself. Inositol synthesis involves G6P being converted 
into inositol-3-phosphate by inositol-3-phosphate synthase, an enzyme that has a strong 
preference for β-G6P and is even inhibited by α-G6P (Wong & Sherman 1985). At 30°C (no 
inositol, 1 mM choline) there is no visible difference in growth rate between wild type and the 
ymr099c mutant (Fig. 8). However, when grown on the same medium at 37°C, the ymr099c 
mutant grows slower than wild type, and wild type growth can be restored by complementing 
the ymr099c mutant with YMR099c. To test for complementation by H6PELs, all secreted 
HaH6PELs, two H6PELs of P. capsici and two of P. infestans, as well as all AtH6PELs were 
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selected (Table 3). For each H6PEL encoding a predicted signal peptide, a version with 
and without signal peptide was expressed in yeast. Transformants of the ymr099c mutant 
complemented with H6PELs and grown at 30°C grew as fast as the empty vector control, 
suggesting expression of H6PELs does not negatively affect yeast growth. At 37°C, the empty 
vector control grows visibly slower than wild type, and complementation with YMR099c 
restores growth (Fig. 8). Complementation with the P. capsici cytoplasmic H6PEL Pc_506536 
did not restore growth back to wild type level as complementation with YMR099c does (Fig. 
8, bottom row). In fact, none of the tested oomycete and A. thaliana H6PELs was able to 
restore wild type growth (Table 3), as ymr099c transformants expressing H6PELs show the 
same growth phenotype as the ymr099c empty vector control. This suggests the H6PELs do 
not complement the yeast YMR099c.

Figure 8: Yeast ymr099c complementation assay. Three tenfold dilutions of yeast grown at two 
different temperatures. The medium contained no inositol and 1 mM choline. 

A second assay in which the ymr099c mutant showed a reduced growth phenotype is based 
on iron deficiency. On medium containing 100 μM of the iron chelating bathophenanthroline 
bisulfonic acid (BPS) and grown at 30°C, the ymr099c mutant also shows a reduced growth 
rate compared to wild type (Jo et al. 2009), although the exact cause of this is not clear. All 
H6PEL-transformed ymr099c lines were tested under these conditions, but only the YMR099c-
transformed line was able to grow as the wild type control (Table 3). Under two different 
growth conditions none of the selected H6PELs was able to complement the ymr099c mutant 
phenotype, while the H6PE YMR099c was. These data suggests that the selected H6PELs do 
not epimerize G6P.
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Table 3: Complementation of the growth phenotype of the ymr099c mutant transformed with 
different H6PEL genes. Wild type growth level is indicated with “+”, reduced (mutant empty 
vector) growth is indicated with “-“. Three different growth conditions are shown. The first two 
conditions entail a medium lacking inositol while containing 1 mM choline (at 30°C and 37°C). 
The phenotype is only present at 37°C. The third condition entails medium containing 100 μM 
BPS, and a phenotype is already visible at 30°C. Glucose suppresses expression of the added gene, 
and therefore serves as a negative control of the transformed line. * indicates a chloroplast transit 
peptide instead of a signal peptide.
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Ligand binding of H6PELs
An important next step was to directly test the capability of several H6PEL proteins to bind 
G6P. As the YMR099c protein contains a tryptophan in its binding pocket, quenching of 
tryptophan fluorescence was used to determine substrate binding (Graille et al. 2006). Three 
proteins, which all have a tryptophan in their binding pocket, were selected for recombinant 
protein production in human cells: (1) YMR099c as a positive control, (2) HaH6PEL2, as it is 
the highest expressed HaH6PEL with a predicted intact active site pocket, and (3) AtH6PEL6, 

Figure 9: H6PEL ligand binding measurement through quenching of tryptophan fluorescence. A: 
Quenching of YMR099c fluorescence by 10 mM glucose (red) and by 10 mM glucose 6-phosphate 
(G6P) (green). Quenching of (B)YMR099c, (C) HaH6PEL2 and (D) AtH6PEL6 fluorescence by 
various concentrations of G6P.

Chapter 2



43

as it is the only secreted AtH6PEL and also has a predicted intact active site pocket. No 
fluorescence quenching of YMR099c was observed with 1 mM glucose, while 1 mM G6P 
showed a marked reduction of fluorescence (Fig. 9A-B), confirming previously determined 
measurements (Graille et al. 2006) and demonstrating the assay on the recombinant protein 
is performing correctly. Various concentrations of G6P were used, enabling us to determine 
a binding affinity (Kd) for G6P of 0,20 mM. No quenching was observed with HaH6PEL2 
(Fig. 9C), even when raising the G6P concentration to 20 mM. Quenching of fluorescence by 
G6P was observed in AtH6PEL6 (Fig. 9D), with a binding affinity (Kd) of 0,24 mM, which 
is in the same range as the binding affinity determined for YMR099c. Our data suggest that 
the HaH6PEL2 does not bind G6P, whereas the AtH6PEL6 has a high affinity for G6P. The 
question remains why AtH6PEL6 cannot complement the yeast ymr099c mutant.

NMR to study G6P epimerization
The next step was to test the epimerization of G6P, which can be measured by NMR 
spectroscopy using 2D NOESY (Graille et al. 2006). In the absence of epimerase enzyme, G6P 
only gives diagonal signals for its α and β forms, but no detectable α-β cross peak (CP) (Fig. 
10A) indicative of epimerization. If recombinant YMR099c protein is added (25 μM final 
concentration) however, these CPs are clearly visible (Fig. 10B), indicating that G6P is actively 
epimerized. G6P in combination with recombinant HaH6PEL2 (Fig. 10C) or AtH6PEL6 (Fig. 
10D), however, did not show any cross peak, indicating these proteins do not epimerize G6P. 
Even the same AtH6PEL6 protein preparation that bound G6P (Fig. 9) did not show any CPs 
(Fig. 10D). Our NMR data suggest that the two secreted H6PELs, regardless of having all the 
same substrate contacting residues as YMR099c, do not have the same enzymatic function as 
the yeast H6PE.

Figure 10: 2D NOESY-NMR data on G6P. A: G6P in D2O. B: G6P with YMR099c in D2O, 
giving a clear α-β cross peak (CP). C: G6P with HaH6PEL2 in D2O, no cross peak detected. D: 
G6P with AtH6PEL6 in D2O, no cross peak detected.
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Discussion
In this paper, the secreted H6PELs of oomycetes were studied, because they were identified 
as putative effectors or virulence factors in two different bioinformatics studies. It was 
found that cytoplasmic H6PELs are very common in fungi, Stramenopiles, and plants, e.g. 
in A. thaliana. A. thaliana was found to have several cytoplasmic homologs encoded in its 
genome, of which many have substitutions in the binding pocket. These may have evolved 
an alternative function, as has been shown for hexokinase-like proteins in plants, which now 
function as sugar sensors (Karve et al. 2009). In contrast to plants, fungi and Stramenopiles 
were found to generally contain only a single cytoplasmic H6PEL. A single highly conserved 
chloroplast-targeted H6PEL was found in many distantly related photosynthetic eukaryotes, 
suggesting they were originally derived from this organelle, although no ortholog was found 
in cyanobacteria (data not shown). Secreted H6PELs are not commonly found, and were 
only identified in all the studied species of the Peronosporales, and in several members of 
two plant families (Brassicaeae and Asteraceae). The secreted H6PELs in plants (Fig. S1) and 
Peronosporales (Fig. 1) each group together with their own respective cytoplasmic paralogs, 
suggesting secretion of H6PELs has evolved independently at least three times. An ortholog 
of the yeast H6PE YMR099c was found in many (plant-infecting) fungi, but not a single 
one was found to encode an H6PEL with a signal peptide. This could suggest that, although 
plant-infecting oomycetes and fungi have many overlapping strategies to infect plants 
(Latijnhouwer et al. 2003), the fungal lifestyle would not require secreted H6PELs. The other 
way around, the secreted chitin binding protein ECP6, of which an ortholog is found in many 
fungal species, is not present in oomycetes, even through at least 20 infection-related genes 
are thought to be acquired by oomycetes from fungi by horizontal gene transfer (Richards et 
al. 2011). As the Peronosporales lack chitin in their cell wall, they do not need factors hiding 
chitin fragments (de Jonge & Thomma 2009), and expressing ECP6-like proteins would not 
offer any advantage.

Only in the Peronosporales an expansion of secreted H6PELs is observed, with up to seven 
in H. arabidopsidis. The studied genomes of Phytophthora species encode several secreted 
H6PELs with no or a few amino acid substitutions in the substrate-binding pocket compared 
to the yeast YMR099c. Expression of Phytophthora H6PELs has thus far only been confirmed 
for PITG_14720 from P. infestans (Haas et al. 2009) and Pc_119558 from P. capsici (Jupe et 
al. 2013), which both have no substitution in the binding pocket. These H6PELs are closely 
related to each other and to the secreted HaH6PELs (Fig. 1). In H. arabidopsidis, two groups of 
secreted H6PELs can be distinguished: those with the binding pocket completely intact, and 
those with so many substitutions in the binding pocket that these proteins may have adopted 
a completely new function (Misas-Villamil & van der Hoorn 2008). This is supported by the 
fact that genes from this group show signs of accelerated evolution, such as high substitution 
rates and elevated levels of gene duplication and gene loss, suggesting a birth-and-death 
evolution (Neil & Rooney 2005). This suggests these are “dead enzymes” (Leslie 2013), which 
have evolved another function that is under high purifying selection. Examples of this in plant-
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infecting oomycetes are the Glucanase Inhibitor Proteins (GIPs) from the genus Phytophthora 
(Rose et al. 2002, Damasceno et al. 2008). These proteins are homologous to serine proteases, 
yet have lost their catalytic triad. They have evolved a new function in specifically binding 
plant glucanases, thereby inhibiting their enzymatic activity. To test whether HaH6PEL5, 
6, and/or 7 may have evolved a similar protein inhibiting function, a pull-down from the 
A. thaliana IWF could be performed. Possible proteinaceous interactors from the host may 
reveal novel defense related host genes. Unfortunately, expression of the proteins in E. coli did 
not allow the production of sufficient protein to carry out these experiments. 

The secreted HaH6PELs with an unaltered substrate-binding pocket are expressed early 
during infection. Early expression is also observed in the direct HaH6PEL2, 3, and 4 ortholog 
Pc_119558 from P. capsici (Jupe et al. 2013). Enhanced expression of HaH6PEL5 and 7 was 
found during later during later stages of infection, suggesting they may have another role 
than HaH6PEL2, 3 and 4. Although HaH6PEL6 expression was not very high at 3 and 5 dpi 
in H. arabidopsidis isolate Emoy2, peptide fragments of this protein were detected at these 
time points during infection with the isolate Cala2. This suggest that the protein is stable in 
the apoplast, and/or that gene expression levels were sufficiently high to retrieve the protein 
from the apoplast. It is unclear why no peptides corresponding to the HaH6PEL2, 3, and 4 
were detected. Possibly, these proteins are produced early during infection and can no longer 
be washed out of the apoplast at later stages of infection.

In order to elucidate a biochemical function of the oomycete and A. thaliana H6PELs, we 
expressed them in the S. cerevisiae ymr099c mutant, in which the H6PE gene is knocked 
out. Under two different growth conditions we were able to show complementation of the 
mutant with YMR099c, but surprisingly none of the H6PELs from either Peronosporales 
nor A. thaliana were able to complement the mutant phenotype. This suggests that H6PELs 
do not perform the same enzymatic function as YMR099c. Another possibility is that the 
yeast phenotype under these two growth conditions is not caused by lack of H6PE activity 
of YMR099c, but by absence of another activity of the protein. YMR099c was found in vivo 
to form a complex with the mitochondrial nuclease Nuc1 and the tRNA3’ end processing 
endonuclease Trz1, which share no obvious functional relationship (Benschop et al. 2010). 
H6PELs from oomycetes and A. thaliana may not form complexes with homologs of these 
yeast proteins. 

A ligand-binding assay showed that HaH6PEL2, despite having a predicted intact binding 
pocket, did not bind G6P. Intriguingly, like YMR099c, AtH6PEL6 was able to bind G6P, 
suggesting phosphosugars may be present outside of the cytoplasm. This is striking, as both 
hexokinase (HXK), the enzyme producing G6P and three groups of enzymes using G6P as a 
substrate (G6P dehydrogenase (G6PDH), G6P --> gluconolactone 6P, phosphoglucomutase, 
G6P --> G1P and phosphogluco isomerase, G6P --> fructose 6P) are located in the cytoplasm 
and in chloroplasts. The presence/activity of HXK and G6PDH is even used as a marker for 
cytoplasmic contamination when isolating apoplastic fluid of A. thaliana (Cheng et al. 2009). 
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Several sugars and sugar-like compounds have been suggested to be involved in the induction 
of plant defenses (Moghaddam & van den Ende 2012). Rare hexose sugars such as allose, 
psicose and tagatose have been shown to induce defense responses in rice and other plant 
species (Kano et al. 2010, Kano et al. 2011, Toshiaki et al. 2011). In fact, for D-allose it has been 
shown that phosphorylation at carbon 6 (producing allose 6-phosphate, A6P) is required for 
induction of defense responses, suggesting A6P is a trigger of immunity (Fukumoto et al. 2013). 
As plant hexokinases are able to phosphorylate a range of hexose sugars (Cortés et al. 2003), it 
may be possible that not the rare hexoses, but their unmetabolizable 6-phosphorylated forms 
are being recognized as non-self, thereby somehow triggering defense responses. Perhaps 
oomycetes emit or produce small amounts of rare phosphosugars during infection, although 
these do not seem to be part of their cell wall (Mélida et al. 2013). To prevent detection, 
Peronosporales may secrete the H6PELs to bind these phosphosugars, thereby preventing 
activation of defense responses in their host. 

Overexpression of secreted HaH6PELs in A. thaliana did not result in any developmental 
phenotype, which suggests these proteins do not disturb essential processes, and do not trigger 
the A. thaliana immune system. Also, no altered resistance to infection by H. arabidopsidis 
was observed in secreted H6PEL overexpressing lines. As the pathogen already expresses the 
HaH6PELs during infection, the production of even more H6PEL protein may not have an 
additional contribution to the infection process. To unravel the elusive role of these genes 
for species belonging to the Peronosporales, the H6PEL genes need to be knocked-out or 
silenced in these pathogens. Gene silencing methods exist for Phytophthora species, but not 
for obligate biotrophs such as H. arabidopsidis. In addition, the presence of multiple H6PELs 
in each species, and therefore possible redundancy in gene function, makes it very challenging 
to determine the biological role of this elusive group of secreted proteins. 
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Materials & Methods

Collecting aldose 1-epimerase gene sequences:

Several databases (NCBI database (http://blast.ncbi.nlm.nih.gov/), Fungal and Oomycete 
Genomic Resources (http://www.fungidb.org), TAIR (http://www.arabidopsis.org), the Broad 
Institute (http://www.broadinstitute.org/scientific-community/data), Blastocystis Genome 
Browser (http://www.cns.fr/externe/GenomeBrowser/Blastocystis/), and the Ectocarpus 
siliculosus genome database (http://bioinformatics.psb.ugent.be/genomes/view/Ectocarpus-silicosus)) 
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were searched for orthologs, using the S. cerevisiae hexose 6-phosphate epimerase YMR099c 
and galactose mutarotase Gal10P as query. The identified genes can be found in Supplemental 
Table 1.

Phylogenetic analyses:

To infer the phylogenetic relation of the identified aldose 1-epimerase proteins, we first 
identified the aldose 1-epimerase domain using hmmer (gathering cutoff; v3.0) and a local 
Pfam database (v26). Identified domains were extracted and aligned using mafft (LINSi, 
GINSi and EINSi) and muscle. The best scoring alignment (mafft-LINSi) was chosen based on 
the quality indications from normd and mumsa. A phylogenetic tree was constructed using 
phyml (v3.0, WAG model of amino acid substitution, number of substitution rate categories 
4, estimated gamma distribution parameters and estimated proportion of invariable sites) 
and the robustness was assessed with 1.008 bootstrap replicates. The best-fitting amino acid 
substitution model and parameter settings were chosen based on ProtTest.

The phylogenetic relation of the identified HaH6PELs with the HaH6PEL pseudogenes was 
inferred using Mega5. Nucleotide sequences were used for the analysis, and the robustness 
was assessed with 1.000 bootstrap replicates.

Cloning:

Constructs (primers are listed in Table S2) were made by cloning the coding sequence of the 
H6PEL genes (from cDNA from A. thaliana, and from genomic DNA from oomycetes) into 
pENTRY/D-TOPO vector using Gateway® cloning (Invitrogen) and subcloned into pB7WG2 
(Karimi et al. 2002) for transformation of A. thaliana, or pYES-DEST52 (Invitrogen) for 
transformation into yeast. Sequences encoding for the SP (or chloroplast transit peptide) 
were deleted from expression construct using back-to-back PCR according to the Phusion® 
site-directed mutagenesis protocol (Finnzymes). H6PEL overexpressing A. thaliana lines 
were created via floral dipping of Col-0 (Zhang et al. 2006) using Agrobacterium tumefaciens 
(C58C1). Transformants were selected by spraying with 0,1% (v/v) Basta® on seedings.

qPCR:

Gene-specific primers (Table S2) that amplified PCR products between 99 and 101 bp at the 
3’ end of the HaH6PEL transcripts were designed. Measurement of transcribed mRNA levels, 
cycle thresholds were determined in triplicate per transcript in three biological replicas. The 
expression of each gene was determined as fold change relative to the average cycle threshold 
values of the control gene H. arabidopsidis ACTIN. The qPCR parameters were 2 min at 50°C, 
10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C, ending with 15 s at 
95°C, 15 s at 60°C, and 15 s at 95°C. The specificity of the PCR was determined by melting 
curve analysis of the amplified products, using the standard method installed in the system.
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Intercellular washing fluid isolation:

2 ½ week old A. thaliana (Landsberg erecta) plants were infected with H. arabidopsidis (isolate 
Cala2) by spray inoculation (75 spores/μl). Plants were incubated at 90% humidity for 3 dpi or 
at relatively low humidity for 5 dpi. Leaves were then harvested and vacuum infiltrated with 
300 mM mannitol. Infiltrated leaves were washed three times with dH2O and their surface 
dried with paper towels. Intercellular washing fluids were retrieved by centrifugation at 1200 
x g for 20 minutes at 4˚C. IWFs were dialyzed O/N at 4˚C against 5 L dH2O and lyophilized. 
Proteins were resolubilized in dH2O and protein concentration was determined according to 
Bradford.

Protein identification:

Proteins were separated by SDS-PAGE gel electrophoresis, and each lane was cut in 21 bands. 
Each band was in gel digested with trypsin and peptides were extracted. Tryptic peptides 
were analyzed by nanoLC-MS-MS. Spectra were assigned against IPI Arabidopsis database 
v3.14 by the MASCOT® search algorithm (Matrix Science, Boston, MA, USA) and further 
analyzed using X!Tandem which is integrated into the Scaffold software (proteome software, 
Portland, OR, USA). High quality spectra not assigned to A. thaliana proteins were exported. 
Spectra with a Mascot ion score of ≥35 were then assigned against a translated databases of 1) 
H. arabidopsidis isolate Emoy2 genome assembly v3.0, 2) the corresponding predicted gene 
models, and 3) translated EST sequences of H. arabidopsidis isolates Waco9 and Cala2.

Plant & pathogen growth conditions:

A. thaliana was grown on potting soil (Primasta) at 22°C, 75% relative humidity, with 16 hours 
of light. Infection assays with H. arabidopsidis isolate Waco9 were performed by spraying 
plants with spores (50 spores/μL). After inoculation, plants were allowed to air dry for 30 
minutes and subsequently incubated at 100% relative humidity at 16°C with 10 hours of light. 

Yeast assays:

Wildtype and the YMR099c deletion mutant were obtained from Euroscarf (Y16539, his3-
1, leu2, lys2, ura3, MATalpha, YMR099c deletion strain has orf::kanMX4). Strains were 
transformed with Gateway® pYES-DEST52 Vector (Invitrogen), which is uracil selectable 
and galactose-inducible. Wildtype Y16539 and its YMR099c deletion strain were transformed 
(according to Gietz & Woods 2002) with empty pYES-DEST52, and used as positive and 
negative control. Deletion strains were transformed with pYES-DEST52 with YMR099c and 
all the H6PELs. Transformed strains were grown overnight on YNB medium lacking uracil, 
and containing 2% glucose. Cultures were centrifuged, suspended in water to OD600:0,8 and 
dilution series of 1:10 were made. 

Yeast was grown on solid medium containing Yeast Nitrogen Base without amino acids and 
inositol (CYN6201, Formedium), supplemented with histidine, leucine and lysine. For the 
BPS assay, also 2000 μg/L inositol was added. As carbon source, plates contained either 2% 
glucose, or 2% galactose and 1% raffinose.
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Heterologous protein production:

YMR099c, AtH6PEL6, and HaH6PEL2 constructs with signal peptides removed were 
cloned into pUPE vectors (U-Protein Express BV, The Netherlands) carrying an N-terminal 
6-histidine tag. Proteins were recombinantly produced in Human GnTI− HEK293 cells 
that stably expressed Epstein-Barr virus nuclear antigen I. Cells were harvested 6 days after 
transfection. Media containing the secreted proteins were concentrated and diafiltrated using 
a Quickstand Hollow fiber system (GE Healthcare). Recombinant proteins were purified 
using Ni2+-sepharose FF resin (GE Healthcare, USA). After this, the proteins were dissolved 
in 100 mM ammonium bicarbonate, purified using a PD-Miditrap G25 Sephadex column 
(GE) and freeze dried until further use. 

Tryptophan quenching assay:

Excitation was performed at 295 nm and emission scanned from 305 to 400 nm with a Cary 
Eclipse fluorospectrophotometer (Varian). Emission measurements were performed at room 
temperature with 1 μM protein in 20 mM Tris-HCl, pH 7.5. Successive quantities of G6P 
were added to the proteins. Ligand binding affinity was quantified based on the difference of 
tryptophan fluorescence at 350 nm.

NOESY NMR:

NMR samples consisted of 20 mM G6P in 99 % D2O, containing either no epimerase, 25 μM 
YMR099c, 25 μM HaH6PEL2 or 25 μM AtH6PEL6. NMR experiments were recorded at 298K 
on a Bruker 600MHz Avance III spectrometer running under Topspin 2.1. Standard NOESY 
with presaturation to suppress water was recorded, with 1024 by 128 complex points, 16 scans 
per increment and a mixing time of 200 ms. Processing was performed with zero filling, sine-
squared-bell apodization and linear prediction in both dimensions.
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Supplemental files

Figure S1: Phylogenetic distribution of H6PELs of plant species that were found to contain at 
least one H6PEL with an encoded signal peptide.
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Table S1: Aldose 1-epimerase genes used in this study. 
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Table S2: Primers used in this study. 
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Abstract
The genome of the downy mildew pathogen Hyaloperonospora arabidopsidis encodes Necrosis 
and Ethylene-inducing Peptide 1 (Nep1)-Like Proteins (NLPs). Although NLPs are widely 
distributed in eukaryotic and prokaryotic plant pathogens, it was surprising to find these 
proteins in the obligate biotrophic oomycete H. arabidopsidis. Therefore, we analyzed the 
H. arabidopsidis NLP (HaNLP) family and identified 12 HaNLP genes and 15 pseudogenes. 
Most of these 27 genes form an H. arabidopsidis–specific cluster when compared with 
other oomycete NLP genes, suggesting this class of effectors has recently expanded in 
H. arabidopsidis. HaNLP transcripts were mainly detected during early infection stages. 
Agrobacterium tumefaciens–mediated transient expression and infiltration of recombinant 
NLPs into tobacco and Arabidopsis thaliana leaves revealed that all HaNLPs tested are non-
cytotoxic proteins. Even HaNLP3, which is most similar to necrosis-inducing NLPs of other 
oomycetes and which contains all amino acids that are critical for necrosis-inducing activity, 
did not induce necrosis. Chimeras constructed between HaNLP3 and the necrosis-inducing 
PsojNIP protein demonstrated that most of the HaNLP3 protein is functionally equivalent to 
PsojNIP, except for an exposed domain that prevents necrosis induction. The early expression 
and species-specific expansion of the HaNLP genes is suggestive of an alternative function of 
non-cytotoxic NLP proteins during biotrophic infection of plants.
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Introduction
Oomycetes form a unique branch of eukaryotic microorganisms and comprise a number of 
economically important and destructive plant pathogens, including the downy mildews and 
species of the genus Phytophthora. Parasitic lifestyles of these plant pathogens are very diverse, 
ranging from necrotrophic (feeding on killed plant tissue) to obligate biotrophic (requiring 
living host tissue for growth and reproduction) (Agrios 2005). 

The downy mildew H. arabidopsidis is an obligate biotrophic pathogen of the model plant 
Arabidopsis thaliana. After tissue penetration, H. arabidopsidis forms intercellular hyphae, 
from which haustoria (specialized feeding structures) develop in almost every adjacent plant 
cell. Haustoria breach through the plant cell wall but remain separated from the host cytoplasm 
by extrahaustorial membranes, which are extensions of the plant plasma membrane (Koch & 
Slusarenko 1990). The intimate interaction between biotrophs and their hosts is influenced by 
secreted pathogen effector molecules that can be targeted to the plant apoplast or translocated 
into the host cell (Allen et al. 2008, Cabral et al. 2011, Seidl et al. 2011, Sohn et al. 2007). As 
obligate biotrophic pathogens need living host cells for growth and reproduction, effectors act 
by modulating plant processes, e.g., suppressing plant defense, without getting recognized or 
detected by the host’s surveillance mechanisms. Pathogen recognition is often associated with 
host cell death, which is detrimental for completion of the lifecycle of biotrophic pathogens 
(Botella et al. 1998, McDowell et al. 1998, Parker et al. 1997, van der Biezen et al. 2002). 

Recently, analysis of the H. arabidopsidis genome revealed it encodes >800 secreted proteins, 
many of which are proposed to play a role in the infection process (Seidl et al. 2011). An 
important family of secreted proteins in H. arabidopsidis and other oomycetes is composed 
of the Necrosis and Ethylene-inducing Peptide 1 (Nep1)-Like Proteins (NLPs) (Baxter et al. 
2010, Haas et al. 2009, Tyler et al. 2006). NLPs that induce necrosis have been found in many 
plant pathogens (bacteria, fungi, and oomycetes) (Bailey 1995, Fellbrich et al. 2002, Garcia 
et al. 2007, Kanneganti et al. 2006, Mattinen et al. 2004, Motteram et al. 2009, Qutob et al. 
2002, Veit et al. 2001). Comparative genome analysis among the fully sequenced genomes of 
the oomycetes Phytophthora sojae, Phytophthora ramorum, Phytophthora infestans, and H. 
arabidopsidis and the fungi Mycosphaerella graminicola, Magnaporthe grisea, and Fusarium 
graminearum, revealed that the NLP family in oomycetes is more expanded than in fungal 
pathogens (Baxter et al. 2010, Cuomo et al. 2007, Dean et al. 2005, Haas et al. 2009, Motteram 
et al. 2009, Seidl et al. 2011, Tyler et al. 2006). Despite their diverse phylogenetic distribution, 
NLPs share a conserved domain referred to as the NPP1 domain (Fellbrich et al. 2002). A 
hallmark of the NPP1 domain is a conserved heptapeptide motif  “GHRHDWE” in the central 
region of the protein and the presence of either two or four conserved cysteine residues, which 
characterize the domain as type 1 or type 2, respectively (Gijzen & Nürnberger 2006). So far, 
all oomycete NLPs harbor a type 1 domain, while NLPs of bacteria and fungi either have a 
type 1 domain, a type 2 domain, or both. 
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NLPs from different pathogens have been shown to induce tissue necrosis in dicotyledonous 
plants (Bailey 1995, Fellbrich et al. 2002, Garcia et al. 2007, Kanneganti et al. 2006, Mattinen 
et al. 2004, Motteram et al. 2009, Qutob et al. 2002, 2006, Veit et al. 2001). Recently, the 
crystal structure of an NLP of Pythium aphanidermatum (NLPPya) revealed that this protein 
has structural similarities to actinoporins, which are pore-forming toxins from marine 
organisms (Ottmann et al. 2009). NLPs are cytolytic toxins that induce necrosis through a 
permeabilization of the plasma membrane. Although the molecular mechanism by which 
these proteins cause membrane permeabilization and, thus, necrosis has not been elucidated, 
some structural and spatial features of NLP proteins have been identified that are required for 
their cytolytic activity (Fellbrich et al. 2002, Ottmann et al. 2009, Veit et al. 2001). For instance, 
the necrosis-inducing activity of NLPs requires an intact protein (significantly truncated 
versions are inactive) and is dependent on targeting of the protein to the extracellular side 
of the plant plasma membrane (Fellbrich et al. 2002, Qutob et al. 2006). Furthermore, the 
necrosis-inducing activity of NLPs requires the correct formation of a putative binding pocket 
and coordinative binding of a Ca2+ ion (Ottmann et al. 2009). A positive role of NLP proteins 
in phytopathogenicity has been shown for necrotrophic fungal and bacterial pathogens 
(Amsellem et al. 2002, Mattinen et al. 2004, Ottmann et al. 2009). For the hemibiotrophic 
pathogens P. sojae and P. infestans, expression of the necrosis- inducing proteins PsojNIP and 
PiNPP1 was detected at the infection stages coinciding with the transition from biotrophy to 
necrotrophy (Kanneganti et al. 2006, Qutob et al. 2002). It was proposed that the expression 
of these proteins might facilitate the colonization of host tissues during the necrotrophic phase.

