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Abstract 

The nematode C.elegans has been used widely to study the genetic and cellular basis of behavior. Yet the 
laboratory conditions under which it is typically studied offer only a narrow glimpse into the richness of 
natural behaviors this remarkable animal evolved over 500 million years of evolution. For example, 
burrowing behavior naturally occurs in the wild, but it remains understudied. Our group studies burrowing 
in an attempt to expand our understanding of the natural behavioral repertoire of C. elegans. Aside from 
being an interesting and tractable behavior, burrowing is experimentally useful and permits the titration of 
the muscular output exerted by C. elegans. Here we describe several burrowing assays that allow the 
modulation of muscular exertion. We used these to study both adaptive and pathological muscular 
processes such as muscle hypertrophy and dystrophy, respectively. We believe these assays will be of use 
for researchers studying the production of locomotion under normal and disease-challenged conditions. 

Key words Muscle, Burrowing, C. elegans, Muscular exertion, Muscular hypertrophy, Muscular 
dystrophy 

1 Introduction 

Due to its experimental amenability and high degree of genetic 
homology, the nematode C. elegans is used extensively to study 
many human disorders [l]. For example, worms have been success-
fully used to study many neurological and muscular disorders such 
as muscular dystrophies, Parkinson's disease, Alzheimer's, ALS, 
and · more [ 2-5]. This is .possible because the molecular compo-
nents of neurons and muscles are largely conserved between worms 
and humans. Traditionally, modeling disorders is done by studying 
strains that mimic the underlying genetic insult in the disorder 
targeted. These animals are typically tested on an array of behaviors 
worms readily perform on the agar plat~~ they ~e cultured. These 
behaviors include analysis of crawling locomotion, pharyngeal 
pumping, egg-laying, etc. Assays like these continue to pr0vide a 
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involved in locomotion, crawling worms 0 
reve e a ost o g . thi n agar plates have proved reliably frw~l [9 ]. However, s approach 
is not without limitations. Worms raised under standard laboratory 
conditions grow on homogeneo:1s ba~t~rial la~ns seeded on·agar 
plates, where they easily move wi1:11 mm11n:al resistance. Compared 
to what worms likely experience m the wild, the laboratory envi-
ronment represents a narrow environment~ range. Perhaps not 
surprisingly then many of the phenotypes observed for animals 
modeling disease do not always recapitulate the severity character-
istic of the disease in humans. For example, when observed on agar 
plates, worms mimicking Parkinson's disease through loss of dopa-
minergic neurons fail to show locomotor phenotypes common in 
patients. However, by expanding the tested behaviors to include 
transitions between swimming and crawling, the same animals 
more closely recapitulated the disorder and showed the character-
istic failure to initiate motor programs associated with Parkinson's 
[ 10]. A similar situation occurs for worms modeling Duchenne 
muscular dystrophy rrn:ough mutations on the dystrophin gene 
( dys-1) . Our understandmg of muscular dystrophy has greatly bene-
fite~ from the use. of dt-1 mutants. However, on agar plates worms 
lacking d~stro~~n display only mild phenotypes compared to 
humans with s1mil~ ~utations. Consequently, researchers in this 
field o.ften use sens1t1zmg mutations in order to produce salient 
( expenment~l~ amenable) phenotypes [ 11 ]. 

Our lab is interested in the study of natural b h . . 
because we believe it has the potential t .~ aviors m part 
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Pluronic gel is however not without caveats. Pluronic gel ( ( C3H 6O. 
C2~O)x) is chemically distinct from the NMG agar ((C12H 18O9 ) 

n) that is used to raise worms, and it is commonly used for its ability 
to dissolve water-insoluble compounds. How this difference affects 
C. elegans physiology and behavior is not presently understood. 
Bec~use burrowing worms are completely surrounded by media, 
special care needs to be taken to ensure that the gel's pH, osmolar-
ity, and other important variables mimic those in culture plates. 
Another potential caveat of using Pluronic gels derives from the 
very reason they are used. The transition between the liquid and 
solid phase of Pluronic gels depends . on their concentration 
[19]. This precludes the use of different gel densities to modulate 
neural and muscular exertion. Furthermore, across the temperature 
range where C. e.legansare typically cultured and tested (20-22 °C), 
gel viscosity is variable and unpredictable, making this media not 
ideal for the accurate assessment of animal behavior [ 19]. 

Instead of Pluronic gels, we use nematode growth media agar. 
We found that worms readily burrowed through various densities 
(0.5-9%) of medium, and that they used kinematics that were 
distinct from those during crawling or swimming [20]. Using this 
approach, the physical exertion required to achieve locomotion can 
be readily modulated by altering the density of the agar. This makes 
this assay uniquely suited to the study of neural and muscular 
disorders that are predicted to affect motor output. 

