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Flux an important, but neglected, component of functional

genomics

Alisdair R Fernie, Peter Geigenberger and Mark Stitt

Genomics approaches aimed at understanding metabolism
currently tend to involve mainly expression profiling, although
proteomics and steady-state metabolite profiling are
increasingly being carried out as alternative strategies. These
approaches provide rich information on the inventory of the
cell. It is, however, of growing importance that such
approaches are augmented by sophisticated integrative
analyses and a higher-level understanding of cellular dynamics
to provide insights into mechanisms that underlie biological
processes. We argue the need for, and discuss theoretical and
practical aspects of, the determination of metabolic flux as a
component of functional genomics.
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Introduction

Recent technical advances have transformed biology by
accelerating data acquisition to the point where it is often
no longer limiting and provides systems-wide informa-
tion. The most frequently adopted approaches, transcrip-
tomics and proteomics, provide rich information on levels
of mRNA and proteins within tissues, respectively. Simi-
larly, developments in metabolite-profiling strategies are
currently providing important information about how
steady-state metabolite levels respond to genetic, phy-
siological or environmental perturbation [1,2]. Several
recent reviews have documented technical aspects of
steady-state metabolite profiling [1,3°,4,5°] and have
detailed its utility in diagnostics, network analysis and
the analysis of gene function [3°6], Data-driven infor-
matics methods that allow visualization, reduction and
comparisons of genomic information are proving invalu-
able in diagnostics and in the identification of gene
function [3°,4,5°]. Such approaches provide global data-

sets that facilitate the generation of hypotheses about
system properties as diverse as gene annotation, physio-
logical regulation and molecular interactions. The resul-
tant hypotheses, as well as those arising from the
theoretical modelling of metabolism, require direct test-
ing in a second experimental phase. To gain deeper
insights into metabolic regulation, however, these inven-
tories of steady-state mRNA, protein and metabolite
contents must be supplemented by sophisticated inte-
grative analyses and a higher-level understanding of
cellular dynamics [7,8°]. This review focuses on the
measurement of metabolic flux. This is rarely attempted,
but is essential to place the static data from transcript and
metabolite profiling in a dynamic context. We argue that,
in many situations, such information is far more valuable
than steady-state determinations.

The need for dynamism

The measurement of steady-state metabolite levels pro-
vides clues about the metabolic activity of a tissue and
about the metabolic response of an organism to environ-
mental or genetic perturbation [1,2,5%,6]. As the majority
of metabolites determined by current metabolite-profil-
ing techniques are not end-products but intermediates of
metabolic pathways, these approaches are generally
incapable of resolving issues of metabolic dynamics. It
has previously been suggested that changes in enzyme
activity will have a greater impact on steady-state meta-
bolite levels than on fluxes, and that the measurement of
metabolite levels is therefore preferable [9,10]. This
property of metabolic regulation was utilized in a
proof-of-concept study by Raamsdoonk ez @/. [10]. These
researchers performed metabolite-profiling studies on a
range of yeast mutants and looked for patterns of co-
response between the metabolites; they then used this
information to classify ‘similar’ mutants [9]. There are
several examples in plants (and other organisms), how-
ever, in which fluxes through a pathway change without
corresponding changes in the levels of the metabolic
intermediates or even the products of the pathway.
One striking example is that the rate of photosynthesis
can change several-fold without detectable changes in the
levels of metabolites in the Calvin cycle [11]. This occurs
because sophisticated regulatory mechanisms allow dra-
matic changes in the momentary activity of enzymes of
the Calvin cycle in response to small changes in the levels
of substrates and in the availability of ATP and reducing
equivalents. T'wo recent examples are the increased flux
through the sucrose-to-starch transition in the potato
tuber following incubation in the sucrose analogue pala-
tinose [12], and the increase in flux to starch without an
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increase in starch accumulation following the overexpres-
sion of a bacterial ADP-glucose pyrophosphorylase
(AGPase) in potato tubers [13]. Although both examples
demonstrate that measuring the steady-state metabolite
levels can be misleading, the underlying reasons are
distinct. The first implies a coordinated increase in flux
throughout the pathway without elevation in the pool
sizes themselves, whereas the latter was caused by an
equal and opposite increase in the rate of starch turnover.