Recently, mining the genome of H. arabidopsidis identified ten genes belonging to the NLP 
family (Baxter et al. 2010). Here, we describe the entire HaNLP gene family, including 
duplicated gene copies and a large number of pseudogenes. Most HaNLP genes showed 
induced expression at early stages of infection. Strikingly, none of the HaNLP proteins was 
able to induce necrosis when tested on tobacco or A. thaliana. Domain swap experiments 
between the non-cytotoxic HaNLP3 and the necrosis-inducing protein PsojNIP allowed 
the fine mapping of a surface-exposed region, the replacement of which resulted in gain of 
cytotoxicity of HaNLP3. Our data suggest that the HaNLP family have evolved to become 
non-cytotoxic but, at the same time, have preserved most NLP structural features for their 
as-yet-unknown biological function during biotrophy.

Results

The HaNLP gene family
The H. arabidopsidis genome sequence was mined for NLP sequences. We identified 14 
full-length genes, of which ten genes had been previously described (Baxter et al. 2010). 
The additional four HaNLP sequences are highly homologous to HaNLP4 (for HaNLP4.2 
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and HaNLP4.3), HaNLP6 (for HaNLP6.2), and HaNLP8 (for HaNLP8.2), suggesting these 
genes are present in the genome in more than one copy. Furthermore, 15 NLP pseudogenes 
were identified either containing premature stop codons and frame shifts or with only a 
partial coding sequence (Supplementary Table S1). The positions of the HaNLP genes and 
pseudogenes within the genomic contigs are shown in Supplementary Figure S1. Quantitative 
polymerase chain reaction (qPCR) was used to verify the HaNLP copy number on genomic 
DNA of the sequenced isolate Emoy2, and we confirmed that all but two HaNLPs were 
found to be single-copy genes. We observed that both HaNLP6 and HaNLP8 were present 

Figure 1: Phylogenetic relationship of the H. arabidopsidis Necrosis and Ethylene-inducing 
Peptide 1 (Nep1)-Like Protein genes (HaNLPs) and pseudogenes (visible in the dark gray 
background) with NLPs of P. infestans and NLPs of other oomycetes that are known to induce 
necrosis (visible in the lighter gray background). DNA sequences were aligned using ClustalW2, 
and a phylogenetic tree was constructed using the maximum likelihood method of RAxML with 
1.000 bootstraps.
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in two copies in the genome, confirming the genome assembly (Supplementary Fig. S2). In 
contrast, only a single HaNLP4 was detected in Emoy2 genomic DNA, instead of the three 
copies found in the assembled sequence. Detailed analysis of the three HaNLP4 genomic 
regions showed that these were highly identical over a length >10 kb and are possibly the 
result of misassembly of sequence reads. We conclude that the H. arabidopsidis Nep1-Like 
gene family is more expanded than previously described, comprising 12 HaNLP genes and 
15 pseudogenes.

To analyze the phylogenetic relationship between the 27 HaNLP sequences identified and 
other oomycete NLPs, we used NLP gene models from P. infestans as well as sequences of 
other NLPs that have previously been shown to induce necrosis (Bailey et al. 1997, Fellbrich 
et al. 2002, Kanneganti et al. 2006, Qutob et al. 2002, Veit et al. 2001). As shown in Figure 1, 
all HaNLP sequences (including all pseudogenes) except for HaNLP3 and HaNLP5 cluster 
together, forming a species-specific clade in the tree. Expanding the phylogenetic tree with 
NLP genes of P. sojae and P. ramorum did not change the grouping of the HaNLP family. 
For reasons of clarity, only the P. infestans genes were included in the tree (Fig. 1). Some of 
the HaNLP-specific branches contain only pseudogenes (e.g., HaNLP-Pseudo3 and HaNLP-
Pseudo10, HaNLP-Pseudo2, HaNLP-Pseudo4, HaNLP-Pseudo5, and HaNLP-Pseudo7), while 
others contain genes and pseudogenes (e.g., branches HaNLP8-HaNLP9 and HaNLP1-
HaNLP7). Interestingly, the branch containing HaNLP2, HaNLP4, and HaNLP6, has only 
one pseudogene (HaNLP-Pseudo9), which is highly identical to HaNLP4, suggesting that 
NLP gene duplications have recently occurred in H. arabidopsidis. Taken together, this large 
species-specific expansion of HaNLP genes suggests that this gene family is the result of recent 
evolution in H. arabidopsidis.

It is worth noting that HaNLP3 and HaNLP5 cluster together with NLPs from members of 
genus Phytophthora, suggesting they represent more ancient genes. Of all HaNLPs, HaNLP3 
is phylogenetically most closely related to NLP proteins with demonstrated necrosis-inducing 
activity (Fig. 1) (Baxter et al. 2010). This is also reflected at the protein level with HaNLP3 
showing the highest level of protein similarity to PsojNIP.

Features of the H. arabidopsidis Nep1-Like Proteins
The predicted HaNLP protein sequences range in size from 173 to 419 amino acids. For all 
HaNLP proteins, strong putative N-terminal signal peptides (SP) were predicted except for 
HaNLP3, which had a weaker SignalP score (Fig. 2). The characteristic heptapeptide motif 
“GHRHDWE” is degenerated in most HaNLP proteins. However, it is fully conserved in 
HaNLP3 and HaNLP4. The 12 HaNLPs have two conserved cysteine residues (Supplementary 
Fig. S3), which classify the NPP1 domain of these proteins as type 1, like all other oomycete 
NLP proteins so-far described (Gijzen & Nürnberger 2006).
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Comparison of the primary protein structure of HaNLP proteins with PsojNIP revealed the 
presence of additional domains at the N- or C-termini of the predicted HaNLPs (Fig. 2). 
In HaNLP3, there is an additional 23–amino acid domain rich in glutamine residues (26% 
Q, named Q-rich domain) between the SP and the NPP1 domain, which has also been 
observed in other oomycete NLP proteins (Gijzen & Nürnberger 2006). At the N-terminus 
of HaNLP9 there is a 69–amino acid domain between the SP and the NPP1 domain rich in 
proline, serine, and threonine (together 43% of the domain composition), which was also 
identified in other oomycete NLPs (Gijzen & Nürnberger 2006). In the additional domain of 
HaNLP9, NetOGlyc 3.1 (Julenius et al. 2005) predicted 11 potential sites for O-glycosylation 
(Supplementary Fig. S4), a feature not observed in any other HaNLPs. O-glycosylation 
sites have been described for H. arabidopsidis and Phytophthora elicitins, another class of 
pathogen-secreted proteins (Cabral et al. 2011, Jiang et al. 2006). The N-terminal domains of 
HaNLP8 and HaNLP10 (26 and 36 amino acids, respectively) do not share any similarity to 
known domains. The additional C-terminal domain of HaNLP2 and HaNLP6 both contain 
repetitive sequences. In HaNLP2, the repeats are composed mainly of Ser-Val-Glu-Asp (6x), 
while the degenerate repetitive domain in HaNLP6 has a biased amino-acid composition, 
being rich in glutamic acid (28%), serine (21%), and glutamine (17%). Both the HaNLP2 and 
the HaNLP6 C-terminal part are not similar to known domains. HaNLP7 is the smallest of 
the HaNLP proteins (173 amino acids), as it lacks most of the C-terminal domain. However, 
the main NLP features are present in this protein, including the two cysteine residues and a 
degenerated heptapeptide motif.

Figure 2: Features of the 12 H. arabidopsidis Necrosis and Ethylene-inducing Peptide 1 (Nep1)-
Like Proteins (HaNLPs), including the number of amino acids in the full-length protein, SignalP 
hidden Markov model score, and heptapeptide motif. Due to the high similarity of the HaNLP6 
and HaNLP8 copies these are represented as single proteins. In the schematic representation 
of the primary protein structures, several characteristics are represented, such as the predicted 
signal peptide (SP), the two conserved cysteine residues (C), the heptapeptide motif, and the 
presence of additional domains that are not part of the NPP1 domain.
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The seven amino-acid residues that are known to be essential for necrosis-inducing activity 
of NLP proteins are conserved in HaNLP2, HaNLP3, HaNLP4, and HaNLP6. Five of these 
are involved in cation binding and stabilization, corresponding to amino-acid residues 
K112, D113, H121, D124, and E126 in PsojNIP, three of which (capitals) are present in the 
gHrhDwE heptapeptide motif (Ottmann et al. 2009). The other two amino acids important 
for cytolytic activity correspond to the two cysteine residues that are conserved in all 12 
HaNLPs (Fellbrich et al. 2002).

HaNLP expression peaks early during infection
The expression of the HaNLP genes was monitored to determine at which infection stage 
they are activated. For this, H. arabidopsidis isolate Emoy2 was inoculated on the highly 
susceptible A. thaliana line Ws eds1-1, and leaves were sampled at different time points after 
inoculation (Fig. 3A). At 6 h post inoculation (hpi), conidiospores germinated and appressoria 
were formed. Six hours later (12 hpi), penetration hyphae crossed the epidermal layer and 
haustoria developed. At 1 day post inoculation (dpi), the pathogen formed intercellular 
hyphae and haustoria, and at 2 dpi, H. arabidopsidis colonization of the leaf tissue continued. 
Abundant intercellular hyphae forming haustoria in neighboring plant cells continued to 
develop and formed a dense hyphal network at 3 dpi. During the first three days of infection, 
no conidiospores were formed, confining the analysis to cellular structures of the pathogen 
that are intimately engaged in the interaction with host cells. 

qPCR analysis of HaNLP mRNA levels in the above described infected plant material revealed 
high transcript levels for most HaNLP genes during the early stages of infection (up to 1 dpi), 
whereas expression of HaNLP5, HaNLP7, and HaNLP10 was low or undetectable. Strikingly, 
for all HaNLP genes with detectable expression, relatively high activation was detected at 6 
hpi when appressoria were formed (Fig. 3). Four genes (HaNLP1, HaNLP3, HaNLP4, and 
HaNLP8) were already expressed in conidiospores before the interaction with the plant host. 
Based on their temporal expression during infection, the HaNLP genes can be divided into 
two groups. The first group, comprising HaNLP2, HaNLP4 and HaNLP9, was expressed 
during the entire infection process while, for the second group (HaNLP1, HaNLP3, HaNLP6, 
and HaNLP8), expression was strongest at the early stages of infection (up to 12 hpi).
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Figure 3: Expression of H. arabidopsidis Necrosis and Ethylene-inducing Peptide 1 (Nep1)-
Like Protein genes (HaNLP) during H. arabidopsidis infection of A. thaliana plants. A: Trypan 
blue stainings of Arabidopsis Ws eds1-1 leaves infected with H. arabidopsidis isolate Emoy2 at 
different time points. At 0 h, just after spraying spores on the plants, nonadhering pathogen was 
washed away during the staining procedure. Scale bars are 10 μm (6 and 12 h postinoculation 
(hpi) and 1 day postinoculation (dpi)) and 50 μm (2 and 3 dpi). B: Relative transcript level of 
the different HaNLP genes during H. arabidopsidis Emoy2 infection of Ws eds1-1 Arabidopsis 
leaves determined by quantitative-polymerase chain reaction. The expression of the HaNLP 
genes is represented as fold change relative to the expression of H. arabidopsidis ACTIN. Primers 
used were specific for each gene, except for HaNLP4, HaNLP6, and HaNLP8, which have highly 
identical variants. The error bars represent the standard deviation of three technical replicates. 
Similar results were obtained in three independent experiments.

HaNLPs are not phytotoxic
The fact that H. arabidopsidis is an obligate biotroph requiring living host cells raises the 
question if any of the HaNLPs is cytotoxic. To test proteins for necrosis-inducing activity, 
we transiently expressed the ten different HaNLP coding sequences under control of the 35S 
promoter in Nicotiana tabacum using A. tumefaciens–mediated transient expression, a system 
that has been previously validated to determine necrosis-inducing activity of NLP proteins 
(Schouten et al. 2008). Transient expression of the different HaNLP genes did not result in 
any necrotic response (Fig. 4B), with no visible symptoms up to 12 dpi. PsojNIP was used as 
positive control, and it induced visible necrosis of inoculated sites already at 2 dpi.
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Figure 4: H. arabidopsidis Necrosis and Ethylene-inducing Peptide 1 (Nep1)-Like Proteins 
(HaNLPs) lack necrosis-inducing activity. A: Alignment of PsojNIP and HaNLP3, indicating 
amino acids previously identified that are important for necrotic activity (indicated in 
red). Predicted signal peptides, the heptapeptide motif, and Q-rich region are depicted. 
B: Agrobacterium-mediated transient expression of HaNLPs in tobacco leaves (5 days 
postinoculation (dpi)). No necrotic lesions were induced by expression of HaNLPs up to 12 dpi. 
The HaNLPs are numbered 1 to 10. PsojNIP was used as positive control and YFP as a negative 
control. C: Leaves from A. thaliana or D: tobacco were infiltrated with 2 μM Phytophthora 
parasitica NLP as positive control and HaNLP1, HaNLP2, HaNLP3, and a HaNLP3 variant 
without the Q-rich region (HaNLP3-Q). E: Membrane permeabilization assay. PpNLP was used 
as positive control and induced release of calcein from plasma membrane vesicles obtained from 
A. thaliana. Treatment with purified HaNLP1, HaNLP2, HaNLP3, and a HaNLP3 variant 
without the Q-rich region HaNLP3-Q were not able to induce calcein release. One representative 
experiment of three yielding similar results is shown.
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To verify the reproducibility of this result, we analyzed the effect of HaNLP3, the most 
likely HaNLP that could have necrosis-inducing activity (discussed above; Fig. 4A), in 
complementary experiments. Purified HaNLP3 (Supplementary Fig. S5) and, as a positive 
control, a cytolytic NLP of P. parasitica PpNLP (previously named NPP1) (Fellbrich et al. 
2002) were infiltrated into leaves of A. thaliana Col-0 (Fig. 4C) and N. tabacum (Fig. 4D). 
While the positive control PpNLP (2 μM) induced necrosis within 12 h following infiltration, 
HaNLP3 failed to induce necrotic symptoms under the same experimental conditions within 
48 h following infiltration. HaNLP1 (2 μM) and HaNLP2 (2 μM) were also included in these 
experiments and did not show necrosis-inducing activity. Increasing the concentration of the 
HaNLP proteins up to 20 μM also did not lead to an induction of necrosis (data not shown).

We tested whether HaNLP3 was able to disrupt plasma membranes, a feature observed for 
cytolytic NLP proteins (Ottmann et al. 2009). Plasma membrane vesicles obtained from A. 
thaliana leaves were loaded with a fluorescent dye (calcein), and membrane damage triggered 
by NLPs was measured as dye release (Fig. 4E). HaNLP1, HaNLP2, and HaNLP3 (20 nM) 
were not able to permeabilize membranes, nor were higher concentrations up to 200 nM. This 
is in contrast to the necrosis-inducing PpNLP that disintegrated vesicles at 20 nM within 5 
min of protein application.

Structure-function analysis of HaNLP3
Compared with the PsojNIP protein, the HaNLP3 protein differs at two important points: 
(1) the N-terminus that has a weak SP prediction score and, directly connected to that, (2) an 
additional Q-rich region N-terminal of the NPP1-domain (Fig. 1 and 4A). To verify if these 
two features of the HaNLP3 protein could be related to the lack of the necrosis-inducing 
activity, chimeras were created between the HaNLP3 and PsojNIP proteins (Fig. 5A).

We compared the timing and appearance of necrosis in N. tabacum leaves infiltrated with 
A. tumefaciens expressing the different constructs (Fig. 5B and C). All chimeras produced 
stable protein products in planta (Supplementary Fig. S6). The necrosis-inducing activity of 
PsojNIP was reduced when the predicted SP was exchanged with that of HaNLP3 (fusion 1), 
which is in agreement with the lower SP score of HaNLP3. Nevertheless, the fact that fusion 
1 still induces necrosis indicates that the HaNLP3 SP can secrete the mature PsojNIP protein 
from plant cells. Also the addition of the Q-rich region to PsojNIP (fusion 2) resulted in a 
reduction in necrosis-inducing activity. Fusion 3, which contains both the SP and Q-rich 
region of HaNLP3 fused to PsojNIP, was no longer able to induce necrosis, possibly as a result 
of additive negative effects on PsojNIP cytolytic activity. To test whether the weak SP and the 
inhibitory Q-rich region of HaNLP3 are the cause of its lack of necrosis-inducing activity, 
the mature HaNLP3 protein was fused to the strong PsojNIP SP, either with or without the 
Q-rich region (fusions 4 and 5, respectively). Both fusion proteins failed to induce necrosis, 
indicating that features of the HaNLP3 NPP1-domain are responsible for the lack of necrosis-
inducing activity.

The NLPs of Hyaloperonospora arabidopsidis



70

Figure 5: The signal peptide (SP) and Q-rich region are not responsible for the lack of necrosis-
inducing activity of HaNLP3. A: Schematic representation of chimeras (fusions 1 to 5) made 
between HaNLP3 and PsojNIP. B: Agrobacterium-mediated transient expression of fusion 
constructs on tobacco leaves. Photos were taken at 5 days post inoculation (dpi). C: Frequencies 
of inoculated sites showing necrosis observed in tobacco leaves from 2 to 5 dpi. Frequencies were 
calculated as percentages of necrotic sites of the total number of inoculations per tested construct. 
The data originated from three independent experiments with a total of 45 sites inoculated per 
construct.

We confirmed this observation in a complementary assay in which purified recombinant 
HaNLP3 protein without the Q-rich region was directly infiltrated into tobacco and A. thaliana 
leaves. The recombinant HaNLP3 proteins failed to cause leaf necrosis (at concentrations up 
to 20 μM) (Fig. 4C and D), whereas the positive control PpNLP induced strong necrosis at a 
concentration of 2 μM. A second measure of NLP activity is the increase in permeability of 
plant membranes, as determined by the release of fluorescent calcein from preloaded vesicles 
made from Arabidopsis membranes. Recombinant HaNLP3 without the Q-rich region did 
not result in release of the fluorochrome, whereas adding PpNLP protein resulted in a steady 
release of calcein from the membrane vesicles (Fig. 4E). Taken together, these findings show 
that mature HaNLP3 with or without the Q-rich region does not induce necrosis.

Gain of toxicity by exchange of an exposed domain in HaNLP3
In an attempt to identify domains in the HaNLP3 protein that prevent it from inducing 
necrosis, chimeras were made by exchanging sequences between PsojNIP and fusion 5 that 
contains the SP of PsojNIP fused to the HaNLP3 NPP1-domain without the Q-rich region 
(Fig. 6A). All chimeras produced stable protein products in planta. As shown in Figure 6, 
chimeras created by swapping either the N-terminal or the C-terminal domain (fusions 6 
and 7) revealed gain of necrosis activity solely by the construct containing the N-terminus of 
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PsojNIP fused to 160 amino acids of the C-terminus of HaNLP3 (fusion 7) (Fig. 6B and 
C), indicating that the N terminal domain of HaNLP3 prevents the induction of necrosis. 
Importantly, fusion 7 also shows that the large C-terminal region of 160 amino acids of 
HaNLP3, including the domain surrounding the heptapeptide motif, is functionally equivalent 
to that of PsojNIP. To narrow down the differential effect in the N-terminal region of HaNLP3, 
the PsojNIP region in fusion 7 was further split into two parts at the first conserved cysteine 
residue (fusions 8 and 9). However, neither fusion 8 nor fusion 9 were able to induce necrosis, 
suggesting that the two N-terminal regions of PsojNIP are both required for its cytotoxic 
activity.

When comparing the amino acid sequence of the N-terminal region, up to the first conserved 
cysteine residue of HaNLP3, and several NLPs that induce necrosis (region divided in boxes 
in Figure 7A), two conserved regions (Fig. 7A, a and c) can be distinguished. The sequences 
between these regions (Fig. 7Ab) is highly diversified in all necrosis-inducing NLPs and, 
therefore, not likely to be an important structural region. Indeed, we observed that fusion 
10, which has the HaNLP3 sequence for this diversified region B (Fig. 7A) shows comparable 
necrosis-inducing activity to fusion 7, which has the sequence of PsojNIP for this region.

The NLPs of Hyaloperonospora arabidopsidis

Figure 6: Swapping of two regions in HaNLP3 restored necrosis-inducing activity. A: Schematic 
representation of chimeras made between HaNLP3 and PsojNIP. B: Agrobacterium-mediated 
transient expression of fusion constructs on tobacco leaves. Photos were taken at 5 days 
postinoculation (dpi). C: Frequencies of inoculated sites showing necrosis observed in tobacco 
leaves from 2 to 6 dpi. Frequencies were calculated as percentages of necrotic sites of the total 
number of inoculations per tested construct. Three independent experiments were performed 
with a total of 45 sites inoculated per construct.
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Figure 7: Exposed domain is important for necrosis activity. A: Alignment of N-terminal 
domain of HaNLP3 with other necrosis and ethylene-inducing peptide 1 (Nep1)-Like Proteins 
(NLPs) (PsojNIP: AF320326 (Qutob et al. 2002); PiNPP1.1: AY961417 (Kanneganti et al. 
2006); NLPPya: AF179598 (Veit et al. 2001); NEP1: AAC97382 (Bailey 1995); NPP1: AF352031 
(Fellbrich et al. 2002); VdNEP: AY524789 (Wang et al. 2004); BeNEP1: DQ211827 (Staats et 
al. 2007); BeNEP2: DQ211828 (Staats et al. 2007); BcNEP1: DQ211824 (Schouten et al. 2008); 
BcNEP2: DC211825 (Schouten et al. 2008); MgNLP: EGP82712 (Motteram et al. 2009)). The 
region upstream of the first cysteine residue (indicated by the arrow) is divided in three parts 
(A, B, and C) based on conservation of amino acids. Region B is highly variable among the 
analyzed proteins while regions A and C are more conserved. B: 3D structure of the NLP from 
P. aphanidermatum, indicating the position of regions A (red), B (green), and C (cyan), the two 
conserved cysteines and the region between the conserved cysteines (yellow).

To define whether region a or region C (Fig. 7A) might be preventing the induction of necrosis, 
we initially analyzed the position of the corresponding regions in the resolved 3D structure of 
NLPPya of P. aphanidermatum (Ottmann et al. 2009). In the protein structure (Fig. 7B), region 
a is located very closely to the region between the two conserved cysteine residues, a domain 
that we also found to be important for necrosis-inducing activity (fusion 8). Comparison of 
the sequence of region a between HaNLP3 and several necrosis-inducing proteins (Fig. 7A) 
revealed four amino acid residues before the conserved H and D amino acids that are very 
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different between HaNLP3 (TTTG, mostly hydrophilic) and the necrosis-inducing proteins 
(containing hydrophobic amino acids). We engineered fusion 9 by replacing the four amino 
acids TTTG of HaNLP3 with those of PsojNIP (SVIN), resulting in fusion 11. Strikingly, 
fusion 11 was able to induce necrosis to similar levels as observed for fusion 7. We conclude 
that a region of HaNLP3, corresponding to a large exposed region in NLPPya but consisting of 
two separate stretches in the primary amino acid sequence of HaNLP3, prevents the protein 
from inducing necrosis.

Discussion
In this paper, we describe the characterization of Nep1-Like Proteins of the obligate 
biotrophic pathogen H. arabidopsidis. We observed that, besides the 10 genes reported in the 
H. arabidopsidis genome (Baxter et al. 2010), several additional pseudogenes and fragmented 
sequences are present in the H. arabidopsidis genome. We also identified additional copies of 
HaNLP6 and HaNLP8, based on blast searches. These extra copies were confirmed by qPCR 
analysis on genomic DNA of H. arabidopsidis Emoy2. Considering these new findings, the 
HaNLP family comprises a total of 12 genes and 15 pseudogenes in isolate Emoy2 and is more 
expanded in H. arabidopsidis than initially described.

HaNLP genes encode predicted secreted proteins that are likely targeted to the host apoplast 
during the infection process. Interestingly, although the SP score of HaNLP3 is low, a clear 
SP cleavage site was predicted. It is possible that the algorithms used for prediction of SP 
sequences are not accurate for oomycete sequences. We showed the functionality of the 
HaNLP3 SP in plants by fusing this sequence to the mature PsojNIP protein. This chimera was 
able to induce necrosis, a plant response that can only be observed if PsojNIP is localized in 
the host apoplast (Qutob et al. 2002). However, a decrease in the number of necrotic sites and 
longer incubation period was observed, indicating that although the SP of HaNLP3 works as a 
secretion signal, it is not as efficient as the native SP of PsojNIP when secreted by tobacco cells. 
None of the HaNLPs were detected by proteomics to be present in apoplastic fluid isolated 
from H. arabidopsidis–infected A. thaliana leaves, whereas other secreted pathogen proteins 
were identified (N. Boot & G. van den Ackerveken, unpublished data). The expression of 
HaNLP genes early during the infection process could explain a low protein abundance at 
later stages of infection (around 5 dpi) when apoplastic fluid was isolated. Alternatively, the 
HaNLP proteins could have membrane-binding activity that would prevent them from being 
washed from the leaves during apoplastic fluid isolation.

According to our results, the expression of the HaNLP genes during infection is generally 
higher at early infection stages and is concomitant with appressorium formation (6 hpi). It 
is tempting to speculate that the non-toxic HaNLP proteins may function in attachment or 
primary contact between pathogen and host. However, some HaNLP genes are expressed 
during the entire infection process, while others are expressed mainly at the initial infection 
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stages. Besides, some of these genes are already expressed in conidiospores, prior to the 
initiation of infection. In hemibiotrophic organisms, such as the oomycete P. sojae, cytotoxic 
NLP expression is associated with the appearance of disease symptoms on infected plants as 
the pathogen transitions from a biotrophic to a necrotrophic phase at later stages of infection 
(Qutob et al. 2002). In the case of P. infestans, the toxic NPP1.1 is expressed at late stages 
of colonization of tomato, similar to the above-described NLP of P. sojae (Kanneganti et 
al. 2006). Interestingly, like the HaNLP family, the non-cytolytic PiNPP1.3 is constitutively 
expressed during the biotrophic phase. Taken together, these results suggest that, regarding 
the function, it is likely that at least two different classes of NLP can be identified: (1) toxic 
NLPs that act during the transition from biotrophy to necrotrophy and (2) non-toxic NLPs 
that might have a role in the establishment of biotrophic interactions.