With respect to Duchenne muscular dystrophy, our results 
recapitulated many of the most salient phenotypes of Duchenne 
muscular dystrophy to an extent not previously achieved using 
worms or other animal models [20]. This in turn allowed us to 
conduct a suppressor screen using dystrophic animals, and to study 
the pathophysiology of the disease [2]. The ability to modulate the 
muscular exertion required for locomotion is not just useful when 
studying disease. Using healthy animals, we can also study adaptive 
changes that take place as a consequence of changed environmental 
demands, such as muscle hypertrophy resulting from increased 
muscular exertion [2]. Over the past few years, we have continu-
ously adapted our burrowing assays to improve effectiveness and 
reliability. Here, we present an overview of the burrowing assays we 
find most useful, and illustrate their deployment. 

The study of behavior using C. elegans benefits greatlf froi:11 the use 
of large number of animals. However, there are situations that 
necessitate the in-depth analysis of individuals, for example when 
.pharyngeal pumping or other non-locomotor behaviors need t~ ~e 
measured. We found that at all but the lowest of agar densities 
( < 1 % ) worms burrow predominantly by waves that ~rop~gate 
along their dorsoventral plane [20]. Because of this, s~dymg smg~e 
burrowing animals is best done using glass Pasteur pipettes. In this 
assay, a pipette controller is used to draw agar into a glass Pasteur 
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1.2 Long Distance 
Assay: Screening by 
Burrowing Ability 

pipette. After filling. the_ pipette ~ th agar, we dra~ an additionai 
SO µl ofOP50 E.coli which remains at the tapered tlp of the pipette . 
and acts as an attractant to stimulate worms to burrow through th 

afil TM • e pipette. After filling, we use Par m stnps to ~3:1"e~lly seal both 
ends of the pipette and ~low the agar to solidify m the 4 oC 
refrigerator. Attractants diffuse ~uch slower through agar than 
over it therefore attractant gradients must be allowed to <level 

' · th f th · op overnight. Worms are mtroduc_ed at e top ? e pipette by first 
scoring a hole in the agar with a worm pick, and then eith 
injecting the worms with a glass capillary, or by placing the wor~ 
on the surface of the agar near the holes made in the agar. As th 
worms begin to burrow, they adop~ a typical burrowing W-shap~ 
with bends · that decrease in amplitude, as the agar density is 
increased [ 20]. The diameter of the· pipettes allows a clear view of 
the animals in a wide range of agar densities, even when worms 
burrow close to the center of the pipette. This type of assay is most 
suited for the measurement of pharyngeal pumping, egg-laying, 
defecation, and some body kinematics (body bend frequency and 
amplitude). Because either pipette or camera must be moved to 
maintain the animal in the field of view, this approach is not optimal 
for measuring positional information ( e.g., velocity oflocomotion). 
Glass pipettes can be ,used for a few days but eventually the agar 
within them starts to dry, shrink, make air pockets where worms can 
crawl (rather than burrow). It is therefore advisable to discard them 
after 3 days. 

In situations where unique individuals need to be separated from 
larger populations of burrowing worms ( e.g., genetic screen), we 
prefer to use long burrowing assays within 5 ml plastic serological 
pipettes. For example, we used these 30 cm pipettes to isolate 
animals with mutations suppressing the burrowing impairment of 
worms modeling Duchenne muscular dystrophy [20]. In this assay, 
chemotaxis agar of the desired density is used. Once solidified, the 
e~ds o~ the pipettes are cut using a heated razor blade (held with 
pliers) m ?rder to ensure the agar completely fills the pipette end to 
end ( no air pockets). Parafilm is then used to seal both ends of the 
~i~ette. ~oncentrated OPS0 E.coli ( or another attractant) is then 
lllJec~ed mto one end of the pipette and allowed to establish a 
g~adient overnight in the 4 °C refrigerator. After removing the 
pip~t~e from ~e refrigerator and allowing them to temperarure-
~quihbrate, arumals can be injected in liquid NGM (see Note 1) 
mfto th1 e end ?f the pipette opposite to the attractant with the help o a g ass capillary tr c · • b . . . ansier pipette. With some practice, worms can 

e lflJected mto the agar without much liquid To do this, the 
worms must be ex 11 d . · . 
cir ti . pe e mto the agar as the capillary is being awn rom it Thi . . 
the ag 'th . s creates a vacuum that sucks the worms into ar W1 out the li · d th • . y 
is that it require ~Ul ey are m. One clear caveat of this ~sa 

s pracnce and dexterity to deposit the worms into 



1.3 Surfacing Assay: 
Comparing Muscular 
Strength In Different 
Populations 

Modulating and Measuring Neuromuscular Exertion 343 

the agar free of liquid. If worms are left swimming in a liquid 
droplet, they appear unable to exit the liquid and enter the agar 
to start burrowing. However, with some practice, the assay allows 
screening of thousands of animals, and it has been used by our lab 
and others to perform screens and to study behavior [21, 22]. 

