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SUMMARY

Plants have developed complex endomembrane systems in response to environmental challenges such as

nutrient deficiency. This study focused on the role of Vacuolar protein sorting 9 (VPS9a), a key regulatory

gene involved in the endosomal sorting process in Arabidopsis thaliana. Loss of VPS9a function results in

stress-sensitive phenotypes under carbon and nitrogen starvation. First, we investigated the changes in the

Glutamine Synthetase/Glutamate Synthase (GS/GOGAT) cycle under nitrogen starvation and conducted a

co-expression network analysis based on transcriptomic profiles. These results indicate that the endocytic

pathway and the majority of the degradation processes are related to GS and NADH-GOGAT activity. Genes

related to autophagy and endocytic pathways showed diverse response trends in Col-0, vps9a-2, and 35S:

VPS9a-GFP/vps9a-2. Several autophagy- and endocytosis-related genes, including Autophagy-related pro-

tein 1 (ATG1), Autophagy-related protein 8 (ATG8), Thylakoid lumen protein (TLP18.3), Autoinhibited Ca(2+)-
ATPase, Isoform 4 (ACA4), MAP kinase 2 (AtMKK2), and Extensin 21 (EXT21), were identified as hub genes.

Further, we found that the loss of VPS9a function leads to reduced accumulation of autophagic bodies and

a marked decrease in ATG8a protein levels but does not affect autophagic flux or the accumulation of ATG8

with phosphatidylethanolamine (PE). Interestingly, VPS9a appears to exert differential effects on various

ATG8 Homologs. In summary, our results established a connection between autophagy, endocytic path-

ways, and nitrogen metabolism processes, identifying key hub genes involved in these processes. Among

these hub genes, VPS9a was found to affect ATG8a levels, suggesting that VPS9a selectively regulates spe-

cific ATG8 proteins involved in autophagic processes.

Keywords: vacuolar protein sorting 9 (VPS9a), glutamine synthetase/glutamate synthase (GS/GOGAT)

cycle, nutrient deprivation, autophagy, endocytosis.

INTRODUCTION

Endocytosis and endosomal trafficking are the basic recy-

cling requirements for cellular cargo trafficking (Paez

Valencia et al., 2016). In plants, the primary protein sorting

pathway proceeds from the endoplasmic reticulum

(ER)/plasma membrane (PM) to the vacuole/lysosomes

(Reyes et al., 2011), the endosomal sorting complexes

required for transport (ESCRT) are then responsible for

substrate sorting and driving the cargo into intraluminal

vesicles (ILVs) (Gao et al., 2014). In addition, the

prevacuolar compartments, multivesicular bodies (MVBs),

and late endosome degradation depend on ESCRTs for

vacuolar fusion (Henne et al., 2011). Vacuolar protein sort-

ing 9 (VPS9) is a key GTPase guanine-nucleotide exchange

factor (GEF) involved in the endosomal transport process

(Wen et al., 2015). In Arabidopsis, two homologous genes

encode VPS9. Among them, VPS9b is expressed in pollen

and embryos but is difficult to detect in Arabidopsis seed-

lings (Goh et al., 2007; Hao et al., 2024; Rajagopal &

Mathew, 2020). Additionally, the VPS9b mutant does not
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exhibit any observable phenotypic defects. In contrast,

VPS9a plays a predominant role in vegetative growth and

is crucial for regulating endosomal trafficking (Ito

et al., 2018; Sunada et al., 2016). It encodes an RAB5-

specific GEF and is constitutively expressed in most tissues

(Goh et al., 2007). Arabidopsis contains three homologous

genes for RAB5 GTPases: RHA1, ARA7, and ARA6 (Ito

et al., 2018). RHA1 and ARA7 are conventional Rab5

proteins with conserved functions, whereas ARA6, a plant-

specific RAB5, competitively inhibits the endosomal trans-

port processes of canonical RAB5 members (Ebine

et al., 2011; Ito et al., 2018). Expression of ARA7Q69L (ATP-

fix type) or inactivation of ARA6 represses the defective

phenotype of a vps9a-2 mutant (Ebine et al., 2011, Ito

et al., 2018). In yeast and mammals, VPS9-domain proteins

with RAB5 GTPases are involved in autophagosome (AP)

maturation. Loss of VPS9 function inhibits autophagic flux

(Li et al., 2019; Zhou et al., 2017) and leads to the accumu-

lation of abnormal autophagosome (AP) structures

(Hargrove-Grimes et al., 2020), which may affect plant

nutrient metabolism and recycling processes.

Nitrogen is a fundamental element required for plant

growth and development (Masclaux-Daubresse et al., 2010;

The et al., 2020). Nitrogen assimilation in plants transforms

inorganic nitrogen (primarily nitrate and ammonium) into

organic nitrogen compounds (Xing et al., 2023). Inorganic

nitrogen absorbed by plants is initially reduced to nitrite

through the action of nitrate reductase, and is subse-

quently converted to ammonium (NH4
+) by nitrite reduc-

tase (Krapp, 2015). The resulting NH4
+ is then assimilated

through the glutamine synthetase (GS) and glutamate

synthase (GOGAT) cycle, which converts inorganic nitro-

gen into organic forms (Balotf et al., 2016; Zhang

et al., 2025). In this pathway, GS catalyzes the incorpora-

tion of Ammonium into glutamate (Glu) to form glutamine

(Gln), whereas GOGAT facilitates the transfer of an amide

group from Gln to 2-oxoglutarate (2-OG), resulting in the

production of two molecules of Glu (Li, Nian, et al., 2022;

Zhang et al., 2019). The Glu and Gln produced in the

GS/GOGAT cycle serve as precursors for the biosynthesis

of other amino acids such as aspartate (Asp), proline (Pro),

and arginine (Arg) (Liu et al., 2022). These amino acids can

be used to synthesize proteins and other nitrogen-

containing organic compounds (Oliveira et al., 2001).

Moreover, nitrogen assimilation is tightly regulated by

genetic and environmental factors to ensure efficient nitro-

gen utilization and balanced plant growth (Masclaux-

Daubresse et al., 2010; Zhang et al., 2025), and a lack of

nitrogen in the environment affects its assimilation in

plants (Hodges, 2002; Xing et al., 2023). Physiological and

metabolic evidence indicates that amino acid metabolism

within the GS/GOGAT cycle is highly responsive to

nitrogen availability (Lemaitre et al., 2008). Under

nitrogen-limited conditions, accelerated protein

degradation increases NH4
+ production, which in turn

enhances GS activity (del Mar Rubio-Wilhelmi et al., 2012).

Prolonged nitrogen starvation results in a progressive

decline in endogenous amino acid levels (Cruz et al., 2004;

Kov�acik et al., 2006), suggesting a disruption of nitrogen

assimilation and utilization. Furthermore, nitrogen depriva-

tion activates the autophagy pathway, facilitates protein

degradation and nitrogen recycling to maintain cellular

nitrogen homeostasis, and supports plant adaptations to

nitrogen stress (Cao et al., 2022; Li et al., 2015; Marshall &

Vierstra, 2018). These findings suggest a potential func-

tional link between autophagy and the GS/GOGAT cycle in

plants.

As one of the major cytoplasmic material turnover

pathways, autophagy is a conserved process involved in

the development of coping mechanisms for environmental

challenges (Liao & Bassham, 2020; Tang & Bassham, 2022).

During autophagic vesicle delivery, the targeted compo-

nents are engulfed into a double-membrane structure and

interact with early or late endosomes to form amphisomes

(Javed et al., 2023; Zhao et al., 2022), which are then trans-

ported to the vacuole lumen/lysosome where the cargo is

released for degradation (Li & Vierstra, 2012; Zhou

et al., 2022). Genetic and cellular evidence indicates that

autophagy plays a vital role in nitrogen assimilation in Ara-

bidopsis and other crops (Erlichman et al., 2023; Li

et al., 2015; Masclaux-Daubresse et al., 2010), particularly

in the adaptation to low-nitrogen environments (Chung

et al., 2009; Fan et al., 2020; Suttangkakul et al., 2011).