The NPP1 domain of the HaNLP proteins contains two conserved cysteine residues and 
therefore resembles other oomycete NLPs (Gijzen & Nürnberger 2006). Besides the cysteine 
residues, a characteristic feature of the NPP1 domain is a central region with a conserved 
heptapeptide motif “GHRHDWE.” This sequence is not conserved in the HaNLP proteins, 
except for HaNLP3 and HaNLP4. Sequence alignments, including the HaNLP proteins and 
PsojNIP, revealed the presence of additional N- or C-terminal domains in some HaNLP 
predicted protein sequences. HaNLP3 has an extra hydrophilic domain rich in glutamine 
residues inserted between the SP cleavage site and the NPP1 domain. A chimera generated by 
adding the Q-rich region to the N-terminus of PsojNIP was still able to induce necrosis (Fig. 
5). Our results suggest that oomycete proteins having an additional N-terminal hydrophilic 
domain are still potential necrosis-inducing proteins.

Also at the N-terminus, a potential O-glycosylated domain was found only in HaNLP9. 
O-glycosylation has been predicted for other secreted oomycete effectors (Jiang et al. 2006, 
Cabral et al. 2011) and were also found in two PiNLPs (PITG_22668 and PITG_08522), 
which are most similar to HaNLPs (Fig. 1).

Phylogenetic comparison with other oomycete NLP sequences (Fig. 1) revealed that the 
HaNLP family forms a large cluster unrelated to other oomycete NLPs. The evolutionary 
expansion of a HaNLP-specific group suggests that these genes are likely to be important 
for the biology of this highly specialized pathogen, perhaps pointing to a special role for 
these proteins in this species. Although the presence of a specific HaNLP cluster has been 
previously described (Baxter et al. 2010), here, we showed that addition of several other 
HaNLP sequences, including pseudogenes, partial sequences, and additional copies, revealed 
a further expansion of the H. arabidopsidis–specific cluster, indicating that recent duplications 
are responsible for the increase in the number of HaNLP sequences. HaNLP3 and HaNLP5 
group together with other oomycete sequences, suggesting that these two genes were present 
in a common oomycete ancestor and could have a different function in comparison with other 
HaNLP genes. Notably, HaNLP3 was found in a clade containing several necrosis-inducing 
proteins of different oomycete pathogens, and therefore, this protein is the most likely HaNLP 
gene that could have retained necrosis-inducing activity (Fig. 1) (Baxter et al. 2010).
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Domain swaps between HaNLP3 and PsojNIP uncovered regions within NLP proteins that 
were, thus far, unknown to be important for necrotic activity. Previous studies identified 
several amino acids important for necrosis induction (Fellbrich et al. 2002, Ottmann et al. 
2009). As all these residues are conserved in HaNLP3, another region is impairing its ability 
to induce necrosis. Indeed, HaNLP3 with the N-terminus of PsojNIP exhibits gain of cytolytic 
activity (Fig. 6, fusion 7). Fine mapping of the N-terminal region revealed that two domains 
are important for gain of necrosis activity of HaNLP3. Based on sequence comparison of toxic 
NLPs and the previously published 3D structure of the NLP of P. aphanidermatum (Ottmann 
et al. 2009), we were able to identify two regions on an exposed domain of HaNLP3 that, when 
swapped by PsojNIP sequences, resulted in gain of NLP toxicity.

Although previous reports have described organisms containing only necrosis-inducing NLPs 
(e.g., Botrytis cinerea (Schouten et al. 2008), Pectobacterium carotovorum subsp. carotovorum 
(Mattinen et al. 2004), M. graminicola (Motteram et al. 2009)) and organisms containing 
both necrosis-inducing and non–necrosis-inducing NLPs (e.g., P. infestans (Kanneganti et al. 
2006)), H. arabidopsidis is the first organism for which all present NLP are non-cytotoxic. This 
is not surprising, since H. arabidopsidis is an obligate biotrophic pathogen that needs living 
host cells for completion of its life cycle. The identification of the recently expanded family 
of non-toxic NLPs in H. arabidopsidis, together with the finding that HaNLP3 has adapted 
to become non-cytotoxic but at the same time has preserved most NLP structural features, 
suggests that the HaNLPs have evolved to function during biotrophic infection of plants.
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Materials & Methods

Plant & pathogen growth conditions, infection, and staining:

H. arabidopsidis isolate Emoy2 was propagated on Oy-0 plants at a 7-day interval. A. thaliana 
mutant Ws eds1-1, used in pathogen-challenge experiments, was grown at 22°C with 10 h of 
light and a relative humidity of 75%. Infections were performed by spraying H. arabidopsidis 
spore suspension (5 × 104 spores per milliliter) on 14-day-old Ws eds1-1 seedlings to the 
point of imminent run-off. Plants were subsequently covered with a transparent sealed lid 
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and were incubated at 16°C with 10 h of light. Samples were collected at 0, 6, 12, 24, 48, 
and 72 hpi. Infections were visualized by trypan blue staining as previously described (Van 
Damme et al. 2005), and images were made by differential interference contrast microscopy. 
Three independent time course experiments were performed. Nicotiana tabacum seeds were 
germinated in 30- ml pots and plants were grown for 1 week at 22°C with 10 h of light and 
70% relative humidity. The plants were then transplanted to 200-ml pots and were kept at 
enough distance from each other to avoid damage to the leaves.

NLP identification & bioinformatic analysis:

Blast queries (TblastN and blastN) (Altschul et al. 1990) using the ten HaNLP sequences 
published previously (Baxter et al. 2010) and PsojNIP (AF320326) (Qutob et al. 2002) were 
performed against the H. arabidopsidis genome assembly (V8.3 at Virginia Bioinformatics 
Institute) and trace files at the National Center for Biotechnology Information to identify 
pseudogenes and copy number variants and to map the genes within the contigs. For the 
identification of pseudogenes, blast hits were manually inspected. SP predictions were 
performed by SignalP V3.0 (Bendtsen et al. 2004). To collect NLP sequences of P. infestans all 
gene models from the Broad Institute were used in TBlastN and BlastN searches, using PsojNIP 
as a query. Of the identified PiNLP sequences, only those encoding full-length proteins were 
maintained. The obtained NLP sequences were aligned using ClustalW2 (Larkin et al. 2007) 
and the phylogenetic tree was constructed using RAxML and iTOL.

HaNLP cloning & constructionof recombinant Agrobacterium tumefaciens:

The HaNLP genes were PCR-amplified from Emoy2 genomic DNA and from cDNA obtained 
from Emoy2-infected A. thaliana leaves to verify the presence of introns and gene expression. 
Since no introns were observed, Emoy2 genomic DNA was used to amplify the HaNLP genes, 
using the primers listed in Supplementary Table S2. For each amplification, PCR products 
were excised and purified from gel, using Illustra GFX PCR DNA and gel band purification kit 
(GE Healthcare, Buckinghamshire, U.K.). Purified PCR products were cloned in the pENTR/
D-TOPO vector, using a directional TOPO cloning reaction (Invitrogen, Bleiswijk, The 
Netherlands). The clone insert was sequence-verified using standard vector primers (M13F 
and M13R-pUC). The insert DNA was transferred to the Gateway destination vector pB7WG2 
(Plant Systems Biology, University of Ghent, Belgium) by LR recombination (Invitrogen), 
and clones were PCR-verified for correct insert size. HA-tagged HaNLP were constructed 
by multisite gateway cloning, using LR clonase plus (Invitrogen) and the vector pB7m34GW 
(Plant Systems Biology). The three entry clones used in a multisite LR reaction were a 35S 
CaMV (Cauliflower mosaic virus) promoter (flanked by AttB4 and attB1 sites), the gene of 
interest (pENTR/D-TOPO clones without stop codon), and a 3xHA epitope tag (flanked by 
AttB2 and AttB3). The HA-tagged constructs were sequence-verified using standard vector 
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primer M13F. Entry clones containing the 35S CaMV promoter and 3xHA epitope tag were 
provided by B. Scheres (Utrecht University, The Netherlands). Three independent clones were 
independently electro-transformed into A. tumefaciens C58C1_pGV2260. The presence of 
inserts of expected size in A. tumefaciens clones was verified by PCR. For the Agrobacterium-
mediated transient expression assay, three independent A. tumefaciens clones (derived from 
each of the three destination clones) were used. The PsojNIP cDNA clone was provided by 
M. Gijzen (Agriculture and Agri-Food Canada, Ottawa, Canada). Primers were used for 
amplification of full-length PsojNIP, which was further cloned in the same way as the HaNLP 
genes. YFP cloned in pENTR/D-TOPO was provided by J. E. Parker (Max Planck Institute, 
Cologne, Germany).

Nucleic acid extraction & cDNA synthesis:

Total RNA was extracted from ground leaf material, using the RNeasy plant mini kit (Qiagen, 
Venlo, The Netherlands), and was treated with the RNase-free DNase set (Qiagen), following 
the manufacturer’s instructions. Genomic DNA was isolated from H. arabidopsidis isolate 
Emoy2 spores using theDNeasy plant mini kit (Qiagen). Total RNA and DNA were quantified 
using a NanoDrop spectrophotometer (ND-1000; De Meern, The Netherlands). Plasmid 
DNA was purified from Escherichia coli cultures, using GenElute plasmid miniprep kit 
(Sigma, Zwijndrecht, The Netherlands). cDNA synthesis was performed with 4.5 μg of Total 
RNA, Superscript-III reverse transcriptase (Invitrogen), and oligo(dT)15 (Promega, Utrecht, 
The Netherlands).

qPCR analysis:

H. arabidopsidis isolate Emoy2 genomic DNA was used to determine gene copy number by 
real-time PCR. Gene-specific primers that amplified PCR products between 99 and 101 bp at 
the 3’ end of the transcript were designed. Amplification reactions (25 μl) were performed in 
triplicate, each with a different amount of input genomic DNA (3, 6, and 12 ng), 10 μM of each 
primer, and 12.5 μl of master mix (Power SYBR Green I, Applied Biosystems, Bleiswijk, The 
Netherlands). Copy number was determined as a ratio of the estimated copies of each HaNLP 
to the reference gene H. arabidopsidis ACTIN. For measurement of transcribed mRNA levels, 
cycle thresholds were determined in triplicate per transcript in three biological replicas, using 
the same primers and reaction conditions described for genomic DNA. The expression of 
each gene was determined as fold change relative to the average cycle threshold values of the 
control gene H. arabidopsidis ACTIN. The qPCR parameters were 2 min at 50°C, 10 min at 
95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C, ending with 15 s at 95°C, 15 s at 
60°C, and 15 s at 95°C. The specificity of the PCR was determined by melting curve analysis 
of the amplified products, using the standard method installed in the system.
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Generation of domain swap clones:

To generate domain swap clones, PsojNIP and HaNLP3 cloned in pENTR/D-TOPO were 
initially used as template. Fusions 1 to 9 were created by overlap PCR, using two rounds of 
PCR amplification. In independent reactions, specific domains were amplified from HaNLP3 
and PsojNIP, using primers for these genes and fusion primers. The PCR products wer purified 
as described before, and the combined PCR products were then used as template in a second 
PCR reaction. The PCR amplifications were performed using Phusion Taq polymerase, 
following the manufacture’s instruction. The first and second PCR reactions were performed 
with 10 and 20 cycles, respectively. The obtained products were cloned in pENTR/DTOPO 
and were further processed as described above.

Site-directed mutagenesis:

Fusions 10 and 11 were made by site-directed mutagenesis of gateway entry clones, using 
5’ phosphorylated primers and plasmid DNA as template. Nucleotides were added at the 5’ 
end of both forward and reverse primers. The PCR-product was ligated back to its circular 
form using T4 DNA ligase (Fermentas, St. Leon-Rot, Germany), and were subsequently 
transformed into E. coli DH5α.

Agrobacterium-mediated transient expression assays:

Recombinant A. tumefaciens were grown overnight at 28°C with the appropriate antibiotics. 
Cells were harvested by centrifugation and were resuspended to a final concentration 
corresponding to an optical density at 600 nm of 0.8 in a solution containing 10 mM 
morpholineethanesulfonic acid (MES), pH 5.6, 10 mM MgCl2, and 0.07 mM acetosyringone. 
Cultures were incubated at room temperature for 4 h before infiltration. The samples were 
infiltrated into leaves of 4- to 5-week-old N. tabacum plants using a 1-ml syringe.

Protein expression analysis:

Total protein extracts were prepared by grinding four leaf disks (8 mm in diameter) per 
sample of N. tabacum plants 48 h after infiltration. Samples were resuspended in 100 μl of 2× 
Laemmli loading buffer, were boiled for 5 min, and were centrifuged to remove cell debris. 
Proteins were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 
on 12% gel and were transferred onto nitrocellulose membranes. Membranes were incubated 
with rat anti-HA antibody (Roche Applied Science, Almere, The Netherlands) or with a 
polyclonal NPP1 antibody (Fellbrich et al. 2002). Antibody-boun proteins were detected using 
either a goat anti-rat immunoglobulin G (IgG)-HRP conjugate (Santa Cruz Biotechnolgy 
sc- 2006, Heidelberg, Germany) or a goat anti-rabbit IgG-HRP (Cell Signaling Technology, 
Leiden, The Netherlands), using a chemiluminescence detection kit (SuperSignal West Femto 
chemiluminescent substrate, Pierce, Landsmeer, The Netherlands).
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Heterologous expression of HaNLP in Pichia pastoris, protein purification, and leaf infiltration:

The cDNAs encoding for HaNLP1, HaNLP2, and HaNLP3 without SP were amplified via PCR 
(using primers HaNLP1forEcoRI, HaNLP1revNotI, HaNLP2forEcoRI, HaNLP2revNotI, 
HaNLP3forEcoRI, and HaNLP3revNotI) and were cloned into the secretory expression 
plasmid pPIC9K. For deletion of the Q-rich domain in HaNLP3, the 27 amino acids next to 
the SP of HaNLP3 were deleted, according to the QuikChange II XL site-directed mutagenesis 
kit instructions (Stratagene, Amstelveen, The Netherlands), using primers Alpha-HaNLP3-
Qfor and Alpha-HaNLP3-Qrev. Secretory expression of HaNLP in Pichia pastoris GS115 
was performed according to the Multi-Copy Pichia expression kit instructions (Invitrogen). 
Purification of the protein from the culture medium of Pichia pastoris was achieved by ion-
exchange chromatograph followed by gel filtration. Culture medium containing HaNLP was 
dialyzed against 20 mM NaAc, pH 4.7, and was applied to a HiTrap SP FF 5-ml column for 
HaNLP1 or against 20 mM Tris-HCl, pH 8.5, and applied to a HiTrap Q FF 5-ml column 
(GE Healthcare) for HaNLP2, HaNLP3, and HaNLP3-Q. These columns were equilibrated in 
the same buffer used for dialysis. After extensive washing, bound proteins were eluted with 
a linear gradient of 0 to 500 mM KCl in equilibration buffer. Following gel electrophoretic 
analysis, protein-containing fractions were pooled and were subjected to a HiLoadTM 16/60 
Superdex 75 column (GE Healthcare) equilibrated in 20 mM Tris, pH 8, and 150 mM KCl. 
Upon visual inspection on an SDS gel, protein-containing fractions were pooled and dialyzed 
against deionized sterile distilled water. Purified NLP (2 to 20 μM) or mock solution were 
infiltrated abaxially into leaves of N. tabacum cv. Samsun NN (4 to 6 weeks old) or A. thaliana 
Col-0 (4 to 5 weeks old) grown at 22°C (15 h light).

Preparation & permeabilization of calcein-loaded plasma membrane vesicles:

Plant plasma membranes were prepared by phase partitioning of microsomal fractions 
(Larsson et al. 1994), using Dextran and polyethylene glycol in a 6.4% concentration (wt/
wt) and 3 mM KCl. For preparation of calcein-loaded vesicles, plasma membranes (500 μg 
protein) were sonified (30 min on ice, 20-s pulse on, 20-s pulse off, amplitude 25%) in the 
presence of calcein (60 mM, pH 7.0). The external calcein was removed by gel filtration, using 
Sephadex G-75 (Sigma) medium column equilibrated in 20 mM Tris, pH 8.5, 140 mM NaCl, 
and 1 mM EDTA. Permeabilization of the vesicles (1 ng of protein per microliter) induced by 
20 to 200 nM NLP wasassayed at room temperature in 20 mM MES, pH 5.8, 140 mM NaCl by 
measuring fluorescence (excitation 485 nm, emission 520 nm) in a microplate reader (Sirius 
HT Injector; MWG Biotech, Ebersberg Germany. The percentage of calcein release (R) was 
calculated according to the equation R = (Fmeas – Finit)/ (Fmax – Finit) × 100, where Fmeas, 
Finit, and Fmax are the measured, initial, and maximal fluorescence, respectively. Fmax was 
obtained by the addition of Triton X-100 to 0.5% (vol/vol) final concentration at the end of 
each measurement. The experiments were repeated three times with similar results.
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Supplemental figures

Figure S1: Schematic representation of the position and orientation of  HaNLP genes  and 
pseudogenes in the genome supercontigs of  H. arabidopsidis genome version 8.2. Supercontigs 
lengths (bp) are indicated on the right  hand side of the scaffolds. The supercontigs, genes (white 
arrows) and pseudogenes (yellow arrows) are not drawn to scale.

Figure S2: HaNLP gene copy numbers. (A) Quantitative-PCR indicating copy number for each  
HaNLP.  Template DNA was used at three different  concentrations (3, 6, and 12 ng/reaction). 
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Figure S3: Alignment of H. arabidopsidis Nep1-Like Proteins (HaNLPs) and necrosis inducing 
NLPs: NLPPya (AF179598), PpNPP1 (AY961417), and PsojNIP (AF320326). Predicted SP, 
conserved cysteine residues and five other residues important for necrosis activity are highlighted.
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Figure S4: Putative O-glycosylation sites in HaNLP9 and two PiNLPs, predicted by NetOGlyc 
3.1. 

Figure S5: A: Purified  H. arabidopsidis Nep1-Like Protein (NLP). NLPs were expressed in 
Pichia pastoris and were purified and analyzed on sodium dodecylsulfate-polyacrylamide 
gel electrophoresis gels (12 %). B: H. arabidopsidis Nep1-Like Protein (HaNLP) 
fusion proteins produced stable protein products in planta. Total protein extracts 
were analyzed by sodium dodecylsulfate-polyacrylamide gel electrophoresis and 
immunoblotting with anti-hemagglutinin (HA) antibody (A\B) or NPP1 antibody (C).
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Abstract
The family of Nep1-Like Proteins (NLPs) is taxonomically widespread among microbes, and 
best known for its cytotoxic activity in dicot plants. Phylogenetic analysis revealed three NLP 
types; besides the two previously described NLP types we distinguished type 3 NLPs that only 
occur in fungi. In addition, the expansion of NLP genes in different taxonomic groups could 
be described in terms of horizontal gene transfers and gene duplications. By closely examining 
the three NLP types, we identified a non-cytotoxic subgroup of type 1 NLPs (designated type 
1a), which lack a cation-binding pocket required for cytotoxicity. Type 2 NLPs were found to 
possess a putative calcium-binding motif, which was shown to be essential for cytotoxicity. 
Type 1 and type 2 NLPs, although both cytotoxic to plant cells, differ in their ability to induce 
necrosis when present in different compartments of the cell, suggesting they do not use the 
same molecular mechanism. Members of both type 1 and type 2 NLPs were found to harbor a 
range of additional disulfide bridges, possibly to provide additional stability to these secreted 
proteins.
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Introduction
The 24 kD Necrosis and Ethylene-inducing Peptide 1 (Nep1) of Fusarium oxysporum, which 
was isolated from culture filtrates of this plant pathogenic fungus (Bailey, 1995), is the founding 
member of a widely occurring protein family. As its name indicates, the Nep1 protein induces 
necrosis and ethylene production, but only in dicot, and not in monocot plant species (see 
Box 1 for methods by which the activities of these cytotoxic proteins can be monitored). 
Since the discovery of Nep1, many Nep1-Like Proteins (NLPs) have been identified, mostly in 
plant-related microorganisms of both prokaryotic (gram-negative & gram-positive bacteria) 
and eukaryotic (fungi & oomycetes) origin (Pemberton et al. 2004, Gijzen & Nürnberger 
2006). As the NLPs constituted a new family of proteins, a new domain was proposed: NPP1 
(Pfam domain: PF05630) (Fellbrich et al. 2002). A prominent feature of the NPP1 domain is a 
seven amino acid (heptapeptide) motif, GHRHDWE, that is most conserved among different 
species. Also, it was recognized that two types of NLPs can be distinguished based on the 
number of conserved cysteine residues; two in type 1, and four in type 2 NLPs (Gijzen & 
Nürnberger 2006). Both NLP types are usually found having an N-terminal signal peptide, 
suggesting they are secreted and active extracellularly. Expression of the type 1 NLPPs (also 
known as PsojNIP of Phytophthora sojae) in Arabidopsis thaliana leaves showed it only causes 
necrosis when containing its signal peptide, but not when expressed without it, suggesting its 
cytotoxic activity happens on the outside of the plant plasma membrane. This is the opposite 
of the situation found in, for instance, Avr3a from Phytophthora infestans that has been shown 
to only cause hypersensitive cell death when expressed in planta without its signal peptide 
(Armstrong et al. 2005).
The mechanism by which NLPs induce necrosis is poorly understood. One of the main 
questions was whether NLP-induced symptoms are caused by stimulation of the plant’s 
immune system through rapid activation of endogenous cell death programs, or by direct 
toxicity via membrane disruption (Gijzen & Nürnberger 2006). Application of recombinant 
NLPs to A. thaliana leads to rapid upregulation of genes associated with defense and cell 
death (Bea et al. 2006, Qutob et al. 2006), suggesting an active role of the plant in necrosis 
induction. This was emphasised by the finding that NLPPs requires light and an active host 
metabolism to cause necrosis in planta (Qutob et al. 2006). If NLPs would induce necrosis 
because of their recognition by a receptor, it would likely require only a small conserved 
peptide fragment (Boller & Felix 2009). However, induction of necrosis by NLPs requires the 
proteins to be mostly intact (Veit et al. 2001) as minimal truncations on both N- or C- termini 
of NPP1 of Phytophthora parasitica readily prevent necrosis induction in plants (Fellbrich 
et al. 2002). This suggests that defense induction is not caused by recognition of a peptide 
fragment, but by an (enzymatic) activity of the protein itself. Ottmann et al. (2009) showed 
that NLPs permeabilize dicot-derived membrane vesicles in vitro, suggesting that cytotoxicity 
is the result of membrane leakage, and the associated induction of defense responses was 
attributed to perception of the damage caused to the plant cell. Monocot-derived membrane 
vesicles were insensitive, suggesting NLP induced toxicity requires a dicot-specific target. The 
exact molecular mechanism of necrosis induction, however, remains unknown. 
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Crystal structures provided clues to characteristics of NLPs that could be related to their 
cytotoxic activity. The protein structures of two type 1 NLPs have been published to date; of 
the oomycete Pythium aphanidermatum, NLPPya (PDB:3GNU) (Ottmann et al. 2009), and 
of the Basidiomycete fungus Moniliophthora perniciosa, MpNEP2 (PDB:3ST1) (Zaparoli et 
al. 2011). These structures revealed that NLPs adopt a fold similar to that of pore-forming 
actinoporins (Ottmann et al. 2009). The two cysteines that are conserved and essential for 
induction of necrosis in type 1 NLPs (Fellbrich et al. 2002) were confirmed to form a disulfide 
bridge. Furthermore, three (bold, underlined) residues of the highly conserved gHrhDwE 
heptapeptide motif were found to be part of an acidic cation-binding pocket. Substitution 
of the conserved histidine, aspartic acid, and glutamic acid residues in NLPPya by alanine 
disabled the induction of necrosis and membrane permeabilization by the protein, suggesting 
cation-binding is essential for these activities (Ottmann et al. 2009). The acidic pocket was 
proposed to perhaps interact with polar head groups of membrane lipids, thereby damaging 
the plant membrane (Küfner et al. 2009).

The role of NLPs for microorganisms during infection is not unambiguous. The soft-rot 
bacterium Erwinia (Pectobacterium) carotovora subsp. carotovora contains only one NLP 
gene, which was shown to be essential for virulence on potato tubers (Mattinen et al. 2004). 
In contrast, virulence of the wheat pathogen Mycosphaerella graminicola was not affected by 
deletion of its sole NLP gene (Motteram et al. 2009). In several (fungal) species containing 
multiple NLPs, the loss of a single NLP gene did not affect virulence (Staats et al. 2007, Arenas 
et al. 2010, Santhanam et al. 2013, Zhou et al. 2012), suggesting NLPs do not play an essential 
role in virulence of these organisms. However, as these species have multiple NLP genes, the 
loss of a single NLP gene may not result in reduced virulence due to genetic redundancy. 

In addition to cytotoxic NLPs, many non-cytotoxic NLPs have been described that do not 
induce necrosis. Two out of three tested NLPs of P. infestans (Kanneganti et al. 2006), 11 out of 
the 19 tested NLPs of P. sojae (Dong et al. 2012), all 11 full-length NLPs of Hyaloperonospora 
arabidopsidis (Cabral et al. 2012), 5 of the 7 full-length NLPs of Verticillium dahliae (Zhou et 
al. 2012), and 1 out of 2 tested NLPs of Colletotrichum higginsianum (Kleemann et al. 2012) did 
not cause necrosis when transiently expressed in plants. These pathogens all share a (hemi-)
biotrophic lifestyle, and most of the non-cytotoxic NLPs are expressed during the biotrophic 
stage of infection (Kanneganti et al. 2006, Cabral et al. 2012, Dong et al. 2012, Kleemann et al. 
2012), suggesting they play an alternative role during the infection process.

As many new microbial genomes have become available in the last years, we bioinformatically 
analyzed the family of Nep1-Like Proteins, by combining phylogenetic analysis and the 
available structural information. Our results show that the NLP family contains not just 
two, but three distinct NLP types, which each have their own individual characteristics. 
We identified an important putative Ca-binding site in type 2 NLPs that distinguishes them 
from type 1 NLPs. Our study highlights the diversity in phylogenetic distribution, protein 
sequence, and in function of the NLPs.
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Box 1: Testing the toxic activity of NLPs

There are several different ways to test the cytotoxic activity of NLPs. The first pick is either to 
produce the protein and purify it, to clone it into a pathogen, or to express it directly in planta 
and look for symptoms. In the first method, the protein is heterologously expressed, e.g. in the 
bacterium Escherichia coli or the yeast Pichia pastoris, and subsequently purified. The purified 
protein is infiltrated in leaves, and its activity measured by scoring the development of visible 
symptoms (collapse of plant tissue/necrosis) or by measurement of electrolyte leakage that 
is caused by outflow of ions from the cell due to damaged cellular membrane. This can be 
measured by infiltrating leaf discs with protein, and subsequently placing them in distilled 
water: the amount of electrolyte leakage is determined by measuring the increasing electrical 
conductivity of the solution. A second method entails the restoration of virulence of an nlp 
mutant of the plant-pathogenic bacterium Pectobacterium carotovorum by expression of 
candidate NLP genes of other organisms. Without expressing a cytotoxic NLP, this bacterium 
is not virulent on potato tubers, and restoration of virulence can be used as a proxy for NLP 
cytotoxicity (Ottmann et al. 2009). A third and easy method to test for cytotoxicity is by 
transient expression through Agro-infiltration. In this method, the NLP gene is cloned into 
Agrobacterium tumefaciens, which is used for transient expression in mature leaves. In the case 
of cytotoxic NLPs the infiltrated area will, at 2-3 days post infiltration, show tissue collapse, 
which 2 or 3 days later develops into a brown, dry patch (as shown in the figure below). 

Development of necrosis over time in response to transient Agrobacterium-mediated 
expression of the cytotoxic PsojNIP in N. tabacum. 

Results & Discussion

NLPs group in three distinct subfamilies
Two proteins that represent both described types of NLPs, the type 1 NLPPya of the oomycete 
P. aphanidermatum and the type 2 NLPPcc of the bacterium P. carotovorum, formed the 
starting point of our search for NLP homologs. Exhaustive screening of DNA and protein 
databases for NLP family members using blast (detailed in methods) resulted in a collection 
of 533 NLP homologs from more than 150 different species of bacteria, fungi, and oomycetes 
(Supplemental Table 1). Phylogenetic analysis of all collected NLPs resulted in a Neighbor 
Joining tree (Fig. 1A) that showed a clearly distinguishable third group of NLP proteins 
(designated type 3) besides the previously described type 1 and 2 NLPs (Gijzen & Nürnberger 
2006). The type 3 NLPs are more divergent from type 1 and 2, sharing only a central stretch 
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of 50 amino acids with them, which includes the highly conserved heptapeptide motif. 
Sequences N- and C-terminal of these 50 amino acids in the type 3 NLPs are very distinct 
from those of type 1 and 2 NLPs, and are therefore not comparable. When performing the 
phylogenetic analysis using the conserved 50 amino acid central domain of all NLP proteins, 
the three NLP types still clustered in the same three branches, indicating the type 3 NLPs are 
not a subgroup of the other NLP types (Fig. S1). 