We previously showed that burrowing velocity depends on agar 
density and the neuromuscular integrity of the animals [20]. To 
challenge the muscular ability of animals, we developed a surfacing 
assay where worms in multiple-well plates perform chemotaxis 
through a layer of agar in order to reach the attractant on the 
surface of the well. Animals can then be tallied manually or auto-
matically. By comparing time to surface between different popula-
tions of animals, differences in the muscular output profiles of 
distinct strains or treatments can be measured and compared. The 
assay geometry resembles a layer cake, with different agar layers 
serving different purposes (Fig. la). First, a thin layer of the che-
motaxis agar is placed in the bottom of the well. Worms are trans-
ferred onto this layer using I µl of liquid NGM (see Note 1 ). We 
allow the liquid NGM to be absorbed by the chemotaxis agar 
before p~oceeding. Next, to thermally insulate (protect) the 
worms froni the hot ( ~55 °C) chemotaxis agar that will be poured 
on top of them, we first transfer a small volume (~2 µl) of fish 
gelatin. This fish gelatin is standard N GM agar where agar powder 
is replaced witµ cooking gelatin powder (see Note 2). Like Pluronic 
gel, this 'fish gelatin is liquid at 25 °C but solidifies around 20 °C. It 
is also inexpensive. Once the fish gelatin solidifies, we add the final 
layer of che~<?taxis agar. This layer occupies the majority of the 
well's volume and is the intended medium through which, worms 
must burrow in order to reach the surface of the wells. The density 
of this agar can be modulated by altering the amount of agar used. 
We have used densities ranging between 0.5% and 9%, but most 
N2-derived strains are unable to enter agar with densities above 8%. 
We have found that dystrophic worms are significantly impaired 
when challenged with 2.5% agar (Fig. 1 b ). After the wells have 
solidified, 1 µI of OPS0 B. coli (or of 0.01% diacetyl solution) is 
added to serve as an attractant. Over a couple of hours, worms will 
burrow through the agar, surface, and enter the OP50 lawn 
provided~ Here they can be tallied by hand at regular intervals, or 
automatically with the help of machine vision algorithms 
[23]. Examples of useful variables we obtain from this assay include: 
first worm to surface, average time to surface, and fraction of 
population to surface. One limitation of this assay is its reliance 
on chemotaxis to guide worm behavior. We have also successfully 
performed assays using blue light as an aversive stimulus to induce 
burrowing. 
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1.4 Restricted 
Burrowing Assay: To 
Study Kinematics and 
Cell Activity 
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Fig. 1 Preparation of surfacing_ assay. (a) (1) We prepar~ our su~ac!ng assays 
using multiple-well plates. (iQ Chemotaxis agar of the de~ired de~s1~ Is added to 
the well. (iii) After this agar dries, worms are transferred in 1 µI hqu1d NGM using 
a glass capillary. (iv) A 2 µI drop of liquid (25 °C) fish gelatin is added above the 
worms. (v) Additional chemotaxis agar is then added above the fish gelatin agar. 
( VQ A 2 µI drop of OP50 E.coli is added as an attractant. ( vii) Worms burrow to the 
food on the surface and are tallied at regular intervals. (b) Using this assay, 
dystrophic worms showed significant impairment reaching the surface of the 
well compared to·wild-type animals. Analysis two-tailed t-test, N = 17 assays, 
1rltp < 0.001 

The surfacing assay is useful to obtain a sensitive evaluation of the 
neuromuscular capabilities of a population. However, this assay is 
less suited to monitor animal kinematics. To analyze the kinematics 
of a group of burrowing animals, it is necessary to restrict their 
locomotion to a thin horizontal volume where multiple animals can 
be fil~ed and analyzed simultaneously. We therefore modified our 
surfaci~g assay to achieve this goal by reducing the thickness of the 
burr?wmg layer, and by covering the burrowing layer with high· 
density agar the worms are unable to penetrate. Worms are thus 
trapped_ along a thin horizontal layer of burrowing agar where they 
c.m be im~ged as ~ey freely behave (Fig. 2a). To achieve this, a 
~er 

0
~ high-density agar is placed on the b~ttom of the well. 

( orNm~ are then transferred onto this layer in 1 µl of liquid NGM see ote 1 ) tak.in c l ll As 
b c. th u' g are to P ace them to one side of the we · e1ore e quid NGM. . 

· 1 ' · is allowed to be absorbed by the bottom agar ayer and 1 1 f fi h . · th 
worms to' create µho shigelatm (see Note 2) is placed above e 

