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Abstract
Fungal pathogens can secrete hundreds of effectors, some of
which are known to promote host susceptibility. This biological
complexity, together with the lack of genetic tools in some
fungi, presents a substantial challenge to develop a broad
picture of the mechanisms these pathogens use for host
manipulation. Nevertheless, recent advances in understanding
individual effector functions are beginning to flesh out our view
of fungal pathogenesis. This review discusses some of the
latest findings that illustrate how effectors from diverse species
use similar strategies to modulate plant physiology to their
advantage. We also summarize recent breakthroughs in the
identification of effectors from challenging systems, like obli-
gate biotrophs, and emerging concepts such as the ‘iceberg
model’ to explain how the activation of plant immunity can be
turned off by effectors with suppressive activity.

Addresses
1Commonwealth Scientific and Industrial Research Organisation,
Agriculture and Food, Canberra, ACT 2601, Australia
2National Research Institute for Agriculture, Food and Environment,
Unit of Genetics and Breeding of Fruit and Vegetables, Domaine St
Maurice, CS 60094, F–84143 Montfavet, France
3Department of Plant Pathology, University of Minnesota, St. Paul, MN
55108, USA

Corresponding author: Figueroa, Melania (melania.figueroa@csiro.
au)
Current Opinion in Plant Biology 2021, 62:102054

This review comes from a themed issue on Biotic interactions

Edited by Jeffery L. Dangl and Jonathan D G Jones

For a complete overview see the Issue and the Editorial

Available online xxx

https://doi.org/10.1016/j.pbi.2021.102054

1369-5266/Crown Copyright © 2021 Published by Elsevier Ltd. This is
an open access ar t ic le under the CC BY l icense (h t tp : / /
creativecommons.org/licenses/by/4.0/).

Keywords
Effector, Fungi, Host, Recognition, Immunity, Plant.
Abbreviations
Avr, avirulence; bZIP, basic leucine zipper; DON, deoxynivalenol; EAR,
ethylene-responsive element binding factor–associated amphiphilic
repression; EBE, effector binding element; ER, endoplasmic reticulum;
ERF, ethylene response factor; ETI, effector-triggered immunity; HMA,
heavy metal associated; HR, hypersensitive response; ID, integrated
domain; JA/ET, jasmonate/ethylene; MAPK, mitogen-activated protein
kinase; MAX, Magnaporthe Avrs and ToxB– like effectors; NIS1, ne-
crosis-inducing secreted protein 1; NLR, nucleotide-binding site
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leucine-rich repeat receptor; PAMP, pathogen-associated molecular
pattern; PM, plasma membrane; PRR, pattern recognition receptor;
PTI, PAMP-triggered immunity; R, resistance; RLP, receptor-like pro-
tein; ROS, reactive oxygen species; SA, salicylic acid; SCF, Skp1–
Cullin–F-box; SnRK1, SNF1-related kinase; TPL/TPR, TOPLESS/
TOPLESS related.
Introduction
Pathogens secrete effector proteins to subvert plant
immune responses and colonize the host [1]. The role of
these molecules in plantemicrobial compatibility has
been demonstrated in diverse pathosystems (biotrophic,
necrotrophic, and hemibiotrophic), including those
responsible for serious fungal crop diseases [2,3]. Path-
ogen effectors were initially recognized as being the
targets of recognition in plant immunity, but the field of

effector biology has since provided many important in-
sights into the broad range of mechanisms that plants
use to resist disease and how pathogens overcome plant
defense. One layer of plant immunity, pathogen-associ-
ated molecular pattern (PAMP)-triggered immunity,
involves pathogen recognition by plasma membranee
associated proteins known as pattern recognition
receptors and is a common target of effectors to suppress
host defense [1,4,5]. However, effector recognition
occurs via intracellular nucleotide-binding site leucine-
rich repeat immunoreceptors (NLRs) or plasma mem-
braneelocalized receptors (similar to pattern recogni-

tion receptors), which is the basis of effector-triggered
immunity as a second layer of plant immunity [6,7].

Bacterial effectors have been studied for decades, and
much detail is known about their biological functions
[8,9]. Work on oomycete effectors has expanded greatly
in recent years and has been thoroughly reviewed pre-
viously [10e12]. However, our understanding of fungal
effector repertoires, particularly from obligate biotrophs,
is less extensive. Here, we review recent findings on
subcellular localization of intracellular proteinaceous

fungal effectors and their modes of action to manipulate
host machinery. We highlight parallels and contrasts
with bacterial effectors, emerging concepts in the field,
as well as recent breakthroughs in the identification of
effectors from obligate biotrophic fungi, which has been
a significant research bottleneck. In acknowledgement
of exceptions to the standard effector-triggered immu-
nity/PAMP-triggered immunity dichotomy [6,7,13], di-
agrams included in this review adopt the ‘spatial
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Table 1

Summary of fugal effectors mentioned in this review to illustrate their diverse subcellular localization and function if applicable.

Effector Function In planta subcellular
localization

Species Lifestyle Disease name Host Reference

Avra7, Avra9,
Avra10, and
Avra22

Unknown Unknown Blumeria graminis f. sp.
hordei

Biotroph Powdery mildew Barley [79]

CSEP0064/
BEC1054

RNase-like protein that binds to
nucleic acids and prevents
degradation of host ribosomal
RNA induced by ribosome-
inactivating proteins

Cytoplasm and nucleus B. graminis f. sp. hordei Biotroph Powdery mildew Barley [69]

SvrPm3al/f1 Suppresses recognition of
AvrPm3a2/f2 mediated by the
Pm3 wheat resistant gene

Unknown B. graminis f. sp. tritici Biotroph Powdery mildew Wheat [33,45]

ChEC89 Unknown Peroxisome Colletotrichum
higginsianum

Hemibiotroph Anthracnose Cruciferous plants [19]

ChEC21 Unknown Golgi apparatus C. higginsianum Hemibiotroph Anthracnose Cruciferous plants [19]
NIS1 Disrupts basal immunity by binding

to BAK1 and BIK1
Cytosol Colletotrichum

orbiculare
C. higginsianum
Magnaporthe oryzae

Hemibiotroph Anthracnose and rice
blast

Cucumber, cruciferous
plants, rice, and so on

[72CC]

Avr1(Six4) Suppression of I-2–and I-
3–mediated disease resistance

Unknown Fusarium oxysporum Hemibiotroph Fusarium wilt, foot, root,
or bulb rot

Tomato, cotton, banana,
melon

[44]

Osp24 Induction of proteasome-mediated
degradation of its host target

Cytosol F. graminearum Hemibiotroph Fusarium head blight Wheat and barley [32CC]