Figure 1: Phylogenetic comparison and species distribution of NLP proteins. A: Unrooted 
Neighbor Joining protein-based tree of 231 oomycete (99 type 1, 132 type 1a), 135 fungal and 
12 bacterial type 1 NLPs, 61 fungal and 61 bacterial type 2 NLPs, and 33 fungal type 3 NLPs. 
All amino acid sequences (without signal peptide) were aligned using MEGA5, the tree was 
constructed with FigTree. B: Schematic representation of the three representatives of the three 
types of NLPs: type 1 NLPs are represented by NLPPya from Pythium aphanidermatum, type 2 
NLPs by NLPPcc from Pectobacterium carotovorum, and type 3 by XP_748132 from Aspergillus 
fumigatus. Type 3 NLPs only share homology with type 1 and 2 NLPs on a 50 residue stretch in 
the middle of the protein, indicated with the red box. The NLPs are characterized by the presence 
of a signal peptide, conserved cysteines and a seven amino acid “GHRHDWE” motif or variant 
thereof. C: Numbers of species and the distribution of NLP types among species. Type 1 NLPs are 
found in 91 species, type 2 NLPs are found in 100 species and type 3 NLPs are found in 31 species. 
Fungi can have several combinations of the three types of NLPs, while although both type 1 and 
type 2 NLPs are found in bacteria, no species of bacteria were found harbouring more than one 
type of NLP.
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Of all our 533 collected NLPs, 95% carry a signal peptide for secretion, all of them the 
heptapeptide motif (or variants thereof), and more than 98% of the type 1 and type 2 NLPs 
contain the two conserved cysteine residues that form the disulfide bond in the published 
NLP structures. Most type 2 NLPs have two additional cysteine residues (total 4), while only 
the type 2 NLPs identified in Bacillus lack these. Type 3 NLPs are characterized by a total of 
6 cysteine residues, but these are in the N- and C-terminal part of the proteins that share no 
similarity to type 1 and type 2 NLPs, and can thus not be aligned with the conserved cysteines 
in type 1 and 2 NLPs. All type 1 and type 2 NLPs match the NPP1 family Pfam domain 
(PF05630), whereas this is only the case in 66% of the type 3 NLPs. The overall architecture 
of the three NLP types is shown for a representative member of each type, the type 1 NLPPya, 
the type 2 NLPPcc, and the type 3 NLP of the fungus Aspergillus fumigatus (XP_748132) (Fig. 
1B) and shows the location of the conserved cysteines and heptapeptide motif for all three 
NLP types.

The distribution of NLPs across taxa differs between the three types (Fig. 1C). Whereas type 
1 NLPs are found in bacteria, fungi and oomycetes, type 2 NLPs are found in bacteria and 
fungi, but not in oomycetes. Type 3 NLPs have the narrowest distribution and have only been 
identified in a restricted number of fungal species and do not occur in bacteria or oomycetes. 
Sixty bacterial species contain a type 2 NLP, only ten contain a type 1 NLP, and contrary to 
fungi, none contain both a type 1 and 2 NLP (Fig. 1C). It is also important to note that the 
number of bacterial species having one or more NLPs is rather limited, knowing that several 
thousand bacterial genomes have been sequenced. In oomycetes, only type 1 NLPs are found, 
which form a large clade as a result of expansion of the number of NLP genes within oomycete 
species belonging to the Peronosporales.

In fungi, species with all possible combinations of the three types of NLPs are found. The 
genomes of five fungal species encode all three NLP types. Phylogenetic clustering of these 
fungal NLPs resulted in three major clades (Fig. S2) fitting the three NLP types shown in figures 
1A and S1. The fact that the three types only occur in fungi belonging to the Ascomycetes 
suggests that the evolutionary origin of the NLPs is in this phylum. Duplication of an ancestral 
NLP gene and diversification events then led to the three types that even further expanded in a 
selection of fungal species, mostly plant-associated ones. Oomycete NLPs all cluster together, 
suggesting a single horizontal gene transfer (HGT) event of an Ascomycete fungus type 1 
NLP to a common ancestor of the Peronosporales, which then further expanded within this 
lineage. The latter hypothesis was also proposed by Richards et al. (2011), as NLPs are one of 
the 20 gene families predicted to be acquired by oomycetes from fungi through HGT. HGT is 
also the most plausible explanation for the occurrence of type 2 NLPs in a limited number of 
bacterial species belonging to the Gammaproteobacteria and Actinobacteria. 

Detailed Analysis of the NLP Family



98

Occurence of type 3 NLPs
Type 3 NLPs are only found in several orders of the Ascomycete fungi (Fig. 2). With 33 
members identified thus far, they are not as widespread as the type 1 and type 2 NLPs. The 
fungi containing type 3 NLPs have many different lifestyles; in addition to plant pathogens, 
type 3 NLPs are, among others, found in the plant endosymbiont Oidiodendron maius, the 
nematode pathogen Arthrobotrys oligospora, the bat pathogen Geomyces destructans and the 
coprophilous Ascobolus immersus. In the latter species, which lacks type 1 and type 2 NLPs, 
we find the highest number (3) of type 3 NLPs of all examined species. Very little is known 
about these proteins, not even whether they cause necrosis, as they have not yet been subject 
of any published research. Preliminary data suggest that expression of the Verticillium dahliae 
type 3 NLP VDAG_07972 is induced during infection of tomato (Parthasarathy Santhanam 
& Bart Thomma, personal communication). Also, expression of a type 3 NLP was observed 
during infection of insects by Metarhizium anisopliae (EFY97649) and Metarhizium acridum 
(EFY91472) (Gao et al. 2011, Chengshu Wang, personal communication).

Figure 2: Phylogenetic distribution of type 3 NLPs. Aspergillus includes Neosartoria. Image 
shows an unrooted maximum likelyhood tree of 33 type 3 NLPs. Only bootstrap values >60 are 
shown.
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Type 1 NLPs are taxonomically widely distributed
Type 1 NLPs form a monophyletic group, and can be divided in fungal/bacterial and 
oomycete NLPs (Fig. 1A). A closer look at the fungal/bacterial NLPs (Fig. 3) shows most 
of the fungal type 1 NLPs are identified in many orders of the phylum Ascomycota. In this 
phylum, type 1 NLPs are mostly found in genera with plant-related lifestyles, ranging from 
the symbiotic endomycorrhyza Oidiodendron to the necrotrophic pathogens Sclerotinia and 
Botrytis. The only fungal species not directly related to plants is the saprobic wine cellar 
fungus Zasmidium cellare (yet it belongs to the family Mycosphaerellaceae, which contains 
many plant pathogens (Crous et al. 2009)). Surprisingly, as monocots are insensitive to NLPs 
(Bailey 1995), NLP genes have been found in fungi that solely interact with monocot plants, 
e.g. the grass pathogens belonging to the genera Pyrenophora, Cochliobolus, Setosphaeria, and 
Magnaporthe. This suggests that in these species cytotoxic type 1 NLPs may have a function 
other than killing host cells. 

Only two fungal NLPs in this group are found in species of the phylum Basidiomycota: 
Polyporus arcularius and Ganoderma sp., which are both wood degrading species of the 
order of Polyporales. Phylogenetic distribution suggests that bacteria have acquired type 1 
NLPs from fungi, that have subsequently spread by HGT between bacterial species. They are 
found in a few species of Proteobacteria (Rhizobiaceae and a single Pseudomonas species) and 
Firmicutes (Bacillus species), which all are phylogenetically distantly related to each other. Of 
these bacteria, only Pseudomonas psychrotolerans (Hauser et al. 2004) is not directly plant-
related. 

Of 14 tested fungal type 1 NLPs described in literature, 12 were found to induce necrosis. 
The heptapeptide is highly conserved in most bacterial/fungal NLPs, except for the NLPs 
found in the Rhizobiaceae, and a branch of type 1 NLPs found in the genus Glomerella /
Colletotrichum. One NLP from this last group (ChNLP3 from C. higginsianum) was tested 
for necrosis induction by transient expression in N. benthamiana leaves, and did not induce 
necrosis (Kleemann et al. 2012).

Diversification of oomycete type 1 NLPs
In oomycetes, NLPs are only found in the Pythiaceae and Peronosporaceae families (Fig. 4A) 
of the Peronosporales order. They are, so far, not found in the third family of this order, the 
Albuginaceae, as the genomes of both Albugo candida (Links et al. 2011) and Albugo laibachii 
(Kemen et al. 2011) completely lack NLP genes. All oomycete NLPs form a separate branch 
with a common origin (Fig. 1A, Fig. 4A), and are not found together with fungal or bacterial 
NLPs, suggesting that oomycetes have acquired these genes only once. The only exceptions 
are the NLPs of the Basidiomycete fungi Moniliophthora perniciosa and Moniliophthora roreri, 
which group together with the oomycete proteins (Fig. 4A), suggesting they are the result 
of HGT. Based on an aberrant G/C content this gene transfer has likely occurred from an 
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Figure 3: Phylogenetic relationship between fungal and bacterial type 1 NLPs. Aspergillus includes 
Neosartoria, Glomerella includes Colletotrichum, Botrytis includes Botryotinia, and Fusarium includes 
Gibberella. Tested and/or named NLPs: NEP1 (Bailey 1995); BhalNIP (Qutob et al. 2002); BeNEP1, 
BeNEP2 (Staats et al. 2007); BcNEP1, BcNEP2 (Schouten et al. 2008); MgNLP (Motteram et al. 2009); 
SsNEP1, SsNEP2 (Dallal Bashi et al. 2010); VdNEP1, VdNEP2, VdNEP3 (Zhou et al. 2012); ChNLP1, 
ChNLP2, ChNLP3, ChNLP5 (Kleemann et al. 2012); Nep1Mo (Zhang et al .2012). Additional disulfide 
bridges found in the indicated branches are discussed below. Unrooted maximum likelyhood tree of 135 
fungal and 12 bacterial type 1 NLPs. Only bootstrap values >60 are shown.
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oomycete to these fungi (Tiburcio et al. 2010). The oomycete NLPs are thus far exclusively 
found in plant-pathogens, e.g. the necrotrophic Pythium, the hemibiotrophic Phytophthora, 
and obligate biotrophic Peronospora, Hyaloperonospora, Bremia, and Plasmopara genera. 
Many oomycete NLPs do not induce necrosis (Fig. 4A); of 32 tested NLPs, only 10 are 
cytotoxic: P. infestans (Kanneganti et al. 2006), P. sojae (Dong et al. 2012) and H. arabidopsidis 
(Cabral et al. 2012) all express NLPs during infection that have been shown not to induce 
necrosis. 

In the Peronosporaceae diversification of type 1 NLPs can be observed (Fig. 4A). A subgroup 
of proteins has an additional hydrophilic domain N-terminal of the NPP1 domain, but 
C-terminal of the signal peptide. Within this “glutamine and proline-rich hydrophilic domain” 
(Gijzen & Nürnberger 2006) two regions are distinguished; (1) a glutamine (Q) rich region, 
and (2) a TPAP-repeat (Dong et al. 2012). These regions can be present independently or 
together; in the latter case the Q-rich region is always more N-terminal than the repeat (Fig. 
4B). Adding this glutamine-rich and/or proline-rich domain to a cytotoxic NLP, or removing 
it from a cytotoxic NLP that already contains one, does not abolish necrosis-inducing activity 
in transient expression in Nicotiana sp. leaves (Cabral et al. 2012, Dong et al. 2012). This 
suggests that necrosis-inducing activity of the NLPs does not depend on the presence or 
absence of these additional domains. 

The proline-rich hydrophilic region has also been described for the non-cytotoxic HaNLP9 
of H. arabidopsidis, and was predicted to be O-glycosylated (Cabral et al. 2012). In 27 of the 
identified Phytophthora NLPs this proline-rich region forms TPAP-repeats (Fig. S3) that fit 
the maximum consensus sequence for O-glycosylation (Wilson et al. 1991, Nishikawa et al. 
2010). This is also predicted by NetOGlyc3.1 (Julenius et al. 2005), suggesting a high degree 
of O-glycosylation in these parts of the proteins. The number of TPAP-repeats varies from 5 
(Ps_138848, PPTG_08005) up to 14 (Ps_127887). Similar potentially O-glycosylated regions 
have been described for P. sojae elicitins (Qutob et al. 2003). The O-glycosylated TPAP-repeat 
domain has been proposed by Jentoft (1990) to adopt a rigid and extended conformation, like 
a rod or stick that can penetrate the protective extracellular surrounding of cells. 

Many oomycete NLPs have substitutions in the GHRHDWE heptapeptide motif; only 38% of 
oomycete NLPs contain the fully conserved motif. By examining the phylogenetic distribution 
of the oomycete NLPs with altered heptapeptides, it was found that most of these cluster 
together (Fig. 1A, Fig. 4A), and this group was designated type 1a. More specific properties of 
type 1a NLPs are discussed below.
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Figure 4: Phylogenetic distribution of NLPs in oomycetes. A: Unrooted maximum likelihood 
tree of 231 type 1 oomycete NLPs. The tree can be divided in three groups: type 1 NLPs, type 1 
NLPs with an added region consisting out of a Q-rich region and/or a TPAP repeat, and type 
1a NLPs. “Phytophthora” contains P. infestans, P. capsici, P. sojae, P. ramorum, P. parasitica, 
P. megakarya and P. cinnamomi. Tested and/or named NLPs: PmegNEP1-6 (Bae et al. 2005); 
PiNPP1.1, PiNPP1.2, PiNPP1.3 (Kanneganti et al. 2006); MpNEP1, MpNEP2 (Garcia et al. 
2007); PpNPP1, NLPPya (Ottmann et al. 2009); PsojNIP, HaNLP1-10 (Cabral et al. 2012); 
PsNLP1, 2, 3, 5, 7 ,8 ,9, 11, 14, 19, 21, 23, 24, 25, 27, 29, 30, 32, 35, 37, 38, 39, 40, 41, 42, 44, 51, 
54, 55, 57, 58, 59, and 60 (Dong et al. 2012). Additional disulfide bridges found in the indicated 
branches are discussed below. Only bootstrap values >60 are shown. B: Schematic representation 
of an NLP with Q-rich region and TPAP-repeat, indicating the relative positions of the Q-rich 
region and TPAP repeat.

Type 2 NLPs are widely distributed in fungi & bacteria with various lifestyles
Fungal type 2 NLPs are found in many orders of the Ascomycota (Fig. 5), and in one species 
of the primitive chytrid fungi (Gonapodya prolifera, phylum Monoblepharidomycetes). 
Based on its phylogenetic clustering, the latter likely obtained a type 2 NLP from a 
Gammaproteobacterium (Fig. 5). Type 2 NLPs are widely spread in two groups of bacteria: 
they were identified in species from several orders of Gammaproteobacteria, and in species 
of the phylogenetically distantly related order of Actinomycetales. The only exception to this 
is a type 2 NLP homolog identified in a small number of species from the genus Bacillus 
(phylum Firmicutes). Strikingly, these are the only type 2 NLPs lacking the characteristic 
second disulfide bridge. In addition, these Bacillus NLPs are fused to a lectin domain that 
shares homology with Ricin B (Schouten et al. 2008). Their clustering with the NLPs of 
the distantly related Actinobacteria, and their G/C content (Fig. S4) suggest HGT from a 
Streptomyces species to these Bacillus species. Another possible HGT is likely responsible 
for the occurrence of a type 2 NLP in Streptomyces (Streptomyces sp.Mg1_2), which clusters 
within the Ascomycete NLPs. 

Type 2 NLPs are found in plant-associated microbes, e.g. the necrotrophic bacterium P. 
carotovorum, the dicot plant pathogen Nectria haematococca, and the monocot symbiont 
Epichloë festucae, but also in non plant-associated microbes, e.g. in the coprophilous 
Podospora anserina, and in the insect pathogenic fungi of the genera Beauveria, Cordiceps and 
Metarhizium, of which the latter have also been isolated as plant endophytes (Vega et al. 2009). 
Expression of type 2 NLPs in Metarhizium was detected 24 hours after infection of insects by 
M. anisopliae and M. acridum (Gao et al. 2011, Chengshu Wang, personal communication), 
suggesting these proteins may play a role in insect pathogenesis. Animal cell cytolysis caused 
by NLPs has been tested on sheep erythrocytes, e.g. the type 1 NLPPp of P. parasitica, 
which induces necrosis in dicot plants, but did not cause hemolysis (Qutob et al. 2006). 
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Figure 5: Phylogenetic distribution of type 2 NLPs. Aspergillus includes Neosartoria, Glomerella 
includes Colletotrichum, Fusarium includes Gibberella and Erwinia includes Pectobacterium. 
Tested and/or named NLPs: ScoeNIP (Qutob et al. 2002); NLPPcc (Mattinen et al. 2004, Ottmann 
et al. 2009); NipEca (Pemberton et al. 2005); ChNLP4 (Kleemann et al. 2012); VdNEP4, VdNEP5, 
VdNEP7, VdNEP9 (Zhou et al. 2012). Additional disulfide bridges found in the indicated 
branches are discussed below. Unrooted maximum likelyhood tree of 61 fungal and 61 bacterial 
type 2 NLPs. Only bootstrap values >60 are shown. 

Also other animal-related microorganisms harbor type 2 NLPs e.g. the coral pathogen Vibrio 
coralliilyticus (O de Santos et al. 2011) and the bivalve endosymbiont Teredinibacter turnerae 
(Yang et al. 2009). Strikingly, type 2 NLPs are also found in the animal-associated Bacillus cereus 
and Bacillus thuringiensis (Jensen et al. 2003), while type 1 NLPs are only found in this genus 
in the plant-associated Bacillus subtilis (Earl et al. 2008) its close relative Bacillus licheniformis, 
and the alkalophylic plant litter degrading Bacillus halodurans (Takami et al. 2000). Only 
two of the six tested type 2 NLPs have been shown to induce necrosis; NLPEcc (NLPPcc) from 
Pectobacterium (Erwinia) carotovorum subsp. carotovorum (Mattinen et al. 2004), and NLPEca 
from Pectobacterium (Erwinia) carotovorum subsp. atrosepticum (Pemberton et al. 2005). 
None of the four type 2 NLPs of Verticillium dahliae show any necrosis-inducing activity 
when transiently expressed in plants (Zhou et al. 2012). 

Comparing NLP proteins
To gain insight into the similarities and differences among and between the three types of 
NLP proteins, sequences were aligned and consensus sequences were generated. Based on 
phylogenetic distribution, we separated the NLPs in five distinct groups: type 2, type 3, fungal/
bacterial type 1, oomycete type 1, and oomycete type 1a. For each type, the conservation of 
amino acid residues was determined (for details see M&M). Each of these groups is represented 
by a consensus weblogo, displaying the conserved residues per group. The weblogos of the 
first four groups were aligned to a characterized member of their respective type (NLPPya 

for all type 1 consensus weblogos, and NLPPcc for the type 2 consensus weblogo) (Fig. 6A). 
All numbering of type 1 residues is based on the NLPPya structure 3GNU (which lacks the 
signal peptide), and numbering of type 2 NLPs is based on NLPPcc, also starting directly after 
its signal peptide. The type 3 consensus weblogo was found to be too divergent for proper 
alignment with the other four groups, and is discussed separately (see below). It was found 
that the four groups of compared NLPs differ substantially from each other. 
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Figure 6: Comparison of 3 groups of type 1 NLP and all type 2 NLP sequences. A: Aligned 
weblogos of the consensus sequence of 99 oomycete type 1 NLPs, 132 oomycete type 1a NLPs, 135 
fungal/bacterial type 1 NLPs and 122 type 2 NLPs. The type 1 consensus weblogos are aligned 
to NLPPya (3GNU), the type 2 NLP consensus weblogo is aligned to NLPPcc. At the dashed line 
type 1 and type 2 NLP sequences were not alignable, and therefore positions in this region were 
not compared. The black stars indicate the 8 residues that make up an acidic cation-binding 
pocket. White stars indicate 3 residues close this pocket, which are conserved in type 1 and type 
2 NLPs, but not in type 1a. B: 3D model of the 8 residues (red) making up the charged pocket in 
NLPPya (3GNZ) coordinating a magnesium ion (green). Yellow residues indicate the 3 positions 
conserved in other type 1 and type 2 NLPs, but not in type 1a NLPs. Image was created using 
Polyview3D.

Oomycete type 1a NLPs lack the acidic cation-binding pocket 
The N-terminus, between the signal peptide and the first conserved cysteine (shown in 
orange) of type 1 and type 2 NLPs differ too much for proper alignment (Fig. 6A). This part of 
type 1 NLPs contains four residues (I3, H5, D6 and V8) that are highly conserved in all type 
1 NLPs, which together with Y/F40, D/N44, T49 and S50 are close to each other in the 3D 
structure (Fig. S5A), forming a region not present/conserved in type 2 NLPs. 

When comparing type 1 NLPs of fungi/bacteria and oomycetes, 12 amino acid positions were 
found to be conserved in oomycete NLPs, but not in fungal/bacterial NLPs: P10, T18, K22, 
A24, K26, K28, Q30, S69, S124, D172, Q178 and R184. Except for S124, all these residues 
are on the surface and located on one side of the protein (Fig. S6). Strikingly, a number of 
positively charged amino acids is highly conserved, suggesting these oomycete proteins have a 
local surface charge different from fungal type 1 NLPs. When comparing the cytotoxic fungal/
bacterial and oomycete type 1 NLPs to the non-cytotoxic oomycete type 1a NLPs, several 
differences are observed. Of the seven amino acids making up the heptapeptide motif, type 
1a NLPs only show conservation of three (R102, H103 and W105), whereas four others are 
not (G100, H101, D104 and E106). Of these latter four, three residues (H101, D104 and E106) 
have been shown to be crucial for necrosis-induction in NLPPya, and are part of its acidic 
cation-binding pocket (Ottmann et al. 2009). In each type 1a NLP, one or more of the eight 
residues making up this pocket (D93, H101, D104, E106, H126, Y151, D/N158 and H159) 
(Fig. 6B) are substituted. Also three residues near this pocket (G100, G193, and A195), which 
are highly conserved in fungal/bacterial and oomycete type 1 NLPs, and type 2 NLPs, are not 
conserved in type 1a NLPs, suggesting they play a role in cytotoxicity. The same 11 residues 
are substituted in most Rhizobiaceae NLPs and in the non-cytotoxic branch of Glomerella/
Colletotrichum NLPs in which the heptapeptide was found to have substitutions (Fig. 3, Fig. 
S7). The only residue that is highly conserved in type 1a NLPs, but not in the other type 1 
NLPs, is D200.
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The possibility that all 11 substituted amino acids in type 1a NLPs are required for necrosis 
in cytotoxic type 1 NLPs, is supported by the finding that three H. arabidopsidis type 1a 
NLPs (HaNLP2, HaNLP4, and HaNLP6), despite having all six amino acids for previously 
described as required for cytotoxicity (eg, C37, C63, D93, and gHrhDwE) (Fellbrich et al. 
2002, Ottmann et al. 2009), do not cause necrosis (Cabral et al. 2012). Yet each of these 
proteins has substitutions in other amino acids making up the acidic cation-binding pocket 
(Fig. S8), suggesting that the complete binding pocket is required for induction of necrosis. 
However, having a complete acidic pocket is not sufficient to induce necrosis, as HaNLP3 
(Cabral et al. 2012) and PsNLP11, 21, 25, 38, 39, and 40 (Dong et al. 2012) all have an intact 
binding pocket, yet they do not cause necrosis. An exposed region of HaNLP3 was shown to 
repress necrosis-induction by analysis of chimeras between the non-cytotoxic HaNLP3 and 
cytotoxic PsojNIP (Cabral et al. 2012).

Type 2 NLPs are distinguished by a putative calcium-binding motif
As the structure type 2 NLPs is not available yet, NLPPcc was modeled over the structure 
of NLPPya. As NLPPya and NLPPcc align very well on most parts (except on the N-terminus 
between the signal peptide and the first conserved cysteine, Fig. 6A), the modeled location 
of residues is likely reasonably accurate. NLPPcc includes 5 stretches (ranging from2 to 9 
residues) that are not present in NLPPya, but the location of which can be predicted in the 
available structure, although the orientation of these residues in that part of the protein are not 
reliable. Nonetheless, the modeled structure of NLPPcc provides us with valuable clues when 
combined with the consensus sequence of type 2 NLPs. Type 1 and type 2 NLPs strongly differ 
at multiple positions. First, type 2 NLPs contain a highly conserved KxVYHKDxxxTHxRxA 
motif (residues 146-162), of which the underlined residues show no conservation in type 1 
NLPs (Fig. 6A). These five residues are close to each other in the modeled 3D-structure of 
NLPPcc (Fig. S5B), suggesting they form a charged pocket. Second, the unalignable N-terminus 
(between the signal peptide and the first conserved cysteine) of type 2 NLPs contains a highly 
conserved DxDxDG motif (residues 24-29), which is known as a calcium-binding motif 
(Rigden & Galperin 2004). Furthermore, type 2 NLPs contain a nine residue region (166-174), 
not present in type 1 NLPs, containing three conserved residues. These three residues (E166, 
E169 and N170) are close to the DxDxDG motif in the 3D-structure (Fig. 6B), suggesting they 
may be part of a binuclear calcium-binding center (Rigden & Galperin 2004). Other residues 
conserved only in type 2 NLPs are Y/L31, N43, R57, E91, and W/F175. 

To investigate whether the DxDxDG motif is essential for necrosis-induction by NLPPcc, 
alanine-substituted versions were created in the conserved DxDxD, E166 and E169, L38 and 
R64 residues (Fig. 7A). The latter 2 residues are predicted to be close to the DxDxD motif (Fig. 
7B) and conserved in type 2 NLPs but not in type 1 NLPs (Fig. 6A). Transient expression of 
these alanine-substituted proteins showed that substitution of DxDxD to AxAxA in NLPPcc 

completely abolished necrosis-induction, while L31A and R57A did not have a marked impact 
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on the induction of necrosis (Fig. 7C). Changing E166xxE169 into A166xxA169 resulted 
in delayed and patchy necrosis (Fig. 7D). These data suggest that the conserved residues, 
predicted to be involved in calcium-binding, and lacking in type 1 NLPs, are important in 
necrosis induction by type 2 NLPs.

Figure 7: Effect of alanine substitutions of the putative Ca-binding site and proximate conserved 
residues of NLPPcc (coordinates based on protein without SP). A: Model of NLPPcc indicating the 
location of the mutated residues (black) and the conserved cysteines (white). B: 3D model of 
NLPPcc. D24, D26 and D28 are indicated in red, L31 and R57 in blue, E166 and E169 in yellow. 
NLPPcc was modeled on 3GNU using I-Tasser. Figure was made with Polyview 3D. C: Agro- 
infiltrations of the various mutants in tobacco leaves. Changing the three conserved aspartic 
acids into alanines completely abolished necrotic activity, while L31A and R57A made little 
difference to the amount of necrosis. Changing the two conserved glutamic acids to alanines 
resulted in a reduced activity. Plants were followed to day 10, the last five days no more changes 
in necrosis were observed. Standard deviation represent 3 X 15 plants. D: Changing the two 
conserved glutamic acids to alanines results in an incomplete, patchy necrosis. Picture taken at 
day 5.

