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20.1 Introduction 

20.1.1 What We Know and What We Need to Know 

There is now a pressing need to understand more about long-term adaptation 
and genetic changes in future CO, concentrations, particularly for adaptive 
traits that are relevant to plant productivity and ecological characteristics that 
determine survival, fitness, yield and interaction with pests and pathogens 
(Ward and Kelly 2004). We wish to identify the genes that determine ecologi- 
cal success in future CO, environments (Feder and Mitchell-Olds 2003) and 
plant yields in crop systems (Martin 1989) - a subject defined as ecological 
and environmental genomics. We have an unprecedented opportunity to 
utilise new genomic and genetic techniques to address these questions in rela- 
tion to elevated CO, using current FACE facilities. We have already quantified 
changes in the major characteristics determining function, productivity, yield 
and fitness that are sensitive to elevated CO, (Ainsworth and Long 2005), 
including increased photosynthesis, Rubisco acclimation, decreased plant 
water use and altered plant canopy architecture and leaf quality, as reported 
in this volume. The advantages of FACE experiments are clear - they provide 
realistic environmental conditions to study both short- and long-term 
responses of a wide range of crop, managed and natural ecosystems. The 
potential of new technologies is also clear. We are now able to consider the 
expression of many thousands of genes simultaneously, using microarrays, a 
technology originally developed for human disease screening (Schena et al. 
1995) that has become routine in laboratory studies, but with very few field 
experiments on plants reported. Plant microarrays were first developed for 
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the model Arabidopsis (Schaffer et al. 2000) and this initially restricted their 
use, but arrays are now available for a wide range of crop plants, including 
maize (Fernandes et al. 2002), rice (Wasaki et al. 2003) and soybean (Vodkin 
et al. 2004), and for a tree, poplar (Andersson et al. 2004). Microarrays allow us 
to consider gene expression - previously only possible with mRNA blots and 
other forms of difficult differential expression. 

Complementary to genomic approaches are those of high-throughput pro- 
tein identification - proteomics and metabolic profiling (metabolomics). 
These technologies may be considered together in an approach that has been 
defined as systems biology (Ideker et al. 2005), or integrative biology, the guid- 
ing principal of which is that all constituents of a cell should be studied at 
once, in order to obtain a meaningful understanding of networks and controls 
that are operating at any given time or in response to altered conditions (Blan- 
chard 2004). However, in its widest sense, the science of ecological and envi- 
ronmental genomics may also be used to consider other technologies that 
allow us to elucidate aspects of the genome responsible for adaptive traits 
(Cronk 2005). This includes the use of natural genetic variation to identify 
quantitative trait loci (QTL) explaining a wide range of developmental and 
adaptive changes that occur in response to an altered environment, as sum- 
marised in Table 20.1. 

20.1.2 Can an  Integrative (Systems) Biology Approach be Useful? 

Complex biological systems should be considered as units where billions of 
molecules interact together to transform energy into life. Such complexity 
cannot easily be broken down in a reductionist approach, by studying only a 
single part of the system - one gene and its regulation, for example - but must 
be considered together and understood by integrating information from 
gene, protein and metabolite, as illustrated in Fig. 20.1. 

Using an integrative biology approach, the FACE experiment may be seen 
as central to the production of large quantitative datasets at gene, protein and 
metabolite level (Fig. 20.1, step 1). Linking these to the development of com- 
putational models and analysis approaches (step 2), the output (step 3) is then 
used for hypothesis-driven experiments in controlled environments (step 4), 
to undertake short-term and rapid experimentation (step 5). Using experi- 
mental data (step 6), the hypothesis can then be refined with further second- 
stage experimentation using FACE facilities (step 7). The ability to manage 
this large and complex amount of information is at the forefront of current 
developments in bioinformatics and this is what currently limits our under- 
standing (Thimm et al. 2004). In the remainder of this brief review, we docu- 
ment the major high-throughput technologies available to future FACE scien- 
tists, reviewing on-going activity in FACE experimentation and providing a 
glimpse of future experiments that may be possible in FACE facilities. 
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Table 20.1 Genomic, genetic and other high-throughput technologies available for, but as 
yet largely unexploited, in FACE experiments 

Technology Description Use in FACE experiments? 

Genomics 
1 Microarrays - Glass-based cDNA spotted 
global transcript arrays or oligonucleotide- 
profiling synthesised arrays, with sev- 

eral thousand probes repre- 
senting a significant portion 
of the genes of an organism. 
Limited in the past by 
sequence information from 
species of interest. Cross- 
species hybridisations may 
be possible. 

