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Crop breeding for durable disease resistance is challenging due to the rapid
evolution of pathogen virulence. While progress in resistance (R) gene
cloning and stacking has accelerated in recent years'™, the identification of
corresponding avirulence (Avr) genes in many pathogens is hampered by the
lack of high-throughput screening options. To address this technology gap,

we developed a platform for pooled library screening in plant protoplasts
to allow rapid identification of interacting R-Avr pairs. We validated this
platform by isolating known and novel Avr genes from wheat stem rust
(Puccinia graminisf. sp. tritici) after screening a designed library of putative
effectors against individual R genes. Rapid Avr gene identification provides
molecular tools to understand and track pathogen virulence evolution via
genotype surveillance, which in turn will lead to optimized R gene stacking
and deployment strategies. This platform should be broadly applicable to
many crop pathogens and could potentially be adapted for screening genes
involved in other protoplast-selectable traits.

Crop pathogens greatly reduce agricultural productivity and are a
persistent threat to global food security*’. The most effective and
sustainable approach to mitigate crop disease is through breeding of
resistance (R) genesinto crop varieties. Most R genes encodeimmune
receptors, such as nucleotide-binding leucine-rich repeat (NLR) pro-
teins, thatdirectly or indirectly recognize pathogen effectors, known as
avirulence (Avr) proteins®’. These immune recognition events induce
plant defence responses, often including localized cell death, which
limit pathogen spread. However, pathogens continuously evolve to
escape recognition via mutation of Avr genes. Thus, understanding
Avrgene diversity in pathogen populations is critical for the effective
deployment of R genes in breeding or by gene stacking.

Rust fungi (order Pucciniales) cause serious diseasesin many crop
plants, especially among staple cereal crops including wheat, barley,
oat and corn®. For example, wheat stem rust disease is caused by the
fungus Puccinia graminis f. sp. tritici (Pgt), and newly arisen virulent
strains such as Ug99 have caused devastating losses and threaten global

wheat production®’. Rust fungi have large genomes (for example,
from ~150 Mbp to over 1.0 Gbp®) with two separate haploid nucleiand
encoding thousands of potential effectors. Although hundreds of rust
resistance lociare described in cereals (many no longer effective), only
three corresponding Avr genes (AurSr27, AvrSr35, AvrSr50)" " have
been identified in Pgt and only two from other cereal rusts (AvrRppC
and AvrRppK from southern corn rust P. polysora***).

Approaches to functionally test Avr gene candidates usually
involve pairwise transient co-expression of individual candidate R-Avr
gene combinations by polyethylene glycol (PEG)-mediated protoplast
transformation or leaf agroinfiltration to detectinduced cell death'".
However, these methods assay candidate effectors one-by-one, so
screening many effectors requires highly labour-intensive and
time-consuming sequential assays'". The increasing availability
of high-quality pathogen genome sequences combined with recent
advancesinfungal and oomycete effector prediction from sequence or
structural features'®" presents an opportunity to design and synthesize
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Fig.1|Schematic of pooled effector library screening process to identify
interacting R-Avr pairs. Protoplast populations are co-transformed with
apooled library comprising hundreds of effector genes (E,, £,, E,,, Avr) from
apathogen along with either aknown R gene or an empty vector (EV) for the
negative control. The library MOT, defined as the number of plasmid molecules
per cell (for each library construct), is chosen such that each library construct
is expressed in anindependent subpopulation of cells. Each cell individually
receives arandom but limited number of different constructs from the library

together with either the empty vector or the R gene. In the presence of the

R gene, protoplasts that express a matching Avr effector gene undergo cell death,
while cells expressing the same Avr effector gene in the negative control remain
alive. Living protoplasts are subsequently collected from both transformed
populations and subjected to targeted (library-specific) RNA-seq. The expression
of each effectorin the library is then compared between the two samples
(differential gene expression analysis). Avr gene candidates are identified by their
decreased expression in the sample expressing the corresponding R gene.

effector libraries to systematically screen genome-wide pathogen
effector complements forimmuno-recognition. We therefore set out
to develop a platform for pooled effector library screening in plant
protoplasts to enable rapid identification of interacting R-Avr pairs.
Figure 1 outlines the screening scheme in which an R gene of interest
andapooled effector gene library are co-delivered to protoplasts such
that a subpopulation of cells expressing the Avr gene undergoes cell
death, resultinginthe depletion of Avrgene transcriptsin the living cell
population. Library-specific RNA-seq and differential gene expression
analysis is then used to identify effectors showing reduced expres-
sion when co-expressed with specific R genes relative to the empty
vector control.

A key requirement for this pooled library screening process is
that different library constructs are expressed in independent cell
subpopulations at asufficient level toinduce cell death and allow for
differential screening. However, it has been suggested that library
screening in protoplasts may not be possible, since large amounts
of plasmid are typically used to ensure sufficient expression?’. While
reducing the plasmid concentration should reduce the frequency
of co-transformation, this may also reduce the level of transgene
expression in transformed cells and lower effector expression may
not be sufficient for NLR-mediated cell death activation. We there-
fore first addressed these potential limitations by defining plas-
mid to cell ratios at which independent expression of constructs
is favoured. We express these ratios as the multiplicity of transfec-
tion (MOT), which is calculated as the number of plasmid molecules
present per protoplast cell in a transformation reaction. For exam-
ple, in a transformation with 10 pg of a 5.4 kbp plasmid and 50,000
protoplasts, the MOT is 36 million molecules per cell. We used flow
cytometry to test for independent transformation of protoplasts
with two reporter gene constructs encoding either yellow or red
fluorescent protein (YFP, RFP) under the control of the maize ubiq-
uitin 1 promoter (Ubilp). The two reporter constructs and an empty
vector were co-delivered to protoplasts as a series of mock libraries
in which reporter construct MOTs ranged from 0.07 to 36 million
molecules per cell and the amount of empty vector was varied such

