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Gas chromatography has found an
important role in metabolomics,
which is essential to systems biology
research.

When the human genome was sequenced, it was
commonly assumed that this information would
allow us to determine how we work, at the cellular

level, and perhaps cure diseases. Although we have made many
discoveries and have learned an immense amount about how
we as humans work, cellular processes are immensely more
complicated than imagined. Recent developments in
metabolomics, many using GC techniques, may bring about a
better understanding of how cells work.

Our relative ignorance can be seen in genetic engineering. Genet-
ic engineering has been very successful in some cases, such as making
pest- and herbicide-resistant plants. However, the discipline has had
to tinker with genes in a trial-and-error fashion because few path-
ways, from gene to protein to metabolites to cellular or organ effect,
are modeled. In a recent review, Robert Last, Lee Sweetlove, and
Alisdair Fernie said, “Very rarely do our genetic manipulations
cause the predicted effects—we usually discover new rate-limiting
steps that prevent accumulation of the desired compound or induc-
tion of diversionary or catabolic pathways” (1).

Systems biology is a theory that by tying together genetic,
proteomic, metabolomic, and other information, pathways can
be described from a given gene, through its transcription, synthe-
sis of a protein, and the effect of that protein, along with other
proteins and compounds, to the end result of metabolite prod-
ucts. In other words, by altering genes or the environment of a
plant, animal, or bacterium and seeing what compounds are
produced by the organism, the impact of the genetic or envi-
ronmental effect can be seen. 

The ultimate goal of systems biology is to use this pathway
knowledge to help understand how cells work, advance under-
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standing of disease, and allow precise changes to be made to allow
cells to be engineered. 

While two aspects of systems biology, genomics and
proteomics, have been heavily researched, metabolic research is
only just beginning. Metabolic pathways that we all learned in
Biology 101, such as the Krebs cycle, are only basic metabolism
diagrams. They are largely unconnected to functional genomics
and are largely only qualitative. For predictive systems biology,
metabolic data needs to include the factors that influence how
much of a given product or intermediate is produced as well as
the kinetics of different stages. 

GC and Metabolomics
One reason that GC is used for metabolomic studies is that the
chemical complexity of metabolomics is much higher than that
of genomics or proteomics. Genetic material is DNA or RNA,
proteins are combinations of the 22 amino acids, but metabo-
lites can be almost any compound. Therefore, because metabo-
lites are biological, identifying and quantifying them are diffi-
cult in the chemical realm, and as a result, metabolomics is
pushing existing analytical techniques in new directions. 

GC and the study of metabolites have a long relationship. In
1970, the first studies of metabolites, then called metabolite
profiling, were conducted by E. C. and M. G. Horning at the
Baylor College of Medicine. The researchers used GC/MS to
conduct multicomponent analysis of drug metabolites in urine.
Throughout the 1970s, qualitative and quantitative studies were
conducted that led to metabolite profiling to screen, diagnose,
and assess health. In 1991, researchers at BASF used GC/MS
and metabolic profiling to determine the mode of action for
several herbicides, and their techniques became widely used.
Several years later, in 1997, S. G. Oliver connected metabolic
profiling to the need for a larger picture—the need to assess gene
function, in his case in yeast. This was one of the first realiza-
tions that metabolic data should be combined to create a broad-
er picture of metabolic processes (2). 

The advantage of GC combined with MS is that it can sepa-
rate a large number of metabolites in one sample. Other analyt-
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ical techniques that are used in
metabolomics are discussed in the
box (“Metabolomics: Not Just
GC”). It is possible to determine
more than 300 compounds per
sample (see Figure 1). 

Plant Metabolomics
Plants have been the subject of
many metabolomics research
programs because of the possibili-
ty of making economically worth-
while discoveries. Understanding
plant metabolism could lead to the
engineering of higher-quality food
or material-producing plants.
Thomas Moritz and colleagues at
the Swedish University of Agricul-
tural Sciences and Umeå Universi-
ty introduced a strategy for identifying differences in large series
of metabolomic samples (3).

The researchers grew 28 hybrid aspen plants in controlled
daylight conditions and then sampled leaves from 7 plants and
continued growing the rest. Seven more were sampled 2 days
later, and then the amount of daylight was changed from 18 to
12 h; more samples were taken 2 days and 6 days later. 

Each leaf was processed and the extracts run through a GC/TOF
MS instrument. Because so many compounds are identified with
GC/MS data, processing the results can consume significant time
and computing power. In addition, there is an extremely difficult
problem of biological variability. Some researchers estimate that
biological variation between plant samples grown under similar
conditions can be up to 10 times the variability caused by the instru-
mentation. Efforts to reduce variability often run into problems.
For instance, combining multiple samples can dilute significant
metabolites, and culturing cells is difficult and time-consuming. 

Moritz and colleagues have overcome some of this variabili-

ty by taking multiple samples, 7
leaves per plant, and analyzing the
extract from each individually with
GC/MS. The comparisons are then
made via software, which avoids
diluting the samples and does not
require culturing cells. 