2 Natural genetic variation The identification of areas of 
and QTL discovery the genome responsible for 

complex traits (those gener- 
ally determined by several 
rather than single-genes). 
Utilises a molecular genetic 
map saturated with markers, 
e.g. SSRs and a segregating 
population (Rae et al. 2005). 

3 Association genetics The utilisation of genetic 
variation (such as SNPs) in a 
natural population to find 
associations with pheno- 
typic variation. 

Proteomics 

Metabolomics 

Protein profiling. The use of 
2-D gels, ICAT and AQUA for 
protein. Identification using 
mass spectrometry and iso- 
topic signatures. 

Gas chromatography mass 
spectrometry-based meta- 
bolic profiling for the identi- 
fication of metabolites in 
tandem with PCA and hier- 
archical clustering tech- 
niques can reveal informa- 
tive biochemical phenotypes 
(Fiehn et al. 2000). 

Limited use. First data 
available from soyFACE 
and POPFACE for cDNA 
microarrays with several 
thousand ESTs showing 
only small numbers of 
genes appeared sensitive 
to elevated CO,, with vari- 
ability and reproducibil- 
ity an issue (Miyazaki et 
al. 2004; Taylor et al. 2005) 

No reported use in FACE 
experiments, although 
plans currently underway. 
Open-top chamber study 
of Populus (Ferris et al. 
2002; Rae et a]. 2005). 

No reported use. Diffi- 
culty of placing natural 
populations into a FACE 
facility. Possible for Ara- 
bidopsis ecotypes. 

No reported use, but 
POPFACE samples under 
analysis. Controlled-envi- 
ronment study identified 
13 proteins sensitive to 
elevated CO, (Bae and 
Sicher 2004). 

No reported studies in 
FACE. 



G. Taylor et al. 

Define hypotheses 4 
and experiments 
to test the model 

envlronment 

(systems) Biology 
Approach to FACE 

Experimentation 

Use cornputatlonal 2 
Genom~cs, Proteom~cs, tools to analyse and - 
Metabolom~cs Interrogate data 

Compare data wlth 
model predlctlons 

Refine the model 
experlmentatlon 7 

Fig. 20.1 An integrated (systems) biology approach to future experimentation in FACE 
facilities utilising the high through-put technologies of genomics, proteomics and 
metabolomics 

20.2 Genomics in Field-Grown Plants 

20.2.1 Transcript Profiling 

The sequencing of plant genomes and the development of genomic tech- 
niques has increased our fundamental understanding of plant growth and 
function. To date, genome studies have been used to discover and classify - 
gene functions with an increasing number of plant environmental genornic 
studies completed, including plant response to stresses such as ozone (Mat- 
suyama et al. 2002). 

The introduction of the microarray has allowed realistic global transcript 
profiling to be undertaken in many replicate biological samples. Microarrays 
allow the parallel screening of gene expression for (potentially) all genes 
from an organism either at a particular time or in response to a treatment. 
Microarrays allow speculative investigation of gene expression in the 
absence of hypothesis-testing (Schrader et al. 2004). This technology is now 
firmly established as a valuable research tool and its use is becoming routine 
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(Alba et al. 2004). There are a number of variations in the production of 
microarrays, primarily related to how the array is spotted or synthesised, as 
reviewed by Deyholos and Galbraith (2001), but here we focus on the use of 
cDNA glass-based microarrays, since currently these offer much potential to 
FACE scientists, being relatively cheap to produce and use, with more and 
more species of interest available for spotting. The production of cDNA 
microarrays involves spotting probes onto a solid support. Physically, glass 
slides are favoured above material filters because they are solid, transparent 
and have low fluorescence, allowing the target direct access to the probe, and 
are easy to visualise. The major limitation to field biologists has been the 
availability of sequence information for the organisms of interest. Ideal 
probes are fragments of cDNA that have been sequence-validated, annotated 
and are unique, which show minimal cross-hybridisation to related 
sequences and collectively represent a comprehensive portion of the 
expressed genome. Typically gene expression is profiled by the competitive 
hybridisation of cDNA from two targets, each labelled with a different fluo- 
rescent dye (Fig. 20.2). A ratio of expression for a target at a particular probe 
is the desired result; and therefore the nature of the probe and the amount 
of the target are key considerations. In order to obtain reliable results, tar- 
gets must hybridise to probes with a high degree of specificity and sensitiv- 
ity. In practice, researchers are limited in their choice of probes by the EST 
libraries available, as the sequencing, resequencing for validation and pro- 
duction of cDNA clones is expensive and time-consuming. 