Getting to the crux: general strategies to
measure fluxes, and their limitations

Several different approaches have been used to monitor
flux through metabolic pathways, including the measure-
ment of the rate of depletion of the initial substrate, the
rate of accumulation of the end product, and isotope
labelling of metabolites with radioactive or stable iso-
topes.

Measurements of steady-state metabolite levels can only
be used to determine fluxes when the metabolite in
question is a genuine starting substrate or end product,
and when it is not produced or removed by any other
process. Itis extremely dangerous to try to estimate fluxes
from changes in the levels of metabolic intermediates.
These levels often change reciprocally to flux, because
enzymes upstream or downstream of them have been
activated or deactivated. Measurement of the levels of
metabolic intermediates is actually one of the classic
strategies to identify steps at which flux is regulated
(see [14]). A recent example of this is provided by Tiessen
et al. [15]. In this study, radioactive-labelling methods
were used to show that the detachment of growing tubers
from the mother potato plant leads to a rapid decrease in
the rate of starch synthesis. Systematic measurements of
metabolites levels were used to show that flux was
decreased because of the inhibition of AGPase. Levels
of all the metabolites upstream of this enzyme in the
pathway of starch synthesis, including hexose phosphates,
increased upon the detachment of growing tubers. This
example illustrates that a combination of measurements
of metabolite levels and flux provides far more informa-
tion than the measurement of fluxes or metabolites on
their own.

Methods that use isotopes are essential for the analysis of
complex (which means almost all) metabolic networks.
Pathways frequently branch so that several products are
formed from one substrate. It is also typically possible to
generate a given product from several alternative sub-
strates. Indeed, one of the key questions in the analysis of
metabolism is to define if and how the patterns of flux
change in these highly interactive networks. However,
the use of isotope-labelling is complicated by problems of
experimental design, including the not-so-trivial question
of how to introduce the tracer without altering the system,
and by complications in data evaluation related to the

dilution of the added isotope by internal pools of unla-
beled substrates. We return to these problems later.

A more general obstacle when attempting to infer
dynamics from metabolite measurements or labelling
experiments is the fact that such inferences are based
on the assumption that pathway structure has been estab-
lished. In reality, this is true of only a few central path-
ways of plant primary metabolism, and even fewer in
secondary metabolism. Definition of the pathways in a
network is therefore a prerequisite to measuring the
fluxes in the network. One of the principal methods for
flux analysis, the use of isotope tracers, has historically
proven very effective in the elucidation of pathway
structure [16-18]. The development of more-sensitive
nuclear magnetic resonance (NMR) and mass-spectro-
metry (MS) instrumentation is driving a renaissance in
this type of analysis [19,20°°,21,22°°].

An essential prerequisite: determining the
structure of metabolic pathways

The use of isotope labelling for the structural elucidation
of metabolic pathways is a classical biochemical techni-
que that was employed to a great extent throughout the
last century to identify major pathways in plant primary
metabolism. Important examples include, but are by no
means limited to, the elucidation of the Calvin cycle [16]
and the plant pathway for ascorbate biosynthesis [18].
The latter of these illustrates the importance of the
biochemical genetic approach in defining metabolic path-
ways, an approach that has been utilized in several recent
studies (see also [21]). The general principal of such
approaches is to label a precursor metabolite and to trace
the isotope signature through the intermediate metabo-
lite pools that connect precursor(s) and end product(s) of
metabolic pathways. At an even more fundamental level,
the tracer technique has also been employed to great
effect to confirm that metabolites detected in plant
extracts were truly of plant origin (e.g. [17]). An alter-
native approach is that developed by Schuster and co-
workers [23], whereby metabolic models are constructed
in silico in which reactions are described purely in terms of
their stoichiometry. It seems likely that, in the future, a
combination of experimental and bioinformatics
approaches will be necessary to elucidate, or even merely
to clarify, metabolic pathway or network structures.
Indeed, the first example of the use of such a combined
approach in plants has recently been published [22°°], and
is described in detail later in this review.

