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Abstract

The Arabidopsis thaliana T2 family endoribonuclease RNS2 localizes to the vacuole and functions in rRNA degrad-
ation. Loss of RNS2 activity impairs rRNA turnover and leads to constitutive autophagy, a process for degradation of 
cellular components. Autophagy is normally activated during environmental stress and is important for stress toler-
ance and homeostasis. Here we show that restoration of cytosolic purine nucleotide levels rescues the constitutive 
autophagy phenotype of rns2-2 seedlings, whereas inhibition of purine synthesis induces autophagy in wild-type 
seedlings. rns2-2 seedlings have reduced activity of the target of rapamycin (TOR) kinase complex, a negative regu-
lator of autophagy, and this phenotype is rescued by addition of inosine to increase purine levels. Activation of TOR 
in rns2-2 by exogenous auxin blocks the enhanced autophagy, indicating a possible involvement of the TOR signaling 
pathway in the activation of autophagy in the rns2-2 mutant. Our data suggest a model in which loss of rRNA deg-
radation in rns2-2 leads to a reduction in cytoplasmic nucleotide concentrations, which in turn inhibits TOR activity, 
leading to activation of autophagy to restore homeostasis.
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Introduction

Ribosome biosynthesis is a substantial sink of cellular re-
sources (Warner, 1999; Doerner, 2007). Degradation and re-
cycling of ribosomal components at the end of their useful 
life is therefore critical for homeostasis and for maintaining 
substrate concentrations for protein and RNA synthesis. In 
eukaryotes, degradation of rRNA is effected primarily by 
RNases belonging to the RNase T2 family localized in lytic 
organelles, lysosomes in animals and vacuoles in plants and 
yeast (Haud et  al., 2011; Hillwig et  al., 2011; Huang et  al., 
2015; Liu et al., 2018). In Arabidopsis thaliana, at least a portion 

of rRNA decay occurs in the vacuole via the RNS2 RNase 
(Hillwig et  al., 2011) after uptake by autophagy-related 
transport or alternative pathways (Floyd et al., 2015). RNS2, 
like other RNase T2 enzymes, is a single strand-specific 
endoribonuclease, and localizes to the vacuole and endo-
plasmic reticulum (Hillwig et al., 2011; Floyd et al., 2017). 
The vacuolar degradation of rRNA is proposed to be im-
portant in nucleotide homeostasis (Bassham and MacIntosh, 
2017) and, therefore, the RNA degradation products within 
vacuoles need to be exported to the cytoplasm for re-use by 
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the cells. Based on work on the equivalent enzyme in yeast, 
Rnyl (Huang et al., 2015), Arabidopsis RNS2 may hydrolyze 
RNA to 3'-nucleoside monophosphate (NMP), followed by 
dephosphorylation by an as yet unidentified vacuolar nu-
cleoside phosphatase. The resulting nucleosides are then 
transported to the cytoplasm by the tonoplast-localized 
Equilibrative Nucleoside Transporter 1 (ENT1) (Bernard 
et al., 2011). In the cytoplasm, these nucleosides can be con-
verted to nucleobases and used in primary metabolism.

Consistent with a role in rRNA degradation, in Arabidopsis 
plants lacking RNS2 (rns2-2), rRNAs have a longer half-life 
compared with that of wild-type plants, and the mutants accu-
mulate RNA inside their vacuoles (Hillwig et al., 2011; Floyd 
et al., 2015). Similar RNA accumulation phenotypes are seen in 
animals and humans with defects in RNase T2 genes (Henneke 
et  al., 2009; Haud et  al., 2011; Liu et  al., 2018). In addition, 
rns2-2 mutants have constitutive activation of the autophagy 
pathway (Hillwig et al., 2011; Floyd et al., 2015). Autophagy is 
a conserved pathway for the vacuolar degradation and recyc-
ling of cellular components, including organelles and macro-
molecules (Li and Vierstra, 2012; Liu and Bassham, 2012). It 
involves the formation of double membrane structures, termed 
autophagosomes, that engulf cytoplasmic cargo and eventually 
fuse with the vacuole, in which the engulfed components are 
degraded (Wang et al., 2018). In plants grown under normal 
conditions, autophagy is active only at low basal levels, but it is 
up-regulated during senescence and under nutrient deficiency 
and environmental stress (Doelling et al., 2002; Hanaoka et al., 
2002; Liu and Bassham, 2012). Bulk autophagy in plants has 
been well studied, and autophagy-mediated degradation of 
certain cell organelles, such as mitochondria (Li et al., 2014), 
the endoplasmic reticulum (Liu et  al., 2012), chloroplasts 
(Izumi et al., 2017), and ribosomes (Floyd et al., 2015), has also 
been reported.

The reason for the constitutive autophagy in rns2-2 mu-
tants is unknown but could be due to potential disruptions 
in nucleotide homeostasis and decreased cytosolic nucleo-
tide concentrations. Insight can be obtained from a mutant 
in Caenorhabditis elegans in which the loss of the T2 family 
endoribonuclease RNST-2 causes accumulation of rRNA in-
side lysosomes, and results in larval and embryonic develop-
ment defects and shortened life span (Liu et al., 2018). These 
defects are more severe in double mutants that are also defective 
in nucleotide de novo synthesis, and supplementation of the 
double mutants with pyrimidine nucleotides suppresses these 
defects. This suggests that the lysosomal degradation of rRNA 
by RNST-2 is necessary to maintain pyrimidine homeostasis 
during C. elegans embryogenesis, and that vacuolar/lysosomal 
RNases may be important in maintaining cellular nucleotide 
concentrations. This is also supported by analysis of gene ex-
pression profiles of Arabidopsis rns2-2 mutants compared with 
wild-type plants, which revealed differential regulation of genes 
encoding enzymes of the pentose phosphate pathway (PPP) 
(Morriss et al., 2017). Additionally, the levels of PPP intermedi-
ates were significantly reduced in rns2-2, suggesting changes in 
flux through the pathway, particularly repression of the oxi-
dative phase of the PPP but activation of the non-oxidative 
phase. This would favor the production of ribose-5-phosphate 

from glyceraldehyde-3-phosphate and fructose-6-phosphate 
(Morriss et al., 2017). To compensate for the loss of recycling of 
nucleosides, carbon flux in rns2-2 may therefore be diverted via 
the PPP toward the production of ribose-5-phosphate, which 
is an essential substrate in de novo purine synthesis (Bassham 
and MacIntosh, 2017; Morriss et al., 2017).

