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Abstract: Autophagy is a eukaryotic catabolic pathway that degrades and recycles cellular
components to maintain homeostasis. It can target protein aggregates, superfluous biomolecular
complexes, dysfunctional and damaged organelles, as well as pathogenic intracellular microbes.
Autophagy is a dynamic process in which the different stages from initiation to final degradation
of cargo are finely regulated. Therefore, the study of this process requires the use of a palette of
techniques, which are continuously evolving and whose interpretation is not trivial. Here, we present
the social amoeba Dictyostelium discoideum as a relevant model to study autophagy. Several methods
have been developed based on the tracking and observation of autophagosomes by microscopy,
analysis of changes in expression of autophagy genes and proteins, and examination of the autophagic
flux with various techniques. In this review, we discuss the pros and cons of the currently available
techniques to assess autophagy in this organism.
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1. Introducing Dictyostelium as a Model for Autophagy Research
Intracellular degradation processes are ubiquitous to all organisms and essential to maintain
cellular homeostasis. One of the major degradative pathways in eukaryotes is macroautophagy
(hereafter referred to as autophagy), a dynamic process that captures and delivers diverse cellular
material, including cytoplasm, organelles, and protein aggregates, to the lysosomes. Although basal
levels of autophagy might be sufficient for homeostasis under normal growth conditions, a variety
of stresses induce a strong up-regulation of this pathway, such as starvation [1], mechanical
deformations [2], oxidative and endoplasmic reticulum (ER) stresses [3], and infection [4], among
others. In order to reach the degradation stage, the cargo must be sequestered from the cytosol by
de novo formation of a double-membrane cisterna, the phagophore. In yeast, this occurs only at one
site near the vacuole, known as the phagophore assembly site (PAS). In other eukaryotes, including
Dictyostelium discoideum and human cells, this occurs at multiple sites on the ER, and the initial structure
formed is referred to as the omegasome. The phagophore expands using membranes from many
sources, such as the ER, Golgi, endosomes, mitochondria, and plasma membrane [5,6], eventually
closing and generating a completed vesicle, the autophagosome.
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Although the study of autophagy dates back to the early 1960s, when C. de Duve coined the
term [7], it is still a growing research field, mainly due to its complexity and importance in many
physiological and pathological aspects of human health and disease [8]. A large number of proteins that
participate in and regulate the autophagic process have been defined (termed Atg proteins). Many of
these studies have been performed in model organisms, mainly yeast, as recognized recently by the
Nobel prize awarded to Yoshinori Ohsumi for his discoveries on the autophagic machinery [9,10].
One of the organisms that has recently contributed to this area is Dictyostelium, a soil amoeba that
was isolated and described by Kenneth Raper in 1935. Since then, it has become a well-established
model in cell and developmental biology [11,12]. Importantly, Dictyostelium has conserved genes
involved in processes that were lost during the specialization of fungi, such as phagocytosis,
macropinocytosis, chemotaxis, and motility. So, in many ways (including autophagosome formation),
Dictyostelium is more similar to metazoans than yeasts are [13], justifying the use of Dictyostelium
as a model for human diseases and even for drug screening [14–20]. For example, research on
Dictyostelium has contributed to the unraveling of the signaling pathways implicated in the poorly
defined therapeutic effects of valproic acid and lithium [18]. Additionally, Dictyostelium has proven
to be a good model organism to address questions regarding the etiology of some human diseases;
for instance, orthologues of the genes implicated in neurological disorders such as neuronal ceroid
lipofuscinosis [21], chorea-acanthocytosis [22], Alzheimer’s disease [23], and lissencephaly [24] (among
others) have been studied in Dictyostelium, shedding light on the cellular biology underlying these
conditions. Further, as many innate immunity mechanisms used by animal phagocytes are conserved
in Dictyostelium, studies using this amoeba as a model organism have expanded the knowledge on the
molecular mechanisms of infection and pathogen–host interactions [20,25].
Dictyostelium has an unusual life cycle that alternates between unicellular and multicellular
phases. As a unicellular amoeba, Dictyostelium feeds on bacteria and yeasts and multiplies by fission
about every 8 h. However, when nutrients are scarce, vegetative growing cells enter a developmental
program that begins with the secretion of diverse molecules for intercellular communication. One of
these, cyclic adenosine monophosphate (cAMP), functions as a chemoattractant, resulting in cell
aggregation. Collectives of about 100,000 cells then differentiate to form a multicellular slug that
finally culminates in a fruiting body, a structure composed of a stalk of dead cells supporting a
sorocarp filled with spores that will disperse and germinate under favorable environmental conditions
(Figure 1A) (a comprehensive review on Dictyostelium development can be found in [26]). Interestingly,
Dictyostelium defends itself against pathogens both as a single cell and as a multicellular organism.
