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% Check for updates Effective modulation of gene expression in plants is achievable through tools

like CRISPR and RNA interference, yet methods for directly modifying endo-
genous proteins remain lacking. Here, we identify the E3 ubiquitin ligase
E3TCDI1 and develope a Targeted Condensation-prone-protein Degradation
(TCD) strategy. The X-E3TCDI1 fusion protein acts as a genetically engineered
degrader, selectively targeting endogenous proteins prone to condensation.
For example, a transgenic E3TCDI1 fusion with Teosinte branched 1 (TBI)
degrades the native TB1 protein, resulting in increased tiller numbers in rice.
Additionally, conditional degradation of the negative defense regulator Early

Flowering 3 via a pathogen-responsive Prorgr;-UORFstgr; cassette enhances
rice blast resistance without affecting flowering time in the absence of
pathogen. Unlike prevailing targeted protein degradation strategies, the TCD
system does not rely on small molecules, antibodies, or genetic knock-in
fusion tags, demonstrating its promise as a transgene-based approach for
optimizing crop performance.

Modulating gene expression is crucial not only for advancing our basic
scientific understanding of gene functions but also for improving crop
performance in practical agricultural settings'. In the context of
protein-coding genes, their expression can be regulated at multiple
levels: DNA, mRNA, and protein. CRISPR-DNA editing strategies are
powerful tools for modifying DNA in crops’. These techniques can alter
protein-coding sequences, modify epigenetic marks, and regulate the
activity of promoters and RNA regulatory elements®*. Such variations
can influence protein sequences and the efficiency of mRNA tran-
scription and translation. Post-transcriptional methods, such as RNA
interference (RNAi) and microRNAs, can also modulate at the RNA

level by targeting specific mRNA for degradation or translational
inhibition®¢. Together, these well-established genetic engineering
techniques at both the DNA and RNA levels enable quantitative and
qualitative control of protein synthesis, a fundamental aspect of pro-
teostasis that occurs at the very beginning of protein formation. Cur-
rently, tools directly targeting proteins in plants remain largely
unexplored, particularly those aimed at modifying endogenous
proteins.

Beyond protein synthesis, plants also regulate proteostasis
through additional layers, including modification, trafficking, locali-
zation, and degradation. Recent studies highlight the importance of
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protein condensation through phase separation and transition as a
critical layer in proteostasis regulation’ ™. This process plays a sig-
nificant role in shaping plant development and responding to envir-
onmental stressors'* . Homeostasis of all proteins, including
condensation-prone ones, is largely regulated by the protein degra-
dation machinery, primarily the ubiquitin-proteasome system (UPS)
and the autophagy system®%, The UPS system operates through the
coordinated actions of E1 activating enzymes, E2 conjugating enzymes,
and E3 ligases to transfer ubiquitin to the substrate. This often results
in polyubiquitylation that targets the substrate for degradation by the
proteasome’®’. The autophagy system, on the other hand, is respon-
sible for degrading not only proteins but also organelles, thus main-
taining cellular homeostasis*°.

Available tools directly shaping proteostasis primarily focus on
targeted protein degradation through the UPS and autophagy path-
ways, which have proven invaluable in human basic research and drug
discovery*™**. These targeted protein degradation strategies typically
involve the discovery or design of degraders that selectively direct
target proteins to the degradation machinery, facilitating their con-
trolled degradation. The degrader plays a central role in mediating the
recognition between the target protein and the degradation machin-
ery. Degraders can be small molecules, such as monovalent molecular
glues and bifunctional proteolysis-targeting chimeras (PROTACs), or
macromolecular conjugates, such as modified antibodies. These stra-
tegies can be categorized into two groups based on whether they
require a tag fusion to the target protein: genetic-fusion-dependent
and genetic-fusion-independent. Dependent strategies require the
fusion of a tag sequence to the target protein to be recognized by the
degrader, whereas independent strategies primarily rely on specified
degraders of small molecules or engineered antibodies to identify and
interact with the target. Genetic-fusion-dependent strategies have
been introduced in plants and show promise for basic research
applications. These strategies include the fusion of various recogniz-
able tags, such as the FKBP destabilizing domain in the shield
strategy®, the temperature-responsive degron used in the low-
temperature degron strategy*®, GFP or GFP-derivatives utilized in the
deGradFP strategy*’*°, and the HR1b domain of human PKN1
employed in the E3-DART strategy™.

However, applying these strategies in agriculture faces chal-
lenges, as they often depend on small chemical molecules, antibodies,
or the genetic knock-in of degron sequences fused to endogenous
proteins, making them time-intensive and costly. Thus, there is a cri-
tical need to develop a straightforward and effective method for
directly modifying endogenous plant proteins, enabling advance-
ments in fundamental research and practical agricultural applications.
Such an approach could facilitate the rapid genetic improvement of
crop performance, aligning with the broader objectives of sustainable
agriculture.

In this work, we address these demands by developing the Tar-
geted Condensation-prone-protein Degradation (TCD) strategy. We
demonstrate its effectiveness in regulating rice tiller number and
flowering. By incorporating a transcriptional and translational control
cassette, we are able to boost rice blast resistance while minimizing
any negative impact on other growth traits.

Results

Designing the TCD system

A hallmark of protein condensation is the remarkable phenomenon of
large-scale coalescence, where identical molecules come together
from the soluble phase to form smaller-sized complexes and larger-
sized condensates'**'*% Leveraging this mechanism, we propose fus-
ing the endogenous target protein X with an E3 ligase from the UPS
system to generate a genetically engineered protein degrader (X-E3).
We hypothesize that X-E3 functions as a bifunctional degrader: on the
one hand, it mimics the target protein X to integrate into X-containing

condensates; on the other, it recruits these condensates to the
degradation machinery via its E3 ligase function, thereby triggering
efficient degradation (Fig. 1a). We opted for Really Interesting New
Gene (RING) E3 ubiquitin ligases for their prominence as the largest
family in plants and their ability to act as both multimeric and mono-
meric E3 ligases in plant systems®***. In addition, RING E3 ligases have
been extensively used in current targeted protein degradation strate-
gies in animals. Given that each plant species contains hundreds of
RING E3 ligases (Supplementary Data 1), we refined our focus to those
that are intrinsically disordered proteins (IDPs) with low-complexity
domains (LCD) which is a good predictor for condensation. Since these
domains are often sufficient to promote heterogeneous protein con-
densation upon fusion'***?, we hypothesized that the E3 LCD domains
in the degrader could facilitate protein degradation. Before supporting
this hypothesis, we faced the immediate question of identifying RING
E3 ligases with condensation capacity.

Screening E3 with condensation capacity

We predicted 51 out of 508 possible RING E3 in Arabidopsis as IDPs
(E3IDP1-51) using the PLAAC algorithm™®. These E3IDPs also show high
potential to be IDPs, as predicted by the Molecular Condensation and
Phase Separation Predictor*®. We successfully cloned 44 for further
screening (Fig. 1b and Supplementary Data 2). As protein concentra-
tion increases, it promotes protein condensation®. Therefore, we
overexpressed these proteins tagged with the yellow fluorescence
protein (E3IDP-YFP) in N. benthamiana to determine their condensa-
tion behaviors. We discovered that 17 RING E3 proteins formed visible
condensates (e.g., E3IDP1), while 17 did not (e.g., E3IDP6; Fig. 1b, c).
Surprisingly, ten E3 ligases did not show obvious YFP signals, but the
co-expressed CFP control was always detected in the nucleus (e.g.,
E3IDP8 and E3IDP45; Fig. 1b, d).

