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41 Significance Statement

42 Ubiquitination acts as a crucial regulator in plant immunity. Accordingly, microbial pathogens secrete
43 effectors to hijak host ubiquitination system. However, the molecular mechanisms by which microbial
44 effectors modulate host ubiquitination system are not yet clear. Here, we found that the Phytophthora
45  sojae effector Avrld physically binds to the U-box type E3 ligase GmPUBI3, a susceptibility factor in
46  soybean. The crystal structure of Avrld in complex with GmPUBI13 revealed that Avrld occupies the
47  binding site in GmPUBI13 for the E2 ubiquitin conjugating enzyme and competes with E2 for physical
48  binding to GmPUBI13. Avrld stabilized GmPUB13 by suppressing the self-ubiquitination activity of
49 GmPUBI13 and thereby promoting Phytophthora infection. This study provides structural basis for

50  modulation of host targets by Phytophthora eftectors.

51 Abstract: Oomycete pathogens such as Phytophthora secrete a repertoire of effectors to host cells to
52 manipulate host immunity and benefit infection. In this study, we found that an RxLR effector, Avrld,
53 promoted Phytophthora sojae infection in soybean hairy-roots. Using a yeast two-hybrid screen, we
54  identified the soybean E3 ubiquitin ligase GmPUBI13 as a host target for Avrld. By co-
55 immunoprecipitation, gel infiltration and ITC assays, we confirmed that Avrld interacts with
56 GmPUBI3 both in vivo and in vitro. Furthermore, we found that Avrld inhibits the E3 ligase activity of
57 GmPUBI3. The crystal structure of Avrld in complex with GmPUBI3 was solved and revealed that

58  Avrld occupies the binding site for E2 ubiquitin conjugating enzyme on GmPUBI13. In line with this,
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59  Avrld competed with E2 ubiquitin conjugating enzymes for GmPUBI13 binding in vitro, thereby
60 decreasing the E3 ligase activity of GmPUB13. Meanwhile, we found that inactivation of the ubiquitin
61 ligase activity of GmPUBI13 stabilized GmPUBI13 by blocking GmPUB13 degradation. Silencing of
62 GmPUBI13 in soybean hairy-roots decreased P. sojae infection, suggesting that GmPUBI13 acts as a
63 susceptibility factor, negatively regulating soybean resistance against P. sojae. Altogether, this study
64 highlights a novel virulence mechanism of Phytophthora effectors, by which Avrld competes with E2
65 for GmPUBI3 binding to repress the GmPUBI13 E3 ligase activity and thereby stabilizing the
66 susceptibility factor GmPUBI3 to facilitate Phytophthora infection. This is the first study to unravel
67 the structural basis for modulation of host targets by Phytophthora effectors and will be instrumental

68 for boosting plant resistance breeding.

69 Introduction

70 In nature, plants are continuously challenged by various microbes. During long-term co-evolution,
71  plants have developed innate immune systems to discriminate among microbes by recognizing
72 Microbe-Associated Molecular Patterns (MAMP) and microbial effectors, and thereby mounting
73 MAMP/PAMP-Triggered Immunity (MTI/PTI) and Effector-Triggered Immunity (ETI) responses,
74 respectively. For productive infection, plant pathogens secrete a complex repertoire of effectors to

75  modulate host immunity to favor infection (1).

76 Ubiquitination has emerged as a crucial posttranslational modification of proteins, as it plays an
77 important role in regulating various cellular processes, including plant immune responses (2, 3). In
78  general, ubiquitination involves addition of ubiquitin to target proteins by sequential actions of an E1
79  ubiquitin activating enzyme, an E2 ubiquitin conjugating enzyme and an E3 ubiquitin ligase.
80 Ubiquitination can trigger degradation or may modify the function of the target protein. E3 ubiquitin
81 ligases AtPUB13 and AtPUBI12 are well-studied negative regulators of 4. thaliana immunity, which
82 attenuate the immune responses triggered by the bacteria PAMP flg22 (4, 5). AtPUBI3 also
83 ubiquitinates the chitin receptor AtLYKS, which is required for AtLYKS turnover; the mutant pubi3 is

84  more sensitive to chitin treatment (6).

85 The oomycete pathogen P. sojae is the causal agent of root and stem rot of soybean, which accounts

86 for millions of dollars of annual loss worldwide (7). During infection, P. sojae secretes a repertoire of
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87 effectors with a conserved N-terminal ‘RxLR’ motif into host cells (8). Avrld (Avh6) is one such
88  effector and previously was identified as an avirulence effector which can be recognized by soybean
89 plants carrying the resistance gene Rpsld, triggering ETI (9). In this study, we found that Avrld was a
90  virulence factor that promotes P. sojae infection when overexpressed in soybean hairy-roots. During P.
91 sojae infection, Avrld targets two highly homologous U-box ARM-repeats type E3 ligases in soybean,
92 Glymal2g06860 and Glymallgl4910, which are phylogenetically close to AtPUB13 and were named
93 as GmPUB13 and GmPUBI13-like (GmPUBI13L), respectively. Silencing GmPUBI13 and GmPUBI13L
94 in soybean hairy-roots increased the resistance to P. sojae. Avrld physically binds to GmPUBI13 and
95 blocks the ubiquitin ligase activity of GmPUBI13 by competing with E2 ubiquitin conjugating enzyme
96  for the U-box domain. This study reveals the structural basis for modulation of host targets by
97 Phytophthora effectors and provides mechanistic insight into the suppression of host immunity by

98  Phytophthora effectors.

99 Results

100 Avrld promotes P. sojae infection

101 In our previous study, we found Avrld could be recognized by soybean isogenic lines carrying Rpsld
102 (9). To figure out whether Avrld acts as a virulence effector, we overexpressed Avrld (without signal
103  peptide) fused with an N-terminal enhanced green fluorescence protein (eGFP) in soybean hairy-roots
104  and performed infection assays using mRFP-labeled P. sojae. P. sojae infection was evaluated by
105  quantifying the number of produced oospores and P. sojae biomass at 2 days post inoculation. Both the
106  produced oospores and biomass of P. sojae were much greater in the hairy-roots overexpressing eGFP-
107  Avrld than in the eGFP control (Fig. 14). These results suggested that Avrld could promote P. sojae

108 infection

109 To confirm secretion of Avrld by P. sojae, Avrld with native signal peptide fused with monomeric
110 red fluorescence protein (mRFP) at the C- terminus was overexpressed in the wild type P. sojae strain
111 P6497. The mRFP-labeled P. sojae was used as a control (10). Protein expression was confirmed by
112 western blot with anti-mRFP (SI Appendix, Fig. S1). Confocal microscopy visualization of infected
113 hypocotyl epidermal cells showed that the red fluorescence of Avr1d-mRFP concentrated specifically at

114 the haustoria, while the control mRFP localized in the cytosol, without significant concentration in the
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115 haustoria (Fig. 1B). This result suggested that the haustoria were a primary site of Avrld secretion

116 during infection.
117 Avrld physically interacts with GmPUBI13 in vitro and in vivo.

118  To uncover the molecular mechanism underlying the function of Avrld in promoting P. sojae infection,
119 we performed yeast two-hybrid screening to identify potential soybean targets of Avrld. Through
120 screening, we identified two highly homologous genes, Glymal2g06860 and Glymallgl4910 that
121 encode U-box ARM-repeats-type E3 ligases. Phylogenetic analysis indicated that these two genes were
122 homologous to AtPUBI13 of Arabidopsis thaliana (SI Appendix, Fig. S2). Glymal2g06860 and
123 Glymallgl4910 shared an amino acid identity of 97% and we named them GmPUBI3 and
124 GmPUBI13L, respectively. Further, yeast two-hybrid assays supported that Avrld interacted with both
125 GmPUBI13 and GmPUBI13L (Fig. 1C). In support of the interaction between Avrld and GmPUB13, we
126 co-expressed Avrld and GmPUBI13 in Nicotiana benthamiana and found eGFP-Avrld and GmPUBI13-
127 HA-mRFP co-localized to the cytoplasm under the confocal fluorescence microscopy (Fig. 1D).
128  Furthermore, GmPUBI13-HA-mRFP co-immunoprecipitated from N. benthamiana cell extracts with
129 eGFP-Avrld, but not with eGFP (Fig. 1E). To determine whether Avrld physically interacted with
130  GmPUBI3 in vitro, we performed pull-down assays and found His-GmPUBI13 could be pulled down
131 by GST-Avrld, but not by GST (Fig. 1F). The physical interaction between Avrld and GmPUB13 was
132 further confirmed by gel filtration chromatography (SI Appendix, Fig. S3). Together, these data

133  demonstrated that Avr1d physically interacted with GmPUB13 both in vivo and in vitro.
134 Crystal structure of the complex of Avrld with the GmPUB13 U-box domain

135 Avrld belongs to the class of RxLR effectors that carry a signal peptide followed by the RxLR motif
136  and an effector domain (SI Appendix, Fig. S44) (9). To characterize the molecular mechanism by which
137 Avrld contributes to the virulence of P. sojae, we ascertained the structure of the effector domain of
138  Avrld complexed with the U-box domain of GmPUBI13 (Fig. 24, SI Appendix, Fig. S44). The structure
139 of the complex was determined at 2.7 A resolution using single wavelength anomalous diffraction. The
140 model was refined to final Ry, and R values of 23.5% and 24.9%, respectively (SI Appendix, Table
141 S1). The asymmetrical unit of the crystals contained one Avrld-GmPUBI3 U-box complex (PDB:

142 7C96).
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143 Avrld displayed the structural characteristic of a WY motif, adopting a three alpha helix bundle, in
144  which the highly conserved Trp96 and Tryll8 formed a hydrophobic core. It shared structural
145 similarity with Avr3all (3ZR8) (11), another WY motif-containing RXLR effector protein, yielding Ca.

