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Abstract

In filamentous fungi, gene silencing by RNA interference (RNAi) shapes many biological
processes, including pathogenicity. Recently, fungal small RNAs (sRNAs) have been shown to
act as effectors that disrupt gene activity in interacting plant hosts, thereby undermining their
defence responses. We show here that the devastating mycotoxin-producing ascomycete
Fusarium graminearum (Fg) utilizes DICER-like (DCL)-dependent sSRNAs to target defence
genes in two Poaceae hosts, barley (Hordeum vulgare Hv) and Brachypodium distachyon (Bd).
We identified 104 Fg-sRNAs with sequence homology to host genes that were repressed during
interactions of Fig and Hv, while they accumulated in plants infected by the DCL double knock-
out (dKO) mutant PH1-dcl1/2. The strength of target gene expression correlated with the
abundance of the corresponding Fig-sRNA. Specifically, the abundance of three tRNA-derived
fragments (tRFs) targeting immunity-related Ethylene overproducer 1-like 1 (HvEOLI) and
three Poaceae orthologues of Arabidopsis thaliana BRII-associated receptor kinase 1
(HvBAK1, HvSERK? and BdSERK?2) was dependent on fungal DCL. Additionally, RNA-ligase-
mediated Rapid Amplification of cDNA Ends (RLM-RACE) identified infection-specific
degradation products for the three barley gene transcripts, consistent with the possibility that

tRFs contribute to fungal virulence via targeted gene silencing.

Keywords: RNAi, sRNA, Fusarium graminearum, DCL, Barley, Hordeum vulgare,

Brachypodium distachyon, SERK, EOL1, BAK1
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Significance Statement

Fusarium graminearum 1is one of the most devastating fungal pathogens in cereals, while
understanding the mechanisms of fungal pathogenesis is a prerequisite for developing efficient
and environmentally friendly crop protection strategies. We show exploratory data suggesting
that fungal small RNAs play a critical role in Fusarium virulence by suppressing plant

immunity.
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Introduction

RNA interference (RNAI) is a biological process in which small RNA (sRNA) molecules
mediate gene silencing at the transcriptional or post-transcriptional level. In agriculture, RNAi-
mediated silencing strategies have the potential to protect crops from pests and microbial
pathogens (Koch & Kogel 2014; Guo et al. 2016; Liu et al. 2020; Se¢i¢ & Kogel 2021; Koch
& Wassenegger 2021). Expression of non-coding double-stranded (ds) RNA targeting essential
genes in a pest, a pathogen or a virus can render host plants more resistant by a process known
as host-induced gene silencing (HIGS) (Rosa et al. 2018; Cai et al. 2018a; Gaffar & Koch 2019;
Niehl & Heinlein 2019). Alternatively, plants can be protected by foliar application of dSRNA
to plants (Koch et al. 2016; Wang et al. 2016a; Konakalla et al. 2016; Mitter et al. 2017; Kaldis
et al. 2018; McLoughin et al. 2018; Sang et al. 2020). While these RNAi-based crop protection
strategies are proving to be efficient and agronomically practical in the control of insects (Head
et al. 2017) and viruses (Niehl et al. 2018), many questions remain unanswered with regard to

the control of fungi.

The blueprint for using RNA to fight disease comes from nature (Cai et al. 2018a). During
infection of Arabidopsis thaliana (At), the necrotrophic ascomycete Botrytis cinerea (Bc)
secretes DICER-like (DCL)-dependent sSRNAs that are taken up into plant cells to interact with
the Arabidopsis ARGONAUTE protein AfAGO1 and initiate silencing of plant immune genes
(Weiberg et al. 2013; Cai et al. 2018b). For instance, SRNA Bc-siR3.2 targets mitogen-activated
protein kinases, including MPK2 and MPKI in At, and MAPKKK4 in tomato (Solanum
lycopersicum), while Bc-siR37 targets several immune-related transcription factors including
WRKY7, PMR6 and FEI2 (Wang et al. 2017b). Likewise, the oomycete Hyaloperonospora
arabidopsidis produces 133 AGO1-bound sRNAs, which are crucial for virulence (Dunker et
al. 2020), and microRNA-like RNA1 (Pst-milR1) from the yellow rust causing biotrophic

basidiomycete Puccinia striiformis f.sp. tritici (Pst) reduced expression of the defence gene


https://doi.org/10.1101/2021.05.17.444440
http://creativecommons.org/licenses/by/4.0/

76

77

78

79

80

81

82

83

84

85

86

87

88

&9

90

91

92

93

94

95

96

97

98

99

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.17.444440; this version posted May 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY 4.0 International license.

Pathogenesis-related 2 (PR2) in wheat (Triticum aestivum) (Wang et al 2017a). Notably, when
comparing sSRNA in the leaf rust fungus Puccinia triticina (Pt), 38 Pt-sRNAs were homologous
to sSRNAs previously identified in Pst (Dubey et al. 2019; Mueth et al. 2015), hinting to the
possibility that SRNA effectors are conserved among related fungal species as it is known for
plant miRNAs (Reinhart et al. 2002, Jones-Rhoades 2012). One group of conserved sRNAs
with putative effector function are transfer RNA (tRNA)-derived fragments (tRFs). Bacterial
tRFs play a role in the symbiotic interaction between soybean (Glycine max) and its nitrogen
fixing symbiont Bradyrhizobium japonicum during root nodulation (Ren et al. 2019). Similarly,
the protozoan pathogen Trypanosoma cruzi secretes tRF-containing microvesicles resulting in

gene expression changes in mammalian host cells (Garcia-Silva et al. 2014).

Fungal species of the genus Fusarium belong to the most devastating pathogens of cereals
causing Fusarium head blight and crown rot (Dean et al., 2012), and contaminate the grain with
mycotoxins such as the B group trichothecenes deoxynivalenol (DON), nivalenol (NIV), and
their acetylated derivatives (3A-DON, 15A-DON, and 4A-NIV) (Desjardins et al., 1993; Jansen
et al., 2005; Ilgen et al., 2009). Viability, aggressiveness, and virulence of Fusaria are under

control of the RNAi machinery (Kim et al., 2015; Son et al., 2017; Gaffar et al. 2019).

To test the possibility of Fg producing sRNAs that exert effector function and promote
pathogenesis, we predicted Fg-sRNA targets in two Poaceae hosts, Hordeum vulgare (Hv) and
Brachypodium distachyon (Bd). Among the many predicted plant targets of fungal SRNA, three
fungal tRFs had sequence similarity to BRII-associated receptor kinase 1 (BAKI) homologs
and EOLI (Ethylene overproducer I-like 1) in Hv and Bd. Upon infection with the wild type
Fg strain, transcripts of genes were strongly reduced, while in contrast they were increased
upon infection with Fg strains compromised for DCL activity. Degradation products of target

mRNAs were detected by RNA-ligase-mediated Rapid Amplification of cDNA Ends (RLM-
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100 RACE), supporting the possibility that DCL-dependent sSRNAs play a critical role in the

101 interaction of Fig with cereal hosts.

102
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103 Results
104  Fusarium graminearum DCL mutants are less virulent on barley and Brachypodium leaves

105 The Fusarium mutant IFA65-dcl] is partially impaired in infecting wheat ears and causing
106  Fusarium head blight (Gaffar et al. 2019). We extended this earlier study to examine the effects
107  of impaired DCL activity on the plant defence response. To this end, two to three-week-old
108  detached second leaves of barley cv. Golden Promise (GP) were drop-inoculated with 3 ul of a
109  solution containing 150,000 conidia per ml of Fg isolate PH1 or the double knock-out (dKO)
110  mutant PH1-dc/1/2. At five days post inoculation (dpi), the dKO mutant produced significantly
111 smaller necrotic lesions (30%; median (MED) (27%); interquartile range (IQR) (47%)
112 Wilcoxon rank sum test, p=0.007) than the wild type (wt) strain, confirming that DCL activity

113  is required for full Fig virulence (Fig. 1A).

114  Next, we determined the virulence of DCL mutants on Brachypodium distachyon Bd21-3. Flag
115 leaves of three-week-old plants were inoculated with 10 pl (10,000 conidia ml!) of fungal
116  inoculum. Single mutants IFA65-dc/l and IFA65-dcl2 produced significantly smaller lesions
117  than the wt (IFA65-dcll, 54%; MED (42%); IQR (56%) and IFA65-dcl2, 66%; MED (60%);
118 IQR (58%); pairwise Wilcoxon rank sum test; Bonferroni corrected; p<0.005) (Fig. 1B). These
119 results substantiate the earlier findings (Gaffar et al. 2019) that fungal DCL activity is required

120  for Fusarium virulence on graminaceous plants.
121  Selection of sSRNAs with sequence homology to plant genes

122 We looked for interaction-related fungal sSRNAs that potentially could interfere with plant gene
123 expression by sequence-specific silencing. To this end, a previously published sRNA
124  sequencing data set of Fig sSRNAs from an axenic IFA65 culture (Koch et al. 2016) was analysed
125 for sRNAs with sequence complementarity to barley genes. In order to identify a wide range of

126  potential targets, we applied only two selection criteria, namely i. size (21-24 nt) and ii. a
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127 minimal number of reads (at least 400 reads in the dataset). From a total of 35,997,924 raw
128  reads, 5,462,596 (comprising 589,943 unique sequences) had a length of 21-24 nt. From the
129  unique sequences, 1,987 had at least 400 reads. Since the IFA65 genome has not been
130 sequenced, we used the published genome information of Fg strain PH1 (genome assembly
131 ASM24013v3 from International Gibberella zeae Genomics Consortium: GCA 000240135.3)
132 for further analysis. The majority of the 1,987 unique sSRNAs mapped to rRNA (64.4%) and
133 intergenic regions (21.6%), while 3.7% and 2.4% mapped to protein coding genes and tRNAs,
134 respectively, and 7.8% did not perfectly match the reference genome (Fig. S1). According to
135 the TAPIR algorithm, the 1,987 sequences overall matched mRNAs of 2,492 genes (Hordeum
136  vulgare IBSC PGSB v2 reference genome; Mascher et al., 2017) sufficiently close according
137  to the refined target prediction criteria suggested by Srivastava et al. (2014). GO-enrichment
138 analysis revealed an enrichment in functions of nucleotide binding, motor activity and kinase
139 activity and processes such as transport and localization (Fig. S2). Most of the 14,156
140 transcripts of the 2,492 target genes, which we nominated as potential SRNA targets, showed
141  partially homologous sequences to more than one SRNA accounting for a total of 17,275 unique
142 pairs of potential target gene - SRNA combinations. Target prediction results are presented with
143 only one transcript (splice variant) for every combination (Tab. S2). Of note, merely 101 out of
144  the 1,987 sRNAs had no predicted target among the total number of 248,391 plant mRNAs in

145 the IBSC PGSB_v2 annotation.

146

147  Barley immune genes accumulate to higher levels in PH1-dcll/2-infected leaves

148 From the set of 2,492 barley genes with partial sequence homology to Fig SRNAs, we selected
149 16 genes for further analysis, based on an educated guess that they are potentially involved in
150 biotic stress reactions during plant-fungal interaction (Tab. 1). When tested with RT-qPCR, we

151 found eight genes significantly higher expressed (Student’s z-test, paired, *p<0.1, **p<0.05,
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152  ***p<0.01) in leaves infected with PH1-dcl1/2 vs. PH1 (Fig. 2). Among these genes are three
153 that encode proteins involved in the regulation of either ethylene (ET) (Ethylene overproducer
154 1-like 1, HvEOLI) or auxin responses (Auxin response transcription factors HvARF10 and
155 HvARF19) and three kinases, of which Somatic embryogenesis receptor-like kinase 2
156 (HvSERK2) and BRIl-associated receptor kinase 1 (HvBAKI1) are likely involved in
157 recognition of microbe-associated molecular patterns (MAMPs). Moreover, genes encoding the
158 plastid kinase 2-Phosphoglycolate phosphatase 2 (HvPGLP2), Resurrection 1 (HvRST1, with a
159 rather elusive function in cuticle formation and embryo development), and the histone-lysine
160 N-methyltransferase Su(var)3-9-related protein 5 (HvSUVRS, involved in transcriptional gene

161 silencing) were also strongly expressed.

