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Dothistroma septosporum is a hemibiotrophic 
fungal foliar pathogen and the main cause of 
Dothistroma needle blight (DNB). DNB occurs 
in at least 82 Pinaceae hosts in 63 countries (Barnes 
et al. 2014) and can cause substantial losses in both 
plantation and native forests. An important recent 
trend in pathology research involves the identifi-
cation and functional characterization of effectors, 
molecules secreted by the pathogen that promote 
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Abstract Effectors are molecules produced by plant-associated organisms, such as fungal 
pathogens, that facilitate infection of specific plant hosts. Some effectors directly or 
indirectly suppress host defence responses while others help to mask the foreign invader 
from recognition by the plant. Plants can also recognise and respond to specific effectors to 
mount a resistance response. Thus the study of effectors is important for an understanding 
of plant–pathogen interactions. Dothistroma septosporum causes Dothistroma needle blight 
(DNB), a conifer disease of worldwide importance. In this study, effector genes specific to 
the D. septosporum–Pinus radiata interaction were identified. A bioinformatics pipeline was 
employed to predict effector candidates on the basis of characteristics such as secretion from 
the fungus and expression in planta. Using this pipeline, 55 effector candidates for future 
analysis were identified.

Keywords bioinformatics pipeline, forest pathogen, Pinus radiata, secreted proteins, in 
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INTRODUCTION
host colonization. Some effectors can be recognised 
by plant hosts with corresponding receptors and 
trigger host defence responses. Thus, effectors have 
been used successfully in effector-assisted breeding 
for resistance in various crops (Vleeshouwers & 
Oliver 2014). Comparatively little is known about 
effectors in forest pathogens, but the availability of 
the genome sequence of D. septosporum (de Wit 
et al. 2012) provides a way to identify predicted 
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effector proteins in this pathogen. A preliminary 
analysis showed that D. septosporum has some 
effectors similar to those of its close relative, the 
tomato pathogen Cladosporium fulvum, and that 
these effectors, like their counterparts in C. fulvum, 
trigger defence responses in tomato plants carrying 
corresponding receptors (de Wit et al. 2012). This 
suggested they might have a similar function in 
their pine host. However, a gene expression study 
suggested that most of these effectors are produced 
at only low levels by D. septosporum in its host 
Pinus radiata (Bradshaw et al. 2016). Thus the aim 
of this study was to identify effector candidates in 
D. septosporum that are highly expressed during 
infection of pine needles, using a pipeline of genome 
analysis tools similar to those used for other fungi.

MATERIALS AND METHODS
A bioinformatics pipeline (Haddadi et al. 2016) 
was adapted to identify candidate effector genes 
from the D. septosporum genome that are highly 
expressed in planta (Figure 1): (1) The genome 
sequence, as well as gene models and predicted 
protein sequences (de Wit et al. 2012), were 
downloaded from the Joint Genome Institute 

(JGI; http://genome.jgi.doe.gov/Dotse1/Dotse1.
home.html); (2) Effectors are secreted, so signal 
peptides that direct proteins through the classical 
fungal secretory pathway were predicted using 
the SignalP programme (Bendtsen et al. 2004); 
(3) Some integral membrane proteins, membrane-
bound proteins, and various intracellular organelle 
proteins, are also known to possess a signal 
peptide, but are not effectors. Thus, proteins with 
a putative transmembrane domain, glycophos-
phatidylinositol (GPI) anchor site, or a predicted 
organelle localization profile, as predicted by the 
TMHMM  (Krogh et al. 2001), BIG-PI (Eisenhaber 
et al. 2004), and TargetP (Emanuelsson et al. 2000) 
programmes respectively, were discarded; (4) Gene 
expression data from a D. septosporum–P. radiata 
transcriptome study (Bradshaw et al. 2016) were 
used to select effector candidates expressed above an 
arbitrary in planta threshold of 50 reads per million 
per kilobase (RPMK; a normalised expression 
value showing the abundance of RNA for each 
gene); (5) Effector candidates were then divided 
into four types commonly found to have effector 
activity in fungi (Sperschneider et al. 2015): Small 
(≤300 amino acids) secreted cysteine-rich (≥4) 
proteins (SSCPs), proteins with predicted carbohy-
drate-active enzyme activity (CAZys), and small 
and large secreted proteins (SSPs, LSPs); (6) The 
SSCP type, most prominent and well-studied 
among fungal effectors (Sperschneider et al. 2015), 
was further assessed for high or low expression 
at specific in planta stages of infection compared 
with in vitro culture at 3 weeks (early, biotrophic 
stage), 8 weeks (mid, nectrophic), and 12 weeks 
(late, necrotrophic) post-inoculation. Those 
significantly up-regulated (q<0.05; Storey (2003)) 
at least two-fold in the early stage were selected 
as biotrophic, and those in mid- or late-stage 
as necrotrophic effector candidates; (7) Other 
candidates were selected from SSPs, LSPs and 
CAZys if they had homology to known effectors 
or very high in planta expression (≥500 RPMK).