146 RMSDs of 1.95 A, despite low sequence similarity (SI Appendix, Fig. S4B).

147 The U-box domain of GmPUBI13 consisted of a central a-helix al, a C-terminal helix 02, a small
148 antiparallel B-sheet (1 and B2) and two prominent loops (loopl and loop2) (Fig. 24), resembling the
149 structure of the U-box of the eukaryotic ubiquitin ligase, CHIP (PDB: 20XQ) (12); it could be
150 superimposed well with the CHIP U-box with a Root-Mean-Square Deviation (RMSD) of 1.66 A over
151 72 matching Ca atoms (Fig 2B). The hydrophobic groove formed by loopl, loop2 and central a-helix
152 ol of GmPUBI13 U-box contributed to the interaction with Avrld. Five residues of GmPUBI13, P264,
153 1265, 1267 (from loop 1), W290 (from helix al) and P299 (from loop2) formed hydrophobic
154 interactions with five residues of Avrld, 187, F90, F93 (from helix a2), A117, and 1120 (from helix a3).
155 In addition to the hydrophobic interactions, hydrogen bonds and a salt bridge formed between
156  GmPUBI13 D259 and Avrld R123 also stabilized the complex (Fig.34). Intriguingly, the residues in
157 CHIP corresponding to the Avrld-binding residues of GmPUBI13 in CHIP are F218, 1216, H241 and
158 P250, and these four residues are necessary for the interaction of CHIP with the E2 subunit, UbcH5a
159 (SI Appendix, Fig. S4C). Therefore, by similarity to the UbcH5a-CHIP complex, the Avrld-binding site
160  of GmPUBI13 was predicted also be its E2 binding site, and suggesting that Avrld may compete with
161  E2 for GmPUBI3 binding. The isothermal titration calorimetry assay was used to evaluate the binding
162 affinity of GmPUB13-Avrld and GmPUBI13-GmE2. As the result shown in Fig. 2C, the binding
163 affinity of GmPUB13-Avrld (Kd 89 nM) was much stronger than that of GmPUB13- GmE2 (Kd 21
164  uM). Altogether, these results suggested that Avrld tightly occupied the E2 binding site of GmPUBI13

165  to compete with E2 for GmPUBI13 binding.
166 The Phenylalanine 90 of Avrld is required for interaction with GmPUB13 and virulence function

167 The crystal structure revealed that hydrophobic interactions played major roles in Avrld-GmPUBI13
168 complex formation, in which the phenyl ring of Avrld F90 inserted into the hydrophobic groove
169 formed by P264, 1265, W290 and P299 of GmPUBI3 (Fig. 34). Substitution of these residues in
170 GmPUB13, P264, 1265, W290 and P299, with alanine, compromised Avrld binding (S Appendix, Fig.

171 S54). On the other side, the mutation FO0A in Avrld likewise disrupted GmPUBI3 binding as
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172 measured by ITC, gel filtration and yeast two-hybrid assays, indicating that F90 was essential for the
173 interaction with GmPUBI13 (Fig. 3B, SI Appendix, Fig. S54). To evaluate the effect of this mutation on
174 the potential virulence contribution of Avrld, we overexpressed Avrld™* and wild type Avrld in
175 soybean hairy-roots, then inoculated the roots with mRFP-labeled P. sojae. We observed that P. sojae

176 oospore production in hairy-roots expressing Avr1d™**

was not significantly different than in hairy-
177  roots expressing eGFP (Fig. 3C). Avrld™"* protein expression in the transformed hairy-roots was
178 confirmed by western blotting with anti-GFP antibodies (SI Appendix, Fig. $6). Thus, Avr1d™** failed

179 to promote P. sojae infection. Together, these results demonstrated that F90 of Avrld was required for

180 the interaction with GmPUBI13 and for its potential virulence contribution.
181 Avrld inactivates the ubiquitin ligase activity of GmPUB13 in vitro

182  According to our structure and biochemical assays, Avrld could compete with E2 for GmPUB13
183  binding. To determine whether Avrld affects the ubiquitin ligase activity of GmPUB13, we performed
184 a ubiquitination assay in vitro. GST-GmPUBI13 or GST-GmPUB13(252-630) proteins were incubated
185  with wheat E1 and Arabidopsis E2 (AtUBCS) together with His-tagged ubiquitin or flag-ubiquitin. The
186  smeared bands detected by ubiquitin antibodies following western blotting indicated that poly-ubiquitin
187  chains of different molecular weights had been formed (Fig. 44). In contrast, no smeared bands were
188  detected in the reaction containing E1, E2, GST or in the reactions containing GmPUB13 but lacking
189  El or E2 (Fig. 44), showing GmPUB13 was an active ubiquitin ligase. It has been reported that
190  cysteine 262 and tryptophan 289 of AtPUBI13 in the U-box domain are required for its ligase activity
191 (5). GmPUBI3 with mutations on these sites, such as GmPUB13“**** or GmPUB13%*%°* lost ubiquitin
192 ligase activity since no smear bands of poly-ubiquitin were detected in these reactions (Fig. 44),
193 supporting the importance of the U-box domain for enzyme activity. To test whether Avrld could
194  modulate the enzyme activity of GmPUBI13, Avrld was added into the reaction mixture. The smeared
195  bands were much weaker compared with the control (Fig. 4B). Thus, Avrld indeed inhibited ubiquitin
196  ligase activity of GmPUBI3. In line with this, Avrld decreased the ubiquitin ligase activity of
197 GmPUBI3 in a dose-dependent manner since the smeared poly-ubiquitin bands became progressively
198  weaker as the concentration of Avrld was increased (Fig. 4B, SI Appendix, Fig. S74). The Avr1d™*

199 mutant that lost interaction with GmPUBI13 could not block the ubiquitin ligase activity of

200 GmPUBI3(252-630) (Fig. 4C). In addition, increasing the amount of Avr1d™"* protein also failed to
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201 block the ubiquitin ligase activity of GmPUB13(252-630) (SI Appendix, Fig. STB).
202 GmPUB13 self-ubiquitination regulates its abundance

203 To explore whether GmPUBI13 could regulate its protein abundance by self-ubiquitination, we
204  expressed the inactive mutants GmPUB13“**** and GmPUBI13Y*** in N. benthamiana leaves. The
205  protein abundance and fluorescence of GmPUBI13“****-HA-mRFP, GmPUB13"****-HA-mRFP and
206 control HA-RFP were much stronger than GmPUBI13-HA-mRFP (Fig. 4D, SI Appendix, Fig. S84, B).
207 The protein abundance of GmPUB13-HA-mRFP was significantly increased when the infiltrated leaves
208 were treated with 50 uM MG132, a 26S proteasome complex inhibitor (Fig. 4F). Together, these data
209 suggest that GmPUB13 may regulate its protein abundance by self-ubiquitination and 26S proteasome-

210  mediated degradation.
211 GmPUB13 promotes plant susceptibility

212 To determine the role of GmPUBI13 in soybean resistance, we silenced GmPUB13 and GmPUB13L in
213 soybean hairy-roots. The qRT-PCR assay revealed that GmPUB13/GmPUBI13L gene expression level
214 decreased around 60% in the silenced hairy-roots with little effect on a homologous gene
215 Glymal0g35220 when compared to the empty vector control (SI Appendix, Fig. S94, B). The
216  GmPUBI13/GmPUBI3L silenced hairy-roots showed less oospore production and P sojae biomass
217  compared to the control hairy-roots when inoculated with eGFP-labeled P. sojae (Fig. 54), suggesting
218  that GmPUBI13 and GmPUBI3L are susceptibility factors that negatively regulate soybean resistance
219  to P. sojae. To further verify the conclusion, we overexpressed GmPUB13-HA-mRFP and mutants in
220  N. benthamiana and then performed infection assays using P. capsici. Compared with the HA-mRFP
221 control, N. benthamiana leaves expressing GmPUB13-HA-mRFP showed no difference in lesion area
222 (Fig. 5B). However, the leaves expressing GmPUB13“**** or GmPUB13"*** showed much bigger
223 lesions than those expressing GmPUB13 (Fig. 5C, D) or HA-mRFP control (Fig. 5E, F). These results
224 suggested that the more stable inactivated mutants of GmPUB13 could promote P. capsici infection
225 when overexpressed in N. benthamiana. These results are consistent with GmPUBI13 being a negative

226  regulator of plant immunity, like AtPUBI13 (4, 5).
227 Avrld can stabilize GmPUBI13 in planta