that the combined MOT of the three constructs remained constant
at 72 million molecules per cell (Fig. 2a and Supplementary Fig. 1).
At high MOTs (36, 18, 3.6 million molecules per cell) a high propor-
tion of protoplasts expressed both fluorescent markers, with only a
small fraction expressing a single marker. However, the proportion
of doubly transformed cells dropped at lower MOTs. At 0.7 million
molecules per cell, ~7% of cells expressed YFP or RFP alone, while
9% expressed both. Only ~1% of cells expressed both markers when
delivered at 0.07 million molecules per cell, while a larger propor-
tion expressed a single marker (2-3% for each). This indicated that
differential library screening may be feasible when individual con-
structs are delivered in the range of 0.07-0.7 million molecules per
cell. However, at these lower MOTs we observed reduced fluorescence
levels in individual transformed cells compared with the high MOT
transformations (Supplementary Fig. 1), suggesting that each cell
was transformed with fewer copies of the constructs, leading to lower
expression. Therefore, we also examined whether transformation with
anAvrgene at these low MOTs could lead toinduction of cell deathin
a subpopulation of cells as required for library screening. Previous
assays for cell death in protoplasts have relied on high expression
of corresponding R and Auvr genes along with a luciferase reporter
gene, such that Avr recognition resulted in extensive cell death and
greatly reduced luciferase activity in the cell suspension as a whole
relative to a control>"”?, However, this assay would not discriminate
whether a slight reduction in reporter activity at low Avr gene MOTs
is due to a small proportion of cells undergoing cell death and not
producing luciferase or to a larger proportion of cells with reduced
expression. Therefore, we modified thisapproachto develop anindi-
vidual cell scoring assay to quantify the proportion of cells responding
with cell deathin a protoplast suspension. This also eliminates some
sources of variation in the assay since the output is normalized to
the number of living cells and is independent of initial cell number
and absolute reporter gene expression. In this individual cell assay,
afluorescent protein reporter (YFP) is used instead of luciferase and
transformed protoplasts are analysed individually for fluorescence
by flow cytometry. Co-expression of three known wheat stem rust
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Fig.2|Optimization and validation of pooled effector library screening for
rapid identification of interacting R-Avr pairs. a, Wheat protoplasts were
transformed with YFP and RFP reporter constructs at various MOTs (million
plasmid molecules per cell) along with an empty vector whose amount was
varied such that the combined MOT of the three constructs remained constant
at 72 million plasmid molecules per cell. The percentage of cells showing
fluorescencein the YFP, RFP or both wavelengths was determined by flow
cytometry. Mean + s.e.m. of 3 biological replicates. b, Wheat protoplasts were
co-transformed with YFP, Sr50 and one of a series of mock libraries comprising
AvrSr50 at various MOTs within abackground of AvrSr35 (combined MOT

of 36 million plasmid molecules per cell for the two constructs). Plot shows

the percentage of YFP-positive living cells determined by flow cytometry.
Mean £ s.e.m. of 3 biological replicates (dots), with relevant significant
differences indicated (NS, not significant; two-tailed unpaired ¢-test assuming
equal variances). ¢, Expression levels of AvrSr27-2 and AvrSr50 in amock effector

log, fold change

log, fold change

library screen. Wheat protoplasts were co-transformed with amock library
consisting of AvrSr50 (MOT of 0.14 million plasmid molecules per cell) and
AvrSr27-2(MOT of 0.14 million plasmid molecules per cell) within abackground
of AvrSr35 (MOT of 100 million plasmid molecules per cell) and either Sr50, Sr27
or an empty vector (MOT of 36 million plasmid molecules per cell). Relative
expression levels of AvrSr27-2 and AvrSr50 were determined by targeted RNA-seq
(shownintranscripts per million (TPM), normalized to AvrSr35 expression).
Mean + s.e.m. of 3replicates, with significant differences indicated (two-tailed
unpaired t-test assuming equal variances). d, Differential gene expression
analysis of a pooled stem rust effector library comprising 696 predicted effectors
co-transformed into wheat protoplasts with the R genes Sr50, Sr13c, Sr21,Sr22,
Sr26 or Sr61 compared to the empty vector. Graphs show volcano plots of
differential expression (xaxis) versus P,q (v axis) for each effector construct
(dots). Effector gene constructs showing significantly reduced expression (red
dots) within each treatment are labelled with their library ID number.

R-Avr pairs, Sr50-AvrSr50, Sr27-AvrSr27-2 and Sr35-AvrSr35 (all
under the control of Ubilp), resulted in a significant decrease in
the proportion of YFP-positive protoplasts in the living (propidium
iodide-negative) population of cells, compared with the controls
where single R or Avr genes or non-matching R-Avr pairs were
expressed (Supplementary Fig.2). This assay allows for quantification
of the proportion of cells showing cell death in a protoplast suspen-
sion, as opposed to total expression of the reporter inthe population
as awhole. To determine whether cell death responses could still be
recorded at low MOTs, we delivered AvrSr50 at various MOTs along
with Sr50. To maintain a constant total amount of DNA in each trans-
formationand simulate library screening conditions, we also included

AvrSr35to give acombined MOT of 36 million molecules per cell for the
AvrSr50 and AvrSr35 constructs together. We observed asmall but sig-
nificant reductionin the proportion of YFP-positive cells with AvrSr50
atan MOT of 0.14 million molecules per cell (Fig. 2b), indicating that a
subpopulation of cells expressed AvrSr50 and underwent cell death at
this plasmid concentration. The proportion of YFP-positive cells was
reduced by close to half at an MOT of 0.7 million molecules per cell,
suggesting that too many cells were undergoing cell death to allow for
efficientlibrary selection at this plasmid concentration. No significant
reductionin the proportion of YFP-positive cells was observed when
AvrSr50 was delivered at an MOT of 0.07 million molecules per cell,
althoughiitis possible that selectable cell death still occurs at this or
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Fig.3|Validation of AvrSr13 and AvrSr22 candidates. a, Wheat protoplasts
(cv. Fielder) were co-transformed with YFP, an Aur gene (AvrSri3, AvrSr22,
AvrSr272 or AvrSr50) and an R gene (Sr13c, Sr22 or Sr27) or empty vector.

