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Abstract

Effectors are molecules used by microbial pathogens to facilitate infection via effector-trig-

gered susceptibility or tissue necrosis in their host. Much research has been focussed on

the identification and elucidating the function of fungal effectors during plant pathogenesis.

By comparison, knowledge of how phytopathogenic fungi regulate the expression of effector

genes has been lagging. Several recent studies have illustrated the role of various transcrip-

tion factors, chromosome-based control, effector epistasis, and mobilisation of endosomes

within the fungal hyphae in regulating effector expression and virulence on the host plant.

Improved knowledge of effector regulation is likely to assist in improving novel crop protec-

tion strategies.

Introduction

The host—fungus interface can be considered a biological battlefield as both organisms

attempt to outwit each other [1]. The host must recognise the pathogen so as to initiate an

effective defence response, whereas the pathogen must coordinate its pathogenicity arsenal so

as to enable the colonisation of the host. For instance, some genes within the fungal pathogen

are up-regulated to subvert host metabolism by detoxifying defence compounds [2], to subdue

the host immune system [3], and to assimilate nutrients during colonisation [4]. In addition,

some genes must be down-regulated to avoid host recognition. For example, the anthracnose

pathogen Colletotrichum graminicola down-regulates the expression of β-1,6-glucan biosynthe-

sis genes to attenuate pathogen-associated molecular pattern-triggered immunity during bio-

trophic infection of maize [5].

Effectors can be defined as secreted molecules from a microbe that modulate an interaction

with a host [6]. Avirulence (Avr) and necrotrophic effectors ([NEs], also known as host-selec-

tive toxins) are the major classes of host-specific effectors. Avr effectors are typically (but not

exclusively) associated with biotrophic pathogens where recognition is conducted by host

resistance (R) proteins. Recognition results in an immune response from the host leading to

resistance. In the absence of the R protein recognition, Avr effectors may assist in virulence by

manipulating the host immune system to the pathogen’s favour in a process known as effec-

tor-triggered susceptibility [7]. NEs function as pathogenicity factors that induce tissue

death on host plants that possess a dominant sensitivity/susceptibility genotype [1]. NEs are
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exclusively associated with fungal pathogens that exhibit a necrotrophic lifestyle. The role of

fungal effectors in host virulence has been comprehensively reviewed elsewhere [6,8]. This

review highlights studies on transcription factors (TFs) and processes affecting expression of

genes that encode proteinaceous effectors in phytopathogenic fungi (Table 1).

Regulation by TFs

Analysis of fungal genomes has identified at least 36 fungal TF Pfam families [9]. TFs in plant

pathogenic fungi have been subjected to several comprehensive functional studies to elucidate

their roles in phytopathogenicity [10,11,12,13]. Thus far, 12 TFs from four families have been

characterised for their roles in the regulation of effector or candidate effector gene expression.

Table 1. A summary of characterised fungal effector genes and their regulatory information.

Organism Effector gene or necrosis/chlorosis-inducing activities Mode of regulation* Reference

Cladosporium fulvum Avr2 CfWor1 (+) [57]

Avr4E CfWor1 (+) [57]

Avr4 CfWor1 (+) [57]

Avr9 Nitrogen (-) [19]

Nrf1 (+) [22]

CfWor1 (+) [57]

Ecp6 CfWor1 (+) [57]

Fusarium oxysporum f. sp lycopercisi SIX1 SGE1 (+) [54]

SIX3 SGE1 (+) [54]

SIX5 SGE1 (+) [54]

Leptosphaeria maculans AvrLm1 LmStuA (+) [51]

LmHP1 (-) [82]

LmDIM5 (-) [82]

AvrLm3 (-Rlm3)^ AvrLm4-7 (-) [44]

AvrLm4-7 LmStuA (+) [51]

LmHP1 (-) [82]

LmDIM5 (-) [82]

AvrLm6 LmStuA (+) [51]

Parastagonospora nodorum SnToxA PnPf2 (+) [32]

SnTox3 PnPf2 (+) [32]

SnStuA (+) [43]

SnTox1 (-) [88]

Pyrenophora tritici-repentis Chlorosis-inducing factor/disease ToxA (-) [89]

ToxA PtrPf2 (+) [32]

Ustilago maydis Cmu1 Endosome motility (+) and Crk1 (-) [91]

Ros1 (-)

Pep1 Endosome motility (+) [91]

Pit2 Endosome motility (+) [91]

Ros1 (-)

See1 Ros1 (+) [58]

Verticillium dahliae Ave1 VdSge1 (+) [55]

*Positive (+) or negative (-) regulator of gene expression/effector activity.

^ It is only known that AvrLm4-7 modulates the AvrLm3–Rlm3 interaction rather than AvrLm3 at this stage.

https://doi.org/10.1371/journal.ppat.1006241.t001
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Zinc-finger

Zinc (Zn)- binding proteins make up the largest family of transcriptional regulators in fungi

[11,13]. Proteins in the family harbour at least one “finger-like” structure that consists of Zn

bound by cysteine (Cys) or histidine residues [14]. A key function of the Zn-finger is to bind

to DNA, thereby controlling transcription [15].

Zn-finger TFs were implicated in effector gene regulation in studies initiated almost two

decades ago on Avr effectors of the tomato leaf mould fungus Cladosporium fulvum [16]. Avr9
encodes a small Cys-rich peptide that is recognised by the host Cf9 R gene [17]. Aside from its

role as an Avr determinant, the biological function of Avr9 is not known, although it structur-

ally resembles a carboxypeptidase inhibitor [18]. Avr9 is highly expressed during infection but

not under in vitro conditions that are nitrogen replete [19]. Analysis of the Avr9 promoter

region identified several copies of (TA)GATA, which is associated with the binding site of

positive acting global nitrogen (N) regulatory proteins AreA of Aspergillus nidulans and NIT-2

of Neurospora crassa. AreA and NIT-2 are GATA TFs that possess 4-Cys Zn-fingers [20].

Mutants that carry AreA and NIT-2 inactivation cannot assimilate secondary N sources, such

as nitrates and various amino acids [21]. The AreA/NIT-2 ortholog Nrf1 was eventually cloned

from C. fulvum [22]. The introduction of Nrf1 into the loss-of-function areA A. nidulans
restored growth on secondary N sources. Furthermore, Nrf1 was required for N-deprivation

induction of Avr9 [22].

At this stage, it is not clear whether N limitation is an accurate reflection of the nutritional

status during infection [23]. Several lines of experimental evidence indicate otherwise. For

instance, the expression of other C. fulvum effector genes is not subjected to regulation by N

[24]. It was also observed that during a compatible interaction between C. fulvum and tomato,

the concentration of most amino acids including the nonprotein amino acid γ-aminobutyric

acid (GABA) increased in the leaf apoplast [25]. It was hypothesised that GABA is a key N

source in planta [26,27]. Furthermore, mutations in N assimilatory genes across many fungal

pathogens do not greatly affect virulence [e.g., 22,28,29].

A central role for a Zn-finger TF in effector expression was suggested in a study on Alter-
naria brassicicola, a necrotroph that causes dark leaf spot on Brassicaceae [30]. A fungal-spe-

cific Zn2Cys6 binuclear cluster domain TF called AbPf2 was characterised for its role in

virulence [31]. Mutants deleted in AbPf2 were unable to cause lesions on Brassica napus and

Arabidopsis thaliana. Transcriptional analysis of the abpf2 mutants identified 33 down-regu-

lated genes that code for secreted proteins. Of these, eight possess effector hallmarks such as

Cys-rich, small molecular weight and the presence of signal peptides for secretion [31]. Blast

analysis revealed that AbPf2 orthologues are restricted to the Pleosporales. This class includes

two major fungal pathogens of wheat: Parastagonospora nodorum—the causal agent of septoria

nodorum blotch—and the tan spot fungus Pyrenophora tritici-repentis [32].

