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ABSTRACT: We demonstrate the global metabolic analysis
of Caenorhabditis elegans stress responses using a mass-
spectrometry-based technique called isotopic ratio outlier
analysis (IROA). In an IROA protocol, control and
experimental samples are isotopically labeled with 95 and 5%
BC, and the two sample populations are mixed together for
uniform extraction, sample preparation, and LC-MS analysis.
This labeling strategy provides several advantages over
conventional approaches: (1) compounds arising from biosyn-
thesis are easily distinguished from artifacts, (2) errors from
sample extraction and preparation are minimized because the
control and experiment are combined into a single sample, (3)
measurement of both the molecular weight and the exact
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number of carbon atoms in each molecule provides extremely accurate molecular formulas, and (4) relative concentrations of all
metabolites are easily determined. A heat-shock perturbation was conducted on C. elegans to demonstrate this approach. We
identified many compounds that significantly changed upon heat shock, including several from the purine metabolism pathway.
The metabolomic response information by IROA may be interpreted in the context of a wealth of genetic and proteomic
information available for C. elegans. Furthermore, the IROA protocol can be applied to any organism that can be isotopically
labeled, making it a powerful new tool in a global metabolomics pipeline.

Isotopic ratio outlier analysis (IROA) is a mass-spectrom-
etry-based technique that discriminates molecules of bio-
logical origin from nonbiological artifacts in two-group studies
(Figure 1). Similar to other stable isotope labeling strategies,2_6
biomolecules are randomly labeled with the stable isotope *C
and are mixed together for uniform extraction, sample
preparation, and LC-MS quantitative analysis. However, unlike
other stable isotope labeling methods, the IROA protocol
utilizes a level of enrichment of 95 and 5% "*C for the control
and experimental populations, respectively, rather than natural
abundance and 98—99% enrichment. This strategy leads to
more observable isotopic peaks in the mass spectra in
predictable and diagnostic patterns. The isotopologue clusters
that arise from the control (95% '*C) and experimental (5%
B3C) groups are readily distinguished not only from one
another but also from compounds at natural abundance,
forming easily recognizable patterns that can be used to
discriminate metabolites of biological origin from artifactual
signals, which do not present IROA patterns and so are
effectively removed from the analysis. In addition, the ratios of
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the intensities from the 95% '*C and $% '*C populations
provide a means for relative quantitation of compounds. IROA
also provides a simple, rapid method for determining the
number of carbons in each molecule of biological origin. The
number of carbons, combined with the accurate mass from
high-resolution mass spectrometry, more accurately identifies
molecular formulas than accurate mass alone, providing a
convenient platform for global metabolomics experimentation.

The nematode Caenorhabditis elegans (commonly called the
‘worm’) is one of the best-studied animals in science, primarily
because of the range of relatively simple experimental protocols
that allow extremely detailed manipulations. Genetics are
especially well developed in C. elegans,” which has both self-
fertilizing hermaphrodites and males and thus allows great
flexibility in establishing and maintaining novel genetic lines.
The animals grow easily on agar plates or liquid culture with
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Figure 1. IROA Method. (A) Experimental and control groups of worms are isotopically labeled at 5 or 95% '*C and grown to young adult. The
experimental group is split into four replicates and is perturbed, while the control group is not split. After incubation, the control group is split into
four replicates, and each replicate is mixed 1:1 with an experimental replicate for uniform sample preparation and LC-MS analysis. (B) Biological
compounds are easily distinguished from artifacts by the recognizable pattern caused by the isotopic enrichment. (C) Using automated software, the
fold changes for all detected biological compounds can be determined. The data in C are simulated.

Escherichia coli as its food, and under laboratory conditions have
a generation time of 3.5 days from fertilized egg to reproducing
adult. It is easy to manipulate large numbers of worms that can
be synchronized and grown to a defined developmental stage.®

Despite the wealth of information in genetics, cell biology,
and developmental biology, metabolomic and chemical biology
studies in C. elegans have only recently become active areas of
research. Most notable has been the research on a large family
of molecules called ascarosides,”'® which act as regulators of
development,”’12 mating attraction,®'3 aggregation,l‘t’15 dis-
persal,'® and olfaction.'” Other studies have examined
metabolomic differences between mutant C. elegans,"™>°
providing additional insight into genetic changes. Clearly,
there are outstanding opportunities to leverage the wealth of
biological information and ease of manipulation with the power
of modern metabolomics approaches.

