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1 INTRODUCTION 
 
1.1 Plant stress in the context of climate change 
 
The stress concept in plants 
 

The “stress” concept was founded by Hans Selye in 
1936 7, subsequently adapted for plant species and 
formally defined as “any unfavourable condition or 
substance that affects or blocks a plant’s 
metabolism, growth or development” 8. Stress 
factors induce a sequence of reactions grouped in 
three phases: response, resistance and exhaustion, 
followed by a recovery phase after the removal of 
the stressor 8. 
 
The distinctive feature that renders plants 
particularly vulnerable to changes in environmental 
conditions is the fact that they are sessile. Since 
they cannot avoid non-optimal environmental 
conditions or escape environmental extremes 
through migration, as most animal species, plants 
have evolved a wide range of stress specific and 
unspecific mechanisms of resistance and tolerance. 
Plants have also developed great acclimation and 
adaptation capacities involving morphologic, 
physiologic and metabolic adjustments in response 
to changes of environmental conditions, and stress 
response should not be confused for these normal 
mechanisms of “tuning” to the surrounding 
environment 9. Environmental factors act as 
stressors when they rise above certain intensity 
and/or duration thresholds. Mild stressors can be 
coped with by physiological and metabolic 
adjustment and in certain circumstances can even 
stimulate plant development (eu-stress) while 
prolonged/strong stress conditions which exceed 
plants’ compensatory mechanisms (dis-stress) have 
negative effects on plant development and can 
cause damage or even death 8. 
 

Plant stress in a changing and challenging 
environment 
 

Currently the most important stress sources for 
natural or managed plant populations are directly 
or indirectly related to the rapid climatic changes 
registered over the last years and predicted for the 
following period. The increase in the mean 
temperature and the corresponding intensifications 

of the hydrological cycle as well as the increased 
frequency of extreme climatic events (extreme 
temperatures and irregular spatial and temporal 
distribution of precipitations) are more severe in 
continental areas at middle and high latitudes and 
at high altitudes 10,11. 
 
Effects of climate change upon natural 
populations of a wide variety of species have 
already been registered. Latitudinal and altitudinal 
shifts in the range of species distribution have 
been observed in several geographic regions12. A 
meta-analysis performed by Root et al.13 on 143 
selected studies detected a statistically significant 
shift of species-characteristic spring events 
towards earlier dates with about 5 days per 
average decade within the last 50 years. Notable 
exceptions were tree species for which the 
estimated average phenological shift was of only 
3 days13. 
 
Stress particularities in tree species  
 

Life cycle related particularities of tree species 
constitute disadvantages in the context of rapid 
climatic changes 14. Trees are exposed during 
their long lifespan to wide ranges of 
environmental conditions and stressors. The long 
generation times and high ages of reproductive 
maturity12 and the consequently slow rate of 
genetic evolution by mutation accumulation also 
delay their response to selective pressure 15. These 
drawbacks can be partly compensated by the 
unusually high level of genetic variability 
maintained within tree populations 14,16, the large 
tolerance of tree populations for genetic loads 17 
and their high phenotypic plasticity 18. 
Maintaining a high level of genetic variation of 
traits relevant for adaptation to different 
environmental conditions will facilitate a rapid 
adaptation to the new climatic conditions 19 while 
a high phenotypic plasticity will improve a 
species chances to resist and recover from 
extreme climatic events.  
 

It is of both scientific and practical interest to 
investigate the mechanisms behind tree species 
adaptation to environmental stressors and to 
identify genes with potential adaptive significance 
in the context of climate change. 
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1.2 Abiotic stress in forest trees: elevated 
temperature 
 
Heat stress in tree populations 
 

Although the effects of climate change are 
manifold, the most direct and significant are the 
increase of mean global temperature and the 
increase in the frequency of extreme temperature 
events. The level of tolerance to temperature 
variation varies greatly between tree species and 
among populations.  
 
Tree populations cover large micro-environmental 
heterogeneity and therefore the opportunity for 
micro-environmental selection is also very high 
17,20. Genes with potential adaptive significance in 
the context of climate change are likely to be under 
divergent selective pressure in populations adapted 
to different local conditions and to exhibit 
differential expression in these populations. 
Although the actual mechanisms behind the 
differential expression might differ (genetic 
differentiation or environmental effects), such traits 
potentially confer adaptive advantage under the 
given environmental conditions 21.  
 
Temperature is the major selection factor along 
latitudinal and altitudinal gradients 22 and heat 
tolerance is known to vary with altitude in wild 
species 23. Trees in particular, have been shown to 
exhibit high levels of adaptive plasticity (through 
parental effects) resulting in phenotypic clinal 
variation of traits significant for the adaptation to 
the temperature regime 24. Micro-geographical 
adaptive genetic differentiation in response to 
differential environmental pressure has been 
described for several coniferous species 12, 
including clinal variations of isozymes allele 
frequency along latitudinal 25 or altitudinal 26-30 
gradients. 
 
Heat shock response in different tree ecotypes 
 

At molecular level, heat stress causes the inhibition 
of normal protein synthesis and the induction of 
specific proteins (heat shock proteins, HSP) 
required for plant thermotolerance. The amplitude 
and kinetics of the heat shock response (HSR) 
largely varies between species and populations, 

and correlates with the level of thermotolerance of 
the respective species / population 31-35.  
 
Inter-species correlation of HSP expression with 
environmental temperatures is often hindered by 
confounding species-specific morphological and 
physiological characteristics relevant to heat 
stress avoidance. For example, expression of 
chloroplast small HSP compared between eight 
congeneric woody plant species did not correlate 
with the mean environmental temperatures but 
rather negatively correlated with the specific leaf 
area (adaptation to stressful microclimates) 
suggesting that HSR is shaped during the life 
history of the species 36. Comparing gene 
expression patterns between populations of the 
same species can overcome the inherent 
difficulties of comparison across species and ease 
the detection of meaningful differences in their 
reaction to heat stress. Since the highest increase 
in average temperature due to climate change is 
expected to occur at high elevations, conifer 
species are likely to be most affected. Tree 
ecotypes adapted to the local climatic conditions 
characteristic to contrasting elevations are 
therefore excellent model systems for the 
investigation of putative differences in the HSR. 
 
Long term adaptation of tree populations to 
specific temperature regimes can be assessed by 
the comparison of gene expression patterns under 
normal conditions between ecotypes from 
different elevations. Adaptation to temperature 
variation and the capacity to survive extreme 
temperatures can be also assessed in such 
ecotypes by comparing their gene expression 
profiles under high temperature stress. However, 
plants survival to high temperatures does not 
depend only on its capacity to cope during the 
heat stress event, but also on its capacity to 
activate a large array of defence mechanisms 
during the recovery phase 37. Following gene 
expression profiles of tree ecotypes adapted to 
contrasting elevations during the heat stress 
period and during their recovery from hest stress 
would allow the identification of expression 
patterns possibly responsible for differences in 
their capacity to withstand and recover from 
extreme temperatures. 
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1.3 Biotic stress in forest trees: pathogen and 
herbivore stress 
 
Biotic stress in tree populations under climate 
change conditions 
 
Apart from the direct effects of factors associated 
to climate change like temperature raise, 
enrichment of atmospheric CO2, drought and 
flooding which are known to have a significant 
impact on tree growth, natural regeneration and 
competitiveness (reviewed for Fagus sylvatica in 
38), the indirect implications of these changes are as 
important although more difficult to estimate. For 
example, shifts in the seasonal distribution of 
precipitation caused by climate change cause an 
increased frequency of flooding events during the 
growing season 39, to which many tree species (e.g. 
F. sylvatica 38) are particularly sensitive. Tree 
species are generally more susceptible to pathogen 
attack during the period of maximum growth 40-42 
and prolonged water-logging is likely to increase 
this susceptibility both through the direct stress on 
the plants and indirectly by facilitating pathogen 
growth and mobility (reviewed in 11). Such 
increased environmental pressure can render even 
factors of generally low risk to be very harmful. 
 
Another indirect consequence of climate change 
regards the spread and dynamics of herbivorous 
insect populations. Apart from resources (i.e. host 
plant), temperature is the main limiting factor of 
insect herbivores development, survival, range and 
abundance 43. Insect species have specific 
requirements for temperature at specific life stages, 
and the effects of temperature on insect herbivores 
is strongly dependent on other environmental 
factors like for example elevated CO2 (through its 
influence upon plant content in non-structural 
carbohydrates and phenolics, and leaf toughness) 
44, therefore the impact of climate change on insect 
populations is often difficult to predict 45. 
However, higher temperatures are generally likely 
to extent insect areals towards higher 
latitudes/altitudes due to higher survival over 
winter 11, and to restrict them at lower 
latitudes/altitudes due to extreme temperature and 
drought over the summer 43,45,46. Such shifts of 
areals and disturbances in insect population 

dynamics can result in exposure of plant 
communities to new and/or high densities of 
insect herbivores 47.  
 
Trees’ defence against pathogens  
 
Phytophthora species are generally considered to 
be weak competitors in natural environments. 
However, there is growing evidence for their 
involvement in the European beech (Fagus 
sylvatica) decline 48, oak (Quercus sp.) decline 
syndrome 49-53 and Ink Disease of sweet chestnut 
(Castanea sativa) 54. All these diseases are 
controlled by a complex of biotic and abiotic 
factors among which Phytophthora species can 
act as predisposing factors contributing to the 
decline of trees already subjected to other biotic 
and/or abiotic stressors 50,54. For example, the 
incidence of oak decline is higher when infection 
is combined with fluctuating water tables, 
prolonged heavy rain or drought, heavy 
defoliation or secondary pathogens 48. Under the 
changing and challenging environmental 
conditions associated with climate change, 
Phytophthora species could become important 
selective factors in forest ecosystems 11. 
 
Among Phytophthora species, Phytophthora 
citricola is a common root pathogen with a broad 
host range including more than 20 tree genera 6. 
Like most species of the genus, Phytophthora 
citricola exhibits specific preferences for site 
characteristics, i.e. for wet soils close to ponds or 
riverbanks 40.  
Fagus sylvatica, the most abundant and dominant 
broad leafed tree species in Europe, exhibits high 
sensitivity to infection with Phytophthora 
citricola, particularly at young stages 55,56. 
Although the effects of Phytophthora citricola 
infection on Fagus sylvatica have been 
investigated morphologically 57,58 and 
physiologically 56-58, the knowledge on the tree’s 
intimate defence mechanisms at molecular level is 
still limited. 
 
Plant-pathogen interactions depend on the specific 
recognition between species at molecular level 59-

61. Plants detect microbe-associated molecular 
patterns (MAMPs) or microbe / wound/herbivory-
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induced molecular patterns (MIMP/WHIMPs) 62 
and subsequently activate general and/or specific 
defence mechanisms in order to attain different 
levels of tolerance or resistance. Although 
signalling and defence pathways common to 
several species have been described, plant response 
to pathogens is largely pathosystem specific 63.  
 
Several types of compounds can act as recognition 
factors in Phytophthora species 61 among which the 
most often encountered are cell wall fragments and 
elicitins (10kDa holoproteins involved in the 
recovery of sterol molecules from host membranes 
64-66). The array of elicitors is species-specific, as is 
host’s capacity of recognition and the defence 
mechanisms activated in response 64,67. In most of 
the cases, recognition of the elicitor results in 
hypersensitive response (HR) and subsequent 
establishment of systemic acquired resistance 
(SAR) and the associated salicylic acid (SA)-
dependent defences 68-70. Some elicitors, however, 
also induce SA-independent defence mechanisms 
68,69,71. Although an elicitin (citricolin) was isolated 
from Phytophthora citricola which causes necrosis 
and decreased gas exchange of tobacco leaves as 
well as oxidative burst in tobacco cell suspension 
culture 72, no effects have been observed on Fagus 
sylvatica. The defence pathways activated by 
Fagus sylvatica following infection with 
Phytophthora citricola are mostly unknown. 
 
Trees’ defence against herbivores  
 
Plant reaction to herbivore attack encompasses the 
defence against the herbivore itself as well as 
against opportunistic pathogens 73. Plant’s response 
is elicited both by the mechanical wounding of the 
tissues as well as by insect-specific elicitors 
introduced together with saliva in the plant tissues 
and the defence mechanisms involved are  
mediated by jasmonic acid (JA) and ethylene (ET) 
74.  
 
Following both herbivore attack and wounding, 
plants activate mechanisms that confer them direct 
resistance against herbivores 75-77. Additionally, 
indirect defence mechanisms are activated, 
consisting mainly in secretion of volatile organic 
compounds (VOC) that act as attractants for the 

parasitoids or predators of the herbivores 78-80. 
VOCs 81,82, including methyl jasmonate 83,84, 
emitted by wounded plants can induce similar 
effects in neighbouring unharmed plants 85. The 
increased resistance to herbivores induced 
through air borne volatiles was confirmed both in 
laboratory 82 and field experiments 85-87. 
 
Trees’ defence network against biotic stressors  
 
Although plant-pathogen recognition is often 
pathosystem specific, the defence mechanisms 
activated by the plant are at least partly effective 
against a wide array of invaders (non-specific 
disease resistance) including herbivores 88. 
Induction of plant defence against an insect 
herbivore confers protection against other 
herbivore species but also against pathogens 89. 
Wounding alone can also induce resistance to 
pathogens 90. Cross protection is due to the 
crosstalk between signalling and defence 
pathways that target different types of aggressors. 
The same crosstalk can also lead to reciprocal 
inhibition of the two pathways and such 
antagonistic effects have also been described 91. 
 
Defence against most types of biotic stressors 
(e.g. insects, fungal, bacterial or viral pathogens) 
involves SA, JA or ET signalling; therefore the 
responses are often redundant. For example gene 
expression profiles induced by pathogens and 
herbivores exhibit overlaps 92,93, although they are 
activated through different signalling pathways. 
Defence pathways mediated by SA and JA or ET 
are inter-regulated at multiple levels: SA and JA 
have been shown to act as mutual antagonists 73 
and the pathways share common regulators such 
as NPR1 (non-expresser of PR genes 1) 94 or fatty 
acids 95.  
 
In order to gain a deeper understanding of the 
inter-regulation and redundancy of signalling and 
defence pathways activated against different 
biotic stressors (e.g. infection with the root 
pathogen Phytophthora citricola and wounding as 
elicitor of the herbivore response), these 
responses need to be investigated in comparable 
experimental conditions that would eliminate any 
confounding variable. 
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1.4 Proteomics technologies for the study of 
stress response in plant species 
 
Although the vast amount of genomic information 
generated in the last decades has transformed the 
very essence of biological research, a satisfactory 
accuracy of gene prediction and of biological 
function assignment is still difficult to achieve 
even when complete genome sequence data are 
available and the most advanced bioinformatics 
tools are applied 96,97. On the one hand, not all open 
reading frames (ORF) identified at genome level 
code for functional genes 96, and on the other hand 
one gene can correspond to several different 
modified proteins. Moreover, the putative function 
and sub-cellular localisation of gene products can 
only be inferred from sequence data with 
disappointing inaccuracy. The rather poor 
correspondence found between protein expression 
and mRNA level 98-100 limits the use of the large 
amount of data ensuing from transcriptome 
analysis for the description of protein expression 
patterns. Other factors determining protein function 
like post-translational modification (PTM), non-
enzymatic modifications or interactions with other 
proteins and metabolites as well as expression level 
and turn-over rate can only be detected at protein 
level. All these point to the fact that the only valid 
approach for deciphering gene function is to focus 
on the gene products, which are directly involved 
in all biochemical processes within the cells. 
Verification of structure, function, modification, 
sub-cellular localisation and integration into 
functional and regulatory networks of gene 
products becomes thus an obligatory step in 
genome annotation 97,101 and the fast developing 
field of proteomics provides the array of tools 
necessary to accomplish these tasks 96,102. 
Complementary approaches like transcriptomics, 
proteomics and metabolomics 103 have to be 
integrated in order to fill the information gap 
between genotype and phenotype. 
 
The vast complexity of the proteome (up to at least 
10000 proteins species are estimated to be 
simultaneously expressed in eukaryotic cells 104) 
and the large dynamic range of protein 
concentrations 105 (estimated to more than 105-106 
for eukaryotes 98) pose specific challenges to 

proteomic studies. Additionally, the high level of 
structural and physicochemical heterogeneity 
characterising the proteins as compared to nucleic 
acids causes difficulties in their isolation, 
separation and identification 103. Although for 
plant tissues these technical challenges are 
particularly severe 103,106, proteomic technologies 
have been so far successfully used to address a 
wide array of scientific questions in the field of 
plant sciences 107,108: proteome maps have been 
established for several plant tissues 109-114 and sub-
cellular compartments 115-120 as well as for specific 
physiological states 121-124; proteome changes 
during plant development 125-127 or symbiotic 
interactions 117,128,129 and in response to various 
biotic 130-136 and abiotic 137-146 stressors have been 
described for many species; genetic variability 
has been characterised within and between 
populations, and phylogenetic relationships have 
been established based on comparisons at 147-153 or 
below species level (between genotypes, cultivars, 
ecotypes, lines or geographic origins) 154-161. 
 
Despite the immense advances of non-gel based 
proteomic techniques in the last decades, the 
technique mostly preferred for the comparison 
with a high resolving power of protein expression 
between large number of complex samples 
remains two dimensional gel electrophoresis 
coupled with the mass spectrometric identification 
of separated proteins 104.  
 
Two dimensional gel electrophoresis 
 
The strength of two dimensional gel 
electrophoresis (2-DE) as a protein separation 
technique mainly resides in the fact that it uses 
two orthogonal parameters: net charge and 
molecular weight. 2-DE patterns reflect protein 
expression level, isoforms and PTM 104. The 
pioneering work of O’Farrell 162 and Klose 163 
significantly increased the resolving power of the 
2-DE technology but was still far from achieving 
an optimal resolution of separation 164,165. 
Subsequent developments, of which introduction 
of immobilised pH gradients (IPGs) 166 is 
probably the most significant, allowed for major 
improvement of resolution and reproducibility 167 
of 2-DE separations. 
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Sample preparation protocols have been optimised 
for a large variety of challenging samples (e.g. 168-

176). New detergents, reducing agents and 
chaotropes have been developed for a more 
efficient solubilisation of proteins (reviewed in 177-

179), including hydrophobic proteins. Various pre-
fractionation techniques (reviewed in 104,180,181), 
narrow overlapping IPGs and IPGs with extended 
separation distances have been designed to 
minimise spot overlapping and to maximise the 
number of proteins detected by 2-DE and allow the 
detection of low-abundance proteins 182,183. Very 
promising perspectives for the enrichment of 
samples in low abundance proteins are also offered 
by the more recently developed protein 
EqualizerTM technology 184. Separation ranges have 
been extended to high pH values 185 and non-linear 
gradients allow for a more even display of protein 
spots over wide separation gradients. Loading 
capacities as high as 5 mg protein can be reached 
for micro-preparative 2-DE with narrow range, 24 
cm long IPG strips 104, if samples are applied by in-
gel rehydration 186. Special IPG strips can also be 
designed to match particular experimental needs 
187. 
 
Silver and fluorescent staining and radio labelling 
lowered the detection limit to ng levels 188. 
Fluorescent staining ensures a comparatively 
higher reproducibility and wider linear dynamic 
range allowing the quantification of changes in 
protein expression 167,188. Currently up to 5000 
proteins can be simultaneously resolved on 2-DE 
gels 104 using the above mentioned developments. 
The CyDyeTM DIGE Fluors for pre-labelling of 
proteins prior to 2-DE allow for sample 
multiplexing and the use of internal standards, 
ensuring highly accurate and reproducible 
quantitative assessments of differential protein 
expression 188. Several specific staining methods 
have also been developed for the detection of 
PTMs (reviewed in 104,188).  
 
A wide array of image analysis software has been 
developed for a more rapid, accurate and 
reproducible analysis of 2-DE patterns, and 
important steps have been taken towards 
automation of 2-DE procedure and achievement of 
a higher throughput 2-DE analysis (104,189) 

including commercial availability of IPG dry 
strips and of precasted gels. 
Despite all these important advances, 2-DE 
remains rather labour-intensive and therefore 
time-consuming and hampered by a number of 
limitations related to: sample availability; need 
for optimisation of protocols for specific types of 
samples; difficulties in the extraction, separation 
and detection of very low abundant and very 
hydrophobic proteins 190; dependence of 2-DE 
pattern on the sample preparation protocol and 
staining method; limitation to certain protein size 
and pI ranges 101; co-migration of proteins 191; 
time-consuming image analysis, more often than 
desirable prone to user-induced errors; still 
limited availability of sequence information 
necessary for the identification of proteins of most 
species. 
 
1.5 Objectives of the present investigations 
 
The general aim of the present study was to 
investigate some of the intimate mechanisms of 
the response of tree species to stress factors likely 
to intensify as a result of the current global 
environmental changes. Tree species expected to 
be particularly affected by the considered 
stressors were selected as study species. 
 
The specific aims of the present study were as 
follows: 
 
• Establishing protein extraction protocols and 
two dimensional electrophoresis technique for the 
optimal extraction and separation of proteins from 
woody plant samples (Picea abies needles and 
roots, Fagus sylvatica leaves and roots) 1-3. 
 
• Identifying differences in the protein 
expression patterns of Picea abies ecotypes 
adapted to environmental conditions characteristic 
to contrasting elevations, under normal 
temperature conditions as well as during their 
exposure to and recovery from heat stress 4,5. 
 
• Identifying changes in the local and systemic 
protein expression patterns of Fagus sylvatica, 
following infection with the root pathogen 
Phytophthora citricola 6. 
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2 GENERAL METHODOLOGY  
 
2.1 Optimisation of 2-DE separations 
 
Standard protocols described for 2-DE using IPGs 
104,165,167 need to be adapted for particular types of 
tissues 104 in order to achieve optimal resolution 
and reproducibility of protein separation. 
Optimisation of sample preparation, IEF and SDS-
PAGE were carried out for four types of samples: 
Picea abies needles and roots and Fagus sylvatica 
leaves and roots respectively.  
 
Sample preparation for 2-DE from woody plants 
poses specific problems 1,104,190 and was therefore 
given special attention 1,2. Acetone precipitation 
procedure and the composition of extraction and 
rehydration buffers were optimised as described in 
1,2. The selection of IPGs was limited both for 
optimisations and stress response experiments by 
sample availability and time constrains to medium 
pH ranges (4-7 and 6-9 or 6-11). Optimal focusing 
conditions were first empirically established by 
double loading of samples at the cathode and anode 
and than by comparison of 2-DE patterns with this 
“reference” pattern. Throughout the optimisation 
steps, IPG strips were silver stained after the 
second dimension along with 2-DE gels, to verify 
protein transfer between the two dimensions. Silver 

staining was selected for protein detection based 
on its good sensitivity and cost-effectiveness.  
 
Limitations imposed by the silver staining on data 
analysis are discussed in the discussions section 
(4). The optimisation steps and the corresponding 
results are summarised in Table 2.1-1. 
 
According to these optimisation steps, the 
protocols used during the stress response 
experiments are summarised in Figure 2.1-1 and 
Table 3.1-1.  
 
Image and data analysis 
 
2-DE image analysis was performed with 
ImageMaster 2D Platinum 4,5 or Progenesis 
SameSpots 6. Raw data were exported from the 
image analysis software and analysed within the 
frame of general linear modelling (glm) with 
R2.2.1 4,5 or R4.2.0 6.  
 
The reproducibility of 2-DE separations was 
assessed between biological replicates and at 
different technical replication levels in order to 
estimate the variance associated to each step in 
the separation procedure3.  
 

 

Sample preparation

IEF

Equilibration

SDS-PAGE

• Homogenisation of 0.1g nitrogen powder in 500µl precooled 10%TCA, 1%PVPP, 0.07% ME in acetone; 
• Protein precipitation over night at -20ºC;
• Pellet was washed two times with precooled 0.07% ME in acetone; Centrifugation 15’ at 26000g, 4ºC;
• Pellet was dried 10 min under vacuum and then resuspended in lysis buffer (see Table 3.1-1);
• Sonication for 30’, at 15ºC, in water bath sonicator; Centrifugation 5’ at 26000g, 15ºC;
• Supernatant was collected and stored aliquots at -80ºC.

• Two medium pH range IPGs: 4-7 and 6-9 (Picea abies) or 6-11 (Fagus sylvatica)

• Two steps equilibration in 50mM Tris HCl pH 8.8, 6 M urea, 2% SDS, 30% w/v glycerol, 0.002% BPB 
containing 2%DTT and 4% iodoacetamide, respectively

• 1mm thick PAA gels: 12.5% (Picea abies) or 10% (Fagus sylvatica)

Protein detection • Silver staining

Sample preparation

IEF

Equilibration

SDS-PAGE

• Homogenisation of 0.1g nitrogen powder in 500µl precooled 10%TCA, 1%PVPP, 0.07% ME in acetone; 
• Protein precipitation over night at -20ºC;
• Pellet was washed two times with precooled 0.07% ME in acetone; Centrifugation 15’ at 26000g, 4ºC;
• Pellet was dried 10 min under vacuum and then resuspended in lysis buffer (see Table 3.1-1);
• Sonication for 30’, at 15ºC, in water bath sonicator; Centrifugation 5’ at 26000g, 15ºC;
• Supernatant was collected and stored aliquots at -80ºC.

• Two medium pH range IPGs: 4-7 and 6-9 (Picea abies) or 6-11 (Fagus sylvatica)

• Two steps equilibration in 50mM Tris HCl pH 8.8, 6 M urea, 2% SDS, 30% w/v glycerol, 0.002% BPB 
containing 2%DTT and 4% iodoacetamide, respectively

• 1mm thick PAA gels: 12.5% (Picea abies) or 10% (Fagus sylvatica)

Protein detection • Silver staining
  

 
Figure 2.1-1 2-DE general protocol 
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Table 2.1-1 Optimisation of 2-DE protocols for Picea abies needles and roots and Fagus sylvatica leaves and roots. Last column presents the optimisation results. 
 