P. nodorum uses a series of proteinaceous NEs to cause tissue chlorosis/necrosis on wheat

cultivars that possess matching dominant susceptibility genes. Three NEs have been identified

to the gene level and characterised for their role in virulence—SnToxA, SnTox1, and SnTox3.

These effectors cause necrosis on wheat cultivars that carry Tsn1 [33,34], Snn1 [35], and Snn3
[36,37] dominant susceptibility genes, respectively. The P. nodorum-wheat pathosystem is also

governed by other effector—host dominant sensitivity gene interactions [38,39,40]. Thus far,

genes encoding for the effectors and their matching host genes have yet been identified.

SnToxA, SnTox1, and SnTox3 are highly expressed during early infection [32]. This is not sur-

prising considering that the pathogen must rapidly disable the host for invasion. Expression

analysis of the AbPf2 orthologue PnPf2 revealed a similar expression pattern to the three effec-

tor genes. Functional analysis demonstrated that PnPf2 functions as a positive regulator of
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SnToxA and SnTox3 expression but not SnTox1. Consequently, pnpf2 mutants are nonpatho-

genic on wheat carrying only Tsn1 and Snn3 but unaffected on Snn1 wheats [32]. The role of

Pf2 was similarly examined in P. tritici-repentis. Like P. nodorum, P. tritici-repentis possesses a

near-identical copy of ToxA that was thought to have been acquired from P. nodorum via a

horizontal gene transfer event [33,41]. Like SnToxA, the expression of P. tritici-repentis ToxA
is maximal during early infection but it is also highly expressed in vitro. Deletion of PtrPf2
resulted in down-regulation of ToxA and loss of virulence on Tsn1 wheat [32]. Thus, the Pf2

TF family possesses a conserved role in the regulation of an effector that is common between

two closely related fungi that possess a necrotrophic lifestyle on wheat.

APSES

The Asm1, Phd1, Sok2, Efg1, and StuA (APSES) family consists of basic helix-loop-helix TFs

that are associated with the regulation of fungal development [42]. The APSES TF family is

unique to fungi. In P. nodorum, the role of SnStuA in fungal development and virulence on

wheat was examined using gene deletion strains [43]. Mutants deleted in SnStuA showed

abnormal vegetative growth, abolished sporulation, and displayed major alterations in central

carbon metabolism and were nonpathogenic on wheat. When the snstuA mutants were grown

under in vitro conditions that are conducive to effector production, the expression of SnTox3
was significantly reduced [43].

Seven Avr effectors have been identified and characterised from the canola blackleg fungus

Leptosphaeria maculans: AvrLm1, AvrLm2, AvrLm3, AvrLm4-7, AvrLm6, AvrLm11, and

AvrLmJ1 [44,45,46,47,48,49,50]. The L. maculans StuA TF was examined for its role in effector

gene regulation in addition to virulence and vegetative development [51]. LmStuA knockdown

via RNAi caused developmental abnormalities associated with vegetative growth and sporula-

tion. All lmstuA mutants failed to cause disease on a highly susceptible B. napus cultivar. Fur-

thermore, the expression of AvrLm4-7, AvrLm1, and AvrLm6 was abolished in the lmstuA
mutants when sampled during the infection period where peak expression of effector genes in

the wild type (WT) was observed [51]. It is possible that the reduction in effector gene expres-

sion may be attributed to indirect regulation caused by pleiotropic effects from the perturba-

tion of StuA function in P. nodorum and L. maculans.

WOPR

Candida albicans is an opportunistic fungal pathogen of humans. The pathogen possesses a

dimorphic life cycle switching from opaque yeast-like growth to filamentous form during

infection. White-opaque regulator 1 (Wor1) was identified and characterised as a master

regulator of white-opaque switching in C. albicans [52]. Wor1 belongs to the Pac2 and Ryp1

(WOPR) family [53]. The WOPR family consists of two dissimilar but highly conserved globu-

lar DNA binding domains located at the protein N-terminal [53]. Wor1 orthologues have been

identified in several phytopathogenic fungi. Functional characterisation has identified unique

roles in host virulence and regulation of effectors or effector-like molecules [54,55,56,57,58].

The tomato wilt disease fungus Fusarium oxysporum f. sp. lycopersici secretes a number of

small proteins into the host xylem upon infection (Six) [59]. Several studies have shed some

light on the role that these proteins play in the Fusarium—tomato pathosystem. The Wor1
orthologue SIX Gene Expression 1 (SGE1) was originally identified through an insertional

mutagenesis screen for nonpathogenic mutants [60]. Functional analyses indicate that Sge1 is

localised in the nucleus and plays an essential role in virulence on tomato [54]. Gene expres-

sion analysis indicates that it functions as a positive regulator of SIX1, SIX2, SIX3, and SIX5
under conditions that mimic host infection [54]. SIX1 (AVR3) and SIX3 (AVR2) encode
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proteinaceous Avr effectors that are recognised by I-3 and I-2 host-mediated resistance,

respectively [61,62]. Six5, however, functions in conjunction with Six3 to activate I-2-mediated

resistance [63]. The function of SIX2 remains unclear.

In the vascular wilt pathogen of dicots Verticillium dahliae, the Wor1 ortholog VdSge1 is

required for virulence on tomato [55]. Gene deletion mutants also possess developmental

abnormalities associated with hyphal growth and reduced conidiation. Nine in planta highly

expressed candidate effector genes [64] were examined for evidence of differential expression

between the WT and vdsge1 mutants. Six of these were reduced in expression, whereas two

demonstrated increased expression in the vdsge1 mutants [55]. This suggests that VdSge1 may

function as both a positive and negative regulator of different subsets of effector genes in V.

dahlia [55]. Interestingly, VdSge1 is required for full expression of the Ave1. Ave1 encode a

small and Cys-rich effector that activates the host resistance response mediated by the Ve1

immune receptor [65]. It is required for full virulence on tomato plants that lacked Ve1 [65].

C. fulvum mutants deleted in CfWor1 demonstrated abnormal hyphal growth, abolished

conidiation, and reduced virulence on susceptible tomato [57]. The expression of Avr9, Avr2,

Avr4, Avr4E, and Ecp6 were all highly reduced, particularly during the early stage of infection.

Avr2 is an inhibitor of several plant Cys proteases that are required for a basal response but is

recognised by the Cf-2 immune receptor [66,67]. Avr4 is a chitin binding protein that protects

the fungus from plant chitinases but is recognised by the Hcr9-4D R gene located at the Cf-4
locus [68,69]. Avr4E is a Cys-rich Avr recognised by the Hcr9-4E R gene also located at the Cf-
4 locus [70]. Ecp6 also binds to chitin oligomers released by the action of host chitinases,

which in turn minimises recognition by the host [71]. Taken collectively, reduced effector

expression could contribute to the reduced virulence of cfwor1 mutants. In addition to effector

gene regulation, transcriptome analysis identified down-regulated genes that are associated

with transcription, translation, cell division, replication, and nucleic acid metabolism [57].

This indicates that CfWor1 functions as a global transcriptional regulator.

Inactivation of ZtWor1 in the wheat septoria tritici blotch (STB) pathogen Zymoseptoria tri-
tici resulted in mutants that were nonpathogenic [56]. Several genes that encode putative small

secreted proteins (SSPs) were significantly down-regulated. It is yet to be fully determined if

these SSPs function as effectors in the establishment of STB.

Ustilago maydis is a smut fungus that causes gall formation on maize. During this bio-

trophic interaction, the fungus secretes a suite of effectors to suppress host defence and allow

infection [72]. Analysis of the U. maydis genome identified two predicted genes (Pac2 and

Ros1) that encode WOPR-like proteins. Deletion of Pac2 had no effect virulence, but mutants

that lacked Ros1 did not form teliospores and demonstrated reduced virulence on maize [58].