HvEC-016 Unknown Unknown Hemileia vastatrix Biotroph Coffee leaf rust Coffee [82]
AvrLm1 Alterations to MAPK signaling Cytosol Leptosphaeria maculans Hemibiotroph Black leg Canola [38]
MoCDIP4 Disruption of mitochondrial

dynamics
Endoplasmic reticulum M. oryzae Hemibiotroph Rice blast Rice [30CC]

MoHTR1 and
MoHTR2

Transcriptional reprogramming of
genes related to plant immunity

Nucleus M. oryzae Hemibiotroph Rice blast Rice [40CC]

AvrPiz-t Inhibition of RING E3 ubiquitin
ligases APIP6 and APIP10,
modulation of a K+ channel,
targeting of Nup08 (the homolog
of APIP12) and preventing
accumulation of PR transcripts,
and suppression of activity of the
bZIP-type transcription factor
APIP5

Cytosol M. oryzae Hemibiotroph Rice blast Rice [51–54]

AVR-Pia Unknown Cytosol M. oryzae Hemibiotroph Rice blast Rice [60,62]
CTP1 Unknown Chloroplast,

mitochondria
Melampsora larici-

populina
Biotroph Poplar leaf rust Poplar [28]

CTP2, CTP3 Unknown Chloroplast, M. larici-populina Biotroph Poplar leaf rust Poplar [28]

2
B
io
tic

in
teractio

n
s

C
u
rren

t
O
p
in
io
n
in

P
lan

t
B
io
lo
g
y
2021,

62:102054
w
w
w
.sciencedirect.com

www.sciencedirect.com/science/journal/13695266


M
L
P
1
2
4
0
1
7

U
n
kn

o
w
n
,
m
e
m
b
e
r
o
f
n
u
cl
e
a
r

tr
a
n
sp

o
rt
fa
ct
o
r
2
–
lik
e
p
ro
te
in

su
p
e
rf
a
m
ily

N
u
cl
e
u
s
a
n
d
cy
to
so

l
M
.
la
ric

i-p
o
p
u
lin
a

B
io
tr
o
p
h

P
o
p
la
r
le
a
f
ru
st

P
o
p
la
r

[2
8
,3
7
]

P
tr
T
o
xA

H
o
st
-s
e
le
ct
iv
e
to
xi
n
,
in
d
u
ce

s
n
e
cr
o
si
s

C
h
lo
ro
p
la
st

P
yr
e
n
o
p
h
o
ra

tr
iti
ci
-

re
p
e
n
tis

N
e
cr
o
tr
o
p
h

T
a
n
sp

o
t
o
f
w
h
e
a
t

W
h
e
a
t

[2
5
–
2
7
]

P
tr
T
o
xB

H
o
st
-s
e
le
ct
iv
e
to
xi
n
,
in
d
u
ce

s
ch

lo
ro
si
s

A
p
o
p
la
st

P
.
tr
iti
ci
-r
e
p
e
n
tis

N
e
cr
o
tr
o
p
h

T
a
n
sp

o
t
o
f
w
h
e
a
t

W
h
e
a
t

[2
7
,6
4
]

A
vr
S
r5
0

S
u
p
p
re
ss
io
n
o
f
ce

ll
d
e
a
th

in
N
ic
o
tia

n
a
b
e
n
th
a
m
ia
n
a

C
yt
o
so

l
P
u
cc
in
ia

g
ra
m
in
is

f.
sp

.
tr
iti
ci

B
io
tr
o
p
h

S
te
m

ru
st

W
h
e
a
t,
b
a
rle

y
[3
4
C

C
]

A
vr
S
r3
5

U
n
kn

o
w
n

E
n
d
o
p
la
sm

ic
re
tic
u
lu
m

P
.
g
ra
m
in
is

f.
sp

.
tr
iti
ci

B
io
tr
o
p
h

S
te
m

ru
st

W
h
e
a
t

[7
5
C

C
]

A
vr
S
r2
7

U
n
kn

o
w
n

U
n
kn

o
w
n

P
.
g
ra
m
in
is

f.
sp

.
tr
iti
ci

B
io
tr
o
p
h

S
te
m

ru
st

W
h
e
a
t

[7
6
C

C
]

Js
i1

T
ra
n
sc
rip

tio
n
a
lr
e
p
ro
g
ra
m
m
in
g
o
f

g
e
n
e
s
in
vo

lv
e
d
in

JA
/E
T

si
g
n
a
lin
g

U
n
kn

o
w
n

U
st
ila
g
o
m
a
yd

is
B
io
tr
o
p
h

C
o
rn

sm
u
t

M
a
iz
e

[3
5
C

C
]

V
d
S
C
P
4
1

In
te
rf
e
re
n
ce

w
ith

tr
a
n
sc
rip

tio
n

fa
ct
o
rs

w
h
ic
h
a
re

re
g
u
la
to
rs

o
f

im
m
u
n
ity

N
u
cl
e
u
s

V
e
rt
ic
ill
iu
m

d
a
h
lia
e

H
e
m
ib
io
tr
o
p
h

V
e
rt
ic
ill
iu
m

w
ilt

C
o
tto

n
,
to
m
a
to
,
p
e
p
p
e
r,

ca
b
b
a
g
e
,
a
n
d
so

o
n

[3
9
]

JA
/E
T
,
ja
sm

o
n
a
te
/e
th
yl
e
n
e
.

Intracellular effectors from plant pathogenic fungi Figueroa et al. 3

www.sciencedirect.com
invasion model’ to portray plant immunity as a process
controlled by cell surface and intracellular immunor-
eceptors [14,15].
Subcellular targeting of intracellular
proteinaceous fungal effectors
Intracellular proteinaceous effectors exert their function
in the cytosol or travel to other subcellular compart-
ments. Many pathogenic fungi secrete hundreds of ef-
fectors [16], which have evolved to target key host
survival processes and diverse plant cell compartments
like those in bacterial systems. A significant advance in
the field is the use of prediction tools for protein

secretion and subcellular localization such as EffectorP
and LOCALIZER [17,18], which can guide experi-
mental analyses (e.g. fluorescence microscopy, heterol-
ogous expression systems). Results from this work show
the numerous cellular compartments (i.e. nucleus, the
Golgi apparatus, chloroplasts, mitochondria, etc.) that
effectors target [12,19,20] (Table 1, Figure 1). Never-
theless, linking effector localization and function is a
challenging task because of the genetic intractability of
some fungi or the subtlety, or even absence, of pheno-
types in effector mutants resulting from functional

redundancy or minor effects [21].

