
Role of autophagy in leaf senescence and nutrient 
management at the whole plant level

Céline Masclaux-Daubresse
celine.masclaux-daubresse@inrae.fr

INRAE Versailles France
Institut National Recherche Agronomique

Plenary talk. SEFAGIA 2020 Sociedad Espanola de Autofagia
4-6 of April 2020 Caceres Spain 1

mailto:celine.masclaux@versailles.inra.fr


Institut Jean-Pierre Bourgin,  INRAE 

Versailles, FRANCE

2



I have a dream….

Animals can move
when thirsty, hungry, bad weather 

or dangers

Plants cannot



LN (2mM nitrate)                 HN (10mM nitrate)

Col-0

N13

Ge-0

Sakata
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Bur-0

N is one of the main macronutrients limiting plant growth

Diaz et al. PCP 2006



N
 R

em
o

b
ili

za
ti

o
n

  E
ff

ic
ie

n
cy

N
R

E

N
R

E

Uptake

Source to sink
Remobilization

NO3
-, NH4

+, amino acids

Inorganic N

Organic N

Assimilation
Proteins
Nucleic acids

Amino acids

Recycling

N Uptake Efficiency

(NUpE)

N
 U

ti
liz

a
ti

o
n

 E
ff

ic
ie

n
cy

 

(N
U

tE
)

Plant nitrogen management
N Use Efficiency 

= NUpE + NUtE +NRE

Proteins



Stimulated Uptake 

NO3
-, NH4

+, amino acids

Inorganic N

Organic N

Assimilation

N Uptake Efficiency

(NUpE)

Young plant

Active Photosynthesis

Sugars
Organic acids

Chloroplast
GS2/GOGAT

+

+

Transporters

N Utilization Efficiency
(NUtE)



Nutrient recycling and remobilization 
mainly occurs during senescence

Magnolia grandiflora, Versailles INRA Liu et al. Biol. Res. vol.49 2016

Monocarpic leaf senescence Sequential leaf senescence
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Why to study nitrogen management 
during leaf senescence?



Courtesy from Suzanne Schmit
(Queensland University, Australia)

Haber-Bosch

N2	+	3	H2	→	2	NH3			
(ΔH	=	−92.4	kJ·mol−1)

Consumes	1%	to	2%	of	the	world	energy

Courtesy from Suzanne Schmit (Queensland University, Australia) 

Too much fertilizers in agriculture



15N

14N	
Chase

15N	Pulse

14N
15N

14N	
Chase
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14N

N Uptake from the soil during grain filling 
N Remobilization from other organs for grain filling 

N uptake vs.N recycling for grain filling



Oilseed rape. Malagoli et al. 2005

Seed protein content mainly relies on N-remobilization
from senescing source organs



How do leaves senescence
and remobilize nitrogen?



From Buchanan-Wollaston, V. (1997). The molecular biology of leaf senescence. Journal of Experimental Botany. 48: 181-199 as adapted in Buchanan, B.B., Gruissem, 

W. and Jones, R.L. (2000)  Biochemistry and Molecular Biology of Plants. American Society of Plant Physiologists.

Expansion Maturity
Visible 

senescence Necrosis

No gene 

expression 

after death

Senescence 

associated 

genes (SAGs)

Genes sorted 

by temporal 

patterns of 

expression

Disassembly of cellular contents and 

degradation of macromolecules
Decrease in photosynthesis, activation of 

senescence program

Many transcriptome analyses to identify

Senescence Associated Genes SAGs

http://jxb.oxfordjournals.org/content/48/2/181.full.pdf+html
http://www.aspb.org/publications/biotext/


Breeze, E., et al., and Buchanan-Wollaston, V. (2011). High-resolution temporal profiling of transcripts during 

Arabidopsis leaf senescence reveals a distinct chronology of processes and regulation. Plant Cell 23: 873-894.

