
FERONIA promotes PUB25/PUB26-mediated
ubiquitination of ATG1 to restrain nitrogen
starvation-induced autophagy
Qiuling Wang 

Northwest A&F University https://orcid.org/0000-0002-1066-5909
Shujuan Guo 

Northwest A&F University
Yushi Peng 

Northwest A&F University
Tongyao Yang 

Northwest A&F University
Na Li 

Lanzhou University
Tong Liu 

Northwest A&F University
Suiwen Hou 

Lanzhou University
Linhui Yu 

Northwest A&F University

Article

Keywords: autophagy, PUB25, PUB26, FERONIA, ATG1, ATG13, nitrogen starvation, ubiquitination,
phosphorylation

Posted Date: May 19th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-9554211/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: There is NO Competing Interest.

https://doi.org/10.21203/rs.3.rs-9554211/v1
https://doi.org/10.21203/rs.3.rs-9554211/v1
https://orcid.org/0000-0002-1066-5909
https://doi.org/10.21203/rs.3.rs-9554211/v1
https://creativecommons.org/licenses/by/4.0/


1 
 

RESEARCH ARTICLE 1 

FERONIA promotes PUB25/PUB26-mediated ubiquitination of ATG1 to restrain 2 

nitrogen starvation-induced autophagy 3 

Qiuling Wang1,†,*, Shujuan Guo1,†, Yushi Peng1, Tongyao Yang1, Na Li2, Tong Liu1 4 

Suiwen Hou2,*, Linhui Yu1,* 5 

1 Institute of Future Agriculture, State Key Laboratory of Crop Stress Biology for Arid 6 

Areas, Northwest A&F University, Yangling 712100, Shaanxi, People’s Republic of 7 

China  8 

2 Key Laboratory of Cell Activities and Stress Adaptations, Ministry of Education, 9 

School of Life Sciences, Lanzhou University, Lanzhou 730000, People’s Republic of 10 

China 11 

† These authors contributed equally. 12 

*Author for correspondence: Qiuling Wang (wangqiuling@nwafu.edu.cn), Suiwen 13 

Hou (housw@lzu.edu.cn), Linhui Yu (yulh@nwafu.edu.cn) 14 

Abstract  15 

Autophagy must be dynamically tuned to nutrient availability, yet how plants prevent 16 

excessive autophagy during nutrient starvation while preserving basal flux under 17 

replete conditions remains elusive. Here, we identify the redundant U-box E3 ligases 18 

PUB25 and PUB26 as critical negative regulators of nitrogen starvation-induced 19 

autophagy in Arabidopsis. Loss of PUB25/PUB26 enhances autophagy and improves 20 

plant growth under nitrogen deprivation, whereas their overexpression suppresses 21 

autophagy. Mechanistically, PUB25/PUB26 directly interacts with the autophagy-22 

initiating kinase ATG1 and target it for proteasomal degradation. During nitrogen 23 

starvation, the receptor kinase FERONIA (FER) is transcriptionally upregulated and 24 

enhances PUB25/PUB26 activity by phosphorylating it at Thr95/Thr94, acting as a 25 
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molecular brake on ATG1 to fine-tune autophagy to proper cellular levels during 26 

prolonged deprivation. Additionally, under nitrogen-rich conditions, FER directly 27 

phosphorylates ATG13 to repress ATG1-ATG13 complex assembly, thereby sustaining 28 

low basal autophagy. Together, our findings reveal a nutrient-responsive FER-29 

PUB25/PUB26 regulatory module that integrates constitutive and inducible regulatory 30 

checkpoints to dynamically modulate autophagy activity across variable nitrogen status, 31 

optimizing plant fitness. 32 

Key words: autophagy; PUB25; PUB26; FERONIA; ATG1; ATG13; nitrogen 33 

starvation; ubiquitination; phosphorylation 34 

Introduction  35 

Autophagy is a highly conserved degradation and recycling pathway that removes 36 

damaged proteins and organelles to maintain cellular homeostasis, playing critical roles 37 

in plant stress adaptation, growth, development, and immune regulation1. The execution 38 

of autophagy relies on the coordinated action of autophagy-related (ATG) proteins, 39 

which assemble into functional complexes to drive autophagosome formation2,3. 40 

Autophagy initiation depends on the ATG1-ATG13 kinase complex, which functions as 41 

the master regulatory switch for autophagy induction4,5. In Arabidopsis thaliana, this 42 

complex consists of the serine/threonine kinase ATG1 and its regulatory subunits 43 

ATG13, ATG11, and ATG1016,7. Loss-of-function mutations in these components 44 

restrict autophagy and enhance sensitivity to nutrient deficiency, leading to premature 45 

leaf senescence and shortened lifespan, highlighting their essential roles in stress 46 

adaptation6-9.  47 

The activity of the ATG1 complex is primarily regulated by phosphorylation. 48 

Under nutrient-sufficient conditions, the activated target of rapamycin (TOR) kinase is 49 

generally thought to hyperphosphorylate ATG13, preventing ATG1-ATG13 complex 50 
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assembly and inhibiting autophagy10,11. When plants encounter nutrient starvation, the 51 

plant energy sensor SNF1-related protein kinase (SnRK1) activates autophagy by 52 

directly phosphorylating ATG1 and inhibiting TOR activity11-13. Our previous research 53 

revealed that type one protein phosphatase (TOPP) positively regulates the formation 54 

of the ATG1-ATG13 complex by dephosphorylating ATG13 at multiple 55 

phosphorylation sites14. 56 

While phosphorylation enables rapid on-off switching of autophagy, accumulating 57 

evidence indicates that the ubiquitin-proteasome system (UPS) provides fine-tuning of 58 

autophagy by controlling the stability of this complex15,16. In mammalian cells, the unc-59 

51-like autophagy-activating kinase 1 (ULK1) complex is regulated by ubiquitination 60 

mediated by various E3 ligases. Short-term starvation promotes K63-linked 61 

ubiquitination, stabilizing the complex and activating autophagy17,18, whereas 62 

prolonged starvation triggers K48-linked ubiquitination, leading to proteasomal 63 

degradation of ULK1 to terminate autophagy19-23. Similar regulatory mechanisms also 64 

target other complex components, such as ATG13 and ATG10124,25. In plants, ATG1 65 

and ATG13 also undergo proteasomal degradation during prolonged starvation and 66 

recovery6,8,26. ATG13 degradation is mainly mediated by SINAT1 and SINAT2, which 67 

are E3 ubiquitin ligases of the SINAT (seven in absentia of Arabidopsis thaliana) family. 68 

They ubiquitinate ATG13 to keep autophagy low under nutrient-rich conditions, 69 

attenuate hyperactivated autophagy during starvation, and terminate autophagy upon 70 

recovery8. However, it remains unknown whether other E3 ligases target the ATG1 71 

complex, particularly its core kinase subunit ATG1. 72 

Plant U-box (PUB) E3 ubiquitin ligases represent a large plant-specific protein 73 

family involved in various biological processes, including plant growth, development, 74 

and stress responses27-31. Among these, PUB25 and PUB26 are versatile signaling hubs 75 
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with diverse functions. They regulate plant cold adaptation by targeting the 76 

transcription factors ICE1 and MYB1532,33, suppress immune signaling by degrading 77 

the receptor-like cytoplasmic kinase BOTRYTIS-INDUCED KINASE 1 (BIK1), 78 

transcription factor MYB6, and the RING domain E3 ligase (RGLG1/2) for 79 

degradation34-36, and positively regulate ABA signaling by promoting the degradation 80 

of BR signaling kinase 1 (BSK1)37. Moreover, they are also implicated in plant 81 

development, miRNA processing, salt stress responses, and anthocyanin biosynthesis38-82 

41. Notably, the activity of PUB25 and PUB26 is tightly regulated by upstream kinases 83 

such as OST1, CPK28, and BAK132,34,37. A recent proteomic screen identified PUB25 84 

and PUB26 as putative interactors of the receptor-like kinase FERONIA (FER)42, 85 

suggesting a potential regulatory link between them. 86 

FER is a member of the Catharanthus roseus receptor-like kinase 1-like (CrRLK1L) 87 

family and functions as a key signaling hub regulating diverse biological processes, 88 

including plant fertilization, immune responses, and adaptation to abiotic stresses43-45. 89 

Studies have demonstrated that the fer-4 mutant exhibits constitutive autophagy even 90 

under non-stress conditions46. Approximately 36% of autophagy-related genes in fer-4 91 

show alterations at the transcript or protein level, including TOR, the negative regulator 92 

of autophagy10,47. FER physically interacts with the TOR kinase complex, and fer 93 

mutants show reduced TOR activity48,49. These findings indicate that FER negatively 94 

regulates autophagy at least partially through the TOR pathway, as reduced TOR 95 

activity contributes to the constitutive autophagy observed in fer mutants46,47, Yet, 96 

whether FER modulates autophagy through TOR-independent mechanisms remains 97 

unknown. In the current study, we identify the U-box E3 ligases PUB25 and PUB26 as 98 

negative regulators of autophagy that act downstream of FER to target ATG1 for 99 

degradation under nitrogen starvation. Furthermore, we demonstrate that FER directly 100 
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phosphorylates ATG13 under nitrogen-rich conditions, thereby constitutively 101 

suppressing ATG1-ATG13 complex assembly. Our work uncovers a previously 102 

uncharacterized regulatory network that enables plants to precisely modulate autophagy 103 

activity in response to nitrogen availability. 104 

Results 105 

PUB25 and PUB26 negatively regulate nitrogen starvation-induced autophagy 106 

Autophagy-related mutants often exhibit altered tolerance to nutrient starvation, 107 

particularly carbon and nitrogen deficiency6,8,9. To identify regulatory components of 108 

autophagy, we conducted a genetic screen on a collection of T-DNA insertion mutants 109 

for altered responses to nitrogen starvation. This led to the identification of null mutants 110 

of PUB25 and PUB26, two closely related U-box E3 ubiquitin ligases (Supplementary 111 

Fig. 1a, b). Whereas single mutants of pub25 and pub26 were indistinguishable from 112 

wild-type plants, the pub25 pub26 double mutant exhibited enhanced tolerance to 113 

nitrogen starvation (Fig. 1a-d). Reintroduction of PUB25 or PUB26 driven by their 114 

native promoters into pub25 pub26 rescued this enhanced tolerance (Supplementary 115 

