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 14 

Abstract: The nematode C. elegans uses rhythmic muscle contractions (pumps) of the 15 

pharynx, a tubular feeding organ, to filter, transport, and crush food particles.  A number 16 

of feeding mutants have been identified, including those with slow pharyngeal pumping 17 

rate, weak muscle contraction, defective muscle relaxation, and defective grinding of 18 

bacteria.  Many aspects of these pharyngeal behavioral defects and how they affect 19 

pharyngeal function are not well understood.  For example, the behavioral deficits 20 

underlying inefficient particle transport in ‘slippery’ mutants have been unclear.  Here we 21 

use high speed video microscopy to describe pharyngeal pumping behaviors and 22 

particle transport in wild-type animals and in feeding mutants. Different ‘slippery’ 23 
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mutants exhibit distinct defects including weak isthmus contraction, failure to trap 24 

particles in the anterior isthmus, and abnormal timing of contraction and relaxation in 25 

pharyngeal compartments.  Our results show that multiple deficits in pharyngeal timing 26 

or contraction can cause defects in particle transport.  27 

 28 

 29 

Introduction 30 

 31 

The nematode C. elegans consumes food bacteria using movements of the pharynx, a 32 

neuromuscular feeding organ that connects to the stoma (buccal cavity) and to the 33 

intestine (Fig. 1).  The pharynx displays two behaviors: pharyngeal pumping and 34 

isthmus peristalsis.  Pharyngeal pumping consists of rhythmic cycles of contraction and 35 

relaxation throughout most of the pharynx.  During contraction, the radially oriented 36 

muscle fibers open the pharyngeal lumen; during relaxation the lumen closes.  Isthmus 37 

peristalsis is an anterior-to-posterior wave of contraction in the posterior half of the 38 

isthmus that occurs after a fraction of pumps (Avery and Horvitz, 1987).  Together, 39 

these movements filter food particles from surrounding fluids, transport the particles 40 

posteriorly, and crush them before they enter the intestine.  41 

 42 

The pharynx is divided into several compartments including the anterior and posterior 43 

(terminal) bulbs.  Detailed studies of pharyngeal pumping have revealed differences in 44 

timing of contractions and relaxations in these compartments (Avery, 1993a, 1993b; 45 

Fang-Yen et al., 2009).  The corpus, which extends from the stoma to the anterior bulb, 46 
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is the first to contract, drawing particles from the stoma into the pharyngeal lumen (Fig 47 

1).  Contraction of the anterior isthmus and then the terminal bulb follow contraction of 48 

the corpus with short delays.  Pharyngeal relaxation of the various compartments 49 

proceeds in the same order as their contraction but more rapidly (Fig 1).  (Fang-Yen 50 

2009).   51 

 52 

The sequence of relaxations in pharyngeal compartments is closely tied to the 53 

mechanism of particle trapping  (Fig. 1).  The anterior tip of the corpus relaxes slightly 54 

before the rest of the corpus; this allows food particles to become trapped at the anterior 55 

corpus.  Similarly, relaxation of the metacorpus before the anterior isthmus allows food 56 

particles to become trapped at the anterior isthmus.  At each of the two trap sites 57 

(anterior corpus and anterior isthmus), earlier relaxation of the structures immediately 58 

anterior to the trap prevents anteriorward transport of particles while fluids are expelled   59 

(Fang-Yen et al., 2009).  Under some conditions such as violet light exposure, the trap 60 

at the anterior procorpus remains contracted during corpus relaxation, causing particles 61 

to be ejected from the anterior pharynx rather than trapped at the end of the pump 62 

(Bhatla et al., 2015; Sando et al., 2021).   63 

 64 

Particles trapped in the anterior isthmus are transported to the pharyngeal grinder via 65 

isthmus peristalsis, which occurs after a fraction of pumps (Song and Avery, 2012). 66 

 67 

A number of ‘eat’ mutants with defective feeding behavior were identified by Avery 68 

(Avery, 1993a).  Feeding phenotypes included slow pumping, defective timing of 69 
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relaxation, and a “slippery pharynx” phenotype characterized by inefficient transport of 70 

particles.  These feeding mutants were studied using video recordings at 60 frames per 71 

second (fps), a frame rate insufficient to resolve the rapid movements of the pharynx 72 

and food particles during muscle relaxation.  As a result, aspects of pharyngeal 73 

behavior in feeding mutants have remained unclear. In particular, the mechanisms by 74 

which ‘slippery’ mutants are defective in anterior-to-posterior particle transport are 75 

poorly understood. 76 

 77 

Here, we revisit the analysis of feeding mutants using high speed video microscopy at 78 

1000 fps.  We imaged worms feeding on bacteria and on polystyrene beads.  By 79 

tracking the motions of pharyngeal components and particles within the pharyngeal 80 

lumen, we quantified the timing of contraction and relaxation, motion of particles in the 81 

pharyngeal lumen, and efficiency by which particles were transported and trapped.  We 82 

also measured the pumping rate and the frequency of posterior isthmus peristalsis, by 83 

which particles trapped in the anterior isthmus are transported to the terminal bulb.  84 

Different slippery mutants showed a variety of behavioral defects, including weak 85 

isthmus contraction, failure to trap particles in the anterior isthmus, and abnormal timing 86 

of contractions and relaxations in different pharyngeal compartments.  We also describe 87 

behavioral differences in slow-feeding and relaxation-defective mutants. 88 

 89 

Results 90 

 91 
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The class of slippery mutants were labeled as such by Avery because in these animals, 92 

bacteria were observed to slip toward the anterior instead of being trapped during 93 

pharyngeal relaxation (Avery, 1993a).  We asked what differences in pharyngeal 94 

behavior relative to wild-type animals led to the slippery phenotype.   95 

 96 

We first used our assay to describe wild-type pharyngeal behavior.  In wild-type 97 

animals, pump timing and particle movement were consistent with previous findings 98 