Transcriptome analysis revealed that Ros1 negatively regulates the expression of 128 effector

genes that are associated with biotrophic development, whereas 70 effector genes linked with

late infection were up-regulated. Many of these genes that code for effector-like molecules

have not been fully characterised with the exception of See1, Cmu1, and Pit2 [58,73]. Cmu1
encodes a chorismate mutase that interferes with the plant salicylic acid level [74]. Pit2 is an

inhibitor of apoplastic maize Cys proteases CP1and CP2 [75]. Surprisingly, the expression

Cmu1 and Pit2 is negatively regulated by Ros1 considering that both effectors suppress the

host defence response. On the other hand, See1 is an effector that facilitates tumour expansion

[76] and was shown to be positively regulated by Ros1.

Fork head

The fork head domain is a conserved helix-turn-helix DNA binding domain with a “winged”

helix structure [77]. Zahiri et al. [78] examined the role of a gene encoding a fork head TF
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named Fox1 in U. maydis. Deletion of Fox1 resulted in reduced virulence and impaired

tumour formation on maize. Furthermore, Fox1 functions as a positive regulator of six candi-

date effector genes. It is not known whether these effector genes play a role in virulence indi-

vidually. Interestingly, Ros1 negatively regulates Fox1 expression [58].

Regulation by chromatin modification

L. maculans possesses a highly compartmentalised genome comprising of guanine-cytosine

(GC)–and adenine-thymine (AT)–rich blocks. The latter are enriched in transposable ele-

ments and genes that code for SSPs such as effectors [79]. It is hypothesised that L. maculans
possesses a “two-speed” genome in which AT-isochores drive effector gene diversification for

adaptation through transposon-assisted mobilisation followed by repeat-induced point muta-

tions [80,81]. Genes that code for known Avr effectors are poorly expressed under in vitro con-

ditions, but expression dramatically increases during host infection [79]. It was hypothesised

that these AT-isochores are associated with heterochromatin regions and subjected to epige-

netic modification [82]. Silencing of two genes, LmHP1 and LmDIM5, that code for chroma-

tin-modifier proteins resulted in the derepression of AvrLm1 and AvrLm4-7 expression during

axenic growth [82]. Expression of AvrLm1 and AvrLm4-7 in the mutants remained similar to

the WT during primary infection. Chromatin immunoprecipitation assays demonstrated that

LmHP1 and LmDIM5 are involved in the formation of heterochromatin at the AvrLm1 and

AvrLm4-7 loci in L. maculans [82]. This suggests that effector genes undergo chromatin-medi-

ated repression that is lifted during infection.

Regulation by effector epistasis

Epistasis can be broadly defined as interactions between genes. This can result in masking the

effect of genetic variation in one gene by variation in a different gene [83,84,85]. The P.

nodorum—wheat pathosystem is unique in that effector—effector epistatic interaction has

been described in several studies [39,86,87,88]. However, the mechanisms accounting for epis-

tasis between effector—host dominant susceptibility gene interactions are largely unknown.

The suggested mechanisms of epistasis include differences in effector expression level, host

gene action, and/or cross-talk among pathways that are associated with effector recognition

[86]. In interactions with both SnTox1-Snn1 and SnTox3–Snn3 present, the SnTox3-Snn3
interaction is suppressed [88]. However, when SnTox1 was deleted, the SnTox3–Snn3 interac-

tion was detected during infection of a wheat mapping population using quantitative trait

locus mapping. SnTox1 deletion resulted in the up-regulation of SnTox3 expression. The

increased expression of SnTox3 upon removal of SnTox1 explains, in part, the mechanism

of the epistatic interaction [88]. A further complication is that PnPf2 is dominant over the

SnTox1 negative regulation of SnTox3 expression. Deletion of SnTox1 in the pnpf2 background

did not induce SnTox3 expression [32].

Evidence of NE epistasis involving the ToxA–Tsn1 interaction was recently observed in P.

tritici-repentis [89]. When ToxA was deleted in P. tritici-repentis, an increase in virulence was

observed on some ToxA-sensitive wheat cultivars as measured by an increase in tissue chloro-

sis. Furthermore, ToxA deletion has unmasked evidence of a novel chlorosis-inducing factor

that was previously suppressed in the presence of ToxA [89,90]. This indicates that ToxA pos-

sess an epistatic role in effector regulation by masking the effect of other effectors.

A similar phenomenon was also observed in L. maculans where Rlm3-mediated resistance

through recognition of the recently identified Avr protein AvrLm3 was suppressed by

AvrLm4-7 [44]. AvrLm4-7 does not influence the expression of AvrLm3 nor do their proteins
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physically interact in a yeast 2-hybrid assay. Hence, the exact mechanism of suppression is

unknown at this stage.

Regulation by cellular trafficking

Recently, a cytological approach was taken to examine organelle trafficking in U. maydis dur-

ing early infection [91]. It was observed that early endosomes (EEs) transmit signals from the

hyphal tip to the fungal nucleus. EE motility triggered the expression of Cmu1, Pit2, and Pep1.

The latter encodes a secreted effector that suppresses plant immunity by inhibiting host perox-

idase activity [92]. These effectors are then delivered to the hyphal tip to supress host defence.

Interestingly, the Crk1 mitogen-activated protein kinase is localised in the EEs during retro-

grade signalling to the nucleus. Crk1 is essential for mating and virulence of U. maydis on

maize [93]. Surprisingly, deletion of Crk1 resulted in the up-regulation of Cmu1. It was

hypothesised that Crk1 may interact with an unknown phosphatase bound to the EE to coordi-

nate effector expression and secretion [91].

Conclusions and future prospects

Effectors function as key determinants in fungal pathogenicity. This is also dictated by the

presence or absence of resistance or susceptibility genes in the host. As a result, effectors have

been exploited as tools for plant breeding to improve disease resistance [7]. However, identifi-

cation of signals or signalling pathways that regulate effector gene expression offers another

dimension to formulate novel crop protection strategies. There is great promise in the use of

small interfering RNA to inhibit fungal gene expression through superficial application or

host-induced gene silencing [94,95,96]. In addition to potential crop protection benefits,

efforts to understand effector regulation in fungal pathogens have already uncovered novel

aspects of effector biology. We anticipate that these recent advances will stimulate further stud-

ies in the regulatory aspect of effector biology.

Acknowledgments

We thank Kasia Rybak for critically reading the manuscript.

References
1. Tan KC, Oliver RP, Solomon PS, Moffat CS (2010) Proteinaceous necrotrophic effectors in fungal viru-

lence. Func Plant Biol 37: 907–912.

2. Shalaby S, Horwitz BA (2015) Plant phenolic compounds and oxidative stress: integrated signals in fun-

gal-plant interactions. Curr Genet 61: 347–357. https://doi.org/10.1007/s00294-014-0458-6 PMID:

25407462

3. Marshall R, Kombrink A, Motteram J, Loza-Reyes E, Lucas J, et al. (2011) Analysis of two in planta

expressed LysM effector homologs from the fungus Mycosphaerella graminicola reveals novel func-

tional properties and varying contributions to virulence on wheat. Plant Physiol 156: 756–769. https://

doi.org/10.1104/pp.111.176347 PMID: 21467214

4. Divon HH, Fluhr R (2007) Nutrition acquisition strategies during fungal infection of plants. FEMS Micro-

biol Lett 266: 65–74. https://doi.org/10.1111/j.1574-6968.2006.00504.x PMID: 17083369

5. Oliveira-Garcia E, Deising HB (2016) Attenuation of PAMP-triggered immunity in maize requires down-

regulation of the key β-1,6-glucan synthesis genes KRE5 and KRE6 in biotrophic hyphae of Colletotri-

chum graminicola. Plant J: 84: 355–375.