Optimised step Optimised parameters Variants tested Result / Optimised protocol 

Extraction procedure 

Grinding in liquid nitrogen and homogenising with 
sample buffer 

Grinding in liquid nitrogen followed by acetone 
precipitation and solubilisation in sample buffer 

Grinding in liquid nitrogen followed by acetone 
precipitation and sonication in sample buffer 

Grinding in liquid nitrogen followed by acetone 
precipitation and sonication in sample buffer 
(higher protein yield, better 2DE separation) 

Acetone precipitation   

Precipitation temperature -20°C; -76°C No significant differences / -20°C 

Precipitation duration 2h; over night Over night (more efficient extraction) 

Composition of precipitation 
solution 2-mercaptoethanol, DTT, TCEP, TBP Inconsistent / DTT or 2-mercaptoethanol 

Composition of washing buffer 

acetone;  
20mM DTT in acetone;  
10% water in acetone;  
20mM DTT, 10% water in acetone 

No significant differences / 20mM DTT in 
acetone 

Protein 
extraction 

Number of washing steps 1, 2 or 3 washing steps 2 washing steps (more efficient extraction, 
better 2DE separation) 

Reducing/Oxidising agent DTT; DTE; TCEP; TBP; alone or in different 
combinations; HED 

100mM DTT (spruce needles and beech leaves) 
2mM TCEP + 50mM DTT (spruce and beech 
roots) 

Chaotropes urea, thiourea 7M urea + 2M thiourea (more efficient 
extraction, better 2DE separation) 

Sample 
preparation 

Sample buffer 

Detergents 
Triton X-100; Igepal CA-630; CHAPS; C7BzO; 
C8Ø; ASB 14; OG; DM; SB3-10; NDSB 256, 
alone or in different combinations 

2% CHAPS + 2% SB3-10 (spruce needles) 
2% OG (beech leaves) 
2% DM (spruce and beech roots) 



 15 

Table 2.1-1 continued 

Optimised step Optimised parameters Variants tested Result / Optimised protocol 

Sample loading 

Passive rehydration 
Active rehydration 
Active rehydration + IEF in Manifold 
Cup loading in Manifold (at C for acidic IPGs, at 
A for basic IPGs) 

Cup loading in Manifold (at C for acidic IPGs, at A 
for basic IPGs) (better 2DE separation); For acidic 
IPGs, similar 2DE pattern quality achieved with 
active rehydration + IEF in Manifold 

Reducing/Oxidising agent DTT; DTE; TCEP; TBP; alone or in different 
combinations; HED 

100mM HED (basic proteins from all samples, 
acidic proteins from spruce needles and beech 
leaves) 
2mM TCEP + 50mM DTT (acidic proteins from 
spruce and beech roots) 

Chaotrope urea, thiourea, alone or in combination 7M urea + 2M thiourea (better 2DE separation) 

Detergent 
Triton X-100; Igepal CA-630; CHAPS; C7BzO; 
C8Ø; ASB 14; OG; DM; SB3-10; NDSB 256, 
alone or in different combinations 

2% CHAPS + 2% SB3-10 (spruce needles) 
2% OG (beech leaves) 
2% DM (acidic proteins from spruce roots) 
2% CHAPS (beech roots and basic proteins from 
spruce roots) 

Isoelectric 
focusing 

Rehydration 
buffer 

Other components 10% isopropanol; 5% glycerol, alone or in 
combination 

Addition of 10%isopropanol for the basic gradient 
(better 2DE separation) 

Time of alkylation Before/after IEF; single-step/two-steps 
equilibration Protein 

alkylation 
Alkylation 
protocol 

Alkylation agent 15mM or 100mM IAA, 20mM or 100mM AA 

Alkylation with 20mM or 100mM AA before IEF 
or with 15mM IAA after IEF (two step 
equilibration) ensured complete alkylation of 
proteins  / alkylation with 15mM IAA after IEF 

Gel composition ± glycerol Glycerol containing gels (better 2DE separation) 
SDS-PAGE SDS-PAGE 

gel Gel concentration 10%; 12.5%; 15% 10% for optimal display of all proteins (beech) 
12.5% for optimal display of small HSP (spruce) 

Staining Staining method 
Coomassie (Anderson 192; Kang 193) 
Silver staining (Heukeshoven and Dernick 194) 
Coomassie (Anderson 192) + Silver staining 

Silver staining (higher sensitivity, lower amount of 
sample necessary) 
Coomassie staining or MS-compatible silver 
staining and higher protein loads for MS analysis 
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2.2 Experimental setup for the study of 
proteome changes following abiotic and biotic 
stress  
 
2.2.1 Abiotic stress: Picea abies response to and 
recovery from heat stress 4,5 
 
Detailed experimental setup and protocols are 
described in 4,5. A brief outline of experiments is 
presented below and in Fig. 2.2.1-1. 
 
Seeds from two Picea abies ecotypes adapted to 
different environmental conditions (i.e. contrasting 
altitudes) were germinated and grown under 
standardised conditions. To compare protein 
expression patterns under normal growth 
conditions 5, five replicate samples were used, each 
consisting of equal amounts of biological material 
pooled from 30-40 individuals. The results were 
validated by comparison with a set of other 15 
pooled biological replicates. 
 
To compare the response of the two ecotypes to 
and during the recovery from heat stress4, a heat 
shock treatment was applied following the profile 
described in Fig. 2.2.1-2. Needles and roots were 
harvested immediately after the heat stress 
treatment, as well as after 5h, 10h and 30h of 
recovery. Randomly chosen individuals were 
pooled as for previous experiments to obtain three 
biological replicates for each experimental time 
point. Control samples were harvested 
simultaneously with heat shock plants, for each of 
the time points. 
 
Proteins were extracted and 2DE was performed 
following previously optimised protocols 1,2, as 
described in Fig. 2.1-14. Gels were stained with 
silver staining 194. Image analysis was performed 
with ImageMaster 2D Platinum and R2.2.1 was 
used for statistic analysis.  
 
Spots were cut from Coomassie 192 or MS 
compatible silver stained preparative gels, 
destained and dehydrated. Tandem MS 
identification of proteins was performed at the 
Functional Genomic Platform (Bordeaux). Peptide 
identification was performed with SEQUEST using 
all Picea ESTs available at dbEST. 

 
 
 
 

Picea abies
2 month old seedlings

germinated and grown at 16ºC

pulse heat shock
15 min, 42°C

control
16ºC

protein extraction

2D electrophoresis
image analysis

selection of
heat-responsive proteins

mass spectrometry analysis

protein identification

protein extraction

2D electrophoresis

heat shock
1h, 42°C

recovery
3h, 16°C

Picea abies
2 month old seedlings

germinated and grown at 16ºC

pulse heat shock
15 min, 42°C

control
16ºC

protein extraction

2D electrophoresis
image analysis

selection of
heat-responsive proteins

mass spectrometry analysis

protein identification

protein extraction

2D electrophoresis

heat shock
1h, 42°C

recovery
3h, 16°C

 
 

Figure 2.2.1-1 Response to and recovery from 
heat stress of Picea abies seedlings: experimental 
design. 
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Figure 2.2.1-2 Temperature profile and sampling 
time points. 
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2.2.2 Biotic stress: Fagus sylvatica defence 
response to pathogen attack and wounding 6 
 
Detailed experimental setup and protocols are 
described in6. A brief outline of experiments is 
presented below and in Fig. 2.2.2-1 and 2.2.2-2. 
 
After germination, Fagus sylvatica seedlings were 
grown in sterile water for three months or in peat-
Vermiculite mixture until the age of three months or 
one year. Wound experiments were performed as 
described in Fig. 2.2.2-1 and Table 2.2.2-1. 
Changes in protein expression patterns were 
investigated at local and systemic level following 
the wounding of leaves (Wound experiment A) or 
roots (Wound experiment C). In a third experiment 
(Wound experiment B), the reception of wounding 
signals through air by un-wounded plants was 
investigated in addition to the local and systemic 
wound responses. 
 
Infection experiments with the root pathogen 
Phytophthora citricola followed the general plan 
presented in Fig. 2.2.2-2 and Table 2.2.2-1. Local 
and systemic reaction of Fagus sylvatica seedlings 
was investigated under growth conditions close to 
natural ones (Infection experiment 1) as well as in 
liquid system, which allowed an easy access to the 
roots without the risk of wounding (Infection 
experiment 2). The reaction to pathogen attack was 
investigated during different stages of root infection 
in Infection experiment 2. 
 
Infection and wounding experiments were 
performed under identical conditions to facilitate 
the direct comparison of plant responses to 
pathogen attack and wounding and the 
identification of both specific and shared patterns of 
protein regulation. Protein extraction and 2DE 
followed optimised protocols 1,2 described in Fig. 
2.1-1 and 6. Proteins with low solubility were 
extracted from the remaining pellets and separated 
by SDS-PAGE. 2DE and 1DE gels were silver 
stained 6. 2DE image analysis was performed with 
Progenesis SameSpots while 1DE gels were 
analysed with ImageQuant 5.2. For statistic analysis 
R4.2.0 was used. Proteins regulated following 
biotic stress will be identified by de novo 
sequencing in a follow-up project. 

 
 

Fagus sylvatica
3 monthB,C / 1 yearA old seedlings

germinated at 10°C and grown at 20ºC
in peat/vermiculite 1:1A,B or in sterile tap waterC

wounded 
samples
3hA,B,C

control
0hA,B / 3hC

protein extraction

2D electrophoresis
image analysis

selection of
up- and down-regulated proteins

mass spectrometry analysis

protein identification

protein extraction

2D electrophoresis

Fagus sylvatica
3 monthB,C / 1 yearA old seedlings

germinated at 10°C and grown at 20ºC
in peat/vermiculite 1:1A,B or in sterile tap waterC

wounded 
samples
3hA,B,C

control
0hA,B / 3hC

protein extraction

2D electrophoresis
image analysis

selection of
up- and down-regulated proteins

mass spectrometry analysis

protein identification

protein extraction

2D electrophoresis

  
A – wound experiment A 
B – wound experiment B 
C – wound experiment C 
 

Figure 2.2.2-1 Reaction of Fagus sylvatica 
seedlings to wounding: experimental design. 
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inoculation with
sterile inoculum

protein extraction

2D electrophoresis
image analysis

selection of
up- and down-regulated proteins
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sample harvest
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after infection2
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Fagus sylvatica
3 month old seedlings

germinated at 10°C and grown at 20ºC
in peat/vermiculite 1:11 or in sterile tap water2

infected plants
inoculation with

Phytophthora citricola

control
inoculation with
sterile inoculum

protein extraction

2D electrophoresis
image analysis

selection of
up- and down-regulated proteins

mass spectrometry analysis

protein identification

protein extraction

2D electrophoresis

flooding1

6 days

sample harvest
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6 days

sample harvest
at different time points
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and after first symptoms1,2

 
 
1 – infection experiment 1 
2 – infection experiment 2 
 

Figure 2.2.2-2 Reaction of Fagus sylvatica 
seedlings to infection with Phytophthora 
citricola: experimental design. 
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Table 2.2.2-1 Overview of wound and infection experiments (Fagus sylvatica) 
 

 Wound experiment A Wound experiment B Wound experiment C Infection experiment 1 Infection experiment 2 

Experiment 
design 
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Plant age 1 year 3 months 3 months 3 months 3 months 

Medium Peat/Vermiculite Peat/Vermiculite Sterile tap water Peat/Vermiculite Sterile tap water 

Special 
treatments 

  Accommodated for 2 days in 2l 
containers 

Inoculated with 5 ml 
Phytophthora citricola inoculum 
(sterile inoculum for control 
plants) / plant 
Flooded 1-2 cm above soil level 
for 6 days 

Accommodated for 2 days in 2l 
containers 
Inoculated with 1 pluck 
Phytophthora citricola culture 
(sterile medium for control 
plants) / plant 

Sampling 
time 

3h after wounding 
(control at moment 0) 

3h after wounding 
(control at moment 0) 

3h after wounding At first symptoms (7 days) 3h, 12h, 2 days post infection, 
after clear symptoms (4-6 days) 

Samples Control (leaves) 
Local response (leaves) 
Systemic response (leaves): 
“up” and “down” 

Control (leaves) 
Local response (leaves) 
Systemic response (leaves) 
Neighbouring trees (leaves) 

Control (roots, leaves) 
Local response (roots) 
Systemic response (leaves) 

Control (leaves) 
Systemic response (leaves) 

Control (roots, leaves) 
Local response (roots) 
Systemic response (leaves) 

Sample size 
(pooled 
samples) 

C, L, S: 2 pools, 24 and 33 
plants respectively 

C, L, S: 2 x 20 plants 
N: 2 x 15 plants 

C, L, S: 2 x 10 plants C: 2 x 35 plants 
S: 6 x 35 plants 

C, L, S (3h, 2 days): 15 plants 
C, L, S (12h, 6 days): 2 x 15 
plants 
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3 RESULTS 
 
3.1 Optimised 2-DE separations of woody plant 
proteins 1-3 
 
The results of each of the optimisation steps are 
summarised in Table 2.1-1.  
The sample preparation protocol strongly 
influenced the quality of the 2-DE separations. 
Different extraction and focusing conditions were 
found to ensure optimal separation of proteins from 
different types of samples as well as of proteins 
from different pI ranges (Table 3.1-1 and 1,2). For 
some types of sample, the resolution of 2-DE 
patterns was also improved using sample and 
focusing buffers of different composition with 
regard to the reducing agent and/or the detergent 
(Table 3.1-1 and 1,2). 
The protocol used during the stress response 
experiments following the optimisation steps 

described in chapter 2.1, Table 2.1-1 and 1,2 is 
summarised in Figure 2.1-1; the optimised 
compositions of the extraction and focusing 
buffers are presented in Table 3.1-1. 
 
Protein expression was examined among 
biological and technical replicates in order to 
establish the appropriate statistical tools for the 
identification of differential expression of proteins 
3,6. Integrated spot volume was found to be 
normally distributed among biological pooled 
samples 3. Since all the samples used in all 
experiments consisted of independent pools 
(equal amounts of material pooled from different 
individuals), this permitted the use of parametric 
statistics for the analysis of all 2-DE expression 
data. The predictors of spot volume variance were 
identified for the different data sets and the 
identification of differential protein expression 
was performed based on these parameters 6. 

 
Table 3.1-1 Optimised composition of extraction and focusing buffers. 
 

Species Tissue Buffer Chaotrope Reducing / 
Oxidising agent Detergent Other components* 

extraction 5M urea  
2M thiourea 100mM DTT 2% CHAPS 

2% SB3-10 0.5% Pharmalyte 3-10 

IEF 4-7 5M urea 
 2M thiourea 100mM HED 2% CHAPS 

2% SB3-10 0.5% Pharmalyte 3-10 needles 

IEF 6-9 5M urea  
2M thiourea 100mM HED 2% CHAPS 

2% SB3-10 
0.5% Pharmalyte 3-10 
10% isopropanol 

extraction 7M urea 
2M thiourea 

2mM TCEP 
50mM DTT 2% DM 0.5% Pharmalyte 3-10 

IEF 4-7 7M urea 
2M thiourea 

2mM TCEP 
50mM DTT 2% DM 0.5% Pharmalyte 3-10 

Pi
ce

a 
ab

ie
s 

roots 

IEF 6-9 7M urea 
2M thiourea 100mM HED 2% CHAPS 0.5% Pharmalyte 3-10 

10% isopropanol 

extraction 7M urea 
2M thiourea 100mM DTT 2% OG 0.5% Pharmalyte 3-10 

IEF 4-7 7M urea 
2M thiourea 100mM HED 2% OG 0.5% Pharmalyte 3-10 leaves 

IEF 6-9 7M urea 
2M thiourea 100mM HED 2% OG 0.5% Pharmalyte 3-10 

10% isopropanol 

extraction 7M urea 
2M thiourea 

2mM TCEP 
50mM DTT 2% DM 0.5% Pharmalyte 3-10 

IEF 4-7 7M urea 
2M thiourea 

2mM TCEP 
50mM DTT 2% CHAPS 0.5% Pharmalyte 3-10 

Fa
gu

s s
yl

va
tic

a 

roots 

IEF 6-9 7M urea 
2M thiourea 100mM HED 2% CHAPS 0.5% Pharmalyte 3-10 

10% isopropanol 
* all rehydration buffers contained 0.002% BPB 
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3.2 Abiotic stress: Picea abies response to and 
recovery from heat stress 4,5 
 
An autochthonous Picea abies ecotype adapted to 
high altitudes (above 1300m a.s.l.) and the best 
adapted German ecotype to low altitude conditions 
(300m a.s.l.) were compared with respect to protein 
expression patterns under normal conditions as 
well as in response to and during the recovery from 
heat shock. Needle and root 2DE patterns were 
compared between two months old seedlings 
germinated and grown in controlled conditions 
from seeds originating from stands of the two 
Picea abies provenances.  
 
A number of 19 constitutively expressed proteins 
exhibited significant qualitative and quantitative 
inter-population polymorphism5. Seven proteins 
were over-expressed in the roots of seedlings from 
the low altitude ecotype, including a tracheary 
element differentiation protein (TED2), a voltage-
dependent anion-selective channel (Porin) and two 
isoforms of a NAD(P)-binding non-metallo 
dehydrogenase. The high altitude ecotype 
expressed two specific proteins (one of them a 
paralog of the rice r40c1 protein) and ten proteins 
over-expressed including glycine cleavage system 
T protein and protochlorophyllide reductase in the 
needles and glyoxysomal malate synthase in the 
roots.  
 
A total of 78 protein spots were reproducibly 
induced following the heat shock treatment4. 37% 
of the heat responsive proteins were organ-specific: 
15% for the needles and 22% for the roots. The 
kinetics of heat regulated proteins was 
characterised during the recovery from heat shock 
by means of linear models with the integrated spot 
volume as dependent variable and time as predictor 
(for full description of the general linear models, 
glm, see4). Two major types of kinetics were 
identified and denoted as “early heat responsive 
proteins” and “late accumulating proteins” 
respectively. The first class was induced during the 
heat shock treatment or at the beginning of the 
recovery phase while the second class accumulated 
throughout the recovery phase following different 

accumulation curves. A minority of proteins 
exhibited transient expression during the recovery 
phase. 
 
Protein expression patterns and the temporal 
dynamics of the heat responsive proteins 
expression were compared between the two Picea 
abies ecotypes by means of glm (see4 for details). 
Two protein spots exhibited ecotype-specific 
kinetics of expression: a precursor of HSP21 
accumulated at higher levels during the recovery 
from heat shock of needles from the lower 
elevation ecotype while monodehydroascorbate 
reductase (MDHAR) was specifically up-
regulated during the heat shock in the needles and 
roots of the high elevation plants. Three more 
spots were unambiguously found to be ecotype 
specific. A member of the HSP 20 family was 
highly induced during the recovery from heat 
shock in seedlings from the low elevation ecotype 
while glyceraldehydes-3-phosphate dehydro-
genase (GAPDH) and an unknown protein 
accumulated only in high elevation plants. 
 
Expression levels and temporal expression 
dynamics of the tissue non-specific heat 
responsive proteins were also compared between 
needles and roots (linear models described in4). 
47% of the tissue non-specific proteins showed 
very significant differences in the temporal 
pattern of expression between the two tissues in at 
least one ecotype. Late accumulating proteins 
exhibited higher levels of expression in needles, 
while early heat responsive proteins were stronger 
expressed in roots. Roots also exhibited a delay in 
the accumulation of proteins during the recovery 
phase. A group of 7 neighbouring protein spots, 
possibly isoforms of γ-tocopherol 
methyltransferase (γ-TMT), were only detected in 
roots. They were all classified as early responsive 
proteins, but their expression was maintained for 
a longer period into the recovery phase by the 
roots of the high elevation ecotype. Two sHSPs 
from the HSP 20 family, two glycine-rich RNA-
binding protein isoforms (GRP1A) and a probable 
mannitol dehydrogenase MTD also showed 
differential expression between needles and roots. 
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3.3 Biotic stress: Fagus sylvatica defence 
response to pathogen attack and wounding 6 
 
A set of five experiments (Fig. 2.2.2-1, 2.2.2-2 and 
Table 2.2.2-1) was designed for the investigation 
and comparison of local and systemic proteome 
changes in Fagus sylvatica seedlings following 
infection with the root pathogen Phytophthora 
citricola and wounding as elicitor of plant response 
to herbivore attack. Patterns of protein expression 
were characterised for leaves and roots of infected 
plants and of plants with wounded leaves or roots. 
 
Infected plants exhibited root tip necrosis after 4-6 
days (Fig. 3.3-2) and leaf wilting (Fig. 3.3-1) after 
7 days from inoculation. All plants infected in soil 
system but one died within 7 weeks from 
inoculation (infection experiment 1). Only two 
control plants died, with symptoms different from 
the ones of infected plants. 
 
Plants infected in liquid system (infection 
experiment 2) responded by the up-regulation of 53 
proteins (22 local and 31 systemic) and the down-
regulation of 29 proteins (12 local and 17 
systemic). Early and late stages of infection only 
shared the regulation of four proteins, all of them 
locally expressed. Comparatively more proteins 
were identified as stress-regulated in the leaves of 
plants infected in soil system (infection experiment 
1): 102 proteins, of which 30 shared with the plants 
from the experiment in liquid system. 
 
31 proteins responded to root wounding (16 local 
and 15 systemic) and 26 to leaf wounding (2 local,  
 

 
Figure 3.3-1 Infection experiment 1: symptoms of 
infection with Phytophthora citricola in Fagus 
sylvatica leaves. 

14 systemic and 10 both local and systemic) with 
only three proteins in common. Only limited 
evidence supported an asymmetrical vertical 
transmission of the systemic wounding signal 
(Annex 6: Supplementary material 2) 6. 
 
Unharmed seedlings “witnessing” the wounding 
of neighbouring plants exhibited changes in the 
expression of 22 protein spots, of which 19 also 
regulated in the infected or wounded plants. 
Overall, 188 stress-responsive proteins were 
detected 6, of which 134 in response to pathogen 
attack, 36 in response to wounding and 18 shared 
between the two types of stress response (Annex 
6: Table 1) 6.  
 
Clustering of stress-regulated proteins on the 
basis of their expression patterns in different 
experimental conditions revealed different classes 
of proteins (Annex 6: Fig. 2 and 3) 6.  
Most of the proteins (90.4%) were regulated by a 
single type of stress. However, overlapping 
response was observed between pathogen infected 
and wounded plants at both local and systemic 
level.  
 
Although the majority of proteins were 
consistently up- or down-regulated in different 
experimental variants under the same stressor or 
under the two different stressors, a number of 
three proteins exhibited opposite directions of 
regulation following infection in liquid and soil 
system respectively. Another 13 proteins were 
oppositely regulated in response to infection and 
wounding.  
 

 
Figure 3.3-2 Infection experiment 2: symptoms 
of infection with Phytophthora citricola in Fagus 
sylvatica roots. 

  
a. Control b. 7 days post infection 

  
a. Control b. 6 days post infection 
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4 DISCUSSIONS 
 
4.1 Proteomics technologies for differential 
display experiments 1-3 
 
Differential display 2-DE experiments can generate 
valuable scientific knowledge, provided that the 
limitations of the technology involved are known 
and considered during the interpretation of results. 
This starts with acknowledging that the term 
differentially expressed proteins actually denotes 
observed changes in protein abundance that can 
originate not only from differences in protein 
synthesis rates but can also result e.g. from 
differences in protein stability under different 
experimental conditions or protein modifications 
causing shifts in the spot’s position on the 2-DE 
gel. 
 
A prerequisite for obtaining reproducible 2-DE 
separations of proteins is the use of optimised 
protocols in each step of the technique 104. The 
influence of the protein extraction protocol on the 
quality of the 2-DE pattern is very significant 190, 
which explains the extensive literature proposing 
ever improved sample preparation protocols 1,2,168-

176 as well as new detergents (reviewed in 177-179) or 
other reagents 195 meant to enhance extraction 
efficiency and the purity of the extracts from a 
large array of sample types. The IEF has also been 
continuously improved 182,183,185,186 and adapted 187 
to particular experimental needs, while recent 
improvements in staining and labelling  methods 
have opened new opportunities for the design of 
complex and standardized experiments 188,196. 
Carefully optimised 2-DE technology 1,2 can yield 
highly reproducible results even in the case of 
troublesome samples like plant tissues 3. 
 
The sensitivity and the linear range of the staining 
method determine the range of protein 
concentration for which estimation of protein 
abundance and of protein fold regulation under 
given experimental conditions can be accurately 
performed. There is an apparent asymmetry in the 
probability of detection and in the precision of 
fold-regulation measurement associated to up-
regulation and down-regulation events for low 
abundant vs. high abundant proteins.  Assuming 

equal probabilities of up- and down- regulation 
for proteins exhibiting different levels of 
expression, the up-regulation of protein 
expression is more likely to be identified as 
compared to down-regulation, particularly for 
low-abundant proteins. Low-abundant proteins 
are characterised by relatively higher variances of 
integrated spot volumes on 2-DE gels 3 (Fig. 4.1-
1). Following up-regulation, detection and 
quantitation become more consistent and increase 
the likelihood of the statistical identification of 
the change in expression, while the opposite can 
be expected following protein down-regulation. 
The probability of detection on the 2-DE gel will 
increase following up-regulation even for proteins 
with levels of expression below the limit of 
detection. In such cases up-regulation of proteins 
constitutively expressed at low levels might be 
mistakenly interpreted as de novo synthesis; thus 
assertion of as de novo synthesis vs. up-regulation 
of low-abundant proteins based on their 
expression levels on 2-DE gels should be done 
with care. Previous investigations on microarray 
data have also suggested that weakly expressed 
genes are frequently associated with higher false-
positive rate in differential expression analysis 197. 
 
On the same basis, the accuracy of the estimations 
of fold regulation largely depends on the 
constitutive and post-treatment levels of each 
protein’s expression relative to the lower 
detection limit and the saturation limit of the 
staining method. For low expressed proteins, the 
fold of regulation is often estimated with higher 
accuracy if the protein is up-regulated while the 
opposite is true for highly expressed proteins, 
close to the saturation limit of the staining 
method.  
 
The probability to detect changes in protein 
expression levels also depends on the protein 
turn-over relative to the duration of treatment. 
Down-regulation of proteins is more likely 
detected for proteins with high turn-over rates, 
while lower turn-over rates facilitate the detection 
of protein up-regulation.  
 
Another important factor is the statistical 
approach undertaken for the identification of 
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differential protein expression. Differences in spot 
volumes measured on 2-DE gels are typically 
identified using t-tests. Performing large numbers 
of such tests can, however, result in the false 
positive identification of some proteins’ regulation 
i.e. statistically significant differences can be 
obtained by chance alone. The results of such 
investigations have therefore to be adjusted using a 
multiple testing correction 198. A wide array of 
statistical methods for multiple testing correction 
have been developed covering an as wide range of 
stringencies, and the choice of the method is 
somewhat arbitrary. Moreover, multiple testing 
corrections are solely based on the p-values 
associated to protein pairs based on the statistical 
tests, but do not take into account the actual 
features of the data set and the way these features 
influence the test results.  
A more recently statistical approach developed 
primarily for transcriptome analysis using 
microarrays, is Significance Analysis of 
Microarrays (SAM) which aims to control the false 
discovery rate (FDR) 199. This approach has also 
been successfully applied in proteomic studies 200. 
However, other authors suggest that although 
appropriate to high-throughput experiments like 
transcriptome analysis based on microarrays (with 
output in the range of thousands of transcripts), 
SAM might not be an appropriate statistical 
approach for proteomic data derived from 2DE 
electrophoresis 201, typically in the range of several 
hundreds of spots. Although the method considers 
each spot in the context of the whole data set, as in 
the case of multiple testing corrections, it does not 
take into account that proteins have specific levels 
of natural variation in the study population. 
When several biological replicates are available, a 
good alternative approach for a more reliable 
identification of differential protein regulation is to 
directly assess the level of natural variability of 
each protein in the population and, based on this 
information to set spot-specific criteria imposed in 
addition to the statistical testing. Spot features 
identified to have a significant influence on the 
integrated spot volume variance (Fig. 4.1-1) 3,6 can 
be thus used to estimate spot-specific thresholds of 
variation above which up- or down-regulation can 
be assumed to be biologically meaningful 6.  