Type 3 NLPs contains all cation-binding residues 
As type 3 NLPs share no clear homology with the other two types of NLPs, except for the 
50 shared residues in the middle of the protein (Fig. 1C), the rest of the sequence cannot be 
compared to type 1 and type 2 NLPs. Most type 3 NLPs (22 out of 33) are characterized by 
having six conserved cysteines at positions 39, 67, 74, 76, 99 and 270 (Fig. 8A). Eleven of 
the type 3 NLPs do not have cysteine residues at positions 67 and 74, suggesting that in the 
other 22 type 3 NLPs C67 and C74 form a disulfide bridge. In a single protein (ELR02678 
from G. destructans) cysteine 39 and cysteine 76 have been substituted for a threonine and a 
serine respectively, while the other four cysteines are present, suggesting C39 and C76 form 
a disulfide bridge as well in the other proteins. The 50 amino acid-region that contains the 
heptapeptide motif (Fig. 8B) can be aligned with the homologous region from type 1 and type 
2 NLPs (Fig. 8C). Strikingly, all residues in this region that, in type 1 and type 2 NLPs, make
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Figure 8: A: Aligned consensus weblogo of 33 type 3 NLPs. The red box indicates the region 
where type 3 NLPs share homology with type 1 and type 2 NLPs. The consensus weblogo was 
aligned to XP_748132, the type 3 NLP of Aspergillus fumigatus. Numbers correspond to the 
mature protein without signal peptide. B: Schematic representation of type 1, 2 ,and 3 NLPs. 
White lines indicate the location of conserved cysteines. The red box indicates the location of 
the part conserved in all three types of NLPs. C: Aligned consensus weblogos of the 50 residue 
region conserved in all NLPs. D: 3D representation of the 50 residue region (blue) in NLPPya. The 
residues which are found in the acidic cation binding pocket are indicated in red. Numbering of 
residues is based on NLPPya (3GNU). Figure was made using polyview3D.

up the acidic cation-binding pocket (D93, G100, H101, D104, E106 and H128) are highly 
conserved in type 3 NLPs (Fig. 8C), but not in type 1a NLPs. This may suggest that type 
3 NLPs form a cation-binding pocket. The protein surrounding the conserved 50-residue-
stretch (Fig. 8D) is likely completely different from type 1 and type 2 NLPs. The two non-
conserved residues in the type 3 heptapeptide motif (ghRHdwe) are in type 1 and type 2 NLPs 
completely embedded inside the protein, suggesting they serve a structural role that may not 
be present/required in type 3 NLPs.

Disulfide bridges in type 1 and type 2 NLPs
The crystal structures of NLPPya (Ottmann et al. 2009) and MpNEP2 (Zaparoli et al. 2011), 
show that the two strongly conserved cysteines in both type 1 and type 2 NLPs form a disulfide 
bridge, that we refer to as “bridge A”. A second pair of conserved cysteines is found in most 
type 2 NLPs. Although no type 2 NLP structure is available, based on the corresponding 
residues in NLPPya and MpNEP2, these cysteines are likely to form a second disulfide bridge 
(Fig. 9B), which will be referred to as “bridge B”. Cysteine residues that form disulfide bridges 
are in close proximity in the 3 dimensional protein structures and are orientated such that 
their sulfur groups are able to form a covalent bond. When for a given protein the crystal 
structure of a homologous protein is available, disulfide bridges can be predicted based 
on the occurrence of cysteines and their location in the protein. The distance between the 
α-carbons (C α) of the two cysteines provides a measure of the proximity in the protein 
structure, whereas the distance between the β-carbons (C β) provides a measure for the 
distance of the corresponding sulfur groups (S) (Fig. 9A). A search in our collected type 1 and 
type 2 NLP sequences resulted in more than 100 sequences containing more than one extra 
cysteine in addition to the cysteines making up bridge A and/or B. To predict if the additional 
cysteine residues are located in sufficient proximity to form a disulfide bridge, we located the 
corresponding residue for each of them in the structures 3GNU and 3ST1 (Fig. 9B). Based on 
the measured distances of cysteine residues, 12 more potential disulfide bridges in the NLP 
family were identified in type 1 and type 2 NLPs (Fig. 9C). The phylogenetic distribution of 
these extra disulfide bridges is indicated in figures 3, 4 and 5. Bridges 6, 7, and 9 are widely 
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occurring, while the other bridges are only present in a low number of sequences (<5). Bridge 
9 was identified in 16 fungal type 2 NLPs, and in one unrelated bacterial type 2 NLP, suggesting 
this bridge has evolved twice. In three additional cases, one of the cysteines potentially 
making up the disulfide bridge is located in a region just N- or C- terminal of both NLPPya 
and MpNEP2, making exact distance measurements of C α and C β of their corresponding 
residues impossible. One may be present in 14 NLPs of species in the genus Glomerella/
Colletotrichum, (Fig. S7), another may be present in 4 NLPs of H. arabidopsidis (HaNLP1, 2, 
4, and 6) and in a Peronospora tabacina homolog (Fig. S8), and a third in HaNLP2. Including 
these three additional disulfide bridges, this would make the number of potential disulfide 
bridges in the NLP family 17. The highest number of distinct disulfide bridges in a protein 
family thus far was determined by looking at complete homologous protein families, e.g. 
β-glucanases (which contain 15 distinct disulfide bridges) is composed of 14 protein domains, 
including cellulases, glucanases, xylanases, glucuronidases and mannases (Thangudu et al. 
2008). The NLP family, with a single domain, has potentially the highest number of distinct 
disulfide bridges found in any protein family.

Figure 9: Occurence of possible disulfide bridges in type 1 and type 2 NLP. A: Disulfide bridges 
in proteins consist of two cysteine residues, each possessing an α-carbon, a ß-carbon and a 
sulfur. Distances of these atoms between the cysteines are an indication of the disulfide forming 
capability of two closely positioned cysteines. B: Distances of the pairs of α-carbons and pairs of 
ß-carbon measured of the predicted disulfide bridges in NLPPya (3GNU) and MpNEP2 (3ST1). 
Residue numbering is based on PDB:3GNU. * Indicates a glycine (lacking a ß-carbon) located 
at one of the positions of the possible disulfide bridge. In these cases the glycine was replaced in 
the structure by an alanine using I-Tasser, and the position of the alanine ß-carbon was used. 
C: Position of the predicted disulfide bridges in different NLPs plotted on a line drawing of NLPPya.
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Functionality of disulfide bridges in the NLPs

Formation of bridge A seems essential for necrosis-induction, as PpNPP1 of P. parasitica 
(Fellbrich et al. 2002), and BcNEP1 and BcNEP2 of Botrytis cinerea (Arenas et al. 2010) 
do not induce necrosis when one of these cysteines in substituted, as tested by transient 
Agrobacterium-mediated expression. Bridge 7 in BcNEP2 is not essential, as induction of 
necrosis is not affected when one of these cysteines in substituted (Arenas et al. 2010). Several 
NLPs with additional disulfide bridges have been tested for necrosis-induction: the Botrytis 
elliptica BeNEP2 (Staats et al. 2007), the B. cinerea BcNEP2 (Arenas et al. 2010) and the 
Sclerotinia sclerotiorum SsNEP2 (Dalla Bahi et al. 2010), all carrying bridge 7, and PsNLP59 
(Dong et al. 2012) and a chimera between PsojNIP and HaNLP3 (Cabral et al. 2012), both 
carrying bridge 6. All these proteins were able to induce necrosis, suggesting these additional 
disulfide bridges are not required for cytotoxicity, but also do not negatively interfere with it. 

The requirement of the highly conserved bridge B in type 2 NLPs for the induction of necrosis 
has so far not been tested. Therefore, mutant proteins of NLPPcc were created in which 
bridge A, bridge B, or both are disrupted by substituting one of the cysteines by a serine 
(Fig. 10A). Disruption of bridge A led in both PsojNIP and NLPPcc to a complete loss of 
necrosis-induction (Fig. 10B), while disruption of bridge B in NLPPcc did not have an effect on 
necrosis-induction. This suggests that, although highly conserved in type 2 NLPs, bridge B is 
not essential for necrosis-induction, and possibly functions only to enhance protein stability.

Figure 10: Disulfide bridges and their requirement for induction of necrosis by PsojNIP and 
NLPPcc. A: Schematic representation of PsojNIP and NLPPcc indicating the different disulfide 
bridges. B: Disulfide bridge A is required for necrosis inducing activity in both PsojNIP and 
NLPPcc, while disulfide bridge B is not required for necrosis inducing activity in NLPPcc. Based on 
transient assays in tobacco, using agroinfiltration. Plants were followed to day 10, the last five 
days no more changes in necrosis were observed. Standard deviation shown is from 3x15 plants.
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Necrosis induction by NLPs in different plant cell compartments
Previous experiments (Qutob et al. 2006) have demonstrated that necrosis-induction by 
transient expression of NLPPs (PsojNIP) in plant cells requires a signal peptide.  This raised 
the hypothesis that NLPs require an as yet unidentified target located on the outside of the 
dicot plasma membrane. It is however also possible that disulfide bridge A, which is required 
for necrosis-induction in both PsojNIP and NLPPcc (Fig. 10B), is not formed in transiently 
expressed NLPs without a signal peptide, as disulfide bond formation does not happen 
effectively in the plant cytoplasm (Raina & Missiakas 1997). To test this hypothesis, PsojNIP 
and NLPPcc with a C-terminal KDEL sequence were created. Proteins with a C-terminal KDEL 
sequence that enter the endoplasmatic reticulum (where cysteine bonds are formed, (Raina 
& Missiakas 1997)) are unable to exit it, and protein retention in plants is not significantly 
impaired by an increased concentration of KDEL-carrying proteins (Denecke et al. 1992). The 
KDEL sequence is highly specific; the chemically similar sequence KDDL does not function as 
an ER retention signal, and can therefore be used as a control. As shown in figure 11, necrosis-
induction by PsojNIP-KDEL is slower than that of the wild type (delayed by one day), but full 
necrosis is still reached at day 4. In contrast, NLPPcc-KDEL does not cause any necrosis, while 
its control NLPPcc-KDDL acts like wild type. To our surprise, PsojNIP lacking a signal peptide 
still caused necrosis, although delayed compared to the wild type, while NLPPcc without a 
signal peptide did not induce any necrosis.

Figure 11: Necrotic activity of PsojNIP and NLPPcc in different cell compartments. PsojNIP agro-
infiltrations of NLP constructs in tobacco plants. 10 plant were infiltrated, the experiment was 
repeated 3 times. As a control, 35S:GUS was expressed.

Although transient expression by the plant cell is a highly artificial system, and may not 
mimic the natural situation, the difference between the type 1 PsojNIP and the type 2 NLPPcc 

is striking, and may suggest these proteins do not have the exact same mechanism of action, 
although they both induce a similar necrotic response. A difference is also observed when the 
wild-type proteins (with  SP) are tested by transient expression: NLPPcc  requires about a day 
less than PsojNIP to induce necrosis (Fig. 10, Fig. 11).
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Conclusion

NLPs are taxonomically widespread and found in microbes with various lifestyles
Members of the NLP family are found in three different kingdoms of life: fungi, oomycetes 
and bacteria. The origin of this gene family, which consists of three distinct types, is likely in 
the Ascomycete fungi in which all 3 types are present. Type 1 NLPs are typically associated 
with plant-associated species, ranging from plant litter degrading organisms, symbionts and 
commenstalists to biotrophic and necrotrophic pathogens. Organisms containing type 2 and 
type 3 NLPs include, next to plant-associated, also some animal-related microbes. Thus far, 
the role and toxicity of NLPs in animals has not been extensively studied.

Oomycetes evolved non-cytotoxic type 1 NLPs
In oomycetes, in particular in the Peronosporales, NLPs have expanded and diversified. One 
group of oomycete NLPs evolved extensive N-terminal modifications, of which the role is 
not clear, yet these additional domains do not interfere with the induction of necrosis. A 
second group of oomycete NLPs, designated type 1a, lost conservation of the acidic cation-
binding pocket, and thereby the ability to induce necrosis. NLPs that lack the acidic cation-
binding pocket are also found in members of the plant symbiotic group of Rhizobiaceae, and 
in hemibiotrophic fungi of the genus Colletotrichum, suggesting they have evolved at least 
three times independently. Expression of non-cytotoxic NLPs by pathogens was observed 
during the biotrophic stage, suggesting they serve a function early in infection. 

Differences and similarities in type 1 and type 2 NLPs 
A putative binuclear calcium-binding center was identified in type 2 NLPs, which is absent in 
type 1 NLPs. Whether this motif actually binds calcium could be resolved by crystallization 
of a type 2 NLP. When expressed in different compartments of the plant cell, type 1 and type 
2 NLPs show differences in response of the plant, suggesting the physiological range under 
which type 1 NLPs are capable of causing damage to plants is more diverse. As the exact 
mechanism of action of the cytotoxic NLPs is not known, it is unclear what this difference is 
based on at the molecular level. 

The NLP family was found to contain one of the highest numbers of distinct disulfide bridges 
ever described for a gene family. Substitution of several additional disulfide bridges did 
not abolish the protein’s cytotoxic function suggesting these disulfide bridges only serve to 
provide additional stability to the proteins.

Specificity of NLPs in plant responses
Although the NLP family has already been known for 18 years since its first discovery in 
1995 by Bailey, many aspects of this protein family remain enigmatic. A remarkable feature 
of this protein family is that all, thus far tested, dicot plant species are affected (Bailey 1995), 
although not to the same extent: tested species from the family Cucurbitaceae only respond 
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with ethylene induction, but show no necrosis. Also members of several orders of the monocot 
clade were tested, including species from the large orders of Poales, Liliales and Commelinales 
(Bailey 1995, Ottmann et al. 2009). Direct application of purified NLP to monocot membrane-
derived vesicles does not cause membrane disruption (Ottmann et al. 2009). This suggests 
there may be a difference in the membranes of these two plant groups, which may present 
clues to the functional mechanism of the NLPs. Yet not all monocots are insensitive to NLP 
function: two large orders of monocots (Chase 2004) of which no species have yet been tested 
are the Asparagales and the more primitive Alismatales. Preliminary experiments showed 
that infiltration of Yucca gigantea (order Asparagales) with BcNEP1 did not lead to necrosis, 
while infiltration of Spatyphyllum sp. (order Alismatales) with BcNEP1 caused necrosis at the 
same rate as in tobacco. This suggests the proposed difference in membrane composition is 
not completely unique to all monocots, albeit widespread.

Understanding of the exact mechanism and role of the NLPs could be highly important to 
help improve crop species defend themselves against a broad range of pathogens, as many 
pathogens contain these proteins. This may be achieved by chemically interfering with NLP 
functioning, or possibly by modifying dicot plants to make them as insensitive to NLPs as 
monocots. Whether this turns out to be effective will remain to be seen.
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Materials & Methods
Finding NLP genes:

Databases (NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi), VBI (http://vmd.vbi.vt.edu/), and 
JGI (http://genome.jgi-psf.org/) and  Endophyte (http://www.endophyte.uky.edu/ef/) were 
searched for NLP homologs. 

Construction of phylogenetic trees:

Neighbor joining trees were created by aligning the NLP protein sequences with MEGA5 
(ClustalW, standard setting, 1.000 bootstraps). Maximum likelyhood trees were created by 
aligning the sequences with mafft (LINSi, removed positions with >80% gaps) and using 
raxml (v7.2.6, 1.000 bootstraps, WAG model of amino acid substitution, optimization of 
substitution rates + GAMMA model of rate). In both methods, all present signal peptides 
were predicted by SignalP4.1 (http://www.cbs.dtu.dk/services/SignalP/) and removed 
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before analysis, as these can share similarity not based on ancestry, but on physico-chemical 
constraints (Wong et al. 2010). The created tree files were uploaded in FigTree v1.4.0 (http://
tree.bio.ed.ac.uk/software/figtree/) to produce the tree image. 

Consensus weblogos:

The NLP amino acid sequences (without SP) were aligned per type/group using ClustalW 
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The generated alignment file was used in 
Consurf (http://consurf.tau.ac.il/) without a tree file, using the model NLPPya (PDB:3GNU) 
for the type 1 NLPs. For the type 2 NLPs, NLPPcc (without signal peptide) was modeled on 
3GNU using I-Tasser (http://zhanglab.ccbm.med.umich.edu/I-TASSER/). For type 3 NLPs 
XP_748132 was used as a model without PDB file, as XP_748132 is too divergent from 3GNU 
and does not have any related published structural homologs. For type 1 and type 2 NLPs all 
positions scoring a conservation of 8 or 9 in Consurf were selected. Positions scoring below 
8 or 9 in the selected type/group, yet scoring 8 or 9 in the other group were also selected for 
the weblogo to show this homologous position is less conserved. For the type 3, all positions 
scoring 7, 8 or 9 in Consurf were used, as fewer sequences are available. Weblogos were 
created with Weblogo (http://weblogo.berkeley.edu/logo.cgi). Colors were set at: KRH: green, 
DE: blue, ST: red, VLAGI: yellow (RGB:FFFF00), NQ: purple, C: orange. Alignment gaps 
of the weblogos were manually corrected using structural information from NLPPya and the 
modeled NLPPcc.

Constructs:

Constructs were made by cloning the original genes (PsojNIP, NLPPcc) into pENTRY/D-
TOPO vector using Gateway® cloning (Invitrogen) and subcloned into pB7WG2 (Karimi et 
al. 2002) or pFAST (Shimada et al. 2010), which both have a 35S promoter to express the gene 
in planta. All modifications (point mutations, removal of SP, adding KDEL and KDDL) where 
done according to the Phusion® site-directed mutagenesis protocol (Finnzymes). All used 
primers are listed in Table 1.

Agro-infiltrations in tobacco:

5-6 weeks old tobacco plants (Nicotiana tabacum cv. Samsun)  were grown at short day 
conditions (10h light, 14h darkness) at 21°C and 70% humidity. 2 ml of Agrobacterium 
tumefaciens (C58C1) was grown overnight with the appropriate antibiotics, spun down (1 
minute at full speed) and resuspended with infiltration medium (10mM MgCl2, 0,1mM 
MES, pH5,7) to OD600: 0,8. Acetosyringone was added (100μM final concentration) and 
bacteria were incubated for 3-4 hours at room temperature. Infiltration in tobacco leaves was 
performed by puncturing a small hole in the leaf and infiltrating the bacterial suspension with 
a needleless 1 mL syringe. The infiltrated areas were scored for necrosis 10 consecutive days 
after infiltration.
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Supplemental files

Figure S1: Unrooted neighbor joining tree of the 50 amino acid region conserved in all three 
types of NLPs. The three types of NLPs remain separate also when the phylogeny is only based 
on this short stretch. 

Figure S2: Unrooted neighbor joining tree of all NLPs of the five fungal species which harbor all 
three types of NLPs, Aspergillus fumigatus, Neosartoria fischeri, Ilyonectria sp., Verticillium 
dahliae and Verticillium albo-atrum.
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Figure S3: TPAP repeats collected from 27 Phytophthora NLPs. The threonine at position 0 
is likely glycosylated, as the highest level of O-glycosylation occurs when a proline is located at 
position -1 and +3 (Wilson et al. 1991). Note that occasionally sequences between the individual 
TPAP repeats were removed for clarity.

Figure S4: Three Bacillus type 2 NLPs were aligned with NLPPcc and with their closest homolog 
(Fig. 5), ZP_06921585, from Streptomyces sviceus ATCC 29083.The Bacillus type 2 NLPs lack 
disulfide bridge B, which is strongly conserved in all other type 2 NLPs, and are C-terminally 
fused with a predicted lectin domain homolog to Ricin B (Schouten et al. 2008). The overall GC 
content of Streptomyces sviceus ATCC matches with the GC content of its NLP gene, while 
the GC content of the Bacillus NLP domains are 7 to 8% higher than their overall GC content. 
Strikingly, the Ricin B lectin homolog domain has a GC content similar to the overall GC content 
found in the Bacillus species. This suggests only the NLP domain was transferred, and the Ricin 
B lectin homolog was already present in the Bacillus species.
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Figure S5: Residues conserved in type 1 or type 2 NLPs. A: Eight residues only conserved in 
type 1 NLPs: I3, H5, D6, V8, Y40, D44, T49, and S50, are indicated in red. The GHRHDWE 
heptapeptide is indicated in blue. Image shows NLPPya (3GNU) from two different angles. B: 
Five residues only conserved in type 2 NLPs: V148, H150, K151, D152 ,and R160, are indicated 
in red. The GHRHDWE heptapeptide is indicated in blue. The residues of a putative binuclear 
calcium-binding center are indicated in yellow. Image shows NLPPcc modeled over NLPPya 
(3GNU), from two different angles.

Chapter 4



125

Figure S6: Residues only conserved in oomycete NLPs. A: Cartoon view of residues that are 
more conserved in the oomycete type 1(a) NLPs than in the fungal/bacterial type 1 NLPs: P10, 
T18, K22, A24, K26, K28, Q30, S69, D172, Q178, and R184 (shown in red). S124 is indicated 
in yellow. B: Surface view of the conserved residues shows that they are located on the outside on 
one side of the protein (shown in red). Figure shows 3GNU (NLPPya), adapted with Polyview 3D.
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Figure S7: Multiple alignment of two groups of type 1 NLPs (from Rhizobiaceae and Glomerella/
Colletotrichum) in which the GHRHDWE heptapeptide is mutated. Signal peptides are 
indicated in yellow, residues that are known to be essential for necrosis induction are indicated 
in red, residues substituted in oomycete type 1a NLPs are indicated in blue. Additional conserved 
cysteines are indicated in orange. Both groups of NLPs have mutations in the same residues as 
type 1a NLPs, suggesting these type 1 NLPs do not cause necrosis.
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Figure S8: Multiple alignment of NLPPya with three HaNLPs that, despite having all six amino 
acids in place which have been shown to be required for necrosis-induction (red), do not induce 
necrosis. These three HaNLPs, however, have substitutions of four amino acids (H128, D158, 
G193 and A195) which are required for induction of necrosis (shown in blue). Signal peptides 
are indicated in yellow.
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Figure S9: Additional disulfide bridges in oomycete NLPs in which one of the cysteines is 
N-terminal or C-terminal of the NLPPya, protein sequence corresponding to the 3GNU crystal 
structure. The two additional bridges are likely to exist as D185 is at the surface with its side 
chain pointing outwards, and only 11,94 Å removed from the most N-terminal amino acid 
in 3GNU. N79 is also in the surface, with its side chain pointing outwards, and only 10,77 Å 
removed from the C-terminus of 3GNU.
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Table S1: Primers used in this study.
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Abstract
Nep1-Like Proteins (NLPs) are secreted proteins found in a wide range of plant-associated 
microorganisms. They are best known for inducing rapid necrosis and defense responses 
in plants. As induction of necrosis has always been accompanied by the activation of plant 
immunity, the causal link between these responses has been unclear. In recent years, also non-
cytotoxic NLPs were identified, e.g. all 10 NLPs of the oomycete pathogen Hyaloperonospora 
arabidopsidis do not induce necrosis. In this study we show that non-cytotoxic NLPs trigger 
immunity in Arabidopsis thaliana. In planta expression of the H. arabidopsidis HaNLP3 
resulted in resistance to this downy mildew pathogen, transcriptional induction of defense 
genes, and reduction of plant growth. N- and C-terminal deletions, as well as amino acid 
substitutions, showed that only a small central region of the NLP protein is required to trigger 
immunity. Furthermore, a synthetic peptide of 24 amino acids, corresponding to a conserved 
region in NLPs, specifically induced defense responses in A. thaliana, but not in Nicotiana 
benthamiana. Similar 24 amino acid-fragments of a fungal and a bacterial NLP were also able 
to trigger defense responses in A. thaliana, making NLPs the first proteinaceous microbe-
associated molecular pattern (MAMP) identified in three different kingdoms of life.
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Introduction
Immune responses in plants often start by receptor-mediated detection of non-self molecules 
that are generally conserved among different classes of microbes, both beneficial and 
pathogenic (Zamioudis & Pieterse 2012). These molecules often have essential functions in 
microbial fitness (Thomma et al. 2011) and are collectively known as microbe-associated 
molecular patterns (MAMPs), which upon perception by the plant trigger basal immune 
responses (Boller & Felix 2009). Depending on the specific MAMP, different responses can be 
activated, from ethylene biosynthesis, production of reactive oxygen species (ROS), release of 
antimicrobial compounds (Tsuda & Katagiri 2010), to a hypersensitive response (HR), a form 
of programmed cell death (Thomma et al. 2011). Collectively, these responses are thought 
to lead to resistance against non-adapted pathogens (also referred to as MAMP-triggered 
immunity, or MTI).

Three taxonomically unrelated classes of plant-infecting microbes are bacteria, fungi and 
oomycetes. For each class specific MAMPs are described that are not found in the other 
microorganisms.

Three well-known MAMPs from bacteria are flagellin (Felix et al. 1999), EF-Tu (Kunze et al. 
2004) and peptidoglycan (Willmann et al. 2011). Flagellin is one of the 6 different proteins 
making up the flagellum, a long thin rotating helical filament used by mobile eubacteria for 
movement (Berg 2003). A highly conserved N-terminal fragment of 22-amino acid, named 
flg22 (Felix et al. 1999), is sufficient for MTI in A. thaliana and other plant species. EF-Tu 
(elongation factor thermo unstable) is the most abundant bacterial protein, which is highly 
conserved and plays a central role in the elongation phase of protein synthesis in bacteria (Fu 
et al. 2012). An N-terminal (N-acetylated) 18-amino acid domain of EF-Tu, named elf18, is 
recognized as a MAMP in Brassicaceae species, but not in other tested plant families (Kunze 
et al. 2004). Peptidoglycans are made up of strands of alternating N-acetylglucosamine and 
N-acetylmuramic acid residues linked by β-1-4 bonds (Vollmer et al. 2008), and are only 
found in bacteria in which they are a major structural component of most bacterial cell walls.

The best studied example of a fungal MAMP is chitin, a long linear homopolymer of β-1,4-
linked N-acetylglucosamine, which is an essential structural component of the fungal cell 
wall (Bowman & Free 2006). Plants are able to recognize chitin, and fragments of four to ten 
N-acetylglucosamine residues are the most potent inducers of defense (Felix et al. 1993).

Four oomycete derived MAMPs have been identified to date (Hein et al. 2009); (1) 
heptaglucoside fragments derived from branched 1,3-1,6-β-glucans, the main polysaccharide 
components of oomycete cell walls, which trigger defense responses in many Fabaceous plants 
(Fliegmann et al. 2004). (2) Glycoprotein 42 (GP42), a calcium-dependent transglutaminase 
that functions in irreversible protein cross-linking and is abundant in the cell wall of the 
genus Phytophthora (Brunner et al. 2002). The GP42-derived 13-amino acid fragment Pep-
13, is required and sufficient to elicit MTI responses in parsley (Nürnberger et al. 1994) and 
potato (Brunner et al. 2002). (3) Elicitins, proteins with a sterol binding activity (Kamoun 
2006), which are able to elicits necrosis in the genus Nicotiana through induction of an HR 
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(Sasabe et al. 2000). (4) The Phytophthora cellulose-binding elicitor lectin (CBEL), which is 
thought to cause perturbation of the cell wall cellulose status (Dumas et al. 2008), thereby 
triggering necrosis and MTI in tobacco and A. thaliana (Séjalon-Delmas et al. 1997, Dumas 
et al. 2008). 

Other groups of cell death-inducing proteins may also qualify as oomycete MAMPs based 
on their widespread occurrence among different pathogens (Thomma et al. 2011), e.g. the 
Crinklers and the cytotoxic Necrosis and Ethylene-inducing Peptide 1 (Nep1)-Like Proteins 
(NLPs) (Hein et al. 2009). 

NLPs are found in bacteria, fungi and oomycetes (Gijzen & Nürnberger 2006, Chapter 4) and 
are known to cause rapid necrosis and /or ethylene production in many dicot plants species, 
yet do not trigger any responses in monocots (Bailey et al. 1995, Gijzen & Nürnberger 2006). 
In addition to causing rapid necrosis, NLP treatment, in several dicot plant species, induces 
plant defense gene expression. Microarray analysis revealed, among others, induction of genes 
related to reactive oxygen species (ROS) production, signal transduction associated with plant 
immunity, ethylene biosynthesis and stress responses, overall resembling the responses to the 
MAMP flg22 (Bae et al. 2006, Qutob et al. 2006). 