228 Since GmPUBI13 could undergo self-ubiquitination to regulate its protein abundance and Avrld
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229 inhibited the ubiquitination activity of GmPUB13, we tested whether Avrld could stabilize GmPUB13
230 in planta. When we co-expressed Avrld and GmPUBI13 in N. benthamiana leaves, we observed that
231  the fluorescence of GmPUBI13-HA-mRFP with eGFP-Avrld was stronger than those expressing
232 GmPUBI13-HA-mRFP alone or GmPUBI13-HA-mRFP with eGFP (SI Appendix, Fig. S104). We also
233 detected stronger bands of GmPUBI13-HA-mRFP in the total proteins of leaves co-expressing
234 GmPUBI13-HA-mRFP with eGFP-Avrld than with eGFP or GmPUB13-HA-mRFP alone for 1.5, 2, 3,
235 4 days by anti-HA (Fig. 4F). Unlike Avrld, co-expressing Avr1d™***failed to stabilize GmPUBI3 in N.
236 benthamiana leaves (Fig. 4F, SI Appendix, Fig. S104). This is consistent with the previous results in

237  Fig. 4B, C suggesting that Avrld could stabilize GmPUBI13.
238 Discussion

239 Plant pathogens secrete large arsenals of effectors to modulate host cell processes and enable a
240  successful infection. Studies on the host targets of such effectors provide molecular clues for
241 understanding the outcome of plant-pathogen interactions. Thus far, multiple host targets have been
242 identified for effectors secreted by oomycete pathogens. However, structural evidence needed to
243 unravel the mechanisms underlying interactions of effectors and host targets is still missing. In this
244  study, we confirmed that P. sojae avirulence effector Avrld physically binds to the soybean U-box type

245  E3ligase GmPUBI13 and we dissected the structural basis of this interaction.

246 A typical feature of most E3 ligases is the ability to catalyze their own ubiquitination. The biological
247  role of self-ubiquitination was proposed to target the ligase for degradation, which could function as a
248  means of negative feedback of E3 ligases (13, 14). In fact, many E3 ligases, even those that catalyze
249  their own ubiquitination, are targeted by an exogenous ligase, which makes the regulation of E3 ligases
250  rather complicated. In addition, self-ubiquitination of E3 ligases could be involved in non-proteolytic
251  functions (15) and could enhance substrate ubiquitin ligase activity (16). In this study, we found that
252 GmPUBI13 was a substrate of its own E3 ubiquitin ligase activity and this self-ubiquitination induced

253 degradation of GmPUBI13 by the proteasome.

254 Ubiquitination contributes crucially to the intricate and precise molecular mechanisms that govern
255 plant immune responses and therefore the ubiquitination system is a hub targeted by multiple pathogen

256  virulence effectors. For example, several effectors possess E3 ubiquitin ligase activity, such as AvrPtoB
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257 from Pseudomonas syringae (17, 18), XopK from Xanthomonas oryzae pv. oryzae (19) that degrade

258 host targets to attenuate plant immunity.

259 In addition, effectors may hijack the host ubiquitination complex to reprogram the stability of host
260 targets. AvrPiz-t from Magnaporthe oryzae interacts with the RING type E3 ubiquitin ligase APIP6, a
261 positive regulator of rice immunity, to promote the degradation of APIP6 (20). The P. infestans RXLR
262 effector Pi02860 interacts with a potato susceptibility factor StNRL1, a putative substrate adaptor of a
263 CULLIN3-associated ubiquitin E3 ligase complex, to degrade a guanine nucleotide exchange factor
264 called SWAP70, which is essential for potato immunity (21, 22). In addition, P. infestans effector
265 AVR3a interacted with a U-box type ubiquitin E3 ligase CMPG1 and manipulated plant immunity by
266 stabilizing potato CMPGI1 (23). Nevertheless, how AVR3a mediates the stability of CMPG1 is thus far

267 unclear.

268 In this study, we found that the P. sojae avirulence effector Avrld physically binds to the soybean U-
269  box type E3 ligase GmPUBI13 and could stabilize GmPUB13 by suppressing its ubiquitin ligase
270  activity. We deciphered the molecular mechanism underlying inhibition of GmPUB13 by Avrld by
271  determining the molecular structure of the Avrld-GmPUBI13 complex, combined with biochemical
272 assays. Based on the crystal structure, we successfully identified the interface required for interaction
273  between GmPUBI13 and Avrld and showed that the residues at the interface were required for Avrld to
274  bind to GmPUBI3 and inhibit its ligase activity. Since GmPUB13 functions as a susceptibility factor,
275 stabilization of GmPUBI13 by Avrld-mediated inhibition of its ligase activity is the key to the

276  contribution of Avrld to P. sojae virulence.
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286 Materials and methods

287  Phytophthora, bacteria and plant growth condition. Phytophthora sojae and P. capsici were grown
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288  in 10% (V/V) V8 medium with 1.5% agar or without agar in dark at 25°C. Escherichia coli JM109 for
289 vector construction were grown on LB medium with agar or sharking 220 rpm in dark without agar,
290 37°C. Agrobacterium tumefaciens and A. rhizogenes were grown on LB medium with 1.5% agar or
291 with sharking 220 rpm in dark without agar containing 50 pg/L Rifampicin or streptomycin
292 respectively, at 30°C. Nicotiana benthamiana were grown on vermiculite from seeds in climate
293 chamber under long day conditions (14 hours light and 10 hours dark) at 24°C. Glycine max etiolated
294  seedlings were grown on vermiculite medium from seeds in dark, at 25°C for 3 - 4 days in climate
295  chamber.

296 P, sojae transformation, zoospore producing and infection assay. Avrld-mRFP driven by the
297  Ham34 promoter (pPTORmRFP4) was transformed into P. sojae strain P6497 using PEG-mediated
298  protoplast transformation system (24). Transformants were selected on 10% (V/V) V8 medium
299  containing 50 pg/L geneticin (G418) and further confirmed by red fluorescence selection under
300  fluorescence microscopy and western blot detection of Avrld-mRFP protein by anti-mRFP antibody. P
301 sojae zoospores were produced by washing the 3 - 5 day old P. sojae hyphae grown in 10% V8 liquid
302 medium with sterilized tap water for 3 times and then incubated at dark (25°C) to stimulate sporulation
303 and zoospore releasing. The droplets containing about 100 zoospores were then inoculated to the
304  hypocotyl of soybean etiolated seedlings. The inoculated samples were kept in wet and dark conditions
305  at 25°C. For 5 - 10 hours infection, the epidermal cells of soybean hypocotyl were observed under

306  confocal microscopy.

307 Hairy-roots transformation and infection assay. Soybean hairy-root transformation was performed
308 by using 4. rhizogenes K599 - mediated T-DNA transformation (25). To express Avrld and its mutant
309 in soybean hairy-root, Avrld and its mutant were fused with N-terminus eGFP and cloned into the T-
310 DNA region of pBinGFP2 plasmid with CaMV 35S promoter. The green fluorescence hairy-roots
311 selected under fluorescence microscopy were regarded as transformed hairy-root. The protein

312 expression of the fluorescence hairy-roots were detected by western-blot with anti-GFP antibody.

313 For silencing of GmPUB13 and GmPUBI13L in soybean hairy-roots, a 100 bp cDNA sequence that
314  specifically matching to GmPUBI13 and GmPUBI3L (blasted by the VIGS tool in
315  http://solgenomics.net/) was constructed with forward and reverse sequence linked by chalcone
316  synthase intron from Petunia hybrida into pFGC5941mCherry plasmid with CaMV 35S promoter. The
317  T-DNA region contains another open reading frame for mCherry expression driven by mannopine
318  synthase promoter. The red fluorescence hairy-roots under fluorescence microscopy were regarded as
319 silenced hairy-roots. The silencing efficiency was detected by real-time relative quantitated PCR
320 (qPCR) by relative to the gene expression of the soybean CYP2 (8).

321 To test the susceptibility, the fluorescence hairy-roots were inoculated with eGFP or mRFP labeled P
322 sojae hyphae at the tips and incubated in wet condition and dark, 25°C (26). For 2 days infection, the
323 roots were observed under fluorescence microscopy. The relative biomass of P. sojae grown in
324 transformed hairy-roots were detected by real-time quantitative PCR and indicated by the ratio of P,

325 sojae actin gene and soybean CYP2 gene.

326 Yeast two-hybrid. The PEG-mediated transformation protocol described in Clontech Yeast Protocol
327 Handbook was used to transform plasmids into yeast AH109 and Matchmaker GAL4 Two-Hybrid
328 System to screen for targets or check the protein - protein interaction. To screen host targets of Avrld,

329 Avrld without signal peptide was constructed into vector pGBKT7 as the bait. cDNA library derived
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330 from soybean hypocotyl and roots RNA were constructed to pGADT7 plasmid fused with GAL4
331 activation domain (AD) by Clontech company. A total of 6 X 10° clones was screened. The yeast clones
332 were selected on SD/-His/-Leu/-Trp medium for medium stringency interaction or on SD/-Ade/-His/-
333  Lew-Trp/X-0-Gal medium for high stringency interaction. The AD plasmids of the selected clones
334  were extracted by Solarbio Plasmid Extraction Mini Kit (Cat: D1100) and were subsequently
335 transformed into E. coli IM109 before sending to sequence. The obtained sequences were used to
336 search in phytozome (https://phytozome.jgi.doe.gov/pz/portal.html) database for candidate target
337  genes. To confirm the interaction of Avrld and full length GmPUBI13, Avrld was constructed into
338  pGBKT?7 plasmid, while full length GmPUB13 and GmPUBI3L were constructed into pGADT7
339 plasmid from soybean cDNA. The plasmids were co-transformed into yeasts and then tested on SD/-
340 Leu/-Trp medium and SD/-Ade/-His/-Lew/-Trp/X-a-Gal medium.

