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Abstract
Late blight pathogenesis involves active interplay between effector
proteins secreted by the oomycete Phytophtera infestans and immune
receptors coded by resistance (R) genes in potato plant. This chapter
discusses how computational structural studies of P. infestans effector and
potato immune receptor molecules can assist in understanding this
molecular cross-talk. Structural modeling and building three-dimensional
structures of effector and resistant proteins enable analysis of their
structures, compositions, and variability and can elucidate their functions
involved in late blight pathogenesis. Predicted pathogen or
enzyme-binding sites and molecular docking partially explain the
mechanisms underlying virulence and the possible recognition or
avoidance of P. infestans effector molecules. Predicted effector functions
from the sequenced P. infestans genome and a comparison with available
Solanacae gene databases enable germplasm screening and identification
of corresponding new candidate R genes. Some clues obtained from
bioinformatics structural investigations may potentially enrich our
knowledge of the co-evolution of pathogen and host plant in late blight
infection.

14.1 Introduction

Modern agriculture is characterized by monocul-
ture and cultivation of only a few crops in large
areas and thus shrinking the biodiversity. Con-
sequently, some pathogens have gained a bigger
foothold and rapidly have spread in the ecosys-
tem, resulting in the wide incidence of serious
diseases such as late blight caused by oomycete
Phytophtera infestans. Potato resistance, as in
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other plants, subscribes to gene-for-gene interac-
tions between host resistance (R) genes and cor-
responding pathogen avirulence (Avr) genes (Flor
1974). Late blight pathogen P. infestans secretes
effector proteins that enter and alter the host
plant’s metabolism, defeating its immune system
to advance the infection. The development of
potato cultivars possessing durable resistance
mandates has detailed the study of various
molecular processes underlying host–pathogen
interaction. Genomes of P. infestans (Haas et al.
2009) and potato (Potato Genome Sequencing
Consortium 2011) have been sequenced. Genome
data analysis using next-generation sequencing
techniques allows identification of putative
pathogen effectors, their diversity and their cor-
responding to candidate R genes. Application of
computational techniques such as structure mod-
eling helps in the comparison of effector homo-
logues, the identification of ligand or
enzyme-binding sites and may provide func-
tional information about key enzymes involved in
various processes such as host cell wall destruc-
tion, effector entry into the host cytoplasm or their
recognition by NBS-LRR immune receptors and
host proteases. The analysis of the structural
biology of individual effectors (or matching the
host receptors) in isolation or interaction with
target molecules may provide valuable insights
into understanding of host-pathogen interaction
during late blight infection. The structural biology
of pathogen effectors and their matching host
immunity receptors may also possibly explain the
molecular basis for effector recognition by
NBS-LRR protein complexes, thus predicting
various virulence functions. A major resource for
in silico investigations is the availability of de-
posited crystal structural data in the Protein Data
Bank (PDB) of at least a few effectors of
P. infestans. Computational studies allow map-
ping of effector amino acid residues involved in
interactions with NBS-LRRs receptors. Modeling
three-dimensional structures of both effector and
host R proteins that are docked help to predict
pathogen/enzyme binding sites, and map the key
amino acid residues or alleles guilty for possible
loss of resistance functions in R genes
(Fig. 14.1).

Late blight pathogen P. infestans thrives on
the host potato plant for nutrition and survival.
To infect the host, P. infestans secretes
extra-cellular effector proteins that enter the host
plant and alter its metabolism to promote its own
growth. Potato plants in turn have developed a
complex and multilayered resistance mechanism
to counter the invading pathogen. The outcome
of this cross-talk between these two actors
defines the incidence or avoidance of the disease.
Host plant resistance to microbial diseases com-
prises two mechanisms. The first is basal
defense, manifesting actions of the plant immune
system, activated in response to elicitors or
microbe-associated molecular patterns
(MAMPS), such as fungal chitins, polysaccha-
rides, elongation factors or heptaglucosides.
These elicitors are the gene products of the
attacking pathogen (Jones and Takemoto 2004).
The second mechanism is based on the actions of
the triggered adaptive immune system after the
detection of the cytoplasmic effectors called
nucleotide-binding and Leu-rich repeat
(NBS-LRR) protein domains, coded by resis-
tance (R) genes, and it represents R genes where
they deploy their gene products against Avr
genes as products of the pathogen. The basal
defense of the host immune system can be acti-
vated upon recognition of the pathogen elicitor.
The second part of the host immune system
includes activation of the resistance (R) genes.
These R proteins initiate host immune responses
conferring a resistant phenotype on the plant.
A series of interactions taking place between the
host R genes and the pathogen-secreted Avr
effectors basically subscribes to the