Autophagy enhances nitrogen uptake and the photosyn-

thetic rate under low-nitrogen conditions, thereby improv-

ing productivity (Cao et al., 2022; Sun et al., 2018).

Moreover, autophagy is important for nitrogen remobiliza-

tion (Di Berardino et al., 2018; Erlichman et al., 2023; Fan

et al., 2020), For example, ribulose-1,5-bisphosphate

carboxylase/oxygenase (Rubisco) in leaves contains a sig-

nificant amount of nitrogen, and the degradation process

depends on autophagic transport (Izumi et al., 2010).

Autophagy defects affect reproductive growth, which is

characterized by biomass reduction, premature leaf senes-

cence, and decreased yield (Fan et al., 2020; Kurusu

et al., 2014; Thompson et al., 2005; Wada et al., 2015).

Emerging evidence supports the crosstalk between

endosomal trafficking and autophagy regulation in Arabi-

dopsis (Gao et al., 2017; Isono, 2021). Several key endocy-

tic components are involved in the regulation of

autophagy. Studies have revealed that the functional loss

of components of the phosphoinositide 3-kinase (PI3K)

complex leads to typical endosomal sorting defect pheno-

types such as those with developmental defects, sterility,

abnormal accumulation of vacuolar storage proteins, and

irregular distribution of auxin-signaling PIN-FORMED pro-

teins in the roots (Lee et al., 2008; Leprince et al., 2014; Liu

et al., 2018; Xu et al., 2011). Additionally, PI3K complex
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components regulate autophagic flux and the accumula-

tion of autophagic bodies in the vacuole lumen (Liu

et al., 2018; Liu et al., 2020; Wang et al., 2022; Xu et al.,

2011). Moreover, AP delivery relies on the FYVE domain

protein required for endosomal sorting 1 (FREE1), SH3

domain containing protein 2 (SH3P2), and the CELL

DEATH-RELATED ENDOSOMAL FYVE/SYLF PROTEIN1

(CFS1), all of which function in endosomal sorting (Gao

et al., 2015; Sutipatanasomboon et al., 2017; Zhuang

et al., 2013). A recent study indicated that CFS1 functions

as a receptor for ATG8 and together with the ESCRT-I com-

ponent VPS23A, regulates autophagic flux in plants (Zhao

et al., 2022), establishing a connection between core

ESCRT components and selective autophagy pathways.

Additionally, endocytosis-regulating proteins are involved

in the transport of AP, and soluble N-ethylmaleimide-

sensitive factor attachment receptor proteins (SNAREs) are

essential for AP fusion with the tonoplast. Abnormal AP

structures accumulate outside the tonoplast in mutants of

specific SNAREs, such as VAMP724/VAMP726, and VTI12,

indicating a failure in the fusion process (He et al., 2023;

Surpin et al., 2003). These studies indicated the strong cor-

relation between vacuolar trafficking and the autophagic

degradation process.

Extensive evidence supports the various functions of

endosome transportation, including innate immunity, abi-

otic stress, and development (Baral et al., 2015; Nielsen

et al., 2017; Rajagopal & Mathew, 2020). Our understand-

ing of the molecular mechanisms involved in plant

responses to nutrient stress and the role of endosomal

sorting pathway components in the regulation of nitrogen

metabolism and autophagy remains limited. In this study,

we revealed that the key gene VPS9a in ESCRTs affects the

activity of key enzymes involved in nitrogen metabolism.

Loss of VPS9a function leads to a hypersensitive response

to nutrient stress. At the transcriptional level, we identified

key pathways involved in the GS/GOGAT cycle and hub

genes involved in autophagy and endocytosis. Further vali-

dation of VPS9a function in autophagy revealed its poten-

tial role in the protein level of ATG8s and autophagic body

accumulation under starvation. These results indicated that

VPS9a is important for the regulation of autophagy.

RESULTS

VPS9a functional loss leads to hypersensitive response to

carbon and nitrogen limitation

The homologous protein of plant VPS9a in yeast and Pyri-

cularia oryzae is crucial for the regulation under nutrient

limitation and participates in autophagy (Zhu et al., 2018,

Li et al., 2019). To determine whether VPS9a controls these

processes in plants, we examined the phenotype of vps9a-

2 mutants under various nutritional conditions. The sur-

vival rate of vps9a-2 decreased by approximately 30%

compared to Columbia-0 (Col-0) on the 5th day under car-

bon starvation (Figure 1a,b), whereas 35S:VPS9a-GFP/-

vps9a-2 lines and VPS9apro:VPS9a-GFP/vps9a-2 exhibited

similar phenotypes and survival rates to Col-0 (Figure 1a,

Figure S1). Moreover, vps9a-2 exhibited enhanced sensitiv-

ity on the 7th day (Figure 1a). In nitrogen-deficient

medium, vps9a-2 displayed early senescence (Figure 1c)

and reduced chlorophyll content (Figure 1d), whereas the

two overexpression lines had similar phenotypes and

endogenous chlorophyll levels compared with that of the

Col-0 (Figure 1d). These findings indicate that

VPS9a-dependent processes affect Arabidopsis response

to nutrient deprivation.

We further investigated the enzymatic activities of GS

and NADH-GOGAT, which are involved in nitrogen metab-

olism. The results showed that GS activity was upregu-

lated under nitrogen starvation. Specifically, after 48 h, GS

activity in vps9a-2 increased 2.17-fold and 1.83-fold com-

pared to that of Col-0 and 35S:VPS9a-GFP/vps9a-2, respec-

tively (Figure 1e). After 96 h, the GS activity in Col-0 and

35S:VPS9a-GFP/vps9a-2 showed no significant changes

compared to that expressed at 48 h, whereas vps9a-2

remained at a significantly higher GS level than that of the

other two lines. Additionally, vps9a-2 exhibited higher

NADH-GOGAT activity under normal conditions and sus-

tained elevated levels after 96 h of treatment, with a

2.87-fold increase compared with that of Col-0 (Figure 1f).

Because the GS/GOGAT cycle is essential for amino

acid metabolism (Figure S2a), we further analyzed the

endogenous levels of relevant amino acids, including Gln,

Glu, Asp, Arg, and Pro. Most amino acids were downregu-

lated in vps9a-2 (Figure 1g–i, Figure S2b). The Gln was sig-

nificantly higher in vps9a-2 at 48 h and 96 h under

nitrogen deprivation (-N) conditions than in Col-0 and 35S:

VPS9a-GFP/vps9a-2 (Figure 1g). Moreover, the mutant

accumulated more Glu under normal conditions (0 h) com-

pared with the treatments, showing a significant difference

from Col-0 at 96 h (Figure 1h). The Asp levels showed a

similar trend, but no significant changes were observed in

Col-0 during the -N treatment period (Figure 1i). Asp levels

also showed overaccumulation in vps9a-2 at 0 h, with a

rapid response to the -N treatment, resulting in consider-

able decreases at 48 and 96 h (Figure 1i).

The biosynthesis of Arg and Pro relies on the GS/

GOGAT cycle, in which glutamine serves as a major nitro-

gen donor in amino acid biosynthesis (Figure S2a–c). Arg
levels decreased in all three lines (Figure S2b), whereas

Pro levels were upregulated only in vps9a-2 (Figure S2c).

These findings suggest that the vps9a mutation affects

nitrogen recycling in Arabidopsis by modulating the

GS/GOGAT cycle activity. The distinct enzyme activity

responses and differential amino acid accumulation pat-

terns detected in the three lines highlight the diversity of

nitrogen remobilization processes during starvation.

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Construction of a co-expression network and identification

of key modules associated with GS/GOGAT activity

To understand the function of VPS9a in transcriptional

changes under -N conditions and identify key regulatory

pathways, we performed transcriptional profiling of Col-0,

vps9a-2, and 35S:VPS9a-GFP/vps9a-2 35–5# under -N treat-

ment at 0, 48, and 96 h. Principal Component Analysis

(PCA) showed that the 0 h treatment samples clearly sepa-

rated from those of the 48 and 96 h treatment on PC1,

which explained 86.4% of the variance (Figure S3a), thus

indicating a significant impact of -N treatment on transcrip-

tional levels.

