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ABSTRACT Caenorhabditis elegans has emerged as a powerful model to study the genetics of feeding, food-related behaviors, and
metabolism. Despite the many advantages of C. elegans as a model organism, direct measurement of its bacterial food intake remains
challenging. Here, we describe two complementary methods that measure the food intake of C. elegans. The first method is a micro-
titer plate-based bacterial clearing assay that measures food intake by quantifying the change in the optical density of bacteria over
time. The second method, termed pulse feeding, measures the absorption of food by tracking de novo protein synthesis using a novel
metabolic pulse-labeling strategy. Using the bacterial clearance assay, we compare the bacterial food intake of various C. elegans
strains and show that long-lived eat mutants eat substantially more than previous estimates. To demonstrate the applicability of the
pulse-feeding assay, we compare the assimilation of food for two C. elegans strains in response to serotonin. We show that serotonin-
increased feeding leads to increased protein synthesis in a SER-7-dependent manner, including proteins known to promote aging.
Protein content in the food has recently emerged as critical factor in determining how food composition affects aging and health. The
pulse-feeding assay, by measuring de novo protein synthesis, represents an ideal method to unequivocally establish how the compo-
sition of food dictates protein synthesis. In combination, these two assays provide new and powerful tools for C. elegans research to
investigate feeding and how food intake affects the proteome and thus the physiology and health of an organism.
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FOOD intake has proven difficult to measure in small
model organisms. Yet, small model organisms such as

Caenorhabditis elegans offer significant advantages for the
study of nutrition, appetite, and metabolism. As a model,
C. elegans is amenable to genome-wide screening, has clear
human orthologs for genes involved in feeding behaviors
(Luedtke et al. 2010), and has conserved mechanisms
regulating feeding, fat storage, and energy expenditure

(de Bono and Bargmann 1998; Sze et al. 2000; Ashrafi
et al. 2003; Ashrafi 2006; Srinivasan et al. 2008).

C. elegans captures food by pumping liquids containing
bacteria into its mouth. Pumping is achieved by rhythmic
contractions of a neuromuscular organ called the pharynx.
Measurements of pharyngeal pumping have become the stan-
dard for estimating food intake and inferring the amount of
food ingested (Avery 1993; Avery and You 2012). Because
C. elegans move freely, it is only possible to measure the
rate of pharyngeal pumping over short intervals of time
(seconds). Thus, with pharyngeal pumping, short-term
measurements must be extrapolated to estimate overall food
intake.

Rather than inferring the ingestion of food by measuring
a behavioral change (e.g., pumping), alternative methods to
estimate food intake quantify the ingestion of labeled bac-
teria or microbeads. These methods offer the advantage of
directly measuring ingested material, but require expensive
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and specialized equipment and, again, can only measure the
rate of feeding over short intervals of time (You et al. 2008;
Avery and You 2012; Paek et al. 2012). While currently
available methods allow the study of short-term changes
in food intake, there is a major need for simpler methods
that measure food intake over longer periods of time.

Here, we report two complementary methods that
quantify C. elegans food intake over several days. The first
method, termed bacterial clearance, is a 96-well microtiter
plate-based assay that measures the food intake of C. elegans
in liquid medium by quantifying the change in optical den-
sity of bacteria over time. Using the bacterial clearance as-
say, we characterized the bacterial food intake of C. elegans
over the course of its development and in response to sero-
tonin. We find that smaller animals eat less and show that
the long-lived eat mutants eat substantially more than pre-
vious estimates. While other methods of bacterial clearance
have been described (Voisine et al. 2007; Cabreiro et al.
2013), our assay uniquely enables the direct measurement
of bacterial food intake per worm, is suitable for use over the
lifespan of the animal, is not influenced or limited by the
hatching of larvae, and can measure food intake for hun-
dreds of small populations simultaneously, dramatically
increasing its sensitivity. Importantly, the microtiter-based
bacterial clearing assay can be expanded for medium-
throughput phenotype-based chemical and genetic (RNAi,
candidate mutants) screens and requires only standard lab-
oratory equipment.

The second method, termed pulse feeding, measures the
ingestion of stable isotope-labeled bacteria (15N), using
mass spectrometry (LC-MS/MS) to detect newly synthesized
proteins via isotope incorporation into the proteome. Simply
put, it is a metabolic pulse-labeling strategy in which a 15N
pulse is delivered by feeding worms 15N-labeled bacteria.
Thus, any 15N in the proteome must represent food intake
within the pulse period. We employ the metabolic pulse-
labeling strategy to compare the assimilation of food and
the subsequent de novo protein synthesis for two C. elegans
strains in response to serotonin. We show that serotonin-
induced feeding in C. elegans leads to changes in the de novo
proteome, including increased translation and ribosome bio-
genesis. To our knowledge, this is the first study to measure
the absorption and utilization of nutrients (i.e., amino acids)
by measuring de novo protein synthesis or change the iso-
tope enrichment of any C. elegans food source midexperi-
ment, in a manner similar to pSILAC (Schwanhausser et al.
2009), to time stamp the incorporation of the isotope label
into the worm proteome. Furthermore, as the metabolic
pulse-labeling method captures de novo protein synthesis
in response to any stimulus or condition, investigators can
study the de novo proteome of an intact multicellular organ-
ism in both normal and diseased states.

In combination, these two methods enable a comprehensive
investigation of the genes and metabolites that affect food
intake and will facilitate the identification of new pharmaco-
logical interventions that affect feeding and metabolism.

Materials and Methods

Strains and genetics

All strains were maintained at 20� on NGM agar plates as
previously described (Brenner 1974). C. elegans strains used
were: Bristol strain (N2), DA820 eat-18(ad820sd), DA1110
eat-18(ad1110), MT15434 tph-1(mg280) II, DA1814 ser-1
(ok345) X, OH313 ser-2(pk1357) X, DA1774 ser-3(ad1774)
I, AQ866 ser-4(ok512) III, FX02146 ser-6(tm2146) IV, RB660
arr-1(ok401) X, AZ30 sma-1(ru18) V, CB502 sma-2(e502)
III, and CB491 sma-3(e491) III. The strains DA2100 ser-7
(tm1325) X, RB2277 ser-5(ok3087) I, CB205 unc-26(e205)
IV, and NM204 snt-1(md290) II were outcrossed four times to
Bristol N2 and renamed VV122, VV130, VV78, and VV80,
respectively.

Food intake (OD600) assay

Food intake was assessed in liquid medium (Petrascheck et al.
2007; Solis and Petrascheck 2011) (S-complete medium with
50 mg ml21 carbenicillin and 0.1 mg ml21 fungizone) in
black, flat-bottom, optically clear 96-well plates (Costar) con-
taining 150 ml total volume per well. Plates contained 6–12
nematodes per well in 6 mg/ml Escherichia coli OP50 [1.5 3
108 colony-forming units (cfu)/ml], freshly prepared 4 days
in advance unless otherwise specified. We used a carbenicillin-
resistant OP50 strain to exclude growth of other bacteria. Age-
synchronized nematodes were seeded as L1 larvae and
grown at 20�. Plates were covered with sealers (Nunc) to
prevent evaporation. To prevent self-fertilization, 5-fluoro-
29-deoxyuridine (FUDR) (0.12 mM final) (Sigma) was
added 42–45 hr after seeding. Drugs were added 68 hr after
seeding (day 1 of adult life) unless otherwise specified.

