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Effector Identification in Plant Pathogens
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Abstract

Effectors play a central role in determining the outcome of plant—pathogen interactions. As key virulence proteins, effectors are collectively
indispensable for disease development. By understanding the virulence mechanisms of effectors, fundamental knowledge of microbial pathogenesis
and disease resistance have been revealed. Effectors are also considered double-edged swords because some of them activate immunity in disease
resistant plants after being recognized by specific immune receptors, which evolved to monitor pathogen presence or activity. Characterization of
effector recognition by their cognate immune receptors and the downstream immune signaling pathways is instrumental in implementing resistance.
Over the past decades, substantial research effort has focused on effector biology, especially concerning their interactions with virulence targets
or immune receptors in plant cells. A foundation of this research is robust identification of the effector repertoire from a given pathogen, which
depends heavily on bioinformatic prediction. In this review, we summarize methodologies that have been used for effector mining in various microbial
pathogens which use different effector delivery mechanisms. We also discuss current limitations and provide perspectives on how recently developed
analytic tools and technologies may facilitate effector identification and hence generation of a more complete vision of host—pathogen interactions.
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Plants defend themselves from potential parasites by mounting a
myriad of immune responses. However, successful pathogens can
subvert plant defenses through the function of effectors, which
are virulence proteins secreted from the pathogens during infec-
tion (Hogenhout et al. 2009). Although some effectors function
in the extracellular space (apoplastic effectors) within plant tissue,
many are delivered into host cells (termed cytoplasmic effectors)
and directly manipulate host cellular processes. In addition to de-
feating plant immunity, effectors also contribute to the creation
of a suitable environment for pathogen colonization and prolif-
eration (Lovelace and Ma 2022). Collectively, effectors play a
key role in inducing susceptibility and are indispensable for dis-
ease. As a consequence of host—pathogen co-evolution, plants have
evolved immune receptors to recognize specific effectors and acti-
vate immunity (Jones and Dangl 2006). The dynamic interactions
between effectors and the host immune system determine whether
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or not diseases will occur. Therefore, understanding the molecular
basis of this interplay provides important insights into the govern-
ing principles of infectious diseases, thus setting the foundation
for developing resistance. Over the years, substantial efforts have
been invested in effector research. A foundation of this research
area is the characterization of the effector repertoire in a given
pathogen.

It is intriguing to think that the first gene encoding a microbial
effector acting in plants, the avirulence gene avrA from the bac-
terial pathogen Pseudomonas syringae pv. glycinea, was cloned
almost 9 years before the term “effector protein” was first used to
describe virulence determinants delivered to host cells by a micro-
bial pathogen (Ménard et al. 1993; Staskawicz et al. 1984). The first
named effectors were characterized in Shigella flexneri, the cause
of dysentery, as the IpaB, C, and D proteins which proved essen-
tial for bacterial entry into epithelial cells (Ménard et al. 1993).
Paradoxically, the effector AvrA was discovered not because of its
role in virulence but because when delivered into plant cells via
the Type III secretion system (T3SS) it triggers a rapid hypersen-
sitive resistance reaction (HR) (Cornelis 2006; Staskawicz et al.
1984). Because the HR leads to robust resistance to the pathogen,
the effector was named AvrA as avirulence A. For the isolation of
avrA, a cosmid library of race 6 of P. syringae pv. glycinea was
conjugated into race 5, which was unable to activate HR in the
soybean cultivar Harosoy. The transconjugants were screened for
gain of HR-triggering activity in Harosoy and the clones further
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characterized using Tn5-based mutagenesis, eventually leading to
the sequencing of avrA (Napoli and Staskawicz 1987).

This elegant breakthrough approach that led to the cloning
of avrA by function was subsequently used to clone additional
avr genes from several P. syringae species and Xanthomonas
campestris. In these pathosystems, different races of the pathogen
are differentiated by their ability to infect susceptible varieties of
the host plant, whereas the presence of single resistance genes
confers resistance in an avr gene/resistance gene specific interac-
tion between pathogen and host (Mansfield 2009). Such gene for
gene interactions are now considered examples of effector-triggered
immunity (ETT) (Jones and Dangl 2006). Functional cloning also al-
lowed the identification of avr genes triggering resistance in nonhost
plants (Dangl et al. 1992). It was not until 1999 that Jackson et al.
(1999) cloned an effector, virPphA (hopAB2), based on its virulence
function, i.e., suppressing the HR caused by a strain of P. syringae
pv. phaseolicola in its host bean. We now know that the genes
initially identified from functional screening as avirulence factors
have fundamental roles in microbial pathogenicity. The term avir-
ulence can therefore be misleading and is now generally replaced
by effectors.

Through the years, many molecular tools have been developed
to investigate the virulence contributions by individual effectors,
and therefore virulence mechanisms have been extensively char-
acterized. However, the major bottleneck in effector biology is
effector prediction, especially the genome-wide determination of
a pathogen’s entire effector repertoire. This is mainly due to the di-
versity in effector delivery mechanisms and a lack of understanding
of these mechanisms in most pathogens. Therefore, methods that
can be used to increase the likelihood of identifying effectors with
specific functions in disease development are needed to gain a holis-
tic view of mechanisms underlying microbial pathogenesis, plant
immunity, and host—pathogen coevolution. Such knowledge is es-
sential for the development of resistance to economically important
diseases of crops.

In this review, we summarize features related to effectors in
various bacterial, fungal, and oomycete pathogens of plants. We
discuss bioinformatic analysis tools that have been used to identify
these features and recent analytic/technological breakthroughs that
will facilitate effector detection. We apologize for not being able
to include all the exciting, related research on effector biology in
nematodes, insects, and parasitic plants. However, many method-
ologies and tools discussed in this review are also applicable to the
identification and characterization of effectors from these parasites.