To identify the key modules involved in the

GS/GOGAT cycle under low-nitrogen stress conditions, a

weighted gene co-expression network analysis (WGCNA)

was constructed based on the gene expression data of all

genes at different stages in Col-0, vps9a-2, and 35S:VPS9a-

GFP/vps9a-2. After removing low-quality and

Figure 1. VPS9a function in tolerance to nutritional stress and key enzyme activities related to nitrogen assimilation.

(a) Carbon starvation treatment. Plants were grown on glucose-free MS solid medium for 10 days (16 h light/8 h dark), then transferred to a dark environment

for an additional 5 or 7 days.

(b) Survival rates of seedlings after recovery from carbon starvation. Data represent mean � SDs (n = 3). Asterisks indicate significant differences compared to

WT (n = 3; *P < 0.05; **P < 0.01; Student’s t-test).

(c) Nitrogen starvation treatment. Col-0, vps9a-2, and complemented lines were initially cultivated in MS liquid medium for 1 week. Subsequently, the medium

was replaced with nitrogen-free (-N) liquid medium for an additional week.

(d) Relative chlorophyll content under nitrogen starvation. Data were normalized to the Col-0 and respected by mean � SD (n = 3; *P < 0.05; **P < 0.01; Stu-

dent’s t-test).

(e, f) Glutamine synthetase (GS) (e) and NADH-dependent glutamate synthase (NADH-GOGAT) (f) activity of Col-0, vps9a-2, and 35S:VPS9a-GFP/vps9a-2 seed-

lings after 0, 48, and 96-h nitrogen starvation. Enzyme activity is expressed relative to fresh weight (n = 4, P < 0.05, Student’s t-test).

(g) Glutamine (Gln) content. (h) Glutamate (Glu) content. (i) Aspartate (Asp) content. Amino acid contents are expressed relative to fresh weight (n = 6, P < 0.05,

Student’s t-test).
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low-expression data, 23 928 genes in Col-0 (Table S2),

23 897 in vps9a-2 (Table S3) and 23 811 in 35S:VPS9a-

GFP/vps9a-2 (Table S4) were used to construct the

co-expression network. Using b = 8 as the soft-threshold

power (Figure S4a–c), genes were grouped into 20 different

modules in vps9a-2, while 19 modules were identified in

Col-0 and 35S:VPS9a-GFP/vps9a-2 using the dynamic tree

cutting method (Figure S3b–d). The numbers of genes cor-

responding to these modules are shown in Figure S5.

Subsequently, we identified the key modules related

to GS and NADH-GOGAT activity via eigengene–trait corre-
lation analysis (Gan et al., 2023). In Col-0, the brown mod-

ule was significantly associated with the activities of both

enzymes. The turquoise and blue modules were specifi-

cally linked to GS enzyme activity, whereas four modules

(pink, brown, dark red, and red) showed significant correla-

tions with NADH-GOGAT enzyme activity (Figure S6a). The

Kyoto Encyclopedia of Genes and Genomes (KEGG)

enrichment analysis revealed that genes within the blue

module were primarily involved in transport processes

such as endocytosis, protein processing in the endoplas-

mic reticulum, and protein export (Figure S7a). Further-

more, the brown and turquoise modules were enriched in

pathways related to essential degradation processes (e.g.,

autophagy and proteasome degradation), photosynthesis,

and carbon metabolism (Figure S7b,c). The pink module

was particularly enriched in the plant hormone signal

transduction pathways (Figure S7d), whereas the dark red

and red modules showed no significant pathway enrich-

ment. Notably, the same pathways were identified in the

blue, turquoise, and purple modules of 35S:VPS9a-

GFP/vps9a-2 (Figures S6b and S8a–c).
In vps9a-2, six modules exhibited significant correla-

tions (Figure S6c), comprising three positively correlated

(orange, black, and brown) and three negatively

correlated (cyan, light cyan, and light green) modules. The

orange module lacked significantly enriched pathways. In

contrast, the other positively correlated modules included

pathways similar to those in Col-0 and 35S:VPS9a-

GFP/vps9a-2, including autophagy and protein export,

along with specific pathways, such as DNA replication,

base excision repair, and vitamin B6 metabolism, which

were uniquely enriched in the black module (Figure S9a,b).

In the negatively correlated modules, genes were notably

associated with isoquinoline alkaloid metabolism, plant cir-

cadian rhythm and ubiquitin-mediated proteolysis

(Figure S9c–e). Of the three modules associated with

NADH-GOGAT activity (Figure S6c), the dark turquoise

module was involved in ubiquitin-mediated proteolysis

and protein processing in the endoplasmic reticulum

(Figure S9f), whereas the magenta and blue modules were

significantly associated with genes involved in the protea-

some, endocytosis, and autophagy (Figure S9g,h). These

results highlight the critical roles of transport and

degradation processes in plant responses to low-nitrogen

conditions, underscoring their central functions in the reg-

ulation of GS and NADH-GOGAT activities.

VPS9a impacts autophagy and endocytic gene responses

during nitrogen deprivation

Given that the endocytosis-mediated transport and

autophagy-enriched modules were significantly correlated

with GS and NADH-GOGAT activity, these pathways were

identified as regulators of low-nitrogen metabolism. To

validate this, we investigated the expression trends of

autophagy- and endocytosis-related genes across the three

lines (Table S5 and Table S6, respectively). Overall, the

autophagy-related genes were upregulated under N stress.

In Col-0, two profile modules were significantly enriched

(Figure 2a), with profile 7 showing the highest enrichment.

Genes in this module were consistently upregulated at 48

and 96 h, whereas profile 4 contained 14 autophagy genes

that were significantly upregulated at 96 h (Figure 2a). In

vps9a-2, profile 4 exhibited the most pronounced enrich-

ment, followed by profile 7 (Figure 2b), which collectively

harbored 21 autophagy genes (13 in profile 4 and 8 in pro-

file 7). Conversely, in the 35S:VPS9a-GFP/vps9a-2 line, only

profile 7 was significantly enriched, comprising 23 of the

32 autophagy genes identified (Figure 2c).

Endocytic genes exhibited upregulation patterns in

both Col-0 (Figure 2d) and 35S:VPS9a-GFP/vps9a-2 line

(Figure 2f), with the majority showing increased expression

at 48 and 96 h across profiles 4, 6, and 7. In vps9a-2, these

genes were significantly enriched in profiles 6 and 7

(Figure 2e), accounting for 88 of the 117 (75.2%) identified

endocytic genes.

In summary, these results demonstrate that VPS9a

significantly affects the gene expression response in autop-

hagy and endocytosis during nitrogen starvation. Overex-

pression of VPS9a resulted in a significant induction of

autophagy-related genes under stress conditions. Further-

more, while most endocytic genes responded to nitrogen

deficiency, the vps9a-2 mutant exhibited accelerated tran-

scriptional responses, as evidenced by significant upregu-

lation within the initial 48-h period.

Identified hub genes related to autophagy and endocytic

pathways

Hub genes were determined based on the gene interaction

networks (Figure 3). Four hub genes were found in the

autophagy pathway. ATG8a (AT4G21980) emerged as a

central regulatory gene in both Col-0 and 35S:VPS9a-

GFP/vps9a-2 networks (Figure 3a,c). ATG8b (AT4G04620)

functioned as a hub gene in both vps9a-2 and 35S:VPS9a-

GFP/vps9a-2 (Figure 3b,c). Additionally, ATG1a

(AT3G61960) and ATG1b (AT3G53930) were uniquely iden-

tified as hub genes in the vps9a-2 network (Figure 3b). The

ATG8 family encodes ubiquitin-like proteins that are

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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important for cargo selection, transport, and degradation

(Javed et al., 2023; Johansen & Lamark, 2020; Kellner

et al., 2017). Similarly, ATG1 encodes a Ser/Thr kinase that

functions as a component of the autophagy initiation com-

plex and positively regulates phagophore formation (Li &

Vierstra, 2014; Suttangkakul et al., 2011). These findings

highlight the essential roles of ATG1 and ATG8 homologs

in autophagy under nitrogen stress and reveal their

involvement in maintaining cellular homeostasis during

nutrient deprivation.