The absorbance at 600 nm (OD600) of each well was mea-
sured using a microplate reader (Tecan). Measurements were
taken every 24 hr, beginning on day 1 of adulthood. Before
measuring OD600, each plate was placed onto a plate shaker
for 25 min. The fraction of animals alive per well was scored
microscopically on the basis of movement on day 4 of adult-
hood. Each plate was placed onto a plate shaker for 1–2 min
prior to counting. Strong microscope light was used to effec-
tively stimulate movement in young and old animals, to aid
counting of viable worms. Unless stated otherwise, food in-
take per worm was calculated as the bacterial clearance di-
vided by the number of worms per well. For comparisons
between strains, food intake was expressed as a percentage
relative to control animals. A complete step-by-step protocol is
available online (Nature Protocol Exchange, Petrascheck Lab).

Several technical aspects of our original bacterial clear-
ance protocol have proven essential to the sensitivity and
robustness of the assay and merit further discussion. First, in
liquid medium, bacteria clump together and settle on the
bottom of the assay wells. Simple shaking of the plates for
25 min on a microtiter plate shaker prior to each OD600

measurement was found to be sufficient to dissolve bacterial
aggregates and resuspend the bacteria in solution. Mini-
mizing clumps and sedimentation by shaking significantly
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improves the accuracy, sensitivity, and robustness of the bac-
terial clearance assay. Second, bacteria quickly settle to the
bottom of the wells after shaking. As such, OD600 measure-
ments become less reliable as the interval of time between
the end of shaking and measurement increases. It is impor-
tant to keep this interval short, preferably under 10 min, to
ensure robust results. Third, after performing several control
experiments, we observed that different bacterial prepara-
tions had an affect on basal food intake. Thus, it is critical to
prepare the feeding bacteria in exactly the same manner for
each experiment, and to measure changes in food intake
relative to N2 control animals.

There are technical as well as biological explanations for
the differences in basal food intake between different
bacterial preparations. OD600 measures absorbance, and thus
the number of particles, irrespective of their size. Bacteria
harvested in the logarithmic growth phase will be much
larger than bacteria in the stationary phase, because many
will be in a dividing state. OD600 measurements do not dis-
tinguish size, and thus simple differences in bacterial size or
state may lead to apparent basal food intake changes between
bacterial preparations. Of note, we identified two major
determinants of basal feeding between bacterial preparations;
(i) the “freshness” of the bacteria, as inoculations from freshly
streaked bacteria produced greater feeding than bacteria
from prior inoculations, and (ii) the “age of the bacteria” or
length of time bacteria were kept in nutrient-poor S-complete
media after culture in the nutritionally rich “Terrific Broth”
(TB) medium. Bacteria aged 4–6 days appeared optimal for
feeding, as significantly lower basal food intake was observed
when worms were fed bacteria aged for only 1 day (24 hr),
independent of the C. elegans strain or genetic background.

Imaging and body length measurements

Animals were imaged in individual wells of a 96-well
optically clear microtiter plate, using a Molecular Devices
ImageXpress platform. WormSizer software was used to
extract the body length of adult (day 4) nematodes from
bright field images (Moore et al. 2013).

Statistical analysis

GraphPad Prism software was used for data analysis.
Comparisons and P-value calculations were made between
animals of the same or different strains, and treated and
untreated animals, using Student’s t-test and ANOVA with
corrections for multiple hypothesis testing. Wells containing
,4 or .15 animals were excluded from statistical analyses.

Drug preparation

Serotonin hydrochloride (Alfa Aesar) was freshly prepared
for each experiment and dissolved in water at 350 final
concentration before use.

Metabolic labeling of E. coli and C. elegans

Worms and bacteria were metabolically labeled with the
desired nitrogen isotope (14N or 15N) as previously de-

scribed (Gouw et al. 2011; Geillinger et al. 2012). Prior to
each experiment, worms were transferred to nitrogen-free
solid agarose plates and seeded with 14N or 15N metaboli-
cally labeled bacteria as the sole source of nitrogen. After
a minimum of three generations, age-synchronized larvae
were transferred to 10-cm Petri dishes and cultured in liquid
medium plus metabolically labeled 14N (experimental) or
15N (external standard) bacteria (6 mg/ml). For pulse-
labeling experiments, culture plates were first cleared of
all 14N labeled bacteria, then reseeded with 50% 14N/50%
15N (medium, M) labeled bacteria and cultured for an ad-
ditional 2 days. Unless stated otherwise, the start day of the
pulse labeling was day 5 of adulthood. For tph-1 pulse-
labeling experiments, �600 worms were harvested per
strain. For serotonin pulse-labeling experiments, 600–800
worms per strain per condition were harvested for analysis
by mass spectrometry. To control for differences in worm
numbers between conditions within an experiment, each
sample was adjusted such that an equal number of worms
would be processed. All pulse-labeling experiments were per-
formed in triplicate and independently repeated three times.

Mass spectrometry and proteomics

Lysed worms were prepared for mass spectrometry by
precipitation in 13% trichloroacetic acid (TCA) overnight
at 4�. The protein pellet was collected by centrifugation at
maximum speed for 20 min. The pellet was washed with
10% TCA and spun again for 10 min at 4�. The pellet was
then washed with ice cold acetone and spun for an addi-
tional 10 min at 4�. The protein pellet was resuspended in
�100–200 ml of 100 mM ammonium bicarbonate with 5%
(v/v) acetonitrile. Then 10% (by volume) of 50 mM DTT
was added and the sample was incubated for 10 min at 65�.
This incubation was followed by the addition of 10% (by
volume) of 1 mM iodoacetic acid (IAA) and a 30-min in-
cubation at 30� in the dark. A total of 5 mg of trypsin was
added to each sample and incubated overnight at 37�. Tryp-
sinized samples were then cleaned up for mass spectrometry
using PepClean columns (Pierce) following the manufac-
turer’s directions. Clean samples were dried in a speed vac-
uum and then resuspended in �10 ml of 5% acetonitrile
with 0.1% (v/v) formic acid. Samples were spun at high
speed to remove particulates before placing in mass spec-
trometry tubes for analysis.

LC-MS

Samples were analyzed on an ABSCIEX 5600 Triple time of
flight (TOF) mass spectrometer coupled to an Eksigent
nano-LC Ultra equipped with a nanoflex cHiPLC system.
Conditions on the ABSCIEX 5600 were as follows: The
source gas conditions were optimized for each experiment
and were generally set to GS1 = 8–12, GS2 = 0, and curtain
gas = 25. The source temperature was set to 150�. Informa-
tion dependent acquisition experiments were run with a
2-sec cycle time, with 0.5-ms accumulation time in the MS1
scan and up to 20 candidate ions per MS/MS time period.
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The m/z range in the MS1 scans was 400–1250 Da, and
100–1800 Da for the MS/MS scans. Target ions were ex-
cluded after two occurrences for 12 sec to increase sequenc-
ing coverage. Target ions with +2 to +5 charge were
selected for sequencing once they reached a threshold of
100 counts per second.