Stable isotope labeling strategies of C. elegans have frequently
been applied to proteomic studies with N as well as some
targeted '*C experiments, but they have only recently been
applied to metabolomic studies. Recent work has utilized
uniform *C into C. elegans for improved sensitivity in NMR
metabolomic studies.”’ Several in vivo isotopic labeling
strategies have been developed to accurately identify and
quantify proteins®>~** and fatty acids® in C. elegans. Two of the
most commonly used methods in proteomics include total
metabolic N labeling®**” and more recently, stable-isotope
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labeling with amino acids in cell culture (SILAC) mass
spectrometry using either "N or '*C labeling.”***** Though
useful, such labeling strategies are not without limitations. Total
metabolic N labeling strategies are sensitive to enrichment
levels and naturally occurring isotopes such as '*C, making
automated interpretation difficult as well as greatly affecting
peptide identification and quantification.”** SILAC mass
spectrometry only labels certain amino acids (commonly Lys
and Arg), which allows for accurate quantification of
proteins,”>*® but studies can be complicated by the conversion
of isotope-labeled amino acids to other amino acids. All
aforementioned strategies depend upon having fully labeled and
unlabeled molecules in the respective experimental sections.

Another method, developed for fatty acid absorption and
synthesis, analyzed the lysates of worms fed a 1:1 mixture of
BC labeled and unlabeled bacteria. The lysates were then
compared via GC-MS to quantify dietary and synthesized fatty
acids.”® Using this method, both dietary and synthesized fatty
acids are interrogated from the same worm population,
eliminating any within-sample variation. A limitation of these
labeling techniques is the inability to distinguish signals of
biological origin from the noise (artifacts) because more than
one of the isotopic peaks will usually not be detected.

Here, we demonstrate that the IROA protocol employing
isotopic labeling of the two samples with 95 and 5% '*C
circumvents many of the limitations of these other isotopic
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labeling methods. It permits compounds arising from biosyn-
thesis to be readily distinguished from artifacts and provides
straightforward determination of the number of carbon atoms
in each molecule to provide more accurate molecular formulas.

B EXPERIMENTAL SECTION

Chemicals and Reagents. Unless otherwise noted, all
chemicals were purchased from Thermo Fisher Scientific, Inc.
(Fairlawn, NJ). Randomly, 95 and 5% "*C isotopically labeled
glucose were obtained from IROA Technologies (Ann Arbor,
MI) as a dry powder. Magnesium sulfate heptahydrate
(MgSO,7H,0) was purchased from United States Biochem-
icals (Cleveland, OH). Unlabaled thiamine hydrochloride and
unlabaled nystatin were purchased from Sigma-Aldrich (St.
Louis, MO).

Labeling of Bacteria. E. coli MG1655 was grown in M9
minimal media on either 95 or 5% "C glucose. The M9
minimal media contained 10 mg/L of unlabeled (natural
abundance) thiamine and 10 mg/L of unlabeled nystatin (used
as an antifungal agent). See the Supplemental Methods for
more detail.

Labeling of Worms and IROA Protocol. To obtain
sufficiently high levels of *C incorporation, two successive
generations of wild-type C. elegans (N2) were grown on IROA-
labeled E. coli (Figure 1). The worms were grown in S-
complete buffer, which contained 10 mM unlabeled potassium
citrate and S mg/L of unlabeled cholesterol (necessary for
proper worm development). See the Supplemental Methods for
more detail. The worms were synchronized as previously
described.>>' Upon reaching the young adult stage, the
experimental population (i.e., those grown on 5% "*C-labeled
E. coli) was divided into four replicates and treated with a 30
min heat shock at 33 °C in the absence of food while shaking.
The control population (ie., those grown on 95% '*C-labeled
E. coli) was not split and was incubated at room temperature for
the same amount of time in the absence of food. After
incubation, each sample was held for an additional 1.5 h at 22
°C while shaking. The control population was then divided into
four equal populations, combined 1:1 with the experimental
batches, and immediately placed on ice. This mixing procedure
yielded four replicate flasks that contained approximately equal
quantities of both control and experimental worms. Accurate
mixing is not required as the data are normalized prior to
analysis.