6. Lo Presti L, Lanver D, Schweizer G, Tanaka S, Liang L, et al. (2015) Fungal effectors and plant suscep-

tibility. Annu Rev Plant Biol 66: 513–545. https://doi.org/10.1146/annurev-arplant-043014-114623

PMID: 25923844

7. Vleeshouwers VG, Oliver RP (2014) Effectors as tools in disease resistance breeding against bio-

trophic, hemibiotrophic, and necrotrophic plant pathogens. Mol Plant Microbe Interact 27: 196–206.

https://doi.org/10.1094/MPMI-10-13-0313-IA PMID: 24405032

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006241 April 20, 2017 7 / 12

https://doi.org/10.1007/s00294-014-0458-6
http://www.ncbi.nlm.nih.gov/pubmed/25407462
https://doi.org/10.1104/pp.111.176347
https://doi.org/10.1104/pp.111.176347
http://www.ncbi.nlm.nih.gov/pubmed/21467214
https://doi.org/10.1111/j.1574-6968.2006.00504.x
http://www.ncbi.nlm.nih.gov/pubmed/17083369
https://doi.org/10.1146/annurev-arplant-043014-114623
http://www.ncbi.nlm.nih.gov/pubmed/25923844
https://doi.org/10.1094/MPMI-10-13-0313-IA
http://www.ncbi.nlm.nih.gov/pubmed/24405032
https://doi.org/10.1371/journal.ppat.1006241


8. De Wit PJ, Mehrabi R, Van den Burg HA, Stergiopoulos I (2009) Fungal effector proteins: past, present

and future. Mol Plant Pathol 10: 735–747. https://doi.org/10.1111/j.1364-3703.2009.00591.x PMID:

19849781

9. Shelest E (2008) Transcription factors in fungi. FEMS Microbiol Lett 286: 145–151. https://doi.org/10.

1111/j.1574-6968.2008.01293.x PMID: 18789126

10. Son H, Seo YS, Min K, Park AR, Lee J, et al. (2011) A phenome-based functional analysis of transcrip-

tion factors in the cereal head blight fungus, Fusarium graminearum. PLoS Pathog 7: e1002310.

https://doi.org/10.1371/journal.ppat.1002310 PMID: 22028654

11. Cho Y, Srivastava A, Ohm RA, Lawrence CB, Wang KH, et al. (2012) Transcription factor Amr1 induces

melanin biosynthesis and suppresses virulence in Alternaria brassicicola. PLoS Pathog 8: e1002974.

https://doi.org/10.1371/journal.ppat.1002974 PMID: 23133370

12. Cao H, Huang P, Zhang L, Shi Y, Sun D, et al. (2016) Characterization of 47 Cys2-His2 zinc finger pro-

teins required for the development and pathogenicity of the rice blast fungus Magnaporthe oryzae. New

Phytol. 211: 1035–1051.

13. Park SY, Choi J, Lim SE, Lee GW, Park J, et al. (2013) Global expression profiling of transcription factor

genes provides new insights into pathogenicity and stress responses in the rice blast fungus. PLoS

Pathog 9: e1003350. https://doi.org/10.1371/journal.ppat.1003350 PMID: 23762023

14. MacPherson S, Larochelle M, Turcotte B (2006) A fungal family of transcriptional regulators: the zinc

cluster proteins. Microbiol Mol Biol Rev 70: 583–604. https://doi.org/10.1128/MMBR.00015-06 PMID:

16959962

15. Wolfe SA, Nekludova L, Pabo CO (2000) DNA recognition by Cys2His2 zinc finger proteins. Annu Rev

Biophys Biomol Struct 29: 183–212. https://doi.org/10.1146/annurev.biophys.29.1.183 PMID:

10940247

16. Stergiopoulos I, de Wit PJ (2009) Fungal effector proteins. Annu Rev Phytopathol 47: 233–263. https://

doi.org/10.1146/annurev.phyto.112408.132637 PMID: 19400631

17. Marmeisse R, Van den Ackerveken GFJM, Goosen T, De Wit PJGM, Van den Broek HWJ (1993) Dis-

ruption of the avirulence gene avr9 in two races of the tomato pathogen Cladosporium fulvum causes

virulence on tomato genotypes with the complementary resistance gene Cf9. Mol Plant-Microbe Interact

6: 412–417.

18. van den Hooven HW, van den Burg HA, Vossen P, Boeren S, de Wit PJ, et al. (2001) Disulfide bond

structure of the AVR9 elicitor of the fungal tomato pathogen Cladosporium fulvum: evidence for a cys-

tine knot. Biochemistry 40: 3458–3466. PMID: 11297411

19. Van den Ackerveken GF, Dunn RM, Cozijnsen AJ, Vossen JP, Van den Broek HW, et al. (1994) Nitro-

gen limitation induces expression of the avirulence gene avr9 in the tomato pathogen Cladosporium ful-

vum. Mol Gen Genet 243: 277–285. PMID: 8190081

20. Scazzocchio C (2000) The fungal GATA factors. Curr Opin Microbiol 3: 126–131. PMID: 10745000

21. Marzluf GA (1997) Genetic regulation of nitrogen metabolism in the fungi. Microbiol Mol Biol Rev 61:

17–32. PMID: 9106362

22. Perez-Garcia A, Snoeijers SS, Joosten MH, Goosen T, De Wit PJ (2001) Expression of the avirulence

gene Avr9 of the fungal tomato pathogen Cladosporium fulvum is regulated by the global nitrogen

response factor NRF1. Mol Plant Microbe Interact 14: 316–325. https://doi.org/10.1094/MPMI.2001.

14.3.316 PMID: 11277429

23. Bolton MD, Thomma BPHJ (2008) The complexity of nitrogen metabolism and nitrogen-regulated gene

expression in plant pathogenic fungi. Physiol Mol Plant Pathol 72: 104–110.

24. Thomma BP, Bolton MD, Clergeot PH, PJ DEW (2006) Nitrogen controls in planta expression of Cla-

dosporium fulvum Avr9 but no other effector genes. Mol Plant Pathol 7: 125–130. https://doi.org/10.

1111/j.1364-3703.2006.00320.x PMID: 20507433

25. Solomon PS, Oliver RP (2001) The nitrogen content of the tomato leaf apoplast increases during infec-

tion by Cladosporium fulvum. Planta 213: 241–249. https://doi.org/10.1007/s004250000500 PMID:

11469589

26. Solomon PS, Oliver RP (2002) Evidence that γ-aminobutyric acid is a major nitrogen source during Cla-

dosporium fulvum infection of tomato. Planta 214: 414–420. PMID: 11855646

27. Mead O, Thynne E, Winterberg B, Solomon PS (2013) Characterising the role of GABA and its metabo-

lism in the wheat pathogen Stagonospora nodorum. PLoS ONE 8: e78368. https://doi.org/10.1371/

journal.pone.0078368 PMID: 24265684

28. Howard K, Foster SG, Cooley RN, Caten CE (1999) Disruption, replacement, and cosuppression of

nitrate assimilation genes in Stagonospora nodorum. Fungal Genet Biol 26: 152–162. https://doi.org/