Effector Prediction Based on Protein Sequences

Different pathogens use different effector secretion/delivery
mechanisms. The best studied example of effector delivery ma-
chinery is the T3SS of Gram-negative bacterial pathogens. T3SS en-
codes ainjectosome, which transports T3 secreted effectors (T3SEs)
directly into host cells (Green and Mecsas 2016). Features related
to T3SS-dependent secretion and host cell translocation have been
characterized in a small number of model plant pathogens such as
P. syringae, Xanthomonas spp., Erwinia amylovora, and Ralsto-
nia solanacearum, but these features are not conserved in other
bacteria. Gram-positive pathogens and certain phloem- and xylem-
colonizers, such as Candidatus liberibacter and Xylella spp., do
not encode the T3SS. In these bacteria, effector delivery is depen-
dent on the presence of the N-terminal signal peptide (SP), which
is required for protein secretion through the general Sec secretion
system (Natale et al. 2008). However, in contrast to the T3SS, it is
likely that not all of these Sec-secreted proteins are effectors. Simi-
larly, identification of the N-terminal SP is the major criterion used
for effector prediction in eukaryotic pathogens, from which spe-
cialized secretion machinery for effectors is unknown (Petre and
Kamoun 2014).
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Secretion motifs

A few motifs or conserved sequences that are related to effec-
tor secretion have been used for effector identification in certain
pathogens. In Gram-negative bacterial pathogens that use the T3SS,
the first 50 to 100 amino acids of effector proteins are thought to
contain the sequence required for secretion and translocation. Al-
though this secretion/translocation-related region does not have a
defined consensus sequence, some characteristics have been dis-
covered in plant and human pathogens such as Pseudomonas and
Salmonella species based on extensive functional screens. In Pseu-
domonas syringae, these features include a high percentage (~17%)
of serine residues, an aliphatic amino acid (Asp or Glu) at position
three, and the lack of a negatively charged amino acid in the first 10
residues (Guttman et al. 2002) (Fig. 1A). Using these amino acid
composition bias features, the complete complement of T3SEs can
be predicted from any P. syringae genome with a relatively high
confidence. A Mann-Whitney test can be used to compare amino
acid frequencies from the whole sequence and the N-termini re-
gion of selected proteins to reveal enrichments and depletions of
certain amino acids (Arnold et al. 2009). However, these features
are not found in other bacteria even though the T3SS machinery is
conserved. Nonetheless, these T3SE-related features can serve as
training sets for machine learning-based identification of effectors
from related bacteria, such as rhizobia (Yang et al. 2010).

The N-terminal sequence bias has been instrumental in T3SE pre-
diction. By contrast, in pathogens lacking the T3SS, effectors are
presumably secreted through the general secretion system. There-
fore, a key criterion for effector prediction is the presence of an
N-terminal secretion SP (Fig. 1A). Identification of candidate se-
creted proteins was greatly enhanced through computational tools
predicting SPs (Table 1). The first publicly available program for SP
prediction, SignalP, was released in 1996 as an artificial neural net-
work (Nielsen et al. 1996). SignalP was later improved with hidden
Markov models added in version 2.0. Since then, newer versions
of SignalP have added new capabilities and improved efficiency,
including the most recent version 6.0 (Teufel et al. 2022) that can
detect all five known types of SPs. These SPs are related to protein
secretion through the Sec secretion system or Tat translocon and
cleaved by signal peptidase I or II. Expansion of the types of SPs
within the training set allows increased accuracy of effector predic-
tion. Over the years, additional algorithms based on SignalP, such
as PexFinder (Torto et al. 2003), Phobius (Kall et al. 2007), TargetP
(Almagro Armenteros et al. 2019) and PrediSi (Hiller et al. 2004),
have also been released, further strengthening the prediction of SP-
based secreted proteins (Table 1). Given the wide-ranging functions
of proteins secreted through the Sec pathway, additional analysis is
required to confirm genuine effectors.

Domains related to eukaryote-specific functions

One indication that a bacterial protein may be an effector is
the presence of a eukaryote-specific functional domain. This sug-
gests that the proteins might function to manipulate the host by
mimicking the targets of host proteins. For instance, the GALA
family of R. solanacearum T3SEs contains F-box motif-like se-
quences (Angot et al. 2006). F-box proteins are related to protein
ubiquitination-based proteosome degradation, which is a eukaryote-
specific activity (Fig. 1A). Another example is the YopJ family
of Ser/Thr acetyltransferases, which require the eukaryote-specific
compound inositol hexakisphosphate for activation (Ma and Ma
2016; Zhang et al. 2016, 2017). Therefore, these bacterial proteins
are expected to have specific functions in the host cells, consistent
with their role as effectors. Sequence homology based-methods can
be used to identify eukaryotic domains within bacterial proteins. For
instance, BLASTP and Pfam provide large collections of eukaryotic
protein families that can serve as a database from which effectors
can be searched. Several scanning tools can be used to screen bacte-
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rial proteome for proteins containing motifs of interest. These tools
include the MEME suite (Bailey et al. 2009) and MotifScan (Sun
et al. 2018) (Table 1).

Another feature that could be used to identify bacterial effec-
tors is that they often target host cellular compartments such as
the nucleus, mitochondria, and chloroplasts. Therefore, these ef-
fectors will likely contain plant cell compartmentalization signals
or transit peptides that exploit the host machinery to enter the spe-
cific organelles. Many effectors have been predicted to contain the
nuclear localization signals (NLS). The best examples are the tran-
scription activator-like effectors (TALEs) encoded by Xanthomonas
spp- (Mak et al. 2013). TALE:s bind to specific promoter sequences
in the plant genome and manipulate host gene expression. The NLS
is essential for their entry into the plant cell nucleus (Fig. 1A). Other
bacterial pathogens, such as the phloem-colonizing phytoplasmas,
also produce effectors that target the plant nucleus. The predicted
NLS in phytoplasma effectors is required for their manipulation of
plant transcription factors (Sugio et al. 2014). Some effectors carry
transit peptides that relocate the effector to a specific organelle af-
ter secretion (Hicks and Galan 2013). For examples, the P. syringae
T3SEs Hopll, AvrRps4, and HopK1 have predicted chloroplast
targeting signals (Jelenska et al. 2007; Li et al. 2014). Valuable
prediction tools, such as LOCALIZER (Sperschneider et al. 2017),
DeepLoc 2.0 (Thumuluri et al. 2022), and TargetP 2.0 (Almagro
Armenteros et al. 2019), use a sliding window approach to predict
chloroplast/mitochondrial transit peptides and/or NLS in a protein
(Table 1).