Metabolite Extraction. Each flask was separated into
supernatant (exometabolome) and worm pellet (endometabo-
lome) by centrifugation. The supernatant was filtered and
lyophilized, whereas the worm pellets were homogenized using
a Biospec Mini-Beadbeater-8 in 80% methanol®* and
subsequently dried. Both samples were lyophilized and
resuspended in 100 uL of LC-MS grade H,O.

Liquid Chromatography—Mass Spectrometry. Samples
were analyzed using a mass range of m/z 70—800 in positive
and negative ionization mode, externally calibrated, using a
Thermo Scientific Q-Exactive Orbitrap mass spectrometer
equipped with an Open Accela autosampler and an Accela 1250
pump (San Jose, CA). The Q-Exactive was equipped with a
heated electrospray ionization (HESI) source, which operated
at a spray temperature of 500 °C, a spray voltage of 3 kV, and
sheath and auxiliary gas flow rates of 60 and 10 arbitrary units,
respectively. Three microliters of each sample were injected
onto a Thermo Scientific Gold aQ (150 X 2.1 mm, 1.9 um)
column using a column temperature of 40 °C and a flow rate of

600 yL/min with a gradient of solvent A (0.1% formic acid in
water) and solvent B (0.1% formic acid in acetonitrile) from
100% solvent A for 1 min followed by a linear gradient to 20%
B in 6 min, a linear gradient to 60% B in 2 min, a linear gradient
to 95% B in 4 min, held for 2 min, and a 3.5 min return to the
starting composition. The inlet to the Orbitrap was held at a
temperature of 320 °C, and the S-lens RF Level was set to 35%.
The FR resolution was set to 70 000 at m/z 200. The accuracy
achieved was routinely less than 1.5 ppm, externally calibrated.

LC-MS/MS. LC-MS/MS analysis using data-dependent
scanning was performed on a Thermo Scientific LTQ Velos
mass spectrometer to aid in the identification of IROA peaks
(Figure S-1). The instrument was equipped with an Accela 600
HPLC pump. Samples (3 uL in volume) were injected onto an
ACE Excel 2 um PFP column (100 X 2.1 mm). The
chromatographic run utilized the same aforementioned solvent
system with a gradient beginning at 1% solvent B (held for 1
min), followed by a linear ramp to 40% solvent B over 9 min,
followed by an isocratic period of 2 min, followed by a linear
ramp to 60% B over 1 min, followed by a 1 min isocratic period,
and a 30 s ramp to starting conditions. The column was then
allowed to re-equilibrate for 5.5 min prior to the following
injection, amounting to a total acquisition time of 20 min.
Similar to the Orbitrap, the Velos was equipped with a HESI
source. The HESI source was operated with a heater
temperature of 300 °C, a spray voltage of 3 kV, and sheath
and auxiliary gas flows of 40 and 10 arbitrary units, respectively.
The inlet temperature for the heated capillary was maintained
at 350 °C, and the S-lens RF level was set to 30%. Data-
dependent scanning was conducted with a normalized collision
energy of 35% and an isolation width of 2 u. For these
experiments, four scan events were utilized, with the first being
MS, and the remaining three being MS/MS scans fragmenting
the three most intense ions in scan event 1. Ions were excluded
from MS/MS for a duration of 60 s following the third
occurrence. It should be noted that using this protocol, MS/MS
data can be collected for both the unlabeled C and fully
labeled "C isotopologues. In addition to data-dependent
scanning, wide-isolation MS/MS experiments were conducted
on targeted IROA peaks (e.g., metabolites related to the purine
pathway). These experiments were conducted with an isolation
width 4 u wider than the difference in mass between the '>C
and “C isotopologues, allowing for accurate determination of
carbon number for fragment ions. Finally, to obtain accurate
mass fragments for confirmation of specific metabolites,
targeted MS/MS experiments fragmenting the '>C isotopo-
logue were performed on a Thermo Scientific Q Exactive
Orbitrap mass spectrometer (Figures S-6—S-16). An isolation
width of 1.2 u and normalized collision energy of 35% were
utilized. The same chromatographic conditions as on the Velos
were used. MS/MS spectra were acquired at a spectral
resolution of 17 500 on the Orbitrap. When applicable, spectra
were checked against the METLIN Metabolite and Tandem
MS/MS Database or the Human Metabolome Database for
confirmation.