A major question regarding the NLP’s cytotoxic effect is whether it is caused by stimulation 
of the immune system resulting in an HR, or as a result of a direct cytolytic action of the 
protein. NLP-induced cell death in planta requires a complete protein (Veit et al. 2001, 
Fellbrich et al. 2002) and an active plant metabolism, but seems independent of many known 
pathways of programmed cell death (Qutob et al. 2006). In vitro, NLPs cause rapid leakage 
of dicot membrane-derived vesicles, suggesting direct cytolysis through plasma membrane 
disintegration or pore formation (Ottmann et al. 2009). Induction of defense genes in plants 
by NLPs was therefore suggested to be a side effect of this direct damage to the cell (Ottmann 
et al. 2009), or by products formed or released during this process (referred to as a damage 
associated molecular pattern, DAMP) (Boller & Felix 2009).
Several plant-infecting oomycete species, in particular in the order of Peronosporales, have 
a large expansion of NLPs in their genome (Seidl et al. 2011) from 12 genes in the downy 
mildew H. arabidopsidis (Cabral et al. 2012) up to 33 genes in Phytophthora sojae (Dong et al. 
2012). It can therefore be assumed that these proteins play an important role in their lifestyle 
(Gijzen & Nürnberger 2006, Dong et al. 2012), although the exact role of NLPs in virulence 
remains unclear.
Not all of the oomycete NLPs induce necrosis. When tested by transient expression, necrosis 
was only induced by 1 out of the 3 tested NLPs from P. infestans (Kanneganti et al. 2006), 
8 out of 33 NLPs from P. sojae (Dong et al. 2012), while not a single one of the 12 NLPs of 
H. arabidopsidis caused necrosis (Cabral et al. 2012). In P. infestans PiNPP1.1, encoding a 
cytotoxic NLP, is expressed during the necrotrophic stage (Kanneganti et al. 2006), while 
PiNPP1.2 and PiNPP1.3, encoding non-cytotoxic NLPs, are expressed early during infection, 
similar to the H. arabidopsidis genes encoding non-cytotoxic NLPs (Cabral et al. 2012). This 
suggests non-cytotoxic NLPs serve an as yet unknown function during the early infection by 
plant-pathogenic oomycetes.
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In our search for the biological function of the non-cytotoxic NLPs of H. arabidopsidis, 
transgenic A. thaliana plants were generated expressing the HaNLP genes, which resulted in 
severely stunted plants. In this paper we show that A. thaliana is able to respond to the non-
cytotoxic HaNLP3 and a small peptide fragment thereof that is highly conserved in all type 
1 NLPs (Chapter 4). The response to this stimulus is not necrosis, but ethylene production 
and induction of defense genes similar to those caused by flg22 (Qutob et al. 2006). The NLP 
MAMP is not restricted to a single class of microbes (e.g. oomycetes, fungi or bacteria) but 
rather present in a broad taxonomic range of microbes with mostly plant-associated lifestyles. 

Results
Plants expressing HaNLPs show severe growth reduction
To determine the effect of non-cytolytic NLPs of H. arabidopsidis on A. thaliana, transgenic 
HaNLP-overexpression lines were created. Surprisingly, we discovered that overexpression of 
7 of the 10 NLP genes (HaNLP2, 3, 4, 5, 6, 9, and 10) resulted in transgenic plants showing 
severely reduced growth, visible as stunted plants, compared to control plants transformed 
with YFP (Fig. 1). Plants expressing HaNLP1, 7, and 8 showed no, or a small growth reduction, 
that was not significantly different from the YFP-expressing control. The strongest phenotype 
was observed in plants overexpressing HaNLP5, which did not grow after germination and 
eventually died. All transgenic lines, except those expressing HaNLP5, produced flowers 
and seeds, so that they could be tested in the next generations. The growth reduction was 
confirmed in the T3 generation and quantified by weighing the aerial parts of 10 seedlings 
per NLP-expressing line (Fig. 1). The observed growth reduction could result from the direct 
interference of NLPs with plant development, or could be the result of the activation of plant 
immunity that is known to affect plant growth and development (Zhu et al. 2013).

Figure 1: Size and weight of 21 day-old A. thaliana lines overexpressing HaNLP genes. The result 
of reduced growth is visible in the smaller sizes of representative T3 transgenic lines (top panel). 
The reduction in growth was quantified by measuring the fresh weight of the aerial parts of 10 T3 
seedlings (bottom panel). Significance of differences in the level of fresh weight was assessed with 
Tukey-HSD test (alpha=0.05, N=15). A and b indicate significant differences between genotypes 
(alpha=0.05). A. thaliana plants overexpressing HaNLP5 died before day 21.
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NLP expression in A. thaliana leads to resistance to H. arabidopsidis
To test the effect of HaNLPs on disease susceptibility we inoculated homozygous A. thaliana 
T3 lines overexpressing HaNLPs with H. arabidopsidis spores. Many lines showed strongly 
reduced susceptibility to H. arabidopsidis (Fig. 2). Strikingly, the same lines that were 
more resistant to downy mildew also showed severe growth reduction. There was a strong 
correlation (R2=0,89) between the level of susceptibility and the fresh weight of the transgenic 
lines expressing different HaNLP genes. HaNLP5-expressing plants could not be tested, 
as these transgenic lines could not be maintained. In the literature there is a multitude of 
examples of plant growth inhibition as a result of activation of plant immunity. Our data, 
therefore, suggested that the growth reduction of HaNLP-expressing plants is caused by the 
activation of plant immunity.

Figure 2: H. arabidopsidis sporulation on HaNLP-overexpressing A. thaliana T3 lines. Plants 
were inoculated with H. arabidopsidis isolate Waco9 at 14 days after germination. Spores 
were counted 6 days after inoculation. Significance of differences in the level of sporulation 
was assessed with Tukey-HSD test (alpha=0.05, N=3). A and b indicate significant differences 
between genotypes (alpha=0.05). The experiment was repeated 3 times with similar results.

HaNLP3 is a potent activator of plant immunity
To exclude the possibility that resistance was the result of secondary effects, caused by 
continuous overexpression, we created estradiol-inducible HaNLP3 lines (XVE promoter, Zuo 
et al. 2000). HaNLP3 was chosen for this as it was studied in most detail in our previous study 
(Cabral et al. 2012), and it induced both resistance to downy mildew and reduced growth 
in HaNLP3-expressing plants. A transgenic line was selected that showed no detectable 
expression in untreated plants and a strong induction upon treatment with estradiol. When 
sprayed with estradiol every two days for a period of a week, these plants showed strongly 
reduced growth, similar to that of the 35S:HaNLP3 lines, whereas non estradiol-treated 
plants developed normally (Fig. S1). A control estradiol-inducible YFP line did not show 
any growth reduction upon estradiol treatment, showing that the inducing compound is not 
causing the growth reduction. These data clearly indicate that growth reduction results indeed 
from exposure to HaNLP3. The same lines were next used to investigate the effect of HaNLP3 
expression on H. arabidopsidis infection. For this, inducible XVE:HaNLP3 and XVE:YFP lines 
were sprayed with water or estradiol 24 hours prior to inoculation. At the time of inoculation, 
water- and estradiol-treated plants were phenotypically identical, so there was no difference in 
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developmental stage or leaf surface. A very strong reduction in susceptibility was observed in 
the estradiol-induced HaNLP3 line, but not in the YFP control line or water-treated HaNLP3 
line (Fig. 3). These data strongly support the idea that HaNLP3 activates the plant immune 
system resulting in resistance to H. arabidopsidis.

Figure 3: Susceptibility of estradiol-inducible HaNLP3 and YFP lines of A. thaliana to H. 
arabidopsidis measured by spore production. Fourteen day-old A. thaliana seedlings were 
sprayed with either water or 100 μM estradiol 24 hours prior to inoculation with H. arabidopsidis 
spores of isolate Waco9. Spore counts were performed 6 days after inoculation. Significance of 
differences in the level of sporulation was assessed with Tukey-HSD test (alpha=0.05, N=3). A 
and b indicate significant differences between lines (alpha=0.05).

Transcriptional activation of immunity by HaNLP3
To understand why transient expression of HaNLP3 leads to immunity to H. arabidopsidis, a 
microarray analysis was performed 24 hours after induction of the transgene, and compared 
to that of water-treated plants and an XVE:YFP control, treated with estradiol. The expression 
of HaNLP3 resulted in a strong transcriptional response; 2586 genes were significantly (q 
value <0.05) differentially expressed (at least 2 fold) between estradiol- and water-treated 
seedlings of XVE:HaNLP3, of which 1305 genes showed enhanced expression (>2 fold up) 
and 1281 genes were downregulated (>2 fold down). Comparing the 1305 HaNLP3-induced 
gene set to other publicly available data showed that there was a strong overlap with genes 
upregulated in response to the flagellin-derived MAMP flg22, and the necrosis-inducing 
NLPs NEP1 (Bae et al. 2006) and NLPPp (Qutob et al. 2006) (Fig. 4). The fact that HaNLP3 
triggers the plant immune system, resulting in resistance to downy mildew strongly suggests 
that it acts as a MAMP.
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An NLP fragment is sufficient for triggering immunity in A. thaliana
As HaNLP3 and the necrosis-inducing PsojNIP have a high amino acid sequence homology 
(Cabral et al. 2012), PsojNIP may also be able to induce plant defense responses. However, as 
PsojNIP is phytotoxic (Qutob et al. 2002, Cabral et al. 2012) it induces cell death and associated 
activation of plant defense, making it impossible to distinguish a MAMP effect from cell 
death-associated responses. A solution to this problem could be the use of proteins that no 
longer induce necrosis, e.g. PsojNIP mutant forms in which the conserved disulfide bridge is 
disrupted (as shown for NLPPp by Fellbrich et al. 2002) or the GHRHDWE heptapeptide motif 
is modified (as shown for NLPPya by Ottmann et al. 2009). To test this, PsojNIP versions with 
the substitutions C56S, C82S, H121A, and D124A were created. When transiently expressed 
in tobacco leaves, PsojNIP H121A and D124A showed a reduced and delayed induction of 
necrosis, whereas the PsojNIP C56S and C82S proteins did not induce any visible responses 
(data not shown). As we did not want any remaining necrosis-inducing activity, the PsojNIP 
C56S and C82S constructs were used for transformation of A. thaliana. 

Transgenic T1 lines (and subsequent T2 lines) expressing these constructs showed a strong 
reduction in growth, similar to the transgenic lines overexpressing the immunity-activating 
HaNLPs, e.g. HaNLP3 (Fig. 5A). These data indicate that also cytotoxic NLPs can act as 
MAMPs in A. thaliana.

It is striking to see that the disulfide bridge in PsojNIP is not required for the immunity-
triggering activity of the protein, whereas it is strictly essential for necrosis-induction. To test 
if also smaller fragments of NLPs are able to trigger immunity, we made N- and C-terminal 
deletions of HaNLP3 and expressed them in transgenic lines, measuring A. thaliana growth 
reduction as a proxy for the activation of immune responses. Also expression of HaNLP3 
with its disulfide bridge disrupted (C79S) and even with the part between the two conserved 

Figure 4: Venn diagram showing the overlap 
in A. thaliana genes that are activated 
in response to different inducers of plant 
defense responses with the 1305 genes that 
are activated by HaNLP3 (blue). Flg22-
induced genes (yellow) are upregulated 1h 
and/or 4h after treatment with flg22 peptide 
(Qutob et al. 2006). NEP1- and NLPPp-
induced genes (green) are upregulated 30 
minutes after treatment with the NEP1 
protein of Fusarium oxysporum (Bae et al. 
2006) and upregulated at 1h and/or 4h after 
treatment with NLPPp (Qutob et al. 2006).
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cysteines completely removed (Fig. 5A) resulted in reduced growth, indicating that induction 
of defense responses is likely not caused by a direct activity of the protein. Transgenic 
expression of successive C-terminal deletions of HaNLP3 resulted in a reduced-growth 
phenotype (fragments 1-4). However, expression of additional C-terminal deletion did not 
result in reduced growth (fragments 5-8), indicating that the heptapeptide and sequences 

Figure 5: A: Schematic representation of mutated and deleted versions of PsojNIP and HaNLP3 
and their effect on growth when overexpressed in transgenic A. thaliana seedlings. Multiple T1 
lines per construct were scored for growth reduction following transformation of the different 
35S:NLP variants. B: The defense triggering fragment of HaNLP3 compared with the consensus 
of 23 type 1 NLPs of which necrosis inducing activity has been demonstrated (Chapter 4). Two 
highly conserved regions can be identified, an 11 amino acid stretch (conserved region 1) and the 
heptapeptide motif (conserved region 2).

N-terminal to that are important for causing growth reduction. Successive N-terminal 
deletions of fragment 4, which ends with the heptapeptide motif (fragments 9-12), were 
generated and transformed into A. thaliana. Expression of fragments 9 and 10, but not 11 
and 12, resulted in reduced growth, showing that a 28 amino acid fragment of HaNLP3 is 
sufficient to cause the growth effect. Comparison of this region with the homologous region 
of 23 necrosis-inducing type 1 NLPs (Fig. 5B) showed this 28 amino acid sequence contains 
two highly conserved regions. Conserved regions I is almost completely located on the inside 
of the protein, while the heptapeptide motif (conserved region II) is partly exposed (Fig. S2). 

NLPs Act as MAMPs



140

A necrosis-inducing type 2 NLP (Gijzen & Nürnberger 2006), NLPPcc from Pectobacterium 
carotovorum (Ottmann et al. 2009), with the disulfide bridge homologous to PsojNIP and 
HaNLP3 disrupted (NLPPccC78S) does not cause any necrosis when transiently expressed in 
tobacco leaves (Chapter 4). Expression of NLPPccC78S in A. thaliana did not lead to a visible 
growth phenotype, suggesting it does not trigger an immune response.

Defense induction in A. thaliana by recombinant NLPs
To test if indeed the secreted protein is responsible for the observed induction of defense, 
HaNLP3 protein was produced in Pichia pastoris. An A. thaliana reporter line containing 
PR-1:GUS (Zhao et al. 2004) was used, as this is a reliable marker of defense induction. Leaves 
infiltrated with HaNLP3 induced the GUS gene, indicative of defense induction, while its 
control, PIC3 (P. pastoris culture empty vector control, purified in the same way as HaNLP3) 
showed little induction, suggesting HaNLP3 is responsible for the induction of PR-1:GUS. 
Recombinant BcNEP1, a necrosis-inducing NLP of the fungus Botrytis cinerea, (Schouten et 
al. 2008) was heat denatured by boiling for 60 minutes, to the point it was no longer cytotoxic 
to A. thaliana or N. benthamiana (data not shown). Heat-denatured BcNEP1 infiltrated in 
PR-1:GUS plants triggered high GUS activity similar to that induced by HaNLP3 and flg22 
(Fig. 6). This indicates that the fungal BcNEP1 is also able to trigger defense responses, and 
induction of defense responses is not limited to oomycete NLPs.

Figure 6: Induction of defense in A. thaliana leaves measured by GUS expression in leaves of 
PR-1:GUS plants. A. thaliana leaves were vacuum infiltrated with different peptides/proteins. 
24h after infiltration a GUS staining was performed to measure activation of defense responses.
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A synthetic 24 amino acid NLP peptide is sufficient to trigger immunity
Alignment of the identified 28 amino acids region required for defense induction in A. thaliana 
with the homologous region from 23 necrosis-inducing type 1 NLPs (Fig. 5B), showed that 
the first four amino acids are not conserved. Therefore a synthetic peptide was made of the 
remaining 24 residues (Fig. 7A). This 24 amino acid-peptide induced ethylene production 
in A. thaliana, whereas mock treatment showed no elevated ethylene production (Fig. 7B), 
showing this region is sufficient for defense induction. 
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Figure 7: A: Multiple alignment of an oomycete NLP from H. arabidopsidis (HaNLP3), a fungal 
NLP from B. cinerea (BcNEP2), and a bacterial NLP from B. subtilis (BsNPP1). Signal peptides 
are indicated in yellow, the 24 amino acid regions tested for ethylene induction in A. thaliana are 
indicated in black. B: Ethylene induction caused by NLP fragments in different plants species. 
A. thaliana (left) produces ethylene upon treatment (1 μM) with the 24 amino acid fragment of 
HaNLP3, BcNEP2 and BsNPP1. N. benthamiana (right) does not respond to the 24 amino acid 
fragment of HaNLP3.
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To investigate whether NLPs from other species are also capable of inducing defense responses 
in A. thaliana, the homologous region from the fungal B. cinerea BcNEP2 and the bacterial 
Bacillus subtilis BsNPP1 were tested. The 24 amino acid-peptides from all thee NLPs (Fig. 7A) 
were able to induce ethylene production in A. thaliana (Fig. 7B), indicating that type 1 NLPs 
occurring in three kingdoms of life are recognized by A. thaliana. The 24 amino acid-peptide 
from HaNLP3 did not show elevated ethylene production in N. benthamiana compared to 
mock treatment, indicating it is not recognized by this species. These findings indicate that 
perception of NLPs may be limited to A. thaliana (and perhaps relatives). In contrast, NLP 
fragments that are recognized are not limited to oomycete or even eukaryote NLPs.

Discussion
The HaNLPs, which are all non-cytotoxic (Cabral et al. 2012), were cloned and expressed 
in A. thaliana, which for 7 of the 10 genes resulted in transformants with severe growth 
reduction. The observed growth reduction and plant phenotype, with curled-up leaves, 
strongly resembled A. thaliana autoimmune mutants (Zhu et al. 2013), suggesting defense 
responses are activated in the NLP-overexpression lines. An inducible HaNLP3 line was used 
for microarray analysis, and showed that indeed defense is induced by expression of a non-
cytolytic secreted NLP. By creating C- and N-terminal truncations of HaNLP3, a 28-amino 
acid fragment was pinpointed as sufficient for induction of defense responses when expressed 
in A. thaliana. This fragment could be further reduced to a synthetic peptide of 24 amino acids 
that induced a strong ethylene response. In contrast, NLP peptide fragments did not induce 
any detectable responses when tested in carrot (Veit et al. 2001) and parsley (Fellbrich et al. 
2002), which are both sensitive to cytotoxic NLPs. In these plant species defense responses 
were only induced when treated with the full length NLP (or a minimal C-terminal deletion 
(Fellbrich et al. 2002)), likely as a result of the cytotoxic activity of the proteins tested. These 
experiments performed on parsley and carrot suggested NLPs are not recognized in the same 
fashion as other proteinaceous MAMPs, in which a minimal peptide motif is sufficient to 
trigger defense responses (flg22, Felix et al. 1999, Pep13, Brunner et al. 2002, elf18, Kunze 
et al. 2004, axYS22, Lee et al. 2009). Our work shows that also for the NLP MAMP, a highly 
conserved minimal peptide motif is sufficient to trigger immune responses in A. thaliana, 
similar to other proteinaceous MAMPs.

It has been under debate for a long time whether NLPs induce necrosis as a consequence 
of defense activation followed by a hypersensitive response (HR), making the cell death 
plant-derived, or by a toxic activity of the NLP proteins. Next to cell death, the Phytophthora 
parasitica PpNPP1 triggers a massive defense response in A. thaliana (Qutob et al. 2006). 
Ottmann et al. (2009) were able to demonstrate that the purified NLPPp protein causes leakage 
in dicot membrane-derived vesicles, convincingly showing NLPs are likely able to kill plant 
cells without the requirement of programmed cell death. The induction of defense responses 
was therefore suggested to be the result of the perception of cellular damage, or products 
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formed by the unknown reaction leading to membrane leakage. The finding that A. thaliana 
responds with defense induction to only a small, highly conserved, part of NLP proteins 
shows that cellular damage is not required for NLP-induced defense induction in A. thaliana. 
This recognized fragment of NLPs is located on the inside of the protein (Fig. S2), and may be 
unavailable for direct detection. In order for it to be recognized, it may first have to be released 
by (partial) degradation of the protein by host proteases.

A type 2 NLP, NLPPcc, is able to induce necrosis in both tobacco and A. thaliana (Ottmann 
et al. 2009), yet NLPPccC78S does not induce necrosis nor visible growth retardation when 
transiently expressed in A. thaliana. This suggests that perception of NLPs by A. thaliana is 
specific for type 1 NLPs. The cause for this may be found in the fact that the conserved region 
I of type 2 NLPs differs at two residues from type 1 NLPs (Fig. S3). The fact that wild type 
NLPPcc is cytotoxic, yet is not recognized as a MAMP in A. thaliana also supports our finding 
that induction of necrosis and induction of defenses by NLPs are independent processes.

MAMPs in the apoplast are generally recognized by pattern recognition receptors (PRRs). 
These receptors, belonging to the class of receptor-like kinases (RLKs) and receptor like-
proteins (RLPs) recognize specific molecules (Tör et al. 2009). The specificity of the ligand 
is determined by the receptor, but often a co-receptor is required for signal transduction: 
perception of flg22, elf18, HrpZ, peptidoglycan, and lipopolysaccharide are dependent on the 
RLK BAK1, but perception of chitin is independent of BAK1 (Shan et al. 2008). Preliminary 
data suggests recognition of NLPs is independent of the co-receptor BAK1, as the mutant 
bak1-5 (Schwessinger et al. 2011), when transformed with 35S:HaNLP3, showed a similar 
level of growth reduction as wild type 35S:HaNLP3 plants (data not shown). Mutants of other 
co-receptors such as bkk1 (Roux et al. 2011) or sobir1 (Liebrand et al. 2013), which may play 
a role in NLP-detection, are currently under investigation. 

How can H. arabidopsidis infect A. thaliana if several of its expressed NLPs trigger an immune 
response? H. arabidopsidis RXLR-effectors (Baxter et al. 2010), a group of host-translocated 
proteins, are known to suppress plant defenses (Cabral et al. 2011, Fabro et al. 2011, Stassen 
& van den Ackerveken 2011). One can imagine that some of these effectors are capable of 
suppressing the responses induced by NLPs (and other MAMPs) before the host plant detects 
them.  To test this, 13 available A. thaliana HaRXLR overexpressing lines (Pel, thesis 2013) 
were transformed with 35S:HaNLP3. Preliminary data showed that one line, expressing 
HaRXLR29, was able to suppress HaNLP3-induced growth reduction (Fig. S4). HaRXLR29 
has previously been associated with reduction of defense responses, as it also promoted growth 
of Pseudomonas syringae (Cabral et al. 2011), a bacterial pathogen that does not harbor any 
NLP genes. This suggests HaRXLR29 may not specifically interfere with HaNLP3 perception, 
but rather with signaling downstream of a putative NLP receptor.

One important aspect of the definition of MAMPs is that they are “highly conserved molecules 
within a class of microbes” (Thomma et al. 2011). Some MAMPs are so important to the 
microbe, that they cannot thrive without the associated molecules. At best, adaptation of the 
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immunogenic epitope, without loss of protein function, can be achieved (Clarke et al. 2013). 
Plants have partially evaded this adaptation by evolving multiple receptors that recognize 
different fragments of the same MAMP: the flagellin fragment flg22 is recognized by the 
receptor FLS2, while another fragment, flgII-28 is recognized by FLS3 (Clarke et al. 2013). To 
bacteria, flagellin is so important and conserved, that, besides plants, also vertebrate animals 
have independently evolved a receptor (TLR5) to detect this bacterial protein (Yoon et al. 
2012). Perception of MAMPs is usually not species-specific, in contrast to the recognition 
of effectors by plant species specific resistance genes (Boller & Felix 2009). Based on its wide 
taxonomic occurrence, NLPs seem highly advantageous to several classes of microbes. Our 
description of NLPs acting as proteinaceous MAMPs clearly shows that these recognized 
molecules are not confined to a single class of microbes; they are found in all three major 
classes of plant pathogens, i.e. oomycetes, bacteria and fungi (Gijzen & Nürnberger 2006, 
Chapter 4). This would suggest the definition of MAMPs should be broadened to “highly 
conserved molecules found in microbes”.
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Materials & Methods
Generation of (inducible) overexpression lines:

The HaNLPs coding sequences were amplified from H. arabidopsidis (isolate Emoy2) 
genomic DNA, cloned into a pENTRY/D-TOPO vector using Gateway® cloning (Invitrogen), 
and verified by PCR and Sanger sequencing. For HaNLP3, fusion 4 was used (Cabral et al. 
2012), which has the signal peptide of HaNLP3 exchanged for that of PsojNIP, so that the 
protein is secreted more efficiently when expressed in planta. All amplified HaNLPs were 
and recombined into the binary Gateway® compatible vectors pB7WG2 (Karimi et al. 2002), 
pFAST (Shimada et al. 2010) or XVE (Zuo et al. 2000). Binary vectors were transformed into 
Agrobacterium tumefaciens strain C58C1 by electroporation. A. thaliana Col-0 plants were 
transformed using the floral dip method (Zhang et al. 2006). Transformants were selected 
for BASTA resistance (pB7WG2 & XVE) or for fluorescence of the seed coat (pFAST). An 
estradiol-inducible line with proper induction and no measurable leakage was selected by 
RT-PCR analysis of NLP3 expression.

Plant & pathogen growth conditions:

A. thaliana was grown on potting soil (Primasta) at 22°C, 75% relative humidity, with 16 
hours of light/day. Infection assays with H. arabidopsidis isolate Waco9 was performed by 
spraying plants with spores (50 spores/μL). After inoculation, plants were dried for ca. 30 
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minutes and subsequently incubated at 100% humidity at 16°C with 10 hours of light/day. 
The amount of sporulation was quantified 5 to 6 days after inoculation by cutting of seedlings, 
suspending the spores in a known volume of water and determining the amount of spores per 
mg of plant tissue (fresh weight of aerial parts). 

Microarray analysis:

A. thaliana seedlings (10 days old) of XVE:HaNLP3 and XVE:YFP were induced by spraying 
with estradiol solution (100 μM estradiol in 0,02% Silwet), 24 hours prior to harvesting. RNA 
was extracted using an RNeasy kit (Qiagen) following the manufacturer’s instructions. The 
quality of the RNA was assessed (NanoDrop), and samples were analyzed (ServiceXS B.V., 
Leiden, The Netherlands) using an ATH1 Affymetrix chip. Microarray analysis was performed 
using the R package Limma (Smyth 2005).

Heterologous protein production:

HaNLP3 was produced as described in Cabral et al. (2012). BcNEP1 was kindly provided by 
Jan van Kan (Wageningen University), and was produced in Pichia pastoris as described in 
Arenas et al. (2010). 

GUS-staining:

Expression of β-glucuronidase (GUS) in PR-1:GUS A. thaliana lines, 24 hours after treatment, 
was assessed by vacuum infiltrating leaves with GUS-staining solution (1 mM X-Gluc, 100 
mM NaPi-buffer, pH 7.0, 10 mM EDTA, and 0,1% (v/v) Triton X-100). Leaves were incubated 
for 24h at 37°C in the GUS-staining solution, and then de-stained by repeated washes in 70% 
ethanol.

Peptide synthesis:

Peptides were ordered at Genscript, custom peptide service, USA.

Ethylene measurement:

To assay ethylene production, leaves of 5-week old A. thaliana plants (Col-0) were cut in 
3mm squares and left in MQ overnight at room temperature. On the next day 5 pieces were 
transferred to 10 ml glass vials containing 1 ml of aqueous solution containing the peptide 
(1 μM). Vials were closed with rubber septa and after 4 hours ethylene accumulation was 
measured by taking a 1 ml sample from the headspace, and subsequently analyzing it by gas 
chromatography.

NLPs Act as MAMPs



146

References
Arenas, Y. C., Kalkman, E. R. I. C., Schouten, A., Dieho, M., Vredenbregt, P., e.a. (2010). Functional 
analysis and mode of action of phytotoxic Nep1-like proteins of Botrytis cinerea. Physiological and 
Molecular Plant Pathology, 74(5-6), 376-86. 

Bae, H., Kim, M. S., Sicher, R. C., Bae, H., & Bailey, B. A. (2006). Necrosis- and ethylene-inducing 
peptide from Fusarium oxysporum induces a complex cascade of transcripts associated with signal 
transduction and cell death in Arabidopsis. Plant Physiology, 141(3), 1056-67. 

Bailey, B. A. (2006). Purification of a protein from culture filtrates of Fusarium oxysporum that induces 
ethylene and necrosis in leaves of Erythroxylum coca. Phytopathology, 85, 1250-5. 