What is flux analysis and what does it tell us?
Before detailing how flux analysis can reveal the proper-
ties of metabolic regulation, we need to consider practical
approaches to flux determination and the challenges that
these present in more detail. One possibility for flux
determination is to monitor the rate of substrate con-
sumption, but this is a relatively insensitive and inaccu-
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rate way to measure fluxes. As mentioned above, the other
way to determine a flux is to measure the accumulation of
end product over time. This approach is obviously limited
to compounds that are not metabolised (or transported)
themselves, and to pathways that are not too highly
branched (e.g. measuring the CO,-production rate of a
tissue does not always reflect glycolytic flux). In addition,
end-product accumulation is not always linear with time,
which makes it necessary to restrict analysis to the time-
intervals in which a linear relationship between product
level and time has been demonstrated. Additional pro-
blems arise if fluxes are measured in a growing system.
Given that these are huge restrictions, other methods are
currently required for the evaluation of fluxes through
most metabolic pathways or processes. These range in
complexity from the physical measurement of gas
exchange or assays of radiolabel transport, through radi-
olabel tracer experiments, to highly complex network
analyses that involve the use of stable isotopes and gas
chromatography (GC)-MS or NMR technologies. The
level of cellular resolution involved varies from the whole
plant down to the organelle [12,15,24,25,26°]. In this
review, we concentrate mainly on experiments carried
out on isolated organs or tissue slices, and return to whole-
plant and subcellular fluxes later.

Practical approaches for flux determination
The simplest measurements of fluxes are most probably
the characterisation of nutrient or gas exchange [27-31],
in which the rate of the uptake of a radiolabel or the use of
carbon dioxide can easily be monitored over time and
under a range of environmental conditions. Similar
approaches have been used to examine water use effi-
ciency (e.g. [32]). The advantage in these techniques lies
in their simplicity, which facilitates high levels of experi-
mental replication and even, in the case of gas exchange
studies, their use in the field. The use of flux to char-
acterize the activities of transport proteins is essentially
merely a specialized type of enzyme analysis, and we
therefore do not describe it in detail here.

Analyses of other fluxes, with the exception of the more
complex network-style analyses that rely on NMR or
mass spectral quantification, and that are discussed in
detail below, largely fit into one of two categories: analysis
of end-product accumulation or analysis of flux towards
metabolic end-products. As the flux to an end-product is
defined as the rate of production of a metabolite over a
given time interval, these approaches should give the
same answer in the absence of anabolism of the end-
product. In the case of potato starch accumulation, this
often appears to hold true [33] (despite the fact that there
is determinable turnover of starch in isolated tuber discs)
but exceptions have already been found [13] and, further-
more, it is unlikely to be the case for every metabolite.
For these reasons, a more reliable way of measuring flux is
to follow the flow of atoms through metabolic systems

using radioactive isotopes or stable isotopes of non-
natural mass.

An obvious prerequisite of the tracing of isotope distribu-
tion is the ability to detect isotope enrichment in meta-
bolic end-products and, ideally, also within metabolic
intermediates. As the complexity of the metabolic system
increases, the ability to measure isotope enrichment in
intermediates becomes increasingly important. It is also
the most effective method for the detection and correc-
tion of errors that arise due to isotope dilution when the
isotopically labelled substrate is mixed with internal and
unlabelled pools of metabolites.