10.1006/fgbi.1998.1113 PMID: 10328985

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006241 April 20, 2017 8 / 12

https://doi.org/10.1111/j.1364-3703.2009.00591.x
http://www.ncbi.nlm.nih.gov/pubmed/19849781
https://doi.org/10.1111/j.1574-6968.2008.01293.x
https://doi.org/10.1111/j.1574-6968.2008.01293.x
http://www.ncbi.nlm.nih.gov/pubmed/18789126
https://doi.org/10.1371/journal.ppat.1002310
http://www.ncbi.nlm.nih.gov/pubmed/22028654
https://doi.org/10.1371/journal.ppat.1002974
http://www.ncbi.nlm.nih.gov/pubmed/23133370
https://doi.org/10.1371/journal.ppat.1003350
http://www.ncbi.nlm.nih.gov/pubmed/23762023
https://doi.org/10.1128/MMBR.00015-06
http://www.ncbi.nlm.nih.gov/pubmed/16959962
https://doi.org/10.1146/annurev.biophys.29.1.183
http://www.ncbi.nlm.nih.gov/pubmed/10940247
https://doi.org/10.1146/annurev.phyto.112408.132637
https://doi.org/10.1146/annurev.phyto.112408.132637
http://www.ncbi.nlm.nih.gov/pubmed/19400631
http://www.ncbi.nlm.nih.gov/pubmed/11297411
http://www.ncbi.nlm.nih.gov/pubmed/8190081
http://www.ncbi.nlm.nih.gov/pubmed/10745000
http://www.ncbi.nlm.nih.gov/pubmed/9106362
https://doi.org/10.1094/MPMI.2001.14.3.316
https://doi.org/10.1094/MPMI.2001.14.3.316
http://www.ncbi.nlm.nih.gov/pubmed/11277429
https://doi.org/10.1111/j.1364-3703.2006.00320.x
https://doi.org/10.1111/j.1364-3703.2006.00320.x
http://www.ncbi.nlm.nih.gov/pubmed/20507433
https://doi.org/10.1007/s004250000500
http://www.ncbi.nlm.nih.gov/pubmed/11469589
http://www.ncbi.nlm.nih.gov/pubmed/11855646
https://doi.org/10.1371/journal.pone.0078368
https://doi.org/10.1371/journal.pone.0078368
http://www.ncbi.nlm.nih.gov/pubmed/24265684
https://doi.org/10.1006/fgbi.1998.1113
https://doi.org/10.1006/fgbi.1998.1113
http://www.ncbi.nlm.nih.gov/pubmed/10328985
https://doi.org/10.1371/journal.ppat.1006241


29. Froeliger EH, Carpenter BE (1996) NUT1, a major nitrogen regulatory gene in Magnaporthe grisea, is

dispensable for pathogenicity. Mol Gen Genet 251: 647–656. PMID: 8757395

30. Cho Y (2015) How the necrotrophic fungus Alternaria brassicicola kills plant cells remains an enigma.

Eukaryot Cell 14: 335–344. https://doi.org/10.1128/EC.00226-14 PMID: 25681268

31. Cho Y, Ohm RA, Grigoriev IV, Srivastava A (2013) Fungal-specific transcription factor AbPf2 activates

pathogenicity in Alternaria brassicicola. Plant J 75: 498–514. https://doi.org/10.1111/tpj.12217 PMID:

23617599

32. Rybak K, See PT, Phan HTT, Syme RA, Moffat CS, et al. (2017) A functionally conserved Zn2Cys6

binuclear cluster transcription factor class regulates necrotrophic effector gene expression and host-

specific virulence of two major Pleosporales fungal pathogens of wheat. Mol Plant Pathol: 18: 420–434.

33. Friesen TL, Stukenbrock EH, Liu ZH, Meinhardt S, Ling H, et al. (2006) Emergence of a new disease as

a result of interspecific virulence gene transfer. Nat Genet 38: 953–956. https://doi.org/10.1038/ng1839

PMID: 16832356

34. Faris JD, Zhang Z, Lu H, Lu S, Reddy L, et al. (2010) A unique wheat disease resistance-like gene gov-

erns effector-triggered susceptibility to necrotrophic pathogens. Proc Natl Acad Sci U S A 107: 13544–

13549. https://doi.org/10.1073/pnas.1004090107 PMID: 20624958

35. Liu Z, Zhang Z, Faris JD, Oliver RP, Syme R, et al. (2012) The cysteine rich necrotrophic effector

SnTox1 produced by Stagonospora nodorum triggers susceptibility of wheat lines harboring Snn1.

PLoS Pathog 8: e1002467. https://doi.org/10.1371/journal.ppat.1002467 PMID: 22241993

36. Liu Z, Faris JD, Oliver RP, Tan KC, Solomon PS, et al. (2009) SnTox3 acts in effector triggered suscep-

tibility to induce disease on wheat carrying the Snn3 gene. PLoS Pathog 5: e1000581. https://doi.org/

10.1371/journal.ppat.1000581 PMID: 19806176

37. Zhang Z, Friesen TL, Xu SS, Shi G, Liu Z, et al. (2011) Two putatively homoeologous wheat genes

mediate recognition of SnTox3 to confer effector-triggered susceptibility to Stagonospora nodorum.

Plant J 65: 27–38. https://doi.org/10.1111/j.1365-313X.2010.04407.x PMID: 21175887

38. Shi G, Friesen TL, Saini J, Xu SS, Rasmussen JB, et al. (2015) The wheat Snn7 gene confers suscepti-

bility on recognition of the Parastagonospora nodorum necrotrophic effector SnTox7. Plant Genome 8:

39. Gao Y, Faris JD, Liu Z, Kim YM, Syme RA, et al. (2015) Identification and characterization of the

SnTox6-Snn6 Interaction in the Parastagonospora nodorum-wheat pathosystem. Mol Plant-Microbe

Interact 28: 615–625. https://doi.org/10.1094/MPMI-12-14-0396-R PMID: 25608181

40. Friesen TL, Faris JD, Solomon PS, Oliver RP (2008) Host-specific toxins: effectors of necrotrophic path-

ogenicity. Cell Microbiol 10: 1421–1428. https://doi.org/10.1111/j.1462-5822.2008.01153.x PMID:

18384660

41. Ciuffetti LM, Tuori RP, Gaventa JM (1997) A single gene encodes a selective toxin causal to the devel-

opment of tan spot of wheat. Plant Cell 9: 135–144. https://doi.org/10.1105/tpc.9.2.135 PMID: 9061946

42. Zhao Y, Su H, Zhou J, Feng H, Zhang KQ, et al. (2015) The APSES family proteins in fungi: Characteri-

zations, evolution and functions. Fungal Genet Biol 81: 271–280. https://doi.org/10.1016/j.fgb.2014.12.

003 PMID: 25534868

43. IpCho SV, Tan KC, Koh G, Gummer J, Oliver RP, et al. (2010) The transcription factor StuA regulates

central carbon metabolism, mycotoxin production, and effector gene expression in the wheat pathogen

Stagonospora nodorum. Eukaryot Cell 9: 1100–1108. https://doi.org/10.1128/EC.00064-10 PMID:

20495056

44. Plissonneau C, Daverdin G, Ollivier B, Blaise F, Degrave A, et al. (2015) A game of hide and seek

between avirulence genes AvrLm4-7 and AvrLm3 in Leptosphaeria maculans. New Phytol. 209: 1613–

1624.

45. Fudal I, Ross S, Gout L, Blaise F, Kuhn ML, et al. (2007) Heterochromatin-like regions as ecological

niches for avirulence genes in the Leptosphaeria maculans genome: map-based cloning of AvrLm6.