Fig. 1c-g), indicating that the two genes act redundantly. Conversely, PUB25 and 116 

PUB26 overexpression lines were hypersensitive to nitrogen starvation, a phenotype 117 

similar to that of the autophagy-deficient atg1abct quadruple mutant (Fig. 1a-d and 118 

Supplementary Fig. 1h, i). To dissect the genetic relationship between PUB25/PUB26 119 

and the core autophagy pathway, we generated higher-order mutants by crossing pub25 120 

pub26 with the autophagy-defective mutants atg5-1 and atg7-3. The enhanced nitrogen 121 

starvation tolerance conferred by the pub25 pub26 mutations was largely abolished in 122 

both autophagy-deficient backgrounds (Supplementary Fig. 2), suggesting that PUB25 123 

and PUB26 function upstream of the core autophagy machinery. 124 

We next examined whether PUB25 and PUB26 directly regulate autophagy 125 
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activity. The autophagy reporter line proATG8a::GFP-ATG8a was crossed into pub25 126 

pub26 and PUB25/PUB26 overexpression backgrounds. Confocal microscopy showed 127 

that under nitrogen starvation, GFP-ATG8a-labeled puncta were more abundant in root 128 

cells of pub25 pub26 and reduced in PUB25/PUB26 overexpression lines compared 129 

with the wild type (Fig. 1e, f). Consistently, autophagy activity, monitored by free GFP 130 

release from GFP-ATG8a50,51, was enhanced in pub25 pub26 and reduced in PUB25 131 

and PUB26 overexpression lines (Fig. 1g, h). Immunoblot analysis further showed that 132 

pub25 pub26 accumulated higher levels of both lipidated (ATG8a-PE) and non-133 

lipidated ATG8a under nitrogen starvation, whereas PUB25/PUB26 overexpression 134 

suppressed ATG8a accumulation (Fig. 1i, j). Together, these data demonstrate that 135 

PUB25 and PUB26 negatively regulate autophagy under nitrogen starvation. 136 

Given this inhibitory function, we investigated whether PUB25 and PUB26 137 

similarly regulate autophagy under carbon-starvation conditions. Unexpectedly, the 138 

pub25 pub26 double mutant exhibited hypersensitivity to both fixed-carbon starvation 139 

and dark-induced starvation, while PUB25 and PUB26 overexpression conferred 140 

increased stress tolerance (Supplementary Fig. 3). Consistent with these phenotypes, 141 

autophagy activity was slightly reduced in pub25 pub26 and moderately increased in 142 

PUB25 and PUB26 overexpression lines under fixed-carbon starvation (Supplementary 143 

Fig. 4). These observations indicate that PUB25 and PUB26 play distinct roles in the 144 

regulation of autophagy induced by carbon and nitrogen starvation. 145 

PUB25 and PUB26 associate with autophagosomes via direct interaction with 146 

ATG1 kinase 147 

To investigate the mechanism by which PUB25 and PUB26 regulate autophagy, we 148 

first tested whether they act at the transcriptional level, given their established role in 149 

miRNA processing39. qRT-PCR analysis showed comparable transcript levels of ATGs 150 
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in Col-0 and pub25 pub26 under nitrogen starvation (Supplementary Fig. 5), indicating 151 

that PUB25 and PUB26 do not modulate autophagy through transcriptional regulation. 152 

As PUB25 and PUB26 function as U-box E3 ubiquitin ligases, we performed a 153 

yeast two-hybrid (Y2H) screen using a C-terminal fragment of PUB26 (PUB26⁸⁰⁻⁴²¹) 154 

lacking the U-box domain as bait (Fig. 2a). ATG1a, a core component of the ATG1-155 

ATG13 complex, was identified as a candidate interactor. Y2H and pull-down assays 156 

confirmed that PUB25 and PUB26 physically interact with ATG1a in vitro through their 157 

C-terminal domains, independent of the U-box (Fig. 2b, c). Co-immunoprecipitation 158 

(Co-IP) assays further verified this interaction in planta (Fig. 2d). Additional Y2H, split-159 

luciferase (split-LUC) and bimolecular fluorescence complementation (BiFC) assays 160 

showed that PUB25/PUB26 also associates with ATG1b and ATG1c, but not with the 161 

truncated isoform ATG1t (Fig. 2e, f and Supplementary Fig. 6a). 162 

To further validate these findings, we performed immunoprecipitation-mass 163 

spectrometry (IP-MS) using pub25 pub26 plants stably expressing proPUB26::PUB26-164 

MYC. ATG1a was co-immunoprecipitated with PUB26-MYC (Supplementary Fig. 6b 165 

and Supplementary Data 1), consistent with our previous protein interaction assays. 166 

Notably, additional ATG proteins, including ATG18h, ATG13a, ATG4a, ATG11, and 167 

ATG6, were also co-immunoprecipitated with PUB26 (Supplementary Fig. 6b and 168 

Supplementary Data 1). Follow-up Y2H assays showed that PUB25 interacts with 169 

ATG6 and ATG18h, whereas PUB26 binds ATG6, ATG13a, ATG13b, and ATG18h 170 

(Supplementary Fig. 6c). Given the complex formation between ATG1 and ATG13, 171 

BiFC and split-LUC assays further verified that PUB25/PUB26 associates with 172 

ATG13a and ATG13b in vivo (Supplementary Fig. 6d, e). Collectively, these results 173 

suggest that PUB25 and PUB26 may regulate autophagy by targeting the ATG1-ATG13 174 

complex. 175 
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The interaction of PUB25/PUB26 with ATG proteins prompted us to examine their 176 

subcellular localization. Confocal microscopy of PUB25-GFP and PUB26-GFP 177 

expressed in Arabidopsis protoplasts revealed predominant cytoplasmic and nuclear 178 

localization, together with punctate signals of varying sizes (Supplementary Fig. 7). 179 

Co-expression of PUB25/PUB26-GFP with the autophagosome marker RFP-ATG8a 180 

revealed strong co-localization (Fig. 2g), demonstrating that PUB25 and PUB26 181 

associate with autophagosomes in vivo. 182 

PUB25 and PUB26 ubiquitinate ATG1 for proteasomal degradation to restrain 183 

nitrogen starvation-induced autophagy  184 

Given that PUB25 and PUB26 are E3 ubiquitin ligases that interact with ATG1, we 185 

tested whether they directly ubiquitinate ATG1. In vitro ubiquitination assays showed 186 

that both PUB25 and PUB26 undergo autoubiquitination and catalyze the 187 

ubiquitination of ATG1a (Fig. 3a). Co-expression of PUB25/PUB26 with ATG1a in 188 

Arabidopsis protoplasts resulted in ATG1a ubiquitination in vivo (Fig. 3b). To examine 189 

ATG1a ubiquitination under physiological conditions, we introduced proATG1a::YFP-190 

ATG1a into pub25 pub26 and PUB25/PUB26 overexpression lines. Under nitrogen 191 

starvation, polyubiquitination of ATG1a was enhanced in wild-type plants, attenuated 192 

in pub25 pub26, while increased in PUB25/PUB26 overexpression lines (Fig. 3c). 193 

These results demonstrate that PUB25 and PUB26 directly ubiquitinate ATG1a in vitro 194 

and in vivo.  195 

We next examined whether PUB25/PUB26 mediates ATG1a degradation. Cell-196 

free degradation assays showed that MBP-ATG1a degraded more slowly in pub25 197 

pub26 protein extracts and more rapidly in extracts from PUB25/PUB26 198 

overexpression lines compared with wild type (Fig. 3d and Supplementary Fig. 8a, b). 199 

This degradation was largely blocked by MG132, indicating that PUB25 and PUB26 200 
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promote ATG1a turnover via the 26S proteasome. Previous studies have shown that 201 

ATG1 proteins undergo proteasomal degradation after starvation, particularly during 202 

prolonged starvation6,8,26, Consistent with these reports, we observed that ATG1a levels 203 

declined after extended nitrogen starvation (≥ 36 h) in wild-type plants. This decline 204 

was delayed in pub25 pub26 (Fig. 3e, f) and accelerated in PUB25/PUB26 205 

overexpression lines (Supplementary Fig. 8c, d), indicating that PUB25/PUB26 206 

promotes ATG1a turnover during prolonged nitrogen starvation. 207 

To determine whether reduced ATG1 accumulation contributes to the impaired 208 

autophagy in PUB25/PUB26 overexpression lines, we introduced 35S::YFP-ATG1a to 209 

elevate ATG1 protein levels (Supplementary Fig. 8e). This transgene restored 210 

autophagy activity (Supplementary Fig. 8f) and rescued the hypersensitivity to nitrogen 211 

starvation in PUB25/PUB26 overexpression lines (Fig. 3g, h, and Supplementary Fig. 212 

8g, h). Thus, PUB25 and PUB26 negatively regulate nitrogen starvation-induced 213 

autophagy by controlling ATG1a stability. 214 

Nitrogen starvation induces phosphorylation of PUB25/PUB26 at Thr95/Thr94 215 

To investigate how PUB25 and PUB26 regulate starvation-induced autophagy, we 216 

examined the effect of nutrient deprivation on their expression. qRT-PCR analysis 217 

showed that PUB25/PUB26 transcript levels were downregulated under both carbon 218 

and nitrogen starvation (Supplementary Fig. 9a, b). We next analyzed PUB25 and 219 

PUB26 proteins under nitrogen starvation. Both PUB25 and PUB26 migrated as two 220 

distinct bands, with the slower-migrating band increasing in a time-dependent manner 221 

upon nitrogen starvation (Fig. 4a, b), an effect not observed under nitrogen-replete 222 

conditions (Supplementary Fig. 9c-e) and independent of the epitope tag 223 

(Supplementary Fig. 9f, g). This slower-migrating band was sensitive to λ-phosphatase 224 

treatment (Fig. 4c and Supplementary Fig. 9h), indicating that it represents a 225 
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phosphorylated form of PUB25/PUB26. Thus, PUB25/PUB26 exists in both 226 

phosphorylated and non-phosphorylated states in planta, with nitrogen starvation 227 

promoting its phosphorylation. In contrast, their phosphorylation levels decreased upon 228 

fixed-carbon starvation (Supplementary Fig. 9i-k). 229 

To identify the phosphorylation sites induced by nitrogen starvation, we performed 230 