b, YFP was co-transformed with AvrSr13 or AvrSr50 into protoplasts derived
from wheat lines Kronos (KR, containing native Sr13a), Fielder (FL) or transgenic
FL containing the Sri3c transgene (FL-Sr13c). c, The YFP reporter was co-
transformed with AvrSr22 or AvrSr27-2into protoplasts derived from wheat
lines Schomburgk (SB, containing native Sr22), FL, transgenic FL containing the
Sr22transgene (FL-Sr22), or transgenic Robin containing a five-R-gene cassette

including Sr22 (RB-Big5)’. Plots ina, b and ¢ show the percentage of YFP-positive
living cells determined by flow cytometry. Mean +s.e.m. of 3 replicates, with
significant differences indicated for relevant pairwise comparisons (two-tailed
unpaired ¢-test assuming equal variances). All gene constructs were delivered
atan MOT of 36 million plasmid molecules per cell. d, Agrobacterium-mediated
transient co-expression of Sr27, Sr13c or Sr22 proteins (C-terminally fused to YFP)
with AvrSr27-2, AvrSr13 or AvrSr22 (N-terminally fused to YFP) or YFP alonein N.
tabacum leaves. Agrobacterial cultures were delivered at OD,, 0f 0.4 (R gene
constructs) or 0.7 (Avr gene constructs).

lower MOTs but is not detectable against the variationin transforma-
tion. We therefore selected an MOT of 0.14 million molecules per cell
as appropriate for library screening. This represents a compromise
between the frequency of independent transformation, cell death
response levels, and library size and complexity, allowing ~700 con-
structsto bedelivered atatotal MOT of 100 million molecules per cell,
whichis sufficiently diverse to support comprehensive screening.
Asafinalvalidation step for the library screening process, we tested
whether differential Avr gene expression could be used toidentifyinter-
acting R-Avr pairs. For this, we transformed protoplasts with a mock
library comprising AvrSr50 and AvrSr27-2, each delivered at an MOT of
0.14 million molecules per celland representing individual clonesinan
effector library, as well as AvrSr35 delivered at an MOT of 100 million
molecules per cell and representing the remainder of the library. The
mock library was co-transformed with Sr50, Sr27 or an empty vector
(allatan MOT of 36 million molecules per cell). RNA-seq analysis of Avr
geneexpressionin protoplasts at 24 h post transformation showed that
AvrSr27-2and AvrSr50 were both expressed when the mock library was
co-transformed withan empty vector (Fig. 2c). However, expression of
AvrSr50was substantially reduced when co-expressed with Sr50 but not
with $r27, and AvrSr27-2was reduced when co-expressed with Sr27but
notwith Sr50. Thus, the effects of each Avrgene could be independently
assessed by their relative expression when co-delivered under simulated
library screening conditions, suggesting that differential expression
couldbe used to identify Avr gene candidates from an effector library.

Having established appropriate experimental conditions for
library screening, we synthesized expression constructs for 696 pre-
dicted Pgt effectors selected from the Pgt21-0 reference genome anno-
tation'® as genes encoding secreted proteins of less than ~-330 amino
acids and with expression patterns similar to known Avr genes”. These
plasmids were pooled in equimolar amounts and co-transformed atan
MOT of 0.14 million molecules per cell for each individual construct
into protoplasts with either an empty vector or one of seven separate
R gene constructs encoding Sr50 (ref. 22), Sr27 (ref. 11), Sr13c (ref. 23),
Sr21 (ref.24),5r22 (ref. 1), Sr26 (ref. 25) or Sr61 (ref. 25) (eachatan MOT
of 36 million molecules per cell). Pgt21-0 is avirulent on wheat lines
expressing these resistance genes™'>?>?, Library-specific RNA-seq
and differential gene expression analysis was used to identify effectors
showingreduced expression when co-expressed with specific Rgenes
relative to the empty vector control. Two independent screens correctly
identified AurSr50 as asingle gene showingsignificantly reduced expres-
sion in the presence of Sr50 only (Fig. 2d and Supplementary Fig 3).
Likewise, the five known variants of AvrSr27 (refs. 11,27) all showed
significantly reduced expression only when co-expressed with Sr27
(Supplementary Fig. 3). Thus, this platform can specifically identify
single and multiple Avrgenes fromacomplex library of effector candi-
datesscreened against different R genesin parallel. Two effectors, with
library IDs 0336 and 0100, showed significantly reduced expression
only inthe presence of Sr13c or Sr22, respectively, and represent can-
didates for AvrSri3and AvrSr22.Both candidates were identified in the
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twoindependent screens, highlighting the robustness of the platform.
No effectors showed reduced expression in the presence of Sr21, Sr26
or Sré61. This may be because these Avr genes were not present in the
library. For instance, AvrSr35was notincluded in the library due toits
unusually large size (-550 aa), which did not pass the filtering criteria
for synthesis. The synthesized library represents about half of the anno-
tated genes encoding secreted proteins expressedin haustoria, but the
reference annotation may notinclude all Avr genes (see below). Thus,
identification of Avur gene candidates from four out of seven R genes
screened (two out of five R genes whose matching Avr was unknown)
represents ahigh detectionrate and synthesis of alarger effector library
based onimproved annotation”® may allow identification of additional
candidates. Alternatively, these Avrgenes may not have beenidentified
because they require a higher expression level threshold forinduction
of cell death or due to lack of NLR protein expression.