341 GST-Pull down and Co-IP assay. For GST-Pull down, Avrld was cloned into pGEX 4T-2 with a C-
342 terminus GST tag, while GmPUBI13 was cloned into pET28a fused with His-tag. Both Avrld and
343 GmPUBI13 were expressed in Escherichia coli BL21, induced by 0.2 mM IPTG. The bacteria lysate
344 containing GST-Avr1d was incubated with 10 ul glutathione sepharose 4B beads (Cat: 45-000-139, GE
345 Healthcare) for 3 hours and purified by washing with 1 XPBS for 5 times. Then the beads were
346  incubated with bacteria lysate containing His-GmPUBI13 for another 3 hours and purified by washing
347  with PBS for 5 times. The proteins eluted from the beads were determined by western blot with anti-
348 GST and anti-His. For Co-IP, Avrld without signal peptide was cloned into pBinGFP2 plasmid fused
349  with eGFP at its C-terminal and GmPUBI13 was cloned into pFGC5941HAmRFP fused with 3 X HA-
350 mRFP at its C-terminal. Avrld and GmPUB13 were co-expressed in N. benthamiana leaves by A.
351 tumefaciens-mediated transformation. The total protein of N. benthamiana leaves was extracted in IP
352 buffer (50 mM Tris-HCI pH=7.5, 150 ml NaCl, 10% glycerol, 0.1% TRITON X-100, 1% cocktail, 1
353  mM PMSF) and then was incubated for 4 hours with 10 pl agarose beads conjugated anti-HA mouse
354  monoclonal antibody (Cat: AT0079, CMC tag). After washing with 1XPBS buffer for 5 times, the
355 agarose beads with proteins were boiled in 1XSDS-loading buffer for 10 min. Then the protein samples
356 were determined by western blot with anti-HA (Abmart) and anti-GFP (CMC tag).

357  Relative quantification of P. sojae biomass. The genome DNA of infected soybean hairy-roots was
358  extracted using New Plant Genome Extraction Kit (Cat: DP305, Tiangen biotech) and used for qPCR
359  with ChamQ SYBR qPCR Master Mix (Cat: Q311, Vazyme). The P. sojae biomass was calculated by
360 using P sojae PsActin gene relative to soybean GmCYP2 gene. Primer sequences are listed in

361 supplementary table 2.

362 Transient expression in N. benthamiana. Avrld, GmPUBI13 and related mutants sequences were
363 amplified by Phanta Max Super-Fidelity DNA Polymerase (Cat: P505, Vazyme) from cDNA of P. sojae
364 or G. max, respectively. The fragments were then cloned into vector pBinGFP2 or pFGC5941HAmMRFP
365 using ClonExpress II One Step Cloning Kit (Cat: C112, Vazyme). 4. tumefaciens strains with different
366  plasmids were infiltrated into N. benthamiana leaves. The leaves were harvested 1.5, 2, 3, 4 days post
367 infiltration. Total proteins were extracted in IP buffer (50 mM Tris-HC] pH=7.5, 150 ml NaCl, 10%
368 glycerol, 0.1 - 1% Triton X-100, 1% cocktail, 1 mM PMSF). The proteins of different samples were
369 determined by western blot with anti-HA or anti-HA (Abmart) and anti-GFP (CMC tag).

370 MG132 treatment. MG132, a 26S proteasome inhibitor, was dissolved in DMSO with a concentration
371 of 10 mM. MG132 diluted in 10 mM MgCl, buffer with a final concentration of 50 pM was infiltrated
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372 into N. benthamiana leaves 12 hours before harvested. 5% DMSO diluted in 10 mM MgCl, buffer was
373 infiltrated as control.

374  Inoculation with P. capsici on N. benthamiana leaves. A. tumefaciens strain pairs for expressing HA-
375 mRFP and GmPUB13, HA-mRFP and GmPUBI13 mutants or GmPUB13 and mutants were infiltrated
376 into the two sides of N. benthamiana leaves (>18 leaves), respectively. Then 36 hours post infiltration,
377 infiltrated leaves were inoculated with mycelia plugs of fresh P capsici (plug diameter was about
378 Smm) and kept in dark with high humidity for 2 days. The disease symptoms were visualized under
379  ultraviolet light.

380 Ubiquitination assay in vitro. Ubiquitination assay in vitro was carried out following the protocol
381  described by Zhao (27). GmPUB13 or GmPUBI13(252-630) and other mutants fused with GST-tag
382 were expressed in E. coli BL21 and were purified by immunoprecipitation with glutathione sepharose
383 4B beads (Cat: 45-000-139, GE Healthcare). Each reaction with 30 pl final volume contained 50 ng
384  Wheat El protein, 200 - 500 ng AtUBCS protein as E2 conjugating enzyme, 5 mg ubiquitin together
385 with reaction buffer (50 mM Tris-HCI pH 7.4, 10 mM MgCl,, 5 mM dithiothreitol, 5 mM ATP, 10%
386  glycerol) in the tubes containing beads binding with GmPUB13, mutants or GST-tag proteins. The
387  reactions were incubated in thermomixer for 3 hours, 30°C, with shaking, and stopped by adding
388 1 x SDS-PAGE loading buffer and incubated for another 5 min at 100°C. Avrld and Avrld™"*
389 aliquoting (5 pl) for each reaction were analyzed by electrophoresis on 12% SDS-PAGE gels. The
390 incubated mixtures were detected by western blot using anti-ubiquitin (Abcam), anti-GST (Abmart)
391 and anti-Flag (Abmart).

392 Protein Expression and Purification. The GmPUBI13 U-box and Avrld were both cloned into the
393  modified pET32a vector (Novagen) after adding a cleavage site for the tobacco etch virus (TEV)
394  protease to the 5’ and 3’ ends of the Avrld and GmPUBI13 gene through PCR amplification. For His-
395 GmPUBI13 U-box and Avrld protein co-expression, the construct was transformed into E. coli
396  BL21(DE3), and cells were grown at 37°C to ODgyo = 0.6 - 0.8 and induced with 0.1 mM isopropyl b-
397  D-I1-thiogalactopyranoside for 8-10 hours at 16°C. The cells were harvested by centrifugation for 15
398  min at 4000 g at 4°C. Cells were resuspended in Ni-lysis buffer (50 mM Tris [pH 8.0], 200 mM NaCl,
399 20 mM imidazole) and lysed with a homogenizer. The lysate was centrifuged for 1 hour at 17000g
400 (4°C), and the supernatant was passed over a Ni-affinity column (GE Healthcare). His-GmPUB13 U-
401  box and Avrld were recovered by gradient elution with Ni-elution buffer (S0 mM Tris [pH 8.0], 200
402  mM NaCl, 200 mM imidazole). Fractions containing His-GmPUBI13 U-box and Avrld were verified
403 by SDS-PAGE and pooled for tag cleavage overnight at 4°C with 1:20 tobacco etch virus (TEV)
404  protease. Untagged His-GmPUB13 U-box and Avrld were loaded on a superdex 200 gel-filtration
405 column (GE Healthcare) and eluted in superdex buffer (20 mM Tris [pH 8.0], 300 mM NaCl, 1 mM
406  TCEP) using the AKTA Explorer FPLC system (GE Healthcare). The protein was concentrated to 7.5
407 mg/ml.

408 Crystallization, data collection and structure determination. Crystallization was conducted using
409 the sitting-drop vapor diffusion method at 4°C. Avrld-GmPUBI13 U-box yielded crystals with good
410 diffraction quality in 12% w/v Polyethylene glycol 20,000, 0.1 M BICINE pH 8.5 and 3% w/v Dextran
411 sulfate sodium salt. Before data collection, all crystals were soaked in the reservoir solution
412 supplemented with 25% glycerol and flash-cooled in liquid nitrogen. The diffraction data were
413 collected at beamlines BL17U1 and BL19U1 at the Shanghai Synchrotron Radiation Facility and were
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414  processed using the XDS program. A summary of the statistical methods used for data collection and
415 analysis is provided in Supplementary Tablel. Phases were obtained experimentally with data from
416 selenomethionine-substituted Avrld-GmPUB13 U-box. The PHENIX software suite was used for
417 initial model building. The final model was built by performing iterative manual model building with
418 Coot and maximum likelihood refinement in PHENIX. Images and structural alignments were
419 generated by using PyMOL.

420 Size exclusion chromatography (SEC) assay. Purified GmPUB13(252-630) (roughly 40 pM) and
421  Avrld (roughly 40 uM) proteins were incubated at 4°C for one hour in the buffer containing 20 mM
422 Tris [pH 8.0], 300 mM NaCl, 1 mM TCEP. GmPUB13(252-630), Avrld, GmPUBI13(252-630) and
423 Avrld, three samples were then injected onto a Superdex 200 gel-filtration column (GE) for analysis in
424 line at a flow rate of 0.4 ml/min. The fractions (0.5 ml/fraction) were analyzed by SDS-PAGE
425 electrophoresis and visualized by coomassie brilliant blue staining. Mutant samples such as Avr1d™**

426 were used the same method as described above.