(Fang-Yen et al., 2009).  Each pump began with the onset of contraction of the corpus, 99 

followed 28.5 ± 14.8 ms (mean ± SD) later by onset of contraction of the anterior 100 

isthmus, followed 9.6 ± 11.7 ms (mean ± SD) later by onset of contraction of the 101 

terminal bulb (Fig, 1b, Video S1, Supplemental Table A3). Onset of relaxation occurred 102 

in the same order but faster, beginning with the corpus, followed 13.4 ± 9.9 ms later by 103 

the anterior isthmus, and then 6.4 ± 10.7 ms later by the terminal bulb (Fig. 1b).  The 104 

pumping rate was 4.4 Hz ± 0.48 (mean ± SD).  Isthmus peristalsis occurred after 22.6% 105 

of pumps, consistent with prior studies (Avery, 1993a; Song and Avery, 2012).   106 

 107 

To assay the efficiency of particle transport, we reviewed video sequences to manually 108 

track trajectories of particles as they moved through the pharynx (see Methods).  We 109 

found that pharynxes in wild-type animals transported particles efficiently: 79.5% (35 out 110 

of 44) of tracked particles in the corpus at the beginning of contraction reached the 111 

anterior isthmus and were trapped there at the end of the relaxation phase 112 

(Supplemental Table A4).  113 

 114 
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Various behavioral defects contribute to inefficient transport in slippery mutants 115 

 116 

We analyzed four slippery mutants: eat-10, eat-13, eat-15, and eat-17.  By reviewing 117 

video recordings, we examined the patterns and timing of contraction and relaxation of 118 

pharyngeal compartments in each mutant.  We also analyzed transport of particles 119 

(bacteria and/or polystyrene beads).   120 

 121 

In wild-type animals, robust contraction of the anterior isthmus causes particles in the 122 

corpus to be drawn into the isthmus (Fig. 1, Fig. 2a,b) where they can be trapped.  By 123 

contrast, in eat-10 mutants the anterior isthmus frequently either failed to contract 124 

(18/49 pumps, 36%) or contracted weakly (14/49 pumps, 29%).  Neither weak nor 125 

absent contractions were ever observed in wild-type worms.  During weak contractions 126 

in eat-10 worms, there was very limited (<20% of normal) opening of the pharyngeal 127 

lumen (Fig. 2c, Fig. 3, Video S2 worms 3-4).  In cases of weak or absent anterior 128 

isthmus contraction, particles were not drawn into the anterior isthmus.  As a result, in 129 

eat-10 mutants, only 33% (16 out of 49) of the particles starting in the corpus at the 130 

beginning of a pump became trapped in the anterior isthmus at the end of the pump. In 131 

comparison, in wild-type animals, 79.5% moved from the corpus to isthmus at the end 132 

of the pump (Fig. 5).  This finding is consistent with the original description of slippery 133 

pumping in which many particles reach the metacorpus at the peak of contraction but 134 

then return to the anterior procorpus during relaxation (Avery 1993a). 135 

  136 
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 137 

 138 

Figure 1.  Pharyngeal anatomy and behavior.  Top: Annotated DIC image of the anterior 139 

of an adult hermaphrodite (field of view 177 µm x 57 µm).  The corpus includes the 140 

procorpus and metacorpus.  The intestine is posterior to the terminal bulb.  (A-H): 141 

preceded isthmus relaxation, created a constriction near the bound-
ary between the metacorpus and isthmus. Particles in the con-
tracted anterior isthmus were pushed anteriorly against this con-
striction during isthmus relaxation, much as particles in the
procorpus were trapped by the constriction at the anterior tip of the
procorpus during corpus relaxation.

Fig. 3 describes the longitudinal positions of five bacteria in an
adult worm during one cycle of pharyngeal pumping (Movie S4).
For this cycle, bacteria 1 and 2 were initially outside the buccal
cavity, bacteria 3 and 4 were trapped in the anterior procorpus, and
bacterium 5 was trapped in the anterior isthmus trap. At the end of
the pharyngeal pump, bacteria 1 and 2 had been transported to the
anterior procorpus trap, and bacteria 3–5 were in the anterior
isthmus trap. Peak velocities for bacteria 1–4 in the corpus during
contraction were in the range of 2.7–3.7 mm/s. During relaxation,
peak velocities for bacteria 1 and 2 in the corpus were 3.8 and 4.8
mm/s, respectively.

Pharyngeal transport of food particles functions in the same way
in all larval stages as in adults. We did notice a gradual increase in
the duration of both corpus and isthmus contraction during devel-
opment. In Table S1, we summarize the data from timing of corpus
contraction and relaxation, isthmus contraction and relaxation,
delay between corpus and isthmus contraction, and overall pump
period for larval and adult worms.

We asked how the duration of pharyngeal contractions and
relaxations varies with the period of pharyngeal pumping. We
found that the duration of corpus contraction was correlated with
pump period (R2 ! 0.678; P " 10#5; Fig. S1). We did not find
significant correlations between corpus/isthmus relaxation times
and pump period or between isthmus contraction time and pump
period (Fig. S1). These results suggest that the rate of corpus
contraction may be under active control in a manner correlated
with the overall level of pharyngeal excitation, but relaxation rates
may reflect the passive relaxation of the pharyngeal muscles, and
are therefore independent of the pharyngeal pumping rate.