Last but not least, the importance of experimental 
design is widely recognised in the field of 2-DE 
based proteomics 198,202,203. Representativeness is  
ensured by the random sampling of biological 
replicates and by samples sizes that cover the 
natural variation in the study population 203. Inter-
individual phenotypic variation imposes the use 
of very large sample sizes, which are often 
impractical in 2-DE. The need of large sample 
sizes is even higher in the case of tree species, 
known to maintain unusually high levels of 
variation within populations 14,16. When the 
scientific interest lies in processes relevant at the 
population scale rather than at individual level, 
and 2-DE patterns need not be correlated with 
other individual-specific physiologic, genetic or 
etiologic factors, a possible solution is the use of 
pooled samples 3,5. In some cases the pooling can 
also be imposed by the low amount of sample 
available per individual 203. The loss of 
information that accompanies sample pooling is 
compensated by a gain in relevance 5,204, provided 
that enough randomly chosen individuals are 
pooled and results are interpreted accordingly. 
This approach has been successfully used in both 
transcriptome 205,206 and proteome analysis 152,207-

212. 
 

 
 
Figure 4.1-1 Spot parameters with significant 
influence on spot volume variance 3. All variables 
have been Box-Cox 213 transformed for normality.
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4.2 Abiotic stress: Picea abies response to and 
recovery from heat stress 4,5 
 
Protein expression patterns under normal growth 
conditions as well as in response to and during the 
recovery from heat shock were compared between 
needles and roots of Picea abies seedlings 
originating from ecotypes adapted to contrasting 
elevations.  
 
All proteins exhibiting ecotype-specific expression 
were organ-specific and the level of between-
population polymorphism was organ dependent 
(over-expressed in roots). This observation 
parallels previous findings from other species 214,215 
and probably reflects either a lower selective 
pressure in comparison with ”housekeeping” 
proteins expressed in all organs 216 or a more 
complex expression regulation of organ-specific 
proteins 217. Quantitative between-population 
polymorphism prevailed over qualitative 
polymorphism. This might reflect differences in 
the proportion of individuals that express the given 
protein, differences in the actual level of protein 
expression at individual level (rates of synthesis 
and degradation, stability) or both. Among the 
proteins exhibiting ecotype-specific expression we 
identified proteins involved in photosynthesis, 
photorespiration, root tracheary element 
differentiation and trans-mitochondrial membrane 
transport. Irrespective of the mechanisms 
underlying their polymorphism (genetic 
differentiation of the populations or environmental 
influence upon gene expression through 
imprinting), these proteins are potentially under 
selective pressure and might constitute the material 
for subsequent population divergence. 
 
Under the experimental heat stress conditions 
presented in section 2.2.1, the overall 
modifications of 2DE patterns were similar for the 
two ecotypes. Several individual proteins (most of 
them stress related proteins) exhibited nevertheless 
tissue or ecotype specific expression and 
regulation. We found evidence that Picea abies 
seedlings exposed to heat stress develop during the 
heat treatment and during their recovery from 
stress a state of heat induced oxidative stress. In the 
case of the high elevation seedlings this condition 

appears to be more drastic and extends longer into 
the recovery phase. 
 
Production of reactive oxygen species (ROS) is a 
secondary effect of most environmental stresses 
in plants 37,218-220. The stress tolerance of plants 
largely depends on their ability to scavenge ROS 
37,218,220, and there are several mechanisms through 
which ROS can be degraded within the plant 
cells. The ascorbate-glutathione cycle is one of 
them, and the enzymes of this pathway are 
frequently considered indicators for oxidative 
stress 221. Other mechanisms involve liposoluble 
antioxidants like carotenoids or vitamin E. 
Enzymes part of both mechanisms were found to 
be regulated by heat stress in our experiments. 
 
Heat is known to induce oxidative stress in plants 
37,220,222 and the responses to heat and oxidative 
stress are closely linked 37,223. Plants activate 
antioxidant defence mechanisms in response to 
heat 222, and recent studies have shown that 
external factors which reduce these defences (like 
airborne ethylene or methyl salicylate) also 
reduce thermotolerance 222,224. Development of 
thermotolerance seems to involve an increase in 
the ability of plants to prevent or recover from 
oxidative stress 37 and compounds that induce 
oxidative burst can also induce thermotolerance 
225. Heat tolerant tomato cultivars have enhanced 
ROS scavenging capacities compared to heat 
sensitive ones 226. Moreover, oxidative stress can 
induce the accumulation of some HSPs 37, while 
total antioxidant activity and sHSP expression 
exhibit similar seasonal patterns 227.  
 
Heat induced oxidative stress is not restricted to 
the heating period but extends to the recovery 
phase as well. Experiments on Arabidopsis 
seedlings showed that heat stress causes oxidative 
stress mediated damage during up to 3 days of the 
recovery phase 37. The level of lipid peroxidation 
increased more that 3 fold after 2 days and more 
that 6 fold after 3 days. A heat pretreatment 
prevented lipid peroxidation during the recovery 
phase, but the seedlings survival rate was only 
improved by 20%. Our observations suggest that 
Picea abies seedlings experience a state of 
oxidative stress during the heat treatment and at 
the beginning of the recovery phase.  
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The seedlings were thus found to activate under 
heat stress conditions multiple antioxidant 
protection mechanisms in addition to the heat 
protection machinery (HSPs), in a complex system 
of interdependent and inter-regulated pathways 
summarised in Fig. 4.2-1. The differences observed 
in the level of oxidative stress experienced under 

heat stress conditions by ecotypes adapted to 
different elevations and in their ability to activate 
effective heat and oxidative stress protective 
mechanisms have putative adaptive significance 
under the pressure of changing environmental 
conditions. 
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αTC     α tocopherol 
γTC     γ tocopherol 
γTMT     γ tocopherol methyltransferase 
APX     ascorbate peroxidase 
Asc     ascorbate 
CAT     catalase 
ChSc     chemical scavenging 
DHA     dehydroascorbate 
DHAR     dehydroascorbate reductase 
eIF-5A     eukaryotic translation initiation factor 5A-4 
GAPDH    glyceraldehyde 3-phosphate dehydrogenase 
GPX     glutathione peroxidase 
GR     glutathione reductase 
GRP1A     glycine-rich RNA-binding protein 1A 
GSA     glucosylated salicylic acid 
GSH     glutathione  

GSSG     oxidised glutathione 
L     lipid 
LHP     lipid hydroperoxide 
LP     lipid peroxyl radical 
LPP     lipid peroxidation products, including JA 
MDHA     monodehydroascorbate 
MDHAR  monodehydroascorbate reductase 
MTD     mannitol dehydrogenase 
SA     salicylic acid 
sHSP     small heat shock protein 
SOD     superoxid dismutase 
TC     tocopherol 
TCX     tocopheroxyl radical 
TMT     tocopherol methyl transferase 
TQ&P     tocopherol quinone and epoxides 

 

Figure 4.2-1 Overview of plant reaction to heat induced oxidative stress based on (1) 228, (2) 229, (3) 225, 
(4) 226, (5) 230, (6) 231, (7) – activation 226,232-235/ inhibition 225,236,237, (8) 238. 
Shaded proteins were found to be up-regulated following heat shock in Picea abies; Continuous lines: metabolic conversions; 
Dashed lines: possible regulatory interactions ( – – – positive; – – – negative; – – – regulation depends on species and 
experimental conditions);  –––  reactions described at the level of the thylakoid membrane.  
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4.3 Biotic stress: Fagus sylvatica defence 
response to pathogen attack and wounding 6 
 
Protein expression patterns were investigated at 
local and systemic level in Fagus sylvatica 
seedlings following infection with the root 
pathogen Phytophthora citricola and following leaf 
or root wounding. The latter treatment was used as 
elicitor of plant response to herbivores both in the 
treated plants and, through volatile signals, in 
neighbouring plants 74. 
 
Fagus sylvatica plants inoculated either in soil or in 
liquid system with Phytophthora citricola exhibited 
typical infection symptoms and were highly 
sensitive to the pathogen, paralleling previous 
observations on young seedlings 56.   
 
The infection with Phytophthora citricola caused 
ample changes in protein expression at both local 
and systemic levels. Leaf and root wounding 
treatments also resulted in local and systemic 
regulation of protein expression and the response 
patterns exhibited partial overlap. A significant 
number of regulated proteins were shared between 
the tree’s defence responses against the pathogen 
and wounding, consisting of both co-regulated and 
differentially regulated proteins (Annex 6: Fig. 3) 6. 
 
In order to identify protein expression patterns 
across experimental treatments, cluster analysis was 
performed based on the fold regulation of proteins 
induced by each treatment. Hierarchical clustering 
based on a similarity matrix calculated using 
Pearson correlation coefficient and the 
corresponding heat map is presented in Fig. 4.3-1 
and Fig. 4.3-2. Clustering following this method 
takes into account the level of protein up- or down-
regulation as well as patterns of protein expression 
among different treatments. However, since the 
differences of the fold regulation of different 
proteins is rather high, this criterion over-weights 
the patterns of expression, so that results are 
difficult to interpret and patterns fail to reveal 
themselves. In order to obtain a classification of 
proteins based on their expression patterns in 
different experimental conditions, the information 
concerning the fold regulation can be discarded by 
the standardisation of proteins on a comparable 

scale of expression 100. The intensities of tiles 
corresponding to different proteins in the heat 
map will no longer represent the same levels of 
protein regulation in this case, but rather 
regulation levels relative to the maximum 
expression recorded for each protein in any of the 
experimental variants (Fig. 4.3-1 and Fig. 4.3-2). 
The two different clustering methods reveal 
complementary information and structure the 
data set according to different criteria. Patterns of 
protein expression identified by means of 
clustering are schematically presented in (Annex 
6: Fig. 3) 6 and expose obvious overlaps between 
Fagus sylvatica response to pathogen and 
wounding. The significance of this overlaps can 
be better understood in the context of signalling 
and defence pathways involved as illustrated in 
Fig. 4.3-3. 
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1 - Early local response to infection; 2 - Late local 
response to infection; 3 - Local response to root 
wounding 
 
Figure 4.3-1 Cluster analysis of Fagus sylvatica 
root proteins regulated following root infection 
with Phytophthora citricola and/or wounding. 
Clustering has been done using non-standardised 
(left panel) or standardised (right panel) fold 
regulation data. 
 
Incompatible interactions of Phytophthora 
species with different hosts have been widely 
investigated and shown to often involve 
pathosystem specific recognition 61 and defence 
mechanisms 64,67. Except for the SA-dependent 
defence mechanisms widely recognised as 
pathogen induced, Phytophthora was also shown 
to elicit SA-independent responses usually 
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activated by herbivore attack or wounding 
68,69,71,93,239,240. Although less studied as compared to 
incompatible interactions, compatible interactions 
involving Phytophthora species also revealed 
overlaps between plants’ defences against 
pathogens and herbivores 241. Herbivore attack is 

equally able to elicit plant defence mechanisms 
against pathogens 90 which supports the 
hypothesis of a crosstalk between the two 
defence pathways. 
 

 
0

80
0

C
ou

nt
10

0

2 3 4 5 623456
Down-regulation Up-regulation

Fold regulation

1 2 3 4 5 6 7

22
28
38
45
49
50
51
54
58
78
87
92
100
101
103
104
108
109
110
114
119
128
129
106
66
41
55
30
52
56
57
37
184
105
80
179
67
182
70
61
91
171
69
73
84
68
181
180
88
59
82
60
64
72
75
46
178
95
185
187
177
74
85
111
186
63
118
79
81
183
76
113
62
172
112
71
89
36
32
35
53
96
47
33
23
90
77
115
12
44
10
8
27
65
26
11
6
1
40
13
14
5
42
15
127
126
125
124
123
122
121
120
117
116
107
102
99
98
97
94
93
86
83
43
48
39
34
31
29
25
24
21
20
19
18
17
16
9
7
4
2
3

68
67
1
70
61
91
171
84
181
59
88
62
80
71
46
187
2
43
120
11
123
122
9
121
107
7
99
4
3
12
10
5
6
8
77
109
38
101
100
87
104
45
119
49
50
51
108
54
66
55
52
41
57
184
128
129
28
110
103
92
37
56
58
183
113
76
112
172
35
75
72
177
74
64
60
178
95
106
78
22
30
114
105
182
179
82
73
69
180
81
186
111
63
118
89
32
36
85
79
185
34
31
29
97
53
44
115
40
65
48
116
93
42
39
102
98
96
47
33
23
27
90
26
86
127
25
24
83
21
126
20
125
117
15
13
14
124
19
18
17
16
94

1 2 3 4 5 6 7

   
1 - Late systemic response to infection in soil system; 2 - Early systemic response to infection in liquid system; 3 - 
Late systemic response to infection in liquid system; 4 - Local response to leaf wounding; 5 - Systemic response to 
leaf wounding; 6 - „Listening trees“; 7 - Systemic response to root wounding 
 
Figure 4.3-2 Cluster analysis of Fagus sylvatica leaf proteins regulated following root infection with 
Phytophthora citricola and/or wounding. Clustering has been done using non-standardised (left panel) or 
standardised (right panel) fold regulation data. 
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ET ethylene 
HR hypersensitive response 
JA jasmonic acid 
LAR local acquired resistance 
LIR local induced resistance 
NPR1 non-expresser of PR genes 1 

PI proteinase inhibitors  
PRs pathogenesis related proteins 
SA salicylic acid 
SAR systemic acquired resistance 
SRH systemic resistance to herbivores 
?  co-induction of SA and JA-dependent 
  signalling pathways by yet unknown signals 73 

 
Figure 4.3-3 Simplified work model showing the main interactions between plant response to pathogen 
attack and wounding based on 73,94,242-245. Dashed lines: possible regulatory interactions ( – – – positive; – – – 
negative; – – – synergistic and antagonistic regulation of different genes). Inter-regulation of pathways also occurs 
at systemic level. 
 
A close inter-regulation of defence pathways 
against different biotic stressors does however not 
necessarily imply that the effect is a synergistic 
one. Although such effects have been described for 
some plant-pathogen-herbivore systems 88,90,246,247, 
neutral248 and antagonistic 91 effects have also been 
observed. Asymmetric relationships have been 
described for some species, where infection with a 
leaf pathogen decreases plants’ susceptibility to an 
insect herbivore, while herbivore attack previous to 
inoculation with the fungal pathogen does not 
influence pathogen’s growth neither locally nor 
systemically 88.  
 

The protein expression patterns observed in 
Fagus sylvatica leaves and roots following 
infection and wounding confirm the existence of 
overlaps and possible inter-regulation between 
pathogen and herbivore defence pathways. The 
existence of several proteins exhibiting opposite 
directions of regulation following the two types 
of biotic stress suggests a likely antagonistic 
effect between the elicited defence pathways. 
Identification of regulated proteins will clarify if 
this is a valid explanation for the shared response 
regulation.  
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5 CONCLUSIONS 
 
Plants are generally vulnerable to changes of 
environmental conditions due to their distinctive 
sessile phenotype. Tree species are even more 
exposed to a wide range of stressful conditions over 
the extensive geographical ranges and during their 
long life cycles. Coping with multiple simultaneous 
types of biotic and abiotic stressors requires 
complex mechanisms of resistance and/or tolerance 
which in turn require a high availability of 
resources. Under the strong selective pressure of 
limited resources, inducible defences have evolved 
as effective alternative or complementary 
mechanisms to the constitutive defence machinery. 
The capacity to tolerate extreme environmental 
conditions and to effectively defend against biotic 
stressors like pathogens or insect herbivores is 
essential for the survival of tree species, particularly 
under the conditions of the current climatic 
changes.  
 
Plant stress responses have been the focus of 
innumerable studies involving a vast array of 
technologies. Among the techniques developed for 
the study at molecular level of plant defence 
mechanisms, proteomics has emerged as a set of 
very effective tools of investigation.  
In the present study, two-dimensional gel 
electrophoresis differential display experiments 
were successfully used to identify changes in 
protein expression patterns following abiotic 4,5 and 
biotic  6 stress in forest trees. Protein extraction and 
separation protocols were optimised  for all types of 
tissues analysed 1,2 and ensured the high quality and 
high reproducibility of the two-dimensional 
electrophoresis patterns 3.  
 
Protein expression patterns were compared between 
Picea abies ecotypes adapted to different climatic 
conditions (i.e. different elevations) under normal 
environment 5 as well as in response to and during 
the recovery from heat stress 4. Several proteins 
exhibited differential expression between the two 
ecotypes and even ecotype specificity. Such 
differences in the constitutive expression of 
proteins among ecotypes can represent the result of 
divergent selective pressure and might therefore 
carry adaptive significance. 

The investigation of the response to heat stress 
revealed further qualitative and quantitative 
differences in the reaction of the two ecotypes to 
heat stress and heat induced oxidative stress 4. 
These differences indicate different capacities of 
the ecotypes to activate effective heat and 
oxidative stress protective mechanisms and 
implicitly different capacities to withstand and 
recover from elevated temperatures. Such 
phenotype segregation between ecotypes adapted 
to different elevation is extremely relevant for the 
survival of tree populations under ever increased 
temperature regimes. 
 
Pathogen and herbivore defence pathways have 
been widely studied in many plant species, 
including some tree species and were frequently 
proven to be species or even genotype specific. 
The crosstalk between the signalling pathways 
elicited by the two types of stressors was also 
shown to be largely species specific. Although 
in-depth information regarding several plant-
pathogen and plant-herbivore systems exists, it 
cannot easily be extrapolated to other systems. 
The most efficient strategy for the investigation 
of such complex defence networks involves 
multifactorial experiments where plant responses 
to different stressors can be directly compared. 
Proteome changes induced in forest tress by 
fungal pathogens and insect herbivores were 
investigated at both local and systemic levels 6. 
Wounding was used as elicitor of the herbivore 
response and the protein expression patterns 
induced by wounding of Fagus sylvatica leaves 
and roots were compared with expression 
patterns induced following infection with the root 
pathogen Phytophthora citricola. The overlap 
observed between protein expression patterns 
induced by the two types of biotic stressors 
suggest that signalling and defence pathways 
activated in response to different aggressors are 
inter-regulated at different levels forming 
complex networks designed to ensure optimal 
defence reactions with minimal resource 
investment. Several proteins exhibited opposite 
expression regulation in response to pathogen 
attack and wounding, suggesting the possible 
existence of trade-offs between these defence 
mechanisms. 
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6 SUMMARY 
 
 
A proteomic approach was undertaken for the study of forest trees responses to biotic and abiotic stress 
factors. Protein extraction and two-dimensional gel electrophoresis protocols were optimised for all types 
of samples analysed, and the reproducibility of protein separation was investigated for different levels of 
biological and technical replication. The high resolution and reproducibility of protein expression patterns 
based on the optimised protocols guaranteed a high reliability of results. Differential display experiments 
were employed for the study of changes in protein expression patterns under stress conditions. 
 
In Europe, Picea abies and Fagus sylvatica are considered representative species for coniferous and broad 
leafed tree species respectively. These species were therefore selected as experimental models for the 
study of trees response to abiotic and biotic stressors.  
 
Protein expression was investigated in two Picea abies ecotypes adapted to different elevations. Direct 
comparison of protein expression in the needles and roots of the two ecotypes under normal growth 
conditions revealed differences in the constitutive expression of proteins with potential adaptive 
significance. The analysis of protein expression in response to and during the recovery from heat stress 
revealed differences in the activation of heat and oxidative stress protective mechanisms that can affect 
the capacity of the two ecotypes to withstand and recover from elevated temperatures.  
 
Mechanisms involved in the defence against pathogens and herbivores were investigated at local and 
systemic level. Fagus sylvatica - Phytophthora citricola pathosystem was selected as model system and 
wounding was used as elicitor of the response against herbivores. Local and systemic protein expression 
patterns in response to pathogen attack and root or leaf wounding exhibited overlaps consisting of co-
regulated as well as differentially expressed proteins. Shared protein expression patterns indicate inter-
regulation of signalling and defence pathways elicited by pathogens and herbivores while the existence of 
proteins exhibiting opposite regulation after infection and root wounding suggests antagonistic 
connections between the pathways. 
 
Overlapping and/or mutually antagonistic responses to different stress conditions indicate a complex 
inter-regulation of the signalling and defence pathways activated by different stressors. These pathways 
specifically interact to maximise chances for plant survival under different environmental conditions 
while minimising resource investment. 
 
 



 31

7 REFERENCES 
 
1. Vâlcu, C. M.; Schlink, K., Reduction of 
proteins during sample preparation and two-dimensional 
gel electrophoresis of woody plant samples. Proteomics 
2006, 6 (5), 1599-1605. 
2. Vâlcu, C. M.; Schlink, K., Efficient extraction 
of proteins from woody plant samples for two-
dimensional electrophoresis. Proteomics 2006, 6 (14), 
4166-4175. 
3. Vâlcu, C. M.; Vâlcu, M., Reproducibility of 
two-dimensional electrophoresis at different replication 
levels. in press. 
4. Vâlcu, C. M.; Lalanne, C.; Plomion, C.; 
Schlink, K., Protein expression during the recovery from 
heat stress of Norway spruce (Picea abies) provenances 
from contrasting elevations. submitted. 
5. Vâlcu, C. M.; Lalanne, C.; Müller-Starck, G.; 
Plomion, C.; Schlink, K., Protein polymorphism between 
Picea abies populations revealed by two-dimensional 
electrophoresis. submitted. 
6. Vâlcu, C. M.; et.al., Local and systemic changes 
in European beech (Fagus sylvatica) proteome following 
infection with Phytophthora citricola and wounding. in 
preparation. 
7. Selye, H., A syndrome produced by diverse 
nocous agent. Nature 1936, 138, 32-34. 
8. Lichtenthaler, H., Vegetation stress: An 
introduction to the stress concept in plants. Journal of 
Plant Physiology 1996, 148, 1-2. 
9. Lichtenthaler, H., The stress concept in plants: 
an introduction. Annals New York Academy of Sciences, 
187-198. 
10. Frei, C.; Schöll, R.; Fukutome, S.; Schmidli, J.; 
Vidale, P. L., Future changes of precipitation extremes in 
Europe: intercomparison of scenarios from regional 
models. Journal of Geophysical Research - Atmospheres 
2006, 111, D06105. 
11. Garrett, K. A.; Dendy, S. P.; Frank, E. E.; 
Rouse, M. N.; Travers, S. E., Climate change effects on 
plant disease: Genomes to ecosystems. Annual Review of 
Phytopathology 2006, 44, 489-509. 
12. Jump, A. S.; Penuelas, J., Running to stand still: 
adaptation and the response of plants to rapid climate 
change. Ecology Letters 2005, 8 (9), 1010-1020. 
13. Root, T. L.; Price, J. T.; Hall, K. R.; Schneider, 
S. H.; Rosenzweig, C.; Pounds, J. A., Fingerprints of 
global warming on wild animals and plants. Nature 
2003, 421 (1), 57-60. 
14. Hamrick, J. L., Response of forest trees to 
global environmental changes. Forest Ecology and 
Management 2004, 197 (1-3), 323-335. 
15. Petit, R. J.; Hampe, A., Some evolutionary 
consequences of being a tree. Annual Review of Ecology, 
Evolution and Systematics 2006, 37, 187-214. 
16. Hamrick, J. L.; Godt, M. J. W.; Sherman-
Broyles, S. L., Factors influencing levels of genetic 
diversity in woody plant species. New Forests 1992, 6 (1 
- 4), 95-124. 
17. Epperson, B. K., Spatial structure of genetic 
variation within populations of forest trees. New Forests 
1992, 6 (1 - 4), 257. 
18. Saxe, H.; Cannell, M. G. R.; Johnsen, Ø.; Ryan, 
M. G.; Vourlitis, G., Tree and forest functioning in 

response to global warming. New Phytologist 2001, 
149, 369–400. 
19. Müller-Starck, G.; Ziehe, M.; Schubert, R., 
Genetic dversity parameters associated with viability 
selection, reproductive efficiency and growth in forest 
tree species. Ecological Studies 2005, 176, 87-108. 
20. Savolainen, O.; Pyhäjärvi, T.; Knürr, T., 
Gene flow and local adaptation in trees. Annual 
Review of Ecology, Evolution, and Systematics 2007, 
early view. 
21. Lexer, C.; Van Loo, M.; Barbara, T., 
Towards forest community and ecosystem genomics. 
New Phytologist 2007, 173, 673-676. 
22. Saxe, H.; Cannell, M. G. R.; Johnsen, B.; 
Ryan, M. G.; Vourlitis, G., Tree and forest functioning 
in response to global warming. New Phytologist 2001, 
149 (3), 369-399. 
23. Smillie, R. M.; Hetherington, S. E.; Ochoa, 
C.; Malagamba, P., Tolerances of wild potato species 
from different altitudes to cold and heat. Planta 1983, 
159 (2), 112-118. 
24. Johnsen, O.; Skroppa, T., Provenances and 
families show different patterns of relationship 
between bud set and frost hardiness in Picea abies. 
Can. J. For. Res. 2000, 30, 1858-1866. 
25. Bergmann, F.; Gregorius, H., 
Ecogeographical distribution and thermostability of 
isocitrate dehydrogenase (IDH) alloenzymes in 
European silver fir. Biochemical Systematics and 
Ecology 1993, 21 (5), 597-605. 
26. Grant, M. C.; Mitton, J. B., Genetic 
differentiation among growth forms of Engelmann 
spruce and subalpine fir at tree line. Arctic and Alpine 
Research 1977, 9 (3), 259-263. 
27. Mitton, J. B.; Sturgeon, K. B.; Davis, M. L., 
Genetic differentiation in ponderosa pine along a steep 
evevational transect. Silvae Genetica 1980, 29 (3-4), 
100-103. 
28. Puglisi, S.; Lovreglio, R.; Attolico, M., 
Subpopulation differentiation along elevational 
transects within two Italian populations of Scots pine 
(Pinus sylvestris L.). Forest Genetics 1999, 6 (4), 249-
258. 
29. Bergmann, F., The allelic distribution at an 
acid phosphatase locus in Norway spruce (Picea 
abies) along similar climatic gradients. Theoretical 
and Applied Genetics 1978, 52, 57-64. 
30. Lundkvist, K., Allozyme frequency 
distributions in four Swedish populations of Norway 
spruce (Picea abies K.). Hereditas 1979, 90, 127-143. 
31. Colombo, S. J.; Colclough, M. L.; Timmer, 
V. R.; Blumwald, E., Clonal variation in heat 
tolerance and heat-shock protein expression in black 
spruce. Silvae Genetica 1992, 41 (4-5), 234. 
32. Feder, M. E.; Hofmann, G. E., Heat-shock 
proteins, molecular chaperones, and the stress 
response: Evolutionary and ecological physiology. 
Annual Review of Physiology 1999, 61, 243-282. 
33. Ahn, Y. J.; Claussen, K.; Zimmerman, J. L., 
Genotypic differences in the heat-shock response and 
thermotolerance in four potato cultivars. Plant Science 
2004, 166 (4), 901-911. 
34. Wang, D. F.; Luthe, D. S., Heat sensitivity in 
a bentgrass variant. Failure to accumulate a 
chloroplast heat shock protein isoform implicated in 



 32 

heat tolerance. Plant Physiology 2003, 133 (1), 319-327. 
35. Skylas, D. L.; Cordwell, S. J.; Hains, P. G.; 
Larsen, M. R.; Basseal, D. J.; Walsh, B. J.; Blumenthal, 
C.; Rathmell, W.; Copeland, L.; Wrigley, C. W., Heat 
shock of wheat during grain filling: proteins associated 
with heat-tolerance. Journal of Cereal Science 2002, 35, 
175-188. 
36. Knight, C. A.; Ackerly, D. D., Correlated 
evolution of chloroplast heat shock protein expression in 
closely related plant species. American Journal of 
Botany 2001, 88 (3), 411-418. 
37. Larkindale, J.; Knight, M. R., Protection against 
heat stress-induced oxidative damage in Arabidopsis 
involves calcium, abscisic acid, ethylene, and salicylic 
acid. Plant Physiology 2002, 128 (2), 682-695. 
38. Gessler, A.; Keitel, C.; Kreuzwieser, J.; 
Matyssek, R.; Seiler, W.; Rennenberg, H., Potential risks 
for European beech (Fagus sylvatica L.) in a changing 
climate. Trees 2007, 21, 1-11. 
39. Kundzewicz, Z. W.; Radziejewski, M.; 
Pinskwar, I., Precipitation extremes in the changing 
climate of Europe. Climatic research 2006, 31, 51-58. 
40. Brasier, C. M.; Kirk, S. A., Comparative 
aggressiveness of standard and variant hybrid alder 
Phytophthoras, Phytophthora cambivora and other 
Phytophthora species on bark of Alnus, Quercus and 
other woody hosts. Plant Pathology 2001, 50 (2), 218-
229. 
41. Matheron, M. E.; Mircetich, S. M., Seasonal-
variation in susceptibility of Juglans hindsii and Paradox 
rootstocks of English walnut trees to Phytophthora 
citricola. Phytopathology 1985, 75 (9), 970-972. 
42. Elhamalawi, Z. A.; Menge, J. A., Seasonal 
fluctuations in the extent of colonization of avocado 
plants by the stem canker pathogen Phytophthora 
citricola. Journal of the American Society for 
Horticultural Science 1995, 120 (2), 157-162. 
43. Bale, J. S.; Masters, G. J.; Hogkinson, I. D.; 
Awmack, C.; Bezemer, T. M.; Brown, V. K.; Butterfield, 
J.; Buse, A.; Coulson, J. C.; Farrar, J.; Good, J. E. G.; 
Harrington, R.; Hartley, S.; Jones, T. H.; Lindroth, R. L.; 
Press, M. C.; Symrnioudis, I.; Wittaker, J. B., Herbivory 
in global climate change research: direct effects of rising 
temperature on insect herbivores. Global Change 
Biology 2002, 8 (1), 1-16. 
44. Zvereva, E. L.; Kozlov, M. V., Consequences of 
simultaneous elevation of carbon dioxide and 
temperature for plant–herbivore interactions: a 
metaanalysis. Global Change Biology 2006, 12 (1), 27-
41. 
45. Hodkinson, I. D.; Bird, J. M., Flexible 
responses of insects to changing environmental 
temperature – early season development of 
Craspedolepta species on fireweed. Global Change 
Biology 2006, 12 (7), 1308-1314. 
46. Merril, R. M.; Gutierrez, D.; Lewis, O. T.; 
Gutierrez, J.; Diez, S. B.; Wilson, R. J., Combined 
effects of climate and biotic interactions on the 
elevational range of a phytophagous insect. Journal of 
Animal Ecology 2007, OnlineEarly Article. 
47. Ward, N. L.; Masters, G. J., Linking climate 
change and species invasion: an illustration using insect 
herbivores. Global Change Biology 2007, 13 (8), 1605-
1515. 

