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Proteomics: empowering systems biology in plants
Developing technologies being applied in the post-

genomics era are not only allowing determination of

global changes in plant gene expression but also the level

and complexity of proteins and the resultant metabolite
profile. The integration of such data forms the basis for

modern systems biology, which aims to establish and

model networks that are fundamental to understanding

the evolution, development and adaptability of organ-

isms. In plant breeding and biotechnology too, such

data is serving to identify pleiotropic effects as a result of

mutation and transgenesis allowing more effective ra-

tional improvement.
One major contribution of proteomics to this new

science will serve to improve the genomic data. Some of

the present questions associated with genome annota-

tions surround the fundamental question of how many

genes there are, which, a priori, translates into how

many functional proteins. Annotations of genomes de-

pend somewhat on the algorithms applied to identify

genes and these parameters include the minimum exon
size set and the identification of bona fide promoters and

of pseudogenes. Proteomics has a service to play here, as

it certainly has in correction of miss-annotations and

sequencing errors. Programmes exist such as Arabid-

opsis 2010 in the US, GarNet in the UK and various

European wide consortia to take this further and con-

firm functional identity of all plant genes in the existing

genomes. This will obviously involve proteomics and
metabolomic inputs. Phytochemistry wishes to reflect

these technological innovations and the resultant ex-

plosion in knowledge in a series of special issues. A

Metabolomics issue edited by Dieter Strack and Richard

Dixon has already appeared (volume 62(6) March 2003),

the present issue deals, in two parts with Proteomics and

an issue on Evolution of Metabolic Diversity, a ge-

nomics issue dealing with secondary metabolism is
planned for 2005 to be edited by Dieter Strack, Toni

Kutchan and Thomas Hartmann.

The proteomes that have been appearing, already

support the contention that the number of proteins will

amplify, functionally, the number of genes. In humans,

for instance, it is proposed that 30,000 genes translate to

at least 90,000 proteins. This added diversity arises

through alternative splicing and protein post-transla-
tional modification. The latter involves processing
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cleavages, protein splicing, glycosylation, phosphoryla-

tion, lipid modifications and at least a hundred other

possible modifications. Although the general conse-

quences of many of these modifications are known, their
temporal and spatial manifestations and the signalling

bringing them about requires proteomic analysis, using

available and developing technologies many of which

are highlighted in this issue.

Added complexity derived from proteome analysis

can be seen at the tissue level, resulting from differential

gene expression. This is spectacularly exemplified by

Koller et al., 2002 who carried out ground breaking
MudPIT/2D-gel analysis on rice and which was re-

viewed by one of us (Whitelegge, 2002). They analysed

leaf, root and seed and identified 2528 unique proteins.

Unexpectedly, only 189 of these were common to all

three tissues, therefore revealing a large degree of spe-

cialisation. In terms of phytochemistry this probably

means that in plants central metabolic pathways do not

require large genetic commitment and there is high po-
tential for intermediary and secondary pathways in the

individual tissues. The limitations of genomic analysis

have also been revealed in the proteomics of subcellular

compartments. The two other editors had such an ex-

perience in their analysis of cell walls (Chivasa et al.,

2002). 328 spots were identified and analysed, giving 111

distinct proteins, representing 69 different gene prod-

ucts. However, 50% of these were not annotated in the
genome and some of the known proteins had not been

not described previously in walls. Such findings are

further borne out by several of the papers within this

special issue.

The proteome, unlike the genome, is dynamic and

because of the need to measure changes in expression

and post-translational modification in response to vari-

ous over what can be short timescales, newer advances
have addressed the need for accurate quantitation to

allow meaningful comparisons. As a consequence of

variability between measurements, current strategies in

quantitation typically involve mixing of an experimental

sample with a control, each coded with stable isotopes

to allow for mass spectrometric discrimination between

two samples in a single measurement. Labelling is

achieved via growth in modified media or by chemical
modification in vitro (Tao and Aebersold, 2003). The
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paper by Whitelegge et al. in the first part of this issue,

introduces the use of minimal alteration of isotope ratio

for isotope coding in proteomics. To complete the

equation for proteome flux measurements it is necessary

to measure protein turnover rate. Stable isotope strate-
gies are again employed in pulse-chase protocols re-

vealing, in the case of yeast, a wide variation in protein

turnover rates (Pratt et al., 2002).