Specificrecognition of the AvrSri3and AvrSr22 candidates by Sr13c
and Sr22, respectively, was confirmed by co-transformation of proto-
plasts with the individual Avr gene candidates and the correspond-
ing R genes, which resulted in a significant reduction in YFP-positive
cells compared with the R or Avr genes alone or non-matching R-Avr
gene pairs (Fig. 3a). Similarly, specific recognition was also observed
following transformation of the individual Avr gene candidates into
protoplasts derived from stable transgenic wheat lines expressing
either Sr13cor Sr22,as well as protoplasts derived from wheat cultivars
expressingendogenous Sr13aor Sr22genes (cv.Kronos and cv. Schom-
burgk, respectively) (Fig. 3b,c). Similarly, agroinfiltration assays in N.
tabacum and N. benthamiana also showed cell death induction upon
transient co-expression of AurSri3with Sri3c or AvrSr22with Sr22, but
not with the R or Avr genes alone or non-matching R-Avr gene pairs
(Fig.3d and Supplementary Fig. 4).

AvrSrl13is encoded by PGT21_021053 on chromosome 1A in the
Pgt21-0 genome reference, with a null allele on chromosome 1B indi-
cating that this strain is heterozygous for avirulence to Sr13. How-
ever, the Ug99 Pgtisolate (race TTKSK) is homozygous for identical
AvrSr13 genes (PGTUg99_007363 and unannotated) in the Aand C
haplotypes and is therefore probably homozygous for avirulence
on Sr13. AvrSr22 is encoded by PGT21_017626 on chromosome 16B in
the Pgt21-0 genome reference, and the alternative allele on chromo-
some16AinPgt21-0 contains arelated sequence thatis notannotated
but encodes a mature protein with nine amino acid differences from
AvrSr22. Mapping RNA-seq data from Pgt21-0 haustoria and infected
plant samples® confirmed the expression of this transcript during
infection at similar levels to AvrSr22, suggesting that it is a functional
gene which we designated as the AvrSr22-2 allele. The Ug99 genome
contains sequencesidentical toboth AvrSr22 (PGTUg99_032354) and
AvrSr22-2 (tig00002160, unannotated). Co-expression of AvrSr22-2
with Sr22inwheat protoplastsresulted inasignificant decreaseinthe
proportion of YFP-positive cells similar to that seen with AvrSr22, but
expression of AvrSr22-2 alone had no effect (Supplementary Fig. 5a).
Similarly, co-expression of AvrSr22-2 with Sr22, but not with YFP, also
induced cell death in agroinfiltrated N. tabacum and N. benthamiana
leaves (Supplementary Fig. 5b). Since AvrSr22 and AvrSr22-2 are both
recognized by Sr22, Pgt21-0 and Ug99 are probably homozygous for
avirulence on Sr22. The observation that the Ug99 strain is homozy-
gous for avirulence on Sri3c and Sr22 suggests that these resistance
genes are more likely to provide durable resistance to Ug99-derived
Pgtstrains than $r27,Sr35 or Sr50 for which this strainis heterozygous
foravirulence'®™",

Insummary, we developed alibrary screening platform to rapidly
identify interacting pairs of plant immunoreceptors and pathogen
Avr effectors that confer disease resistance. The library complexity
and concentration conditions used here were chosen on the basis of
evidence of co-transformation frequency and cell death responses
for specific control genes at different MOTs and proved successful
for isolation of several Avr genes. However, optimal conditions may

vary depending on various factors including vector size, promoter/
terminator activity, R—-Avr combination, plant species and protoplast
transformation efficiency. Animportant question is ‘what is the maxi-
muml library sizethat canbe screenedin this way?’ Giventhat protoplast
transformation is well established in numerous plant species®, this
platform could be applied to accelerate advances in many critical plant
diseases. This will provide molecular tools needed for surveillance of
genetic variation at Avr loci in pathogen populations and enable the
creation of R-Avr gene atlases™ to inform breeding and deployment
of disease-resistant crops. Forinstance, the homozygosity of the Ug99
stemrust strain for Avr genes corresponding to Sr13cand Sr22provides
arationale for prioritizing these resistance genes inbreeding programs
and R gene stacking approaches® targeting durable resistance to this
race group. Inaddition, newly cloned Avrgenes can be used to confirm
the functionality of corresponding Rgenesin transgenic stack lines to
expedite the development of next-generation disease-resistant crops
(as demonstrated here with AvrSr22 used to confirm the functional-
ity of Sr22in our transgenic line RB-BigS5). Extending the platform to
identify Avrgenes corresponding tounknown Rgenesinresistant types
(including non-hosts) willbe animportant next step towards realizing
the full potential of this new approach. Finally, given the feasibility of
directlibrary screeningin protoplasts, thereis potential to devise other
cell screening protocolstoidentify genes controlling otherimportant
biological traits.

Methods

Vector design and construction

pTA22-YFP (Supplementary Fig. 6) is a high-copy (pUC19 origin of
replication) plasmid containing the coding sequence for Venus yel-
low fluorescent protein (YFP) flanked by the maize ubiquitin 1 pro-
moter (including the first intron) and a 35S:NOS double terminator.
The negative control empty vector pTA22 was created by digestion
of pTA22-YFP with Kpnl-Sacl, followed by blunting and self-ligation to
remove the YFP coding sequence. The destination vectors pTA22-GW
and pTA22-GW-PBS were created by replacing the YFP coding sequence
inpTA22-YFP with asynthesized (GeneArt) Gateway cassette (1,741 bp
and 1,761 bp, respectively) via restriction/ligation (Kpnl-Sacl).
pTA22-GW-PBS is identical to pTA22-GW except that pTA22-GW-PBS
also containsa20-bp reverse primer binding site (PBS) for the primer
FS_cDNA_R (5-TGCTAGATCTCGACAGTACG-3’) between the Gateway
cassette and the 35S:NOS double terminator.