Inside the slug, a subset of specialized phagocytic cells called Sentinel cells function as a primitive
innate immune system and patrol the facultative multicellular organism to scavenge and kill invading
microbes by phagocytosis or using extracellular DNA traps [27,28].
During development, Dictyostelium cells rely on autophagy to obtain the energy and metabolites
required for aggregation and differentiation [29]. However, besides this recycling function, autophagy
also functionally participates in the developmental program. For example, autophagy is required for
the vacuolization that accompanies differentiation and death of the stalk cells [30], and is required
for the unconventional secretion of AcbA—the precursor of SDF-2, a protein involved in spore
formation [31]. Consequently, a blockade in autophagy results in abnormal development.
Since the first Dictyostelium autophagy mutants were described [29,32], it became clear that the
severity of the phenotypes correlates with the level of autophagy inhibition [33]. These phenotypes
range from a complete lack of aggregation to incomplete development, characterized by the formation
of multi-tipped structures and aberrant fruiting bodies, which has facilitated the isolation and
characterization of many autophagy mutants (Figure 1B). Comprehensive reviews on autophagy in
Dictyostelium can be found in [34,35]. It must be noted that the severity of the multi-tipped phenotype
depends on the genetic background of the laboratory strain used. For example, while mutants of Atg16
in the AX4-background produce large, abnormal mounds with many finger-like tips [22], a similar
mutant in AX2 forms smaller mounds with only three tips [36]. In both cases, however, as development
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Figure 1. Dictyostelium as a model for autophagy. Dictyostelium discoideum is a social amoeba that
Figure 1. Dictyostelium as a model for autophagy. Dictyostelium discoideum is a social amoeba that enters
enters a developmental program during starvation. (A) Scheme of the Dictyostelium developmental
a developmental program during starvation. (A) Scheme of the Dictyostelium developmental cycle.
cycle. Individual amoebas aggregate to form mounds of cells that undergo different stages of
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2. Strategies to Induce Autophagy in Dictyostelium
2. Strategies to Induce Autophagy in Dictyostelium
Starvation is the most common stimulus used to activate Dictyostelium autophagy in the
Starvation is the most common stimulus used to activate Dictyostelium autophagy in the laboratory.
laboratory. Like in other organisms, autophagy can be triggered by a complete starvation, which is
Like in other organisms, autophagy can be triggered by a complete starvation, which is accomplished
accomplished by incubating the cells in a phosphate buffer, or by depleting lysine and arginine—two
by incubating the cells in a phosphate buffer, or by depleting lysine and arginine—two essential
essential amino acids—and nitrogen sources from otherwise complete medium. Note that the two
amino acids—and nitrogen sources from otherwise complete medium. Note that the two conditions
conditions vary in their impact on cell physiology, whilst the depletion of specific amino acids simply
vary in their impact on cell physiology, whilst the depletion of specific amino acids simply causes
causes growth arrest and a loss of viability over time, a complete lack of nutrients additionally
growth arrest and a loss of viability over time, a complete lack of nutrients additionally activates the
activates the developmental program. Usually, after about 15 min of either of the above treatments,
developmental program. Usually, after about 15 min of either of the above treatments, the average
the average number of autophagosomes increases from about 1 to around 2.5 per cell [2,37].
number of autophagosomes increases from about 1 to around 2.5 per cell [2,37].
Mechanical stress also activates autophagy in Dictyostelium similarly to other eukaryotic cells.
Mechanical stress also activates autophagy in Dictyostelium similarly to other eukaryotic cells.
This can be accomplished by overlaying the cells with a thin agarose sheet [2]. In addition, it has been
This can be accomplished by overlaying the cells with a thin agarose sheet [2]. In addition, it
shown that the exposure to the Staphylococcus aureus lipopolysaccharide or the damage to the
has been shown that the exposure to the Staphylococcus aureus lipopolysaccharide or the damage
phagosomal membrane caused by Mycobacterium marinum infection induce an autophagic
to the phagosomal membrane caused by Mycobacterium marinum infection induce an autophagic
response [38,39].
response [38,39].
