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Abstract 
 

Autophagy has been described as a catabolic process implicated in the specific degradation of 

cytoplasmic constituents in response to several stimuli. In eukaryotes, endoplasmic reticulum 

accumulates an excess of proteins in response to environmental stress, and autophagy is 

considered a feedback mechanism to alleviate this protein overaccumulation. Seeds are the first 

world crop and autophagy-like processes have been involved in the accumulation of Seed Storage 

Proteins (SSPs) and reserve mobilization upon maturation and germination, respectively. The 

synthesis and massive accumulation of proteins leads to the appearance of reticulum stress (ER-

Stress), associated with increased traffic and protein secretion and its inability to fold correctly in 

the endoplasmic reticulum. However, little is known about seed autophagy and ER-stress. To 

better understand the components involved in autophagy in response to endoplasmic reticulum 

stress in Arabidopsis thaliana seeds, in this research it has been studied the ATG5 and ATG7 

autophagy genes and the IRE1a, IRE1b, IRE1c and RAG1 genes involved in the perception and 

signal transduction of the ER-stress. It has been analysed the AtIRE1a, AtIRE1b and AtIRE1c 

expression during seed germination by quantitative PCR, and the germination kinetics of 

KOIRE1a/1b and KORAG1 mutants in the absence and the presence of abscisic acid (ABA, 1 µM). 

A qualitative evaluation of the seed protein content has been also performed in the KOATG5, 

KOATG7, KOIRE1a/1b, and KORAG1 mutants by bright field microscopy. By in silico analysis, the 

identification of autophagy genes linked to seed biology and Endoplasmic Reticulum stress (ER-

Stress) has been done. Results show that AtIRE1a is the most expressed IRE1 gene in seeds, and 

it is inhibited by ABA. KOIRE1a/1b and KORAG1 seed mutants display premature seed coat 

rupture (first step of seed germination) in the ABA presence in comparison with Col-0 seeds. 

KOIRE1a/1b and KORAG1 seed mutants show more compact embryos and intense protein 

staining as compared to Col-0 seeds, indicating a possible alteration in the accumulation of their 

reserves. The AtNBR1 gene, previously described as an autophagy selective receptor, has been 

identified as a hub between ER-stress, seed development, and autophagy by the in silico analysis. 
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Resumen 
 

La autofagia ha sido descrita como un proceso catabólico implicado en la degradación específica 

de componentes citoplasmáticos en respuesta a diferentes estímulos. En eucariotas, el retículo 

endoplasmático acumula un exceso de proteínas en respuesta al estrés ambiental y la autofagia 

es considerada un mecanismo de respuesta para mitigar esta sobreacumulación proteica. Las 

semillas son el principal cultivo mundial y procesos similares a la autofagia han sido relacionados 

con la acumulación de proteínas de almacenaje en semillas y con la movilización de reservas 

durante la maduración y la germinación, respectivamente. La síntesis y acumulación masiva de 

proteínas provoca un estrés en el retículo que se asocia con el incremento en el tráfico y en la 

secreción de proteínas y con la incapacidad de un correcto plegamiento en el retículo 

endoplasmático. Sin embargo, la información acerca del estrés del retículo y de la autofagia es 

escasa. Para comprender mejor los componentes involucrados en la autofagia en respuesta al 

estrés del retículo endoplasmático en semillas de Arabidopsis thaliana, en esta investigación se han 

estudiado los genes autofágicos ATG5 y ATG7 y los genes implicados en la percepción y 

transducción de señales en respuesta a estrés del retículo IRE1a, IRE1b, IRE1c y RAG1. Se ha 

analizado la expresión de AtIRE1a, AtIRE1b y AtIRE1c durante la germinación mediante PCR 

cuantitativa y las cinéticas de germinación de los mutantes KOIRE1a/1b y KORAG1 en ausencia y 

presencia de ácido abscísico (ABA, 1 µM). También se ha realizado una evaluación cualitativa del 

contenido proteico en las semillas de los mutantes KOATG5, KOATG7, KOIRE1a/1b, y KORAG1 

por microscopía de campo brillante. Se ha realizado un análisis in silico que ha permitido 

identificar los genes autofágicos ligados a la biología de la semilla y al estrés del retículo 

endoplasmático. Los resultados muestran que AtIRE1a es el gen IRE1 más expresado en semillas 

y que su expresión es inhibida por ABA. Las semillas de los mutantes KOIRE1a/1b y KORAG1 

exhiben una ruptura de la cubierta seminal prematura (primer paso de la germinación de 

semillas) en presencia de ABA en comparación con semillas Col-0. Las semillas de los mutantes 

KOIRE1a/1b y KORAG1 muestran embriones más compactos y una tinción de sus proteínas más 

intensa al compararlas con las semillas Col-0, indicando una posible alteración en la acumulación 

de sus reservas. El gen AtNBR1, previamente descrito como un receptor selectivo de la autofagia, 

ha sido identificado gracias al análisis in silico como un vínculo entre el estrés del retículo 

endoplasmático, el desarrollo de las semillas y la autofagia. 
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CHAPTER 1: INTRODUCTION 

Autophagy: an overview 
 

Autophagy is an intracellular mechanism that it is conserved in all eukaryote cells (plant, animal, 

and fungi). Classically, it is defined as an unspecific degradation process of cytoplasmic 

constituents that contributes to nutrient recycling 1 2. Recently, autophagy has been also described 

as a selective catabolic process implicated in the specific degradation of proteins (cargoes) and 

damaged organelles in response to several stimuli, such as nutrient starvation and salt stress 3 4 5 

6 7. Identification of the molecular mechanisms underlying this process represents a major 

contribution to knowledge for eukaryote biology (Nobel Prize in Physiology or Medicine, 2016). 

However, plant autophagy is a molecular process still unknown, especially in seeds. 

In plants, the degradation of cytoplasmic components by autophagy occurs mainly in the acidic 

central vacuole. This process takes place at the basal level when plants grow under favourable 

conditions, and intensifies in response to senescence, and biotic and abiotic stresses 8 9 10 . Plant 

autophagy can be classified into macro-, micro-, and mega-autophagy. Macroautophagy implies 

the sequestration of cytoplasmic components (i.e.: organelles and long-live proteins) into double-

membrane structures named autophagosomes, that are finally engulfed by the vacuole 11. In 

microautophagy, vacuole directly incomes cytosolic constituents by tonoplast invagination, 

originating autophagic bodies within the vacuole. Mega-autophagy is the massive cell 

degradation of the cellular components and occurs in the late phase of the programmed cell death 

(PCD), when large amounts of hydrolases are released into the cytoplasm from the vacuole 12 13. 

In seeds, while microautophagy has been involved in nutrient accumulation upon seed 

maturation and reserve mobilization during post-germination, macroautophagy has been related 

to nutrient mobilization from senescent tissues of the mother plant to the developing seeds 10 14. 

Macroautophagy initiates at cellular level when nucleation of pre-autophagosomal structures 

takes place, this process is followed by the membrane elongation and the expansion of the 

phagophore leading to the autophagosome formation. Autophagosomes are characteristic 

double-membrane vesicles containing cytoplasmic components that are typical elements of the 

macroautophagy process 15. Under the microscope, autophagosomes are flattened sacs 

presumably emerged from pre-existing endoplasmic reticulum membranes and completed when 

endoplasmic reticulum tubules combine to seal the area in a double-membrane compartment. 

Upon autophagosome formation, several types of cargoes are sequestered, such as large portions 

of the cytosol, protein aggregates, glycogen, and organelles. In plants, newly-formed 
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autophagosomes are transported and fused to the lytic vacuole increasing its surface 16, where its 

outer membrane is merged to the tonoplast and inner membrane and cargoes are introduced into 

the vacuole lumen, leading to the formation of the autophagic bodies. In the vacuole, both 

autophagic bodies and their luminal constituents are degraded by hydrolases, and the resulting 

products are “returned” for recycling to the cytosol 17 18. Conversely to macroautophagy, the 

information about the mechanism underlying microautophagy is scarce. As it occurs with 

macroautophagy, there are several types of cellular components that can be degraded by 

microautophagy, such as mitochondrias, peroxisomes, endosomes, endoplasmic reticulum, lipid 

droplets, and nuclear fragments. However, what determines whether a cell degrades an organelle 

by micro- versus macroautophagy is unclear 19. During plant microautophagy, the cytosolic 

components are engulfed by invaginations or protrusions of the vacuolar membrane 20. The 

invagination extends and forms the autophagic tube from which vesicles are scissored. 

