












Fig. 4. The AID system permits tissue-specific degradation in C. elegans . (A) The ges-1 promoter was used to drive TIR1 expression in the intestine. L3
larvae carrying this transgene and degron-tagged SMU-2 from arrays were treated with (+) or without (−) 1 mM auxin for three hours. Worms were then dissected
and intestines were extruded to monitor residual SMU-2-GFP in this tissue. DNAwas stained with DAPI to indicate the nuclei. Insets show higher-magnification
views of the outlined regions. (B) Quantification of degron-SMU-2-GFP degradation in the intestine. Data are presented as the mean±s.d. from three independent
experiments (n=144 nuclei, 15 worms). (C) Tissue-specific degradation in adults. Young adult worms expressing degron-SMU-2-GFP from arrays and TIR1 in
the intestine were treated with (+) or without (−) 1 mM auxin for three hours. Wild-type worms (WT) treated with auxin were included as background control.
(D) Inducible degradation in the germ line. Young adults expressing TIR1 driven by the sun-1 promoter and 3′UTR along with degron-tagged DHC-1 were treated
with (+) or without (−) 1 mM auxin for two hours. Worms were then dissected, fixed, and imaged. (E) Inducible degradation in embryos. Eggs laid by
hermaphrodites expressing dhc-1::degron::GFP andPeft-3::TIR1::mRuby::unc-54 3′UTRwere treated with 1 mM or 4 mMauxin (+) or without (−) auxin in S basal
buffer for indicated times. Scale bars: 50 µm in A,C,D; 5 μm in E.
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somewhat inhibited at this concentration. Because the maximal rate
of target degradation is obtained at lower concentrations (Fig. 2B),
auxin should be used at 1 mM or lower concentrations, conditions
under which we observed no apparent side effects.

DISCUSSION
Rapid, conditional and reversible protein depletion is an invaluable
tool for probing protein function in cellular or developmental
processes. A variety of methods have been developed to
conditionally stabilize or destabilize proteins (Armenti et al.,
2014; Banaszynski et al., 2006; Bonger et al., 2011; Caussinus
et al., 2012; Cho et al., 2013; Dohmen et al., 1994; Raina and Crews,
2010; Renicke et al., 2013; Taxis et al., 2009; Zhou et al., 2000), but
many of these approaches are unsuitable for use in C. elegans or
have significant limitations. Here, we demonstrate that the AID

system allows efficient, rapid degradation of nuclear and
cytoplasmic proteins at all developmental stages. Protein
expression recovered upon auxin removal, with lower auxin doses
facilitating faster recovery. By spatially restricting TIR1 expression
through various promoter and 3′ UTR sequences, we achieved
tissue-specific depletion of degron-tagged target proteins, with
auxin exposure providing temporal control. Auxin concentration
and the stage of the animal or embryo influence the degradation and
recovery rates of target proteins. Accordingly, the relevant kinetic
parameters might need to be tested and optimized for specific
experiments. The developmental stage likely influences the rate of
auxin uptake and diffusion or transport through tissues, the
abundance of endogenous Skp1 and Cullin orthologs or other
TIR1 partners, and the expression levels of both TIR1 and the target
protein. For experiments in which recovery of expression is desired,

Fig. 5. Conditional depletion of DHC-1 in the germ line reveals its essential function in meiosis. (A) Rapid degradation of DHC-1-degron-GFP in the germ
line. dhc-1::degron::GFP;Psun-1::TIR1::mRuby young adult animals were treated with 1 mM auxin (+) or without (−) auxin for the indicated time. Worms were then
dissected, fixed, stained, and imaged. Four enlarged images are included to indicate efficient degradation. (B) Low-magnification views of germ lines stained for
SYP-1 (green) and HTP-3 (red) to monitor synapsis. SYP-1 is a synaptonemal complex protein, whereas HTP-3 is a component of the chromosome axes
(MacQueen et al., 2002, 2005). Synapsis defect was indicated bymislocalization of SYP-1. dhc-1::degron::GFP;Psun-1::TIR1::mRuby adults were treated with (+)
or without (−) 1 mM auxin for the indicated times. (C) Higher magnification views from the corresponding regions in B. Scale bars: 50 μm in A; 5 μm in B,C.
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it will also be important to consider gene-specific transcription and
translation rates.
A number of features make the AID system particularly attractive