Baxter, L., Tripathy, S., Ishaque, N., Boot, N., Cabral, A., Kemen, E., e.a. (2010). Signatures of adaptation 
to obligate biotrophy in the Hyaloperonospora arabidopsidis genome. Science, 330, 1549-51.

Berg, H. C. (2003). The rotary motor of bacterial flagella. Annual Review of Biochemistry, 72, 19-54. 

Boller, T., & Felix, G. (2009). A renaissance of elicitors: perception of microbe-associated molecular 
patterns and danger signals by pattern-recognition receptors. Annual Review of Plant Biology, 60, 379-
406. 

Bowman, S. M., & Free, S. J. (2006). The structure and synthesis of the fungal cell wall. Bio Essays, 28(8), 
799-808. 

Brunner, F., Rosahl, S., Lee, J., Rudd, J. J., Geiler, C., Kauppinen, S., e.a. (2002). Pep-13, a plant defense-
inducing pathogen-associated pattern from Phytophthora transglutaminases. The EMBO Journal, 
21(24), 6681-8. 

Cabral, A., Stassen, J. H., Seidl, M. F., Bautor, J., Parker, J. E., & van den Ackerveken, G. (2011). 
Identification of Hyaloperonospora arabidopsidis transcript sequences expressed during infection reveals 
isolate-specific effectors. PloS One, 6(5), e19328. 

Cabral, A., Oome, S., Sander, N., Küfner, I., Nürnberger, T., & van den Ackerveken, G. (2012). Nontoxic 
Nep1-Like Proteins of the downy mildew pathogen Hyaloperonospora arabidopsidis: repression of 
necrosis-inducing activity by a surface-exposed region. Molecular Plant-Microbe Interactions, 25(5), 
697-708. 

Clarke, C. R., Chinchilla, D., Hind, S. R., Taguchi, F., Miki, R., Ichinose, Y., e.a. (2013). Alellic variation in 
two distinct Pseudomonas syringae flagellin epitopes modulates the strength of plant immune responses 
but not bacterial motility. New Phytologist. 

Dong, S., Kong, G., Qutob, D., Yu, X., Tang, J., Kang, J., e.a. (2012). The NLP toxin family in Phytophthora 
sojae includes rapidly evolving groups that lack necrosis-inducing activity. Molecular Plant-Microbe 
Interactions, 25(7), 896-909. 

Dumas, B., Bottin, A., Gaulin, E., & Esquerré-Tugayé, M. (2008). Cellulose-binding domains: cellulose 
associated-defensive sensing partners. Trends in Plant Science, 13(4), 160-4. 

Fabro, G., Steinbrenner, J., Coates, M., Ishaque, N., Baxter, L., Studholme, D. J. e.a. (2011). Multiple 
candidate effectors from the oomycete pathogen Hyaloperonospora arabidopsidis suppress host plant 
immunity. PLoS Pathogens, 7(11): e1002348.

Felix, G., Regenass, M., & Boller, T. (1993). Specific perception of subnanomolar concentrations of chitin 
fragments by tomato cells: induction of extracellular alkalinization, changes in protein phosphorylation, 
and establishment of a refractory state. The Plant Journal, 4(2), 307-16. 

Chapter 5



147

Felix, G., Duran, J. D., Volko, S., & Boller, T. (1999). Plants have a sensitive perception system for the 
most conserved domain of bacterial flagellin. The Plant Journal, 18(3), 265-76. 

Fellbrich, G., Romanski, A., Varet, A., Blume, B., Brunner, F., Engelhardt, S., e.a. (2002). NPP1, a 
Phytophthora-associated trigger of plant defense in parsley and Arabidopsis. The Plant Journal, 32(3), 
375-90. 

Fliegmann, J., Mithofer, A., Wanner, G., & Ebel, J. (2004). An ancient enzyme domain hidden in the 
putative β-glucan elicitor receptor of soybean may play an active part in the perception of pathogen-
associated molecular patterns during broad host resistance. The Journal of Biological Chemistry, 279(2), 
1132-40. 

Fu, J., Momčilović, I., & Prasad, P. V. (2012). Roles of protein synthesis elongation factor EF-Tu in heat 
tolerance in plants. Journal of Botany, 2012, 1-8. 

Gijzen, M., & Nürnberger, T. (2006). Nep1-like proteins from plant pathogens: Recruitment and 
diversification of the NPP1 domain across taxa. Phytochemistry, 67(16), 1800-7. 

Hein, I., Gilroy, E. M., Armstrong, M. R., & Birch, P. R. (2009). The zig-zag-zig in oomycete-plant 
interactions. Molecular Plant Pathology, 10(4), 547-62. 

Kamoun, S. (2006). A catalogue of the effector secretome of plant pathogenic oomycetes. Annual 
Review of Phytopathology, 44, 41-60. 

Kanneganti, T., Huitema, E., Cakir, C., & Kamoun, S. (2006). Synergistic interactions of the plant 
cell death pathways induced by Phytophthora infestans Nep1-like protein PiNPP1.1 and INF1 elicitin. 
Molecular Plant-Microbe Interactions, 19(8), 854-63.

Karimi, M., Inzé, D., & Depicker, A. (2002). GATEWAYTM vectors for Agrobacterium-mediated plant 
transformation. Trends in Plant Science, 7(5), 193-5. 

Kunze, G., Zipfel, C., Robatzek, S., Niehaus, K., Boller, T., & Felix, G. (2004). The N terminus of bacterial 
elongation factor Tu elicits innate immunity in Arabidopsis plants. The Plant Cell, 16(12), 3496-507. 

Lee, S., Han, S., Sririyanum, M., Park, C., Seo, Y., & Ronald, P. C. (2009). A type I-secreted, sulfated 
peptide triggers XA21-mediated innate immunity. Science, 326(5954), 850-3. 

Liebrand, T. W. H., van den Berg, G. C. M., Zhang, Z., Smit, P., Cordewener, J. H. G., America, A. H. P., 
e.a. (2013). Receptor-like kinase SOBIR1/EVR interacts with receptor-like proteins in plant immunity 
against fungal infection. Proceedings of the National Academy of Sciences of the United States of 
America, 110(24), 10010-5.

Nürnberger, T., Nennstiel, D., Jabs, T., Sacks, W. R., Hahlbrock, K., & Scheel, D. (1994). High affinity 
binding of a fungal oligopeptide elicitor to parsley plasma membranes triggers multiple defense 
responses. Cell, 78(3), 449-60.

Ottmann, C., Luberacki, B., Küfner, I., Koch, W., Brunner, F., Weyand, M., e.a. (2009). A common toxin 
fold mediates microbial attack and plant defense. Proceedings of the National Academy of Sciences of 
the United States of America, 106(25), 10359-64. 

Pel, M. J. C. (2013). Evasion and suppression of plant immunity. PhD thesis, Utrecht University.

Qutob, D., Kemmerling, B., Brunner, F., Küfner, I., Engelhardt, S., Gust, A. A., e.a. (2006). Phytotoxicity 
and innate immune responses induced by Nep1-like proteins. The Plant Cell, 18(12), 3721-44. 

NLPs Act as MAMPs



148

Roux, M., Schwessinger, B., Albrecht, C., Chinchilla, D., Jones, A., Holton, N., e.a. (2011). The 
Arabidopsis leucine-rich repeat receptor-like kinase BAK1/SERK3 and BKK1/SERK4 are required for 
innate immunity to hemibiotrophic and biotrophic pathogens. The Plant Cell, 23, 2440-55.

Sasabe, M., Takeuchi, K., Kamoun, S., Ichinose, Y., Govers, F., Toyoda, K., e.a. (2000). Independent 
pathways leading to apoptotic cell death, oxidative burst and defense gene expression in response to 
elicitin in tobacco cell suspension culture. European Journal of Biochemistry, 267(16), 5005-13. 

Schouten, A., van Baarlen, P., & van Kan, J. A. (2008). Phytotoxic Nep1-like proteins from the 
necrotrophic fungus Botrytis cinerea associate with membranes and the nucleus of plant cells. The New 
Phytologist, 177(2), 493-505. 

Seidl, M. F., van den Ackerveken, G., Govers, F., & Snel, B. (2011). A domain-centric analysis of oomycete 
plant pathogen genomes reveals unique protein organization. Plant Physiology, 155(2), 628-44. 

Séjalon-Delmas, N., Mateos, F. V., Bottin, A., Rickauer, M., Dargent, R., & Esquerré-Tugayé, M. T. 
(1997). Purification, elicitor activity, and cell wall localization of a glycoprotein from Phytophthora 
parasitica var. nicotianae, a fungal pathogen of tobacco. Phytopathology, 87(9), 899-909. 

Shan, L., He, P., Li, J., Heese, A., Peck, S. C., Nürnberger, T., e.a. (2008). Bacterial effectors target the 
common signaling partner BAK1 to disrupt multiple MAMP receptor-signaling complexes and impede 
plant immunity. Cell Host & Microbe, 4(1), 17-27. 

Shimada, T. L., Shimada, T., & Hara-Nishimura, I. (2010). A rapid and non-destructive screenable 
marker, FAST, for identifying transformed seeds of Arabidopsis thaliana. The Plant Journal, 61(3), 519-
28. 

Smyth, G. K. (2005) Limma: linear models for microarray data. In Bioinformatics and Computational 
Biology Solutions using R and Bioconductor. Springer, New York,, 397–420.

Stassen, J. H., & van den Ackerveken, G. (2011). How do oomycete effectors interfere with plant life? 
Current Opinion in Plant Biology, 14(4), 407-14. 

Thomma, B. P., Nürnberger, T., & Joosten, M. H. (2011). Of PAMPs and effectors: the blurred PTI-ETI 
dichotomy. The Plant Cell, 23(1), 4-15. 

Tör, M., Lotze, M. T., & Holton, N. (2009). Receptor-mediated signalling in plants: molecular patterns 
and programmes. Journal of Experimental Botany, 60(13), 3645-54.

Tsuda, K., & Katagiri, F. (2010). Comparing signaling mechanisms engaged in pattern-triggered and 
effector-triggered immunity. Current Opinion in Plant Biology, 13(4), 459-65. 

Veit, S., Worle, J. M., Nürnberger, T., Koch, W., & Seitz, H. U. (2001). A novel protein elicitor (PaNie) 
from Pythium aphanidermatum induces multiple defense responses in carrot, Arabidopsis, and tobacco. 
Plant Physiology, 127(3), 832-41. 

Vollmer, W., Blanot, D., & de Pedro, M. A. (2008). Peptidoglycan structure and architecture. Federation 
of European Microbiological Societies, Microbiology Reviews, 32(2), 149-67.

Willmann, R., Lajunen, H. M., Erbs, G., Newman, M., Kolb, D., Tsuda, K., e.a. (2011). Arabidopsis lysin-
motif proteins LYM1 LYM3 CERK1 mediate bacterial peptidoglycan sensing and immunity to bacterial 
infection. Proceedings of the National Academy of Sciences of the United States of America, 108(49), 
19824-9. 

Yoon, S., Kurnasov, O., Natarajan, V., Hong, M., Gudkov, A. V., Osterman, A. L., & Wilson, I. A. (2012). 
Structural basis of TLR5-flagellin recognition and signalling. Science, 335(6070), 859-64.

Chapter 5



149

Zamioudis, C., & Pieterse, C. M. (2012). Modulation of host immunity by beneficial microbes. 
Molecular Plant-Microbe Interactions, 25(2), 139-50.

Zhang, X., Henriques, R., Lin, S., Niu, Q., & Chua, N. (2006). Agrobacterium-mediated transformation 
of Arabidopsis thaliana using the floral dip method. Nature Protocols, 1, 641-6.

Zhu, Y., Baijuan, du, Qian, J., Zou, B., & Hua, J. (2013). Disease resistance gene-induced growth inhibition 
is enhanced by rcd1 independent of defense activation in Arabidopsis. Plant Physiology, 161(4), 2005-13. 

Zuo, J., Niu, Q. W., & Chua, N. H. (2000). Technical advance: An estrogen receptor-based transactivator 
XVE mediates highly inducible gene expression in transgenic plants. The Plant Journal, 24(2), 265-73. 

Supplemental files

NLPs Act as MAMPs

Figure S1: The inducible XVE:HaNLP3 line shows severe growth reduction when treated with 
estradiol. From one day after germination, XVE:HaNLP3 and XVE:YFP lines were sprayed 
every two days with either water or 100 μM estradiol. The pictures were taken 14 days after 
germination, showing only growth reduction of the estradiol-treated XVE:HaNLP3 line but not 
of the control XVE:YFP line.
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Figure S2: 3D Model of the 24 amino acid defense inducing peptide visualized in NLPPya 
(PDB:3GNU), and displayed in a front and back view. The model shows both the individual 
residues of conserved region I (blue) and conserved region II (red), as well as the surface of the 
complete protein (green). The less conserved 6 amino acid region connecting the two conserved 
regions is shown without color, and its side chains are not displayed. Of the conserved region 1, 
only the side chain of K92 partly reaches the protein surface, while the rest is completely located 
on the inside of the protein. Of conserved region 2, four of the seven amino acids (G100, H101, 
R102 and D104) are on the surface of the protein. The figure was made with Polyview 3D.

Figure S3: Alignment of the conserved regions in the recognized 24 amino acid NLP fragment. 
The type 1 logo shows the conserved residues of the defense triggering fragment of 23 cytotoxic 
type 1 NLPs (Chapter 4). The two highly conserved regions are aligned with those of the logo 
showing the conservation in 122 type 2 NLPs (Chapter 4). Two positions (indicated with 
asterisks) in conserved region I are highly conserved in type 1 NLPs, but not in type 2 NLPs. At 
the bottom is the sequence of these two conserved regions of NLPPcc.
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Figure S4: Reduced HaNLP3-induced growth reduction by expression of the H. arabidopsidis 
effector HaRXLR29. Expression of HaNLP3 (35S:HaNLP3) leads to severe reduction of growth, 
while expression of HaRXLR29 (35S:HaRXLR29) shows wild type growth. When both genes are 
expressed at the same time (35S:HaNLP3, 35S:HaRXLR29), plants show in intermediate growth 
reduction. All plants shown are of the same age.

Table S1: Primers used in this study.
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Chapter 6

General Discussion

ATTAATGTAGAAAGTACAATCGGAGCCACGATAAACGGT GACAACGCG 
ATGGCCTAT CATGAGCTCCCA GGGGAAAACGAGAGC GCGAACGAT 

ACTCACGAGATCAGG CCGCGGGAAAGTGAGAACTGCGAG 
ATGGCCAAAGAG AGCGAAAATAGTGAG
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The research described in this thesis was focused on two groups of secreted proteins encoded 
in the genome of the obligate biotrophic oomycete pathogen Hyaloperonospora arabidopsidis, 
which is an obligate biotroph of the well-studied model plant species Arabidopsis thaliana. 
The genome of the host plant has been available for more than 12 years (The Arabidopsis 
Genome Initiative 2000), and more recently, the genome sequence of H. arabidopsidis has 
become available (Baxter et al. 2010). 
In the past, phytopathological experiments at the level of molecules and compounds 
entailed examining cell-free microbial extracts for biological activities. Due to advances in 
biochemistry, virulence molecules, such as toxins and proteins, were isolated and purified, 
allowing their further functional analysis. At a later stage, cloning and sequencing technologies 
allowed the identification of pathogenicity-related genes, typically focussing on those 
responsible for a strong virulence-related phenotype. The availability of more and more host 
and pathogen genome sequences now enables research on genes that encode interesting new 
protein families that have not been studied before. In particular, the comparison of genomes 
of related pathogen species has revealed many interesting genes that are potentially related to 
the infection process or other aspects of a plant-associated lifestyle.
Genome sequencing-based research comes with challenges of its own, in most cases related  
to making sense of the enormous amounts of generated sequencing data. First, the obtained 
(often short) sequences of DNA fragments have to be assembled into larger sequences, by 
merging and ordering reads, known as sequence assembly. Different sequencing technologies 
each pose their own challenges based on read length, error rate, read numbers, and costs (Earl 
et al. 2011). It is important to note that many pathogen genome sequences are incomplete or 
poorly assembled, making the predicted genes in these species not fully reliable. Next, the 
data has to be interpreted in a biological context, which relies on gene and protein prediction, 
a process that is not fully accurate and can also introduce artefacts (Yandell & Ence 2012). 
Subsequent computational annotation of protein function is mostly done by analyzing 
amino acid sequences, their inferred evolutionary relationships, information from genomic 
context, subcellular localization, co-expression, protein-protein interaction networks, protein 
structure data, or a combination of any of these data types (Radivojac et al. 2013). 

Comparative oomycete genomics
Of the many oomycete plant pathogens, the genomes of several species have been sequenced 
(Chapter 1). To properly identify genes of interest by comparative genomics, plant-
pathogenic species can be compared to their closest non-pathogenic relatives. The goal 
of this is to determine which genes are simply required for survival for this taxonomical 
group, and which genes can be appointed a possible lifestyle-related function. The opposite 
approach, comparing the genome of taxonomically unrelated species, yet with a similar 
lifestyle, can also provide clues to gene function. Thus far the closest non-pathogenic relatives 
of the pathogenic oomycetes of which genomes are available are diatoms and a brown alga. 
To facilitate comparative genomics, among other reasons, the genomes of the free-living 
oomycetes Achlya hypogyna and Thraustotheca clavata are soon to be expected (Misner, thesis 
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2012). One of the reasons to compare genomes of oomycetes to each other and to genomes of 
relatives, is to allow for identification of homologs, and to distinguish orthologs, paralogs and 
xenologs, as these specify an evolutionary scenario (Koonin 2005), thereby providing useful 
information, e.g. on their importance for certain groups of organisms.

To further refine the selection of infection-related genes, it may be useful to characterize 
genes that are simply required to survive on/in plants, as they may not be directly related to 
pathogenicity. Many genes correlated to microorganisms with a plant-related lifestyle are also 
found in non-pathogenic species. For instance, the well studied bacterial genus Lactococcus 
lives on plants without causing disease, feeding on plant exudates, and may help to protect the 
plant against pathogenic fungi (Wang et al. 2011). The well-known species Lactococcus lactis, 
which was domesticated by humans to produce dairy products (Bachmann et al. 2012), finds 
its origin on plants (Siezen et al. 2008). Strains isolated from plants contain many genes that 
are lacking in closely related strains used for dairy production, including genes involved in 
degradation of complex plant polymers, and uptake and conversion of typical plant cell wall 
degradation products. The relative quick change of niche, from plant to milk, shows a rapid 
loss of genes only required when living on plants (Bachmann et al. 2012). These genes lost in 
L. lactis signify groups of enzymes not related to plant pathogenicity, but are merely related to 
a plant-associated lifestyle. These genes may also be found in plant pathogens, and not in their 
free-living relatives, yet should not be viewed as pathogenicity factors. 

Evolution of new genes, and how to identify them
Two important forces in the evolution of new genes are gene duplication followed by 
neofunctionalization (Lynch & Conery 2000), and horizontal gene transfer (HGT) (Treangen 
& Rocha 2011). Duplicated genes can be functionally redundant, but one of the copies can 
also undergo deleterious mutations (nonfunctionalization), and end up as a pseudogene. 
In rare cases, the duplicated gene evolves a new function by subfunctionalization (same 
molecular functionality, yet different expression in time, place or subcellular compartment) 
or neofunctionalization (new function, partially or completely unrelated to its original 
function). The genes with potentially new functions may be identified in multi-gene families.

Horizontal gene transfer is another process by which genes with new molecular functionality 
can be acquired. Providing proof that genes are obtained by HGT is not always straightforward, 
but is basically detected when close homologs are present in distantly-related species. 
Many possible HGTs have been identified in both prokaryotes (Treangen & Rocha 2011) 
and microbial eukaryotes (Andersson 2009), including oomycetes. HGT from fungi to an 
ancestor of the Peronosprales was predicted to have happened for at least 20 genes, and is so 
ubiquitous that it was suggested plant pathogenicity in oomycetes was enabled by these HGTs 
(Richards et al. 2011). These HGT-acquired genes are not random: the proteins, encoded by 
these oomycete HGT-derived genes, are strongly overrepresented towards secreted proteins 
(62 to 76% depending on the species), and 13 out of 32 protein families are predicted to be 
involved in breakdown, transport, or remodelling of sugars. 
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Secreted H6PELs have evolved through gene duplication and neofunctionalization
Duplications are proposed to underlie the evolution of the genes encoding secreted H6PELs 
in the Peronosporales (Chapter 2) from the ancestral gene encoding a cytoplasmic H6PEL 
that is present in all tested Stramenopiles. In the ancestor of the Peronosporales, the gene 
encoding this cytoplasmic H6PEL was likely duplicated, and one of the paralogs evolved to 
encode a signal peptide (subfunctionalization). This H6PEL duplicated again, yet one of its 
paralogs was lost in the ancestor of the genus Phytophthora, but was maintained in the ancestor 
of Hyaloperonospora. The paralog, which is maintained in both lineages independently, 
underwent several rounds of gene duplication in the Phytophthora and Hyaloperonospora 
lineages, resulting in 4 to 5 paralogs per species. The initial paralog that was only maintained 
in H. arabidopsidis also underwent gene duplications, resulting in three genes and four 
pseudogenes in the genome sequence. The proteins encoded by the genes in this cluster, 
however, have substitutions of amino acids in the putative phosphosugar binding pocket. 
This pocket is strictly maintained in the cytoplasmic H6PEL of H. arabidopsidis and its other 
secreted H6PELs, suggesting the proteins with an altered binding pocket evolved a new, as 
yet unknown, function (neofunctionalization). It is especially striking to notice that only in 
this branch of the oomycete secreted H6PELs several pseudogenes are present, whereas in 
the other branches with secreted H6PELs pseudogenes have not been detected, neither in 
Phytophthora species nor in H. arabidopsidis.

Genes encoding secreted H6PELs have evolved at least three times independently, as we find 
them in the Peronosporales and in plants. In each case they are most related to their own 
respective ancestral gene encoding a cytoplasmic H6PEL, indicating they are not acquired by 
HGT, but are the results of convergent evolution. Secreted plant H6PELs have thus far been 
identified in several species of the plant family Asteraceae, genera Helianthus (sunflower), and 
Lactuca (lettuce), and several species of the Brassicaceae (A. thaliana, mustard, cabbage, and 
relatives). It is striking to note that all these plant species are susceptible to infection by downy 
mildew pathogens, although the relevance of this observation remains unclear.

The fact that both A. thaliana and H. arabidopsidis secrete a similar H6PEL protein during 
infection, suggests they compete for a phosphosugar-like substrate, as in both (groups of) 
proteins the suggested substrate binding residues are conserved. A similar situation was 
described for the chitin binding protein Ecp6 of the plant pathogenic fungus Cladosporium 
fulvum (de Jonge et al. 2010). Both the plant and the pathogen employ a similar protein 
domain (LysM) to bind chitin fragments; the former to detect the presence of fungi, the latter 
to prevent their detection. The finding that a group of secreted H6PELs has many substitutions 
in their substrate-binding pocket, suggests they have evolved a different function than the 
other secreted H6PELs. Several examples of enzymes that lost their original enzyme active 
site (pocket) and evolved a new function, are described for both plants and pathogens (Misas-
Villamil & van der Hoorn 2008). One can speculate that the original secreted H6PEL has 
acted as an apoplast-stable platform that by mutation and amino acid substitution underwent 
neofunctionalization. These H6PELs may have evolved a completely novel function, which 
may entail protein-protein interaction, e.g. by acting as inhibitors of host enzymes. A possible 
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indication for this is the fact that HaH6PELs 5, 6 and 7 are rapidly evolving, as found for 
other disease-related proteins that are under positive selection (Misas-Villamil & van der 
Hoorn 2008). To find possible protein-protein interaction sites in these proteins, alleles from 
several H. arabidopsidis isolates can be compared, to test if specific residues (on the outside 
of the protein) are under strong positive selection indicative of a possible interaction site. 
Alternatively, interacting proteins can be identified by proteomics. Unfortunately,  preliminary 
experiments on the H6PEL5, 6, and 7 were unsuccessful due to problems in overexpression 
and purification of tagged H6PELs from E. coli.

The widespread, yet patchy, occurrence of NLPs results from HGT
The occurrence of NLPs in oomycetes is likely the result of a HGT from Ascomycete fungi 
(Chapter 4), after which numerous gene duplications occurred. HGT in eukaryotic microbes 
is quite common, and most of the transferred genes have a prokaryotic origin (Andersson 
2009). This is, for example, the case for a group of (pore forming) toxins, aerolysins, which 
are widely spread as a result of HGT: genes in this family appear to have been transferred at 
least six times from bacteria to eukaryotes, but rarely from one eukaryote to another (Moran 
et al. 2012). As these pore-forming toxins are so widespread, two criteria were suggested 
which make (especially cross-kingdom) HGTs successful: (1) the proteins are functional 
without being part of protein complexes or complex pathways, (2) the proteins have the 
ability to immediately benefit and fit the ecology of the receiving organism. The NLPs fit the 
first category, as the purified protein itself is sufficient to cause membrane leakage in dicot 
plant derived plasma membrane vesicles (Ottmann et al. 2009), and to kill dicot plant cells. 
The second criterion, to immediately benefit the receiving organism, is demonstrated by the 
Pectobacterium carotovorum nlp mutant that has lost virulence, but can be complemented by 
other NLP genes encoding cytotoxic NLPs (Ottmann et al. 2009). Furthermore, the usefulness 
of NLPs to the receiving organisms is suggested by the fact that NLPs have undergone at least 
7 cross-kingdom HGTs (Fig. 1) and massive expansion in certain groups of microbes, e.g. the 
oomycetes. In contrast to aerolysins, NLPs likely find their origin in Ascomycete fungi, as only 
in this phylum species are found possessing all three types of NLPs. Next to that, all Ascomycete 
NLPs of each type cluster together, suggesting a common origin, without additional HGTs. 
From the Ascomycetes, NLPs have spread at least once to oomycetes, once to Basidiomycete 
fungi and at least four times to bacteria. Several horizontal gene transfers occurred within 
different phyla of bacteria, and at least once from a bacterium to a (Chytridiomycete) fungus. 
This ubiquitous occurrence of HGTs suggests that these toxins, and related toxin-like proteins, 
are useful for many different microorganisms with various lifestyles.

In bacteria, NLPs have a patchy taxonomic distribution, suggesting these proteins only 
contribute to the fitness in a limited number of species. In the plant symbiont family of 
Rhizobiaceae, (type 1) NLPs are not widespread, as they were only identified in 13,1% of 
species/strains (13 of 99) of which genome sequences are available (JGI Integrated Microbial 
Genome database). This may suggest that these NLPs are accessory (optional) for these species, 
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and may only under certain condition be advantageous. Whether the patchy distribution of 
these genes among Rhizobiaceae is caused by gene loss in lineages or by gene transfers is 
difficult to address, as Rhizobial genomes appear to be highly dynamic as a result of HGTs, 
and transpositions from and to plasmids (MacLean et al. 2007).

Figure 1: Proposed occurrence of horizontal gene transfers of NLPs genes among and between 
different taxonomic groups of the tree of life. HGT of type 1 NLPs are indicated in black, HGT of 
type 2 NLPs is indicated in grey. In type 1 NLPs we find (1) a single event, from an Ascomycete 
fungus to the ancestor of the Peronosporales, (2) a single event, from an Ascomycete fungus to 
a bacteria, from which at least a single event (3) occurred to another phylum of bacteria. (4) A 
single event occurred from an Ascomycete fungus to an ancestor of the Basidiomycete order of 
Polyporales, and (5) a single event from the Peronosporales to an ancestor of the Basidiomycete 
genus Moniliophthora. In type 2 NLPs we find (6) at least three events from Ascomycete fungi 
to bacteria, one to an ancestor of the order of Actinomycetales, one to an ancestor of the class of 
Gammaproteobacteria, and one to a Streptomyces species. A single event (7) occurred from a 
Gammaproteobacterium to the fungus Gonapodya prolifera (or its ancestor) from the division 
of Chytridiomycota, and (8) a single event occurred from a bacterium of the Actinomycetales 
order to a species of Bacillus (phylum Firmicutes). The possible occurrence of HGT within phyla 
was not examined.

