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Summary

� Pathogen effectors are crucial players during plant colonisation and infection. Plant resis-

tance mostly relies on effector recognition to activate defence responses. Understanding how

effector proteins escape from plant surveillance is important for plant breeding and resistance

deployment.
� Here we examined the role of genetic diversity of the stem rust (Puccinia graminis f. sp. trit-

ici (Pgt)) AvrSr50 gene in determining recognition by the corresponding wheat Sr50 resistance

gene. We solved the crystal structure of a natural variant of AvrSr50 and used site-directed

mutagenesis and transient expression assays to dissect the molecular mechanisms explaining

gain of virulence.
� We report that AvrSr50 can escape recognition by Sr50 through different mechanisms

including DNA insertion, stop codon loss or by amino-acid variation involving a single substi-

tution of the AvrSr50 surface-exposed residue Q121. We also report structural homology of

AvrSr50 to cupin superfamily members and carbohydrate-binding modules indicating a

potential role in binding sugar moieties.
� This study identifies key polymorphic sites present in AvrSr50 alleles from natural stem rust

populations that play important roles to escape from Sr50 recognition. This constitutes an

important step to better understand Pgt effector evolution and to monitor AvrSr50 variants in

natural rust populations.

Introduction

During a lifetime, plants may encounter many diverse microbes
that can affect their growth and development in beneficial or
detrimental ways. To maintain their health, plants have evolved
an immune system that recognises pathogenic microbes to then
trigger an arsenal of defence responses (Jones & Dangl, 2006).
Plant immunity relies on extracellular and intracellular receptor
proteins that work together to sense either conserved or specific
virulence factors in the pathogen and to efficiently activate
disease-resistance responses (Jones et al., 2016; Tang et al., 2017;
Ngou et al., 2021). Nucleotide-binding leucine-rich repeat recep-
tors (NLRs) are largely responsible for mediating the intracellular
surveillance and constitute the most abundant family of disease-
resistance proteins identified so far (Jacob et al., 2013).

Nucleotide-binding leucine-rich repeat receptors are observed
throughout aquatic and land plants and appear to have originated
and rapidly diverged before the split of green algae (Gao et al.,
2018; Ortiz & Dodds, 2018; Shao et al., 2019).

Nucleotide-binding leucine-rich repeat receptors share a com-
mon modular structure with a central nucleotide-binding site
(NBS) and C-terminal leucine-rich repeat (LRR) domains, but
are separated into three major groups depending on the presence
of a Toll-interleukin 1 receptor (TIR), a coiled-coil (CC) or a
RPW8/HeLo-like domain at the N-terminus of the proteins
(Jubic et al., 2019). Nucleotide-binding leucine-rich repeat recep-
tors recognise specific pathogen secreted proteins, called effectors,
through two main strategies; direct binding to the effector (Saur
et al., 2021) or indirectly by detecting either a modification of
the effector host target protein, ‘guardee’, or modifications of a
host protein that mimics the effector target, ‘decoy’ (van der
Hoorn & Kamoun, 2008).*These authors contributed equally to this work.
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Stem rust disease, caused by the fungus Puccinia graminis f. sp.
tritici (Pgt), is considered one of the main threats for wheat pro-
duction and food security around the world. During the last 2
decades, the emergence of new Pgt virulent races, especially Ug99
detected in Uganda (1999) and virulent on most of the wheat
cultivars grown in the field, has prompted the study and identifi-
cation of effective stem rust resistance genes (Singh et al., 2011).
Two main classes of genes, race-specific (NLRs; functional from
seedling to adult growth stages) or adult plant resistance (APRs;
functioning mainly in the adult stage), are typically used by
wheat breeders to prevent plant disease (Ellis et al., 2014). With
the exception of Sr60, which encodes a protein with two putative
kinase domains (Chen et al., 2020), so far, all cloned race-specific
stem rust resistance genes encode NLR proteins with a N-
terminal CC domain (Periyannan et al., 2013; Saintenac et al.,
2013; Mago et al., 2015; Steuernagel et al., 2016; Zhang et al.,
2017, 2021; Chen et al., 2018; Arora et al., 2019; Upadhyaya
et al., 2021). One approach to better understand how these
immune receptors work and how they should be deployed in the
field, is the identification of the matching effectors and their
mode of recognition.

To date three Pgt avirulence effector proteins, AvrSr50,
AvrSr35 and AvrSr27, have been cloned and recognition by the
corresponding NLR proteins Sr50, Sr35 and Sr27 has been
demonstrated (Chen et al., 2017; Salcedo et al., 2017; Upadhyaya
et al., 2021). The Sr50 resistance gene is derived from rye and is
present in wheat as a translocated segment of rye chromosome 1
but has not been widely deployed in cultivated varieties (Mago
et al., 2015). This gene is orthologous to Mla (mildew locus a) in
barley, which confers resistance to Blumeria graminis f. sp. hordei
(Bgh). Allelic MLA proteins also bind directly to sequence-
unrelated effectors from the barley powdery mildew pathogen, B.
graminis f.sp. hordei (Bgh), indicating that direct effector recogni-
tion seems to be common in the MLA-like family of receptors
(Saur et al., 2019). Similarly, NLR proteins from flax also recog-
nise flax rust avirulence proteins through direct interaction
(Dodds et al., 2006; Catanzariti et al., 2010), suggesting that
direct recognition is common in resistance to biotrophic fungi
(Saur & H€uckelhoven, 2021).

Structural analyses of fungal effectors can provide molecular
insight into their function and interaction with host proteins,
and how their sequence diversification can lead to escape from
recognition. To date, the three-dimensional structures of only a
few effectors from rust fungi have been determined: AvrL567
(Wang et al., 2007), AvrM (Ve et al., 2013) and AvrP (Zhang
et al., 2018) from the flax rust fungus Melampsora lini, and
MLP124266 and MLP124017 from the poplar rust fungus
Melampsora larici-populina (de Guillen et al., 2019). For
AvrL567 and AvrP, the structures were important for guiding
further mutagenesis studies that identified multiple surface-
exposed polymorphic residues involved in the recognition by
their corresponding NLRs (Wang et al., 2007; Zhang et al.,
2018). Currently no structures have been determined of effectors
from the economically important stem rust pathogen Pgt.

Functional and structural characterisation of rust effector pro-
teins is important to uncover the molecular mechanisms

underlying effector gain of virulence and detection by NLR pro-
teins. In this study, we determined the crystal structure of a viru-
lent avrSr50 allele. Functional analysis identified a single
polymorphism in a surfaced exposed amino-acid residue that
enables the virulent avrSr50 variant to escape from Sr50 recogni-
tion. We further identified substantial variation in AvrSr50 alleles
in a diverse collection of global Pgt isolates, with four virulence
alleles arising from different mechanisms including insertion,
amino-acid variation and introduction of a destabilising C-
terminal extension fusion through stop codon loss. Sr50 confers
resistance to wide array of stem rust isolates, including the Ug99
race group, and is an important source of resistance to introduce
in commercial wheat crops. Collectively, our results provide valu-
able information about AvrSr50 diversity and loss of recognition
by Sr50, which is essential for preventing the breakdown of resis-
tance to the devastating stem rust fungus in the field.

