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In yeast and mammalian cells, the autophagy protein Atg8/LC3 (microtubule-associated proteins 1A/
1B light chain 3B encoded byMAP1LC3B) has been the marker of choice to detect double-membraned
autophagosomes that are produced during the process of autophagy. A lipid-conjugated form of Atg8/
LC3B is localized to the inner and outer membrane of the early-forming structure known as the
phagophore. During maturation of autophagosomes, Atg8/LC3 bound to the inner autophagosome
membrane remains in situ as the autophagosomes fuse with lysosomes. The nematode Caenorhabditis
elegans is thought to conduct a similar process, meaning that tagging the nematode ortholog of Atg8/
LC3—known as LGG-1—with a fluorophore has become a widely accepted method to visualize
autophagosomes. Under normal growth conditions, GFP-modified LGG-1 displays a diffuse expres-
sion pattern throughout a variety of tissues, whereas, when under conditions that induce autophagy,
the GFP::LGG-1 tag labels positive punctate structures, and its overall level of expression increases.
Here, we present a protocol for using fluorescent reporters of LGG-1 coupled to GFP to monitor
autophagosomes in vivo. We also discuss the use of alternative fluorescent markers and the possible
utility of the LGG-1 paralog LGG-2.

MATERIALS

It is essential that you consult the appropriate Material Safety Data Sheets and your institution’s Environmental
Health and Safety Office for proper handling of equipment and hazardous material used in this protocol.

RECIPES: Please see the end of this protocol for recipes indicated by <R>. Additional recipes can be found online at
http://cshprotocols.cshlp.org/site/recipes.

Reagents

Agarose (2%–3%)
M9 minimal medium buffer <R>
NGM agar plates <R>
Sodium azide (NaN3; 25 mM)
Suitable strain(s) of Caenorhabditis elegans

QU1:izEx1 [Plgg-1::GFP::LGG-1] (Meléndez et al. 2003)
DA2123:adIs2122[Plgg-1::GFP::LGG-1; rol-6(su1006)] (Kang et al. 2007)
bpIs168[Pnfya-1::DFCP1::GFP; unc-76( + )] (Tian et al. 2010)
FR758: swEx520 [Pbec-1::BEC-1::GFP + rol-6(su1006)] (Takacs-Vellai et al. 2005)
bpIs211[Pnfya-1::ATG-9::GFP; unc-76( + )] (Lu et al. 2011)
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Equipment

Fluorescence microscope (e.g., Zeiss AxioImager A1)
Image-analysis programs (e.g., ImageJ)
Incubator
Microscope coverslips (1.22 × 13 mm)
Microscope slides (75 × 25 × 0.96 mm)
OP50 Escherichia coli
Platinum wire pick (standard)

METHOD

For a summary of the whole procedure (Steps 1–8), see Figure 1.

Animal Handling and Larval Preparation

1. Incubate �30 gravid adults carrying the Is[Plgg-1::GFP::LGG-1] integrated transgene, or other
transgene of interest, on standard OP50 E. coli-seeded nematode growth medium (NGM) agar
plates overnight in an incubator set at the desired temperature.

This overnight incubation should allow for many eggs to be laid.

2. On the next day, perform a wash-off/hatch-off protocol to remove all adults and larvae from each
plate using �1 mL of sterile M9 minimal medium buffer at room temperature.

At this point, only eggs will remain on the plates.

3. Return the plates to the incubator and incubate for 1–2 h at the desired temperature.

Place 30
gravid adults
onto single
plates at the
desired
temperature

Allow adults to lay
eggs overnight at the
desired temperature

Image animals at
the developmental
stage of interest

Collect L1 larvae 1–2 h
later using ~1 mL
of M9 and transfer to a
fresh plate

Wash plates with
~1 mL M9 to
remove adults and
larvae (let eggs
remain on plates)

FIGURE 1. Flowchart summarizing a protocol for using GFP::LGG-1 as an autophagymarker in larvae of the nematode
C. elegans.
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4. Using �300–500 µL of sterile M9 buffer and a platinum wire pick, collect L1 progeny that have
hatched in this 1- to 2-h timeframe. Transfer �50–100 µL of these synchronized L1 larvae to
freshly seeded OP50 NGM agar plates and incubate at the desired temperature. Commence
imaging of the animals (see Steps 5–8) as soon as the desired strain reaches the stage of interest.