Mol Plant Microbe Interact 20: 459–470. https://doi.org/10.1094/MPMI-20-4-0459 PMID: 17427816

46. Gout L, Fudal I, Kuhn ML, Blaise F, Eckert M, et al. (2006) Lost in the middle of nowhere: the AvrLm1

avirulence gene of the Dothideomycete Leptosphaeria maculans. Mol Microbiol 60: 67–80. https://doi.

org/10.1111/j.1365-2958.2006.05076.x PMID: 16556221

47. Parlange F, Daverdin G, Fudal I, Kuhn ML, Balesdent MH, et al. (2009) Leptosphaeria maculans aviru-

lence gene AvrLm4-7 confers a dual recognition specificity by the Rlm4 and Rlm7 resistance genes of

oilseed rape, and circumvents Rlm4-mediated recognition through a single amino acid change. Mol

Microbiol 71: 851–863. https://doi.org/10.1111/j.1365-2958.2008.06547.x PMID: 19170874

48. Balesdent MH, Fudal I, Ollivier B, Bally P, Grandaubert J, et al. (2013) The dispensable chromosome of

Leptosphaeria maculans shelters an effector gene conferring avirulence towards Brassica rapa. New

Phytol 198: 887–898. https://doi.org/10.1111/nph.12178 PMID: 23406519

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006241 April 20, 2017 9 / 12

http://www.ncbi.nlm.nih.gov/pubmed/8757395
https://doi.org/10.1128/EC.00226-14
http://www.ncbi.nlm.nih.gov/pubmed/25681268
https://doi.org/10.1111/tpj.12217
http://www.ncbi.nlm.nih.gov/pubmed/23617599
https://doi.org/10.1038/ng1839
http://www.ncbi.nlm.nih.gov/pubmed/16832356
https://doi.org/10.1073/pnas.1004090107
http://www.ncbi.nlm.nih.gov/pubmed/20624958
https://doi.org/10.1371/journal.ppat.1002467
http://www.ncbi.nlm.nih.gov/pubmed/22241993
https://doi.org/10.1371/journal.ppat.1000581
https://doi.org/10.1371/journal.ppat.1000581
http://www.ncbi.nlm.nih.gov/pubmed/19806176
https://doi.org/10.1111/j.1365-313X.2010.04407.x
http://www.ncbi.nlm.nih.gov/pubmed/21175887
https://doi.org/10.1094/MPMI-12-14-0396-R
http://www.ncbi.nlm.nih.gov/pubmed/25608181
https://doi.org/10.1111/j.1462-5822.2008.01153.x
http://www.ncbi.nlm.nih.gov/pubmed/18384660
https://doi.org/10.1105/tpc.9.2.135
http://www.ncbi.nlm.nih.gov/pubmed/9061946
https://doi.org/10.1016/j.fgb.2014.12.003
https://doi.org/10.1016/j.fgb.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25534868
https://doi.org/10.1128/EC.00064-10
http://www.ncbi.nlm.nih.gov/pubmed/20495056
https://doi.org/10.1094/MPMI-20-4-0459
http://www.ncbi.nlm.nih.gov/pubmed/17427816
https://doi.org/10.1111/j.1365-2958.2006.05076.x
https://doi.org/10.1111/j.1365-2958.2006.05076.x
http://www.ncbi.nlm.nih.gov/pubmed/16556221
https://doi.org/10.1111/j.1365-2958.2008.06547.x
http://www.ncbi.nlm.nih.gov/pubmed/19170874
https://doi.org/10.1111/nph.12178
http://www.ncbi.nlm.nih.gov/pubmed/23406519
https://doi.org/10.1371/journal.ppat.1006241


49. Ghanbarnia K, Fudal I, Larkan NJ, Links MG, Balesdent MH, et al. (2015) Rapid identification of the

Leptosphaeria maculans avirulence gene AvrLm2 using an intraspecific comparative genomics

approach. Mol Plant Pathol 16: 699–709. https://doi.org/10.1111/mpp.12228 PMID: 25492575

50. Van de Wouw AP, Lowe RG, Elliott CE, Dubois DJ, Howlett BJ (2014) An avirulence gene, AvrLmJ1,

from the blackleg fungus, Leptosphaeria maculans, confers avirulence to Brassica juncea cultivars. Mol

Plant Pathol 15: 523–530. https://doi.org/10.1111/mpp.12105 PMID: 24279453

51. Soyer JL, Hamiot A, Ollivier B, Balesdent MH, Rouxel T, et al. (2015) The APSES transcription factor

LmStuA is required for sporulation, pathogenic development and effector gene expression in Lepto-

sphaeria maculans. Mol Plant Pathol 16: 1000–1005. https://doi.org/10.1111/mpp.12249 PMID:

25727237

52. Huang G, Wang H, Chou S, Nie X, Chen J, et al. (2006) Bistable expression of WOR1, a master regula-

tor of white-opaque switching in Candida albicans. Proc Natl Acad Sci U S A 103: 12813–12818.

https://doi.org/10.1073/pnas.0605270103 PMID: 16905649

53. Lohse MB, Zordan RE, Cain CW, Johnson AD (2010) Distinct class of DNA-binding domains is exempli-

fied by a master regulator of phenotypic switching in Candida albicans. Proc Natl Acad Sci U S A 107:

14105–14110. https://doi.org/10.1073/pnas.1005911107 PMID: 20660774

54. Michielse CB, van Wijk R, Reijnen L, Manders EM, Boas S, et al. (2009) The nuclear protein Sge1 of

Fusarium oxysporum is required for parasitic growth. PLoS Pathog 5: e1000637. https://doi.org/10.

1371/journal.ppat.1000637 PMID: 19851506

55. Santhanam P, Thomma BP (2013) Verticillium dahliae Sge1 differentially regulates expression of candi-

date effector genes. Mol Plant Microbe Interact 26: 249–256. https://doi.org/10.1094/MPMI-08-12-

0198-R PMID: 22970788

56. Mirzadi Gohari A, Mehrabi R, Robert O, Ince IA, Boeren S, et al. (2014) Molecular characterization and

functional analyses of ZtWor1, a transcriptional regulator of the fungal wheat pathogen Zymoseptoria

tritici. Mol Plant Pathol 15: 394–405. https://doi.org/10.1111/mpp.12102 PMID: 24341593

57. Okmen B, Collemare J, Griffiths S, van der Burgt A, Cox R, et al. (2014) Functional analysis of the con-

served transcriptional regulator CfWor1 in Cladosporium fulvum reveals diverse roles in the virulence of

plant pathogenic fungi. Mol Microbiol 92: 10–27. https://doi.org/10.1111/mmi.12535 PMID: 24521437

58. Tollot M, Assmann D, Becker C, Altmuller J, Dutheil JY, et al. (2016) The WOPR protein Ros1 is a mas-

ter regulator of sporogenesis and late effector gene expression in the maize pathogen Ustilago maydis.

PLoS Pathog 12: e1005697. https://doi.org/10.1371/journal.ppat.1005697 PMID: 27332891

59. Houterman PM, Speijer D, Dekker HL, CG DEK, Cornelissen BJ, et al. (2007) The mixed xylem sap pro-

teome of Fusarium oxysporum-infected tomato plants. Mol Plant Pathol 8: 215–221. https://doi.org/10.

1111/j.1364-3703.2007.00384.x PMID: 20507493

60. Michielse CB, van Wijk R, Reijnen L, Cornelissen BJ, Rep M (2009) Insight into the molecular require-

ments for pathogenicity of Fusarium oxysporum f. sp. lycopersici through large-scale insertional muta-

genesis. Genome Biol 10: R4. https://doi.org/10.1186/gb-2009-10-1-r4 PMID: 19134172

61. Houterman PM, Ma L, van Ooijen G, de Vroomen MJ, Cornelissen BJ, et al. (2009) The effector protein

Avr2 of the xylem-colonizing fungus Fusarium oxysporum activates the tomato resistance protein I-2

intracellularly. Plant J 58: 970–978. https://doi.org/10.1111/j.1365-313X.2009.03838.x PMID:

19228334

62. Rep M, van der Does HC, Meijer M, van Wijk R, Houterman PM, et al. (2004) A small, cysteine-rich pro-

tein secreted by Fusarium oxysporum during colonization of xylem vessels is required for I-3-mediated

resistance in tomato. Mol Microbiol 53: 1373–1383. https://doi.org/10.1111/j.1365-2958.2004.04177.x

PMID: 15387816

63. Ma L, Houterman PM, Gawehns F, Cao L, Sillo F, et al. (2015) The AVR2-SIX5 gene pair is required to

activate I-2-mediated immunity in tomato. New Phytol 208: 507–518. https://doi.org/10.1111/nph.

