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In this study, we present a methodology for metabotyping of C. elegans using 1H high resolution magic
angle spinning (HRMAS) whole-organism nuclear magnetic resonance (NMR). We demonstrate and
characterize the robustness of our metabolic phenotyping method, discriminating wild-type N2 from
mutant sod-1(tm776) animals, with the latter being an otherwise silent mutation, and we identify and
quantify several confounding effects to establish guidelines to ensure optimal quality of the raw data
across time and space. We monitor the sample stability under experimental conditions and examine
variations arising from effects that can potentially confuse the biological interpretation or prevent the
automation of the protocol, including sample culture (breeding of the worms by two biologists), sample
preparation (freezing), NMR acquisition (acquisition by different spectroscopists, acquisition in different
facilities), and the effect of the age of the animals. When working with intact model organisms, some
of these exogenous effects are shown to be significant and therefore require control through
experimental design and sample randomization.
Keywords: metabotyping • 1H HRMAS NMR • Caenorhabditis elegans • standardization • metabonomics •
metabolomics

Introduction
Metabonomics/metabolomics is an emerging field of postgenomic sciences, which focuses on identifying and quantifying
low molecular weight compounds (metabolites) to obtain
information at a molecular level and to understand the
response of a living organism to pathophysiological stimuli.1
This can be achieved by simultaneous quantification of metabolites using spectroscopic methods such as nuclear magnetic resonance (NMR) or mass spectrometry (MS).2,3 It has
been applied to a variety of biological samples to characterize
features such as genetics, toxicology, metabolic regulation, and
infectious disease.4-9
We have recently shown that a whole-organism NMR-based
metabonomics strategy can be used to assign distinct metabotypes to different genetically modified strains of the model
organism C. elegans10 but could be extendable to other small
model organisms.11 This provides the rationale for a large-scale
functional genomics screening of this animal, or targeted
metabolic studies in areas where C. elegans has been shown
* To whom correspondence should be addressed. E-mail: benedicte.elena@
ens-lyon.fr.
†
These authors contributed equally to this work.
‡
CNRS/ENS Lyon/UCB-Lyon1.
§
CNRS/UCB-Lyon1.
|
INERIS.
⊥
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to be a good platform, for example, in understanding physiological aspects of lifespan and aging, genetic diseases, drug
toxicity, and pharmacology studies.12-16

Figure 1. O2-PLS discrimination model on genetics, age, and
biologist. O2-PLS score plot discriminating 228 C. elegans (129
N2 and 99 sod-1(tm776)) spectra. Major discriminating effects
are represented by age (Q2 ) 0.73), genetics (Q2 ) 0.61), and
biologist breeding effect (Q2 ) 0.41) axis. Other studied effects,
sorted by decreasing significance, are: NMR facilities (Q2 ) 0.20),
freezing (Q2 ) 0.19), and NMR spectroscopists (Q2 ) -0.44).
10.1021/pr900012d CCC: $40.75
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Figure 2. Sample degradation. (a) 1D NOESY experiments of C. elegans nematodes acquired at different time intervals, 293 K, and 3.5
kHz MAS frequency. (b) O-PLS regression was done with respect to time showing that almost all signals are affected by the spinning.
The evolution of six resolved signals belonging to different classes of metabolites (inosine, 9; uracil, empty star; unsaturated lipids, b;
β-glucose, filled star; isoleucine, O; and cholesterol, 0) was monitored by measuring (c) peaks integral, (d) line-width at half-height, (e)
and maximal intensity.

Whole-organism spectral data used in this type of analysis
encapsulates the metabolic information available in a single
data set. To interpret this high information density, the use of
multivariate statistical analyses (the most popular being PCA,
PLS-DA, O-PLS)17,18 is a necessity to compress the latent
information and extract a metabolic signature relevant to a
particular question. Our ability to recover latent information
is dependent on various exogenous technological factors that
can influence the analyses and lead to an overestimation of
discriminative capacities.19 However, for such an approach to
become transferable and widespread, long-term, multiuser,
multicenter studies require the identification of confounding
effects that could interfere with the measurements of biological
effects of interest.
This work notably is in line with recent initiatives (Metabolomic Standard Initiative, Standard Metabolic Reporting Structure)20-22that have established good laboratory practices for MS
and solution NMR-based metabonomics20-24 and is of current
particular relevance as C. elegans genetics has recently been the
subject of several metabonomic/metabolomic studies.13,25,26