Materials and Methods

Vector construction

For protein expression and purification, the cDNA of three
AvrSr50 variants, AvrSr50WT, AvrSr50RKQQC and avrSr50QCMJC

(Chen et al., 2017) from this point forwards referred to as
AvrSr50-A1, AvrSr50-C and avrSr50-B6, respectively, were
PCR-amplified, excluding their signal peptide as identified by
SignalP-5.0 (Almagro Armenteros et al., 2019), and cloned into a
modified, Golden Gate-compatible, pOPIN expression vector
using Golden Gate cloning (Supporting Information Table S1,
Bentham et al., 2021). Primers consisted of a gene-specific
sequence flanked by overhangs compatible for Golden Gate
cloning (Table S2) and Golden Gate digestion/ligation reactions
and cycling were carried out as described previously (Iverson
et al., 2016). The resulting constructs contained an N-terminal
His6-tag followed by a 3C protease cleavage site to facilitate pro-
tein purification by affinity chromatography. Plasmid integrity
was confirmed using Sanger sequencing.

For binding and recognition assays, all plasmids were gener-
ated using Gateway® Technology (Life TechnologiesTM) or
restriction/ligation cloning. Site-directed mutagenesis was
induced using the QuickChange Lightning kit (Agilent Tech-
nologies, Santa Clara, CA, USA) or Phusion High-Fidelity DNA
Polymerase (Thermo Scientific, Waltham, MA, USA), primer
sequences are detailed in Table S2. Additional natural variants of
AvrSr50 were synthesised (Epoch Life Sciences, Missouri City,
TX, USA) in Gateway compatible format. Gateway entry clones
were generated using pENTRTM/D-TOPO® and pDONRTM207
vectors (Life TechnologiesTM). Yeast-two-hybrid assays were per-
formed with modified BD-pGBKT7 and AD-pGADT7 (Clon-
tech, Mountain View, CA, USA) expression vectors (Bernoux
et al., 2011). For transient expression experiments in Nicotiana
benthamiana, pBIN19-35S-GTW-3HA, pBIN19-35S-YFP-
GTW, pBIN19-35S-HA-GTW and pAM-PAT-35S-GTW-YFP
(Cesari et al., 2016) vectors were used. Constructs generated for
transient wheat protoplast transfection were derived from
pAHC17-pUbi (Yoshida et al., 2009; Okuyama et al., 2011).
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For stable wheat transformation the pVecNeo binary vector
carrying pSr50-Sr50-YFPv was described by Cesari et al. (2016).
Additional vectors containing nuclear localisation or export sig-
nals (pSr50-Sr50-YFPv-NLS, pSr50-Sr50-YFPv-nls, pSr50-Sr50-
YFPv-NES and pSr50-Sr50-YFPv-nes) were generated following
a similar procedure as for pSr50-Sr50-YFPv (Cesari et al., 2016)
except that the VenusR primer was replaced with either NESR,
nesR, NLSR or nlsR (please refer to Table S2) to amplify of the
YFP-NLS/nls/NES/nes fragments from the equivalent Sr33 con-
structs containing these fusions (Cesari et al., 2016).

Heterologous expression of three AvrSr50 variants in
Escherichia coli and protein purification

AvrSr50 proteins were expressed in T7 Express lysY competent
E. coli (NEB, C3010I). Bacterial cultures were grown in Terrific
Broth (TB) medium at 37°C with shaking at 220 RPM until
OD600 was 0.6–0.8, and then induced with 500 µM isopropyl-1-
thio-b-D-galactopyranoside (IPTG) and incubated for 16 h at
20°C. Cells were harvested by centrifugation and resuspended in a
lysis buffer containing 50mM HEPES pH 8.0, 300mM NaCl,
1 mM dithiothreitol (DTT), 1 mM phenylmethanesulfonyl fluo-
ride (PMSF) with 1 µg g�1 of cell pellet DNase I (Sigma). Cells
were lysed using an Avestin Emulsifex C5 between 5000–10000
psi, followed by clarification of the lysate by centrifugation at
20 000 g for 35min at 4°C. The clarified lysate was applied to a
5 ml HisTrap FF crude column (GE Healthcare, Chicago, IL,
USA) and the column washed with 20 column volumes (c/v) of
buffer consisting of 50mM HEPES pH 8.0, 300mM NaCl,
30mM imidazole, and 1mM DTT. The proteins were eluted
using a linear gradient from 30mM to 250mM imidazole over 10
c/v. The fractions were visualised using Coomassie-stained SDS-
PAGE, and the fractions containing the protein of interest were
pooled. The N-terminal His6-tag was removed by overnight treat-
ment with His6-tagged Human Rhinovirus 3C protease at 4°C in
50mM HEPES pH 8.0, 300 mM NaCl, and 1 mM DTT. The
3C-cleaved proteins of interest were purified from the 3C cleavage
mixture by passing the sample over a 5-ml HisTrap FF crude
column pre-equilibrated with 50mM HEPES pH 8.0, 300 mM
NaCl and 30mM imidazole, with 1 mM DTT. The column
flowthrough was concentrated to 1 ml and purified further by size-
exclusion chromatography on a Superdex 75 16/600 column (GE
Healthcare) pre-equilibrated with 10mM HEPES pH 8.0,
150mMNaCl and 1 mM DTT. The peak fractions were analysed
by Coomassie-stained SDS-PAGE and fractions containing the
protein of interest were concentrated to c. 30mg ml�1 in a 10-
kDa MWCO Amicon centrifugal concentrator (Merck, Darm-
stadt, Germany), before flash freezing in liquid nitrogen and stor-
age at �80°C. Protein concentration was determined from
absorbance at 280 nm using an extinction coefficient calculated by
the Expasy ProtParam tool; https://web.expasy.org/protparam/.

Crystallisation, data collection and structure determination

Initial screening of crystallisation conditions for AvrSr50 variants
was performed in MRC2 96-well plates at 20°C using the sitting-

drop vapour-diffusion method and commercially available sparse
matrix screens. For screening, 400 nl drops, which consisted of
200 nl protein solution equilibrated against 200 nl of reservoir
solution, were prepared using a NT8®-Drop Setter robot (Formu-
latrix, Bedford, MA, USA). The drops were monitored and
imaged using the Rock Imager system (Formulatrix). No crystals
were observed for either AvrSr50-A1 and AvrSr50-C, however,
crystals of avrSr50-B6 (33 mg ml�1) were observed in several dif-
ferent conditions. Crystals with the best morphology were
observed in 3.5M sodium formate pH 7.5 (Index C1) and 60%
Tacsimate pH 7.0 (Index C5). Crystal optimisation was carried
out in 24-well hanging-drop vapour-diffusion plate format, with
1 µl protein solution equilibrated against 1 µl of reservoir
solution.