Historically, this approach utilized radioactive isotopes.
The metabolic fate of the supplied radiolabel was
determined following enzymic and chromatographic
fractionation of the metabolic components of plant tis-
sues on the basis of chemical class. Although this
method was of high value in determining the structural
identity [16,18] and control points [33] of several impor-
tant pathways of primary metabolism, the resolution it
provides is insufficient to allow the evaluation of many
other important pathways. The use of stable isotopes in
tandem with NMR or mass spectral detection systems
circumvents this problem because both methods can
yield precise information on the compounds in question
[4,34].

NMR and MS methods have distinct advantages and
disadvantages with respect to each other for flux quanti-
fication. GC- and liquid chromatography (LC)-MS have
far greater accuracy than NMR, allowing the measure-
ment of a broader number of metabolites [4,34], and are
not restricted in the choice of isotope. On the other hand,
NMR has the advantage that it directly measures the
properties of the atoms within molecules, and so it is able
to provide information concerning positional labelling
[22°°,35°%,36]. Positional-labelling information is exceed-
ingly valuable because it can be used to discriminate and
subsequently quantify cyclic, competing and reversible
fluxes, which are prominent in plant metabolism [8°]. The
methods used to determine these fluxes are extensively
detailed elsewhere [8°,35°,36]. Although the use of stable
isotopes and NMR probably represent the easiest experi-
mental strategy that can be used to determine the rate of
substrate cycling, it is important to note that feeding
experiments in which single or multiple radiolabelled
substrates were fed independently to plant tissues have
yielded similar quantitative results [37—40]. Returning to
stable-isotopes, it is also possible both to obtain positional
information from GC-MS spectra (by analysing metabo-
lite fragments) and, similarly, to get a broad coverage of
primary metabolism by NMR approaches (see below).
Moreover, as demonstrated by several comprehensive
studies [22°°,41], these techniques need not be regarded
as being mutually exclusive.
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Steady-state or kinetic modelling?

Irrespective of the experimental method used to follow
the accumulation of end-product and/or labelled mole-
cules, the experimentalist is faced with a fundamental
question: should s/he assume that steady-state is obtained
within the experimental time-frame or not? The assump-
tion of steady-state is by no means a pre-requisite for
modelling fluxes, but it is imperative that the assumption
is empirically tested for every experimental system. For
an experiment that monitors only end-product accumula-
tion, it is relatively easy to perform serial sampling over
time and to decide which type of modelling to apply after
analysis of the data. In an experiment that is based on
isotope labelling, however, further complexity is intro-
duced by the addition of an extra variable, the equilibra-
tion of labelled and unlabelled molecules. This additional
variable means that two steady states must be considered:
metabolic steady state and isotopic steady state (sce
[35°,36,42] for examples). Given that long-term feeding
experiments, which assume steady-state, were thoroughly
reviewed last year [8°], we restrict our discussion here to
two recent manuscripts that have employed this approach
[22°°,26°].

Sriram and co-workers [26°] took a bold approach to
model the metabolism of the developing soybean embryo
in a manner analogous to that used by microbial scientists.
Their approach is based on the development and applica-
tion of computer-aided metabolic flux analysis to probe
the [°C, "HINMR spectra of seed storage protein and
starch hydrolysates. Although this type of ‘retrobiosyn-
thetic’ analysis has been performed previously in plants
(e.g. [35°,42-44]), this was the first time that such a large-
scale approach had been taken. In their model, Sriram
et al. [26°] compute 80 metabolic fluxes on the basis of the
summed dataset of 155"*C isotopomers (isotope isomers).
This approach clearly has great potential and, given that
its reliance on NMR data facilitated the acquisition of
information concerning positional labelling, also reveals
important information on the compartmentation of meta-
bolism. The authors claim that this approach can be
scaled up to high-throughput, and hence it will surely
be utilized to address important biological questions in
the near future.