Microautophagy vesicles are generated because the autophagy tube is constricted at its neck due 

to the expansion of its base and to the low-density proteins and high-density lipids at the top of 

the tube 21. During their formation, vesicles are filled with enzymes to enlarge the curvature of 

the cytoplasmic leaflet 22. These microautophagy vesicles are functionally equal to 

autophagosomes in macroautophagy. During mega-autophagy, the release of hydrolytic 

enzymes from the vacuole to cytosol occurs when the tonoplast is digested in a controlled 

manner, which is a no-returned point once initiated. 23 24.  

In 1992, the first autophagy gene was identified in the yeast Saccharomyces cerevisiae, and later on 

several studies numerous genes participating in this process were discovered 25. The molecular 

machinery involved in autophagy implies  40 proteins named AuTophaGy‐ related proteins 

(ATGs), which are highly conserved in plants, animals and fungi 26. However, the ATG protein 

set is highly heterogeneous in terms of function, where it can be found up to seventeen varieties 

comprising kinases, ubiquitin-like proteins, Vacuolar Protein Sorting (VPS) proteins, cysteine 

proteases, etc. Most of the ATGs proteins have been related to the autophagosome formation 

during macroautophagy, but their participation in microautophagy has already been 

demonstrated 20 . Although the role of each complex and the interaction between them are quite 

known, there are many issues still to be understood. Nowadays, more factors related to 

autophagy continue to be identified 27. In Arabidopsis thaliana, some of the main components of 

each complex have been reported (Figure 1).  



3 
 

 

Figure 1: Overview of the molecular processes associated to autophagy in plants. PE: Phosphatidylethanolamine 

(modified from Ding et al., 201828). 

  

ATG proteins are classified into four complexes mainly associated to autophagosome formation 

(Figure 1):  

(i) ATG1 kinase complex (ATG1, ATG11, ATG13, ATG101): This complex regulates 

autophagy induction in response to nutrient starvation. Under favourable nutrient 

conditions, the Target of Rapamycin (TOR) kinase and ATG1 complex are associated. 

TOR maintains the hyperphosphorylation of ATG13, thus inhibiting autophagy. 



4 
 

Under biotic or abiotic stress, TOR is inhibited and separates from ATG1 complex, 

dephosphorylating ATG13 and enabling nucleation initiation 29. 

(ii) Phosphatidylinositol 3-kinase complex (PI3K: VPS15, VPS34, ATG6, ATG14): This 

complex regulates the nucleation (phagophore genesis). ATG1 complex is located in 

a specific subdomain of the endoplasmic reticulum regulated by the PI3K complex, 

which phosphorylates phosphatidylinositol (PI) and originates 

phosphatidylinositol-3-phosphate (PI3P), a phospholipid that abounds in 

phagophore membranes 30.  

(iii) Complex that contains transmembrane protein ATG9 (ATG9, ATG18, ATG2): 

essential for autophagosome formation. This complex recruits membrane portions 

for phagophore expansion 31. Recently, ATG9 has been defined as an indispensable 

factor to contact with specific sites of the endoplasmic reticulum membrane and to 

initiate the lipid transference to the phagophore 32. 

(iv) ATG8-ATG12 conjugating complex (ATG3, ATG4, ATG5, ATG7, ATG8, ATG10, 

ATG12): This complex is essential for autophagosome formation. ATG8 is an 

ubiquitin-fold protein responsible of the selective interaction with cargoes (i.e.: 

transcription factors, organelles) and of autophagosome formation that conjugates 

with phosphatidylethanolamine (PE) 33 . Autophagosome formation initiates with the 

N-terminal hydrolysis of the ATG8 protein by the cysteine protease ATG4 34, 

followed by the attachment of PE to the N-terminal of the ATG8 protein; this step is 

catalysed by the ATG3 enzyme  (conjugating enzyme of E2-like ubiquitin) and it 

allows the ATG8-PE anchorage to the phagophore membrane 35 34. In the ATG8 

lipidation, ATG12 (ubiquitin-fold protein) also participates by its conjugation with 

ATG5. ATG12-ATG5 conjugate is established by the action of ATG10 enzyme 

(conjugating enzyme of E2-like ubiquitin) and ATG7 enzyme (ATP-dependent E1-

like activating enzyme) 35 36 37.  

Autophagy has been initially described as a non-selective degradation mechanism, but recently 

the selective degradation of some organelles (i.e.: mitochondria, peroxisome, etc.), and protein 

aggregates (attached to ubiquitin chains) have been reported; this process has been called 

selective autophagy 38. ATG8 mediates selective cargo recruitment by interaction with receptor 

proteins (i.e.: NBR1, RPN10, etc) that recognize autophagy labels such as polyubiquitin chains 39. 

ATG8-interacting motifs (AIMs) have been identified in all these receptors 33 40. In several plant 

species such as Arabidopsis thaliana, Zea mays and  Solanum lycopersicum, it has been described 17 

autophagy receptors (i.e.: ATI1, ATI2, ATI3, NBR1, RPN10) that interact with ATG8 trough AIMs 
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and transport cargoes from the endoplasmic reticulum to the vacuole, a strong evidence for the 

participation of autophagy in vesicle transport from endoplasmic reticulum to vacuoles in 

plants41. It has been reported that NBR1 (next to BRCA1 gene 1 protein) receptor mediates a 

crosstalk between autophagy and the abscisic acid (ABA) signalling pathway; AtNBR1 

overexpression generates more dormant seeds than plants with conventional expression. 

AtNBR1 receptor modulates ABA response through its interaction with ABI3 (B3-subfamily) and 

ABI5 (bZIP-family) transcription factors, which execute an ABA-dependent growth arrest 42. 

Once the autophagosome is formed, the cargoes are transported to the vacuole by the fusion of 

the autophagosome outer membrane to the tonoplast. During this final stage, ATG8-PE 

complexes are released from the outer membrane of the autophagosome. The remaining 

autophagic body (single-membrane structure) is delivered inside the vacuole and its content is 

degraded by hydrolases and proteases, and the products of the digestion are exported to the 

cytoplasm for recycling 43. 

 

Autophagy and Nutrient mobilization: All Roads Lead to Seeds 
 

In Arabidopsis thaliana, several KOATG mutant plants achieve normal embryogenesis, 

germination, cotyledon development, shoot and root elongation, flowering, and seed production 

under normal nutrient-rich conditions 6 44. In the early stages of seed development, the autophagy 

occurs outside of the developing seeds, being relevant for seed quality. In Arabidopsis thaliana, 

knockout mutants impaired in ATG5, ATG9 and ATG18a genes produce mature seeds with 

important alterations in the N- and C- contents compared to those of wild type plants 14 45. 

Moreover, transgenic plants overexpressing AtATG8a and AtATG8g genes show better                           

N-remobilization from leaves to seeds than the wild type and the seed N- content is significantly 

increased in the mutants compared to wild type 46.  

The relevance of autophagy in seed biology is not only restricted to the “seed outskirts”, but it 

also occurs inside the seeds. Transcriptomic studies have showed that most of the Arabidopsis 

ATG genes are up-regulated in seeds during development 47. Overexpression of AtATG5 and 

AtATG7 improves seed production 48. During seed development, AtATG gene expression 

increases and it is especially abundant in the pericarp, funiculus, and chalaza maternal tissues, 

suggesting the importance of autophagy in nutrient allocation upon seed embryogenesis 23. 

During seed maturation, AtATG gene expression has been also reported in the embryo, indicating 

a role for autophagy in the accumulation of protein and/or lipid reserves 49.  