The Pharynx Traps Bacteria via a Radial Filtering Mechanism. Having
established the patterns of pharyngeal movements and pathways of
particle transport, we next addressed how the pharynx filters
particles from fluids. In the anterior procorpus and anterior isth-
mus, but not elsewhere in the pharynx, the radii of the Y-shaped
pharyngeal lumen end in apical channels. The apical channels in the
procorpus and isthmus channels extend posteriorly from the buccal
cavity and metacorpus, respectively (1) (Figs. 1 and 4A). The
presence of these channels in the same locations as where particle
trapping occurs suggests that they involved in trapping. It has been
suggested that the channels allow fluid flow in and out of the
pharynx (7), but a specific role of the channels in food filtering has
not been described.
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D

Fig. 1. Pharyngeal anatomy and behavior. (A) Annotated DIC image of anterior
of adult worm (field of view, 177 !m $ 57 !m). The corpus includes the procorpus
and metacorpus. Intestine is posterior to the terminal bulb. (B and C) Pharyngeal
pumping. Contraction of pharyngeal muscle draws fluid containing suspended
food particles (dots) into pharyngeal lumen. Relaxation ejects fluids while trap-
ping particles. Curved arrows indicate flow of fluids. (D) Isthmus peristalsis carries
food from anterior isthmus to terminal bulb and intestine.
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Fig. 2. High-speed video imaging of pharyngeal pumping. (A–H) Frames
from high-speed video sequence showing movements of pharyngeal muscles
and 0.75-!m polystyrene particles during pharyngeal pumping in adult worm
(field of view, 136 !m $ 65 !m). Black triangles in C indicate several particles.
(I–P) Corresponding illustrations showing initial, intermediate, and final po-
sitions of three representative particles labeled 1 (red), 2 (green), and 3 (blue).
During one cycle of contraction and relaxation, particle 1 has been trans-
ported from outside the pharynx to the anterior procorpus trap. Particle 2 has
been transported from the anterior procorpus trap to the anterior isthmus
trap. Particle 3 remains in the anterior isthmus trap. Full video sequence is
available in Movie S1.

2 of 4 ! www.pnas.org"cgi"doi"10.1073"pnas.0904036106 Fang-Yen et al.

isthmus contraction
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Frames from high-speed video sequence showing movements of pharyngeal muscles 142 

and 0.75 µm polystyrene particles during pharyngeal pumping in adult worm.  Field of 143 

view 136 µm x 65 µm.  Black triangles in C indicate several particles. (I–P) 144 

Corresponding illustrations showing initial, intermediate, and final positions of three 145 

representative particles labeled 1 (red), 2 (green), and 3 (blue). During one cycle of 146 

contraction and relaxation, particle 1 has been transported from outside the pharynx to 147 

the anterior procorpus trap. Particle 2 has been transported from the anterior procorpus 148 

trap to the anterior isthmus trap. Particle 3 remains in the anterior isthmus trap.  149 

Adapted with permission from (Fang-Yen et al., 2009). 150 

 151 

 152 

 153 
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 9 

             154 

Figure 2: Particle tracking and pharyngeal subcomponent timing of wild type 155 

worms and slippery mutants.  (A) The pharynx and pharyngeal compartments in a 156 

wild type animal. Scale bar: 25 µm.  The particles just anterior to the TB, indicated by 157 

the arrow head, are polystyrene beads.  (B-F) Pharyngeal muscle dynamics and particle 158 

tracking data from high-speed video microscopy of a single representative pump cycle 159 
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from wild type (N2) and mutant worms. Colored traces indicate trajectories of four 160 

particles.  Colored areas show timings of contraction and relaxation of the corpus, 161 

anterior isthmus, and terminal bulb, with red representing contraction and blue 162 

representing relaxation.  The x axis corresponds to the longitudinal positions shown in 163 

(A).  For eat-10, no isthmus contraction or relaxation was visible during this pump 164 

(Panel C, Supplemental Video S2 worm 4).  Details of particle tracking data are given in 165 

Supplemental Table A4. 166 

 167 

 168 
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Figure 3.  Particle transport in eat-10 mutants.  (A-F): Image sequence from high-speed 169 

video imaging of an eat-10 worm (Video S2, worm 4).  Scale bar: 25 µm.  (G-L) 170 

Corresponding illustrations showing initial, intermediate, and final positions of three 171 

representative particles labeled 1 (red), 2 (green), and 3 (blue). During one cycle of 172 

contraction and relaxation, particle 1 has been transported from outside the pharynx to 173 

the anterior procorpus trap. Due to the lack of isthmus contraction, particle 2 has not 174 

progressed from the anterior procorpus trap to the anterior isthmus trap, but instead 175 

remains in the procorpus at the end of the pump cycle. Particle 3 remains in the anterior 176 

isthmus trap. 177 

 178 

As in eat-10 mutants, we found in eat-15 worms a low (20/42 = 47.6%) rate of particle 179 

transport from the corpus to isthmus compared to wild type (Fig. 6).  In some pumps, 180 

isthmus contraction was weak (Video S4 worm 3).  Particle tracking showed that 181 

particles initially located in the corpus often did not enter the isthmus, instead stalling 182 

upon reaching the metacorpus (Fig. 4e).  In some pumps, the particles moved back and 183 

forth along the lumen during relaxation, perhaps due to influence from movements in 184 

the terminal bulb (e.g. Video S4 worm 4).   185 

 186 

In eat-13 mutants, efficiency of transport from the corpus to isthmus (24/38 = 63%) was 187 

only slightly lower than that of wild-type animals (79.5%). Pharynxes in eat-13 mutants 188 

appeared physically distorted: the ratio of the isthmus width and the terminal bulb width 189 

to the length of the pharynx in eat-13 mutants was greater than that ratio in wild-type 190 

worms (Video S3, Fig. 4a-e). This difference in morphology is unlikely to be explained 191 
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by a nutritional defect alone since eat-2 mutants, which have a defect in cholinergic 192 

excitation of the pharynx and therefore pump slowly (McKay et al., 2004; Raizen, Lee, 193 

and Avery, 1995), had a ratio no different from that of wild-type worms.  194 

 195 

 196 

 197 

 198 

Figure 4: Pharynxes of eat-13 animals are distorted.  (A) Pharynx length for N2, eat-13, 199 

and eat-2 animals. (B) Ratio of procorpus width to pharynx length. (C) Ratio of isthmus 200 

width to pharynx length. (D). Ratio of TB width to pharynx length. Significance threshold 201 
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from t-test: * indicates p < 0.05, ** indicates p < 10-5, *** indicates p < 10-8.  Note that 202 

the eat-13 pharynx is generally shorter and wider than N2. N = 16 for N2, 21 for eat-13, 203 

and 15 for eat-2. See Supplemental Table A5 for detailed measurements. (E) Deformed 204 

eat-13 pharynx.  (F) Pharynx of an eat-17 worm has a deformed grinder.  See also 205 