Experimental Section
Nematode Strains. C. elegans strains used in this study are
wild type (N2) and FX776 (sod-1(tm776)). They were obtained
from the Caenorhabditis Genetics Center. These strains were
maintained at 23 °C on NGM agar medium with OP50 bacterial
lawns as food source, to keep worms well fed at all time.
C. elegans Preparation and Conservation. At the appropriate stage, nematodes were fixed with formaldehyde (3.7% final)
in M9 saline buffer during 45 min at room temperature under
agitation and then washed four times with ultrapure water. A
last wash was performed using D2O to provide a field-frequency
lock signal for NMR experiments. A population of approximately 1000 worms was then filled into a 4 mm HRMAS rotor
with Kel-f inserts restricting the effective sample volume to a
12 µL sphere. A speed vacuum engine was used to remove D2O
surplus. NMR acquisition was performed on the day of sample
preparation except for the freezing study. In this last case,
worms were prepared between one and two weeks before NMR
experiments. After preparation, they were smoothly frozen at
Journal of Proteome Research • Vol. 8, No. 5, 2009 2543
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-80 °C for storage and then were thawed at room temperature
before transfer into the rotor on the day of NMR acquisition.
1
H HRMAS-NMR Spectroscopy. All NMR experiments were
carried out on Bruker Avance spectrometers operating at 700
MHz, using a standard double resonance (1H-13C) 4 mm
HRMAS probe. Standard HRMAS one-dimensional nOe spectroscopy experiments27 (recycle delay-90°-t-90°-tm-90°acquisition) were carried out on each sample for statistical
analysis. Water suppression was achieved using low power
irradiation of the water resonance during the recycle delay of
1.7 s. The mixing time tm was set to 100 ms. The 90° pulse
length was adjusted to 5.3 µs, and t to 4 µs. Sixteen thousand
data points with 512 scans were acquired using a spectral width
of 8503 Hz, for a total acquisition time of approximately 25
min. The magic angle spinning frequency was set to 3.5 kHz,
and the sample temperature was regulated at 293 K. All free
induction decays were multiplied by an exponential function
equivalent to a 0.3 Hz line-broadening factor before Fourier
transformation for a size of real spectrum of 32k data points.
Structural assignment of the metabolic signals observed in
the spectra can be achieved by 2D correlation experiments,
such as TOCSY, as illustrated in Figure 3a, yielding to correlations within a metabolite (spin systems), or by the measurement of the statistical correlations between NMR variables
yielding to correlations between both spin systems and metabolic systems, corresponding to different resonances of the
same compound or metabolites present in the same physiological pathway, in a STOCSY spectrum,28,29 as shown in
Figure 3b. The STOCSY can be interpreted as a pseudo 2D NMR
spectrum representing the correlation matrix of a data matrix
of 1D NMR spectra. The assignment is thus based on the
chemical shifts reported for metabolites in the literature.30
Data Import and Pattern Recognition. 1H HRMAS-NMR
spectra were processed using the Topspin 1.3 interface (Bruker
GmbH, Rheinstetten, Germany). They were reduced over the
chemical shift range of -0.1 to 9 ppm with exclusion areas
around residual water signal (4.6 to 5.10 ppm) using the AMIX
software (Bruker GmbH) to 10 000 10-3 ppm wide regions
(buckets), and the signal intensity in each region was integrated.
Spectra were scaled to total intensity, and integration was
performed with the sum of intensities mode. The corresponding
buckets table was then exported to the software Simca-P 11
(Umetrics, Umeå, Sweden) for statistical analysis.
Multivariate Statistics. Principal component analyses
(PCA)17 were carried out to check the homogeneity of each
subpopulation and eventually exclude outliers. Data were then
visualized by score and loading plots. In score plots, each point
represents a NMR spectrum and thus a sample. Loadings points
stand for NMR spectral regions and show intensity variations
sustaining the distinction between subpopulations.
Orthogonal partial least-squares (OPLS)18 analysis and bidirectional O2-PLS31 were run to discriminate populations of
nematodes by adding a supplementary data matrix Y, containing information about genetic, age or technological factors.
These methods allow a clearer distinction between populations
by canceling orthogonal information to the Y matrix, that are
of no use for this particular discrimination. As for PCA, the
results were visualized by score and loading plots. Model
validations were performed by resampling the model 999 times
under the null hypothesis, meaning generating models with a
randomly permuted Y matrix not related to the factors of
interest. The decrease in model goodness-of-fit statistics R2 and
2544
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Figure 3. Structural assignment. (a) 2D 1H TOCSY spectrum of
sod-1(tm776) C. elegans mutants acquired at 700 MHz, and
assigned according to the literature.30 2048 t2 data points with
256 scans per increment and 128 t1 data points were acquired.
The spectral width in both dimensions was 12 ppm, for a total
acquisition time of about 16 h. 2D NMR data is processed with a
squared sine apodization of the signal corresponding to a line
broadening of 2 Hz in F2 and 1 Hz in F1. (b) STOCSY pseudo 2D
spectrum constructed with a correlation cutoff of 0.92 from a data
set of 147 1D NOESY spectra from N2 and sod-1(tm776) mutants.
The intensity of the correlation of the NMR variables is reinforced
by a color code from yellow to dark. Some correlation systems
are identified: (1) lipids, (2) lysine, (3) glutamine/glutamate, (4)
asparagine, (5) tyrosine/phenylalanine, (6) glucose, (7) serine/
histidine.