The elegant study of Schwender e a/. [22°°] has already
demonstrated the involvement of ribulose 1,5-bispho-
sphate carboxylase/oxygenase (Rubisco) in a previously
undescribed metabolic context that increases the effi-
ciency of carbon use during the formation of oil in
developing green seeds of Brassica napus [22°°]. This
work is an extremely potent example of the value of
dynamic analyses because it provided evidence of a
powerful mechanism of metabolic regulation in a central
metabolic pathway that could not be inferred from mea-
surement of metabolite composition alone. Carbon utili-
zation efficiency in seeds has been a puzzle for many years

because the predominant flux of carbon is the conversion
of sugars to fatty acids, and the subsequent storage of
in excess of 60% of the carbon in the form of oil
The efficiency of this process has been questioned
because one carbon is lost in the form of CO, for each
triacylglycerol incorporated into fatty acids. Schwender
et al. [22°°] analysed the carbon utilization efficiency of B.
napus by feeding the seeds with uniformly labelled carbon
sources, and determining the conversion of these sources
into oil, protein, carbohydrates and CO,. The data
obtained were then compared with that theoretically
anticipated following elementary flux mode analysis of
text-book pathways. Surprisingly, a 3:1 ratio of carbon in
oil to carbon liberated as CO, was experimentally deter-
mined, which was much higher than the 2:1 ratio
expected given the action of pyruvate dehydrogenase.
Further flux experimentation utilizing [1—13(]] or
[U-*Clalanine revealed that Rubisco was responsible
for the refixation of CO,, and the absence of label
randomisation demonstrated that this enzyme was acting
in isolation of the Calvin cycle. In establishing this route,
the authors were able to demonstrate that this route of
acetyl coA production for fatty-acid biosynthesis was in
fact more efficient than the glycolytic route, and that this
pathway is responsible for 62% of 3-phosphoglycerate
(PGA) production in B. napus [22°°]. Such a conclusion
could only be obtained by quantitative analysis of the
relative fluxes. Even though it was known that the trans-
lation and transcription of the components of Rubisco
were relatively high at this developmental stage, these
facts alone could not demonstrate its activity, let alone its
participation in the newly defined pathway.

The alternative to the approach used in the experiments
described above is not to assume steady-state but rather to
model the kinetics of changing pool sizes and labelling
patterns. This method is particularly effective in situa-
tions in which only a short experimental period is desir-
able. For example, in potato tuber tissue, there is a very
rapid wounding response such that fluxes in isolated tuber
discs are dramatically altered within 5h [45,46°], and
labelling to steady-state would therefore not give an
accurate reflection of physiological fluxes. The kinetic
modelling approach works on the principal that the
‘average’ labelling of an intermediary metabolite pool
can be calculated by evaluating the kinetics of labelling
of that pool. The flux can then be estimated by dividing
the label accumulation in the end product by the propor-
tional labelling of the precursor pool. This approach has
been used frequently for interpretation of *C-feeding
experiments in potato tubers [40,45], as well as in com-
bined iz silico and experimental approaches to model
carbon-1 metabolism [47].

Recently, the use of GC-MS has allowed the expansion
this approach to include the use of stable isotopes, dra-
matically increasing the complexity of metabolic net-