Video S5. Scale bar: 25 µm for both images. 206 

 207 

The gene eat-17 encodes a GTPase-activating protein required for pharyngeal cuticle 208 

structure (Straud et al., 2013).  In eat-17 mutants, we observed a high percentage of 209 

particles failing to make posterior progress along the pharyngeal lumen (29% compared 210 

to 14% in wild-type, Supplemental Table A4). However, unlike eat-13 mutants, eat-17 211 

mutants were highly efficient in corpus-to-isthmus transport, suggesting that most of the 212 

transport inefficiency in eat-17 mutants was occurring in the isthmus. The grinder in the 213 

terminal bulb of eat-17 mutant pharynxes appeared deformed (Video S5, Fig. 4f), as 214 

previously reported (Straud et al., 2013). Overall, eat-17 mutants were able to transport 215 

particles from the corpus to the isthmus efficiently, but had defective transport within the 216 

isthmus (Video S5).  217 

 218 

 219 

Slippery mutants display altered isthmus and terminal bulb contraction timings 220 

 221 

In wild-type worms, the onset of contraction of the terminal bulb nearly always occurred 222 

after onset of contraction in the isthmus, and the onset of relaxation of the terminal bulb 223 

occurred predominantly after onset of relaxation in the isthmus (Fig. 5, Supplemental 224 
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Table A3).  In eat-10, eat-13, and eat-15 animals, the terminal bulb began contracting 225 

earlier on average than the isthmus (Fig. 5a). Similarly, on average, the terminal bulb 226 

also began relaxation before the isthmus (Fig. 5b), although the difference was smaller 227 

than that of the contraction delay.  228 

 229 

Figure 5: Delay between the onset of (A) contraction and (B) relaxation of the terminal 230 

blub (TB) relative to the isthmus in wild-type worms and slippery mutants. Negative 231 

delay indicates that terminal bulb contracted/relaxed prior to isthmus.  Each point 232 

represents a single pump.  For each genotype, data is from 1 pump from each of N = 233 

10-19 animals (See Supplemental Table A3).  Error bars indicate +/- SEM. Results of 234 
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two-tailed Student’s t-test comparing each strain to N2; * indicates p<0.05, ** indicates 235 

p<0.005, *** indicates p<0.0005. 236 

 237 

 238 

Relaxation defective mutants show defective transport 239 

The pharynxes of loss-of-function mutants eat-6 fail to relax completely during the pump 240 

cycle (Avery, 1993a). The gene eat-6 encodes a sodium/potassium ATPase, a pump 241 

required to maintain the resting membrane potential (Davis et al., 1995).  In eat-6 242 

mutants, we observed that the terminal bulb only occasionally came back to its fully 243 

relaxed position, usually appearing to only partially relax (Video S6). In addition to this 244 

failure of the terminal bulb to fully relax, the relaxation phases were proportionally longer 245 

in eat-6 mutants than in the wild type. Corpus (p=0.001) and isthmus (p=0.02) 246 

contraction phases were significantly shorter in eat-6 after normalizing for pump period, 247 

indicating that relaxation made up a greater percentage of the overall pump. Like eat-10 248 

animals, eat-6 worms frequently showed weak isthmus contractions, precluding 249 

effective transport (Fig. 7c, Video S6 worms 2-4). This resulted in a lower rate of corpus 250 

to isthmus transport (23.2% compared to 79.5% in N2; Fig. 6).  251 

 252 

Like eat-6 mutants, gain-of-function mutants of egl-19 (an L-type voltage-gated calcium 253 

channel (Lee et al 1997) fail to relax completely during the pump cycle (Avery, 1993a).  254 

In an egl-19 gain-of-function mutant, the most notable behavior was occasional (3/46 255 

pumps) isthmus and terminal bulb “yawns” in which those parts of the pharynx would 256 

remain contracted while the corpus went through its normal pump cycle (Video S7 worm 257 
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1-2). These terminal bulb contractions would span two pumps of the corpus. Even when 258 

the contraction ended prior to the next pump (i.e., no discernable “yawn” occurred), the 259 

isthmus and terminal bulb remained contracted longer than observed in wild-type worms 260 

(Supplemental Table A2). Consistent with this, we found a longer delay between onset 261 

of corpus relaxation, and that of the isthmus, and subsequently the terminal bulb 262 

(Supplemental Table A3). We observed a lower rate of corpus to isthmus transport 263 

(18/40, 45%), as well as an increase in particles ending in the metacorpus (21% 264 

compared to 0% in wild type (Fig. 6, Supplemental Table A4). 265 

 266 
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Figure 6: (A) Particle transport efficiency, defined as the fraction of particles starting in 267 

the corpus that are transported to the isthmus during a pump. Error bars show ± 268 

standard deviation assuming a binomial distribution.  (B) Fraction of pumps that were 269 

followed by isthmus peristalsis.  Error bars show standard deviation assuming a 270 

binomial distribution.   (C) Pump rate, with black bars indicating mean +/- SD; n = 11-20. 271 

Additional data can be found in Supplemental Tables A1 and A4. 272 

 273 

 274 
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 275 

Figure 7.  Particle tracking and pharyngeal subcomponent timing of N2, eat-6, egl-276 

19, and eat-2 mutants.  (A-E) Representative particle trajectories and 277 

contraction/relaxation timings, as in Fig. 2.  278 

 279 

 280 
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Slow pumping mutant eat-2 shows normal pharyngeal dynamics and particle 281 

transport 282 

 283 

We next analyzed animals mutant for the gene eat-2, which encodes a non-alpha 284 

subunit of a nicotinic acetylcholine receptor (McKay et al., 2004). Because EAT-2 is 285 

required for excitation of the pharynx by the motor neuron MC (Raizen et al., 1995) 286 

animals mutant for eat-2 have a pump rate much lower than that of wild-type (1.3 ± 0.5 287 