and simple to implement. Auxin is inexpensive and is moderately
water-soluble, making it easy to administer in plates or liquid
growth media. Liquid culture is particularly well suited for
experiments that require large amounts of starting material (e.g.
IP-mass spectrometry, ChIP-seq). Whereas many drugs show poor
efficacy in C. elegans because of limited permeability of the egg or
cuticle, efficient export, and other toxin-resistance mechanisms
(Broeks et al., 1995; Lindblom et al., 2001), we have found that
exogenous treatment with auxin can induce target degradation at all
developmental stages, even during embryogenesis. Auxin-mediated
depletion is also efficient in the absence of food (data not shown)
making it useful for analysis of processes induced by starvation,
such as autophagy, L1 arrest or dauer formation. This feature should
also allow production of large populations of synchronized animals
depleted for a protein of interest. The small size of the degron
enables efficient knock-in by co-conversion (Arribere et al., 2014;
Kim et al., 2014; Ward, 2015), or selection-based CRISPR editing
(Dickinson et al., 2015, 2013; Norris et al., 2015). The degron can
be fused to the N- or C-terminus of target proteins, and can even be
inserted internally. By fusing an epitope tag or fluorescent protein to
the target along with the degron, the same engineered protein can be
localized, purified, and inducibly degraded, providing a
multifunctional tool for experimental biology. Crucially, exposure to
auxin over the effective concentration range had no detectable effects
on worm viability, morphology or fertility, nor did expression of TIR1
under strong drivers in the soma or germ line (Table 1, Tables S1-S3).
These attributes should make the system applicable to a wide range of
questions in cell and developmental biology.
Although the auxin-inducible degradation system we describe here

is robust and specific, future directed optimization of the AID system
might enhance its utility in C. elegans. We have characterized the
system using a gain-of-function allele of the TIR1 gene from
Arabidopsis, but it might be useful to compare the performance of
this protein to orthologs or paralogs from other plants, with and
without the corresponding mutations. Ongoing efforts to develop
more potent auxin agonists might also provide other small molecule
tools, although the high water solubility, small size, low toxicity, and
nominal cost of auxin might prove difficult to improve upon. It might
also be possible to develop smaller and/or higher-activity degron
sequences or to enhance TIR1 activity through further evolutionary or
mutational analysis. However, in its present incarnation, the AID
system represents a highly versatile tool for rapid, conditional, robust
tissue-specific and stage-specific protein degradation in C. elegans.
Provided that a model organism has a set of tissue-specific

regulatory elements and that auxin can be delivered to a tissue of
interest, our adaptation of the AID system for C. elegans should
provide a road map for importing this technology into other
metazoan model organisms.

MATERIALS AND METHODS
Constructs and generation of transgenic lines
Constructs used in this study are listed in Table S4. More information about
constructs and transgenic lines are provided in supplementary materials and
methods. The constructs and transgenic worm lines used in this study will be
made available through AddGene and CGC, respectively.

Strains
All strains were maintained on NGM plates at 20°C except where otherwise
noted. Strains used in this study are listed in Table S5.

To obtain highly synchronized larvae without bleaching, adults of the
indicated genotypes were transferred onto seeded NGM plates and allowed
to lay eggs for 1 hour. Adults were then removed and the embryos were
cultured for appropriate times to allow them to reach the indicated
developmental stages. Synchronized adults were obtained by picking L4
larvae and maintaining them for 20-24 h at 20°C.

To obtain the synchronized L1 larvae used to generate the data in
Table S2, two plates of each strain were suspended using M9 buffer. After a
wash with M9 buffer, worms were bleached for 4 min. Eggs were then
washed twice with M9 buffer, and starved in M9 buffer overnight to
synchronize to L1 stage.