In the endocytic gene interaction network of wild-type

Col-0, we identified key hub genes comprising ALIX

(AT1G15130), ACA4 (AT2G41560), TLP18.3 (AT1G54780),

ATMKK2 (AT4G29810), VPS4 (AT2G27600), VPS37

(AT3G53120), EXT21 (AT2G43150), and VPS2.1

(AT2G06530) (Figure 3d). Notably, the vps9a-2 mutant net-

work featured the gene encoding ADL3 (AT1G59610), a

GTPase implicated in clathrin-coated endocytosis (Eka-

nayake et al., 2021, Gnyliukh et al., 2024) as the most

connected hub gene (Figure 3e). Similarly, 35S:VPS9a-

GFP/vps9a-2 displayed four hub genes, ALIX (AT1G15130),

SNF7.1 (AT4G29160), VPS4 (AT2G27600), and VPS29

(AT3G47810) (Figure 3f).

These hub genes included core components of the

ESCRT machinery. Among them, VPS37 is a part of

ESCRT-I (Boura et al., 2011; Spallek et al., 2013), VPS2 and

SNF7 belong to ESCRT-III (Hilscher et al., 2016; Ibl

et al., 2012) and ALIX and VPS4 function as ESCRT-III-

associated proteins (Cardona-Lopez et al., 2015; Reyes

et al., 2014). In addition, VPS29, a component of the retro-

mer complex (Jha & Larson, 2023), mediates the

retrograde transport of transmembrane cargo from endo-

somes to the Golgi complex (Buser & Spang, 2023; Jha &

Larson, 2023). The remaining hub genes encode proteins

that exhibit diverse functions–ACA4, localized to vacuolar

membranes, is implicated in calcium homeostasis, gas

exchange, and biotic stress responses (Boursiac

et al., 2010; Hilleary et al., 2020); TLP18.3 encodes a

Figure 2. Profile model analysis of autophagy and endocytic genes during -N stress.

(a–c) Profile model analysis of autophagy-related gene expression of Col-0 (a), vps9a-2 (b), and 35S:VPS9a-GFP/vps9a-2 (c). Significant enriched profile models

are displayed (P < 0.05).

(d–f) Profile model analysis of endocytic gene expression of Col-0 (d), vps9a-2 (e), and 35S:VPS9a-GFP/vps9a-2 (f). Significant enriched profile models are dis-

played (P < 0.05).

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 123, e70289
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thylakoid lumen protein involved in photosystem II pro-

cesses (Jarvi et al., 2016); ATMKK2, a MAP kinase, func-

tions in plant immunity, growth, development, and abiotic

stress response (Siodmak et al., 2023; Takagi et al., 2019)

whereas the function of EXT21 remains uncharacterized.

Collectively, these hub genes are critical regulators of

endocytosis and play potential roles in nitrogen stress.

VPS9a modulates ATG8a protein level and autophagic

body accumulation under nutrient deficiency

As mentioned above, vps9a-2 influences the response of

autophagy-related genes. In the gene interaction network,

ATG8 and its homologs appeared as core genes involved

in the autophagic response to nitrogen stress. To further

explore the molecular mechanism which VPS9a regulates

autophagy, we analyzed the expression levels of ATG8

homologs in vps9a-2 and Col-0 in both Murashige and

Skoog (MS) medium (Figure 4a) and under nutrient-limited

conditions (Figure 4b,c). qRT-PCR analysis revealed that

ATG8a, ATG8e, ATG8f, and ATG8h were significantly upre-

gulated in vps9a-2 compared with Col-0 during

nutrient starvation, whereas ATG8g displayed markedly

low-expression levels (Figure 4b,c). Additionally, ATG2,

ATG6, and ATG7 showed increased expression in vps9a-2,

with patterns distinct from those in Col-0 under both car-

bon and nitrogen starvation (Figure S10b,c).

Notably, vps9a-2 mutant exhibited a more sensitive

phenotype than atg7-2 under carbon starvation (Figure 4d),

with significantly lower survival rates on the fifth day

(Figure 4e). Under -N conditions, both vps9a-2 and atg7-2

displayed pronounced senescence compared to Col-0

(Figure 4f), but vps9a-2 showed significantly lower chloro-

phyll content than atg7-2 (Figure 4g).

ATG8-PE conjugate formation and its association with

autophagosome membranes, is promoted by the ATG5-

ATG12 complex. Analysis of ATG8-PE accumulation

revealed that vps9a-2 displayed levels comparable to those

in Col-0, in contrast to the deficiencies detected in atg7-2

and atg5-1 (Figure 5a). Formation of the ATG5-ATG12 com-

plex was also unaffected in the vps9a-2 mutant under vari-

ous nutrient conditions (Figure 5b).

To further understand how VPS9a participates in

autophagy regulation in Arabidopsis, vps9a-2 was crossed

with the 35S:GFP-ATG8a and autophagic flux was assessed

Figure 3. Identified hub genes involved in autophagy and endocytic pathways.

(a–c) Interaction network of autophagy-related genes of Col-0 (a), vps9a-2 (b), and 35S:VPS9a-GFP/vps9a-2 (c).

(d–f) Interaction network of endocytic genes of Col-0 (d), vps9a-2 (e), and 35S:VPS9a-GFP/vps9a-2 (f). Each node represents an interacting gene, with the red-

colored nodes indicating hub genes. The size of the node indicates the degree value of the gene in the interaction network. The thickness of lines between genes

represents the strength of their correlation (weight value).

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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by measuring free GFP accumulation over time under car-

bon starvation (-C). The atg7 mutant showed severely

impaired autophagic flux, whereas free GFP accumulated

normally in both vps9a-2 and Col-0 (Figure 5c). Addition-

ally, we found that the mutation of vps9a led to a signifi-

cant reduction in GFP-ATG8a protein levels (Figure 5c).

Further, induction of VPS9a accumulation under nitrogen

deprivation was also observed. Upon application of exoge-

nous Concanamycin A (ConA), an inhibitor specific to V-

ATPase, VPS9a-targeted components were accumulated in

the central vacuole (Figure 5d).

The GFP-ATG8a reporter was used to monitor the

accumulation of autophagic bodies in Col-0 and vps9a-2

cells. Under -N and -C induction, the GFP-ATG8a targeted

component accumulated in both Col-0 and vps9a-2 cells

(Figure 6a,b), whereas the loss of vps9a function led to a

notable reduction within the central vacuole (Figure 6d).

We also observed that vps9a led to a weakened GFP-

Figure 4. Relative expression levels of ATG8 genes and phenotypic comparison of Col-0, vps9a-2, atg7-2 seedlings under nutrient starvation.

(a–c) The transcription level of ATG8a (AT4G21980), ATG8e (AT2G45170), ATG8f (AT4G16520), ATG8g (AT3G60640), and ATG8h (AT3G06420) in Col-0 and

vps9a-2 under MS (a), carbon starvation (b) and nitrogen deprivation (c). Expression levels were measured using qRT-PCR and normalized with Actin

(AT3G18780); relative expression of genes was calculated by the 2�DCT method. Data are presented as mean � SD (n ≥ 3). Asterisks indicate significant differ-

ences between vps9a-2 and Col-0 (*P < 0.05; **P < 0.01; Student’s t-test).

(d) The images show the survival and growth status of seedlings after the specified treatment periods.

(e) Survival rates of Col-0, vps9a-2, and atg7-2 seedlings after 5 and 7 days of darkness. Data are presented as mean � SD (n = 3). Asterisks indicate significant

differences compared to WT (*P < 0.05; **P < 0.01; Student’s t-test).