If the constitutive autophagy seen in rns2-2 mutants is re-
lated to nucleotide homeostasis, it potentially acts via known 
regulators. In Arabidopsis, the sucrose non-fermenting-1-
related protein kinase 1 (SnRK1) complex activates autophagy 
during stress (Soto-Burgos and Bassham, 2017), and the mam-
malian homolog AMP-activated protein kinase (AMPK) is 
regulated by the AMP/ATP ratio (Hardie, 2011; Carroll and 
Dunlop, 2017), although it is not clear if this is true in plants. 
In addition, the Arabidopsis target of rapamycin (TOR) pro-
tein kinase complex is a negative regulator of autophagy (Liu 
and Bassham, 2010; Pu et al., 2017), preventing activation of the 
pathway under conditions favoring growth. While knowledge 
of upstream factors controlling TOR activity in plants is limited, 
mammalian TOR is involved in sensing purine nucleotide 
levels, amino acids, and growth factors to coordinate down-
stream processes such as nucleic acid synthesis, ribogenesis, and 
growth (Iadevaia et al., 2014; Emmanuel et al., 2017; Hoxhaj 
et al., 2017). In addition, mTORC1 activation promotes the de 
novo synthesis of both pyrimidine and purine nucleotides due 
to their heavy demand during ribogenesis (Ben-Sahra et  al., 
2013, 2016; Robitaille et al., 2013; Valvezan et al., 2017). Here, 
we assess the potential mechanism of activation of autophagy 
in rns2-2 mutants. We show that the activation of autophagy is 
probably due to reduced purine levels, leading to a reduction 
in TOR activity and in turn to autophagy activation, possibly 
in an attempt to compensate for reduced nucleotide levels. This 
work provides insight both into the function of vacuolar RNA 
degradation in nucleotide homeostasis and into the regulation 
of autophagy by nucleotide concentrations via TOR.

Materials and methods

Plant materials and growth conditions
Arabidopsis thaliana genotypes used are Col-0, green fluorescent protein 
(GFP)–ATG8e (Xiong et  al., 2007), rns2-2 GFP–ATG8e (Floyd et  al., 
2015), and raptor1b (SALK_078159) (Anderson et al., 2005). Seeds were 
sterilized and plants grown as described previously (Pu et al., 2017). In 
all experiments, plants were grown on solid half-strength Murashige and 
Skoog (1/2 MS) medium, pH 5.7 [2.22 g l–1 MS vitamin and salt mixture 
(Caisson Laboratories, MSP09), 1.5% (w/v) Phytoblend agar (Caisson 
Laboratories, PTP01), 20% (w/v) sucrose, and 0.05% (w/v) MES] for 7 d 
under long-day conditions (16 h of light) at 22 °C.

Chemical treatments
All chemicals were purchased from Sigma-Aldrich USA, unless otherwise 
indicated. For purine (inosine and hypoxanthine) or pyrimidine (cyti-
dine, thymidine, and uridine) nucleoside supplementation, seedlings were 
grown on solid 1/2 MS medium for 7 d and transferred to liquid 1/2 MS 
medium supplemented to a final concentration of 10 µM, unless other-
wise indicated, for 3 h.

For depletion of purines or pyrimidines, 7-day-old seedlings were 
transferred to liquid 1/2 MS medium supplemented with increasing 
concentrations of the following inhibitors; purine synthesis inhibitors: 
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methotrexate (MTX) or lometrexol (LTX) at 0, 2, or 5 µM final con-
centrations; purine salvage inhibitors: 2,6-diaminopurine (2,6-DAP) or 
6-mercaptopurine (6-MP) at 0, 100, or 300 µM final concentrations; or 
pyrimidine synthesis inhibitors: 5-fluorouracil (5-FU) and 6-azauridine 
(6-AZA) at 0, 1, 5, or 10 µM final concentrations. To restore purine nu-
cleotides after depletion, 7-day-old seedlings were transferred to liquid 
1/2 MS medium supplemented to a final concentration of 5 µM LTX or 
MTX, or 300 µM 2,6-DAP or 6-MP, and inosine was added to 10 µM 
for the last 1.5 h.

To inhibit SnRK1, 7-day-old seedlings were transferred to liquid 
1/2 MS medium supplemented with trehalose-6-phosphate (T6P) to a 
final concentration of 0.1 mM (Santa Cruz, SC216004) for 3 h (Zhang 
et  al., 2009). To activate TOR, 7-day-old seedlings were transferred to 
1/2 MS liquid medium supplemented to a final concentration of 20 nM 
1-naphthaleneacetic acid (NAA) or DMSO as solvent control for 
6 h (Pu et  al., 2017). Inhibition of TOR using AZD8055 (AZD) (LC 
Laboratories, A-2345) was done as in Pu et al. (2017), with minor modi-
fications. Briefly, seedlings were incubated with 1 µM AZD in liquid 1/2 
MS medium for 3 h and the medium was supplemented with 10 µM 
inosine for the last 1.5 h.

Immunoblotting
Proteins were extracted from 7-day-old Arabidopsis seedlings supple-
mented or not with 10 µM inosine or 1 µM AZD for S6 kinase (S6K) 
phosphorylation assays or with purine (5 µM LTX or MTX or 300 µM 
2,6-DAP or 6-MP) or pyrimidine (10 µM 5FU or 6-AZA) synthesis/
salvage inhibitors for GFP cleavage assays. For ATG8 accumulation as-
says, seedlings were supplemented with 1 µM concanamycin A (ConcA), 
with or without purine or pyrimidine nucleosides (10  µM), NAA 
(20 nM), T6P (0.1 mM), AZD (1 µM), or purine/pyrimidine synthesis/
salvage inhibitors for 12 h. Seedlings were ground in sample buffer [20% 
(w/v) SDS, 0.075 M Tris–HCl, pH 6.8, 25% (v/v) glycerol, 0.5% (v/v) 
2-mercaptoethanol, and 0.5% (w/v) bromophenol blue]. The hom-
ogenate was centrifuged at 16 000 g in a benchtop microcentrifuge 
(Beckman Coulter Life Sciences) for 10  min at 4  °C to remove cell 
debris. The supernatant was heated at 95  °C for 5  min and vortexed 
before loading. Proteins were separated by 15% or 10% (w/v) acryl-
amide SDS–PAGE for ATG8 accumulation and GFP cleavage assays or 
S6 kinase (S6K) phosphorylation assays, respectively. Proteins were de-
tected using a 1:1000 dilution in 5% (w/v) non-fat milk of anti-GFP 
(Roche Diagnostics, 1184460001)  monoclonal primary antibodies or 
anti-ATG8a (AS14 2769, Agrisera), S6K1/2 (Agrisera, AS12 1855), or 
S6K1-2-phosphorylated (P-S6K) (Agrisera, AS13 2664) polyclonal pri-
mary antibodies. Blots were then probed using a 1:10 000 dilution of 
horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary 
antibody (Sigma-Aldrich, AP308P) for GFP or HRP-conjugated goat 
anti-rabbit secondary antibody (Bio-Rad, 1706515) for P-S6K, S6K, or 
ATG8. Blots were scanned and bands quantified using ImageJ software 
(Schneider et al., 2012). For GFP cleavage, the ratio of free GFP to GFP–
ATG8e band intensities was used as a measure of the extent of autophagy 
activity, while the ratio of phosphorylated S6K to non-phosphorylated 
S6K indicates TOR kinase activity. For ATG8 accumulation, the band 
intensities were first normalized to the Ponceau S-stained Rubisco band 
as loading control, and all treatments were compared with wild-type un-
treated control set to 1 unit.