This genome-wide approach has advantages. By assuming that genes with 
related functions may be co-regulated, candidate genes likely to be involved in 
the same processes are discovered (Eisen et al. 1998) and classes of functional 
genes may be identified (Golub et al. 1999). For example, cDNA microarray 
analysis of poplar leaves during senescence revealed that overall gene expres- 
sion was up-regulated, demonstrating that senescence involves active 
processes rather than a down-regulation of earlier activity and that specific 
groups of functional genes associated with senescence may be identified 
(Bhalerao et al. 2003; Andersson et al. 2004). 

Bioinformatics -"conceptualizing biology in terms of macromolecules and 
then applying 'informatics' techniques to understand and organize the infor- 
mation associated with these molecules, on a large scale" (Luscombe et al. 
2001) - uses information from large microarray datasets to cluster gene 
expression profiles into broad patterns of biological behaviour and to filter 
specific genes of interest (Wu 2001), as depicted in Fig. 20.2. 
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Fig. 20.2 Performing a microarray hybridisation requires the extraction of high quality 
RNA from field material that is reverse transcribed to form cDNA. Fluorescent dyes, con- 
trasting between treatments ('targets') are incorporated and hybridised to the 'probes' 
on the array, often a glass-based cDNA array, although other arrays with shorter- 
sequence probes exist. Following hybridisation in controlled conditions, laser excitation 
is used to quantify the relative incorporation of the dye with each spot, giving a measure 
of relative RNA expression in the two samples from FACE and ambient CO,. Large 
datasets are produced that require proprietary software or specialist programming. 
Parametric statistics, if used, must incorporate routines to avoid type 1 and type 2 statis- 
tical errors 

20.2.2 Use of Expression Arrays i n  FACE Experiments 

Few attempts have been made to use microarrays in current FACE facilities. In 
the POPFACE experiment, transcript profiling was completed in years 2 ,3 ,5  
and 6 of exposure to elevated CO, (Taylor et al. 2005) and this approach 
revealed several novel results (summarised in Fig. 20.3). A consistent result 
was the finding in that the effect of elevated CO, on relative transcript expres- 
sion depended strongly on stage of leaf development. For young leaves, differ- 
ential expression suggested that genes were up-regulated in elevated com- 
pared to expression in current CO,, whilst the opposite was true for older 
leaves, as illustrated in Fig. 20.3. A second finding was that rather few tran- 
scripts appeared sensitive to elevated CO, (a few dozen), but this may be a 
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Fig. 20.3 Transcript profiling in Populus trees grown in either current (350 ppm) or ele- 
vated (550 ppm) CO, for 6 years (A), or trees exposed to drought (B). A Young leaves 
depicts the changes in gene expression for elevated compared to current CO,,where each 
line is a single spot (transcript) on the array, with red for differential up-regulated in ele- 
vated CO, (>1.0), green for down-regulation in elevated CO, (<1.0) and yellow for no 
change (relative expression -1.0). The pattern of response to elevated CO, differed 
depending on leaf age. B Each spot on the array is represented by a spot on the figure, 
with colour notations as in (A). A one-to-one and two-fold change in gene expression is 
depicted by the parallel lines. Those genes up-regulated in drought are shown in red 

reflection of environmental variation. Transcripts of note included that for 
the small sub-unit of Rubisco, which was most likely to be up- and down- 
expressed in elevated relative to current CO, in young and semi-mature leaves 
respectively, a result confirmed by quantitative RT-PCR (Taylor et al. 2005). 
Most studies of Rubisco expression using Northern blot analysis have 
revealed a down-regulation of this transcript in elevated CO,, although Moore 
et al. (1998) also showed that up-regulation was possible, particularly in 
young leaves. The transcript profiling from POPFACE also revealed signifi- 
cant changes in the expression of xyloglucan endotransglycosylase/hydrolase 
(XTH) transcripts for a cell wall-loosening enzyme, known to show increased 
activity in elevated CO, (Ranasinghe and Taylor 1996; Ferris et al. 2001), an 
effect associated with increased leaf cell expansion and leaf area (Taylor et al. 
2003). Interestingly, at the ASPENFACE site, transcripts for this enzyme were 
also up-regulated in elevated CO,, following a transcript-profiling study using 
Nylon membrane arrays (Gupta et al. 2005a, b). It would appear that this is an 
important growth mechanism in elevated CO,, but perhaps that was pre- 
dictable before these hybridisations were performed. The real value of tran- 
script profiling is in revealing previously unsuspected genes such as the cal- 
cium-dependent protein kinase that appeared to be up-regulated in elevated 
compared to CO,; and the RAS-related GTP-binding protein was consistently 
down-regulated in elevated compared to current CO, for semi-mature leaves 
(Taylor et al. 2005). At the soyFACE site, a preliminary transcript-profiling 
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experiment using Arabidopsis was also reported by Miyazaki et al. (2004) and 
revealed that, for Arabidopsis at least, larger differences in gene expression 
were apparent between controlled environment versus field than between 
current versus elevated CO,. Taken together, these three preliminary studies 
suggest that field-grown plant material is subjected to large environmental 
variation on both a seasonal and daily basis and it is possible that this, com- 
bined with small changes in the expression of many genes rather than large 
changes in the expression of few genes, means that microarrays are difficult 
systems to work with in the field. 