6 
 

Seed Maturation and Autophagy: Accumulation of Seed Storage 

Proteins (SSPs) 
 

During seed development, autophagy acquires importance in the formation of the Protein 

Storage Vacuole (PSV) which engulfs the pre-existing Lytic Vacuole (LV) in an autophagy-like 

process. PSV has also been linked to the accumulation of storage proteins during seed 

maturation50 51. An autophagy-like process named as Endoplasmic Reticulum-to-vacuole 

targeting (ERvt) pathway, where seed storage proteins (SSPs) are mobilised from endoplasmic 

reticulum to PSVs bypassing the Golgi apparatus, has been reported in seeds 52, 53. ERvt pathway 

starts with the aggregation of storage proteins inside the endoplasmic reticulum, these formations 

are budded to form reticulum-derived protein bodies, and then internalized into storage vacuoles 

by a process similar to macro-autophagy 54. This reticulum-vacuole pathway has been involved 

in the transport of several types of proteins: (i) Transport of specific precursors of storage proteins 

via “precursor-accumulating” bodies 55; (ii) germination-associated proteases which contain a              

C-terminal K/HDEL reticulum-retention signal; and (iii) storage proteins transport to aleurone 

cells in monocotyledonous seeds 56.  

In Arabidopsis thaliana, the single KOATG7 and the double KOATG4a/4b mutants produce mature 

dry seeds with lower weight than the wild-type. It has been reported the reduced production of 

storage proteins in KOATG5 and KOATG7 mutant seeds, such as 12S globulin and 2S albumin 

proteins. In KOATG5 mutants, seeds develop apparently earlier than wild type seeds; chlorophyll 

decay and seed browning, and protein storage deposition appear earlier 23.  

 

Seed Germination and Autophagy: Reserve mobilization 
 

In Arabidopsis thaliana, the ERvt pathway is also involved in the mobilization of SSPs during early 

germination. SSP mobilization depends on the de novo synthesis of a family of cysteine proteases 

that are synthesized into the endoplasmic reticulum and then are transported to PSVs. The 

cysteine proteases usually contain a C-terminal K/HDEL signal that classically works in the 

retention of endoplasmic-resident proteins inside this organelle 57, but it could also be 

fundamental for the cysteine proteases trafficking to the PSVs, because of the deletion of this 

signal leads to the extracellular secretion of the proteins 58. It has been described the presence of 

endoplasmic-derived vesicles containing precursors of cysteine proteinases in seed-storage 

tissues that accumulate these hydrolyses in inactive aggregates 59 60. These endoplasmic-derived 

vesicles are delivered to vacuoles via a microautophagy-like process. Considering that proteases 
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could be activated just when autophagy occurs, it has been proposed that this Golgi-bypass route 

could be helpful when major changes in proteolytic activities are required, as in PCD and storage 

protein mobilization 53. 

 

Endoplasmic Reticulum Stress and Autophagy 
 

In eukaryotes, endoplasmic reticulum accumulates an excess of proteins in response to 

environmental stress or under specific physiological conditions that provoke reticulum stress 

(ER-stress), and autophagy is considered a feedback mechanism to alleviate this protein 

overaccumulation. Cell homeostasis can be restored by the Unfolded Protein Response (UPR) 

pathway, which helps to reduce the accumulated unfolded proteins in the endoplasmic 

reticulum61. 

In plants, the UPR perception and response mechanisms have been described, one of them is 

mediated by the Inositol-requiring 1 (IRE1) enzyme. IRE1 is an endoplasmic reticulum 

transmembrane protein with a N-terminal sensor domain in the endoplasmic reticulum lumen 

and a C-terminal domain oriented to endoplasmic reticulum cytosol with nuclease and Ser-Thr 

kinase activities. IRE protein is conserved in yeast, animals, and plants 62. 

IRE1 response is activated under stress conditions via the dissociation of the luminal protein BiP 

(chaperone) from the IRE N-terminal domain. The releasing of BiP leads to IRE1 oligomerization 

and activation of RNase and kinase domains. The activation of IRE1 promotes the following 

responses: 

1. Primary response: at first steps, principal response is mediated by IRE1 nuclease activity, 

for RNA selective degradation avoiding its translation and limiting protein accumulation 

(RIDD: Regulated IRE1-Dependent Decay of mRNA).  

2. Autophagy: Its activation is mediated by IRE1 (both by nuclease activity and by kinase 

activity) and by PERK (transmembrane ER protein) in animals. In plants, this mechanism 

has been poorly characterized 63 64. 

In Arabidopsis thaliana, it has been described three IRE1 isoforms: AtIRE1a, AtIRE1b and AtIRE1c65. 

Recently, it has been defined that AtIRE1b degrades RNAs to prevent the translation of proteins 

that interfere with autophagy in response to endoplasmic reticulum stress 66. Nevertheless, factors 

controlling this process are completely unknown. In seeds, it could exist a similar ER-autophagy 

connection which regulates protein accumulation in PSVs during maturation and reserve 

mobilization. 
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Previous background 
 

Seed represents the propagule of spermatophyte plants, and it is the most important reservoir for 

accumulation of reserve molecules. From a social-economic point of view, seeds are of agronomic 

interest because they are the first world crop (wheat, maize, canola, etc.). The reserve protein 

accumulation processes during seed development are carried out through a cellular process 

similar to autophagy. It has been reported that NBR1 (next to BRCA1 gene 1 protein) receptor 

mediates a cross-talk between autophagy and the ABA signalling pathway 42 and ABA is a key 

hormone that promotes seed dormancy and maintenance during seed development and 

participates in the control of early seed germination in response to different stresses 67. 

Furthermore, the synthesis and massive accumulation of proteins leads to the appearance of             

ER-Stress, associated with an increased traffic in protein secretion, and its inability to fold 

correctly in the endoplasmic reticulum. In non-reserve specialized tissues, autophagy can be 

activated as a response to ER-Stress, because of the overproduction of proteins and enzymes in 

response to abiotic and biotic stresses. 

 

The work presented here is based on previous data of the research group where I have carried 

out this work. They have demonstrated the relevance of autophagy in the germination of 

Arabidopsis thaliana seeds in response to abscisic acid (ABA). When ABA (0,1 and 1 µM) is added 

to the imbibition medium, AtKOATG5 and AtKOATG7 mutants germinate slower that the wild-

type (Endosperm Rupture: germination sensu stricto), suggesting they are hypersensitive to ABA 

during seed germination (Figure 2). As expected, KOABI5 seeds germinate faster than wild type 

seeds in the presence of ABA. AtATG5 and AtATG7 expression profiles peak at the final stage of 

seed maturation and at dry seed, progressively diminishing upon seed imbibition (data not 

shown). The data presented here is the continuation of this previous work.  
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 Figure 2: Seed germination studied in KOATG5, KOATG7 and KOABI5 (control) mutants and Col-0 (control) under 

absence and presence of ABA (0,1 µM and 1 µM). SCR: Seed Coat Rupture; ER: Endosperm Rupture, sensu stricto 

germination. t50 ER: 50% seeds with endosperm rupture, t50 SCR: 50% seeds with seed coat rupture. 
 

 

 

 

 

 

 



10 
 

OBJECTIVES 
 

 

General Objective: Identification and characterization of components involved in autophagy 

and ER-stress response in Arabidopsis thaliana seeds. 

 

The specific objectives of this work are: 

 

Objective 1: Study of the participation of AtIRE1a/1b/1c and AtRAG1 genes, involved in ER-stress, 

and AtATG5 and AtATG7 autophagy genes, during seed maturation and germination in response 

to abscisic acid.  

Objective 2: Identification of central hubs involved in autophagy and ER-Stress response during 

seed maturation and germination. 
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CHAPTER 2: MATERIALS AND METHODS 
 

Plant material and germination assays 
 

Arabidopsis thaliana Columbia (Col-0) accession, KOIRE1a/1b, KORAG1, KOATG5 and KOATG7  

T-DNA insertion mutants were used in this study. These mutants were kindly donated by Prof. 

Rodrigo A. Gutierrez from Universidad Católica de Chile (http://virtualplant.bio.puc.cl/cgi-

bin/Lab/index.cgi). 

Seed germination of Arabidopsis thaliana Columbia (Col-0), KOIRE1a/1b and KORAG1 mutants 

was evaluated. Seeds were surface sterilized for 15 minutes with 70% (v/v) ethanol followed by 

100% (v/v) ethanol wash. Three replicates of 50 seeds were imbibed in 55-mm Petri dishes into 

one layer of nitrocellulose grided filter paper (Thermo Fisher Scientific; www.thermofisher.com) 

containing MS/2 medium (Duchefa Biochemie; www.duchefa-biochemie.com). Abscisic acid           

(1 µM) treatment was also applied. Germination assays were carried out in a growth chamber at 

21ºC, 65,3% RH with long-day conditions (16h/8h day/night photoperiod). Two parameters were 

evaluated: Seed Coat Rupture (SCR) and Endosperm Rupture (ER). Both were counted under a 

stereomicroscope at 0, 24, 30, 48, 60, 72 and 96 hours after transferring the plates to the growth 

chamber.  