We experimented with these ten E3 by deleting the predicted
RING domain (E3IDP**S; Supplementary Data 2), which plays a crucial
role in recruiting other components of the UPS system. We observed
that five E3 ligases failed to generate YFP signals after removing the
predicted RING domains (e.g., E3IDP8 vs. E3IDP8**"C; Fig, 1d). How-
ever, we observed the reappearance of YFP signals as condensates for
the remaining five E3 after removing the predicted RING domains (e.g.,
E3IDP45 vs. E3IDP45%fINC; Fig, 1d, e). Thus, we identified 17 RING E3
ligases that formed constitutive condensates and 5 that required the
removal of the predicted RING domain to condense. The latter group,
likely capable of self-recognition and self-degradation, emerges as
promising candidates for engineering X-E3 fusions due to their
potential to self-degrade and avoid accumulation in cells before or
after clearing X-containing condensates.

Characterizing E3IDP45 with condensation capacity

Since these five E3 ligases exhibit similar cellular condensation beha-
vior and share a predicted LCD (Fig. 1e and Supplementary Fig. 1), we
selected E3IDP45, for which we have available vectors of domain
truncations, to further test its condensation and self-degradation
capabilities. We conducted an in vitro analysis of its condensation
behavior. We expressed maltose-binding protein (MBP)-tagged
YFP-E3IDP45 in Escherichia coli. Initially, before removing MBP, we
observed that the purified MBP-YFP-E3IDP45 exhibited pre-
dominantly spherical droplets with fewer fibrous condensates when
exposed to a crowding agent that promotes intermolecular interaction
(Supplementary Fig. 2a). However, upon removal of the molecular
chaperone MBP, YFP-E3IDP45 underwent a rapid phase transition,
resulting in increased turbidity with escalating concentrations of the
crowding agent (Supplementary Fig. 2b). Notably, we observed swift
formation of non-liquid irregular condensates emerging from the
spherical droplets (Supplementary Fig. 2a). These irregular con-
densates displayed reduced material exchange with the surrounding
solution, as evidenced by their slower recovery rate in the fluorescence
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Fig. 1| Screening E3 ligases with condensation and self-degradation capacities
for the Targeted Condensation-prone-protein Degradation system (TCD). See
also Supplementary Figs. 1, 2. a The schematic diagram of TCD. X, an endogenous
target protein X. E3, an E3 ligase from the UPS system. X-E3, a genetically engi-
neered protein degrader by fusing X with E3. b The heatmap to show the dis-
tribution of E3 ligases among the RING subfamilies during screening. Plants possess
three families of E3 ligases: RING, HECT, and U-box. A total of 508 RING E3 ligases
were analyzed using PLAAC to predict their status as intrinsically disordered pro-
teins (IDPs). Of these, 51 were identified as potential IDPs (E3IDPs). Among these
E3IDPs, 44 were successfully cloned and expressed in N. benthamiana as YFP fusion
proteins (E3IDP-YFP). 17 E3IDPs formed visible condensates, 17 did not form visible
condensates, and 10 exhibited no detectable fluorescence signals. Deleting the
RING domain (ARING) restored YFP fluorescence as condensates for five of the ten
fluorescenceless E3IDP-YFP. ¢ Exemplifying E3IDPs with (E3IDP1) or without

(E3IDP6) visible condensates. d Exemplifying E3IDPs with or without RING domains
(ARING). ALCD, deleting the LCD domain. e The domain organization of E3IDP45.
The SMART website predicts low-complexity regions (red) and the RING domain
(orange; 620-659). LCD, the truncation-experiment-mapped region (green;
227-527) required to form visible condensates in N. benthamiana. f In vitro ubi-
quitination assay to evaluate the self-ubiquitination capacity of E3IDP45. E1, E2, and
ubiquitin (Ub) are components of the ubiquitin-transfer cascade with MBP-tagged
E3IDP45 (MBP-E3IDP45) simultaneously as an E3 and substrate. g, h Inmunoblot
analysis (g) and microscopic observation (h) of E3IDP45-YFP in the absence (Mock)
or presence of E1 inhibitor TAK-243, the proteasome inhibitor MG-132, and the
autophagy inhibitor E64d. Ponceaus S staining (g) was used as a control for protein
loading. Semi-quantitative RT-PCR was conducted against YFP with NbUBQ as the
internal control (g). For microscopic observation, 35S::CFP serves as the control
(c, d, h). Scale bar, 10 um (c, d, h). Source data are provided as a Source Data file.

recovery after photobleaching (FRAP) assay compared to those
formed by MBP-YFP-E3IDP45 (Supplementary Fig. 2¢). In addition,
they resisted dissolution by high concentrations of salt or 1,6-hex-
anediol, which disrupt molecular interactions (Supplementary Fig. 2d).

Thus, our findings indicate that E3IDP45 exhibits a high propensity for
condensation in vitro.

We then conducted an in vivo analysis of its condensation beha-
vior using E3IDP45*"N¢ because the full length was not stable in plants
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(Fig. 1d). Upon transient expression in N. benthamiana, we observed
the fusion behavior among the E3IDP45°f"N¢ condensates (Supple-
mentary Fig. 2e). Furthermore, FRAP revealed consistent inter-
changeability of these condensates with the surrounding soluble
fractions (Supplementary Fig. 2f, g). However, the slow recovery effi-
ciency suggests these condensates are more densely packed. Fur-
thermore, these condensates remained unaffected by the dissolving
agent 1,6-hexanediol (Supplementary Fig. 2h). To investigate whether
E3IDP45%%N¢ condensation responds to environmental stressors, we
applied one biotic stressor (salicylic acid) and three abiotic stressors
(cold, heat, and osmosis). Among these, only heat treatment induced
the formation of larger condensates, while the condensates remained
unchanged under other conditions (Supplementary Fig. 2h). We then
performed truncation assays based on E3IDP45*"N¢ and found that
amino acids from 227-527, which contains the predicted LCD, is
necessary and sufficient to detect visible E3IDP45*f"N¢ condensates
(Supplementary Fig. 2i). Thus, we could not detect visible condensates
after removing this region in E3IDP45*fNC¢ (E3]IDP454RING-ALCD: Fig 14, e).
As we focused on utilizing these E3IDPs for engineering purposes, we
did not assess their potential for condensation at the natural expres-
sion level using the native promoters. Nevertheless, these results
suggest that E3IDP45**™¢ undergoes strong and stable condensation,
warranting further characterization to explore its dynamic behavior
over time and under varying intensities of diverse stressors.

Characterizing E3IDP45 with self-degradation capacity

We then performed an in vitro ubiquitination assay to evaluate the self-
degradation capacity of E3IDP45. Immunoblot analysis revealed that
polyubiquitination of MBP-tagged E3IDP45 (MBP-E3IDP45) occurred
only in the presence of all components of the ubiquitin-transfer cas-
cade (E1, E2, and ubiquitin). This was evidenced by detecting a slow-
migrating ladder on gels probed with antibodies against ubiquitin and
the MBP tag, indicating that E3IDP45 can ubiquitinate itself
in vitro (Fig. 1f).

To determine whether the lack of detectable E3IDP45-YFP signal
in vivo was due to self-degradation, we inhibited major degradation
pathways in N. benthamiana. Using the E1 inhibitor TAK-243, the pro-
teasome inhibitor MG-132, and the autophagy inhibitor E64d, we
assessed E3IDP45-YFP protein levels. TAK-243 significantly increased
E3IDP45-YFP levels from undetectable levels in the mock control,
while E64d showed no effect. MG-132 produced only a modest increase
in protein levels, potentially due to differences in inhibitory efficiency,
concentration, or treatment time (Fig. 1g). Both TAK-243 and MG-132
treatments restored confocal signals, although visible condensates
were observed only with TAK-243, aligning with immunoblot results
that TAK-243 accumulated more protein for condensation (Fig. 1h). We
also showed that removing the LCD domain in the presence of the
RING domain resulted in high fluorescence intensity without visible
condensates, suggesting that condensation is essential for self-
degradation (E3IDP45%®; Fig. 1d). These findings indicate that
E3IDP45 recognizes itself as a substrate for degradation and that the
LCD domain is crucial for efficient self-degradation, highlighting its
potential as a strong candidate for engineering the TCD system.