Microscopy and autophagosome quantification
Arabidopsis wild-type and raptor1b seedlings were stained with 
monodansylcadaverine (MDC) as described previously (Contento et al., 
2005). MDC-stained or GFP-labeled structures within the root elong-
ation zone were counted using a Zeiss AxioImager microscope, with a 
×40 objective and a DAPI-specific filter for MDC or a fluorescein iso-
thiocyanate (FITC) filter for GFP. Data from at least nine frames con-
stituted a sample and were used to determine the average number of 
autophagosomes per sample from three biological replicates unless other-
wise indicated. Sample images within the root elongation zone were 
taken using a Leica SP5 confocal laser scanning microscope with a ×63 

oil immersion objective. The excitation and emission wavelengths for 
GFP were 488 nm and 507 nm, respectively. All the microscopy was per-
formed at the Roy J. Carver High Resolution Microcopy Facility at Iowa 
State University.

Statistical analysis
Two-tailed Student’s t-tests were computed for pairwise comparison of 
means of data sets, with the statistical significance level set to 0.05. For all 
figures, error bars are the mean ±SEM.

Results

Purine but not pyrimidine nucleosides suppress 
autophagy in rns2-2 seedlings

Arabidopsis plants lacking RNS2 have constitutive autophagy 
(Hillwig et  al., 2011; Floyd et  al., 2015), but the reason for 
this phenotype is unknown. We hypothesized that due to im-
paired vacuolar rRNA turnover in rns2 mutants, nucleoside 
recycling is reduced, leading to a decrease in cytosolic nucleo-
side and nucleotide concentrations. Autophagy would then 
be activated because of these reduced concentrations, poten-
tially as an attempt to compensate by recycling nucleosides and 
nucleotides from other locations. To test this hypothesis, we 
supplemented the growth medium of rns2-2 and wild-type 
seedlings, each expressing GFP–ATG8e as an autophagosome 
marker, with purine or pyrimidine nucleosides to assess the 
effect on autophagy.

First, 7-day-old GFP–ATG8e or rns2-2 GFP–ATG8e 
seedlings were incubated in liquid 1/2 MS medium supple-
mented with increasing concentrations of inosine, a precursor 
for all purines (Fig. 1A), for 3 h. At 10 µM, inosine reduced 
the number of GFP-labeled autophagosomes in rns2-2 GFP–
ATG8e to wild-type basal autophagy levels (Fig. 1B, C). Inosine 
reduced the extent of autophagy in rns2-2 GFP–ATG8e seed-
lings in a dose-dependent manner, while the basal autophagy 
seen in GFP–ATG8e seedlings was not affected (Fig. 1C). In all 
subsequent experiments, inosine was used at a concentration of 
10 μM. Then, seedlings were treated as above, but with the me-
dium supplemented with purine (inosine and hypoxanthine) 
or pyrimidine (thymidine, cytidine, and uridine) nucleosides, 
at the concentrations described in Meyer and Wagner (1985) 
and Chen et al. (2006) as appropriate physiological levels. While 
the purines suppressed the constitutive autophagy of rns2-2, the 
pyrimidines failed to rescue this phenotype (Fig. 1D), suggesting 
that activation of autophagy might specifically be responsive to 
purine nucleoside concentrations but not to pyrimidines.

While an increase in the number of GFP–ATG8e-labeled 
autophagosomes indicates a change in autophagy, it could poten-
tially be due to either increased formation or decreased degrad-
ation of autophagosomes. Two different biochemical assays have 
been shown in Arabidopsis to measure flux through the entire 
autophagy pathway, leading to vacuolar degradation, the cleavage 
of a GFP–ATG8 fusion protein in the vacuole and the accumula-
tion of endogenous ATG8 in the presence of the vacuolar ATPase 
inhibitor ConcA (Chung et al., 2010; Klionsky et al., 2016; Shull 
et al., 2019) to block degradation. Here we use each of these as-
says, depending on the genetic background of the plants.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/71/22/6907/5903409 by Iow

a State U
niversity,  gustavo@

iastate.edu on 18 July 2021



6910  |  Kazibwe et al.

To confirm the suppression of the constitutive autophagy of 
rns2-2 upon purine treatment, we measured accumulation of 
ATG8 (Yoshimoto et al., 2004; Pérez-Pérez et al., 2010). ATG8 
localizes to both inner and outer autophagosome membranes 
(Kirisako et al., 1999; Slobodkin and Elazar, 2013) and its ex-
pression increases upon induction of autophagy (Kirisako et al., 
1999; Thompson et al., 2005; Xiong et al., 2007; Liu et al., 2009). 
ATG8 is delivered to the vacuole with autophagosomes and 

degraded, and this degradation is blocked by ConcA (Dröse 
et al., 1993; Huss et al., 2002; Dettmer et al., 2006). The level of 
ATG8 in the presence or absence of ConcA can therefore be 
used as a measure of autophagic flux (Shull et al., 2019).

First, wild-type or rns2-2 seedlings were supplemented 
or not with ConcA (1 µM) for 12 h, after which total pro-
tein was extracted and analyzed by immunoblot using anti-
ATG8 antibody to assess ATG8 accumulation. The amount 

Fig. 1.  Purines but not pyrimidines suppress autophagy in rns2-2 seedlings. (A) Salvage pathway for the conversion of inosine to purine nucleotides. 
Enzymes: 1, inosine–guanosine kinase; 2, IMP dehydrogenase; 3, adenylosuccinate synthase; 4, GMP synthase. (B) Representative confocal images 
of rns2-2 GFP–ATG8e and GFP–ATG8e seedlings after a 3 h treatment with 10 µM inosine or control without inosine. Scale bar=25 µm; white arrows 
indicate autophagosomes. (C) rns2-2 GFP–ATG8e and GFP–ATG8e seedlings were treated with increasing concentrations of inosine, and GFP–ATG8e-
labeled autophagosomes were quantified using epifluorescence microscopy with a GFP filter at ×40 magnification. (D) rns2-2 GFP–ATG8e and GFP–
ATG8e seedlings were treated with 10 µM final concentration of purine nucleosides (inosine and hypoxanthine) or pyrimidine nucleosides (cytidine, 
thymidine, or uridine) in liquid 1/2 MS medium for 3 h. GFP–ATG8e-labeled autophagosomes were quantified as in (C). Data presented in (C) and 
(D) are the mean ±SE for three biological replicates, n=9 frames per replicate. Statistical significance (wild type versus rns2-2) was determined using 
Student’s two-tailed t-test, P<0.05. Different letters denote statistically significant differences between means. (E and G) rns2-2 and wild-type seedlings 
were treated (E) with or without 1 µM final concentration of concanamycin A (ConcA) or (G) with nucleosides as in (D) but supplemented with 1 µM final 
concentration of ConcA for 12 h, and total protein was separated by SDS–PAGE followed by immunoblotting with anti-ATG8 antibodies. Shown is a 
representative image from three independent biological replicates. (F and H) Quantification of ATG8 band intensity, normalized to the Ponceau S-stained 
band corresponding to Rubisco large subunit, with the value of the wild-type control set to 1. Data are the mean ±SE for three biological replicates. 
Statistical significance [ConcA versus untreated control (F) or wild type versus rns2-2 (H)] was determined using Student’s two-tailed t-test, P<0.05. 
Different letters denote statistically significant differences between means. (This figure is available in color at JXB online.)
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of ATG8 was higher in rns2-2 seedlings than in the wild 
type, and ATG8 accumulated further in the presence of 
ConcA, indicating that the increase was due to enhanced 
autophagic flux and not decreased ATG8 degradation 
(Fig. 1E, F). Seedlings were then treated as in Fig. 1D but 
supplemented with ConcA (1 µM) and nucleosides for 12 h. 
The extent of ATG8 accumulation in rns2-2 was reduced 
by purine but not pyrimidine nucleosides (Fig. 1G, H), in 
support of the hypothesis that activation of autophagy in 
rns2-2 is responsive to purine but not pyrimidine nucleoside 
concentrations.