Conditions for the Eksigent nano-HPLC were as follows:
Gradients were run with a trap-and-elute setup with water
plus 0.1% (v/v) formic acid as the mobile phase A and
acetonitrile with 0.1% (v/v) formic acid as mobile phase B.
Samples were loaded onto a 200 mm 3 0.5 mm ChromXP
C18-CL 3 mm 120 Å Trap column at 2 ml/min. Gradients
were run from 5% mobile phase A to 40% mobile phase B
over 2 hr on a 75 mm 3 15 cm ChromXP C-18-CL 3 mm
120-Å analytical column. This was followed by a rapid jump
to 80% B for 10 min to clean the column and a 20-min
reequilibration at 95% A. Water sample blanks were run
between samples to rid the column of any residual interfer-
ing peptides, including a short gradient, followed by the
80% B and 20-min reequilibration with 5% A.

LC-MS data analysis

Data were converted using the ABSCIEX conversion software
to mgf format and MZML format. The peak list was generated
by searching a SwissProt database using MASCOT, with the
taxonomy set to C. elegans and E. coli simultaneously (Matrix
Science). A MS/MS Ion search was performed using the 15N
quantification, with a peptide mass tolerance of 60.1 Da and
a fragment mass tolerance of 60.1 Da. The maximum num-
ber of missed cleavages was set to 2. MS1 scans for identified
peptides were fit to three isotope distributions using ISODIST
(Sperling et al. 2008; Chen et al. 2012). The percentage of
labeling in the pulse was first fit using a floating variable to
find the best percentage and then fit with a fixed percentage
value. This value depended on the experiment and varied
between 42% and 50% labeling. This value most likely varies
due to the amount of 14N E. coli left in the culture after
switching the food to the 50% 15N-labeled E. coli. One advan-
tage of our fitting method is that we can easily account for
these variations, as we are fitting the entire isotopic envelope.
Fraction labeled was calculated as (50% 15N intensity)/(14N
intensity + 50% 15N intensity).

Results

The bacterial clearing assay measures food intake of
C. elegans

C. elegans can be grown in 96-well microtiter plates in liquid
medium by seeding 4–12 developmentally synchronized L1
larvae into individual wells with E. coli as a food source.
Young adults raised in this form of liquid culture are morpho-
logically very similar to age-matched adults raised on NGM
(Figure 1, A and B; Supporting Information, Figure S1). They
do not show the elongated and starved appearance seen in
other types of liquid culture. Incidentally, we observed that
the wells of microtiter plates containing worms plus bacteria

become optically clearer over the course of several days. We
reasoned that, by measuring the change in bacterial concen-
tration over time in a well, we could quantify the amount of
bacteria eaten by the worms.

To test this, we cultured worms in microtiter plates with
an optically clear bottom to allow noninvasive monitoring of
bacterial concentrations by optical density (absorbance) at
600 nm, herein referred to as OD600 (Figure 1C) (Solis and
Petrascheck 2011). To maintain a constant population, via-
ble offspring were prevented from hatching by adding FUDR
at the L4 larval stage (Rangaraju et al. 2015). For our stud-
ies, L4 hermaphrodites were defined as day 0 adults.

To ensure that worms eating bacteria caused the ob-
served changes in bacterial concentrations, we conducted
OD600 measurements in the presence and absence of worms.
OD600 measurements were collected by a microtiter plate
reader every 24 hr over 4 days, beginning on day 1 of adult-
hood. In the presence of worms, bacteria cleared over time,
resulting in a progressive drop in OD600 values (Figure 1D).
In contrast, little bacterial clearance was observed in the
absence of worms. Bacterial clearance was observed regard-
less of whether the worms were fed with live or dead
(gamma irradiated) E. coli (Figure 1E), indicating bacterial
clearance was due to the consumption of bacteria by worms
rather than the death or lysis of bacteria.

After 4 days of adulthood, worms will have laid hundreds
of eggs in each well. To determine the influence of laid eggs
on optical density measurements, we compared OD600 val-
ues of individual wells prior to egg laying (day 1) and again
after eggs had been laid (day 4). To isolate the changes in
OD600 caused by the eggs from those caused by bacterial
clearance, we removed all bacteria, but not worms and eggs,
prior to the OD600 measurements. Despite the large numbers
of eggs that were present on day 4, they did not influence
OD600 measurements (Figure 1, F–H). Thus, OD600 mea-
surements specifically detect the presence of bacteria and
do not detect the presence of eggs or worms. Worms are
only indirectly detected by actively eating bacteria.

If the decrease in OD600 is due to worms eating bacteria,
the magnitude of bacterial clearance (DOD600) must depend
on the number of worms per well. Operationally, we defined
bacterial clearance as the difference in OD600 between two
time points (DOD600 = OD600t1 2 OD600t2). More worms
should result in a larger difference than fewer worms. In-
deed, we observed a strong positive correlation (R2 = 0.77)
between bacterial clearance (DOD600) and the number of
worms in each well (X0) (Figure 1I).

Next, we asked whether the food intake of an individual
worm was affected by the number of worms in a given well.
To accomplish this, we normalized the DOD600 changes to
worm number per well (X0). Food intake per worm
(DOD600/X0) can thus be defined as the bacterial clearance
divided by the number of worms in the well (DOD600/X0 =
(OD600t1 2 OD600t2)/X0). As shown in Figure 1J, the num-
ber of worms present in each well did not affect the food
intake per worm as long as the number of worms stayed
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Figure 1 Measurement of bacterial clearance with C. elegans. (A) A 96-well liquid culture format. (B) Morphology of day 1 (D1) adult N2 worms grown
on solid NGM plates (top) or in liquid culture (bottom). (C) The bacterial clearance assay. Schematic of worms placed into wells with an optical bottom to
monitor bacterial concentrations by measuring the optical density (absorbance) at 600 nm (OD600). Side and top view. (D) Bacterial clearance is only
observed in the presence of worms. Tukey-style box plots. OD600 depicting four time points, comparing wild-type N2 vs. no worms, nwells = 12 biological
replicates (e.g., wells). Data represent five independent experiments. ***P , 0.001, two-way ANOVA with Bonferroni post hoc test. (E) Bacterial
clearance is observed for bacteria killed by irradiation. Data represent three independent experiments. Wells with N2 (nwells = 6), wells with no worms
(nwells = 3). (F–H) OD600 measurements are not influenced by the presence of eggs and depend only on the presence of worms eating bacteria. OD600 on
D1 and D4 for wells containing (F) S-complete only, (G) N2 and eggs in S-complete with OP50 removed, or (H) N2 plus bacteria in S-complete. Data
represent three independent experiments. (I) Bacterial clearance correlates with the number of worms per well (X0). Values depict bacterial clearance
over 72 hr (D1:D4). Data depict 95% confidence interval (dashed lines), goodness of fit statistic (R2), and Spearman’s correlation r (P , 0.0001). Data
represent three independent experiments (nwells = 84). (J) Data from I normalized to worms per well. (K) Age-related changes in food intake. Food intake
expressed relative to bacterial clearance within the L4:D1 interval. Data represent three independent experiments (nwells = 36).
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between 3 and 14. Importantly, by measuring the food in-
take per worm within the range above, we can perform
meaningful comparisons of food intake between wells, pop-
ulations, and experimental conditions. Therefore, we used
the food intake per worm as the unit of measure for food
intake.