Fig. 14.1 Identification of sequence motifs, W, Y and L
showing conserved pattern of amino acids in RXLR
domains of Avr3a effectors in P. infestans (MEME tool
output) (unpublished, personal communication)
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gene-for-gene theory (Flor 1974). Continuously
co-evolving against pathogen effectors, host
plants also have developed an innate adaptive
immune system. On the other hand, the pathogen
also undergoes adaptive selection to outsmart the
host and induce successful infection (Fig. 14.2).

Historically, the race-specific resistance based
on gene-for-gene relationship was initially iden-
tified in hexaploid wild species of S. dimessum.
The identified genes exhibited a hyper-sensitive
tissue response to all races of P. infestans that did
not possess the corresponding virulence to the R
gene. By the middle of the last century, 11 R
genes from S. dimessum (Black et al. 1953) had
been identified. Many of these genes were
extensively used in commercial breeding pro-
grammes world-wide, including India, and
resulted in development of an array of resistant
potato varieties. However, deployed resistance
was overcome in due course by the development
of new complex matching virulence in

P. infestans owing to its diversity, plasticity and
adoptive ability. This led to a change in breeding
strategies and potato breeders started looking for
horizontal resistance conferred by a group of
genes (including minor genes with adoptive
affects). Potato breeders even resorted to the
development of R gene-free populations
throughout the second half of the last century. Of
course, this strategy was found to be unsuccess-
ful and late blight resistance remains a challenge
to scientists across the globe (Fig. 14.3).

However, our understanding of the various
mechanisms underlying the pathogen-host plant
interaction is supported by the molecular and
genomic investigations undertaken during the
last two decades. A few mapping populations
were created, quantitative trait loci (QTLs) for
late blight resistance were identified, the genome
of S. Phureja was sequenced. Consequently,
nearly 21 R genes have been identified, confer-
ring resistance to different races of P. infestans

Fig. 14.2 RXLR effectors AVR3a11 and PexRD2 adopt a structurally conserved but adaptable fold. a Oomycete
RXLR effectors are modular proteins comprising a secretion signal (cyan), RXLR translocation motif (purple), and an
effector domain (green). b Structural alignment and secondary structure elements of the effector domains of AVR3a11
and PexRD2. W-motifs (cyan) and Y-motifs (lilac) are colored, with key residues (as discussed under “Results and
Discussion”) boxed. c The structure of AVR3a11 is a monomeric four-helix bundle with a hydrophobic core. Carbon
atoms of key residues in the W- and Y-motifs are colored as boxed in b; loop-3 is shown in purple. d PexRD2 is a dimer
with a hydrophobic interface, including residues Val73, Asp74, Ala77, Thr83, Ile86, Ala90, Met96, Gly100, Met105, Leu108,
Leu109, and Leu112 (shown for one monomer only). a-Helices are labeled to correspond to equivalent positions in
AVR3a11. e The AVR3a11/PexRD2-monomer overlay generated using SSM, showing the conserved fold. Protein
structures are colored as in c and d with key residues of the W- and Y-motifs colored as in b. (Published with
permission from Boutemy et al. 2011)
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(Spooner and Bamberg 1994; Douches et al.
2001; Hijmans et al. 2003). Recently a new R
gene was isolated simultaneously—RB (Gen-
Bank accession number AAP45164; Song et al.
2003) and Rpi-blb1 (GenBank accession number
AY42659; Van der Vossen et al. 2005) from
Solanum bulbocastanum by employing
map-based cloning and PCR techniques. The RB
gene also comprises NBS-LRR functional
domains typical of other R genes and was found
to possess broader resistance against many races
of P. infestans (Fig. 14.4). Potato breeders
around the world are presently working on
strategies to incorporate the RB gene into potato
cultivars by using both conventional breeding as
well as modern biotechnological approaches.
Recently the RB gene was introduced into a
popular Indian cultivar using transgenic methods,
resulting in high levels of resistance against late
blight (Shandil et al. 2017). Of late, the RB gene
also has started becoming susceptible to late
blight. This development again forced potato

