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| 1. Introduction

Autophagy, which literally means “self-eating”, plays a crucial role in the degradation of useless or damaged cell
components such as macromolecules, protein complexes, and organelles. Autophagy also plays a role in the degradation
of foreign elements for cells, such as bacteria, viruses or sperm residues after egg cell fertilization. In plants, autophagy
participates in the circulation of cell components and acts as a quality control mechanism. It also functions in some
developmental processes such as pollen maturation, aging, and cell death, including programmed cell death [[H2EI4I5]61]

| 2. Formation and trafficking of autophagosome

The first visible symptom of macroautophagy is the appearance in the cytoplasm of a cup-shaped structure, called the
phagophore (Figure 1). The phagophore elongates, surrounding and simultaneously separating the fragment of the
cytoplasm together with organelles or other components of the cell that are intended for degradation. The final stage of
phagophore differentiation is the complete surrounding of the cargo and its sequestration inside the autophagosome. This
is a vesicle with a double, bilayer lipid-protein membrane, containing cargo intended for autophagic degradation [[JEI=10]
(L0221 |n plants, the autophagosome fuses with the vacuole creating an autophagic body that is quickly degraded by
vacuolar lytic enzymes [L3I141],

Figure 1. Schematic diagram of macroautophagy in cells of yeast and plants (upper part of the drawing) and in cells of
animals (bottom part of the drawing). In yeast and plant cells, the autophagosome fuses to the tonoplast, creating the
autophagic body inside the vacuole. In animal cells, the autophagosome fuses with the lysosome, giving the
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autolysosome. The autophagic body inside the vacuole and the content of autolysosome are rapidly degraded, allowing
reuse of metabolites [,

Components of the cytoskeleton play an important role in the cytoplasmic transport of autophagosomes [I28]]. It is also
suggested that the cytoplasmic transport of autophagosomes is enabled by the microtubule network controlled by
endosomal sorting complexes required for transport (ESCRT) [&, 17 18] An important role in this transport is played by
fully developed autophagosomes with the outer-membrane-anchored Atg8 and phosphatidylinositol 3-phosphate (PI3P) in
plants (Figure 2, Table 1) [224[2] The protein FYCO1 (FYVE and coiled-coil domain-containing protein 1) is also
important in the association of the autophagosome membrane and microtubules, and it has a modular structure
composed of four amino acid domains and spiral signaling domain FYVE [29 [22]]. Due to its structure, FYCO1 interacts
with the autophagosome surface simultaneously in two places—with Atg8 and PI3P. These two sites for recognition and
linking of the autophagosome with the FYCO1 make it possible to distinguish between mature autophagosomes and
phagophores [(29,[23]24]] hecause only on the surface of the mature autophagosomes are there simultaneously proteins
necessary to form stable and double bonds with FYCOL. Attached to the surface of the autophagosome, FYCOL1 also
binds to GTP-binding protein 7 (Ypt7) in yeast and Ras-related protein RAB7 (RAB7) in plants [22][25126]) creating an
autophagosome-FYCO1-Ypt7/RAB7 system that allows the binding of the autophagosome to microtubules. The
autophagosome-FYCO1-Ypt7/RAB7 system moves to the plus end of microtubules by the binding of Ypt7/RAB7 to the
kinesin motor proteins [[23,[27]].

