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Small RNAs (sRNAs) are involved in gene silencing in multiple
ways, including through cross-kingdom transfers from parasites
to their hosts. Little is known about the evolutionary mecha-
nisms enabling eukaryotic microbes to evolve functional mim-
ics of host small regulatory RNAs. Here, we describe the iden-
tification and functional characterization of SINE_sRNA1, an
sRNA family derived from highly abundant short interspersed
nuclear element (SINE) retrotransposons in the genome of the
wheat powdery mildew pathogen. SINE_sRNA1 is encoded by a
sequence motif that is conserved in multiple SINE families and
corresponds to a functional plant microRNA (miRNA) mimic
targeting Tae_AP1, a wheat gene encoding an aspartic pro-
tease only found in monocots. Tae_AP1 has a novel function
enhancing both pattern-triggered immunity (PTI) and effector-
triggered immunity (ETI), thereby contributing to the cross ac-
tivation of plant defenses. We conclude that SINE_sRNA1 and
Tae_AP1 are functional innovations, suggesting the contribu-
tion of transposons to the evolutionary arms race between a
parasite and its host.

Keywords: aspartic protease, Blumeria, cross-kingdom RNAi, trans-
posable elements, wheat

Small RNAs (sRNAs) are ancient regulatory elements medi-
ating a variety of RNA interference (RNAi) mechanisms. While
several components of the RNAi machinery are conserved across
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eukaryotes, the origin of RNAi competent sRNAs as well as their
mode of pairing with a target sequence vary between eukary-
ote kingdoms (Moran et al. 2017; Shabalina and Koonin 2008).
Despite these functional variations, cross-kingdom mobility of
sRNAs between fungal pathogens and their plant hosts, resulting
in sequence pairing and down-regulation of immunity targets,
has been demonstrated (Hua et al. 2018). This illustrates the ca-
pacity of eukaryotic microbes to evolve mimics of plant small
regulatory RNAs. The most prominent examples are Bc-siR3 and
Bc-siR5, two experimentally validated sRNA sequences from
the necrotrophic fungus Botrytis cinerea, which are capa-
ble of cross-kingdom suppression of defense genes in Ara-
bidopsis thaliana (Weiberg et al. 2013). Bc-siR3 and Bc-siR5
are not canonical microRNA (miRNA) or short interfering
RNA (siRNA) sequences derived from well-defined precur-
sors (Carthew and Sontheimer 2009). Instead, they are encoded
within long terminal repeat (LTR) retrotransposons by precur-
sors that do not form a typical miRNA hairpin structure, as is
the case for most (805 of 832) B. cinerea sRNAs recovered
from infected tissue. This is striking because sRNAs derived
from transposable elements (TEs) are commonly involved in
TE silencing, which is an essential mechanism for the main-
tenance of genome integrity (Sigman and Slotkin 2016). This
raises the question of whether TE-derived sRNAs could also
gain new functions in host-pathogen interactions involving obli-
gate biotrophic pathogens, which establish long-lasting parasitic
interactions with their host.

Blumeria graminis f. sp. tritici (B.g. tritici, wheat powdery
mildew) is an obligate biotrophic fungal plant pathogen that can
only survive on living tissues and exhibits strong host specificity,
as it can only infect wheat (Troch et al. 2014). Approximately
85% of the B.g. tritici genome is derived from TEs with a partic-
ularly rich repertoire of non-LTR retrotransposons (Müller et al.
2019) (Supplementary Fig. S1A). Due to its large TE reper-
toire, its obligate biotrophic lifestyle and its extreme trend to-
ward host specialization (Supplementary Note S1), we hypoth-
esized that B.g. tritici represents a potent system to study the
evolution of functional plant sRNA mimics from transposable
elements. A hallmark of successful mildew infection is the for-
mation of highly specialized feeding structures called haustoria
(singular haustorium), which are only found inside a few epider-
mal cells (Supplementary Note S1) (Hückelhoven and Panstruga
2011). After establishing infection, mildew grows strictly epi-
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phytic hyphae, with haustoria being the main interface for molec-
ular exchanges and delivery of virulence factors (such as effector
proteins and possibly sRNAs) to its host. Thus, the start of the
haustorial stage, which takes place at approximately 2 to 3 days
postinoculation, has been consistently shown to be a highly rele-
vant time point for the expression of important virulence factors
(bona fide effectors) (Bourras et al. 2018). Furthermore, recent
evidence from the closely related powdery mildew of barley
(Blumeria hordei) supports the hypothesis that haustoria are an
interface for cross-kingdom exchange of sRNAs between cereal
mildews and their hosts (Kusch et al. 2023).