breeders and pathologists to explore other
strategies. Recent sequencing of the genome of
P. infestans (T-30; Haas et al. 2009) and the
availability of functional data on various effector
proteins (targeting especially the structure of
regions known for virulence) assisted by in silico
structural studies appears to be promising.

All the identified R genes belong to the
NBS-LRR superfamily (Marone et al. 2013).
They are one of the largest gene families in
plants with more than 650 R genes mapped and
sequenced so far. NBS-LRRs are known for their
pathogen recognition functions inside the cell
and are very adaptive in tune with the selective
pathogen pressure. The nucleotide binding site
along with other domains belongs to the
NB-ARC complex. NBS-LRR proteins are clas-
sified into two types: TIR-NBS-LRR (TNL) that
contain a Toll-like domain and CC-NBS-LRR
(CNL) proteins. CNLs are characterized by their
unique coiled-coil nature of the structure (see
Fig. 14.4).

A major function of the LRR domain is the
recognition of specific effectors secreted by
P. infestans. The modeled structure of the
R-proteins reveals new functions of LRR
domains with identified P-loops, Kinase-2 and
Gly-Leu-Pro-Leucin and other motifs that are
associated with signaling during effector identi-
fication (Marone et al. 2013). LRR domains are
structurally very dynamic and facilitate high
levels of adaptation to suit the demands of the
host immune system as part of co-evolution.
Adoptive plasticity of LRR domains arises from
their selective protein-protein interactions that
yield different active site binding conformations.
Predicted solvent-exposed residues of LRR
domains provide space for variable binding sites,
thus allowing variability and diversity to com-
pete with evolving pathogen effectors (Figs. 14.5
and 14.6). Sub-cellular placement of NBS-LRR
proteins is essential for resistance phenotypes
and plays an important role in the identification
of individual P. infestans and conferring resis-
tance against them. NBS-LRR proteins are
shown to be localized mostly in nucleus and
cytoplasm (Shen 2007; Meyers et al. 2003).
Apart from P. infestans, different alleles of

Fig. 14.3 3-D structure of R3 resistant protein from S.
tuberosum, P-loops belonging to LRR are shown in light
brown. Energy Values: 34962.695 kJ/mol (Modeler out-
put) (unpublished, personal communication)

Fig. 14.4 3-D structure of, Rpi-blb1, R gene isolated
from S. bulbocastratum. Functional domains coil-coil
(shown in pink), NBS (yellow) and LRR (blue) are shown
(Modeler output)
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NBS-LRR provide resistance also to other
pathogens such as viruses and nematodes.

Recent reports provide information about the
underlying molecular mechanisms that activate
NBS-LRR proteins upon pathogen invasion. It is
interesting to know what molecular mechanism
facilitates NBS-LRR host receptors to recognize
an individual pathogen. Of late, data obtained
from modeled three-dimensional structures of
NBS-LRR proteins have given some clues and
throw some light on this recognition mechanism.
For example, effector Avr3 corresponds to the
popular R3a gene in potato. Of the two alleles of
Avr3, AVR3aKI only is reported to be recog-
nized, and the other allele AVR3aEM avoids
recognition by the potato immune receptor.

Modeled three-dimensional structures of both
Avr3a and the NBS-LRR protein may potentially
illustrate this, while docking involving both these
allelic forms thus explains recognition or eva-
sion. According to the proposed “jack-knife”
model, the Avr effector disrupts the existing
intra-molecular associations and liberates the CC,
NB and or LRR domains, allowing them to
interact with other proteins. An exchange of
NBS-ARC domains between related other pro-
teins and resulting in new conformational chan-
ges enables the freshly bound nucleotide to
recognize the attacking Avr protein (Dodds et al.
2006). Nucleotide-dependent conformational
changes and the subsequent oligomerization
activate, forming a scaffold of signaling

Fig. 14.6 Molecular docking of P. infestans effector
Avr3a and R3 proteins a Mapped amino acids residues
from binding site (shown inside the circle),

b Diagram showing presence of RXLR motif in red
color. HEX output, (Marla 2016) (Color figure online)

Fig. 14.5 3-D structure of P. infestans effector Avr3a1, Ribbon display of Modeler output, showing P-loop from LRR
region four helix bundles
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components that finally trigger cell death (Mestre
and Baulcombe 2006).