162  HvEOLI transcripts also accumulate to higher levels upon DCL knock-down via spray

163  induced gene silencing (SIGS)

164 We selected HvEOLI (HORVU2HriGI119180), which is a homologue of At Ethylene
165  overproducerl (AtETOI1; AT4G0O2680.1), for further analysis. The alignment of the respective
166 protein sequences of HYEOL1 and AfETOI is shown in Fig. S3. AtETO1 negatively regulates
167 ethylene synthesis in A¢ by ubiquitination of type-2 1-Aminocyclopropane-1-carboxylate
168  synthases (ACSs), which produce the direct precursor of ET (Christians et al. 2009) (Fig. S4).
169  Upon inoculation with PH1, HvEOLI expression was reduced by 23% as compared to non-
170  inoculated barley leaves. In contrast, HvEOL1 was strongly expressed in PH1-dcl1/2-infected
171 leaves well above the levels measured either in PH1- or mock-inoculated leaves. To further
172  substantiate that HvEOLI expression is under the control of fungal DCL activity, we used a
173 SIGS strategy (Koch et al. 2016) to partially inactivate DCL function in Fg. Two-week-old
174  detached leaves were sprayed with 20 ng ul-! of dSRNA-dcli/2, a 1,782 nt long dsRNA derived
175 from the sequences of IFA65-DCLI and IFA65-DCL2 (Fig. S5A,B). 48 h later, leaves were

176  drop inoculated with conidia and harvested at 5 dpi. Consistent with the expectation that
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177  exogenous dsRNA-dc/1/2 mediates silencing of their DCL gene targets, RT-qPCR analysis
178 confirmed that the transcript levels of IFA65-DCLI and IFA65-DCL2 were reduced to 22%
179 and 42%, respectively, as compared with the Tris-EDTA (TE) buffer control (Fig. 3A). In
180 accordance with the results obtained with strain PH1, HvEOL I was also significantly (p=0.029,
181 Student’s f-test (Act), one sided, paired) downregulated in response to IFA65 infection
182  compared to mock controls treated with 0.02% Tween20 (Fig. 3B). In contrast, however, when
183  leaves were sprayed with dsSRNA-dc/1/2 prior to inoculation with IFA65, HvEOLI transcripts
184  strongly accumulated in comparison with the inoculated leaves sprayed with TE buffer (Fig.

185  3C).

186

187  Fungal sRNAs targeting HvBAKI, HvEOLI, and HvSERK2 mRNAs are less abundant in

188 PHI-dcll/2 vs. PHI

189 To detect the abundance of specific Fg-sRNAs, originally identified by sequencing of axenic
190 IFA65 mycelium, in PH1-infected plant tissue, we performed reverse transcription stem-loop
191 gPCR (Chen et al. 2005). From the above defined pool of 1,987 Fg-sRNAs (axenic, 21-24 nt
192 length, >=400 reads) 22 unique sRNAs matched partial sequences of HAVvEOLI, 10 matched
193  HvBAKI and five matched HvSERK?2. Fg-sRNA-1921 matched all three genes and Fg-sRNA-
194 321 matched both HVvEOLI and HvBAKI (Tab. 2; Tab. S2). These two sRNAs show high
195 sequence similarities among each other. To identify their origin, they were aligned to the
196 genomic sequence of strain PH1 (GCA 900044135.1). We found that they match the gene
197 Fg CS3005 tRNA-Gly-GCC-1-9 encoding tRNA-Gly for the anticodon GCC. Of note, a larger
198  cluster of 27 overlapping tRNA-derived fragments (tRFs) with more than 50 reads matching
199 the tRNA-Gly gene sequence were detected (Fig. S6). To assess differential accumulation of
200 tRFs from the Fig CS3005 tRNA-Gly-GCC-1-9 cluster in leaves infected with PH1 vs. PH1-

201 dcli/2, sRNAs were reverse transcribed using hairpin-priming followed by qPCR amplification
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202  (Chen et al. 2005). For this analysis, we chose Fig-sRNA-321, the most abundant tRF from this
203  cluster, along with Fig-sRNA-1921, which targets all three GOIs and an additional tRF (Fg-
204 sRNA-6717), which targets HvEOLI and HvBAKI (see Tab. 2) to assess the sensitivity of the
205 assay. In the initial IFA65 dataset the Fig-sSRNA-321 had a read count of 2,106, Fg-sRNA-1921
206 had 416 and Fg-sRNA-6717 had 86 from a total of more than 5 million reads (Fig. S7). This
207 equals 386 reads per million (rpm) for Fig-sRNA-321, while in average unique reads had only
208 1.7 rpm. Using TAPIR (Bonnet et al. 2010), we also calculated the target score values for all
209 three tRFs, which is a measure for the similarity between SRNA and target. A high value refers
210 to more dissimilarities. Mismatches (MMs) increase the score by one point and G-U pairs by
211 0.5 points. These values are doubled if the respective MMs and G-U pairs are located between
212 the second and 12" nt of the SRNA (5°-3") because a high similarity in the seed region of the
213 sRNA is especially important for RNAi (Mallory et al. 2004). Fig-sRNA-321 has a score of 4.5
214 for HvBAKI and HvEOLI, Fg-sRNA-1921 has a score of 4, 3.5 and 6 for HvBAKI, HvEOLI
215 and HvSERK?2, respectively and Fig-sRNA-6717 has a score of 5.5 and 4.5 with HvBAKI and
216 HvEOLI. In plants other than Arabidopsis, such as wheat and rice, a score cut off at 4 or 6
217 points lead to a precision of 82% or 62% and a recall of known interactions of 39% or 58%

218 respectively according to Srivastava et al. (2014).

219  All three fungal tRFs were detected in infected leaves, while they could not be found in
220 uninfected leaves (Fig. 4). Significantly lower amounts of Fg-sRNA-1921 (59%), Fg-sRNA-
221 321 (56%), and Fg-sRNA-6717 (60%) were detected in PH1-dcl1/2 vs. PH1-infected leaves

222 (Fig. 4), showing that their biogenesis is DCL-dependent.

223

224 Fg-sRNA-321 and Fg-sRNA-1921 also match SERK? in Brachypodium distachyon Bd21-3

225 Next, we assessed the possibility that Fg-sRNA-321, Fg-sRNA-1921 and Fg-sRNA-6717 also

226 have sequence homologies in A¢ and the model grass Bd. Target prediction with the TAPIR
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227 algorithm using the optimised parameters for A¢ (score=4; mfe=0.7), could not detect potential
228  targets in At ecotype Col-0. In contrast, these three tRFs matched the sequence of Brachypodium
229  somatic embryogenesis receptor-like kinase 2 (BASERK?2) in Bd21-3 with a score of 3.5, 3 and
230 5.5, respectively (Tab. 2). We examined the expression pattern of BASERK?2 in response to leaf
231 infection: BdASERK? is relatively weakly expressed in uninfected plants and is not further
232 suppressed after inoculation with PH1, whereas it strongly accumulated in PH1-dcl1/2 vs. PH1-
233 infected Bd21-3 (Fig. 5). This finding further supports the possibility that the control of SERK2

234  expression via RNAi pathways by Fg is evolutionary conserved in cereals.

235 RLM-RACE shows infection specific degradation products of HvBAKI, HvEOLI and

236 HvSERK2

237 We assessed the SRNA-mediated cleavage of HvBAK 1, HYEOL I, and HvSERK2 mRNAs, using
238 a modified RNA-ligase-mediated Rapid Amplification of cDNA Ends (RLM-RACE) assay.
239  Control samples were prepared both from uninfected tissue and from infected tissue without
240 the reverse transcription step (no-RT control) and PCR products were visualized on an EtBr-

241  Agarose gel. In these no-RT controls no amplification was visible.

242  For each gene more than one infection-specific product was amplified (blue and red arrows),
243 which could not be amplified from the uninfected sample (Fig. 6D-F). We excised three bands
244  (red arrows) of the expected size for a Fg-sRNA-1921 guided cleavage of HvBAKI (Fig. 6D)
245 and one band for HvEOLI (Fig. 6E) and HvSERK? (Fig. 6F) and cloned them into the pPGEM-
246 T easy vector system. According to the IBSC PGSB_v2 assembly, HvBAKI has splice variants,
247  which could produce cleavage products of different lengths while for HvSERK?2 and HvEOLI
248  there are no introns between sRNA target site and primer. From each band, five colonies were
249  picked and for 23 of these extracted plasmids sequences were obtained. 16 sequences perfectly
250 matched the reference genome, four with one MM and one with four MMs. Two sequences did

251 not match the reference sufficiently enough to be aligned over the full length. The observed
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252  cleavage products are close to but do not match the canonical slice site between the 10™ and

253 11" nt of Fg-sRNA-1921 and Fg-sRNA-321 (Fig. 6A-C).

254

255 Total sRNAs predicted to target a gene in barley are correlated with the de-repression

256  strength

257 Not all potential targets of Fig-sRNAs are downregulated nor do all potential targets show a re-
258 accumulation upon infection with PH1-dcl/1/2 (see Fig. 3). To address this bias we conducted a
259 more focused target prediction exclusively for the 16 genes already tested by RT-qPCR. This
260 allowed a much more thorough search, where targets for all SRNAs with at least two reads were
261 predicted. From these 136,825 unique sSRNAs (axenic, 21-24 nt length, >=2 reads) representing
262 4,997,312 reads of the total of 5,439,472 reads 21-24 nt in length, 5,052 have potential target
263 sequences in the 16 mRNA sequences selected for further investigation in the Hordeum vulgare
264  cv. GP assembly GCA 902500625. An additional filter step was employed to select for SRNAs
265 with a maximum of one MM to the PHI1 assemblies GCA 000240135.3 and
266 GCA 900044135.1. Subsequently, SRNAs with up to one MM to Fg-rRNAs were removed
267 leaving a total of 1,212 sRNAs with 1,311 potential SRNA-mRNA interactions representing

268 85,531 reads in the analysis.

269 To establish a correlation of the observed resurgence of potential target genes and targeting
270 sRNAs, we analysed the DCL-dependent expression change using AAAct values. To compare
271 the expression of a GOI in two samples, the difference between the ct-values for a reference
272 gene and the GOI can be determined (Act) and to calculate the expression difference between
273 the control and treated sample the difference between the Act values (AAct) is calculated. We
274 further defined the AAAct value as the difference between the AAct values for a GOI in PH1
275 and PH1-dcli/2-infected samples. From this follows a gene with a negative AAAct value shows

276 a higher transcript accumulation during the infection with a fungal strain with compromised
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DCL function and the stronger the accumulation the lower this AAAct value is. We found a
negative correlation between the AAAct value and the number of total SRNAs targeting a GOI
(Fig. 7). This correlation becomes more significant if a lower score cut-off for the target
prediction is chosen until the cut-off of four. The most significant correlation is for all predicted
interactions with a score equal or below four with a p-value of 0.011 (t-test) (Fig. 7B). The p-
value for a correlation with a cut-off of five (Fig. 7C) is 0.033 (t-test) and six (Fig. 7D) is 0.094
(t-test), while a score cut-off of 3 leads to a situation, where there are no predicted SRNA

interactions for all genes except for three (Fig. 7A).


https://doi.org/10.1101/2021.05.17.444440
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.17.444440; this version posted May 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

287  Discussion

288 We show here that full virulence of the ascomycete fungus Fusarium graminearum on
289 graminaceous leaves depends on the activity of fungal DCLs. The dKO mutant PH1-dcl1/2 is
290 less virulent on barley and the two single KO mutants IFA65-dc/] and IFA65-dcl2 also are less
291 virulent on Brachypodium. These results are consistent with our previous studies showing that
292  knock-down or SIGS-mediated silencing of Fusarium DCLs and other components of the RNAi
293  machinery reduced the virulence of the fungus on barley (Gaffar et al. 2019; Werner et al.
294  2020). DCL enzymes are key components of the fungal RNAi machinery required for the
295 Dbiogenesis of SRNAs directing silencing of sequence-complementary endogenous and foreign
296  genes (Lax et al. 2020). The latter case involves DCL-dependent pathogen-derived sSRNAs that
297 target plant defense genes to increase virulence as shown for Botrytis cinerea (Weiberg et al.
298 2013; Wang et al. 2017b), Puccinia striiformis (Wang et al.2017a) and Magnaporthe oryzae

299  (Zanini et al. 2021).