We sequenced four sRNA libraries derived from three pow-
dery mildew isolates (Bgt_96224, Bgt_94202, and Bgt_JIW2)
growing on the susceptible wheat cultivar ‘Chinese Spring’ and
one from an uninfected control (Poretti et al. 2020). Samples
were collected at 2 days postinoculation which has been previ-
ously shown to correspond to the stage of haustorium formation
for all three isolates on ‘Chinese Spring’ (Praz et al. 2018). We
recovered 2.7 to 3.1 million mildew sRNA reads from infected
samples, with each isolate encoding approximately 760,000

unique sequences, suggesting that B.g. tritici mobilizes an ex-
tremely diverse repertoire of sRNAs during host infection (Sup-
plementary Note S2). All sRNA sequences mapping to the B.g.
tritici genome ranged between 19 to 23 nucleotides (nt) in size
(Fig. 1A) and were largely derived from TEs (64.33%, Fig. 1B;
Supplementary Table S1). Long interspersed nuclear elements
(LINEs) contributed most sRNA reads, followed by short inter-
spersed nuclear elements (SINEs, Fig. 1C; Supplementary Table
S2). SINEs are short, non-autonomous retrotransposons that rely
on enzymes encoded by autonomous retrotransposons such as
LINEs for their replication. They were of particular interests to
us because a previous study in B.g. tritici found SINEs to be
specifically enriched in the vicinity of effector genes (Müller
et al. 2019), which were shown to be highly transcribed during
early infection stages of B.g. tritici (Praz et al. 2018). Consistent
with their frequent association with highly expressed virulence
factors, all nine known B.g. tritici SINE families produce sRNAs
across their entire length during host infection, albeit at varying
levels (examples in Fig. 1D; Supplementary Fig. S1B and C),
with the RSX_Yhi and RSX_Yho families producing over 11,000

Fig. 1. Survey of Blumeria graminis f. sp. tritici (Bgt) small RNAs (sRNAs) derived from transposable elements. A, Size distribution of mildew sRNAs derived
from three different isolates. B, Transposable elements (TEs) are the largest contributors of sRNAs as compared to genes. An opposite pattern is observed with
RNA sequencing reads indicated as mRNA. Asterisks indicate conserved bases. C, Fractions of sRNA reads mapped to different mildew TE superfamilies in %
of total reads mapping to TEs. Ty3 indicates the superfamily formally known as “Gypsy”. D, Examples showing six short interspersed nuclear element (SINE)
families that produce sRNAs over the full TE sequence. The position of the conserved core motif is indicated with a red bar. Sequence coverage with forward
sRNA reads is shown in orange, while sequence coverage with reverse reads is stacked on top in gray. E, Conserved sequence islands among otherwise highly
polymorphic SINEs. P = putative promoter, T = putative terminator, and R = conserved core motif. F, A core 20-nt consensus sequence conserved in SINEs
from Bgt and B. hordei (Bh) (see also Supplementary Fig. S2A). Asterisks indicate conserved bases. G, Number of sRNA variants that contain the core 20-nt
conserved motif from individual SINE families. Numbers of forward (sense) and reverse (antisense) variants are shown separately. H, Sequence alignment of
16 members of the SINE_sRNA1 family derived from RSX_Lie that are predicted to target the wheat gene TraesCS7D01G475600. Target prediction was done
with the psRNATarget software, and the mapping score is indicated (the lower the better). The sequence at the top was used for subsequent functional validation.
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different sequence variants (Supplementary Fig. S1C). Based on
these data, we hypothesized that co-expression of SINE-derived
sRNAs with fungal effector genes pinpoints their potential role
in the establishment of the host-pathogen interaction.