Chloroplasts and mitochondria play important roles in
plant immunity and stress responses through the acti-
vation of key defense signals such as nitric oxide, reac-
tive oxygen species, and salicylic acid [22e24]. Early
studies in Pyrenophora tritici-repentis demonstrated the
chloroplast as a fungal effector target [25e27]. Since
then, effector localization screens have shown chloro-
plasts and mitochondria are common target sites. Petre
et al. [28] determined that the three secreted proteins
(CTP1, CTP2, and CTP3) from the poplar rust fungus

(Melampsora larici-populina) accumulate in the chloro-
plast by exploiting cellular sorting processes. Their
trafficking depends on the in planta cleavage of an N-
terminal signal sequence which mimics plant chloro-
plast targeting sequences. Similarly, targeting-sequence
mimicry has been found in Puccinia graminis f. sp. tritici
(wheat stem rust) effectors that show chloroplast
localization [17]. Further evidence comes from Puccinia
striiformis f. sp. tritici (wheat stripe rust fungus); the
effector protein Pst_12806 contains a chloroplast transit
peptide and localizes to the chloroplast, where it

perturbs photosynthesis and basal immunity [29]. In
some cases, effector localization and phenotype changes
occur in different organelles. Xu et al. [30�] demon-
strated that Magnaporthe oryzae can disrupt mitochon-
drial fission and fusion cycles, which are required for cell
homeostasis and plant immunity. The dynamin-related
proteins which mediate mitochondrial fission and
fusion cycles are impacted indirectly. First, theM. oryzae
effector protein MoCDIP4 binds to the DnaJ chaperone
protein OsDjA9, which normally promotes degradation
Current Opinion in Plant Biology 2021, 62:102054
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4 Biotic interactions
of the dynamin-related protein OsDRP1E. The
competition between MoCDIP4 and OsDRP1E in-
terferes with OsDRP1E degradation, resulting in an
overaccumulation of OsDRP1E in rice cells. Ultimately,
this causes aberrant mitochondrial fission and size
reduction, which increases susceptibility to M. oryzae.
Interestingly, these interactions occur in the endo-
plasmic reticulum, but the phenotype is exerted in the

mitochondria. Further investigation of how fungal ef-
fectors interfere with organelle function is likely to be a
fruitful area of research.
Manipulation through subversion of host
machinery
Fungal effectors, as well as those from oomycetes, often
subvert host machinery/processes by binding to host
targets [12], rather than modifying the target via an
Figure 1

Examples of subcellular localization of fungal effector proteins. During inf
figure illustrates examples of fungal effectors that are translocated to the intrac
Golgi apparatus, chloroplast, mitochondrion, peroxisome, and nucleus) and th
repentis shares a similar structure to the intracellular effector AvrPiz-t from M
Table 1.

Current Opinion in Plant Biology 2021, 62:102054
intrinsic enzymatic activity, as commonly observed for
bacterial effectors [8,31]. For instance, Jiang et al.
[32��] showed that the effector protein Osp24 from
Fusarium graminearum physically associates with TaSnR-
K1a, a wheat homolog of the Arabidopsis thaliana SNF1-
related kinase (SnRK1). SnRK1 plays a pivotal regula-
tory role in plant metabolism, growth, and immunity and
is regulated by a Skp1eCullineF-box ubiquitin ligase

complex and 26S proteasome [33,34]. In wheat,
TaSnRK1a contributes to resistance to F. graminearum by
an unknown mechanism and Osp24 promotes protea-
somal degradation of TaSnRK1a during fungal infection
[32��]. In an interesting case of arms-race evolution,
another wheat protein TaFROG is induced by detection
of the Fusarium toxin deoxynivalenol and competes with
Osp24 for binding to TaSnRK1a to prevent its degra-
dation and maintain resistance.
ection, fungi deliver effector proteins into the apoplast and/or host cell. This
ellular space and localize to diverse subcellular compartments (i.e. cytosol,
eir host targets. The apoplastic effector PtrToxB from Pyrenophora tritici-
agnaporthe oryzae. Additional information and examples are presented in

www.sciencedirect.com
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Intracellular effectors from plant pathogenic fungi Figueroa et al. 5
Phytohormone signaling processes are also manipulated
by fungal effectors. The Ustilago maydis effector Jsi1
targets jasmonate/ethylene signaling by interaction with
members of the TOPLESS/TOPLESS-
related corepressor family. This activates jasmonate/
ethylene signaling by transcriptional reprogramming of
genes related to the ethylene response factor branch
[35��]. In another case of molecular mimicry, Jsi1 con-

tains a DLNxxP type EAR motif, similar to those
conserved in plant ethylene response factor transcrip-
tion factors that naturally activate this pathway [36].
Similarly, the candidate effector MLP124017 from
M. larici-populina interacts with the TOPLESS-related
protein 4 (PopTPR4) from poplar and Nicotiana
benthamiana [28,37]; however, the functional conse-
quence of this interaction has not been determined.

Fungi also target host plant signaling cascades, as
evidenced by AvrLm1 from Leptosphaeria maculans, which
like some bacterial and oomycete effectors, targets the
mitogen-activated protein kinase (MAPK) signaling
cascade to modulate plant immunity [38]. AvrLm1 in-
teracts with the Brassica napus MAPK 9, which leads to
accumulation and phosphorylation of MAPK9. This re-
sults in cell death induction which may support the
pathogen’s transition from a biotrophic to necrotrophic
phase. Another example of subversion of host machinery
is given by the effector VdSCP41 from Verticillium dahliae,
which interferes with the function of the Arabidopsis
transcription factors CBP60g and SARD1 and cotton

GhCBP60b, which serve as regulators of immunity [39].

Some effectors directly bind to DNA and use the host
transcriptional machinery to alter gene expression and
defense responses. Recently, Kim et al. [40�] charac-
terized two M. oryzae effector proteins, MoHTR1 and
MoHTR2, which are translocated into the nucleus,
where they bind to so-called effector binding
elements of genes related to plant immunity regulation.
Changes in the transcriptional profile caused by
MoHTR1 and MoHTR2 impact how rice responds to
additional pathogens. Transgenic rice lines expressing

MoHTR1 or MoHTR2 display increased susceptibility
to hemibiotrophic pathogens M. oryzae and Xanthomonas
oryzae pv. oryzae, but show enhanced resistance to
Cochliobolus miyabeanus, a necrotrophic pathogen
(Figure 2). This highlights an interesting observation
that host manipulation by the effector repertoire of one
pathogen can modify the outcomes of other plante
microbe interactions.