Another area where development of proteomic tech-

nologies are required is signal transduction. Protein ki-

nase gene families have been annotated and the drive is

now on to place individual members into their respective

regulatory circuits. The transient expression system de-
veloped by Sheen (2001) can address the biology in a

spectacular breakthrough technology. However, the

paper by Sawasaki et al., in this issue describes another

emerging technology utilising in vitro transcription-

translation and phosphorylation for further characteri-

sation of kinases and points to development of a protein

chip. Although not represented in this issue, the area of

phosphorylation needs development of high throughput
technology for identification of target proteins and their

respective phosphorylation sites. Despite claims of the

manufacturers of the hardware for the ability of their

equipment, this technology is not yet routine.

This special issue has been compiled in several the-

matic sections arranged over two parts (issues 65/11 and

65/12). The first part begins with a number of general

contributions. Russell Newton et al. thoroughly review
modern biological mass spectroscopy and its application

to proteomics and plant biochemistry. Hisashi Hirano

et al. review the technical aspects of functional genomics

in plants. They consider all methodology from 2D

electrophoresis, multidimensional protein identification

technology (MudPIT), through quantitative techniques

using fluorescent dyes (2D-DIGE) and isotope labelled

affinity tags (ICAT) to the latest technologies using top-
down protein analyses using Fourier transform ion

cyclotron resonance. The review delves further into

strategies for examining protein-protein interactions and

future technical demands. The reference list is truly

spectacular and will serve the community for some time

to come. Francis Chevalier et al. examine current stains

for polyacrylamide gels providing the first comparisons

of some of the newest technology available. Whitelegge
et al. explore the use of minor alterations to 13C:12C

ratios for isotope coding in proteomics with the goal of

providing an inexpensive alternative to current strategies

requiring full isotope exchange and full compatibility

with available protein identification technologies. Dou-

bling the abundance of 13C provides isotope coding

without compromising protein identification by tandem

mass spectrometry.
Following these general technological contributions

are a number on functional genomics. There are two

reviews by Millar et al. and Gottlieb et al. The paper
from the Millar group reviews the techniques that are

employed by plant proteomics researchers to link pro-

teins to others on interaction maps. The problem of

redundancy arising from gene duplication is emphasized

and is a recurring theme throughout the work. Gottlieb
et al. present a multivariate approach to the handling of

data in classical proteomics and other data generating

protein analysis methods like mass spectrometry and

near infrared spectroscopy. This has the advantage that

protein patterns can be identified at an early stage and

consequently the proteins selected for sequencing can be

selected intelligently and reveal the hidden structures

present in these data. Tatsuya Sawasaki et al. report on
a high efficiency in vitro cell free translational system

from wheat germ which they have modified so that it

works efficiently and gives high yield. This is a bonus for

those looking at gene function as it has allowed them to

investigate 439 cDNAs encoding protein kinases from

Arabidopsis and demonstrate autophosphorylation and

Ca2þ dependent kinase activity. Norman Lewis’s group

present the utility of expression systems to study the
detailed kinetics of individual isoforms within multigene

families in two papers. The first deals with the kinetic

characterization of the four isoforms of the Arabidopsis

phenylalanine ammonia lyase gene family, while the

second extends the functional characterisation of the

Arabidopsis 4-coumarate ligase family with the identi-

fication of a new isoform, to increase the total number

to five, together with the demonstration of novel speci-
ficities for the various forms. A contribution from

Hans-Peter Mock’s Group describes use of 2D-electro-

phoresis, MALDI TOF, post source decay and western

blotting to look at germins in two ecotypes of Arabid-

opsis. This is a multigene family which posess at least

one site for glycosylation and one of the isoforms has

oxalate oxidase activity which could be involved in cell

wall cross-linking. Zhang et al. report on the growing
use of mass spectroscopy to allow detailed structural

characterization of complex glycoproteins and improve

on our knowledge of how glycans influence stability and

folding of proteins. Eric Sarnighausen et al. describe the

first extensive study on proteomics in Physcomitrella

patens. This is a plant, which has a high frequency of

homologous recombination allowing for targetted gene

deletions. Over 300 proteins have been identified and
this will be a landmark paper in the area.