48. Jung, T.; Blaschke, H.; Osswald, W., 
Involvement of soilborne Phytophthora species in 
Central European oak decline and the effect of site 
factors on the disease. Plant Pathology 2000, 49, 706-
718. 
49. Jonsson, U., Phytophthora species and oak 
decline - can a weak competitor cause significant root 
damage in a nonsterilized acidic forest soil? New 
Phytologist 2004, 162 (1), 211-222. 
50. Vettraino, A. M.; Barzanti, G. P.; Bianco, M. 
C.; Ragazzi, A.; Capretti, P.; Paolettti, E.; Luisi, N.; 
Anselmi, N.; Vannini, A., Occurrence of 
Phytophthora species in oak stands in Italy and their 
association with declining oak trees. Forest Pathology 
2002, 32 (1), 19-28. 
51. Balci, Y.; Halmschlager, E., Phytophthora 
species in oak ecosystems in Turkey and their 
association with declining oak trees. Plant Pathology 
2003, 52 (6), 694-702. 
52. Balci, Y.; Halmschlager, E., Incidence of 
Phytophthora species in oak forests in Austria and 
their possible involvement in oak decline. Forest 
Pathology 2003, 33 (3), 157-174. 
53. Hansen, E.; Delatour, C., Phytophthora 
species in oak forests of north-east France. Annals of 
Forest Science 1999, 56 (7), 539-547. 
54. Vettraino, A. M.; Morel, O.; Perlerou, C.; 
Robin, C.; Diamandis, S.; Vannini, A., Occurrence 
and distribution of Phytophthora species in European 
chestnut stands, and their association with Ink Disease 
and crown decline. European Journal of Plant 
Pathology 2005, 111 (2), 169-180. 
55. Werres, S., Influence of the Phytophthora 
isolate and the seed source on the development of 
beech (Fagus sylvatica) seedling blight. European 
Journal of Forest Pathology 1995, 25 (6-7), 381-390. 
56. Fleischmann, F.; Schneider, D.; Matyssek, 
R.; Osswald, W. F., Investigations on net CO2 
assimilation, transpiration and root growth of Fagus 
sylvatica infested with four different Phytophthora 
species. Plant Biology 2002, 4 (2), 144-152. 
57. Wang, Z. Y.; Göttlein, A.; Rodenkirchen, H.; 
Fleischmann, F.; Oßwald, W., The Infuence of 
Phytophthora citricola on rhizosphere soil solution 
chemistry and the nutritional status of European beech 
seedlings. Journal of Phytopathology 2003, 151, 365-
368. 
58. Fleischmann, F.; Gottlein, A.; Rodenkirchen, 
H.; Lutz, C.; Osswald, W., Biomass, nutrient and 
pigment content of beech (Fagus sylvatica) saplings 
infected with Phytophthora citricola, P. cambivora, P. 
pseudosyringae and P. undulata. Forest Pathology 
2004, 34 (2), 79-92. 
59. Parker, J. E., Plant recognition of microbial 
patterns. Trends in Plant Science 2003, 8 (6), 245-247. 
60. Hutcheson, S. W., Current concepts of active 
defense in plants. Annual Review of Phytopathology 
1998, 36, 59-90. 
61. Tyler, B. M., Molecular basis of recognition 
between Phytophthora pathogens and their hosts. 
Annual Review of Phytopathology 2002, 40, 137-167. 
62. Bent, A. F.; David, M., Elicitors, effectors 
and R genes: the new paradigm and a lifetime supply 
of questions. Annual Reviews of Phytopathology 2007, 
45, 399-436. 



 33

63. Hammond-Kosack, K. E.; Jones, J. D. G., 
Resistance gene-dependent plant defense responses. The 
Plant Cell 1996, 8, 1773-1791. 
64. Pernollet, J.-C.; Sallantin, M.; Salle-Tourne, M.; 
Huet, J.-C., Elicitin isoforms from seven Phytophthora 
species: comparison of their physico-chemical properties 
and toxicity to tobacco and other plant species. 
Physiological and Molecular Plant Pathology 1993, 42, 
53-67. 
65. Blein, J.-P.; Coutos-Thevenot, P.; Marion, D.; 
Ponchet, M., From elicitins to lipid-transfer proteins: a 
new insight in cell signalling involved in plant defence 
mechanisms. Trends in Plant Science 2002, 7 (7), 293-
296. 
66. Osman, H.; Vauthrin, S.; Mikes, V.; Milat, M.-
L.; Panabieres, F.; Marais, A.; Brunie, S.; Maume, B.; 
Ponchet, M.; Blein, J.-P., Mediation of elicitin activity 
on tobacco is assumed by elicitin-sterol complexes. 
Molecular Biology of the Cell 2001, 12, 2825-2834. 
67. Ponchet, M.; Panabieres, F.; Milat, M. L.; 
Mikes, V.; Montillet, J. L.; Suty, L.; Triantaphylides, C.; 
Tirilly, Y.; Blein, J. P., Are elicitins cryptograms in 
plant-Oomycete communications? Cellular and 
Molecular Life Sciences 1999, 56 (11-12), 1020-1047. 
68. Zhang, Z.-G.; Wang, Y.-C.; li, J.; Ji, R.; Shen, 
G.; Wang, S.-C.; Zhou, X.; Zheng, X.-B., The role of SA 
in the hypersensitive response and systemic acquired 
resistance induced by elicitor PB90 from Phytophthora 
boehmeriae. Physiological and Molecular Plant 
Pathology 2004, 65, 31-38. 
69. Keller, H.; Blein, J.-P.; Bonnet, P.; Ricci, P., 
Physiological and molecular characteristics of elicitin 
induced systemic acquired resistance in tobacco. Plant 
Physiology 1996, 110, 365-376. 
70. Keller, H.; Pamboukdjian, N.; Ponchet, M.; 
Poupet, A.; Delon, R.; Verrier, J.-L.; Roby, D.; Ricci, P., 
Pathogen-induced elicitin production in transgenic 
tobacco generates a hypersensitive response and 
nonspecific disease resistance. The Plant Cell 1999, 11, 
223–235. 
71. Véronési, C.; Rickauer, M.; Fournier, J.; 
Pouénat, M.-L.; Esquerré-Tugayé, M.-T., Lipoxygenase 
gene expression in the tobacco- Phytophthora parasitica 
nicotianae interaction. Plant Physiology 1996, 112, 997-
1004. 
72. Fleischmann, F.; Koehl, J.; Portz, R.; Beltrame, 
A. B.; Osswald, W., Physiological change of Fagus 
sylvatica seedlings infected with Phytophthora citricola 
and the contribution of its elicitin "Citricolin" to 
pathogenesis. Plant Biology 2005, 7 (6), 650-658. 
73. de Bruxelles, G. L.; Roberts, M. R., Signals 
regulating multiple responses to wounding and 
herbivores. Critical Reviews in Plant Sciences 2001, 20 
(5), 487-521. 
74. Kessler, A.; Baldwin, I. T., Plant responses to 
insect herbivory: The emerging molecular analysis. 
Annual Review of Plant Biology 2002, 53, 299-328. 
75. Felton, G. W., Indigestion is a plant's best 
defense. Proceedings of the National Academy of 
Sciences of the United States of America 2005, 102 (52), 
18771-18772. 
76. Ruuhola, T.; Yang, S. Y., Wound-induced 
oxidative responses in mountain birch leaves. Annals of 
Botany 2006, 97 (1), 29-37. 

77. Chandru, H. K.; Kim, E.; Kuk, Y.; Cho, K.; 
Han, O., Kinetics of wound-induced activation of 
antioxidative enzymes in Oryza sativa: differential 
activation at different growth stages. Plant Science 
2003, 164 (6), 935-941. 
78. Thaler, J. S., Jasmonate-inducible plant 
defences cause increased parasitism of herbivores. 
Nature 1999, 399, 686-688. 
79. Schnee, C.; Kollner, T. G.; Held, M.; 
Turlings, T. C. J.; Gershenzon, J.; Degenhardt, J., The 
products of a single maize sesquiterpene synthase 
form a volatile defense signal that attracts natural 
enemies of maize herbivores. Proceedings of the 
National Academy of Sciences of the United States of 
America 2006, 103 (4), 1129-1134. 
80. Arimura, G.; Kost, C.; Boland, W., 
Herbivore-induced, indirect plant defences. 
Biochimica et Biophysica Acta 2005, 1734, 91-111. 
81. Kost, C.; Heil, M., Herbivore-induced plant 
volatiles induce an indirect defence in neighbouring 
plants. Journal of Ecology 2006, 94 (3), 619-628. 
82. Engelberth, J.; Alborn, H. T.; Schmelz, E. A.; 
Tumlinson, J. H., Airborne signals prime plants 
against insect herbivore attack. Proceedings of the 
National Academy of Sciences of the United States of 
America 2004, 101 (6), 1781-1785. 
83. Martin, D. M.; Gershenzon, J.; Bohlmann, J., 
Induction of volatile terpene biosynthesis and diurnal 
emission by methyl jasmonate in foliage of Norway 
spruce. Plant Physiology 2003, 132 (3), 1586-1599. 
84. Tscharntke, T.; Thiessen, S.; Dolch, R.; 
Boland, W., Herbivory, induced resistance, and 
interplant signal transfer in Alnus glutinosa. 
Biochemical systematics and ecology 2001, 29, 1025-
1047. 
85. Dolch, R.; Tscharntke, T., Defoliation of 
alders (Alnus glutinosa) affects herbivory by leaf 
beetles on undamaged neighbours. Oecologia 2000, 
125, 504-511. 
86. Kessler, A.; Halitschke, R.; Diezel, C.; 
Baldwin, I. T., Priming of plant defense responses in 
nature by airborne signaling between Artemisia 
tridentata and Nicotiana attenuata. Oecologia 2006, 
148, 280-292. 
87. Karban, R.; Maron, J.; Felton, G. W.; Ervin, 
G.; Eichenseer, H., Herbivore damage to sagebrush 
induces resistance in wild tobacco: evidence for 
eavesdropping between plants. OIKOS 2003, 100, 
325-332. 
88. Rostás, M.; Hilker, M., Asymmetric plant-
mediated cross-effects between a herbivorous insect 
and a phytopathogenic fungus. Agricultural and 
Forest Entomology 2002, 4 (3), 223-231. 
89. De Vos, M.; Van Zaanen, W.; Koornneef, A.; 
Korzelius, J. P.; Dicke, M.; Van Loon, L. C.; Pieterse, 
C. M. J., Herbivore-induced resistance against 
microbial pathogens in Arabidopsis. Plant Physiology 
2006, 142 (1), 352-363. 
90. Schweizer, P.; Buchala, A.; Dudler, R.; 
Metraux, J. P., Induced systemic resistance in 
wounded rice plants. The Plant Journal 1998, 14 (4), 
475-481. 
91. Felton, G. W.; Korth, K. L.; Bi, J. L.; 
Wesley, S. V.; Huhman, D. V.; Mathews, M. C.; 
Murphy, J. B.; Lamb, C.; Dixon, R. A., Inverse 



 34 

relationship between systemic resistance of plants to 
microorganisms and to insect herbivory. Current Biology 
1999, 9, 317-320. 
92. De Vos, M.; Van Oosten, V. R.; Van Poecke, R. 
M. P.; Van Pelt, J. A.; Pozo, M. J.; Mueller, M. J.; 
Buchala, A. J.; Metraux, J. P.; Van Loon, L. C.; Dicke, 
M.; Pieterse, C. M. J., Signal signature and transcriptome 
changes of Arabidopsis during pathogen and insect 
attack. Molecular Plant-Microbe Interactions 2005, 18 
(9), 923-937. 
93. Graham, M. Y.; Weidner, J.; Wheeler, K.; 
Pelow, M. J.; Graham, T. L., Induced expression of 
pathogenesis-related protein genes in soybean by 
wounding and the Phytophthora sojae cell wall glucan 
elicitor. Physiological and Molecular Plant Pathology 
2003, 63 (3), 141-149. 
94. Pieterse, C. M. J.; Van Loon, L. C., NPR1: the 
spider in the web of induced resistance signaling 
pathways. Current Opinion in Plant Biology 2004, 7, 
456-464. 
95. Kachroo, A.; Lapchyk, L.; Fukushige, H.; 
Hildebrand, D.; Klessig, D.; Kachroo, P., Plastidial fatty 
acid signaling modulates salicylic acid– and jasmonic 
acid–mediated defense pathways in the Arabidopsis ssi2 
mutant. The Plant Cell 2003, 15, 2952-2965. 
96. Pandey, A.; Mann, M., Proteomics to study 
genes and genomes. Nature 2000, 405 (6788), 837-846. 
97. Kenyon, G. L.; DeMarini, D. M.; Fuchs, E.; 
Galas, D. J.; Kirsch, J. F.; Leyh, T. S.; Moos, W. H.; 
Petsko, G. A.; Ringe, D.; Rubin, G. M.; Sheahan, L. C., 
Defining the mandate of proteomics in the post-
genomics era: Workshop report: (C)2002 National 
Academy of Sciences, Washington, D.C., USA. 
Molecular & Cellular Proteomics 2002, 1 (10), 763-780. 
98. Gygi, S. P.; Rochon, Y.; Franza, B. R.; 
Aebersold, R., Correlation between protein and mRNA 
abundance in yeast. Molecular and Cellular Biology 
1999, 19 (3), 1720-1730. 
99. Anderson, L.; Seilhamer, J., A comparison of 
selected mRNA and protein abundances in human liver. 
Electrophoresis 1997, 18 (3-4), 533-537. 
100. Lippert, D.; Chowrira, S.; Ralph, S. G.; Zhuang, 
J.; Aeschlian, D.; Ritland, C.; Ritland, K.; Bohlmann, J., 
Conifer defense against insects: Proteome analysis of 
Sitka spruce (Picea sitchensis) bark induces by 
mechanical wounding or feeding by white pine weevils 
(Pissodes strobi). Proteomics 2007, 7, 248-270. 
101. Hebestreit, H. F., Proteomics: a holistic analysis 
of nature's proteins. Current Opinion in Pharmacology 
2001, 1, 513-520. 
102. Patterson, S. D.; Aebersold, R. H., Proteomics: 
the first decade and beyond. Nature Genetics 2003, 33, 
311-323. 
103. Rose, J. K. C.; Bashir, S.; Giovannoni, J. J.; 
Jahn, M. M.; Saravanan, R. S., Tackling the plant 
proteome: practical approaches, hurdles and 
experimental tools. Plant Journal 2004, 39 (5), 715-733. 
104. Görg, A.; Weiss, W.; Dunn, M. J., Current two-
dimensional electrophoresis technology for proteomics. 
Proteomics 2004, 4 (12), 3665-3685. 
105. Corthals, G. L.; Wasinger, V. C.; Hochstrasser, 
D. F.; Sanchez, J. C., The dynamic range of protein 
expression: A challenge for proteomic research. 
Electrophoresis 2000, 21 (6), 1104-1115. 

106. Isaacson, T.; Damasceno, C. M. B.; 
Saravanan, R. S.; He, Y.; Catala, C.; Saladie, M.; 
Rose, J. K. C., Sample extraction techniques for 
enhanced proteomic analysis of plant tissues. Nature 
Protocols 2006, 1 (2), 769-774. 
107. Kersten, B.; Bürkle, L.; Kuhn, E. J.; 
Giavalisco, P.; Konthur, Z.; Lueking, A.; Walter, G.; 
Eickhoff, H.; Schneider, U., Large-scale plant 
proteomics. Plant Molecular Biology 2002, 48, 133-
141. 
108. Jorrín, J. V.; Maldonado, A. M.; Castillejo, 
M. A., Plant proteome analysis: A 2006 update. 
Proteomics 2007, 7, 2947-2962. 
109. Gion, J. M.; Lalanne, C.; Le Provost, G.; 
Ferry-Dumazet, H.; Paiva, J.; Chaumeil, P.; Frigerio, 
J. M.; Brach, J.; Barre, A.; de Daruvar, A.; Claverol, 
S.; Bonneu, M.; Sommerer, N.; Negroni, L.; Plomion, 
C., The proteome of maritime pine wood forming 
tissue. Proteomics 2005, 5 (14), 3731-3751. 
110. Sheffield, J.; Taylor, N.; Fauquet, C.; Chen, 
S. X., The cassava (Manihot esculenta Crantz) root 
proteome: Protein identification and differential 
expression. Proteomics 2006, 6 (5), 1588-1598. 
111. Mechin, V.; Balliau, T.; Chateau-Joubert, S.; 
Davanture, M.; Langella, O.; Negroni, L.; Prioul, J. L.; 
Thevenot, C.; Zivy, M.; Damerval, C., A two-
dimensional proteome map of maize endosperm. 
Phytochemistry 2004, 65 (11), 1609-1618. 
112. Porubleva, L.; Vander Velden, K.; Kothari, 
S.; Oliver, D. J.; Chitnis, P. R., The proteome of maize 
leaves: Use of gene sequences and expressed sequence 
tag data for identification of proteins with peptide 
mass fingerprints. Electrophoresis 2001, 22 (9), 1724-
1738. 
113. Bahrman, N.; Negroni, L.; Jaminon, O.; Le 
Gouis, J., Wheat leaf proteome analysis using 
sequence data of proteins separated by two-
dimensional electrophoresis. Proteomics 2004, 4 (9), 
2672-2684. 
114. Mathesius, U.; Keijzers, G.; Natera, S. H. A.; 
Weinman, J. J.; Djordjevic, M. A.; Rolfe, B. G., 
Establishment of a root proteome reference map for 
the model legume Medicago truncatula using the 
expressed sequence tag database for peptide mass 
fingerprinting. Proteomics 2001, 1, 1424-1440. 
115. González-Camacho, F.; Medina, F. J., 
Identification of specific plant nucleolar 
phosphoproteins in a functional proteomic analysis. 
Proteomics 2004, 4, 407-417. 
116. Bardel, J.; Louwagie, M.; Jaquinod, M.; 
Jourdain, A.; Luche, S.; Rabilloud, T.; Macherel, D.; 
Garin, J.; Bourguignon, J., A survey of the plant 
mitochondrial proteome in relation to development. 
Proteomics 2002, 2 (7), 880-898. 
117. Catalano, C. M.; Lane, W. S.; Sherrier, D. J., 
Biochemical characterization of symbiosome 
membrane proteins from Medicago truncatula root 
nodules. Electrophoresis 2004, 25 (3), 519-531. 
118. Amme, S.; Rutten, T.; Melzer, M.; 
Sonsmann, G.; Vissers, Johannes P. C.; Schlesier, B.; 
Mock, H.-P., A proteome approach defines protective 
functions of tobacco leaf trichomes. Proteomics 2005, 
5 (10), 2508-2518. 
119. Ciambella, C.; Roepstorff, P.; Aro, E.; Zolla, 
L., A proteomic approach for investigation of 



 35

photosynthetic apparatus in plants. Proteomics 2005, 5 
(3), 746-757. 
120. Ferro, M.; Salvi, D.; Brugiere, S.; Miras, S.; 
Kowalski, S.; Louwagie, M.; Garin, J.; Joyard, J.; 
Rolland, N., Proteomics of the chloroplast envelope 
membranes from Arabidopsis thaliana. Molecular & 
Cellular Proteomics 2003, 2 (5), 325-345. 
121. Casado-Vela, J.; Sellés, S.; Martínez, R. B., 
Proteomic approach to blossom-end rot in tomato fruits 
(Lycopersicon esculentum): Antioxidant enzymes and 
the pentose phosphate pathway. Proteomics 2005, 5 (10), 
2488-2496. 
122. Kang, J. G.; Pyo, Y. J.; Cho, J. W.; Cho, M. H., 
Comparative proteome analysis of differentially 
expressed proteins induced by K+ deficiency in 
Arabidopsis thaliana. Proteomics 2004, 4 (11), 3549-
3559. 
123. Lee, C. S.; Chien, C. T.; Lin, C. H.; Chiu, Y. 
Y.; Yang, Y. S., Protein changes between dormant and 
dormancy-broken seeds of Prunus campanulata Maxim. 
Proteomics 2006, 6 (14), 4147-4154. 
124. Yang, P.; Chen, H.; Liang, Y.; Shen, S., 
Proteomic analysis of de-etiolated rice seedlings upon 
exposure to light. Proteomics 2007, 7, 2459-2468. 
125. Zhao, C.; Wang, J.; Cao, M.; Zhao, K.; Shao, J.; 
Lei, T.; Yin, J.; Hill, G.; Xu, N.; Liu, S., Proteomic 
changes in rice leaves during development of field-
grown rice plants. Proteomics 2005, 5 (4), 961-972. 
126. Imin, N.; Kerim, T.; Weinman, J. J.; Rolfe, B. 
G., Characterisation of rice anther proteins expressed at 
the young microspore stage. Proteomics 2001, 1 (9), 
1149-1161. 
127. Yang, P.; Li, X.; Wang, X.; Chen, H.; Chen, F.; 
Shen, S., Proteomic analysis of rice (Oryza sativa) seeds 
during germination. Proteomics 2007, 7, 3358-3368. 
128. Wan, J. R.; Torres, M.; Ganapathy, A.; Thelen, 
J.; DaGue, B. B.; Mooney, B.; Xu, D.; Stacey, G., 
Proteomic analysis of soybean root hairs after infection 
by Bradyrhizobium japonicum. Molecular Plant-
Microbe Interactions 2005, 18 (5), 458-467. 
129. Guerreiro, N.; Djordjevic, M. A.; Rolfe, B. G., 
Proteome analysis of the model microsymbiont 
Sinorhizobium meliloti: isolation and characterisation of 
novel proteins. Electrophoresis 1999, 20, 818-825. 
130. Campo, S.; Carrascal, M.; Coca, M.; Abian, J.; 
San Segundo, B., The defense response of germinating 
maize embryos against fungal infection: A proteomics 
approach. Proteomics 2004, 4, 383-396. 
131. Kim, S. T.; Cho, K. S.; Yu, S.; Kim, S. G.; 
Hong, J. C.; Han, C. D.; Bae, D. W.; Myung, A. E.; 
Kang, K. Y., Proteomic analysis of differentially 
expressed proteins induced by rice blast fungus and 
elicitor in suspension-cultured rice cells. Proteomics 
2003, 3 (12), 2368-2378. 
132. Konishi, H.; Ishiguro, K.; Komatsu, S., A 
proteomics approach towards understanding blast fungus 
infection of rice grown under different levels of nitrogen 
fertilization. Proteomics 2001, 1 (9), 1162-1171. 
133. Ndimba, B. K.; Chivasa, S.; Hamilton, J. M.; 
Simon, W. J.; Slabas, A. R., Proteomic analysis of 
changes in the extracellular matrix of Arabidopsis cell 
suspension cultures induced by fungal elicitors. 
Proteomics 2003, 3 (6), 1047-1059. 
134. Tahara, S. T.; Mehta, A.; Rosato, Y. B., 
Proteins by Xanthomonas axonopodis pv. passiflorae 

with leaf extract of the host plant (Passiflorae edulis). 
Proteomics 2003, 3 (95-102). 
135. Lee, J.; Bricker, T. M.; Lefevre, M.; Pinson, 
S. R. M.; Oard, J. H., Proteomic and genetic 
approaches to identifying defence-related proteins in 
rice challenged with the fungal pathogen Rhizoctonia 
solani. Molecular Plant Pathology 2006, 7 (5), 405-
416. 
136. Zhou, W. C.; Eudes, F.; Laroche, A., 
Identification of differentially regulated proteins in 
response to a compatible interaction between the 
pathogen Fusarium graminearum and its host, 
Triticum aestivum. Proteomics 2006, 6 (16), 4599-
4609. 
137. Sarry, J. E.; Kuhn, L.; Ducruix, C.; Lafaye, 
A.; Junot, C.; Hugouvieux, V.; Jourdain, A.; Bastien, 
O.; Fievet, J. B.; Vailhen, D.; Amekraz, B.; Moulin, 
C.; Ezan, E.; Garin, J.; Bourguignon, J., The early 
responses of Arabidopsis thaliana cells to cadmium 
exposure explored by protein and metabolite profiling 
analyses. Proteomics 2006, 6 (7), 2180-2198. 
138. Casati, P.; Zhang, X.; Burlingame, A. L.; 
Walbot, V., Analysis of leaf proteome after UV-B 
irradiation in maize lines differing in sensitivity. 
Molecular & Cellular Proteomics 2005, 4 (11), 1673-
1685. 
139. Riccardi, F.; Gazeau, P.; de Vienne, D.; Zivy, 
M., Protein changes in response to progressive water 
deficit in maize - Quantitative variation and 
polypeptide identification. Plant Physiology 1998, 117 
(4), 1253-1263. 
140. Imin, N.; Kerim, T.; Rolfe, B. G.; Weinman, 
J. J., Effect of early cold stress on the maturation of 
rice anthers. Proteomics 2004, 4 (7), 1873-1882. 
141. Ali, G. M.; Komatsu, S., Proteomic analysis 
of rice leaf sheath during drought stress. Journal of 
Proteome Research 2006, 5 (2), 396-403. 
142. Dani, V.; Simon, W.; Duranti, M.; Croy, R., 
Changes in the tobacco leaf apoplast proteome in 
response to salt stress. Proteomics 2005, 5 (3), 737-
745. 
143. Hajheidari, M.; Abdollahian-Noghabi, M.; 
Askari, H.; Heidari, M.; Sadeghian, S.; Ober, E.; 
Salekdeh, G., Proteome analysis of sugar beet leaves 
under drought stress. Proteomics 2005, 5 (4), 950-960. 
144. Phee, B. K.; Cho, J. H.; Park, S.; Jung, J. H.; 
Lee, Y. H.; Jeon, J. S.; Bhoo, S. H.; Hahn, T. R., 
Proteomic analyses of the response of Arabidopsis 
chloroplast proteins to high light stress. Proteomics 
2004, 4 (11), 3560-3568. 
145. Rakwal, R.; Agrawal, G. K.; Yonekura, M., 
Separation of proteins from stressed rice (Oryza sativa 
L.) leaf tissue by two-dimensional polyacrylamide gel 
electrophoresis: Induction of pathogenesis-related and 
cellular protectant proteins by jasmonic acid, UV 
radiation and copper chloride. Electrophoresis 1999, 
20, 3472-3478. 
146. Lee, D.-G.; Ahsan, N.; Lee, S.-H.; Kang, K. 
Y.; Bahk, J. D.; Lee, I.-J.; Lee, B.-H., A proteomic 
approach in analyzing heat-responsive proteins in rice 
leaves. Proteomics 2007, 7, 3369-3383. 
147. Marquès, K.; Sarazin, B.; Chané-Favre, L.; 
Zivy, M.; Thiellement, H., Comparative proteomics to 
establish genetic relationships in the Brassicaceae 
family. Proteomics 2001, 1, 1457-1462. 