Figure 1 Pipeline for the selection of candidate 
effectors. Numbers on the left refer to the steps 
outlined in the methods; numbers on the right 
indicate the number of genes after each step. 
SSCP, small secreted cysteine-rich proteins; 
SSP, small secreted proteins; LSP, large secreted 
proteins; CAZy, carbohydrate-active enzymes.
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RESULTS AND DISCUSSION
Of the predicted proteins in the D. septosporum 
genome, 1487 were predicted to have a signal 
peptide (Figure 1, steps 1 and 2). Of these, only 
875 were predicted to be secreted (step 3) and 
397 showed expression in planta above the 
arbitrary threshold (step 4) suggesting their 
potential to function in the D. septosporum–P. 
radiata interaction. Finally, 33 SSCPs showed 
significant up-regulation in at least one in planta 
stage compared with in vitro (step 6), and 22 
other secreted proteins with sequence features 
of effectors such as LysM domains or glycoside 
hydrolase activity (O’Connell et al. 2012) or very 
high expression were also identified (step 7). A 
representative set of eight effector candidates, 
along with their annotations (predicted functions) 
and gene expression profiles, are shown in Table 1.

The effector candidates included some 
with predicted functions linked to virulence. 
Most highly expressed in planta was Ds72737, 
peaking at 222-fold up-regulation compared 
with in vitro and predicted to have a lectin 
domain. Lectins have high binding affinity for 
carbohydrates and can bind fungal cell wall 
chitin to mask the fungus from detection by the 
plant, as shown for the C. fulvum LysM effector 
Ecp6 (Bolton et al. 2008). Another candidate, 

Ds70155, was a predicted cerato-platanin. Fungal 
cerato-platanin proteins have been suggested 
to be virulence factors of pathogens, including 
the conifer pathogen Heterobasidion annosum, 
from which the protein caused cell death in both 
Pinus sylvestris and Nicotiana tabacum (Chen 
et al. 2015). Specific up-regulation of Ds70155 
in the late stage of pine infection may support 
a necrotrophic function for this candidate. 
Several CAZys, including glycoside hydrolase 
(GH) 13- and 64-type enzymes, were highly 
expressed and up-regulated in planta (Table 1). 
Such GHs could be involved in degradation of 
plant-derived glucan deposits that hinder fungal 
entry (O’Connell et al. 2012), or re-modelling of 
the fungal cell wall when switching from epi- to 
endophytic growth (Bradshaw et al. 2016). 

Of the 55 candidate effectors, 40 did not 
show similarity to any characterised proteins, 
and thus are of unknown function. These 
potentially novel proteins, along with the 
15 for which a function could be predicted, 
provide a rich resource for further study.

CONCLUSIONS
Potential effector genes were identified from the 
D. septosporum genome using a bioinformatics 
pipeline and gene expression data. To the best of 
our knowledge, this was the first time this type of 

Table 1 Examples of selected Dothistroma septosporum effector candidates.
Protein ID1 In vitro2 Early2 Mid2 Late2 Type/annotation3

Ds72737 41 491 245 8995 SSCP/C-type lectin
Ds70155 267 71 507 1303 SSCP/cerato-platanin
Ds68958 1595 182 753 3500 SSCP/unknown
Ds131290 399 637 89 174 SSCP/LysM
Ds62617 67 2608 137 16 CAZy/GH64
Ds75147 14 153 42 670 CAZy/GH13
Ds74062 1714 6386 390 1369 LSP/unknown
Ds73520 8 819 438 5421 SSP/unknown
1D. septosporum protein identification number in the Joint Genome Institute database.
2Normalised expression of gene (reads per million per kilobase), for in vitro cultures or three different 
stages of Pinus radiata infection (Bradshaw et al, 2016).

3SSCP, small secreted cysteine-rich protein; CAZy, carbohydrate-active enzyme; LSP, SSP, large/small 
secreted protein; GH, glycosyl hydrolase.
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genome-wide approach had been used to identify 
effectors in a fungal pine pathogen. Effector 
candidates predicted to be highly expressed in 
planta included novel proteins but also some 
similar to known virulence factors. Identification 
of effector candidates in agricultural pathogens 
using similar methods underpinned efforts in 
host resistance screening (Haddadi et al. 2016) 
and thus may provide the first step towards 
effector-based resistance breeding in pines.
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