13455 PMID: 25967461

64. Faino L, de Jonge R, Thomma BP (2012) The transcriptome of Verticillium dahliae-infected Nicotiana

benthamiana determined by deep RNA sequencing. Plant Signal Behav 7: 1065–1069. https://doi.org/

10.4161/psb.21014 PMID: 22899084

65. de Jonge R, van Esse HP, Maruthachalam K, Bolton MD, Santhanam P, et al. (2012) Tomato immune

receptor Ve1 recognizes effector of multiple fungal pathogens uncovered by genome and RNA

sequencing. Proc Natl Acad Sci U S A 109: 5110–5115. https://doi.org/10.1073/pnas.1119623109

PMID: 22416119

66. van Esse HP, Van’t Klooster JW, Bolton MD, Yadeta KA, van Baarlen P, et al. (2008) The Cladosporium

fulvum virulence protein Avr2 inhibits host proteases required for basal defense. Plant Cell 20: 1948–

1963. https://doi.org/10.1105/tpc.108.059394 PMID: 18660430

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006241 April 20, 2017 10 / 12

https://doi.org/10.1111/mpp.12228
http://www.ncbi.nlm.nih.gov/pubmed/25492575
https://doi.org/10.1111/mpp.12105
http://www.ncbi.nlm.nih.gov/pubmed/24279453
https://doi.org/10.1111/mpp.12249
http://www.ncbi.nlm.nih.gov/pubmed/25727237
https://doi.org/10.1073/pnas.0605270103
http://www.ncbi.nlm.nih.gov/pubmed/16905649
https://doi.org/10.1073/pnas.1005911107
http://www.ncbi.nlm.nih.gov/pubmed/20660774
https://doi.org/10.1371/journal.ppat.1000637
https://doi.org/10.1371/journal.ppat.1000637
http://www.ncbi.nlm.nih.gov/pubmed/19851506
https://doi.org/10.1094/MPMI-08-12-0198-R
https://doi.org/10.1094/MPMI-08-12-0198-R
http://www.ncbi.nlm.nih.gov/pubmed/22970788
https://doi.org/10.1111/mpp.12102
http://www.ncbi.nlm.nih.gov/pubmed/24341593
https://doi.org/10.1111/mmi.12535
http://www.ncbi.nlm.nih.gov/pubmed/24521437
https://doi.org/10.1371/journal.ppat.1005697
http://www.ncbi.nlm.nih.gov/pubmed/27332891
https://doi.org/10.1111/j.1364-3703.2007.00384.x
https://doi.org/10.1111/j.1364-3703.2007.00384.x
http://www.ncbi.nlm.nih.gov/pubmed/20507493
https://doi.org/10.1186/gb-2009-10-1-r4
http://www.ncbi.nlm.nih.gov/pubmed/19134172
https://doi.org/10.1111/j.1365-313X.2009.03838.x
http://www.ncbi.nlm.nih.gov/pubmed/19228334
https://doi.org/10.1111/j.1365-2958.2004.04177.x
http://www.ncbi.nlm.nih.gov/pubmed/15387816
https://doi.org/10.1111/nph.13455
https://doi.org/10.1111/nph.13455
http://www.ncbi.nlm.nih.gov/pubmed/25967461
https://doi.org/10.4161/psb.21014
https://doi.org/10.4161/psb.21014
http://www.ncbi.nlm.nih.gov/pubmed/22899084
https://doi.org/10.1073/pnas.1119623109
http://www.ncbi.nlm.nih.gov/pubmed/22416119
https://doi.org/10.1105/tpc.108.059394
http://www.ncbi.nlm.nih.gov/pubmed/18660430
https://doi.org/10.1371/journal.ppat.1006241


67. Rooney HC, Van’t Klooster JW, van der Hoorn RA, Joosten MH, Jones JD, et al. (2005) Cladosporium

Avr2 inhibits tomato Rcr3 protease required for Cf-2-dependent disease resistance. Science 308:

1783–1786. https://doi.org/10.1126/science.1111404 PMID: 15845874

68. van den Burg HA, Harrison SJ, Joosten MH, Vervoort J, de Wit PJ (2006) Cladosporium fulvum Avr4

protects fungal cell walls against hydrolysis by plant chitinases accumulating during infection. Mol

Plant-Microbe Interact 19: 1420–1430. https://doi.org/10.1094/MPMI-19-1420 PMID: 17153926

69. Thomas CM, Jones DA, Parniske M, Harrison K, Balint-Kurti PJ, et al. (1997) Characterization of the

tomato Cf-4 gene for resistance to Cladosporium fulvum identifies sequences that determine recogni-

tional specificity in Cf-4 and Cf-9. Plant Cell 9: 2209–2224. PMID: 9437864

70. Westerink N, Brandwagt BF, de Wit PJ, Joosten MH (2004) Cladosporium fulvum circumvents the sec-

ond functional resistance gene homologue at the Cf-4 locus (Hcr9-4E) by secretion of a stable avr4E

isoform. Mol Microbiol 54: 533–545. https://doi.org/10.1111/j.1365-2958.2004.04288.x PMID:

15469522

71. Sanchez-Vallet A, Saleem-Batcha R, Kombrink A, Hansen G, Valkenburg DJ, et al. (2013) Fungal

effector Ecp6 outcompetes host immune receptor for chitin binding through intrachain LysM dimeriza-

tion. Elife 2: e00790. https://doi.org/10.7554/eLife.00790 PMID: 23840930

72. Djamei A, Kahmann R (2012) Ustilago maydis: dissecting the molecular interface between pathogen

and plant. PLoS Pathog 8: e1002955. https://doi.org/10.1371/journal.ppat.1002955 PMID: 23133380

73. Kamper J, Kahmann R, Bolker M, Ma LJ, Brefort T, et al. (2006) Insights from the genome of the bio-

trophic fungal plant pathogen Ustilago maydis. 444: 97–101.

74. Djamei A, Schipper K, Rabe F, Ghosh A, Vincon V, et al. (2011) Metabolic priming by a secreted fungal

effector. Nature 478: 395–398. https://doi.org/10.1038/nature10454 PMID: 21976020

75. Mueller AN, Ziemann S, Treitschke S, Assmann D, Doehlemann G (2013) Compatibility in the Ustilago

maydis-maize interaction requires inhibition of host cysteine proteases by the fungal effector Pit2. PLoS

Pathog 9: e1003177. https://doi.org/10.1371/journal.ppat.1003177 PMID: 23459172

76. Redkar A, Hoser R, Schilling L, Zechmann B, Krzymowska M, et al. (2015) A Secreted Effector Protein

of Ustilago maydis Guides Maize Leaf Cells to Form Tumors. Plant Cell 27: 1332–1351. https://doi.org/

10.1105/tpc.114.131086 PMID: 25888589

77. Kaufmann E, Knochel W (1996) Five years on the wings of fork head. Mech Dev 57: 3–20. PMID:

8817449

78. Zahiri A, Heimel K, Wahl R, Rath M, Kamper J (2010) The Ustilago maydis forkhead transcription factor

Fox1 is involved in the regulation of genes required for the attenuation of plant defenses during patho-

genic development. Mol Plant-Microbe Interact 23: 1118–1129. https://doi.org/10.1094/MPMI-23-9-

1118 PMID: 20687802

79. Rouxel T, Grandaubert J, Hane JK, Hoede C, van de Wouw AP, et al. (2011) Effector diversification

within compartments of the Leptosphaeria maculans genome affected by Repeat-Induced Point muta-

tions. Nat Commun 2: 202. https://doi.org/10.1038/ncomms1189 PMID: 21326234

80. Grandaubert J, Lowe RG, Soyer JL, Schoch CL, Van de Wouw AP, et al. (2014) Transposable element-

assisted evolution and adaptation to host plant within the Leptosphaeria maculans-Leptosphaeria biglo-

bosa species complex of fungal pathogens. BMC Genomics 15: 891. https://doi.org/10.1186/1471-