The coding sequence of the wheat stemrust resistance gene Sr50
and the openreading frames includingintrons of the wheat stem rust
resistance genes Sr27,5r35, Sr13c, Sr21,5r22, Sr26 and Sr61 were cloned
into pTA22-GW via Gateway LR reaction (Invitrogen) to create the
expressionvectors pTA22-Sr50, pTA22-Sr27, pTA22-Sr35, pTA22-Sr13c,
pTA22-Sr21, pTA22-Sr22, pTA22-Sr26 and pTA22-Sré61, respectively. The
open reading frames in the R gene expression vectors were sequence
verified. Avr gene open reading frames (AvrSr50, AvrSr27-2, AvrSr35,
AvrSr22-2 and avrSr50-B6) were cloned into pTA22-GW-PBS via Gate-
way LRreaction to create the expression vectors pTA22-AvrSr50-PBS,
pTA22-AvrSr27-2-PBS, pTA22-AvrSr35-PBS, pTA22-AvrSr22-2-PBS and
pTA22-avrSr50-B6-PBS, respectively, with the insertions validated by
digestion with diagnostic restriction enzymes chosen to cut within
both the vector backbone and insert sequences.

For transient expressionin Nicotiana spp., the coding sequences
of AvrSr13 and AvrSr22 were transferred from the library constructs
pTA22-0336-PBS and pTA22-0100-PBS, respectively, into the
pDONR207 vector via Gateway BP reaction (Invitrogen). The pre-
dicted coding sequences of Sri3c, Sr22 and AvrSr22-2 were synthesized
and subcloned into pDONR207 via Gateway BP cloning. R and Avr
gene sequences were then transferred into the binary vectors pAM-
35s-GWY-YFPv and pBIN19-35s-YFPv-GWY, respectively, by Gateway
LRreaction as previously described”*?. Plasmids used in this study are
described in Extended Data Table 1.
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Effector library design and construction

Effector candidates from Pgt were selected from the genome reference
annotation for Pgt21-0 (ref. 10) (NCBI BioProject PRINA516922) and a
differential expression analysis of allgenes encoding secreted proteins
thatidentified eight clusters of genes with different expression profiles
duringthe Pgtinfection cycle". Candidates forinclusionin the Pgt effec-
tor library were selected on the basis of the following filtering criteria:
present in secreted protein gene expression clusters 2, 3 or 7; length
<1,000 nt after removal of the signal peptide encoding region; expres-
sion level in haustoria >5 transcripts per million (TPM); SignalP3.0
signal peptide prediction probability >0.5; unique translated protein
sequence in candidate set. The coding sequences of the resulting 718
putative effectors were codon optimized for wheat using GeneOp-
timizer. Additional sequences designed to facilitate synthesis and
cloning were added immediately upstream (5’-AGGCTTCACC-3’) and
immediately downstream (5-CCATACCCAGCTTTCTTGTACAAAGTG-
GTTTGATCGTACTGTCGAGATCTAGCAACGCGATCGGAGGCGCTCATTA
TACGCAGATTCTTTATCGAAGCTGAGGGTGTGCCCGCTGTAACCCGCAA
AGCCGTCAATATACAATCCTGACCAAATAGGAGACTGAACCGGTTTGGTAG
CAGATAAGTTGCTTGGTGCCG-3') of the optimized coding sequences. It
was a manufacturing requirement that all synthesized fragments be at
least 300 bp long. Therefore, the minimum length of randomly gener-
atedfiller sequence (italicized above in the downstream sequence) was
used where necessary (the 94 smallest effectors) to meet thisminimum
length. Ofthe 718 putative effectors, 696 were successfully synthesized
and cloned (Twist Bioscience) into pTA22-GW-PBS to create a library
of expression vectors with names pTA22-0001-PBS to pTA22-0718-PBS
(Supplementary Table1).

Effector library pooling and propagation

The 696 effector library constructs were individually resuspended in
100 pl IDTE buffer (10 mM Tris, 0.1 mM EDTA, pH 7.5; IDTE, 11-05-01-05)
andthen pooledin equimolar amounts (150 fmol per construct) using a
JANUS G3 automated liquid handling workstation. The final concentra-
tionof the pooled library was 132 ng pl™ as measured using Nanodrop
and 61 ng pl™ as measured using Qubit 4. To propagate the pooled
library, 2.5 pl of pooled library DNA was transformed into 50 pl of Elec-
troMAX Stbl4 competent Escherichia coli cells (Invitrogen, 11635018)
by electroporation (BioRad MicroPulser, Ec2 setting [2.5 kV, -5 s]), fol-
lowed by addition of 2.5 ml pre-warmed SOC medium (included with
the competent cells). Outgrowth without selection proceeded at 37 °C
for1hwithshakingat220 rpm. After outgrowth, cells were spun down
and resuspended in 2.5 ml of Luria-Bertani (LB) medium. The culture
was then diluted 1in 200 using LB medium and 300 pl of the diluted
culture was spread on a 14.5-cm-diameter LB agar plate containing
50 pg ml™ carbenicillin. Colonies were scraped off the plates using a
cell spreader and LB medium, and then transferred to Falcon tubes.
Cells were spun down, supernatant was removed and the pellets were
thenstored at -20 °C before plasmid DNA isolation.