. a eat s eld As th fi h 1 . . lidi'fyi g on one side of the Well 1 1 · e s ge atm is so n . 
placed on the op '. µ_ of OPS0 E. coli ( or another attractant) JS 

posite side of th ll . b oW across the field of . e We to mduce animals to urr . 
view. Next, a thin layer of burrowing agar JS 
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Fig. 2 Preparation of restricted burrowing assay. (a) (1) We prepare our restricted 
burrowing assays using multiple-well plates. (i~ A layer of high-density NGM 
agar is placed in the wells. (iii) After this agar dries, worms are transferred in 1 µI 
liquid NGM using a glass capillary to one side of the well. (ii? A 2 µI drop of liquid 
(25 °C) fish gelatin is added above the worms and a 2 µI drop of OP50 E. coli is 
placed on the agar at the opposite end of the well from the worms. ( 0 A thin layer 
of chemotaxis agar of the .desired (burrowing) density is placed above the 
worms. (v~ High-density NGM agar is placed above the burrowrng layer to 
prevent animals from surfacing. (vi~ Worms burrow across the chemotaxis 
agar to the opposite end of the well to arrive at the food source. (b) Burrowing 
worms move horizontally and can be filmed in order to be characterized 
kinematically (inset). Using this approach, we show that dystrophic worms 
burrow significantly slower than wild types. Analysis two-tailed t-test, N = 17 
assays, N = 3 assays, 1 O animals each, '""p < 0.001 

placed above the well; typically just enough to cover the well's 
surface (1 ml) . Once this layer cool,s, a second layer of high-density 
agar is placed above it which prevents worms from exiting the 
burrowing layer. Under this configuration, animals are able to 
burrow within the less dense (burrowing) layer where they are 
easily filmed and analyzed (Fig. 2b inset). While thin enough to 
cause most animals to burrow parallel to the plate's surface, the 
burrowing layer is still thick enough to allow worms to freely 
burrow with their dorsoventral undulations parallel or perpendicu-
lar to the plate. Therefore, without the use of an orthogonal camera 
system, or other means to deduce their 3-dimensional motion [24], 
any kinematics obtained are limited to centroid-based i;neasure-
ments (e.g., velocity and reversals) unless when animals are burrow-
ing with their dorsoventral plane parallel to the camera. Even 
without body curvature measurements, if the burrowing layer is 
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1.5 Long-Tenn 
Bum,wlng Assays: 
Assessing Changes 
Associated with 
Exertion 

2 Materials 

2.1 Single 
I 

Worm Assay 

placed close to the camera many useful measurements c 
obtained, such as calcium transients from the musculature 0~ be 
rowing animals [2] (Fig. 2b). Ur-

An advantage of the previous two assays is that with a l' 
practice these plates can be produced in large numbers, allo~:e 
the experimenter to screen many treatments at once. g 

In the previous assays described worms are placed in wells d 
tested shortly after (within minute~ to a couple of hours).~ 
some circumstances, it might be desirable to allow worms to bur-
row for extended periods of time. For these long-term assay 
special considerations are required to prevent starvation and ts, 
keep animals in one prescribed location where they can be repeai 
edly assessed. To prevent animals from starving, we mix the bur-
rowing agar with a small volume of concentrated OP50 E. coli. We 
pellet 1.5 ml of OP50 E. coli by centrifugation, remove all superna-
tant, and re-solubilize the pellet in 100 µl of deionized water. This 
concentrate is then mixed with the burrowing agar prior to adding 
it to the well. Worms are able to ingest these bacteria and to develop 
and grow normally. 

To maintain animals within a small agar volume so they can be 
repeatedly located and filmed (Fig. 3a), we use a mold to cast 
depressions in the initial high-density agar layer (see Fig. 36). The 
worms and low-melting agar are then placed in these depressions, 
and the rest of the depressions' volume is filled using the burrowing 
layer ( agar plus OP50 E. coli). A final layer of high-density agar is 
then used to completely seal the burrowing layer and the worms 
within it. Animals under these conditions are effectively trapped in a 
3D cage of high-density agar they are unable to penetrate. They can 
be raised here from egg to adulthood and remain viable for many 
days. If the objective of the experiment is to test gene function, the 
burrowing agar plus OP50 bacteria layer can be replaced with RNAi 
(plus IPTG) agar and bacteria [2]. In some circumstances, adult 
animals need to be allowed to burrow for longer than 3 days ( the 
time it takes their eggs to grow to adulthood). In these situations, 
care must be taken to prevent confusing different generations. To 
prevent these animals can be transferred to new wells every few days 
(see Note 3). Alternatively, worms can be chemically prevented 
from producing offspring using FuDR [25 ]. 