The high number of SINE-derived sRNAs prompted us to
further analyze the precursors of such large repertoire across
SINEs. Sequence conservation between different SINE fami-
lies is minimal and usually restricted to short putative promoter
and terminator sequences (examples in Fig. 1E). Interestingly,
six SINE families contain an additional conserved region in the
3′ half, defining a highly conserved 20-nt core sequence motif
(Fig. 1D to F; Supplementary Fig. S1B). This core motif is simi-
larly conserved in homologous SINEs in barley powdery mildew
(Fig. 1F), indicating that these families diverged before B.g. trit-
ici and B. hordei, suggesting this region is functionally important
alike the putative promoter and terminator sequences (Fig. 1E).
This discovery prompted us to focus on the potential evolution-
ary relevance of this region as precursor of a conserved sRNA
family, which here distinguishes our approach from previous
studies where highest read abundance has been used as the pri-
mary criterion to select for sRNAs of interest. We identified a
total of 238 sRNA variants that include this core motif derived
from the six SINE families (Supplementary File S1). We here-
after refer to this group of sequences as the SINE_sRNA1 family.
Here, the RSX_Lie family stood out by exhibiting the highest
proportion of sRNA reads mapping in sense orientation (i.e., the
transcriptional orientation of the TE, Fig. 1D and G; Supplemen-
tary Fig. S1B), indicating these abundant sequences are fulfilling
potentially novel functions other than transcriptional silencing
of the RSX_Lie family itself. In total, we found 43 SINE_sRNA1
variants that are derived from RSX_Lie retrotransposons (ex-
amples in Fig. 1H; Supplementary Fig. S2A). Furthermore, the
variants containing the 20-nt core motif in RSX_Lie elements
showed the lowest sequence diversity of all SINE families, sug-
gesting purifying selection (examples in Fig. 1H; Supplementary
Fig. S2).

Given previous reports from B. cinerea (Weiberg et al. 2013),
recent experimental evidence for cross-kingdom sRNA move-
ment between cereal mildews and their host (Kusch et al. 2023),
and transcriptional evidence showing that the SINE_sRNA1 fam-
ily is active during host infection (Müller et al. 2019; Praz et al.
2018), we searched for possible targets of the 43 SINE_sRNA1
variants derived from RSX_Lie retrotransposons in the reference
hexaploid bread wheat genome, which is derived from the same
cultivar infected in this study (‘Chinese Spring’, IWGSC Ref-
Seq1) (IWGSC et al. 2018). This yielded a list of 35 candidate
genes that were targeted by at least 10 different SINE_sRNA1
variants (Supplementary Table S3; Supplementary File S2).
Manual curation of this gene list in search for a candidate with
a potentially novel function in wheat immunity prompted us
to focus on TraesCS7D01G475600 (Supplementary Table S3),
which encodes a putative aspartic protease (AP) reminiscent of
the barley HORVU6Hr1G071190.3. This homologous AP has
been shown to accumulate in the extracellular matrix surround-
ing haustoria in barley and has been suggested to fulfil an im-
portant yet unknown function in the barley immune response
to B. hordei (Lambertucci et al. 2019). TraesCS7D01G475600
is predicted to be targeted by several SINE_sRNA1 variants
through a complementary sequence in the 3′ untranslated region
(3′UTR) (Supplementary Fig. S3; Supplementary Table S3). In-
terestingly, sequence analysis of TraesCS7D01G475600 in the
recently published high-quality genome assemblies of 15 di-
verse wheat cultivars (10+ wheat genomes project, Walkowiak
et al. 2020) showed that both the coding sequence and 3′UTR are
100% conserved (Supplementary Note S3; Supplementary Files
S3, S4, and S5). Furthermore, we PCR amplified and sequenced
the 3′UTR in 94 additional wheat cultivars with diverse breed-

ing histories (WHEALBI project, [Pont et al. 2019]) and found
that the full sequence, including the putative SINE_sRNA1 bind-
ing site, were 100% conserved in all accessions (Supplementary
Note S3; Supplementary File S6).