After establishing the bacterial clearance assay as a robust
measure of food intake in adults, we next monitored the food
intake of C. elegans throughout its development. Food intake
peaked as animals transitioned from L4 larvae to young
adults, coinciding with the onset of egg production. From
there, food intake declined gradually with age, as expected
(Huang et al. 2004) (Figure 1K). Food intake per day was
greatest during the interval between day 1 and day 4 of adult-
hood (D1:D4), making this period ideal for detecting differ-
ences in feeding over time. In this report, we used the D1:D4
interval as the standard period to measure food intake.

Comparing the feeding rates of eat and small mutants

In C. elegans, mutations in the eat genes disrupt the function
of the pharynx, leading to reduced pharyngeal pumping and
a starved appearance (Avery 1993; Lakowski and Hekimi
1998). However, the cumulative food intake of any eat mu-
tant has not been determined. We compared the food intake
of wild-type animals with different eat-2 and eat-18 alleles.
While the food intake of all eat mutants was reduced com-

pared to wild type (Figure 2A), the magnitude of the de-
crease was considerably smaller than predicted, given that
their pharyngeal pumping rates are �10% of wild type
(Raizen et al. 1995; Petrascheck et al. 2007). The food in-
take of eat-2 and eat-18 mutants was 80% and 60% that of
wild-type animals, respectively. This was much higher than
we expected, but in the case of eat-2(ad1116), correlates
well with its brood size (�60% of wild type) (Hughes
et al. 2007). Interestingly, the reduction in food intake we
describe in long-lived eat mutants is very close to the re-
duction in food intake necessary to extend lifespan in mam-
mals (Taormina and Mirisola 2014).

Feeding defects impair growth, causing the animals to be
small (Morck and Pilon 2006). We asked whether the re-
verse is true, whether small animals eat less. Comparing the
food intake of wild-type animals to several mutants with
reduced body length, we observed that smaller animals do
eat less. This effect was independent of the genetic pathway
reducing body length (Figure 2B). Strains carrying muta-
tions that disrupt TGFb (sma-2 and sma-3), embryonic con-
striction (sma-1), global synaptic transmission (unc-26 and
snt-1), or reduce pharyngeal pumping via disruption of neu-
rotransmitter-specific synaptic transmission (eat-2, eat-18,
ser-7, and arr-1) all ate less than wild-type animals (Nonet
et al. 1993; McKay et al. 2004; Beaulieu et al. 2005; Steger
et al. 2005; Ch’ng et al. 2008). As expected, the reduction in

Figure 2 Body size influences food intake. (A) Food intake
of long-lived eat mutants. Food intake expressed relative
to wild-type N2 (D1:D4). Data represent three indepen-
dent experiments, nwells $ 88. ***P , 0.01, one-way
ANOVA with Dunnett’s multiple comparison post-test.
(B) Small animals eat less. Data represent three indepen-
dent experiments, nwells $ 43. ***P , 0.01, one-way
ANOVA with Dunnett’s multiple comparison post-test.
(C) Body length of animals in B. Body length as measured
on day 4 of adulthood. Data represent three independent
experiments, nwells $ 28. ***P , 0.001, one-way ANOVA
with Dunnett’s multiple comparison post-test. (D) Interac-
tion of animal size and food intake. Food intake and body
length measurements expressed relative to wild-type N2
on day 4 of adulthood. Data represent three independent
experiments. Linear regression line (dashed red line) and
the 95% confidence interval (dashed gray lines) are
shown. Goodness of fit statistic, R2 = 0.753 (P , 0.002).
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food intake correlated with body length (Morck and Pilon
2006) (Figure 2, C and D).

Serotonin modulates food intake via SER-7

Thus far, we have established that we can determine
reductions in food intake. We next set out to measure
increases in food intake. The neurotransmitter serotonin
(5-HT) is a conserved regulator of energy balance (Noble
et al. 2013). Treatment with exogenous serotonin increases
the rate of pharyngeal pumping in a manner dependent on
the G-protein coupled receptors (GPCRs) ser-1, ser-5, or ser-
7 (Srinivasan et al. 2008; Cunningham et al. 2012). As
expected, treating C. elegans with serotonin increased bac-
terial clearance in a dose-dependent manner (Figure 3, A
and B).

We next asked which of the known serotonin receptors
mediates increased food intake by serotonin. Serotonin-
induced feeding was completely abolished in ser-7(tm1325)
mutants (Figure 3C). In contrast, ser-1(ok345) mutants
displayed a partial serotonin-resistant phenotype. In
ser-1(ok345) mutants, both the relative and absolute mag-
nitude of food intake in response to serotonin was reduced,
indicating a reduction in the consumption of total bacteria
as compared to wild-type N2 animals. The discrepancy be-
tween pharyngeal pumping and bacterial clearance in the
case of ser-5(ok3087) was unexpected and warrants further
investigation (Cunningham et al. 2012).

Having confirmed that exogenous serotonin increases
food intake via SER-7, we proceeded to investigate how
endogenous serotonin modulates basal food intake. In the
context of this article, we use the term basal food intake to
describe the amount of bacteria the animals eat without
stimulation by chemicals such as serotonin. The rate-limiting
enzyme for serotonin synthesis is tryptophan hydroxylase
(tph-1), and well-fed tph-1 mutants display multiple meta-
bolic phenotypes (Sze et al. 2000; Cunningham et al. 2012).
While mean food intake in N2 and tph-1(mg280) mutant
animals was similar (Figure 3D), food intake in tph-1(mg280)
mutants was more variable (Brown–Forsythe test, P =
1.5e-06), suggesting defects in the regulation of basal
food intake. This is consistent with reports of increased
variation in pharyngeal pumping rates of tph-1(mg280)
mutants as compared to wild-type animals (Hobson
et al. 2006). Thus, the metabolic phenotypes observed
in tph-1(mg280) mutants are unlikely to be the result of
a reduction in food intake per se, but rather of defects in
food signaling.

Measuring nutrient incorporation by quantitative
mass spectrometry

A complete understanding of feeding not only requires us to
measure the amount of food eaten, but also the amount
incorporated into the animal. To measure food absorption,
we developed the pulse-feeding assay. In the pulse-feeding

Figure 3 Modulation of food intake by serotonergic sig-
naling. (A) Dose–response curve for wild-type N2 animals
treated with serotonin. Food intake expressed relative to
control treatment (water). Tukey-style box plots, unless
otherwise stated, depict food intake over the D1:D4 in-
terval. Data are representative of three independent
experiments, nwells = 20. ***P , 0.01, one-way ANOVA
with Dunnett’s multiple comparison post-test. (B) Food
intake of pre- and post-reproductive wild-type N2 ani-
mals treated with water or serotonin (2 mM). Food in-
take is expressed relative to the D1:D4 interval of control
water-treated N2 animals. Data are representative
of three independent experiments, n = 18. ***P ,
0.0001, Student’s t-test. (C) Food intake in response to
serotonin (2 mM) for wild-type N2 animals and serotonin
receptor mutants. Data for each strain are representative
of a minimum of three independent experiments. Data
as depicted in graph represent two independent experi-
ments, nwells $ 42. ***P, 0.001, two-way ANOVA with
Bonferroni post-test comparing response to serotonin for
each genotype. ###P , 0.001, one-way ANOVA with
Dunnett’s multiple correction post-test comparing serotonin-
treated animals of each genotype to wild-type serotonin-
treated animals. (D) Basal food intake of serotonin-
synthesis-deficient tph-1 mutants. Food intake is
expressed relative to wild-type N2. Data represent three
independent experiments, nwells $ 95. Student’s t-test
was used to establish significance. Note: For a version
of graphs in A and C showing S.E.M. and thus reproduci-
bility between experiments, see Figure S2.
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assay, a 15N pulse is delivered to C. elegans by feeding nitro-
gen-isotope-labeled (14N, 15N) bacteria (OP50). Nutrient
(i.e., food) absorption is subsequently determined by mea-
suring isotope incorporation into the C. elegans proteome,
which is proportional to the bacteria ingested (see Support-
ing Information Discussion). To conduct such an experiment,
C. elegans are raised on 14N-labeled bacteria. Then, 14N-
labeled bacteria are exchanged with 50% 14N/50% 15N-
labeled OP50 and fed to the worm throughout a period of
interest (pulse interval). At the end of the pulse interval,
proteins are extracted and the amount of incorporated 15N
in the C. elegans proteome is determined by mass spectrom-
etry (Figure 4, A and B).