Testing the TCD system with E3IDP45

To validate the TCD system, we designed rapid transient experiments
involving microscopic observation and immunoblot analysis to test
whether the X-E3 degrader could efficiently degrade the target X
protein (Fig. 2a). We first implemented the TCD experimental setup
using E3IDP45**N¢ as the X protein to examine whether E3IDP45 could
act as a degrader to eliminate E3IDP45*%"N¢, Once again, we failed to
detect E3IDP45-YFP through microscopic observation or immunoblot
analysis (Fig. 2b, c). Subsequently, we expressed E3IDP45*"™C-YFP and
observed the re-emergence of condensates in the nucleus (Fig. 2b).
Remarkably, co-expression of the full-length E3IDP45 as the X-E3

degrader effectively diminished these E3IDP45**™°-YFP condensates
(Fig. 2b). Immunoblot analysis confirmed the depletion of
E3IDP45°RNS_YFP at the protein level, while their mRNA levels
remained  consistent regardless of co-expression  with
E3IDP45 (Fig. 2¢).

To further validate the TCD system, we focused on two key
questions: First, can fusing E3IDP45 with various X proteins effectively
induce their degradation? Second, is this degradation specific to the X
proteins? For the first question, we specifically chose transcription
factors (TFs) for examination due to mounting evidence across animal
and plant studies indicating that TFs and their regulators form bio-
molecular condensates to regulate transcription''¢>**12257-61 We fused
E3IDP45 to eight TFs from the TCP, AP2, bZIP, ZnF, and NAC families of
rice as degraders (Supplementary Data 3), which were co-expressed
with their corresponding TF-YFP as targets in N. benthamiana. Our
findings revealed that six of the TF-E3IDP45 degraders were capable of
degrading their respective TF-YFP target, as indicated by reduced
fluorescence (PLP20/139/165/187/206/308; Supplementary Fig. 3a).
We successfully conducted immunoblot analysis on six out of the eight
TF-YFP samples and found results consistent with our fluorescence
observations (five shown in Supplementary Fig. 3b with PLP308
shown below).

In addition, we noted that the TCD mechanism was effective not
only in degrading proteins capable of forming visible condensates
(PLP20/165/206/308) but also in those existing in the soluble fraction
(PLP139/187). Given that all TFs are predicted to possess disordered
regions (Supplementary Fig. 3¢), it is plausible that the diffused TFs
may cluster in sizes below the detection limit or necessitate additional
stimulating conditions for visible condensate formation*'®’, Notably,
two TFs were not efficiently degraded in these assays (PLP32/247;
Supplementary Fig. 3a). While the exact system requirements for
effectiveness were not fully established, we strongly recommend rapid
pilot experiments before subsequent studies (Fig. 2a).

For the second question, we tested each TF-E3IDP45 degrader for
the six TF-YFP targets and revealed selective degradation of the cor-
responding target only (Fig. 2d). Immunoblot analysis further con-
firmed that E3IDP45°"™°-YFP and PLP308-YFP was exclusively
degraded by their corresponding degraders, E3IDP45 and
PLP308-E3IDP45, respectively, and not by other TF-E3IDP45 degra-
ders (Fig. 2e, f). While these results are robust and suggest that
X-E3IDP45 fusions likely do not recognize substrates of E3IDP45, we
have not fully explored all possible unidentified substrates of E3IDP45.
We thus suggest using E3IDP45 as a control in pilot or subsequent
comparison experiments (Fig. 2a). These findings highlight the effi-
ciency and specificity of the TCD system in degrading endogenous
proteins.

Evaluating the E3IDP45 condensation capacity

To investigate how the condensation capacity influences target
degradation, we aimed to remove the LCD domain from either the
target or the degrader to determine whether the condensation
capacity of E3IDP4S5 is essential for degradation. Before proceeding,
we assessed whether deleting the LCD domain from E3IDP45 would
affect its self-interaction. Since E3IDP45 undergoes self-degradation,
we performed these experiments using the E3IDP45°"™C variant. Co-
immunoprecipitation revealed that E3IDP45*"™¢ with the LCD
domain deleted (E3IDP45*"NG: APy could still interact with
E3IDP45%"NC (Fig. 2g). We next analyzed the role of the LCD domain in
target X by reducing its condensation capacity through deletion of
the LCD domain (E3IDP45°RNG ALP) while retaining this capacity in
the co-expressed E3IDP45 degrader. Our results showed that the
soluble form of E3IDP45%"™¢ A_YFP could not be efficiently
degraded by E3IDP45 (Fig. 2h, i). Similarly, truncation assays on
PLP308-YFP revealed that only truncations showing visible con-
densates correlated with high degradation efficiency by the degrader
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Fig. 2 | Validating E3IDP45 for the TCD system. See also Supplementary Figs. 3, 4.
a The schematic of the pilot assays involving transient expression of the X-E3
degrader with the X-YFP target in N. benthamiana or protoplasts to assess TCD
efficiency via microscopic observation or immunoblot analysis. X-YFP, YFP-tagged
target protein X. X-E3, the degrader for X after fusing with E3. b, ¢ Degradation of
the E3IDP45*"NC-YFP by the E3IDP45 degrader in the pilot experiments of micro-
scopic observation (b) and immunoblot analysis (c) in N.benthamiana.

d Microscopic observation of each X-YFP after co-expression with different
X-E3IDP45 degraders. Six transcription factors and the E3IDP45**C were examined
as the target X protein. e, f Inmunoblot analysis of E3IDP45**™°-YFP (e) and
PLP308-YFP (f) after co-expression with different X-E3IDP45 degraders. g Co-
immunoprecipitation to show the interaction between E3IDP45*"N¢ with the LCD
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domain deleted (E3IDP45%RING-4LP) and E3IDP45%RNC, h, i Degradation of
E3IDP45%R™C-YFP without the LCD in the target (E3IDP45°RNCG-AL€0) by the E3IDP45
degrader in the pilot experiments of microscopic observation (h) and immunoblot
analysis (i) in N.benthamiana. j In vitro ubiquitination assay to evaluate the self-
ubiquitination capacity of E3IDP45%°, Kk, I Degradation of the E3IDP45**"NC-YFP
target by degraders of E3IDP45 without the LCD in the degrader (E3IDP45%") in the
pilot experiments of microscopic observation (k) and immunoblot analysis (I) in
N.benthamiana. Coomassie brilliant blue (CBB; ¢) or Ponceaus S staining (e, f, i, I)
was used as a control for protein loading. Semi-quantitative RT-PCR was conducted
against YFP with NbUBQ as the internal control (c, e, f, i, ). For microscopic
observation, 35S::CFP serves as the control (b, h, k). Scale bar, 10 um (b, d, h, k).
Source data are provided as a Source Data file.
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of the ubiquitin-transfer cascade with MBP-tagged PLP308-E3TCD1
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PLP308-E3IDP45. In contrast, the fragment comprising amino acids
301-423, which exhibited a soluble distribution in the nucleoplasm
and nucleus, was not degraded (Supplementary Fig. 4a, b). These
findings suggest that the condensation behavior of the target is cri-
tical for efficient degradation.