20.2.3 QTL Discovery for Responsive Traits 

Because patterns of plant development, growth and productivity are con- 
trolled by many rather than single genes, they can be resolved at the genomic 
level using population and quantitative genetics, through the identification of 
QTL. Elucidation of QTL is not only useful for analysing important agronomic 
traits in crops, but also for understanding fundamental aspects of genetic 
control in plants, particularly model species, grown under differing condi- 
tions. It can provide evidence that a plant characteristic of interest has a 
genetic component and is a good start-point for future studies on individual 
genes and genomic regions, or in focusing on the inheritance and evolution of 
specific traits of interest. To our knowledge, few studies of QTL identification 
in elevated CO, have been published (Ferris et al. 2002). This is surprising, 
because the approach has yielded valuable insight into plant response to a 
range of environmental changes, prompting gene-cloning strategies, and 
identified Arabidopsis as a valuable model to understand the ecological sig- 
nificance of genetic variation (Alonso-Blanco et a]. 1998). 

There is considerable evidence that past changes in atmospheric elevated 
CO, have acted as a selection pressure, leading to altered plant development 
and adaptation. For example, stomata1 numbers have declined since pre- 
industrial and across geological time-scales (Hetherington and Woodward 
2003) - an effect attributed to rising atmospheric CO,. These adaptive 
changes are likely to have an effect on plant competitive ability and fitness. In 
order to use the power of quantitative genetics to unravel genetic response to 
global change, we need first to develop a well characterised segregating popu- 
lation, such as Arabidopsis (Lister and Dean 1993) and also Populus (Brad- 
shaw et al. 1994), which must be genotyped; and, coupled to this, the whole 
population (in replicate) is then subjected to the conditions of interest. How- 
ever, there are some technical difficulties, since the numbers involved in any 
mapping study tend to be large (Lister and Dean 1993). 

By exposing a mapping population to elevated CO,, we have revealed these 
responses as well as detected the underlying QTL determining growth and 
development traits. Elevated [CO,] resulted in the production of larger trees, 
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Fig. 20.4 The use of quantitative genetics to elucidate the genomic regions sensitive to 
elevated CO,, as yet a technology not utilised in FACE facilities. A Here, an open-top 
chamber experiment on Populus reveals that the F, progeny of an interspecific cross (R 
trichocarpa x R deltoides) had significantly larger leaf epidermal cells in elevated CO,. 
This information was used to determine several QTL (areas of the genome) responsible 
for this trait. B On linkage group XI1 of Populus, a QTL for cell area was found in both 
current and elevated CO, treatments and at least one candidate gene, taken from the 
physical sequence of Populus (TTG1 - known to determine cell patterning and fate), is 
found to co-locate to this region. This would be a good candidate gene for further study. 
The physical sequence of Populus may be interrogated at http:llgenome.jgi-psf.org/ 
Poptr1/Poptrl.home.html 

which is in keeping with other literature reporting increased above- and 
below-ground plant growth and biomass accumulation (Norby et al. 1999). 
Figure. 20.4 shows how leaf epidermal cell expansion was stimulated by ele- 
vated CO,, identifies a QTL for this trait (several others were present) and co- 
locates a putative candidate gene that may be contributing to this response. 
Similar responses to elevated CO, were found when the RILs of Arabidopsis 
were exposed to this treatment in four separate experiments over the course 
of 3 years (Rae et al. 2005). 

- 20.2.4 Association Genetics 
- 
- 

QTL discovery in segregating pedigrees relies on linkage between a QTL and - - - - 
- - G a marker generated by hybridisation between the parents of a segregating 
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pedigree. This means that recombination, and therefore mapping resolution, 
is limited by the number of generations involved to produce the segregating 
pedigree. In general, these studies have positioned the identified QTL within 
chromosomal regions spanning 10-40 cM (Kearsey and Farquhar 1998). 
Although this level of precision may be sufficient for some applications of 
marker-assisted selection, to more accurately identify candidate genes for the 
trait of interest, the theory of association mapping has been put forward. 