 

Quantitative PCR (qPCR) analysis 

 

Total RNA was purified from A. thaliana seeds at different time points of germination (0, 12, 24, 

30, 36, 42, 60, 72 hours) in the absence and presence of ABA (0.5 µM). Total RNA was also isolated 

from different stages of the embryogenesis and seed maturation: early green (EG: < 7 mm), late 

green (LG: 7-10 mm) and brown seeds (> 10 mm and brown colour). The cDNA was synthesized 

from 1 μg of total RNA using the First-Strand Synthesis kit for qPCR (Roche Diagnostics; 

www.roche.es/) following the manufacturer’s instructions. Samples were stored at −20°C until 

use.  

qPCR analysis was performed in an Eco® Real-Time PCR System (Illumina, www.illumina.com/). 

For each 10-μL reaction, a 1 μL cDNA sample was mixed with 5 μL of FastStart Universal SYBR 

Green Master (ROX; Roche Diagnostics), 0.25 μL of each primer (final concentration 500 nM; Table 

1), plus sterile water up to the final volume. Samples were subjected to thermal-cycling conditions 

of 95°C for 10 min, 40 cycles of (10 sec at 95°C, 30 sec at 60°C of annealing and extension). The 

http://virtualplant.bio.puc.cl/cgi-bin/Lab/index.cgi
http://virtualplant.bio.puc.cl/cgi-bin/Lab/index.cgi
http://www.thermofisher.com/
http://www.roche.es/
http://www.illumina.com/
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melting curve was designed to increase from 55 to 95°C. This analysis was performed with three 

different biological samples for each time-point and each one was duplicated. Actin 8 was used 

as housekeeping gene as was previously demonstrated to be constant throughout the studied 

period 68. Expression levels were determined as the number of cycles needed for the amplification 

to reach a threshold (Ct) fixed in the exponential phase of the PCR reaction 69. Means ± standard 

error (SE) for three different biological replicates are indicated in the corresponding figures. 

Table 1: Sequences of primers used for qPCR analysis 

 

Light microscopy  
 

Arabidopsis thaliana Columbia-0, KOIRE1a/1b, KORAG1, KOATG5 and KOATG7 seeds were 

fixated by vacuum-infiltration (~15 mm Hg) in 3,7% formaldehyde, 5% acetic acid and 50% 

ethanol solution (FAE) for 45 minutes. Then, FAE solution was changed, and samples were left 

under agitation for 2 days. Fixation was followed by buffer sodium solution (PBS) and ethanol 

dilution series as described Iglesias-Fernández et al., (2010) 70. Following dehydration, seeds were 

embedded in paraffin blocks and cut in 10-µm sections with HistoCore MULTICUT R - Semi-

Automated Rotary Microtome (Leica; www.leica-microsystems.com). Staining was carried out in 

0.5% (w/v) periodic acid (Merck; www.merckmillipore.com), Schiffs Reagent (Merck; 

www.merckmillipore.com) and 1% (w/v) Naphtol Blue-Black (Sigma-Aldrich Chemistry; 

www.sigmaaldrich.com). Visualization was done under a Zeiss Axiophot Microscope (Zeiss; 

www.zeiss.es).  

 

Gene Primer name Sequence (5’→3’) 

IRE1a IRE1a-F TTCAGACCTCATATCCCGT 

AT2G17520 IRE1a-R GATTTCAGAATCAGCTTCTCTAT 

IRE1b IRE1b-F GCTGTTCATCTTCTCACTGGTC 

AT5G24360 IRE1b-R CAAGTGCAGCCAAGAGCTG 

IRE1c IRE1c-F CCATAAACCTCATCGAGCAG 

AT3G11870 IRE1c-R GCTTACTAGCCCAGTCCTTACT 

Actin 8 ACT8-F GGTCGTACAACCGGTATTGT 

AT1G49240 ACT8-R GAAGAGCATACCCCTCGTA 

http://www.leica-microsystems.com/
http://www.merckmillipore.com/
http://www.merckmillipore.com/
http://www.sigmaaldrich.com/
http://www.zeiss.es/
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Generation of PAtATG5::uidA and PAtATG7::uidA Arabidopsis 

transgenic lines  

 
The promoters of the AtATG5 (-396 bp from the initial codon) and AtATG7 (-339 bp from the 

initial codon) genes were amplified from A. thaliana genomic DNA by PCR using oligonucleotide 

pairs containing enzyme restriction BamHI (5’ – GGATCC – 3’) and SalI (5’– GTCGAC – 3’) sites 

(Table 2).  

Table 2: PCR and sequencing primers used to clone AtATG5 and AtATG7 putative promoters 

PCR products were cloned into the pGEM T-easy vector (Invitrogen, www.invitrogen.com). After 

plasmid sequencing and confirmation of the presence of AtATG5 and AtATG7 promoters, those 

were transferred to the pBI101 vector containing the uidA reporter gene by a restriction enzyme 

strategy (Figure 3). Recombinant plasmids were introduced into Agrobacterium tumefaciens strain 

C58C1 by electroporation. Agrobacterium cells were grown in Lysogeny broth (LB) medium 

supplemented with Rifampicin (50 µg/mL; Agrobacterium resistance) and Kanamycin (50 

µg/mL; plasmid resistance). These were used to transform A. thaliana (Col-0) by the floral dip 

method 71. 

 
Figure 3: Maps of (A) pGEM®-T Easy and (B) pBI101 vectors  

PCR primers Sequence (5’→3’) 

Promoter ATG5-Fw GTCGACATTGATGGTTCAACA 

Promoter ATG5-Rev GGATCCCGCCATTCTCTTC 

Promoter ATG7-Fw GTCGACGCATATGCACAATCA 

Promoter ATG7-Rev GGATCCAGCCATGGCTGATC 

Sequencing Primers  

M13-Fw GTAAAACGACGGCCAGT 

M13-Rv CATGGTCATAGCTGTTTCC 

http://www.invitrogen.com/
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For floral dip transformation, Agrobacterium transformed cells were inoculated in LB medium 

supplemented with Rifampicin (50 µg/mL) and Kanamycin (50 µg/mL) the day before infiltration 

to achieve an optical density over 2 (λ= 600 nm). Cells were resuspended in infiltration medium: 

MS/2 medium supplemented with 10 µg/mL benzylaminopurine (BAP) and 180 µg/mL Silwet    

L-77 to achieve an OD600 of approx. 0.8. Optical density was measured by NanoDropTM 1000 

Spectrophotometer (Thermo Fisher Scientific, www.thermofisher.com). 

Pots with Arabidopsis thaliana plants were inverted and submerged 5 minutes into Agrobacterium 

suspension. After removal, pots were covered with a plastic cover to maintain humidity. The next 

day, the film was uncovered, and the pots were set upright. Transformed plants were not watered 

for several days.  

Arabidopsis thaliana transformed plants were grown 3 to 4 weeks and seeds were collected. Seeds 

were surface sterilized by treating for 15 minutes with 70% (v/v) ethanol followed by a wash with 

100% (v/v) ethanol and later grown onto 14 cm Petri dishes containing half strength Murashige 

and Skoog (MS/2) medium supplemented with 1% (w/v) sucrose, 0,7% (v/v) agar and the 

corresponding antibiotic (50 µg/mL Kanamycin) and grown in germination chambers (21 ºC, long 

day conditions: 16h/8h day/night photoperiod, %RH: 65.3).  

Seeds obtained by “floral dip” transformation will be used to track β-glucuronidase (GUS) 

activity and to evaluate the spatiotemporal gene expression patterns of AtATG5 and AtATG7. 

Due to time constraints, seed recollection was not performed. However, as a technical training, 

the evaluation of beta-glucuronidase activity was done by me in transgenic PAtMAN7::uidA 

seeds72.  