Autophagy is activated by depletion of purine but not 
pyrimidine nucleotides

The above results suggest that purines but not pyrimidines 
can suppress autophagy in rns2-2 GFP–ATG8e plants. Under 
normal conditions, both nucleotide synthesis and nucleotide 
salvage contribute to maintaining homeostasis (Moffatt and 
Ashihara, 2002; Zrenner et  al., 2006; Girke et  al., 2014). To 
confirm that nucleotide depletion can activate autophagy, we 
treated wild-type seedlings expressing GFP–ATG8e with in-
hibitors of purine synthesis enzymes, purine salvage enzymes 
(Fig. 2A), or pyrimidine synthesis enzymes, to deplete purines 
or pyrimidines from the seedlings. Seedlings were transferred to 
liquid 1/2 MS medium supplemented with increasing concen-
trations of de novo purine synthesis inhibitors (0, 2, or 5 µM), 
purine salvage inhibitors (0, 100, or 300 µM), or pyrimidine 
synthesis inhibitors (0, 2, 5, or 10 µM) for 6 h.

Compared with the DMSO control, inhibition of the de novo 
purine synthesis enzymes dihydrofolate reductase (DHFR) 
with MTX (Kemper et al., 1992; Loizeau et al., 2008) or gly-
cine amide ribonucleotide transformylase (GART) with LTX 
(Christopherson et  al., 2002) resulted in strong activation of 
autophagy in a dose-dependent manner (Fig. 2B). Similarly, in-
hibition of the purine salvage enzymes hypoxanthine-guanine 
phosphoribosyltransferase (HGPT1) with 6-MP or of adenine 
phosphoribosyltransferase (APT) with 2,6-DAP (Moffatt and 
Somerville, 1988) activated autophagy (Fig. 2C).

In contrast, inhibitors that targeted pyrimidine synthesis en-
zymes [5FU, which inhibits thymidylate synthase (Córdoba-
Cañero et al., 2010), or 6-AZA, which inhibits orotidylic acid 
pyrophosphorylase (Schaeffer and Sorokin, 1966; Chung and 
Rédei, 1974)] did not have a significant effect on autophagy 
under the tested conditions (Fig. 2D). These results further in-
dicate that activation of autophagy is specifically sensitive to 
purines under these conditions.

To confirm that the observed activation of autophagy was 
caused by depletion of nucleotides, and not by other non-
related inhibitor effects, we supplemented inhibitor-treated 
seedlings with inosine to restore purine nucleoside and hence 
nucleotide levels (Moffatt and Ashihara, 2002). Seedlings were 
transferred to liquid 1/2 MS medium supplemented with 
the indicated inhibitors for 6  h and inosine was added to 
the medium for the last 1.5 h. The number of GFP-labeled 
autophagosomes was significantly reduced when inosine was 
added to nucleotide-depleted seedlings, compared with the 
inhibitor treatment without inosine (Fig.  2E). These results 

suggest that depletion of purine nucleotides leads to activation 
of autophagy in Arabidopsis.

To confirm the activation of autophagy upon inhibition of 
purine synthesis, we used GFP–ATG8e processing (Shin et al., 
2014; Klionsky et  al., 2016) to detect autophagic flux. Once 
GFP–ATG8e is delivered to the vacuole by autophagy, it is 
degraded, resulting in free GFP (Shin et al., 2014). The degree 
of processing thus corresponds to the extent of activation of 
autophagy. Seven-day-old GFP–ATG8e seedlings were incu-
bated with 10 µM LTX, MTX, 5-FU, or 6-AZA, or 300 µM 
2,6-DAP or 6-MP, with or without 10 µM inosine for 6 h. 
Total protein was then extracted and analyzed by immunoblot 
using anti-GFP antibody. Compared with the control (DMSO) 
treatment, purine synthesis/salvage inhibitor-treated seed-
lings accumulated more free GFP (Fig. 2F, G) but pyrimidine 
inhibitor-treated samples did not. Furthermore, inosine sup-
plementation reduced the extent of free GFP accumulation in 
inhibitor-treated samples, compared with the inhibitor treat-
ment without inosine (Fig. 2F, G), confirming that autophagy 
is activated upon inhibition of purine synthesis or salvage.

Autophagy activation in rns2-2 involves TOR kinase

We next assessed the mechanism by which autophagy is regu-
lated by nucleotide concentrations. Two major upstream kin-
ases regulating the activity of the autophagy pathway have been 
identified in plants. SnRK1, a plant ortholog of animal AMPK 
and yeast Snf1 (Wang et al., 2001; Lee et al., 2010; Hardie, 2011; 
Carroll and Dunlop, 2017), functions as an energy sensor that 
activates autophagy under low energy or nutrient conditions 
(Chen et al., 2017; Soto-Burgos and Bassham, 2017). In con-
trast, TOR represses autophagy under normal, nutrient-rich 
growth conditions (Liu and Bassham, 2010). During nutrient 
starvation, salt stress, and osmotic stress, autophagy is induced 
in wild-type plants, while plants overexpressing TOR fail to 
activate autophagy under those conditions (Pu et  al., 2017). 
Therefore, we tested the possible involvement of SnRK1 and 
TOR in the activation of autophagy in rns2-2.

To determine whether SnRK1 activity is required for the 
constitutive autophagy seen in rns2-2, SnRK1 was inhibited 
using T6P (Zhang et al., 2009). In Arabidopsis, treatment with 
T6P blocks autophagy activation by most abiotic stresses (Soto-
Burgos and Bassham, 2017). Seven-day-old GFP–ATG8e- and 
rns2-2 GFP–ATG8e-expressing seedlings were transferred to 
1/2 MS liquid medium supplemented or not with 0.1 mM 
T6P for 3 h. GFP-labeled autophagosomes were visualized by 
confocal microscopy (Fig.  3A) and quantified by epifluores-
cence microscopy (Fig. 3B). As expected, in control conditions, 
GFP–ATG8e seedlings had a low basal level of autophagy, 
while in rns2-2 GFP-ATG8e seedlings, autophagy was active 
(Fig. 3A, B). Inhibition of SnRK1 by T6P had no effect on 
autophagy activity in GFP–ATG8e control seedlings or in the 
rns2-2 GFP–ATG8e mutant when compared with the un-
treated control (Fig. 3A, B). These results suggest that the con-
stitutive autophagy activity observed in the rns2-2 mutant is 
not due to aberrant activation of the SnRK1 complex.