2164-15-891 PMID: 25306241

81. Dong S, Raffaele S, Kamoun S (2015) The two-speed genomes of filamentous pathogens: waltz with

plants. Curr Opin Genet Dev 35: 57–65. https://doi.org/10.1016/j.gde.2015.09.001 PMID: 26451981

82. Soyer JL, El Ghalid M, Glaser N, Ollivier B, Linglin J, et al. (2014) Epigenetic control of effector gene

expression in the plant pathogenic fungus Leptosphaeria maculans. PLoS Genet 10: e1004227.

https://doi.org/10.1371/journal.pgen.1004227 PMID: 24603691

83. Lehner B (2011) Molecular mechanisms of epistasis within and between genes. Trends Genet 27:

323–331. https://doi.org/10.1016/j.tig.2011.05.007 PMID: 21684621

84. Phillips PC (2008) Epistasis—the essential role of gene interactions in the structure and evolution of

genetic systems. Nat Rev Genet 9: 855–867. https://doi.org/10.1038/nrg2452 PMID: 18852697

85. Bateson W (1909) Mendel’s Principles of Heredity. New York: Cambridge University Press.

86. Friesen TL, Zhang Z, Solomon PS, Oliver RP, Faris JD (2008) Characterization of the interaction of a

novel Stagonospora nodorum host-selective toxin with a wheat susceptibility gene. Plant Physiol 146:

682–693. https://doi.org/10.1104/pp.107.108761 PMID: 18065563

87. Friesen TL, Chu C, Xu SS, Faris JD (2012) SnTox5-Snn5: a novel Stagonospora nodorum effector-

wheat gene interaction and its relationship with the SnToxA-Tsn1 and SnTox3-Snn3-B1 interactions.

Mol Plant Pathol 13: 1101–1109. https://doi.org/10.1111/j.1364-3703.2012.00819.x PMID: 22830423

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006241 April 20, 2017 11 / 12

https://doi.org/10.1126/science.1111404
http://www.ncbi.nlm.nih.gov/pubmed/15845874
https://doi.org/10.1094/MPMI-19-1420
http://www.ncbi.nlm.nih.gov/pubmed/17153926
http://www.ncbi.nlm.nih.gov/pubmed/9437864
https://doi.org/10.1111/j.1365-2958.2004.04288.x
http://www.ncbi.nlm.nih.gov/pubmed/15469522
https://doi.org/10.7554/eLife.00790
http://www.ncbi.nlm.nih.gov/pubmed/23840930
https://doi.org/10.1371/journal.ppat.1002955
http://www.ncbi.nlm.nih.gov/pubmed/23133380
https://doi.org/10.1038/nature10454
http://www.ncbi.nlm.nih.gov/pubmed/21976020
https://doi.org/10.1371/journal.ppat.1003177
http://www.ncbi.nlm.nih.gov/pubmed/23459172
https://doi.org/10.1105/tpc.114.131086
https://doi.org/10.1105/tpc.114.131086
http://www.ncbi.nlm.nih.gov/pubmed/25888589
http://www.ncbi.nlm.nih.gov/pubmed/8817449
https://doi.org/10.1094/MPMI-23-9-1118
https://doi.org/10.1094/MPMI-23-9-1118
http://www.ncbi.nlm.nih.gov/pubmed/20687802
https://doi.org/10.1038/ncomms1189
http://www.ncbi.nlm.nih.gov/pubmed/21326234
https://doi.org/10.1186/1471-2164-15-891
https://doi.org/10.1186/1471-2164-15-891
http://www.ncbi.nlm.nih.gov/pubmed/25306241
https://doi.org/10.1016/j.gde.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26451981
https://doi.org/10.1371/journal.pgen.1004227
http://www.ncbi.nlm.nih.gov/pubmed/24603691
https://doi.org/10.1016/j.tig.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/21684621
https://doi.org/10.1038/nrg2452
http://www.ncbi.nlm.nih.gov/pubmed/18852697
https://doi.org/10.1104/pp.107.108761
http://www.ncbi.nlm.nih.gov/pubmed/18065563
https://doi.org/10.1111/j.1364-3703.2012.00819.x
http://www.ncbi.nlm.nih.gov/pubmed/22830423
https://doi.org/10.1371/journal.ppat.1006241


88. Phan HT, Rybak K, Furuki E, Breen S, Solomon PS, et al. (2016) Differential effector gene expression

underpins epistasis in a plant fungal disease. Plant J 87: 343–354. https://doi.org/10.1111/tpj.13203

PMID: 27133896

89. Manning VA, Ciuffetti LM (2015) Necrotrophic effector epistasis in the Pyrenophora tritici-repentis-

wheat interaction. PLoS One 10: e0123548. https://doi.org/10.1371/journal.pone.0123548 PMID:

25845019

90. Moffat CS, See PT, Oliver RP (2014) Generation of a ToxA knockout strain of the wheat tan spot patho-

gen Pyrenophora tritici-repentis. Mol Plant Pathol 15: 918–926. https://doi.org/10.1111/mpp.12154

PMID: 24831982

91. Bielska E, Higuchi Y, Schuster M, Steinberg N, Kilaru S, et al. (2014) Long-distance endosome traffick-

ing drives fungal effector production during plant infection. Nat Commun 5: 5097. https://doi.org/10.

1038/ncomms6097 PMID: 25283249

92. Hemetsberger C, Herrberger C, Zechmann B, Hillmer M, Doehlemann G (2012) The Ustilago maydis

effector Pep1 suppresses plant immunity by inhibition of host peroxidase activity. PLoS Pathog 8:

e1002684. https://doi.org/10.1371/journal.ppat.1002684 PMID: 22589719

93. Garrido E, Voss U, Muller P, Castillo-Lluva S, Kahmann R, et al. (2004) The induction of sexual develop-

ment and virulence in the smut fungus Ustilago maydis depends on Crk1, a novel MAPK protein. 18:

3117–3130.

94. Jin H (2016) Controlling fungal pathogens by disabling their small RNA pathways using RNAi-based

strategy. In: The Reagents of the University of California O, CA, editor. http://patentscom/. United

States of America. pp. 128.

95. Weiberg A, Jin H (2015) Small RNAs—the secret agents in the plant-pathogen interactions. Curr Opin

Plant Biol 26: 87–94. https://doi.org/10.1016/j.pbi.2015.05.033 PMID: 26123395

96. Chen W, Kastner C, Nowara D, Oliveira-Garcia E, Rutten T, et al. (2016) Host-induced silencing of

Fusarium culmorum genes protects wheat from infection. J Exp Bot. 67: 4979–4991.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006241 April 20, 2017 12 / 12

https://doi.org/10.1111/tpj.13203
http://www.ncbi.nlm.nih.gov/pubmed/27133896
https://doi.org/10.1371/journal.pone.0123548
http://www.ncbi.nlm.nih.gov/pubmed/25845019
https://doi.org/10.1111/mpp.12154
http://www.ncbi.nlm.nih.gov/pubmed/24831982
https://doi.org/10.1038/ncomms6097
https://doi.org/10.1038/ncomms6097
http://www.ncbi.nlm.nih.gov/pubmed/25283249
https://doi.org/10.1371/journal.ppat.1002684
http://www.ncbi.nlm.nih.gov/pubmed/22589719
http://patentscom/
https://doi.org/10.1016/j.pbi.2015.05.033
http://www.ncbi.nlm.nih.gov/pubmed/26123395
https://doi.org/10.1371/journal.ppat.1006241