For this preliminary test, PAtMAN7::uidA seeds were stratified into MS/2 medium at 4ºC for 3 

days. After, seeds were introduced into germination chambers (21 ºC, long day conditions: 16h/8h 

day/night photoperiod, %HR: 65.3) until seedling development. Seedlings were incubated for 1 

day with 3.5 mL GUS staining: Na2HPO4 buffer (pH 7; 100 mM), potassium ferrocyanide (100 

mM), potassium ferricyanide (100 mM), Na2EDTA (pH 8, 8’5; 100 mM), 20% (V/V) methanol, 20 

mg/mL X-GlcA (Sodyum trihydrate), 0.01 % (v/v) Triton X-100. All seeds were finally washed 

with 70% ethanol and visualized under the stereomicroscope.  

 

 

 

 

http://www.thermofisher.com/
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In silico analysis: Identification of autophagy genes related to seed 

biology and Endoplasmic Reticulum stress (ER-Stress)  
 

Three RNA-seq datasets were used to perform these analyses: 

1) Arabidopsis thaliana Col-0 germinating seeds (24 h of imbibition vs 0 h; 

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE94457) 73. 

2) Arabidopsis thaliana seedlings of double mutant KOIRE1a/1b treated with DMSO (as the 

control) and with tunicamycin (TM; 5 μg/mL), an ER-stress inductor 

(www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99576) 66.  

3) Arabidopsis thaliana Col-0 seeds upon maturation (20 days after pollination vs 12 days 

after pollination; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127509) 74.    

 

The datasets were individually analysed by the iDEP.93 program 

(http://bioinformatics.sdstate.edu/idep/) to identify the list of differently expressed genes (DEG) 

based on gene-level read count data.   

The Gene Ontology (GO) IDs of 76 autophagy genes were identified using the  Gene Ontology 

search (amigo.geneontology.org/amigo/search/bioentity) and the TAIR database 

(www.arabidopsis.org/).  

The Gene lists comparisons were performed with http://jvenn.toulouse.inra.fr/app.html.  

Pictographic representations of the gene expression data have been obtained from Bio-Analytic 

Resource of Plant Biology (http://bar.utoronto.ca) and The Virtual Seed Web Resource 

(http://vseed.nottingham.ac.uk/).  

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE94457
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99576
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127509
http://bioinformatics.sdstate.edu/idep/
http://amigo.geneontology.org/amigo/search/bioentity
http://www.arabidopsis.org/
http://jvenn.toulouse.inra.fr/app.html
http://bar.utoronto.ca/
http://vseed.nottingham.ac.uk/
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CHAPTER 3: RESULTS AND DISCUSSION 

AtIRE1a and AtIRE1b are expressed during embryogenesis, seed 

maturation and germination 
 

As commented, AtIRE1 protein family is involved in the ER-Stress perception and signal 

transduction, and AtIRE1b protein has been reported to degrade RNAs encoding proteins that 

interfere with the induction of autophagy by ER-Stress in Arabidopsis thaliana 66. Quantitative PCR 

assays were performed to evaluate AtIRE1a, AtIRE1b and AtIRE1c expression profiling upon 

embryogenesis, seed maturation and germination.  

Results in Figure 4 show that AtIRE1a expression increases during seed embryogenesis, reaching 

a peak at the final maturation stage (~60x10-3- relative expression to Act-8). During seed 

germination, AtIRE1a transcripts accumulate reaching a maximum at 36 hours (~60x10-3-relative 

expression to Act-8). When ABA (0.5 µM) is added to the imbibition medium, AtIRE1a expression 

is highly reduced when it is compared to the expression in the control. This result indicates that 

ABA inhibits AtIRE1a expression in germinating seeds.  

These results suggest a major role for AtIRE1a in seeds instead of AtIRE1b. In Arabidopsis thaliana, 

it has been described a post-germination arrest mediated by ABA in response to eventual abiotic 

stress, if AtIRE1a is beyond this mechanism is something to be elucidated76.   

AtIRE1b expression levels are constant throughout the studied periods, displaying lower 

expression values than those of AtIRE1a. AtIRE1c is not represented in Figure 4, because its 

expression levels are under the detection limit of the qPCR system used. All these data are in 

agreement with those find in public databases (http://bar.utoronto.ca/ ; Figure 4D): AtIRE1a is the 

most expressed AtIRE1 gene in seeds and its expression gets a maximum at the final stages of 

seed maturation and at 36 h of imbibition, AtIRE1b is constantly expressed in seeds,  and AtIRE1c 

expression levels are almost undetectable.  

http://bar.utoronto.ca/
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Figure 4. AtIRE1a, AtIRE1b and AtIRE1c seed expression profiling. (A) Relative AtIRE1a and AtIRE1b expression during 

seed embryogenesis and seed maturation: Early Green seeds (EG), Late Green seeds (LG) and Brown seeds (Brown). (B) 

Relative AtIRE1a and AtIRE1b expression during seed germination under optimal conditions for development. (C) 

Relative AtIRE1a and AtIRE1b expression during seed germination throughout the assay under MS medium enriched 

with 0,5 µM ABA. (D) Relative AtIRE1a, AtIRE1b and AtIRE1c expression during seed embryogenesis and seed 

maturation; figure obtained from http://bar.utoronto.ca/. 

 

Germination assays of KOIRE1a/1b and KORAG1 mutant seeds 

suggest a role of these genes in germination in response to ABA 
 

The data obtained from germination assays of homozygous KOIRE1a/1b and KORAG1 seed 

mutants are represented in Figure 5. RAG1 is a phosphatase protein associated with the 

activation/deactivation of IRE1. In response to abiotic stress, RAG1 dephosphorylates IRE1, and 

IRE1 is activated. RAG1-IRE1 interaction has been demonstrated in the laboratory where this 

investigation has been carried out (data not shown), and its connection with autophagy has been 

studied as a new function associated with IRE1.  

http://bar.utoronto.ca/
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Arabidopsis thaliana, as well as other closely related species of the Brassicaceae, germinates in two 

sequential steps:  (1) initially, the seed coat layer is ruptured and the radicle remains covered by 

the endosperm; and (2) subsequently, after a lag of several hours, the rupture of the micropylar 

endosperm takes place and the embryo radicle emerges 70 76. Thus, in this study these two 

parameters have been scored: Seed Coat Rupture (SCR) and Endosperm Rupture (ER) 

(germination sensu stricto; Figure 5A). These parameters have been evaluated at 24 h, 30 h, 48 h, 

60 h, 72 h and 96 h after transferring the plates to the growth chamber. Germination has been 

evaluated in MS medium in the absence and presence of ABA (1 µM). 

As can be observed in Figure 5B, germination assays show no differences neither in SCR nor in 

ER analysis when seeds are in MS medium, indicating a similar germination of KOIRE1a/1b and 

KORAG1 seed mutants. Interesting results emerge when study is focus on SCR analysis when 

ABA (1 µM) is added to the MS medium, indicating a premature germination of KOIRE1a/1b and 

KORAG1 seed mutants compared to that of Col-0 seeds. To compare germination, we determined 

the time required to reach 50 % of seed coat rupture (t50) by linear interpolation: 58.8 h for Col-0 

seeds and 41.5 and 42.1 for KOIRE1a/1b and KORAG1 seeds, respectively, indicating significant 

differences. In the case of endosperm rupture in seeds in the presence of 1 µM ABA, the t50 

parameter could not be determined as the radicle emerged in less than 50 % of the seeds after 96 

hours.  

Taken together the analyses of the SCR and ER, parameters indicate that neither seed viability 

nor the germination is affected in KOIRE1a/1b and KORAG1 mutant seeds except when 

environmental conditions are not optimal. This result suggests that IRE1a/1b and RAG1 activity 

could not be critical for seed germination or that other genes in A. thaliana genome could be able 

to do the same function (i.e., gene redundancy) during this phase of plant development in 

response to ABA.  

Focusing on abscisic acid effect, ABA promotes a germination arrest during early imbibition76, 

and the absence of IRE1a/1b and RAG1 expression slightly alleviates this, suggesting that these 

two ER-stress response components could participate in the early arrest of germination in 

response to ABA. In the previous results presented in Figure 2, KOATG5 and KOATG7 mutants 

showed a germination slower than the wild-type in the presence of ABA (1 µM), suggesting that 

ABA perception could be also altered. RAG1 is an novel component related to ER-stress response, 

and the results presented here indicate a possible role for it in seed biology.  
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Finally, it is important to indicate that no differences are observed in ER percentages in seeds 

imbibed in 1 µM ABA, most probably due to high ABA concentrations. Assays should be 

repeated with lower ABA concentration (i.e., 0.5 µM ABA) to achieve a better monitorization. 