427 Isothermal titration calorimetry. ITC binding curves were measured by using a Microcal PEAQ-ITC
428  instrument (Malvern). Purified proteins were transferred to buffer containing 20mM HEPES pH 7.5,
429 100mM NaCl, and 2mM B-mercaptoethanol by Sml desalting column (GE). Titrations were performed
430 at 20°C. Titration of GmPUB13(252-630) in the cell was performed by sequential addition of Avrld,
431 GmE2 and Avr1d™* separately. Data were analyzed using Origin 7.0.

432
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434  Fig. 1. Avrld promotes P. sojae infection and targets to GmPUBI13. (4) Overexpression of Avrld in
435 soybean hairy-roots promotes P. sojae infection. The fluorescent hairy-roots expressing eGFP or eGFP-
436  Avrld were inoculated with mRFP-labeled P. sojae hyphae plugs on the tips (left). Scale bar = 500 pum.
437  The oospore production was observed under the fluorescence microscopy (middle). Relative biomass
438  of P. sojae was determined by qPCR at 48 hours post inoculation (hpi) (right). Asterisks indicated t-test
439  p < 0.05. These experiments were repeated 3 times with similar results. (B) Avrld is secreted through
440  haustoria. The etiolated soybean seedlings were inoculated with P sojae zoospore expressing Avrld-
441  mRFP or mRFP. Triangles indicated P. sojae haustoria. Scale bar = 50 um. (C) The interaction of Avrld
442  with GmPUB13 and GmPUBI3L in yeast. Avrld interacted with GmPUB13 and GmPUBI3L, as
443 indicated by yeast two-hybrid assays. EV, empty vector; SD/-2 medium: SD/-Leu/-Trp medium; SD/-4
444  + X-a-gal: SD/-Ade/-His/-Leu/-Trp + X-0-gal medium. (D) eGFP-Avrld and GmPUB13-HA-mRFP
445 co-localized at cytoplasm in N. benthamiana cells. eGFP and GmPUB13-HA-mRFP were co-expressed
446 in N. benthamiana leaves (infiltrated with 50 pM MG132 12 hours before observation) by
447 agroinfiltration. eGFP-Avrld and GmPUBI13-HA-mRFP were co-expressed in N. benthamiana leaves

448 by agroinfiltration. The leaves were observed under confocal microscopy 2 days post infiltration. The
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449 smaller pictures on the upper left were a bigger view of nucleus region in the main picture. Scale bar:
450 50 um. (E) Confirmation of the interaction between Avrld and GmPUB13 by Co-IP. Pairs of eGFP and
451 GmPUBI13-HA-mRFP, eGFP-Avrld and HA-mRFP, eGFP-Avrld and GmPUBI13-HA-mRFP were co-
452 expressed in N. benthamiana leaves, respectively. Total protein extractions of the leaves were incubated
453 with agarose beads conjugated anti-HA mouse monoclonal antibody followed by washing with PBS
454  buffer for 5 times. Proteins in each sample were detected by western blot with anti-GFP and anti-HA
455 antibodies. Red dot indicated the protein size of eGFP-Avrld. Ponceau S: ponceau staining indicates
456 the rubisco protein. Molecular mass markers are shown (kDa). (F) Confirmation of the interaction
457 between Avrld and GmPUBI13 by GST pull down. Protein extracts of GST-Avrld and His-GmPUBI13
458 or GST-tag and His-GmPUBI13 were mixed and incubated with glutathione sepharose 4B beads
459  respectively, and followed by washing with PBS buffer for 5 times. Proteins in the input samples and
460  pull down samples were detected by western blot with anti-His and anti-GST antibodies. Red dot
461 indicated the protein size of His-GmPUB13. Molecular mass markers are shown (kDa).

462
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464  Fig. 2. Avrld interacts with GmPUBI3 by occupying E2 binding site of GmPUBI13. (4) Overall
465 structure of Avrld-GmPUB13 U-box. Avrld (orange) and GmPUBI13 U-box (cyan) are shown in
466  cartoon form. (B) Superposition of crystal structures of Avrld-GmPUB13 U-box and UbcH5a-CHIP U-
467  box (PDB: 20XQ). Avrld (orange), GmPUB13 U-box (cyan), UbcH5a (grays) and CHIP U-box (blue
468  white) are shown in cartoon form. (C) Binding affinity of Avrld or GmE2 with GmPUBI13. ITC
469 binding curve between Avrld and GmPUB13(252-630) (left). ITC binding curve between GmE2 and
470  GmPUBI13(252-630) (right). The ITC experiments were repeated twice independently with similar
471  results.

472
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474  Fig. 3. The 90™ F of Avrld is the key residue for the interaction with GmPUBI13 and its virulence
475 function. (4) Interaction residues between Avrld and GmPUBI13. 187, F90, F93, A117 and 1120 of
476 Avrld (orange) contribute to the hydrophobic interaction surface with P264, 1265, L267, W290 and
477 P299 of GmPUBI13 U-box (cyan). R123 of Avrld (orange) forms hydrogen bonds and salt bridge with
478 D259 of GmPUBI13 U-box (cyan). (B) ITC binding curve between Avrld™** and GmPUBI3(252—
479 630). The ITC experiments were repeated twice independently with similar results. (C) Overexpression
480  of Avr1d™** in soybean hairy-roots fails to promote P. sojae infection. The fluorescence hairy-roots
481 expressing eGFP, eGFP-Avrld and eGFP-Avrl1d™* were inoculated with mRFP-labeled P sojae
482  hyphae on the tips (left). Scale bar: 500 um. The oospore production was observed under fluorescence
483  microscopy at 2 days post inoculation (right). Asterisks indicated t-test p<0.05. These experiments
484  were repeated 3 times with similar results.

485


https://doi.org/10.1101/2020.09.19.304535

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.19.304535; this version posted September 19, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A B C
E%+-++++ E1+ + + + + -
+ 4+ -+ + + ok + o+ 4+
GST-GmPUB13 - + + + - - GST-GmPUB% -+ o+ 4+ E2 + + +
GST-GmPUB13%%4 _ _ _ _ 4 . HisUB .+ & 4 3 & GST-GmPUB13 + + +
GST—GmPUBLZ}MlQJ"“b ----- * His-Avrid - - + ++ - Avr’%{;ﬂ: i +
Est & His-MBP -+ fig-Ub s+ &
170kDa =245kDa
A 100kDa
anti-Ubiquitin anti-Ubiquitin anti-flag
15kDa -70kDa
170kDa - 245kD
anti-GST AntGST
E =70kDa
GMPUB13-HA-mRFP
MG132 - +
anti-HA -100kDa
Ponceau S
D & & F GMPUB13-HA-mRFP
B
20 Q;\’gq &0 — eGFP eGFP-Avr1deGFP-Avr1d=*
P PE P& 152341523 41523 415 2 3 4 days
St S I'] Suul
X X X anti-HA M = ' 100kDa
15234 152 34152 3 4 days ! S !
anti-HA 100kDa i 43ida
SRy w *zskoa

sgs  Fores HENEEEEENNEN rorcesws MMMNEIMNEE

487  Fig. 4. Avrld inhibits GmPUBI13’s ubiquitin ligase activity to promote its accumulation. (A4)
488  Ubiquitination assays of GmPUBI3, GmPUBI3“**** and GmPUBI13%**** in vitro. GmPUBI3 and
489  mutants were fused with GST-tag and were incubated with or without wheat E1, AtUBCS as E2 in the
490  buffer with ubiquitin. Reaction mixtures were detected by western blot with anti-ubiquitin and anti-
491 GST. Red dots indicate the protein size of GST-GmPUB13. Molecular mass markers are shown (kDa).
492 (B) Avrld inhibits the ubiquitin ligase activity of GmPUB13. His-Avrld and His-MBP proteins were
493 added into the reaction mixtures with E1, E2 and GST-GmPUBI13 as E3. Double plus (++) indicated
494  double amount of His-Avrld protein. Reaction mixtures were detected by western blot with anti-
495  ubiquitin and anti-GST. Red dots indicate the protein size of GST-GmPUB13. Molecular mass markers
496  are shown (kDa). (C) Avr1d™®* fails to inhibit the ubiquitin ligase activity of GmPUBI3. Avrld and
497  Avr1d™™ protein were respectively added into the reaction mixture with E1, E2, flag-ubiquitin and
498  GST-GmPUBI13(252-630) as E3. Reaction mixtures were detected by western blot with anti-GST and
499 anti-flag. Molecular mass markers are shown (kDa). (D) Protein accumulation of GmPUBI13 and its
500 mutants. GmPUBI3-HA-mRFP, GmPUBI3“**-HA-mRFP and GmPUBI13"***-HA-mRFP were
501 expressed in N. benthamiana leaves by agroinfiltration respectively. The total protein were extracted at
502 1.5, 2, 3 and 4 days post infiltration followed by western blot detection with anti-HA antibody. Ponceau

503 S: ponceau staining indicates the rubisco protein. Molecular mass markers are shown (kDa). (E)
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504  MGI32 treatment increases GmPUBI3-HA-mRFP protein abundance. The leaves expressing
505 GmPUB13-HA-mRFP were infiltrated with 50 uM MG132 12 hours before harvested and 0.5%
506 DMSO as control. The total protein was detected by western blot with anti-HA antibody. Ponceau S:
507 ponceau staining indicates the rubisco protein. Molecular mass markers are shown (kDa). (F) Avrld,
508  but not Avr1d"™™* can stabilize GmPUB13. GmPUBI3-HA-mRFP was expressed alone or co-expressed
509  with eGFP, eGFP-Avrld or eGFP-Avr1d™* in N. benthamiana leaves by agroinfiltration. The total
510  proteins were extracted at 1.5, 2, 3 and 4 days post infiltration followed by western blot detection with
511 anti-HA antibody. Ponceau S: ponceau staining indicates the rubisco protein. Molecular mass markers
512 are shown (kDa).