We then sought experimental evidence that SINE_sRNA1/
TraesCS7D01G475600 is a functional sRNA/target pair. First,
using a 21-nt sequence with the highest target prediction score
(TTTTTTTGAGACTTTTTCCCG, Fig. 1H) as a template for
the SINE_sRNA1 family, we were able to molecularly iso-
late, clone, sequence verify, and experimentally validate that
SINE_sRNA1 can only be found in mildew-infected samples
and not in the uninfected control (Fig. 1H; Supplementary
Fig. S4; Supplementary Note S4). We assayed the capacity of
SINE_sRNA1 to exhibit RNAi silencing activity in planta. For
this purpose, we designed a silencing-bait assay in the heterolo-
gous Nicotiana benthamiana system, where a Luciferase (LUC)
reporter gene was fused to the 3′UTR of TraesCS7D01G475600
and transiently co-expressed with an artificial hairpin construct
giving rise to SINE_sRNA1 (Supplementary Note S5). Con-
sistent with active and specific silencing capacity in planta,
the LUC signal was strongly reduced when combined with
SINE_sRNA1 but remained unaffected by a scrambled version
SINE_sRNA1_scr or when the 3′UTR binding site was mu-
tated (Fig. 2A to E). We conclude that the pathogen-derived
SINE_sRNA1 family exhibits silencing activity in planta and that
the high conservation of its target site in the host suggests that
SINE_sRNA1 target pairing could take place irrespective of the
wheat genotype.

TraesCS7D01G475600, hereafter referred to as Tae_AP1, en-
codes an AP of the A1 peptidase family. Tae_AP1 carries two
catalytic subunits characterized by two indispensable aspartate
residues in a conserved DT/SG sequence (Fig. 2F) and local-
izes to the apoplast upon expression in N. benthamiana (Fig. 2G
to H). This is consistent with the presence of an N-terminal sig-
nal peptide in Tae_AP1 and its high cysteine content, which are
often seen for proteins residing in harsh environments like the
acidic apoplast (Fig. 2F to I; Supplementary Note S6). Like other
A1 peptidases, Tae_AP1 carries a putative inhibitory propep-
tide (Fig. 2F) whose autocatalytic removal does not occur in
a catalytically inactive mutant mTae_AP1 (D146N, D345N),
which was generated by the disruption of both conserved aspar-
tate residues in the catalytic cores (Fig. 2F to I; Supplementary
Note S6). Several apoplastic APs have been implicated in plant
immunity (Thomas and van der Hoorn 2018; Wang et al. 2020)
with prominent, well-characterized examples including AtCDR1
from Arabidopsis and its rice homolog OsCDR1 (Prasad et al.
2009; Xia et al. 2004). Phylogenetic analysis of AP proteins from
Arabidopsis, rice, wheat, and eight additional monocots showed
that Tae_AP1 is part of a monophyletic clade that is clearly dis-
tinct from CDR1 (Fig. 3A and B; Supplementary Fig. S5; Sup-
plementary Note S7). Comparative sequence analysis including
eight additional monocot species revealed Tae_AP1-like genes
to be widespread in monocot species but absent from dicots
(Fig. 3B; Supplementary Figs. S5 and S6; Supplementary
Note S7; Supplementary File S7), which is striking consid-
ering that the Blumeria genus can only infect grasses. We
further aimed at investigating the molecular contribution of
Tae_AP1 to the two canonical layers of plant immune re-
sponses triggered against biotrophic parasite like mildews,
namely pattern-triggered immunity (PTI) and effector-triggered
immunity (ETI) (Jones and Dangl 2006). A hallmark of PTI
activation is the production of reactive oxygen species (ROS)
upon recognition of conserved pathogen-associated molecular
patterns (PAMPs) such as the bacterial flagellin peptide flg22.
We therefore tested the impact of Tae_AP1 on ROS production
upon flg22-dependent PTI activation using a well-established
assay in N. benthamiana (Couto and Zipfel 2016). In this ex-
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periment, we activated PTI by adding flg22 on the leaf tissue
and measured ROS production in the presence of transiently ex-
pressed Tae_AP1, the catalytically inactive mutant mTae_AP1,
or a GUS-negative control. We found that ROS production was
strongly increased in the presence of Tae_AP1 as compared to
the catalytically inactive variant mTae_AP1 (Fig. 3C; Supple-
mentary Note S8) or GUS (Supplementary Fig. S7A), indicating
that Tae_AP1 represents a novel component of plant immunity.