 36 

148. Bahrman, N.; Zivy, M.; Thiellement, H., 
Genetic relationships in the sitopsis section of Triticum 
and the origin of the B-genome of polyploid wheats. 
Heredity 1988, 61, 473-480. 
149. Bahrman, N.; Cardin, M. L.; Seguin, M.; Zivy, 
M.; Thiellement, H., Variability of 3 cytoplasmically 
encoded proteins in the Triticum genus. Heredity 1988, 
60, 87-90. 
150. Lum, J. H. K.; Fung, K. L.; Cheung, P. Y.; 
Wong, M. S.; Lee, C. H.; Kwok, F. S. L.; Leung, M. C. 
P.; Hui, P. K.; Lo, S. C. L., Proteome of Oriental ginseng 
Panax ginseng C. A. Meyer and the potential to use it as 
an identification tool. Proteomics 2002, 2 (9), 1123-
1130. 
151. Zivy, M.; El Madidi, S.; Thiellement, H., 
Distance indexes in a comparison between the A-
genomes, D-genomes, I-genomes and R-genomes of the 
Triticeae tribe. Electrophoresis 1995, 16 (7), 1295-1300. 
152. Piovesan, G.; Pelosi, C.; Schirone, A.; Schirone, 
B., Taxonomic evaluations of the genus Pinus (Pinaceae) 
based on electrophoretic data of salt soluble and 
insoluble seed storage proteins. Plant Systematics and 
Evolution 1993, 186 (1-2), 57-68. 
153. Barreneche, T.; Bahrman, N.; Kremer, A., Two 
dimensional gel electrophoresis confirms the low level of 
genetic differentiation between Quercus robur L. and 
Quercus petraea (Matt.) Liebl. Forest Genetics 1996, 3 
(2), 89-92. 
154. Jorge, I.; Navarro, R. M.; Lenz, C.; Ariza, D.; 
Porras, C.; Jorrin, J., The holm oak leaf proteome: 
Analytical and biological variability in the protein 
expression level assessed by 2-DE and protein 
identification tandem mass spectrometry de novo 
sequencing and sequence similarity searching. 
Proteomics 2005, 5 (1), 222-234. 
155. Basha, S. M. M., Identification of cultivar 
differences in seed polypeptide composition of peanuts 
(Arachis hypogaea L) by 2-dimensional polyacrylamide-
gel electrophoresis. Plant Physiology 1979, 63 (2), 301-
306. 
156. Burstin, J.; Devienne, D.; Dubreuil, P.; 
Damerval, C., Molecular markers and protein quantities 
as genetic descriptors in maize 1. Genetic diversity 
among 21 inbred lines. Theoretical and Applied Genetics 
1994, 89 (7-8), 943-950. 
157. Zivy, M.; Devaux, P.; Blaisonneau, J.; Jean, R.; 
Thiellement, H., Segregation distortion and linkage 
studies in microspore-derived double haploid lines of 
Hordeum vulgare L. Theoretical and Applied Genetics 
1992, 83 (6-7), 919-924. 
158. Chevalier, F.; Martin, O.; Rofidal, V.; 
Devauchelle, A. D.; Barteau, S.; Sommerer, N.; 
Rossignol, M., Proteomic investigation of natural 
variation between Arabidopsis ecotypes. Proteomics 
2004, 4 (5), 1372-1381. 
159. Bahrman, N.; Le Gouis, J.; Negroni, L.; 
Amilhat, L.; Leroy, P.; Laine, A. L.; Jaminon, O., 
Differential protein expression assessed by two-
dimensional gel electrophoresis for two wheat varieties 
grown at four nitrogen levels. Proteomics 2004, 4 (3), 
709-719. 
160. Jacobsen, S.; Nesic, L.; Petersen, M.; 
Sondergaard, I., Classification of wheat varieties: Use of 
two-dimensional gel electrophoresis for varieties that can 
not be classified by matrix assisted laser 

desorption/ionization-time of flight-mass spectrometry 
and an artificial neural network. Electrophoresis 2001, 
22 (6), 1242-1245. 
161. Bahrman, N.; Zivy, M.; Baradat, P.; 
Damerval, C., Organization of the variability of 
abundant proteins in 7 geographical origins of 
Maritime Pine (Pinus pinaster Ait). Theoretical and 
Applied Genetics 1994, 88 (3-4), 407-411. 
162. O'Farrell, P. H., High resolution two-
dimensional electrophoresis of proteins. J. Biol. Chem. 
1975, 250 (10), 4007-4021. 
163. Klose, J., Protein mapping by combined 
isoelectric focusing and electrophoresis of mouse 
tissues - novel approach to testing for induced point 
mutations in mammals. Humangenetik 1975, 26 (3), 
231-243. 
164. Dunn, M. J.; Burghes, A. H. M., High-
resolution two-dimensional polyacrylamide-gel 
electrophoresis 1. Methodological procedures. 
Electrophoresis 1983, 4 (2), 97-116. 
165. Görg, A.; Postel, W.; Günther, S., The 
current state of two-dimensional electrophoresis with 
immobilized pH gradients. Electrophoresis 1988, 9, 
531-546. 
166. Bjellqvist, B.; Ek, K.; Righetti, P. G.; 
Gianazza, E.; Görg, A.; Westermeier, R.; Postel, W., 
Isoelectric focusing in immobilized pH gradients: 
Principle, methodology and some applications. 
Journal of Biochemical and Biophysical Methods 
1982, 6, 317-339. 
167. Görg, A.; Obermaier, C.; Boguth, G.; Harder, 
A.; Scheibe, B.; Wildgruber, R.; Weiss, W., The 
current state of two-dimensional electrophoresis with 
immobilized pH gradients. Electrophoresis 2000, 21, 
1037-1053. 
168. Vincent, D.; Wheatley, M. D.; Cramer, G. R., 
Optimization of protein extraction and solubilization 
for mature grape berry clusters. Electrophoresis 2006, 
27 (9), 1853-1865. 
169. Lehner, I.; Niehof, M.; Borlak, J., An 
optimized method for the isolation and identification 
of membrane proteins. Electrophoresis 2003, 24 (11), 
1795-1808. 
170. Gaspar, M. M.; Ferreira, R. B.; Chaves, M. 
M.; Teixeira, A. R., Improved method for the 
extraction of proteins from Eucalyptus leaves. 
Application in leaf response to temperature. 
Phytochemical Analysis 1997, 8 (6), 279-285. 
171. Islam, N.; Lonsdale, M.; Upadhyaya, N. M.; 
Higgins, T. J.; Hirano, H.; Akhurst, R., Protein 
extraction from mature rice leaves for two-
dimensional gel electrophoresis and its application in 
proteome analysis. Proteomics 2004, 4 (7), 1903-
1908. 
172. Damerval, C.; de Vienne, D.; Zivy, M.; 
Thiellement, H., Technical improvements in two-
dimensional electrophoresis increase the level of 
genetic variation detected in wheat-seedling proteins. 
Electrophoresis 1986, 7, 52-54. 
173. Giavalisco, P.; Nordhoff, E.; Lehrach, H.; 
Gobom, J.; Klose, J., Extraction of proteins from plant 
tissues for two-dimensional electrophoresis analysis. 
Electrophoresis 2003, 24 (1-2), 207-216. 
174. Molloy, M. P.; Herbert, B. R.; Williams, K. 
L.; Gooley, A. A., Extraction of Escherichia coli 



 37

proteins with organic solvents prior to two-dimensional 
electrophoresis. Electrophoresis 1999, 20 (4-5), 701-704. 
175. Wang, W.; Ascali, M.; Vignani, R.; Spadafora, 
A.; Sensi, E.; Mazzuca, S.; Cresti, M., Protein extraction 
for two-dimensional electrophoresis from olive leaf, a 
plant tissue containing high levels of interfering 
compounds. Electrophoresis 2003, 24, 2369-2375. 
176. Chan, L. L.; Lo, S. C. L.; Hodgkiss, I. J., 
Proteomic study of a model causative agent of harmful 
red tide, Prorocentrum triestinum I: Optimization of 
sample preparation methodologies for analyzing with 
two-dimensional electrophoresis. Proteomics 2002, 2 
(9), 1169-1186. 
177. Shaw, M. M.; Riederer, B. M., Sample 
preparation for two-dimensional gel electrophoresis. 
Proteomics 2003, 3, 1408-1417. 
178. Herbert, B., Advances in protein solubilisation 
for two-dimensional electrophoresis. Electrophoresis 
1999, 20 (4-5), 660-663. 
179. Tastet, C.; Charmont, S.; Chevallet, M.; Luche, 
S.; Rabilloud, T., Structure-efficiency relationships of 
zwitterionic detergents as protein solubilizers in two-
dimensional electrophoresis. Proteomics 2003, 3 (2), 
111-121. 
180. Stasyk, T.; Huber, L. A., Zooming in: 
Fractionation strategies in proteomics. Proteomics 2004, 
4 (12), 3704-3716. 
181. Righetti, P. G.; Castagna, A.; Herbert, B.; 
Reymond, F.; Rossier, J. S., Prefractionation techniques 
in proteome analysis. Proteomics 2003, 3, 1397-1407. 
182. Westbrook, J. A.; Yan, J. X.; Wait, R.; Welson, 
S. Y.; Dunn, M. J., Zooming-in on the proteome: Very 
narrow-range immobilised pH gradients reveal more 
protein species and isoforms. Electrophoresis 2001, 22 
(14), 2865-2871. 
183. Görg, A.; Obermaier, C.; Boguth, G.; Weiss, 
W., Recent developments in two-dimensional gel 
electrophoresis with immobilized pH gradients: Wide pH 
gradients up to pH 12, longer separation distances and 
simplified procedures. Electrophoresis 1999, 20 (4-5), 
712-717. 
184. Righetti, P. G.; Boschetti, E.; Lomas, L.; 
Citterio, A., Protein Equalizer Technology: The quest for 
a "democratic proteome". Proteomics 2006, 6 (14), 
3980-3992. 
185. Görg, A.; Obermaier, C.; Boguth, G.; Csordas, 
A.; Diaz, J. J.; Madjar, J. J., Very alkaline immobilized 
pH gradients for two-dimensional electrophoresis of 
ribosomal and nuclear proteins. Electrophoresis 1997, 18 
(3-4), 328-337. 
186. Rabilloud, T.; Valette, C.; Lawrence, J. J., 
Sample application by in-gel rehydration improves the 
resolution of 2-dimensional electrophoresis with 
immobilized pH gradients in the first-dimension. 
Electrophoresis 1994, 15 (12), 1552-1558. 
187. Gianazza, E.; Guerini Rocco, A.; Marchetto, A.; 
Vergani, L., IPG with electrodic plateaus (and other 
unusual procedures for 2-DE). Electrophoresis 2007, 28, 
2953-2956. 
188. Westermeier, R.; Marouga, R., Protein detection 
methods in proteomics research. Bioscience Reports 
2005, 25 (1-2), 19-32. 
189. Taylor, R. C.; Coorssen, J. R., Proteome 
resolution by two-dimensional gel electrophoresis varies 

with the commercial source of IPG strips. Journal Of 
Proteome Research 2006, 5 (11), 2919-2927. 
190. Canas, B.; Pineiro, C.; Calvo, E.; Lopez-
Ferrer, D.; Gallardo, J. M., Trends in sample 
preparation for classical and second generation 
proteomics. Journal of Chromatography A 2007, 
1153, 235-258. 
191. Pietrogrande, M. C.; Marchetti, N.; Dondi, 
F.; PRighetti, P. G., Spot overlapping in two-
dimensional polyacrylamide gel electrophoresis maps: 
relevance to proteomics. Electrophoresis 2003, 24, 
217-224. 
192. Anderson, N. L.; Esquerblasco, R.; Hofmann, 
J. P.; Anderson, N. G., A 2-dimensional gel database 
of rat liver proteins useful in gene regulation and drug 
effects studies. Electrophoresis 1991, 12 (11), 907-
930. 
193. Kang, D. H.; Gho, Y. S.; Suh, M. K.; Kang, 
C. H., Highly sensitive and fast protein detection with 
coomassie brilliant blue in sodium dodecyl sulfate - 
polyacrylamide gel electrophoresis. Bulletin of the 
Korean Chemical Society 2002, 23 (11), 1511-1512. 
194. Heukeshoven, J.; Dernick, R., Improved 
silver staining procedure for fast staining in 
Phastsystem Development Unit .1. Staining of sodium 
dodecyl sulfate gels. Electrophoresis 1988, 9 (1), 28-
32. 
195. Olsson, I.; Larsson, K.; Palmgren, R.; 
Bjellqvist, B., Organic disulfides as a means to 
generate streak-free two-dimensional maps with 
narrow range basic immobilized pH gradient strips as 
first Product dimension. Proteomics 2002, 2 (11), 
1630-1632. 
196. Miller, I.; Crawford, J.; Gianazza, E., Protein 
stains for proteornic applications: Which, when, why? 
Proteomics 2006, 6 (20), 5385-5408. 
197. McClintick, J. N.; Edenberg, H. J., Effects of 
filtering by Present call on analysis of microarray 
experiments. BMC Bioinformatics 2006, 7, 49. 
198. Karp, N. A.; Lilley, K. S., Design and 
analysis issues in quantitative proteomics studies. 
Practical Proteomics 2007, 1, 42-50. 
199. Tuscher, V. G.; Tibshirani, R.; Chu, G., 
Significance analysis of microarrays applied to the 
ionizing radiation response. Proceedings of the 
National Academy of Sciences of the United States of 
America 2001, 98, 5116-5121. 
200. Karp, N. A.; McCormick, P. S.; Russell, M. 
R.; Lilley, K. S., Experimental and statistical 
considerations to avoid false conclusions in 
proteomics studies using differential in-gel 
electrophoresis. Molecular & Cellular Proteomics 
2007, 6.8, 1354-1364. 
201. Maurer, M. H.; Feldmann, R. E.; Bromme, J. 
O.; Kalenka, A., Comparison of statistical approaches 
for the analysis of proteome expression data of 
differentiating neural stem cells. Journal of Proteome 
Research 2005, 4 (1), 96-100. 
202. Hunt, S. M. N.; Thomas, M. R.; Sebastian, L. 
T.; Pedersen, S. K.; Harcourt, R. L.; Sloane, A. J.; 
Wilkins, M. R., Optimal replication and the 
importance of experimental design for gel-based 
quantitative proteomics. Journal of Proteome 
Research 2005, 4 (3), 809-819. 



 38 

203. Karp, N. A.; Spencer, M.; Lindsay, H.; O'Dell, 
K.; Lilley, K. S., Impact of replicate types on proteomic 
expression analysis. Journal of Proteome Research 
2005, 4 (5), 1867-1871. 
204. Weinkauf, M.; Hiddemann, W.; Dreyling, M., 
Sample pooling in 2-D gel electrophoresis: A new 
approach to reduce nonspecific expression background. 
Electrophoresis 2006, 27 (22), 4555-4558. 
205. Kendziorski, C.; Irizarry, R. A.; Chen, K.-S.; 
Haag, J. D.; Gould, M. N., On the utility of pooling 
biological samples in microarray experiments. 
Proceedings of the National Academy of Sciences of the 
United States of America 2005, 102 (12), 4252-4257. 
206. Kendziorski, C.; Zhang, Y.; Lan, H.; Attie, A. 
D., The efficiency of pooling mRNA in microarray 
experiments. Biostatistics 2003, 4 (3), 465-477. 
207. David, J. L.; Zivy, M.; Cardin, M. L.; Brabant, 
P., Protein evolution in dynamically managed 
populations of wheat: adaptive responses to macro-
environmental conditions. Theoretical and Applied 
Genetics 1997, 95 (5-6), 932-941. 
208. Rocco, M.; D'Ambrosio, C.; Arena, S.; 
Faurobert, M.; Scaloni, A.; Marra, M., Proteomic 
analysis of tomato fruits from two ecotypes during 
ripening. Proteomics 2006, 6 (13), 3781-3791. 
209. Spicer, G. S., Molecular evolution among some 
Drosophila species groups as indicated by two-
dimensional electrophoresis. Journal of Molecular 
Evolution 1988, 27 (3), 250-260. 
210. Thiellement, H.; Seguin, M.; Bahrman, N.; 
Zivy, M., Homeology and phylogeny of the A, S, and D 
genomes of the Triticinae. Journal of Molecular 
Evolution 1989, 29 (1), 89-94. 
211. Ohnishi, S.; Kawanishi, M.; Watanabe, T. K., 
Biochemical ohylogenies of Drosophila  protein 
differences detected by two-dimensional electrophoresis. 
Genetica 1983, 61 (1), 55-63. 
212. Fullaondo, A.; Vicario, A.; Aguirre, A.; 
Barrena, I.; Salazar, A., Quantitative analysis of two-
dimensional gel electrophoresis protein patterns: a 
method for studying genetic relationships among 
Globodera pallida populations. Heredity 2001, 87, 266-
272. 
213. Box, G. E. P.; Cox, D. R., An analysis of 
transformations (with discussion). Journal of the Royal 
Statistical Society B 1964, 26, 211–252. 
214. Bahrman, N.; Petit, R. J., Genetic 
polymorphism in Maritime Pine (Pinus pinaster Ait) 
assessed by 2-dimensional gel electrophoresis of needle, 
bud, and pollen proteins. Journal of Molecular Evolution 
1995, 41 (2), 231-237. 
215. Leonardi, A.; Damerval, C.; Devienne, D., 
Organ-specific variability and inheritance of maize 
proteins revealed by two-dimensional electrophoresis. 
Genetical Research 1988, 52 (2), 97-103. 
216. Klose, J., Genetic variability of soluble proteins 
studied by two-dimensional electrophoresis on different 
inbred mouse strains and on different mouse organs. 
Journal of Molecular Evolution 1982, 18 (5), 315-328. 
217. de Vienne, D.; Leonardi, A.; Damerval, C., 
Genetic aspects of variation of protein amounts in maize 
and pea. Electrophoresis 1988, 9 (11), 742-750. 
218. Doulis, A. G.; Hausladen, A.; Mondy, B.; 
Alscher, R. G.; Chevone, B. I.; Hess, J. L.; Weiser, R. L., 
Antioxidant response and winter hardiness in Red Spruce 

(Picea rubens Sarg). New Phytologist 1993, 123 (2), 
365-374. 
219. Conklin, P. L.; Last, R. L., Differential 
accumulation of antioxidant messenger RNAs in 
Arabidopsis thaliana exposed to ozone. Plant 
Physiology 1995, 109 (1), 203-212. 
220. Gong, M.; Chen, S. N.; Song, Y. Q.; Li, Z. 
G., Effect of calcium and calmodulin on intrinsic heat 
tolerance in relation to antioxidant systems in maize 
seedlings. Australian Journal of Plant Physiology 
1997, 24 (3), 371-379. 
221. Noctor, G.; Foyer, C. H., Ascorbate and 
glutathione: keeping active oxygen under control. 
Annual Review of Plant Physiology and Plant 
Molecular Biology 1998, 49, 249-279. 
222. Munne-Bosch, S.; Penuelas, J.; Asensio, D.; 
Llusia, J., Airborne ethylene may alter antioxidant 
protection and reduce tolerance of holm oak to heat 
and drought stress. Plant Physiology 2004, 136 (2), 
2937-2947. 
223. Miller, G.; Mittler, R., Could heat shock 
transcription factors function as hydrogen peroxide 
sensors in plants? Annals of Botany 2006, 98 (2), 279-
288. 
224. Llusia, J.; Penuelas, J.; Munne-Bosch, S., 
Sustained accumulation of methyl salicylate alters 
antioxidant protection and reduces tolerance of holm 
oak to heat stress. Physiologia Plantarum 2005, 124 
(3), 353-361. 
225. Dat, F. F.; Foyer, C. H.; Scott, I. M., Changes 
in salicylic acid and antioxidants during induced 
thermotolerance in mustard seedlings. Plant 
Physiology 1998, 118, 1455-1461. 
226. Rainwater, D. T.; Gossett, D. R.; Millhollon, 
E. P.; Hanna, H. Y.; Banks, S. W.; Luxas, M. C., The 
relationship between yield and the antioxidant defense 
system in tomatoes grown under heat stress. Free 
Radical Research 1996, 25 (5), 421-435. 
227. Verdaguer, D.; Aranda, X.; Jofre, A.; El 
Omari, B.; Molinas, M.; Fleck, I., Expression of low 
molecular weight heat-shock proteins and total 
antioxidant activity in the Mediterranean tree Quercus 
ilex L. in relation to seasonal and diurnal changes in 
physiological parameters. Plant Cell and Environment 
2003, 26 (8), 1407-1417. 
228. Munne-Bosch, S., Linking tocopherols with 
cellular signaling in plants. New Phytologist 2005, 
166, 363-366. 
229. Munne-Bosch, S., The rols of α-tocopherol in 
plant stress tolerance. Journal of Plant Physiology 
2005, 162, 743-748. 
230. Fryer, M. J., The antioxidant effects of 
thylakoid vitamin E (alpha tocopherol). Plant Cell and 
Environment 1992, 15 (4), 381-392. 
231. Mittler, R.; Vanderauwera, S.; Gollery, M.; 
Van Breusegem, F., Reactive oxygen gene network of 
plants. Trends In Plant Science 2004, 9 (10), 490-498. 
232. Kolupaev, Y. E.; Akinina, G. E.; Mokrousov, 
A. V., Induction of heat tolerance in wheat coleoptiles 
by calcium ions and its relation to oxidative stress. 
Russian Journal Of Plant Physiology 2005, 52 (2), 
199-204. 
233. Almeselmani, M.; Deshmukh, P. S.; Sairam, 
R. K.; Kushwaha, S. R.; Singh, T. P., Protective role 



 39

of antioxidant enzymes under high temperature stress. 
Plant Science 2006, 171 (3), 382-388. 
234. Chaitanya, K. V.; Sundar, D.; Masilamani, S.; 
Reddy, A. R., Variation in heat stress-induced 
antioxidant enzyme activities among three mulberry 
cultivars. Plant Growth Regulation 2002, 36 (2), 175-
180. 
235. Filek, M.; Baczek, R.; Niewiadomska, E.; 
Pilipowicz, M.; Koscielniak, J., Effect of high 
temperature treatment of Vicia faba roots on the 
oxidative stress enzymes in leaves. Acta Biochimica 
Polonica 1997, 44 (2), 315-322. 
236. Ali, M. B.; Hahn, E. J.; Paek, K. Y., Effects of 
temperature on oxidative stress defense systems, lipid 
peroxidation and lipoxygenase activity in Phalaenopsis. 
Plant Physiology and Biochemistry 2005, 43 (3), 213-
223. 
237. Dat, J. F.; Lopez-Delgado, H.; Foyer, C. H.; 
Scott, I. M., Parallel changes in H2O2 and catalase during 
thermotolerance induced by salicylic acid or heat 
acclimation in mustard seedlings. Plant Physiology 
1998, 116 (4), 1351-1357. 
238. Munné-Bosch, S.; Alegre, L., The function of 
tocopherols and tocotrienols in plants. Critical Reviews 
in Plant Sciences 2002, 21 (1), 31-57. 
239. Polkowska-Kowalczyk, L.; Wielgat, B.; 
Maciejewska, U., The elicitor-induced oxidative 
processes in leaves of Solanum species with differential 
polygenic resistance to Phytophthora infestans. Journal 
of Plant Physiology 2004, 161, 913-920. 
240. Cordelier, S.; de Ruffray, P.; Fritig, B.; 
Kauffmann, S., Biological and molecular comparison 
between localized and systemic acquired resistance 
induced in tobacco by a Phytophthora megasperma 
glycoprotein elicitin. Plant Molecular Biology 2003, 51, 
109-118. 
241. Ros, B.; Thummler, F.; Wenzel, G., 
Comparative analysis of Phytophthora infestans induced 
gene expression in potato culivars with different levels of 
resistance. Plant Biology 2005, 7 (6), 686-693. 
242. Pieterse, C. M. J.; van Loon, L. C., Salicylic 
acid-independent plant defence pathways. Trends in 
Plant Science 1999, 4 (2), 52-58. 
243. Heil, M.; Bostock, R. M., Induced systemic 
resistance (ISR) against pathogens in the context of 
induced plant defences. Annals of Botany 2002, 89, 503-
512. 
244. Mauch-Mani, B.; Metraux, J.-P., Salicylic acid 
and systemic resistance to pathogen attack. Annals of 
Botany 1998, 82, 535-540. 
245. Gantehouse, J. A., Plant resistance towards 
insect herbivores: a dynamic interaction. New 
Phytologist 2002, 156, 145-169. 
246. Xu, Y.; Chang, P.-F. L.; Liu, D.; Narasimhan, 
M. L.; Raghothama, K. G.; Hasegawa, P. M.; Bressan, R. 
A., Plant defense genes are synergistically induced by 
ethylene and methyl jasmonate. The Plant Cell 1994, 6, 
1077-1085. 
247. Norman, C.; Vidal, S.; Palva, E. T., 
Oligogalacturonide-mediated induction of a gene 
involved in jasmonic acid synthesis in response to the 
cell-wall-degrading enzymes of the plant pathogen 
Erwinia carotovora. Molecular Plant-Microbe 
Interactions 1999, 12 (7), 640-644. 