Days after 

sowing

Proteins encoded by SAGs 

reveal senescence processes

1 9 21 23 25 27 29 31 33 35 37 39

SAG12 AT5G45890

SAG13 AT2G29350

SAG20 AT3G10985

SAG21 AT4G02380

SAG29 AT5G13170

SAG101AT5G14930

ATG1a At2g37840

ATG1b At3g53930

ATG1c At3g61960

ATG13aAt3g49590

ATG13bAt3g18770

ATG6 At3g61710

ATG2 At3g19190

ATG9 At2g31260

ATG18aAt3g62770

ATG18bAt4g30510

ATG18cAt2g40810

ATG18dAt3g56440

ATG18eAt5g05150

ATG18f At5g54730

ATG18gAt1g03380

ATG3 At5g61500

ATG4b At3g59950

ATG7 At5g45900

ATG8a At4g21980

ATG8b At4g04620

ATG8c At1g62040

ATG8d At2g05630

ATG8e At2g45170

ATG8f At4g16520

ATG8g At3g60640

ATG8h At3g06420

ATG8i At3g15580

ATG5 At5g17290

ATG10 At3g07525

ATG12aAt1g54210

ATG12bAt3g13970

NBR1 at4g24690

Autophagy genes are SAGs 

http://www.plantcell.org/content/23/3/873.full


Death
Emergence 

Maturity 

Senescence

Chloroplast 10 µm

70%  of leaf proteins

Leaf expansion

Gerontoplast 4 µm

Senescence 

Chloroplast dismantling

Proteolysis, hydrolysis

N re-assimilation/interconversion

N translocation to seeds

Autophagy?

Senescence associated proteases
mainly in the central vacuole



With concanamycin A

GFP-ATG8 tools
Leaf epidermis



Autophagy participates to chloroplast degradation 

Stroma-DsRed       GFP-ATG8      merge

Ishida et al. Plant Physiol. (2008)

Masclaux-Daubresse, unpublished 
Mesophyll cells



Trafficking of RCB to the vacuole is autophagy dependent

GFP::Rubisco

With concanamycin A

With concanamycin A With concanamycin A



ImmunoGold localization of Rubisco and GS2 in wheat senescing leaves

Preautophagosome?

RCB

RCB
Preautophagosome?

Chiba, Ishida et al. PCP (2003) 

RCB

Chloroplast 10 µm

Shrunken
Gerontoplast 4 µm

RCB
material release



Microautophagy of UV-damaged chloroplasts in Arabidopsis 

Wild type seedlings atg5 seedlings

Nakamura et al. Plant Physiol. (2018)

No release inside the vacuole

Wild type seedlings



Ishida et al. BBA, 2014; Izumi et al. Frontiers in Plant Science, 2019
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Sedaghatmehr et al. 2018

Chlorophagy after heat shock treatments (Col. S. Balazadeh)

GFP-ATG8

Masclaux-Daubresse et al.  unpublished



Senescence-associated phenotypes
of autophagy mutants



Lef yellowing and spontaneous cell death in autophagy leaves
are salycilic acid dependent
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Masclaux-Daubresse et al. Plant Cell 2014; Yoshimoto et al. Plant Cell 2009
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Leaf senescence

Lef yellowing and spontaneous cell death 
in autophagy leaves are salycilic acid dependent

Yoshimoto et al. Plant Cell 2009
Guiboileau et al. New Phytol 2012

ROS

ROS



Rosette leaves of autophagy mutants 
over-accumulate nitrogen and proteins with ageing
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Guiboileau et al. New Phytol 2012, 2013

Anne Guiboileau

N-recycling and remobilization
in autophagy mutants?



Rosette/Stem/Seeds sampling, weight and analysis  in IRMS
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Biomass allocation
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Nitrogen remobilization
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Masclaux-Daubresse and Chardon JXB 2011
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N remobilization is reduced by 40% in autophagy mutants 

irrespective of salicylic acid effect 

Guiboileau et al. New Phytol 2012
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Increasing Autophagic activity in plants ?
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Autophagy overexpression improves NUE under high N

Control ATG8 overexpressor

N%	rosette
4.5

N%	rosette
3.2

N%	seeds
4.1

N%	seeds
4.4

50%	15N

28%	15N

34%	15N

23%	15N

Autophagy
is induced by N limitation
thus not a limiting factor
under low N conditions 

Better seed N%

Lower N loss
in dry remains

WT      ATG8e   ATG8f    ATG8a   ATG8G

Overexpressors

Seed storage proteins

No phenotype
under low N



Anne Marmagne

Complementation

of atg5 mutants with pSAG12::ATG5
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Autophagy effect on seed filling: Sink effect or source effect? 



WT

atg5

atg5 pSAG12::5.1

atg5 pSAG12::5.2

Complementation of atg5 mutants with pSAG12::ATG5 

Reverse early leaf yellowing and restaure N-remobilization



But does not restaure WT seed composition

WT(Col-0)
atg5

pSAG12::ATG

Yield

Seed N%
Yield

atg5

Seed N%
C/N remob

N uptake N uptake

Yield
Seed N%

N uptake

C/N remob



Role of autophagy in the seeds

promATG8f-ATG8f::GUS

Immunodetection of GFP-ATG8f in embryos during development, 6 DAF

Julien di Berardino

di Berardino et al. 2018 JXB
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Less viable seeds in autophagy mutants

atg5 viable seeds are aging faster

20%

0

20

40

60

80

100

120

0 2 4 6 8 10

G
e
rm

in
a
ti

o
n

 r
a
te

 (
a
s
 %

)

Days after sowing after ageing treatment (High 
temperature and humidity) 

Col

NahG

atg5-2

atg5-2 NahG

20%

di Berardino et al. 2018 JXB

80% similar to WT



Deposition of the 12S storage proteins is impaired in atg seeds

SA-independent (not shown)
di Berardino et al. 2018 JXB

Dry seeds



Conclusion: Autophagy controls N-
recycling and remobilization at the 

whole plant level for seed filling
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Guiboileau et al. New Phytol 2012, 2013; Havé et al. JXB 2018; Havé et al. New Phytol 2019.