Association genetics utilises linkage disequilibrium (LD) to identify QTL 
in natural populations. LD is the non-random association between alleles, 
usually at linked loci (Weir 1990). This occurs when alleles at different loci 
occur together more often than expected; LD is a statistical measure that 
quantifies the non-independence of genotypes at several loci. 

Interest in the study of LD has increased dramatically in recent years due 
to genomic technologies enabling rapid identification of haplotypes at many 
genetic loci, either by DNA sequencing or by high-throughput single 
nucleotide polymorphisms (SNP) analysis. Two main approaches can be 
taken in association mapping. One is the whole genome scan. In the presence 
of significant LD, of the order of tens of kilobases or more, it can be possible 
to identify genetic regions that are associated with a particular trait of inter- 
est by a high-density genome scan of individuals from an existing population. 
Alternatively, if LD declines rapidly in the population, a candidate gene 
approach may be taken where variation in genes, that are presumed to be of 
importance, are analysed and associated with the variation in the trait, i.e. 
genes are identified that may be responsible for the trait of interest by screen- 
ing a limited number of candidate genes. Individual SNP haplotypes within a 
candidate gene are systematically tested for association with the phenotype of 
interest. In some cases, it should be possible to identify a polymorphism 
within a gene that is responsible for the difference in alternative phenotypes 
(Palaisa et al. 2004), sometimes termed quantitative trait nucleotides (QTN; 
Rafalski and Morgante 2004). 

LD is expected to vary greatly in different populations because of the ran- 
domness of history, but the average rate of decay of LD (i.e. the genetic or 
physical distance over which LD can be measured) depends on the demo- 
graphic history of the population. In particular, the extent of selfing versus 
outcrossing in plant populations can have a strong effect. It has been shown 
that LD is extensive in the mainly inbreeding species A. thaliana, but that it is 
far from genome-wide (Nordborg 2000). Association-mapping studies have 
been successful in human studies (e.g. Cardon et al. 1994; Fullerton et al. 2002) 
and livestock (Kirkpatrick and Jarne 2000), but its use is just beginning in 
plants (Gupta et al. 2005a, b). 

Association studies can be used in a similar manner, in FACE experiments, 
as linkage analysis in segregating pedigrees, but the process differs in that it 
examines a set of presumably unrelated genotypes containing more allelic 
diversity and recombination events than in a typical controlled cross, therefore 



The Potential of Genomics and Genetics 361 

reducing the time and cost of producing the pedigree and increasing the reso- 
lution and applicability. The predicted effect of the QTL should not be specific 
to a single family or mapping pedigree. The major limitation of LD mapping is 
that it provides little insight into the mechanistic basis of the LD detected (e.g. 
LD may not be due to linkage, but population subdivision and admixture), so 
that genomic localisation and cloning of genes based on LD may not always be 
successful. Therefore joint linkage and LD-mapping strategies have been 
devised (Wu et al. 2002).At present, there are no reported association studies in 
FACE experiments, but this should be a useful tool for future work. 

20.3 Proteomics and Metabolomics in Field-Grown Plants 

The term genomics is used increasingly to encompass a range of high- 
throughput investigative methods that examine all components of a biologi- 
cal state at various scales, principally transcriptomics, proteomics, and 
metabolomics. The term functional genomics describes the use of genomics to 
ascribe functional roles to genes and their products. Proteomics is an ever- 
developing technology now widely used in a range of scientific disciplines in 
order to analyse the proteome (the protein component of the genome) with 
the potential to elucidate responses to biotic and abiotic stresses, including 
elevated CO,. Such results complement transcriptome data and further aid the 
understanding of the functional identity of all plant genes existing in the 
genome. Microarrays are confounded by the fact that they only provide infor- 
mation on changes occurring at the level of transcription and do not take into 
account post- translational modifications that may occur before the protein is 
fully functional. Using proteomics in conjunction with information gained 
from the transcriptome further aids the understanding of biological 

I processes and mechanisms (Tao and Aebersold 2003). In order to identify and 
quantify proteins correctly and accurately, appropriate methods are required 
that are both sensitive and powerful. There are several different approaches 
that have been developed for quantitative protein profiling. The two-dimen- 
sional gel electrophoresis technique (hereafter referred to as 2-DE) was pri- 
marily the most commonly used proteomic procedure. However, it is a limited 
technology and, like most proteomic technologies, does not identify post- 