LC-MS/MS analysis on PUB26-MYC isolated from nitrogen-deprived pub25 pub26 231 

expressing proPUB26::PUB26-MYC. Increased phosphorylation of Thr94, Ser406, and 232 

Ser410 was detected in PUB26, with corresponding conserved residues in PUB25 233 

identified as Thr95, Ser405, and Ser409 (Fig. 4d, e and Supplementary Fig. 10a-c). 234 

Thr94 lies in the flexible linker between the U-box and ARM domains, whereas Ser406 235 

and Ser410 are located in the C-terminal region adjacent to the ARM domain (Fig. 4e). 236 

To assess the functional relevance of these sites, we introduced alanine (A; phospho-237 

null) and aspartic acid (D; phospho-mimic) substitutions at each site and expressed the 238 

mutants under the native promoter in pub25 pub26. Nitrogen starvation-induced 239 

phosphorylation was largely abolished in PUB25T95A/T95D and PUB26T94A/T94D mutants, 240 

whereas phosphorylation levels in PUB26S406A/S406D and PUB26S410A/S410D mutants 241 

remained comparable to wild-type (Fig. 4f, g and Supplementary Fig. 10d, e). 242 

Combined mutations at Ser406 and Ser410 (PUB262A, S406A/S410A; PUB262D, 243 

S406D/S410D) also did not impair phosphorylation, whereas mutations including 244 

Thr94 (PUB263A, T94A/S406A/S410A; PUB263D, T94D/S406D/S410D) abolished the 245 

phosphorylation signal (Fig. 4h and Supplementary Fig. 10f), indicating that Thr94 246 

plays a dominant role. Furthermore, using antibodies specifically recognizing 247 

phosphorylated peptides spanning PUB25 Thr95 and PUB26 Thr94 (anti-pT95/T94) 248 

confirmed enhanced phosphorylation at these residues under nitrogen deprivation (Fig. 249 

4i). Collectively, these results establish Thr95/Thr94 as the primary phosphorylation 250 
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sites in PUB25/PUB26 induced by nitrogen starvation. 251 

FER directly interacts with and phosphorylates PUB25 and PUB26 252 

To identify the kinase responsible for nitrogen starvation-induced PUB25/PUB26 253 

phosphorylation, we first examined ATG1, a known autophagy-related kinase. However, 254 

PUB26 Thr94 phosphorylation was unaltered in atg1abct mutants or ATG1a 255 

overexpressing lines under nitrogen starvation (Supplementary Fig. 11a, b). CPK28 and 256 

OST1, which are known to phosphorylate PUB25/PUB26 at Thr95/Thr9432,34, were 257 

also not involved, as both cpk28 and ost1 mutants showed similar phenotypes to Col-0 258 

under nitrogen starvation (Supplementary Fig. 11c-f). ATG8a lipidation assays showed 259 

no difference between Col-0 and cpk28 mutants, whereas ost1 mutant exhibited 260 

suppressed autophagy, likely due to altered ABA-TOR signaling in the mutant52 261 

(Supplementary Fig. 11g, h). These results suggested that a distinct kinase mediates 262 

PUB25/PUB26 phosphorylation to negatively regulate nitrogen starvation-induced 263 

autophagy.  264 

To identify the potential kinase, we performed IP-MS using PUB2680-421-MYC as 265 

bait and detected several candidate kinases, including FERONIA (FER), a receptor 266 

kinase previously reported to negatively regulate autophagy46 (Supplementary Fig. 12 267 

and Supplementary Data 1). Y2H assays revealed that the intracellular kinase domain 268 

of FER (FER-KD) directly interacts with PUB25 and PUB26 primarily through the C-269 

terminal region of PUB25/PUB26 (Fig. 5a, b). This direct interaction was further 270 

confirmed by GST pull-down, split-LUC, BiFC, and Co-IP assays (Fig. 5c, d, e, and 271 

Supplementary Fig. 13a), and this interaction was unaffected by nitrogen starvation 272 

(Supplementary Fig. 13b).  273 

Given this physical interaction, we first tested whether FER serves as a 274 

ubiquitination substrate of PUB25/PUB26. Under nitrogen starvation, FER protein 275 
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accumulated, but its ubiquitination levels remained low and unchanged even upon 276 

PUB26 overexpression (Fig. 5f and Supplementary Fig. 13c). In vitro ubiquitination 277 

assays confirmed that PUB25/PUB26 does not directly ubiquitinate the FER-KD 278 

(Supplementary Fig. 13d). The starvation-induced accumulation of FER was instead 279 

attributable to transcriptional upregulation (Fig. 5g), aligning with prior report53. 280 

Moreover, nitrogen starvation did not significantly alter FER phosphorylation 281 

(Supplementary Fig. 13e). Collectively, these results indicate that FER is up-regulated 282 

by nitrogen starvation, and it is not a direct ubiquitination target of PUB25/PUB26. 283 

We then investigated whether FER phosphorylates PUB25/PUB26. In vitro kinase 284 

assays showed that HIS-FER-KD, but not the kinase-dead mutant HIS-FERK565R-KD, 285 

phosphorylated GST-PUB25/PUB26 in an ATP-dependent manner, with 286 

phosphorylation reversed by λ-phosphatase (Fig. 5h and Supplementary Fig. 14a, b), 287 

confirming that FER directly phosphorylates PUB25/PUB26. IP-MS analysis of in vitro 288 

phosphorylated PUB26 identified multiple S/T residues, including Thr94, that are 289 

directly targeted by FER (Fig. 5i and Supplementary Data 2). To verify whether FER 290 

directly phosphorylates Thr95 in PUB25 and Thr94 in PUB26, we assessed FER-291 

mediated phosphorylation of the PUB25T95A/T95D and PUB26T94A/T94D mutants. 292 

Immunoblot analysis using anti-pSer/Thr and anti-pT95/T94 antibodies revealed that 293 

phosphorylation of these mutants was markedly impaired (Fig. 5j and Supplementary 294 

Fig. 14c). In contrast, mutation of Ser406, Ser410, or both did not affect FER-dependent 295 

phosphorylation (Supplementary Fig. 14d, e). Consistently, anti-pT95/T94 antibodies 296 

detected strong phosphorylation of PUB26-FLAG affinity-purified from nitrogen-297 

starved wild-type plants, which was reduced by the FER-specific inhibitor Reversine54 298 

or in the fer-4 mutant background (Fig. 5k, l). Furthermore, although FER interacts with 299 

ATG1 family members, it did not directly phosphorylate ATG1a in vitro 300 
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(Supplementary Fig. 15). Together, these results demonstrate that nitrogen starvation-301 

induced phosphorylation of PUB25/PUB26 at Thr95/Thr94 is primarily mediated by 302 

FER. 303 

FER-mediated phosphorylation enhances the E3 ligase activity of PUB26 toward 304 

ATG1 305 

To determine whether FER-mediated phosphorylation regulates PUB25/PUB26 306 

function, we first assessed its impact on E3 ligase activity. Given that CPK28-mediated 307 

phosphorylation of PUB25 at Thr95 enhances its activity34, we asked whether the 308 

corresponding modification at PUB26 Thr94 has a similar effect. In vitro auto-309 

ubiquitination assays confirmed that phosphorylation at Thr94 enhanced the E3 ligase 310 

activity of PUB26 (Fig. 6a). Moreover, HIS-FER-KD markedly promoted the auto-311 

ubiquitination of GST-PUB26, whereas the kinase-dead HIS-FERK565R-KD did not (Fig. 312 

6b), demonstrating that FER-mediated phosphorylation at Thr94 is required for the full 313 

E3 ligase activity of PUB26. 314 

We next examined whether this phosphorylation affects PUB26-dependent 315 

ubiquitination of ATG1a. Co-expression of PUB26-MYC variants (wild-type, T94A, 316 

T94D) with YFP-ATG1a and FLAG-Ub in pub25 pub26 protoplasts, revealed that 317 

PUB26T94A was much less capable of inducing ATG1a ubiquitination than wild-type 318 

PUB26, whereas PUB26T94D enhanced it (Fig. 6c). Consistently, in plants co-expressing 319 

YFP-ATG1a and PUB26-MYC variants, nitrogen starvation-induced ATG1a 320 

ubiquitination was markedly enhanced by PUB26T94D (Fig. 6d). To determine whether 321 

Thr94 phosphorylation promotes ATG1a degradation during prolonged nitrogen 322 

starvation, we monitored ATG1a protein levels in pub25 pub26 stably expressing 323 

PUB26 variants driven by its native promoter. After 36 h of nitrogen starvation, ATG1a 324 

degradation was accelerated by PUB26T94D but delayed by PUB26T94A compared to 325 



14 
 

PUB26 (Fig. 6e). In line with this, fer-4 mutants exhibited reduced ATG1a 326 

polyubiquitination and increased ATG1a accumulation after prolonged nitrogen 327 

starvation (Fig. 6f, g). Collectively, these results demonstrate that FER-mediated 328 

phosphorylation of PUB26 at Thr94 enhances its E3 ligase activity to promote ATG1a 329 

degradation upon nitrogen starvation. 330 

We further investigated how Thr94 phosphorylation enhances PUB26 E3 ligase 331 

activity. Co-IP assays revealed that nitrogen starvation-induced phosphorylation did not 332 

alter the association between PUB26 and ATG1a (Supplementary Fig. 16a). 333 

Consistently, Y2H and Co-IP analyses showed that both PUB26T94A and PUB26T94D 334 

interacted with ATG1a comparably to wild-type PUB26 (Supplementary Fig. 16b, c). 335 

Additionally, the phosphorylation status at Thr94 did not affect PUB26 subcellular 336 

distribution, dimerization, or its interaction with the E2 enzyme UBC8 (Supplementary 337 