To quantitatively compare nutrient absorption between
different samples, the pulse-feeding method requires three
different types of labeled bacteria (Geillinger et al. 2012;
Grun et al. 2014). The first type is for growing the worms,
the second for pulsing them, and the third is to be added as
an external standard. We used uniform 15N enrichment of
ammonium ions as the source of nitrogen. To produce the
three different types of feeding bacteria, OP50 were grown
in M9 media containing three different concentrations of
15N-enriched ammonium sulfate (NH4SO4): only 14NH4SO4,
only 15NH4SO4, or a 50:50 mixture of the two. We refer to

OP50 grown on 14NH4SO4 as “light” or “L” OP50, to OP50
grown on a 50:50 mixture as “medium” or “M” OP50, and to
OP50 grown on 100% 15NH4SO4 as “heavy” or “H” OP50
(Sykes et al. 2010; Gouw et al. 2011; Chen et al. 2012;
Geillinger et al. 2012; Chen and Williamson 2013).

Incomplete removal of the 14N-labeled bacteria prior to the
start of pulse feeding can result in the incomplete labeling of
new worm proteins with 50% 15N-labeled amino acids. We
were able to correct for this effect by allowing the percentage
of 15N to vary as an adjustable parameter when performing
the least squares fitting to the isotope distribution (Sperling
et al. 2008). Typically, we found that feeding the medium
OP50 (50% 15N) resulted in a relative isotope abundance of
�45% 15N. The incomplete labeling of proteins had no effect
on the feeding measurements, which only depend on the
amplitude of the medium isotope component.

To understand how we identify individual peptides by
mass spectrometry, it is necessary to address the complexity of
the peptide samples. For each peptide, three isotope enrich-
ment patterns are possible: 100% 14N-enriched (L), if it was
synthesized before the pulse; 50% 15N-enriched (M), if it was
synthesized during the pulse; or 100% 15N-enriched (H), if it
was part of the external standard (Figure 4, A–C). Thus, each
peptide in the sample can have three components in its

Figure 4 Measurement of nutrient absorption in C. ele-
gans using metabolic labeling coupled with quantitative
mass spectrometry. To metabolically label worms, (A) we
first grew three different OP50 “foods” by culturing
OP50 bacteria in minimal media enriched with either
100% (14NH4)2SO4, 50% (14NH4)2SO4 + 50% (15NH4)2SO4,
or 100% (15NH4)2SO4. These foods were termed “light,”
“medium,” and “heavy,” respectively. Second, we gener-
ated a population of heavy worms. These worms were fed
heavy OP50 for three generations to ensure fully enriched
100% (15NH4)2SO4 worm proteins. (B) Third, light and
heavy worms were synchronized and cultured in light and
heavy food, respectively. The heavy worms were used as an
external standard to facilitate the comparison of different
experimental samples. 14N worms were given either the
drug of choice or water at day 1. At day 5, or the start
day for the pulse labeling, worms were washed and the
food was switched from light to medium for drug- or
water-treated worms, and from heavy to heavy for the
mass-spec-standard worms. The worms were harvested
on day 7 after pulse labeling and prepared for mass spec-
trometry analysis. (C) Preparation of samples for mass spec-
trometry analysis. For each experiment an external standard
was generated, derived from heavy worms cultured in par-
allel. Each sample lysate was spiked with the external stan-
dard. Proteins were extracted by TCA precipitation,
digested with trypsin, and analyzed by LC-MS/MS.
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isotope distribution in the mass spectra. Database search
engines cannot identify peptides from 50% 15N-enriched par-
ent ions and, as a consequence, only the identification of the
100% 14N- and 100% 15N-labeled peptides was carried out
using MASCOT with searches for both E. coli and C. elegans
(Eng et al. 1994). Because the light, medium, and heavy
peptides coelute during liquid chromatography, the MS1 scan
for the m/z range spanning all three labeled species can be
extracted (L, M, and H) (Figure 5A). Misidentifications are
readily identified because the spacing of the 14N and 15N
peaks does not match the number of nitrogen atoms in the

sequence. Thus, we can ensure correct identification of each
peptide, despite the complexity of the isotope distribution
with three components.

In a typical experiment, 300–400 proteins were identified
based on one or more peptides. This number is less than
what is achieved with deep proteomics, but is more than
sufficient to determine the bulk metabolic labeling rate of
the proteome. To determine isotope incorporation, and thus
nutrient absorption, we calculated two values for each pep-
tide: (i) the fraction labeled, or fraction of partial 15N label-
ing, (M)/(L + M) and (ii) the protein level of the sample,

Figure 5 Pulse-feeding assay. (A) Whole worm lysate analyzed on the mass spectrometer, with sample data shown in Figure 4, B and C. Each peptide in
the spectra has a “light,” “medium,” and “heavy” component. The intensity of the light component depends on the amount of each peptide present
before the pulse-labeling period. The intensity of the medium component depends on the amount of ingested food after the start of the pulse-labeling
period. The heavy component serves as a standard sample. (B) Correlation plot of fraction-labeled values for wild-type N2 (x-axis) vs. tph-1 mutant
worms (y-axis) from L4:D1. (C) Correlation plot of fraction-labeled values by protein for wild-type N2 treated with water (x-axis) or serotonin (y-axis,
5 mM) from D5:D7. (D) Correlation plot of fraction-labeled values for ser-7 mutant worms grown with water (x-axis) or treated with serotonin (y-axis,
5 mM) from D5:D7. (E) Correlation plot of fraction-labeled values for wild-type N2 (y-axis) and ser-7 mutants (x-axis) treated with water from D5:D7. (F)
Histogram of protein level values for wild-type N2 and ser-7 mutants treated with water or serotonin (5 mM).
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(L + M)/(L + M + H). The fraction labeled indicates the
amount of 15N incorporated during pulse feeding for each
protein and, over the entire proteome, is indicative of the
amount of bacteria eaten. Importantly, 15N incorporation
represents de novo protein synthesis occurring within the
pulse-feeding interval and thus allows identification of both
the newly synthesized and preexisting proteome. The pro-
tein level indicates the relative protein content in different
experimental samples.