Auxin treatment
Unless otherwise indicated, auxin treatment was performed by transferring
worms to bacteria-seeded plates containing auxin. The natural auxin indole-
3-acetic acid (IAA) was purchased from Alfa Aesar (#A10556). A 400 mM
stock solution in ethanol was prepared and was stored at 4°C for up to one
month. Auxin was diluted into the NGM agar, cooled to about 50°C, before
pouring plates. Because we found that high concentrations of auxin (e.g.
4 mM) inhibited bacterial growth, a fresh OP50 culture was highly
concentrated before spreading plates. Plates were left at room temperature
for 1-2 days to allow bacterial lawn growth.

For auxin treatment in liquid culture, S basal buffer was supplemented
with 3% (v/v) pelleted OP50 and the indicated concentration of auxin. For
all auxin treatments, 0.25% ethanol was used as a control.

Viability and fertility
To score total progeny (brood size) andmale self-progeny, L4 hermaphrodites
were picked onto individual plates with or without auxin, and transferred to
new plates daily over 4 days. The eggs laid on each plate were counted after
removing the parent. Viable progeny and male progeny were quantified when
the F1 reached L4 or adult stages (2-3 days post egg laying).

Microscopy and image acquisition
To permit direct comparisons of worms of different genotypes or
experimental conditions, animals were lined up side-by-side on agarose
pads immediately prior to imaging. Briefly, 2-3 µl of buffer containing
100 mM sodium azide was spotted on a freshly made 2% agarose pad, and
4-6 worms were then transferred into the liquid spot using a pick. As the
liquid absorbed into the pad, worms were quickly manipulated to lie side-
by-side, and overlaid with a coverslip. Fluorescence images were acquired
immediately to avoid dehydration of the animals.Wide-field optical sections
at 1-µm z-spacing were acquired with a DeltaVision Elite microscope
(Applied Precision) using a 10× N.A. 0.40 air objective, and pseudocolored
using the SoftWoRx package or Adobe Photoshop. Images were not
deconvolved. For each data stack, a single optical section near the middle of
the animals with the highest GFP signal was selected for presentation. For
the images in Fig. 3A, animals were picked into 2-3 µl of buffer containing
100 mM sodium azide on a freshly made 2% agarose pad, and overlaid with
a coverslip. Images were acquired using DIC optics and a 63× objective on
an Axioplan 2 (Zeiss) microscope running Micromanager.

To quantify the degradation in Fig. 1B and D, all treatments and image
collection were performed in parallel. Images were acquired as described
above using a constant exposure for GFP (DHC-1-degron-GFP or degron-
SMU-2-GFP), which was set to maximize signal-to-noise while avoiding
camera saturation. Fluorescence quantification was performed on a single,
unprocessed optical section from the middle of each data stack. Worms were
outlined using the selection tool in ImageJ (National Institutes of Heath),
and the average green fluorescence intensity for each animal was measured
using a plugin (‘Analyze’-‘Measure RGB’) in ImageJ. Background
intensity values, measured in wild-type worms treated in parallel with
auxin, were subtracted from each measurement. The fluorescence intensity
in treated worms was normalized by dividing the value for each worm by the
measured intensity in an untreated worm in the same microscope field. An
analogous approach was used to measure the rate of recovery of protein
expression after auxin removal in Fig. 2E, with background intensities
measured in worms that remained on auxin plates during the recovery
period.
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To quantify intestine-specific degradation of SMU-2, as reported in
Fig. 4B, worms were dissected to extrude their intestines in 1× Egg Buffer
(25 mM HEPES pH 7.4, 118 mM NaCl, 48 mM KCl, 2 mM EDTA,
0.5 mM EGTA) without detergents, then fixed with 1% formaldehyde for
2 min, washed with PBST, stained with DAPI, washed again, and mounted
in glycerol-NPG mounting medium. Images were collected as stacks of 16
optical sections at intervals of 0.5 μm using a DeltaVision Elite microscope
(Applied Precision) with a 20× N.A. 0.75 air objective. A maximum-
intensity projection through the data stack was calculated. Individual
intestinal nuclei in these images were manually segmented in ImageJ based
on the DAPI signal, and their average green fluorescence intensity was
measured as described above. Background fluorescence was measured in
nuclei from wild-type worms treated in parallel, and this value was
subtracted from the mean nuclear intensity value for each worm. These
background-corrected values were expressed as a percent of the mean
nuclear fluorescence intensity measured in control (non-auxin-treated)
worms. Data were analyzed by Student's t-test and reported as mean±s.d. for
all worms in three independent experiments.