IROA Peak Finding. IROA peaks were identified in the raw
spectral data using custom software written in-house using
MATLAB. Software details are described in the Supplemental
Methods. A new version of the IROA peak finder software
developed by IROA Technologies will be used in future
experiments and is available through IROA Technologies.

Feature Identification. Features were identified on the
basis of both molecular formula and tandem mass spectrometry

dx.doi.org/10.1021/ac4025413 | Anal. Chem. 2013, 85, 11858—11865
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Figure 2. IROA allows for the discrimination between biological molecules and artifacts and constrains the number of possible molecular formulas.
(A) Representative mass spectrum from a single scan in the IROA experiment. Blue peaks indicate isotope peaks originating from a single biological
compound, tentatively identified as the [M + H]* of lysophosphatidylethanolamine 18:1. An [M + Na]* peak was also observed helping to confirm
the protonated form. Red peaks originate from background (noise) or other biological compounds. The fold change of this compound can be
quantified by determining the ratio between the sum of the intensities of the unlabeled ?C peak (480.3081) and its associated isotopic peaks
(481.3108, 482.3140, etc..) to the sum of the intensities of the fully labeled *C base peak (503.3860) and its associated isotopic peaks (502.3807,
501.3781, etc..). (B) A table detailing the possible molecular formulas for the monoisotopic mass of this compound. Of the 17 possible molecular
formulas within 2 ppm mass error for the compound in (A), only one has the correct number of carbons, C,3H,sNO,P (highlighted). (C) The
number of possible molecular formulas for a compound is greatly restricted when the exact number of carbons is used as a constraint. The possible
molecular formulas within 2 ppm for 3131 IROA peaks were generated with (blue) or without (red) constraining for the number of carbons. For
both (B) and (C), the formulas were generated using HR2, allowing the elements C, H, N, O, P, and S and a mass error of up to 2 ppm. Formulas
were filtered using the seven golden rules with the exception of the isotopic pattern filter.*®

(MS/MS) (Figures S-1, S-6—S-16) whenever possible. Because change of 0.585 (log, 1.5) and passing a t test with a FDR of
authentic standards were not available for this experiment, 0.05.%*
formulas associated with more than one isobaric compound
were tentatively named by the compound with the lowest
KEGG ID. In cases where isobaric compounds elute at multiple
retention times, the compound with the highest total ion
intensity was used for analysis (as in Figure 3A,B). Molecular
formulas were generated using HR2, allowing the elements C,
H, N, O, P, and S and a mass error of up to 2 ppm. Formulas
were filtered using the seven golden rules with the exception of
the isotopic pattern filter.”> Formulas with the incorrect
number of carbons were discarded.

Data Analysis and Statistics. Significant fold changes
were evaluated for the endometabolome and exometabolome

B RESULTS

A primary requirement in an IROA experiment is the total
isotopic labeling of samples. C. elegans is an ideal animal to
demonstrate the utility of IROA studies because it feeds on
bacteria, which may be isotopically labeled by growth in
minimal media supplemented with '*C-labeled glucose.
Randomly labeling worms with S or 95% '*C enriches the
BC content in all biogenic compounds, thereby facilitating
detection of multiple *C isotopic peaks. In conventional
analyses with natural abundance (1.1% '*C) low molecular
weight compounds, more than one isotopic peak is usually not

separately using only those metabolites that were detected in at
least three out of four replicates. False discovery fate (FDR)
corrections were used for multiple testing across metabolites,
using a resampling-based FDR controlling approach. Signifi-
cance was determined by having an average absolute log fold
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detectable or simply treated as noise. To illustrate the utility of
IROA for global metabolomics, we exposed wild-type (N2)
worms to a heat shock (Figure 1), which causes significant,
widespread changes in metabolism.*®> We collected and
analyzed material from the exometabolome (all material that
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worms release in the supernatant) and the endometabolome
(homogenized total extracts from the worm bodies). We used a
30 min heat shock at 33 °C because these conditions were
sufficient to activate the stress reporter daf-16 without causing
significant mortality (data not shown).>> This protein is a
transcription factor known to be involved in aging and stress
resistance and is activated upon heat shock, whereby it
translocates to the nucleus and activates other proteins involved
in the heat-shock response.