Next, we tested whether decreased TOR kinase activity 
is responsible for the increased autophagy in rns2-2. TOR 
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Fig. 2.  Autophagy is activated by depletion of purine but not pyrimidine nucleotides. (A) Schematic diagram of the de novo and salvage purine 
synthesis pathways with key enzymes as follows: dihydrofolate reductase (DHFR), glycine amide ribonucleotide transformylase (GART), adenine 
phosphoribosyltransferase (APT), and hypoxanthine-guanine phosphoribosyltransferase (HGPT1). Inhibitors of specific enzymes are indicated: 
lometrexol (LTX), methotrexate (MTX), 2,6-diaminopurine (2,6-DAP), and 6-mercaptopurine (6-MP). Metabolites: 5-phosphoribosyl-1-pyrophosphate 
(PRPP), glycineamide ribonucleotide (GAR), formyl glycine amidine ribonucleotide (FGAM), 5-aminoimidazole-4-carboxyamide ribonucleotide (AICAR), 
5-formamidoimidazole-4-carboxyamide ribonucleotide (FAICAR), tetrahydrofolate (THF), 10-formyl-tetrahydrofolate (10F-THF), IMP, AMP, GMP, XMP, ATP, 
and GTP. (B–D) Seven-day-old GFP–ATG8e seedlings were treated for 6 h in liquid 1/2 MS medium supplemented with the indicated concentrations 
of (B) purine synthesis inhibitors LTX or MTX, (C) purine salvage enzyme inhibitors 2,6-DAP or 6-MP, or (D) pyrimidine synthesis enzyme inhibitors 
5-fluorouracil (5-FU) or 6-azauridine (6-AZA). GFP–ATG8e-labeled autophagosomes were quantified using a Zeiss AxioImager with a GFP filter at ×40 
magnification. Data presented are the mean ±SE (n=9) of four biological replicates. Statistical significance (all treatments versus the DMSO control) was 
determined using Student’s t-test, P<0.05. Different letters denote statistically significant differences between means. (E) Seven-day old GFP–ATG8e 
seedlings were treated for 6 h in liquid 1/2 MS medium supplemented with DMSO as a control, LTX or MTX (5 µM), or 2,6-DAP or 6-MP (300 µM). After 
4.5 h of inhibitor treatment, inosine was added to the samples for 1.5 h and autophagosomes were counted. Data presented are the mean ±SE (n=9) of 
three biological replicates. Statistical significance (inhibitor only versus inhibitor plus inosine treatments) was determined using Student’s t-test, P<0.05. 
Different letters denote statistically significant differences between means. (F) Seven-day-old GFP–ATG8e seedlings were incubated for 6 h in liquid 1/2 
MS medium supplemented with DMSO as a control, LTX or MTX (5 µM), 2,6-DAP or 6-MP (300 µM), or 5-FU or 6-AZA (10 µM), each with or without 
10 µM inosine, and total protein was separated by SDS–PAGE followed by immunoblotting with anti-GFP antibodies. Data shown are a representative 
image of three different experiments. (G) Quantification of the ratio between free GFP and GFP–ATG8e. Data are the mean ±SE for three biological 
replicates. Statistical significance (inhibitor only versus inhibitor plus inosine treatments) was determined using Student’s two-tailed t-test, P<0.05. 
Different letters denote statistically significant differences between means. (This figure is available in color at JXB online.)
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kinase can be activated by exogenous auxin (Schepetilnikov 
et al., 2013, 2017), which in turn represses autophagy during 
nutrient starvation, salt stress, and osmotic stress (Pu et  al., 
2017). Seven-day-old GFP–ATG8e- and rns2-2 GFP–
ATG8e-expressing seedlings were transferred to 1/2 MS li-
quid medium supplemented with 20 nM of the auxin NAA 
for 6 h, or with DMSO as solvent control. After treatment, 
seedlings were visualized by confocal microscopy (Fig. 3C) 
or epifluorescence microscopy for quantification (Fig. 3D). 
In control conditions, GFP–ATG8e seedlings have a low 

basal level of autophagy while in rns2-2 GFP–ATG8e seed-
lings, autophagy is active (Fig.  3C, D). Activation of TOR 
kinase by NAA had no effect on the autophagy activity in 
GFP–ATG8e seedlings when compared with the solvent 
control (Fig.  3C, D). In rns2-2 GFP–ATG8e seedlings, the 
constitutive autophagy seen under control conditions was 
blocked upon activation of the TOR kinase by NAA treat-
ment (Fig. 3C, D).

To confirm these results, wild-type and rns2-2 seedlings were 
treated with T6P or NAA, together with ConcA, for 12 h, after 

Fig. 3.  Autophagy in rns2-2 is dependent on repression of TOR kinase. (A, C) Seven-day-old GFP–ATG8e and rns2-2 GFP–ATG8e seedlings were 
transferred to 1/2 MS liquid medium supplemented to a final concentration of (A) 0.1 mM T6P or DMSO for 3 h or (C) 20 mM NAA or DMSO for 
6 h. Representative confocal images show autophagosomes (white arrows) in roots. Scale bar=25 µm. (B, D) Quantification of GFP–ATG8e-labeled 
autophagosomes treated as in (A) or (C) using epifluorescence microscopy. Data presented are the mean ±SE for three biological replicates (n=9 frames 
per replicate). Statistical significance (all treatments versus DMSO control) was determined using Student’s t-test, P<0.05. Different letters denote 
statistically significant differences between means. (E) Seven-day-old wild-type or rns2-2 seedlings were treated as in (A) or (C) but supplemented with 
1 µM final concentration of ConcA for 12 h, and total protein was separated by SDS–PAGE followed by immunoblotting with anti-ATG8 antibodies. Data 
shown are a representative image of three different experiments. (F) Quantification of the ratio between ATG8 and Ponceau S-stained Rubisco large 
subunit band, with the wild-type control set to 1. Data are the mean ±SE for four biological replicates. Statistical significance (all treatments versus DMSO 
control) was determined using Student’s two-tailed t-test, P<0.05. Different letters denote statistically significant differences between means. (This figure 
is available in color at JXB online.)
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which total protein was extracted and immunoblotted using 
anti-ATG8 antibody. The extent of ATG8 accumulation was 
not affected by T6P in either rns2-2 or wild-type seedlings 
(Fig. 3E, F). In contrast, ATG8 accumulation in rns2-2 seed-
lings was reduced by NAA treatment. Together, these results 
suggest that the increased autophagy in rns2-2 may be due to 
decreased activity of TOR, which can be overcome by activa-
tion with auxin.