 

Figure 5: Seed germination assays. (A) Different stages of Arabidopsis thaliana seed germination, obtained form Iglesias-

Fernández et al. (2013) 72. (B) Percentage of seeds that have ruptured the seed coat (SCR) and the endosperm (ER) imbibed 

in MS medium without (control) and with ABA (1 µM).  

 

Qualitative evaluation of seed protein content reveals possible 

alterations in KOIRE1a/1b and KORAG1 mutants 
 

Figure 6 shows results of the histological evaluation of KOATG5, KOATG7, KOIRE1a/1b, KORAG1 

and Col-0 seeds. Periodic acid-Schiff’s reagent (Pink staining; Merck; www.merckmillipore.com) 

and Naphtol Blue Black (Blue staining; Sigma-Aldrich Chemistry; www.sigmaaldrich.com) have 

been used to stain insoluble carbohydrates (cellulose, starch) and proteins, respectively 78.  

http://www.merckmillipore.com/
http://www.sigmaaldrich.com/
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As can be seen in Figure 6A, no differences are observed between A. thaliana Col-0 seeds and 

KOATG5 and KOATG7 mutant seeds. Figure 6B indicates that KOIRE1a/1b and KORAG1 mutant 

seeds display more compact embryos and intense protein staining (Naphtol Blue-Black) as 

compared to Col-0 seeds. These results suggest that KOIRE1a/1b and KORAG1 A. thaliana mutants 

could present alterations in the accumulation of their reserves. However, it should be considered 

that the results reported here are preliminary and samples need to be analysed in more detail to 

confirm them. Moreover, since it has been previously reported that AtKOATG5 mutant seeds 

develop earlier than the wild type; where chlorophyll decay,  seed browning, and protein storage 

deposition appear earlier 23, a time-course evaluation should be performed. 

Figure 6. Light microscopy results. Histological assays performed on (A) Col-0, KOATG5, and KOATG7 seeds, (B) Col-0, 

KOIRE1a/1b and KORAG1 mutant seeds. R, radicle; C, cotyledon. 

 

 

Future assays will evaluate the AtATG5 and AtTAG7 spatiotemporal 

gene expression 
 

PAtATG5 and PAtATG7 mutant plants, generated via “floral dip” transformation did not reach a 

complete development yet, and mutants seeds have not been collected at this time. Thus, it has 

not been possible to analyse the AtATG5 and AtATG7 temporal and spatial expression by β-

glucuronidase activity evaluation. 

Once seeds are collected, these will be studied, and the GUS expression will be tracked 

throughout plant development with special focus on seed maturation and germination. 
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AtNBR1 is differentially expressed in seeds upon maturation and 

germination, and in response to ER-Stress 
 

The analyses of the three datasets done by the iDEP tool released the following Differentially 

Expressed Genes (DEGs):   

- 14 906 differentially expressed genes (DEGs) during seed germination (24 h vs. 0 h) extracted 

from public transcriptomic analyses (GSE94457).  

- 27 827 differentially expressed genes (DEGs) during seed maturation (GSE127509) 

- 975 differentially expressed genes (DEGs) in the double mutant KOIRE1a/1b in the presence and 

absence of tunicamycin (ER-Stress inductor) (GSE99576) 

The above lists and 76 autophagy-related genes have been compared in order to identify possible 

nexus between autophagy, ER-stress, and seed maturation and germination. To perform these 

analyses, the selected program was the Jvenn online tool 

(http://jvenn.toulouse.inra.fr/app/example.html) and results showed as a Venn diagram can be 

observed in Figure 7A.  

As can be seen in Figure 7B, 4 autophagy-related genes are up- or down-expressed in the three 

comparisons studied. The relevant loci are AtBAG6 (AT2G46240), AtCDC48B (AT3G53230), 

AtRNS2 (AT2G39780), and AtNBR1 (AT4G24690). Interestingly, AtNBR1 encodes a receptor that 

mediates a crosstalk between autophagy and ABA signalling pathway by modulation of ABA 

perception during seed dormancy and germination by its interaction with ABI3 and ABI5 

proteins, relevant seed transcription factors 42 78 . 

AtNBR1 expression reaches a peak at last stages of seed maturation and during early seed 

germination (Figure 7C and Figure 7D), indicating a possible role for this autophagy selective 

receptor in both processes. All together, these results lead to hypothesise an association between 

ER-Stress, AtNBR1 gene and seed maturation and germination. In any case, these conclusions are 

preliminary and need further investigated. 

http://jvenn.toulouse.inra.fr/app/example.html
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Figure 7:  Bioinformatic analysis. (A) Venn diagram obtained from DEG lists comparison. 76 autophagy loci (List 1) 

were compared with DEG between 0 h and 24 h of seed germination comparison (List 2), DEG between double mutant 

KOIRE1a/1b seedlings in absence and in response to Tunicamycin (List 3) and DEG between 12 days and 20 days after 

pollination seeds (List 4). (B) Common genes and principal function. (C) AtNBR1 expression profiling during 

embryogenesis and seed maturation; figure obtained from http://bar.utoronto.ca/. (D) AtNBR1 expression profiling 

during seed germination; figure obtained from http://vseed.nottingham.ac.uk/. 

 

http://bar.utoronto.ca/
http://vseed.nottingham.ac.uk/
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CONCLUSIONS 
 

The following preliminary conclusions are proposed: 

• Since AtIRE1a is the most expressed IRE1 gene in seeds, and its expression is inhibited 

by abscisic acid, it could be possible a specific role for it in seeds in response to ABA. 

• As the absence of IRE1a/1b and RAG1 expression slightly alleviates the ABA arrest that 

occurs during early imbibition in response to abiotic stress76, it is proposed the 

participation of these two ER-stress response components in this early arrest in response 

to ABA. 

• The histological analysis of KOIRE1a/b and KORAG1 mutant seeds reveal that these have 

more compact embryos, and intense protein staining than the Col-0 seeds, indicating a 

possible alteration in the accumulation of the seed reserves when IRE1a/1b and RAG1 are 

absent.  

• The AtNBR1 protein, previously described as an autophagy selective receptor, is a 

possible central hub factor involved in ER-stress, seed development, autophagy and ABA 

perception. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

REFERENCES 
 

1.  Michaeli S, Galili G, Genschik P, Fernie AR, Avin-Wittenberg T. Autophagy in Plants - 

What’s New on the Menu?. Trends Plant Sci. 21(2):134-144, 2016.  

2.  Su T, Li X, Yang M, Shao Q, Zhao Y, Ma C, et al. Autophagy: An Intracellular 

Degradation Pathway Regulating Plant Survival and Stress Response. Front Plant Sci. 

11:164, 2020.  

3.  Li F, Vierstra RD. Autophagy: A multifaceted intracellular system for bulk and selective 

recycling. Trends Plant Sci. 17(9):526-37, 2012. 

4.  Honig A, Avin-Wittenberg T, Ufaz S, Galili G. A new type of compartment, defined by 

plant-specific Atg8-interacting proteins, is induced upon exposure of Arabidopsis plants 

to carbon starvation. Plant Cell. 24(1):288–303, 2012.  

5.  Thirumalaikumar VP, Gorka M, Schulz K, Masclaux-Daubresse C, Sampathkumar A, 

Skirycz A, et al. Selective autophagy regulates heat stress memory in Arabidopsis by 

NBR1-mediated targeting of HSP90 and ROF1. Autophagy. 24:1-16, 2020.  

6.  Thompson AR, Doelling JH, Suttangkakul A, Vierstra RD. Autophagic nutrient recycling 

in Arabidopsis directed by the ATG8 and ATG12 conjugation pathways. Plant Physiol. 

138(4):2097–110, 2005.  

7.  Stephani M, Dagdas Y. Plant Selective Autophagy—Still an Uncharted Territory With a 

Lot of Hidden Gems. J Mol Biol. 432(1):63-79, 2020.  

8.  Reumann S, Voitsekhovskaja O, Lillo C. From signal transduction to autophagy of plant 

cell organelles: Lessons from yeast and mammals and plant-specific features . 

Protoplasma. 247(3-4):233-56, 2010.  

9.  Ran J, Hashimi SM, Liu JZ. Emerging roles of the selective autophagy in plant immunity 

and stress tolerance. Int J Mol Sci. 21(17):6321, 2020. 