Hz compared to 4.4 ± 0.48 Hz for N2). To assess differences in pump timing, we 288 

normalized timing measurements by pump duration. After normalizing for pump 289 

duration, we found that the duration of the contraction and relaxation phases were 290 

nearly identical to that of N2.  Consistent with previously reported results (Kozlova et al., 291 

2019), we observed a higher rate of peristalsis in eat-2, with peristalsis occurring after 292 

45.5% of pumps, compared to 22.6% in N2.  Aside from slow pumping and increased 293 

peristalsis, eat-2 mutants displayed normal pharyngeal muscle dynamics and particle 294 

trapping (Fig. 7E, Video S8).  Transport efficiency was similar to that of wild-type 295 

worms, with about 65% of particles in the corpus becoming trapped in the isthmus.  296 

 297 

Discussion 298 

 299 

In this work we used high speed video microscopy to observe pharyngeal muscle 300 

movements and particle transport in feeding mutants.  We found that three of the four 301 

mutants described as slippery had defects in posteriorward transport, consistent with 302 

previous observations (Avery, 1993a).   303 
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 304 

The mechanisms by which differences in pharyngeal movements create particle 305 

transport defects were clear in only a few cases.  In eat-10, and possibly eat-15, 306 

inefficiency of posterior transport could be explained by a deficiency or absence of 307 

anterior isthmus contraction.  Isthmus contraction is required for particles to be drawn 308 

from the metacorpus into the isthmus, prior to being trapped there.   309 

 310 

Though pharyngeal muscles are electrically coupled (Starich et al., 1996) the pharynx 311 

exhibits highly compartmentalized muscle dynamics, between and even within individual 312 

muscle cells.  For example, the anterior tips of the pm3 muscle cells, which span the 313 

procorpus, relax earlier than the rest of the corpus during pumping (Fang-Yen et al., 314 

2009), a behavior that is antagonized by activity of the M1 neuron (Bhatla et al., 2015; 315 

Sando et al., 2021).  Similarly, although the isthmus is composed of just one muscle cell 316 

type (pm5), which spans the length of the isthmus, the anterior and posterior 317 

compartments of the isthmus display different behaviors: the anterior isthmus contracts 318 

during pumps whereas the posterior isthmus displays a peristaltic movement after every 319 

fourth or five pumps. The finding of weak isthmus pumping but normal posterior isthmus 320 

peristalsis in eat-10 (and possibly eat-15 mutants) suggests that muscle contractions in 321 

subcellular compartments of the pharyngeal isthmus are mediated by distinct 322 

mechanisms. 323 

 324 

In discussing reasons for isthmus peristalsis, Avery proposed that normal corpus and 325 

terminal bulb function require them to be hydrodynamically isolated from each other 326 
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during pumping (Avery, 1993c).  During corpus contraction, pharyngeal lumen pressure 327 

decreases, and the bacteria suspension is drawn into the pharyngeal lumen from the 328 

stoma.  The posterior isthmus remaining closed (relaxed) at this time may serve to 329 

reduce gastro-pharyngeal reflux, i.e. fluids and/or particles drawn into the pharynx from 330 

the intestine.  However, if the relaxed position of the posterior isthmus mechanically 331 

isolates the terminal bulb from the corpus, then the timing of terminal bulb contraction 332 

should not affect corpus to anterior isthmus transport. In all four slippery mutants 333 

studied, we observed a premature terminal bulb relaxation (Fig. 5).  This observation 334 

suggests that there is a connection between terminal bulb contraction and particle 335 

transport efficiency, and that the TB is not fully isolated from the corpus and anterior 336 

isthmus. It is possible that a delay between terminal bulb and corpus contraction 337 

reduces the fluid resistance of the posterior pharynx, and so desynchronization of the 338 

terminal bulb contraction relative to that of the corpus and isthmus normally helps to 339 

maintain posteriorward flow.   340 

 341 

We observed poor pharyngeal transport in animals mutant for eat-17, which encodes a 342 

GTPase-activating protein required for pharyngeal cuticle structure (Straud et al., 2013). 343 

The observation of poor particle transport despite no detectable defect in pharyngeal 344 

motion timing suggests that the pharyngeal cuticle may play a role in transport, perhaps 345 

via mechanical interactions with food particles. Alternatively, poorly ground bacteria in 346 

the terminal bulb due to eat-17 grinder dysfunction may affect the mechanics of 347 

bacterial transport in the entire pharynx, again perhaps because the terminal bulb is not 348 

fully mechanically isolated from the corpus and anterior isthmus.  349 
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 350 

We found that eat-6 and egl-19 mutants, previously described as defective in relaxation 351 

(Avery 1993a), were most notable for their extended contraction phases.  We also found 352 

that both of these mutants were deficient in posteriorward particle transport. Therefore, 353 

these relaxation-defective mutants can also be described as slippery.  Considering the 354 

importance of the relaxation phase for trapping and transport, this result is not 355 

surprising. 356 

 357 

In this work we have focused on describing the behavioral defects in feeding mutants.   358 

Future efforts will aim to connect the molecular identity of specific genes to specific 359 

behavioral defects. Computational modeling of pressure gradients and fluid flow within 360 

the pharyngeal lumen may help connect behavioral defects to particle transport, 361 

particularly for timing defects.  The future use of genetically encoded calcium or voltage 362 

sensors could allow for an assessment of excitation in different muscle compartments. 363 

The combination of genetic analysis and high-resolution phenotyping of pharyngeal 364 

behavior (for example, of eat-10), as well as optogenetic manipulation of neural activity 365 