Emerging concepts and unanswered
questions for intracellular fungal effectors
The genomic era has revealed not only that many fungi
harbor hundreds of effector proteins, but also that plants
possess large sets of immunity receptors [2,41,42]. Yet,
it is intriguing that genetic studies attribute in-
compatibility between plants and adapted pathogens to
www.sciencedirect.com
only a few receptors and corresponding Avr proteins
(interaction units). The iceberg model proposed by
Thordal-Christensen [43] seeks to explain this obser-
vation as resulting from one effector suppressing the
activation of plant immunity mediated by the recogni-
tion of another effector (Figure 3). Such interference
leads to silent interaction units as the invisible base of
the iceberg, whereas we are only able to detect those

units that lead to disease resistance at the tip of the
iceberg. Consistent with this model, the Avr1 effector
from Fusarium oxysporum suppresses resistance responses
induced by the NLR proteins I-2 and I-3, while acti-
vating resistance mediated by I and I-1 in tomato plants
[44]. Similarly, the SvrPm3a1/f1 effector protein from
Blumeria graminis f. sp. tritici has been shown to suppress
cell death triggered on recognition of AvrPm3a2/f2 by the
resistance protein Pm3 in N. benthamiana and in wheat
[33,45��]. Cell death suppression activity may also be
part of the mechanism of action of effectors deployed by

rust fungi [34�,46�,47]. Functional redundancy of ef-
fectors [48e50] can also explain why we only seem to
detect a few interaction units.

Individual fungal effectors may have more than one
function by targeting different host proteins. For
instance, AvrPiz-t from M. oryzae targets two ubiquitin
E3 ligases, a Kþ transporter, a basic leucine
zipper transcription factor, and a nucleoporin protein
Nup98 in rice [51e55]. Conversely, multiple effectors
may display common host targets. Variants of AvrPik

bind and stabilize rice proteins containing heavy metale
associated (HMA) domains, which act as susceptibility
factors to promote disease [56,57��,58]. The HMA
domain is also present as an integrated domain in some
NLRs, including Pik, where it allows immune recogni-
tion of AvrePik [59e61]. Two other M. oryzae effectors,
AVRePia and AVR1eCO39, are also recognized by their
binding to integrated HMA domains in NLRs
[60,62,63]. This suggests that these effectors have all
evolved the ability to target host proteins containing
HMA domains and consequently driven evolution of
NLR receptors with HMA-like integrated domains.

These three effectors, as well as AvrPiz-t and the
apoplastic effector PtrToxB from P. tritici repentis [64] are
all structurally related, being members of the MAX
(Magnaporthe Avrs and ToxB-like effectors) effector
family [65]. This indicates that effectors with common
structural scaffolds can evolve to quite different func-
tions, which complicates the application of structural
information to predict effector function. Likewise, many
powdery mildew effectors are predicted to share a
common RNase-like fold [66-68,69�], which may serve
as a structural scaffold to support multiple functions.

The existence of ‘core’ effectors that are conserved
across pathogens is an intriguing topic [48,70,71].
Although most effectors characterized to date are
pathogen specific, it would be interesting to identify the
Current Opinion in Plant Biology 2021, 62:102054
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Figure 2

Manipulation of host physiology by effectors changes the outcome of additional plant–pathogen interactions. The fungus Magnaporthe oryzae
delivers hundreds of effector proteins into the plant cytoplasm during infection. The effectors MoHTR1 and MoHTR2 (for Magnaporthe oryzae host
transcription reprogramming 1 and 2) target the nucleus and reprogram the transcription of immunity-associated genes to promote M. oryzae infection
(left panel) [40��]. Transcriptional reprograming induced by either MoHTR1 or MoHTR2 in transgenic rice plants modifies the response to two additional
pathogens, Xanthomonas oryzae and Cochliobolus miyabeanus, by increasing and decreasing susceptibility, respectively (right panel). This figure was
made using BioRender®.

Figure 3

Effectors can mask effector recognition by suppressing the activation of plant immunity. Pathogenic fungi secrete hundreds of effectors during
infection. Intracellular effectors can be recognized by NLRs through various mechanisms [1,59]. Effector recognition through the receptor ligand model is
commonly observed for obligate biotrophic systems in contrast to indirect recognition in bacterial systems. Effector proteins with suppressive activity can
interfere with either NLR effector monitoring or the disease resistance signaling pathways, which prevents activation of plant immunity.

6 Biotic interactions
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Intracellular effectors from plant pathogenic fungi Figueroa et al. 7
functions of more broadly conserved effectors, which
may represent indispensable pathogenicity functions.
The fungal effector necrosis-inducing secreted protein
1, which is widely conserved in filamentous fungi, tar-
gets BAK1 and BIK and interferes with signaling derived
from cell surface pathogen recognition [72��]. If core
effectors often target basal immunity like in the case of
necrosis-inducing secreted protein 1, these may also

alter outcomes of other plantemicrobial interactions.

The inability to culture and transform obligate bio-
trophic fungi, such as rusts and powdery mildews, has
limited the isolation and characterization of effectors in
these fungi. However, advances in genomic and genetic
resources have led to the identification of several Avr
effector genes in wheat stem rust (P. graminis f. sp. tritici)
[34�,73�,74,75�,76��,77,78] and wheat and barley
powdery mildews (B. graminis f. sp. tritici and B. graminis
f. sp. hordei, respectively) [33��,45,78��,79��]
(Table 1). Other exciting progress in obligate biotrophic
fungi includes the identification of Avr effector candi-
dates in Puccinia coronata f. sp. avenae [80�], Uromyces
appendiculatus [81], and Hemileia vastatrix [82]. These
breakthroughs open new research opportunities to un-
derstand effector recognition and function in these
systems. For instance, functional characterization of the
ribonuclease-like effector CSEP0064/BEC1054 from
B. graminis f. sp. hordei [69��] has revealed inhibition of
ribosome-inactivating proteins as a mechanism to pre-
vent cell death and promote susceptibility. An inter-

esting observation is that resistance to obligate
biotrophic fungal pathogens generally relies on direct
effector recognition by NLRs (receptor ligand model),
rather than indirect recognition commonly seen in bac-
terial resistance (Figure 3) [83,84]. The mechanisms
underlying translocation of fungal effectors into the
plant cell remain unknown [85]. The sequence diversity
of these molecules and lack of conserved motifs present
challenges to address this question.
Concluding statements
During the 2019 International Society Molecular Plante
Microbe Interactions conference, our scientific com-
munity selected “Why do some pathogens need so many
effectors when others need a few?” as one of the top 10
unanswered questions in the field [86]. This question is
particularly relevant to fungi, which often contain large

effector repertoires compared with bacteria. The more
complex lifestyle and evolutionary history of pathogenic
fungi may mean that they need to target additional host
processes to support successful infection. Their larger
genome size may also permit the evolution of an effector
repertoire with substantial redundancy to enhance the
robustness of pathogenicity mechanisms. The answer to
this question may also require looking beyond the in-
dividual functions of effectors to consider how their
combinatorial effects enhance disease susceptibility.
www.sciencedirect.com
Declaration of competing interest
The authors declare that they have no known competing

financial interests or personal relationships that could
have appeared to influence the work reported in this
article.