10.  Qi H, Xia FN, Xiao S. Autophagy in plants: Physiological roles and post-translational 

regulation. J Integr Plant Biol. 63(1):161-179, 2021. 

11.  Herman EM. Endoplasmic reticulum bodies: solving the insoluble. Curr Opin Plant Biol. 

11(6):672-9, 2008. 

12.  Zhuang X, Chung KP, Luo M, Jiang L. Autophagosome Biogenesis and the Endoplasmic 

Reticulum: A Plant Perspective. Trends Plant Sci. 23(8):677-692, 2018.  



25 
 

13.  Van Doorn WG, Papini A. Ultrastructure of autophagy in plant cells: A review. 

Autophagy. 9(12):1922-36, 2013.  

14.  Masclaux-Daubresse C, Clément G, Anne P, Routaboul JM, Guiboileau A, Soulay F, et al. 

Stitching together the multiple dimensions of autophagy using metabolomics and 

transcriptomics reveals impacts on metabolism, development, and plant responses to the 

environment in Arabidopsis. Plant Cell. 26(5):1857–77, 2014.  

15.  Mauthe M, Reggiori F. ATG proteins: Are we always looking at autophagy?. Autophagy. 

12(12):2502-2503, 2016.  

16.  Masclaux-Daubresse C, Chen Q, Havé M. Regulation of nutrient recycling via 

autophagy. Curr Opin Plant Biol. 39:8-17, 2017.  

17.  Chen Q, Shinozaki D, Luo J, Pottier M, Havé M, Marmagne A, et al. Autophagy and 

Nutrients Management in Plants. Cells. 8(11):1426, 2019.  

18.  Stefaniak S, Wojtyla Ł, Pietrowska-Borek M, Borek S. Completing Autophagy: Formation 

and Degradation of the Autophagic Body and Metabolite Salvage in Plants. Int J Mol Sci. 

21(6):2205, 2020.  

19.  Sieńko K, Poormassalehgoo A, Yamada K, Goto-Yamada S. Microautophagy in Plants: 

Consideration of Its Molecular Mechanism. Cells. 9(4):887, 2020.  

20.  Li WW, Li J, Bao JK. Microautophagy: Lesser-known self-eating. Cell Mol Life Sci. 

69(7):1125-36, 2012.  

21.  Müller O, Sattler T, Flötenmeyer M, Schwarz H, Plattner H, Mayer A. Autophagic tubes: 

Vacuolar invaginations involved in lateral membrane sorting and inverse vesicle 

budding. J Cell Biol. 151(3):519–28, 2000.  

22.  Uttenweiler A, Mayer A. Microautophagy in the yeast saccharomyces cerevisiae. 

Methods Mol Biol. 445:245–59, 2008.  

23.  Di Berardino J, Marmagne A, Berger A, Yoshimoto K, Cueff G, Chardon F, et al. 

Autophagy controls resource allocation and protein storage accumulation in 

Arabidopsis seeds. J Exp Bot. 69(6):1403–14, 2018.  

24.  Wojciechowska N, Sobieszczuk-Nowicka E, Bagniewska-Zadworna A. Plant organ 

senescence – regulation by manifold pathways . Plant Biol (Stuttg). 20(2):167-181, 2018.  

25.  Takeshige K, Baba M, Tsuboi S, Noda T, Ohsumi Y. Autophagy in yeast demonstrated 

with proteinase-deficient mutants and conditions for its induction. J Cell Biol. 



26 
 

119(2):301–12, 1992.  

26.  Ohsumi Y. Historical landmarks of autophagy research. Cell Res. 24(1):9-23, 2014.  

27.  Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, Abeliovich H, Arozena AA, et al. 

Guidelines for the use and interpretation of assays for monitoring autophagy (3rd 

edition). Autophagy. 12(2):443, 2016.  

28.  Ding X, Zhang X, Otegui MS. Plant autophagy: new flavors on the menu. Curr Opin 

Plant Biol. 46:113-121, 2018.  

29.  Dobrenel T, Caldana C, Hanson J, Robaglia C, Vincentz M, Veit B, et al. TOR Signaling 

and Nutrient Sensing. Annu Rev Plant Biol. 67:261-85, 2016.  

30.  Yang Z, Klionsky DJ. Mammalian autophagy: Core molecular machinery and signaling 

regulation. Curr Opin Cell Biol. 22(2):124-31, 2010.  

31.  Yang X, Bassham DC. New Insight into the Mechanism and Function of Autophagy in 

Plant Cells. Int Rev Cell Mol Biol. 320:1–40, 2015.  

32.  Sawa-Makarska J, Baumann V, Coudevylle N, von Bülow S, Nogellova V, Abert C, et al. 

Reconstitution of autophagosome nucleation defines Atg9 vesicles as seeds for 

membrane formation. Science. 369(6508):eaaz7714, 2020.  

33.  Kellner R, De la Concepcion JC, Maqbool A, Kamoun S, Dagdas YF. ATG8 Expansion: A 

Driver of Selective Autophagy Diversification?. Trends Plant Sci. 22(3):204-214, 2017.  

34.  Woo J, Park E, Dinesh-Kumar SP. Differential processing of Arabidopsis ubiquitin-like 

Atg8 autophagy proteins by Atg4 cysteine proteases. Proc Natl Acad Sci U S A. 

111(2):863–8, 2014.  

35.  Yoshimoto K, Hanaoka H, Sato S, Kato T, Tabata S, Noda T, et al. Processing of ATG8s, 

ubiquitin-like proteins, and their deconjugation by ATG4s are essential for plant 

autophagy. Plant Cell. 16(11):2967–83, 2004.  

36.  Chung T, Phillips AR, Vierstra RD. ATG8 lipidation and ATG8-mediated autophagy in 

Arabidopsis require ATG12 expressed from the differentially controlled ATG12A and 

ATG12B loci. Plant J. 62(3):483–93, 2010.  

37.  Phillips AR, Suttangkakul A, Vierstra RD. The ATG12-conjugating enzyme ATG10 is 

essential for autophagic vesicle formation in Arabidopsis thaliana. Genetics. 178(3):1339–

53, 2008.  

38.  Mizushima N, Yoshimori T, Ohsumi Y. The role of atg proteins in autophagosome 



27 
 

formation. Annu Rev Cell Dev Biol. 27:107–32, 2011.  

39.  Bu F, Yang M, Guo X, Huang W, Chen L. Multiple Functions of ATG8 Family Proteins in 

Plant Autophagy. Front Cell Dev Biol. 8:466, 2020.  

40.  Noda NN, Ohsumi Y, Inagaki F. Atg8-family interacting motif crucial for selective 

autophagy. FEBS Lett. 584(7):1379-85, 2010.  

41.  Luo S, Li X, Zhang Y, Fu Y, Fan B, Zhu C, et al. Cargo recognition and function of 

selective autophagy receptors in plants. Int J Mol Sci. 22(3):1013, 2021.  

42.  Tarnowski L, Rodriguez MC, Brzywczy J, Piecho-Kabacik M, Krčkova Z, Martinec J, et 

al. A selective autophagy cargo receptor NBR1 modulates abscisic acid signalling in 

Arabidopsis thaliana. Sci Rep. 10(1):7778, 2020.  

43.  Chung T, Phillips AR, Vierstra RD. ATG8 lipidation and ATG8-mediated autophagy in 

Arabidopsis require ATG12 expressed from the differentially controlled ATG12A and 

ATG12B loci. Plant J. 62(3):483–93, 2010.  

44.  Xiong Y, Contento AL, Bassham DC. AtATG18a is required for the formation of 

autophagosomes during nutrient stress and senescence in Arabidopsis thaliana. Plant J. 

42(4):535–46, 2005.  

45.  Guiboileau A, Avila-Ospina L, Yoshimoto K, Soulay F, Azzopardi M, Marmagne A, et al. 

Physiological and metabolic consequences of autophagy deficiency for the management 

of nitrogen and protein resources in Arabidopsis leaves depending on nitrate 

availability. New Phytol. 199(3):683–94, 2013.  

46.  Chen Q, Soulay F, Saudemont B, Elmayan T, Marmagne A, Masclaux-Daubresse C. 

Overexpression of ATG8 in Arabidopsis Stimulates Autophagic Activity and Increases 

Nitrogen Remobilization Efficiency and Grain Filling. Plant Cell Physiol. 60(2):343–52, 

2019.  