Distinguishing Biological Compounds from Noise.
The differentiation of peaks originating from biogenic
compounds versus noise is a challenge in untargeted mass
spectrometric studies. Using IROA, the increased abundance of
BC in biogenic compounds leads to predictable isotope
patterns that can be used to distinguish biogenic peaks from
artifactual noise. This is demonstrated in Figure 2A with an
expansion of an IROA peak of the [M + HJ]+ of the
lysophosphatidylethanolamine (LPE) 18:1. The blue peaks are
the isotopologues ranging from the monoisotopic '>C peak on
the left to the fully incorporated '*C peak on the right. These
peaks can be distinguished from peaks from other compounds
or background noise (red) in the scan based on two criteria:
mass spectral peak spacing (the mass difference between '*C
and C is 1.0034 u) and relative intensity. The relative
intensities of an IROA peak follow a binomial distribution,
which is dependent on the percent incorporation of *C and the
number of carbons in the compound. The number of carbons
in this compound is determined by recognizing that the mass
difference between the '*C monoisotopic and the "“C
monoisotopic peaks indicates 23 carbons. This combination
of peak spacing and the shape of the associated peaks not only
serves to ensure that all selected peaks are correctly assigned
but also will be so statistically rare that noise is effectively
excluded.

Accurate Molecular Formula Determination. With the
constraints described in the methods, there were 17 possible
molecular formulas predicted for the m/z of 480.3081 without
constraining for carbon number (Figure 2B). This protonated
species was determined by the presence of the sodiated ion
being present at the same retention time. When combining
accurate mass with definitive knowledge of carbon number, the
number of formulas reduces to one possibility. We should note
that several other strategies exist for constraining molecular
formulas; however, they either also require isotopic 1&1b<eling36’37
or require an instrument capable of high accuracy with respect
to ion intensities.>> Using this technique, as the detection limits
of the labeled metabolites are reached, the relative spectral
errors will exceed the limits of the assay.>®

Similar to the above exercise, an accurate knowledge of the
number of carbons for most compounds restricts the possible
number of molecular formulas for a given mass, as shown in
Figure 2C. In this example, molecular formulas were generated
for each IROA peak in one replicate sample from the
endometabolome. For each experimental IROA peak, the
number of possible formulas with less than 2 ppm error
generated using the accurate mass was plotted as a circle in red,
while the number of possible formulas after removing formulas
with the incorrect number of carbons was plotted as a circle in
blue. This further demonstrates that knowledge of the number
of carbons reduces the possible number of molecular formulas
for an unknown compared to mass accuracy of the '*C peak
alone.

Detection of Thousands of Metabolites. In a typical
high-resolution LC-MS experiment, there may be millions of
individual mass spectral peaks detected, very few of which
originate from biogenic molecules. Table 1 summarizes the

Table 1. Data Reduction and Analysis of IROA Peaks

endometabolome exometabolome
ionization mode pos neg total pos neg total
IROA peaks in any 4883 3825 8708 1533 1262 2795
sample”
IROA peaks in >3 1613 1302 2915 527 532 1059

replicatesb

In > 3 replicates, with at 565 388 953 250 237 487
least one match in

HMDB*

In > 3 replicates, 300 205 505 191 159 350
I d
significantly changed

In > 3 replicates, 69 54 123 107 78 185

significantly changed,

match HMDB®
“Unique IROA peaks that appear in at least one replicate. For
example, if an IROA peak with a mass of 123.1234 and elution time of
120 s is detected in two replicates, it is counted once. “Unique IROA
peaks that appear in at least three out of four replicates within either
the pellet or the supernatant. “Match by mass within +0.002 u and
have the correct number of carbons. dSigniﬁcance was determined by
having an average absolute log fold change of 0.585 (log,1.5) and
passing a t test with a FDR of 0.0S. )Of the significant IROA peaks,
the number which had at least one match in HMDB.

numbers of IROA peaks found in this study after heat-shock
perturbation, with analysis of both the endometabolome
(endo) and exometabolome (exo) of the worms in both
positive and negative mode. In at least one replicate in either
ionization mode, 8708 (endo) and 2795 (exo) unique IROA
peaks were found. These IROA peaks present a significant
reduction as compared to the millions of mass spectral peaks
from an average unaligned chromatographic run. Of the
detected IROA peaks, 2915 (endo) and 1059 (exo) were
found in at least three out of four replicates. Of those, 953
(endo) and 487 (exo) yielded matches of at least one
compound in the HMDB database.’® Furthermore, out of the
IROA peaks present in >3 replicates, S0S (endo) and 350
(exo) were significantly affected by the heat shock perturbation.
We are in the process of confirming many of these annotations
by MS"* (See the Supplementary Files; these data are available
as an Excel file).