(f) Phenotypes of Col-0, vps9a-2, and atg7-2 under nitrogen starvation (-N) conditions. Both vps9a-2 and atg7-2 showed pronounced senescence compared to

Col-0.

(g) Relative chlorophyll content under nitrogen starvation. Data were normalized to the Col-0 and represented by mean � SD (n = 3; *P < 0.05; **P < 0.01; Stu-

dent’s t-test).

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 123, e70289
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ATG8a signal (Figure 6c). This is consistent with the

weaker GFP and GFP-ATG8a protein levels detected during

autophagy flux analysis (Figure 5c). These results sug-

gested a potential regulatory process leading to decreased

GFP-ATG8a protein levels.

To determine whether VPS9a has similar effects on

other ATG8 homologs, 35S:GFP-ATG8e was crossed with

the vps9a-2. The resulting accumulation of autophagic

bodies marked by ATG8e was similar to that of

GFP-ATG8a, further confirming the impact of VPS9a on

autophagic body accumulation (Figure 6e,g). Under carbon

starvation, a similar reduction (~50%) in the number of

autophagic bodies was observed in the vps9a-2 back-

ground (Figure 6e,g). However, GFP-ATG8e did not exhibit

signal reduction similar to that of GFP-ATG8a (Figure 6f),

indicating that VPS9a differentially regulates homologous

ATG8 proteins.

DISCUSSION

VPS9a-mediated endosomal trafficking modulates the

GS/GOGAT cycle response during plant adaptation to

nutrient starvation

The endosomal sorting system is a fundamental pathway

for intracellular transport in plants and plays a crucial role

in nutrient distribution and metabolic regulation (Ivanov &

Vert, 2021; Xue et al., 2024; Zhu et al., 2024). VPS9a, a key

regulator of intracellular trafficking, mediates endosomal

transport (Goh et al., 2007; Ito et al., 2018). In the present

study, we showed that the loss of VPS9a function disrupts

nitrogen metabolism in Arabidopsis (Figure 1). Specifically,

during the low-nitrogen response, both GS and NADH-

GOGAT exhibited increased activity (Figure 1e,f). Previous

studies have shown that nitrogen starvation activates

major degradation pathways, leading to the breakdown of

proteins and organelles (del Mar Rubio-Wilhelmi

et al., 2012; Gironde et al., 2015; Marshall & Vierstra, 2018)

and results in NH4
+ accumulation, thereby enhancing GS

activity to assimilate inorganic nitrogen into organic forms

(Barneix et al., 1984; Lemaitre et al., 2008). Our WGCNA

and KEGG analyses revealed a strong correlation between

key degradation pathways and GS/GOGAT activity, includ-

ing the proteasome, autophagy, and endocytic pathways

(Figures S5–S8). VPS9a regulates the expression of

autophagy- and endocytic genes (Figure 2). The altered

responses in the endosomal transport and degradation

pathways in vps9a-2 resulted in elevated GS and NADH-

GOGAT activity and a notable response to nitrogen

starvation.

Moreover, these disruptions in nitrogen remobilization

were reflected in the levels of amino acids associated with

the GS/GOGAT cycle. Notably, vps9a-2 accumulated higher

endogenous amino acid levels under normal conditions

(0 h), indicating abnormal nitrogen metabolism caused by

impaired endosomal trafficking (Figure 1g–i, Figure S1).

This may result from the defective transport and metabo-

lism of cargo components, leading to a feedback regula-

tory effect. Upon exposure to nitrogen deficiency, the

Figure 5. Accumulation of lipidated ATG8 in Col-0, vps9a-2, atg5-1, and atg7-2.

(a) The black arrow indicates the ATG8-PE specificity band. Soluble (S) and membrane (M) fractions were extracted from total extracts (TE). In the membrane

fraction, Col-0 showed normal accumulation of ATG8-PE, and a similar result was observed in vps9a-2.

(b) vps9a-2 accumulates ATG5-ATG12 conjugate normally. The upper arrow indicates the ATG5-ATG12 complex, while the lower part represents free ATG5.

Samples were collected from 10-days-old seedlings, with -N and -C samples collected at 36 h post-treatment.

(c) Plants were grown under continuous light for 1 week, followed by dark treatment. Samples for carbon starvation were collected at the indicated time points

to detect the accumulation of GFP-ATG8 and free GFP.

(d) Nitrogen starvation (-N) induces the accumulation of VPS9a. VPS9a puncta in the central vacuole were observed after 6 h of -N treatment, and the number of

puncta was quantified under normal and -N conditions (n = 10, *P < 0.05; **P < 0.01; Student’s t-test). Scale bar = 50 lm.
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amino acid levels declined sharply, potentially contributing

to the nitrogen starvation-sensitive phenotype of vps9a-2.

Our findings provide physiological and metabolic insights

into how the endosomal sorting pathway regulates plant

responses to nutrient stress and how it plays a crucial role

in regulating nitrogen remobilization during the

GS/GOGAT-mediated starvation response in Arabidopsis.

Key components involved in endocytosis linking the

GS/GOGAT-mediated nitrogen remobilization response to

low-nitrogen

Within the endocytic interaction network, several key com-

ponents of the ESCRT complex were identified as core reg-

ulators of this pathway (Figure 3d–f). Endocytosis is a

critical mechanism for nutrient acquisition and environ-

mental sensing in plants (Lou et al., 2020; Xia et al., 2020).

Subcellular compartments are internalized via endocytosis,

which relies on the ESCRT system for transport and sorting

(Aniento et al., 2022; Gao et al., 2017). Recent studies have

identified key regulatory components within the ESCRT

system and other endosomal trafficking pathways (Reyes

et al., 2011; Winter & Hauser, 2006). These subunits, along

with other transport-related factors, participate in intracel-

lular trafficking, autophagy, and multivesicular body (MVB)

formation, which mediate the degradation of cellular com-

ponents (Gao et al., 2015; Spitzer et al., 2015; Wang

et al., 2017). Additionally, we identified several potential

genes that may be involved in the endocytic pathway

based on their high correlation with known endocytic

genes in the interaction network. One notable gene, ACA4,

which exhibited a high degree of expression in our net-

work analysis, encoded a Ca2+-ATPase pump localized to

the vacuole (Figure 3d). ACA4 transports Ca2+ from the

cytoplasm to other compartments (Li et al., 2023). The

aca4/aca11 double mutant exhibits elevated Ca2+ levels

compared to wild-type plants, leading to the activation of

salicylic acid signaling, a key regulator of plant senescence

and programmed cell death (Boursiac et al., 2010). Another

Figure 6. Lost function of vps9a results in less autophagic body accumulation.

(a) 7-days-old seedlings transferred to nitrogen-free (-N) liquid medium containing 1 lM Concanamycin A (ConA). After 4 h of treatment under light conditions,

the accumulation of autophagic bodies was observed. For carbon starvation (-C) treatment, plants were incubated in the dark for 4 h. GFP-ATG8a signals in the

roots were observed using confocal fluorescence microscopy. Each image was captured with the same parameters and magnification. Ag, autophagic body

aggregates, Nuc, nucleus, Vac, vacuole. Scale bar = 50 lm.

(b) Images of vps9a-2 from Figure 6a with brightness increased by +3 EV upon nitrogen or fixed-carbon starvation.

(c) Relative fluorescence intensity of GFP-ATG8a in WT and vps9a-2 roots, signal intensity is represented by the average gray value of replicates (n = 3;

*P < 0.05; **P < 0.01; Student’s t-test).

(d) Quantification of autophagic bodies labeled by GFP-ATG8a. 200 9 200 lm area was captured for statistical analysis. Data are presented as mean � SD

(n = 10; *P < 0.05; **P < 0.01; Student’s t-test).

(e) Observation of autophagosomes marked by GFP-ATG8e. Each image was captured with the same parameters. Scale bar = 50 lm.

(f) Relative fluorescence intensity of GFP-ATG8e in WT and vps9a-2 roots, signal intensity is represented by the average gray value of replicates. (n = 3;

*P < 0.05; **P < 0.01; Student’s t-test).