Fig. 16d-f). These results suggest that Thr94 phosphorylation enhances the E3 ligase 338 

activity of PUB25/PUB26 through an unknown mechanism. 339 

FER-mediated phosphorylation of PUB26 restrains nitrogen starvation-induced 340 

autophagy 341 

We next examined autophagy in fer-4. Consistent with previous reports48,53, fer-4 plants 342 

exhibited characteristic growth defects under both nitrogen-replete and nitrogen-343 

starved conditions, including impaired germination and abnormal cotyledon 344 

development (Supplementary Fig. 17). However, fer-4 displayed robustly elevated 345 

autophagy even under normal growth conditions, as evidenced by increased 346 

accumulation of GFP-ATG8a-labeled autophagy bodies in the vacuole, enhanced 347 

release of free GFP from GFP-ATG8a, and elevated ATG8a lipidation. This autophagy 348 

hyperactivity was further accentuated upon nitrogen starvation (Fig. 7a-d).  349 

Given that FER directly phosphorylates and activates PUB25/PUB26 (Fig. 5-6), we 350 
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examined the functional relevance of this phosphorylation in autophagy regulation 351 

using transgenic lines carrying either PUB26T94A or PUB26T94D under the native PUB26 352 

promoter in the pub25 pub26 background. While PUB26 fully rescued the nitrogen 353 

starvation tolerance of pub25 pub26 mutants, PUB26T94A failed to restore tolerance. 354 

Conversely, PUB26T94D conferred hypersensitivity to nitrogen deprivation, 355 

phenocopying PUB25/PUB26 overexpression lines (Fig. 7e, f and Supplementary Fig. 356 

18a, b). Consistently, ATG8a lipidation assays revealed that PUB26T94D expression led 357 

to reduced autophagy compared with wild-type PUB26, whereas PUB26T94A 358 

maintained elevated autophagy activity (Fig. 7g). These results indicate that FER-359 

mediated phosphorylation of PUB26 at T94 is essential for restraining nitrogen 360 

starvation-induced autophagy in Arabidopsis. 361 

To further establish PUB25/PUB26 functions downstream of FER, we generated 362 

pub25 pub26 fer-4 triple mutant and expressed 35S::PUB26-FLAG in fer-4. The triple 363 

mutant phenocopied fer-4 in terms of nitrogen starvation sensitivity (Supplementary 364 

Fig. 18c, d), whereas PUB25 and PUB26 overexpression partially rescued the fer-4 365 

growth defect under both nitrogen-rich and nitrogen-starvation conditions 366 

(Supplementary Fig. 18e, f). Consistent with these phenotypes, ATG8a lipidation levels 367 

in pub25 pub26 fer-4 were comparable to those in fer-4, but PUB26 overexpression 368 

partially alleviated the elevated autophagy activity observed in fer-4 (Fig. 7h, i). 369 

Collectively, these results confirmed that PUB25/PUB26 acts downstream of FER in 370 

negatively regulating nitrogen starvation-induced autophagy. 371 

FER directly phosphorylates ATG13 to inhibit autophagy under nitrogen-replete 372 

conditions 373 

Previous studies indicate that the fer-4 mutant exhibits constitutively activated 374 

autophagy even under nutrient-rich conditions may due to reduced TOR activity, as 375 
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FER is required for maintaining TOR kinase activity48,49. However, although treatment 376 

with the TOR inhibitor AZD8055 increased autophagy in both Col-0 and fer-4, 377 

autophagy remained substantially higher in fer-4 than in Col-0 (Supplementary Fig. 19a, 378 

b), indicating that additional downstream effectors of FER may exist under normal 379 

conditions to suppress autophagy. To identify such candidates, we examined published 380 

phosphoproteomic datasets and found that phosphorylation levels of multiple ATG13a 381 

phosphopeptides were reduced in the fer-4 mutant55,56 (Supplementary Data 3). We 382 

subsequently examined the interaction between FER and ATG13. Y2H, split-LUC, 383 

BiFC, and Co-IP assays showed that FER interacts with ATG13a and its homolog 384 

ATG13b directly, and that the C-terminal region of ATG13a primarily mediates this 385 

interaction (Fig. 8a-d and Supplementary Fig. 19c). Moreover, nitrogen starvation 386 

markedly suppressed the FER-ATG13a interaction (Fig. 8e). 387 

We next investigated whether FER phosphorylates ATG13a. In vitro 388 

phosphorylation assays demonstrated that FER directly phosphorylates ATG13a (Fig. 389 

8f). IP-MS analysis of in vitro phosphorylated ATG13a identified 14 Ser/Tyr residues 390 

directly phosphorylated by FER (Fig. 8g and Supplementary Data 2). Given that the 391 

dephosphorylated form of ATG13a promotes ATG1-ATG13 complex formation and 392 

activates autophagy by enhancing ATG1 binding14, we expressed YFP-ATG13a in the 393 

fer-4 mutant and found that the ATG1a-ATG13a interaction was constitutively elevated 394 

and significantly enhanced upon nitrogen starvation in fer-4 compared to the wild type 395 

(Fig. 8h). Collectively, these results indicate that FER directly phosphorylates ATG13 396 

to inhibit the ATG1-ATG13 complex assembly, restricting autophagy to a minimal basal 397 

level under normal growth conditions. 398 

Discussion 399 

Autophagy is a dynamic process that must be precisely tuned to fluctuating nutrient 400 
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availability. To ensure timely responses to each stimulus, rapid inactivation/degradation 401 

of autophagy proteins via a negative regulatory mechanism represents an effective 402 

strategy. Although ATG1/ULK1 is targeted for autophagy-dependent degradation in 403 

yeast, mammals, and Arabidopsis6,57,58, the ubiquitin-proteasome pathway also plays a 404 

pivotal role in regulating its turnover6,20-23. The Arabidopsis genome contains over 405 

1,500 genes encoding E3 ubiquitin ligases59; however, to date, only the RING-type E3 406 

ligases SINATs have been implicated in the regulation of autophagy in plants8,60. Here, 407 

we identify two homologous U-box E3 ligases, PUB25 and PUB26, that negatively 408 

regulate autophagy by promoting ATG1 degradation via ubiquitination under nitrogen 409 

starvation. 410 

A previous study noted that Arabidopsis PUB25/PUB26 forms punctate structures 411 

in protoplast cells, yet their functional identity remains uncharacterized35. Our data 412 

show that these puncta extensively colocalize with the autophagosome marker ATG8a 413 

(Fig. 2g), indicating direct association of PUB25/PUB26 with autophagy structures. In 414 

line with this localization, we found that PUB25 and PUB26 directly interact with 415 

ATG1 and function as negative regulators of nitrogen starvation-induced autophagy 416 

(Fig. 1 and 2). We further demonstrate that PUB25/PUB26 ubiquitinates ATG1 and 417 

promote its degradation, thereby restricting autophagy activity under nitrogen 418 

starvation (Fig. 3). These findings establish PUB25/PUB26 as previously 419 

uncharacterized E3 ligases that target the ATG1 complex in plants, though the precise 420 

ubiquitination sites on ATG1 and whether PUB25/PUB26 preferentially recognizes 421 

active ATG1 warrant further investigation. We also note that the PUB25 and PUB26 422 

puncta display size heterogeneity similar to other plant PUB proteins61-63, suggesting 423 

they may dynamically associate with other endomembrane compartments. 424 

Further study revealed that nitrogen starvation induces phosphorylation of 425 
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PUB25/PUB26 at Thr95/Thr94 residue (Fig. 4). This regulatory pattern aligns with 426 

previous reports that most plant U-box E3 ubiquitin ligases are phosphorylated in 427 

response to environmental stimuli31,64-67,68, indicating that phosphorylation serves as a 428 

conserved mechanism for this family to sense and transduce external signals. Notably, 429 

the receptor kinase FER was previously shown to directly phosphorylate and activate 430 

the E3 ubiquitin ligase ATL6 under carbon/nitrogen imbalance53. Consistent with this 431 

notion, we further demonstrated that FER directly interacts with and phosphorylates 432 

PUB25/PUB26 at Thr95/Thr94, thereby enhancing their E3 ubiquitin ligase activity to 433 

promote ATG1 degradation upon nitrogen starvation (Fig. 5, 6). Further genetic 434 

evidence supports that FER acts upstream of PUB25/PUB26 to negatively regulate 435 

autophagy (Fig.7 and Supplementary Fig. 18). Notably, overexpression of the wild-type 436 

PUB26 partially alleviates the robust autophagy in fer-4 (Fig. 7i) and partially rescues 437 

its germination and growth defects (Supplementary Fig. 18e, f). These observations 438 

suggest that accumulation of PUB26 protein may compensate for the loss of FER-439 

mediated activation (likely via basal Thr94 phosphorylation), and that the uncontrolled 440 

robust autophagy in fer-4 is detrimental to plants, highlighting that PUB25/PUB26 may 441 

function as guard against excessive autophagy. 442 

It is interesting that the Thr95/Thr94 phosphorylation of PUB25/PUB26 identified 443 

under nitrogen starvation is also targeted by CPK28 and OST1 during plant immunity 444 

and cold stress responses32,34. These distinct kinases (CPK28, OST1, FER) 445 

phosphorylate the same conserved Thr95/Thr94 site of PUB25/PUB26, yet direct the 446 

degradation of pathway-specific substrates, BIK1 in immunity, MYB15 in cold 447 

acclimation, and ATG1 in nitrogen starvation. This convergence of multiple upstream 448 

inputs onto a single phospho-acceptor residue represents a broadly conserved signaling 449 

strategy across eukaryotes, exemplified by key mammalian signaling proteins including 450 
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the tumor suppressor p53 and the cAMP response element-binding protein (CREB)69,70, 451 

as well as by the plant regulator of G-protein signaling 1 (AtRGS1)71,72. Consistent with 452 

prior studies32,34, we demonstrate phosphorylation at Thr95/Thr94 specifically 453 

enhances the E3 ligase activity of PUB25/PUB26. These residues lie in the flexible 454 

linker between the U-box catalytic domain and ARM substrate-binding domain, and are 455 

highly conserved among Class IV U-box proteins (PUB20/21/22/23/24/25/26)34,73,74. 456 