Q2 as a function of the correlation between the permuted and
the original Y matrix indicates the quality of the model.

Results and Discussion
The present analysis focuses on identifying the different key
steps that are necessary to extend the metabolic profiling
(metabotyping) of selected mutations to a broader strategy for
functional genomics of C. elegans, targeting the study of a large
collection of mutants. To this end, the goal is to ensure that
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Figure 4. Sample preparation: effect of freezing. (a) Effect of genetics and sample freezing are presented on a component variance
model. (b) Loading plot quantifies the effect of sample freezing for a mixture of fixed N2 and sod-1(tm776) C. elegans samples. (c)
Metabotypes discriminating sod-1(tm776) from N2 with frozen-thawed (brown) or non frozen (blue) nematodes are reasonably similar
with (d) area of important or (e) small variations. (f) Model describing the effect of freezing was validated by resampling under the null
hypothesis.

the variability in the NMR data linked to genetic differences is
larger than any variability connected with any other possible
confounding effects leading to intersample or interindividual
variability. In the current approach, interindividual effects are
essentially removed by using NMR samples for analysis consisting of several hundred individuals.

Figure 1 demonstrates that, indeed, using the standardized
method developed here, the discrimination induced by genetic
factors is not confounded by any dispersion induced by
potentially disrupting factors. Two-hundred twenty-eight 1H
HRMAS NMR spectra of C. elegans from wild-type N2 and sod1(tm776) mutants are represented in an orthogonal bidirecJournal of Proteome Research • Vol. 8, No. 5, 2009 2545
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1(tm776) mutants, filled into a rotor (NMR sample container),
at different time intervals to monitor the evolution of the
sample under rotation (Figure 2a). We have already shown that
an experiment carried out at 293 K over 25 min does not
noticeably alter the spectrum, as it is not possible to distinguish
by O-PLS two NMR spectra acquired on the same sample.10
However, large changes are detected after 240 min of sample
spinning at 3500 Hz. A regression of the spectral data with
respect to time (Figure 2b) results in a variation of almost all
NMR signals; moreover, lipids seem to be highly affected. We
plotted peak integrals, intensity, and line-width at half-height
for six resolved compounds belonging to different metabolite
classes (cholesterol, isoleucine, β-glucose, unsaturated lipids,
uracil, and inosine) as a function of time in Figure 2c, d, and
e. NMR signals were assigned using 1H TOCSY and STOCSY
spectra (Figure 3a and b). An overall increase (with the
exception of lipids in the integral) was observed. The absence
of significant change in the line-width indicates a higher
concentration of metabolites in the unrestricted liquid phase.
This probably results from the destruction of the cellular
environment under the effect of MAS and temperature.