14.2 P. infestans Genome
Organization
and Composition

The genome of P. infestans is 240 Mb in size
and was sequenced by the Broad Institute in the
USA in 2012 (Haas et al. 2009). Nearly 18,000
genes were predicted from the assembled gen-
ome. Mapped predicted genes revealed interest-
ing facts about their composition and
organization. P. infestans contains a total of 560
RXLR and 180 CRN effector genes secreted
(Haas et al. 2009). Most of the
pathogenesis-related genes were found to be
located in gene-sparse areas of the chromosomes.
An Indian strain of P. infestans HP 1031 was
sequenced and computationally analyzed in our
lab at ICAR.NBPGR, New Delhi, employing
NGS techniques. A few effectors, AVR1, AVR2,
AVR3a, AVR4, IPI-O1 (AVR-blb1), AVR-blb2
and AVR-vnt1, were identified (Vleeshouwers
et al. 2011). The majority of secreted effectors
contain one RXLR motif, located on the
N-terminal (Fig. 14.2), that is only activated
upon recognition by the corresponding R gene
from the host plant, and two W motifs and one Y
motif on the C-terminal domain. The located
RXLR motif on the N-terminal is only activated
upon recognition by the corresponding R gene
and the C-terminal motifs define the activity of
the latter (Rehmany et al. 2005).

14.3 Plasticity and Adoptability
in P. Infestans Effectors

MEME tool was employed to identify similar
patterns in selected RXLR effectors in predicted
P. infestans strain HP 103. Three conserved
sequence motifs, W, Y and L, amino acids are
arranged in a strict conserved pattern (Fig. 14.1).
As reported, these repeat-rich, gene-sparse
regions housing W, Y and L sequence patterns
are supposed to promote evolutionary plasticity

and variation in Avr genes, facilitating higher
pathogenocity and host-specificity (Raffaels et al.
2010).

At present, a total of 11 P. infestans
race-specific R genes have been mapped, isolated
and cloned from wild potato species S. demissum
that correspond to P. infestans secreted effectors.

14.4 Genomic Organization
of NBS-LRR Genes in Potato

Genome sequencing of nuclear and organellar
genomes of S. tuberosum, Phureja DM has
reported on the prediction and mapping of 500
NBS candidate genes (Potato Genome Sequenc-
ing Consortium 2011). The sequenced DM gen-
ome (844 Mb) contains 408 NBS-LRR, 51 TIR
and other non-TIR domains of R genes.
NBS-LRR genes are not uniformly distributed
across all the chromosomes in potato. A large
number of them (nearly 15%) are mapped onto
chromosomes 4 and 11 and a few are located
(1%) on chromosome 3 (Jupe et al. 2012; Lozano
et al. 2012). In the potato genome, NBS-LRR
genes are organized either as isolated genes or in
clusters, presumed to be the result of rapid R
gene evolution against the challenged stress
factors (Hulbert et al. 2001). In potato, 73% of
mapped genes are found to be located in 63
clusters (Wan 2008). Compared to the TNL
class, the CNL class of NBS-LRR genes are in
the majority (85%) and mostly located in differ-
ent clusters across the chromosomes.

14.5 R and Avr Pairs

14.5.1 R1-Avr1

R1 is the first R gene isolated from S. demissum
using map-based cloning. The gene was isolated,
and cloned using map-based cloning and mapped
onto the short arm of chromosome V (Ballova
et al. 2002). R1 gene codes a polypeptide of 1293
amino acids that belong to the CC-NBS-LRR
class of plant R genes (Dongl and Jones 2001).
The gene has three haplotypes. Although R1 was
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one of the first R genes to be introduced into
potato cultivars, it soon was overcome by
P. infestans. The Avr1 gene matches the R1 gene
in Solanum and was isolated using map-based
cloning and codes 208 amino acids (Guo 2008).