We first asked whether the pulse-feeding assay was able
to identify a difference in nutrient absorption between N2
and tph-1(mg280) mutants. Since the bacterial clearing as-
say showed the greatest change in food intake to occur be-
tween L4 and D1, we chose this interval for pulse labeling.
N2 or tph-1(mg280) animals were raised on light OP50,
(100% 14N) until they reached the L4 stage. At L4, we began
the pulse labeling by switching the feeding bacteria from
light to medium OP50 (50% 14N; 50% 15N). Sixteen hours
later, on day 1 of adulthood (D1), the animals were har-
vested to extract protein. To compare 15N incorporation
between different samples, we mixed each experimental
sample with an external standard. The external standard
consisted of proteins extracted from worms fed 100% 15N-
labeled OP50 bacteria over three generations and raised in
parallel with the experimental samples. The samples were
then processed for LC-MS/MS mass spectrometry.

Plotting the fraction labeled for both strains confirmed
that there was no difference in feeding or nutrient absorp-
tion between N2 and tph-1(mg280), as shown by the bacte-
rial clearing assay. The results further show that, within
16 hr of pulse labeling, �80% of the detected proteins be-
come labeled (Figure 5B). We found that the ideal length of
the labeling period depends on the food intake of the animals,
with lower food intake requiring longer labeling periods and
higher food intake requiring shorter periods. We also ob-
served that egg laying represents a substantial “15N leak,”
as eggs are almost completely de novo synthesized from
15N. As it is difficult to ensure that all eggs are harvested,
we decided to start pulse feeding on day 5 in subsequent
experiments, after the egg-laying period was over. This ap-
proach prevents 15N loss through egg laying and allows mea-
surement over longer periods of time, as both food intake and
protein synthesis are lower at older ages.

Serotonin increases protein synthesis

We next asked whether serotonin treatment also increased
the absorption of ingested bacteria. On day 1 of adulthood,
we added serotonin or water to wild-type N2 animals. On day
5, we exchanged light OP50 for medium OP50 (50% 14N;
50% 15N) to start pulse feeding. In wild-type animals treated
with serotonin, the fraction labeled for each peptide increased
by an average of 1.96 0.5-fold as compared to water-treated
control animals (Figure 5C). Hierarchical clustering of labeled
peptides from wild-type N2 water-treated vs. serotonin-treated
samples identified two groups: one in which the increase
in fraction labeled was higher (2 6 0.4-fold), consisting

mainly of proteins involved in translation and ribosomal
biogenesis (Table S1); and one in which the increase in
fraction labeled was smaller (1.5 6 0.3-fold), consisting of
a variety of different proteins involved in metabolism. Of the
total 153 proteins whose synthesis was increased in re-
sponse to serotonin-induced food intake, 23 are likely to
promote aging, as they extend lifespan when suppressed
by RNAi. Thus, the increased synthesis of these proteins
provides a possible link to how food intake promotes aging.

Similar to the bacterial clearing assay, the effect of added
serotonin on the fraction-labeled value was abrogated in the
ser-7 mutants (Figure 5, C–E). Protein levels did not change
significantly between water-treated wild-type and ser-7 mu-
tant worms, indicating that the ser-7(tm1325) allele did not
have a general effect on the total amount of protein in the
worm (Figure 5F). Thus, the SER-7 receptor is specifically
required for the increase in food intake, nutrient absorption,
and subsequent de novo protein synthesis and ribosomal bio-
genesis observed in serotonin-treated wild-type N2 worms.

Discussion

The present study outlines two independent methods, based
on entirely different principles, which we used to measure
food intake and nutrient absorption in C. elegans. These
methods address two outstanding problems in the study of
nutrition and metabolism in C. elegans: the absence of a di-
rect measurement for food intake over extended periods of
time and the need for information relating to how well
nutrients are absorbed and assimilated upon ingestion.

The bacterial clearing assay provides a simple and direct
quantitative measurement of food intake over timescales
relevant to the study of organismal health and lifespan. It
measures food intake by the same principles as is used in
other model organisms such as flies and mice (Martin-
Montalvo et al. 2013). The liquid culture format of the assay
provides a scalable framework for the testing of chemical,
genetic, and environmental perturbations in C. elegans. Im-
portantly, the bacterial clearance assay is suitable for both
small- and large-scale genome-wide screening and requires
equipment readily available at most institutions. The assay
yields robust results over a range of temperatures and bac-
terial concentrations and in the presence of common chem-
ical solvents (DMSO, acetic acid, etc.) (data not shown).
Under the conditions used in this study, the bacterial clear-
ing assay consistently detected differences in food intake as
low as 15%.

Studies of food intake in C. elegans have revealed deep
insights into food-related behaviors, such as food choice and
behavioral responses to food (Avery and You 2012). To fully
understand the metabolic chain of events of feeding, we
must also know the nutrient lifecycle from foraging behavior
to assimilation of food into the animal. To address this, we
developed the pulse-feeding assay that allows for the first
time the determination of nutrient absorption into worm
proteins by mass spectrometry. Our method establishes
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a direct link between a food intake behavior (pharyngeal
pumping) and protein synthesis by measuring ingestion, ab-
sorption, and assimilation of nutrients into the proteome.
Although the pulse-feeding assay is not the first to address
de novo protein synthesis in C. elegans by mass spectrometry
(Liang et al. 2014), our metabolic pulse-labeling approach
offers significant advantages. First, metabolic labeling is
nontoxic and therefore does not influence animal behavior
or physiology. Second, metabolic labeling with heavy nitro-
gen is not subject to unwanted side reactions or chemical
derivatization, nor does it require additional genetic muta-
tions to suppress these effects (Gouw et al. 2011). Third, the
pulse-feeding assay presented here allows for the quantiza-
tion of de novo protein synthesis in a way that is not feasible
by trace labeling with unnatural amino acids followed by
mass spectrometry. With trace labeling, only labeled pro-
teins can be compared from sample to sample. In contrast,
the pulse-feeding assay uniquely labels proteins present
both before and after the pulse, allowing comparison of pro-
tein levels and label incorporation of proteins prior to and
after pulse labeling.

The greatest strength of the pulse-feeding method is that,
while more involved than bacterial clearing, it directly
establishes nutrient utilization and is independent of the
culture medium. Determining nutrient utilization directly is
important, especially in animals that suffer from gut defects
and can provide meaningful information even when food
intake appears normal. We propose that the pulse-labeling
assay provides a suitable gold standard to measure the
amount of food utilized by an animal. Importantly, the
pulse-feeding assay can be adapted for other species,
including Drosophila melanogaster, or any other organism
whose food can be grown in stable-isotope-labeled media
(Perez and Van Gilst 2008; Deshpande et al. 2014).

As recently shown, overabundance of protein intake is
associated with poor health and accelerated aging (Solon-
Biet et al. 2014). How protein intake affects subsequent pro-
tein synthesis, the proteome, and thus health, is an open
question. As the pulse-feeding assay is based on measuring
de novo protein synthesis, it provides an important tool to
study how food composition dictates protein synthesis in the
animal and thus how food composition affects the proteome,
physiology, and health.

It revealed that serotonergic signals induce translation of
ribosomes and other age-promoting proteins, providing
a mechanistic link to how high food intake may promote
aging. Thus, the two assays presented enable investigations
into the complex biological interaction between food and
protein synthesis and its subsequent effects on aging and
health
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File S1 
 

Supplementary Discussion 
 

In this supplementary discussion, we will discuss some technical aspects of our assays. In the manuscript, we assert 
that nutrient absorption is proportional to the food intake of C. elegans. We based this assertion on data present in 
the manuscript and the fact that amino acids cannot be stored unless in the proteome.  
 