Anne Guiboileau

Shot gun proteomics LC-MS

What are the proteins over- accumulated
in the rosettes of atg mutants with aging?



Havé et al. Journal of Experimental Botany 2018
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Shot gun proteomics LC-MS

Many cysteine proteases  are more abundant and active
in atg5 vs. WT

DCG-04



Proteins
to	be	recycled

AUTOPHAGY
proteolysis

Alternative	
proteolysis

Amino acids remobilization

Proteins
to	be	recycled

AUTOPHAGY
proteolysis

Alternative	
proteolysis

Amino acids remobilization

Wild type                            atg mutant

Proteins
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CATHB3?
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SAG12?

AALP?
Mc-4?

SAG12?

Autophagy-dependent or independent recycling pathway ?

Crossing
Datg x Dprotease

15N

14N	
Chase

15N	Pulse

14N

James et al. 2019 Frontiers in Plant Science; 2019 PCP
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Havé et al. 2019 New Phytol
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SA independent effect of atg5 mutation on the proteome of rosette leaves

FL CL CL/FL(%)

extracellular 120 5 4%

plasma membrane 71 13 18%

cytosol 331 68 21%

golgi 42 12 29%

endoplasmic reticulum 59 29 49%

mitochondrion 63 5 8%

peroxisome 72 35 49%

plastid 396 58 15%

nucleus 59 10 17%

vacuole 21 1 5%

Down
Up

Havé et al. 2019 New Phytol



Down: Photosynthesis, FA synthesis

Up: FA catabolism, VLCFA synthesis, b-oxidation

FL CL CL/FL(%)

extracellular 120 5 4%

plasma membrane 71 13 18%

cytosol 331 68 21%

golgi 42 12 29%

endoplasmicreticulum 59 29 49%

mitochondrion 63 5 8%

peroxisome 72 35 49%

plastid 396 58 15%

nucleus 59 10 17%

vacuole 21 1 5%

Havé et al. 2019 New Phytol
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MGDG	34:6(16:3-18:3)

MGDG	36:5(18:2-18:3)

MGDG	36:6(18:3-18:3)

DGDG	34:1(16:0-18:1)

DGDG	34:2(16:0-18:2)

DGDG	34:3(16:0-18:3)

DGDG	36:5(18:2-18:3)

DGDG	36:6(18:3-18:3)

Total	MGDGs-DGDGs

Galactolipids

FC values

0 down 1  up 3

atg5	vs	Colatg5/sid2	vs	sid2atg5	vs	Colatg5/sid2	vs	sid2atg5	vs	Colatg5/sid2	vs	sid2

PC32:0

PC32:1

PC32:2

PC32:3

PC34:0

PC34:1

PC34:2

PC34:3

PC34:4

PC34:5

PC34:6

PC36:1

PC36:2

PC36:3

PC36:4

PC36:5

PC36:6

PC38:2

PC38:3

PC38:4

PC38:5

PC38:6

Total	PCs

PI32:3

PI34:1

PI34:2

PI34:3

PI34:4

PI34:5

PI34:6

PI36:2

PI36:3

PI36:4

PI36:5

PI36:6

Total	Pis

PA34:1

PA34:2

PA34:3

PA34:4

PA36:3

PA36:4

PA36:5

PA36:6

Total	Pas

PG32:0

PG32:1

PG34:0

PG34:1(16:0-18:1)

PG34:1(16:1-18:0)

PG34:2(16:0-18:2)

PG34:2(16:1-18:1)

PG34:3(16:0-18:3)

PG34:3(16:1-18:2)

PG34:4(16:1-18:3)

Total	PGs

PS34:2

PS34:3

PS36:1(18:0-18:1)

PS36:2

PS36:3(18:1-18:2)

PS36:3(18:0-18:3)

PS36:4

PS36:5(18:2-18:3)

PS36:6(18:3-18:3)

PS38:2(18:2-20:0)

PS38:3(18:3-20:0)