The difficulty with comparing
large GC/MS data sets from multi-
ple samples has been the computing
time involved. Overlapping GC/MS
peaks are often deconvoluted to sepa-
rate overlapping peaks and then
compared, using various mathemat-
ical techniques, with other GC/MS
results. Instead, Moritz and
colleagues skipped deconvolution
and compared the raw GC/MS data
(in this case GC/TOF MS) with the

data from other samples. The data were preprocessed and then run
through several statistical analyses. Peaks that change between the
samples can be identified, and then deconvolution can be applied
to the specific time points on the chromatograms, reducing process-
ing time. The researchers report that 50 samples can be compared
in less than 5 h.

Human Metabolomics
Plants, although environmentally and economically important,
are not the only priority for systems biology. Human diseases and
the effect of the environment, including drugs or active
compounds, are of great interest for obvious reasons. Some call
examination of changes in metabolic profiles of cells from high-
er organisms metabonomics. Either term refers to examinations
of cell metabolites (4). 

For some compounds of interest to be analyzed by GC, they
need to be derivatized. Kai Zhang and Yuegang Zuo at the Univer-
sity of Massachusetts–Dartmouth developed a derivatization
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Although GC-based techniques are frequently used in metabolomic stud-
ies, they are not the only techniques used, and with all techniques there
are limitations. One of GC’s main drawbacks is that it cannot separate
compounds that are not volatile under the temperature conditions of the
column. Some compounds can be derivatized so that they are volatile, but
not all compounds will be amenable to this, and it adds another step of
processing. LC/MS handles these types of molecules with much more ease,
and when looking at individual metabolites, researchers may find that LC
provides more-reproducible results. However, LC/MS suffers from matrix
effects in which other ions present may affect the detection of the
desired compound, and LC cannot handle the large number of similar-
sized compounds that can exist in extracts from organisms. In addition,
effluent from the GC is more easily ionized for MS, and GC/MS systems
require less user attention, allowing high-throughput operation.

Besides chromatography systems, FTIR and NMR spectroscopy show
promise but have not been applied to complex mixtures with many
compounds. However, they are being used to find signatures within

mixtures. In addition, NMR spectroscopy can be used without destroy-
ing the sample, which allows metabolites to be located in specific areas
within cells.

The existing techniques, including GC/MS, still provide a limited
snapshot of the metabolome because cells are thought to produce thou-
sands of metabolites, whereas GC/MS can only resolve around 300
compounds. In addition to limitations in instrumentation, biological
variability may prove exceptionally difficult. In a 2000 study, Ute Roess-
ner and colleagues found that biological variability exceeded, by a factor
of 10, the analytical variability of GC/MS.

Because no single analytical system will be able to handle
metabolomics, tying together data from multiple instruments will be
important. Instrument manufacturers such as Beckman Coulter are
already exploring these areas by grouping instrument offerings on their
websites. Data handling will also be a challenge, especially when
metabolomics is combined with genetic and proteomic data obtained
from very different instruments.

Metabolomics: Not Just GC

Figure 1. Hundreds of peaks. A large number of peaks can be
seen in this total ion current chromatogram from derivatized extract
of a hybrid Populus plant. (Courtesy of Ref. 3.)



procedure to identify phenolic and benzoic acids in human
plasma that originate from cranberry juice (5). The existing deriva-
tization protocols did not work well for the flavonoids in cran-
berry juice, and therefore the researchers increased the tempera-
ture and time. Although they identified compounds, such as
benzoic acid, o-hydroxybenzoic acid, 2,3-dihydroxybenzoic acid,
ferulic acid, and sinapic acid, that were found in the cranberry
juice, they also discovered two phenolic acids that only appeared
in human plasma after the consumption of cranberry juice. 
p-Hydroxyphenylacetic acid and 2,4-dihydroxybenzoic acid could
be, according to Zhang and Zuo, metabolites of phenolic
compounds in the cranberry juice. They say, “It is expected that
the established method may also be used as an identification
and quantification toll for metabolites of these phenolic
compounds in different matrixes such as serum, urine, and tissues
without significant changes in sensitivity and precision.”

Although serum and urine are typical places to look for
metabolites, researchers are also examining breath. Richard Sacks
and colleagues at the University of Michigan described a solid-
phase absorption tool that absorbs organic compounds from
human breath. Heating the absorbent, which is composed of
multiple beds of graphitized carbon and carbon molecular sieves,
forces the compounds to desorb, and they are then carried into
a GC/MS system. The system can identify hundreds of hydro-
carbons, ketones, alcohols, aldehydes, and sulfur-containing
compounds that leave the lungs. 

In addition to studies of metabolites, there are numerous stud-

ies of nonprotein molecules that are synthesized by the cell in
some fashion. For instance, GC/MS was used by Alessandro
Finazzi-Agro and colleagues at the University of Rome (Italy) to
determine the amounts of endogenous cannabinoids in healthy
and tumoral human brains (6). Although not the direct study of
metabolomics, the information about where in the brain cannabi-
noids are produced and what happens to their production during
tumor growth are basically metabolomic information. 

Metabolomics is heavily reliant on GC to separate the complex
mixtures of compounds produced by living organisms and feed
them to the ultimate GC detector, a mass spectrometer. Although
metabolomics has been a well-defined field for only a short time,
it is essential to the new unified theory of biology—systems biol-
ogy. This goal, to model entire pathways and ultimately entire
cells or organisms, will require unfathomable dedication and
computing power to link this type of metabolomics data to
proteomic and genomic information.
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