We further investigated the role of the degrader’s condensation
behavior. An in vitro ubiquitination assay revealed that deleting the
LCD domain from the E3IDP45 degrader (E3IDP45*“") did not impair
its self-ubiquitination capacity (Fig. 2j). However, this modification
rendered the degrader incapable of efficiently degrading the target
E3IDP45*"N6-YFP in plants (Fig. 2k, I). HOS1, a RING E3 ligase with no
reported condensation behavior®?, served as a soluble E3 ligase con-
trol. We found that its fusion with the target could not degrade the
respective TF-YFP targets (Supplementary Fig. 4c-f). These findings
reinforce our initial hypothesis that LCD-mediated condensation of the
E3 ligase is essential for effective substrate degradation. To classify E3

ligases compatible with the TCD system, we introduced the suffix
E3TCD. Accordingly, E3IDP45 has been renamed as E3TCD1.

Genetic analysis with E3TCD1 (E3IDP45) in the transient assay

We aimed to investigate whether the degradation of endogenous
proteins via the TCD system induced any phenotypic changes. To
assess the TCD system’s impact, we employed both transient and
transgenic methods, which are commonly utilized for determining
protein functions (Fig. 3a). Our transient experiment focused on
PLP308, a rice Zinc-finger TF whose physiological roles remain
unknown, as previous assays revealed that prolonged expression of
PLP308-YFP induced cell death in N. benthamiana. When PLP308-YFP
was co-expressed with the control E3TCD1 in N. benthamiana, it trig-
gered noticeable macroscopic cell death, evidenced by intensified
trypan blue staining and increased ion leakage (Fig. 3b, c). In contrast,
since PLP308-YFP is efficiently and specifically degraded by the
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35S::0sTB1-E3TCD1. Two independent transgenic lines (#1 and #2) were used for
each construct. The bars show the mean +s.d. (n =30) of tiller numbers, and a two-
sided Student’s ¢ test was used to determine the significance. f Quantitative RT-PCR
to show the relative endogenous OsTBI mRNA levels in the transgenic lines. Primers
binding to the untranslated region, which was not included in the OsTBI-E3TCD1
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provided as a Source Data file.

degrader PLP308-E3IDP45 (hereafter referred to as PLP308-E3TCD1;
Fig. 2b), co-expression with PLP308-E3TCD1 significantly reduced cell
death (Fig. 3b, c). This suggests that the TCD system can be utilized in
transient expression systems to investigate gene functions by effec-
tively regulating protein levels.

To investigate the mechanism by which the PLP308-E3TCD1
degrader facilitates efficient PLP308 degradation, we first confirmed
that PLP308-E3TCD1 underwent self-degradation. Despite adding a
YFP tag to the degrader, we failed to detect any fluorescence or
immunoblot signals. However, treatment with TAK-243 significantly
restored both the fluorescence and immunoblot signals (Fig. 3d, e). We
then performed an in vitro ubiquitination assay and found that the
substrate MBP-HA-PLP308 exhibited a slow-migrating ladder only in
the presence of MBP-E3TCDI-PLP308, along with the necessary
components on the gel blotted with anti-HA, suggesting that
PLP308-E3TCDI can ubiquitinate PLP308 in vitro (Fig. 3f). Further-
more, we detected PLP308-YFP signals in the presence of the
PLP308-E3TCD1 degrader after TAK-243 treatment, as evidenced by
both confocal microscopy and immunoblot analysis (Fig. 3g, h). These
results suggest that the PLP308-E3TCDI1 degrader can ubiquitinate
PLP308, leading to its degradation via the UPS system.

As the co-expression assay primarily reflects the outcome, the
observed degradation efficacy might be attributed to the clearance of
PLP308-YFP before they reached high expression levels. Conse-
quently, we assessed whether PLP308-E3TCD1 could continue
removing PLP308-YFP even after it accumulated to high expression
levels and formed extensive condensates. We expressed PLP308-YFP
for 48 h and then induced PLP308-E3TCD1 expression using the f3-
estradiol-inducible system (Supplementary Fig. 5a). Remarkably,

PLP308-E3TCDI effectively degraded PLP308-YFP condensates even
at high expression levels (Supplementary Fig. 5b, ¢). Furthermore, we
found that the UPS system inhibitor, MGI132, could inhibit
PLP308-E3TCDI-triggered degradation of PLP308-YFP (Supplemen-
tary Fig. 5¢). This suggests that the PLP308-E3TCD1 degrader initiates
the degradation of PLP308-YFP through the TCD, thereby mitigating
the associated phenotype.

Genetic analysis with E3TCD1 in the transgenic assay

To evaluate the effect of the TCD system in transgenic plants, our
primary focus was on a rice TCP-type TF, Teosinte Branched 1 (OsTBI).
This choice was motivated by the apparent phenotype observed in rice
with mutations in OsTBI DNA, which results in increased tillering
numbers®>®¢, OsTB1 has a predicted IDR with PLAAC (Fig. 4a). We
discovered an irregular condensate of OsTB1-YFP in the nucleus,
indicating that OsTBI has the potential to form condensates (Fig. 4b).
The pilot experiments showed a decrease in OsTBI1-YFP condensates
and protein after co-expressing OsTB1-E3TCD1, suggesting that the
OsTBI-E3TCD1 degrader can degrade OsTBI (Fig. 4b, c).

We introduced OsTBI1-E3TCD1 (35S::0sTBI1-E3TCD1) and the
E3TCD1 control (35S::E3TCD1), both driven by the CaMV 35S promoter,
into the rice cultivar Zhonghua 11 (ZH11). We found no statistically
significant difference in the tillering number between ZH11 and the
35S:E3TCD1 control lines. This suggests that the self-degradation
property of E3TCD1 prevents potential negative impacts on plant
growth (Fig. 4d, e). The transgenic lines with 35S::0sTB1-E3TCD1
showed increased tillering numbers compared to 35S::E3TCD1, con-
sistent with plants that have the DNA mutation on Os7TBI, as reported
(Fig. 4d, e). We then performed RT-PCR against the untranslated
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region, which was not included in the OsTB1-E3TCD1 transgene, and
detected similar mRNA levels for the endogenous OsTBI gene. This
suggests that the phenotype was not caused by potential RNA inter-
ference (Fig. 4f). These results suggest that the TCD system can effi-
ciently degrade endogenous proteins and produce desirable traits.

Using the TCD to modulate flowering time

The successful application of TCD in regulating rice tillering under-
scores the promising potential of this system for optimizing crop
performance. Next, we focused on modulating flowering time, known
as heading date, a crucial agronomic trait in rice that influences its
region adaptation and grain yield. We targeted rice early flowering 3
(ELF3) because its Arabidopsis homolog (AtELF3) is a condensation-
prone protein involved in transcriptional regulation'®®. The pilot
experiment in N. benthamiana showed that the AtELF3-E3TCD1
degrader reduced the AtELF3-YFP protein, indicating its potential to
degrade endogenous AtELF3 (Supplementary Fig. 6a, b). Again, the
control line 35S::E3TCD1 did not negatively impact the plant growth
compared to the non-transformed Col-0. However, transgenic plants
expressing 35S::AtELF3-E3TCD1 displayed a notable tendency toward
early flowering (Fig. 5a, b). This observation aligns with findings from
plants harboring mutations in AtELF3 DNA'*,

In contrast to the inhibitory role of Arabidopsis ELF3, rice has two
homologs of ELF3, with OsELF3-1 playing a more dominant role in
promoting flowering than OSELF3-2%7°, We showed that both homo-
logs exhibited high sequence similarity (Supplementary Fig. 7a and
Supplementary Data 4). We characterized OsELF3-1 in vitro and
observed that MBP-YFP-OsELF3-1 did not form condensates even in
the presence of a 10% crowding agent. However, after removing the

molecular chaperone MBP, as little as 5% crowding agent was sufficient
to induce the formation of large, irregular condensates, which exhib-
ited slow recovery efficiency in FRAP analysis (Supplementary
Fig. 7b-d). In vivo FRAP analysis of OsELF3-1's condensation behavior
in N. benthamiana revealed consistent interchangeability between
these condensates and the surrounding soluble fractions. The
observed slow recovery efficiency further indicates that these con-
densates are more densely packed (Supplementary Fig. 7e, f).