FIGURE 1

Protein sequence features in effectors
from bacterial and filamentous plant
pathogens. A, N-terminal features of
bacterial effectors secreted via the
Type Il secretion system (T3SS+) in
Pseudomonas syringae or secreted via
other means (T3SS—). Domain and
motif features of Xanthomonas
Transcription activatorlike effectors
(TALEs) and Ralstonia "GALA"
effectors. B, Sequence and
domain/motif features of filamentous
plant pathogen effectors including
those belonging to the RxLR and CRN
family in Phytophthora. Different
domains and motifs are highlighted in
separate colors. SP = signal peptide,
aa = amino acid, Cys = cysteine, and
Ser = serine. Figures are not drawn to
scale.
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Prediction of secreted proteins in eukaryotic pathogens

The vast majority of the effectors from filamentous eukaryotic
pathogens including fungi and oomycetes are defined by N-terminal
SP using bioinformatic programs discussed above such as SignalP
and PexFinder. In fungi, most effectors have been found to be small,
secreted proteins that are shorter than 150 to 200 amino acids and
rich (>3%) in cysteine residues (Sperschneider et al. 2015). How-
ever, these features have not been linked directly to entry into host
cells. Nevertheless, the identification of “small, cysteine-rich” se-
creted proteins has been widely used to predict fungal effectors
in a pipeline which uses cumulative features of known effectors
(Fig. 1B). Once a fungal secretome (proteins predicted to have an
SP) is defined, the pipeline can be used to filter out proteins that
are too large or cysteine-poor to be considered effector candidates
(Saunders et al. 2012).

In fungal pathogens, other than the SP, only one motif that is
potentially associated with effector secretion has been identified.
Highly expressed genes at the specialized infection structure, haus-
toria, formed by the barley powdery mildew pathogens, Blumeria
graminis f. sp. hordei, were found to encode proteins sharing a
Y/F/WxC (x is any amino acid) motif in the N-terminus, down-
stream of the predicted secretion SP (Godfrey et al. 2010). Al-
though this motif has yet to be functionally characterized, it can
be used to identify effectors in newly sequenced Blumeria grami-
nis f. sp. hordei strains or sister species using hidden Markov
model (HMM)-based programs such as HMMER (Eddy 2009)
(Table 1).

A Bacterial Pathogen Effectors

Filamentous Pathogen Effectors

1 10 50-100 aa
rass+ | ' —  Pocudomonas
[ — syringae
no - charge aa
L J
~17% Ser
1 20-30 aa
T3SS- N C
cleavage site
TALEs N[ | —c Xanthomonas
DNA-binding activation Spp.
domain domain
GALAs N I Fhor ST c ~ Relstonia
LRR spp.
1 15-30 aa <200 aa
N C Fungi
cleavage site
L J
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RxLRs N RXLR effector domain C
cleavage site  RxLR-dEER
motif Phytophthora
cleavage site pp-
CRNs N DWL effector domain 6
LXLFLAX HVLVxxP
motif motif
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TABLE 1
Bioinformatic tools/resources used for effector prediction
Tool? Description Availability Reference
Sequence motif analysis
MEME-suite Motif-based sequence analysis Web API Bailey et al. (2009) https://meme-suite.org/meme/
HOMER Promoter motif identification Stand-alone Heinz et al. (2010) http://homer.ucsd.edu/homer/motif/
HMMER HMM profile-based search Web Stand-alone Eddy (2009) http://hmmer.org/
MotifScan Identification of known motifs in Web Sun et al. (2018) https://myhits.sib.swiss/cgi-bin/motif_scan
sequences
SignalP Secretion signal prediction Web Stand-alone Teufel et al. (2022)
https://services.healthtech.dtu.dk/service.php?SignalP
PrediSi Secretion signal prediction Web Stand-alone Hiller et al. (2004) http://www.predisi.de/
Phobius Secretion signal prediction Web Stand-alone Kall et al. (2007) https://phobius.sbc.su.se/
Interproscan Domain identification Web Stand-alone Apweiler et al. (2001) https://www.ebi.ac.uk/interpro/search/sequence/

Protein disorder prediction

|UPred2A

Prediction of disordered regions in protein
sequence

Web Stand-alone

Mészéros et al. (2018) https://iupred2a.elte.hu/

Effector subcellular localization

LOCALIZER Intracellular locations of eukaryotic Web Stand-alone Sperschneider et al. (2017) https://localizer.csiro.au/

effectors
Deeploc 2.0 Intracellular locations of eukaryotic Web Stand-alone Thumuluri et al. (2022)

effectors https://services.healthtech.dtu.dk/service.php?Deeploc-2.0
TargetP 2.0 Intracellular locations of eukaryotic Web Stand-alone Almagro Armenteros et al. (2019)

effectors

https://services.healthtech.dtu.dk/service.php?TargetP-2.0

Genomic feature identification

ISFinder Identification of insertion sequences Web Siguier et al. (2006) https://isfinder.biotoul.fr/
MGEfinder Identification of MGE in bacterial genomes Stand-alone Durrant et al. (2020) https://github.com/bhattlab/MGEfinder
Islandviewer4 Identification of genomic islands in Web API Bertelli et al. (2017) https://www.pathogenomics.sfu.ca/islandviewer/
bacterial genomes
PHASTER Prophage identification Web API Arndt et al. (2016) https://phaster.ca/
REPET Identify TEs in eukaryotic genomes Stand-alone Quesneville et al. (2005) https://bio.tools/repet
RepeatMasker Identification of repetitive regions in Stand-alone Smit et al. (2013-2015) https://www.repeatmasker.org/
genomes
Protein 3D structure prediction
MODELLER Homology modelling Stand-alone Webb and Sali (2016) https://salilab.org/modeller/
SWISS- Homology modelling Web Waterhouse et al. (2018) https://swissmodel.expasy.org/
MODEL
Phyre2 Homology modelling Web Kelley et al. (2015) http://www.sbg.bio.ic.ac.uk/phyre2/
I-TASSER Homology modelling Web Stand-alone Roy et al. (2010) https://zhanggroup.org/I-TASSER/
HHPred Homology modelling Web Stand-alone Soding et al. (2005) https://toolkit.tuebingen.mpg.de/tools/hhpred
RoseTTAFold Template-free Web Stand-alone Baek et al. (2021) https://robetta.bakerlab.org/
AlphaFold2 Template-free Collabfold (web) Jumper et al. (2021) https://www.deepmind.com/open-source/alphafold
Stand-alone
Machine/deep learning effector prediction
MacSyfinder Bacterial secretion systems Stand-alone Abby et al. (2016) https://github.com/gem-pasteur/macsyfinder
EffectiveT3 T3, T4 effectors Web Stand-alone Arnold et al. (2009) https://effectivedb.org/method/effectivet3
Effectidor T3 effectors Web Wagner et al. (2022) https://effectidor.tau.ac.il/
T3SEpp T3 effectors Web Stand-alone Hui et al. (2020) http://www.szu-bioinf.org/T3SEpp/
Preffector T1-6 effectors Web Dhroso et al. (2018) http://korkinlab.org/preffector
Deepredeff Bacteria, fungi, oomycetes Stand-alone Kristianingsih and MaclLean (2021) https://ruthkr.github.io/deepredeff/
EffectorP Fungal, oomycete Web Stand-alone Sperschneider et al. (2016) https://effectorp.csiro.au/
EffectorO Oomycete Web Stand-alone Nur et al. (2021) https://github.com/mjnur/oomycete-effector-prediction