= translational modifications that may be of regulatory significance. This is a 

f major limitation. The 2-DE has been used in long-term exposure of Arabidop- 
- sis to elevated carbon dioxide levels. In this experiment, 13 proteins were - 
E 
3 
- - - - - found to differ significantly in response to elevated CO, (Bae and Sicher 
- - 2004). Six of the proteins were identified by mass spectrometry (MS) and were r - 
- - involved in plant development or stress and photosynthesis (Bae and Sicher 
- - 
F - 2004). However, the 2-DE approach to proteomics was much criticised, since 
- - the technique requires a large amount of technical expertise to produce ade- g 
- - - - 
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quate gels (Quadroni and James 1999) and is also extremely time-consuming. 
Furthermore, in the experiments conducted by Bae and Sicher (2004), it was 
difficult to identify hydrophobic proteins or those that were hard to solubilise. 
It is also apparent that this technique is not appropriate for detecting proteins 
present in low abundance. In addition to the gel-based 2-DE, isotopically 
labelling peptides may also be used to identify proteins. One such technique, 
isotope-coded affinity tags (ICAT) can be used to determine the relative 
amounts of proteins from cells subjected to two different conditions. The sta- 
ble isotope tags used in the technique are chemically identical and simply dif- 
fer in mass. The proteins from one treatment are labelled with 'heavy' tags, 
whilst those from treatment two are labelled with 'light' tags. The two samples 
are combined and, after protein digestion, they are run through a column 
where the tagged peptides are captured. After fractionation, tandem MS is 
used to identify the labelled peptides. The ICAT approach has been used for 
quantification and has produced some good results (Ranish et al. 2003). There 
have however been problems with the reagents used in the ICAT method, 
which are currently being further developed. Recently, a similar approach was 
developed, termed iTRAQ (Applied Biosystems; www.app1iedbiosystems. 
com). Similarly to ICAT, it is a non-gel-based approach and, following protein 
digestion, the peptides are tagged and analysed by tandem MS. There are a 
number of other non-gel-based approaches, including combined fractional 
diagonal chromatography (COFRADIC), which was developed in Professor 
Joel Vandekerckhove's laboratory (University of Ghent). The technique 
involves separating peptides based upon chromatographic differences and 
using MS for identification. Appropriate analytical methods are essential for 
unravelling the complex results produced from proteomic experiments. There 
are a number of databases constructed to aid the interpretation of the results 
from MS data, including MASCOT (Perkins et al. 1999), PepFrag (Qin et al. 
1997) and MS-Tag (Clauser et al. 1999). Furthermore, a centralized proteomics 
database was recently created, with the aim of sharing experimental data with 
other researchers (http://bioinformatics.icmb.utexas.edu/OPD). Similar 
schemes had already been set up for transcript analysis of microarrays, such 
as the Stanford Microarray Database. Such apparatus will further encourage 
the use of proteomics for future research purposes. 2 

Another technique involving isotopic labelling is known as absolute quan- j 
tification of proteins (AQUA; http://www.proteome.soton.ac.uk/aqua.htm) 
and measures absolute protein expression (in terms of number of molecules 
per cell). It is a highly sensitive method which involves using stable isotopi- 
cally labelled peptides (e.g. 13C) as a reference. Tandem MS is again used to 
quantify the protein of interest by comparison with the level of the corre- 
sponding reference. Applications of this technique however are not well doc- 
umented. 

Proteomic approaches have been used in Arabidopsis and alfalfa (Medicago 
sativa) to study cell wall proteins (Chivasa et al. 2002; Watson et al. 2004). 
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Whilst many named cell wall proteins with known biological function have 
been identified using such techniques, including expansins, glucanases and 
peroxidases, a number of previously unnamed proteins have also been identi- 
fied (Chivasa et al. 2002), thus illustrating the potential for protein discovery. 
Although not yet utilised extensively for protein profiling in FACE experi- 
ments, there is huge potential for this application which may be realised in the 
next few years. Since it has already been shown that 2-DE can be successfully 
used to detect in proteins in response to ozone in rice seedlings (Oryza sativa; 
Agrawal et al. 2002) and elevated CO, in Arabidopsis (Bae and Sicher 2004), it 
seems likely that future potential of protein profiling is large. 