248. Bailey, B. A.; Bae, H.; Strem, M. D.; 
Antunez de Mayolo, G.; Guiltinan, M. J.; Verica, J. 
A.; Maximova, S. N.; Bowers, J. H., Developmental 
expression of stress response genes in Theobroma 
cacao leaves and their response to Nep1 treatment and 
a compatible infection by Phytophthora megakarya. 
Plant Physiology and Biochemistry 2005, 43, 611-622. 
 
 
 



 40 

Annexes:  

 
Annex 1 
Vâlcu CM, Schlink K. Reduction of proteins during sample preparation and two-dimensional 
electrophoresis of woody plant samples. Proteomics 2006, 6: 1599-1605. Copyright Wiley-VCH Verlag 
GmbH & Co. KGaA. Abstract reproduced with permission. 
Original article available at:  
http://www3.interscience.wiley.com/cgi-bin/abstract/112395653/ABSTRACT 
 
Annex 2 
Vâlcu CM, Schlink K. Efficient extraction of proteins from woody plant samples for two-dimensional 
electrophoresis. Proteomics 2006, 6: 4166-4175. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Abstract reproduced with permission. 
Original article available at:  
http://www3.interscience.wiley.com/cgi-bin/abstract/112658801/ABSTRACT 
 
Annex 3 
Vâlcu CM, Vâlcu M. Reproducibility of two-dimensional gel electrophoresis at different replication 
levels. Journal of Proteome Research, in press. Unpublished work copyright 2007 American Chemical 
Society. Abstract and figures reproduced with permission. 
Original article available at:  
http://pubs.acs.org/cgi-bin/abstract.cgi/jprobs/2007/6/i12/abs/pr070396e.html 
 
Annex 4 
Vâlcu CM, Lalanne C, Plomion C, Schlink K. Protein expression during the recovery from heat stress of 
Norway spruce (Picea abies) provenances from contrasting elevations. Submitted manuscript 
 
Annex 5 
Vâlcu CM, Lalanne C, Müller-Starck G, Plomion C, Schlink K. Protein polymorphism between two Picea 
abies populations revealed by two-dimensional electrophoresis and tandem mass spectrometry. Submitted 
manuscript 
 
Annex 6 
Vâlcu CM, et al. Local and systemic changes in European beech (Fagus sylvatica) proteome following 
infection with Phytophthora citricola. Manuscript in preparation 
 



SHORT COMMUNICATION

Reduction of proteins during sample preparation and

two-dimensional gel electrophoresis of woody plant

samples

Cristina-Maria Vâlcu and Katja Schlink

Section of Forest Genetics, Technische Universität München, Freising-Weihenstephan,
Germany

Protein extraction procedure and the reducing agent content (DTT, dithioerythritol, tributyl
phosphine and tris (2-carboxyethyl) phosphine (TCEP)) of the sample and rehydration buffers
were optimised for European beech leaves and roots and Norway spruce needles. Optimal
extraction was achieved with 100 mM DTT for leaves and needles and a mixture of 2 mM TCEP
and 50 mM DTT for roots. Performing IEF in buffers containing hydroxyethyldisulphide sig-
nificantly enhanced the quality of separation for all proteins except for acidic root proteins, which
were optimally focused in the same buffer as extracted.
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Sample preparation from plant tissues for 2-DE raises
serious problems because of the low-protein content and the
high level of interfering compounds [1–3] and proteolytic ac-
tivity [4]. In woody plant species these interfering substances
are even more abundant [5], especially in the lignified tis-
sues. During sample preparation proteins need to be solubi-
lised, denatured and reduced while preserving their native
charges and molecular weights. Ideally, this should be
achieved in as few steps as possible, in order to avoid protein
loss and alteration. Typically, the sample buffer contains
chaotropes, detergents, reducing agents and carrier ampho-
lytes. Given that the interfering compounds are specific to
each species, tissue and even age or developmental stage [3],
both protein extraction procedure including the actual com-

position of the sample buffer and IEF need to be optimised
for each type of sample, according to the aim of the separa-
tion [6].

Pigments and phenolic compounds are present in large
amounts in plant tissues and can cause streaking and gen-
erate artefacts [2, 3]. Oxidation of these phenolic compounds
by phenoloxidases and peroxidases often results in streaking
[7] while the proteolytic degradation of proteins causes the
loss of high-molecular weight proteins and artefactual spots.
Inactivation of proteases is essential, though hard to accom-
plish for plant samples [4, 8]. Protease inhibitors can partly
solve the problem, but they can also modify the proteins [6].
TCA precipitation was shown to be the most efficient method
for inhibition of proteases as well as phenoloxidases and
peroxidases [1, 2, 4, 9]. Subsequent resolubilisation of pro-
teins precipitated with TCA/acetone in buffers containing
urea is not accompanied by any reactivation of proteases [7].
We therefore based our extraction protocol on Damerval et al.
[7] and optimised the precipitation conditions (temperature,
duration, composition of washing solution, number of
washing steps), sample preparation procedure (including
sample buffer) and IEF for three types of samples: European
beech (Fagus sylvatica) leaves and roots and Norway spruce
(Picea abies) needles.
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Efficient extraction of proteins from woody plant

samples for two-dimensional electrophoresis

Cristina-Maria Vâlcu and Katja Schlink

Section of Forest Genetics, Technische Universität München, Freising-Weihenstephan, Germany

Protein extraction from plant samples is usually challenging due to the low protein content and
high level of contaminants. Therefore, the 2-DE pattern resolution is strongly influenced by the
procedure of sample preparation. Efficient solubilization of proteins strictly depends on the
chaotrope and detergent in the extraction buffer. Despite the large number of detergents that
have been developed for the use in protein extraction and IEF, there is no single compound able
to efficiently extract proteins from any source. Hence, optimization has to be performed for each
type of sample. We tested several chaotrope/detergent combinations to achieve optimal solubili-
zation and separation of proteins from Norway spruce [Picea abies (L.) H. Karst.] needles and
European beech (Fagus sylvatica L.) leaves and roots. The same chaotrope mixture (7 M urea, 2 M
thiourea) was found to be suitable for the extraction and separation of proteins from all samples.
Nonetheless, the efficiency of the surfactants tested varied between samples so that optimal
extraction and separation was achieved with different detergents or combination of detergents
for each sample. The 2-DE separation of spruce needle proteins was optimal in a mixture of two
zwitterionic detergents (2% CHAPS and 2% decyl dimethylammonio propanesulfonate). Beech
proteins were best separated in buffers containing sugar-based detergents (2% n-octyl b-D-gluco-
piranoside in the case of leaf samples and 2% dodecyl maltoside for the root samples). IEF was
performed in buffers with the same composition as the extraction buffer except for the root pro-
teins that were better focused in a buffer containing 2% CHAPS.
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1 Introduction

Sample preparation is perhaps the most important step of 2-DE
because the quality of the 2-DE pattern largely depends on it. The
treatments that are necessary for the efficient solubilization of

proteins and removal of the contaminants present in the sample
often conflict with the constraints imposed by IEF with regard to
sample buffer composition. Standard protocols have been pro-
posed for several types of samples but the particularities of many
samples impose the use of specific protocols, optimized accord-
ing to the aim of separation [1]. Moreover, in the case of plant
samples the extraction protocol most often has to be optimized
for each particular type of tissue and age of the organ [2].

Although no universal formula has yet been established,
the extraction buffer usually contains the same basic compo-
nents. Chaotropes are included in the sample buffer in order to
denature the proteins by disrupting noncovalent and ionic
bonds and thus increase their solubility. Denaturation induced
by chaotropes exposes the hydrophobic residues within the
proteins and therefore imposes the presence of detergents able
to solubilize these residues and of reducing agents for the dis-
ruption of the disulfide bonds and complete unfolding of the
proteins. Selecting the optimal buffer composition is not a tri-
vial task due to the great complexity of most samples. A wide
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Reproducibility of two-dimensional gel electrophoresis at different replication levels 
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Abstract 
 
Reliability of two-dimensional electrophoresis differential display experiments depends on the 
reproducibility of the separations. The contribution of biological and technical variation to the overall 
variance of the two-dimensional patterns was estimated based on the factors found to influence spot 
volume variance. The second dimension and the staining were responsible for most of the spot volume 
variance, while using pooled samples lowered biological variation to the level of technical variation. 
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Figure 1. 
 
Spot volume distribution and variation within and between pooled samples. 
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Figure 2. 
 
Effect displays plots26 for the high-order terms of spot volume variance predictors. x and y coordinates 
were z-score transformed and spot volume SD was Box-Cox transformed for normality. Minimal general 
linear model: spot volume SD = -1.665 - 15.409*mean normalised volume - 3.013*mean normalised 
volume2 + 8.874*log area + 2.792* log area2 - 0.781*x + 1.314*x2 + 0.082*y 
 

Mean spot volume

Sp
ot

 v
ol

um
e 

SD

5

5

5

0 1 2 3

log spot area

Sp
ot

 v
ol

um
e 

SD

5

5

0

5 6 7 8 9

x

Sp
ot

 v
ol

um
e 

SD

7

6

5

4

3

0 1

y

Sp
ot

 v
ol

um
e 

SD

8

7

6

5

4

0 1 2 3

a b

c d

 



 3

Figure 3. 
 
Variance of spot volume (mean SD ±95% confidence intervals of mean) for different levels of biological 
and technical replication. 
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Table 1.  
 
Experimental setup for the comparison of spot volume variance at different replication levels. 
 

Level of 
replication Description Biological 

sample 
Protein 

extraction 2DE run 2DE gel 

Biological replicates 

R1 

three different biological samples 
(pools) subjected to independent 
extraction and separated within the 
same 2DE run 

≠ ≠ ≡ ≠ 

Technical replicates 

R2 
three independent extractions of 
the same biological sample (pool) 
separated within the same 2DE run 

≡ ≠ ≡ ≠ 

R3 three aliquots of the same extract, 
separated within the same 2DE run ≡ ≡ ≡ ≠ 

R4 three aliquots of the same extract, 
separated in different 2DE runs ≡ ≡ ≠ ≠ 

R5 the same gel scanned and analyses 
three times ≡ ≡ ≡ ≡ 

 
Note: ≡ denotes identical samples/extractions/gels or samples run together, within the same 2DE run; ≠ 
denotes different samples/extractions/gels or samples run in different 2DE runs.  
 



 1

Submitted manuscript          Annex 4 
 
Heat stress response in Norway spruce (Picea abies) provenances from contrasting elevations 
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Running title: Heat stress response in spruce provenances 
 
Abstract 
 
Plants adapted to different environmental conditions vary in their capacity to withstand and recover from 
heat stress. Heat induced damage is not restricted to the high temperature periods experienced by the 
plants, but extends to the recovery phase. The amplitude of the defence mechanisms activated during this 
period determine plants capacities to recover from stress. We compared protein expression patterns 
following exposure to severe heat stress in two Picea abies provenances from contrasting elevations, by 
means of two dimensional electrophoresis. Several proteins exhibiting provenance and tissue specific 
expression were identified by tandem mass spectrometry. Up-regulation of proteins involved in protection 
from oxidative stress suggested that both provenances experienced a state of heat induced oxidative stress 
during the high temperature treatment. In the case of the high elevation provenance the oxidative stress 
extended well into the recovery period. Qualitative and quantitative differences in the expression of small 
heat shock proteins during heat stress and the recovery phase also indicate a better adaptation of plants 
from the lower elevation provenance to high temperatures. Changes of protein expression patterns in 
response to heat stress suggest that Picea abies seedlings adapted to different elevations differ in their 
capacities to avoid and recover from heat induced oxidative stress. 
 
Keyword index: heat stress, oxidative stress, small heat shock proteins, Picea abies, provenance, two 
dimensional electrophoresis 
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1. Introduction 
 
The unprecedented rate of increase in global average temperatures registered over the past century is 
predicted to further increase in the future, accompanied by an increase in the frequency of extreme 
climatic events (Jones et al., 2001). Such rapid changes are likely to represent strong selective forces 
acting upon natural populations (Sorensen et al., 2003; Jump and Penuelas, 2005). As predicted by 
Bradshaw (Bradshaw, 1972) this selective pressure is stronger in the case of sessile organisms in general 
and plants in particular as compared to mobile organisms. Plants have to tolerate broader ranges of 
environmental conditions and usually exhibit higher phenotypic plasticity and differentiation along 
environmental gradients (Bradshaw, 1972; Huey et al., 2002). Extreme temperatures are considered major 
selective factors that cause such differentiation along latitudinal and altitudinal gradients (Saxe et al., 
2001). Furthermore, they determine species preferences for different microhabitats and implicitly their 
geographical distribution (Hamerlynck and Knapp, 1996).   
 
Trees have been shown to respond to climatic selective pressure (for example temperature and/or water 
availability) by micro-geographical adaptive differentiation and between year genetic segregation (e.g. 
preferential establishment of certain genotypes in warm or cold years) (reviewed in (Jump and Penuelas, 
2005)). In coniferous species, genetic differentiation occurs not only across large geographic distances, 
but also on smaller scales along altitudinal gradients (Bergmann, 1978; Lundkvist, 1979; Mitton et al., 
1980; Puglisi et al., 1999) and between stands on slopes with different exposition or water regimes  
(reviewed in (Bush and Smouse, 1992)). Provenance-specific heat tolerance has been described (i.e. in 
Pinus caribea (Bedi, 1993)) but the response of tree populations under different climatic selective 
pressure to heat stress has not yet been compared at proteome scale. 
 
Plants respond to heat stress with a complex set of reactions known as the heat shock response (HSR). 
HSR includes inhibition of the expression of normal proteins and induction of a specific set of proteins (a 
large part of which is represented by heat shock proteins - HSP) resulting in the induction of 
thermotolerance. A gradual increase of the temperature or short periods of very high sublethal 
temperatures followed by a recovery period at normal growth temperature induce in a great variety of 
species a state of acquired thermotolerance to temperatures otherwise lethal (Koppenaal et al., 1991; 
Howarth and Ougham, 1993). Although HSR shows general characteristics common to all plant species 
so far investigated, its amplitude and kinetics are species specific and depend not only on the intensity 
and duration of the heat treatment but also on the individual history of the plant (Howarth and Ougham, 
1993). In nature, trees are likely to experience only short periods of heat stress during the day. However, 
heat induced damages like the oxidative stress mediated ones develop over periods of days after the heat 
stress event (Larkindale and Knight, 2002) and plants activate a large array of defence mechanisms 
during this recovery phase. The immediate reaction of the plant during the heat stress is essential for the 
plant’s survival. The amplitude and kinetics of the plant’s reaction after the heat stress period is as 
important, because it determines the plant’s capacity to recover from stress.  
 
In this study we investigated the response to heat stress and during the recovery from heat stress of plants 
potentially adapted to different environmental conditions. For this we compared protein expression 
patterns of two Norway spruce (Picea abies) provenances located at different altitudes, by means of two 
dimensional electrophoresis (2DE). For trees, as for many other plant species, seedlings have lower 
thermotolerance than adult plants (Helgerson, 1990), due to a less effective cooling through transpiration 
(Howarth, 1989; Howarth and Ougham, 1993), so they are likely to be the most vulnerable stage during 
the lifetime of a plant. To avoid any previous stress we used two months old Picea abies seedlings 
germinated and grown under identical controlled conditions. 
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2. Materials and methods 
 
2.1. Biological material 
Seed samples from Picea abies stands originating from two different German regions of provenance were 
used. The first one, designated as low elevation (L), is located near Westerhof at 300m a.s.l. (sub-
montane region of provenance 84008) and the second one, designated as high elevation (H), is situated 
close to Füssen at 1300-1600m a.s.l. (sub-alpine region of provenance 84030). The Westerhof stands are 
well adapted to low elevations and recommended for forest sites up to 400m a.s.l., while the Füssen 
stands are registered as autochthonous populations. The two locations have average annual temperatures 
(1961-1990) of 8.5°C and 4.5°C and average annual precipitations of approximately 800mm and 1750mm 
respectively (Climate data available at www.klimadiagramme.de)(Enders, 1996). The seed lots were 
supplied by Staatliche Samenklenge Laufen, Germany. 
 
2.2. Heat shock experiments 
Vernalised seeds were soaked over night in sterile water, surface sterilised with 30% hydrogen peroxide, 
extensively washed with sterile water and than sown in sterile Phytatray boxes (Sigma-Aldrich) on 
Vermiculite soaked with sterile nutritive solution (Ingestad, 1979). Plants grown at different temperatures 
may exhibit different levels of heat tolerance. In order to distinguish differences in plants’ basic reaction 
to heat stress from differences in their HSR derived from accommodation related mechanisms, we grew 
all plant material in controlled, identical conditions. Seeds were germinated and seedlings were grown in 
growth chambers at 16°C, 100% humidity and 16h photoperiod (30 μmolm-2s-1; Osram True light T8, 
5500 Kelvin).  
Heat shock experiments were performed on 2 months old seedlings. Plants were moved for heat shock in 
another growth chamber at 42°C, under identical light conditions. A 15 min pulse heat shock at 42°C was 
followed by 3h recovery at 16°C and then 1h heat shock treatment at 42°C (after (Nover et al., 1983), 
modified). Control and heat shocked plants were harvested immediately after heat shock and at 5h, 10h 
and 30h following heat shock. Needles and roots were harvested, frozen in liquid nitrogen within 30 
seconds and stored at -76°C until extraction.  
 
2.3. Protein extraction 
Three replicate control and heat-shocked pooled samples (each consisting of 30 to 40 plants) were 
extracted for each time point. Protein extraction was previously optimised (Vâlcu and Schlink, 2006b; 
Vâlcu and Schlink, 2006a). Briefly, samples were ground in liquid nitrogen and proteins precipitated over 
night at -20°C in 10% TCA, 1% PVPP, 0.07% 2-mercaptoethanol in acetone. After centrifugation for 30 
min at 26000g (4°C) and two washing steps with 0.07% 2-mercaptoethanol in acetone (each 1 h at -
20°C), the pellet was dried for 10 min under vacuum, resuspended in extraction buffer (1.5ml for the 
needle samples and 1ml for the root samples) and sonicated for 30 min in a water-bath sonicator, at 15-
20°C. Needle proteins were extracted in buffer containing 5M urea, 2M thiourea, 100mM DTT, 2% 3-[(3-
cholamidopropyl) dimethylammonio]-1-propanesulfonate, 2% decyl dimethylammonio 
propanesulphonate and 0.5% Pharmalyte 3-10. Extraction of root proteins was performed in buffer 
containing 7M urea, 2M thiourea, 2mM Tris(2-carboxyethyl) phosphine, 50mM DTT, 2% dodecyl 
maltoside and 0.5% Pharmalyte 3-10. The extract was centrifuged for 30 min at 26000g (15°C) and the 
supernatant was collected and stored at -76°C until isoelectric focusing (IEF). Protein concentration was 
measured using the RC-DC Protein Assay (Bio-Rad).  
 
2.4. Two-dimensional electrophoresis 
Immobilised pH gradient (IPG) strips 24cm long (GE Healthcare) were rehydrated over night and 
samples were applied by cup-loading near the cathode for the 4-7 IPGs and near the anode for the 6-9 
IPGs. The reducing agents were replaced in the rehydration solution with 100mM 
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hydroxyethyldisulphyde (HED), except for the acidic root proteins which were focused in the same buffer 
as extracted. 10% isopropanol was added to the rehydration buffer for the basic IPG strips. Focusing was 
performed in an Ettan IPGPhor Cup Loading Manifold (GE Healthcare) at 20°C and 50mA/IPG gel strip 
as follows: 300V/0.9KVh, 600V (gradient)/1.5KVh, 1000V (gradient)/2.4KVh, 8000V 
(gradient)/13.5KVh, 8000V/36.7KVh for acid IPGs and 41.7KVh for basic gradients, respectively. 
Focused IPG strips were stored at -76°C until the second dimension. 
Prior to the second dimension strips were equilibrated two times for 15 min under gentle shaking at room 
temperature in 10 ml equilibration solution (50mM Tris HCl pH 8.8, 6M urea, 2% SDS, 30% (w/v) 
glycerol, 0.002% bromophenolblue) containing 2% DTT and 4% iodoacetamide, respectively. 
Equilibrated strips were sealed on top of the second dimension gel with 0.5% low melting agarose 
solution. The second dimension was performed over night in an Ettan Dalt6 chamber (GE Healthcare), 
using Laemmli’s buffer system and 1mm thick polyacrylamide gels. For optimal display of proteins with 
small molecular sizes (the MW range of small heat shock proteins), 12.5% polyacrylamide gels were 
used. Gels were silver stained according to Heukeshoven and Dernick (Heukeshoven and Dernick, 1988), 
with the acetic acid in the stop solution substituted for 1% glycine.  
 
2.5. Image and data analysis 
Gels were scanned with ImageScanner (GE Healthcare) at 300dpi, under blue light. Spot identification, 
quantitation and matching were performed with ImageMaster 2D Platinum (GE Healthcare).  
All spots with MW smaller than 50kDa were identified and manual editing was performed using a 
WACOM digital plate for better accuracy. Thirty landmarks were placed on each gel before matching. 
For each time point a synthetic reference gel was created based on the heat-shock gel with the highest 
number of spots and all unmatched spots were subsequently added to this reference gel. Mismatches were 
manually corrected. Relative volumes (i.e. normalised per gel) were used in order to compensate for small 
between-gels variations caused by differences in protein load and/or staining. Only spots that appeared on 
at least two out of the three biological replicates were considered for analysis. 
In order to identify heat up-regulated proteins, t-tests were performed between the normalised volumes of 
spots on the heat-shock and the control triplicate gels for each of the time points. Protein spots displaying 
very significant (p < 0.01) differences between the expression on control and heat-shock gels were 
selected for further analyses. The selected spots were tracked throughout the time scale for both 
provenances and if possible, for both tissues.  
For the comparison of protein expression patterns between provenances and tissues, linear models and 
stepwise simplification of the models were performed with R2.2.1(R-Development-Core-Team, 2005). 
Benjamini and Hochberg False Discovery Rate (Benjamini and Hochberg, 1995) was applied as multiple 
testing correction. In order to avoid type I errors, only very significant differences were considered (p < 
0.01). To further avoid errors due to a lower technical reproducibility close to the limit of detection, a 
minimal spot intensity of 0.4 was imposed for the selection of provenance or tissues-specific spots. 
Silver staining was used for the detection of proteins on 2DE gels due to its high sensitivity. However, 
this method has a poor linear dynamic range and does not allow for a very precise measurement of the 
differences in protein expression. Therefore the differences in protein expression were given (in Tables 1 
and 2) only as ranges of fold up-regulation. 
Protein spots that displayed very significant differences in their level of expression or expression kinetics 
between the two provenances as well as some of the spots showing such differences between roots and 
needles or with atypical behaviour were selected for mass spectrometry analysis. 
 
2.6. Mass spectrometry 
For the preparative electrophoresis, 500 to 800 µg of protein were applied by paper bridge loading 
(Sabounchi-Schutt et al., 2000). Acidic and basic IPGs were focused for a total of 65kVhr and 72kVhr 
respectively. Gels were stained either with colloidal Coomassie G-250 according to (Anderson et al., 
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1991) for 6 days and then destained in water, or with MS-compatible silver staining (with glutaraldehyde 
and formaldehyde omitted from the sensitising and silver solution, respectively). Spots were cut from gels 
with a scalpel and destained in 40% ethanol / 50mM ammonium bicarbonate for the Coomassie stained 
gels and in a 30mM potassium hexacyanoferrate / 100mM sodium thiosulphate 1:1 mixture for the silver 
stained gels (Gharahdaghi et al., 1999). After dehydration with acetonitril spots were dried for 30 min 
under vacuum and stored at -20°C until analysis. Proteins were in-gel digested with trypsine, over night at 
37°C. Triptic digests were analysed with a nanospray LCQ ion trap mass spectrometer (Thermo-Finnigan, 
San Jose, CA, USA). Peptide identification was performed with SEQUEST using all Picea ESTs 
available at dbEST with Xcorr higher than 1.90 for +1 peptides, 2.20 for +2 peptides and 3.75 for +3 
peptides, and Delta CN higher than 0.1. 
 
3. Results 
 
The aim of this study was to compare plantlets from a high altitude and a low altitude provenance of 
Picea abies with respect to their protein expression patterns during heat stress and their recovery from 
heat stress. 2D electrophoresis profiles were compared between stressed plants and control plants 
harvested at the same moments. The number of protein spots separated per gel under the threshold of 
50kDa ranged from 286±11% for root samples and 385±14% for needle samples on the basic gradient, to 
707±11% for the root samples and 744±6% for the needle samples on the acidic gradient. 
A total of 78 protein spots were found to be reproducibly up-regulated or induced following heat shock 
(Tables 1 and 2, Supplementary material). 45 of them appeared to be de novo synthesised (induced) or 
their constitutive expression level was below the sensitivity of the method. 49 of the spots were identified 
in both needles and roots, while 12 spots (5 constitutively expressed and 7 induced post heat shock) were 
found only in needles and 17 spots (3 constitutively expressed and 14 induced post heat shock) only in 
roots. 
Several protein spots with provenance or tissue specific expression or expression kinetics were identified 
by tandem mass spectrometry (Table 3 and Supplementary material). All identifications but three (spots 
24, 50 and 78) were based on 2 to 5 peptides. Protein identification based on single peptides should 
generally be considered with caution. However, the high XCorr values indicate good identification 
(identifications with XCorr values higher than 4.5 are usually considered to be certain). Additionally, the 
identity of spot no. 50 was indirectly confirmed by the identities of spots no. 54, 56 and 58 with which it 
shares the identified peptide, apparently all isoforms of the same protein, with closely similar MW, pI and 
expression kinetics. For spots no. 24 and 78 all protein hits with e-values smaller than 1e-04 in BLAST 
searches (short, nearly exact matches option) within GenBank using the peptide sequence  identified 
through the Picea glauca clones listed in Table 3 (see Supplementary material for peptide sequences) 
were further investigated. In case of spot no. 24, all hits were small heat shock proteins from Pseudotsuga 
menziesii with a calculated MW of about 18.2 kDa. In case of spot no. 78, all hits were 
monodehydroascorbate reductases from various plant species. None of the alignments had any gaps. The 
alignments with the best e-values (4e-04 for spot 24 and 8e-07 for spot 78) had 100% identities while the 
alignments with the lowest e-values (2e-04 for both spots) had 92% identities (100% positives) and 82% 
identities (94% positives) respectively. The identification of spots 24 and 78 can therefore be considered 
reliable although it was based on single peptides. 
 