Before X-ray data collection, crystals were transferred into a
cryoprotectant solution containing the reservoir solution with
20% glycerol. Some crystals were soaked for c. 60 s in reservoir
solution supplemented with 1M sodium bromide. Single-
wavelength anomalous diffraction (SAD) and native datasets were
collected on the MX1 (Cowieson et al., 2015) and MX2 (Arag~ao
et al., 2018) beamlines at the Australian Synchrotron, respectively
(Table S3). The datasets were processed in XDS (Kabsch, 2010)
and scaled using AIMLESS (Evans & Murshudov, 2013) in the
CCP4 suite (Winn et al., 2011). For SAD phasing, the CRANK2
pipeline was used (Skub�ak & Pannu, 2013) in the CCP4 suite.
The model was then refined using phenix.refine in the PHENIX

package (Afonine et al., 2012), and iterative model building and
refinement was carried out in Coot (Emsley et al., 2010). This
model was used as a template for MR (McCoy et al., 2007).
Automatic model building was carried out with AUTOBUILD (Ter-
williger et al., 2007) and completed using phenix.refine (Afonine
et al., 2012) and COOT (Davis et al., 2004). Structure validation
was carried out using the MolProbity online server (Davis et al.,
2004). The coordinates and structure factors were deposited in
the Protein Data Bank (Berman et al., 2002) with the accession
no. 7MQQ. Structures were visualised using PYMOL, and struc-
tural comparisons were carried out using the PDBeFold
(Krissinel & Henrick, 2004) or the DALI server (Holm, 2020).

Transient expression and cell death induction assays in
Nicotiana benthamiana and wheat protoplasts

Nicotiana benthamiana plants were grown in a growth chamber
at 23°C with 16 h : 8 h, light : dark photoperiod. For agroinfiltra-
tion in N. benthamiana, pBIN19, pAM-PAT and pAHC17-
pUbi vectors containing either AvrSr50 variants, Sr50 or CC-
Sr50 were transformed into Agrobacterium strain
GV3101_pMP90 (pBIN19 vectors) and GV3103 (pAM-PAT
vectors) by electroporation. Single colonies were selected and
grown in Luria-Bertani liquid medium containing 25 lg ml�1 of
rifampicin, 15 lg ml�1 gentamicin and either 50 lg ml�1 of
kanamycin (pBIN19 vectors) or 25 lg ml�1 of carbenicillin
(pAM-PAT vectors) at 28°C for 24 h before infiltration. Bacteria
were harvested by centrifugation and resuspended in infiltration
medium (10 mM MES pH 5.6, 10 mM MgCl2 and 150 lM ace-
tosyringone). Bacteria culture densities were adjusted to different
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OD600 values (35S-Sr50 = 0.1, pUbi-Sr50 = 2.0, CC-Sr50 = 0.5
and YFP-AvrSr50 = 1.0, AvrSr50 = 0.5) then mixed and co-
infiltrated in 4-wk-old N. benthamiana plants. To evaluate
AvrSr50 mutants for recognition, each mutant was infiltrated on
at least 10 spots, two per leaf with a maximum two leaves per
plant. Cell death induction was analysed from 48 to 96 h after
infiltration.

Wheat (Triticum aestivum L.) seedlings of Fielder variety were
grown in a growth chamber under shade at 25°C with a photope-
riod of 16 h : 8 h, light : dark for 7–9 d. Isolation of wheat proto-
plasts was performed as described in Arndell et al. (2019). Briefly,
the epidermis of the wheat leaves was peeled off and the leaf
immersed in 0.6M mannitol for 15 min to induce plasmolysis.
Leaves were then transferred to enzyme solution containing
(20 mM MES-KOH (pH 5.7), 0.8 M mannitol, 10 mM KCl,
1.5% (w/v) cellulase R10, 0.75% (w/v) macerozyme R10,
10 mM CaCl2, 10 mM KCl and 0.1% (w/v) BSA) and incubated
in the dark for 3 h with gentle rotation at c. 40 rpm. Then the
solution was filtered through a 100-lM cell strainer. Protoplasts
were collected by centrifugation at 80 g for 3 min and washed
twice with washing solution W5 (2 mM MES-KOH (pH 5.7),
5 mM KCl, 125 mM CaCl2, 154 mM NaCl), followed by gravity
collection over 40 min on ice and resuspended in MMG solution
(4 mM MES-KOH (pH 5.7), 0.4 M mannitol, 15 mM MgCl2).
Protoplasts were counted on a haemocytometer and adjusted to a
concentration of c. 3.09 105 cells ml�1 using MMG solution.
The luciferase reporter plasmid (12 lg) and the respective effec-
tor and resistance gene constructs (15 lg) were co-transfected
into 200 ll of wheat protoplasts using PEG transfection solution
(40% (w/v) PEG 4000, 0.2 M mannitol, 100 mM CaCl2). After
16 h protoplasts were collected by centrifugation and dissolved in
Luciferase Cell Culture Lysis buffer (Promega, catalogue no.
E1531). Luciferase activity was measured using the Luciferase
Assay System (Promega, catalogue no. E1501).

Interaction assays in yeast-two-hybrid system

AD-AvrSr50 variants were co-transformed with the full-length
BD-Sr50 vector in the Saccharomyces cerevisiae HF7c strain and
grown on synthetic dropout (SD) medium without tryptophan
(W) and leucine (L). For interaction assays, three independent
colonies for each combination were grown in 5 ml of liquid SD
medium (�WL) for 16 h at 30°C. Yeast cultures were adjusted
to OD600 = 1.0 and then diluted 1/10, 1/100 and 1/1000 times
in sterile conditions. Aliquots (5 ll) of each sample were inocu-
lated onto selective medium lacking tryptophan, leucine and his-
tidine (�WLH) for interaction analysis and incubated at 30°C.
Yeast growth was evaluated from 72 to 96 h after incubation.

Wheat transformation and stem rust resistance analyses

Stable transgenic wheat plants were generated by the transforma-
tion of pVecNeo binary vectors (Table S1) into the stem rust sus-
ceptible cultivar Fielder using Agrobacterium tumefaciens-
mediated transformation system as previously described (Richard-
son et al., 2014). For stem rust resistance analyses, 12–20

independent lines were generated for each construct and five T0
lines (Table S4) were infected with Pgt isolate 98–1,2,3,5,6.
Transgene presence was confirmed by PCR using Sr50-specific
primers (Sr50-F3 and Sr50-R3; Table S2).

Confocal microscopy

Wheat epidermal cells were observed on 10–14-d-old T1 plants
and samples were prepared in perfluorodecalin. Wheat cell
images were acquired using the Online Fingerprinting mode of
ZEN 2012 software on a Zeiss 780 confocal microscope using a
LD 940 1.1W lens. Reference spectra for Online Fingerprinting
were derived from 14-channel (517–641 nm) Lambda mode
data. The YFP spectra derived from samples were compared with
manufacturer’s data to confirm their identity. The validity of
these spectra was checked periodically on experimental samples
by Spectral Unmixing of Lambda mode data, thereby confirming
that the residuals channel, representing fluorescence emission
from uncharacterised sources, was consistently of low intensity.