300 In the present work we found potential host target genes for fungal small RNAs (Fg-sRNAs)
301 that were differentially regulated in response to plant infection with Fg wt vs. Fg DCL KO
302 mutants, and the same effect was confirmed when DCLs were silenced by SIGS. This suggests
303 ascenario in which impaired DCL function resulting in reduced fungal RN A1 activity ultimately
304 leads to de-repression of host target genes. Of note, target gene de-repression was also observed
305 when the transcript was not significantly downregulated by the wt fungus during infection. This
306 could be explained by a mutually neutralizing effect in which Fig-sRNAs continuously target
307 genes for silencing, while concurrent plant immune responses are a trigger for up-regulation.
308 Thus, one can speculate that these described effects reflect an abrogation of host-favouring

309 upregulation by host immunity vs. pathogen-favouring downregulation by sSRNA effectors.

310 We identified three tRFs predicted to target BASERK2, HvBAKI, HvEOLI and HvSERK?.

311 Unexpectedly, these tRFs are partially DCL-dependent, with a reduced abundance by more than
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312 50% during infections with the dKO mutant PH1-dcli/2 vs. wt PH1 based on fungal biomass.
313  Current knowledge of tRFs in fungi and oomycetes suggests that their silencing activity is
314 independent of DCL, as shown for Sclerotinia sclerotiorum (Lee Marzano et al. 2019) and
315  Phytophthora infestans, where the production is partially dependent on AGO (Asman et al.
316 2014). Furthermore, analysis of tRFs in Cryptococcus spp. revealed a RNAi-independent
317 generation of tRFs and possible compensatory effects in an RNAi-deficient genotype (Streit et
318 al. 2021). Interestingly however, the tRFs Fig-sRNA-321, Fg-sRNA-1921 and Fg-sRNA-6717
319 areneither 5’- or 3’ tRNA halves nor do they belong to any of the described tRF-1, tRF-2, tRF-4
320 or tRF-5 classes (Kumar et al. 2016a) applied by the tRFtarget database for animals, yeast
321  (Schizosaccharomyces pombe) and the bacterium Rhodobacter sphaeroides (Li et al. 2021).
322  When following the classification of the tsRBase used for all eukaryotic kingdoms and bacteria
323  (Zuo et al. 2021), the three tRFs are classified as internal tRFs based on the origin within the
324 mature tRNA. Interestingly, there are tRFs found in Phytophthora sojae starting in the
325 anticodon loop and ending in the T loop of mature tRNAs (Wang et al. 2016b), which resembles

326 the Fg-sRNA tRFs (Fig. S8).

327 We observed several infection-specific degradation products of the predicted host target genes
328 HvBAKI, HvEOLI and HvSERK? for tRFs Fg-sRNA-321, Fg-sRNA-1921 and Fg-sRNA-
329 6717. However, cleavage occurred outside the canonical miRNA cleavage site as defined by
330 Mallory et al. (2004), though these genes are partially silenced during infection and silencing
331 isapparently abolished upon infection with the DCL dKO mutant. While the canonical cleavage
332 site for miRNA-directed cleavage in At is well defined, the tRF-directed cleavage observed by
333 5 RACE of transposable elements in A¢ (Martinez et al. 2017) and of defence-related genes
334  during the infection of black pepper (Piper nigrum) with Phytophthora capsici (Asha & Soniya
335 2016) was found outside of the canonical cleavage site. Additionally, the identification of
336 sRNA-directed cleavage sites in barley often leads to divergent findings. Ferdous et al. (2017)

337 predicted ~400 target genes for 11 presumably drought responsive miRNAs and found cleavage


https://doi.org/10.1101/2021.05.17.444440
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.17.444440; this version posted May 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

338 products for 15 targets overlapping the respective miRNAs alignment through degradome
339 sequencing in the two barley cultivars Golden Promise (GP) and Pallas. From these confirmed
340 targets, 13 were cleaved at the canonical 10®-11t% nt site, one was cleaved at 19%-20 nt, and
341 one at the 5"-6'" nt. Hackenberg et al. (2015) predicted 97 target genes of drought responsive
342 miRNAs in GP and identified eight targets through degradome sequencing, which were all
343 cleaved outside of the 10™-11t nt site. Thus, both studies suggest the presence of non-canonical
344 miRNA directed cleavage. Of note, both studies relied on the same degradome sequencing
345 dataset from GP, while Ferdous et al. also observed non-canonical cleavage in an independent
346 Pallas dataset. Moreover, in a study performed by Curaba et al. (2012) 96 target genes of GP
347 for miRNAs involved in seed development and germination were identified by degradome
348 sequencing and only 16 targets were cleaved exclusively at the 10%-11t% nt site, while the other
349 targets were sporadically cleaved with an offset (24) and 56 were cleaved in majority in a non-
350 canonical site. Finally, Deng et al. (2015) identify in the barley cultivar Morex 65 target genes
351 of 39 miRNAs, and for only 32% of the identified targets the canonical 10%-11t% nt cleavage
352 product was the major degradome product. Together these studies highlight the challenges in
353 the identification of cleavage sites of SRNAs in barley and cleavage sites of tRFs in plants. The
354 absence of canonical cleavage products for tRFs does therefore not exclude the tRF-directed

355 cleavage of HvBAKI, HYEOLI and HvSERK?2.

356 We found that 22 Fg-sRNAs target HvEOL I, a putative negative regulator of ET biosynthesis
357 in barley. In Arabidopsis thaliana the EOL1 homolog AfETO1 acts together with AfEOL1 and
358 AfETOIl-like 2 (EOL2) in directing the ubiquitination and subsequent degradation of type-2 1-
359 aminocyclopropane-1-carboxylate synthase (ACS) proteins (e.g. ET overproducer 2 (ETO2))
360 (Christians et al. 2009; Yoshida et al. 2006). ET is a gaseous plant hormone that plays an
361 important role in regulating plant growth and development, and is critical for pathogen
362 interaction and abiotic stresses (Abeles et al. 1992). Generally, ET acts synergistically with

363 jasmonate (JA) in the defence response against necrotrophic pathogens and this ET/JA response
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364 has antagonistic effects on salicylic acid (SA) signalling against biotrophic pathogens. Yet in
365 low amounts JA and SA act synergistically (Glazebrook 2005; Li et al. 2019). Therefore,
366 controlling both ET biosynthesis and ET signalling is crucial for plants. Towards this, plants
367 have evolved complex mechanisms that allow tight regulation of ET pathways e.g. at the level
368 of (i) ET production mainly by regulating ACS gene family members, (ii) ET perception
369 through constitutive triple response 1 (CTRI)-mediated inhibition of positive regulator ET
370 insensitive 2 (EIN2) (Kieber et al. 1993, Alonso et al. 1999), and (iii) expression of ET-
371 responsive TFs (e.g. ET response factor 1 (ERF1)) via EBF-mediated degradation of ET
372 insensitive 3 (EIN3) (Potuschak et al. 2003) (Fig. S4). According to the anticipated role of ET
373 in the plant response to necrotrophic pathogens, such as Fg, targeting negative regulators of ET
374  synthesis such as HvEOLI would be detrimental to Fg colonization. Of note, our findings are
375 consistent with previous results demonstrating that Fig exploits ET signalling to enhance
376 colonization of Arabidopsis, wheat and barley (Chen et al. 2009), supposedly through an
377 increase in DON-induced cell death through ET. These findings further challenge the role of
378 ET in defence against necrotrophic pathogens. Strikingly, the authors showed that in
379 Arabidopsis ET overproducing mutants (ETO1 and ETO2) and a negative regulator of ET
380 signalling (CTR1) are more susceptible to Fg, while A¢ mutants in ET perception (ETR1) and
381 signalling (EIN2 and EIN3) are resistant. These findings were confirmed by the direct
382 application of ET during the infection of wheat and barley, which lead to increased
383 susceptibility to Fig. Based on these findings, we suggest that negative regulators of ET are

384 efficient targets for sSRNA-directed manipulation of host immunity by Fg.

385 The bacterial pathogen Pseudomonas syringae secretes two effector molecules, AvrPto and
386 AvrPtoB, into host plants. These effectors interact with the receptor-like kinase BRII-
387 associated receptor kinase 1 (BAK1), also known as SERK3, thereby preventing the recognition
388 of various MAMPs through the association of BAK1 with pattern recognition receptors (PRRs)

389 such as flagellin-sensitive 2 (FLS2) and Ef-Tu receptor (EFR) (Shan et al. 2008). We observed


https://doi.org/10.1101/2021.05.17.444440
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.17.444440; this version posted May 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

390 FgDCL-dependent silencing of the cereal BAK1 homologs HvBAK 1, HVSERK?2 and BASERK?2.
391 While these genes have a higher similarity to AtSERK?2 than to AtSERK3 (AtBAKI), they still
392  are among the closest homologs to AtBAK 1 found in cereals (Fig. S9). It is tempting to speculate
393 that further experiments will uncover additional hubs that are targeted both by protein and

394 sRNA effectors.

395
396 Conclusion
397

398  Our data show that in the necrotrophic ascomycete Fusarium graminearum gene silencing by
399 RNAI1 shapes its ability to cause disease, which is consistent with earlier results on the
400 significance of the RNAi1 machinery in Fig (Gaffar et al. 2019; Son et al. 2017). Pathogenicity
401 relies on DICER-like (DCL)-dependent sSRNAs that were identified as potential candidates for
402 fungal effectors targeting defence genes in two Poaceae hosts, barley and Brachypodium. We
403 identified Fg-sRNAs with sequence homology to host genes that were down-regulated by Fg
404 during plant colonisation, while they were expressed above their level in healthy plants after
405 infection with a DCL dKO mutant. In PH1-dc/1/2 vs. PHI1 the strength of target gene
406 accumulation correlated with the abundance of the corresponding Fg-sRNA. Our data hint to
407 the possibility that three DCL-dependent tRFs with sequence homology to immunity-related
408  Ethylene overproducer I-like 1 (HvEOLI) and three Poaceae orthologues of Arabidopsis
409  thaliana BRII-associated receptor kinase 1 (HvBAKI, HvSERK?2 and BdSERK?) contribute to

410 fungal virulence via targeted gene silencing.