14.5.2 R2-Avr2

R2 gene (Genbank ac. JX313794) is a member of
a wider family providing resistance to several
strains of P. infestans. Eleven orthologues of R2
gene were isolated and mapped onto chromo-
some 4 from various wild species of potato, S.
demissum, S. bulbocastanum, S. bjertingii, S.
edinense, S. scbenckii and S. microdonatum.
They include R2, R2-like, Rpi-blb3, Rpi-abpt,
Rpi-mcd1, Rpi-snk1.1, Rpi-snk 1.2, Rpi-edn1.1,
Rpi-bjt1.1, Rpi-bjt1.2, Rpi- and Rpi-bjt1.3
(Hermsen 1973; Champouret 2010). Interest-
ingly, most of these R2 gene homologues
(R2GH) were isolated using effector screens. In
no time, almost all the R2 genes homologues
were defeated in the field by various strains of
P. infestans.

14.5.3 R3A-Avr3a

R3 was isolated from S. dimessum and mapped
onto the short arm of chromosome XI (Huang
et al. 2004). Detailed fine mapping studies fur-
ther revealed that the phenotypic resistance was
due to two tightly linked R3 genes, R3a and R3b.
R3 gene-coded protein is made up of 1283 amino
acids and belongs to CC-NB-LRR class
(Fig. 14.3). Other homologues of R3 were also
isolated from S. stoloniferum (Rpi-sto2) using
Avr3 functional screens. However, R3 was also
defeated by fast-evolving races of P. infestans.

Avr3a was isolated from P. infestans using
potato genotypes carrying various R genes from
S. demissum (Armstrong et al. 2005). Avr3
encodes typical RXLR cytoplasmic effectors.
Homologues of Avr3a were also identified in
P. sojae and P. capsici. P. infestans populations
have two alleles of Avr3a expressing two hap-
lotypes, Avr3a KI and Avr3a FM, two secretary

protein effectors with the ability to suppress cell
death immune response reaction in potato host
plants (Armstrong et al. 2005). These alleles
identified in the Avr3 locus differ in their amino
acid positions 80 and 103 respectively. The
crystal structure of Avr3a protein is available in
the Protein databank (PDB# 2NAR; Fig. 14.5).
Avr3a was found to suppress immunity by
binding to host E3 ubiquitin ligase CMPG1
(Yaeno et al. 2011). It appears to be a promising
way to unlock (engineer) this binding so as to
achieve durable resistance against P. infestans.

Today the main strategy is targeted search for
new R genes and integrate them to confer
broad-spectrum resistance to late blight (Park
et al. 2009; Song et al. 2003; Van der Vossen
et al. 2005) from Mexican wild species S. bul-
bocastanum (2n = 24). The RB gene is reported
to confer broad resistance against a majority of
screened strains of P. infestans. The RB gene
encodes a protein of 970 amino acids long and
belongs to the CC-NBS-LRR class (Song et al.
2003). Incidentally RB also belongs to the same
cluster on chromosome V along with R1 and
other R genes. Figure 14.5 shows the presence of
the four layered RXLR bundles and the beta
sheet recognition receptor fold comprising beta
sheets as shown in modeled structures of Rpi-
blb1 (Fig. 14.4).

The vast majority of effectors secreted by
oomycetes belong to the RXLR class. Each
individual effector is specific and matches a
corresponding R gene in the host potato plant.
They are characterized by the presence of RXLR
motif, Arg-Xaa-Leu-Arg. So far, 563 RXLR
effectors have been predicted from the sequenced
genome of P. infestans, T-30-4 (Haas et al.
2009). By genome analysis of the P. infestans
strain HP-1031 (ICAR.IIPR, Shimla), using the
RXLR motif signature from T-304, we identified
380 RXLR effectors in our laboratory. Assembly
of 42,000 contigs yielded a total of nearly 13,000
Avr genes. Annotation of predicted Avr genes in
P. infestans strain HP 1031 revealed their
functions.