@ This table provides a list of representative software for each task but it does not include all possible software available.
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Although morphologically similar to fungi, oomycetes are struc-
turally and evolutionarily distinctive. Effector prediction is more
confident in oomycete pathogens due to the discovery of host-
targeting motifs in the N-terminal region of cytoplasmic effector
proteins following the secretion SP. The majority of these effec-
tors carry the RXLR-dEER motif (Rehmany et al. 2005), which is
similar to a signal required for translocation of protein from the
malaria parasites (Hiller et al. 2004) (Fig. 1B). Another class of
cytoplasmic effectors are CRNs (for crinkling and necrosis), which
are widespread in oomycetes (Amaro et al. 2017; Torto et al. 2003).
In addition to an N-terminal host-targeting motif LXLFLAx, CRNs
have a DWL domain, which harbors a conserved HVLVxxP mo-
tif (Fig. 1B). Predictions combining the secretion SP and these
motifs have been widely used in defining effector repertoires in
oomycetes, especially Phytophthora species where these motifs
were best characterized. Again, HMMER is a useful tool in these
analyses.

Effector Prediction Using Structural Features

Protein structural information can provide deeper insights into
function than sequences alone. For effector prediction, structural
analysis is particularly useful because effectors are notorious for
not sharing sequence homology with known function proteins and
they often also lack known sequence motifs. Structural information
was traditionally only available through crystallography studies,
which causes a major bottleneck due to the tremendous effort re-
quired. The idea of protein structural modeling based on similarity
to experimentally determined structures dates back to as early as
1969 (Browne et al. 1969). MODELLER was the first available pro-
gram for 3D structure prediction (Sali and Blundell 1993). Since the
early 2000s, a range of tools has been developed (Table 1). Many
of these structure prediction programs such as SWISS-MODEL,
Phyre2, I-TASSER, and Hhpred (Kelley et al. 2015; Roy et al. 2010;
Soding et al. 2005) use homology modeling. This involves identify-
ing known experimental structures with sequence similarity, which
can be used to build a model of the unknown protein. If the ef-
fector of interest is structurally similar to a protein with a known
domain, this method can allow us to infer that the effector may also
possess this domain and its associated functions. However, these
analyses are limited when no homologous proteins with experimen-
tally determined structures can be identified. Recent innovations in
template-free structural modeling using artificial intelligence (Al),
including AlphaFold2 (Jumper etal. 2021) and Rose TTAFold (Baek
et al. 2021), revolutionized effector identification using structural
features because they do not require a solved homologous protein
structure to act as the template. These Al-based prediction typically
involve the generation of a multiple sequence alignment (MSA),
which is then used to predict features such as secondary structure,
backbone torsion angles, and a residue-residue contact map. These
features then dictate the prediction of a 3D model. If sequence
homologs are not available, the program can also run without an
MSA. Many new approaches combine strengths of both template
and template-free modelling to further increase the robustness of
structure prediction (Kuhlman and Bradley 2019).

Effectors with divergent sequences may form similar structural
folds or include domains with similar folds (recently reviewed
by Mukhi et al. [2020] and Outram et al. [2022]). This could be
the consequence of convergent evolution of unrelated proteins that
have evolved to have the same fold and hence function, or loss of
sequence similarity between distant homologs due to the rapid evo-
lution during host—pathogen arms race (Seong and Krasileva 2021).
The enrichment of the same folds/domains in multiple effectors sug-
gests they are related to effector functions such as secretion and/or
host manipulation. Therefore, the presence of this fold can be a use-
ful indicator that the protein may be an effector. For example, the
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MAX (Magnaporthe Avrs and ToxB like) fold has been found in ef-
fectors produced by ascomycete fungal pathogens. Although often
unrelated in sequences, these effectors share the common “MAX”
fold, which is made up of six B-sheets stabilized by a conserved
disulfide bridge (de Guillen et al. 2015) (Fig. 2B). RNAse-like folds
are also commonly identified in fungal effectors (Fig. 2B). These
were first identified in Blumeria graminis using Interproscan and
3D structure prediction and are the most abundant effector type in
this species (Pederson et al. 2012; Pennington et al. 2019).

Similarly, many RxLR effectors in Phytophthora and their rela-
tive species contain the WY and LWY fold despite limited sequence
conservation (Boutemy et al. 2011; Jiang et al. 2008; Wood et al.
2020). The WY fold consists of a three or four a-helical bundle and
the LWY fold forms a five a-helical bundle (He et al. 2019; King
et al. 2014; Magbool et al. 2016; Win et al. 2012). The (L)WY units
are often arranged as tandem repeats. In particular, the LWY re-
peats enable a non-globular protein structure, attributed to the rigid
linkages between adjacent units (He et al. 2019) (Fig. 2A). Indeed,
it has been shown that effector prediction based on the presence of
the WY fold may be more efficient than using the RXLR sequence
motif in the lettuce pathogen Bremia lactucae (Wood et al. 2020).
It is unquestionable that by utilizing AlphaFold- or RoseTTAFold-
based structural modeling of secreted proteins and identifying the
presence of these effector-enriched folds will strengthen effector
predictions in fungal and oomycete pathogens respectively.

