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Figure 1. High-throughput optical detection of pharyngeal pumping in moving worms. (A) Hundreds of animals expressing myo-2p::YFP are washed 
in M9 and pipetted onto the assay plate before imaging with an epi-fluorescence microscope at x1 magnification resulting in a full field of view of 7 by 
5 mm. (B) Workflow of using the PharaGlow image analysis pipeline. Animal center of mass tracking can be substituted with any available tracker, but 
subsequent steps are specific to tracking pumping. (C) Representative trajectory of an animal after tracking. (D) Processing steps followed for detection 
of pharyngeal pumping. Example of a fluorescent image (left; 2x magnification). Segmentation of pharyngeal contour, centerline, and widths (middle) 
calculated for virtual straightening along the anterior-posterior axis (A–P) and the resulting straightened animal (right). (E) Three straightened frames 
of an animal before, during, and after a pump and their dorso-ventral variation in brightness along the A-P axis. (F) The metric that is used to detect 
pumping events. Bottom, a portion of the top trace (orange). Highlighted time points correspond to the images in (E). (G) Average of all images during 
a detected pump (‘Pump’) and for all remaining timepoints (‘Off’). The difference image (‘Diff’) shows that pumps are characterized by the opening 

Figure 1 continued on next page
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of the lumen and terminal bulb contraction. Colorbar indicates brightness difference (a.u.). (H) Example image sequence of a pharynx recorded at 
10 x using bright-field (left) and in epi-fluorescence (right) microscopy before, during, and after a pump. Arrows denote changes in the terminal bulb 
(cyan) and corpus (orange). (I) Correlation between the average pumping rates for the expert annotator and PharaGlow (N=11 animals). (J) Deviation 
of the number of events between the expert and PharaGlow reported as the number of events in 10 s, a typical time period used in manually counted 
experiments.

Figure 1 continued
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Figure 2. Changes in pumping and locomotion during larval development. (A) Trajectories of 10 randomly 
selected animals at different larval stages (L1–L4) and young adults (YA). All scale bars correspond to 1 mm (top). 
(B) Size of the larvae and YA at the same scale (outlines, top) compared to the equal sizing achieved by adjusting 
the magnification (bottom). The image corresponds to the red track from (A). (C–E) Time-averaged mean velocity 

Figure 2 continued on next page
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(C), (D) mean pumping rate, and reversals (E) for all animals. The boxplots follow Tukey’s rule where the middle 
line indicates the median, the box denotes the first and third quartiles, and the whiskers show the 1.5 interquartile 
range above and below the box. The number of tracklets per developmental stage are shown in (E), with N=6 
independent replicates per condition. (F) Relative change in the animal’s area compared to the mean area of the 
YA stage (top) and relative change in velocity (blue) and pumping rate (orange) across development compared 
to the mean of the YA stage (bottom). Error bars denote s.d. (G) Pumping rate distribution for all larval stages as 
calculated by counting pumping events in a sliding window of width = 10 s and combining data from all animals 
of the same stage. The YA pumping rate distribution is underlaid in gray. (H) Pumping frequency distribution of 
individual worms for different developmental stages and YA.

Figure 2 continued
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Figure 2—figure supplement 1. Track duration and number of tracked animals per experiment. (A) Mean track duration per experiment across larval 
stages (N=6 plates per larval stage). Error bars denote s.d. between plates. (B) Correlation between the number of animals initially in the field of view, 
and the resulting number of tracks (N=6 plates per larval stage). The dashed line denotes unity. Error bars denote s.d. between plates.
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Figure 2—figure supplement 2. Reversal rates across development. (A) Area of the pharynx as measured by 
thresholding and segmentation. Sample sizes are given in panel (B). (B) Reversal rates throughout development 
are detected by comparing the nose-tip motion to the center of mass motion. Rates were rescaled to reversals 
per 10 min to allow comparison to other studies. Error bars denote s.e.m. Significant differences between stages 
are indicated as ** (p<0.01) and *** (p<0.001), and exact p-values are reported in each panel for all p-values <0.01 
(Welch’s unequal variance two-tailed t-test). Number of animal tracks is shown in parenthesis.
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Figure 2—figure supplement 3. Only a mild leaving 
was induced by light. Mean number of animals 
in the field of view during the recording. Shaded: 
average across plates (N=6 plates per condition), line: 
smoothed (averaging window = 10 s).
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Figure 2—figure supplement 4. Possible light-induced behavioral changes. (A) Pharyngeal area of the detected animals for the group of animals that 
were imaged once (dark blue) or multiple times (light blue). (B) Velocity, (C) reversal rate and (D) pumping rate for the same two cohorts. p-values are 
reported at the bottom for all p-values <0.01. (Welch’s unequal variance two-tailed t-test). The sample size of each group was L1 (191/144), L2 (132/153), 
L3 (87/114), L4 (112/59), and YA (38/142), for Nmultiple,/NSingle, respectively. Significant p-values are explicitly reported in the figure, all other pairwise 
comparisons were not significant (Welch’s unequal variance two-tailed t-test).
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Figure 2—figure supplement 5. Pumping detection is robust at two different excitation wavelengths. Animals 
expressing either YFP (blue) or mCherry (red) were imaged on food and analyzed using PharaGlow. The pumping 
rates are not significantly different (Welch’s unequal variance two-tailed t-test).