Unlike PUB22-Thr88, which regulates PUB22 protein stability73, Thr94 457 

phosphorylation does not affect PUB26 stability (Fig. 4), nor does it alter substrate 458 

binding, localization, dimerization, or E2 interaction (Supplementary Fig. 16). Thus, 459 

Thr95/Thr94 phosphorylation enhances E3 activity of PUB25/PUB26 likely via the 460 

induction of conformational changes similar to mammalian HECT E3 ligases75,76, 461 

though direct structural evidence remains lacking. 462 

TOR kinase is well established to hyperphosphorylate ATG13 under nutrient-463 

replete conditions to prevent ATG1-ATG13 complex formation, thereby suppressing 464 

autophagy across eukaryotes13,77. Although FER was previously thought to regulate 465 

autophagy primarily through maintaining TOR activity10,46,48. Our findings reveal that 466 

it also represses autophagy through additional, partially TOR-independent pathways 467 

(Supplementary Fig. 19a, b). Specifically, beyond regulating PUB25/PUB26, FER 468 

directly phosphorylates ATG13 to impair its interaction with ATG1, thereby restraining 469 

autophagy initiation under nitrogen-rich conditions (Fig. 8). These results suggest that, 470 

like TOR, FER can directly modulate ATG13 phosphorylation. Whether the two kinases 471 

target overlapping or distinct sites on ATG13, and whether they act synergistically or 472 

redundantly, remain to be determined. In yeast and mammals, ATG13 is phosphorylated 473 

by multiple other kinases independent of TOR, including the cAMP-dependent protein 474 

kinase (PKA), AMP-activated kinase (AMPK), and cyclin-dependent kinase 1 475 
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(CDK1)78-80. Our study identifies FER as the first non-TOR kinase in plants directly 476 

shown to phosphorylate ATG13, suggesting that the use of multiple upstream kinases 477 

to fine-tune ATG13 phosphorylation represents an evolutionarily conserved strategy 478 

across eukaryotes.  479 

Consistent with this multilayered phosphorylation control, our previous work has 480 

demonstrated that TOPP phosphatases mediate ATG13 dephosphorylation at a 481 

minimum of 18 amino acid sites14, several of which partially overlap with the FER-482 

dependent phosphorylation sites identified in this study. This indicates that FER and 483 

TOPP likely act antagonistically to shape the phosphorylation dynamics of ATG13, 484 

thereby ensuring tight and reversible control over autophagy initiation. Intriguingly, the 485 

FER-ATG13 interaction is diminished upon nitrogen starvation despite increased FER 486 

abundance (Fig. 8e and Fig. 6f). Given that starvation triggers global dephosphorylation 487 

of ATG136,14,26, this reduction in interaction suggests that the binding affinity of FER 488 

for ATG13 may depend, at least in part, on the phosphorylation status of ATG13.  489 

An unexpected finding is that PUB25/PUB26 negatively regulates nitrogen 490 

starvation-induced autophagy but positively regulates carbon starvation-induced 491 

autophagy (Supplementary Fig. 3 and 4). It is increasingly recognized that carbon and 492 

nitrogen starvation have different impacts on autophagy9,81. For example, while 493 

nitrogen starvation acts primarily through the canonical ATG1-dependent route to 494 

induce general autophagy, prolonged carbon starvation can activate an alternative, 495 

ATG1-independent pathway that relies instead on SnRK1-mediated phosphorylation of 496 

ATG69. Given that PUB25/PUB26 directly interacts with ATG6 (Supplementary Fig. 6) 497 

and this SnRK1-ATG6 axis operates under carbon starvation, we speculate that 498 

PUB25/PUB26 may positively regulate carbon starvation-induced autophagy by 499 

directly modulating ATG6. In addition, carbon starvation is routinely induced by 500 
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prolonged sucrose-free dark treatment, which concomitantly activates light-dark 501 

transition signaling networks, adding additional regulatory complexity to autophagy 502 

responses82. Notably, carbon starvation induces dephosphorylation of PUB25/PUB26, 503 

in contrast to the phosphorylation observed under nitrogen deficiency (Supplementary 504 

Fig. 9i-k). This nutrient-dependent, phosphorylation-driven functional switching of a 505 

single E3 represents an economical and exquisite strategy, enabling plants to 506 

dynamically adapt to complex and fluctuating nutritional conditions. 507 

In conclusion, this work establishes two previously uncharacterized negative 508 

regulatory pathways modulating ATG1-ATG13 kinase complex activity in plants. 509 

Under nitrogen-rich conditions, FER, together with TOR kinase, interacts with and 510 

phosphorylates ATG13, blocking ATG1-ATG13 complex assembly. Meanwhile, FER 511 

sustains minimal phosphorylation of PUB25/PUB26 to maintain basal ATG1 turnover. 512 

These mechanisms collectively maintain autophagy at a low basal level. Upon nitrogen 513 

starvation, TOR kinase is rapidly inactivated by upstream regulators such as SnRK1, 514 

and the FER-ATG13 interaction is disrupted (likely due to ATG13 dephosphorylation), 515 

relieving the inhibitory effect to promote ATG1-ATG13 complex formation and 516 

autophagy initiation. As nitrogen deprivation persists, FER is transcriptionally 517 

upregulated and accumulates. The enhanced FER-mediated phosphorylation at 518 

Thr95/Thr94 amplifies PUB25/PUB26 E3 ligase activity, accelerating ATG1 519 

ubiquitination and degradation to restrain ATG1-ATG13 reassembly. These events 520 

constitute an inducible attenuation mechanism to fine-tune the magnitude of autophagy 521 

to appropriate cellular levels during prolonged nitrogen starvation (Fig. 8i). Collectively, 522 

our study reveals a sophisticated, biphasic negative regulatory mechanism that 523 

precisely modulates autophagy activity according to variable nitrogen status, thereby 524 

ensuring cellular homeostasis during nutrient fluctuations. 525 



22 
 

Methods  526 

Plant materials and growth conditions  527 

All materials used in this work were Arabidopsis accession Columbia (Col-0). Mutants 528 

of atg5-1 (SAIL_129_B07), atg7-3 (SAIL_11_H07), pub25 (SALK_147032C), and 529 

pub26 (SALK_00174C) were obtained from the Arabidopsis Biological Resource 530 

Center (ABRC). The atg13ab and atg1abct mutants6,9, the pub25 pub26 double 531 

mutant32, the ost1-3 (SALK_008068) mutant83, and the cpk28 (SALK_112540) 532 

mutant84 are well characterized in published studies. The transgenic line 533 

proATG8a::GFP-ATG8a/Col-0 was described in an earlier study85. The fer-4 534 

(GABI_GK106A06) mutant and proFER::FER-GFP/fer-4 transgenic line have been 535 

described previously86. Other stable expression transgenic plants were generated in this 536 

study and listed in Supplementary Data 4. Arabidopsis seedlings were surface-sterilized 537 

and vernalized at 4℃ for 2 to 3 d, then germinated on 1/2 MS medium at 22℃ under 538 

an LD photoperiod (16 h light/8 h darkness) with illumination at ~100 µmol m−2 s−1. 539 

After 1 week, the seedlings were transferred to soil for further growth. N. benthamiana 540 

was grown under LD conditions. One-month-old tobacco plants were used for transient 541 

expression assays.  542 

Fixed carbon and nitrogen starvation treatment 543 

The effects of fixed-carbon starvation on plant growth and survival were determined as 544 

described14. For nitrogen starvation, 7-day-old seedlings grown on 1/2 MS medium for 545 

7 days were transferred to a nitrogen-free liquid medium and cultured for 5-6 days to 546 

observe phenotypes. Alternatively, sterilized and vernalized seeds were directly sown 547 

on nitrogen-free solid medium to observe the growth. 548 

Measurement of chlorophyll contents 549 

The sample was ground into a powder, mixed with 500 μL of 95% ethanol, and 550 
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incubated in the dark at 4°C overnight. The mixture was then centrifuged at 14,000 rpm 551 

for 10 minutes at 4°C to separate the supernatant from the tissue debris. The absorbance 552 

of the supernatant was measured at wavelengths of 649 nm and 665 nm, and the 553 

chlorophyll content was calculated as described previously48,82. 554 

Plasmid construction  555 

All gene-specific primers are listed in Supplementary Data 4. Plasmids were 556 

constructed primarily using the Gateway Cloning Kit (Thermo Fisher Scientific) or the 557 

ClonExpress II One Step Cloning Kit (Vazyme, C112-02). Site-directed mutagenesis of 558 

PUB25/PUB26 was performed by PCR using mutagenic primers and pDONR-559 

PUB25/PUB26 as the template, followed by DpnI digestion of the template and 560 

transformation into E. coli. All constructed plasmids used in this study are listed in 561 

Supplementary Data 4.  562 

Concanavalin A treatment and confocal laser scanning microscopy 563 

For concanavalin A (ConcA) (Sigma, C9705) treatment, Arabidopsis seedlings 564 

expressing GFP or YFP reporters were grown on 1/2 MS medium for 5 d, then 565 

transferred to nitrogen-free liquid medium with or without 0.5 μM ConcA for 6–8 h. 566 

Following incubation, the GFP/YFP-labeled autophagosomes in the roots were 567 

visualized with a ZEISS LSM880 confocal laser scanning microscope, using 40 × water 568 

objectives. Excitation was performed at 488 nm, and emission was collected at 500–569 

540 nm for GFP signal. Three to four representative images in the root elongation zone 570 

were photographed per seedling, and the number of GFP-ATG8a puncta in each image 571 

was counted and averaged. A total of ten seedlings were observed per treatment. 572 

Identical settings were used for imaging of N. benthamiana leaf sections subjected to 573 

A. tumefaciens-mediated infiltration as described above.  574 

Mass spectrometry analysis  575 
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To prepare samples for mass spectrometry analysis, at least 2 g 7-day-old seedlings of 576 

proPUB26::PUB26-MYC/pub25 pub26 were collected. PUB26-MYC was 577 

immunoprecipitated as described above, and 50 μL of concentrated immunoprecipitate 578 

was separated by SDS-PAGE. Gels were stained with G-250, and then the PUB26-579 

MYC bands were excised. In-gel tryptic digestion and mass spectrometry analysis were 580 

performed as described87. The samples were analyzed by an Ultra-high resolution liquid 581 

chromatography-mass spectrometer (Thermo Q Exactive HF-X). The software Thermo 582 