Acknowledgements
Research led by M.F. is supported by the 2Blades Foundation, United
States. E.C.H. is supported by a scholarship from the College of Food,
Agricultural and Natural Resource Sciences at the University of Minnesota,
United States. D.O. is supported by LEAP-Agri (A Long-term EUeAfrica
research and innovation Partnership on food and nutrition security and
sustainable Agriculture), Cassandra ANR-18-LEAP-0004-03 project. The
authors thank Dr. Louise Thatcher for feedback on the manuscript. The
authors apologize to their colleagues whose work was not cited because of
space limitations.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Dodds PN, Rathjen JP: Plant immunity: towards an integrated
view of plant–pathogen interactions. Nat Rev Genet 2010, 11:
539.

2. Lo Presti L, Lanver D, Schweizer G, Tanaka S, Liang L, Tollot M,
Zuccaro A, Reissmann S, Kahmann R: Fungal effectors and
plant susceptibility. Annu Rev Plant Biol 2015, 66:513–545.

3. Dean R, Van Kan JA, Pretorius ZA, Hammond-Kosack KE, Di
Pietro A, Spanu PD, Rudd JJ, Dickman M, Kahmann R, Ellis J,
et al.: The Top 10 fungal pathogens in molecular plant pa-
thology. Mol Plant Pathol 2012, 13:414–430.

4. Jones JDG, Dangl JL: The plant immune system. Nature 2006,
444:323–329.

5. Couto D, Zipfel C: Regulation of pattern recognition receptor
signalling in plants. Nat Rev Immunol 2016, 16:537.

6. Thomma BPHJ, Nurnberger T, Joosten MHAJ: Of PAMPs and
effectors: the blurred PTI-ETI dichotomy. Plant Cell 2011, 23:
4–15.

7. van der Burgh AM, Joosten MHAJ: Plant immunity: thinking
outside and inside the box. Trends Plant Sci 2019, 24:587–601.

8. Xin X-F, Kvitko B, He SY: Pseudomonas syringae: what it
takes to be a pathogen. Nat Rev Microbiol 2018, 16:316–328.

9. Toruño TY, Stergiopoulos I, Coaker G: Plant-pathogen effec-
tors: cellular probes interfering with plant defenses in spatial
and temporal manners. Annu Rev Phytopathol 2016, 54:
419–441.

10. Kanja C, Hammond-Kosack KE: Proteinaceous effector dis-
covery and characterization in filamentous plant pathogens.
Mol Plant Pathol 2020, 21:1353–1376.

11. Bozkurt TO, Schornack S, Banfield MJ, Kamoun S: Oomycetes,
effectors, and all that jazz. Curr Opin Plant Biol 2012, 15:
483–492.

12. He Q, McLellan H, Boevink PC, Birch PRJ: All roads lead to
susceptibility: the many modes of action of fungal and
oomycete intracellular effectors. Plant Communications 2020,
1:100050.

13. Saintenac C, Lee W-S, Cambon F, Rudd JJ, King RC,
Marande W, Powers SJ, Bergès H, Phillips AL, Uauy C: Wheat
receptor-kinase-like protein Stb6 controls gene-for-gene
resistance to fungal pathogen Zymoseptoria tritici. Nat.
Genet. 2018, 50:368.

14. Cook DE, Mesarich CH, Thomma BP: Understanding plant
immunity as a surveillance system to detect invasion. Annu
Rev Phytopathol 2015, 53:541–563.
Current Opinion in Plant Biology 2021, 62:102054

http://refhub.elsevier.com/S1369-5266(21)00054-6/sref1
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref1
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref1
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref2
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref2
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref2
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref3
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref3
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref3
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref3
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref4
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref4
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref5
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref5
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref6
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref6
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref6
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref7
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref7
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref8
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref8
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref9
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref9
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref9
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref9
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref10
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref10
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref10
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref11
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref11
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref11
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref12
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref12
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref12
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref12
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref13
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref13
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref13
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref13
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref13
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref14
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref14
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref14
www.sciencedirect.com/science/journal/13695266


8 Biotic interactions
15. Kanyuka K, Rudd J: Cell surface immune receptors: the
guardians of the plant’s extracellular spaces. Curr Opin Plant
Biol 2019, 50:1–8.

16. Thordal-Christensen H, Birch PR, Spanu PD, Panstruga R: Why
did filamentous plant pathogens evolve the potential to
secrete hundreds of effectors to enable disease? Mol Plant
Pathol 2018, 19:781–785.

17. Sperschneider J, Catanzariti A-M, DeBoer K, Petre B,
Gardiner DM, Singh KB, Dodds PN, Taylor JM: LOCALIZER:
subcellular localization prediction of both plant and effector
proteins in the plant cell. Sci Rep 2017, 7:1–14.

18. Sperschneider J, Dodds PN, Gardiner DM, Singh KB, Taylor JM:
Improved prediction of fungal effector proteins from secre-
tomes with EffectorP 2.0. Mol Plant Pathol 2018, 19:
2094–2110.

19. Robin GP, Kleemann J, Neumann U, Cabre L, Dallery J-F,
Lapalu N, O’Connell R: Subcellular localization screening of
Colletotrichum higginsianum effector candidates identifies
fungal proteins targeted to plant peroxisomes, golgi bodies,
and microtubules. Front Plant Sci 2018, 9:562.

20. Lorrain C, Petre B, Duplessis S: Show me the way: rust effector
targets in heterologous plant systems. Curr Opin Microbiol
2018, 46:19–25.

21. Selin C, de Kievit TR, Belmonte MF, Fernando WGD: Elucidating
the role of effectors in plant-fungal interactions: progress
and challenges. Front Microbiol 2016, 7:600. 600.

22. Serrano I, Audran C, Rivas S: Chloroplasts at work during
plant innate immunity. J Exp Bot 2016, 67:3845–3854.

23. de Torres Zabala M, Littlejohn G, Jayaraman S, Studholme D,
Bailey T, Lawson T, Tillich M, Licht D, Bölter B, Delfino L: Chlo-
roplasts play a central role in plant defence and are targeted
by pathogen effectors. Nature plants 2015, 1:1–10.

24. Littlejohn GR, Breen S, Smirnoff N, Grant M: Chloroplast im-
munity illuminated. New Phytol 2021, 229:3088–3107.

25. Manning VA, Ciuffetti LM: Localization of Ptr ToxA produced by
Pyrenophora tritici-repentis reveals protein import into wheat
mesophyll cells. Plant Cell 2005, 17:3203–3212.

26. Manning VA, Hardison LK, Ciuffetti LM: Ptr ToxA interacts with
a chloroplast-localized protein. Mol. Plant-Microbe Interact.
2007, 20:168–177.

27. Ciuffetti LM, Manning VA, Pandelova I, Betts MF, Martinez JP:
Host-selective toxins, Ptr ToxA and Ptr ToxB, as necrotrophic
effectors in the Pyrenophora tritici-repentis–wheat interac-
tion. New Phytol 2010, 187:911–919.