3.1. Kinetics of heat regulated proteins during the recovery from heat shock 
We characterised the kinetics of protein spots up-regulated in response to a 1h heat shock and during the 
recovery from the stress, based on their expression immediately after heat shock and at three subsequent 
time points (5h, 10h, and 30h). For each spot time series, a linear model with integrated spot volume as 
dependent variable and time as predictor was fitted. In order to identify potential non-linear kinetics, the 
full model included time as a second order polynomial (Grafen and Hails, 2002). For constitutively 
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induced proteins the average volume of the control gels was also included in the full model. Models, with 
the lowest AIC (Akaike Information Criterion (Crawley, 2002)), were selected from the candidate models 
by the automated stepwise simplification procedure. Model parameters of the minimal adequate models 
were used to describe the kinetics of the heat up-regulated proteins. 
Two major types of kinetics were identified (representative examples are presented in Fig. 1). Proteins 
up-regulated or induced during the high temperature treatment or at the beginning of the recovery phase, 
whose expression decreased during the recovery phase (hereafter denoted “early heat responsive 
proteins”) had negative significantly different from zero slopes of time or of the second order polynomial 
of time (Fig. 1a). Some of these spots were identified as γ-tocopherol methyltransferase (γ-TMT) 
precursors (spots 50, 54, 56 and 58), a eukaryotic translation initiation factor (eIF) (spot 26) and 
monodehydroascorbate reductase (MDHAR) (spot 78) (Table 3). 
A large set of proteins (Fig. 1b), with positive significantly different from zero slopes of time or of the 
second order polynomial of time, accumulated in time due to a continuous steady or increasing expression 
respectively (hereafter denoted “late accumulating proteins”). This category of proteins accumulated at 
much higher levels than the early heat responsive proteins (compare Fig. 1a and 1b). Some of these 
protein spots were identified as four members of the HSP 20 family, two glycine-rich RNA-binding 
proteins (GRPs) and a probable mannitol dehydrogenase (MTD) (Table 3). 
Proteins with both slopes of time and of second order polynomial of time null or with opposite signs 
formed a third group of proteins, whose temporal dynamics could not be characterised and consisting 
mostly of proteins expressed at only one or two time points. 
Exceptions from these patterns were 4 spots, which accumulated to a maximum of expression at 5 or 10h 
of recovery and then declined (Table 1 and 2): spots 40 and 76 (glyceraldehyde-3-phosphate 
dehydrogenase, GAPDH) were up-regulated in both tissues, while spots 66 and 75 were specifically 
induced in roots. 
 
3.2. Comparison of protein expression patterns between provenances 
We first compared the global expression of heat-responsive proteins at the end of the heat treatment and 
during the recovery period for the two provenances. We found no significant differences between the 
amplitude of the heat induced response (calculated as the maximum difference between the average spot 
volumes in heat stressed and control samples; t-test for the maximum expression of proteins, t1,262 = 
0.011, p=0.992). Also, there were no differences in the timing (Wilcoxon rang test with continuity 
correction, W = 6079, p = 0.945, n = 264) or the duration (Wilcoxon test, W = 8652.5, P = 0.92, n = 264) 
of the reaction. 
Further we compared the temporal dynamics of the heat up-regulated proteins expression during the 
seedlings’ recovery from heat shock. For this, linear models were fitted with the log transformed 
normalised spot volumes as dependent variable and the interaction between provenance (high elevation 
vs. low elevation) and time and second order polynomial of time as predictors, controlling for the total 
intensity of the gel to which each spot belonged (to compensate for small differences in staining). In the 
case of constitutively expressed proteins the average logarithm of the three biological replicate controls 
was forced in the model. All spots for which the total spot intensity of the gels was retained in the model 
and accounted significantly for the variation of the relative spot volumes were eliminated from analysis.  
Except for two cases, all differences recorded in the expression level and kinetics of the two tissues were 
not provenance-specific. Two spots (spots 73 and 78) were regulated in a provenance-specific manner: 
both were constitutively expressed at a very low level in both provenances but exhibited very significant 
differences between the provenances in their expression level and kinetics during the recovery phase 
(Table 2, Fig. 2). Spot 73, a precursor of HSP21 (a HSP 20 family member), accumulated at a higher 
level during the recovery from heat stress in the needles of the lower elevation seedlings (approximately 
35 fold increase, in comparison with less than 2 fold increase in the high elevation plants). Spot 78, 
MDHAR, was specifically up-regulated during the 1h heat stress period in the needles and roots of the 
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high elevation seedlings. In roots, the expression level increased during the first 5h of recovery, remained 
3 times higher compared to the control plants for up to 10h following heat shock and than declined. In 
needles, its expression maintained a lower level of up-regulation (approximately 2 fold) throughout the 
recovery period. 
Six other spots were present in only one of the provenances (Table 2). Three of them (spots 72, 74 and 77, 
Table 2) had a low level of expression so we cannot rule out that the appearance of qualitative differences 
might be artefactual due to quantitative differences close to the detection limit. The remaining three (spots 
71, 75 and 76) had nevertheless undoubtedly provenance-specific expression (Fig. 2). One of the spots 
(spot 71) was highly induced during the recovery from heat stress of the low elevation seedlings and was 
identified as a member of the HSP 20 family (Table 3), while it was only faintly visible on overloaded 
high elevation 2DE gels, under very high contrast. The other two proteins accumulated only in the high 
elevation seedlings. Out of the latter proteins, spot 76 (GAPDH) reached a maximum expression at 5h 
post heat shock and than declined, while spot 75 (unidentified) was transiently induced after 10h of 
recovery from stress only in roots.  
 
3.3. Comparison of protein expression patterns between tissues 
Among the proteins identified both in needles and roots, 18 were constitutively expressed in both tissues 
and 24 were induced in both tissues in the heat stressed plants (Table 1). A number of 7 proteins were 
constitutively expressed only in one of the tissues (6 in needles and 1 in roots).  
To compare protein expression and potentially different temporal dynamics of heat responsive proteins 
between needles and roots, linear models with log transformed integrated spot volumes (to allow for 
comparisons between the two types of tissue) as dependent variable and the interaction between type of 
tissue (roots vs. needles) and time and second order polynomial of time as predictors were fitted. A 
significant interaction between time (or the second order polynomial of time) and tissue denoted 
differences in the temporal dynamics of the protein’s expression between tissues. For proteins 
constitutively expressed in both tissues, the average logarithm of the integrated spot volume for the three 
biological replicate controls was forced in the model. 
23 protein spots exhibited very significant differences in the temporal pattern of expression between 
needles and roots in at least one of the provenances (of which 11 were constitutively expressed and 12 
were de novo synthesised following heat shock, see Table 1 and 2). Interestingly, the late accumulating 
proteins (relevant for the recovery phase) exhibited higher expression in needles while the early heat 
responsive proteins (possibly more relevant for the reaction to heat stress) were stronger expressed in 
roots (Fisher Exact Test, p = 0.002). We also observed a delay in the accumulation of the heat responsive 
proteins that could be matched between tissues, in the roots of both provenances (paired Wilcoxon test, 
low elevation provenance: W = 15, p < 0.001, n = 37; high elevation provenance: W = 47.5, p = 0.004, n 
= 35). Late accumulated proteins accounted for this delay (all delayed proteins were late accumulated and 
represented 44% of the proteins matched between tissues). 
A group of 7 protein spots induced during the heat stress period (pH = 4.7-4.8, MW = 35.3-38 kDa), 
possibly isoforms of the same protein, specifically appeared in the root tissue. Three of them and a 
neighbouring protein constitutively expressed but also up-regulated in roots, have been identified as γ-
TMT precursors (spots 50, 54, 56 and 58). All of them declined during the recovery phase to reach 
control levels of expression before the end of our measurements (30h post heat shock). To test whether 
plants from the two provenances maintained the expression level of this group of proteins at different 
levels or for different periods, we used a linear model with spot normalised volume as dependent variable 
and provenance, time and their interaction as predictors, while controlling for the total intensity of the gel 
to which each spot belonged. The interaction provenance:time was highly significant (ANCOVA, F1,85 = 
16.998, p < 0.001). The expression of these proteins rapidly decreased in the roots of low elevation plants, 
but was maintained until after 10h in roots of the high elevation plants, as indicated by the negative 
difference between the slopes of the regression lines for the low and high elevation provenances 
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(difference in slopes ± SE, -0.00153 ± -0.00037). The differences in the expression kinetics of these 
proteins were not detectable using the single protein targeted approach used previously, but became 
evident when the comparison was performed at the level of the group of spots, most probably of γ-TMT 
precursors isoforms. 
Five other protein spots exhibiting differential expression between the two tissues were identified as 
sHSPs belonging to the HSP 20 family (spot 24 and 39), GRP1A (spots 1 and 8) and a probable MTD 
(spot 67) (Table 3).  
One of the sHSPs (spot 24) was induced late during the recovery from heat stress in roots, but was absent 
from the needles. Spot 39, a precursor of HSP22 (a HSP 20 family protein), had very low expression 
detectable in some of the needle samples but was below the level of detection in roots.  
Of the two spots identified as GRPs, spot 8 was identified in the needles immediately after the heat shock 
(time 0 of recovery period) and induced in roots only after 5h of recovery. Its expression level continued 
to rise until 30h post heat shock. Spot 1 was constitutively expressed in needles and only slightly 
increased in this tissue, but was induced in roots after 30h of recovery to a rather high level of expression. 
A similar pattern was found for spot 67, a probable MTD, which was constitutively expressed in needles, 
up-regulated approximately 2 fold after 30h of recovery, and induced in roots only at the end of our 
measurements. 
 
4. Discussion 
 
The overall changes in the expression patterns during the recovery from heat stress were similar for the 
two provenances. More than 70 spots were up-regulated or induced in each of the provenances and there 
were no significant differences in the amplitude or the timing of their expression. This is probably 
explained by the severe heat treatment applied (26°C above growing temperature following 15min of 
preconditioning) that triggered a strong HSR in both provenances. More differences in the expression 
kinetics of heat regulated proteins might become apparent under milder heat stress conditions. However, 
under these experimental conditions, we identified several proteins with tissue or provenance specific 
expression. Most of them were stress related proteins (HSPs or oxidative stress proteins).  
Further, we will discuss the general expression patterns registered after heat shock and during the 
recovery phase, as well as the specific differences observed between protein expression in seedlings from 
the two provenances and between the needles and roots. 
 
4.1. Kinetics of heat up-regulated proteins during the recovery from heat shock 
Two types of temporal dynamics characterised most of the heat up-regulated proteins: an early increase in 
the level of expression followed by a decline; or a gradual accumulation of the protein to a maximum 
level at the end of the experiment (30h after the heat stress treatment). 
 
Among the early regulated proteins we identified a translation initiation factor eIF-5A. eIF-5A is a 
relatively abundant cytoplasmic protein conserved in all eukaryotes. Several isoforms of eIF-5A with 
tissue specific expression and specific response to environmental conditions have been described (Chou et 
al., 2004). eIF-5A is not essential for global protein synthesis, but is required for the translation of 
specific mRNAs (Xu et al., 2004) most probably associated with senescence and cell death following 
environmental stresses (Wang et al., 2001; Chou et al., 2004) and probably plays a role in mRNA 
turnover (Zuk and Jacobson, 1998). Transcripts from two eIF-5A genes accumulate in plants following 
salt and copper stress (Chou et al., 2004), drought, chilling injury and osmotic stress (Wang et al., 2001). 
In our experiments, eIF-5A appeared to be up-regulated during the heat treatment and had a higher level 
of expression in needles compared to the roots. Its expression rapidly decreased in both tissues after 
shifting the plants to their normal growth temperature, suggesting that its role is restricted to the heat 
stress period. 
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MDHAR and several protein spots identified as γ-TMT precursors were also early regulated in roots, 
suggesting that plants experienced heat induced oxidative stress during the heat treatment and at the 
beginning of the recovery period. 
 
Among the late accumulating heat up-regulated proteins we identified several sHSPs as well as two GRPs 
and a probable MTD.  
The accumulation of sHSPs until the end of our measurements and possibly even later reflects the high 
stability of these proteins (HSPs have half-lives longer than 30h at both high and normal growing 
temperatures (Chen et al., 1990; DeRocher et al., 1991; Wood et al., 1998)) but also their continuous 
synthesis long after the end of the heat shock treatment. In soybean seedlings transcription of HS genes 
continues for few hours after a short severe heat shock even if the high temperature is not maintained 
(Kimpel et al., 1990). Moreover, sHSPs are synthesised for longer periods post severe heat shock than 
following mild heat shock (Howarth, 1991). In Pisum sativum for example, sHSPs persist at steady levels 
until 1 to 3 days of recovery from severe heat shocks (40°C) but decline two fold within 24h of recovery 
from a milder heat shock (38°C) (DeRocher et al., 1991). Hence the severity of the heat treatment applied 
here probably explains why sHSP were still being synthesised after 30h recovery in our Picea abies 
seedlings.  
 
4.2. Differences in protein expression patterns between provenances 
Although the general pattern of gene expression during the recovery from heat stress of the two spruce 
provenances did not differ, we identified several individual protein spots exhibiting provenance-specific 
expression or regulation. Four such proteins that were identified by means of mass spectrometry, point to 
differences in the intensity of the stress experienced by seedlings from the two provenances. Two spots 
with specific or stronger up-regulation in the low elevation seedlings, belong to the HSP 20 family. Out 
of the two proteins specifically regulated in the high elevation seedlings, one is a marker for oxidative 
stress (MDHAR) and one is a glycolytic enzyme (GAPDH).  
 
sHSP predominate in the HSR of plants (Wang et al., 2004) and are involved in the stabilisation and 
prevention of protein aggregation under stress conditions. Differences in the quantity, quality and the 
accumulation rate of HSPs are correlated with differences in the level of acquired thermotolerance 
(Downs et al., 1998). Thermotolerant and thermosensitive genotypes exhibit qualitative and quantitative 
differences in HSP expression  (Fender and Oconnell, 1990; Ristic et al., 1991; Park et al., 1996; Skylas 
et al., 2002; Wang and Luthe, 2003; Ahn et al., 2004) and sHSP isoforms specific to heat tolerant 
cultivars or lines have been described for several species including maize (Ristic et al., 1991), wheat 
(Weng and Nguyen, 1992; Skylas et al., 2002), bentgrass (Park et al., 1996; Wang and Luthe, 2003) and 
tomato (Fender and Oconnell, 1990). The existence of sHSPs specifically or stronger regulated during the 
recovery phase in seedlings from the low elevation provenance might therefore point to a better 
adaptation of those plants to extreme temperatures. Similar patterns of thermotolerance variation with 
altitude are known in other species (Smillie et al., 1983). 
 
The two proteins specifically up-regulated during the recovery from heat stress of the high elevation 
seedlings hint on the other hand towards an activation of oxidative stress protection mechanisms. 
MDHAR (spot 78) is a key enzyme of the pathway responsible for the recycling of oxidised ascorbate, a 
major antioxidant that accumulates in plants in response to oxidative stress (Noctor and Foyer, 1998) 
including heat stress induced oxidative stress (Munne-Bosch et al., 2004). MDHAR expression and/or 
activity respond in a species-specific manner to physiological (senescence) (Jimenez et al., 1998) or 
environmental stresses like mechanical treatment (Ben Rejeb et al., 2004), osmotic stress (Lunde et al., 
2006) or UV-B exposure (Kubo et al., 1999). MDHAR transcripts accumulate in Brassica campestris in 
response to oxidative stress generated by hydrogen peroxide, salicylic acid, paraquat and ozone (Yoon et 
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al., 2004). Mildly increased temperatures do not appear to affect MDHAR activity in Arabidopsis 
thaliana leaves (Kubo et al., 1999). Nevertheless, temperatures as high as 45°C applied for 1h to Sinapis 
alba seedlings result in a decreased MDHAR activity during the first 2h after the heat shock followed by 
an increase it above control levels (Dat et al., 1998) between 3 and 6h after the heat treatment, a timing 
that parallels our observations on the roots of high elevation seedlings. 
 
Cytosolic GAPDH (spot 76) is a glycolytic enzyme with cell-type specific expression (Yang et al., 1993). 
Its early up-regulation during the recovery phase indicates an increase in the glycolysis rate, possibly in 
order to supply the plant with the ATP and the NADH necessary for the recovery from the stress period. 
Expression of glycolytic enzymes often increases during stress periods (Velasco et al., 1994; Plaxton, 
1996), including heat shock (Russell and Sachs, 1989). Exposure of plants to heat or anaerobic stress 
resulted in an increased cytoplasmic GAPDH mRNA level in Atriplex nummularia (Niu et al., 1994) and 
Arabidopsis (Yang et al., 1993). Three different genes have been identified for cytosolic GAPDH in 
maize (Russell and Sachs, 1989), one of which is up-regulated more than 5 folds in roots and shoots 
during anaerobic treatment and heat stress. Except its function as a glycolytic enzyme, there is 
accumulating evidence that (at least in mammals) GAPDH is also involved in DNA replication and 
repair, translational control and apoptosis (Sirover, 1997). These secondary roles might better explain 
GAPDH regulation under stress conditions. 
 
A group of proteins exhibiting root specific induction or up-regulation proved to have deviating 
behaviour between the two provenances as well. Out of this group of neighbouring proteins we identified 
four as γ-TMT precursors. γ-TMT catalyses the final step of vitamin E synthesis pathway, producing α-
tocopherol from γ-tocopherol. Tocopherols are lipid soluble antioxidants and membrane stabilisers 
synthesized in plastids, of which α-tocopherol is the most abundant isoform. It is considered the most 
important antioxidant involved in fatty acid protection against oxidative stress (Fryer, 1992). Its level 
increases in response to developmentally dependent (Franzen et al., 1991) or environmental stress 
induced oxidative stress conditions (Bergmuller et al., 2003). Heat stress induces a 2 to 5-fold 
accumulation of α-tocopherol (Bergmuller et al., 2003; Munne-Bosch et al., 2004). In Picea abies 
needles, α-tocopherol accumulates with age (Franzen et al., 1991), probably an adaptation to an increased 
oxidative stress in aged tissues. Low elevation stands of Picea abies have a higher content of α-
tocopherol compared to higher elevation stands, possibly indicating a higher antioxidative capacity 
(Franzen et al., 1991). Up-regulation of γ-TMT precursors during the heat stress in our experiments 
confirms that α-tocopherol is one of the antioxidants involved in the protection of Picea abies from heat 
induced oxidative stress. Meanwhile, the fact that the expression of γ-TMT precursors rapidly declined 
during the recovery from heat stress of low elevation plants but was maintained at a steady or even 
increasing level in the roots of high elevation plants, points to a comparatively longer state of oxidative 
stress experienced by the latter.  
 
4.3. Differences in protein expression patterns between tissues 
The most obvious dissimilarities in the expression patterns of needles and roots regarded the temporal 
dynamics and/or level of expression of proteins. More than half of the spots expressed in both tissues 
exhibited such differences, and there are several possible experimental and physiological factors that 
could explain them. 
Firstly, we registered an apparent delay in the accumulation of several proteins in roots. This might reflect 
a delay in their regulation or low levels of expression at the beginning of the recovery period below the 
sensitivity of the method. Most of these proteins also exhibited a higher expression in needles. Plants 
react to the temperature of their tissues (Kimpel and Key, 1985) and since the roots were immersed in the 
Vermiculite layer saturated with nutritive solution, it might have taken longer for the roots to reach the 
threshold temperature that triggers a HSR in comparison with the needles. However, the delay we 
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observed was in the range of several hours, while the heat shock treatment lasted only one hour, so the 
experimental setup cannot fully explain the differences in the timing of reaction. Moreover, several other 
proteins exhibited higher levels of expression in roots immediately after the heat shock period, suggesting 
that there was small if any difference in the temperature profile experienced at root and needles level. 
Similar tissue-specificity of protein expression following stress was observed in pea (Chen et al., 1990), 
sunflower (Almoguera et al., 1993) and barley (Marmiroli et al., 1989), pointing to a tissue-specific 
control of the heat-shock response in the two organs (Chen et al., 1990). 
 
Several proteins were constitutively expressed in only one of the tissues but highly expressed during the 
recovery from stress in both tissues. It is possible that these proteins are constitutively expressed in both 
organs, but their level falls below the sensitivity limit of 2DE in one of the tissues. However, similar 
organ-specific constitutive expression of sHSPs subsequently up-regulated in reaction to stress has been 
described in Arabidopsis thaliana (Bartling et al., 1992), Papaver somniferum (Facchini and Deluca, 
1994), Castanea sativa (Lopez-Matas et al., 2004) and Craterostigma plantagineum (Alamillo et al., 
1995). Moreover, plants can express in their natural environment proteins which are strictly heat 
inducible in controlled environment experiments (Knight and Ackerly, 2003). Four of the proteins 
exhibiting such pattern of expression in our experiments were identified as HSP22 (member of the HSP 
20 family), two GRP1A and a probable MTD. As previously discussed, it is not unusual that HSPs exhibit 
tissue-specific regulation. The tissue-specific heat regulation of the other two proteins is however not as 
easy to explain.  
 
Two isoforms of GRP1A were identified; one (spot 1) was constitutively expressed only in needles and 
one (spot 8) had no detectable constitutive expression. Interestingly, spot 1 was only regulated following 
the heat stress in roots (induced after 30h of recovery) while spot 8 was induced in both tissues and 
accumulated continuously during the 30h of recovery. GRPs are a group of diverse proteins 
developmentally and stress modulated, involved in RNA metabolism and gene regulation under various 
stress conditions (Sachetto-Martins et al., 2000; Gendra et al., 2004). Different members of this family 
exhibit tissue and age-specific expression (Sachetto-Martins et al., 2000) and are specifically regulated by 
cold stress (Kim and Kang, 2006), wounding (Sturm, 1992) and ABA (Nicolas et al., 1997), but also by 
the circadian rhythm (Heintzen et al., 1994). Heat, among other stresses, was shown to strongly increase 
the expression of GRP1 as well as GRP2 in maize (Didierjean et al., 1996) but it is not clear whether they 
have a role in the protection from heat induced damage or any other function relevant to the recovery 
from heat stress. 
 
MTD is the first enzyme in the mannitol catabolism and regulates the concentration of mannitol, a 
phloem-translocated photoassimilate of many plants, with osmoprotectant and antioxidant functions 
(Pharr et al., 1999). Young actively growing tissues with high demand for carbon usually exhibit the 
highest MTD activity (Stoop and Pharr, 1992; Zamski et al., 2001). MTD was constitutively expressed in 
the needles of the spruce seedlings, and up-regulated (induced in roots, respectively) after 30h of recovery 
from heat stress. 
Salt and osmotic stress as well as ABA and MeJa treatments repress MTD expression, resulting in an 
increase of mannitol concentration (Williamson et al., 1995; Zamski et al., 2001). In contrast, MTD 
activity and transcript level are increased by salicylic acid (Williamson et al., 1995). Interestingly, a study 
on the Mtd promoter regulation (Zamski et al., 2001) revealed a time-dependent up-regulation in response 
to SA (detected after 28h) that parallels our observations.  
Jennings et al. (Jennings et al., 1998) suggested a possible involvement of MTD in active oxygen-
mediated plant defence against pathogens. While this is clearly not its role during the recovery from heat 
stress, this is not the only reaction shared by heat stress and SA treatment. Both are known to induce 
thermotolerance and result in similar changes of antioxidants levels (Dat et al., 1998). 
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In addition to the proteins exhibiting tissue specific kinetics, the group of γ-TMT precursor isoforms 
already described were specifically induced or up-regulated in the roots. Previous studies comparing 
antioxidant enzymes activities following heat acclimation in Sinapis alba seedlings revealed that different 
parts of the plants had different levels of protection, with the leaves being better protected than stems and 
cotyledons (Dat et al., 1998). The fact that the enzyme was only heat regulated in roots, and there were no 
matching spots on the needles 2DE patterns, might indicate that other isoforms are active in needles, most 
probably constitutively expressed or that α-tocopherol was already stored in needles at levels high enough 
for the protection of needles from the level of oxidative stress induced under our experimental conditions. 
It also points to a tissue-specific regulation of this enzyme and to differences in the oxidative stress 
experienced by plants at root and needle level. The expression of all spots identified as γ-TMT decreased 
after low elevation plants were shifted to normal growth temperature, indicating that the state of oxidative 
stress developed in roots during the high temperature period but decreased during the recovery period. A 
comparatively longer maintenance of γ-TMT precursors expression in roots from high elevation plants 
points to an extension of the oxidative stress to at least 10h of the recovery phase in the plants from this 
provenance. 
 
4.4. Relevance for the environmental adaptation of Picea abies provenances 
This is to our knowledge the first comparison at proteome level of the reaction to and recovery from heat 
stress of tree provenances. Picea abies seedlings from both provenances exhibited changes in their protein 
expression patterns in response to heat stress. Several heat responsive proteins followed organ-specific 
kinetics. A state of oxidative stress was generated during the high temperature treatment in the roots of 
plants from both provenances, as suggested by the up-regulation of several isoforms of γ-TMT 
precursors. This state prolonged into the recovery phase in the case of high elevation seedlings. 
Concomitantly with the activation of antioxidative mechanisms involving α-tocopherol, the roots of the 
high elevation plants also up-regulated ascorbate mediated protective mechanisms. An isoform of the 
glycolytic enzyme GAPDH was also induced in the needles and roots of high elevation plants, either a 
sign of higher energy requirement, or of other secondary stress related roles of this enzyme. 
Mechanisms of antioxidant protection are known to be interdependent and inter-regulated. The regulation 
of α-tocopherol level in response to stress can be influenced by the activation/inactivation of other 
complementary mechanisms (Munne-Bosch, 2005). Ascorbate for example has a role in α-tocopherol 
recycling (Munne-Bosch, 2005), and Quercus ilex was found to accumulate both α-tocopherol and 
ascorbate (Munne-Bosch et al., 2004) in response to heat stress. 
The wider array and the stronger expression of some sHSPs synthesized in response to heat stress by the 
low elevation seedlings, seems on the other hand to offer a better protection against oxidative stress and 
to ensure a faster recovery. This observation correlates with known patterns of thermotolerance variation 
along altitudinal gradients (Smillie et al., 1983). 
Investigation of protein expression patterns in response to and during the recovery from heat stress of 
Picea abies provenances from contrasting elevations revealed adaptations to local environmental 
conditions (including temperature and precipitation regimes), resulting in differences in their capacity to 
avoid and protect from heat induced oxidative stress that could affect their capacity to withstand and 
recover from elevated temperatures.  
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Figure 1 
 
Patterns of temporal dynamics of heat up-regulated proteins during the recovery from heat shock. Mean 
normalised spot volumes were plotted relative to the corresponding controls and to the constitutive level 
of expression of each protein. 
a. early heat responsive proteins; b. late accumulating proteins. 
 