3. Fusion of the autophagosome with the vacuole and formation of the
autophagic body

In plants, the fusion of autophagosome and vacuole and the mechanisms regulating this process are poorly understood.
So far, only the involvement of protein VTI12 has been confirmed in the fusion of autophagosome and vacuole in plants
(Figure 2, Table 1). This protein belongs to the complex named soluble N-ethylmaleimide-sensitive factor activating
protein receptors (SNARE proteins). In Arabidopsis mutants with T-DNA VTI12 insertion, growing in rich-nutrient
conditions, presented a normal phenotype, whereas under nutrient-poor conditions accelerated aging was observed,
confirming that VTI12 is involved in autophagy in plants [ 281291301131} v/T|12 is the only SNARE protein that has been
proven to be involved in the fusion of the autophagosome and vacuole in plants (Figure 2, Table 1). Other protein that may
be involved in the fusion of autophagosome and vacuole in plants is RABG3B (Figure 2, Table 1). So far, the occurrence
of RABG3B has been confirmed in Arabidopsis and Populus and it participates in, among other processes, the formation
of the wood conductive elements when programmed cell death occurs [22[E3]]. The protein RABG3B is located at the
surface of the autophagosome, however, it remains unclear whether RABG3B can regulate the fusion of the
autophagosome and vacuole in plants. It is suggested that the homologous yeast proteins such as Ykt6, Vam3, Ypt7, and
complex HOPS are involved in the fusion of autophagosome and vacuole in plants [29,24]. Moreover, it is also suggested
that the plant components of the ESCRT complex, such as the charged multi-vesicular body protein 1 (CHMP1), FYVE-
domain protein required for endosomal sorting 1 (FREEL), vacuolar protein sorting 2.1 (VPS2.1), cell death-related
endosomal FYVE/SYLF protein 1 (CFS1), and plant exocyst complex component EXO70B1 (EXO70B1) are involved in
trafficking of the autophagosome, the fusion of autophagosome and vacuole, and the release of the autophagic body into
the vacuole [t



Figure 2. Schematic diagram depicting trafficking and fusion of the autophagosome to the vacuole and the degradation of
the autophagic body inside the vacuole in plants. PI3P and ATG8 anchored in the outer membrane of the autophagosome
are involved in autophagosome trafficking and bind autophagosome with FYCO1 protein. The complex autophagosome-
FYCO1-RAB7 moves along microtubules in the direction of the plus end by the binding of RAB7 to kinesin motor proteins.
Protein VTI12 is involved in the fusion of the autophagosome and vacuole. RABG3B is located on the surface of the
autophagosome but the involvement of this protein in the fusion of the autophagosome and vacuole in plants remains
unclear. It is suggested that the homologous yeast proteins Ykt6, Vam3, Ypt7, and complex HOPS are involved in the
fusion of autophagosome and vacuole in plants. Additionally, it is suggested that plant proteins CHMP1, FREE1, VPS2.1,
CFS1, and the complex EXO70B1 are involved in the autophagosome trafficking, autophagosome-vacuole fusion, and the
release of the autophagic body into the vacuole lumen. The newly formed autophagic body inside the vacuole is rapidly
degraded by lytic enzymes. One of them can be the vacuolar processing enzyme y (VPEy). Proteins involved in
metabolite efflux from the vacuole to the cytoplasm during autophagy in plants have not been described so far. Only
permease AVT3 was confirmed in Arabidopsis thaliana, but the involvement of this permease in the transport of
metabolites coming from the degradation of the autophagic body is not confirmed. Question marks indicate the
hypothetical involvement of plant proteins and complexes, or plant homologs of yeast proteins, during autophagy [12]].

Table 1. Proteins involved, or hypothetically involved, in trafficking and fusion of the autophagosome to the vacuole and
formation of the autophagic body during macroautophagy in plants [2] modified.

Protein Function References
PI3P, Atg8 autophagosome trafficking and fusion L2
HOPS probably autophagosome-vacuole fusion [(201, [34]
VTIL2 probably autophagosome formation, docking, and autophagosome-vacuole [28)29](20)
fusion, storage protein transport from cytoplasm to vacuole (21]

autophagy enhancement during xylem development and pathogen-induced
RABG3B cell death, probably autophagosome formation and autophagosome-vacuole IESES.]]
fusion

CHMP1, FREEL, robably autophagic trafficking, autophagosome-vacuole fusion, release of
VPS2.1, CFS1, P y adfophag 9, atiophag ' (&

autophagic bod
EXO70B1 phag y
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