(g) Quantification of autophagic bodies labeled by GFP-ATG8e in WT and vps9a-2 roots. 200 9 200 lm area was captured for statistical analysis, presented by

mean � SD (n = 8; *P < 0.05; **P < 0.01; Student’s t-test).

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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potential regulatory gene identified in the endocytic path-

way was MKK2 (Figure 3d). Mitogen-activated protein

kinase (MAPK) signaling pathways are involved in diverse

plant processes, including growth, cold tolerance (Siodmak

et al., 2023), oxidative stress adaptation, and immune

responses such as pattern-triggered immunity (PTI) against

biotic challenges (Takagi et al., 2019). These findings sug-

gest that plants coordinate MAPK signaling and endocyto-

sis in response to nitrogen starvation. Furthermore, we

identified TLP18.3 (Figure 3d), which has been implicated

in photosystem II regulation (Jarvi et al., 2016). Given

these findings, future research should explore the roles of

photosynthesis, Ca2+ and MAPK signaling in endosomal

trafficking and vacuolar transport, as well as their func-

tional relevance in nitrogen metabolism. Understanding

these pathways will provide deeper insight into the molec-

ular mechanisms underlying nitrogen remobilization in

plants.

The homologs of ATG1 and ATG8, as core autophagy

genes, regulate nitrogen recycling during starvation

Previous studies have shown that nitrogen deficiency

affects the source-sink relationship in senescing tissues,

with nitrogen remobilization regulated by autophagy-

related genes (Di Berardino et al., 2018; Hollmann

et al., 2014). During this process, targeted cytoplasmic

components are translocated to the vacuole through the

formation of autophagosomes (Lin et al., 2021; Nishimura

& Tooze, 2020), which play a crucial role in supplying

respiratory substrates under starvation conditions and help

maintain energy balance in plants (Ferguson et al., 2021).

Our results indicated that autophagy-related genes were

significantly upregulated in response to nitrogen deficiency

(Figure 2a–c). Additionally, in the autophagy interaction

network, two ATG8 genes (ATG8a and ATG8b) and two

ATG1 homologs (ATG1a and ATG1b) were identified as

hub genes (Figure 3a–c). ATG1, which forms a complex

with ATG13 and ATG101, is involved in the initiation of

autophagy. The assembly of the ATG1 complex is pro-

moted by changes in the external nutrient environment,

and thus regulates AP formation by kinase activity (Li &

Vierstra, 2014). The atg1abc triple mutant exhibits prema-

ture senescence under starvation (Qi et al., 2020). Another

homologous autophagic protein, ATG8, has multiple

homologs that specifically bind to adaptor proteins for rec-

ognizing and degrading substrates, including target pro-

teins and organelles, such as chloroplasts and

mitochondria (Li, Duckney, et al., 2022; Marshall & Vier-

stra, 2018). The modification and assembly of ATG8s are

critical steps in the formation and maturation of AP

(Johansen & Lamark, 2020). In both crops and Arabidopsis

ATG8 and related pathways play a pivotal role in nitrogen

remobilization. The atg8a-i nonuple mutant (Del Chiaro

et al., 2024), along with other mutants related to ATG8

modification and assembly (e.g., atg7, atg5, atg12), exhibit

hypersensitive phenotypes under nitrogen-deficient condi-

tions (Chung et al., 2010; Fan et al., 2020; Thompson

et al., 2005; Wada et al., 2015). Moreover, multiomics and
15N labeling have demonstrated that defects in the ATG8-

mediated autophagy pathway result in alterations in

metabolism, lipid composition, and protein levels (Li

et al., 2015; McLoughlin et al., 2018). During reproductive

growth, impaired nitrogen remobilization disrupts the

transfer of nitrogen from source tissues to reproductive

organs and seeds, ultimately leading to reduced crop yield

and quality (Chen et al., 2019; Erlichman et al., 2023; Fan

et al., 2020). These findings emphasize the essential role of

the ATG8-mediated autophagic pathway in regulating

nutrient management under stress conditions, modulating

the metabolism of aging tissues, and ensuring normal

physiological processes during reproductive growth. In

conclusion, based on our autophagy interaction network

and the correlations observed in gene expression profiles,

we propose that ATG8 and ATG1 serve as critical regula-

tors of autophagy in VPS9a-mediated nitrogen remobiliza-

tion in Arabidopsis.

The VPS9a-mediated endosomal sorting process affects

autophagic body accumulation and modulates the levels

of specific ATG8 homologs in Arabidopsis

Our results further confirm the role of VPS9a in autophagy.

The lost function of VPS9a significantly inhibited autopha-

gic body accumulation (Figure 6d,g), and under -C and -N

conditions, vps9a-2 exhibited a more sensitive phenotype

than the autophagy mutant atg7-2 (Figure 4d–g), which is

consistent with previous reports on other components

related to endosomal sorting pathways (Liu et al., 2018).

This increased sensitivity may be attributed to the involve-

ment of VPS9a in biological processes beyond autophagy,

ultimately contributing to the observed carbon starvation

phenotype. Additionally, ATG8a and other homologous

genes were upregulated in response to starvation in the

vps9a-2 background, showing a significant increase com-

pared to that of Col-0 (Figure 4b,c), which further con-

firmed that VPS9a affects the expression levels of core

autophagy gene ATG8 homologs. This upregulation may

reflect a compensatory response to dysfunction in endoso-

mal trafficking pathways, leading to transport disruptions.

This may require increased autophagic activity to maintain

cellular homeostasis.

Furthermore, we investigated whether VPS9a regulates

ATG8 lipidation. However, VPS9a did not affect the accumu-

lation of ATG8-PE (Figure 5a) or ATG5-ATG12 complex for-

mation (Figure 5b). Interestingly, vps9a-2 influenced the

protein levels of GFP-ATG8a, as revealed by western blotting

(Figure 5c), which was further validated by observing the

GFP-ATG8a signal intensity during autophagic body forma-

tion (Figure 6a,c). However, a similar effect was not observed

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 123, e70289

GS/GOGAT cycle and autophagy in Arabidopsis 11 of 17

 1365313x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.70289 by W

uhan Institute of B
otany/, W

iley O
nline L

ibrary on [24/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



for GFP-ATG8e (Figure 6f). Previous studies have shown that

ATG8a and ATG8e belong to different subclades of the ATG8

family. ATG8a, ATG8b, and ATG8c are classified into the

same branch, whereas ATG8e shares a closer evolutionary

relationship with ATG8f and ATG8g (Chen et al., 2024; Kellner

et al., 2017). The current understanding of how endosomal

sorting pathway components influence different ATG8 homo-

logs remains limited. Recent studies suggested that FREE1

interacts with specific ATG8s and participates in AP closure

(Zeng et al., 2023) indicating that ESCRT components may

exhibit diverse functions in the regulation of ATG8 homo-

logs. However, the biological functions and regulatory mech-

anisms underlying the differences among these ATG8

homologs remain poorly understood. Further research is

warranted to elucidate the influence of endosomal sorting

pathway components on ATG8a abundance. Specifically, it is

essential to learn the regulatory roles of key endocytic hub

genes that modulate the ATG8 homolog levels. This knowl-

edge will contribute to a more comprehensive understanding

of the mechanistic interplay between the endocytic and

autophagic trafficking pathways in orchestrating nitrogen

remobilization under nitrogen-limited conditions.

CONCLUSIONS

This study establishes VPS9a as a central regulator of nitro-

gen metabolism, autophagy, and endocytosis in Arabidopsis

under nitrogen-deficient conditions. The loss of VPS9a func-

tion disrupts nitrogen remobilization, perturbs GS/GOGAT-

associated regulatory networks, and leads to premature

senescence. WGCNA revealed that VPS9a affects key mod-

ules associated with autophagy, endocytosis, and phosphati-

dylinositol signaling. Although VPS9a does not directly

regulate the ATG8 conjugation system, it modulates the pro-

tein levels of ATG8a and the accumulation of autophagic

bodies, indicating an indirect but pivotal role in autophagy.