1. Glass Pasteur pipettes. 
2. Pipette controller. 
3. Worm pick. 
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Fig. 3 Preparation of long-term burrowing assay. (a) (1) We prepare our long-term assays using multiple-well 
plates. (iQ A layer of high-density NGM agar is placed in the wells. (iiQ A mold with metal pegs of the desired 
diameter (0.5-1.0 cm) is placed above the wells in order to cast a depression in the high-density agar. (i0 
When the agar solidifies, the mold is carefully removed exposing the depression. M Using a glass capillary 
worms are transferred into this depression in 1 µI liquid NGM. (vt) A 2 µI drop of liquid (25 °C) fish gelatin is 
added above the worms. (vit) NGM agar of the desired density mixed with concentrated E. coli is added above 
the worms until the depression is filled. (viiQ A second layer of high-density agar is placed above to completely 
encase the worms and prevent them from exiting the burrowing layer. (b) Wooden mold with metal pegs used 
to manufacture 12-well burrowing plates. (c) Worms'can be imaged through the agar at regular intervals. Here 
calcium measurements are obtained from the musculature of a burrowing worm. (d) Using this assay we were 
shown that head muscles have greater calcium transients during burrowing than during crawling or 
swimming. Brightness is reported as the ratio of contracting over relaxing neck muscles. One-way ANOVA, 
N = x assays. (e) Long-term burrowing assays are suitable for studying adaptive phenomena such as 
hypertrophy. Here hypertrophic burrowing N2 animals are compared side to side to age-matched crawling 
or swimming animals. Red staining of f-actin using phalloidin. Analysis One-way ANOVA, Holm-Sidak multiple 
pairwise comparisons. N = 18 animals, *p < 0.05, **p < 0.001 

4. Liquid transfer capillary pipette, preferably one that has a rotat-
ing volume control that enables precise single hand operation. 

5. Parafilm strips ( 1 x 4 cm) to tightly seal open ends of the 
pipettes. 

6. Capillary glass. 

7. ?issecting_ micro~cope. Illumination is key during filming, hav-
mg an oblique m1rror beneath the plates is a great advantage. 

8. Video camera mounted to microscope. 
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2.2 Long 
Distance Assay 

9. Attractant (e.g., OP50 E. coli or diacetyl). We prefer OPso 
because worms are grown in these bacteria and are attracted 
to the many compounds they produce. 

10. Liquid NGM [26], 100 ml: 97.5 ml deionized water, o.3 g 
NaCl, 50 µl CaCh, 50 µl MgSO4, 1.25 ml KPO4, and 50 µl of 
cholesterol ( see Note 1). 

11. Chemotaxis agar (~2.5%) (see Note 4), 250 ml: Add 4.25 g 
agar ( change to alter final density) to 243.5 ml deionized water. 
Heat until dissolved. After the agar cools enough to allow 
touching the beaker for a few second~ ( ~55 cc), the additional 
solutions can be added. Add 6.25 ml KH2P.O4, 250 µl MgS0

4
, 

and 250 µl CaCh. Add calcium chloride last to prevent its 
precipitation. 

1. Glass Pasteur pipettes. 
2. Pipette controller. 
3. Worm pick. 
4. Liquid transfer capillary pipette, preferably one that has a rotat-

ing volume control that enables precise single hand operation. 
5. Capillary glass. 
6. Dissecting microscope. Illumination is key during filming, hav-

ing an oblique mirror beneath the plates is a great advantage. 
7. 5 ml plastic serological pipettes. 
8. Bunsen burner. 
9. Razor blade. 

10. Pliers. 

11. Parafilm strips (1 x 4 cm) to tightly seal open ends of the 
pipettes. 

12. Attractant (e.g., OP50 E.coli or diacetyl). We prefer OP50 
because worms are grown in these bacteria and are attracted 
to the many compounds they produce. 

13. Chemotaxis agar (~2.5%) (see Note 4), 250 ml: Add 4.25 g 
agar (change to alter final density) to 243.5 ml deionized water. 
Heat _until dissolved. After the agar cools enough to alloW 
touc~ng the beaker for a few seconds ( ~55 cc), the additional 
solut1.ons can be added. Add 6.25 ml KH PO 2 50 µl MgS04, 
and 250 1 C Cl . 2 4, · s . . _µ a 2· Add calcmm chloride last to prevent it prec1p1tat1.on. 

14. Liquid NGM 100 ml· 97 5 ml d . . d O 3 NaCl, 50 l C C ' · · e1oruze water, . g f 
µ a 12, 50 µl MgSO4, 1.25 ml KPO and 50 µI 0 

cholesterol (see Note 1 ). 4' 
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1. 12-well culture plates. 
2. Worm pick. 
3. Dissecting microscope. 

4. Liquid transfer capillary pipette, preferably one that has a rotat-
ing volume control that enables precise single hand operation. 

5. Capillary glass. 
6. Attractant (e.g., OP50 E.coli or diacetyl). 
7. Liquid NGM, 100 ml: 97.5 ml deionized water, 0.3 g NaCl, 

50 µl CaCh, 50 µl MgSO4, 1.25 ml KPO4, and 50 µl of 
cholesterol (see Note 1 ). 

8. High-density agar (8%) (see Notes 4 and 5), 250 ml: 11.36 g 
agar, 243.75 ml deionized water. Heat until dissolved in a hot 
water bath with a stirrer. Once completely dissolved, allow to 
cool to 55 °C (cool enough to touch for 5 s). Add 6.25 ml 
KH2PO4, 250 µl MgSO4, and 250 µl CaC12. Mix well and store 
in a water bath at 55 °C until used. 

9. Fish gelatin (see Note 2), 100 ml: 97.5 ml of deionized water, 
7 g fish gelatin, 2.5 ml KH2PO4, 100 µl MgSO4, 100 µl CaC!i. 