An additional example of a shared fold is the Leptosphaeria avir-
ulence and suppressing (LARS) fold, which was characterized in
the oilseed rape stem canker pathogen Leptosphaeria maculans.
The LARS fold was identified in the crystal structures of L. mac-
ulans effectors AvrLm4-7 and AvrLm5-9, which both possess a
well-defined antiparallel B-sheet and a set of disulfide bonds despite
showing limited sequence similarity (Fig. 2B). Prediction based on
the presence of a LARS fold using HMM and AlphaFold2 identified
13 new effector candidates that would not have been identified by
sequence-based analysis (Blondeau et al. 2015; Lazar et al. 2022).
The LARS fold has recently also been identified in the rice blast
fungus Magnaporthe oryzae (Seong and Krasileva 2021), indicat-
ing that it can be used for effector prediction from a wide range of
fungal species.

Structural features overrepresented in effector proteins have also
been found in bacteria. For example, T3SEs may share folds as-
sociated with mechanistical lability to allow structural flexibility
during translocation (LeBlanc et al. 2021). It has also been ob-
served that T3SEs often have a structurally disordered N-terminus
(Buchko et al. 2010) and may possess structural motifs required for
chaperone-binding important for the secretion process (Costa et al.
2012). Studies across bacteria have shown that intrinsic disorder is
uncommon in bacterial proteomes and therefore the enrichment of
this feature in T3SEs can be used as a criterion for effector predic-
tion (Chen and Xia 2021; Dunker et al. 2000). Intrinsic disorder
within protein sequences can be predicted using webservers such
as [UPred2A (Mészaros et al. 2018; Necci et al. 2021). Although
intrinsic disorder is not specifically predicted during 3D structural
prediction, the regions modeled with lower confidence (represented
by a lower per-residue confidence score or pLDTT score in Al-
phaFold2 models) could represent disordered regions (Wilson et al.
2022).

As discussed above, the presence of eukaryote-specific func-
tional domains in a bacterial protein is suggestive of their activity
in the host cell and therefore can be used as for effector predic-
tion. Structure- but not sequence-based homology to eukaryotic
proteins has been found in bacterial effectors. For example, the P,
syringae T3SE AvrPtoB contains a C-terminal domain that forms
a structural mimic of RING-finger and U-box proteins, which are
E3 ubiquitin ligases that are specific to eukaryotes (Janjusevic et al.
2006). Importantly, the sequence of this domain in AvrPtoB has
no similarity to known E3 ligases. With the revolution in structural
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model prediction by AlphaFold2, it will be possible to identify bac-
terial effector candidates by predicting structural folds that may be
related to host manipulation. Furthermore, virulence mechanisms
of effectors with unknown functions will also be illuminated from
the structural features. It is now possible to perform genome-wide
structural prediction for individual plant pathogen proteomes. It
will likely soon also be computationally possible to perform large-
scale comparative structural genomics within and between species.
This will enable the identification of novel folds to enhance effector
predictions in known and newly characterized pathogens.

Effector Prediction Facilitated by Genomic Analysis

Next generation sequencing technologies have allowed fast and
economical determination of genome sequences, which enables re-
search to move away from identification of single effectors with
defined virulence or immunity-activating phenotypes to studying
effector repertoires as a whole. In particular, long-read sequencing
technologies such as Pacific BioSciences (PacBio), single-molecule
real-time (SMRT), and Oxford Nanopore (ONT) (Besser et al.
2018) have allowed the accurate resolution of repeat rich regions
which may contain effectors. It is now common practice to gen-
erate complete bacterial genomes (Smits 2019) and probably soon
chromosome-level eukaryotic genomes using these technologies.

Thanks to the advancement in sequencing technologies and the
affordability of full genome sequencing, plant pathology research
has advanced towards studying species pangenomes rather than in-

FIGURE 2

Structural folds enriched in effectors
from oomycetes and fungi. A, The
structures of oomycete WY domain
effectors. Structures shown are
defined and individual WY (Avr3a11),
and tandem repeats (PSR2). B,
Structures of fungal effectors
displaying MAX fold (AvrPib), LARS
fold (AvrLm4), and RNase fold
(BEC1054). Structures downloaded
from Protein DataBase.

Individual WY

e

Avr3a11

B Fungal Effectors

MAX fold
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dividual model strains. The pangenome is defined as the entire set
of genes within a species. This covers both the core genome, which
consists of conserved genes encoding proteins with essential func-
tions and the accessory genome, which consists of genes not present
in all members of the species and may be dispensable (Tettelin et al.
2005). Effector genes are often within the accessory genome and ex-
hibit presence-absence polymorphism even between closely related
pathogen strains (Dillon et al. 2019; Jones et al. 2021). Pange-
nomic analyses aim to saturate the gene content and therefore fully
survey the effector diversity present in the species. Moving away
from a single “representative” strain is significant because it allows
the characterization of the whole effector repertoire in pathogens,
therefore providing a more complete understanding of pathogene-
sis. Pangenomic analyses have been conducted in several bacterial
species (Dillon et al. 2019; Sabbagh et al. 2019; Siani et al. 2021).
Insight gained from these analyses improves understanding of the
sequence and structural features that define effectors, which in turn
benefits effector characterization in general.

Selection analysis to identify effectors

The dynamic interplay between effectors and host targets im-
plies endless co-evolution between the pathogens and hosts. A
hallmark of host—pathogen arms race is the accelerated evolution
of effectors which frequently undergo positive (diversifying) selec-
tion (Menardo et al. 2017; Stukenbrock et al. 2011; Zhang et al.
2015). In comparison to the co-evolution model of single effector-
immune receptor gene pairs, an alternative model involves the

A Oomycete Effectors

Tandem repeats
WY-WY

Tandem repeats
WY-LWY

PexRD54 PSR2

LARS fold RNase fold
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“trench-warfare” scenario where effector and host immune genes
undergo rapid recycling with gain/loss and mutation occurring to the
repertoire as a whole (Derbyshire 2020). Population genomics ap-
proaches used to identify loci undergoing positive selection include
statistical methods that measure dN/dS ratio and Tajima’s D se-
lective sweeps. The dN/dS ratio measures nonsynonymous (dN) to
synonymous (dS) substitutions per site and predicts fixation events
between species assuming that a certain level of sequence diver-
sity is present. A ratio of >1 indicates positive selection, whilst <1
indicates negative selection (Fig. 3A). The Tajima’s D statistic is
used in combination with other statistical methods such as the com-
posite likelihood ratio (CLR) (Derbyshire 2020; Hartmann et al.
2018). These methods are applied within a species to identify drops
in nucleotide diversity across the genome which may represent a se-
lective sweep, which is represented by an increase in the frequency
of a particular allele in a population (Fig. 3A).