PS40:3

PS42:3

PS42:4

Total	PSs

PE34:2

PE34:3

PE36:2

PE36:3

PE36:4

PE36:5

PE36:6

Total	Pes

Cer	t18:1-c16:0

Cer	t18:1-c18:0

Cer	t18:1-c20:0

Cer	t18:1-	c22:1

Cer	t18:1-	c22:0

Cer	t18:1-c23:1

Cer	t18:1-c23:0

Cer	t18:1-	c24:1

Cer	t18:1-	c24:0

Cer	t18:1-	c25:1

Cer	t18:1-	c25:0

Cer	t18:1-	c26:1

Cer	t18:1-	c26:0

Cer	t18:0-	c16:0

Cer	t18:0-c18:0

Cer	t18:0-c20:0

Cer	t18:0-	c22:0

Cer	t18:0-c23:0

Cer	t18:0-	c24:1

Cer	t18:0-	c24:0

Cer	t18:0-	c25:0

Cer	t18:0-	c26:0

Total	Cers

hCer	t18:1-h16:0

hCer	t18:1-h20:0

hCer	t18:1-h22:1

hCer	t18:1-h22:0

hCer	t18:1-h23:1

hCer	t18:1-h23:0

hCer	t18:1-h24:1

hCer	t18:1-h24:0

hCer	t18:1-h25:1

hCer	t18:1-h25:0

hCer	t18:1-h26:1

hCer	t18:1-h26:0

hCer	t18:0-h16:0

hCer	t18:0-h20:0

hCer	t18:0-h22:0

hCer	t18:0-h23:0

hCer	t18:0-h24:1

hCer	t18:0-h24:0

hCer	t18:0-h25:0

hCer	t18:0-h26:0

Total	hCers

GlCer	t18:1-c16:0

GlCer	t18:1-c22:0

GlCer	t18:1-c24:1

GlCer	t18:1-c24:0

GlCer	t18:1-c26:1

GlCer	t18:1-c26:0

Total	GlCers

GIPC	t18:1-c16:0

GIPC	t18:1-c22:0

GIPC	t18:1-c24:1

GIPC	t18:1-c24:0

GIPC	t18:1-c26:1

GIPC	t18:1-c26:0

GIPC	t18:1-	h16:0

GIPC	t18:1-h20:0

GIPC	t18:1-	h22:1

GIPC	t18:1-	h22:0

GIPC	t18:1-h23:1

GIPC	t18:1-h23:0

GIPC	t18:1-	h24:1

GIPC	t18:1-	h24:0

GIPC	t18:1-h25:1

GIPC	t18:1-h25:0

GIPC	t18:1-	h26:1

GIPC	t18:1-	h26:0

GIPC	t18:0-c16:0

GIPC	t18:0-	h16:0

GIPC	t18:0-h20:0

GIPC	t18:0-	h22:0

GIPC	t18:0-h23:0

GIPC	t18:0-	h24:0

GIPC	t18:0-h25:0

GIPC	t18:0-	h26:0

GIPC	d18:1-	h16:0

GIPC	d18:0-	h16:0

Total	GIPCs

Phospholipids and Sphingolipids

Autophagy is involved in 
recycling of endomembranes, 
except chloroplast membranes

Consistent with Fan et al. (2019) Plant Cell 

Havé et al. 2019 New Phytol; Masclaux-Daubresse et al. 2020 JXB

Phosphatidyl Glycerols



Conclusion: Autophagy controls
endomembrane recycling (ER, PM) and 

lipid homeostasis



Take home message

In plant, macroautophagy is a longevity factor enhanced during leaf senescence.

In senescing tissues, autophagy removes altered and dysfunctional organelles 
and proteins, and contributes that way to N recycling. 

Autophagy controls storage protein deposition during seed maturation.

Double checkpoint of autophagy on sink/source relationship: 
- in the source for degradation & N export
- in the seeds for N storage 

Autophagy also controls endomembrane recycling and lipid homeostasis in leaf 
tissues.
Remains to be investigated in seeds during maturation/ germination ?

Metabolic control of autophagy in plants TOR, SNRK1 (AMPK like), other ?



Anne Marmagne
Fabien Chardon
Michèle Reisdorf-Cren
Fabienne Soulay
Laurence Bill
Nolwenn Bonadé-Bottino
Manon Lardos
Qinwu Chen
Jie Luo 
Liliana Avila-Ospina
Marien Havé
Loreto Naya
Khoki Yoshimoto
German Robert
Julien di Berardino 

Thanks to  collaborators
PAPSSO and IJPB  proteomic and biochemistry platforms
Salma Balazadeh (MPIMPP Golm, Germany)
Philippe Etienne and Jacques Trouverie (University of Caen, France)