10. Chemotaxis agar (~2.5%) (see Note 4), 250 ml: Add 4.25 g 
agar ( change to alter final density) to 243.5 ml deionized water. 
Heat until dissolved. After the agar cools enough to allow 
touching the beaker for a few seconds (~55 °C), the additional 
solutions can be added. Add 6.25 ml KH2PO4, 250 µl MgSO4, 
and 250 µl CaClz. Add calcium chloride last to prevent its 
precipitation. 

1. 12-well culture plates. 
2. Worm pick. 
3. High-density agar (8%) (see Notes 4 and 5), 250 ml: 11.36 g 

agar, 243.75 ml deionized water. Heat until dissolved in a hot 
water bath with a stirrer. Once completely dissolved, allow to 
cool to 55 °C (cool enough to touch for 5 s). Add 6.25 ml 
KH2PO4, 250 µl MgSO4, and 250 µl CaClz. Mix well and store 
in a water bath at 55 °C until used. 

4. Standard densityNGM agar (~2.5%) (seeNote4), 250 ml: Add 
4.25 g agar to 243.5 ml deionized water. Heat until dissolved. 
Allow agar to cool to 5 5 ° C ( cool enough to touch for 5 s). Add 
6.25 ml KH2PO4, 250 µl MgSO4, and 250 µl CaClz, 250 µl 
5 mg/ml cholesterol in ethanol. Mix well and store in a water 
bath at 55 °C until used. 

5. Fish gelatin (see Note 2), 100 ml: 97.5 ml deionized water, 7 g 
fish gelatin, 2.5 ml KH2PO4, 100 µl MgSO4, 100 µl CaClz. 

6. Liquid transfer capillary pipette. 
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2.5 Long-TBml 
BUITOW/ng Assay 

3 Methods 

3.1 Single 
Worm Assay 

7. Capillary glass. 
8. Liquid NGM, 100 ml: 97.5 ml deionized water, 0.3 g Na 

50 µl CaC12, 50 µl MgSO4, 1-25 ml KPO4, and 50 µJ ~f 
cholesterol (see Note 1). 

9. Freshly cultured OP50 E.coli. 

1. 12-well culture plates. 
2. Worm pick. 
3. High-density agar (see Not~~ and 5), 250 ml: l~.36 g agar 

(for 8% agar), 243.75 ml de1oruzed water. Heat until dissolved 
in a hot water bath with a stirrer. Once completely dissolved 
allow to cool to 55 °C (cool enough to touch for 5 s). Add 
6.25 ml KH2PO4, 250 µl MgSO4, and 250 µl CaC12. Mix well 
and store in a water bath at 55 °C until used. 

4. Standard density NGM agar (2.5%) (see Note 4), 250 ml: Add 
4.25 g agar to 243.5 ml deionized water. Heat until dissolved. 
Allow agar to cool to 55 °C (cool enough to touch for 5 s).Add 
6.25 ml KH2PO4, 250 µl MgSO4, and 250 µl CaCl2, 250 µI 
5 mg/ml cholesterol in ethanol. Mix well and store in a water 
bath at 55 °C until used. 

5. Fish gelatin (see Note 2), 100 ml: 97.5 ml of deionized water, 
7 g fish gelatin, 2.5 ml KH2PO4, 100 µl MgSO4, 100 µl CaC!i. 

6 . Liquid transfer capillary pipette. 
7. Capillary glass. 
8. Liquid NGM, 100 ml: 97.5 m deionized water, 0.3 g NaCl, 

50 µl CaCl2, 50 µl MgSO4, 1.25 ml KPO4, and 50 µl of 
cholesterol ( see Note I). 

9. Burrowing plate mold (Fig. 36). We use a wooden block with 
metal pegs of the desired diameter and length to produce 
depressions of the desired diameter and at the desired depth 
in the freshly poured high-density agar. 

10. Freshly cultured OP50 E. coli. 

1 U . with • se a P1P~tte controller to fill a long glass Pasteur pipette 
chemotaxis agar leaving about 50 µ1 of space. 

2. W:ith th~ controller still in place, move the pipette to a co~-
tamer with OP50 E.coli and draw 50 µ1 of bacteria into the op 
of the pipette. 

3 · Press_ th~ tip of the pip~tte against a padded surface to prev:: 
the liqwd from escapmg the pipette while you remove 
controller. 
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4. Use Parafilm strips to seal the top of the pipette, invert the 
pipette, and repeat with the tapered end containing the OP50. 

5. Place the pipette in the 4 °C refrigerator overnight to allow a 
gradient to establish across the pipette. 

6. Remove the pipette from the fridge when ready to use and 
allow it to reach room temperature. 

7 . Place a 2 µl drop of NGM on a parafilm strip and pick 10-20 
worms into it (see Note 1). 