Plasmid DNA isolation

pTA22-YFPwasisolated usingthe MACHEREY NAGEL NucleoBond Xtra
Maxi Plus EF kit (740426.50). All other plasmids were isolated using the
MACHEREY NAGEL NucleoBond Xtra Midi Plus EF kit (740422.50). The
pooled library was isolated using the QIAGEN EndoFree Plasmid Giga
kit (12391). Isolated plasmid DNA was resuspended at aconcentration
of 1 pug pl™ (measured on NanoDrop).

Protoplastisolation and transformation

Wheat (Triticum aestivum) seeds were planted in 13 cm pots (12 seeds
per pot) containing Martins Seed Raising and Cutting Mix supple-
mented with 3 g1 osmocote. Seedlings were grown in a growth cabi-
net at 24 °C on a cycle of 12 h light (-100 pmol m2s™) and 12 h dark
for 7-8 days. The cultivar Fielder was used for library screening and
experiments involving co-transformation of Rgenes with Avr genes or

candidates. The cultivars Kronos (native Sr13a), Fielder transgenic con-
taining Sr13c (FL-Sr13c), Schomburgk (native Sr22), Fielder transgenic
containing Sr22 (FL-Sr22) and Robin transgenic containing afive-R-gene
cassette including Sr22 (RB-Big5) were also used for further validation
of Avr candidates. Protoplastisolation and transformation was carried
out as described previously®’, with minor modifications. Following
enzymatic digestion of cell walls, released mesophyll protoplasts were
filtered througha40 pmnylon cell strainer. Protoplasts were then cen-
trifuged for 3 minat 80 g, resuspended in W5 solution (2 mM MES-KOH
pH5.7,5 mMKCI, 125 mM CaCl,, 154 mMNacCl) and incubated onice. The
settled protoplast pellet was resuspended in an appropriate volume of
MMG solution (4 mM MES-KOH pH 5.7, 0.4 M mannitol, 15 mM MgCl,).
The protoplast concentration was determined by cell counting on a
haemocytometer and subsequently adjusted to 2.5 x 10° cells per ml
using MMG solution. NEBioCalculator was used to calculate the number
of plasmid molecules used in each transformation, according to the
following formula: moles dsDNA (mol) = mass of dsDNA (g)/((length of
dsDNA (bp) x 615.96 g mol™ bp™) +36.04 g mol™). For example, 10 pg
of a 5.4 kbp plasmid corresponds to 3.0 pmol (=0.00001g/((5,400 b
p x 615.96 g mol™ bp™) +36.04 g mol™)) or 1.8 x 10" DNA molecules
(=3.0 x10 ™ moles dsDNA x 6.022 x 10* molecules mol™). For standard
individual transformationsinvolving single R-Avr gene combinations,
3 pmol of each vector was mixed with 200 pl of protoplasts (50,000
protoplasts; MOT = 36 million molecules per cell) and ~230 pl of PEG
solution (40% w/v PEG-4000, 0.2 M mannitol,100 mM CaCl,)ina2 ml
tube. The DNA/protoplast/PEG mixture was homogenized by gently
flicking the tube, and thenincubated for15-30 min at room tempera-
turebefore adding 940 pl of W5 solutionand gently inverting the tube
tomix and stop the transformation reaction. Transformed protoplasts
were centrifuged for 2 minat100 g, resuspended in 650 pl W5 solution,
transferred to12-well cell culture plates and incubated at 23 °Cfor 24 h
inthe dark. For mock library screening, transformation reactions were
scaled up 11x. For pooled library screening, transformation reactions
were scaled up 5% or 8x (for example, 8x transformation reactions
contained 296-387 pl vector DNA (pooled library + R gene or empty
vector), 1.6 ml of protoplasts and 1.95 ml PEG solution; stopped with
8 ml W5 solution) in 25 ml tubes and transformed protoplasts were
incubated in cell culture flasks. Transformations were performed in
triplicate for all treatments and controls.

Flow cytometry

After the 24 hincubation period, protoplasts were transferred to 2 ml
tubes, stained with propidium iodide (10 pg ml™) and then subjected
to flow cytometry using the Invitrogen Attune NxT flow cytometer to
detect fluorescence properties of individual cells. Propidium iodide
fluorescence (excitation 561 nm, emission filter 620/15 nm) was meas-
ured as an indicator for living protoplasts (no fluorescence) and YFP
fluorescence (excitation 488 nm, emission filter 530/30 nm) was meas-
ured as anindicator of the reporter gene expression. Gates were set to
delimit the protoplast population within all events, living cells within
the protoplast population and YFP-positive cells within the living
population. The percentage of YFP-positive protoplasts in the living
(propidiumiodide-negative) population was used to assess the trans-
formation efficiency and quantify R-Avrinduced cell death. When RFP
was used as a reporter, cells were not stained with propidium iodide
and RFP fluorescence was detected using an excitation of 561 nm and
an emission filter of 620/15 nm. Attune NxT Software 3.1 was used for
datacollectionand analysis. Two-tailed unpaired ¢-tests assuming equal
variances were performed using Prism 10.0.1 software.