Allele mining and phylogenetic analyses

AvrSr50 allelic sequences from six rust isolates (Pgt21-0, Ug99,
QCMJC, RKQQC, 4a, MCCFC, SCCL) were reported previ-
ously (Chen et al., 2017). Allelic sequences from a further 40
global isolates were assembled from DNA or RNA sequence data
(Illumina paired-end reads, European Nucleotide Archive,
PRJEB22223). Reads from each isolate (Table S5) were initially
mapped at low stringency (similarity fraction 0.88, length frac-
tion 0.7) to the reference AvrSr50 allele from Pgt21-0 using the
‘Map Reads to Reference’ tool in CLC Genomics Workbench 10
or later (CLCGWB; Qiagen Aarhus) and the mapped reads were
extracted. This approach captured reads representing both haplo-
types, which were then de novo assembled (CLCGWB tool) at
high stringency (similarity fraction 0.98, length fraction 0.95,
Global alignment) to build the two allele models for each isolate.
In some cases in which the second allele did not assemble fully,
unmapped reads from the high stringency assembly were
reassembled with lower stringency. Accuracy of haplotype
sequences were cross checked by visual inspection of read map-
ping tracks in the CLCGWB browser. Translated amino-acid
sequences were aligned using CLUSTAL and a maximum likelihood
tree constructed using MEGA v.X (Kumar et al., 2018).

Results

Sr50 recognises AvrSr50 and induces stem rust resistance in
the cytosol of wheat cells

Nucleotide-binding leucine-rich repeat receptors have been
shown to confer resistance and recognise effector proteins in dif-
ferent subcellular compartments. To investigate Sr50 distribution
in wheat cells, we generated stable wheat transgenic lines express-
ing Sr50 fused to Yellow Fluorescence Protein-venus (YFPv)
under the control of its native promoter (pSr50) (Fig. 1a). T0
transgenic lines showed a typical resistance response to a P.
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graminis isolate carrying AvrSr50, with only small pustules devel-
oping surrounded by chlorosis and necrosis (Fig. 1a; Table S5).
By contrast, the nontransformed Fielder control was highly sus-
ceptible, with extensive large pustule development and no chloro-
sis/necrosis. Confocal microscopy showed that Sr50:YFPv was
mainly present in the cytosol, as previously observed for Sr33
(Cesari et al., 2016) (Fig. 1b). To determine whether Sr50 func-
tion is confined to the cytosol we generated additional transgenic
lines expressing Sr50:YFPv fused to either a Nuclear Localisation
Signal (NLS), a Nuclear Export signal (NES) or nonfunctional
variant of these signal motifs (nls and nes respectively). T0 trans-
genic plants expressing Sr50:YFPv:NES, Sr50:YFPv:nes and
Sr50:YFPv:nls showed resistance to Pgt similar to those express-
ing wild-type Sr50:YFPv (Fig. 1a; Table S5). However, lines
expressing the nuclear-targeted Sr50:YFPv:NLS version showed a
similar highly susceptible phenotype to the nontransformed
Fielder control (Fig. 1a). All lines were fully susceptible to an iso-
late of wheat leaf rust (Puccinia triticina), indicating that there
was no nonspecific resistance (Fig. S1a). Confocal microscopy
confirmed that Sr50:YFPv:NES, Sr50:YFPv:nls and Sr50:YFPv:-
nes proteins were present in the cytosol but not the nucleus and

were indistinguishable from each other and the untagged Sr50:
YFPv, while Sr50:YFPv:NLS exclusively accumulated in the
nuclei (Fig. 1b). All the fusion proteins were detected by
immunoblotting of proteins extracted from the transgenic lines
(Fig. S1b).

AvrSr50 was previously reported to localise in both the cytosol
and nucleus of N. benthamiana cells after transient expression
(Chen et al., 2017). To further investigate whether AvrSr50
recognition by Sr50 is indeed restricted to the cytosol in wheat,
we isolated protoplasts from different Sr50-tagged transgenic
lines and co-transformed them with constructs expressing
AvrSr50 and the luciferase protein. We then evaluated cell death
induction by quantifying the reduction of luciferase activity as an
indicator of cell death and therefore AvrSr50 recognition. Sub-
stantially reduced luciferase accumulation was observed in the
protoplasts from transgenic lines expressing Sr50 in the cytosol
compared with protoplasts expressing Sr50 in the nucleus, which
were similar to the nontransgenic control line (Fig. 1c). Similar
levels of luciferase activity were detected between transgenic lines
when co-expressed with GFP as a control (Fig. S1c). Together,
these results confirm that a cytosolic Sr50 pool is required to
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Fig. 1 Sr50 cytosolic pool confers disease resistance to stem rust. (a) Stem rust resistance phenotype of nontransformed wheat (cv Fielder) control and at
least two independent T0 lines (numbered) transformed with Sr50 fused to either Yellow Fluorescence Protein-venus (YFPv):NES, YFPv:nes, YFPv:NLS,
YFPv:nls or YFPv. The presence of the transgene was determined by PCR using Sr50-specific primers (lower panel). Transgenic lines used for confocal
microscopy and protoplast assays are indicated by an asterisk. (b) Confocal images showing localisation of Sr50 fused to YFPv, YFPv:NLS, YFPv:nls, YFPv:
NES, or YFPv:nes in transgenic wheat leaf epidermal cells. YFPv fluorescence appears in green, stomatal and chloroplastic autofluorescence emissions are
shown in blue and red, respectively (Bar, 20 lm). (c) Relative luciferase activity in wheat protoplasts from transgenic lines shown in (a) were independently
co-transformed with AvrSr50 and luciferase constructs. Values are relative to luciferase activity of Fielder cells co-transformed with GFP and luciferase

constructs. Results represent the means of three biological replicates with error bars indicating the SE. Differences between samples were assessed by
analysis of variance (ANOVA). Samples marked by identical letters in the plots do not differ significantly (P < 0.05) in the Tukey test.
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recognise AvrSr50 and confer resistance to P. graminis infection
in wheat.

The crystal structure of AvrSr50 reveals a single surface-
exposed residue that controls recognition by Sr50

We previously identified two divergent alleles of AvrSr50
from isolates RKQQC and QCMJC (Chen et al., 2017) that
encode proteins with either 9 or 12 amino-acid differences
from the originally identified avirulence allele (Fig. 2a). We
designated these alleles as avrSr50-B6 (from QCMJC),
AvrSr50-C (from RKQCC) and AvrSr50-A1 (wild-type form),
based on a phylogenetic analysis of AvrSr50 variants per-
formed in this study (please refer to the following sections).
We previously found that AvrSr50-A1 and AvrSr50-C
induced cell death when co-transformed with Sr50 in N. ben-
thamiana plants, while avrSr50-B6 did not, suggesting that
the unique polymorphic sites in avrSr50-B6 led to a loss of
recognition (Chen et al., 2017).