Immunofluorescence experiments were performed according to
published protocols (Phillips et al., 2009). Briefly, young adult
hermaphrodites (20-24 h post-L4) were dissected in Egg Buffer
containing 15 mM sodium azide and 0.1% Tween 20, followed by
fixation with 1% formaldehyde in the same buffer on a coverslip for
1 min. The coverslip with worms was then picked up using a Histobond
slide (VWR), blotted to remove any excess fixative, and frozen on dry ice.
After removal of the coverslip, slides with adhered worms were transferred
to −20°C methanol for 1 min. Samples were then washed in PBST (PBS
containing 0.1% Tween 20) and blocked with Blocking Reagent (Roche) in
PBST. Primary antibody incubations were performed overnight at 4°C.
After washing with PBST, secondary antibody incubations and DAPI
staining were conducted sequentially at room temperature. Primary
antibodies used were as follows: guinea pig anti-HTP-3 (1:500;
MacQueen et al., 2005), rabbit anti-SYP-1 (1:500; MacQueen et al.,
2002). Secondary antibodies labeled with Cy3 or Cy5 were purchased from
Jackson ImmunoResearch (1:500, #106-165-003 or #111-175-144). All
images were acquired as z-stacks through 8-µm depth at intervals of 0.2 μm
using a DeltaVision Elite microscope (Applied Precision) with a 100× N.A.
1.4 oil-immersion objective. Image deconvolution, projection, and
colorization were performed using the SoftWoRx package and Photoshop
CC 2014 (Adobe).

Western blotting
For anti-GFP western blots (Fig. 2A), 20-30 adult worms of the indicated
genotypes were picked into SDS sample buffer and lysed by boiling for
30 min, with occasional vortexing. Whole-worm lysates were separated on 4-
12%polyacrylamide gradient gels and blotted onto nitrocellulosemembranes.
Antibodies against GFP (Roche, #11814460001) and α-tubulin (Sigma-
Aldrich, #05-829 EMD MILLIPORE) were used at 1:1000 and 1:5000
respectively. HRP-conjugated secondary antibodies (Jackson Laboratory,
#115-035-068) and ECL reagents (Amersham) were used for detection.

To quantify western blots, TIF images were recorded for each blot using a
Chemidoc system (Bio-Rad), converted to 8-bit grayscale using Adobe
Photoshop, and the integrated intensity of each GFP and α-tubulin band was
calculated using ImageJ. The GFP band intensity was normalized by
dividing by the corresponding α-tubulin band intensity. Each normalized
GFP band intensity was expressed as a percentage of the intensity at t=0.

For anti-FLAG western blots (Fig. 3B), a synchronized dauer culture was
generated as previously described (Wang and Kim, 2003). Animals were
released from dauer by feeding with HB101 and cultured for six hours at
25°Cwith 150 rpm shaking. A ‘0 minute’ sample (1500 animals) was taken,
and then either 0.25% ethanol or 1 mM auxin was added. At the indicated
time points, 1500 animals were harvested, washed, and resuspended in
100 µl of M9+gelatin. After addition of 30 µl of 4× SDS sample buffer,
lysates were made by boiling for 10 min, freezing on dry ice for 20 min, and
boiling for 10 min. Proteins were resolved, probed and imaged as described
previously (Ward, 2015). Anti-FLAG conjugated to horseradish peroxidase
(1:2000, Sigma, #8592) was used, and the blot was developed using
SuperSignal West Femto ECL substrate (Thermo Scientific, #34095).
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