Purines Are Highly Affected by Heat Shock. In this
experiment, we were able to measure the changes in the
concentrations of 21 compounds in the human purine
metabolism pathway (KEGG: ko00230) in heat-shocked
worms (Figure 3). Figure 3A shows the log, fold changes for
these compounds in the endometabolome (purple) and
exometabolome (gold). A reconstructed KEGG pathway map
(Figure 3B) projects our experimental IROA data onto the
KEGG purine pathway, and each node is colored by the fold
change in the endometabolome. Several compounds such as
guanine, hypoxanthine, and uric acid are downregulated in the
endometabolome, while others such as GMP, hypoxanthine,
and inosine are upregulated in the exometabolome (Figure

30).
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Figure 3. IROA allows for the relative determination of changes in metabolites. (A) The fold changes for 21 compounds in the KEGG Purine
Metabolism pathway are shown for the endo- and exometabolomes. Values represent means (1 > 3), and the error bars are the standard deviation. A
bar without upper or lower bounds (1) indicates that the compound was detected in less than three replicates and is therefore not included in the
analysis. Bars with one asterisk (*) indicate significant changes (P < 0.001). (B) A section of the human purine metabolism pathway from KEGG is
shown as a network with metabolites as nodes and reactions as edges. Compounds included in this network were either detected in this experiment
or are annotated as participating in a reaction with a detected compound. The nodes are colored according to the log, fold changes in the pellets of
heat-shocked worms. Nodes marked with a dagger () were not found in this experiment. Nodes with a green border indicate that the fold changes
were significant (P < 0.001). All compounds, except those marked with a Psi (¥), were confirmed by MS-MS (Figures S-6—S-16). Nonstandard
abbreviations: dAdo, deoxyadenosine; Ade, adenine; Ado, adenosine; HXT, hypoxanthine; HIU, 5-hydroxyisourate; Xan, xanthine; XMP, xanthosine
S’-phosphate; Gua, guanine; Guo, guanosine;. (C) An IROA peak for the [M — H]~ of inosine demonstrates an increase of the 5% 3C labeled
sample relative to the 95% 3C labeled sample indicating an increase in inosine in the released exometabolome of heat-shocked worms relative to the
control (left). An IROA peak for urate demonstrates a relative decrease in urate in the endometabolomes of heat-shocked worms (right).
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Figure 4. Distribution of isotopic labels in IROA experiments. Histograms indicate the actual percent '*C incorporation for each IROA peak for the
labeling of worms (blue) and bacteria (red) with 5% "*C glucose (left) and 95% *C glucose (right). Black lines are drawn at 5% (left) and 95%

(right).

B DISCUSSION However, because the worms were subjected to sucrose
floatation before the heat-shock challenge, which removes the
bacteria, metabolites recorded in the IROA experiments were
isolated from the worms. The IROA protocol allowed for an

The IROA experiment presented here provides a high quality
and detailed snapshot of the C. elegans metabolome under

stress. IROA labeling allowed for a significant and automated automatic measurement of fold changes for all metabolites
data reduction to several thousand features (Table l) that were under heat-shock stress. Since a common control was
biosynthesized by either the worms or their bacterial feedstock. combined internally to each experimental sample, against
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which the response was measured, it would be subjected to
identical sample preparation losses. Furthermore, using IROA
the pooled samples will be analyzed under identical conditions
and thus will have very small sample-to-sample variance and ion
suppression differences between the experimental and control
samples, similar to SILAC, ITRAQ, and other pooled sample
protocols.