Together, these findings revealed a previously unchar-

acterized mechanism linking membrane trafficking to nitro-

gen homeostasis. By positioning VPS9a at the intersection

of endocytic and autophagic pathways, this study provides

new insights into how plants coordinate nutrient recycling

under stress.

MATERIALS AND METHODS

Plant materials

The vps9a-2 (GABI_557C02), atg7-2 (GABI_655B06) and atg5-1
(SAIL_129_B07) mutants were previously described by Thompson
et al. (2005), Goh et al. (2007), and Chung et al. (2010), and
obtained from the Arabidopsis Biological Resource Center (ABRC,
Ohio State University). These mutants were crossed with GFP-
ATG8a and GFP-ATG8e to obtain homozygous lines.

To generate 35S:VPS9a-GFP/vps9a-2 lines, the full-length
coding region of VPS9a was then amplified. The coding sequence
of VPS9a was inserted into the linearized pEGAD vector (digested

with AgeI) between the 35S promoter and the GFP tag using the
ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China).
The recombinant vector was then transformed into the vps9a-2
background using Agrobacterium-mediated transformation and
homozygous lines were obtained by multiple generations of self-
crossing. Complementation lines (VPS9apro:VPS9a-GFP/vps9a-2)
driven by the native VPS9a promoter were obtained from the Aus-
trian Institute of Technology.

Plant phenotypic assays

Arabidopsis seeds were surface sterilized with 1% sodium hypo-
chlorite. For carbon starvation (-C), seeds were sown on MS
medium lacking sucrose, which contained 1% (w/v) agar and
2 mM MES-KOH, with the pH adjusted to 5.7 using KOH. Plants
were placed at 4°C for 2 days to ensure consistent germination
and then placed in a growth chamber under a 16-h light/8-h dark
photoperiod at 22°C for 10 days. Subsequently, the seedlings
were transferred to darkness for carbon starvation treatment. The
seedlings were returned to normal conditions after 5 or 7 days of
treatment. Survival rates were assessed after 1 week of recovery.

For nitrogen starvation (-N) experiments, seedlings were ini-
tially cultivated in liquid MS medium at 22°C under a 16-h light/ 8-
h dark photoperiod for 7 days. The MS medium was then replaced
with nitrogen-free MS medium, and the seedlings were main-
tained under these conditions for an additional week. The pheno-
typic characteristics of the various plant lines were documented
using photographs.

Enzyme activity assay for the nitrogen metabolism

pathway

Plant samples were collected after 0, 48, and 96-h nitrogen starva-
tion (-N). Samples (0.1 g) were homogenized in 1 ml of Phosphate
Buffer (pH 7.4) on ice. The homogenate was centrifuged at 14167 g
for 10 min at 4°C, and the supernatant was collected and kept on
ice for subsequent enzyme activity assays.

The activities of GS and GOGAT were measured using assay
kits (Suzhou Grace Biotechnology Co., Ltd., China) according to
the manufacturer’s instructions.

Liquid chromatography-mass spectrometry (LC–MS/MS)

analysis of amino acids

50 mg of plant tissue were transferred to a 1.5 ml centrifuge tube,
followed by the addition of 300 ll methanol. The mixture was
thoroughly vortexed and centrifuged at 22136 g rpm for 10 min at
4°C. The supernatant was collected for further analysis. For aspar-
tate quantification, the supernatant was diluted 50-fold for LC–MS
analysis. The supernatant was diluted 500-fold to detect the levels
of glutamine, glutamate, arginine, and proline. The amino acid
concentrations were determined using LC–MS under optimized
conditions. Quantification was performed using standard calibra-
tion curves prepared from pure amino acid standards.

Transcriptome sequencing (RNA-seq) and data analysis

Leaf samples were collected after 0, 48, and 96-h nitrogen starva-
tion (-N). Total RNA was extracted from each sample to prepare
RNA libraries, which were sequenced using GENE DENOVO
(Guangzhou, China). Gene expression levels were quantified as
Transcripts Per Million (TPM).

Total RNA was extracted from each sample using a standard-
ized protocol, and RNA quality and integrity were verified using an
Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). RNA
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libraries were prepared and sequenced by GENE DENOVO (Guang-
zhou, China) using the Illumina HiSeq2500TM system platform (Illu-
mina, San Diego, CA, USA). Sequencing reads were aligned to the
Arabidopsis reference genome, and gene expression levels were
quantified as TPM to ensure comparability across samples. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis was then conducted to identify the metabolic and sig-
naling pathways that were significantly enriched among the genes
within each module.

Construction of co-expression network and KEGG

enrichment analysis

Weighted gene co-expression network analysis (WGCNA) was per-
formed using the OmicSmart platform (GENE DENOVO)
(https://www.omicsmart.com). The correlation between the mod-
ules and physiological enzyme activity was analyzed based on
previously described methods (Langfelder & Horvath, 2008). All
raw data were filtered and low-expression and low-quality RNA-
seq data were removed. Co-expression networks were constructed
using the TPM values obtained from RNA-seq.

First, the pickSoftThreshold function was used to estimate
the soft-threshold power, and an appropriate soft threshold
was selected to construct the correlation matrix. In our analysis,
the following parameters were used to construct the co-
expression network: b = 8, minModuleSize = 50, and
mergeCutHeight = 0.1.

Different modules were then used to construct a module-trait
relationship heatmap to identify modules highly correlated with
physiological traits under nitrogen starvation conditions
(*P < 0.05; **P < 0.01). Genes from significantly correlated mod-
ules were subjected to enrichment analysis using the KEGG data-
base, and KEGG pathway analysis was performed using KOBAS-i
(http://kobas.cbi.pku.edu.cn/). Bubble plots displayed the top ten
pathways.

Profile model analysis of autophagy and endocytosis-

related genes

Profile model analysis of genes related to autophagy and endocy-
tosis was conducted using the OmicShare platform (https://www.
omicshare.com). The genes involved in the analysis were normal-
ized using the log2 method, and significantly enriched trend mod-
ules were identified and displayed.

Identification of hub genes in key regulatory modules

The results of the WGCNA and KEGG analyses were used to iden-
tify modules significantly enriched for the autophagy and endocy-
tic pathways. The top 10 000 weight values for gene correlations
were extracted from the identified modules, and genes associated
with autophagy and endocytosis in Col-0 (Table S7), vps9a-2
(Table S8), and 35S:VPS9a-GFP/vps9a-2 (Table S9) were identified
with high weight values. The interaction network based on these
genes was constructed using the Cytoscape software v3.10.2 (Ota-
sek et al., 2019), and the degree value for each gene within the
network was calculated. Hub genes for the autophagy and endocy-
tosis pathways were selected based on their degree values, as
follows:

Col-0 autophagy: degree >50; Col-0 endocytosis: degree >14.

vps9a-2 autophagy: degree >5; vps9a-2 endocytosis:
degree >10.

35S:VPS9a-GFP/vps9a-2 autophagy: degree >3; 35S:VPS9a-
GFP/vps9a-2 endocytosis: degree >18.

Immunoblot assay

To detect GFP and ATG5, total extracts were prepared from
200 mg of seedlings. After grinding, samples were mixed with
sample buffer (100 mM Tris–HCl, 4% SDS, 0.2% bromophenol
blue, and 20% glycerol), heated to 98°C for 8 min, and centrifuged
at 19283 g for 10 min. The supernatants were separated on a 10%
acrylamide gel. The antibodies used for western blotting included
ATG5 (Thompson et al., 2005) histone H3 (ab1791, 1:10 000 dilu-
tion), anti-GFP (ab183734, 1:10 000 dilution), and a secondary anti-
body (IgG-HRP, ab6721, 1:5000 dilution) obtained from Abcam
(Cambridge, UK). The blots were visualized using a Tanon 5200
Chemiluminescent Analyzer (Tanon, Shanghai, China).