411


https://doi.org/10.1101/2021.05.17.444440
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.17.444440; this version posted May 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

412  Experimental procedures

413  Plants, fungi and plant infection

414 Fusarium graminearum (Fg) strain PH1, the double knock-out (dKO) PH1-dc/1/2 (Dr. Martin
415 Urban, Rothamsted Research, England), strain IFA65 (IFA, Department for
416 Agrobiotechnology, Tulln, Austria) and single mutants IFA65-dc/l and IFA65-dcl2 (Gaffar et
417 al. 2019) were cultured on synthetic nutrient poor agar (SNA). Preparation of fungal inoculum
418 was performed as described (Koch et al. 2013). Arabidopsis thaliana ecotype Col-0 and
419 Atagol-27 (Morel et al. 2002; Polymorphism:3510706481) were grown in 8 h photoperiod at
420 22°C with 60% relative humidity in a soil - sand mixture (4:1) (Fruhstorfer Type T, Hawita,
421 Germany). For infection, 15 rosette leaves were detached and transferred in square Petri plates
422  containing 1% water-agar. Drop-inoculation of Arabidopsis leaves was done with 5 pl of a
423  suspension of 5 x 10* Fig conidia ml™! at two spots per leaf. Infection strength was recorded as
424 infection area (size of chlorotic lesions relative to total leaf area) using the Imagel software

425  (https://imagej.nih.gov/ij/).

426 For infection of barley (Hordeum vulgare cv. Golden Promise, GP) and Brachypodium
427  distachyon (Bd21-3), plants were grown in a 16 h photoperiod at 20°C/18°C day/night and 60%
428 relative humidity in soil (Fruhstorfer Type LD80, Hawita). Ten detached second leaves were
429 transferred into square Petri plates containing 1% water-agar. GP leaves were drop-inoculated
430 with 3 ul of 1.5 x 103 conidia ml! conidia suspension. Bd21-3 leaves were drop-inoculated on
431  two spots with 10 pl of 1 x 10*conidia ml-! conidia suspension. Infection strength was measured
432 with the PlantCV v2 software package (https://plantcv.danforthcenter.org/) by training a
433 machine learning algorithm to recognize necrotic lesions. For gene expression analysis, a
434  suspension of 5 x 10* Fg conidia ml"! was used and leaves were either inoculated on 3 spots
435  with 20 pl (barley) or on 2 spots with 10 pl (Brachypodium), respectively and experiments were

436 evaluated 5 days post inoculation (dpi).
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437  Fungal transcript analysis

438 Gene expression analysis was performed using reverse transcription quantitative PCR (RT-
439 gPCR). RNA extraction was performed with GENEzol reagent (Geneaid) following the
440 manufacturer’s instructions. Freshly extracted mRNA was used for cDNA synthesis using
441  gScript™ cDNA kit (Quantabio). For RT-qPCR, 10 ng of cDNA was used as template in the
442  QuantStudio 5 Real-Time PCR system (Applied Biosystems). Amplifications were performed
443  with 5 pl of SYBR® green JumpStart Taq ReadyMix (Sigma-Aldrich) with 5 pmol
444  oligonucleotides. Each sample had three technical repetitions. After an initial activation step at
445  95°C for 5 min, 40 cycles (95°C for 30 sec, 60°C for 30 sec, 72°C for 30 sec) were performed
446 followed by a melt curve analysis (60°C-95°C, 0.075°C/s). Ct values were determined with the
447  QuantStudio design and analysis software supplied with the instrument. Transcript levels were
448  determined via the 222t method (Livak & Schmittgen 2001) by normalizing the amount of
449  target transcript to the amount of the reference transcript Elongation factor 1-alpha (EFI-a,

450 FGSG 08811) gene (Tab. S1).

451  Plant transcript analysis

452 Leaves were shock frozen at 5 dpi and RT-qPCR was performed as described above. Reference
453  genes were Ubiquitin-40S ribosomal protein S27a-3 (HORVUIHr1G023660) for GP and Ubi4
454 (Bradi3g04730) for Bd21-3 according to Chambers et al. (2012) (Tab. S1). Primers were

455  designed using Primer3 v2.4.0 (Untergasser et al. 2012).

456  Spray application of dsRNA

457 Second leaves of 2 to 3-week-old GP were detached and transferred to square Petri plates
458 containing 1% water agar. dSRNA was diluted in 500 pl water to a final concentration of 20 ng
459 ul'. As control, Tris-EDTA (TE) buffer was diluted in 500 pl water corresponding to the

460 amount used for dilution of the dsSRNA. Typical RNA concentration after elution was 500 ng/pl,
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461 with 400 pM Tris-HCL and 40 uM EDTA in the final dilution. Each plate containing 10
462 detached leaves was evenly sprayed with either dsSRNAs or TE buffer with 500 pl, and
463 subsequently kept at room temperature (Koch et al. 2016). Two days after spraying, leaves were
464  drop-inoculated with three 20 pul drops of Fig suspension containing 5 x 10* conidia m1™!. After

465 inoculation, plates were closed and incubated for five days at room temperature.

466  Target prediction for sSRNAs

467 RNA was purified and enriched for SRNAs from fungal axenic culture using the mirVana
468 miRNA Isolation Kit (Life Technologies). Indexed sRNA libraries were constructed from these
469 sRNA fractions with the NEBNext Multiplex Small RNA Library Prep Set for Illumina (New
470 England Biolabs) according to the manufacturer’s instructions. Reads were trimmed with the
471  cutadapt tool v2.1 (Martin 2011) by removing adapters and retaining reads with a length of 21-
472 24 nt and quality checked with the fastQC tool v0.11.9

473  (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). For Fig. S1 reads were aligned to

474 the Fg reference genome (GCF_000240135.3 ASM24013v3) with bowtie2 (Langmead &
475 Salzberg 2012) following a sensitive alignment policy (-D 100, -R 10, -L 19). The aligned reads
476 were assigned to the additional attribute “gene biotype” with htseq-count (Anders et al. 2015)
477 according to  the latest ~ assembly  (ftp://ftp.ensemblgenomes.org/pub/release-
478  44/fungi/gff3/fungi ascomycota3 collection/fusarium_graminearum_gca 000240135).

479 Remaining reads were collapsed with the fastx toolkit v0.0.14 (Hannon 2010) and reads with
480 at least 400 reads were targeted against the IBSC PGSB_v2 cDNA annotation with the plant
481 miRNA target prediction algorithm TAPIR (Bonnet et al. 2010), following the optimized
482 parameters according to Srivastava et al. (2014). The results of the target prediction were further
483 analysed with RStudio (RStudio Team 2016) and the package biomaRt (Durinck et al. 2005) to
484 find targets associated with stress and immunity associated Gene ontology (GO) terms in the

485 database “plants mart” from plants.ensembl.org hosted by the EBI (European Bioinformatics
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486 Institute) and the Wellcome Trust Sanger Institute. The same method was used for the
487 identification of target genes in B. distachyon (GCA _000005505.4) and A. thaliana

488  (Araportll).

489 Stemloop-RT-qPCR of sRNAs

490 RNA was extracted and genomic DNA was digested as described above. The sequences of
491 sRNAs found in axenic fungal culture were used to design specific stem loop (SL) primers
492  matching the SRNA over 6 nt at the 3’end. For the primer design, the tool of Adhikari et al.
493  (2013) was used. SL-primers were diluted to 10 pM and folded in a cycler (95°C for 15 min,
494 90°C 5 min, 85°C 5 min, 80°C 5 min, 75°C 1 h, 68°C 1 h, 65°C 1 h, 62°C 1 h, 60°C 3 h). These
495  primers were used for cDNA synthesis (Thermo Scientific RevertAid RT Reverse Transcription
496  Kit) according to manufacturer’s instruction with an annealing step at 16°C instead of 25°C and
497  were used in multiplex to target respective fungal SRNAs and barley miRNAs Hvu-mir159 and
498 Hvu-mirl68 as references. To obtain amplification efficiencies, a mix from all RNAs was
499  diluted in a four step dilution series with a factor of ten and reverse transcribed. Reactions were
500 set up with the highest concentration of 15 ng ul-! and the lowest of 15 pg ul-! cDNA. All sSRNA
501 amplifications showed an efficiency of 80-82% and an R? between 1 and 0.997 except for Fg-
502 sRNA-6717 with an efficiency of 66.4%. For RT-qPCR, 1.5 pul of 3 ng pl-! cDNA was used as
503 template in the QuantStudio 5 Real-Time PCR system (Applied Biosystems). Amplifications
504 were performed with 5 pl of SYBR® green JumpStart Taq ReadyMix (Sigma-Aldrich) with 1.5
505 pmol or 3 pmol oligonucleotides. Each sample had three technical repetitions. As forward
506 primer the unused nucleotides of the remaining sequence of the SRNA were used, which were
507 extended to achieve optimal melting temperature, and as reverse primer the universal stem loop
508 primer developed by Chen et al. (2005) was used. Relative abundance of the SRNAs was

509 calculated with the AAct-method with incorporation of amplification efficiencies. SRNAs were
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510 normalized against the reference miRNAs Hvu-mir-159a and 168-5p and after this against the

511 fungal biomass measured as EF'[-o against HYUBQ (HORVUIHr1G023660).

512  Statistics

513 To assess the differential expression of genes via RT-qPCRs the Act values were compared via
514 aone or two sided paired Students #-test. Disease symptoms were either compared via Students

515 t-test if the data showed a normal distribution in Shapiro-Wilk test or via a Wilcoxon rank sum

516 test.

517 RLM-RACE

518 RNA from GP barley infected with Fg-IFA65 at 5 dpi and an uninfected control was extracted
519 with the Isolate II plant miRNA kit (Bioline). 1 ug of RNA (>200 nt) of infected, uninfected
520 and a mix of both samples for a —RT-control were assembled. 1 pl of the 5’RACE Adapter [0.3
521 pg/ul], 1 ul of the 10x Reaction Buffer, 1 pl of 1mg/ul BSA, 0.5 ul of T4 RNA Ligase [ 10U/pl]
522  (Thermo Scientific) and DEPC-treated water up to 10 ul were prepared and incubated at 37°C
523 for 60 min. Subsequently, the whole reaction was used for reverse transcription (RevertAid
524 Reverse Transcriptase, Thermo Scientific). 10 ul ligation reaction, 1 pl Random Hexamer
525 [100pmol/ul], 4 ul 5x Reaction Buffer, 0.5 pl RiboLock RNase Inhibitor (Thermo Scientific),
526 2 pul ANTP Mix [10 mM] and 1 pl RevertAid Reverse Transcriptase (or water (—RT control))
527 and 1.5 pl water were mixed and run for 10 min at 25°C, 60 min at 42°C and 10 min at 70°C.
528 Then, a nested hot-start touch-down PCR for each target gene was performed. The primer
529 sequences for the outer (first) and inner (second) PCR are shown in Tab. S1. 5 pl of 10x Buffer
530 B, 1 ulofadNTP Mix [10 mM], 2 ul MgCl, [25 mM], 1ul Adapter specific Primer [10 pmol
531 pl'land 1 pl gene specific primer (GSP) [10 pmol pl-'], 0.6 ul DCS DNA Polymerase (DNA
532  Cloning Service) [5 U/ul] and 2 pul cDNA or outer PCR reaction and 37.4 ul water were mixed
533 and run at 95°C for 5 min, (95°for 30 s, 68°C-0.5°C/cycle for 30 s, 72°C for 30 s)*15, (95°C

534 for 30 s, 60°C for 30 s, 72°C for 30 s)*18 and 72°C for 5 min. PCR products were evaluated in
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535 a 1.5% agarose gel and bands of the expected size, which were present in the infected but not
536 uninfected samples, were excised. Products were cleaned with the Wizard SV Gel and PCR
537 Clean-Up System (Promega) and cloned with the pGEM-T easy Vector Systems (Promega).
538 For each band, five clones were picked for sequencing. Plasmids from O/N cultures were
539 extracted with the Monarch Plasmid Miniprep Kit (New England Biolabs) and sent for

540 sequencing to LGC genomics.