In this experiment, not all IROA peaks conformed to their
expected peak shapes. The source of this peak shape deviation
was usually in the direction of a '*C isotope dilution; rather
than the expected 95% "*C incorporation, some compounds
were found at 92% or even lower (Figure 4). This variation
from the expected percentage was easily accommodated in
software as the peak was still identified as an IROA peak (by
their mass spacing and intensities), and the respective
monoisotopic peaks could be identified. Possible sources of
contaminating '’C include: citrate used in the worm growth
media, natural abundance cholesterol (which is required for
proper worm development), incorporation of CO, from the
environment, and incomplete and/or differential labeling of
metabolites in the bacterial food source.” As shown in Figure 4,
the IROA peaks found in the bacterial food source also show
differential labeling (i.e., they are not all exactly 5 and 95% "*C).
The bacterial *C dilution is almost certainly from the S-
complete buffer, which contains unlabeled citrate. Bacteria are
grown in M9 minimal media and then transferred to the S-
complete buffer for coculturing with worms, where they can
briefly incorporate unlabeled citrate before they are frozen for
inactivation before feeding to worms. We are investigating
noncarbon buffer alternatives to this standard C. elegans culture
medium. It is likely that the contaminating >C can lead to
incorporation differences in specific pathways (Figure S-2), but
a full analysis is beyond the scope of this paper.

We wanted to rule out the possibility of incomplete labeling
of our starting material (*C glucose). Using NMR, we
quantified the relative amount of impurities in the 5 *C and
95% "*C glucose and found an approximately 0.5% w/w
impurity of natural abundance C acetate (Figure S-3). We
also measured the percent '*C labeling at 5.3% and 95.5% by
mass spectrometry (Figures S-4, S-5). We conclude that the
starting material was sufficiently pure and not the source of the
BC dilution.

The "C dilution raises the possibility of isotope effects
caused by the unequal labeling of metabolites leading to
miscalculations in fold changes.*” Future experiments will use
an augmented reference design consisting of a reference
population of 95% '*C worms to decouple isotope effects
from biological changes. Perturbation will be employed on 5%
BC labeled experimental worms and compared to 5% "*C
labeled control worms, using the 95% 3C worms as a
“reference” population. By decoupling the experimental
variation from the isotopic variation, we will be able to more
accurately quantify fold changes of metabolites regardless of
biases in labeling.

One of the obvious challenges is the difficulty in
unambiguously naming peaks without authentic standards.
This problem is common to all mass spectrometric
metabolomics approaches and is not unique to IROA. The
number of unambiguously named compounds could be further
increased with an extensive library of standards, a database of
retention times, or by using physical properties of potential
compounds to estimate retention times and model chromato-
graphic data.*' The number of named IROA peaks could be

increased by expanding our database searching beyond HMDB,
which does not include nematode-specific compounds, and by
improving the IROA software to match adducts and fragments
with their base peak. For IROA peaks that are not in databases
or standard libraries, it should be straightforward to incorporate
NMR or MS/MS analysis on the isolated peak, even if it is a
mixture.*

We observed consistent decreases in the concentrations of
several compounds in the KEGG purine pathway in the
endometabolome of heat-shocked worms. These results suggest
the involvement of purines in stressed worms, possibly as a
result of an overall slowdown of transcription. Guanine,
guanosine, hypoxanthine, and uric acid, four of the most highly
down-regulated compounds, are involved in the salvage and
biosynthesis of purines. The increase in several purines seen in
the exometabolome such as adenosine, inosine, and hypo-
xanthine may be a result of death and potentially lysis of heat-
shocked worms leading to release and degradation of purine
compounds such as ADP and ATP. A more in-depth analysis
will be reserved for future experiments.

While the primary goal of this study was to demonstrate the
IROA technique, the results of this experiment will direct our
future experiments to better understand worm communication
and interaction with their environment. C. elegans possesses
many evolutionaril;r conserved pathways involved in stress and
innate immunity,* the study of which can lead to improved
understanding of these networks in higher organisms.***

B CONCLUSIONS

The IROA protocol provides outstanding coverage of the
global metabolome by (1) allowing for simple discrimination
between biosynthesized molecules and artifacts, (2) reducing
error associated with sample preparation and extraction by
combining the experiment and control, (3) providing both the
molecular weight and the number of carbon atoms in each
metabolite to obtain much more accurate molecular formulas,
and (4) enabling the automated measurement of relative
concentrations of metabolites under different conditions. This
protocol should become an outstanding new tool to provide
detailed metabolic information in the large numbers of
characterized C. elegans genetic strains and in any organism
or cell culture that can be isotopically labeled. The data from
this study will be deposited with the Metabolomics Workbench
Metabolite Database (http:/ /www.metabolomicsworkbench.
org/) at the University of California, San Diego, as
recommended by the NIH Metabolomics Common Fund.
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