Figure 5. Operator effects. (a) O-PLS analysis score plot constructed from analysis of 2 sets of 8 wild-type (N2) C. elegans
samples prepared by two different biologists with R2 ) 0.807 and
a Q2 ) 0.566. (b) Model resampling was performed under the
null hypothesis showing a clear decrease of R2 and Q2 in random
models. (c) O-PLS score plots for equivalent analysis in the case
of two different NMR spectroscopists performing acquisition after
shimming with two matrices of NMR shims using a rotor filled
with 10% chloroform in acetone-D6. The shim quality target was
set to a 1H line-width of 7.5 Hz at the 13C-satellites height.
Resolution of 6.48 and 7.30 Hz was obtained respectively by the
two spectroscopists. The poor quality (R2 ) 0.195) and prediction
(Q2 ) -1.32) factors for this model confirm the impossibility of
rejecting the null hypothesis, that is, the inability to distinguish
the two NMR users.

tional partial least-squares regression (O2-PLS)31 score plot. In
the following, we explore the dispersion related to several
different factors such as age and biological breeding (represented by arrows together with genetics in Figure 1). Notably,
we show that many factors such as batch, sample preparation,
NMR settings, HRMAS analysis, or NMR facilities do not have
a predictive value in the model. We conclude that despite the
variability induced by exogenous technological factors (some
of them being here amplified on purpose as concerns intrinsic
effects such as age), functional genomics of C. elegans by 1H
HRMAS NMR-based metabotyping is robust enough to monitor
or cancel out these effects in large-scale studies as long as
standards, which we establish in this robust metabotyping
method, are respected.
Monitoring Sample Stability. 1H HRMAS NMR allows the
acquisition of resolved spectra from a semisolid sample32 such
as an ensemble of nematodes. This NMR technique involves
rotating the sample at relatively high spinning frequencies of
a few kilohertz.
The sample, under magic angle spinning (MAS), may be
subject to physical degradation over time leading to bias in
the analysis. We acquired 1D spectra of a pellet of fixed sod2546
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In summary, C. elegans spectra for a quantitative metabolism
analysis should be recorded within one hour of inserting the
sample in the NMR instrument, in order to be relevantly used
in further statistical analysis. Note that 2D spectra for assignment and identification, where the absolute concentration is
not so critical, can be recorded over longer time (16 h for 1H-1H
TOCSY shown in Figure 3a and 40 h for 1H-13C HSQC).
Sample Preparation. C. elegans metabolic phenotypes reflect
the interaction of the genome and the environment.33 Therefore we investigated the impact of freezing C. elegans samples
at -80 °C, as compared to worms pellets prepared on the day
of the NMR experiments, in order to decouple the breeding
stage from the NMR analysis, thereby improving considerably
the flexibility of the protocol.
We compared the metabolic signature between N2 and sod1(tm776) postfixation in two different experimental settings:
NMR analysis of non frozen (Protocol A) and frozen nematodes
(Protocol B). Half of the C. elegans samples were placed in a
freezer at -80 °C, directly after breeding and fixation, and
frozen within one hour. They were left approximately two hours
at -80 °C then thawed at room temperature over ten minutes
before NMR analysis. NMR acquisition was performed directly
after fixation for the other half of the samples. The results of a
variance component model presented in Figure 4a show that
overall genetics has a slightly greater effect on the spectra than
freezing. More importantly, an O-PLS model (Figure 4b and f)
shows explicitly the effect of freezing on the complete spectrum. Sample freezing has a strong effect on the spectra,
showing an increase in concentration of water-soluble metabolites and a decrease in lipids and fatty acids, which has
previously been observed by Middleton and co-workers who
characterized the effect of sample freezing in HRMAS NMR
spectra of biological tissues.34 We also observed an additional
variation of the chemical shift in the 0.9-1.1 ppm area (Figure
4d). Thus, sample freezing seems to be responsible for a
concerted chemical shift variation affecting the amino acid
methyl resonances (Figure 4d) and an increase of the intensity
of the loadings, as shown in the 3-4 ppm region (Figure 4e).
Although the metabotypes associated to the discrimination
between N2 and sod-1(tm776) are not fully identical (Figure
4c), we found a correlation of 0.67 between the two loading
plots and the signals in the loadings remain generally the same
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Figure 6. NMR center effect.The same experimental design was used to compare N2 and sod-1 nematodes in different facilities. The
(a) O-PLS model loadings, (b) score plots, and (c) quality factors discriminate the set of N2 and sod-1 spectra on the basis of the NMR
facilities (CRMN or Bruker), with a loading plot showing a baseline variation. Model quality coefficients are R2 ) 0.926 and Q2 ) 0.874.
(d-f) O-PLS model discriminating these spectra on the basis the genetic strain. Model quality coefficients are R2 ) 0.876 and Q2 )
0.748. The correlation coefficient between the sod-1 vs N2 metabolic phenotype shown in (d) and the one established at a single
facility (Supplementary Figure 2e, Supporting Information) is 0.93.