In yeast and mammalian cells, rapamycin (RAP) is often used as an autophagy activator, which
In yeast and mammalian cells, rapamycin (RAP) is often used as an autophagy activator, which
acts by allosterically inhibiting the mechanistic target of rapamycin complex 1 (mTORC1), which
acts by allosterically inhibiting the mechanistic target of rapamycin complex 1 (mTORC1), which
directly phosphorylates Atg1 and connects nutrient availability to autophagy induction. The effect of
directly phosphorylates Atg1 and connects nutrient availability to autophagy induction. The effect
RAP on autophagy activation is therefore very rapid in most cell types (from minutes to a few hours),
of RAP on autophagy activation is therefore very rapid in most cell types (from minutes to a few
but it may not inhibit TOR completely. Other inhibitors such as Torin1, PP242, KU-0063794, PI-103,
hours), but it may not inhibit TOR completely. Other inhibitors such as Torin1, PP242, KU-0063794,
and NVP-BEZ235 target the catalytic domain of TOR and are more potent inhibitors, although they
PI-103, and NVP-BEZ235 target the catalytic domain of TOR and are more potent inhibitors, although
target both TORC1 and TORC2. In Dictyostelium, short-term RAP treatment does not seem to induce
they target both TORC1 and TORC2. In Dictyostelium, short-term RAP treatment does not seem to
autophagy (Figure 2), despite reports showing that the functional TORC1 complex is sensitive to RAP
induce autophagy (Figure 2), despite reports showing that the functional TORC1 complex is sensitive
inhibition [40]. Either the level of inhibition of TORC1 is insufficient to activate autophagy, or
Dictyostelium has evolved other pathways to transmit the signal of nutrient availability to the
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Figure 2. A short-term rapamycin (RAP) treatment does not induce autophagic flux in Dictyostelium.
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TEM has been a key technique in the study of autophagy since its discovery. The first autophagic
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3.1. Transmission Electron Microscopy (TEM)

thin EM sections. Consequently, this technique remains essential to analyze the ultrastructure of
abnormal autophagic organelles and the lack of bona fide autophagosomes [46], but is not adequate to
quantitatively monitor the generation and fate of autophagic bodies.
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Dictyostelium Ax2(Ka) cell treated with the autophagy inducer drug AR-12 at 2.5 µM for 2 h and with
Dictyostelium Ax2(Ka) cell treated with the autophagy inducer drug AR-12 at 2.5 µM for 2 h and with
PI at 2.5× for 1 h. For imaging, cells were fixed for 1 h with 2% glutaraldehyde and stained for 30 min
PI at 2.5× for 1 h. For imaging, cells were fixed for 1 h with 2% glutaraldehyde and stained for 30 min
with a 2% osmium/0.1 M imidazole solution. Fixed cells were pelleted, washed in phosphate-buffered
with a 2% osmium/0.1 M imidazole solution. Fixed cells were pelleted, washed in phosphate-buffered
saline (PBS), and further processed, as previously described [38]. The red arrow marks the enlarged
salinepanel
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and further processed, as previously described [38]. The red arrow marks the enlarged
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4. Measurement of Gene and Protein Expression Levels
4. Measurement of Gene and Protein Expression Levels
Although autophagy is essential for Dictyostelium development, the regulation of the expression
Although autophagy is essential for Dictyostelium development, the regulation of the expression
of autophagy genes during development has not been studied in detail. The first descriptions were
of autophagy genes during development has not been studied in detail. The first descriptions were
obtained using Northern blots to monitor the expression of atg1, atg8, atg5, atg9, and atg12, which all
obtained using Northern blots to monitor the expression of atg1, atg8, atg5, atg9, and atg12, which
increase in mRNA level at early times during development [29]. An alternative, non-radioactive
all increase in mRNA level at early times during development [29]. An alternative, non-radioactive
method is quantitative reverse transcription polymerase chain reaction qRT-PCR [39]. In addition,
method is quantitative reverse transcription polymerase chain reaction qRT-PCR [39]. In addition,
the steady-state protein levels of the two Dictyostelium Atg8 orthologues were recently analyzed by
the steady-state protein levels of the two Dictyostelium Atg8 orthologues were recently analyzed
western blot, and were shown to have different expression patterns during development [48].
by western blot, and were shown to have different expression patterns during development [48].