Metabolomics is becoming an important component of the holistic era of 
genomic investigations, although it has currently received less attention than 
genomic approaches. In order to understand and model complex plant 
responses to environment, it is essential to quantify and understand changes 
in the metabolome, alongside those of genome and proteome. The plant 
metabolome consists of the low molecular weight molecules present within 
cells and the study of these metabolites is termed metabolomics (Fiehn et al. 
2000). Both primary metabolites (e.g. amino acids, fatty acids, carbohydrates) 
and secondary metabolites (e.g. flavonoids, terpenoids) are present within 
plant cells and represent end-products of gene expression. Their study along- 
side transcriptomics and proteomics is therefore critical to attaining an inte- 
grated biology understanding of adaptation and development. Many metabo- 
lites have critical functions in resistance and stress responses of plants and, 
commercially, are important as they are constituents of the taste, smell and 
colour of edible crops and flowers (Bino et al. 2004). The composition of cel- 
lular metabolites defines the biochemical state of a cell and the metabolome is 
tightly linked to the biological functioning of cells. This close relationship 
between the metabolome and biological function makes metabolomics an 
essential approach for understanding biochemical adaptation to an altered 
environment. In the same manner as transcriptomics and proteomics, 
metabolomic analysis allows patterns of co-expression to be identified and 
these can indicate regulons that fall under the control of single genes. 

Metabolomics can be considered the biological interpretation of data 
derived from chemical data through the application of complex mathematical 
techniques. Metabolic profiling requires the identification of low molecular 
weight compounds, which can be achieved through gas chromatography 
(GC), high-performance liquid chromatography (HPLC), and nuclear mag- 
netic resonance (NMR). Compounds are chromatographically separated and 
compared to a well defined sets of calibration standards. Metabolomics aims 
to identify metabolites present in crude extracts, using NMR, MS (including 
quadrupole time-of-flight MS; QTOF) and Fourier-transformed infrared 
spectroscopy (FT-IR). Metabolites are then identified by comparison of spec- 
tral data to that available in databases (Wagner et al. 2003) such as NIST 
(www.nist.gov), Wiley (www.wi1eyregistry.com) Sigma-Aldrich (http://www. 
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sigmaaldrich.com/Area~of~Interest/Equipment~Supplies~Books/Key~Reso 
urcesISpectra1-Viewer.htm1) and other research databases, such as the Max 
Planck Institute of Molecular Plant Physiology (www.mpimp-golm.mpg. 
delmms-librarylindex-e.htm1). At present, these databases contain only a 
fraction of the total metabolomic pool, representing less than 30 % of identi- 
fied spectral peaks (Bino et al. 2004). It is estimated that a typical Arabidopsis 
leaf will contain in the order of 5000 primary and secondary metabolites, with 
only 10 % of these currently having functional annotation data available 
(Wagner et al. 2003). These 5000 represent only a fraction of the 200 000 
metabolites thought to exist within the plant kingdom (Pichersky and Gang 
2000). In order to attain information about the entire metabolome, combina- 
tions of the above technologies are required (Hall et al. 2002). The combina- 
tion of technologies used represents a balance between speed, accuracy and 
resolution (Sumner et al. 2003). 

20.4 The Importance of Experimental Design and Sampling 
Strategy in FACE Facilities 

A crucial component of genomics is that of experimental design, data han- C 

dling and data analysis. For such extensive and complicated datasets as those 
produced by genomics, the complexity, learning curve and essential role of 
data analysis cannot be understated. For FACE experiments, an added consid- 
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eration is that of environmental heterogeneity, which may be considerable 
- 
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across both small and large temporal and spatial scales. We already know that 
- 
- 
- - - 
- 

gene expression can be affected by time of day (Michael and McClung 2003), 
- - - 
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temperature (Seki et al. 2002) and light environment (Bertrand et al. 2005) I - E!?z - - 

and that all these act to confound treatment effects unless a relatively strin- 
- - - - - - r 
1 

gent sampling strategy is applied, for example by 'time of day' or 'season' = - = 

(including daylength). It also critical to determine which type of parameters 
or 'traits' are likely to be responsive to CO, and tractable using these technolo- 
gies. Most FACE experiments have some differences between rings within 
each treatment -'block effects'- and correct statistical treatment of these data 
is essential. Biological replicates (individual plants) may be pooled in some 
approaches to remove some of this variation, although this should always be 
checked against individual replicates. Analysis is the visualisation and identi- 
fication of responsive components, followed by the functional annotation of 
genes, proteins and metabolites and their placement within biochemical 
pathways. These last two steps are essential to the formation of a biological 
understanding of the functional contribution of metabolites. Another aspect 
to analysis involves the handling of quantitative data. Statistical analysis of 
the data is required to determine the probability that gene expression, for 
example, is significantly affected by the condition of interest or between the 
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tissues, organs, developmental stages, or genotypes under consideration. 
Many issues arising from the handling of large-scale datasets have been 
resolved or are currently being researched in relation to transcriptomics data 
analysis. Due to the large number of profiles that can be obtained from high- 
throughput 'omics', analytical methods to reduce the dimensionality of the 
data are often employed. The most common of these are principal compo- 
nents analysis (PCA), hierarchical cluster analysis (HCA) and K-means clus- 
tering. Sumner et al. (2003) offers a brief overview of these. As previously 
mentioned, examination of the functional classification of genes and their 
metabolites is of critical importance in order to inform a biological under- 
standing of metabolome responses and their role in plant-environment inter- 
actions. To this end, many resources have been made available recently that 
enable visual interpretation of data from a range of genomics data. One such 
resource is a software package called MapMan (Thimm et al. 2004; http:// 
gabi.rzpd.de/projects/MapMan/). Figure 20.5 shows an example image from 
the elevated CO, dataset that is freely available from the MapMan website. It 
gives an overview of cellular response mechanisms. Each block within the cat- 
egories represents a gene and the expression level of that gene is colour-coded 
(blue for down-regulation in response to elevated CO, and red for up-regula- 