(except for the changes in the methyl region discussed above),
indicating that the change of the experimental protocol does
not affect the results of the biological metabolic analysis. We
consider two metabotypes to be reasonably similar when the
same peaks are identified with a significant covariance (i.e., >
0.02) on both loadings. The complete analysis on the effect of
freezing is detailed in Supplementary Figure 1, Supporting
Information. Freezing is hence validated as part of an experimental protocol that allows the separation of the two main
experimental steps of the method, that is, worm breeding and
NMR acquisition, which is a practical necessity for large-scale
metabonomics studies for functional genomics of C. elegans.
Operator-Related Effects. Another type of confounding
factor arises from the use of one protocol (even though
standardized) for nematode breeding, sample preparation or

NMR acquisition, by different operators sharing their results.
We studied nematode paired-breeding and NMR pairedacquisition to assess and quantify these operator-related effects.
Worm breeding variation was thus investigated by the
comparison of N2 nematodes bred by two different investigators that filled a total of 16 (8 per investigator) HRMAS rotors.
O-PLS analysis reveals a discrimination of the samples based
on culture variation (Figure 5a). Metabolic differences between
the two cultures affect a large range in the spectrum (data not
shown). Validation of the statistical model was performed by
resampling the model under the null hypothesis (Figure 5b),
showing no random models outperforming the initial one in
terms of explanation (R2 ) 0.807) or prediction (Q2 ) 0.566).
Several factors could be at work here. Since the biologist carries
out several steps to breed and prepare the sample, the
Journal of Proteome Research • Vol. 8, No. 5, 2009 2547
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Figure 7. Developmental metabonomics in N2 C. elegans. (a) O-PLS model score plot discerning the effect of developmental stage in
a population of wild-type N2 worms. (b) Model validation was performed by resampling the model under the null hypothesis (R2 )
0.949; Q2 ) 0.849). (c) Corresponding loading plot, that is, metabotype.