 ﻿Tools and resources﻿﻿﻿﻿﻿ Computational and Systems Biology | Neuroscience

Bonnard, Liu et al. eLife 2022;11:e77252. DOI: https://doi.org/10.7554/eLife.77252 � 11 of 20

Figure 2—figure supplement 6. Detection accuracy for all developmental stages. (A) Manually counted pumping events for 10 worms per stage (color 
coded) from two independent experts compared to the automated tracking. Counts of each expert are shown as a circle or triangle. The dashed line 
indicates unity; the dotted lines denote a 0.5 Hz difference in the resulting pumping rate. (B) The mean pumping rates per developmental stage from 
the experts and automated method (N=10 animal tracks per stage). The error bars are s.d. between animal tracks. The two expert counts were averaged 
to obtain one mean count per animal. The dashed line indicates unity; the dotted lines denote a 0.5 Hz rate difference.
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Figure 3. Pumping is modulated by starvation. (A) Example trajectories of worms after 30 min starvation (blue) or 30 min continuously on food (red), 
N=10. (B) The pumping rate distributions for the conditions in (A) for all animals (Nstarved = 33, NonFood = 111). (C) Same as (A) but for animals starved, or 
kept on food for 210 min. (D) The pumping rate distributions corresponding to (C; Nstarved = 33, NonFood = 85). (E) Velocity, reversal rate, and pumping rate 
for animals starved and on-food controls. The sample size is given in the bottom panel. *** indicates P<0.001 (Welch’s unequal variance two-tailed t-

Figure 3 continued on next page
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test). The sample size is given in parentheses in the bottom panel. (F) Joint distribution of velocity and pumping rate for increasing starvation times. The 
cross indicates the mean (red) and standard deviation (white). The density is normalized by sample number. (G) Distribution of instantaneous pumping 
rates for each animal (tracklet). Rows are sorted by the mean pumping rate to aid visualization.

Figure 3 continued
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Figure 3—figure supplement 1. Pumping and velocity correlation on food. Correlation between velocity and 
pumping rate for increasing times on food. The cross indicates the mean (red) and standard deviation (white). The 
density is normalized by sample number.
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Figure 4. Long-term imaging of mating animals. (A) Composite image of the two animals in the arena while exposed to bright-field illumination 
and exciting fluorescence of YFP using green light. On the right, the hermaphrodite, on the left the male identifiable by its smaller size and its 
tail with sensory rays and fan. (B) Trajectories obtained from the full recording of the male (blue) and hermaphrodite (red). (C) Example mating 
events. (D) Behavioral measures for 1 hr of data. The distance between the animals, the reversal events, pumping rate, and velocity are shown for 
the hermaphrodite and the male. The male shows an extended period of quiescence (orange arrow). (E) Behavioral measures for 10 min of data 
and (F) 100 s of data corresponding to the mating event 1 in panel (C). (G) Velocity distribution and (H) pumping rate distribution for the male and 
hermaphrodite.
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Figure 4—figure supplement 1. Bleaching of YFP. Bleaching of YFP fluorescence during continuous acquisition 
at 30 FPS (×1 magnification). Stroboscopic illumination was used (5ms light pulses; see Methods). Average of N=11 
worms. Individual worm bleaching curves were normalized to unity at t=0. The fit to an exponential decay function 
yields a decay rate of 410±47 min (95% confidence bounds). Error bars indicate sem across worms.



 ﻿Tools and resources﻿﻿﻿﻿﻿ Computational and Systems Biology | Neuroscience

Bonnard, Liu et al. eLife 2022;11:e77252. DOI: https://doi.org/10.7554/eLife.77252 � 17 of 20

Figure 5. Automated pumping detection in feeding mutants. (A) Example trajectories of tracked animals (N=20, except N=18 for eat-18(ad820)). 
(B) Velocity, reversal rate and pumping rate for all genotypes. The sample size is given in parentheses in the bottom panel. (C) Mean and standard 
deviation of the pharyngeal areas relative to wt. (D) Pumping metric for a representative sample animal per genotype. Arrows in the eat-18(ad820) 
trace denote slow contractions. (E) Average peak shape of the pumping signal for wt (blue) and eat-18(ad820) (orange). The shaded area denotes s.d. 

Figure 5 continued on next page
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(F) Pumping rate distributions. The wt pumping rate distribution is underlaid in dark blue. (G) Heatmap of the pumping rates for animals recorded over 
2 h. (H) Heatmap thresholded to determine ‘fast pumping’ (defined as pumping rate >2.5 Hz) and ‘slow’ states. (I) Fraction of time spent in fast pumping 
of each animal and (J) the number of state transitions (slow to fast and fast to slow) for each animal in (H). Significant differences between a mutant and 
wt are indicated as * (p<0.05), *** (p<0.001) and **** (p<0.0001). Welch’s unequal variance two-tailed t-test was for the large sample size measurements 
(B, C). For (I–J) significance differences were assessed with the Mann-Whitney-U test.

Figure 5 continued
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Figure 5—figure supplement 1. Peak-triggered average of the pumping metric. (A) Average of the pumping 
metric around the detected peaks of N=10 randomly selected sample animal tracks. The shaded area denotes the 
standard deviation. (B), (C), (D) same as (A) but the wildtype peak shape is underlaid in dark blue.
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Figure 5—figure supplement 2. Pumping rate 
autocorrelation. Autocorrelation of the pumping rate 
for the multi-hour imaging. Individual traces (colored 
lines) and sample mean across all measurements 
(black). The dashed line denotes the time at which the 
autocorrelation is statistically not distinguishable from 
zero. N=13, 12, and 12 independent animals for wt, 
unc-31(e928) and unc-31(n1304), respectively.