Signatures of positive selection have been used as a criterion
for effector identification with those under greater positive selec-
tion being scored more likely as effector candidates (Syme et al.
2018) (Fig. 3A). An example of positive selection analyses is the
genomic analysis of sister species Phytophthora infestans and P.
mirabilis, which revealed that effectors show dN/dS > 1, suggesting
that they undergo positive selection (Haas et al. 2009; Raffaele et al.
2010). Studies of fungal pathogens have also used selective sweep
analyses to identify effectors (Badouin et al. 2017; Richards et al.
2019). In the bacterial pathogen P. syringae, the effector HopZ1

FIGURE 3

Genomic analysis for effector
identification. A, Identification of
regions of positive selection using
dN/dS ratio (left) and selective sweep
(right) analyses at the protein and
genome-level respectively. B, Genome
compartmentalization analyses to
identify mobile genetic elements such
as pathogenicity islands through GC

Frequency

A Selection Patterns

effector rich
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shows strong evidence of positive selection at positions important
for host recognition (Ma et al. 2006; Zhou et al. 2009). In addi-
tion, these methods have been applied to bacterial pathogens to
identify genomic regions under positive selection (Singh and Khan
2019; Zhang et al. 2015), which could be used in combination with
gene-based selection analysis to strengthen effector identification.

It should be noted that not all effectors are necessarily under posi-
tive selection. Conserved effectors with essential virulence activities
may undergo purifying selection, leading to dN/dS ratio < 1, due
to their indispensable roles in pathogenicity (McCann and Guttman
2008). In addition, different region(s) of the same effector genes
may exhibit different evolution patterns with certain sequences un-
der purifying selection whilst others under diversifying selection
(Win et al. 2007). It has been shown in the P. syringae species com-
plex that T3SEs are not all undergoing diversifying selection; rather,
the identification of those exhibiting evolution noncongruent with
the core genome (having undergone recombination or horizontal
gene transfer [HGT]) was a better way to detect effectors (Dillon
et al. 2019).

Genome compartmentalization of effector loci

An important mechanism of effector evolution is through HGT.
Effectors are often associated with mobile genetic elements (MGEs)
or located in genomic regions that promote HGT. In bacteria, ef-
fectors are commonly located with transposable elements (TEs),
integrative conjugative elements, plasmids, prophage sequences or
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hybrids of these such as genomic islands (Jackson et al. 2011). Mo-
bile elements not only play a major role in the movement of effectors
between and within genomes, but also in gene loss through inactiva-
tion through pseudogenization/promoter loss, or the birth of new ef-
fectors through recombination of effector promoters/signal peptide
sequences with novel sequences (Jackson et al. 2011; Stavrinides
et al. 2006). The proximity of mobile elements is therefore a useful
parameter for identifying effector genes. Recent import of effectors
into bacterial genomes on mobile elements leads to characteristic
signatures such as a change in GC content in comparison to flanking
regions (Fig. 3B). Therefore, bioinformatic tools developed for the
identification of mobile elements such as MGEfinder, which is used
to identify insertion sites of MGEs and determine gene ontology of
nearby genes, is useful to identify putative effectors (Durrant et al.
2020). In addition, tools for the identification of genomic islands
(Bertelli et al. 2017), prophages (Arndt et al. 2016), and insertion
sequences (Siguier et al. 2006) can also be used for this purpose
(Table 1).

Advanced genome sequencing of various pathogens suggests
a bipartite genome organization, in which genes responsible for
housekeeping and virulence functions are enriched in different com-
partments. Pathogen virulence genes are often flanked by TEs in
the genome as TEs provide a genetic source for sequence vari-
ation and therefore facilitate rapid gene evolution. The genomic
region coding for these virulence genes displays a negative correla-
tion between TEs and gene density. Based on intergenic distances
between genes, pathogen genomic regions can be defined as gene
dense region (GDR) and gene sparse regions (GSR) (Dong et al.
2015; Faino et al. 2016; Wang et al. 2017). In Phytophthora, many
RxLR and CRN effectors are enriched in GSR and the association
with TEs in these regions have been proposed to serve as a stim-
ulator that promotes fast evolution (Dong et al. 2015) (Fig. 3B).
In some pathogens, effector enriched compartments have higher
levels of sequence polymorphisms and/or positive selection than
genomic segments with higher gene density (Faino et al. 2016;
Raffaele et al. 2010). This phenomenon was described as a “two-
speed genome,” which indicates uneven evolutionary rates between
these genomic compartments. In addition, in some fungi, TE ac-
tivities are constrained by repeat-induced point (RIP) mutations,
resulting in AT-rich isochores (Grandaubert et al. 2014). Effector
genes are often found in these AT-rich regions such as in L. maculans
(Rouxel et al. 2011).

While TE and effector enriched genomic regions can reside on
core chromosomes (chromosomes harbour housekeeping genes),
these contents are also present on chromosomes that are not
shared by all members of species (namely accessory chromosomes)
(Goodwin et al. 2011; Miao et al. 1991; Peng et al. 2019; Schotanus
et al. 2015). These variable chromosomes are also referred to as
lineage specific (LS), conditionally dispensable (CD), supernumer-
ary, and mini chromosomes (Ma et al. 2010; Vlaardingerbroek et al.
2016). Like accessory genomic regions, TE-rich landscapes and nu-
merous effectors are often found on accessory chromosomes and
were later proven to contribute to virulence (Bao et al. 2017; Ma
et al. 2010; Peng et al. 2019; Schmidt et al. 2013). In the case of
mini chromosomes (chromosomes with size less than 3 mb), high
proportions of repetitive elements and putative effector genes have
been discovered in F solani, M. oryzae, and many other filamen-
tous pathogens (Bao et al. 2017; Han et al. 2001; Peng et al. 2019;
Temporini and VanEtten 2004) (Fig. 3B). Tools available for identi-
fying repeat-rich regions include REPET and RepeatMasker (Flutre
et al. 2011; Quesneville et al. 2005; Smit et al. 2013—2015) (Table
1).