The application of proteomics in eco-devo research is

well represented also. The group of Catherine Damerval

has produced a 2D map of maize endosperm in an ex-

tensive study, which will be a resource of fundamental

importance for all working in cereals. Christine Finnie

et al. have looked at barley seed proteins with particular

emphasis on effects of growth conditions, transgenes and
pleiotropic effects. Bob Buchanan’s group provide an

informative description and critical assessment of their

approach to identify thioredoxin protein targets in
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wheat seeds. Using monobromobimane fluorescence

and affinity column chromatography, 68 putative pro-

tein thioredoxin targets were identified in wheat endo-

sperm and flour. Significantly, 40 potential new targets

were identified for thioredoxin. The contribution from
Wolfram Weckworth’s group reports on a proteomic

analysis of a single cell type, the Arabidopsis trichome.

The authors collected thousands of individual trichomes

and identified 69 proteins whose functions indicate high

levels of sulphur metabolism and detoxification. Eliane

Dumas-Gaudot et al. report the effect of xenobiotics on

the interactions between the model plant Medicago

trucatula and the arbuscular mycorrhizal fungus Glomus

mosseae or the rhizobial bacteria Sinorhizobium meliloti.

Symbiosis-related proteins were detected and identified

by twodimensional electrophoresis and matrix-assisted

laser desorption ionization mass spectrometry, and im-

age analysis was used to determine the effects on the

M. truncatula symbiotic proteome.

The second part begins with a section on organelles.

Application of proteomics at the subcellular level is also
well represented through six contributions. Starting with

the nucleus, Md Khan et al. review the state of play with

respect to proteomics of rice tissues and organelles

with particular emphasis on the annotation of the nu-

clear localised proteins. More than 190 proteins are now

identified, the highest subset of which, naturally are in-

volved in signal transduction and gene regulation. The

contribution from Hans-Peter Braun’s demonstrates the
utility of blue-native gels as a first dimension for pro-

teomic analyses of supercomplexes from solubilized

thylakoid membranes from Arabidopsis. This separa-

tion system sets the bar for all other experimental

approaches aimed at subfractionation of cellular mem-

brane systems. Sabine Brugerie et al. have increased by

40% the number of identifiable proteins now known to

be present in Arabidopsis mitochondrial membranes.
Although many more remain to be identified, this study

must represent one of the most complete for an indi-

vidual membrane compartment from plant cells. Bonnie

Watson et al. have used proteomics to investigate the

cell wall of Medicago sativa (alfalfa). Differential ex-

traction of the cell wall has been achieved using different

salt solutions and the high LiCl treatment has provided

a separate fraction for analysis. Over 100 proteins have
been identified and their subcellular location by this

method forms the basis for further studies. The related

M. truncatula has become the leguminous model plant

of choice for which abundant EST and genomic data is

accumulating. Beniot Valot et al. have made one of the

first major proteomic studies to aid annotation and re-

port 96 microsomal proteins some of which could be

important in establishing symbiotic relationships. Brian
Mooney and Jay Thelen demonstrate the utility of the

Unigene expressed tag database for protein identifica-

tion in soybean.
Proteomics has also been applied successfully to un-

derstanding signalling components. A review from Red-

dy and Reddy shows that the Ca2þ-signaling circuit

consists of three major ‘‘nodes’’ – generation of a Ca2þ-
signature in response to a signal, recognition of signature
by Ca2þ sensors and transduction of signaturemessage to

targets that participate in producing signal-specific re-

sponses. Molecular genetic and protein-protein interac-

tion approaches together with bioinformatic analysis of

the Arabidopsis genome have resulted in identification of

a large number of proteins at each ‘‘node’’ –�80 at Ca2þ

signature, �400 sensors and �200 targets – that form a

myriad of Ca2þ signalling networks in a ‘‘mix andmatch’’
fashion. They discuss the current status of Ca2þ signal-

ling components, their known functions and potential of

emerging high-throughput genomic and proteomic

technologies in unravelling complex Ca2þ circuitry. Al-

though the kinase families, CDPKs, MAPKs, etc., are

well annotated, there is a vast lack of knowledge of in-

dividual targets for each kinase. Birgit Kirsten’s group

have used such high-throughput technology and gener-
ated protein microarrays that were incubated with an

expression library-derived barley CK2a in the presence of
[c-33P]ATP, and signals were detected by X-ray film or

phosphor imager. They were able to demonstrate the

power of the protein microarray technology by identifi-

cation of 21 potential targets out of 768 proteins in-

cluding such well-known substrates of CK2a as high

mobility group proteins and calreticulin. A contribution
from Gerhard Link’s group explores this phylogeneti-

cally conserved kinase (CK2) and shows, in mustard, it is

both phosphorylated and subject to thiol regulation for

hypothetical transcriptional control in the chloroplast.