513
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515  Fig. 5. GmPUBI13 negatively regulate soybean resistance to P. sojae. (4) Silencing of GmPUB13 and
516  GmPUBI3L in soybean hairy-roots by RNAi decreases P. sojae infection. GmPUB13 and GmPUB13L
517  were silenced in soybean hairy-roots by RNAi. The tips of red fluorescence hairy-roots were inoculated
518  with eGFP-labeled P. sojae hyphae plugs (left). The oospore production was observed under
519 fluorescence microscopy at 2 days post inoculation (middle). The relative P. sojae biomass was
520  estimated by DNA-based quantitative PCR (qPCR) (right). Asterisks indicated t-test p < 0.05. These
521 experiments were repeated 3 times with similar results. Bar = 500 um. (B) Infection assays on M.
522 benthamiana leaves expressing HA-mRFP and GmPUB13-HA-mRFP. HA-mRFP and GmPUB13-HA-
523 mRFP were expressed in each side of the vein of N. benthamiana leaves and then inoculated with P
524 capsici plugs. (C, D) Infection assays on N. benthamiana leaves expressing GmPUB13-HA-mRFP and
525 mutants. GmPUBI3-HA-mRFP together with GmPUBI3“****-HA-mRFP or GmPUBI13"V****-HA-

526 mRFP were expressed in each side of the vein of N. benthamiana leaves respectively and then
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527 inoculated with P. capsici plugs. (E, F) Infection assays on N. benthamiana leaves expressing HA-
528 mRFP and GmPUBI3 mutants. HA-mRFP together with GmPUBI3“****-HA-mRFP, or
529 GmPUB13"***-HA-mRFP were expressed in each side of the vein of N. benthamiana leaves and then
530 inoculated with P. capsici plugs. (B - F) The dashed circle indicated the lesion of P. capsici infection
531 under ultraviolet light. The areas of P. capsici infection were shown below. Asterisks indicated t-test p
532 < 0.05. These assays were repeated for 3 times with similar results.

533
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534 Supplementary information
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535 Ponceau S

536 Figure S1. Avrld-mRFP was overexpressed in P. sojae. Avrld with native signal peptide fused with
537 mRFP at the C-terminus was overexpressed in P. sojae. The total proteins were detected by western
538  Dblot with anti-mRFP. Ponceau S: ponceau staining. Molecular mass markers are shown (kDa).

539


https://doi.org/10.1101/2020.09.19.304535

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.19.304535; this version posted September 19, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

%
) o)
Z el
o),
o % 3
% % 2 _
>, & Qo B S
% % D 29 8 ()
% % ©° 89 ¥ S
% %% ) NS
Z, > B o9 g o9 SS§
2. % B TSI LS S
D, B 7 O s 888888 o
CNEA) & EFSSE5 SR ¥ o
o " s © 65993 T096€§8 &0
o 4 S %, o o o I < (? f S N Q;Q
2RO © 3 FTYS IS o
S » 05
O/y 976, %@70 % © > - r\ms N @Q § (53’ /\S” Q{o
= % 04 g eEEF &S
Gy 0 % Q S & O
o, o, o0 " N X 317 IS s
% > > o RSN
J«');alqg 9.?5700310 PN og‘% % 3 ~ '\QQ (’\*é‘qéib &’1’*0
Gy, 0'9‘96‘0 0, 2 & LR 2 g Y‘@&QQ &’L\‘\,f_p
Gy ,"305\90 % U_’;O e AV c,\‘\\\‘(\'bq' %19 9‘\7—\
iz 5% X QS
’773049049 050 99 bta: ©) 0\*«;‘3&%6% %Q\P' \)e,\fb\
654 % P 2 N W Ni‘% 20 o
(04 20 £8 D ng,g"* MO a0
) 9870 92 & G\\J(“ x 906 o
Ymags, 700 o5 > AR 419
922754 Dty a0
G-Vma11go4 () Gy 11932430
el ; * g 007 O™ 13q04480
yrnao1g4031o = 75 9 o ga‘ e ym3039
At2935930 . 8 At5g01830
At3g52450 91 L ;27929340
At3g11840 15 . 100 G,yr;a%ngg‘tso
At1g49780 100 53 59 G lyma08g12610
At319380 56 5 I};’"a139297eo
Ma15q0
AEg3TA0 ® G’yma1agaesg709260
MQGG‘GO A0 & % Ats
002 ) & 9183
e\\l‘“am:o;ﬂ‘) Py v a 700 (;4’597:;5978340 ¥
)
G\\’ma'\GQ 05%10 . G 3 & C/y'”ao.? 20
019 \,51’5 J//;,a7 94736‘
N R0 T & & 2 P ) oGy, %y, 00
N & o 2 AL ooy, %)
o & %, % S, 2, 0o, 5
AP GO SN o 2 9 %, %,
w ?S\g i N S \ S ) . 0)‘9; ~9~76‘
) [©) 7. 8 2)
& s S S ) Q, Ly %, 920, %7, "0
of & o 9 o, %% %, b By W
N & & »835.9,,9 = 8 3 %’%;a%v"p%o{g
rbq“gé?éf’é,\(e 8 s 3 028 % 0
N N S S S 89 T o G0 % Q 2z % % ©
Yé\fo@%b%u)@Q@go,o g B —= 2\ 16%6\70
> °’?ggé\‘g?\7'&(&u‘%’g o L 2% 02 % P
G§§ FSIPESSEE 2528290 ,2% 29,
ST H3I253R22EIRR Y
© SEF532838°°%9%3% %%
CoLgegdys 2% 2
°s 2888 °R 9
540 8 8 3 )

541  Figure S2. The phylogeny of ARM-repeats type U-box proteins in soybean and A. thaliana. A
542  phylogenetic tree of ARM-repeats type U-box proteins in soybean and 4. thaliana aligned with Clustal
543 W was built by using the method of neighbor-joining in MEGA6 with 1,000 bootstrap replicates.
544  Glymal2g06860 and Glymallgl4910 are marked by red triangles. The branch lengths in the same
545  units were regarded as the evolutionary distances and used to infer the phylogenetic tree. The number
546  on the node shows the confidence level.
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Figure S3. Gel filtration assays demonstrate the interaction between Avrld and GmPUBI3. Gel
filtration traces show the retention volume (left) and SDS-PAGE gels (right) of relevant elution
fractions of Avrld, GmPUB13(252-630) and 1:1 mixtures of both proteins. Molecular mass markers

are shown (kDa).
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Figure S4. Avrld occupies the E2 binding site of GmPUBI13. (4) Schematic view of Avrld and
GmPUBI13. Avrld contains a signal peptide, an RxLR motif and an effector domain. GmPUB13
contains a U-box N-terminal domain, a U-box domain, and an ARM-repeats domain. The numbers
indicate the sequence number of amino acid residue. (B) Structure alignment of Avrld and Avr3all.
Avrld contains a WY motif. The WY motif adopts a similar structure as Avr3all, with Ca RMSD
values of 1.95 A. (C) Superimposition of the Avrld-GmPUBI13 U-box and UbcHS5a-CHIP U-box
(Avrld in orange, GmPUBI13 U-box in cyan, UbcH5a in gray and CHIP U-box in blue white). The
conformations of GmPUB13 U-box and CHIP U-box backbone and interface residues are almost
identical between the structures. P264, 1265, W290 and P299 of GmPUB13 U-box (cyan), which are
necessary for the interaction with Avrld (orange) correspond to F218, 1216, H241 and P250 residues of

CHIP U-box (blue white), which are necessary for the interaction with UbcHS5a (grays).
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568  Figure S5. Mutations of Avrld or GmPUB13 compromise their interaction. (4) Gel filtration traces
569 show the retention volume (left) and SDS-PAGE gels (right) of relevant elution fractions of Avrld,
570  GmPUBI13(252-630), Avr1d™*:GmPUB13(252-630) and Avr1d:GmPUBI13(252-
571 630) 264 ROSAWI0APIOA Nolecular mass markers are shown (kDa). (B) Yeast two-hybrid assay of
572  Avrld and Avr1d™** with GmPUBI3. The 90" Phenylalanine residue of Avrld was mutated to
573  Alanine. pGBKT7::Avrld or pGBKT7::Avrld™™ were co-transformed into yeasts with
574  pGADT7::GmPUBI13. The interactions were tested by assessing the growth of the yeast on SD/-2
575  medium (SD/-Leu/-Trp) and SD/-4 + X-a-gal medium (SD/-Ade/-His/-Leu/-Trp + X-a-gal). EV: empty
576 vector.
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579 Figure S6. Avrld and Avr1d™** were expressed in soybean hairy-roots. eGFP-Avr1d, eGFP and eGFP-
580 Avr1d™ were expressed in soybean hairy-roots by 4. rhizogenes-mediated transformation. The total
581 proteins of eGFP-Avrld, eGFP and eGFP-Avr1d™"* hairy-roots were extracted and detected by
582 western blot with anti-GFP antibody. Ponceau S: ponceau staining. Molecular mass markers are shown