541  Analysis of target genes and targeting SRNAs

542  After the initial target prediction an additional target prediction for the newly released cultivar
543  specific genome (GCA 902500625) of barley cv. Golden Promise (GP) was conducted.
544  Adapters were removed and reads were collapsed as described before for the target prediction.
545  All sRNA sequences were read with SeqinR (v3.6-1; Charif & Lobry 2007) and stored in a list
546 of SeqFastadna objects. To identify the homologous genes to the already identified targets in
547 GP, the cDNA library was blasted with the command-line blast application (Nucleotide-
548 Nucleotide BLAST 2.6.0+) (Camacho et al. 2009) against the identified target sequences from
549 the IBSC_PGSB_v2 cDNA library with percent identity of 90 and a query coverage of 55% as
550 cut-off values. All SRNAs with at least two reads were written to a file in chunks of 2000 each
551 and ran against each individual target gene with TAPIR via the system?2 function in R (R Core
552 Team 2019) in the RStudio software. Results were collected, stored in a data.frame, and further
553 analysed with R. sSRNAs identified to target a gene of interest (GOI) were written to a fasta file
554  with SeqinR and blasted against the rRNAs from the assemblies GCA 900044135.1 (Fig-PH1),
555 GCA _000240135.3 (Fg-PH1) and the Fusarium rRNAs from the RNAcentral fungal ncRNA
556 dataset (ftp://ftp.ebi.ac.uk/pub/databases/RNAcentral/current_release/sequences/by-
557 database/ensembl fungi.fasta (12/Sep/2020)) with the options wordsize=4, perc identity=95,

558 qcov_hsp perc=95. All sRNAs matching rRNAs were removed. Thereafter, SRNAs were
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559 compared to the Fg assemblies GCA_ 900044135.1 (Fg-PH1) and GCA 000240135.3 (Fg-

560 PHI1) with the same blast strategy and only perfectly matching SRNAs were retained.
561 To derive the relative expression of a GOI between two samples the following formula is used.
2—AACt(;01

562 Relativeexpressiongg; =

563 We further defined the AAAct value as the difference between the AAct values for a GOI in PH1

564 and PH1-dcli/2-infected samples.

565 AAAct :AACtPHl—dcll/Z —_ AACtle

566  This enables the calculation of the re-accumulation between the two samples as follows.

Relativeexpressionpyi—dci1/2 Z—AAAthm
Relativeexpressionpy, -

567 DCL-dependent resurgence factor =

568

569 The sum of all reads and the corresponding AAAct-value were plotted with ggplot2 (Wickham
570 2016) and a linear regression was added to the plot. To allow a log2-transformation of the plots
571 genes with zero targeting reads were set to one targeting read. The plots were arranged using

572  ggpubr v.0.4.0 (Kassambara 2017).
573 GO enrichment analysis

574  Gene ontology (GO) enrichment analysis was performed via the AgriGO v.2.0 analysis toolkit

575 (Tian 2017) with the standard parameters singular enrichment analysis (SEA).
576  Phylogenetic analysis of SERK homologs

577 Homologs of HvBAKI and HvSERK?2 were searched in At, Hv and Bd with biomaRt v.2.40.5
578 (Durinck et al. 2005) and downloaded from the EMBL's European Bioinformatics Institute
579 plants genome page (plants.ensembl.org) in the plants mart dataset hvulgare eg gene

580 (Ensembl Plants Genes v. 50). For these homologs the CDS of all homologs within the
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581 respective datasets athaliana eg gene, hvulgare eg gene and bdistachyon eg gene were
582 downloaded. The CDS were subsequently aligned with the muscle algorithm in MEGA7

583 (Kumar et al. 2016b) and a phylogenetic tree was constructed via a bootstrap method with 200

584 iterations.
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590 Supporting Information

591 Fig. S1: Feature mapping of Fg-sRNAs with a read length of 21-24 nt

592 Reads were trimmed as described earlier and aligned to the PHI reference genome

593 (GCF_000240135.3 ASM24013v3) with bowtie2 (Langmead & Salzberg 2012).

594  Fig. §2: GO-enrichment analysis of all potential targets of Fg-sRNAs with more than 400

595  reads

596 The plot shows all significantly enriched GO-terms in the target gene set for (A) molecular
597 function and (B) biological process. The analysis was done using agriGo v2.0. Each box
598 contains information regarding one term. GO: indicates the GO accession, in brackets the p-
599 value is stated (Fisher; Yekutieli (FDR)). After the bracket the GO-term description is written
600 followed by the number of genes associated with said term 1. in the gene set and 2. In the

601 background.

602  Fig. §3: Alignment of AtETOI and HvEOL1

603 Identical amino acids are marked blue and similar amino acids are marked red. The alignment

604 and visualization was done with the msa package for R (Bodenhofer et al. 2015).

605  Fig. S4: Regulation of ET synthesis in At

606 ArETOI1 negatively regulates ethylene (ET) synthesis in 4z. AtETO1 acts together with AtfEOL1
607 and AfETO1-like 2 (EOL2) in directing the ubiquitination and subsequent degradation of type-2
608 1-aminocyclopropane-1-carboxylate synthase (ACS) proteins (e.g. ET overproducer 2

609 (ETO2)), which produce the direct precursor of ET.

610 Fig S5: Sequences of dsRNA-dcll/2
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611 Coding Sequences (CDS) of the respective FgDCL genes with the sequences comprising the
612 dsRNAs marked in red. A. FgDCLI-FGSG 09025 (912 nt long dsRNA-FgDCLI). B.

613 FgDCL2-FGSG_04408 (870 nt long dsSRNA-FgDCL2).

614  Fig. S6: Position and read count of all tRFs from Fg-tRNA-Gly(GCC)

615 Alignment position of all Fg-sRNAs from axenic culture with more than 50 reads perfectly
616 matching the Fg-tRNA-Gly(GCC)-9 gene (Fusarium_graminearum_CS3005-tRNA-Gly-GCC-

617 1-9) colored by read count.

618 Fig. S7: Abundance of unique Fg-sRNAs in axenic culture of IFA65

619 A: Histogram of the read count of every unique sRNA. The plot is truncated to make
620 abundances recognizable. Most SRNAs have very low read counts and very few sRNAs have
621 more reads than 3,000. Maximum read count per SRNA is 42,866. B: Violin plot of log2-

622 transformed reads counts untruncated.

623  Fig. S8: Origin of tRFs in Fg-tRNA-Gly(GCC)

624  The centroid secondary structure of the Fig-tRNA-Gly(GCC) generated on the RNAfold web
625 server (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) with the origin and
626 alignment of Fig-sRNA-321, Fg-sRNA-1921 and Fig-sRNA-6717. The colors of bases indicate

627 the base pair probabilities.

628  Fig. §9: Molecular Phylogenetic analysis by Maximum Likelihood method

629 The evolutionary history was inferred by using the Maximum Likelihood method based on the
630 General Time Reversible model (Nei & Kumar, 2000). The tree with the highest log likelihood
631 (-25430.37) is shown. Initial tree(s) for the heuristic search were obtained automatically by
632 applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using
633 the Maximum Composite Likelihood (MCL) approach, and then selecting the topology with

634  superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the
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number of substitutions per site. The analysis involved 77 nucleotide sequences. Codon
positions included were 1st+2nd+3rd. There were a total of 2427 positions in the final dataset.

Evolutionary analyses were conducted in MEGA7 (Kumar et al. 2016b).

Tab. S1: Primer sequences

Sequences and target accessions for all primers used in the study

Tab. S2: Target prediction results

Results of the target prediction with the TAPIR algorithm for all Fg-sRNAs with more than 400

reads
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894  Tab. 1: Selected GO-terms of tested genes and closest homologs in A. thaliana
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A.thaliana

Name ensembl gene id GO_term Abbr.
=== - Homolog
HvARF3 auxin-activated signaling pathway
Auxin response HORVU1Hr1G076690 i:i‘gf;:gg of transcription, DNA- 19533860 4rF3
transcription factor 3
nucleus
HvSUBI Golgi apparatus
transferase  activity, transferring
S.hort under blue HORVU2Hr1G028070 alycosyl groups AT4G08810 SUBI
light 1 .
fucose metabolic process
HvPPR
Pentatricopeptide HORVU2Hr1G078260  protein binding AT2G06000
repeat superfamily
protein
HvSERK?2 integral component of membrane
Somatic positive regulation of innate immune
embryogenesis HORVU2Hr1G080020 response AT1G34210 SERK?2
receptor-like kinase regulation of defense response to
2 1 fungus
HvARFI10 auxin-activated signaling pathway
Auxin response HORVU2Hr1Gogoe7o  regulation of transcription, DNA-— 1959350 4rry0
transcription factor templated
10 nucleus
HVEOLI regulation of ethylene biosynthetic
HORVU2Hr1G119180  process AT4G02680 EOLI
ETOl-like 1 protein binding
HvRSTI integral component of membrane
. HORVU3Hr1G016630 AT3G27670 RSTI
Resurrection 1 membrane
HoPIX7 prqte}n serine/threonine  kinase
activity
L HORVU3Hr1G051080 o AT5G15080 PIX7
Putative interactor of ATP binding
XopAC7 protein kinase activity
Hvemb2726 translation elongation factor activity
) HORVUSHr1G024470 . . AT4G29060  emb2726
Embryo defective mitochondrion
2726 intracellular
HvPGLP?2 chloroplast
HORVUSHr1Gos2320  Phosphoglycolate phosphatase  x 15647760 PGLP2
2-Phosphoglycolate activity

phosphatase 2

hydrolase activity



https://doi.org/10.1101/2021.05.17.444440
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.17.444440; this version posted May 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

896

897

898

899

900

HvATG?2 autophagy of peroxisome
HORVU6Hr1G034660 AT3G19190 ATG2
Autophagy-related 2 autophagy
HuSUVRS hls‘.[ope-lysme N-methyltransferase
activity
HORVUG6Hr1G069350 AT2G23740  SUVRS
Su(var)3-9-related chromosome
protein 5 methyltransferase activity
HvRDRI RNA—dlrected 5'-3' RNA polymerase
activity
HORVUG6Hr1G074180 L AT1G14790 RDRI
RNA-dependent RNA binding
RNA polymerase 1 gene silencing by RNA
HvGDH glycine decarboxylation via glycine
cleavage system
Glycine HORVU6Hr1G076880 glycine cleavage complex AT2G35370 GDHI
decarboxylase . .
complex H mitochondrion
HvBAK1 integral component of membrane
Somatic transmembrane receptor protein
embryogenesis HORVU7Hr1G068990  serine/threonine kinase signaling AT1G34210 SERK2
receptor-like kinase pathway
22
HvARF19 auxin-activated signaling pathway
Auxin response HORVU7Hr1G096460 regulation of transcription, DNA-
transcription factor templated
19 nucleus

BdSERK?2

BRADI 5g12227v3

integral component of membrane

positive regulation of innate immune

response AT1G34210 SERK2

regulation of defense response to
fungus

complementary to the respective SRNA.

gPCR and RT primer used in this study. First column shows the name of the respective template.
Second column gives the accession for genes or the sequence of SRNAs. Third column shows

the primer names and fourth column gives the oligonucleotide sequence. Lower case letters are
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901

902 Tab. 2: Target prediction results of Fg-sRNAs with more than 400 reads in IFA65 axenic

903 culture.

sRNA-Name Reads Score Alignment Length

Fg-sRNA-321 2106 4.5 3' GCUUGGGUCCCGAGGGGCUACC 5" 22
ool TEHTTETTET T Tl T

HvEOL1 5' GAAUUCCAGGGCUCCCCGGUGG 3!