The volume of M9 and number of worms will vary depending on the concentration of the animals grown.
The collection period can vary depending on how tightly synchronized the investigator needs the animals to
be; also, if using a dauer-constitutive strain such as daf-2(e1370), incubate the L1 animals for 48 h at 25˚C to
ensure that all animals are able to enter the dauer stage.

Imaging

5. Apply a single drop of molten agarose (2%–3%) onto a microscope slide. Immediately, place
another microscope slide on top of the agarose drop to form a thin agarose pad. After the agarose
has solidified, remove the top slide.

6. Place �2 µL of 25 mM sodium azide in the center of the agarose pad and submerge the desired
number of animals into the solution. Immediately, apply a microscope coverslip to prevent
evaporation of the sodium azide solution. Wait until the animals are completely anesthetized
before imaging with a fluorescence microscope.

It is important not to keep the animals in sodium azide for longer than 15 min total.

See Troubleshooting.

7. View under a fluorescence microscope using 63× or 100× magnification.

8. Evaluate an increase or decrease in the number of autophagosomes present by quantifying the
GFP::LGG-1 punctate structures either by manually counting fluorescence-positive dots within a
cell or by using image-analysis programs such as ImageJ (Manil-Segalen et al. 2014a). Be careful to
note the size and frequency of GFP::LGG-1-positive punctate structures. If planning to obtain
quantifiable data, keep the exposure time constant for all of the images acquired.

These punctate structures have been counted in hypodermal seam cells (lateral rows of cells arranged on
each side of the body), as well as in 1–500-cell stage embryos (Manil-Segalen et al. 2014b); other tissues
where GFP::LGG-1-positive vesicles have been analyzed are in the pharynx and intestine (Kang et al. 2007;
Lapierre et al. 2011).

See Troubleshooting and Discussion.

TROUBLESHOOTING

Problem (Step 6): The animals, while submerged in sodium azide, do not become anesthetized.
Solution: The concentration of sodium azide might be too low; remake the solution or increase the

concentration until the desired effect is attained.

Problem (Step 6): The sodium azide evaporates before animals are anesthetized.
Solution:Use additional sodium azide or prepare the slide using fewer animals—the issue is important

as, if the animals are dehydrated, their anatomy will be affected.

Problem (Step 8): L3 larval hypodermal seam cells are not clearly visible at low or high magnifications
during image acquisition.

Solution: Increasing the exposure time during acquisition might be required to image seam cells that
are difficult to visualize clearly.

DISCUSSION

Establishing the GFP::LGG-1 Reporter for Autophagosomes

Atg8/LC3 has been the marker of choice to detect double-membraned autophagosomes in yeast and
mammalian cells (Mizushima et al. 2004; Klionsky 2012). The phosphatidylethanolamine-conjugated
form of Atg8/LC3B is localized to the inner and outer membrane of the phagophore. During mat-
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uration of the autophagosome, Atg8/LC3 on the outer membrane is cleaved and recycled, whereas
Atg8/LC3 bound to the inner membrane remains in situ as the autophagosome fuses with the
lysosome (Huang et al. 2000; Tanida et al. 2005). As this is thought to occur also in the nematode
C. elegans, tagging the nematode ortholog of Atg8/LC3, LGG-1, with a fluorophore has become an
accepted method to visualize autophagosomes. Reporters comprising LGG-1 coupled to fluorescent
GFP, DsRED, andmCherry have been used tomonitor autophagosomes in vivo (Meléndez et al. 2003;
Maiuri et al. 2007; Gosai et al. 2010). In C. elegans, there are two orthologs of Atg8/LC3—LGG-1 and
LGG-2. It has been shown that GFP::LGG-1 is expressed throughout development in multiple tissues,
such as the nervous system, muscle, intestine, pharynx, vulva, hypodermis, and somatic gonad
(Meléndez et al. 2003). Under normal conditions of growth, GFP::LGG-1 has a diffuse expression
pattern throughout these tissues, whereas, under conditions that induce autophagy, GFP::LGG-1
labels positive punctate structures, and its overall expression increases (Meléndez et al. 2003; Kang
et al. 2007; Lapierre et al. 2011).