Purine nucleosides are upstream inputs into the TOR 
autophagy pathway

TOR activity is determined by cellular conditions, including 
the availability of nutrients, for example amino acids and glu-
cose, and hormone signaling, primarily auxin (Liao et al., 2008; 
Schepetilnikov et al., 2013, 2017; Xiong et al., 2013). TOR is 
activated when nutrients are abundant but repressed upon nu-
trient deficiency, leading to activation of autophagy (Arsham 
and Neufeld, 2006; Liao et al., 2008). Phosphoproteomics and 
yeast two-hybrid assays revealed possible interactions between 
Arabidopsis TOR and enzymes involved in nucleotide syn-
thesis (Arabidopsis Interactome Mapping Consortium, 2011; 
Van Leene et al., 2019). In mammalian cells, TOR is involved 
in regulation of nucleotide synthesis (Robitaille et  al., 2013) 
and in sensing purine nucleotide levels to ensure that ribo-
somes are made only when there are abundant nucleotides 
(Emmanuel et al., 2017; Hoxhaj et al., 2017).

To assess the relationship between activation of autophagy 
by TOR and by nucleotide concentrations, 7-day-old wild-
type or raptor1b (a knockout mutant of the TOR subunit 
RAPTOR1B) (Anderson et al., 2005; Deprost et al., 2005) mu-
tant seedlings were incubated in liquid 1/2 MS medium with 
or without a 10 μM final concentration of inosine for 3 h. As 
lines containing the GFP–ATG8e marker are not available in 
the raptor1b genetic background, we stained the seedlings with 
the fluorescent dye MDC (Biederbick et al., 1995), which stains 
primarily autophagic structures in Arabidopsis roots in our ex-
perimental conditions (Floyd et  al., 2015). For immunoblot 
analysis, seedlings were incubated in liquid 1/2 MS medium 
supplemented with ConcA, and with or without a 10 μM final 
concentration of inosine for 12 h. Proteins were extracted and 
immunoblotted using anti-ATG8 antibody. As shown previ-
ously, raptor1b seedlings have constitutive autophagy due to re-
duced TOR activity (Pu et  al., 2017). Inosine was unable to 
suppress the constitutive autophagy in raptor1b mutant seed-
lings (Fig. 4A) and ATG8 accumulated in both inosine-treated 
and untreated raptor1b mutant seedlings (Fig. 4B, C), consistent 
with the hypothesis that inosine acts upstream of TOR in the 
autophagy pathway.

To confirm these data, we made use of AZD8055 (AZD) 
(Chresta et al., 2010), an ATP-competitive inhibitor of TOR 
kinase (Li et al., 2015) that activates autophagy in Arabidopsis 
(Pu et  al., 2017). Seven-day old GFP–ATG8e and rns2-2 
GFP–ATG8e seedlings were supplemented to a final con-
centration of 1  μM AZD, 10 μM inosine, or a combination 
of AZD and inosine (inosine added for the last 1.5  h), and 
autophagy was quantified after 3 h. For immunoblot analysis, 
wild-type and rns2-2 seedlings were treated as above, but the 

medium was supplemented with ConcA for 12  h and blots 
were probed using anti-ATG8 antibody. Upon treatment with 
AZD, autophagy was active in both GFP–ATG8e and rns2-2 
GFP–ATG8e seedlings, and inosine was unable to block this 
autophagy (Fig.  4D). Furthermore, inosine failed to block 
ATG8 accumulation in the presence of AZD in both wild-
type and rns2-2 seedlings (Fig. 4E, F). Therefore, the effect of 
inosine on autophagy requires active TOR, and inosine has no 
effect when TOR activity is disrupted (in raptor1b; Fig. 4A–C) 
or when TOR is inhibited by AZD in either wild-type or rns2-
2 seedlings (Fig. 4D–F). Taken together, these results indicate 
that in rns2-2, the suppression of autophagy by inosine is de-
pendent on TOR kinase and suggest that inosine (or, more 
broadly, purine nucleosides) acts as an upstream input into the 
TOR autophagy pathway.

We hypothesized that, as in mammals (Emmanuel et  al., 
2017; Hoxhaj et  al., 2017), Arabidopsis TOR is activated in 
nucleotide-replete conditions and, therefore, TOR might be 
repressed in rns2-2 mutants due to reduced cytoplasmic nu-
cleotide concentrations. To test this possibility, we determined 
TOR activity in rns2-2 mutant seedlings, compared with wild-
type seedlings, by immunoblotting using antibodies against the 
known TOR substrate S6 kinase (S6K) (Turck et  al., 2004), 
which stimulates protein synthesis through phosphorylation of 
ribosomal S6 proteins (Dobrenel et al., 2016). If TOR kinase 
activity is reduced in rns2-2 mutants, we expect to see reduced 
phosphorylation of S6K by TOR kinase relative to the wild 
type under normal growth conditions. Seven-day-old rns2-2 
and wild-type seedlings were incubated in 1/2 MS liquid me-
dium supplemented or not with AZD (1 μM), and total protein 
was extracted and analyzed by immunoblot using anti-S6K1/2 
antibodies (Xiong and Sheen, 2012; Xiong et al., 2013) and the 
phosphospecific anti-P-S6K1-2 antibodies (Dong et al., 2019). 
As shown in Fig. 5A and B, the phosphorylation of S6K in the 
rns2-2 mutant was reduced compared with that in wild-type 
seedlings. Upon treatment with AZD, the phosphorylation 
of S6K by TOR was substantially reduced in wild-type and 
completely abolished in rns2-2 seedlings (Fig. 5A, B), verifying 
that the species with an apparent molecular mass of 60 kDa is 
P-S6K. However, when rns2-2 seedlings were supplemented 
with inosine for 3 h, S6K was phosphorylated to a similar ex-
tent as in wild-type seedlings (Fig. 5C, D). Taken together, these 
results indicate that TOR kinase activity is repressed in rns2-2 
due to reduced nucleoside concentrations, and that restoration 
of nucleoside concentrations by exogenous supplementation 
of inosine to seedlings restores TOR activity.

Discussion

Ribosome turnover in eukaryotes is important for maintaining 
cellular homeostasis both in response to nutrient deficiency 
(Kraft et al., 2008; Huang et al., 2015) and under normal condi-
tions (Kazibwe et al., 2019). In yeast and animals, several path-
ways involved in the degradation of non-functional ribosomes 
and misassembled ribosome subunits have been described 
(Houseley and Tollervey, 2009; Lafontaine, 2010). However, the 
fate of mature ribosomes or their components, in particular 
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rRNA, at the end of their useful life remains unclear. Vacuolar 
rRNA turnover, at least in yeast, results in nucleosides which 
are recycled to the cytoplasm and excreted (Huang et al., 2015), 
while, in plants, the recycled nucleosides may be used in pri-
mary metabolism such as nucleic acid synthesis (Stasolla et al., 
2006). However, in the rns2-2 mutant, rRNA turnover is im-
paired (Hillwig et  al., 2011; Floyd et  al., 2015), and therefore 

nucleosides are not recycled. This may reduce cytosolic nucleo-
side and nucleotide pools, potentially constituting a signal that 
activates autophagy (Hillwig et al., 2011; Morriss et al., 2017).