(Trojanowski et al., 2016, 2014) could lead to new insights into excitable cells and 366 

organs, in particular regarding the mechanisms of subcellular compartmentalization of 367 

muscle contraction. 368 

 369 

 370 

Material and Methods 371 
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Strains used in this study are shown in Figures 2 and 7.   C. elegans were cultured 372 

using standard methods (Stiernagle, 2006).  For experiments, 5-10 young adult 373 

hermaphrodite animals were transferred to a 1 mm thick pad composed of 2% agarose 374 

in NGM buffer on a microscope slide, in addition to 1-2 µL of either an OP50 E. coli 375 

suspension in LB medium or a 1% (vol/vol) suspension of 1 µm diameter polystyrene 376 

beads (Polysciences 431), diluted in NGM buffer to 0.1% vol/vol. NGM buffer consisted 377 

of the same components as NGM media (Stiernagle, 2006) without agar, peptone, or 378 

cholesterol.  The pad was covered with a #1 cover slip and worms were given 15-45 379 

minutes to acclimate to the pad before imaging.  We mounted slides on an inverted 380 

microscope (Nikon TE-2000S) with a 60X Plan Apo (NA 1.4) oil immersion objective 381 

lens under differential interference contrast optics.  For each animal we saved 1-3 382 

recordings, each 4-5 s in duration, at 1000 frames per second (fps) using a Vision 383 

Research Phantom V9.1 high speed camera.   384 

 385 

To record muscle timing data, we used a custom MATLAB script to review videos and 386 

manually recorded the frame numbers corresponding to 10 events: the start of corpus 387 

contraction, the start of corpus relaxation, the end of corpus relaxation, the same for 388 

both the isthmus and the terminal bulb, and the beginning of the next pump. This was 389 

done only for recording periods in which all parts of the pump cycle were clearly visible. 390 

We manually scored each pump for whether or not it was followed by an isthmus 391 

peristalsis. 392 

 393 
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To perform particle tracking, we used the same MATLAB program to analyze videos 394 

frame by frame and recorded the approximate locations of several particles in each 395 

pump, as well as the timings of each particle’s beginning, peak, and end of movement. 396 

To approximate particle locations, we established several guideposts along the pharynx 397 

(tip of the corpus, both ends of the metacorpus, the isthmus trap, the end of the anterior 398 

isthmus, and the grinder) and assigned them approximate distances relative to the tip of 399 

the stoma. We tracked at least one particle in the corpus and isthmus on every pump in 400 

which there were particles in those compartments.  401 

 402 

All statistical analyses were performed in Python. Because duration of components of 403 

the pharyngeal pump is affected by the total pump time (Fang-Yen et al., 2009), we 404 

normalized time measurements by the pump period for each trial before making 405 

statistical comparisons between strains.  To assess the significance of these particle 406 

tracking samples, we used the 2x2 Fisher test, comparing each mutant strain with N2.  407 

All pump timing data can be found in Supplemental Tables A1-3, and all particle 408 

tracking data can be found in Supplemental Table A4. 409 

 410 
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Videos  416 

 417 

https://doi.org/10.6084/m9.figshare.16713268 418 

Video S1. High speed video of pharyngeal pumping in N2 animals. Pump cycles 419 

from 4 wild type worms feeding on 1 µm beads. The beginning of each animal’s 420 

recording can be found at the following time points (m:s): Worm 1: 0:00; Worm 2: 0:13; 421 

Worm 3: 0:27; Worm 4: 0:42.  Scale bar = 25 µm in all videos. Worm 1 corresponds to 422 

tracking plot in Fig. 2b.  Four particles are annotated during the first two pumps to 423 

highlight their movements. 424 

 425 

 426 

https://doi.org/10.6084/m9.figshare.16713265 427 

Video S2. High speed video of pharyngeal pumping in eat-10 animals. The 428 

beginning of each animal’s recording can be found at the following time points (m:s): 429 

Worm 1: 0:00; Worm 2: 0:15; Worm 3: 0:30; Worm 4: 0:45. Note the weak isthmus 430 

contractions in worms 3 and 4. Worm 4 corresponds to tracking plot in Fig. 2c. 431 

 432 

https://doi.org/10.6084/m9.figshare.16732798  433 

Video S3. High speed video of pharyngeal pumping in eat-13 animals.  The 434 

beginning of each animal’s recording can be found at the following time points (m:s): 435 

Worm 1: 0:00; Worm 2: 0:12; Worm 3: 0:28; Worm 4: 0:41. Note the deformed pharynx 436 

in these worms. Worm 2 corresponds to tracking plot in Fig. 2d. 437 

 438 
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 439 

http://doi.org/10.6084/m9.figshare.16713253 440 

Video S4. High speed video of pharyngeal pumping in eat-15 animals. The 441 

beginning of each animal’s recording can be found at the following time points (m:s):  442 

Worm 1: 0:00; Worm 2: 0:16; Worm 3: 0:29; Worm 4: 0:40. Worm 3 has weak isthmus 443 

contraction. Worm 4 shows particles moving back and forth along the lumen during 444 

relaxation, perhaps due to the influence of the terminal bulb. Worm 2 corresponds to 445 

tracking plot in Fig. 2e. 446 

 447 

 448 

 449 

https://doi.org/10.6084/m9.figshare.16713262 450 

Video S5. High speed video of pharyngeal pumping in eat-17 animals.  The 451 

beginning of each animal’s recording can be found at the following time points (m:s): 452 

Worm 1: 0:00; Worm 2: 0:12; Worm 3: 0:27; Worm 4: 0:44. Note the deformed 453 

pharynxes in these worms. The grinder flaps are hard to resolve, indicating a potential 454 

defect in grinder formation as reported (Straud et al., 2013). Worm 3 corresponds to 455 

tracking plot in Fig. 2f. 456 
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 458 

https://doi.org/10.6084/m9.figshare.16713259 459 

Video S6. High speed video of pharyngeal pumping in eat-6 animals.  The 460 

beginning of each animal’s recording can be found at the following time points (m:s): 461 