To advance our understanding of AvrSr50 recognition by
Sr50, we expressed the three allelic variants in E. coli (residues
23–132) and purified the proteins to homogeneity using nickel
affinity chromatography and size-exclusion chromatography. All

three proteins were used for crystallisation trials, but we were
only able to obtain crystals for avrSr50-B6. The structure of
avrSr50-B6 was determined using a bromide ion-based SAD
approach (Table S3), to a final resolution of 1.15�A. The final
model contains a single molecule in the asymmetric unit consist-
ing of residues 23–132 of avrSr50-B6 with three nonnative
residues (Gly–Pro–Met) at the N-terminus remaining following
cleavage of the His6-tag. The overall structure of avrSr50-B6 has
seven b-strands arranged in a b-sandwich fold composed of two
antiparallel b-sheets, with a C-terminal a-helix comprised of
residues 121–132. The first b-sheet was comprised of strands b1,
b2, b4, b5 and b7, and the second b-sheet consisted of b3 and
b6 (Fig. 2b). The loop region between b2–b3 (residues Thr58 to
Arg65) appeared to exist in multiple conformations, and while
this region was included in the final model, we have reduced con-
fidence concerning the absolute position of these residues com-
pared with the rest of the structure (further details in Fig. S2).
The five polymorphic residues unique to the nonrecognised
avrSr50-B6 variant all map to the surface of the protein (Fig. 2c)
and could therefore contribute to recognition specificity by
affecting the interaction with the Sr50 receptor.

To evaluate the role of these residues in recognition we intro-
duced the corresponding mutations in each of these five positions
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Fig. 2 The crystal structure of avrSr50-B6. (a) Multiple sequence alignment of the three AvrSr50 allelic variants, B6, A1, and C generated using ESPript
(Robert & Gouet, 2014). The secondary structure elements of avrSr50-B6 are displayed on the alignment. ‘T’ corresponds to a b-turn. (b) Cartoon
representation showing the overall structure of avrSr50-B6, which consists of seven b-strands arranged in two antiparallel b-sheets, in which the first b-
sheet comprises strands b1, b2, b4, b5 and b7, and the second b-sheet consists of b3 and b6, and a C-terminal a-helix comprised of residues 121–132 (a1).
Topology map of avrSr50-B6 in which the arrows represent b-strands and cylinder represents the a-helix. (c) Surface representation of avrSr50-B6
highlighting polymorphic residues (in cyan) unique to avrSr50-B6 when compared with AvrSr50-A1 and AvrSr50-C. Residue numbers are as indicated.
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individually to AvrSr50-A1 (V27I, I29T, V61E, V93I, Q121K),
including one double mutation (V27I/I29T). These mutants
were tested in transient expression assays in N. benthamiana
leaves and wheat protoplasts. In wheat protoplasts, constructs
expressing AvrSr50 variants were co-transformed with Sr50 and
luciferase (all driven by the maize pUbq promoter), and cell
death was quantified by relative luciferase expression. Co-
expression of Sr50 with the wild-type AvrSr50-A1 version

showed a strong reduction in luciferase activity compared with
co-expression with the virulence allele avrSr50-B6, or expression
of Sr50 or AvrSr50 variants alone (Fig. S3a). All the AvrSr50-A1
mutants induced a strong cell death response similar to wild-type
AvrSr50-A1, except for the Q121K substitution, which showed
elevated luciferase expression, although slightly less than the
native B6 variant (Fig. 3a). In N. benthamiana, AvrSr50 variants
were transiently co-expressed with Sr50 driven by either the

Fig. 3 Recognition of AvrSr50 mutants by Sr50. (a) Cell death induction was estimated in wheat protoplasts by measuring relative luciferase activity when
luciferase is co-transformed with pUbq-Sr50 and either pUbq-AvrSr50-A1 or pUbq-avrSr50-B6 variants carrying the indicated amino-acid substitutions.
Values are relative to samples co-transformed with avrSr50-B6 and luciferase constructs, which was set to 1. The plots represent the results for three
biological replicates with error bars indicating SE. Differences between samples were assessed by analysis of variance (ANOVA). Samples marked by
identical letters in the plots do not differ significantly (P < 0.05) in the Tukey test. (b, c) Cummings estimation plots showing cell death phenotypes
observed upon co-expression of the AvrSr50-A1 (b) or avrSr50-B6 (c) variants with Sr50 (pUbq promoter) in N. benthamiana leaves scored on a scale of 0
(no symptoms) to 4 (strong cell death) (Supporting Information raw data Figs S7–S10). The upper panels show the distribution of the observed scores for
each variant in which each dot represents the cell death score of an independent infiltration assay and the number of replicates per sample are indicated in
the x-axis. The lower panels represent the mean differences for comparisons of variants against a shared control (A1 or B6). Each mean difference is
depicted as a dot with 95% confidence intervals indicated by the ends of the vertical error bars and bootstrap sampling distributions indicated by the
horizontal graph. (d) Yeast-two-hybrid protein interaction assay in yeast colonies co-transformed with AvrSr50-A1 and avrSr50-B6 variants fused to the
GAL4 activation domain (AD) and Sr50 fused to GAL4 binding domain (BD). Yeast colonies with a OD = 600 and two subsequent dilutions of 1/10 and 1/
100 were spotted on synthetic double dropout (DDO) medium (�WL, growth control) and on synthetic triple dropout TDO (�WLH, interaction selection)
selective medium. Figures shown are representatives of three independent experiments and pictures were taken after 5 d of growth.
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pUbq or p35S promoters. The cell death response induced by
each combination was scored on a 0–4 scale and analysed by esti-
mation graphs (Ho et al., 2019). Similar to the protoplast assays,
co-expression of the AvrSr50-A1 mutants with Sr50 consistently
induced cell death responses similar to the wild-type protein,
with the exception of the Q121K variant that showed no recogni-
tion (Figs 3b, S4a, S5–S10). As observed previously (Chen et al.,
2017), expression of Sr50 from the strong p35S promoter
resulted in some background cell death due to Sr50 autoactivity,
but nevertheless allowed clear detection of the AvrSr50-induced
response (Figs S4a, S5–S7). Conversely, the weaker activity of the
pUbq promoter in N. benthamiana largely eliminated the back-
ground autoactivity of Sr50, but still allowed detection of the
AvrSr50-induced responses (Figs 3b, S8–S10). Both constructs
gave qualitatively similar results. Altogether, these results indi-
cated that the Q121K substitution was sufficient to prevent
recognition of AvrSr50 by the Sr50 receptor.