In addition to co-occurrence with TEs, virulence genes can some-
times form clusters in bacteria, fungi, and oomycete genomes. For
example, 12 gene clusters encoding secreted proteins are found in
the fungal pathogen Ustilago maydis. This pathogen is devoid of
repetitive elements and thus clustering of effector genes provides
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an alternative strategy for candidate identification (Kamper et al.
2006). In bacteria, effector genes located as gene clusters can also
be co-regulated as operons. The proximity to known effectors and
their cognate chaperones is therefore another characteristic useful
for effector prediction. In bacteria possessing the T3SS, such as
P. syringae, Erwinia amylovora, and specific pathovars of Pantoea
agglomerans, the T3SS machinery gene cluster is adjacent to the
highly conserved effector gene family avrE (Alfano et al. 2000). In
these diverse bacterial species other effectors are also often located
in this conserved locus, such as hopM1 and hopAAl in P. syringae
(Alfano et al. 2000; Xin et al. 2018). In the future, co-occurrence
analyses could be performed to identify effector candidates that are
more often closely located with known or predicted effector genes in
the genome as an additional feature to facilitate effector prediction
(Fig. 3B).

Effector Prediction Based
on Gene Expression Patterns

In practice, induced expression in planta is often considered as a
feature of genes encoding effectors. This information is beneficial to
narrow down candidates for further validation or functional charac-
terization. It is also important to note that some effector genes may
be silenced as a mechanism to avoid host recognition during specific
interactions (Dong and Ma 2021). Nonetheless, induced expression
is suggestive of an active role in host manipulation, consistent with
the prediction that these genes may encode effector proteins.

Co-regulation of effector genes during infection was well docu-
mented in T3SS and related effector genes in bacterial pathogens.
These so called “hrp” gene clusters are commonly regulated by
specific sigma factors, such as HrpL, which interact with de-
fined cis-regulatory elements in their promoters (O’Malley and
Anderson 2021). In bacterial pathogens with known virulence reg-
ulators, effectors can be identified using genomic screenings of the
cis-regulatory elements in combination with high throughput ex-
pression screenings (Furutani et al. 2006). Additionally, in vivo
expression technology (IVET) and inducible FACS assays capital-
ized on gene expression dependent on the alternative sigma factors
has also been used to identify novel effectors (Boch et al. 2002;
Chang et al. 2005). However, pathogenicity genes that may not
necessarily encode effectors may also be pulled out from these
analyses.

In bacterial pathogens that do not rely on the T3SS or pathogens
in which the regulatory proteins required for virulence are poorly
understood, RNA-Seq has been widely used to identify effector
candidates. For bacterial pathogens, a major limiting factor of per-
forming RNA-Seq on infected tissue is the underrepresentation of
bacterial RNAs, which lack 3’-polyA, in total RNA extracts, re-
sulting in poor coverage of the pathogen transcriptome. Recently,
cost-effective methods have been developed to enrich bacterial
RNAs through physical separation of the bacteria cells from in-
fected tissues, thus enabling global expression analysis including
effector genes (De Francesco et al. 2022; Lovelace et al. 2018; No-
bori et al. 2018). Filamentous pathogens have complicated disease
cycles that involve various cell types and status which adds further
complexity to determine specific gene expression during infection.
Several studies have determined stage-specific transcriptomes from
infected tissues for identifying putative effectors in fungi such as
the wheat rust pathogen Puccinia triticina (Hu et al. 2007), the
rice blast pathogen M. oryzae (Mosquera et al. 2009; Yan et al.
2022), and barley powdery mildew Blumeria graminis f. sp. hordei
(Godfrey et al. 2010). Furthermore, laser microdissection has been
used to separate plant material in close proximity to infecting fil-
amentous pathogens (Fosu-Nyarko et al. 2010; Tang et al. 2022),
providing a more precise way of evaluating gene expression at the
plant—pathogen interface.
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Gene expression clustering analyses can be used to predict new
effectors by locating co-expressed genes with known effectors. For
example, effectors arranged as gene clusters on the genome of
some filamentous pathogens showed a co-expression pattern and
were also induced during infection (Kdmper et al. 2006; Keller
and Hohn 1997). Based on the co-expression dataset, motif enrich-
ment analysis of the promoters of co-expressed genes and effectors
can then identify putative cis-regulatory elements of transcriptional
regulators. The MEME-suite provides various programs for the en-
richment and identification of sequence motifs (Table 1). To date,
only a few fungal transcriptional regulators have been identified
to contribute to effector expression in planta (Jones et al. 2019;
Tang et al. 2022; Tollot et al. 2016). These regulatory elements can
be used to identify their regulons using techniques such as chro-
matin immunoprecipitation followed by sequencing (ChIP-Seq),
thus expanding the identification of novel effectors.

Validation of Predicted Effectors

Predicted effectors should be validated by experimental ap-
proaches. The gold standard is demonstration of virulence function,
but this has been achieved with few effector proteins. It is also not
feasible to test all the effector candidates by functional validation.
Considerable success in demonstrating avirulence functions in ef-
fectors from oomycetes and fungi has been achieved by the use of
Agrobacterium-mediated co-expression of plant resistance and ef-
fector proteins in leaves of Nicotiana benthamiana. Induction of the
HR and also other effector functions such as organelle targeting us-
ing microscopy can be assessed. However, visualization of effectors
to validate translocation during infection is extremely challeng-
ing. Although examples of microscopy demonstrating effector entry
have been reported, such evidence is rather uncommon. The first ef-
fectors to be visualized using fluorescent fusion proteins included
the Ralstonia solanacearum T3SE PopP2 during the infection of
Arabidopsis thaliana (Deslandes et al. 2003) and the Uromyces
fabae rust transferred protein 1 in the host Vicia faba (Kemen et al.
2005). To augment the fluorescence signals, introduction of an NLS
into effectors has been used to enhance confirmation of transloca-
tion. This approach has been successfully applied to several fungal
pathogens, allowing the visualization of effector cell-to-cell move-
ment (Khang et al. 2010). The average size of a fluorescent protein
is around 28 kDa which may interfere with effector translocation;
therefore, an assay using a split fluorescent protein system has been
used as a work-around. Green fluorescent protein (GFP) is com-
prised of 11 beta barrel strands; the 11th strand (GFP;;) was fused
to two P. syringae T3SEs, which allowed their visualization during
infection of transgenic Arabidopsis plants expressing the remainder
of the GFP protein (GFP,_jp) (Henry et al. 2017).