Considering that PTI is a highly conserved immune response
against a variety of pathogens, we sought further evidence for a
specific role of Tae_AP1 in wheat defenses against mildew. In
this regard, ETI offers an ideal system as such immune responses
result from specific recognition of so-called pathogen effector
proteins by host intracellular nucleotide-binding leucine-rich-
repeat (NLR) receptor proteins (Bourras et al. 2018). These inter-
actions commonly result in a hypersensitive cell-death response
(HR, a highly effective response against obligate biotrophs), and
several of such effector-NLR pairs have been cloned from the
wheat mildew system and functionally validated using transient
co-expression assays in N. benthamiana (Bourras et al. 2015,
2019; Hewitt et al. 2021; Kunz et al. 2023; Müller et al. 2022;
Praz et al. 2017). Furthermore, previous studies have verified
that quantitative differences in NLR activation observed in the

N. benthamiana system were fully consistent with differences
in resistance levels observed in the native wheat host, which has
been extensively demonstrated for numerous powdery mildew
resistance proteins of the NLR type (including PM2, PM3A,
PM3B, PM3C, PM3D, PM3F, and PM17) (Bourras et al. 2019;
Lindner et al. 2020; Manser et al. 2021; Müller et al. 2022). We
therefore aimed at quantifying the impact of Tae_AP1 on the
strength of the HR resulting from ETI activation by the wheat
NLRs PM3 and PM2 using the same assay in N. benthamiana. In
this experiment, we activated ETI using the previously cloned,
functionally validated effector-NLR pairs from B.g. tritici and
wheat, namely AvrPm3a2/f2-Pm3a and AvrPm2-Pm2 (Bourras
et al. 2015; Praz et al. 2017), and quantified the strength of the
resulting HR in the presence of Tae_AP1, the catalytically in-
active mutant mTae_AP1, or a GUS-negative control. In both
instances, the HR resulting from ETI activation was stronger in
the presence of Tae_AP1 when compared to the inactive vari-
ant or GUS (Fig. 3B and C; Supplementary Fig. S7B and C;
Supplementary Note S8), indicating that Tae_AP1 is also impli-
cated in NLR-mediated immune responses of wheat against B.g.
tritici. NLR proteins can be classified by their N-terminal end
consisting of a coiled-coil domain (CC-NLR) (like the wheat
PM3A and PM2) or a toll-interleukin domain (TIR-NLR). TIR-