We also generated the reciprocal substitution (K121Q) in
the virulence allele variant avrSr50-B6 to test if this was suffi-
cient to restore recognition. Indeed, this single amino-acid
change restored recognition of avrSr50-B6 in both N. ben-
thamiana and wheat protoplast co-expression assays (Figs 3a,c,
S4b, S11, S12). By contrast, the reciprocal I27V and E61V
mutations in avrSr50-B6 did not restore recognition.
Immunoblotting showed that all of the AvrSr50 protein vari-
ants were expressed in N. benthamiana (Fig. S11b). Previously,
we have shown that AvrSr50-A1 binds to Sr50 in yeast, while
the avrSr50-B6 allelic variant failed to interact (Chen et al.,
2017). Here, we tested all the AvrSr50 mutants that we gen-
erated for binding to Sr50 in yeast-two-hybrid assays and

observed a complete correlation between interaction in yeast
and recognition in planta (Fig. 4b). That is, only the Q121K
mutation disrupted this interaction for the wild-type (A1)
variant, while the reciprocal K121Q mutation restored the
interaction for the B6 variant. All proteins were well
expressed in yeast (Fig. S3b). Taken together, these results
supported the idea that Sr50 recognition of AvrSr50 occurs
through a direct interaction and that the Q121K polymor-
phism in avrSr50-B6 is the only polymorphic residue that
impacts on AvrSr50 recognition.

AvrSr50 shares structural homology to members of the
cupin superfamily and carbohydrate-binding module
moiety

The molecular function of AvrSr50 is unknown. Utilising the
crystal structure of avrSr50-B6 we carried out a comparative
structural analysis using the PDBeFold server (Krissinel & Hen-
rick, 2004) and DALI server (Holm, 2020). The top hits from
both servers show structural similarity to cupin superfamily
members and carbohydrate hydrolases, in particular glucosidases
and xylosidases (Tables S6, S7), despite sharing limited sequence
identity (< 10%). In both cases, the structural similarity is limited
to the b-sandwich fold and does not include the C-terminal helix.
The cupin superfamily is one of the most functionally diverse
families known, and includes catalytically inactive seed storage
proteins, sugar-binding metal-independent epimerases and
metal-dependent enzymes. Most of the known enzymatic cupin
proteins, including the hit from PDBeFold (the cupin domain
from Bordetella pertussis Tohama I (Fig. 4a; Table S6), contain a

*

*

*

*

(a)

(b)

(c)

Fig. 4 Comparative structural analysis shows AvrSr50 shares structural homology with sugar-binding proteins. (a) Structure superimposition of avrSr50-B6
(shown in orange; cartoon representation) and the top cupin superfamily member hit from the PDBeFold server: cupin domain (bp 2299) from Bordetella
pertussis Tohama I (grey; PDB ID: 2FQP) and DALI server: HP0902: an uncharacterised protein from Helicobacter pylori 26 695 (shown in magenta; PDB
ID: 5J4F). For the cupin domain (bp2299) the zinc metal ion bound in the structure is shown in sphere form. (b) Alignment of avrSr50-B6 and the cupin
protein from Bordetella pertussis Tohama I (PDB ID: 2FQP). The residues involved in zinc co-ordination are indicated by a black asterisk (c) Structure
superimposition of avrSr50-B6 (orange; cartoon representation) and the internal xylan binding domain (carbohydrate-binding module alone) from
Cellulomonas fimi xylanase D (yellow; PDB ID: 1xbd).
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transition state metal, coordinated by three histidine residues and
an acidic amino acid. However, structural and sequence investi-
gation shows that these coordinating residues are not present in
AvrSr50 (Fig. 4b), suggesting it is not likely to be enzymatic. The
structure of avrSr50-B6 also shares similarity to HP0902 from
Helicobacter pylori (the top hit from the DALI server; Table S7),
a nonenzymatic sugar-binding cupin, which shares structural
homology to Rml-C-like cupins (Sim et al., 2016) (Fig. 4a).
While the substrate-binding location of HP0902 and Rml-C is
conserved the residues that co-ordinate sugar binding are not,
making it difficult to predict if and which sugars AvrSr50 may
bind. Structural similarity between avrSr50-B6 and the carbohy-
drate hydrolases (Tables S6, S7) is limited to the CBM moiety,
which are discrete modules in these larger enzymes that typically
aid in maintaining proximity of the carbohydrate to the catalytic
domain but have no catalytic activity of their own. Further inves-
tigations into these hits do not show conservation in the known
residues involved in sugar co-ordination in AvrSr50, and further
experimentation is required to determine if AvrSr50 is a sugar-
binding protein.

Natural AvrSr50 alleles are highly polymorphic

We had previously characterised the genotype of seven Pgt iso-
lates from Australia and the USA as well as Ug99 from Africa at
the AvrSr50 locus, and identified six allelic variants (Chen et al.,
2017). Here, we analysed publicly available genomic DNA
sequence data generated from a larger set of 43 stem rust isolates
from around the world (Lewis et al., 2018). After mining the

sequence data, we were able to reconstruct the genotypes of 38
isolates, while the other five samples did not contain sufficient
sequence depth to reassemble this genomic region in full
(Table S4). Most isolates (31) displayed heterozygosity for two
different sequence variants, while a single allele was identified in
seven isolates consistent with either homozygosity, the presence
of a deletion in one haplotype, or insufficient sequence data to
resolve the second allele. In total, 14 different AvrSr50 alleles
were identified among all the Pgt isolates, with a further two alle-
les identified in two isolates of P. graminis f. sp. avenae (Pga),
which infects oat (Figs 5a, S13, S14). A phylogenetic analysis of
these variants revealed two main clades in Pgt, designated A and
B, with each containing several closely related alleles (Fig. 5a).
The A group includes the originally identified AvrSr50 avirulence
allele from Pgt21-0, designated A1, as well as four additional alle-
les. One of these, A2, has two forms that are identical in sequence
except that one version contains a 26-kbp insertion (A2ins) within
the gene and corresponds to the virulence allele detected in
Pgt21-0 and Ug99 isolates (Chen et al., 2017). The A5 variant is
identical in sequence to A2, except that it contains a single
nucleotide change in the stop codon that results in translation of
a larger protein with a C-terminal extension of 149 aa. This vari-
ant occurs in the UK-01 isolate, which is a representative of the
Digalu race group (pathotype TKTTF, Clade IV-B, Lewis et al.,
2018). The B group includes the virulence allele avrSr50-B6
from isolate QCMJC, as well as five other closely related variants.
Two additional divergent variants outside these clades, C (from
RKQQC) and D (from Iranian isolate IR-01) were also observed.
To determine the virulence phenotypes of these additional
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Fig. 5 Recognition of AvrSr50 natural variants from different stem rust isolates. (a) Phylogenetic tree generated from AvrSr50 variants found in 46 isolates
of Puccinia graminis f.sp. tritici. AvrSr50 variants are grouped in five different clades identified as A, B, C, D and Pga. (b) Cell death response of Nicotiana
benthamiana leaves transiently co-expressing pUbq-Sr50 and AvrSr50 variants of phylogenetic groups A, B, C and D.
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AvrSr50 variants, we generated expression constructs and tested
these for recognition by Sr50 in N. benthamiana plants. We
observed that the AvrSr50-B1, -B2, -B3, -B4 and -B5 variants all
induced cell death in N. benthamiana when co-expressed with
pUbq-Sr50 (Figs 5b, S15, S16), and therefore are likely to repre-
sent avirulence alleles. None of these variants carried the Q121K
substitution, which prevents recognition by the B6 virulence
allele and appears to be a unique and recently acquired virulence
mutation. The V93I and Q121K substitutions are the only poly-
morphisms unique to the nonrecognised B6 variant, consistent
with our finding above that only the position 121 polymorphism
affected recognition. Finally, we observed a lack of recognition
and cell death induction of the alleles AvrSr50-A5 and AvrSr50-
D. For AvrSr50-A5, this correlated with a lack of expression of
the fusion protein (Fig. S16b). This suggests that the C-terminal
extension due to the stop codon mutation in this allele results in
destabilisation of the protein, therefore preventing recognition.
The AvrSr50-D variant contains a Q121L substitution, which
may explain its lack of recognition, although this variant also
includes numerous other unique variants that could also affect
recognition. Because these latter two variants occur in rust strains
that also contain a recognised allele of AvrSr50, we cannot
directly correlate the in planta recognition with the virulence phe-
notype they confer in the rust fungus.