An increase in GFP::LGG-1-positive punctate structures has been observed in loss-of-function
mutations in the insulin-like/IGF-1 pathway using daf-2(e1370) mutants (Meléndez et al. 2003) and
also in germline-less animals using glp-1(e2141)mutants (Meléndez et al. 2003; Lapierre et al. 2011).
In addition, dietary-restricted animals such as eat-2(ad1116) mutants also display an increase in the
number of structures positive for GFP::LGG-1 (Hansen et al. 2008). The GFP::LGG-1-positive vesicles
were shown, by electron-microscopy analysis, to correlate with the formation of autophagosomes in
daf-2mutants (Meléndez et al. 2003), making GFP::LGG-1 an acceptablemarker for autophagosomes.
Thus, one can test whether a gene under investigation is required for autophagy by monitoring
changes in the expression and localization of GFP::LGG-1 in animals that carry any of the above
loss-of-function mutations (Meléndez et al. 2003; Hansen et al. 2008; Lapierre et al. 2011). It can also
be tested whether the gene of interest affects any of the phenotypes that have been shown to require
autophagy, such as survival of L1 larvae during starvation, dauer development, longevity, and degra-
dation of P granules.

In addition to using the GFP::LGG-1 reporter, an antibody against LGG-1 has also been used to
monitor the levels of endogenous LGG-1 and the presence of autophagosomes in embryos (Chen et al.
2010; Tian et al. 2010; Lu et al. 2011; Yang and Zhang 2011). Wild-type embryos display a number of
punctate structures that are positive for the LGG-1 antibody, starting at the 50-cell stage and lasting
throughout embryogenesis. Formation of prominent LGG-1-positive puncta occurs at the 100-cell
stage (Tian et al. 2010). Loss of autophagy activity can result in diffuse staining or aggregation of
endogenous LGG-1, as in atg-3 and epg-1/atg-13 mutants, respectively (Tian et al. 2010). Theoreti-
cally, an antibody against GFP could also be used to monitor autophagy in fixed embryos or cells
expressing the GFP::LGG-1 transgene, as has been achieved in mammalian cells expressing GFP–LC3
(Tian et al. 2010; Klionsky 2012).

Detection of LGG-2, a paralog of LGG-1 important for the acidification and degradation of
autophagosomes, has also been used to monitor autophagy in C. elegans (Alberti et al. 2010;
Manil-Segalen et al. 2014b). GFP::LGG-2 is expressed in a range of tissues similar to those for
GFP::LGG-1, and both lgg-1 and lgg-2 have been shown to act synergistically in mediating dauer
formation and longevity (Alberti et al. 2010). Although LGG-1 and LGG-2 proteins are similar in
structure, under conditions that induce autophagy, they appear to localize differently. For example,
L1 larvae display a punctate expression pattern for GFP::LGG-2, and yet a more ubiquitous expres-
sion pattern for GFP::LGG-1, under starvation conditions (Alberti et al. 2010). However, lgg-1, but
not lgg-2, rescues the decreased survival associated with atg8-depleted yeast (Alberti et al. 2010), and
therefore lgg-1 appears to be more functionally related to ATG8.

Counting and Data-Acquisition Advice

Manually counting GFP-positive dots can be more accurate than using computer software, as imaging
programs can inappropriately interpret background fluorescence as positive punctate structures.
However, manually counting GFP-positive punctate structures can provide challenges of its own,
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especially when large quantities of puncta are present in a cell and/or if the fluorescence intensity of
GFP is variable, making it difficult to distinguish each individual punctate structure. In such cases, it
might be advisable to use both methods together to acquire more accurate results, although this might
be somewhat tedious.

Whether deciding to use computer software programs or to manually quantify fluorescently
labeled punctate structures, the parameters used during the quantification process should be
clearly stated to ensure repeatability. For example, Alberti et al. used ImageJ to analyze punctate
structures between 0.3 and 4 µm2 in size and a circularity of 0 to 1 (Alberti et al. 2010). Additionally,
if GFP::LGG-1-positive puncta of different sizes are observed within a sample, it might be best to
group them according to their size. This is especially useful when dealing with the presence of GFP::
LGG-1-positive aggregates, which can be associated with defective vesicles.