www.sciencedirect.com

Current Opinion in Plant Biology 2005, 8:174-182



178 Plant biotechnology

works that can be analysed. Roessner-Tunali ez a/. [46°]
used stable isotopes to analyse 30 fluxes of primary
metabolism in tuber discs that were isolated from wild-
type potato and two well-characterised transgenic potato
lines. This study, like that of Sriram es al. [26°], was
essentially technical rather than biological, but some
important conclusions could be made on the basis of
the data collected. Perhaps most striking of these was
the fact that Roessner-Tunali and colleagues were able to
confirm the turnover of starch in the tuber. Although this
had previously been inferred, on the basis of an increased
flux to starch without a corresponding increase in its
accumulation in transgenic lines displaying elevated
AGPase activity [13], it could clearly be seen from the
kinetic analysis of metabolite pool labelling. Further-
more, close inspection of the data reveals that the break-
down of starch dilutes the labelling of the glucose and
glucose phosphate pools but not that of the maltose pool.
This result is striking with respect to the recent clarifica-
tion that starch degradation in the leaf yields maltose that
is transported to the cytosol via a recently identified
maltose transporter [48]. Another application of kinetic
modelling allowed theoretical evaluation of the con-
straints of the pathway of glycine betaine biosynthesis
in plants [47], and thereby predicted rational targets for
the metabolic engineering of this compound in the hope
of conferring stress tolerance. Despite the fact that the
kinetic modelling approach is beginning to be used to
interpret metabolic regulation, it is clear that the full
utility of this approach to address biological questions has
not yet been realized.

The examples detailed above concentrate on the simul-
tancous determination of multiple fluxes, but network
analyses concerning a single flux have proven very effec-
tive in plants in categorizing reaction steps that are limit-
ing to pathway flux [22°°,33,47]. Recent examples suggest
that this approach will be equally successful in the ana-
lysis of pathways of secondary metabolism [49,50,51°].
The targeted approach also remains highly useful in the
determination of pathway structures or the quantitative
importance of parallel routes to the same end. Two
excellent examples of this approach have recently been
published. First, the demonstration, by feeding experi-
ments using deuterium-labelled water, that most carbon
leaves chloroplasts at night as glucose, maltose or higher
maltodextrins under normal conditions [52]. Second, the
use of dideuteriated deoxyxylulose to distinguish the
relative contributions of the two alternate pathways of
isoprene biosynthesis facilitated the identification of the
metabolic regulation of this pathway [51°]. We have
recently covered the concepts involved in the targeted
investigation of single pathways using starch accumula-
tion in the potato tuber as a case study [33] and so we will
not detail them further here, suffice to say that targeted
analysis is often more revealing than the unbiased
approach.

Spatial resolution of carbon fluxes

Most of the experiments on flux analysis mentioned
above were performed in simplified systems, such as cell
cultures, tissue slices or isolated organs, which allow the
various isotopes to be supplied in an easy and reprodu-
cible way. However, these systems, in which the respec-
tive tissue has been removed from its /z-vive metabolic
context, are to some extent artificial: typically, the con-
nections to transport tissues including phloem and xylem
are interrupted and internal gas concentrations are chan-
ged. One way to overcome this problem is to use a fine
hypodermic needle to inject a *C-labelled tracer directly
into the tissue that remains attached to the plant and to
follow the metabolism of this tracer. This minimally
invasive feeding approach has been used recently to
determine the effect of oxygen on iz-planta fluxes from
sucrose to major storage products in growing potato tubers
[53], wheat grains [25] and developing seeds of oil-seed
rape [54°], and to investigate bottlenecks in the pathway
of triacylglycerol synthesis iz planta [55].

A further possibility for measuring carbon fluxes iz planta
is to feed radiolabelled CO; to leaves and to analyse the
subsequent movement of labelled assimilates at the
whole-plant and tissue levels. If *CO, is used, this
technique allows analysis of carbon flux through a whole
plant, from CO, fixation and conversion to sucrose in
photosynthesising leaves, through the subsequent trans-
location of sucrose via the phloem to various sink tissues,
to the final use of sucrose for storage and growth. Sweet-
love et al. [24] used this technique for top-down metabolic
control analysis by investigating the regulation of carbon
flow through potato plants during tuberization. "*C was
used in most of the strategies described above because it
is a readily available and widely applicable tracer. The
low-energy decay products of *C are difficult to detect,
however, and the "*C-tracer usually had to be measured
by destructive harvesting of the plant, giving a practical
limit to the data resolution in both time and space. A
major advantage of short-lived, positron-emitting tracers,
such as ''C, is the intriguing possibility of measuring
tracer movement # planta, providing a detailed on-line
time series of tracer data in many locations and opening
up powerful new techniques for data analysis [56]. Van
Dongen er al. [25] used the "(C-tracer technique to
measure on-line carbon fluxes to developing wheat grains,
and demonstrated that the prevailing low oxygen con-
centrations within these grains restrict sucrose unloading
and affect assimilate transport throughout the entire
plant.