583  (kDa).
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586  Figure S7. Avrld, but not Avr1d™"* can block the ubiquitin ligase activity of GmPUB13(252-630) in a
587  dosage manner. (4, B) The effect of Avrld and Avrld™* to the ubiquitin ligase activity of
588  GmPUBI13(252-630). Avrld or Avr1d™"* protein of 0, 0.5, 1, 2, 4, 8 folds of the amount of GST-
589  GmPUBI13(252-630) were added into the reaction mixture with E1, E2, flag-ubiquitin and GST-
590 GmPUBI13(252-630) as E3. Reaction mixtures were detected by western blot with anti-flag and anti-
591 GST. Red dots indicated the protein size of GST-GmPUBI13(252-630). CBB: Coomassie brilliant blue
592 staining. Molecular mass markers are shown (kDa).
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595  Figure S8. GmPUBI3 inactivated mutants are more stable when expressed in N. benthamiana. (A)
596  Fluorescence microscopy view of mRFP, GmPUB13-HA-mRFP and mutants. mRFP, GmPUB13-HA-
597  mRFP, GmPUB13“****-HA-mRFP and GmPUBI13“*"*-HA-mRFP were expressed in N. benthamiana
598  leaves by agroinfiltration. Infiltrated leaves were observed under fluorescence microscopy 2 days post
599 infiltration. Scale bar = 100 pm. (B) GmPUBI13 protein was unstable when expressed in N.
600  benthamiana. HA-mRFP and GmPUBI13-HA-mRFP were expressed in N. benthamiana leaves by
601  agroinfiltration. Total protein was extracted 1.5, 2, 3 and 4 days post infiltration followed by western
602 blot detection with anti-HA. Ponceau S: ponceau staining indicates the rubisco protein. Molecular mass
603 markers are shown (kDa).
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605
606 Figure S9. Silencing of GmPUB13 and PUB13L in soybean hairy-roots by RNAi. (4) GmPUBI13 and

607 GmPUBI13L were silenced in soybean hairy-roots by RNAi. The silencing efficiency was detected by
608 quantitative PCR (qPCR) and indicated by the ratio of GmPUBI13 and GmPUBI13L expression versus
609 the soybean CYP2 gene expression. Asterisks indicated t-test p < 0.05. (B) The effect to the
610  transcription of Glymal0g35220 in GmPUB13/GmPUB13L-RNAi roots was detected by quantitative
611  PCR (qPCR) and indicated by the ratio of Glymal0g35220 expression versus the soybean CYP2 gene
612 expression.
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615  Figure S10. Avrld, but not Avr1d™"* can stabilize GmPUBI3. Fluorescence microscopy views of
616 GmPUBI13-HA-mRFP co-expressing with eGFP, eGFP-Avrld or eGFP-Avr1d™*. GmPUBI3-HA-
617  mRFP was co-expressed with eGFP, eGFP-Avrld and eGFP-Avr1d™" in N. benthamiana leaves by
618  agroinfiltration. Infiltrated leaves were observed under fluorescence microscopy 2 days post
619 infiltration. Scale bar = 100 pm.
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621 Table S1. Data collection and refinement statistics

PDB 7C96

Data collection

Space group P6522

Unit cell dimensions (A) a=69.51, b=69.51, c=152.91
Resolution (A) 50-2.51 (2.66-2.51)
Protein molecules in asymmetric unit 1

Phasing (SAD)

Wavelength (A) 0.97915

Observed reflections 156,919

Unique reflections(I/s(1)>0) 14,061

Average Redundancy 10.8(9.0)

Average I/0 (1) 18.8(2.4)

Percent completeness 99.3(98.4)

Rmerge 0.079(0.97)

Refinement statistics

No.of reflections(Fo>0s(Fo)) 14,057
Rwork/Rfree 0.235/0.249
No. of atoms 1010
Protein 1010

RMS deviations

Bond lengths 0.009
Bond angles 1.088
Average B factor 96.04
Ramachandran plot

Favored (%) 94.21
Allowed (%) 5.79
Disallowed (%) 0

622  Values in parentheses are for highest resolution shell.
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624

Table S2. Primers used in this research.

primer

sequence

purpose

AvrldpGEX EcoRlifF

GCGTGGATCCCCAGGAATTCCTCGCAAGCG
GCACTGCAG

To express Avrld in bacteria BL21 with GST-tag

AvrldpGEX EcoRIifR

CTCGAGTCGACCCGGGAATTCCTAATTCAT
GCGGTAGTGGATTTTGTAC

To express Avrld in bacteria BL21 with GST-tag

AvrldBD EcoRIifR

TCGACGGATCCCCGGGAATTCCTAATTCAT
GCGGTAGTGGATTTTGTAC

To test interaction with GmPUB13 by yeast two-hybrid

AvrldBD NdelifF

TCAGAGGAGGACCTGCATATGCTCGCAAGC
GGCACTGCAG

To test interaction with GmPUB13 by yeast two-hybrid

AvrldF90A F2

TTCTCCGCGCGCAGATGTTCACGAAATGGA
AGGCCAATG

To mutate the 90" Phenylalanine residue to Alanine of Avrld

AvrldF90A R2

AACATCTGCGCGCGGAGAATCGTATCCTTG
CCCATATTTG

To mutate the 90" Phenylalanine residue to Alanine of Avrld

AvrldpBinGFP2His2BamH]I ifF

TACCCCCGGGGTCGACGGATCCCTCGCAAG
CGGCACTGC

To express Avrld in N. benthamiana leaves and soybean
hairy-roots by agrobacteria-mediated transformation

AvrldpBinGFP2His2BamHIifR

ATGATGATGATGGTGGGATCCATTCATGCG

To express Avrld in N. benthamiana leaves and soybean

GTAGTGGATTTTGTACGC hairy-roots by agrobacteria-mediated transformation
pBinGFP2-F GAACCCTAATTCCCTTATCTG To insert genes in pBinGFP2
pBinGFP2-R AAGACCCCAACGAGAAGC To insert genes in pBinGFP2

Avrld(SP)pTormRFP4ClalifF

CTCGAGGTCGACGGTATCGATATGCGTCTC
TCCAGCACCACC

To overexpress Avrld in P. sojae

AvrldpTORmMRFP4BsiWIifR

CTCGGAGGAGGCCATCGTACGATTCATGCG

To overexpress Avrld in P. sojae

GTAGTGGATTTTGTACG
pTOR-F TCACTCTCACGTGCCCAAGTCC To insert genes in pTORMRFP4
pTORMRFP-R ATCTCGAACTCGTGGCCGTT To insert genes in pTORMRFP4
AVILdpET323ECORVifF GACAAGGCCATGGCTGATATCATGCTCGCA  To express Avrld protein in Bacteria BL21 with His-tag and

AGCGGCACTGC

TrxA-tag

AvrldpET32aEcoRIifR

TTGTCGACGGAGCTCGAATTCATTCATGCG
GTAGTGGATTTTGTACG

To express Avrld protein in Bacteria BL21 with His-tag and
TrxA-tag

Gm06860-5RNAIpFGCIfAscl1F

TTACAATTACCATGGGGCGCGCCTTCTCAC
GCCTAACTATGTAT

To silence GmMPUB13 in soybean hairy-roots

Gm06860-5RNAIpFGCIfAscI2R

TTAAATCATCGATTGGGCGCGCCTTACTAG
GTTGTGAACCACTAG

To silence GmMPUB13 in soybean hairy-roots

Gm06860-5RNAIpFGCifBamHI3R

AATTTGCAGGTATTTGGATCCTTACTAGGTT
GTGAACCACTAG

To silence GmMPUB13 in soybean hairy-roots

Gm06860-5RNAIpFGCifBamHI4F

CTCTAGACTCACCTAGGATCCTTCTCACGCC
TAACTATGTAT

To silence GmMPUB13 in soybean hairy-roots

Gm06860pFGCHARFP2AscIifF

CATTTACAATTACCATGGGGCGCGCCATGG

To express GmPUB13 in N. benthamiana leaves by

AGGGCGAGAACGCGAG agrobacteria-mediated transformation
. AACATCGTATGGGTACATGGCGCGCCTGGA To express GmPUB13 in N. benthamiana leaves by
GmO68E0pFGCHARFP2ASCIITR ATCATCGGGGTTAGTAATC agrobacteria-mediated transformation
Gm06860C263A F CCGATTTCCCTGGAATTAATGAAGGAC To mutate the 263" Cysteine residue to Alanine of GmPUB13
GmO06860C263A R $$8TCGAAAATCATCAGGGATAACAGGAGC To mutate the 263" Cysteine residue to Alanine of GmPUB13
i} i A
GMO6860W290A R TGCCTTCTCAATACAAGTACGCTCATAAGT  To mutate the 290" Tryptophan residue to Alanine of
C GmPUB13
i} i A
GMOG8E0W290A F TTGCAAGCAGGGCATGGAACE To mutate the 290" Tryptophan residue to Alanine of