Unfortunately, while in mammalian cells it is possible to separate and quantify the cytoplasmic and
Unfortunately, while in mammalian cells it is possible to separate and quantify the cytoplasmic and
autophagosome-associated lipidated forms of Atg8 (LC3 I/II), in Dictyostelium only a single form can
autophagosome-associated lipidated forms of Atg8 (LC3 I/II), in Dictyostelium only a single form can
be observed, and consequently Atg8 western blotting results must be interpreted carefully. It is
be observed, and consequently Atg8 western blotting results must be interpreted carefully. It is possible
possible that the fast-migrating lipidated form is under the detection level. Consequently, this
that the fast-migrating lipidated form is under the detection level. Consequently, this technique can
technique can only shed light on the total amount of Atg8, and thus an increase in Atg8 levels can be
only shed light on the total amount of Atg8, and thus an increase in Atg8 levels can be interpreted as a
interpreted as a rise in autophagy induction or as an autophagy blockage [36].
rise in autophagy induction or as an autophagy blockage [36].
Gene and protein expression analyses can be useful as initial approaches to evaluate mutants or
Gene and protein expression analyses can be useful as initial approaches to evaluate mutants or
novel autophagy inducers, but cannot provide enough evidence of the real cellular autophagic
novel autophagy inducers, but cannot provide enough evidence of the real cellular autophagic activity,
activity, and so must be accompanied by other assays.
and so must be accompanied by other assays.
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visualize the free GFP fragments that accumulate from autophagic degradation (Figure 5). It is
important to point out that the NH4Cl concentration required to visualize the GFP fragments is very
high, inducing an elevated autophagic response per se that hinders the use of this assay to evaluate
the effect of autophagy-inducing agents, although cells can be treated with other drugs prior to
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NH
Cl treatment
[55]. In addition, NH4Cl also induces osmotic swelling of endosomes 7 and
lysosomes, which severely impairs microscopy observations. Nevertheless, this cleavage assay has
proven to be very effective to evaluate the degradation capacity of both autophagy-deficient and
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Figure 5. Protein cleavage assay. AX4 wild-type (WT), atg1--, or atg7-- cells constitutively expressing
Figure 5. Protein cleavage assay. AX4 wild-type (WT), atg1 , or atg7 cells constitutively expressing
GFP-PgkA (phosphoglycerate kinase) were subjected to two 150 mM pulses of NH4Cl, each of 2 h, as
GFP-PgkA (phosphoglycerate kinase) were subjected to two 150 mM pulses of NH4Cl, each of 2 h, as
previously
described (see text). Total cell extracts were analyzed by western blot using an anti-GFP
previously described (see text). Total cell extracts were analyzed by western blot using an anti-GFP
antibody.
Free
GFP cannot
cannot be
be detected
detected in
in autophagy-deficient
autophagy-deficient strains.
strains.
antibody. Free GFP

An alternative technique, based on the breakdown of GFP-Atg8, does not require the use of
NH4 Cl. When the flux is completely blocked by, for instance, impairment of the lysosomal activity
with a protease inhibitor treatment, the accumulation of GFP-Atg8 can be observed by western-blot
while the free GFP disappears. On the other hand, when GFP-Atg8 is actively degraded, free GFP
accumulates because of its relative resistance to degradation by lysosomal hydrolases. As this technique
does not require the use of NH4 Cl, it can be used to monitor autophagic changes upon drug or
infection treatments [39]. Changes in the levels of free GFP are indicative of changes in the autophagic
flux. However, interpretation of the results must take into account that both an induction or a
blockage of autophagy may decrease the levels of free GFP, and additional flux assays are required
to discriminate these possibilities [39]. In addition, it must also be considered that a small amount of
free GFP is generated in an autophagy-independent manner as it occurs in the atg1 mutant, which
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has been shown by other methods to have a complete block in autophagosome formation [32,39] (RE,
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Imaging GFP-Atg8-expressing
GFP-Atg8-expressingcells
cells
and
counting
GFP-Atg8
canserve
also as
serve
as areadout
proxy
Imaging
and
counting
GFP-Atg8
dots dots
can also
a proxy
readout
for the autophagic
flux if combined
with of
inhibitors
of degradation.
In Dictyostelium,
for
the autophagic
flux if combined
with inhibitors
degradation.