Due to the massive changes in global gene expression

that occur, it is not surprising that a proteomics approach

to understanding biotic stress has been particularly

fruitful. Christina Walz et al. have applied proteomics to
look at cucurbit phloem exudates so revealing a defensive

network. The system is of particular interest as the pro-

teins come from phloem, which has no endogenous

transcriptional or translational machinery. The majority

of the proteins identified were involved in responses to

stress and in defence reactions. An interaction, which

involves parasitizing of the plant vascular system, is de-

scribed by the group of Jesus Jorrin. They compared re-
sistant and susceptible accessions of pea to broomrape

and have achieved positive identification of a number of

proteins of carbohydrate and nitrogen metabolism in

addition to those that are defence related that show dif-

ferential responses. Murray Grant and John Mansfield

discuss responses to microbial pathogens and report al-

terations in the proteome of Arabidopsis thaliana leaves

during early responses to challenge by Pseudomonas sy-

ringae pv. tomato DC3000 (DC3000). Protein changes

characteristic of the establishment of basal resistance and

R-gene mediated resistance were examined by comparing
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responses to DC3000, a hrp mutant and DC3000 ex-

pressing avrRpm1, respectively. The abundance of se-

lected transcripts was also analysed in GeneChip

experiments. They present comparative data from the

soluble fraction of leaf protein, highlighting changes
in two antioxidant enzyme groups; the glutathione

S-transferases and peroxiredoxins and stressing the im-

portance of oxidative events in innate defence (basal re-

sistance) and gene for gene interactions. A feature of the

latter is the hypersensitive response although there is de-

bate whether this involves true programmed cell death

(PCD).

Programmed cell death also occurs in response to
abiotic stresses. Lee Sweetlove and colleagues report a

proteomics approach to this in general which will help

define the exact parameters of this phenomenon in plants.

They identified 11 proteins that increased in abundance

relative to total protein in response to heat- and senes-

cence-induced PCD despite extensive degradation of

other proteins in cultured cells of Arabidopsis. The in-

creased abundance of several antioxidant proteins as well
as a measured increase in free Fe2þ content of the cells

indicates an oxidative stress in this system. Several mi-

tochondrial proteins were identified, confirming the im-

portance of this organelle during PCD. They also

identified an extracellular glycoprotein that may function

in the transmission of a ‘death signal’ from cell to cell.

Kristensen et al. devised an elegant protocol for proteo-

mic analysis of protein carbonyl formation in rice leaf
mitochondrial matrix following exposure to mild oxida-

tive stress in vitro. Protein oxidation in vivo is an aspect of

proteomics that is only just being addressed. Bart De-

vreese’s group also study the heat shock response. In this

study a proteomic analysis (2D-PAGE, MS) was used to

detect the effects of heat shock on the protein pattern of

barley cultivars tolerant and susceptible to abiotic stres-

ses. They show the power of an automated nano-HPLC
system coupled to an electrospray ionization-quadrupole

linear ion trap (Q-TRAP) instrument which allowed the

identification of six isoforms of a 16.9 kDa sHSP in one

single spot. Other diferentially expressed proteins were S-
adenosylmethionine synthetase (SAM-S) and distinct

isoforms of small heat shock proteins (sHSP).

In conclusion, we hope we have gathered together a

group of contributions that manifest the growing impact
of proteomics on modern plant science. Clearly still in

its infancy, proteomics will yield significant insights on

an ever broadening basis as we seek to understand the

relationship between the genome and the living plant

system. Ultimately, this understanding will yield ac-

ceptable mathematical models of plant metabolism and

development enabling us to predict the results of tar-

geted engineering prior to experimentation. The scope
for innovative improvements in proteomics performance

over the next ten years is huge; young researchers should

not underestimate the contribution they might make.
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