Messenger (m)RNA extraction and complementary (c)DNA
synthesis/PCR

After the 24 hincubation period, protoplast samples (threereplicates of
eachtreatmentand control) were transferred toindividual 5 mltubesand
centrifuged for 3 minat150 g. The supernatant was discarded and mRNA
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was extracted fromthe protoplast pellet using the Invitrogen Dynabeads
mRNA DIRECT Purification kit (61012) according to manufacturer pro-
tocol for ‘mini’ extractions. mRNA was eluted with 20 pl of elution buffer
and the concentration determined using the Invitrogen Qubit RNA HS
Assay kit (Q32852) with the Invitrogen Qubit 4 fluorometer. Concentra-
tionsranged from~5-9 ng pl ™. Library-specific cDNA synthesis and PCR
was carried out using the Invitrogen SuperScript IV One-Step RT-PCR
System with ezDNase kit (12595100) following manufacturer protocol
withminor modifications. AllPCRreactions used 30 ng of mRNA template
and had a final volume of 50 pl. The forward primer ZmUbil SUTR_F3b
(5-GCACACACACACAACCAG-3’) was used with the reverse primer FS_
¢DNA R (5-TGCTAGATCTCGACAGTACG-3’). Cycling conditions were as
follows: 55 °C for 10 min (inactivation of ezDNase and first-strand cDNA
synthesis), 98 °C for 2 min (inactivation of reverse transcriptase and
initial denaturation), 98 °Cfor 10 s (denaturation), 61 °Cfor 10 s (anneal-
ing), 72 °Cfor 35 s (extension), 72 °Cfor 5 min (final extension). Eighteen
cyclesof denaturation, annealing and extension were performed. The PCR
product was column purified using the QIAGEN QIAquick PCR Purifica-
tion kit (28104) following manufacturer protocol. DNA was eluted with
35 plof elution buffer and the concentration determined using the Qubit
1X dsDNAHS Assay kit (Q33230) with the Invitrogen Qubit 4 fluorometer.
Concentrations ranged from~-8-21ng pl™.

Illuminalibrary construction and sequencing

Illumina libraries were generated for each cDNA sample (three
replicates of each treatment and control) and the pooled effector
library before and after propagation using the Illlumina DNA Prep
kit (20060059) and IDT for Illumina DNA/RNA UD Indexes Set A
(20027213) following manufacturer protocol with minor modifica-
tions. Around 120-220 ng of double-stranded (ds)DNA from the cDNA
synthesis/PCR or pooled effector library preparation was used as input
to achieve on-bead normalization. Right-side library cleanup with
purification beads (included in the kit) was carried out following the
Illumina protocol, while a 1.8x bead ratio was used for the left-side
cleanup of RNA-derived samples to retain smaller amplicons. lllumina
library concentrations were measured using the Qubit 1X dsDNA HS
Assay kit with the Invitrogen Qubit 4 fluorometer. Concentrations
ranged from~22-29 ng pl™ for RNA-derived samples and -16-18 ng pl™
for pooled effector library samples. Quality control of library size was
carried out using the Agilent TapeStation 2200 with High Sensitivity
D1000 ScreenTapes and Reagents (5067-5584 and 5067-5585). Illumina
libraries were pooled in equimolar amounts and sequenced on the
Illumina NextSeq 500 platform (ACRF Biomolecular Resource Facil-
ity, The John Curtin School of Medical Research, Australian National
University) using the NextSeq 500/550 Mid Outputkit v.2.5(20024904)
and 74 bp paired-end reads. PhiX was spiked in at 5%.

Differential gene expression analysis

RNA sequencing reads were cleaned using fastp (v.0.22.0)** (--length_
required 20) specifying the 5’ untranslated region sequences common
toalllibrary transcripts and the Illlumina DNA Prep adapter sequence as
adapters. The cleanreads were aligned to the coding sequences of the
696 cloned effector candidates with HISAT2 (v.2.2.1)* (--very-sensitive;
--sp 1,1; --no-spliced-alignment). Mappings where the read pairs map
todifferent transcripts were discarded. Salmon (v.1.8.0)** was used to
quantify expression from the HISAT2 alignments. Read counts were
imported into DESeq2 (ref. 37) with tximport (type = ‘salmon’). Dif-
ferential expression analysis was performed with DESeq2 (ref.37) and
default parameters, followed by IfcShrink (type =‘apeglm’) to compare
each Rgenetreatment withthe empty vector control. DESeq2 uses the
Wald test to compare expression between two samples and reports P
values adjusted for multiple testing using the Benjamini and Hochberg
method (BH-adjusted P values). P values of zero (-log,, P, = infinity)
were converted to the machine-lowest value possible in R (function:
.Machine$double.xmin), resulting in a -log,, P,qslightly greater than

300 for those data points (AvrSr50 in both screens; 0100 and the five
variants of AvrSr27 in screen 2). Volcano plots were produced with
EnhancedVolcano (https://github.com/kevinblighe/EnhancedVol-
cano). For the mock library screen, AvrSr50 and AvrSr27-2 TPM was
calculated from the read counts from the HISAT2 alignments and nor-
malized to the AvrSr35 TPM. Significance was assessed with a two-tailed
unpaired t-test assuming equal variances. For assessment of pooled
effector library propagation, lllumina sequence reads were cleaned,
aligned and counted as described above. Construct representationin
the pooled effector library before and after propagation was compared
on the basis of normalized read counts (Supplementary Fig 7).

Agroinfiltration of N. tabacum and N. benthamiana leaves
N.tabacum and N. benthamiana plants were grown in a growth cham-
ber at 23 °C with a 16 h light period. Agrobacterium tumefaciens cul-
tures containing the expression vectors of each construct were grown
overnight at 28 °C in LB media with appropriate antibiotic selections
(rifampicin/gentamicin/carbenicillin for pAM-GWY vectors and
rifampicin/gentamicin/kanamycin for pBIN19-GWY vectors). The cells
were pelleted and resuspended ininfiltration mix (10 mMM MES pH 5.6,
10 mM MgCl,, 1,500 pM acetosyringone) to an optical density (OD,)
of 0.2-0.7 asindicated, followed by incubation at room temperature for
2 h. Cultures wereinfiltrated into leaves of 4-week-old plants withal ml
syringe. For documentation of cell death, leaves were photographed
or scanned 2-5 days after infiltration.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Pgt effector expression data used in this study are available in NCBI
under BioProject PRINA516922. Vector sequences and sequence data
fromlibrary screens are deposited on the CSIRO Data Access Portal at
https://doi.org/10.25919/0c6m-mrl18 (ref. 38).
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Extended Data Table 1| Plasmids used in this study