Fig. 2. SINE_sRNA1 is a functional plant small RNA (sRNA) mimic with silencing activity towards the wheat apoplastic aspartic protease Tae_AP1
(TraesCS7D01G475600). A to E, Luciferase (LUC) reporter-based silencing-bait assay confirming specific silencing activity of SINE_sRNA1 towards the
3′ untranslated region (3′UTR) of Tae_AP1. A, Sequence alignment between the sRNA target site in the 3′UTR of Tae_AP1 or a mutated version of the target
site (m3′UTR_TaeAP1) and SINE_sRNA1 or a scrambled version SINE_sRNA1_scr. All tested combinations are depicted. Complementary bases are indicated
by vertical bars and highlighted in grey. Wobble positions (U:G) are indicated by colons. Noncomplementary bases are marked by a dot. The combination with
predicted silencing capacity in silico is highlighted by a yellow box. B to E, LUC activity measured in Nicotiana benthamiana leaves co-expressing the LUC-
3′UTR reporter and SINE_sRNA1 (yellow) or mutated/scrambled versions thereof (grey). All possible pairwise combinations were tested on separate leaves
(n = 8), verifying that efficient silencing of the LUC reporter only occurs in the presence of the intact sRNA target site and the original SINE_sRNA1 sequence.
The statistical significance and associated P value are indicated for each pairwise comparison (Wilcoxon signed-rank test). Stars indicate statistical significance
as follows: * P < 0.05, ** P < 0.01, and *** P < 0.001. n.s. indicates not significant. Assays were replicated three times with identical results. F, Schematic
depiction of the predicted domain structure of Tae_AP1. The predicted signal peptide (blue) and the two active domains (yellow TAXI_N [PF14543]; red
TAXI_C [PF14541]) are highlighted, and flanking residues are numbered. Sequences at the two active sites are magnified with the indispensable aspartate
residues (D146, D345) marked by a star. Position of cysteine residues are marked by a triangle, and the extent of the putative propeptide is highlighted. G,
Tae_AP1-mRFP (red) apoplastic localization in N. benthamiana in comparison to a ZmHVR-YFP plasma membrane marker (green) revealed by confocal
microscopy. H, Plasmamembrane cross-section quantification of fluorescence signal along the axis (white line) indicated in G. I, Western blot analysis of
Tae_AP1 and mTae_AP1 C-terminally fused to a FLAG epitope tag and transiently expressed in N. benthamiana. Protein extracts from noninfiltrated leaf areas
are shown for comparison. The observed size shift corresponding to the autocatalytic removal of the propeptide (approximately 10 kDa) is indicated by red
arrows. A total protein loading control, stained by Ponceau S, is provided in the bottom panel.
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NLRs also activate ETI and induce HR upon effector recognition,
but this class of receptors is not found in monocots (Tamborski
and Krasileva 2020; Tarr and Alexander 2009). Considering the
finding that Tae_AP1 belongs to a monocot-specific clade, we
tested the contribution of Tae_AP1 to the ETI mediated by the
TIR-NLRs Rps4/Rrs1 from Arabidopsis and Roq1 from N. ben-
thamiana upon recognition of the Pseudomonas syringae pv.
tomato effectors AvrRps4 and HopQ1, respectively (Gassmann
et al. 1999; Schultink et al. 2017). Using the same HR quan-
tification assay in N. benthamiana, we found that Tae_AP1 had
no visible effect on the ETI response triggered by TIR-NLRs
from dicots (Fig. 3D and E; Supplementary Fig. S7D and E),
further substantiating the phylogenetic evidence indicating this
gene is a genuine innovation of monocots. We conclude that
Tae_AP1 fulfills a novel function in the activation of both lay-
ers of plant immunity, thereby supporting recent breakthrough
findings indicating that ETI execution involves a re-potentiation
of PTI (Lu and Tsuda 2021; Yuan et al. 2021) (Supplementary
Note S8).