We propose a model for the recycling of nucleosides 
from vacuolar rRNA turnover and the involvement of the 
TOR kinase complex in sensing these nucleosides to regu-
late autophagy. In wild-type plants, degradation of rRNA by 

Fig. 4.  Inosine acts upstream of TOR in activation of autophagy. (A) Seven-day-old wild-type or raptor1b mutant seedlings were transferred to liquid 1/2 
MS medium with or without 10 µM inosine for 3 h. The seedlings were stained with MDC, and fluorescent puncta were quantified using epifluorescence 
microscopy. Data presented are the mean ±SE for three biological replicates (n=9 frames per replicate). Statistical significance (inosine versus the 
DMSO control) was determined using Student’s t-test, P<0.05. Different letters denote statistically significant differences between means. (B) Seedlings 
were treated as in (A) but the medium was supplemented with 1 µM ConcA for 12 h, and total protein was separated by SDS–PAGE followed by 
immunoblotting with anti-ATG8 antibodies. Data shown are a representative image of four different experiments. (C) Quantification of the ratio between 
ATG8 and the Ponceau S-stained Rubisco large subunit band, with the wild-type control set to 1. Data are the mean ±SE for four biological replicates. 
Statistical significance (inosine versus the DMSO control) was determined using Student’s two-tailed t-test, P<0.05. Different letters denote statistically 
significant differences between means. (D) Seven-day-old GFP–ATG8e or rns2-2 GFP–ATG8e seedlings were transferred to liquid 1/2 MS medium 
supplemented with DMSO as a control, inosine (10 µM), AZD (1 µM) for 3 h, or AZD (1 µM) plus inosine (added after 1.5 h). GFP–ATG8e-labeled 
autophagosomes were quantified using epifluorescence microscopy with a GFP filter at ×40 magnification. Data presented are the mean ±SE for three 
biological replicates, n=9 frames per replicate. Statistical significance (rns2-2 versus wild type) was determined using Student’s t-test, P< 0.05. Different 
letters denote statistically significant differences between means. (E) Seedlings were treated as in (D) but the medium was supplemented with 1 µM 
ConcA for 12 h, and total protein was separated by SDS–PAGE followed by immunoblotting with anti-ATG8 antibodies. Data shown are a representative 
image of four different experiments. (F) Quantification of the ratio between ATG8 and Ponceau S-stained Rubisco large subunit band, with the wild-type 
control set to 1. Data are the mean ±SE for four biological replicates. Statistical significance (rns2-2 versus wild type) was determined using Student’s 
two-tailed t-test, P<0.05. Different letters denote statistically significant differences between means. (This figure is available in color at JXB online.)
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RNS2 recycles nucleosides that are then transported from the 
vacuole to the cytoplasm where they are converted to nucleo-
tides and used in primary metabolism. Appropriate levels of 
nucleosides/nucleotides ensure that TOR is activated, resulting 
in low basal autophagy. The defect in rRNA degradation in 
rns2-2 leads to decreased cytoplasmic purine nucleoside/nu-
cleotide concentrations, reducing TOR activity, and causing 
autophagy induction (Fig. 5E).

The expression of RNases such as RNS2 is regulated in 
different environmental conditions in order to maintain cel-
lular function. For example, during phosphate starvation and 
senescence, RNS2 is up-regulated, possibly to remobilize the 
phosphate in RNA (Taylor et  al., 1993; Bariola et  al., 1999). 
In contrast, under hypoxia, maize roots show reduced overall 
RNase activity, probably including the maize ortholog of 
RNS2, reducing degradation of RNA or ribosomes (Fennoy 
et al., 1997). This potentially maintains a functional complement 

of ribosomes when environmental conditions reduce ribo-
some synthesis. As in other organisms such as yeast (Liu et al., 
2018), the degradation of rRNA in plants seems essential for 
nucleotide homeostasis.

The de novo purine synthesis and salvage pathways converge 
at IMP, and inosine can be converted to all other purine nu-
cleotides (Figs 1A, 2A) (Moffatt and Ashihara, 2002; Zrenner 
et al., 2006). To ascertain whether there is a relationship be-
tween autophagy and nucleoside concentration, we sup-
plemented seedlings with exogenous nucleosides, and also 
depleted nucleotides using known inhibitors of nucleotide 
synthesis or salvage enzymes. In rns2-2 mutant seedlings, the 
constitutive autophagy phenotype is blocked by restoration of 
nucleotide pools through exogenous supplementation of these 
seedlings with purine nucleosides (Fig. 1). Blocking nucleo-
tide synthesis results in a similar increase in autophagy (Fig. 2), 
indicating that reduced nucleoside or nucleotide levels in the 

Fig. 5.  TOR kinase activity is reduced in rns2-2. (A) Seven-day-old rns2-2 and wild-type seedlings were incubated in 1/2 MS liquid medium 
supplemented or not with AZD (1 μM), and total protein was extracted and analyzed by immunoblot using anti-S6K and anti-phospho-S6K antibodies. 
Data shown are a representative image of three different experiments. (B) Quantification of the ratio between P-S6K and S6K. The value for P-S6K/S6K 
in the wild-type control was set to 1. Data are the mean ±SE for three biological replicates. Statistical significance (DMSO control versus AZD treatment) 
was determined using Student’s two-tailed t-test, P<0.05. Different letters denote statistically significant differences between means. (C) Seven-day-
old rns2-2 and wild-type seedlings were transferred to liquid 1/2 MS medium supplemented with DMSO or inosine (10 µM) for 3 h. Total protein was 
then extracted and analyzed by immunoblot using anti-S6K and anti-phospho-S6K antibodies. (D) Quantification of the ratio between P-S6K and S6K. 
The value for P-S6K/S6K in wild-type DMSO was set to 1. Data are the mean ±SE for three biological replicates. Statistical significance (DMSO versus 
inosine treatments) was determined using Student’s two-tailed t-test, P<0.05. Different letters denote statistically significant differences between means. 
(E) Proposed working model for the nucleotide-dependent activation of autophagy by TOR kinase. Ribosome degradation in vacuoles results in 3' 
nucleoside monophosphates (3'NMPs) which are dephosphorylated into nucleosides. The resulting nucleosides are transported to the cytoplasm by 
tonoplast-localized Equilibrative Nucleoside Transporter 1 (ENT1), where they are used in primary metabolism. In wild-type plants under normal growth 
conditions, nucleotides are abundant, and TOR is active, resulting in low basal autophagy. In rns2-2, the loss of rRNA turnover results in reduced 
nucleoside recycling and, ultimately, a low cytosolic nucleoside concentration, which represses TOR and activates autophagy. (This figure is available in 
color at JXB online.)
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rns2-2 mutant can be at least one of the signals that trigger the 
constitutive autophagy phenotype. This view is supported by 
the gene expression and metabolic profile data for rns2-2 that 
determined that the PPP is differentially regulated in the mu-
tant (Morriss et al., 2017). In rns2-2, the PPP enzymes may be 
regulated in order to divert the carbon flux toward production 
of ribose-5-phosphate for de novo purine synthesis, possibly to 
compensate for the loss of recycling of nucleosides. However, 
which specific nucleotides and/or nucleosides are sensed, and 
the identity of the sensors of their concentrations in plants are 
unknown.