For the detection of ATG8 and PE conjugates, membrane
fractions were collected from total seedling extracts by centrifuga-
tion at 100 000 g for 10 min at 4°C. The pellet was resuspended in
TNPI buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1 mM PMSF,
and 10 mM iodoacetamide) containing 0.5% (v/v) Triton X-100 (Liu
et al., 2020). After clarification, the samples were subjected to
SDS-PAGE in the presence of 6 M urea and immunoblotted with
an anti-ATG8 antibody (Chung et al., 2010).

Confocal fluorescence microscopy and image analysis

Fluorescent images were captured using a confocal microscope
(FV3000; Olympus, Tokyo, Japan). GFP signals were detected
using a 488 nm laser combined with a 500–550 nm filter. The
images were processed and converted to TIFF files using the
FV31S-SW (Olympus, Ver 2.6) software.

To quantify the accumulation of autophagic bodies in the
central vacuole area of roots, we used ImageJ (Schneider
et al., 2012) to count the number of autophagic bodies within a
200 9 200 lm field of view. The intensity of the fluorescence sig-
nal, represented by the mean gray value of each image, was used
to evaluate the GFP signal intensity in different lines. The photos
used for statistical analysis were captured using the same parame-
ters, and the original files of the images were measured using
CellSens Dimension v4.2.1 (Olympus) software.

qRT-PCR analysis

Fresh samples were collected from each group (three biological
replicates) and immediately flash frozen in liquid nitrogen. Total
RNA was extracted using a FastPure Plant Total RNA Isolation Kit
(Vazyme). cDNA was synthesized using HiScript III RT SuperMix
(Vazyme), according to the manufacturer’s protocol. The qPCR
reactions were set up using ChamQ Universal SYBR qPCR Master
Mix (Vazyme) and performed on a CFX Connect PCR System (Bio-
Rad, Hercules, CA, USA). Gene expression levels were quantified
and determined using the 2�DCt method; primers used for analysis
are shown in Table S1.

Chlorophyll content measurement

Fresh plant samples (0.2 g) were homogenized in 10 ml ethanol
and centrifuged at 9838 g for 10 min. The supernatant was col-
lected, and the volume was adjusted to 50 ml with 95% ethanol and
mixed thoroughly. The absorbance of the pigment extract was mea-
sured at 665 nm and 649 nm according to a previously described
method (Liang et al., 2017). All samples were normalized to Col-0.
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Figure S1. Validation of -C phenotypes in Col-0, VPS9apro:VPS9a-
GFP/vps9a-2, and the vps9a-2. (a) Phenotypes of 7-day-old Arabi-
dopsis seedlings (Col-0, vps9a-2, and VPS9apro:VPS9a-GFP/vps9a-
2) complementation line after 5 days of carbon starvation (-C). (b)
Quantification of survival rates under -C conditions (**P < 0.01,
Student’s t-test). (c) Enlarged images showing seedling morphol-
ogy under -C treatment.

Figure S2. Schematic representation of the GS/GOGAT cycle and
endogenous Arg and Pro contents. (a) Profiling of key nitrogen
metabolites of GS/GOGAT cycle. Aspartate (Asp), Proline (Pro),
Glutamine (Gln), Glutamate (Glu), 2-oxoglutarate (2-OG), Arginine
(Arg). (b) Arg content. (C) Pro content (n = 6, P < 0.05, Student’s t-
test).

Figure S3. Principal component analysis and division of modules
by the Dynamic Tree Cut method. (a) Principal component analy-
sis (PCA) of the RNA-seq data. (b) Dendrogram represents the
hierarchical clustering of gene expression profiles in Col-0. The
bottom panel shows the dynamic tree cut and merged dynamic
module colors, indicating different clusters of co-expressed genes.
(c) Hierarchical clustering of gene expression profiles in vps9a-2.
The bottom panel shows the dynamic tree cut and merged
dynamic module colors, indicating different clusters of co-
expressed genes. (d) Hierarchical clustering of gene expression
profiles in 35S:VPS9a-GFP/vps9a-2. The bottom panel shows the
dynamic tree cut and merged dynamic module colors, indicating
different clusters of co-expressed genes.

Figure S4. Soft power curve used for WGCNA analysis. (a) Col-0,
(b) vps9a-2, and (c) 35S:VPS9a-GFP/vps9a-2. Left panel scale
shows the scale-free topology model fit index (y-axis) as a func-
tion of the soft-thresholding power (x-axis). The red horizontal line
indicates the threshold for a scale-free topology model fit index of
0.90 and right panels show the result of mean connectivity analy-
sis, and the decrease in mean connectivity is observed with
increasing soft-thresholding power.

Figure S5. Module identification in WGCNA and the number of
genes in each module. (a) Col-0, (b) vps9a-2, and (c) 35S:VPS9a-
GFP/vps9a-2. Plots display the number of genes in each module
identified by WGCNA. Each bar is color-coded to represent a spe-
cific module.

Figure S6. Identification of key modules in the GS/GOGAT cycle.
(a–c) Correlations of GS activity and NADH-GOGAT activity with
WGCNA modules of Col-0 (a), 35S:VPS9a-GFP/vps9a-2 (b), and
vps9a-2 (c) (*P < 0.05; **P < 0.01).

Figure S7. KEGG enrichment analysis of key modules in Col-0.
The plots display enriched KEGG terms for key modules, showing
the gene ratio (x-axis) and number of genes associated with each
term (dot size). The color gradient represents �log10 (P-value),
indicating the significance of enrichment, and shows the top 10
enriched KEGG pathways for each module.

Figure S8. KEGG enrichment analysis of key modules in 35S:
VPS9a-GFP/vps9a-2. The plots display enriched KEGG terms for
key modules, showing the gene ratio (x-axis) and number of
genes associated with each term (dot size). The color gradient rep-
resents �log10 (P-value), indicating the significance of enrichment,
and shows the top 10 enriched KEGG pathways for each module.

Figure S9. KEGG enrichment analysis of key modules in vps9a-2.
The plots display enriched KEGG terms for key modules, showing
the gene ratio (x-axis) and number of genes associated with each
term (dot size). The color gradient represents �log10 (P-value),
indicating the significance of enrichment, and shows the top 10
enriched KEGG pathways for each module.

Figure S10. Relative expression levels of ATG2, ATG6, ATG7 under
fixed-carbon starvation. Expression levels were measured using
qRT-PCR and normalized with actin (AT3G18780), relative expres-
sion of genes were calculated by 2�DCT method. (a) Gene expres-
sion levels under MS conditions. (b) Expression of ATG2, ATG6,
and ATG7 under -C conditions. Data are presented as mean � SD
(n = 3). Asterisks indicate significant differences between vps9a-2
and Col-0 (*P < 0.05, **P < 0.01; Student’s t-test), (c) Expression of
ATG2, ATG6, and ATG7 under -N conditions. Data are presented
as mean � SD (n = 3). Asterisks indicate significant differences
between vps9a-2 and Col-0 (*P < 0.05, **P < 0.01, Student’s t-
test).

Figure S11. Original images of the western blot.

Table S1. Primers used in this study.

Table S2. Gene expression profiles used for WGCNA analysis in
Col-0.

Table S3. Gene expression profiles used for WGCNA analysis in
vps9a-2.

Table S4. Gene expression profiles used for WGCNA analysis in
35S:VPS9a-GFP/vps9a-2.

Table S5. Autophagy-related gene expression profiles used for
trend analysis.

Table S6. Endocytosis-related gene expression profiles used for
trend analysis.

Table S7. The correlation of autophagy-related genes for con-
structing an interaction network in Col-0.
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Table S8. The correlation of endocytosis-related genes for con-
structing an interaction network in Col-0.

Table S9. The correlation of autophagy-related genes for con-
structing an interaction network in vps9a-2.

Table S10. The correlation of endocytosis-related genes for con-
structing an interaction network in vps9a-2.

Table S11. The correlation of autophagy-related genes for con-
structing an interaction network in 35S:VPS9a-GFP/vps9a-2.

Table S12. The correlation of endocytosis-related genes for con-
structing an interaction network in 35S:VPS9a-GFP/vps9a-2.
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