Assays to validate effector translocation indirectly are also avail-
able. For T3SE candidates, the N-terminal region can be fused to
the C-terminal region of a known T3SE AvrRpt2, which triggers the
HR in Arabidopsis plants containing the cognate immune receptor
Rps2. If a candidate effector-AvrRpt2 fusion can trigger immunity,
it indicates that the N-terminal region of this candidate can lead the
translocation of the fusion effector (Guttman et al. 2002). A bacterial
translocation assay based on an adenylate cyclase (Cya) reporter can
also be used to determine whether a candidate protein is translocated
by the T3SS in a semiquantitative manner (Schechter et al. 2004).
This assay fuses effectors to the Cya domain whereby after translo-
cation through the T3SS, plant host calmodulin converts adenosine
triphosphate into cyclic adenosine monophosphate (cAMP), which
is then measured using an enzyme-linked immunosorbent assay. In
the fungal pathogen Ustilago maydis, a translocation assay for effec-
tors has been described based on in vivo biotinylation in maize (Lo
Presti et al. 2017). It should, however, be stressed that translocation
to the host cell per se does not alone confirm effector function.
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Machine learning to predict effectors

Advances in machine learning are transforming many aspects
of biological research. These techniques are often used as specific
tools to predict protein features as mentioned above. The power
of machine learning becomes apparent when multiple classes of
information are incorporated. With the wealth of “omics” data avail-
able and a range of protein sequence and structural features that
indicate effector identity, machine learning has become a useful
tool for de novo identification of effectors (Fig. 4). So far, these
approaches have mostly utilized genomic and protein features, how-
ever transcriptomic data and structural information could readily be
incorporated into the pipeline and provide additional information
for training the models to improve their accuracy and sensitiv-
ity. The genomes of model pathogens with well-defined effector
repertoires can be used to train Al to differentiate effectors from
noneffectors within proteomes. One of the first algorithms for iden-
tifying effectors within bacterial proteomes using machine learning
was EffectiveT3 (Arnold et al. 2009) (Table 1). Since then, vari-
ous tools have been developed relying on distinct machine learning
techniques and different protein features to identify mostly T3SEs
(Sperschneider 2020). The tool Preffector can predict effectors from
secretion systems Type 1-6 in bacterial proteomes (Dhroso et al.
2018). For fungi and oomycete effectors, various tools such as Ef-
fectorP (Sperschneider et al. 2015) and EffectorO (Nur et al. 2021)
are available. EffectorP has been optimized over time to be trained
on further diverse effectors and distinguish apoplastic from cyto-
plasmic effectors. In addition, a deep-learning tool that does not
rely on specific feature selection, Deepredeff (Kristianingsih and
MacLean 2021), has recently been developed (Table 1).

Most tools utilize protein sequences, particularly trained using
the N-terminal region features such as amino acid composition,
position-specific scoring matrix and secondary structure informa-

Machine Learning

FIGURE 4
Integration of “omics” data along with structural and protein sequence
features for de novo identification of effectors through machine learning.
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tion. However, arecently released program, Effectidor, can integrate
other information such as sequence motifs in the promoter and ge-
nomic location (Wagner et al. 2022). Another program T3Sepp also
includes an option to add promoter sequences to facilitate effector
prediction (Hui et al. 2020) (Table 1). The addition of transcrip-
tional patterns would also provide a useful addition, particularly
for oomycete and fungal effectors that show distinct expression
profiles during infection (Evangelisti et al. 2017; Yan et al. 2022).

There are some shortcomings to machine learning-based analy-
sis. Existing methods are tailored towards specific species or certain
subclasses of effectors; therefore, it is challenging to predict novel
effectors lacking these features. For example, bacterial pathogens
lacking the T3SS, such as phloem/xylem-limited species that uti-
lize secretion systems on which these tools have not been trained.
In addition, these methods are highly reliant on accurate annotation
of genomes, meaning that candidates may be missed if they are
not well annotated, for example when they are misannotated on the
N-terminal secretion signals.

Conclusions and Future Perspectives

Effector identification should now be one of the first steps in the
study of pathogenesis. This is particularly important for biotrophic
pathogens, which are mostly unculturable in artificial media and
hence greatly limit the experimental approaches applicable. Indi-
vidual investigation of effector functions in planta and in vitro has
been used as a strategy to circumvent this limitation. In addition,
the functional screening of effectors that can activate immunity
in resistant cultivars or wild relatives of crops (avirulence factors)
has also been proven useful to identify immune receptors that can
be incorporated into elite cultivars to achieve disease resistance
(Lin et al. 2022). An important foundation of this research is a ro-
bust prediction of proteins as effectors. Up until recently, except
for a small number of model species, defining the effector reper-
toire of a pathogen of interest has remained challenging. However,
recent breakthroughs in computational and technological tools, as
discussed here, are expected to revolutionize effector identification.

A breakthrough that has been witnessed is template-free pro-
tein structural modeling, which will switch effector prediction from
sequence-based to structure-based searches. Genome-wide struc-
tural modeling of putative secreted proteins in diverse, well-studied
pathogens will reveal enriched folds, which will, in turn, facilitate
effector prediction. These folds could be related to protein secretion,
chaperone association, and on a larger scale, virulence activities.
Furthermore, the protein structure information will feed into Al-
based methods that can combine information reflecting genome and
transcriptome features to further increase the robustness of effector
prediction.

Another technical advancement is single cell-based transcrip-
tomics. Infection-specific expression can provide guidance to ef-
fector identification and candidate selection for further functional
characterizations. However, the RNA content of the pathogen is
much lower compared to the host, especially at the critical early
infection stages that establish the success or failure of coloniza-
tion. Furthermore, gene expression changes may be masked in bulk
transcriptomic analysis in which pathogens cells have heterogene-
ity in terms of developmental stage and host interaction. Single
cell-based methods can significantly improve this analysis by fo-
cusing on pathogen cells that are in direct contact with the host.
Clustering analysis based on gene expression profiles will also fa-
cilitate the establishment of co-expression patterns in particular
cell types. Moreover, newer sequence-based imaging methods (e.g.,
PhytoMap) hold great promise to impart spatial information to tran-
scriptomic data (Cole et al. 2021; Nobori et al. 2022). With these
new methods and technologies, effector research is expected to enter
an exciting new stage.
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