Discussion

Functional molecular studies of proteins involved in plant–
pathogen interactions are important for a better understanding of
plant disease emergencies. In many cases, these studies have
shown that the breakdown of plant resistance is explained by the
evolution of pathogen avirulence effector proteins that escape
recognition from major resistance genes. As pathogens exhibit
shorter generational cycles compared with those of plants, evolu-
tion of effector proteins often occurs at higher rates than those of
resistance genes (Karasov et al., 2020). A deeper understanding of
how pathogens evolve to gain virulence and the genetic diversity
of virulence loci is important for surveying the emergence of
potential virulent isolates on natural pathogen populations. To
address this, we studied the genetic variability of avirulent/viru-
lent AvrSr50 alleles and identified unique polymorphic sites pre-
sent in the virulent effector protein variant avrSr50-B6. Using
structure-guided site-directed mutagenesis in combination with
binding and transient expression assays, we then investigated the
role of individual amino-acid substitutions found in avrSr50-B6
to escape Sr50 recognition and gain virulence. Here, we observed
that one residue substitution (Q121K) in avrSr50-B6 is sufficient
to explain the lack of binding and recognition of this resistance-
escaping variant. Substitution of this residue in avrSr50-B6 was
sufficient to fully restore recognition as detected in wheat proto-
plasts, N. benthamiana and yeast-two-hybrid assays. The recipro-
cal substitution in AvrSr50-A1 abolished recognition in these
assays, although not completely in wheat protoplasts, which are
likely to reflect slight differences in the quantitative outputs of
these assays, or possibly a weak recognition of this variant in the
Fielder wheat background. Conversely, we observed that the

cumulative polymorphic sites present in the avirulent AvrSr50-C
and other natural variants such as AvrSr50-B1, -B2, -B3 and -B4
are not sufficient to abolish recognition. Nevertheless, it is likely
that other residues in the AvrSr50 protein contributed to the
binding surface interacting with Sr50. This picture would be con-
sistent with other studies in which multiple amino acids across
the effector protein surface are involved in binding and recogni-
tion by the respective resistance protein (Rehmany, 2005; Wang
et al., 2007; Catanzariti et al., 2010; Krasileva et al., 2010). An
interesting example is AVR-Pik, an effector from the blast fungus
Magnaporthe oryzae, which is recognised by the rice NLR pair,
Pik1 and Pik2. Pik1 contains an integrated heavy metal associ-
ated (HMA) domain that directly interacts with AVR-Pik. Struc-
tural and biochemical studies of the effector variants and Pik-
HMA domains have shown that polymorphisms in effector pro-
teins and the HMA domain binding interface underpins binding
and ultimately recognition specificity. Nevertheless, they also
showed that a single polymorphism in AVR-PikC (Ala67Asp)
severely reduces Pik-HMA binding (Maqbool et al., 2015) which
nicely illustrates both the robustness of effector recognition and
the crucial role of key residues in effector binding (Kanzaki et al.,
2012; Maqbool et al., 2015; De la Concepcion et al., 2018, 2021;
Maidment et al., 2021). Similar observations have been reported
for the interaction of the RGA5-HMA integrated domain and
theM. oryzae effector proteins AVR-Pia and AVR1-CO39 (Ortiz
et al., 2017; Guo et al., 2018).

To date, at least three independent examples of matching R-
Avr proteins in model fungal pathosystems; AvrL567/M. lini L,
AVR-Pik-Pik and MLAa/AVRA from/flax, M. oryzae/rice and
Bgh/barley (Dodds et al., 2006; Maqbool et al., 2015; Saur et al.,
2019), respectively, have been characterised by a high genetic
diversity of the interacting proteins. In these examples, gain of
virulence mainly occurred through polymorphic changes in key
surface-exposed amino acids, which led to escape from recogni-
tion. Similarly, here we observed that some virulent variants of
the AvrSr50 effector protein have also arisen due to changes in
surface-exposed residues involved in the interaction with the
resistant protein Sr50. Nevertheless, the insertion of a large DNA
fragment (26 kbp) resulting in gene knockout is at the origin of
the most common virulence allele of AvrSr50 (Chen et al., 2017).
Gain of virulence through insertion and deletions has also
recently been observed in other Pgt effector proteins. For exam-
ple, there are two main classes of AvrSr35 virulence alleles, one
containing a 400-bp MITE insertion (Salcedo et al., 2017) and
the other with a 57-kbp insertion detected in Ug99 (Li et al.,
2019). AvrSr35 variants containing a few amino-acid variations
from the reference avirulence allele have also been identified, but
the effect of these substitutions on recognition specificity has not
yet been determined. Similarly, several Pgt isolates in the race 21
clonal lineage have evolved virulence for Sr27 in the field through
the deletion of the AvrSr27 locus, which contains two adjacent
copies of this Avr gene (Upadhyaya et al., 2021). The apparent
prevalence of Pgt gain of virulence through deletions and inser-
tions over the accumulation of amino-acid sequence changes may
be explained by the fact that Pgt populations are mainly clonal
due to its heteroecious lifestyle. Therefore, virulent isolates are
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often the result of spontaneous mutations that occur within asex-
ual lineages, rather than the segregation of pre-existing allelic
diversity (Figueroa et al., 2020).