28. Petre B, Saunders DGO, Sklenar J, Lorrain C, Win J, Duplessis S,
Kamoun S: Candidate effector proteins of the rust pathogen
Melampsora larici-populina target diverse plant cell com-
partments. Mol Plant Microbe Interact 2015, 28:689–700.

29. Xu Q, Tang C, Wang X, Sun S, Zhao J, Kang Z, Wang X: An
effector protein of the wheat stripe rust fungus targets chlo-
roplasts and suppresses chloroplast function. Nat Commun
2019, 10:5571.

30
�

. Xu G, Zhong X, Shi Y, Liu Z, Jiang N, Liu J, Ding B, Li Z, Kang H,
Ning Y: A fungal effector targets a heat shock–dynamin
protein complex to modulate mitochondrial dynamics and
reduce plant immunity. Sci Adv 2020, 6, eabb7719.

The authors demonstrate a functional link between mithocondrial dy-
namics and innate immunity. The M. oryzae effector protein MoCDIP4
interferes with the function of two rice proteins, OsDjA9 and the
dynamin related protein OsDRP1E, which are involved in the regulation
of mithochondrial activity. The interaction of OsDjA9 and OsDRP1E
leads to the degradation of OsDRP1E. The binding of MoCDIP4 to
OsDjA9 results in the accumulation of OsDRP1E leading to increased
rice susceptibility to M. oryzae.

31. Galán JE: Common themes in the design and function of
bacterial effectors. Cell Host Microbe 2009, 5:571–579.

32
��

. Jiang C, Hei R, Yang Y, Zhang S, Wang Q, Wang W, Zhang Q,
Yan M, Zhu G, Huang P: An orphan protein of Fusarium
Current Opinion in Plant Biology 2021, 62:102054
graminearum modulates host immunity by mediating
proteasomal degradation of TaSnRK1a. Nat Commun 2020,
11:1–13.

This paper illustrates the tug-of-war between the effector Osp24 from
F. graminearum and TaFROG to bind to TaSnRK1a in wheat to induce
or prevent ubiquitin 26S-proteasome-mediated degradation of
TaSnRK1a, respectively. TaSnRK1a plays a role in pathogen resis-
tance and therefore targeting this protein by a cytoplasmic effector from
F. graminearum is advantageous for fungal colonization.
F. graminearum produces mycotoxins such as deoxynivalenol (DON)
during infection. In presence of DON, TaFROG competes for binding to
TaSnRK1a at the same site than Osp24, which stabilizes the protein to
prevent ubiquitin 26S-proteasome-mediated degradation.

33. Bourras S, McNally KE, Ben-David R, Parlange F, Roffler S,
Praz CR, Oberhaensli S, Menardo F, Stirnweis D, Frenkel Z,
et al.: Multiple avirulence loci and allele-specific effector
recognition control the Pm3 race-specific resistance of wheat
to powdery mildew. Plant Cell 2015, 27:2991–3012.

34
�

. Chen J, Upadhyaya NM, Ortiz D, Sperschneider J, Li F, Bouton C,
Breen S, Dong C, Xu B, Zhang X, et al.: Loss of AvrSr50 by
somatic exchange in stem rust leads to virulence for Sr50
resistance in wheat. Science 2017, 358:1607–1610.

Together with Salcedo et al. [75�] the authors report the cloning of the
first Avr effector from a cereal rust fungus and demonstrate that direct
recognition of Avr-R pairs occur in these organisms.

35
��

. Darino M, Chia KS, Marques J, Aleksza D, Soto Jimenez LM,
Saado I, Uhse S, Borg M, Betz R, Bindics J, et al.: Ustilago
maydis effector Jsi1 interacts with Topless corepressor,
hijacking plant JA/ET signaling. New Phytol 2021, 229:
3393–3407.

This paper describes how the U. maydis effector Jsi1 induces the
ethylene response factor branch of the jasmonate/ethylene signaling
pathway through direct interaction with Topless/Topless related (TPL/
TPR) family proteins. Jsi localizes to the nucleus and manipulation of
the TPL/TPR hub results in increased susceptibility to a biotrophic
pathogen.

36. Yang J, Liu Y, Yan H, Tian T, You Q, Zhang L, Xu W, Su Z:
PlantEAR: Functional Analysis Platform for Plant EAR Motif-
Containing Proteins, 9; 2018.

37. de Guillen K, Lorrain C, Tsan P, Barthe P, Petre B, Saveleva N,
Rouhier N, Duplessis S, Padilla A, Hecker A: Structural geno-
mics applied to the rust fungus Melampsora larici-populina
reveals two candidate effector proteins adopting cystine knot
and NTF2-like protein folds. Sci Rep 2019, 9:18084.

38. Ma L, Djavaheri M, Wang H, Larkan NJ, Haddadi P, Beynon E,
Gropp G, Borhan MH: Leptosphaeria maculans effector pro-
tein AvrLm1 modulates plant immunity by enhancing MAP
kinase 9 phosphorylation. iScience 2018, 3:177–191.

39. Qin J, Wang K, Sun L, Xing H, Wang S, Li L, Chen S, Guo HS,
Zhang J: The plant-specific transcription factors CBP60g and
SARD1 are targeted by a Verticillium secretory protein
VdSCP41 to modulate immunity. Elife 2018:7.

40
��

. Kim S, Kim CY, Park SY, Kim KT, Jeon J, Chung H, Choi G,
Kwon S, Choi J, Jeon J, et al.: Two nuclear effectors of the rice
blast fungus modulate host immunity via transcriptional
reprogramming. Nat Commun 2020, 11:5845.

In this paper the authors identified two nuclear M. oryzae effectors,
MoHTR1 and MoHTR2 that function as transcriptional repressors to
reprogram the transcription of rice genes associated with immunity. To
regulate rice gene expression, MoHTR1 and MoHTR2 bind the
promotor of their gene targets, often reducing expression of those
genes. Interestingly, transgenic rice plants individually expressing
MoHTR1 or MoHTR2 show contrasting responses to pathogen infec-
tion. They display an increased susceptibility to the M. oryzae and
X. oryzae, both hemibiotrophic pathogens, and increased resistance to
a necrotrophic pathogen, C. miyabeanus.

41. Baggs E, Dagdas G, Krasileva KV: NLR diversity, helpers and
integrated domains: making sense of the NLR IDentity. Curr
Opin Plant Biol 2017, 38:59–67.