GmPUB13

Gm14910AD EcoRIifF

CCATGGAGGCCAGTGAATTCATGGAGGGTG
AGAACGCGAG

To test the interaction with Avrld by yeast two-hybrid

Gm14910AD EcoRIifR

TGCCCACCCGGGTGGAATTCTTAGGAATCA
TCGGGGTTAGTAATC

To test the interaction with Avrld by yeast two-hybrid

GmO06860AD EcoRIifF

CCATGGAGGCCAGTGAATTCATGGAGGGCG
AGAACGCGAG

To test the interaction with Avrld by yeast two-hybrid

GmO06860AD EcoRIifR

TGCCCACCCGGGTGGAATTCTTAGGAATCA
TCGGGGTTAGTAATC

To test the interaction with Avrld by yeast two-hybrid

X To insert genes in pFGC5941mCherry or
pFGC5941-F ATTTGGAGAGGACACGCTC PFGC5941HAMRFP
pFGC5941mRFP R TCGGAGGAGGCCATGTCGAC To insert genes in pFGC5941HAMRFP
X To insert genes in pFGC5941mCherry or
pFGC5941-R ATCATGCGATCATAGGCGTC PFGC5941HAMRFP
To relatively quantify the expression of
GmO06860qRT F CGCTGAGCAAAGTAAGATTGGAAGTC GmMPUB13/GmPUB13L by real-time PCR
To relatively quantify the expression of
GmO06860gRT R GAGACTGACAAGGAGAGGTATTGCAC GmMPUB13/GMPUB13L by real-time PCR
GM35220GRT F2 GAAGCTGTGCTCAGTGAAATTCC ;I;%J(;Iétévely quantify the expression of Gm35220 by real-
Gm35220qRT R2 ACTGCCATATCCAGGTCTAGTTG To relatively quantify the expression of Gm35220 by real-

time PCR

GmO06860pGEXA4T-2ECoRIifF

CGCGTGGATCCCCAGGAATTCATGGAGGGC
GAGAACGCGAG

To express GmPUB13 protein in Bacteria BL21 with GST-
tag

GmO06860pGEXA4T-2SallifR

GATGCGGCCGCTCGAGTCGACTTAGGAATC
ATCGGGGTTAGTAATCAAAGG

To express GmPUB13 protein in Bacteria BL21 with GST-
tag

GmO06860pET28aBamH IifF

CAGCAAATGGGTCGCGGATCCATGGAGGGC
GAGAACGCGAG

To express GmPUB13 protein in Bacteria BL21 with His-tag

GmO06860pET28aHindlllifR

CTCGAGTGCGGCCGCAAGCTTTTAGGAATC

To express GmPUB13 protein in Bacteria BL21 with His-tag

ATCGGGGTTAGTAATCAAAGG
PsAct qRT F ACTGCACCTTCCAGACCATC To relatively quantify pathogen biomass by real-time PCR
PsAct qRT R CCACCACCTTGATCTTCATG To relatively quantify pathogen biomass by real-time PCR
To relatively quantify the expression of GmPUB13 and
GmCYP2 qRT F CGGGACCAGTGTGCTTCTTCA pathogen biomass by real-time PCR
GMCYP2 gRT R CCCCTCCACTACAAAGGCTCG To relatively quantify the expression of GmPUB13 and

pathogen biomass by real-time PCR

GMPUB13-(252H)-F

AAAACCTCTACTTCCAATCGCATCAAGCTC
CTGTTATCCCT

To express GmPUB13(252-630) protein in Bacteria BL21
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GmPUB13-(327N)-R

CCACACTCATCCTCCGGTTAATTGGCTTCAC
ACCATTG

To express GmPUB13(252-327) protein in Bacteria BL21

GmPUB13-(630R)-R

CCACACTCATCCTCCGGTTACCTGCTCATAC
GCTCTAG

To express GmPUB13(252-630) protein in Bacteria BL21

GmPUB13-(P264A-1265A)-F

CATCAAGCTCCTGTTATCCCTGATGATTTTC
GATGTGCGGCGTCCCTGGAATTAATG

To express GmPUB13(252-630)"° 0 MVPAT2R protein in
Bacteria BL21

GmPUB13-(W290A-P299A)-F

TGTATTGAGAAGGCGTTGCAAGCAGGGCAT
GGAACCTGCGCGAAAACACAGCAGACT

To express GmPUB13(252-630)7° 0 ~WOATEIA botein in
Bacteria BL21

GMPUB13-(W290A-P299A)-R

AGTCTGCTGTGTTTTCGCGCAGGTTCCATGC
CCTGCTTGCAACGCCTTCTCAATACA

To express GmPUB13(252-630)*APSAVIAPIA o otein in
Bacteria BL21

GmPUB13-Nde I-F

GGAATTCCATATGATGCATCAAGCTCCTGT
TATCCCT

To express GmPUB13(252-630) in bacteria BL21 with GST-
tag

GmPUB13-Not I-R

ATAAGAATGCGGCCGCTTACCTGCTCATAC
GCTCTAG

To express GmPUB13(252-630) in bacteria BL21 with GST-
tag

Avrld-71N-F

AAAACCTCTACTTCCAATCGAACGGCTTGT
TCGGCGCGAAC

To express Avrld(71-125) protein in bacteria BL21

Avrld-125N-R

CCACACTCATCCTCCGGCTAATTCATGCGGT
AGTGGAT

To express Avrld(71-125) protein in bacteria BL21

Avrld-F90A-F

AACGGCTTGTTCGGCGCGAACACTCTGTCA
AATATGGGCAAGGATACGATTCTCCGCGCG
CAGATGTTC

To express Avrld(71-125)"* protein in bacteria BL21

AtUBQ14-FLAG-F

AAAACCTCTACTTCCAATCGGATTACAAGG
ATGACGACGATAAGATGCAGATCTTTGTTA
AGACT

To express flag-Ubiquitin in bacteria BL21

CCACACTCATCCTCCGGTTAACCACCACGG

AtUBQ14-R AGCCTGAG To express flag-Ubiquitin in bacteria BL21
AAAACCTCTACTTCCAATCGATGGCATCGA . .

GmE2-F AACGGATCTTG To express GME2 in bacteria BL21

GmE2-R CCACACTCATCCTCCGGTTAACCCATGGCA To express GME2 in bacteria BL21

TATTTCTG
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Plasmid name Vector purpose
pGEX 4T-2::Avrld pGEX 4T-2 To express Avrld protein in Bacteria BL21 with GST-tag
BD::Avrld pGBKT7 To test the interaction between Avrld and GmPUB13 by yeast two-hybrid
n 0 FIOA
BD:AvridFI0A PGBKT7 :;b:?dst the interaction between Avrld and GmPUB13 by yeast two-
. o . To express Avrld in N. benthamiana leaves and soybean hairy-roots by
PBInGFP2His2::Avrld pBInGFP2 agrobacteria-mediated transformation
) o - To express Avrld™ " in N. benthamiana leaves and soybean hairy-roots by
PBINGFP2His2::Avr1dFI0A pBInGFP2 agrobacteria-mediated transformation
pTormRFPA4::Avrld pTormRFP4 To overexpress Avrld in P. sojae
pET32a:: Avrld pET32a To express Avrld protein in Bacteria BL21 with His-tag and TrxA-tag

pFGC5941mCh::Gm06860-5RNAI

Modified pFGC5941AY310910.1

To silence GmPUB13/GmPUB13L in soybean hairy-roots by agrobacteria-
mediated transformation

pFGCHAmMRFP2::Gm06860

Modified pFGC5941AY310910.1

To express GmPUB13 in N. benthamiana leaves by agrobacteria-mediated
transformation

pFGCHAmMRFP2::Gm06860C263A

Modified pFGC5941AY310910.1

To express GMPUB13™™™ mutants in N. benthamiana leaves by
agrobacteria-mediated transformation

pFGCHAMRFP2::Gm06860W290A

Modified pFGC5941AY310910.1

To express GmPUB13™™" mutants in N. benthamiana leaves by
agrobacteria-mediated transformation

AD::Gm14910 pGADT7 To test the interaction between GmPUB13L and Avrld by yeast two-hybrid
AD::Gm06860 pGADT7 To test the interaction between GmPUB13 and Avrld by yeast two-hybrid
pGEX 4T-2::Gm06860 pGEX 4T-2 To express GmPUB13 protein in Bacteria BL21 with GST-tag
pET28a::Gm06860 pET28a To express GmPUB13 protein in Bacteria BL21 with His-tag

His-GmPUB13(252-630)

Modified-pET32a

To express GmPUB13(252-630) protein in Bacteria BL21

His-GmPUB13(252-327)

Modified-pET32a

To express GmPUB13(252-327) protein in Bacteria BL21

His-GmPUB13(252-

P264A,1265A,W290A,P299A
630) i

Modified-pET32a

To express GmPUB13(252-630)"#AP0AW0ARIA oo tein in Bacteria BL21

GST- GmPUB13(252-630)

pCool

To express GmPUB13(252-630) in bacteria BL21 with GST-tag

His-Avrld

Modified-pET32a

To express Avrld(71-125) protein in bacteria BL21

His-Avrid ™

Modified-pET32a

To express Avrld(71-125)""* protein in bacteria BL21

His-AtUBQ14-FLAG

Modified-pET32a

To express flag-Ubiquitin in bacteria BL21

His-GmE2

Modified-pET32a

To express GmE2 in bacteria BL21
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