I) First, we compare the results of our bacterial clearance assay for serotonin‐induced food intake in wild‐
type animals (see Figure 3B, D5:D8) to the results described with the nutrient absorption assay (see 
Figure 5B, D5:D7). In the bacterial clearance assay, we observed an approximately 2‐fold increase in 
food intake when comparing basal and serotonin‐induced feeding during the D5:D8 interval. Similarly, 
in the nutrient absorption assay we observed a 1.8‐fold increase in N15 labeling in wild‐type N2 
animals treated with serotonin as compared to water‐treated animals. Both assays indicate that food 
intake, or a proxy of food intake, has increased by approximately 2‐fold upon exposure to serotonin. 

II) Comparing published results of pharyngeal pumping (HUANG et al. 2004) with both our bacterial 
clearance and nutrient absorption data show the highest feeding rate to be for worms transitioning 
from the L4 larval stage to adulthood (L4 to D2, Figure 1K). We observed significantly higher rates of 
N15 labeling over a shorter period of time with the nutrient absorption assay in young adult animals 
(L4 to D1) as compared to animals at later stages of adulthood (see Figure 5B, 5C, comparing fraction 
labeled). 

 
 
While at first food intake seems simple, it is a rather complex issue. Food intake is not a single process but involves an 
entire chain of events that involves the feeling of hunger, food‐searching behavior, eating of food, ingesting of food 
and finally metabolizing it. Thus, different assays, measuring different aspects of this chain, may occasionally result in 
opposing outcomes without any real biological disagreement. Consider an animal with a gut defect that impairs 
nutrient uptake. As a consequence, it is likely that the animal will try to compensate for the defect by over‐eating. 
Thus, in such a case, the pharyngeal pumping assay as well as the bacterial clearing assay would detect an increase in 
food intake while the pulse‐feeding assay would detect a decrease in food intake. While these results would look 
contradictory, in fact they correctly represent the underlying biology. 
 
With the development of the bacterial clearing assay and the pulse‐feeding assay, we intended to add to the toolbox 
necessary to investigate the C. elegans food‐intake chain. With the bacterial clearance assay, we attempted to 
generate an assay equivalent to those used in other model organisms, where food intake is measured by calculating 
the difference of food initially given to an animal minus food not consumed. The bacterial clearance assay is the C. 
elegans equivalent of those assays. Similarly, we generated the pulse‐feeding assay to ensure that our estimates of 
food intake reflect the actual absorption and utilization of ingested nutrients. In our view, these two assays are to be 
used in combination with current assays to dissect food searching, detection, ingestion, and usage (protein synthesis).   
 
 
HUANG, C., C. XIONG and K. KORNFELD, 2004 Measurements of age‐related changes of physiological processes that predict 

lifespan of Caenorhabditis elegans. Proc Natl Acad Sci U S A 101: 8084‐8089. 
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Figure S1   Comparison of Body Size and Growth Rate of Worms Grown in Liquid Versus Solid Media. Data are 

representative of three independent experiments. N worms > 20 for each condition and all time points except at 0 hrs. 

For data at 0 hrs starved synchronized worms (N worms = 5) were measured prior to plating in liquid or NGM. *** P < 

0.001, * P < 0.05, Two‐way ANOVA with Bonferroni post‐hoc test. 
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Figure S2   Same experiments as shown in Figure 3A and C using bar plots of the mean and standard error of the mean 

(S.E.M) instead of the Tukey plots. Some error bars are too small to see. 
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Table S1   List of proteins induced by serotonin in C. elegans that were identified by hierarchical clustering of 

fraction labeled values. Relationships of proteins within these groups were explored by KEGG pathways analysis. (A) 

Proteins in which the increase in fraction labeled were highest. (B) Proteins in which the increase in fraction labeled 

were lower. Genes in bold extend lifespan when suppressed by RNAi and thus are likely to be age‐promoting when 

highly expressed. 

 
Table S1A.   Highest Fraction Labeled 

UniProt ID  WB Gene Name 

ARF12_CAEEL  arf‐1 

BAF1_CAEEL  baf‐1 

BTF3_CAEEL  icd‐1 

CGL2_CAEEL  cth‐2 

CH60_CAEEL  hsp‐60 

CHIT_CAEEL  cht‐1 

CLC87_CAEEL  clec‐87 

CLC91_CAEEL  clec‐91 

CPG2_CAEEL  cpg‐2 

CPG3_CAEEL  cpg‐3 

CPR6_CAEEL  cpr‐6 

CYP1_CAEEL  cyn‐1 

CYP2_CAEEL  cyn‐2 

CYP3_CAEEL  cyn‐3 

CYP5_CAEEL  cyn‐5 

CYP6_CAEEL  cyn‐6 

CYP7_CAEEL  cyn‐7 

DPY30_CAEEL  dpy‐30 

EF1A_CAEEL  eft‐3 

EF1B1_CAEEL  eef‐1B.1 

EF1B2_CAEEL  eef‐1B.2 

EF2_CAEEL  eef‐2 

ETFA_CAEEL  F27D4.1 

FABP2_CAEEL  lbp‐2 

FABP9_CAEEL  lbp‐9 

G3P1_CAEEL  gpd‐1 

GBLP_CAEEL  rack‐1 

GLC7A_CAEEL  gsp‐1 

GLYC_CAEEL  mel‐32 

GST7_CAEEL  gst‐7 

H2B1_CAEEL  his‐11 

H4_CAEEL  his‐1 

HSP7A_CAEEL  hsp‐1 
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HSP7D_CAEEL  hsp‐4 

HSP7F_CAEEL  hsp‐6 

KARG2_CAEEL  ZC434.8 

NACA_CAEEL  icd‐2 

PCNA_CAEEL  pcn‐1 

PFD2_CAEEL  pdf‐2 

PLBL1_CAEEL  Y37D8A.2 

PLBL2_CAEEL  F09B12.3 

PSA1_CAEEL  pas‐6 

PSA2_CAEEL  pas‐2 

PSA3_CAEEL  pas‐7 

PSA5_CAEEL  pas‐5 

PSA6_CAEEL  pas‐1 

PSA7_CAEEL  pas‐4 

PSB1_CAEEL  pbs‐6 

PURA_CAEEL  C37H5.6 

RAN_CAEEL  ran‐1 

RIR2_CAEEL  rnr‐2 

RL10_CAEEL  rpl‐10 

RL10A_CAEEL  rpl‐1 

RL11_CAEEL  rpl‐11.1 

RL12_CAEEL  rpl‐12 

RL13_CAEEL  rpl‐13 

RL13A_CAEEL  rpl‐16 

RL15_CAEEL  rpl‐15 

RL17_CAEEL  rpl‐17 

RL18_CAEEL  rpl‐18 

RL18A_CAEEL  rpl‐20 

RL22_CAEEL  rpl‐22 

RL23_CAEEL  rpl‐23 

RL24_CAEEL  rpl‐24.1 

RL27_CAEEL  rpl‐27 

RL28_CAEEL  rpl‐28 

RL3_CAEEL  rpl‐3 

RL4_CAEEL  rpl‐4 

RL5_CAEEL  rpl‐5 

RL6_CAEEL  rpl‐6 

RL7_CAEEL  rpl‐7 

RL7A_CAEEL  rpl‐7A 

RL8_CAEEL  rpl‐2 

RL9_CAEEL  rpl‐9 

RLA1_CAEEL  rla‐1 

RLA2_CAEEL  rpa‐2 
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RS12_CAEEL  rps‐12 