8. Draw the worms into a glass capillary using a liquid transfer 
pipette. 

9. Pierce the agar at the top of the pipette using the glass capillary 
to a, depth of 3 cm and begin to slowly pull the capillary back 
while at the same time pushing the liquid with the worms into 
the agar. If done correctly the vacuum created in the agar will 
draw the worms in, allowing them to begin burrowing towards 
the attractant immediately. If done incorrectly, liquid droplets 
with swimming worms will be observed in the pipette. These 
animals are unable to enter the agar and burrow. 

1. Use a pipette controller to fill a 5 ml plastic serological pipette 
with chemotaxis agar. 

2 . Press the tip of the pipette again~t a padded surface to prevent 
the liquid from escaping the pipette while you remove the 
controller. 

3. Maintaining pressure, use Parafilm strips to seal the top of the 
pipette, invert the pipette, and repeat with the tapered end. 

4. After the agar solidifies, use a Bunsen burner to heat a razor 
blade held safely with a pair of insulated pliers. 

5. Use the hot blade to score the edge of the plastic pipettes 
making sure that no air pockets remain at the tips of the pipette 
( e.g., the agar reaches each end). 

6. Inject 50 µl ofOP50 bacteria 2 cm into one end of the pipette 
and reseal both ends with Parafilm. 

7 . Place the pipette in the 4 °C refrigerator overnight to allow a 
gradient to establish across the pipette. 

8. Remove the pipette from the fridge when ready to use and 
allow it to reach room temperature. 

9. use 1 ml of liquid N GM ( see Note 1) to transfer worms from a 
culture plate into a 1.5 ml centrifuge tube and allow animals to 
sink to the bottom of the tube. This should take about 15 min 
for adults but longer for larva. Alternatively, gently centrifuge 
them for a minute at 1000 RPM. 



352 Kiley J. Hughes and Andres G. Vidal-Gadea 

3.3 Surfacing Assay 

3.4 Restricted 
Bu"owlng: 
Making Wells 

10. Use a pipette to draw as muc~ liqu~d as possible Without 
disrupting the worm pellet. I~ 1s easier to do this than to 
attempt to pipette the worms directly. 

11. Once there is a concentrate of worms in _~50 µl of NGM, Use a 
Drummond pipette to draw the worms mto a glass capillary, 

12. Pierce the agar at the top of the pipette using the glass capillary 
to a depth of 3 cm and begin to slowly pull the capillary back 
while at the same time pµshing the liquid with the worms into 
the agar. If done correctly, the vacuum created in the agar Will 
suck the worms allowing them to begin burrowing towards the 
attractant immediately. If done incorrectly, liquid droplets with 
swimming worms will be observed in the pipette. These ani-
mals are unable to enter the agar and burrow. 

13. With the controller still in place, move the pipette to a con-
tainer with OP50 E.coli and draw 50 µl of bacteria into the tip 
of the pipette. 

1. Place 1.5 ml of chemotaxis agar of the desired density in the 
bottom of each well'in a 12-well culture plate. 

2. Place 20-30 day one adult worms,into 2 µl ofNGM liquid (see 
Note 1) in the center of the well. Let the NGM liqwd be 
absorbed, the worms will go from swimming to crawling. 

3. Place 15 µl of fish agar on top of the worms in each well. Let 
this agar solidify. 

4
. Place 1.5 ml _of 3% or other density chemotaxis agar on top of th

e fis_h _ag~ m each well in a 12-well culture plate. Allow agar 
to s~hdify_ the 4 °C refrigerator for 2 min to help the fish 
gelatm solidify ahead of the next step. 

5. Place 2_µ1 of condensed OP50 on top of the wells with 1 µI 1: 1000 diacetyl. 

6. WiScore wb hen animals reach the surface of each well. We use the 
orm ot from the Ka b 1 • · als 

h th e er em lab to score how many amrn 
reac e surface every 10 min· [ 2 3] ( see Note 6). . 

1. Place 1 ml of high-d · ( . b t· 
tom of each well . ensity >8%) chemotaxis agar m_ ~e 0 

m a 12-well culture plate and let solidify. 2. Place 20-30 wo • :N te 
1) to one side ~ms ~to a 2 µl drop ofNGM liquid (see ; b 
worms with 

0
ki eac well. Let NGM liquid absorb, and a 

swimming i·n ath mwipe if necessary to prevent them fro~il 
e assay H · th ·d Wl ensure that th . · avmg e Worms to the s1 e al< 

it to the cente: o7:~e~e burrowing, as they need to rn e 
3. Cover Worms with fi h . . 'fy 

it will insulate th s agar, about 15 µl. Let this agar solidi ' 
e Worms from heat. 
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4. Place 1 ml of 3% or other density NGM agar mixed with 
condensed OP50 on top of the fish agar in each well in a 
12-well culture plate. This will be the agar the worms will live 
and burrow in. Cool at 4 degrees for 2 min to rapidly solidify 
and protect animals. 