Proteome Discoverer 2.4 (Thermo Fisher Scientific) was used for data analysis. 583 

Y2H assays 584 

For direct protein-protein interaction by Y2H, pairwise AD and BD were co-585 

transformed into the yeast strain Y2H Gold (Clontech). Cells transformed with both 586 

plasmids were selected after growth for 2 d at 30℃ on synthetic dropout medium 587 

lacking leucine and tryptophan (DDO). Protein-protein interactions were then identified 588 

by growing for 2 d at 30℃ on synthetic dropout medium lacking adenine, leucine, 589 

tryptophan, and histidine (QDO), or on synthetic dropout medium lacking leucine, 590 

tryptophan, and histidine (TDO) supplemented with 3-aminotriazole (3-AT). 591 

BiFC and split-LUC  592 

In planta protein-protein interactions were assayed using bimolecular fluorescence 593 

complementation and split-LUC in N. benthamiana leaves. The resulting plasmids were 594 

introduced into A. tumefaciens strain GV3101. Overnight cultures were resuspended in 595 

5 mL infiltration buffer (0.15 M acetosyringone diluted in DMSO; 0.01 M MES, pH 596 

7.5; 0.01 M MgCl2), incubated at room temperature for 4 h in the darkness, and then 597 

used for direct infiltration of 4 to 6-week-old N. benthamiana leaves. For BiFC analysis, 598 

leaf sections of approximately 2 mm × 2 mm excised 36–48 h after infiltration were 599 

visualized using a Leica DMi8 fluorescence microscope with 20 × objectives. For split-600 
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LUC, the assay was performed as previously described88, the images were captured by 601 

CCD. 602 

Transient expression in Arabidopsis protoplasts 603 

Transient expression assays in Arabidopsis protoplasts were conducted essentially as 604 

described previously89. Subcellular localization was subsequently examined using a 605 

ZEISS LSM880 confocal laser scanning microscope, with 40 × water objectives. The 606 

following excitation and emission settings were used: for GFP, 488 nm excitation and 607 

500–540 nm emission; for RFP, 561 nm excitation and 580–620 nm emission; for 608 

chloroplast autofluorescence, 640 nm excitation and 650–750 nm emission. 609 

Protein isolation and immunoblot analysis  610 

For protein extraction, Arabidopsis samples were ground and homogenized in ice-cold 611 

extraction buffer (10 mM HEPES, pH 7.5; 100 mM NaCl; 1 mM EDTA, pH 8.0; 10% 612 

Glycerol; 0.5% Triton X-100; 1 × cocktail). Samples were incubated on ice for 10–15 613 

min and centrifuged at 4℃ for 10 min at 12,000 g. The supernatant was used for 614 

electrophoresis. For immunoblot analysis, total proteins were subjected to SDS-PAGE 615 

and electrophoretically transferred to a polyvinylidene fluoride membrane (Immobilon-616 

P; Millipore). For ATG8a assay, total protein was separated by SDS-PAGE in the 617 

presence of 6 M urea. Antibodies used in the protein blotting analysis were ATG1a 618 

(Agrisera, AS194274, 1:3000), ATG8a (Agrisera, AS142769, 1:2000), GFP (Abmart, 619 

M20004, 1:5000), FLAG (Abmart, 80010-1-RR, 1:5000), GST (Abmart, M20007, 620 

1:5000), MBP (Abmart, 15089-1-AP, 1:5000), HIS (Abmart, M2000S, 1:5000), MYC 621 

(Abmart, M20002S, 1:5000), β-Actin (CWBIO, CW0264, 1:5000), pSer/Thr (Abcam, 622 

ab17464, 1:5000), Phospho-PUB25/PUB26 (T95/T94) (P26167, Abmart, 1:5000), 623 

UBQ11 (Agrisera, AS08307A, 1:10000).  624 

Recombinant protein expression and pull-down 625 
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For the expression of recombinant protein in prokaryotic cells, the CDSs of PUBs were 626 

cloned into the pGEX-4T-1 (GST tag) vector and transformed into the E. coli strain 627 

Rosetta. GST-tagged proteins were purified with Glutathione Sepharose 4B beads (GE 628 

Healthcare, 10250335). The CDSs of ATG1a and ATG13a were cloned into the pMAL-629 

c2x (MBP tag) vector and transformed into the E. coli strain Rosetta. MBP-tagged 630 

proteins were purified using PurKine™ MBP-Tag Dextrin Resin 6FF (Abbkine, 631 

BMR20206) following the manufacturer’s instructions. For HIS-FER-KD and HIS-632 

FERK565R-KD expression, the CDSs of FER-KD and FERK565R-KD were cloned into 633 

the pET28a (HIS tag) vector, with GST-ABI2 (acting as helper) co-expressed in BL21 634 

(DE3) codon plus (Weidi, EC1007). His-tagged proteins were purified with Ni-NTA 635 

Beads (Smart-lifesciences, SA005005) following the instructions. Protein 636 

concentration was determined using the BCA protein assay kit (Abbkine, KTD3001). 637 

In vitro pull-down assay was performed as described14. 638 

Co-IP 639 

For Co-IP in Arabidopsis, 7-day-old seedlings of Col-0 co-expressing PUB25/PUB26-640 

FLAG and YFP-ATG1a or FER-GFP were ground in liquid nitrogen and homogenized 641 

in ice-cold IP buffer (10 mM HEPES, pH 7.5; 100 mM NaCl; 1 mM EDTA, pH 8.0; 642 

10% Glycerol; 0.5% Triton X-100; 1 × cocktail). Samples were incubated on ice for 643 

10–15 min and centrifuged at 4℃ for 10 min at 12,000 g. The supernatant was then 644 

incubated with anti-GFP nanobody agarose beads (AlpalifeBio, KTSM1334) for 2 h at 645 

4℃ to immunoprecipitate the target protein. The beads were collected and washed with 646 

cold IP buffer 3–5 times. 647 

For Co-IP in tobacco, constructs of 35S:: PUB-MYC and 35S::YFP-ATG1a were 648 

infiltrated into N. benthamiana via the Agrobacterium-mediated method. After 48 h, 649 

total proteins were extracted with IP buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 650 
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5 mM dithiothreitol; 1% Triton X-100; 2% NP40 and 1 × cocktail) followed by 651 

incubating with anti-MYC nanobody agarose beads (AlpalifeBio, KTSM1336) for 2 h. 652 

Beads were washed 6–8 times with washing buffer (50 mM Tris-HCl, pH 7.5; 150 mM 653 

NaCl; 1% Triton X-100; 2% NP40). The immunoprecipitated proteins were analyzed 654 

by SDS-PAGE and immunoblotted with GFP antibody. 655 

Cell-free assay 656 

Take 200-400 mg of 7-day-old normally grown plants and extract total proteins using 657 

protein degradation buffer (50 mM Tris-HCl, pH 7.5; 100 mM NaCl; 5 mM DTT; 5 658 

mM ATP). Add 100 ng of purified MBP-ATG1a protein and incubate at room 659 

temperature for 0, 5, 15, 30, and 60 minutes. Collect equal amounts of the reaction 660 

mixture at each time point to detect MBP-ATG1a expression. Actin were used as 661 

loading controls. Additionally, 5 μM MG132 (MedChemExpress, HY-13259) was 662 

added to the indicated samples to examine protein degradation through the 26S 663 

proteasome pathway. 664 

In vitro and in vivo ubiquitination assay 665 

Add 1.2 μg of substrate protein MBP-ATG1a or HIS-FER-KD, 100 ng UBE1 666 

(Ubbiotech, UBE-024), 200 ng UBCH5 (Ubbiotech, UBE-622), 800 ng GST-667 

PUB25/PUB26, and 2 μg ubiquitin FLAG-Ub (Boston Biochem, U-120) to the in vitro 668 

ubiquitination reaction buffer (100 mM Tris-HCl pH 7.5; 25 mM MgCl2; 2.5 mM DTT; 669 

10 mM ATP). Incubate the mixture at 37°C for the indicated times. The reaction was 670 

terminated by adding 5 × protein loading buffer and boiling at 100ௗ°C for 5 min. The 671 

sample was separated by SDS-PAGE and detected by immunoblot using anti-HIS, anti-672 

GST, anti-MBP, and anti-FLAG antibodies.  673 

To test the ubiquitination of ATG1a in vivo, pub25 pub26 mutant protoplasts were 674 

transfected with plasmids combination of FLAG-Ub, YFP-ATG1a, and PUB26-MYC 675 
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varieties (PUB26, PUB26T94A, PUB26T94D) or controls with 5 μM MG132. The cells 676 

were then lysed with the extraction buffer (50 mM HEPES, pH 7.5; 150 mM NaCl; 2 677 

mM DTT; 1% Triton X-100; 1 × EDTA-free protease inhibitor cocktail), and the total 678 

proteins were immunoprecipitated with FLAG beads. The ubiquitination of ATG1a was 679 

detected with anti-GFP antibody. 680 

In vitro and in vivo phosphorylation assay 681 

For the in vitro phosphorylation assay, 0.5 μg purified HIS-FER-KD and the kinase-682 

dead mutant HIS-FERK565R-KD proteins were co-incubated with 2.5 μg GST-683 

PUB25/PUB26 in phosphorylation reaction buffer (25 mM Tris-HCl, pH 7.5; 1 mM 684 

MnCl2; 10 mM MgCl2; 1 mM DTT; 1 mM ATP) at 30°C for 30 minutes. Anti-pSer/Thr 685 

antibody (Abcam, ab17464, 1:5000) and anti-Phospho-PUB25/PUB26 (T95/T94) 686 

(P26167, Abmart, 1:5000) were used to detect phosphorylation signal. To test the 687 

protein phosphorylation of PUB-MYC or PUB-FLAG expressed in Arabidopsis after 688 

nutrient starvation, samples were lysed with the extraction buffer (100 mM Tris-HCl, 689 

pH 6.8; 4% SDS; 1.43% β-Mercaptoethanol; 20% Glycerol) followed by incubating 690 

with anti-MYC or anti-FLAG beads. Anti-Phospho-PUB25/PUB26 (Thr95/Thr94) was 691 

used to detect phosphorylation signal. 692 

RNA extraction and qRT-PCR analysis 693 

RNA extraction was performed according to the instructions of the total RNA kit 694 