This accessory nature is also found in the type 2 NLPs in nitrogen-fixing plant endosymbionts 
of the genus Frankia (Actinomycetales). The NLPs cluster together with those of the 
phylogenetically closely related genus Streptomyces (Alam et al. 2010), many of which (61%, 
41 out of 67, JGI Integrated Microbial Genome database) harbour a single type 2 NLP. Three 
closely related Frankia species were completely sequenced and their genomes compared 
(Normand et al. 2007). The genome (and proteome) size of these species is correlated to the 
range of plant families they can form a symbiosis with. Two species, one with a very wide host 
range, and one with a host range of two plant families, were both found to encode an NLP. 
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The third species, which is associated with only a single plant genus and is not found in soils 
in the absence of this genus, lacks the NLP gene. This suggests NLPs in these bacteria are not 
as accessory as the type 1 NLPs found in the Rhizobiaceae, and lack of it in the most host-
adapted Frankia sp. might be related to its specialization on a single host.
Type 2 NLPs in the Gammaproteobacteria are found in several orders, but distribution 
is patchy and the presence of NLP genes is rather rare, as they were identified in only 24 
(1,9%) species/strains out of 1282 Gammaproteobacteria (JGI Integrated Microbial Genome 
database). The gammaproteobacteria form a monophyletic group, but their exact phylogeny 
is complicated, as HGT is very pervasive (Williams et al. 2010). Surprisingly, however, all NLP 
genes found in this class of bacteria cluster together. This pattern suggests that either HGT 
occurred strictly between gammaproteobacteria, or that an ancestral gammaproteobacterium 
acquired an NLP gene that was subsequently lost in most of the species.

Neofunctionalization of NLPs
In the Peronosporales the (type 1) NLP gene family has underwent an enormous expansion, 
with up to 70 sequences in Phytophthora capsici (Dong et al. 2012), although more than half 
(37) of these became pseudogenes by nonfunctionalization. The Peronosporales have evolved 
two additional classes of type 1 NLPs; one class with an additional N-terminal domain, 
and one class (type 1a) that has lost the cation binding pocket that is essential for necrosis 
induction (Ottmann et al. 2009). The class of oomycete NLPs with an additional N-terminal 
domain has both cytotoxic as well as non-cytotoxic members, while non of the type 1a NLPs 
thus far tested are cytotoxic. NLPs in P. capsici have mainly expanded in type 1a NLPs, as of 
the 33 NLPs of P. capsici (Dong et al. 2012), 7 belong to the classical type 1 NLPs, 7 to the 
group with an additional N-terminal domain, and 19 to type 1a. The number of 7 classic type 
1 NLPs is similar to the 6 identified in Pythium ultimum (Levesque et al. 2010), in which the 
diversification of NLPs as found in the Peronosporales is not observed. In H. arabidopsidis we 
find no classic type 1 NLPs, one NLP with an additional N-terminal domain, and 9 type 1a 
NLPs. The expansion of the gene family in the Peronosporales seems therefore the result of 
expansion of these non-cytotoxic type 1a NLPs, of which the function remains unknown. 

NLP structures provide leads for functional studies 
In the last few years, the crystal structures of two type 1 NLPs have been published: NLPPya 

(3GNU) (Ottmann et al. 2009) and MpNEP2 (3ST1) (Zaparoli et al. 2011). Combining 
phylogeny and sequence alignment with the available structural information (Chapter 4) 
opens up a new wealth of useful information. One of the findings is that we can distinguish 
four different functional groups of NLPs (Fig.2). The main difference between type 1 and type 
1a is the lack of a cation-binding pocket in type 1a proteins. Type 1 and type 2 NLPs differ 
in an exposed region opposite of the cation-binding pocket, which in type 2 NLPs contains 
a putative calcium-binding domain, essential for cytotoxicity. Type 3 NLPs only shares a 50 
residue-part with the other NLP types, containing all conserved residues of the cation-binding 
pocket of type 1 and type 2 NLPs, suggesting a similar pocket may be present in type 3 NLPs. 
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Figure 2: Schematic representation of the different NLP proteins. Type 1, 1a and 2 share a 
comparable protein structure, while the overall structure of type 3 NLPs is likely different. Type 
1, 2, and likely 3, share a conserved cation-binding pocket (red) that is required for cytotoxicity. 
This pocket is lacking in type 1a NLPs, and is probably the cause of their non-cytotoxicity. Type 
1 and type 1a NLPs share a region (blue), part of which is involved in cytotoxicity (Cabral et al. 
2012), yet which is also highly conserved in non-cytotoxic type 1a NLPs. On this location in the 
protein, type 2 NLPs have a predicted calcium-binding site (yellow), not found in the other types 
of NLPs, yet required for their cytotoxicity.

As the NLPs appear to have a modular structure, the toxicity of NLPs may be a multi-step 
process, as observed in the structurally similar actinoporins (Ottmann et al. 2009). The action 
of the pore-forming actinoporins (Kristan et al. 2009) is basically a two-step process; one 
step involves the binding of a (membrane-associated) sphingolipid head group, which is 
performed by one part of the protein. After sphingolipid-binding, a second part of the protein 
inserts itself into the membrane, thereby inducing pore formation. The NLPs may have a 
similar functional modularity, in which the cation-binding pocket performs one part of the 
cytotoxic activity. Possibly, the exposed region opposite of the cation-binding pocket in type 1 
and 1a NLPs performs the second part of a putative two-step activity. In non-cytotoxic type 1 
and 1a NLPs this unknown activity may still be present and aid the infection process.

Another observation based on structural information of the NLPs, is that the NLP family has 
potentially one of the highest number of distinct disulfide bridges found in 580 disulfide bond 
containing protein families with a known 3D-structure (Thangudu et al. 2008). Disulfide 
bridges are common to secreted proteins, and they enhance the stability of the protein in the 
protease-rich environment of the plant apoplast (Stergiopoulos & de Wit 2009). 

Remarkably, within the NLP family, the highest number of distinct disulfide bridges per 
species is found in the NLPs of H. arabidopsidis (Fig. 3). In these 10 HaNLPs we find, in 
addition to disulfide bridge A that is present in all NLPs, four additional possible disulfide 
bridges, two of which are unique to this species. More than half (6 out of 10) of the HaNLPs 
have one or more additional disulfide bridges. Besides the disulfide bridges also found in H. 
arabidopsidis, only one oomycete NLP was found with a distinct additional disulfide bridge. 
This raises the question why the HaNLPs have so many disulfide bridges compared to other 
oomycete NLPs. This might be explained by the finding that a conserved, internal, 24 amino 
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acid part of several of the HaNLPs are recognized as a MAMP by A. thaliana (Chapter 5), 
the sole host of H. arabidopsidis. Proteins that act as MAMPs are thought to be necessary 
(or at least beneficial) for the microbes that express them, and are therefore under strong 
negative selection. In contrast, their immunogenic epitopes are under positive selection to 
evade host immune detection (Newman et al. 2013). The presence of a highly expanded 
family of NLP proteins in the Peronosporaceae suggests these proteins serve an important, if 
not crucial, function during the infection process, and complete loss of NLPs may not be an 
option to these organisms. For the Peronosporaceae the necessity of NLPs is, however, almost 
impossible to test, as the number of NLP homologs is very high (up to 33 in P. capsici, Dong et 
al. 2012), and silencing all of them is not possible using current technologies. 

The immunogenic NLP epitope of 24 amino acids is strongly conserved in both cytotoxic 
type 1 and non-cytotoxic type 1a NLPs, suggesting conservation is not only important for 
necrosis-induction, but also for the, as yet unknown, function of non-cytotoxic NLPs. Since 
we can only test for the function of cytotoxic NLPs, mutation of these residues can give an 
indication of the importance of conserved residues for exertion of their cytotoxic activity. 
Zhou et al. (2012) tested substitutions of 14 of these 24 amino acids, which in 8 cases resulted 
in complete loss of cytotoxicity, and in 5 cases led to a reduction of cytotoxicity. This suggests 
substitution without loss of function is hardly possible, and the pathogen has to evolve other 
means to prevent recognition of these proteins. Based on the available crystal structures, 
the immunogenic epitope of NLPs is almost completely inside of the protein. The protein 
may, therefore, first have to be (partially) degraded by plant proteases before the epitope can 
be detected. Next to thermodynamic stability, disulfide bonds also promote resistance to 
proteases (Fass 2012). As NLPs may be too important for H. arabidopsidis to lose altogether, 
and only very limited adaptations can be made to the immunogenic epitope without losing 
protein function, an evolutionary pressure may have been put on evolving new disulfide 
bridges, making the HaNLPs more stable in the plant apoplast, thereby minimizing their 
detection.

To test whether detection of the NLP epitope is indeed dependent on protein stability, a version 
of HaNLP3 can be created with several additional disulfide bridges. Recombinant reinforced 
protein could be more resistant to proteolysis, leading to a reduced release of the epitope, 
resulting in reduced or delayed defense responses. In a similar fashion, a cytotoxic NLP 
could be equipped with several additional disulfide bridges, which may provide an insight it 
the molecular mechanism of cytotoxicity. By engineering disulfide bonds into actinoporins 
(Kristan et al. 2004), which adopt a similar fold as NLPs (Ottmann et al. 2009), it was shown 
that most of the protein remains in an unaltered confirmation, while a single N-terminal 
helix needs to be flexible to cause cytolysis. It was shown that this N-terminal helix needs its 
flexibility to be inserted into the membrane, where it multimerizes and forms a pore (Kristan 
et al. 2009). The cytotoxic NLPs may operate in a similar way, and their mode of action could 
perhaps be elucidated in a comparable approach.
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Figure 3: Potential disulfide bridges 
in the NLPs of H. arabidopsidis. 
Bridge A is found in all HaNLPs, one 
bridge is found in 4 NLPs (HaNLP1, 
2, 4, and 6), one bridge is found in 
HaNLP8, one bridge is found in 
HaNLP2, and one bridge is found in 
HaNLP3.
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The NLP MAMP and its detection in A. thaliana
The NLP MAMP is very widespread among pathogens. In contrast, it is not detected by all 
plant species, as HaNLP3 was found to trigger ethylene production in A. thaliana, but not in 
Nicotiana benthamiana. A question is why A. thaliana has evolved a receptor that recognizes 
toxins that are capable of killing cells within minutes (Ottmann et al. 2009). It is tempting to 
speculate that this receptor has not evolved to recognize cytotoxic NLPs, but instead non-
cytotoxic NLPs. To evolve a unique feature like this, the non-cytotoxic NLPs are thought have 
put an evolutionary pressure on the plant. A. thaliana has only a few natural pathogens (Coates 
& Beynon 2010), the most prevalent ones being the oomycetes A. candida, A. laibachii and 
H. arabidopsidis. As both species of Albugo do not possess any NLPs, H. arabidopsidis is the 
only prevalent A. thaliana pathogen expressing (non-cytotoxic) NLPs. One could, therefore, 
envision that A. thaliana evolved the ability to recognize NLPs to defend itself against this 
pathogen. This would imply that the arms race between A. thaliana and H. arabidopsidis, 
which is famous for its diversity and complexity in effector/resistance gene combinations 
(Coates & Beynon 2010), is not confined to the cytoplasmically located nucleotide binding 
site leucine-rich repeat (NBS-LRR) class of resistance proteins, but also entails species-specific 
recognition processes in the apoplast.

A. thaliana contains several MAMP receptors that are not found in other species. A clear 
example is the receptor EFR, which is present in A. thaliana and several other Brassicaceae, but 
not in many other plant species (Kunze et al. 2004). EFR recognizes elf18, a part of elongation 
factor TU, the most abundant bacterial protein, which is highly conserved and plays a central 
role in the elongation phase of protein synthesis in bacteria (Fu et al. 2012). This protein is 
so widespread and omnipresent in bacteria that recognition of this protein as a hostile factor 
may mean a severe restriction on any interaction with bacteria in general, including beneficial 
interactions. The same point can be made for recognition of type 1 NLPs, as these are found 
in several species of the bacterial family Rhizobiaceae and in the fungus Oidiodendron maius, 
both of which are known plant symbionts. One of the questions that rises, is why A. thaliana 
specifically evolved these receptors that recognize such a broad group of microorganisms. A 
possible answer may be found in its rather uncommon lifestyle: contrary to most plants, A. 
thaliana does not form mycorrhizal symbiosis (Smith & Read 2008), and mycorrhizal fungi 
can even be harmful to A. thaliana (Veiga et al. 2013). For forming a successful symbiotic 
relationship with microorganisms, mycorrhizal plants possibly have to adopt a more subtle 
policy regarding MAMPs, instead of a rigorous no-access for any species of microorganism.
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Towards application in agriculture
The finding that NLPs are detected as MAMPs by A. thaliana could be a valuable discovery for 
application in agriculture. Many NLPs are present in members of the Peronosporales family, 
and therefore are likely to play an important role in the biology of these phytopathogens. For 
several of these species it has been shown that NLPs are expressed early during infection, 
which makes them excellent molecules to be rapidly recognized by the plant host to activate 
its immune responses. This way NLP-induced defenses could prevent full-blown infections. 
Therefore, identifying and cloning of the NLP receptor in A. thaliana, which is in progress, 
is of great importance. The transfer of this receptor gene into crop species could provide 
broad resistance to infection by members of the Peronosporales, in particular to important 
pathogens of crops, e.g. to P. infestans in potato. This may be feasible, as MAMP-receptors 
appear to be interchangeable between plant species, as demonstrated for the A. thaliana 
MAMP-receptor EFR (Lacombe et al. 2010). Transfer of EFR into tomato plants led to a 
broad-spectrum resistance against bacterial diseases, suggesting transfer of MAMP-receptors 
between species is not only feasible, but may be a highly valuable approach to engineer 
durable disease resistance into crops. The efficiency and durability of a receptor gene is based 
on the imposed conservation of the recognized MAMP, which seems promising for NLP-
based resistance against many highly destructive oomycete plant pathogens.

Epilogue
“The time will shortly come when the release of the complete sequence of a novel organism will 
no longer be a matter for excitement. The time will even come when students in biology will have 
difficulty in imagining that, in the obscure past, there were organisms not yet fully sequenced! 
How could geneticists do their work then? How could they understand what they were doing to 
the parts when they were missing the whole?” (Bernard Dujon, 1996)

Large scale sequencing certainly has made the life of biologists a lot more interesting. But 
currently sequencing, or better, the availability of data, is not the bottleneck any longer; the 
real costs and challenges will be in interpreting the data (Sboner et al. 2011). In the era of 
sequencing, a modern biologist cannot do without a basic understanding of bioinformatics, 
and research will shift more and more to in silico research. Will this be the end of biologists, 
and a booming of informaticians? It was once said that it is easier to teach a programmer 
about biology, than it is to teach a biologist how to program (Gavaghan 2001). Yet in the end 
you need to “have good biological knowledge so that you can evaluate the plausibility of the 
answer that pops out of the computer” (Alex Bateman, in Gavaghan 2001). A cooperation of 
biologists and bioinformaticians is more important than ever, as many bioinformatics tools 
often present data that makes no sense to biologists (Corpas et al. 2012, personal experience). 
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Summary
The research described in this thesis focused on Hyaloperonospora arabidopsidis, the downy 
mildew of thale cress. This oomycete pathogen is an obligate biotroph, meaning it requires 
living host cells throughout its entire life cycle. Related downy mildews cause severe damage 
to crops such as grapes, sunflower and spinach. Also, related oomycetes of the genus 
Phytophthora, which are highly destructive plant pathogens, start their lifecycle in a similar 
fashion as downy mildews, yet quickly after infection kill the invaded host tissues. Gaining a 
better understanding of downy mildew infection of thale cress can therefore provide crucial 
knowledge of infection mechanisms leading to plant disease, and generate vital clues for the 
protection of crop plants against oomycete pathogens.

Crop plants are under continuous threat of pathogens, resulting in a more than 10% annual 
loss in global food production. Plant diseases are typically controlled chemically, but many 
pathogens have developed resistance against chemical fungicides, and the use of agrochemicals 
needs to be reduced because of environmental concerns. A more efficient and durable way of 
fighting pathogens would be to interfere with the infection process and make optimal use 
of the plant’s own immune system. For this, detailed knowledge on the interaction between 
plants and pathogens is required. To establish an infection, a pathogen needs to be able to gain 
access to the plant, overcome constitutive defenses, avoid triggering additional defenses (or 
suppress the host’s immune system), and be able to acquire nutrients. Each step requires its 
own factors, and while some secreted proteins, such as cell wall degrading enzymes used for 
entering the plant, are quite well understood, pathogens secrete many proteins of unknown 
function or activity. 

The genome sequence of H. arabidopsidis allowed for the identification of secreted proteins 
that could be involved in the infection process. One group of secreted proteins (the Hexose 
6-Phosphate Epimerase Like proteins, H6PELs) was selected for further study, as this gene 
family was identified in both downy mildew species as in Phytophthora species, and is 
expressed by H. arabidopsidis during infection (Chapter 2). Secreted H6PELs are found in 
oomycetes and plants, and experiments showed that they do not have the enzymatic activity 
(epimerization) that is described for the yeast ortholog that has been well studied at the 
protein level. This suggests that these secreted proteins evolved a new function, possibly 
related to pathogenicity. 

A second group of proteins that was identified in the genome of H. arabidopsidis are the 
Necrosis-and-Ethylene-inducing Peptide 1 (Nep1)-Like Proteins (NLPs). As the name suggests, 
members of this protein family are best known for their ability to kill plant cells (necrosis). 
Yet H. arabidopsidis is an obligate biotroph that needs living host cells for its growth and 
reproduction. In Chapter 3 we show that H. arabidopsidis has 10 different NLPs, most of 
which are expressed during infection, yet none of these have the ability to kill plant cells. One 
of these NLPs was selected for further studies, as it very closely resembles a necrosis-inducing 
NLP (PsojNIP) from a related species. Although highly similar in sequence, a region on the 
surface of the protein was identified that represses the induction of necrosis. 
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The NLP family is widely distributed among microbes, as they are not only identified in plant-
infecting oomycetes, but also in fungi and bacteria. In order to gain a better understanding 
of this group of proteins in general (Chapter 4), publicly available genome databases were 
searched for NLP sequences. More than 500 NLP sequences were collected, which allowed 
for the identification of a third NLP type next to the two previously described types of NLP. 
The analysis also showed that oomycetes have evolved a subgroup of type 1 NLPs, which 
lacks a cation-binding pocket that is involved in induction of necrosis. Of the 10 NLPs of 
H. arabidopsidis, 9 are lacking this pocket, suggesting this is the cause of loss of necrosis- 
inducing activity. The NLPs that lack the cation-binding pocket are also found in other downy 
mildews and Phytophthora species, suggesting they have evolved a new function beneficial to 
these pathogens. Experiments also demonstrate that the two previously described types of 
NLP differ in several ways, both in sequence as in their activity in the plant. This knowledge 
may help to elucidate the molecular mechanism of these proteins.

The NLPs of H. arabidopsidis do not induce necrosis, yet are expressed during infection, 
suggesting they serve an alternative function. In an attempt to elucidate this function 
(Chapter 5), we expressed these proteins in Arabidopsis. This resulted plants with reduced 
growth, suggestive of activation of the immune system. Gene expression analysis of estradiol-
inducible NLP-expressing Arabidopsis plants showed that a strong immune response is 
indeed activated. Expression of small, separate parts of one of the NLPs showed that a small, 
highly conserved region of these proteins is recognized by Arabidopsis. Tobacco plants did 
not respond to this protein fragment, suggesting Arabidopsis may be unique in its ability to 
recognize NLPs. This finding is of great interest, as it has the potential of generating crops 
capable of recognizing this widespread group of proteins that are produced by many different 
plant pathogens. 

In the discussion (Chapter 6), the possible origin and function of the H6PELs and the NLPs 
found in H. arabidopsidis is further discussed. The NLPs found in oomycetes appear to have 
been obtained from fungi by horizontal gene transfer, while the secreted H6PELs likely 
evolved from a housekeeping gene. A model is proposed for the different types of NLPs, and 
the specific recognition of NLPs by Arabidopsis is further discussed. 

Summary
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Samenvatting
Het in dit proefschrift beschreven onderzoek gaat over Hyaloperonospora arabidopsidis, de 
valse meeldauw van de Zandraket (Arabidopsis thaliana). Deze ziekteverwekker behoort 
tot de familie van de oomyceten, en is een obligate biotroof, wat betekent dat het levende 
plantencellen nodig heeft gedurende zijn gehele levenscyclus. Verwante valse meeldauwsoorten 
berokkenen ernstige schade aan gewassen zoals druiven, zonnebloem en spinazie. Daarnaast 
beginnen de verwante en zeer destructieve ziekteverwekkers van het geslacht Phytophthora 
hun levenscyclus op dezelfde wijze, alleen doden zijn hun gastheercellen in een later stadium 
van de infectie. Een beter begrip van de valse meeldauwinfectie van de Zandraket kan daarom 
bijdragen aan de kennis over de mechanismen die plant-infecterende oomyceten hanteren. 
Deze kennis kan op zijn beurt weer leiden tot nieuwe ideeën om gewassen resistent te maken 
tegen deze ziektes.

Gewassen worden constant blootgesteld aan ziekteverwekkers, en dit leidt wereldwijd tot 
oogstverliezen van meer dan 10% per jaar. Plantenziekten worden meestal bestreden door 
het spuiten van chemicaliën, maar veel ziekteverwekkers hebben resistentie ontwikkeld tegen 
deze middelen. Daarnaast wordt het gebruik van deze middelen ontmoedigd, omdat ze vaak 
schadelijk zijn voor het milieu. Een efficiëntere en duurzamere methode om plantenziekten 
te bestrijden is door het immuunsysteem van de plant optimaal te benutten, en zo infectie te 
voorkomen. Hiervoor is gedetailleerde kennis van het infectieproces vereist. Om een plant 
te kunnen infecteren moet de ziekteverwekker zichzelf toegang tot de plant verschaffen, 
de permanent aanwezige afweermechanismen aanpakken, voorkomen dat de plant de 
ziekteverwekker herkent en daardoor zijn afweer lokaal verder opschroeft, en zichzelf van 
voedingsstoffen kunnen voorzien. Elk van deze stappen behoeft zijn eigen factoren. Sommige 
eiwitten die worden uitgescheiden door ziekteverwekkers, zoals celwandafbrekende enzymen 
die nodig zijn om toegang te verschaffen tot de plant, zijn reeds goed bestudeerd, en hun 
functie en activiteit zijn duidelijk. Echter, van vele andere eiwitten die ziekteverwekkers 
uitscheiden is de rol of functie (nog) niet bekend.

Het genoom van H. arabidopsidis is gebruikt om uitgescheiden eiwitten op te sporen die 
wellicht betrokken zijn bij het infectieproces. De eerste groep van uitgescheiden eiwitten die 
werd gekozen om nader te bestuderen zijn de Hexose 6-Fosfaat-Epimerase-achtige eiwitten. 
De reden hiervoor is dat deze groep van eiwitten zowel in valse meeldauw als in Phytophthora 
aanwezig is, en dat ze tot expressie worden gebracht door H. arabidopsidis tijdens de infectie 
(Hoofdstuk 2). Deze groep van uitgescheiden eiwitten wordt, naast in oomyceten, ook in 
planten gevonden. Experimenten lieten zien dat deze eiwitten niet dezelfde activiteit hebben 
als die van een goed gekarakteriseerde ortholoog uit gist. Dit doet vermoeden dat deze 
eiwitten een nieuwe functie hebben geëvolueerd, die wellicht bijdraagt aan de infectie.

Een tweede groep van eiwitten die gecodeerd zijn in het genoom van H. arabidopsidis, zijn 
de Necrose-en-Ethyleen-inducerend Peptide 1 (Nep1)-achtige eiwitten. Zoals de naam 
suggereert zijn leden van deze groep van eiwitten met name bekend om hun vermogen 
plantencellen te doden (necrose). H. arabidopsidis is echter een obligate biotroof en heeft 
levende plantencellen nodig voor zijn eigen groei en reproductie. Hoofdstuk 3 laat zien dat 
H. arabidopsidis 10 verschillende Nep1-achtige eiwitten bezit, de meeste hiervan tot expressie 
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brengt gedurende infectie, maar dat geen enkele hiervan dodelijk is voor plantencellen. Een 
van deze eiwitten is nader bestudeerd, omdat deze sterke gelijkenis vertoont met een Nep1-
achtige eiwit (PsojNIP) dat wèl in staat is om plantencellen te doden. Hoewel deze eiwitten 
sterk op elkaar lijken, blijkt dat een gedeelte van het eiwit dat zich aan buitenzijde bevindt aan 
is te wijzen dat verantwoordelijk is voor het verschil in activiteit.

De familie van Nep1-achtige eiwitten is wijdverbreid onder micro-organismen; ze worden 
niet enkel gevonden in plant-infecterende oomyceten, maar ook in schimmels en bacteriën. 
Om een beter begrip te krijgen van deze groep eiwitten zijn (in Hoofdstuk 4) veel databanken 
afgezocht naar gerelateerde Nep1-achtige eiwitten van veel verschillende organismen. Meer 
dan 500 gerelateerde sequenties zijn gevonden, welke konden worden onderverdeeld in drie 
duidelijke types. Binnen de oomyceten is een type 1 subgroep gevonden, die gekenmerkt 
wordt door het ontbreken van een kation-bindende holte die noodzakelijk is voor inductie 
van necrose. Van de 10 Nep1-achtige eiwitten die gevonden zijn in H. arabidopsidis missen 
9 deze holte, wat er op wijst dat dit de oorzaak is van hun gebrek om plantcellen te kunnen 
doden. Dit type Nep1-achtige eiwit dat de kation-bindende holte mist wordt ook aangetroffen 
in Phytophthora, wat er op duidt dat deze eiwitten een nieuwe functie gekregen hebben die 
voordelig is voor dit soort ziekteverwekkers. Twee eerder beschreven types Nep1-achtige 
eiwitten verschillen op meerdere vlakken, zowel in sequentie als in hun activiteit in de plant. 
Deze kennis kan mogelijk helpen om het exacte mechanisme te ontrafelen hoe deze eiwitten 
plantcellen doden.

De Nep1-achtige eiwitten van H. arabidopsidis zijn niet in staat om plantencellen te doden, 
maar komen wel tot expressie tijdens infectie van de plant, wat er op duidt dat ze een 
alternatieve functie hebben. In een poging om deze nieuwe functie te achterhalen (Hoofdstuk 5) 
zijn deze eiwitten tot expressie gebracht in Arabidopsis. Dit resulteerde in sterk verminderde 
groei, wat er op kan duiden dat het immuunsysteem is geactiveerd. Genexpressie-analyse van 
Arabidopsis die Nep1-achtig-eiwit tot expressie brengt na inductie met estradiol laat zien dat 
afweerreacties inderdaad sterk worden geactiveerd. Door expressie van kleine fragmenten 
van het Nep1-achtig eiwit werd aangetoond dat een klein, sterk geconserveerd fragment 
herkend wordt door Arabidopsis. Tabaksplanten herkenden dit eiwitfragment niet, wat er 
op kan wijzen dat Arabidopsis wellicht uniek is in de herkenning van Nep1-achtige eiwitten. 
Deze vondst is erg interessant, aangezien de mogelijke receptor die zorgt voor de herkenning 
van deze eiwitten kan worden toegepast om gewassen resistent te maken tegen de (vele) 
ziekteverwekkers die deze groep van eiwitten produceren.

In de discussie (Hoofdstuk 6) wordt de mogelijke bron en de functie van zowel de Hexose 
6-Fosfaat-Epimerase-achtige eiwitten als de Nep1-achtige eiwitten besproken. De Nep1-achtige 
eiwitten die gevonden worden in oomyceten lijken afkomstig te zijn van schimmels, terwijl 
de Hexose 6-Fosfaat-Epimerase-achtige eiwitten lijken te zijn ontstaan uit een huishoudgen. 
Er wordt een model voorgesteld voor de verschillende types van Nep1-achtige eiwitten, en de 
specifieke herkenning van deze eiwitten in Arabidopsis wordt verder besproken.
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