In Dictyostelium,
lysosomal
lysosomalcan
inhibition
can beby
achieved
theacells
withof
a cocktail
protease (Figure
inhibitors
(Figure
inhibition
be achieved
treatingby
thetreating
cells with
cocktail
proteaseofinhibitors
2) or
with
2) or
with the
V-ATPase
inhibitor concanamycin
[39]. Both
the induction offormation
autophagosome
the
V-ATPase
inhibitor
concanamycin
B [39]. Both theBinduction
of autophagosome
and the
formationofand
blockageflux
of the
fluxin
lead
an increase
in the number
of in
GFP-Atg8
blockage
the the
autophagic
leadautophagic
to an increase
the to
number
of GFP-Atg8
structures
the cell.
structures
the cell. Thus,
whena autophagy
is induced,
a higher
number
of when
GFP-Atg8
dotsthe
is
Thus,
wheninautophagy
is induced,
higher number
of GFP-Atg8
dots is
expected
blocking
expected when
the autophagic
flux by
the mentioned
inhibitors. However,
if theblocked,
autophagic
autophagic
fluxblocking
by the mentioned
inhibitors.
However,
if the autophagic
flux is already
no
flux is already
blocked,ofno
change in
the number
GFP-Atg8 structures will occur.
change
in the number
GFP-Atg8
structures
willof
occur.
5.3.
RFP-GFP-Atg8 Puncta
5.3. RFP-GFP-Atg8
Puncta Monitoring
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there is a blockage in lysosomal fusion or acidification, yellow puncta will accumulate (Figure 4B).
The GFP-RFP-Atg8 construct has been evaluated in Dictyostelium [53], and it was observed that
the use of NH4 Cl is required to reveal the presence of autolysosomes (red-only puncta) in the strain
AX4,
AX4, likely because the extremely low lysosomal pH in this organism even quenches the fluorescence
of RFP
been
reported
that
thisthis
technique
cancan
be applied
without
the
RFP (Figure
(Figure6).
6).In
InAX2,
AX2,however,
however,it ithas
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been
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that
technique
be applied
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of
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Cl,
as
red-only
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[57].
the need of 4NH4Cl, as red-only puncta are present under starvation [57].

Figure 6.
6. Wild-type
Wild-type (WT)
(WT) (AX4)
(AX4) and
and atg1
atg1-- cells
the marker
marker RFP-GFP-Atg8
RFP-GFP-Atg8 were
were incubated
incubated
Figure
cells expressing
expressing the
for
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with
two
pulses
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NH
4Cl and visualized by confocal microscopy. The arrows
for four hours with two pulses of 100 mM NH4 Cl and visualized by confocal microscopy. The arrows
show the
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of red-only
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puncta in
in WT
WT that
that presumably
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autophagolysosomes. Cells
Cells
show
lacking
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Scale
bar
5
µm.
lacking Atg1 typically show a large aggregate and no red-only puncta. Scale bar 5 µm.

6. Determination
of Ubiquitin
Ubiquitin Aggregates
Aggregates
6.
Determination of
Autophagic dysfunction
dysfunction often
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leads to
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to an
an abnormal
abnormal increase
increase of
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ubiquitinated protein
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aggregates.
This
is
because
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participates
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the
clearance
of
ubiquitinated
proteins,
oror
because
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This is because either autophagy participates in the clearance of ubiquitinated proteins,
because
its its
absence
thethe
autophagy
targets
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in
absence
autophagy
targetsremain
remainlong
longenough
enoughtotoget
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ubiquitinated [58].
[58]. In
In either
either case,
case, the
increase in ubiquitin aggregates in autophagy-deficient strains has been exploited to evaluate the
autophagic capacity of cells.
Ubiquitinated protein aggregates can be detected either by analyzing the Triton-insoluble
fraction of total cellular lysates by western blot, or directly by the observation of
immunohistochemically labeled cells by microscopy (Figure 7). In Dictyostelium, this technique
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Figure 7.
7. Detection
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7. Concluding Remarks
7. Concluding Remarks
We have presented the current available strategies to assess autophagic activity in Dictyostelium.
We have presented the current available strategies to assess autophagic activity in Dictyostelium.
It is important to emphasize that—as in any other organism and cell type—there is no single perfect
It is important to emphasize that—as in any other organism and cell type—there is no single perfect
method to determine autophagic activity. The use of different strategies—even with overlapping
method to determine autophagic activity. The use of different strategies—even with overlapping
approaches—should therefore be considered to accurately monitor autophagy in Dictyostelium.
approaches—should therefore be considered to accurately monitor autophagy in Dictyostelium.
Additionally, due to the high conservation of this process, new methods can surely be adapted
Additionally, due to the high conservation of this process, new methods can surely be adapted from
from other species to the study of autophagy in this model organism.
other species to the study of autophagy in this model organism.
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