Finally, because cells display basal levels of autophagy, quantification of GFP::LGG-1-positive
punctate structures should be noted on a per-cell basis, as opposed to the total number of cells
containing puncta (Klionsky 2012). It is important to note, however, that the size of puncta should
not be the only parameter used to measure autophagic activity (Klionsky 2012).

Caveats and Options for Additional Markers

Although GFP::LGG-1 is a widely accepted marker for visualizing autophagy in C. elegans, a cautious
approach should be adopted when evaluating changes in the expression level of GFP::LGG-1. For
example, increased numbers of GFP::LGG-1 puncta and/or increased puncta size can represent
increased autophagic flux or an inhibitory event such as decreased lysosomal activity (Klionsky
2012). Additionally, in mammalian cells, the orthologous marker GFP-LC3 has been documented
to associate with polyubiquitylated proteins both during autophagy and also independent of autoph-
agy (Kuma et al. 2007; Pankiv et al. 2007; Shvets and Elazar 2008), which might also be true for GFP::
LGG-1. Therefore, additional reporters, alone or in combination with GFP::LGG-1, might be required
inC. elegans to distinguish between functional autophagosomes and cytosolic GFP::LGG-1 aggregates,
the latter being indicative of defective autophagosomes.

Other protein markers that can be used in C. elegans to monitor the various steps of autophagy
include: BEC-1::GFP, DFCP1::GFP, and ATG-9::GFP (Takacs-Vellai et al. 2005; Tian et al. 2010; Lu
et al. 2011). BEC-1 (Atg6/Vps30) is a component of the class III phosphoinositide 3-kinase complex.
DFCP1 is a double-FYVE-domain-containing protein that binds to phosphatidylinositol 3-phosphate
localized to endoplasmic reticulum-derived early autophagosomes called omegasomes (Derubeis et al.
2000; Cheung et al. 2001; Axe et al. 2008). ATG-9 is the only integral membrane protein to date that is
speculated to contribute membrane to the developing autophagosome (Noda et al. 2000). In conclu-
sion, these additional markers might be particularly useful for visualizing and possibly quantifying
early and late autophagosomes.

As an alternative to using the GFP::LGG-1 for monitoring autophagosomes, investigators can use
the tandem GFP::mCherry::LGG-1 reporter, similar to a prior approach by others with LC3 in
mammalian cells (Kimura et al. 2007; Pankiv et al. 2007; Manil-Segalen et al. 2014b). When analyzing
a tandem reporter, colocalization of GFP and mCherry fluorescence can indicate a compartment that
has not fused with the lysosome. As autophagosomes fuse with lysosomes, the GFP signal becomes
sensitized to the acidic conditions of lysosomes, whereas the mCherry signal remains stable. Thus, the
mCherry signal, when detected alone, corresponds to amphisomes (hybrid organelles derived from
fusion of autophagosomes with endosomes) or autolysosomes (from fusion of amphisomes or auto-
phagosomes with lysosomes) (Kimura et al. 2007; Manil-Segalen et al. 2014b).

RELATED TECHNIQUES

Complementary methodologies available include the use of GFP::LC3 fluorescence microscopy
(Mizushima 2009) and Tandem mCherry-GFP–LC3 fluorescence microscopy (Kimura et al. 2007).
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RECIPES

M9 Minimal Medium Buffer

Reagent Concentration

KH2PO4 22 mM

Na2HPO4 22 mM

NaCl 85 mM

MgSO4 1 mM

Autoclave for 15 min on liquid cycle. Allow medium to cool and store at room
temperature.

NGM Agar Plates

68 g Bacto agar powder
12 g NaCl
10 g Bacto peptone
4 mL cholesterol (5 mg/mL in ethanol)
3.9 L deionized water
4 mL CaCl2 (1 M)
4 mL MgSO4 (1 M)
100 mL KPO4 (1 M)

To prepare 4 L of nematode growth medium (NGM), mix the first five ingredients, and
autoclave for 70 min on liquid cycle. Ensure that the agar is dissolved, let cool, and then
add the last three ingredients. Pour the plates (these can be stored for up to 6 wk at 4˚C).
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