In summary, we propose that small “islands” of sequence con-
servation across large arrays of otherwise sequence-divergent
transposons may provide a springboard for the evolution of con-
served sRNA families (like the SINE_sRNA1) from precursors
that do not form a typical hairpin. We speculate that such mecha-
nisms are probably common in fungi considering that conserved
sRNAs in B. cinerea are also derived from transposons. We also
propose that the SINE_sRNA1 target Tae_AP1 encodes a poten-
tially novel function in plant immunity in monocots, suggesting
there is larger variety of lineage-specific mechanisms underly-
ing the execution of ETI and PTI responses. Considering the
novelty of the SINE_sRNA1/Tae_AP1 pair, we argue that our
approach to explore sRNA biology in fungal pathogens, with a
primary focus on the origin and evolution of sRNA families, is
a potent complement to classical approaches focusing solely on
most highly abundant sRNA families. Finally, we propose that
both SINE_sRNA1 and Tae_AP1 are recent innovations driven by
the ongoing co-evolutionary arms-race between grass powdery
mildews and their hosts. However, our study only characterized

Fig. 3. Tae_AP1 belongs to a monocot-specific branch of aspartic proteases and is a potent enhancer of pattern-triggered immunity (PTI) and effector-triggered
immunity (ETI) immune responses. A and B, Phylogenetic analysis of aspartic proteases from Arabidopsis, rice, and wheat. A, Tae_AP1 and AtCDR1-like
genes belong to distinct clades. B, Magnification of the Tae_AP1 and AtCDR1 clades depicted in A. The Tae_AP1 clade is unique to monocot species.
Positions of Tae_AP1 and AtCDR1 are highlighted by a red dot. A full-resolution figure of the phylogenetic analysis depicted in A and B can be found as
Supplementary Figure S5. C, Reactive oxygen species (ROS) production upon the bacterial flagellin peptide flg22 challenge of Nicotiana benthamiana leaves
transiently expressing Tae_AP1 (red) or the proteolytically inactive mutant mTae_AP1 (green) over 60 min. Results are presented as mean ± standard error of
the mean. Assays were replicated three times with similar results. D and E, Tae_AP1 enhances coiled-coiled domain nucleotide-binding leucine-rich-repeat
(CC-NLR)-mediated cell death when transiently co-expressed in N. benthamiana with Pm3a (D) andPm2 (E) and their cognate avirulence effectors AvrPm3a2/f2

and AvrPm2, respectively. F and G, Tae_AP1 marginally affects toll-interleukin domain nucleotide-binding leucine-rich-repeat (TIR-NLR)-mediated cell death
with no visible difference observed when transiently co-expressed with Roq1 (F) or Rps4/Rrs1-R (G) and their cognate avirulence effectors HopQ1 and AvrRps4,
respectively. Scale bars in hypersensitive cell-death response (HR) images correspond to 1 cm. Statistical significance and associated P values are indicated
for each pairwise comparison (Wilcoxon signed-rank test). Assays were replicated three times with identical results. Stars indicate statistical significance as
follows: * P < 0.05, ** P < 0.01, and *** P < 0.001.
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a small subset of large and sequence-diverse sRNA families with
potentially thousands of precursors spread across the genome. To
better understand the complexity of interactions of sRNAs with
their targets, future research will require large scale parallel se-
quencing of mRNAs, sRNA, and degradomes from both hosts
and pathogens at multiple time points during the disease cycle.

Materials and Methods
A detailed description of all material and methods used in

this study is available in the Supplementary Methods online.
Sample generation, RNA extraction, and sequencing are de-
scribed in Supplementary Methods Section 1. The sRNA data
processing, bioinformatic analyses, and sRNA target prediction
are described in Supplementary Methods Section 2. Phyloge-
netic analyses and assessment of sequence diversity in Triticeae
are described in Supplementary Methods Section 3. Stem-loop
PCR-based validation of the SINE_sRNA1 family is described
in Supplementary Methods Section 4. All cloning procedures
are described in Supplementary Methods Section 5. Transient
gene expression in N. benthamiana including all downstream
analyses (silencing bait assay, ROS burst measurements, hyper-
sensitive response quantification, and confocal microscopy) are
described in Supplementary Methods Section 6. Protein extrac-
tion and western blotting are described in Supplementary Meth-
ods Section 7. The sRNA sequencing reads are available under
the National Center for Biotechnology Information (NCBI) Bio-
Project PRJNA553193 and PRJNA577532 (Poretti et al. 2020).
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