RXLRs are a major class of P. infestans
effectors that mediate delivery to the host cyto-
plasm. However, the molecular mechanism
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underlying the entry of pathogen into the host
cell is yet to be understood. Bioinformatics and
structural analysis describing the mapping sur-
face topology of amino acid residues and their
changed conformations during interaction, and
recognition of effector molecules by host recep-
tors, and resulting in the induction of immune
responses, may potentially enrich our under-
standing of late blight pathogenesis.

Crystal structures of five oomycete RXLR
effector proteins are deposited in the RCSB
Protein databank in the public domain. Among
them we selected three templates. AVR3a4
(PDB# 2LC2), AVR3a11 (PDB# 3ZRG),
PexRD2 from Phytopthora infestans (PDB#
3ZRG.1). All the reported structures comprise a
three alpha-helix fold called the WY domain,
containing the conserved Trp and Tyr residues
which interact to form a stable hydrophobic core
(Fig. 14.6). When checked against the target
structures, only a few structures deposited in
PDB showed < 20% sequence similarity. How-
ever, the modeled structures (using the found
targets) showed that the WY fold is well con-
served but in monomeric forms (in AVR3a4 and
AVR3a11) as a four-helix model (Boutemy et al.
2011). It is reported that residues present on the
C-terminal play vital roles in both avoidance by
host receptor and also later in suppressing the
immune responses of the latter (Boutemy et al.
2011). While analyzing the RXLR effector AVR3
(# HP.1.468) identified from P. infestans strain
HP 1031, the observed WY fold may provide a
flexible, stable scaffold that supports existing
polymorphisms, reflecting the structural diversity
among different effectors. Plasticity and adopt-
ability are gained chiefly by resorting to changes
in core folds (amino acid replacements) in WY in
the alpha helices, thus enabling avoidance of host
recognition. The process involves adoption of
new loop regions in the alpha helices, by virtue
of acquired insertions or depletions or point
mutations resulting from replacement of surface
amino acids viz. tryptophan, leucin and argenin
(Boutemy et al. 2011).

Another key question seeking answers is how
the effector protein after entry into the host
cytoplasm interacts with host cell targets at the

molecular level. Structural studies, for example,
direct recognition of fungal and oomycete effec-
tors by NBS-LRR receptors can be investigated
to answer some of these questions. In our study
we mapped polymorphic residues on the surface
of P. infestans Avr3a and depicted one site
responsible for recognition of this effector by
NBLRR proteins of R3. Polymorphic residues
are mapped to the four helix bundles as expected.
The mapped surface region in Avr3a is important
for recognition by NBS-LRR proteins of R3a.
A structural understanding of how NB-LRRs
directly interact with effectors is important in the
prediction of active binding sites.

The availability of sequenced information of
the P. infestans genome allows elucidation of the
functions of various avirulent molecules involved
in late blight infection and the suppression of
host plant immune activity. For example, a
P. infestans T30-4 strain has been sequenced and
assembled, however, of the suspected presence
of *17,000 coded effector genes, only a few
hundred have been annotated, revealing their
molecular and biological functions (http://www.
broadinstitute.org/scientific-community/software
). The information available on genome organi-
zation and structure helped isolate many aviru-
lent factors involved in late blight infection. The
availability of literature reporting various inves-
tigations on functional genomics, structures of
modeled molecules and efficient computational
ontology tools and pipelines facilitate further
elucidation of functions of different effector
genes involved in late blight pathogenesis. In our
laboratory we analyzed the sequence raw data
and identified 390 effectors. The identified
effectors belong to both types—apoplastic and
cytoplasmic—presumed to be involved in early
cyst germination and entry and establishment of
zoospores, cell wall degradation, host enzyme
inhibition, and nacrosis.