42. Sánchez-Vallet A, Fouché S, Fudal I, Hartmann FE, Soyer JL,
Tellier A, Croll D: The genome biology of effector gene evo-
lution in filamentous plant pathogens. Annu Rev Phytopathol
2018, 56:21–40.
www.sciencedirect.com

http://refhub.elsevier.com/S1369-5266(21)00054-6/sref15
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref15
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref15
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref16
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref16
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref16
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref16
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref17
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref17
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref17
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref17
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref18
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref18
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref18
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref18
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref19
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref19
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref19
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref19
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref19
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref20
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref20
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref20
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref21
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref21
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref21
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref22
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref22
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref23
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref23
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref23
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref23
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref24
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref24
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref25
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref25
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref25
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref26
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref26
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref26
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref27
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref27
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref27
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref27
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref28
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref28
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref28
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref28
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref29
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref29
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref29
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref29
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref30
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref30
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref30
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref30
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref31
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref31
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref32
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref32
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref32
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref32
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref32
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref33
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref33
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref33
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref33
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref33
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref34
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref34
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref34
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref34
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref35
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref35
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref35
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref35
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref35
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref36
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref36
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref36
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref37
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref37
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref37
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref37
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref37
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref38
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref38
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref38
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref38
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref39
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref39
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref39
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref39
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref40
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref40
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref40
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref40
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref41
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref41
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref41
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref42
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref42
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref42
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref42
www.sciencedirect.com/science/journal/13695266


Intracellular effectors from plant pathogenic fungi Figueroa et al. 9
43. Thordal-Christensen H: A holistic view on plant effector-
triggered immunity presented as an iceberg model. Cell Mol
Life Sci 2020, 77:3963–3976.

44. Houterman PM, Cornelissen BJC, Rep M: Suppression of plant
resistance gene-based immunity by a fungal effector. PLoS
Pathog 2008, 4:e1000061.

45
��

. Bourras S, Kunz L, Xue M, Praz CR, Muller MC, Kalin C,
Schlafli M, Ackermann P, Fluckiger S, Parlange F, et al.: The
AvrPm3-Pm3 effector-NLR interactions control both race-
specific resistance and host-specificity of cereal mildews on
wheat. Nat Commun 2019, 10:2292.

This article demonstrates that the Pm3 multiallelic race-specific resis-
tance in wheat against Blumeria graminis f. sp. tritici involves an allele-
specific Avr effector, a R gene allele, and a pathogen-encoded sup-
pressor of avirulence. The authors cloned the effector gene AvrPm3a2/
f2, which is recognized by Pm3a and Pm3f alleles, and show that gene
expression levels play a role in plant pathogen incompatibility.

46
�

. Qi M, Grayczyk JP, Seitz JM, Lee Y, Link TI, Choi D, Pedley KF,
Voegele RT, Baum TJ, Whitham SA: Suppression or activation
of immune responses by predicted secreted proteins of the
soybean rust pathogen Phakopsora pachyrhizi. Mol Plant-
Microbe Interact 2018, 31:163–174.

The authors apply various screening methods to identify effector can-
didates from the soybean rust fungus and begin to unravel immune
related functions for some of the proteins. Interestingly, they detect
suppression of immunity in diverse nonhost systems.

47. Ramachandran SR, Yin C, Kud J, Tanaka K, Mahoney AK,
Xiao F, Hulbert SH: Effectors from wheat rust fungi suppress
multiple plant defense responses 2017, 107:75–83.

48. Lanver D, Tollot M, Schweizer G, Lo Presti L, Reissmann S,
Ma LS, Schuster M, Tanaka S, Liang L, Ludwig N, et al.: Ustilago
maydis effectors and their impact on virulence. Nat Rev
Microbiol 2017, 15:409–421.

49. Win J, Chaparro-Garcia A, Belhaj K, Saunders D, Yoshida K,
Dong S, Schornack S, Zipfel C, Robatzek S, Hogenhout S:
Effector biology of plant-associated organisms: concepts
and perspectives. In Cold Spring Harbor symposia on quantita-
tive biology. Cold Spring Harbor Laboratory Press; 2012:
235–247.

50. Brefort T, Tanaka S, Neidig N, Doehlemann G, Vincon V,
Kahmann R: Characterization of the largest effector gene
cluster of Ustilago maydis. PLoS Pathogens 2014, 10:
e1003866.

51. Park C-H, Chen S, Shirsekar G, Zhou B, Khang CH,
Songkumarn P, Afzal AJ, Ning Y, Wang R, Bellizzi M: The
Magnaporthe oryzae effector AvrPiz-t targets the RING E3
Ubiquitin Ligase APIP6 to suppress pathogen-associated
molecular pattern–triggered immunity in rice. Plant Cell 2012,
24:4748–4762.

52. Park CH, Shirsekar G, Bellizzi M, Chen S, Songkumarn P, Xie X,
Shi X, Ning Y, Zhou B, Suttiviriya P, et al.: The E3 ligase APIP10
connects the effector AvrPiz-t to the NLR receptor Piz-t in
rice. PLoS Pathog 2016, 12:e1005529.

53. Shi X, Long Y, He F, Zhang C, Wang R, Zhang T, Wu W, Hao Z,
Wang Y, Wang G-L, et al.: The fungal pathogen Magnaporthe
oryzae suppresses innate immunity by modulating a host
potassium channel. PLoS Pathog 2018, 14:e1006878.

54. Tang M, Ning Y, Shu X, Dong B, Zhang H, Wu D, Wang H,
Wang G-L, Zhou B: The Nup98 homolog APIP12 targeted by
the effector AvrPiz-t is involved in rice basal resistance
against Magnaporthe oryzae. Rice (New York, N.Y.) 2017, 10:5.
5.

55. Wang R, Ning Y, Shi X, He F, Zhang C, Fan J, Jiang N, Zhang Y,
Zhang T, Hu Y, et al.: Immunity to rice blast disease by sup-
pression of effector-triggered necrosis. Curr Biol 2016, 26:
2399–2411.

56. Oikawa K, Fujisaki K, Shimizu M, Takeda T, Saitoh H,
Hirabuchi A, Hiraka Y, Białas A, Langner T, Kellner R, et al.: The
blast pathogen effector AVR-Pik binds and stabilizes rice heavy
metal-associated (HMA) proteins to co-opt their function in im-
munity, vol. 2020; 2020. 2012.2001.406389.
www.sciencedirect.com
57
��

. Maidment JHR, Franceschetti M, Maqbool A, Saitoh H,
Jantasuriyarat C, Kamoun S, Terauchi R, Banfield MJ: Multiple
variants of the fungal effector AVR-Pik bind the HMA domain
of the rice protein OsHIPP19, providing a foundation to en-
gineer plant defence. J Biol Chem 2021:100371.