The rapid condensation into irregular and solidified structures
was also observed for the in vitro purified degrader protein OsELF3-
1-E3TCD1, even in the presence of the MBP chaperone
(MBP-YFP-OsELF3-1-E3TCD1) (Supplementary Fig. 7g, h). As a con-
trol, we induced condensation using the LCD domain found exclu-
sively in plant homologs of Hematopoietic protein 1%, This control
formed spherical and phase-separated condensates, suggesting that
the rapid condensation behavior is intrinsic to OsELF3-1 itself and not
due to the experimental conditions (Supplementary Fig. 7i). In addi-
tion, YFP-tagged OsELF3-1-E3TCD1 did not produce detectable fluor-
escence signals; however, treatment with TAK-243 significantly
restored fluorescence, appearing as condensates. FRAP analysis
revealed that these condensates displayed consistent, though slower,
interchangeability with the surrounding environment (Supplementary
Fig. 7j, k). These findings indicate that both OsELF3-1 and its corre-
sponding degrader, OsELF3-1-E3TCD1, can undergo condensation
in vitro and in vivo. In addition, the degrader is capable of undergoing
self-degradation in vivo.

OsELF3-1 and OsELF3-2 could interact with each other, as evi-
denced by the split-luciferase complementation assay and co-
immunoprecipitation (Supplementary Fig. 8a, b). Furthermore, the
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co-localization assay revealed their ability to co-exist within the con-
densates (Supplementary Fig. 8c, d). Given these findings, we hypo-
thesized that the OsELF3-1-E3TCD1 or OsELF3-2-E3TCD1 degrader
could target OsELF3-1 for degradation based on the design of the TCD
system. Subsequently, pilot experiments conducted in N. benthamiana
indicated that co-expression of OsELF3-1-E3TCD1 or OsELF3-
2-E3TCD1 degrader led to a reduction in YFP-OsELF3-1 (Supplemen-
tary Fig. 8e, f). Consequently, we observed a significant delay in
heading date in transgenic rice lines expressing 35S::0sELF3-1-E3TCD1
or 35S::0sELF3-2-E3TCDI1 compared to the control lines 35S::E3TCD1
(Fig. 5c, d). Remarkably, this observation mirrors the phenotype of
plants with RNA interference of OsELF3-1 in the Nipponbare
background’. These findings in Arabidopsis and rice underscore the
TCD system in enabling controlled homologous gene functions in a
species-specific manner.

Validating the TCD system in modulating rice flowering time
To validate the expression of endogenous OsELF3-1 in transgenic
plants, we conducted experiments using RT-qPCR with different pri-
mer pairs. One pair had a primer binding on the 5’-leader, which was
not included in the transgene construct, while the other pair was
shared by the endogenous OsELF3-1 and the transgene (Supplemen-
tary Fig. 9a). The results revealed that the transgene did not affect the
levels of endogenous OsELF3-1 mRNA, effectively ruling out the pos-
sibility of RNA interference with endogenous OsELF3-1 in the trans-
genic plants (Supplementary Fig. 9a).

Given the unavailability of an antibody against endogenous
OsELF3-1, we employed two complementary methods to assess the
transgene’s capability to degrade endogenous OsELF3-1 at the protein
level. First, we conducted a semi-in planta assay using rice protoplasts
derived from non-transformed ZH11, the control line 35S::E3TCD], and
transgenic plants expressing 35S::OsELF3-1-E3TCD1 or 35S::0sELF3-
2-E3TCD1. We introduced 35S::OsELF3-1-YFP constructs alongside

35S::CFP as an internal control. Microscopic observation and immu-
noblot analysis targeting OsELF3-1-YFP confirmed that the degrader of
OsELF3-1-E3TCD1 or OsELF3-2-E3TCD1 effectively degraded the tar-
get OsELF3-1 protein (Fig. Se, f). Moreover, the degradation of OsELF3-
1-YFP by the OsELF3-1-E3TCD1 degrader was inhibited upon the
addition of TAK-243, as evidenced by the restored fluorescence and
immunoblot signals (Supplementary Fig. 8g, h). Second, we measured
the mRNA levels of OsHdl and OsGhd7, whose transcription is
repressed by OsELF3-1, as an indirect proxy®’. Transgenic lines
expressing the degrader of OsELF3-1-E3TCD1 or OsELF3-2-E3TCD1
exhibited increased mRNA levels for both OsHdI and OsGhd7 (Sup-
plementary Fig. 9b, c). Together, these results demonstrate that both
degraders effectively target endogenous OsELF3-1 protein, the primary
homolog regulating flowering in rice.

Conditional TCD in engineering crop defense

In addition to OsELF3-1, our pilot experiments revealed that OsELF3-
1-E3TCD1 or OsELF3-2-E3TCD1 degrader could facilitate the degra-
dation of OsELF3-2. This conclusion is supported by microscopic
observation and immunoblot analysis conducted in N. benthamiana
and protoplasts prepared from 35S:0sELF3-1-E3TCD1 and
35S::0sELF3-2-E3TCD1 transgenic plants (Fig. Se, g and Supplementary
Fig. 8e, f). Intriguingly, while OSELF3-1 predominantly regulates flow-
ering, both homologs play a vital role in suppressing resistance to
Magnaporthe oryzae, the causal agent of rice blast disease”’>. Conse-
quently, transgenic rice lines expressing 35S::0sELF3-1-E3TCD1 and
35S::0sELF3-2-E3TCD1 exhibited reduced disease severity compared
to controls (Fig. 6a, b).

To mitigate the pleiotropic effects associated with continuous
degradation of OsELF3-1 and OsELF3-2, such as late flowering, we
employed the TBF1 cassette to control the TCD system precisely. This
cassette allows transcriptional and translational control of target genes
by incorporating an immune-inducible promoter (Prorgr) and two
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pathogen-responsive upstream open reading frames (UORFstggy) of
the TBFI gene*”>7. Remarkably, transgenic plants with Prorgg-
UORFstgr::OsELF3-2-E3TCD1 showed no alteration in flowering time
compared to non-transformed ZH11 plants, indicating stringent con-
trol of OSELF3-2 expression by the TBF1 expression control cassette
(Fig. 6¢, d). However, these plants exhibited enhanced resistance to M.
oryzae (Fig. 6a, b). These findings underscore the potential of the TCD
system coupled with expression-control elements for conditionally
targeted protein degradation, offering practical utility in engineering
desirable agronomic traits for genes with pleiotropic effects.

Discussion

Modern agriculture faces many challenges, such as a rapidly growing
global population, decreasing arable land, unpredictable climate pat-
terns, and environmental pollution. To foster sustainable agriculture,
there’s an urgent need for the rapid development of high-yield food
and fiber crops resilient to biotic and abiotic stresses. Genetic engi-
neering emerges as a potent tool for swiftly breeding superior culti-
vars, adept at navigating these challenges by modulating the
expression of essential agronomic trait genes across various levels. In
this context, we introduce the TCD system, enabling the degradation
of endogenous proteins via transgene expression, complementing
genetic techniques that manipulate DNA and RNA in plants. These
findings will deepen our understanding of protein functionalities in
fundamental research and hint at practical applications, potentially as
a pivotal transgene strategy for optimizing crop performance.