Most pathways of carbon metabolism in plants involve
more than one subcellular compartment. Therefore, the
ability to measure the enrichment of the tracer in meta-
bolic intermediates at a subcellular level is a prerequisite
for calculations of absolute rates of carbon fluxes. Non-
aqueous density centrifugation of plant material offers the
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possibility of measuring subcellular metabolite concen-
trations. The method was first developed for leaves
[57,58] and was recently adapted for use with potato
tubers [59]. Tiessen ez a/. [15] used this technique in a
systemic approach to measure changes in the subcellular
levels of all intermediates in the sucrose-to-starch path-
way in response to a change in the flux through this
pathway. They were able to identify AGPase as the only
site that regulates starch synthesis in response to sucrose.
These analyses currently yield estimates for subcellular
concentrations of metabolites for the vacuole, plastids and
cytosol. The estimated values for the cytosol still include
mitochondrial metabolites because it is not possible to
separate these compartments using current methodology.
In combination with stable isotope labelling and GC-MS
or NMR technologies, the use of non-aqueous fractiona-
tion techniques will allow the measurement of carbon
fluxes on a subcellular scale.

Several other recent technical developments will also aid
the analysis of metabolism. These include the develop-
ment of protocols that allow easier and more-sensitive
ways of measuring metabolites [2,60], the recent devel-
opment of more-sensitive techniques for tissue dissection
[61], the development of highly sensitive nanosensor
methods that function by fluorescing upon binding to
metabolites [62], and the development of techniques that
allow the measurement of selected metabolites on tissue
slices [63]. By combining such approaches, it is becoming
possible to achieve a better spatial analysis of metabolism
in complicated organs, including seeds.

Conclusions

A further level of resolution that has recently received
renewed attention is that of micro-compartmentation,
that is, the existence of physical metabolic channels that
allow the operation of metabolic pathways at high effi-
ciency. The demonstration of protein—protein interac-
tions or the co-localisation of pathway enzymes within
specific regions of the cell give strong hints for micro-
compartmentation but, on their own, such experiments
lack proof of functionality. Tracing the metabolic fate of
labelled substrates and appropriate co-factors to purified
protein complexes allows assessment of their metabolic
function and also their efficiency. The power of combin-
ing flux analysis with cell biology and subcellular bio-
chemistry was recently demonstrated in studies that
confirmed the functionality and efficiency of the enzymes
of glycolysis that are associated with the outer mitochon-
drial membrane [64°]. This example is only one of those
demonstrating that, despite the dramatic advances in
metabolic flux analysis in plants, it is clear that metabolic
regulation itself is best understood by looking at several
system components simultaneously. Such analyses have
been carried out in microbial and medical research for
several years [65°,66,67,68°]. Several general features
emerge from these integrated approaches namely that

changes in enzyme activities often do not correlate with
changes in transcript or protein levels, that a large propor-
tion of metabolic control resides at post-translational
levels, and that flux determinations often give results
that could not be predicted from observed changes in
transcript or protein levels. These factors all argue
strongly for the widespread adoption of flux analysis,
but the use of the integrated approach has also allowed
the identification of several important mechanisms of
metabolic regulation in these systems. Integrated geno-
mic approaches that are beginning to be applied to plant
systems [3°,69,70,71°] suggest that the features defined
above are also characteristic of plant systems. Once avail-
able, the incorporation of data from flux [22°°,26°,35°] and
enzyme [72°] platforms should facilitate function eluci-
dation in genomics strategies.
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