RS13_CAEEL  rps‐13 

RS14_CAEEL  rps‐14 

RS15_CAEEL  rps‐15 

RS17_CAEEL  rps‐17 

RS19_CAEEL  rps‐19 

RS2_CAEEL  rps‐2 

RS21_CAEEL  rps‐21 

RS23_CAEEL  rps‐23 

RS26_CAEEL  rps‐26 

RS27A_CAEEL  ubl‐1 

RS28_CAEEL  rps‐28 

RS3_CAEEL  rps‐3 

RS3A_CAEEL  rps‐1 

RS4_CAEEL  rps‐4 

RS5_CAEEL  rps‐5 

RS6_CAEEL  rps‐6 

RS7_CAEEL  rps‐7 

RS8_CAEEL  rps‐8 

RS9_CAEEL  rps‐9 

RSSA_CAEEL  rps‐0 

SMD1_CAEEL  snr‐3 

SODM1_CAEEL  sod‐2 

SUMO_CAEEL  smo‐1 

SYSC_CAEEL  sars‐2 

TCTP_CAEEL  tct‐1 

TDX1_CAEEL  prdx‐3 

TIMPL_CAEEL  tag‐225 

U375A_CAEEL  C08F11.11 

UBIQ_UBIQ1_CAEEL  ubq‐1 

UBIQ_RL40_CAEEL  ubq‐2 

VIT1_CAEEL  vit‐1 

VIT2_CAEEL  vit‐2 

VIT3_CAEEL  vit‐3 

VIT4_CAEEL  vit‐4 

VIT5_CAEEL  vit‐5 

VIT6_CAEEL  vit‐6 

YOCA_CAEEL  ZC395.10 
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Table S1B.   Lower Fraction Labeled 

UniProt ID  WB Gene Name 

3HAO_CAEEL  haao‐1 

ACBP1_CAEEL  acbp‐1 

ACOC_CAEEL  aco‐1 

ACON_CAEEL  aco‐2 

ACT1_CAEEL  act‐1 

ACT2_CAEEL  act‐2 

ACT4_CAEEL  act‐4 

ADH1_CAEEL  sodh‐1 

ADHX_CAEEL  H24K24.3 

AL7A1_CAEEL  alh‐9 

ALF1_CAEEL  aldo‐1 

ALF2_CAEEL  aldo‐2 

AMPL_CAEEL  lap‐1 

ANC1_CAEEL  anc‐1 

ARP3_CAEEL  arx‐1 

ATPA_CAEEL  H28O16.1 

ATPB_CAEEL  atp‐2 

ATPD_CAEEL  F58F12.1 

BAT45_CAEEL  bath‐45 

CALR_CAEEL  crt‐1 

CISY_CAEEL  cts‐1 

CORO_CAEEL  cor‐1 

CYC21_CAEEL  cyc‐2.1 

DEOC_CAEEL  F09E5.3 

DNPEP_CAEEL  F01F1.9 

ECHM_CAEEL  ech‐6 

ENO_CAEEL  enol‐1 

F37C4_CAEEL  F37C4.5 

FABP6_CAEEL  lbp‐6 

FAR2_CAEEL  far‐2 

FUMH_CAEEL  fum‐1 

G3P2_CAEEL  gpd‐2 

GABT_CAEEL  gta‐1 

GCP_CAEEL  gei‐7 

HCDH2_CAEEL  B0272.3 

HPPD_CAEEL  hpd‐1 

HSP7C_CAEEL  hsp‐3 

IFB1_CAEEL  ifb‐1 

IMPA1_CAEEL  ttx‐7 

IPYR_CAEEL  pyp‐1 

KARG1_CAEEL  F46H5.3 
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LDH_CAEEL  ldh‐1 

MDHM_CAEEL  mdh‐2 

METK1_CAEEL  sams‐1 

MIF2_CAEEL  mif‐2 

MLE_CAEEL  mlc‐3 

MLR1_CAEEL  mlc‐1 

MLR2_CAEEL  mlc‐2 

MMSA_CAEEL  alh‐8 

MPI_CAEEL  ZK632.4 

MSP10_CAEEL  msp‐10 

MSP49_CAEEL  msp‐49 

MYO4_CAEEL  unc‐54 

MYSP_CAEEL  unc‐15 

OAT_CAEEL  C16A3.10 

ODO1_CAEEL  ogdh‐1 

ODPA_CAEEL  T05H10.6 

PCCA_CAEEL  pcca‐1 

PDI2_CAEEL  pdi‐2 

PGK_CAEEL  pgk‐1 

PPN1_CAEEL  mig‐6 

PROF2_CAEEL  pfn‐2 

SAHH_CAEEL  ahcy‐1 

SCOT_CAEEL  C05C10.3 

SODC_CAEEL  sod‐1 

TBA2_CAEEL  tba‐2 

TBB2_CAEEL  tbb‐2 

TNNI2_CAEEL  unc‐27 

TPIS_CAEEL  tpi‐1 

TPM1_CAEEL  lev‐11 

TPM3_CAEEL  lev‐11 

TTR15_CAEEL  ttr‐15 

UNC87_CAEEL  unc‐87 

VATA_CAEEL  vha‐13 

VATB_CAEEL  vha‐12 

VATF_CAEEL  vha‐9 

YH24_CAEEL  lap‐2 

YUW5_CAEEL  F41C3.5 

YVRI_CAEEL  F37H8.5 
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File S2 
 

Extended Materials and Methods 
 
 
Part 1: Materials. 
 
Potassium phosphate buffer, pH 6.0, 1000ml 
 
136 g KH2PO4 
Add deionized water to 900 ml 
Adjust pH to 6.0 with 5M KOH 
Add deionized water to 1000 ml 
Autoclave 
 
Trace metal solution 
 
1.86 g Na2EDTA 
0.69 g FeSO4�7H20 
0.20 g MnCl2�4H20 
0.29 g ZnSO4�7H20 
0.016 g CuSO4 
1000 ml deionized water 
Autoclave and store in the dark 
 
S‐basal medium, 1000 ml 
 
5.9 g NaCl 
50 ml 1M potassium phosphate, pH 6.0 
1000 ml deionized water 
Autoclave  
 
Potassium citrate 1M, 1000 ml 
 
268.8 g tripotassium citrate 
26.3 g citric acid monohydrate 
Add 900 ml deionized water 
Adjust pH to 6.0 with 5M KOH 
Add deionized water to 1000 ml 
Autoclave 
 
Part 2: Preparation of S‐complete medium 
 
S‐complete medium, 1000ml 
 
977 ml S‐basal medium 
10 ml 1M potassium citrate, pH 6.0 (sterile) 
10 ml Trace metals solution (sterile) 
3 ml 1M CaCl2 (sterile) 
3 ml 1M MgSO4 (sterile) 
1 ml 5mg/ml Cholesterol (dissolved in EtOH) 
 
 