Worm 1: 0:00; Worm 2: 0:20; Worm 3: 0:48; Worm 4: 1:12. Note that the terminal bulb 462 

does not come back to the fully relaxed position in these worms, but remains slightly 463 

contracted even when the other compartments have closed. Worms 2-4 also have weak 464 

isthmus contraction. Worm 2 corresponds to tracking plot in Fig. 7c. 465 

 466 

 467 

 468 

https://doi.org/10.6084/m9.figshare.16713274 469 

Video S7. High speed video of pharyngeal pumping in egl-19 animals.  The 470 

beginning of each animal’s recording can be found at the following time points (m:s): 471 

Worm 1: 0:00; Worm 2: 0:16; Worm 3: 0:40; Worm 4: 0:58. Note the unique “yawns” of 472 

the terminal bulb in worms 1 and 2. In those pumps, the terminal bulb remained fully 473 

contracted for two pump cycles. Worm 3 corresponds to tracking plot in Fig. 7d. 474 

  475 
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 476 

https://doi.org/10.6084/m9.figshare.16713271 477 

Video S8. High speed video of pharyngeal pumping in eat-2 animals.  The 478 

beginning of each animal’s recording can be found at the following time points (m:s): 479 

Worm 1: 0:00; Worm 2: 0:27; Worm 3: 0:47; Worm 4: 1:15. Note the extended delay 480 

between pump cycles in these worms compared to N2. Worm 2 corresponds to tracking 481 

plot in Fig. 7e. 482 

 483 

  484 
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Supplemental Tables: https://doi.org/10.6084/m9.figshare.16733707 485 

 486 

Supplemental Table A1. Pump timing summary data.  487 

 488 

Supplemental Table A2. Pump phase lengths. CC: Corpus contraction, CR: Corpus 489 

relaxation, IC: Isthmus contraction, IR: Isthmus relaxation, TC: Terminal Bulb 490 

contraction, TR: Terminal Bulb relaxation.  491 

 492 

Supplemental Table A3. Isthmus and Terminal bulb (TB) delays. Isthmus delays are 493 

relative to the corpus behavior, and terminal bulb delays are relative to isthmus 494 

behavior, with negative values indicating that isthmus behavior occurred before corpus, 495 

or TB behavior before isthmus. All data are in ms. 496 

 497 

Supplemental Table A4. Results of particle tracking analysis. Bold cells indicate results 498 

of 2x2 Fisher test for each strain compared to N2 with p < 0.05.  499 

 500 

Supplemental Table A5. Selected pharynx measurements for N2, eat-13, and eat-2. 501 

All cells show mean of measurements +/-- SD. eat-2 was assayed to account for 502 

nutritional deficiencies that may arise from inefficient feeding. Results of two-tailed t-test 503 

given, with * indicating p < 0.05, ** indicating p < 10-5, and *** indicating p < 10-8. 504 
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  510 

Supplemental Table A1. Pump timing summary data.  511 

Strain N 
Duration 

(STD), ms 
Period (STD), ms Frequency (STD), ms 

N2 19 181.7 (24.6) 227.2 (27.7) 4.4 (0.48) 

eat-10 10 199.6 (25.3) 262.1 (51.0) 3.82 (0.63) 

eat-13 17 191.8 (26.7) 358.1 (179.7) 2.79 (0.93) 

eat-15 17 165.6 (23.4) 224.5 (42.5) 4.45 (0.7) 

eat-17 11 180.3 (24.1) 233.3 (27.3) 4.29 (0.45) 

eat-6 20 229.0 (38.9) 331.9 (103.4) 3.01 (0.71) 

egl-19 15 248.3 (54.5) 350.5 (145.2) 2.85 (0.83) 

eat-2 12 222.4 (26.6) 766.6 (485.1) 1.3 (0.5) 

 512 
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 514 

Supplemental Table A2. Pump phase lengths. CC: Corpus contraction, CR: Corpus 515 

relaxation, IC: Isthmus contraction, IR: Isthmus relaxation, TC: Terminal Bulb 516 

contraction, TR: Terminal Bulb relaxation.  517 

Strain CC (STD), ms CR (STD), ms IC (STD), ms IR (STD), ms TC (STD), ms TR (STD), ms 

N2 109.7 (19.6) 34.8 (11.0) 94.6 (18.1) 34.9 (15.2) 91.4 (13.6) 52.2 (14.5) 

eat-10 121.1 (15.2) 44.4 (15.2) 100.2 (12.6) 43.1 (14.1) 115.6 (20.2) 63.0 (17.3) 

eat-13 108.8 (21.3) 35.6 (8.7) 98.0 (14.0) 35.3 (11.0) 113.8 (32.4) 61.7 (16.3) 

eat-15 110.2 (21.2) 30.5 (7.8) 85.6 (19.7) 31.7 (6.6) 95.8 (17.4) 47.2 (7.6) 

eat-17 110.9 (15.0) 32.3 (5.1) 106.8 (16.8) 35.9 (11.4) 106.0 (28.5) 49.8 (16.6) 

eat-6 124.0 (24.0) 52.6 (17.6) 109.7 (22.2) 53.1 (18.1) 116.2 (27.5) 83.2 (28.5) 

egl-19 132.3 (25.3) 38.7 (17.4) 130.5 (37.0) 38.1 (11.5) 143.8 (33.1) 69.5 (18.7) 

eat-2 125.0 (29.9) 46.7 (9.9) 110.8 (26.9) 40.8 (7.9) 117.6 (28.0) 56.6 (12.0) 

 518 
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Supplemental Table A3. Isthmus and Terminal bulb (TB) delays. Isthmus delays are 520 

relative to the corpus behavior, and terminal bulb delays are relative to isthmus 521 

behavior, with negative values indicating that isthmus behavior occurred before corpus, 522 

or TB behavior before isthmus. All data are in ms. 523 

Strain Isth 
contraction 
onset delay 

(STD) 

TB 
contraction 
onset delay 

(STD) 