experiment can be affected by the time needed to wash the
Petri dishes (10 dishes per rotor) and to transfer worms to the
tube where they will be fixed (technological effect). Depending
on the experimentalist, though following the same standard
protocol, this step can be more or less time-consuming,
exposing worms to variable levels of stress. This points out that
biological preparation is a significant confounding factor that
must be taken with great care to allow the extraction of useful
information. Randomization in sample preparation is thus
essential to minimize this effect.
Similarly, the spectroscopist carries out a succession of steps
to obtain an NMR spectrum. The quality of an NMR spectrum
depends on many parameters. Among them, the NMR shims
set by the operator to achieve high resolution of the proton
resonance lines will play an important role, as well as tuning
and matching of the probe, or the setup of an efficient water
presaturation. A set of 6 wild-type nematode samples was
prepared, and NMR spectra were recorded for each sample, in
a random order, by two different spectroscopists, setting up
independently their NMR acquisition conditions. A standard
protocol was followed by both spectroscopists: shims were set
on a 10% chloroform sample in acetone-D6 and adjusted to
reach a proton line width at the height of the 13C-satelites
inferior to 7.5 Hz. Respectively, a resolution of 6.48 and 7.30
Hz was obtained by our two operators. Each NMR spectroscopist used his or her own shim matrix and performed final
calibrations on each rotor (tuning and matching, calibration
of the water presaturation, and additional shims adjustment).
An O-PLS model was unable to discriminate populations
according to the NMR operator (Figure 5c). Quality of the
model in terms of quality R2 ) 0.195 or prediction Q2 ) -1.32
is low, and resampling under the null-hypothesis shows that
random models can outperform the capacity of the initial
model in terms of quality or prediction. This indicates the
impossibility to distinguish two spectroscopists by rejecting the
2548
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null hypothesis. An NMR operator, carefully following the
standardized acquisition protocol, is thus not a confounding
factor.
We also investigated the effect of multiple acquisition
platforms in geographically distinct locations. Two sets of N2
and sod-1(tm776) samples were prepared and frozen, with one
data set acquired at CRMN (Lyon), and the other shipped to
the application laboratory of Bruker Biospin in Wissembourg.
Experiments were performed on Bruker spectrometers operating at 700 MHz but with different electronic console configurations (respectively Avance I and Avance III models with
differences in the electronics and digital filters). We thus
compare 2 batches of samples acquired on spectrometers with
different electronics in two locations. It is therefore clearly
possible here to discriminate samples, under supervised analysis, with respect to the facility where the corresponding NMR
spectra were acquired (Figure 6a-c) in a high quality model
(R2 ) 0.926 and Q2 ) 0.874). However, when orienting the
supervised analysis to the parameter of interest in our metabotyping study, that is, the discrimination between mutants
and wild type nematodes, Figure 6e shows that, when gathering
the two groups of data sets, we can still discriminate the two
strains, with a metabotype reasonably similar to the one
determined during the previous study carried out at the CRMN
(Figure 6d-f, R2 ) 0.876 and Q2 ) 0.748). Note that the data
acquired at Bruker Biospin (Wissembourg) had a supplementary exclusion area around a singlet at 2.23 ppm corresponding
to residual acetone after drying in our washing procedure. This
result allows defining an instrument independent metabolic
signature (correlation of 0.93 between the metabotypes obtained at CRMN and the one obtained by assembling data
acquired at CRMN and Bruker Biospin). We show that it is also
possible to detect at both facilities a discrimination between
N2 and sod-1(tm776) with close observed metabotypes and thus
to define the metabolic signature of the mutation (Supplemen-
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tary Figure 2, Supporting Information). A correlation of 0.62
between the two loadings was determined. The results described above therefore clearly indicates that, though there is
a need for the harmonization of spectrometer facilities involved
in a multicenter study, a relevant discrimination between given
C. elegans strains metabotypes can be achieved when data
acquisition is randomly distributed between different NMR
centers.
Developmental Metabonomics in N2 C. elegans. Other
metabolic variations of C. elegans populations obviously arise
from physiological processes. Metabolic changes doubtlessly
occur during the growth of the nematodes. In order to probe
this factor and investigate the impact of developmental stages
on the metabolome, we compare N2 nematodes at three stages:
L4 larvae, young adults (adults which do not yet have eggs)
and gravid adults. An O-PLS model shows a clear discrimination
between these three sample categories and the definition of a
metabolic phenotype with respect to developmental stages
(Figure 7), with quality and prediction parameters R2 ) 0.949
and Q2 ) 0.849. We observed no overlap between subpopulations based on the predicted age with respect to the observed
one, fully validating the model. Furthermore, the model was
resampled under the null hypothesis and validated. We thus
clearly isolate an effect linked to the developmental stage in
N2, which must be controlled by standardization of the
developmental stage for genetic analysis in order to identify
relevant metabolic variations induced by mutations.
In summary, the effects studied here can be classed into
three groups: (i) insignificant (NMR spectroscopist), (ii) significant but manageable (NMR facility, hardware), and (iii)
significant requiring control through experimental design (age,
fixation, freezing, biologist) and sample randomization (age,
biologist, etc.). The particular effects cited here in each category
correspond to our experience with the protocol, through
implementation of thorough quality control criteria. In studies
with smaller numbers of samples, exogenous biological effects
must be carefully controlled by a homogenization of the
population in terms of both the developmental stage and by
randomization of the sample breeding if different biologists are
involved, whereas it appears that in a larger scale study (i.e.,
with a large number of samples per genetic strain), even the
age and biologist can be meaningfully isolated from the genetic
effect, but do not hamper the genetic analysis.
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competing financial interests. We acknowledge financial
support from the Agence Nationale de la Recherche
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Conclusion
This study is part of the effort observed in metabonomics
for the standardization of procedures (sample culture and
preparation, spectral acquisition, data treatment and interpretation, report) to prevent analysis being misled by exogenous
factors. This work shows that genetic metabotypes can be
reliably established using the method introduced here without
being perturbed by confounding factors. Here we identified and
assessed potential confounding factors for 1H HRMAS wholeorganism NMR and established guidelines to control them. In
a large-scale metabotyping context, respecting these guidelines
will certainly improve robustness of the NMR analysis and
paves the way for large-scale metabotyping in functional
genomics,35 chemical genomic, or pharmacometabonomics6
screening efforts for C. elegans. The method is by no means
limited to C. elegans but could obviously be adapted to other
small animal models suitable for whole-organism NMR.
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