Our data show that purine but not pyrimidine nucleo-
sides reduce autophagy in rns2-2 seedlings, suggesting that 
autophagy activation in rns2-2 is specifically sensitive to intra-
cellular purine levels under our experimental conditions. This 
observation is comparable with the data from mammalian cell 
studies in which TOR activity is sensitive to changes in intra-
cellular purine levels but not to pyrimidine levels (Emmanuel 
et al., 2017; Hoxhaj et al., 2017). In plants, whether a specific 
purine or a derived metabolite is the signal involved in sensing 
of nucleoside concentrations is unknown.

In Arabidopsis, regulators of autophagy include the ATG1 
complex, which activates autophagy in stress conditions such 
as nutrient starvation (Suttangkakul et al., 2011), IRE1b, which 
acts in response to endoplasmic reticulum stress (Liu et  al., 
2012), the TOR complex, a negative regulator of autophagy 
under starvation, salt, and osmotic stress (Liu and Bassham, 
2010; Pu et  al., 2017), and SnRK1, a positive regulator of 
autophagy in response to stress (Chen et al., 2017; Soto-Burgos 
and Bassham, 2017). SnRK1 acts as an energy sensor, activating 
multiple signaling pathways in response to low energy levels 
(Baena-González et al., 2007; Margalha et al., 2019). Inhibition 
of SnRK1 by T6P in the rns2-2 mutant did not lead to changes 
in autophagy activity (Fig.  3). Transcriptomic analysis of the 
rns2-2 mutant indicated that these plants are not in a nutrient 
deficit, and that there is a significant negative correlation be-
tween genes that are differentially expressed in the mutant 
with targets of KIN10 (catalytic subunit of SnRK1) regula-
tion (Morriss et al., 2017), suggesting that the SnRK1 pathway 
might be repressed in the rns2-2 mutant.

The TOR complex regulates nutrient-responsive processes, 
such as growth, translation, and autophagy (Anderson et  al., 
2005; Deprost et  al., 2005; Liu and Bassham, 2010; Moreau 
et al., 2012). RAPTOR is a substrate-binding subunit of the 
TOR complex (Hara et  al., 2002) and has two isoforms in 
Arabidopsis, RAPTOR1A and RAPTOR1B (Anderson et al., 
2005; Deprost et al., 2005). A raptor1b mutant has constitutive 
autophagy, while transgenic lines that overexpress TOR have 
reduced autophagy in stress conditions (Pu et al., 2017). While 
inosine blocked autophagy in rns2-2 seedlings, it failed to block 
autophagy in raptor1b mutant seedlings (Fig. 4A–C), or in the 
presence of a TOR inhibitor (Fig. 4D–F), implying that in-
osine acts upstream of TOR kinase activity. The phytohormone 
auxin activates Arabidopsis TOR kinase (Schepetilnikov et al., 
2013, 2017) resulting in decreased autophagy (Pu et al., 2017), 
and addition of auxin to the rns2-2 mutant inhibited the 
autophagy activity (Fig. 3C–F). Consistent with these results, 
TOR kinase activity is suppressed in the rns2-2 mutant, most 

probably leading to the constitutive autophagy phenotype 
(Hillwig et  al., 2011), and this suppression is rescued by the 
addition of inosine (Fig. 5).

Thus, we demonstrated that the autophagy phenotype ob-
served in rns2-2 mutants is mediated by a decrease in TOR 
activity, probably as a result of depleted purine levels (Figs 3–5). 
In mammals, intracellular nucleotide sensing is through the 
TSC–Rheb complex, which inhibits TOR activity when nu-
cleotides are limiting (Ben-Sahra et al., 2016; Emmanuel et al., 
2017; Hoxhaj et al., 2017). Rheb is a small GTPase whose ac-
tivity is inhibited by low nucleotide concentration, resulting 
in repression of TOR, and thus ensuring that TOR initiates 
ribogenesis only when nucleotides and other substrates are 
abundant (Hoxhaj et al., 2017; Valvezan et al., 2017). Because 
there are no direct plant homologs of the TSC–Rheb complex, 
the upstream regulators of TOR in plants are still speculative 
and remain unexplored. However, some upstream regulators 
of Arabidopsis TOR such as Rho-related protein 2 (ROP2) 
have been reported (Li et al., 2017; Schepetilnikov et al., 2017). 
ROP2 is a small GTPase which promotes activation of TOR 
and translation reinitiation of upstream ORF-containing 
mRNAs when activated by auxin. Whether ROP2 is involved 
in nucleotide sensing by TOR remains to be determined.

Our observation that depletion of purine nucleotides by 
inhibiting their synthesis resulted in increased autophagy in 
wild-type seedlings (Fig. 2) could also indicate a possible inter-
action between the autophagy machinery and the nucleotide 
biosynthesis pathway. In mammalian cells, blocking purine 
synthesis with inhibitors depletes intracellular nucleotides and 
causes DNA replication stress and cell death (Valvezan et  al., 
2017), and reduced mTOR activity as measured by reduced 
phosphorylation of S6K1 by TOR (Hoxhaj et al., 2017). TOR 
kinase is a component of a regulatory network that controls 
both downstream anabolic processes (Dobrenel et al., 2016) and 
autophagy, depending on environmental signals and cellular 
conditions (Liu et al., 2012; Pu et al., 2017). Yeast two-hybrid 
assays and a combined phosphoproteomics screen and targeted 
protein complex analysis revealed a strong direct interaction of 
TOR with thymidylate synthase 1 (THY-1), an enzyme that 
links nucleotide and folate synthesis (Arabidopsis Interactome 
Mapping Consortium, 2011; Van Leene et al., 2019). Here, we 
observed reduced activity of TOR in rns2-2, which was restored 
by supplementation with inosine. (Fig. 5). These data reinforce 
the view that there could be unexplored links between TOR-
regulated autophagy and nucleotide biosynthesis in plant cells.

In conclusion, we show here that the constitutive 
autophagy observed in plants defective in RNS2 activity can 
be repressed by exogenous supplementation with purine nu-
cleosides such as inosine, which activate the TOR signaling 
pathway. In our proposed model (Fig.  5E), repression of 
TOR in response to reduced cytosolic purine levels leads 
to activation of autophagy in rns2-2. In contrast, the abun-
dant nucleotides in wild-type plants under normal growth 
conditions ensure active TOR and low basal autophagy. Still 
unknown are the factors that sense nucleoside/nucleotide 
levels and act upstream of or interact with TOR to mediate 
autophagy responses in the face of compromised nucleotide 
homeostasis.
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