Isth 
relaxation 
start delay 

(STD) 

TB 
relaxation 
start delay 

(STD) 

Isth full 
relax delay 

(STD) 

TB full 
relax delay 

(STD) 

N2 28.5 (14.8) 9.6 (11.7) 13.4 (9.9) 6.4 (10.7) 13.5 (9.6) 23.6 (10.5) 

eat-10 40.8 (13.2) -21.7 (12.8) 19.9 (8.9) -6.3 (9.6) 18.6 (10.6) 13.6 (15.8) 

eat-13 35.8 (17.4) -22.3 (31.8) 24.9 (5.8) -6.5 (5.0) 24.6 (16.0) 19.9 (12.7) 

eat-15 35.9 (12.3) -15.1 (20.2) 11.4 (6.3) -4.9 (7.0) 12.6 (13.1) 10.5 (7.7) 

eat-17 22.5 (11.8) -0.7 (19.3) 18.4 (7.0) -1.5 (12.1) 22.0 (13.1) 12.4 (14.5) 

eat-6 36.6 (19.0) -7.4 (18.7) 22.4 (8.7) -1.0 (12.8) 22.9 (19.2) 29.2 (28.1) 

egl-19 43.9 (20.1) -8.9 (18.6) 42.0 (21.9) 4.5 (4.6) 41.4 (32.6) 35.9 (12.3) 

eat-2 46.9 (15.0) 1.3 (24.0) 32.7 (11.0) 8.2 (11.8) 26.8 (13.0) 23.9 (7.8) 

 524 
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Supplemental Table A4. Results of particle tracking analysis. Bold cells indicates result 526 

of 2x2 Fisher test for each strain compared to N2 with p < 0.05.  527 

Genotype N2 eat-10 
(ad606) 

eat-13 
(ad522) 

eat-15 
(ad602) 

eat-17 
(ad707) 

eat-6 
(ad467) 

egl-19 
(ad695) 

eat-2  
(ad465) 

Strain N2 DA606 DA522 DA602 DA707 DA467 DA695 DA465 
Number 
Animals 
observed 

9 10 7 12 10 11 11 7 

Pumps  53 49 63 53 48 45 46 44 
Pump rate 
in Hz (std) 

4.4 
(0.48) 

3.82 
(0.63) 

2.79 
(0.93) 

4.45 
(0.7) 

4.29 
(0.45) 

3.01 
(0.71) 

2.85 
(0.83) 1.3 (0.5) 

Peristalsis 
Fraction 

15/53 
(22.60%) 

17/49 
(34.70%) 

14/63 
(22.20%) 

11/53 
(20.80%) 

13/48 
(27.10%) 

11/45 
(24.40%) 

14/46 
(30.40%) 

20/44 
(45.50%) 

Corpus to 
Isthmus 

35/44 
(79.5%) 

16/49 
(32.7%) 

24/38 
(63.2%) 

20/42 
(47.6%) 

26/28 
(92.9%) 

13/56 
(23.2%) 

18/40 
(45%) 

29/45  
(64.4%) 

Procorpus 
to 
Metacorpus 

0/41  
(0%) 

17/40 
(42.5%) 

3/34 
(8.8%) 

2/39 
(5.1%) 

2/24 
(8.3%) 

3/46 
(6.5%) 

8/38 
(21.1%) 

0/45  
(0%) 

Isthmus to 
Corpus 

0/58  
(0%) 

1/69 
(1.4%) 

1/74 
(1.4%) 

2/58 
(3.4%) 

0/61  
(0%) 

1/43 
(2.3%) 

1/53 
(1.9%) 

0/40  
(0%) 

Outside 
Pharynx to 
Isthmus 

5/37 
(13.5%) 

0/21 
 (0%) 

4/24 
(16.7%) 

0/13  
(0%) 

2/19 
(10.5%) 

0/16  
(0%) 

1/23 
(4.3%) 

4/25  
(16%) 

Reached 
Isthmus, 
ended in 
Corpus 

2/44 
(4.5%) 

8/49 
(16.3%) 

5/38 
(13.2%) 

4/42 
(9.5%) 

0/28  
(0%) 

2/56 
(3.6%) 

3/40 
(7.5%) 

0/45  
(0%) 

 528 
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Supplemental Table A5. Selected pharynx measurements for N2, eat-13, and eat-2. 530 

All cells show mean of measurements +/-- SD. eat-2 was assayed to account for 531 

nutritional deficiencies that may arise from inefficient feeding. Results of two-tailed t-test 532 

given, with * = p < 0.05, ** = p < 10-5, *** = p < 10-8 533 

Strain n Total 
pharyngeal 
length (µm) 

Procorpus 
diameter 

(µm) 

Metacorpus 
diameter (µm) 

Isthmus 
diameter (µm) 

Terminal bulb 
diameter 

(µm) 
N2 

16 140.675 ± 9.607 13.379 ± 
1.541 22.393 ± 2.427 12.092 ± 1.376 27.437 ± 

2.887 
eat-13 

21 114.862 ± 
6.012*** 

13.212 ± 
1.573 21.697 ± 1.856 13.219 ± 1.543 26.611 ± 

3.399 
eat-2 

15 139.458 ± 4.684 14.246 ± 
1.438 23.476 ± 1.499 11.849 ± 0.946 26.971 ± 

1.393  
      

 

  
Procorpus 

Diam/Pharynx 
length 

Metacorpus 
Diam/Pharynx 

Length 

Isthmus 
diam/Pharynx 

Length 

Terminal bulb 
Diam/Pharynx 

Length 
N2   0.095 ± 0.01 0.159 ± 0.01 0.086 ± 0.008 0.195 ± 0.013 

eat-13   0.115 ± 
0.014** 

0.189 ± 
0.014*** 0.115 ± 0.014*** 0.232 ± 

0.029** 
eat-2   0.102 ± 0.012 0.168 ± 0.009* 0.085 ± 0.007 0.194 ± 0.011 
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