Use Construct Plasmid name Plasmid backbone Cloning method Source
AvrSr13 pPDONR-AvrSri13 pDONR207 BP-Gateway
AvrSr22 pDONR-AvrSr22 pDONR207 BP-Gateway
AvrSr22b pDONR-AvrSr22b pDONR207 synthesis/BP-Gateway
Sr13c pDONR-Sr13c pDONR207 synthesis/BP-Gateway
Sr22 pDONR-Sr22 pDONR207 synthesis/BP-Gateway
pUBQ-YFP pTA22-YFP pTA22 -
pUBQ- empty vector pTA22 pTA22 restriction digestion
pUBQ gateway cloning vector ~ pTA22-GW pTA22 restriction digestion
pUBQ gateway cloning vector ~ pTA22-GW-PBS pTA22 restriction digestion
with PBS
pUBQ-RFP pTA22-RFP pTA22-GW LR-Gateway
pUBQ-Sr13c pTA22-Sr13c pTA22-GW LR-Gateway
pUBQ-Sr21 pTA22-Sr21 pTA22-GW LR-Gateway
pUBQ-Sr22 pTA22-Sr22 pTA22-GW LR-Gateway
5:2{5?5” pUBQ-Sr27 pTA22-5r27 pTA22-GW LR-Gateway
for wheat pUBQ-Sr35 pTA22-Sr35 pTA22-GW LR-Gateway
protoplasts =150 150 pTA22-Sr50 pTA22-GW LR-Gateway
pUBQ-Sr61 pTA22-Sr61 pTA22-GW LR-Gateway
pUBQ-AvrSr50 pTA22-AvrSr50-PBS pTA22-GW-PBS LR-Gateway
pUBQ-AvrSr27-2 pTA22-AvrSr27-2-PBS pTA22-GW-PBS LR-Gateway
pUBQ-AvrSr35 pTA22-AvrSr35-PBS pTA22-GW-PBS LR-Gateway
pUBQ-AvrSr13 pTA22-0100-PBS pTA22-GW-PBS synthesis
pUBQ-AvrSr22 pTA22-0336-PBS pTA22-GW-PBS synthesis
pUBQ-AvrSr2b pTA22-AvrSr22b-PBS pTA22-GW-PBS LR-Gateway
pUBQ-AvrSr2b pTA22-AvrSr22b-PBS pTA22-GW-PBS LR-Gateway
35S-AvrSr50 pPBIN19-YFP-AvrSr50 pPBIN19-YFP-GTW LR-Gateway Chenetal®
35S-AvrSr27-2 pBIN19-YFP-AvrSr27-2 pBIN19-YFP-GTW LR-Gateway Upadhyaya et al."
35S-Sr13c-YFP pAM-Sr13c-YFP pAM-GTW-YFP LR-Gateway
Expression 35S8-Sr22-YFP PAM-Sr22-YFP PAM-GTW-YFP LR-Gateway
vectorsin 35S-YFP-AvrSr13 PBIN19-YFP-AvrSr13 pPBIN19-YFP-GTW LR-Gateway
Nicotiana 35S-YFP-AvrSr22 PBINIO-YFP-AVrSr22 PBINIO-YFP-GTW LR-Gateway
35S-YFP-AvrSr22b pPBIN19-YFP-AvrSr22b pBIN19-YFP-GTW LR-Gateway
35S-Sr27-YFP pAM-Sr27-YFP pPAM-GTW-YFP LR-Gateway Upadhyaya et al."
35S8-Sr50-YFP PAM-Sr50-YFP PAM-GTW-YFP LR-Gateway
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  no software was used for data collection

Data analysis RNA sequencing reads were cleaned using fastp 0.22.0. Reads were aligned to reference sequences using HISAT2 2.2.1. Transcript abundances
were assessed using Salmon 1.8.0. DESeq2 1.34.0 was used to assess differential expression. Volcano plots were produced with
EnhancedVolcano1.12.0. Statistical tests were performed with prism10.0.1. flow cytometry data was analysed using Attune NxT 3.1

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Pgt effector expression data used in this study is available in NCBI under BioProject PRINA516922. Sequence data from library screens is deposited on the CSIRO
Data Access Portal under doi: https://doi.org/10.25919/apa3-7v33.
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Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size three biological replicates performed for protoplast transformation experiments experiments as is standard for the field.
Data exclusions  no data were excluded

Replication Library screening experiments were performed twice with similar results as shown in figure 2 and supp fig 3. Protoplast and nicotiana
transformation experiments repeated at least twice with consistent results.

Randomization  not relevant to study as no subjects were allocated to experimental groups.

Blinding no subjective scoring requiring blinding were performed. Automated quantification of samples.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Wheat (Triticum aestivum) seeds were planted in 13 cm pots (12 seeds per pot) containing Martins Seed Raising and Cutting
Mix supplemented with 3 g/L osmocote. Seedlings were grown in a growth cabinet at 24°C on a cycle of 12 hours light (~100
umol m-2 s-1) and 12 h dark, for 7-8days. Wheat cultivar Fielder was used unless otherwise stated. Protoplast isolation and
transformation was carried out as described in Arndell, et al 2019 BMC Biotechnology 19, 71, except that released
protoplasts were filtered through a 40um nylon cell strainer and final suspension was in 6 mL MMG solution (4mM MES-KOH
(pH5.7), 0.4M mannitol, 15mM MgCl2).

Invitrogen Attune NxT Flow Cytometer

Attune NxT Software 3.1

No post-sort fractions were collected through flow cytometry

The first gate (FSC / SSC) selected the protoplast population. The second gate was set with reference to an unstained and
untransformed control to select the living sub-population of protoplasts (negative for propidium iodide staining) in stained

samples. The third gate was set with reference to a propidium iodide-stained and untransformed control to determine the
percentage of living cells that were YFP-positive in transformed samples.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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