The success of the TCD system largely depends on identifying an
appropriate E3 ligase, referred to as E3TCDs, which can induce self-
degradation either independently or when fused with a target pro-
tein (X protein). Our study demonstrates the functional efficacy of
Arabidopsis E3TCD1 in targeting specific TFs for degradation in var-
ious expression systems, including Arabidopsis, N. benthamiana, and
rice. Specifically, E3TCD1 successfully degraded 10 out of 12 tested
TFs or transcriptional regulators. However, it failed to degrade some
TFs despite their similar subcellular localization patterns to the
degradable TFs (Supplementary Fig. 3a). This suggests that the
X-E3TCD1 in the TCD system might interfere with the recognition of
some endogenous TF or the recruitment of other UPS components,
resulting in varying degradation efficiencies. Adjusting the con-
formation between the X protein and E3TCD1 might be beneficial in
addressing this issue. In addition, reducing the length of E3TCD1
from its current 666 amino acids may minimize conformational or
structural interference. A more promising approach would be to
identify additional E3TCDs to broaden the recognition spectrum of
the X protein. Although our current study screened candidate
E3TCDs from a subset of E3 ligases predicted to be IDPs, we dis-
covered that the primary characteristic of effective E3TCDs is their
propensity for self-degradation. We identified numerous E3TCD1
homologs across various plant species (Fig. 6e and Supplementary
Data 5). These data suggest the potential for discovering more
E3TCDs to expand the substrate recognition spectrum, enhancing
the versatility and efficacy of the TCD system. Therefore, a large-
scale screening of E3 ligases from various species might be
necessary.

The next question concerns the situations where the TCD system
could be considered for genetic manipulations. We believe that for
genetic analysis with known genes, the TCD system could be applied in
scenarios where CRISPR interference (CRISPRi) or RNA interference
(RNAi) methods are currently used once the positive results from our
pilot experiments. Based on our study of OsELF3-1/2 homologs in rice,
the TCD system demonstrates superiority in studying homologous
genes with higher identity at the protein level than at the nucleotide
level. Unlike CRISPRi or RNAIi, which require the expression of multiple
gRNAs or RNA fragments to reduce the expression of homologous
genes, the TCD system can target and degrade multiple homologs

simultaneously using the TCD with a single gene. For example, in our
study, the TCD system effectively reduced the expression of both
OsELF3-1 and OsELF3-2 using the TCD with either OSELF3-1 or OSELF3-
2, highlighting its efficiency and potential advantages in genetic
manipulations involving homologous genes. This advantage may
become more pronounced in forward genetic screening, particularly
given the widespread occurrence of gene redundancy in plant
genomes’.

In crop engineering, it’s crucial to focus on how to express the
transgene within the TCD system. This is important because most
genes have multiple functions, leading to potential pleiotropic effects.
Therefore, TCD must be precisely regulated to control when, where,
and how strongly the gene is expressed. Our study used the TBF1
cassette to control TCD timing, successfully avoiding pleiotropic
effects on flowering time caused by OsELF3-1. In addition, adjusting
flowering times in rice cultivars could enable rapid adaptation to dif-
ferent light conditions across latitudes. TCD-mediated degradation of
OsELF3-1 significantly changed flowering times (Fig. 5c, d). This high-
lights the possibility of selecting expression intensity to fine-tune
flowering time to meet the different requirements of the breeding
programs on flowering time. Thus, future research could develop
quantitative TCD methods to achieve gradient degradation of specific
proteins, resulting in variable phenotypes. This variability could ben-
efit breeding elite cultivars tailored to specific environments, con-
sidering factors like light intensity, water availability, temperature
fluctuations, and soil composition.

Our study has a limitation in explaining the scale at which TCD
works on cleaning condensates away. This is because liquid-liquid
phase separation facilitates frequent exchange between the soluble
fraction and the condensate. Therefore, TCD may lead to direct
degradation of either the condensate or the smaller-sized complex in
the soluble fraction continuously exchanged from the condensate. In
either scenario, there will be a notable decrease in the amount of the
targeted proteins and the corresponding condensates, as observed.

Certain condensates may turn into harmful protein condensates
or solidified fiber structures. These harmful condensates have been
recently found to compromise plant disease tolerance, and they are
associated with neurodegenerative diseases in humans, such as
amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease®*””. In such
cases, the TCD system may effectively eliminate these harmful con-
densates. Notably, during the peer review of this work, a similar
strategy called ‘RING-Bait’ was reported. This approach combines an
aggregating protein sequence with the RING domain of the E3 ubi-
quitin ligase TRIM21 to specifically degrade tau aggregates, ultimately
reducing tau pathology and improving motor function in mice’.
Another strategy, known as the ‘RING-nanobody degrader,” has also
been developed. Unlike RING-Bait and our TCD system, this approach
fuses the RING domain of TRIM21 to a tau-targeting nanobody,
demonstrating the therapeutic potential for tau-associated
disorders”™. Our TCD system targets distinct properties of endogen-
ous proteins, specifically TFs, which are widely linked to various
human diseases. As a result, our TCD system holds therapeutic
potential for a range of diseases driven by endogenous TFs. Further-
more, our approach begins with de novo mining of unknown E3 liga-
ses, which could help identify E3 candidates suitable for gene therapy
in human diseases caused by other types of endogenous proteins. With
the rapid advancements in targeted protein degradation
strategies®*™, it is exciting to envision their application in plants,
where they could significantly accelerate basic research and enhance
crop performance, paving the way for an exciting future.

Methods

Plant growth and transformation

All rice lines in this research belong to the O. sativa subsp. japonica
variety Zhonghua 11 (ZH11). Rice plants for phenotypic assessments
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were cultivated in the experimental field at Huashan in Wuhan, China
(30.3°N, 114.3°E) under natural long-day conditions (LDs). Rice plants
for Magnaporthe oryzae infection were grown in a greenhouse at 26 °C
under a photoperiod of 12 h of light and 12 h of darkness with 90%
relative humidity. All Arabidopsis lines in this study originate from the
Columbia-O (Col-0) background. Arabidopsis and N. benthamiana
plants were grown in a greenhouse at 23 °C under a photoperiod of
16 h of light and 8 h of darkness with 55% relative humidity. The genetic
transformation was performed in the background of ZHI1 and
Col-0%%%,

Plasmid construction

The full-length coding sequences of AtELF3 (At2G25930.1) and E3IDPs
(Supplementary Data 2) were amplified from Col-O cDNA. The CDSs of
OsTBI (LOC_0s03g49880.1), OsELF3-1 (LOC_0s06g05060.1), OSELF3-2
(LOC_0s01g38530.1), and OsPLPs (Supplementary Data 3) were
amplified from ZH11 cDNA. All sequences were fused with the indi-
cated N or C terminal tags. All constructs were confirmed through
conoly PCR and DNA sequencing. All primers and plasmids are listed in
Supplementary Data 6.

Immunoblot analysis

In immunoblot experiments, N. benthamiana leaf tissues were col-
lected and ground in liquid nitrogen using a steel bead. Subsequently,
200 pL of lysis buffer (50 mM Tris, pH 7.5, 150 mM Nacl, 0.1% Triton X-
100, 0.2% Nonidet P-40, and a protease inhibitor cocktail (Thermo
Fisher, Cat#A32955; one tablet per 10 mL) was added to each 100 mg
of ground tissue samples. The lysates were incubated at 4 °C for
10 min, followed by centrifugation at 12,000 x g to collect the super-
natant. Proteins in the supernatant were denatured by adding 1 x SDS-
loading buffer and heating at 100 °C for 10 min. The samples were then
subjected to Western blotting using anti-GFP (Abclonal, Cat#AE012,
Lot#3523030936, dilution: 1:1000) or anti-HA (Abclonal, Cat#AEOOS,
Lot#9200008004, dilution: 1:1000) antibodies.