5. The well is then capped with 1 ml of 8 chemotaxis agar on top 
of the burrowing layer in each well in a 12-well culture plate. 
Cool at four degrees for 2 min to rapidly solidify. This layer 
ensures the animals will not escape the arena, so be sure it 
covers the entirety of the top. Animals can then be filmed, 
and kinematics analyzed (see Note 7). 

1. Place 1.5 ml of high-density chemotaxis agar in the bottom of 
each well in a 12-well culture plate. 

2. Insert a mold with pegs into the center of each well. Let agar 
solidify. 

3. Remove molds. In each hole, place 20-30 day one adult worms 
into 2 µl ofNGM liquid (see Note 1) in the center of the well. 
Let the NGM liquid be absorbed, the worms will go from 
swimming to crawling. 

4. Place enough fish agar on top of the worms to cover them, 
about 10 µl, in each well. Let this agar solidify. 

5. Place 50 µl of 3% or other density chemotaxis agar mixed with 
concentrated OP50 on top of the fish agar in each well in a 
12-well culture plate. This is the agar the animals will live 
in. Allow agar to solidify in 4 °C fridge for 2 min, to prevent 
heat shocking the worms. 

6. Cap the well with l.5 ml of high-density chemotaxis agar. This 
agar should completely surround the burrowing layer, so that 
the worms cannot escape. Worms can later be retrieved for 
beh~vioral analysis (see Note 3). 

1. Many groups use M9 buffer for transferring animals. We use 
liquid NGM for transferring animals because this solution is 
chemically identical to the agar plates where worms are grown. 

2. For fish gelatin, we replace agar with cooking fish gelatin 
powder available at cooking stores or through Amazon.com. 
Like Pluronic gel, this agar melts around 25 °C and solidifies 
around 22 °C. We use it sparingly and only to provide thermal 
insulation for the worms in the assay. Typically, we add a couple 
of microliters directly above the worms and allow it to solidify. 
Once cooled, the hotter (~55 °C) burrowing agar will be 
poured above the worms. The specific heat of the fish gelatin 
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allows it to absorb ~e heat from the ho~ burrowing agar 
without hurting the arumals. Worms do not like the fish gelatin 
and tend to escape it into the burrowing agar as soon as it has 
cooled enough for them to burrow. 

3. During agar preparation bubbles must be avoided because 
worms might become trapped within them, and they make 
filming animals challenging. We use plastic wrap and a rubber 
band to tightly seal the top of the agar bottle while the agar is 
still hot. This provides a mechanism for removing unwanted 
gas dissolved in the agar media: as the agar cools so does the air 
within the container, shrinking in volume (following PV = nRT) 
and creating a vacuum that successfully draws gas (bubbles) 
from the agar solution. 

4. Making agar of high density requires slow mixing in a 
water bath. 

5. Retrieving worms from agar: 
(a) When having worms burrow for an extended period of 

time, you will want to remove the adult worms from the 
agar and put them into new wells after 2 or 3 days. This 
helps distinguish the day 5 adults that have been burrow-
ing from their offspring. The plate is made identical to 
before. 

(b) To collect the worms, each agar cube is removed from the 
wells and taken apart on a large 1 O cm chemotaxis plate. 
This can be done using •spatulas or razor blades or any 
other instrument. 

(c) Once the agar is broken up, flood the plate with NGM 
(see Note 1 ), causing the worms to swim and disrnan· 

cling them from the agar, which the worms blend into 
really well. Pick the worms from the NGM and place thell1 
into a seeded plate until you put them to burrow again• 

( d) When the animals have been burrowing for the chosen 
length of time, the worms can be retrieved from the agar 
as described above for analysis. 

6. Our Wormbot was built using information available on 
wori:nbot.org and associated publication [ 2 3]. Briefly, Wor~~ 
bot is a camera mounted on an automated mobile stage th f 
can be programmed to take images or movies of the surfaces 0d 
up to 12 multi-well plates at regular intervals. The associaras 
software detects worms on the surface of the well and 
several useful features. Using this setup we are able to run 
144 sim~ltaneous wells ( 12 x 12-well plates) but it is scalable 
to use with plates with higher well count. 

7. We use a custom Tierpsy setup [27] including to mount~~ 
Basler acA4024-29um camera. This camera allows for !Jig 
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enough resolution so that each worm is at least 100 pixels in 
length· Tierpsy tak~s .the video file generated and produces 
skeletons of each ammal once parameters are set. The analysis 
then allows you to select "single worms " "bad " and "worm 
l ".c. th . ' ' c usters 1rom e video, allowing you to choose which animals 

you analyze (i.e., we do not analyze worms that are not bur-
rowin~). Tierp~y then produces an excel sheet providing sum-
m~ry mformatlon for the entire plate including metrics of 
ammal locomotion (speed, angular velocity) and animal pos-
ture (length, quirkiness). In addition, Tierpsy produces these 
metrics in percentiles so that you know the worst, best, and 
average performance as well as gives many metrics depending 
on body segment [27]. 
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