(Accurate Biology, AG21019). Evo M-MLV RT Kit with gDNA Clean (Accurate 695 

Biology, AG11705) was used to synthesize cDNA. qRT-PCR analysis was performed 696 

using SYBR Green Pro Taq HS (Accurate Biology, AG11718) and the QuantStudio5 697 

PCR instrument. Ubiquitin10 (UBQ10) was used as a reference gene. The gene-specific 698 

primers used for qRT-PCR are listed in Supplementary Data 4. 699 

Statistical analysis 700 
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All graphs were generated using GraphPad Prism 8.0 software. Data are presented as 701 

mean ± SD. Statistical differences were determined using one-way ANOVA followed 702 

by Tukey’s post hoc test (for multiple comparisons) or unpaired two-tailed Student’s t 703 

test. All analyses were performed using IBM SPSS Statistics 22 or Excel. Detailed 704 

information about statistical analysis is provided in the figure legends. The P value < 705 

0.05 was considered statistically significant.  706 

Reporting summary  707 

Further information on research design is available in the Nature Portfolio Reporting 708 

Summary linked to this article. 709 

Data availability 710 

The main data supporting the findings of this study are contained within the article and 711 

its Supplementary Figures. All uncropped original western blot (WB) gel images, as 712 

well as the raw data of the relevant statistics presented in main Figures 1-8 and 713 

Supplementary Figures 1-19, are provided as a Source Data file. The Source Data have 714 

been submitted together with this article. 715 
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 978 

Fig. 1 | PUB25 and PUB26 negatively regulate plant tolerance to nitrogen 979 

deprivation and autophagy. 980 

a Phenotypes of Col-0, pub25 and pub26 single mutants, pub25 pub26 double mutant, 981 

and PUB25- or PUB26-overexpressing lines grown on +N or -N medium for 6 days. b 982 

Chlorophyll content of seedlings from (a). For each biological replicate, at least 64 983 

plants were examined per genotype. Data are mean ± SD (n = 3). c Seedlings of the 984 

same genotypes as in (a) were pre-grown on +N medium for 7 days and then incubated 985 
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in -N liquid medium for 5 days. d Relative chlorophyll content of seedlings from (c), 986 

normalized to Col-0 under +N conditions (set to 100%). Data are mean ± SD (n = 3). e 987 

Accumulation of GFP-ATG8a-labeled autophagic bodies in the root elongation zone. 988 

Five-day-old seedlings expressing proATG8a::GFP-ATG8a were treated with or 989 

without 0.5 μM concanamycin A (ConA) under +N or -N conditions for 8 h. Scale bars, 990 

20 μm. f Quantification of autophagosome puncta from (e). Puncta were counted in four 991 

images from the root elongation zone per seedling (10 seedlings per treatment). Data 992 

are mean ± SD (n = 40). For panels (b, d, f), statistical significance was determined by 993 

one-way ANOVA followed by Tukey’s multiple comparison test (P < 0.05). Different 994 

letters denote significant differences. g, h Immunoblot analysis of GFP-ATG8a 995 

processing in Col-0, pub25 pub26, and PUB25- or PUB26-overexpressing lines under 996 

nitrogen starvation. The ratio of free GFP to GFP-ATG8a is shown below the lanes. 997 

Data are mean ± SD (n = 3). hpt, hours post-treatment. i, j Immunoblot analysis of 998 

ATG8a lipidation under nitrogen starvation. ATG8a-PE levels (normalized to actin) are 999 

indicated below the lanes. Data are mean ± SD (n = 3). 1000 
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 1002 

 1003 



42 
 

 1004 

Fig. 2 | PUB25 and PUB26 directly interact with ATG1 kinase and associate with 1005 

autophagosomes. 1006 

a Schematics diagrams of predicted domains in PUB25 and PUB26. b Direct interaction 1007 

of PUB25 and PUB26 with ATG1a in yeast two-hybrid (Y2H) assays. OST1 was used 1008 

as a positive control. c In vitro pull-down assays showing the interaction of PUB25 and 1009 

PUB26 with ATG1a. d Co-immunoprecipitation (Co-IP) assays showing interaction of 1010 

PUB25 and PUB26 with ATG1a. Total proteins from 7-day-old transgenic plants 1011 

expressing YFP-ATG1a together with either PUB25-FLAG or PUB26-FLAG were 1012 

immunoprecipitated with anti-GFP magnetic beads and immunoblotted with anti-1013 
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FLAG antibody. e Direct interaction of PUB25 and PUB26 with ATG1a, ATG1b, 1014 

ATG1c, and ATG1t in Y2H assays. f Split-luciferin complementation imaging (Split-1015 

LUC) assays reveal that PUB25 and PUB26 interact with ATG1s. g Transient co-1016 

expression of PUB25-GFP and PUB26-GFP with RFP-ATG8a in Arabidopsis 1017 

protoplasts. Free GFP and free RFP were used as negative controls. Scale bars, 10 μm.  1018 
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 1029 

Fig. 3 | PUB25 and PUB26 ubiquitinate ATG1a and promote its proteasomal 1030 

degradation. 1031 

a In vitro ubiquitination of ATG1a by PUB25 and PUB26. Reaction mixtures were 1032 

incubated with 10 mM ATP at 37°C for 5 h. Ubiquitination was detected with the 1033 

indicated antibodies. b Ubiquitination of ATG1a by PUB25 and PUB26 in protoplasts. 1034 

Cells co-expressing PUB25-MYC or PUB26-MYC, YFP-ATG1a, and FLAG-Ub were 1035 

treated with 5 μM MG132 for 16 h. Anti-FLAG immunoprecipitates were 1036 

immunoblotted with anti-GFP antibody. c PUB25 and PUB26-mediated ubiquitination 1037 

of ATG1a under nitrogen starvation. Transgenic plants stably expressing 1038 

proATG1a::YFP-ATG1a were subjected to nitrogen starvation, followed by anti-GFP 1039 

immunoprecipitation and immunoblotting with anti-UBQ11 antibody. d PUB25 and 1040 
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PUB26 promotes ATG1a degradation in cell-free assay. Recombinant MBP-ATG1a was 1041 

incubated with total protein extracts from Col-0 or pub25 pub26 in the presence of 1 1042 

mM ATP, with or without 5 μM MG132, and detected with anti-MBP antibody. Values 1043 

below lanes indicate MBP-ATG1a levels normalized to actin. e Endogenous ATG1a 1044 

stability in Col-0 and pub25 pub26 under nitrogen starvation. Values below lanes 1045 

indicate ATG1a levels normalized to actin. f YFP-ATG1a stability in Col-0 and pub25 1046 

pub26 under nitrogen starvation. Values below lanes indicate YFP-ATG1a levels 1047 

normalized to actin. For (d, e, f), data represent mean ± SD (n = 3). g Introduction of 1048 

35S::YFP-ATG1a into the PUB25- or PUB26-overexpression lines restores nitrogen 1049 

starvation tolerance. h Chlorophyll content of seedlings from (g). For each biological 1050 

replicate, at least 64 plants were examined per genotype. Data are mean ± SD (n = 3; 1051 

one-way ANOVA with Tukey’s multiple comparison test, P < 0.05). 1052 
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 1056 

Fig. 4 | Nitrogen starvation induces phosphorylation of PUB25 at Thr95 and 1057 

PUB26 at Thr94. 1058 

a Phosphorylation-dependent mobility shifts of PUB25 and PUB26 under nitrogen 1059 

starvation. pub25 pub26 stably expressing proPUB25::PUB25‑MYC or 1060 

proPUB26::PUB26‑MYC were subjected to nitrogen starvation for the indicated times 1061 

and immunoblotted with anti-MYC antibody. Values below lanes indicate total PUB-1062 

MYC levels normalized to actin. Data represent mean ± SD (n = 3). b Quantification 1063 

of the ratio of the upper band to the lower band from (a). Data are mean ± SD (n = 3, 1064 

**P < 0.01, ***P < 0.001, two-tailed unpaired Student’s t-test). c λ-Phosphatase (λPP) 1065 

treatment confirms that the mobility shift in (a) is due to phosphorylation. d 1066 
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Identification of PUB26 Thr94 phosphorylation site by IP-MS. PUB26-MYC was 1067 

immunoprecipitated from nitrogen-starved proPUB26::PUB26-MYC/pub25 pub26 1068 

seedlings and analyzed by LC-MS/MS. e Schematic diagrams showing the identified 1069 

Thr94 site in PUB26 and the corresponding conserved Thr95 in PUB25. f, g Mutations 1070 

at Thr95 (PUB25) or Thr94 (PUB26) abolish nitrogen starvation-induced 1071 

phosphorylation. pub25 pub26 stably expressing wild-type or phosphosite-mutant 1072 

versions of PUB25-MYC (f) or PUB26-MYC (g) driven by the native promoters of 1073 

PUB25 and PUB26 were subjected to nitrogen starvation and analyzed by immunoblot. 1074 

h Mutations at Thr94/Ser406/Ser410 abolish nitrogen starvation-induced 1075 

phosphorylation. Seedlings expressing wild-type or phosphosite-mutant versions of 1076 

PUB26-MYC in the pub25 pub26 background were subjected to nitrogen starvation 1077 

and analyzed by anti-MYC antibody. i Phosphorylation of Thr95 (PUB25) or Thr94 1078 

(PUB26) confirmed by phospho-specific antibody. Immunoprecipitates using anti-1079 

MYC beads were immunoblotted with anti-pT95/T94 antibody. Values indicate 1080 

phosphorylation signals normalized to PUB-MYC levels. Data represent mean ± SD (n 1081 

= 3). 1082 
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 1083 

Fig. 5 | The receptor kinase FER directly interacts with and phosphorylates PUB25 1084 

and PUB26. 1085 

a Schematic of FER domain architecture. SS, signal peptide; TM, transmembrane 1086 

domain; KD, kinase domain. b Y2H assay showing that PUB25 and PUB26 (or their 1087 

truncated forms) interact with the FER kinase domain (FER-KD). OST1 was used as a 1088 

positive control. c GST pull-down assay detecting interactions between PUB25 and 1089 