Fg-sRNA-1921 416 3.5 3' CUUGGGUCCCGAGGGGCUACC 5" 21
ol TTEETTTTT ol ]

HvEOL1 5' AAUUCCAGGGCUCCCCGGUGG 3

Fg-sRNA-6717 86 4.5 3' UAGCUUGGGUCCCGAGGGGCUAC 5' 23
1o ool ITITTITTE ol |

HVEOL1 5' AUGAAUUCCAGGGCUCCCCGGUG 3!

Fg-sRNA-1921 416 6 3' CUUGGGUCCCGAGGGGCUACC 5 21
I

HVSERK2 5' GCACGCAGGGGUCACCGAUGG 3

Fg-sRNA-321 2106 4.5 3' GCUUGGGUCCCGAGGGGCUACC 5' 22
ol A L-TTHTTEITTIT- T

HvBAK1 5' UGCACACAGGGCUCCCCCAUGG 3!

Fg-sRNA-1921 416 4 3' CUUGGGUCCCGAGGGGCUACC 5 21
PSRN RPN

HvBAK1 5' GCACACAGGGCUCCCCCAUGG 3

Fg-sRNA-6717 86 5.5 3' UAGCUUGGGUCCCGAGGGGCUAC 5' 23
ol T TITFTTETTEE- T

HvBAK1 5' UUUGCACACAGGGCUCCCCCAUG 3'

Fg-sRNA-321 2106 5.5 3' GCUUGGGUCCCGAGGGGCUACC 5' 22
ol [T el [ Tol T

BdEOL1 5' GAAUUCCAGGGCUCUCCGGUGG 3

Fg-sRNA-1921 416 4.5 3' CUUGGGUCCCGAGGGGCUACC 5 21
ol TTTTTT ol lTo]]]

BdEOL1 5' AAUUCCAGGGCUCUCCGGUGG 3

Fg-sRNA-6717 86 5.5 3' UAGCUUGGGUCCCGAGGGGCUAC 5' 23
[1..1T-ol[TITTIITol]]o]

BEOL1 5' AUGAAUUCCAGGGCUCUCCGGUG 3'

Fg-sRNA-321 2106 3.5 3' GCUUGGGUCCCGAGGGGCUACC 5' 22
ol A L-1T-TTTITTITTT

BdSERK2 5' UGCACGCAAGGCUCCCCGAUGG 3!

Fg-sRNA-1921 416 3 3' CUUGGGUCCCGAGGGGCUACC 5" 21
LT T TEEE T

BdSERK2 5' GCACGCAAGGCUCCCCGAUGG 3

Fg-sRNA-6717 86 5.5 3' UAGCUUGGGUCCCGAGGGGCUAC 5' 23
cool LT TR

BdSERK2 5' UCUGCACGCAAGGCUCCCCGAUG 3'
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904 Mismatches (MMs) between mRNA and sRNA are marked as “.”, while G-U pairs are marked

905 as“o”.

906

907
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909 Figure legends

910 Fig. I1: Virulence of Fusarium graminearum strains PHI and IFA65 DCL single and dKO

911 mutants on barley and Brachypodium.

912 A:Relative infected area on leaves of barley cv. Golden Promise (GP) at 5 dpi. Detached leaves
913 were inoculated with 3 pl of a solution containing 150,000 conidia per mL. The area with leaf
914 necrosis was measured with the free image analysis software package PlantCV. Boxplots
915 represent the median and quartiles of three independent biological experiments (n=56).

916 (Wilcoxon Rank Sum Test, P=7.1*10-3, x=mean)

917 B: Relative infected leaf area on leaves of Brachypodium distachyon Bd21-3 at 5 dpi. Detached
918 leaves were inoculated with 10 pl of a solution containing 10,000 conidia per mL. The area
919  with leaf necrosis was measured with ImagelJ. Boxplots represent the median and quartiles of
920 nine independent biological experiments (n=63). (Pairwise Wilcoxon Rank Sum Test,

921 Bonferroni corrected, Py.;;=4.9%108, P;.;,=2.6*%104, x=mean)

922  Outliers (>2.5) are not shown but indicated as written values next to the upward arrow (7).

923

924  Fig. 2: Relative expression (log2 fold) of potential barley target genes for fungal sRNAs in

925  leaves infected with Fusarium graminearum wt strain PH1 vs. PHI1-dcll/2.

926  Expression was normalized against barley Ubiquitin (HvUBQ) and subsequently against the Act
927  of the uninfected control (mock treatment). Bars represent the mean+SE of three independent
928 biological replicates. Significant differences were calculated for the expression of a respective
929  gene in PHI1 vs. PH1-dcl/1/2-infected samples and PH1 vs. controls. The dotted line shows the
930 expression level of mock treatment. (Student‘s #-test, (paired) one sided, *P<0.1, **P<0.05,

931 ***p<(.01)
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932  Fig. 3: Relative expression of HvEOLI in response to inoculation of barley leaves with

933 Fusarium graminearum.

934 A, Relative expression of FgDCLI and FgDCL?2 on detached barley cv. Golden Promise leaves
935 at 5 dpi in wt strain IFA65 and 7 days post spray application of the 1,782 nt long dsSRNA
936 construct dsSRNA-dcl1/2 vs. TE buffer. B, Relative expression of HvEOLI at 5 dpi with IFA65
937 vs. mock control. C, Relative expression of HvEOLI 5 dpi with wt strain IFA65 and 7 days
938 post spray application of dSRNA-dcli1/2 vs. TE buffer. Gene expression was first normalized
939 against the reference gene HvUBQ (HORVUI1Hri1G023660) and subsequently against the Act
940 of the respective control for B (mock = 0.002% Tween20) and for A,C (IFA65 / TE). Bars
941 represent the mean + SE of three (B) and four (A, C) independent biological replicates.

942  (Student‘s t-test, *P<0.05, ***P<0,005)

943

944  Fig. 4: Relative amount of different fungal tRFs with homology to HvEOLI mRNA

945 Relative amount of different fungal tRFs with homology to HvEOLI mRNA during infection
946 of barley leaves with PH1 and PH1-dcl1/2 normalized to fungal biomass and relative quantity
947 of sRNAs normalized to wt PH1 measured by qPCR. Fg-sRNA-1921, Fg-sRNA-321 and Fg-
948 sRNA-6717 quantity was normalized to Hvu-miR159 and Hvu-miR168 and fungal biomass as
949  determined by FgEFIa expression was normalized to HvUBQ. Subsequently the amount of
950 sRNAs was normalized with fungal biomass. The amount of SRNA in PH1-infected leaves was
951 set to 1. Values and error bars represent the mean + SE of three independent biological

952  replicates. Significance was calculated via a one-sample #-test. (**P<0.01, ***P<0.005)

953

954 Fig. 5: Relative expression of BASERK?2 in response to inoculation of Brachypodium

955 distachyon leaves with Fusarium graminearum.
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956 Relative expression of BASERK?2 in detached Bd21-3 leaves at 4 dpi with PH1 vs. PH1-dc/1/2.
957 The gene expression was first normalized against the reference gene BdUBI4 and subsequently
958 against the Act of the mock treated control. Values and error bars represent the mean + SE of

959 three independent biological replicates. (Student‘s t-test, paired, one sided, **P<0,01)

960

961 Fig. 6: Analysis of potential target sites of Fg-sRNAs as determined by RLM-RACE products.

962 A,B,C Potential target sites of Fg-sRNA-321 and Fig-sRNA-1921 predicted by TAPIR (blue),
963 genomic DNA (GPvl, GCA _902500625.1, A: contig7:321364603-321365033, B:
964  contig2:598018255-598018555, C: contig2:474465508-474465708) of barley cv. Golden
965 Promise (green), and the alignment of sequences derived from the RLM-RACE PCR (red)
966 relative to the Hv-gDNA and Fg-sRNAs. D,E,F PCR-products of the second nested RLM-
967 RACE-PCR visualized in an EtBr-Agarose gel. Red arrows indicate excised bands and blue

968 arrows indicate infection specific products.

969

970 Fig. 7: The degree of DCL-dependent gene silencing is correlated with the number of

971  homologous fungal sRNAs.

972  Each dot represents a predicted target gene of Fg-sRNAs. On the x-axis the AAAct-value is
973 shown with bars representing SD. On the y-axis the log, of the number of total SRNAs
974  potentially targeting each gene are shown. The dotted line represents a linear regression model.
975 P indicates the significance (t-test) of the model and the score cut-off indicates the score limit
976 used during the target prediction. Plot A, B, C and D are the calculations for a score cut off of

977 3,4, 5 and 6 respectively.

978

979
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980 Tab. S1: Primer sequences

Gene Accession Primer Name Sequence
HvARF3 HORVUI1Hr1G076690 HORVUI1Hr1G076690 F  GGTTCAGCTCAGAAACGAAGC
HORVUI1Hr1G076690_ R ATTCTGACGCTCCACTCCTTG
HvPPR HORVU2Hr1G078260 HORVU2Hr1G078260_F GGGTGCTTCATCGAGTTGGAA
HORVU2Hr1G078260 R CTGCAAAACCACAGAGCTTGT
HvSERK2 HORVU2Hr1G080020 HORVU2Hr1G080020.6  ~ GATGACAGACAGAGTCCTGCT
F
HORVU2Hr1G080020.6 .  AGCACTACTACCAGCACCGA
R
HvARFI0 HORVU2Hr1G089670 HORVU2Hr1G089670_F CACATCGGCGATGAACCTTTC
HORVU2Hr1G089670 R TCGGCTCAAGATCGATGGATG
HvPGLP2 HORVUS5Hr1G052320 HORVUSHr1G052320 F  CTCCTTGTTCTGTCAGGTGTGA
HORVUSHr1G052320 R ATTGCTGGTGCTGTATTCGGA
HvATG?2 HORVUG6Hr1G034660 HORVUG6Hr1G034660 F  TTCTTATCTCGGGGCTTGGTG
HORVUG6Hr1G034660_ R TCGTAGCAGCCAAGAACCATT
HvGDH HORVU6Hr1G076880 HORVUG6Hr1G076880_F GGCAACGTGGAGAGTGTGAA
HORVUG6Hr1G076880 R GTACGGGCTCGAGTTGATCAG
HvARF19 HORVU7Hr1G096460 HORVU7Hr1G096460 F  GGGCCGGTCTATCGACATTAG
HORVU7Hr1G096460 R TTGACAAACTCCTCCCAAGGG
HvSUBI HORVU2Hr1G028070 MLOC_12796.1_F CAGAGTTCAGGAGGGGCAAG
MLOC 12796.1 R GACAAACGTCCGGTTGAGGA
HvSUVR5 HORVU6Hr1G069350 MLOC 14605.1 F TGCATTTTGTTGACCGCAGG
MLOC 14605.1 R AGGCTTGTCTGGGAACGATG
Hvemb272 HORVUS5Hr1G024470 MLOC 58105.1 F AGACTGATGTTGCGGTGGAG
6 MLOC 58105.1_R GGTTGCGACCTAACTTGGGA
HvPIX7 HORVU3Hr1G051080 MLOC _5991.1 F GATGGGCTTCAGGGGCATAA
MLOC _5991.1 R ATGGGAGCGGAAATGACCTC
HvRDRI1 HORVUG6Hr1G074180 MLOC 75294.1 F TATCTGAAGGTTCGGCCTGC
MLOC 75294.1 R GTTCCGCTCCACAGAACAGA
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HvRSTI HORVU3Hr1G016630 MLOC_75306.1_F TTGCGGGACTTGTTCTTGGT
MLOC 75306.1 R TGACAGATGGCAGAGCAAGG
HvEOLI HORVU2Hr1G119180 MLOC 8741 F CACTTCAAGCCCGCTGACTA
MLOC 8741 R CTCATGTATCGTGCTCGCCT
BdSERK2  BRADI 5g12227v3 PNT61220 F AGTTGCGTTTCCTCCGTCTT
PNT61220 R ACCAGTTGATGGAACCTCTCC
HvUBI HORVUI1Hr1G023660 Ubideg60_F ACCCTCGCCGACTACAACAT
Ubideg60 R CAGTAGTGGCGGTCGAAGTG
FgEFla FGSG 08811 EFla F CAAGGCCGTCGAGAAGTCCAC
EFla R TGCCAACATGATCATTTCGTCGTA
Name Sequence (RNA) Primer Sequence (Primer)
Hvu- UUUGGAUUGAAGGGAGCUCUG  hvu-mirl59a F TGGCTCGCTtttggattgaaggga
miRNA-
159a
hvu-mir159a RT GTCGTATCCAGTGCAGGGTCCGA
GGTATTCGCACTGGATACGACcagag
c
Hvu- UCGCUUGGUGCAGAUCGGGAC hvu-mir168-5p F GTTCGCTtcgcettggtgcagat
miRNA-
168
hvu-mir168-5p RT GTCGTATCCAGTGCAGGGTCCGA
GGTATTCGCACTGGATACGACgtcce
g
Fg-sRNA- GCUUGGGUCCCGAGGGGCUACC Fg-sRNA 321-2106 F TCGCTccatcggggagcecectg
321
Fg-sRNA 321-2106 RT GTCGTATCCAGTGCAGGGTCCGA
GGTATTCGCACTGGATACGACcgaac
c
Fg-sRNA- CUUGGGUCCCGAGGGGCUACC Fg-sRNA 1921-416 F TCGCTccatcggggagcecect