In the present study, raw sequence data of
Phytophthora infestans strain HP 1031,
sequenced at the Central Potato Research Insti-
tute (CPRI), Shimla, was assembled and sear-
ched for potential effectors among the predicted
coding genes. Sequenced genome analysis was
done employing next-generation sequencing
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tools: CLC Bio Work bench, Velvet and
Augustus, yielded 13,262 coded proteins from
the 42,000 assembled contigs. We predicted a
significant number of RXLR class of effectors,
i.e. 392 in P. infestans HP 1031 as against 563
RXLR effectors reported with P. infestans
T-30-4. Of these, we selected three effectors
(AVR3, AVR3a and AVR2) belonging to the
RXLR class among the predicted effector
sequence of P. infestans strain HP 1031 and
conducted sequence, structure analysis. Similarly
seven Solanum R proteins (R2, R3, R3a and
SHO 10 from S. demissum and BSL.1 from S.
tuuberosum and Rpi-blb3 from S. bulbocas-
todium) were downloaded from NCBI and used
for sequence and structure analysis. Effector
protein domain analysis confirmed the presence
of a conserved N-terminus that carries a secretary
signal peptide and two repeating sequence motifs
RXLR and dEER, combined with a highly
divergent C-terminus, housing the vital elicitor
domains. RXLR (Arf-Xaa-Leu-Arg) is found to
be a strictly conserved domain, as reported ear-
lier (Vleeshowers et al. 2008) in the analyzed
P. infestans genome data. This domain is repor-
ted to be chiefly responsible for translocation
inside host plant cells and primarily influences
virulence. Further, sequence analysis of RXLR
effectors revealed the presence of repeating
sequence motifs “W”, “Y” and “L” representing
amino acids conserved at a certain position in the
C-terminal region. Occurrence of these repeating
sequence motifs in a characteristic fashion is
supposed to contribute to the rapid evolution and
expansion of the RXLR superfamily under

selection pressure and aids in adaptation
(Vleeshowers et al. 2008).

Protein 3D structures of both effector proteins
and Solanum R proteins, Avr3a and R3a respec-
tively, were modeled and refined, employing
structural parameters. The modeled ligand (effec-
tor molecule and receptor Solanum R proteins)
were docked using CDOCK and AutoDOCK and
HEX software tools. The obtained elicitor and host
receptor docking was verified with energy
parameters to define the binding strength (the
efficiency of virulence) and were computed using
Schroedinger Package. The obtained docking
results helped us to successfully establish a viable
effector, Solanum R protein interactions occurring
between pairing sets AVR3 and R3a (S. demis-
sum); AVR3a and R3 S. tuberosum); AVR and
BSL.1 (S.tuberosum); and AVR2 and RPiblb3 (S.
bulbocastodium). We demonstrated the working
of the developed effector structure-based profiling
of Solanum R proteins for screening individual
P. infestans strains (Fig. 14.7).

14.6 Identification Effector
Functions

As described above, P. infestans secretes several
extra-cellular effectors to infect and establish
itself in host potato plant. We annotated the
predicted effectors employing Blast2Go,
InterProScan tools to deduce their molecular and
biological functions. We identified several
effectors responsible for such vital functions as
plant cell wall-degrading enzyme functions,

Fig. 14.7 Avr3a and R3 Docking with H bonds showing functional amino acids, suspected to be linked to SNPs to
gain adaptation, HEX output
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endoglucanases, PGIP, poly galacturanasesinose,
endopolygalactinases, Pectate lysae (the
polysaccharide group), cellulose binding genes;
plant enzyme inhibitors belonging to Cystins,
serines; the UIP1 protease family (involved in
host plant tissue degeneration),
sodium/potassium transport with ATPase signa-
ture; Myb-like chromatin binding proteins
(FDNA); histone methylation (for cell cycle
regulation), Crinkler family proteins (related to
RXLRs for spore transmission), NEP1 ortho-
logues for necrosis induction, protein
kinase-related calcineurin-like phosphoesterase-1
(vital for plasticity and adoption), CRN protein
family effectors (play a major role in host plant
infection and manipulation of metabolic path-
ways) and several others (Fig. 14.8).

For example, the predicted CRN effectors,
after transport into the host cytoplasm start
manipulating its cellular processes, resulting in
cell death, chlorosis and tissue browning (Bout-
emy et al. 2011). Effectors belonging to various
families are annotated from sequenced P. infes-
tans strain HP. A detailed biochemical study
coupled with pathogenic verification of these
effector functions may enrich our present
understanding of late blight pathogenesis and the
interplay between P. infestans and its host.