Sr50 naturally occurs in rye (Mago et al., 2015) and is ortholo-
gous to the Mla resistance gene in barley, which is characterised
by extensive functional diversification and encodes multiple
allelic resistance proteins with different specificities of recognition
(Saur et al., 2019). To date, Sr50 wheat introgression lines have
not been widely deployed in commercial crops, implying that
selection for the AvrSr50 virulence allele in the agricultural con-
text has been limited. Nevertheless, we have observed four differ-
ent alleles of AvrSr50 that can allow escape from recognition.
One of these results from an insertion that disrupts the gene
(A2ins), one from the loss of the stop codon (A5) and two from
amino-acid polymorphisms (B6 and D). Two of these variants
(A5 and D) occur in rust isolates (UK01 and IR01 respectively)
that are heterozygous and also contain a recognised allele of
AvrSr50, so we cannot directly correlate their lack of recognition
in planta with a virulence phenotype in the rust fungus. Evolu-
tion of the AvrSr50 variants that we report in this study could
have arisen under selection on wild relatives carrying resistance
genes related to Sr50 or through occasional infection of rye,
which is also a host for Pgt. In addition, it cannot be excluded
that AvrSr50 alleles have evolved through the accumulation of
neutral variation during long-term clonal reproduction of Pgt lin-
eages in the absence of selection for Sr50 virulence. Apart from a
single isolate (QCMJC) that was originally isolated from the sex-
ual host barberry (Chen et al., 2017), all of the Pgt isolates anal-
ysed here contain at least one presumed avirulence allele for
AvrSr50, consistent with the lack of reported virulence for Sr50
in Pgt to date. A single race, TTRTF, detected in Georgia in
2014 showed partial virulence on Sr50, but the genotype is not
known (Olivera et al., 2019). However, several isolates in this
group, including members of the Ug99, Pgt21 and ‘Digalu’ race
groups (UK-01), are heterozygous and contain a nonrecognised
variant at this locus suggesting that virulence could arise in
these lineages under field selection by a mutation of a single
haplotype.

Identifying and understanding the mode of function of fungal
effector proteins is largely hindered by their high sequence diver-
sity, the absence of sequence similarity to proteins of known
function, and the lack of conserved domains or functional motifs
(Lo Presti et al., 2015). The determination of the three-
dimensional structure of effector proteins has been useful by pro-
viding molecular insights into biochemical functions, as well as
guiding mutagenesis studies to understand how they are recog-
nised by the plant. Here, we determined the first crystal structure
of an effector protein from Pgt. The structure adopts a b-
sandwich fold, with a C-terminal a-helix in which the residue
responsible for escaping recognition from Sr50 localises. Out of
interest, and given the recent developments in ab initio protein
modelling, we predicted the structure of avrSr50-B6 using
ALPHAFOLD2 (Jumper et al., 2021; Mirdita et al., 2021) with mul-
tiple sequence alignment (MSA) generated using MMSEQS2
(Steinegger & S€oding, 2017). The top model of avrSr50-B6 from
ALPHAFOLD (Fig. S17a) has a low confidence score (pLDDT of

40) and comparison with the experimentally determined crystal
structure showed a root-mean-squared deviation (RMSD) of
2.63�A, across a small region of the protein (53 ca atoms
(Fig. S17c). Visual inspection of the superimposed structures sug-
gests that the overall structural elements are present but the topol-
ogy of the predicted model is largely incorrect (Fig. S17a,b). The
accuracy of ALPHAFOLD predictions is known to be dependent on
the number of sequences in the MSA (Jumper et al., 2021), and
on inspection the MSA used by ALPHAFOLD for avrSr50-B6 pre-
diction was confined to four sequences. These data highlight the
potential limitations of ALPHAFOLD for fungal effector prediction
when low sequence representation exists for an effector of inter-
est.

An emerging theme amongst fungal effector proteins is the
conservation of structural folds among some effector families
without detectable sequence similarity and sometimes originating
from different taxa (for recent reviews please refer to
Franceschetti et al., 2017; Mukhi et al., 2020). Based on struc-
tural similarity searches using DALI and PDBeFold servers, we
did not identify any fungal effectors with high structural similar-
ity to AvrSr50. Despite this, visual inspection of the structures of
AvrSr50 and the RNase-like effector BEC1054 from Blumeria
graminis (PDB: 6FMB) (Pennington et al., 2019) do appear simi-
lar. We inspected this further and show via pairwise structural
alignment (PDBeFold) both the overall structure and topology
are distinct (Fig. S18). These analyses demonstrate that the fold
of AvrSr50 is novel amongst fungal effectors, perhaps suggestive
of a new effector structural family.

Our structural homology searches revealed similarity of
avrSr50-B6 to cupin superfamily members and the CBM of
carbohydrate-active enzymes, such as glucosidases and xylosi-
dases. To date, carbohydrate-binding activity in several effector
proteins have been shown experimentally. For example, Avr4
from Cladosporium fulvum (Hurlburt et al., 2018) and SnTox1
from Parastagonospora nodorum (Liu et al., 2016), are able to
bind chitin and protect the invading fungi from the hydrolytic
activity of plant chitinases. Other effectors are known to modu-
late chitin-induced immunity by sequestering chitin to dampen
the host defence response, such as the lysin motif (LysM) effec-
tors including Ecp6 (S�anchez-Vallet et al., 2013), MpChi from
Moniliophthora perniciosa (Fiorin et al., 2018) and Tal6 from Tri-
choderma atroviride (Romero-Contreras et al., 2019). It will be
interesting to investigate further this structural identity between
AvrSr50 and carbohydrate-binding modules by determining the
ability of AvrSr50 to bind to different classes of carbohydrates,
and the biological relevance of this.

Conclusions

The elucidation of the molecular mechanisms underlying the co-
evolution between effector and resistance proteins is important to
inform both surveillance of natural pathogen populations and
deployment of resistance genes in the field. A complementary
knowledge of genetic diversity of interacting proteins coupled to
functional analyses is a steppingstone towards the development
of durable resistance in crops. In this study, we used the natural
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genetic variability and structural studies of AvrSr50 to investigate
how virulence variants of this protein arise that escape from Sr50
recognition. Functional analyses showed that one residue substi-
tution, Q121K, in the coding sequence was sufficient for AvrSr50
to escape recognition and based on the structure this residue was
shown to be surface exposed. These results suggest that single
changes in avirulent effector proteins can result on the overcom-
ing of resistance based on major resistance genes. Although Sr50
provides resistance to almost all known lineages of Pgt, several
important lineages are heterozygous for avirulence at this locus
and may be predisposed to mutate to overcome resistance in Sr50
wheat lines. We also determined the structure of AvrSr50, which
is the first structure of a stem rust effector, and show that it has a
novel fold among fungal effectors but shares structural homology
to cupin superfamily members and carbohydrate-binding mod-
ules.
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Fig. S1. T1 progeny of transgenic Fielder lines show susceptibil-
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is likely to occupy multiple conformation states.
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Fig. S4. Cell death response of Nicotiana benthamiana leaves
transiently co-expressing AvrSr50-A1 and avrSr50-B6 mutant
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Fig. S5. Cell death response of Nicotiana benthamiana leaves
transiently co-expressing AvrSr50-A1V27I and AvrSr50-A1I29T
with p35S-Sr50.
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Fig. S6. Cell death response of Nicotiana benthamiana leaves
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I29T with p35S-Sr50.
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Fig. S12. Cell death response of Nicotiana benthamiana leaves
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avrSr50-B6I27V with p35S-Sr50.
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