The authors studied the biochemical and structural basis of the inter-
action between AVR-Pik, an ffector in Magnapothe oryzae and
OsHIPP19, a puattive virulence target in rice. AVR-Pik interacts with
HMA domain of Pik-1; however, variants of AVR-Pik (e.g., AVR-PikC
and AVR-Pik) do not establish those interactions, allowing the path-
ogen to escape recognition. Here, the authors analyze the crystal
structure of OsHIPP19 in complex with AVR-PikF to dissect differences
that contribute to binding affinities between AVR-Pik forms and HMA
domains.

58. Kanzaki H, Yoshida K, Saitoh H, Fujisaki K, Hirabuchi A, Alaux L,
Fournier E, Tharreau D, Terauchi R: Arms race co-evolution of
Magnaporthe oryzae AVR-Pik and rice Pik genes driven by
their physical interactions. Plant J 2012, 72:894–907.

59. Cesari S: Multiple strategies for pathogen perception by plant
immune receptors. New Phytol 2018, 219:17–24.

60. Cesari S, Thilliez G, Ribot C, Chalvon V, Michel C, Jauneau A,
Rivas S, Alaux L, Kanzaki H, Okuyama Y, et al.: The rice
resistance protein pair RGA4/RGA5 recognizes the Magna-
porthe oryzae effectors AVR-Pia and AVR1-CO39 by direct
binding. Plant Cell 2013, 25:1463–1481.

61. Maqbool A, Saitoh H, Franceschetti M, Stevenson CE, Uemura A,
Kanzaki H, Kamoun S, Terauchi R, Banfield MJ: Structural basis
of pathogen recognition by an integrated HMA domain in a
plant NLR immune receptor. Elife 2015:4.

62. Ortiz D, De Guillen K, Cesari S, Chalvon V, Gracy J, Padilla A,
Kroj T: Recognition of the Magnaporthe oryzae effector AVR-
Pia by the decoy domain of the rice NLR immune receptor
RGA5. Plant Cell 2017, 29:156–168.

63. Guo L, Cesari S, de Guillen K, Chalvon V, Mammri L, Ma M,
Meusnier I, Bonnot F, Padilla A, Peng Y-L, et al.: Specific
recognition of two MAX effectors by integrated HMA domains
in plant immune receptors involves distinct binding surfaces.
Proc Natl Acad Sci U S A 2018, 115:11637–11642.

64. Nyarko A, Singarapu KK, Figueroa M, Manning VA, Pandelova I,
Wolpert TJ, Ciuffetti LM, Barbar E: Solution NMR structures of
Pyrenophora tritici-repentis ToxB and its inactive homolog
reveal potential determinants of toxin activity. J Biol Chem
2014, 289:25946–25956.

65. de Guillen K, Ortiz-Vallejo D, Gracy J, Fournier E, Kroj T,
Padilla A: Structure analysis uncovers a highly diverse but
structurally conserved effector family in phytopathogenic
fungi. PLoS Pathog 2015, 11:e1005228.

66. Praz CR, Bourras S, Zeng F, Sánchez-Martín J, Menardo F,
Xue M, Yang L, Roffler S, Böni R, Herren G, et al.: AvrPm2 en-
codes an RNase-like avirulence effector which is conserved
in the two different specialized forms of wheat and rye pow-
dery mildew fungus. New Phytol 2017, 213:1301–1314.

67. Pedersen C, van Themaat EVL, McGuffin LJ, Abbott JC,
Burgis TA, Barton G, Bindschedler LV, Lu X, Maekawa T,
Weßling R, et al.: Structure and evolution of barley powdery
mildew effector candidates. BMC Genom 2012, 13:694.

68. Pliego C, Nowara D, Bonciani G, Gheorghe DM, Xu R, Surana P,
Whigham E, Nettleton D, Bogdanove AJ, Wise RP, et al.: Host-
induced gene silencing in barley powdery mildew reveals a
class of ribonuclease-like effectors. Mol Plant Microbe Interact
2013, 26:633–642.

69
��

. Pennington HG, Jones R, Kwon S, Bonciani G, Thieron H,
Chandler T, Luong P, Morgan SN, Przydacz M, Bozkurt T, et al.:
The fungal ribonuclease-like effector protein CSEP0064/
BEC1054 represses plant immunity and interferes with
degradation of host ribosomal RNA. PLoS Pathog 2019, 15:
e1007620.

The authors provide insights into the function of CSEP0064/BEC1054,
an effector from B. graminis f.sp. hordei. Interestingly, heterologous
transgenic expression of CSEP0064/BEC1054 in wheat enhances
susceptibility to B. graminis f.sp. tritici and in N. benthamiana the
expression of CSEP0064/BEC1054 also enhances susceptibility to an
oomycete pathogen, Peronospora tabacina. CSEP0064/BEC1054 is
similar to fungal RNases and inhibits the degradation of host ribosomal
Current Opinion in Plant Biology 2021, 62:102054

http://refhub.elsevier.com/S1369-5266(21)00054-6/sref43
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref43
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref43
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref44
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref44
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref44
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref45
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref45
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref45
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref45
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref45
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref46
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref46
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref46
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref46
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref46
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref47
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref47
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref47
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref48
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref48
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref48
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref48
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref49
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref49
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref49
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref49
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref49
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref49
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref50
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref50
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref50
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref50
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref51
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref51
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref51
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref51
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref51
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref51
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref52
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref52
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref52
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref52
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref53
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref53
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref53
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref53
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref54
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref54
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref54
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref54
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref54
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref55
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref55
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref55
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref55
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref56
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref56
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref56
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref56
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref56
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref57
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref57
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref57
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref57
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref57
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref58
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref58
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref58
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref58
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref59
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref59
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref60
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref60
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref60
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref60
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref60
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref61
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref61
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref61
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref61
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref62
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref62
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref62
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref62
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref63
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref63
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref63
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref63
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref63
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref64
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref64
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref64
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref64
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref64
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref65
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref65
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref65
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref65
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref66
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref66
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref66
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref66
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref66
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref67
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref67
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref67
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref67
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref68
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref68
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref68
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref68
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref68
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref69
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref69
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref69
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref69
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref69
http://refhub.elsevier.com/S1369-5266(21)00054-6/sref69
www.sciencedirect.com/science/journal/13695266


10 Biotic interactions
RNA induced by ribosome-inactivating proteins (RIPs) in wheat. RIPs
are critical components of plant immunity. It is proposed that
CSEP0064/BEC1054 targets conserved biological processes in
monocots and dicots.
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