14.7 Databases and Other
Computational Resources

Thanks to the untiring efforts of potato
researchers around the world, a wealth of infor-
mation is being deposited to disseminate the
results to the potato research community. Some
of the databases provide information relating to
maps of all 12 potato chromosomes with mapped
candidate R genes, mapped markers, sequence
data, putative gene functions, SNP and Indel
information from different diploid and tetraploid
potato genotypes, and publication references.
Apart from the widely available GenBank (http://
www.ncbi.nlm.nih.gov/) and SGN (Solanaceae
Genomics Network, http://www.sgn.cornell.edu/
), many other resources are being reported in
public domain repositories. Some of the notable
resources include SolGene (https://solgenomics.
net/), an online database to explore
disease-resistant genes in Solanum species. Apart
from providing data on R genes, QTLs, and
molecular markers, SolRgene also has informa-
tion on phylogeny, crossability among Solanum
species, genotype-based resistance information
(though only for a few important ones), genetic
maps, allele mining, and above all facilitates

Fig. 14.8 Function
annotation of sequenced
genome of P. infestans strain
HP 1031 (India), predicted
protein domains and other
functions
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graphical visualization of these available
resources. Other notable resources are SPUD
(Hirsch et al. 2014) and PoMaMO (https://gabi.
rzpd.de/PoMaMo.html; Meyer et al. 2005), a
comprehensive database for potato genome data.
Embedded in PoMaMO is YAMB, a genome
browser that lets the user explore the genetic
maps and visualize them. PFGD is integrated
with the Solanacae Genomics database (SolGD;
http://www.solgd.org) and provides a compar-
ison between effector and their matching receptor
molecules from the Solanacae species, enabling
the exploration of host-pathogen interactions.
The Phytophthora database (https://data.nal.
usda.gov/dataset/phytophthora-database/
resource/) supported by USDA. AFRI is a won-
derful resource providing information on world
collections of Phytopthora species, a referral
global atlas. The Phytophthora Functional Gen-
ome Database PFGD (http://www.pfgd.org) is
another information resource on P. infestans
containing transcripts, genomics, gene expres-
sion, and functional assay data.

14.8 Effectors in R Gene Screens

A viable option to perform late blight manage-
ment in potato, while incurring minimal losses,
appears to be by building durable broad spec-
trum resistance pyramiding multiple R candidate
genes as well as other genes with minor com-
plementary effects. The sequenced genomic
information and the associated gene lists with
specific trait functions provide a logical platform
for selection and comparison of effectors and
their corresponding host resistance partners.
SolGD is one such computational platform
described above. Sequencing of a native strain
HP of P. infestans enabled the identification of
effectors for various functions involved in
pathogenesis, such as host cell wall degradation,
kinase signaling, potassium transport, and serine
protease inhibition (see Fig. 14.8). Many of the
predicted effectors are supposed to possess
remarkable ability to manipulate biochemical,
physiological and morphological processes in
host plants. Use of effectors to screen Solanum

germplasm to identify matching resistance
molecules is a promising approach in late blight
diagnostics. Apart from the use of effectors for
generation of quantitative resistance data (Hunag
et al. 2005), they are successfully employed in
the identification of candidate R genes from wild
Solanum species. R genes conferring resistance
to P. infestans (Rpi) have been successfully iso-
lated from S. bulbocastanum and S. venture (Van
der Voosen et al. 2005; Foster et al. 2009).

14.9 Conclusion

Computational structural biology has provided
key advances in our understanding of
plant-pathogen interactions in recent years, there
has already been available data generated to
enrich our current understanding of identification
of new and corresponding candidate R genes,
and understand the molecular mechanisms
underlying infection. Structural studies of mod-
eled effector molecules provide information
especially about effector diversity, how effector
plasticity leads to diversity and aids to avoid host
recognition. Some of the computational tools
facilitate graphical visualization of virulence and
many other aspects related to adoption, host
recognition and other interesting aspects. Some
of the structure-related studies may lead to
identification of new genetic targets (pathogen
recognition binding sites) for the efficient man-
agement of late blight, to help in the develop-
ment of resistant potato varieties.
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