Transient expression in N. benthamiana

We employed Agrobacterium strain GV3101 (pMP90) for binary vector
delivery. For transient expression in N. benthamiana, Agrobacterium
GV3101 carrying each construct was cultured in LB medium supple-
mented with kanamycin (50 pg/mL), gentamycin (50 pg/mL), and
rifampicin (25 pg/mL) at 28 °C overnight. The agrobacterial cells were
resuspended in the infiltration buffer (10 mM 2-(N-morpholino) etha-
nesulfonic acid, 10mM MgCl,, 200pM acetosyringone) at
ODgoonm = 0.1 after centrifugation at 2600 x g for 5min and incu-
bated at room temperature for 1h.

For microscopic observation in the pilot experiments, Agro-
bacterium containing 35S:CFP and Agrobacterium containing
35S::X-YFP or 35S::YFP-X were mixed with Agrobacterium containing
35S:E3TCD1 (i.e., E3IDP45) or 35S:X-E3TCDI1 (i.e., E3IDP45) at a 1:1:1
ratio. The mixed suspension was infiltrated into three-week-old N.
benthamiana plants. After 48 h of expression, leaf discs were excised
for microscopic observation. CFP and YFP fluorescence were visua-
lized using Leica TCS SP8 upright microscopy, with excitation pro-
vided by 448 nm and 514 nm lasers, respectively.

For E3IDP45°"™S condensation upon treatments, N. benthamiana
leaves were infiltrated with Agrobacterium tumefaciens harboring the
construct 35S::E3IDP45**™C-YFP, After 48 h of incubation, the same
leaf regions were subjected to the following treatments: infiltration
with 2% 1,6-hexanediol followed by an additional 30 min of incubation,
infiltration with 1 mM salicylic acid (SA) followed by an additional 3 h of
incubation, infiltration with 500 mM NaCl followed by an additional 1 h
of incubation, or exposure to 4 °C or 40 °C for 30 min. After these
treatments, leaf discs were excised for microscopic to observe protein
condensation.

For the inhibitor treatment assay, proteins from the indicated
constructs were transiently expressed in N. benthamiana leaves for the
indicated time points. Samples were then infiltrated with 10 mM MgCl,
as the mock control or with 1pM E1 inhibitor TAK-243, 50 uM pro-
teasome inhibitor MG-132, or 20 puM autophagy inhibitor E64d. For rice
protoplasts, following 16 h of transient expression, TAK-243 was added
and co-incubated with the protoplasts at a final concentration of 1 uM.

For split luciferase complementation assays, Agrobacterium con-
taining the indicated pairwise vectors were mixed at a 1:1 ratio. Nega-
tive controls, 35S::HA-nLUC or 35S:nYFP-cLUC, were included. Both
the test and control groups were infiltrated into the same leaf of N.
benthamiana and allowed to express for 48 h. Subsequently, 1 mM
luciferin was sprayed onto the leaves, and imaging was conducted
using a CCD-camera-equipped box at an exposure time of 20 min
under darkness.

For the in vivo analysis of protein degradation in N. benthamiana,
leaves were infiltrated with Agrobacterium tumefaciens harboring the
construct 35S::PLP308-YFP. Following a 24-hour incubation period,
the same leaf areas were subsequently infiltrated with Agrobacterium
containing the est::PLP308-E3TCD1 construct. After an additional 24 h
of incubation, the leaves were sectioned into three groups and treated
with 10 mM MgCl,, 50 pM B-estradiol, or a combination of 50 uM f3-
estradiol and 50 uM MG132. Samples were collected at 0, 6, 12, and
24 h post-treatment for immunoblot analysis to quantify PLP308-YFP
protein levels. In a parallel experiment, leaves were co-infiltrated with
Agrobacterium containing 35S:PLP308-YFP and 35S::CFP. These
leaves were then infiltrated with Agrobacterium harboring the
est::PLP308-E3TCDI1 construct, followed by treatment with 50 uM (-
estradiol as described. Leaf samples were collected at 0 and 12 h post-
treatment for fluorescence microscopy to observe protein localization
and degradation.

For co-immunoprecipitation (co-IP) analysis in N. benthamiana,
Agrobacterium containing 35S::YFP-OsELF3-1 was mixed in equal
amounts with Agrobacterium containing 35S::HA-OsELF3-2 or
35S::HA-nLUC. The mixed suspension was infiltrated into three-
week-old N. benthamiana plants. After 48 h of expression, 1g of leaf
tissue was collected from each sample for protein extraction. From
the 2 mL of total extracted protein, 90 L was taken as input, and the
remaining protein was incubated with 100 pL GFP-Trap_A beads on a
rotating shaker for 1 h at 4 °C. The beads were then collected using a
magnetic separator, the supernatant was discarded, and the beads
were washed with 1mL of washing buffer (50 mM Tris, pH 7.5,
150 mM NacCl, 1 mM PMSF) for 1 min. This washing step was repeated
three times, after which the supernatant was discarded. Finally, the
bead-bound proteins were mixed with 100 pL of 1x SDS-loading
buffer, and the 90 pL input samples were mixed with 10 pL of 10 x
SDS-loading buffer. Both sets of samples were then heated at 100 °C
for 10 min. Subsequently, the samples were subjected to immunoblot
analysis.

Pathogen infection

Isolates of Magnaporthe oryzae strain RB22 were incubated on an
oatmeal medium (3% [w/v] oats and 1.5% [w/v] agar) The cultures were
incubated at 26 °C under low light conditions for 18 days. Following
incubation, spores were harvested by washing the plates with a small
volume of 0.1% (v/v) Tween 20. The spore suspensions were subse-
quently filtered through Miracloth and diluted with 0.1% (v/v) Tween
20 to achieve a final concentration of 5.0 x10° spores/mL. For the
infection assay, wounds were created on the abaxial surface of rice
leaves. A 10uL aliquot of the spore suspension was subsequently
applied to each wound site. The inoculated leaves were then covered
with cellophane tape to maintain humidity. After a ten-day incubation
period, disease severity was assessed by measuring the length of the
lesions on the rice leaves.
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In vitro phase separation assay

The MBP-YFP-E3IDP45 MBP-YFP-OsELF3-1, MBP-YFP-OsELF3-
1-E3TCD1 and MBP-CFP-LCDygp; fusion protein was expressed in E.
coli (DE3) cells”. Post cell lysis and purification, the MBP tag was
enzymatically cleaved using 10 pg/mL Xa factor protease (NEB,
Cat#P8010) at 23 °C overnight. To induce phase separation, PEG8000
(Sigma, Cat#25322-68-3) was added to the indicated final concentra-
tions. Proteins, either with or without the MBP tag were then coated
onto confocal flat dishes and observed using a Leica TCS SP8 upright
microscope equipped with a 10 x objective lens and a 514 nm laser for
excitation. FRAP was performed by bleaching the region of interest
with a 514 nm laser at 80% power intensity, applied twice. The recovery
of YFP fluorescence was monitored at intervals of 1.3 s post-bleaching.
To dissolve the condensates, a final concentration of 10% 1,6-hex-
anediol or 500 mM NaCl was applied, and the samples were subse-
quently analyzed using microscopy.