Fig. 20.5 Categories involved in cellular response mechanisms. Each block represents 
genes and the expression of the gene in response to elevated CO, is colour-coded, where 
blue represents down-regulation and red up-regulation. Source: http://gabi.rzpd.de/pro- 
jects/MapMan/data.shtml 
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tion). Other such tools include Aracyc (http://www.arabidopsis.org/), Kyoto 
encyclopedia of genes and genomes (KEGG; http://www.genome.jp/kegg/ 
pathway.htm1) and Gene ontology (GO; www.geneonto1ogy.org). 

As metabolomics represents an end-result of gene expression and pro- 
teome expression, its functioning and response are highly coupled to the bio- 
logical state of the organism. Resolution at the metabolome level may prove to 
be higher than that of the proteome or the transcriptome. As identification 
and annotation of previously uncharacterised metabolites and their inclusion 
in public databases increases, metabolomics will play a central role in con- 
tributing to an integrated biology level understanding of plant-environment 
interactions. 

20.5 The Future 

The potential of genomics has yet to be fully realised in FACE experiments. 
There is no doubt that an integrative (systems) Biology approach will be per- 
tinent over the coming years. Crop production will be altered in future cli- 
mates and there is a need to link Biology to molecular crop breeding and 
improvement programmes, with a strong emphasis on field as opposed to 
controlled environment studies. In addition, FACE experiments provide a 
realistic environment in which to study mechanisms of genetic adaptation to 
future CO, concentrations. Few such studies are as yet available and the com- 
bination of genomic and genetic techniques will allow us to gain powerful 
insights into future adaptations. FACE experiments provide the ideal large- 
scale facility to allow multi-disciplinary teams to focus on important ques- 
tions in ecological genomics in future high CO, conditions. 

20.6 Conclusions 

This chapter presents a summary of all current research effort on genomic 
and other 'omic' approaches that are being utilized in FACE experiments. 
Surprisingly few data are as yet available, but we describe activity and likely 
activity in transcriptomics, metabolomics, proteomics and molecular genet- 
ics (QTL analysis). New research to identify the genes that underlie adapta- 
tion to elevated CO, combines the transcriptomic approach with that of QTL 
discovery and, in future, this promises to yield new and exciting data that 
can only be collected at field-scale, since large replicated populations are 
necessary. 

New technologies and resources in molecular genetics and genomics have 
to date been largely unused in large-scale ecosystem manipulative experi- 
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ments such as FACE. Few transcriptome, proteome and metabolome studies 
have been undertaken. Similarly, the use of natural genetic variation to iso- 
late QTL and genomic regions linked to adaptation to elevated CO, have 
been little considered, despite their potential. 
Model species, including poplar, arabidopsis, maize, rice and soybean, can 
currently be used to elucidate genomic response to elevated CO, because 
they have wide-ranging resources, including physical DNA sequence, 
microarrays, protein databases and molecular genetic maps. In the future, 
genomic resources will be extended to a wide range of ecologically relevant 
species. This promises to provide exciting new insights into long-term 
ecosystem responses to elevated CO, and ozone. 
The first transcriptome studies have revealed a small set of genes that may 
be sensitive to long-term exposure to elevated CO,, including genes 
involved in the control of growth of the plant cell wall and cell size and 
shape. Microarrays, however, present inherent difficulties for field-grown 
material which may be highly variable and where experimental design and 
sampling are critical in obtaining high quality data. 
QTL for adaptive responses to elevated CO, have been identified in poplar 
and arabidopsis; and these provide the first clues to genetic adaptation to 
elevated CO,. The genes underlying these QTL should be determined as a 
matter of priority. 
A systems biology approach to genomics should enable full integration of 
the environmental factors conferring a given phenotype, overcoming limi- 
tation centred on gene expression studies alone and providing novel insight 
into growth, development and adaptation in elevated CO,. 
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