1921
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Fg-sRNA- UAGCUUGGGUCCCGAGGGGCUA

Fg-sRNA 1921-416 RT

Fg-sRNA 6717-86_F

GTCGTATCCAGTGCAGGGTCCGA
GGTATTCGCACTGGATACGACgaacc
c

TCGCTcatcggggageectggg

6717 C
Fg-sRNA_6717-86_RT GTCGTATCCAGTGCAGGGTCCGA

GGTATTCGCACTGGATACGACatcga
a

Universal UniSL R CCAGTGCAGGGTCCGAGGTA

SL

Reverse

Target Accession Name Sequence

RLM-adapter

RLM outer adapter Primer

RLM inner adapter primer

HvEOL1 HORVU2Hr1G119180
HORVU2Hr1G119180
HvSERK2 HORVU2Hr1G080020

HORVU2Hr1G080020

HvBAKI HORVU7Hr1G068990

HORVU7Hr1G068990

RLM_Adapter

RLM_Uni_Ol1

RLM_Uni_I1

HVEOL1 outer
HvVEOLI1 inner
HvSERK2 1 outer

HvSERK2 1 inner

HvSERK2 2 outer

HvSERK2 2 inner

GCUGAUGGCGAUGAAUGAACACU

G

CGUUUGCUGGCUUUGAUGAAA

GCTGATGGCGATGAATGAACACTG

GAACACTGCGTTTGCTGGCTTTGAT

G

GAATTTACTGATGGCCCGCAT

ACCCACCATTAAGCATCGCA

GAGCCTCAGGAGACGGTTTT

AGTGGAGTCGACGATCCAGT

GGGTTTGCACATGCTCGTAC

TGAGGACCCAGCTCTACCTC

981

982
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Fig. SS5A

FgDCLI-FGS5G_03025

ATGGACACCOACTCOACCOACAGLGAAGATOATCGCGTTCAGTATCGCCTGACCGTGAGGLCTTCGAAGCATCGAAAGAATACAGAG AAGAAGCGCCTGAACAAGCAGGTTTTGAAA
CAATACATGATAGAACACGACAGAGAAGCCTATGCCAAAGATTCTGAGAAAAAGAAGLGCGGCCCCTTOGCTGAAGCTTCCACCGACATTACACCGLGAGAATATCAGATAGAACTCT
TCGAAGCOGCCAAGGAGAAGAATCTCATTGTGGTTTTACCTACAGGTATTTTCTTGTCCCTTTCTGACTCTACTCTGGACATTCTAATAGG CACAGGTTCTGG TAAAACACTCATCTCCAT
CTTATTGCTAAAATACTACATTCGAATCGAAGTGGAATCTCGOGCTCTTGGAAATCCOAGGAAGGTGGCCTTTTTCTTGGTGGAAAAAGTAGCCCTCTGTGAGCAGCAATACCGATTTC
TTAAGGACCAGATTTTCGGCCACAACATTGTCATGTTCACAGGLGATAACCGCGGIGTGACCAAGGACAAGAAGTACTGGGATGATCAGTTTTICCTCAAACAAGGTTGTGGTCTGLAC
TGCTCACATTITGCTCGACTGTCTGAACAACGGCTTCATTACAATGGACCAGATCAACCTCCTCATCTTCGACGAAG CCCATCATGCAAAGAAGAAGCATGATTACGCGCAAATTGTCC
GACGATATTATTATTCTACCGAAAAGAACAAGAGACCTCGCATTCTAG GAATGACCGCTTCCCCTGTGGATTCCAAGGCTOGAGATCTTGCAGAMATGGCACTTGAACTTGAGAAAAL
CCTTGACAGCGAGATCGCAACACTCTCCGACAAGATGATG CGACAGGLGACTGATTTCCAAGTTCATGTTGAAGAGACAG TCAAATACAACACACTTGEACTACCAGACGAGACCAAG
ACACAGCTTTGGGACTCGATCTCTAAGCTAGTATCGOGAAACAAGGAATTCAAGGCGTCTCTCGACTTCACAAAAGAGGCCTCCACAATCCTAGGACCCTGGTGTGEGGACCGATALT
GGECAAGTCTTGATCGACGATACAGAGATCAAGCGACTCGCCGACAGGACTCGCATGGCTTTTTTCGGGGGTGEAGAGAAGTTGTTGGCAAGAGGAGACCAAGCAGAAGAGGLTGTC
AGGGAGGTTCAAAAGGTCGTCGCAGCCCACGAGTTTAGGGOGATCAGT CCTCAATOGCAG GAAT TG TCAGCTAAAGTGAAATGTCTACATGAAATCCTGGTTCATGCCTTCACAGTCG
ATAACACAAAGLCGCTGCATCGTTTTTGT TGATCAGAGACACACAGCT TG CCTCCTTTOGGACCTT TACGACCAAGTTTCAATGGCAATTCCCG G TATGAATGCTTCGTATATGOTAAGTT
GAGTCCCATTTCCAACAGCAGTAACTAACCACAATAGATTGGTCAACAATCTAGCAGCAGCACCCTTGGCAATATGTCTCTGCGAAAGCAATGTTCAACGCTCAAGAACTTTAGGGACG
GLGTGATAAACTGTCTCTTTGCAACATCAGTGG CAGAGGAGGGAATTGACATTCCGAGTTGTGATCTTGTTATCCGATTTGATCTCTATACTTCTGTTATTCAGTATGTTCAATCCAAAG
GGG TOOGAGACACGAATCTTCACGGTATATCACCATGCTGGAAGACGG CAACATGAGACAGATTCOCAGTCTOAAACAAGCAGCLAGAGATOCAACAGCCCTTCOAGAGTTCTGTC
TAAGAATACCTGCCGATCGAAAACTTCAAGACGATGTATTTGATGAGGAGACGGAAAGTCAGATCAAGCAAATACGTTTTAACGTGTACAAAATAGAATCAACGGGUGCACAACTTAC
ATTCCCCTCAAGCCTCGAGATACTAGCTCGATTCGTTGCATCCTTGGG TACAGCAGAGAGCAGCCATAGCAAGGCTGAATATCACGTCTACAAG GTGGGAACATATTTCACAGCCGLC
GTCAATCTACCGTCCAGTTCCCCCATCGTCTCCCAAACAGG CTATCCACAACGAAGCAAGCTTCTCGCAAAATGCTCAGCGLCTTTTGAGGTTTGCAAGAAGCTCATCAATGGCAAALCA
CATTGATGATCATCTTCAGCCTACTTTCAAGAAACATT TCCACAAAATGCGCAATGLTCG TG TGGGAATAAGCCCTAACAAGAAGGGTGAGCATGACATGCGCCTGAGG CCCAACGTTT
GGAGTATCCGTGGAGAATGGACACACTTCTTCCCAACAAGAATTACTCTTGACAGGGATTGTGGAGAGAAAAACAGGTCGTTGATTCTTCTTTCGCGAAGTCCACTTCCAGGACTACCT
TCAATCCCTCTATTCT TCGGCAATGGACGCTCAGCCATOGTTGAAGTGACATGTTCTCAAG AACCTTTACCCATCACGACCGAGGAAGLTG GGG TTTGACTGCTTTCACACTCAAAATC
TTTGCCGACGTTTTCAGTAAAGAGTTTGAGGCCACTTGCGACCAGTTTCCTTACCTTCT TG CCCCCT TG AAARAGACACCAATCTAAACGAAATATCGCOAATCOACTGOLATACTGTC
AACCTTGTCAGAGACCATGACAGTCTCGAATGGGAGAATGCGCCCGACGATTTCTTT TTCGACAAGCTTGTTGTAGATCCATATGATGGAGGGCGCAAGCTTATAATCAAAGGCATTG
ACAAATCCAAGAAGCCTTCTGATCCTACACCGGAGGGAGTGCCTGAGTCGAGAAGTCGTGLTTATAGGTCTGCGGAACAAAACATTAAGCAGTACAGCAACAGTCTGTTTTICCAAGTC
TCGACTAACGGCCCAGTEGGLGAGACGATCAACCOGTTGTCAAAGCTGAGCTTCTCTCATTGCGACGCAATCTGTTGGACGAGTTTCAAGTAAACGAGGAAATCAACAAGGATTGCTTC
GTCATTTTAGAACCCCTCAACGTGTCACCTGTAAGTGAAAGACTCTTCTGTAARACG TATCTAACATGCCCAGCTGCCAATTGACGTCGTTTCCATGGCACTCAAGTTCCOGGCAATCAT
CCACAGAATCGATTCTGCTCTGATCGCTCTTGATGCATGLGAACTATTCGACCTCTCTATTCCGCCAGCGLTGGCACTCGAGGCAATGACCAAAGACAGCGACAACACTGAGGATCATG
GCAAGCAACAAATCAATTTCCAAGCTGGCATGGGTTCCAACTATGAMGGTTGGAATTTCTTG GAGACTCGTTTCTCAAAATG GCCACCACAATCTCCATTTITGTACTCAAACCCAAGA
GCAACGAATOTTTGTACCATGTAGAGCGCATGCTGCTCATCTOCAACAACAATCTGTTCAACACGOLCGTAGATTGCAAGCTCCCAGAG TACATACGATCCT TG GCATTCGACAGG LG
AACTTGGTACCCTGATCTTACACTCAGAAAAGGCAAAGCTTTCAAGGCAACAGLGCGACAGLGLCTTAGCCGACAAAAGTATTGCGGATGTCTGTGAAGCTCTCATTGGTGCTGCATAC
CTCTCAAGCAAGGATGACAATTTGAACATGGCCGTCAMAGCTGTGTCACAGATGTGCAAAGCAAAG TACCATACCATGATGGCTTACGATGAGTACTACGCATCTTTCAAGGTTCCAG
ATTGGCAGAAAGLCAGTCCAAACGCCAACCAGCGTAGACTTGTGCAGAAAGTGLCAGACGLTACCGGOTACCACTTCAAGTCTGCGCCGCTGCTCCAGAGTGCATTCACACACCCTTC
TTACGCGTATTCAGGGAACGTTCCAAACTATCAACGLCTOGAGTTTCTAGGCGATGCCCTCATCGACATGACCATCGTCGAATATCTCTATCGCAACTTTCCOCTOG CAGACCCTCAGTG
GTTGACGGAGCACAAGATGG CAATGGCCTCGAACCAATTTCTCGGTTGTCTG TG TG TTAAGCTCAATCTGCACCACCATCTTCTGTTCAACACGTCGCAGTTCATCAGCAAAATTCGTG
ACTATGTGGCCGAACTTGAGTTGGCTGAAGAGACTGCGCGCCAAGAGGCAGAAGAMGACGGGACTCCAATGCGCATGGACTTTTGGCTCAATGCGACAACGLCTCCAAAAGCGTACG
CAGATTCAATCGAGGCTCTTATGGGGGLCATGTTTGTGGATTCTGAATTCGACTATTCTGTTGTTGAGGATTTCTTTACCAAGTTCATCTTCCOGTACTTTAAAGACATGTCTCTGTACGA
TACCTTTGCAAACAAGCATCCTTACACATTTCTCACCAAGAAGATGCAACAGGAGATCGGGTGCATGAAATTCTGTATGATTTCAGACACCCGCGTTCCTGATGCAGAGCGTGGCATGG
AAGTTATGAAAGAGTACGACATATATTCAGCCTTTCAAGTGCACGAAAGAGTCATCACATGTCACGTATCAAMAGAGTGEAAGGTACGGTAAGATTGCTGCTGCAAAGGLGGLACTLG
AGTTGTTGGAGCCGTATGGLGGTGATGTGGTCGLOATGAAGAAGCTETTGLLCTGCGACTGCGACTCTGTAACAGCAGLCCATOGLOGAGATGRACCATGGAACAGCTGTCTAA