Transient expression in the rice protoplast

To transiently express genes in rice protoplasts, dehulled rice seeds
were disinfected using a 2% hypochlorous acid solution. The disin-
fected seeds were then planted on 1/2 MS medium and incubated in a
light chamber at 28 °C under a photoperiod of 14 h of light and 10 h of
darkness with 60% relative humidity. After 14 days, approximately 40
uniformly grown seedlings were selected, and seedling stems were
excised into small segments approximately 1mm in length. These
segments were incubated in 20 mL of enzyme solution (1.5% Cellulose
RS (Yacult Pharmaceutical), 0.75% Macerozyme R-10 (Yacult Pharma-
ceutical), 0.6 M Mannitol, 1 mM CaCl,, 0.1% BSA, 10 mM MES (pH 5.7))
on a rotary shaker at 40 rpm and 25 °C for 5 h to facilitate enzymatic
digestion. The resulting digestion mixture was filtered through a 40
1m nylon mesh to eliminate plant debris. Protoplasts were harvested
by centrifugation at 100 x g, and the supernatant was discarded. The
protoplasts were subsequently washed with W5 solution (154 mM
NaCl, 5mM KClI, 125mM CaCl,, and 2mM MES, pH 5.7) and resus-
pended in MMG solution (0.6 M mannitol, 15mM MgCl,, and 4 mM
MES, pH 5.7) at a concentration of 1 x 107 cells/mL. For transformation,
5pg of the desired plasmid was added to 100 pL of the protoplast
suspension, followed by incubation with an equal volume of PEG-CaCl,
solution (0.6 M mannitol, 100 mM CacCl,, and 40% PEG4000) for
15min. The reaction was terminated by the addition of 1mL
WS5 solution, and the protoplasts were collected by centrifugation at
100 x g. The transformed protoplasts were then transferred to 1 mL WI
solution (0.6 M mannitol, 4 mM KCI, and 4 mM MES, pH 5.7) and
incubated in the dark at 28 °C for 16 h. Following the incubation per-
iod, the protoplasts were subjected to microscopic observation and
protein extraction.

Semi-in vivo protein degradation assay

In the semi-in vivo protein degradation assay, 5pug of the 35S::CFP
plasmid was combined with 5 g of either the 35S::YFP-OSsELF3-1 or
35S::YFP-OsELF3-2 plasmid. These plasmid mixtures were subse-
quently introduced into 100 pL of rice protoplasts. The protoplasts
were isolated from non-transformed ZHI1, control line 35S::E3TCD1,
and transgenic lines expressing 35S::OsELF3-1-E3TCD1#1 or
35S::0sELF3-2-E3TCDI1#1. Following a 16-hour transformation period,
the protoplasts were subjected to confocal microscopy and immuno-
blot analysis.

In vitro ubiquitylation assay

For the in vitro ubiquitylation assay, fusion proteins His-E1 (AtUBAI),
His-E2 (AtUBCS), His-Ub (AtUBQ10), MBP-E3IDP45, MBP-E3IDP45%P,
MBP-E3TCD1-PLP308, and MBP-HA-PLP308 were expressed in E. coli
(DE3) cells, followed by cell lysis and His tag-based purification. To
assess self-ubiquitylation of E3IDP45 or E3IDP45"°, 1 ug of His-E1, 1 pg
of His-E2, 1ug of MBP-E3IDP45 or MBP-E3IDP45*°, and 1ug of

His-Ub were combined in 30uL of ubiquitylation reaction buffer
(20 mM Tris-HCI, pH 7.5, 5 mM MgCl,, 0.5mM DTT, and 2mM ATP).
The reaction was incubated at 24 °C for 8 h. The products were ana-
lyzed by immunoblotting with anti-MBP (Abclonal, Cat#AEO16,
Lot#9200016002, dilution: 1:1000). To examine substrate ubiquityla-
tion, 1pg of His-E1, 1pg of His-E2, 1 ug of MBP-E3TCD1-PLP308, 1 g of
MBP-HA-PLP308, and 1pg of His-Ub were dissolved in 30 uL of the
same ubiquitylation reaction buffer under identical conditions. Reac-
tion products were analyzed by immunoblotting with anti-HA (Abclo-
nal, Cat#AEQ08, Lot#9200008004, dilution: 1:1000). For secondary
immunoblotting to detect ubiquitin, the membrane was incubated in
stripping buffer (20 mM Tris-HCI, pH 2.0, 1% SDS) for 20 min to remove
bound antibodies. After washing with PBS (137 mM Nacl, 2.7 mM KClI,
15 mM Na,HPO,, 4.4 mM KH,PO4) three times for 30 min, the mem-
brane was re-probed with anti-Ub (Cell Signaling, Cat#3936; Lot#19,
dilution: 1:1000) antibodies to detect ubiquitin conjugates.

RT-qPCR and RT-PCR

Total RNA was isolated from 100 mg of leaf tissue using 1 mL of TRIzol
(Vazyme, Cat#R401-01) following the manufacturer’s instructions.
Subsequently, reverse transcription was carried out using the HiScript
Il 1st Strand cDNA Synthesis Kit (Vazyme, Cat#R312-01). Real-time
quantitative PCR (qPCR) assays were performed using Taq Pro Uni-
versal SYBR qPCR Master Mix (Vazyme, Cat#Q712-02). OsActinl was
utilized as the internal control for rice. RT-PCR was conducted using
Phanta Max Super-Fidelity DNA Polymerase (Vazyme, Cat#P505-d1). In
experiments involving rice protoplasts and N. benthamiana, OsUbi-
quitin (OsUBQ, LOC_0s03g13170) and NbUbiquitin (NbUBQ, AY912494)
served as internal controls, respectively. Detailed information on pri-
mers and plasmids can be found in Supplementary Data 6.

IDP prediction

To predict intrinsically disordered proteins (IDPs), the amino acid
sequences were submitted to PLAAC with default parameters, using
the Arabidopsis proteome as the background. Amino acid stretches
with HMM.PrD-like scores exceeding 0.5 for at least 10 consecutive
residues were identified as Prion-like domains (PrD-like domains).
Proteins containing at least one such domain were classified as IDPs.
Additionally, the sequences were analyzed using D*P? (https://d2p2.
pro/), SMART, and MolPhase (https://molphase.sbs.ntu.edu.sg/) for
further predictions. Detailed information on the predicted proteins is
provided in Supplementary Data 1.

Phylogenetic tree analysis

Phylogenetic analysis was conducted using diverse species, including
Arabidopsis thaliana, Oryza sativa, Zea mays, Triticum aestivum,
Brassica napus, and Solanum lycopersicum. Predicted ELF3 protein
sequences were retrieved from the Plant orthologs of AtELF3 in TAIR
(https://www.arabidopsis.org/), while predicted E3IDP45 protein
sequences were obtained from the Protein BLAST tool available on the
National Center for Biotechnology Information (NCBI) database
(https://www.ncbi.nlm.nih.gov/). The BLAST search was performed
using default parameters. Detailed information on predicted protein
can be found in Supplementary Data 5. For the construction of the
phylogenetic tree, each protein sequence was aligned using ClustalW.
Subsequently, 1000 bootstrap replicates were generated for evolu-
tionary analysis using the Neighbor-Joining method. These analyses
were carried out using MAGA11%.

Statistical methods

Our comprehensive analysis employed rigorous statistical meth-
odologies using GraphPad Prism 8 or RStudio. We assumed a normal
distribution for parametric statistics when the Shapiro-Wilk test
yielded a P-value greater than 0.05. For comparisons between the
two groups, we used a two-sided Student’s ¢ test. E3 screening and
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in vitro phase separation experiments have only been performed
once. Unless stated otherwise, “n” represents biological replicates,
and all experiments were conducted independently at least twice.
Additional statistical parameters are outlined in the Figure legends
for further elucidation.

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

Data availability

All materials are available from the corresponding author upon
request. All data generated in this study are provided in this article and
its Supplementary Information file. Source data are provided in
this paper.
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