PUB26 and FER-KD. Empty GST was used as a negative control. d Split-LUC assays 1090 
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confirm that PUB25 and PUB26 (or their truncated versions) interact with the full-1091 

length kinase-dead variant FERK565R (wild-type FER triggers severe cell death in N. 1092 

benthamiana leaves, so the kinase-dead K565R mutant was used instead) or the 1093 

truncated FER-KD. e Co‑IP assay verifying the interaction between FER and PUB26 1094 

in Arabidopsis. Total proteins were extracted from transgenic plants co‑expressing 1095 

35S::PUB26‑FLAG and proFER::FER‑GFP, immunoprecipitated with anti-GFP beads, 1096 

and detected by anti‑FLAG antibody. f Immunoblot analysis of FER stability under 1097 

nitrogen starvation. Numbers below lanes indicate relative FER-GFP protein levels 1098 

normalized to actin (mean ± SD, n = 3). g Transcript levels of FER under nitrogen 1099 

starvation. Data represent mean ± SD (n = 3).  Asterisks indicate statistically significant 1100 

differences compared with 0 h (two-tailed unpaired Student’s t-test: *P < 0.05; **P < 1101 

0.01; ***P < 0.001). h In vitro phosphorylation of PUB25 and PUB26 by FER-KD and 1102 

FERK565R-KD. Phosphorylated proteins were detected by anti-pSer/Thr antibody, and 1103 

phosphorylation was confirmed by λ-phosphatase (λPP) treatment. i Identification of 1104 

FER-KD-mediated PUB26 phosphorylation sites by IP-MS. j In vitro phosphorylation 1105 

of PUB26 Thr94 variants by FER-KD. Phosphorylated proteins were detected by anti-1106 

pSer/Thr antibody and anti-pT95/T94 antibody. k, l Effect of FER inhibitor Reversine 1107 

(5 μM) (k) and FER loss-of-function mutation fer-4 (l) on nitrogen starvation-induced 1108 

PUB26 Thr94 phosphorylation. Seven-day-old Col-0 and fer-4 mutant expressing 1109 

35S::PUB26-FLAG were subjected to nitrogen starvation. Values indicate 1110 

phosphorylation signals normalized to the immunoprecipitated PUB26-FLAG levels. 1111 

Data present mean ± SD (n = 3). 1112 

 1113 

 1114 

 1115 
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 1116 

Fig. 6 | FER phosphorylates PUB26 to enhance its E3 ubiquitin ligase activity 1117 

toward ATG1a. 1118 

a Phosphorylation of Thr94 on PUB26 promotes its auto-ubiquitination. In vitro 1119 

ubiquitination assays were performed with recombinant PUB26 variants (WT, T94A, 1120 

and T94D) for the indicated durations. Auto-ubiquitination was detected by anti-FLAG 1121 

antibody. b FER-KD-mediated phosphorylation enhances PUB26 E3 ubiquitin ligase 1122 

activity. Recombinant PUB26 was pre-incubated with FER-KD or FERK565R-KD and 1123 

ATP to induce phosphorylation, followed by in vitro ubiquitination assays. Reactions 1124 

were analyzed by anti-FLAG and anti-GST antibodies. c PUB26 Thr94 1125 

phosphorylation enhances ATG1a ubiquitination in vivo. Protoplasts isolated from the 1126 
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pub25 pub26 double mutant co-expressing YFP-ATG1a, FLAG-Ub, and PUB26 1127 

(WT/T94A/T94D)-MYC were treated with 5 μM MG132. Total proteins were 1128 

immunoprecipitated with anti-FLAG beads, followed by immunoblotting with anti-1129 

GFP antibody. d Effect of PUB26 T94 phosphorylation on ATG1a ubiquitination under 1130 

nitrogen starvation. pub25 pub26 plants stably expressing YFP-ATG1a and PUB26 1131 

(WT, T94A, or T94D)-MYC driven by the PUB26 native promoter were subjected to 1132 

nitrogen starvation for the indicated times. Total proteins were immunoprecipitated 1133 

with GFP beads and detected with anti-UBQ11 antibody. e Phosphorylation of Thr94 1134 

on PUB26 promotes ATG1a degradation under nitrogen starvation. pub25 pub26 stably 1135 

expressing PUB26 (WT/T94A/T94D)-MYC driven by PUB26 native promoter were 1136 

subjected to nitrogen starvation. ATG1a protein levels were detected with anti-ATG1a 1137 

antibody. Values below lanes indicate ATG1a levels normalized to actin. Data are mean 1138 

± SD (n = 3). f ATG1a ubiquitination under nitrogen starvation in fer-4 mutant. Col-0 1139 

and fer-4 mutant expressing proATG1a::YFP-ATG1a were subjected to nitrogen 1140 

starvation. Proteins were immunoprecipitated with anti-GFP beads and analyzed by 1141 

anti-UBQ11 antibody. g ATG1a degradation in Col-0 and fer-4 under nitrogen 1142 

starvation. Total proteins were extracted and immunoblotted with anti-ATG1a antibody. 1143 

Values below lanes indicate ATG1a levels normalized to actin. Data are mean ± SD (n 1144 

= 3). 1145 

 1146 

 1147 

 1148 

 1149 

 1150 
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 1151 

Fig. 7 | FER-mediated phosphorylation of PUB26 negatively regulates nitrogen 1152 

starvation-induced plant autophagy. 1153 

a Accumulation of GFP-ATG8a-labeled autophagic bodies in the central vacuole of 1154 

Col-0 and fer-4 mutant. Scale bar = 20 μm. b Quantification of autophagosome puncta 1155 

from (a). Four images per seedling were quantified (10 seedlings per treatment). Data 1156 

represent means ± SD (n = 40; ***P < 0.001, two-tailed unpaired Student’s t-test). c 1157 

GFP-ATG8a processing in Col-0 and fer-4 under nitrogen starvation. Immunoblots 1158 

were probed with anti-GFP antibody. Free GFP/GFP-ATG8a ratios are shown below 1159 

lanes. Data are mean ± SD (n = 3). d ATG8a lipidation in Col-0 and fer-4 under nitrogen 1160 



53 
 

starvation. e PUB26 Thr94 phosphorylation enhances plant sensitivity to nitrogen 1161 

starvation. pub25 pub26 plants expressing PUB26 Thr94 variants (wild-type, T94A, 1162 

and T94D) driven by the PUB26 native promoter were grown on 1/2 MS medium with 1163 

or without nitrogen for 6 days. f Chlorophyll contents of seedlings in (e). Data are mean 1164 

± SD (n = 3 independent biological replicates, with at least 64 plants examined per 1165 

replicate). Different letters indicate statistically significant differences (one-way 1166 

ANOVA followed by Tukey’s multiple comparison test, P < 0.05). g PUB26 Thr94 1167 

phosphorylation suppresses nitrogen starvation-induced autophagy. Protein extracts 1168 

from nitrogen-starved pub25 pub26 expressing PUB26 Thr94 variants (as in e) were 1169 

immunoblotted with anti-ATG8a antibody for the indicated times. h ATG8a lipidation 1170 

in Col-0, pub25 pub26, fer-4 and pub25 pub26 fer-4 plants under nitrogen starvation. i 1171 

ATG8a lipidation in Col-0, fer-4, PUB26-OX, and PUB26-OX/fer-4 plants under 1172 

nitrogen starvation. For (d, g, h, i), ATG8a-PE levels normalized to actin are shown 1173 

below lanes. Data are mean ± SD (n = 3). hpt, hours post-treatment.  1174 

 1175 

 1176 
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 1177 

Fig. 8 | FER directly interacts with and phosphorylates ATG13 to inhibit ATG1-1178 

ATG13 complex formation. 1179 

a Schematic representation of the predicted domains in ATG13a, as well as truncated 1180 

N- and C-terminal regions. b Y2H assays showing interactions between FER-KD and 1181 

ATG13a or ATG13b. c Split-LUC assays confirming interactions between FERK565R 1182 

and ATG13a or ATG13b in N. benthamiana leaves. d Co-IP assays validating the 1183 

interaction between FERK565R and ATG13a. Total proteins were extracted from N. 1184 

benthamiana leaves co-expressing FERK565R-MYC with YFP-ATG13a, YFP-ATG13aN, 1185 
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or YFP-ATG13aC, followed by immunoprecipitation with GFP beads and 1186 

immunoblotting with anti-MYC antibody. e Interaction between FERK565R-MYC and 1187 

YFP-ATG13a under nitrogen starvation conditions. Total proteins were extracted from 1188 

Arabidopsis 35S::YFP-ATG13a overexpression plants at the indicated time points after 1189 

nitrogen starvation, followed by immunoprecipitation using GFP beads. The purified 1190 

beads were then incubated with FERK565R-MYC protein transiently expressed in N. 1191 

benthamiana leaves, and detected using anti-MYC antibody. f In vitro phosphorylation 1192 

assays of ATG13a by FER-KD and FERK565R-KD. Recombinant proteins were 1193 

incubated in phosphorylation reaction buffer containing 1 mM ATP at 30°C for 30 min. 1194 

Phosphorylated proteins were detected by anti-pSer/Thr antibody. g Identification of 1195 

FER-KD-mediated ATG13a phosphorylation sites by IP-MS. The phosphorylated 1196 

ATG13a bands from the in vitro phosphorylation reaction in (f) were excised and 1197 

analyzed by mass spectrometry. h The interaction of ATG1a and ATG13a in Col-0 and 1198 

fer-4 upon nitrogen starvation. Col-0 and fer-4 expressing 35S::YFP-ATG13a were 1199 

subjected to nitrogen starvation for the indicated times. Total proteins were extracted, 1200 

immunoprecipitated with GFP beads, and detected with anti-ATG1a antibody. Values 1201 

below each lane represent the ratio of ATG1a to ATG13a. Data are mean ± SD (n = 3). 1202 

i A proposed working model for FER-mediated regulation of PUB25 and PUB26 in 1203 

autophagy control in Arabidopsis. 1204 

 1205 
 1206 
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