Figure S5A
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Fig. S5B

FgDCL2-FGSG_04408

ATGTCCTCAAGCGATAAGGTCATGGCGGACGCCTCTTCCATACCAGACTCCGAGG TCAAAACAATAGCGTCGTCCTCGGTCOTCGAGATCTCTGLTACAGGLGAGAAGGAGATAALG A
CTCATATACCTGTCGCAGATACACCAATGTGCTCAGATGACCAGGCCAATGTGCAAGAGCAAGACGAAGAAGTTAAGCCTCAGAAAGTGACGCCCAATCCAGAGGTGGTAAATCCCC
GLGGTTACCAGCGAGAGATGCTGGAACAAAGCATCAAAAGGAATGTCATCGTTGCAGTAAGTTATTCCAAGTACCCCATTCAATCTGCATTCGGTGACCTGATTAGATGGACACGGGA
AGTGGTAARACTCAAGTGTATGTCACTTCCATACCATCGAAAAAGAGAGAGACTAATTATAACTCGTAGGGCCGTGATGCGCATCCAACATGAACTCGATACATGTGCACCAGACAMG
GTTGGTGAACAAAGAAACATAATATCGCGGTCAAAACTAACCAATATAGATTATCTGGTTCTTAGGCAAGACAGTATCGCTATGTGAACAGCAATACAGCGTTGTCCAAAGGCAAATG
COGTCGGTATCGATGAAACTGCTAACGGGGCAATTGAACATCGATGCATGG TCCGAGGACGTCTGGLCCCGTATCCTTAATGGGACTCGTATCATTG TCTCGACCTTTGATATCCTGLG
AGATGCTTTGGACCATGCATTTGTCAAGATGAACATGCTGTCCCTTATCGTCTTCGATGAAGG TGAGACATCGCCAACACTTACAATATCATTACTGACTTTTTACAGTTCATAATTGTGT
ARAGAATAGCTCTGGTOGAAAGGTTATGGTGAATTTCTATCACGAACACAAGAACGLOGGCATGLCCGTECCTGCTATCCTGGETITAACAGCCAGCCCGATACAGTCGAAGTCAATC
CACGACGAAATCCTTGAGCTCGAGG TCACCATGGATGCTGTATGCATCACTCCAACAATTAACCGGAAAGAACTCCTCCAGCACGTCAACAAGCCCAATCTTTCCOGAGTAT TG TATGA
TGTGGAAGAGCATCCGACTCGAACCCCCCTAATGCAGACTCTGCAGTCTGAGTACTCGGLGATGGACATCACCCAGGACCCAAGTATTATAAAGGCCAAGCAACTTATCGLTAAGGGE
GAGAAGACTGGACCTGAMMTACTAAGTATGTTGATGAMACACAGGACCTTCTCTCAGAAGCAGTTAAAGTCCTTATGGAACAAAAGCAAAMGACATTCTTGATGAACTCGGGCCTTGGE
CTGCTGACAAGTACATCTCCGAGT TGGTCAGTCTGTT TCTCAAGAGAATCGACTCGCCAATGACGTTTAACGAG TCCTOGAG CAATHAGGATAGGACCTACCTCGCAGGTCATTTGAG
ACAGATCGCTGLCAGTCCCCATCAGCCCAAACTACCAGACAGACACAACTTGGLCGACAAGACGAATAAACTAATCCAGGAACTACTTGCAGCGGATGAAGATGTGGTCGGCATTATA
TTCGTCAGATCAAGGGLTGCTGCCAACGTCCTTTGTGCTCTTTITGAGGGAGCACCCCGAGATTCGACAGCGATATCGAGTCOGCTCTGTAGTAGGATCCGCAGCCACCAAGATTCGAA
AGCAAAACATCTACGAGTATCTGCCCGGCGIGACTGCCGATACATTACG COATTTCAAAACAGG CGCCATCAACCTTTTGGTCTCGACTAGTGTTCTTGAAGAGGGTATTGATGTOGCA
GIGTECAACCTOGTCATATGTTTCGATGAGACAACGACACTCAAGTCCCATATCCAALGCCG LG GACGAGCTCGLAAACAAAAATCAAAGATGATAGTACTTGCTAGATCTTCATCCGA
COCTCGGGAATGGGATTCCCTAGAAAGAGACATGAAGAGTCGTTATGAGCAGGAAAGGGGAGAGTTGGACGCTTTAGAGATAGAGGCTCGCACTGAAGCGACGTCCTCTTTITCTTA
TACTGTGAAAAACTCAGGGECTAGATTGGACCTCGAGAATTCTCGCCAGCATCTGGAACATTTTTGTAACAAGGTTTTCCAGCGAGATTACGTTGATCCGAGACCCOTCTACATTTTCC
ACAAGACCGAACTOOGATCAGCACCOCCGACTTTCAGLGCAACGGTGACTCTTCCCTCGGGTCTGCCTAAGCACCTCCGAAGGTOLCAAGGTGEAGL TGLATOLAGATCAGAAAAG A
ATGCGATGAAGGAAGCGGCTTTTCGTGCATTCGTCATGCTGCACCAAGAAGGTTTGGTTAGCGACCACCTTCTTCCCCTAAATGCAGATTCGAAAGAAGCAGAAGAAGAGGTGCAGLT
AACTGCGCCCGAGCTTCTATTTGACCCATGGAAAGACATTGCACAGCGGTGEGAGACCACGGCTGAGAAATGGCTCTATGCTTACGAGTTCGCCGATCACGAGTATGTTACTCCTCTTC
ATTTCGAGATTGCCTTGOCTGTETGTCTTCCACGACCCCGCGACATCACCTTTCATCCTGAAGAGGGACTTAAATGGCATGTCAAATGCACCT CAATCAAGAGGATCTCCAATGATGAAT
GCTTGGGCTTGCCAGATCATACGTCAACCCTATTGGOGATGCATTATGGCCACCGCTGGAACGTGGAAGATCGTGACCATGTGATCAAATTCATATATGAGAACAAGAATCTCACCCG
AGATCAAATTGGATCGGTACCCTTCGGCGAAAGCATTGATGCTCTATTGGAAMAGAGAGTCCTGGTTCGGGACCCCAAAAATACTCCCTTCCACTACGTCAAAATGATCCCATCAAAGC
CTCCAAAAGAGCAAGTTCAGCACCCATTTAATGAATACGAGGAAGCGCCAGAAG AACAGTATCTAGTTIGTGGATCAATGGACACGCAGGTCGGACCTGTTGCATGAGATAAAACCCG
GTCAGEEGAAGAGCTCTTG AL AAACCCTACCG T oo TTCTOCCGATTTOCAGAG AT TTGATGAGG TTCCTCGG LG TG TAAG TG CGOTATGCTTATCCCTTCCATCATT
CACGAATTGGAGGTTCAGCTCATCGOGAATGAACTGTCCTCGACACTTTTGG UG CCAGTTGGTATCACAGATCTGCAATTGGTGATTGAAGCCATCAGCTCGOGTAGCGCTGCAGAGEC
CTGTTGACTATGAACGTATTGAATTTTTGGGCGATTCGGTTTTGAAGTATTGCACTGTTATTCAAGCCTACTCTGAACGTAAGTCTTCCGCATCCCTCTATCGTCACTTTCACTGATCATT
GTCACAGATCCCTTTTGGCCCGAAGGTCTACTCAACCATTTCAAAGACCGACTAGTCTCCAATACCCOTTTGACTCGCATGTGCCTTGAGACAGGCCTTTCCAAGTTCATTTTTTCCAAAA
CATTTACTGGAATCAAGTGGAGACCGCTATATCGAGACGAATTCCTAGATAAGAAGCCAGTCGATGGTGTATCAAGGTTTGTTGGTCCAAAGACTCTTGCTGATGTGGTCGAGGCALT
TGTTGGAGCCTCCTACCAGGATGGAGGAATCAGCAAAGCTCTGGAGTGCATCAAGGTTTTCTTGGGCACCAAGTGCAATTGGLATGATGACAAAGTCGCCAGAGACATACTCTTCCGA
GCAGCAATTAGCGACGTACCGTTGCCCCCCACGATGEAGCCTTTGGAAGAGCTCATCGGGTACACATT TCAGAAGAAGTCTCTACTCATTGAGG CAATGACTCACGGGTCGTATGCGE
CTEATGGLCAGCAGCGATCTTATGAACAACTCGAGTTITCT TG GAGATGCGGTTCTTGACTACATTGTCG TAACCCGAATGTTCCAATCTGACCCCCCAGTGLCCAATGLACGCTTACAC
ATGGTCAAGACTGCCATGGLCAACGCTGATTTCCTTGCTTTTACAAACATGCAACATGGACTACGCOGGLCTGAAGTTGAAATAAATGAGAACGGCGAACCAGTGCCTACAGAAGTTT
CACTGCCGATATGGAAATTCATGCGTCATAGCTCTCCAGAGATGGGTAGAATCATGAATGAGACCCAGGLCCGATTTGAGAGCCTTCAAGAGGAAATCAATGAGGCTAGGACGAATG
GTAAACACTACCCCTGGACACTTCTCGCTCGTCTTCACCCGAAGAAGTTCTACTCCGATATTITTCGAGGCTACCCTAGGTGCCATTTGGGTTGATTCAGGAGATATCGAAGTATGCACA
GCCTTTCT TCACAAGTTCG GG TCTTGOCG TATCTTGACCGAATTCTCAGCGATAATATTCATGTTCAACATCCTAAAGAGGAACTCGCCAAACTAGCAATOGACCAGAAAATGACGTAT
GATTATACGGCTGTTGATGGGLCTATAAAGGAGTACCTCTGCACGGCCAAGGTTGGAGATCGCGTCGTGGGAGTCGTGTCAGGGGCACTCAATAAGGCTGAGGCAATGACCAAGGLT
GLCGAAGAGGGCOTGAATTTTTITGAATGGGGAGCAGAAACGTGCAGAGAAGGLGGLTCAGGATGAAATGGCGCGATTTCTTGTTGCCATGGAACTCATTTAG
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Fig. S6
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Fig. S7:
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Fig. S8
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Fig. S9

Figure S9
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