47.  Guiboileau A, Yoshimoto K, Soulay F, Bataillé MP, Avice JC, Masclaux-Daubresse C. 

Autophagy machinery controls nitrogen remobilization at the whole-plant level under 

both limiting and ample nitrate conditions in Arabidopsis. New Phytol. 194(3):732–40, 

2012.  

48.  Minina EA, Moschou PN, Vetukuri RR, Sanchez-Vera V, Cardoso C, Liu Q, et al. 

Transcriptional stimulation of rate-limiting components of the autophagic pathway 

improves plant fitness. J Exp Bot. 69(6):1415–32, 2018.  



28 
 

49.  Bernard A, Jin M, Xu Z, Klionsky DJ. A large-scale analysis of autophagy-related gene 

expression identifies new regulators of autophagy. Autophagy. 11(11):2114–22, 2015.  

50.  Jiang L, Phillips TE, Hamm CA, Drozdowicz YM, Rea PA, Maeshima M, et al. The 

protein storage vacuole: A unique compound organelle. J Cell Biol. 155(6):991–1002, 

2001.  

51.  Di Berardino J, Marmagne A, Berger A, Yoshimoto K, Cueff G, Chardon F, et al. 

Autophagy controls resource allocation and protein storage accumulation in 

Arabidopsis seeds. J Exp Bot. 69(6):1403–14, 2018.  

52.  Sansebastiano GP Di, Barozzi F, Piro G, Denecke J, Lousa CDM. Trafficking routes to the 

plant vacuole: Connecting alternative and classical pathways. J Exp Bot. 69(1):79-90, 

2017.  

53.  Herman E, Schmidt M. Endoplasmic reticulum to vacuole trafficking of endoplasmic 

reticulum bodies provides an alternate pathway for protein transfer to the vacuole. Plant 

Physiol. 136(3):3440-6, 2004.  

54.  Wang H, Rogers JC, Jiang L. Plant RMR proteins: Unique vacuolar sorting receptors that 

couple ligand sorting with membrane internalization. FEBS J. 278(1):59-68, 2011.  

55.  Hara-Nishimura I, Shimada T, Hatano K, Takeuchi Y, Nishimura M. Transport of 

storage proteins to protein storage vacuoles is mediated by large precursor-

accumulating vesicles. Plant Cell. 10(5):825–36, 1998.  

56.  Reyes FC, Chung T, Holding D, Jung R, Vierstra R, Otegui MS. Delivery of prolamins to 

the protein storage vacuole in maize aleurone cells. Plant Cell. 23(2):769–84, 2011.  

57.  Toyooka K, Okamoto T, Minamikawa T. Mass transport of proform of a KDEL-tailed 

cysteine proteinase (SH-EP) to protein storage vacuoles by endoplasmic reticulum-

derived vesicle is involved in protein mobilization in germinating seeds. J Cell Biol. 

148(3):453–63, 2000.  

58.  Okamoto T, Shimada T, Hara-Nishimura I, Nishimura M, Minamikawa T. C-terminal 

KDEL sequence of a KDEL-tailed cysteine proteinase (sulfhydryl-endopeptidase) is 

involved in formation of KDEL vesicle and in efficient vacuolar transport of sulfhydryl-

endopeptidase. Plant Physiol. 132(4):1892–900, 2003.  

59.  Tamura K, Yamada K, Shimada T, Hara-Nishimura I. Endoplasmic reticulum-resident 

proteins are constitutively transported to vacuoles for degradation. Plant J. 39(3):393–



29 
 

402, 2004.  

60.  Rojo E, Zouhar J, Carter C, Kovaleva V, Raikhel N V. A unique mechanism for protein 

processing and degradation in Arabidopsis thaliana. Proc Natl Acad Sci U S A. 

100(12):7389–94, 2003.  

61.  Howell SH. Endoplasmic reticulum stress responses in plants. Annu Rev Plant Biol. 

64:477-99, 2013.  

62.  Koizumi N, Martinez IM, Kimata Y, Kohno K, Sano H, Chrispeels MJ. Molecular 

characterization of two Arabidopsis Ire1 homologs, endoplasmic reticulum-located 

transmembrane protein kinases. Plant Physiol. 127(3):949–62, 2001.  

63.  Contento AL, Xiong Y, Bassham DC. Visualization of autophagy in Arabidopsis using 

the fluorescent dye monodansylcadaverine and a GFP-AtATG8e fusion protein. Plant J. 

42(4):598–608, 2005.  

64.  Liu Y, Bassham DC. Autophagy: Pathways for self-eating in plant cells. Annu Rev Plant 

Biol. 63:215-37, 2012.  

65.  Pu Y, Ruberti C, Angelos ER, Brandizzi F. AtIRE1C, an unconventional isoform of the 

UPR master regulator AtIRE1, is functionally associated with AtIRE1B in Arabidopsis 

gametogenesis. Plant Direct. 3(11):e00187, 2019.  

66.  Bao Y, Pu Y, Yu X, Gregory BD, Srivastava R, Howell SH, et al. IRE1B degrades RNAs 

encoding proteins that interfere with the induction of autophagy by ER stress in 

Arabidopsis thaliana. Autophagy. 14(9):1562–73, 2018.  

67. Sano N, Marion-Poll A. Aba metabolism and homeostasis in seed dormancy and 

germination. Int J Mol Sci. 22(10):5069, 2021. 

68.  Graeber K, Linkies A, Müller K, Wunchova A, Rott A, Leubner-Metzger G. Cross-species 

approaches to seed dormancy and germination: Conservation and biodiversity of ABA-

regulated mechanisms and the Brassicaceae DOG1 genes. Plant Mol Biol. 73(1–2):67–87, 

2010.  

68.  Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. 

Nucleic Acids Res. 29(9):e45, 2001.  

69.  Iglesias-Fernández R, Matilla AJ. Genes involved in ethylene and gibberellins 

metabolism are required for endosperm-limited germination of Sisymbrium officinale L. 

seeds. Planta. 231(3):653–64, 2010.  



30 
 

70.  Clough SJ, Bent AF. Floral dip: A simplified method for Agrobacterium-mediated 

transformation of Arabidopsis thaliana. Plant J. 16(6):735–43, 1998.  

71.  Iglesias-Fernández R, Barrero-Sicilia C, Carrillo-Barral N, Oñate-Sánchez L, Carbonero P. 

Arabidopsis thaliana bZIP44: A transcription factor affecting seed germination and 

expression of the mannanase-encoding gene AtMAN7. Plant J. 74(5):767–80, 2013.  

72.  Narsai R, Gouil Q, Secco D, Srivastava A, Karpievitch Y V., Liew LC, et al. Extensive 

transcriptomic and epigenomic remodelling occurs during Arabidopsis thaliana 

germination. Genome Biol. 18(1):172, 2017.  

73.  Bai B, Peviani A, van der Horst S, Gamm M, Snel B, Bentsink L, et al. Extensive 

translational regulation during seed germination revealed by polysomal profiling. New 

Phytol. 214(1):233–44, 2017.  

74. Jung H, Lee HN, Marshall RS, Lomax AW, Yoon MJ, Kim J, et al. Arabidopsis cargo 

receptor NBR1 mediates selective autophagy of defective proteins. J Exp Bot. 71(1):73–89, 

2020. 

75. Müller K, Tintelnot S, Leubner-Metzger G. Endosperm-limited Brassicaceae seed 

germination: Abscisic acid inhibits embryo-induced endosperm weakening of Lepidium 

sativum (cress) and endosperm rupture of cress and Arabidopsis thaliana. Plant Cell 

Physiol. 47(7):864–77, 2006. 

76. Lopez-Molina L, Mongrand S, Chua NH. A postgermination developmental arrest 

checkpoint is mediated by abscisic acid and requires the ABI5 transcription factor in 

Arabidopsis. Proc Natl Acad Sci U S A. 98(8):4782–7, 2001. 

77.  Fisher DB. Protein staining of ribboned epon sections for light microscopy. Histochemie. 

16(1):92–6, 1968.  

78. Carbonero P, Iglesias-Fernández R, Vicente-Carbajosa J. The AFL subfamily of B3 

transcription factors: evolution and function in angiosperm seeds. J Exp Bot. 68(4):871-

880, 2017. 

 