 

a. b.a. b.
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Figure 2 

Protein spots exhibiting highly significant differences of expression level or kinetics between low and 
high elevation Picea abies provenances. Expression profiles in needles and roots are compared between 
provenances (heat shock over control ratios of mean spot volumes) in the left panel and exemplified by 
gel pictures in the right panel for one of the tissues. 
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Table 1. Heat up-regulated spots that showed no differences in expression level and kinetics between 
provenances (exemplified for low altitude provenance). 

Constitutive 
expression

0h 5h 10h 30h Constitutive 
expression

0h 5h 10h 30h

1 8.7 17.3 + 0 0 0 0 i L, H
2 5.4 18 i + ++ (+) 0 0 ++ +++ H
3 5.7 18 i + + + i 0 + ++ H
4 6.4 18 i
5 5.4 18.5 i i
6 5.6 18.5 i + ++ i
7 5.7 18.5 i 0 + + i ++ L, H
8 8.2 18.5 i 0 + ++ i + ++
9 5.6 19 i
10 7.6 19 i i
11 7.7 19 i + i
12 5.6 19.5 + + + 0 0 + ++ + 0 0
13 8.7 19.5 i 0 0 + i
14 5.3 20 + 0 0 0 +
15 5.4 20 i +
16 5.6 20 + 0 0 0 0 + + 0 0 0 L
17 6.3 20 + 0 0 0 0 + 0 0 0 ++ L
18 6.3 20 i 0 + ++ i
19 6.5 20 + 0 + + + + 0 + + ++
20 7.7 20 i 0 + + i ++ ++ L
21 5.9 20.5 i i L
22 6 20.5 + + + + ++ (+) + ++ +++ +++ H
23 6.4 20.5 + 0 + + + (+) 0 0 0 +++
24 6.4 21 i
25 6.5 21 i 0 0 + i + ++ L
26 5.3 21.5 (+) + + 0 0 (+) ++ + 0 0
27 6.3 21.5 + ++ ++ ++ ++ (+) 0 + ++ +++
28 6.4 21.5 i 0 + i ++ +++ H
29 6.5 21.5 + 0 0 0 + i ++ +++ H
30 7.9 22.3 (+) + + 0 0
31 4.9 22.5 i + + ++ i H
32 5.1 22.5 i
33 5.3 23 i i
34 6.5 24 i
35 5.2 25 i + ++ i L, H
36 5.4 25 i ++ i L, H
37 5.4 25 i + ++ +++ i ++ H
38 5.5 25 i + ++ i +++ H
39 5.7 25 (+) 0 0 0 + i L
40 5.8 25 + 0 + 0 0 + 0 + + 0
41 6.1 25 + 0 + + ++ i H
42 5.4 25.5 i 0 ++ +++ i +++
43 6.5 25.5 i
44 5.6 27 i
45 5.2 28 i + ++ i +++
46 5.2 28 + 0 0 0 +
47 5.3 28.5 + 0 0 0 + + 0 0 0 0 L
48 6.6 29.5 + 0 0 0 +
49 6.7 34 (+) + + + + i 0
50 4.7 35.5 i, ++ 0 0
51 4.7 36.5 i
52 4.8 36.5 i
53 4.8 36.5 i
54 4.7 37 i, + 0 0
55 5.4 37 + + + 0 0 + + + + 0
56 4.7 37.5 (+) ++ ++ + 0
57 4.8 37.5 i
58 4.8 38 i, + 0 0
59 6 39 + + + + 0 + + + 0 0
60 5.2 39.5 i ++ i +
61 5.7 40 + 0 0 0 + + 0 0 0 0
62 7.1 40 (+) + + + 0
63 6.8 40.5 + 0 0 0 0 + 0 0 0 0
64 5.4 41 i
65 6.2 43 i 0
66 6.8 43.5 i
67 6 44 + 0 0 0 + i L, H
68 6.4 44 + + 0 0 0 + + + + 0
69 8.1 49 (+) + ++ + 0
70 6.9 50 + + + + 0

Roots
Differences  

between organsNo. pH
MW 

(kDa)

Needles

 
pH and MW presented are average values estimated from 2D gels. The constitutive expression of the proteins in needles and roots is marked with 
“+”; “(+)” denotes very low constitutive expression, in only part of the samples. 
For constitutively expressed proteins the increase of the expression level is indicated relative to the control samples harvested at the same 
moment, as follows: “0”: less than 2 times; “+”: 2 to 5 times; “++”: 5 to 20 times; “+++”: more that 20 times. For proteins induced following heat 
stress, “i” indicates first moment of induction, “0”, “+”, “++” and “+++” indicate the increase in expression as for the constitutively expressed 
proteins, but relative to the lowest still detectable level of expression of the given protein throughout the time series. The last column indicates 
proteins that showed very significant differences in the expression level or kinetics between the needles and roots; “L” and “H” specify the 
provenances for which these differences were found, denoting the low elevation and high elevation provenance respectively. 
Bolded lines indicate proteins that have been identified by tandem mass spectrometry. 



Table 2. Heat up-regulated spots that showed differences in expression level and kinetics between provenances. 
 

No. pH MW 
(kDa)

Constitutive 
expression 0h 5h 10h 30h Constitutive 

expression 0h 5h 10h 30h Constitutive 
expression 0h 5h 10h 30h Constitutive 

expression 0h 5h 10h 30h

71 6.5 20 i + + ++ i L†

74 6.4 34 i 0 0 L‡

73 5.6 25 + 0 0 0 +++ i + 0 0 + + (+) 0 0 0 0 -
72 7.6 20 i i H†‡

75 6.4 38 i H
76 6.9 41.5 (+) (+) + ++ + (+) ++ ++ ++ 0 H
77 8.2 41.5 i H‡

78 6.1 46 + 0 0 0 0 + 0 0 0 0 + + +* + + + + + + 0 -

Provenance Low elevation High elevation
Provenance 
specificity of 
expression

Needles Roots Needles Roots

 

 
Symbols legend as for table 1. † visible in some of the samples from the other provenance at high contrast; ‡ eliminated from further analysis due to low 
level of expression.; * just below 2 fold regulation. 
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Table 3. Proteins identified by tandem mass spectrometry. 
 

Spot Kinetics
Origin of 
identified 

spot
pH* MW* 

(kDa)
MW† 

(kDa)
NCBI 

Accession No. Species Best homologue Species Localisation No. of 
peptides Xcorr‡ Coverage 

(%)

1 b Needles 8.7 17.3 16 70337918 Picea sitchensis Glycine-rich RNA-binding protein GRP1A Sinapis alba nucleus 5 50.23 31
8 b Roots 8.2 18.5 16 89954687 Picea abies Glycine-rich RNA-binding protein GRP1A Sinapis alba nucleus 2 20.24 25
24 b Roots 6.4 21 18.2 49142899 Picea glauca Class I sHSP (HSP 20 family) Pseudotsuga menziesii cytosolic 1 10.14 7
26 a Roots 5.3 21.5 17.3 70311923 Picea sitchensis Eukaryotic translation initiation factor 5A-4 Solanum tuberosum 4 40.19 28
39 b Needles 5.7 25 26.8 70232652 Picea sitchensis Small heat shock protein, precursor (HSP 20 family) Petunia hybrida plastid 3 30.21 18
50 a Roots 4.7 35.5 38.1 83386189 Picea glauca γ-Tocopherol methyltransferase, precursor Arabisopsis thaliana plastid 1 10.14 6
54 a Roots 4.7 37 38.1 83389119 Picea glauca γ-Tocopherol methyltransferase, precursor Arabisopsis thaliana plastid 2 20.16 11
56 a Roots 4.7 37.5 38.1 69435675 Picea sitchensis γ-Tocopherol methyltransferase, precursor Arabisopsis thaliana plastid 4 40.21 18
58 a Roots 4.8 38 38.1 69435675 Picea sitchensis γ-Tocopherol methyltransferase, precursor Arabisopsis thaliana plastid 2 20.2 13
67 b Needles 6 44 39 69454601 Picea sitchensis Probable mannitol dehydrogenase Medicago sativa 2 20.18 10

39.1 70630207 Picea glauca Probable mannitol dehydrogenase Fragaria ananassa 2 20.19 10

71 b Needles 6.5 20 18 49016297 P. engelmannii x P. glauca Class I sHSP (HSP 20 family) Daucus carota cytosolic 2 20.23 17
73 b Needles 5.6 25 25.3 70621592 Picea sitchensis Small heat shock protein, precursor (HSP 20 family) Arabisopsis thaliana plastid 2 20.19 16

76 c Needles 6.9 41.5 36.5 90029148 Picea abies Glyceraldehyde-3-phosphate dehydrogenase Pinus sylvestris cytosolic 3 30.23 28
76 c Roots 6.9 41.5 36.5 83402450 Picea glauca Glyceraldehyde-3-phosphate dehydrogenase Pinus sylvestris cytosolic 4 40.21 23
78 a Roots 6.1 46 47 40764318 Picea glauca Monodehydroascorbate reductase Arabisopsis thaliana cytosolic 1 10.23 11

Proteins with different expression between tissues

Proteins specifically regulated in the low elevation provenance

Proteins specifically regulated in the high elevation provenance

 

 
The types of kinetics correspond to those described in Fig. 1: a – up-regulation during the high temperature treatment or at the beginning of the recovery 
phase, followed by a decline; b – accumulation during the recovery from heat stress; c – increase of expression during the recovery followed by a decline 
(see results). 
* experimental values (averages of three 2DE replicates gels); † theoretical values; ‡ identifications with Xcorr values higher than 4.5 are considered to 
be certain. 
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Heat stress response in Norway spruce (Picea abies) provenances from contrasting 
elevations

Cristina-Maria Valcu, Céline Lalanne, Christophe Plomion, Katja Schlink

Heat up-regulated (empty arrow heads) and induced (solid arrow heads) proteins 
accumulated in needles (a, b) and roots (c, d) at 30h after heat shock, in the pH range 4.9-
6.5 and MW ranges of 15-30kDa (b, d) and 35-47kDa (a, c) respectively, exemplified for the 
high elevation provenance. Expression level of marked proteins did not change in the 
control samples throughout the recovery period, therefore only one control gel is presented.
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Heat up-regulated (empty arrow heads) and induced (solid arrow heads) proteins accumulated 
in needles (a, b) and roots (c, d) at 30h after heat shock, in the pH range 6.3-8.7 and MW 
ranges of 17-20kDa (b, d) and 20-50kDa (a, c) respectively, exemplified for the low elevation 
provenance. Expression level of marked spots did not change in the control samples 
throughout the recovery period, therefore only one control gel is presented.
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Spot NCBI Accession 
No. MH+ Peptide sequence Xcorr DeltaCn

1 70337918 2106.86499 -.YGGGGGGGYGGGGYGGGGGSEGAWR.R 3.81 0.51
1623.71077 R.GFGFVTFSDEQSM*R.D 3.93 0.39
1467.66856 R.C#FVGGLAWATDDR.S 4.65 0.44
1607.71582 R.GFGFVTFSDEQSMR.D 4.18 0.40
1767.88000 R.SLQDAFSPFGEILESK.I 4.61 0.38

8 89954687 1623.71077 R.GFGFVTFSDEQSM*R.D 3.24 0.30
1767.88000 R.SLQDAFSPFGEILESK.I 4.75 0.47

24 49142899 1446.72229 K.EASAIANTQIDWK.E 2.86 0.17

26 70311923 1088.58472 -.TFPQQAGAIR.K 2.38 0.35
1369.73218 R.LPNDDQLVSQIK.D 3.47 0.40
2207.11253 K.KLEDIVPSSHNC#DVPEVIR.T 3.78 0.40
1437.71953 K.C#HFVAIDIFTSK.K 3.89 0.51

39 70232652 1157.67761 K.VSVEDGVLVIK.G 3.83 0.33
1515.71479 R.LFDDAFM*LPTSSR.G 4.05 0.38
1600.78528 R.TPWDIIENENELK.M 4.17 0.40

50 83386189 1261.66345 R.ATALTAAEGLSEK.V 2.88 0.40

54 83389119 1261.66345 R.ATALTAAEGLSEK.V 3.29 0.40
1264.64531 R.M*AETLSLENIK.T 2.66 0.31

56 69435675 1264.64531 R.M*AETLSLENIK.T 3.22 0.27
1248.65039 R.MAETLSLENIK.T 2.98 0.14
1782.83026 R.IC#ALPAWC#STADYVR.M 4.17 0.38
1463.73511 K.GVNPLSIWMDGFK.Q 2.53 0.40

58 69435675 1261.61329 K.LSSVFFESAM*K.A 2.85 0.43
1782.83026 R.IC#ALPAWC#STADYVR.M 4.05 0.41

67 69454601 1007.55200 R.FVGGSSIGGVK.E 2.69 0.21
1328.72083 R.EVLGADHFIISK.D 3.54 0.42

67 70630207 1292.62695 R.FEVEVEGWAAR.D 3.74 0.41
1434.72229 R.DDSGILSPINFTR.R 2.25 0.17

71 49016297 1432.70667 K.EASAVANTQIDWK.E 4.15 0.45
1461.76174 K.ASM*ENGVLTVTVPK.Q 4.59 0.38

73 70621592 1157.67761 K.VSVEDGVLVIK.G 3.49 0.33
1600.78528 R.TPWDIIENENELK.M 3.78 0.35

76 90029148 1470.81628 R.VPTADVSVVDLTVR.L 4.09 0.52
1775.80237 K.LVSWYDNEWGYSTR.V 4.52 0.58
1882.95447 R.SSIFDAQAGIALSDNFVK.L 3.41 0.41

76 83402450 1749.82647 K.DAPM*FVVGVNEHQYK.S 3.37 0.56
1390.73254 R.GAGFNIIPSSTGAAK.A 2.45 0.15
1470.81628 R.VPTADVSVVDLTVR.L 4.15 0.51
1775.80237 K.LVSWYDNEWGYSTR.V 4.14 0.53

78 40764318 1423.76917 K.YVIVGGGVAAGYAAR.E 4.65 0.54

List of peptides identified by means of tandem mass spectrometry.
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Abstract 
 
In species with high gene flow and consequent low inter-population differentiation over wide geographic 
ranges, deviating gene expression in response to ecological gradients often reveals adaptive significance. 
We investigated potential differences in gene expression between Picea abies ecotypes adapted to 
contrasting altitude conditions. Protein expression patterns were compared between needles and roots of 
two months old Picea abies seedlings, by means of two dimensional electrophoresis. Proteins exhibiting 
differential expression between the two ecotypes were analysed by tandem mass spectrometry. A total of 
19 proteins exhibited qualitative or quantitative polymorphism between the two populations. These 
proteins exhibited organ specific expression, and the level of inter-population protein polymorphism was 
organ dependent. Among differentially expressed proteins we identified proteins involved in 
photosynthesis, photorespiration, root tracheary element differentiation and trans-mitochondrial 
membrane transport. Our results show that Picea abies seedlings from locally adapted ecotypes exhibit 
consistent differences in protein expression. The expression polymorphism of some of these proteins has 
potential adaptive significance. 
 
Key words: ecotype, Picea abies, protein amount polymorphism, proteomics, two-dimensional gel 
electrophoresis 
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INTRODUCTION 
Trees response to environmental selective pressure in terms of nucleotide substitution rates and speciation 
rates is relatively slow compared to other species, due to the high age of reproductive maturity and the 
long generation interval (Jump and Penuelas 2005; Petit and Hampe 2006). Compensatory mechanisms 
have therefore developed, that allow tree species to rapidly adapt to changing environmental conditions 
(Saxe et al. 2001). As most tree species, conifers maintain unusual high intra-population levels of genetic 
diversity, due to specific life-history characteristics (long-lived woody species with out-crossing breeding 
systems spread over large geographic ranges) (Hamrick 2004). They have also acquired high levels of 
phenotypic plasticity adding to their adaptive potential and increasing their chances of surviving extreme 
climatic events. In spite of the low genetic differentiation between populations (reviewed by Hamrick 
2004), conifers exhibit rather strong inter-population variations of phenotypic characters including 
morphologic and physiologic features (Oleksyn et al. 1998) but also of phenotypic traits relevant for 
climatic adaptation such as frost hardiness (Daehlen and Johnsen 1995; Skroppa et al. 1994). Parental 
effects act synergic with phenotypic plasticity, contributing to the maintenance of a high genetic 
variability in population, while exhibiting a phenotype “tuned” to the local environmental conditions 
(Skroppa and Johnsen 2000). Thus, phenotypic differences between populations are not only a result of 
genotype selection but also of the environmental influence upon gene expression through imprinting 
(Johnsen and Skroppa 1996) and of phenotypic plasticity. 
 
Besides assessing between and within-species genetic variation based on molecular markers, targeting the 
protein level should bring valuable information on mechanisms behind adaptation and evolution of 
populations. Although genetic markers are extremely useful for establishing genetic relationships and 
history of populations (e.g. Achere et al. 2005), they only account for the presence/absence of the given 
marker at individual level, ignoring quantitative traits. A more complete picture of within- and between-
population variability can be acquired at gene expression level i.e. transcriptome and proteome level. This 
type of information is highly relevant for the processes of adaptation and evolution of natural populations. 
Qualitative polymorphism of a protein (e.g. presence/absence variation) most often mirrors variation of 
the structural genes, while quantitative variation (i.e. polymorphism of protein amounts) is the result of a 
complex network of regulatory mechanisms, subject themselves to genetic variation and interaction with 
the environment (Rockman and Kruglyak 2006; Thiellement et al. 2002). Patterns of protein expression 
integrate thus the genetic background of the individual (structural and regulatory variation), with the 
environmental influence.  
 
Two-dimensional gel electrophoresis (2DE) is an efficient tool for such investigations allowing the 
separation, simultaneous display and quantification of a large number of proteins. This method has a large 
yet underexploited potential to address scientific hypothesis specific to population ecology, phylogenetic 
and evolutionary studies (Biron et al. 2006; Navas and Albar 2004; Karr 2007). Proteomic-like 
approaches have so far been successfully applied for investigating variation or establishing genetic 
relationships both at species or above-species level (Marquès et al. 2001; Lum et al. 2002; Barreneche et 
al. 1996) and below-species level (Chevalier et al. 2004; Rocco et al. 2006; Jacobsen et al. 2001; 
Bahrman et al. 1994; Jorge et al. 2006). 
For species characterised by strong genetic flow over wide geographical ranges like trees, genetic 
variation with potential adaptive significance often develops in response to ecological gradients (Lexer et 
al. 2007). Genes whose expressions deviate under the pressure of selection in spite of the strong gene 
flow might underlie characters that confer adaptive advantage under the given environmental conditions 
(Lexer et al. 2007). We therefore used a proteomic approach (2DE followed by tandem mass 
spectrometric identification of proteins) to investigate the level of differentiation between two Picea abies 
ecotypes adapted to different environmental conditions. As most conifers, Picea abies exhibits a low level 
of population genetic differentiation across its geographical range (Achere et al. 2005). However, 
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differences in allelic distribution have been described between populations for several isozymes loci (e.g. 
Mitton and Duran 2004; Puglisi et al. 1999). In the present study our objective was to verify if 
populations adapted to different environmental conditions also exhibit more consistent differences in 
protein expression, in addition to the rather subtle differences in allelic distribution previously described. 
For this, we compared 2DE patterns obtained for of needles and root samples from 2 months old 
seedlings from a typical low altitude Picea abies ecotype and an autochthonous population adapted to 
high altitude conditions. Proteins displaying consistent variation between the two ecotypes were identified 
by means of tandem mass spectrometry. 
 
MATERIAL AND METHODS 
Plant material 
Two different Picea abies populations were selected: an autochthonous sub-alpine population (84030, 
close to Füssen, at 1300-1600m a.s.l.) and a sub-montane ecotype recommended as particularly well 
adapted low elevation climatic conditions (84008, near Westerhof, at 300m a.s.l.; EU category “Tested 
reproductive material”) (Recommendation of Niedersächsische Forstliche Versuchsanstalt*** 2004). The 
two locations have different temperature and precipitation conditions (average annual temperatures 
(1961-1990): Füssen 4.5°C, Westerhof 8.5°C; average annual precipitations: Füssen 1750mm, Westerhof 
800mm; climatic data available at www.klimadiagramme.de)(Enders 1996). 
Seed samples collected from Picea abies stands from these two ecotypes were supplied by the Staatliche 
Samenklenge Laufen, Germany. After vernalisation, seeds were soaked over night in sterile demineralised 
water and surface sterilised for 30 minutes with 30% hydrogen peroxide. Floating seeds were discarded 
and the remaining seeds were sown in sterile Phytatray boxes (Sigma-Aldrich) on Vermiculite soaked 
with sterile nutritive solution (Ingestad 1979). Seeds germinated and seedlings grew in growth chambers 
at 16°C, 100% humidity and 16h photoperiod (30 μmolm-2s-1; Osram True light T8, 5500 Kelvin). After 
two months, needle, stem and root length were measured to nearest mm for 40 seedlings per ecotype.  
For 2DE, needles and roots were harvested, frozen in liquid nitrogen within 30 seconds to avoid 
proteolysis and stored at -76°C until protein extraction. Equal amounts of biological material from 30 to 
40 seedlings were pooled per aliquot. The pooling procedure is known to be useful for the comparison of 
natural populations by means of DNA markers (e.g. RAPD patterns for Picea abies populations, 
(Scheepers et al. 1997)) but has also been successfully used in proteomic studies (Rocco et al. 2006; 
Thiellement et al. 1989; David et al. 1997; Weinkauf et al. 2006).  
The choice of young seedlings as biological material was based on the need of minimising environmental 
and individual life history related bias of gene expression patterns, since it is recognised that gene 
expression depends not only on the genotype but also on the particular environmental conditions of 
germination (Johnsen et al. 2005) and ontogeny (Gion et al. 2005). 
 
Protein extraction 
Proteins were precipitated with TCA/acetone and extracted in buffer containing 5M urea, 2M thiourea, 
100mM DTT, 2% CHAPS, 2% SB3-10 and 0.5% Pharmalyte 3-10 for the needle samples and 7M urea, 
2M thiourea, 2mM TCEP, 50mM DTT, 2% DM and 0.5% Pharmalyte 3-10 for the root samples. Protein 
concentration was measured using the RC-DC Protein Assay (Bio-Rad). A detailed description of the 
protocol is presented elsewhere (Vâlcu and Schlink 2006b; Vâlcu and Schlink 2006a). 
 
Two-dimensional gel electrophoresis 
For optimal resolution, acidic and basic proteins were focused on separate gradients, following previously 
optimised protocols (Vâlcu and Schlink 2006b; Vâlcu and Schlink 2006a). Samples were cup-loaded near 
the cathode for the 4-7 IPGs and near the anode for the 6-11 IPGs, on 24cm long IPG strips (GE 
Healthcare) previously rehydrated for at least 12h. The rehydration buffer contained 100mM HED, except 
for the focusing of root proteins, where it contained the same reducing agents as the extraction buffer. The 
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rehydration buffer was supplemented with 10% isopropanol for the focusing of basic gradients. Focusing 
was performed in an Ettan IPGPhor Cup Loading Manifold at 20°C and 50mA/IPG gel strip for a total of 
55kVh in case of acid IPGs and 60kVh in the case of basic ones. After a two step equilibration of the 
strips with buffer containing 2%DTT and 4% iodoacetamide, respectively, the second dimension was 
performed on 12.5% polyacrylamide 1mm thick gels in an Ettan Dalt 6 electrophoresis chamber (GE 
Healthcare). Gels were silver stained according to Heukeshoven and Dernick (Heukeshoven and Dernick 
1988), with the acetic acid in the stop solution substituted for 1% glycine. 
 
Image and data analysis 
Silver stained gels were scanned under blue light, at 300 dpi, with ImageScanner (GE Healthcare). 
ImageMaster 2D Platinum (GE Healthcare) was used for spots identification, quantitation and matching. 
A WACOM digital plate was used for a more accurate manual editing of spots. Mismatches were 
manually corrected. Relative spot volumes (normalised per gel) were compared for each 
organ/ecotype/IPG between five biological replicates by means of paired t-tests. Statistical analysis were 
performed with R2.2.1 (R-Development-Core-Team 2006). In order to avoid type I errors, only spots 
showing very significant (p < 0.01) differences between the two ecotypes were selected. Among those, 
spots whose relative volumes differed by a factor of at least 2 were kept for further characterisation. The 
spots thus selected were validated by comparison with a set of further 15 samples. 
 
Protein identification by mass spectrometry 
Preparative electrophoresis was performed similarly to the analytic one, except for the higher protein 
amount (between 500 and 800µg per gel) loaded by paper bridge loading and the prolonged focusing 
(65kVhr for acidic gradient and 72kVhr for basic gradient). Colloidal Coomassie G-250 staining was 
performed according to Anderson (Anderson et al. 1991). Weaker spots were cut from gels stained with 
MS-compatible silver staining (with glutaraldehyde and formaldehyde excluded from the sensitising and 
silver solution, respectively). Spots were cut from gels using a scalpel, destained with 40% ethanol / 
50mM ammonium bicarbonate (Coomassie stained spots) or in a 30mM potassium hexacyanoferrate / 
100mM sodium thiosulphate 1:1 mixture (silver stained spots), then dehydrated with acetonitril and dried 
for 30 min under vacuum. After reduction and alkylation (Shevchenko et al. 2006) spots were washed and 
dehydrated with acetonitrile, dried under vacuum and stored at -20°C until analysis. In-gel digestion with 
trypsine was performed over night at 37°C. The resulting digests were analysed with a nanospray LCQ 
ion trap mass spectrometer (Thermo-Finnigan, San Jose, CA, USA) and peptide identification was 
performed with SEQUEST against all Picea ESTs available at dbEST in January 2007. Validation filters 
were set for Xcorr values higher than 1.90 for +1 peptides, 2.20 for +2 peptides and 3.75 for +3 peptides, 
and Delta CN higher than 0.1. 
SEQtools software package by Søren W. Rasmussen (www.seqtools.dk) was used for DNA sequence 
translation and protein sequence alignments. If necessary CLUSTAL W alignments (Thompson et al. 
1994) were optimized using T-Coffee (Notredame et al. 2000). Protein pattern and motif searches were 
performed using InterProScan (http://www.ebi.ac.uk/InterProScan/ )  (Zdobnov and Apweiler 2001), 
Motif Scan of the Swiss Institute for Experimental Cancer Research (ISREC) provided by the Swiss 
Institute of Bioinformatics website (http://myhits.isb-sib.ch/cgi-bin/motif_scan) and Pfam Protein Search 
(http://pfam.janelia.org/hmmsearch.shtml) (Sonnhammer et al. 1998). 
 
RESULTS 
Morphometric comparison 
Two months old seedlings from Westerhof and Füssen populations grown under identical conditions were 
compared with respect to their morphometric characteristics. A linear model with organ length as 
dependent variable and the organ and the ecotype as fixed factors showed highly significant differences 
between the seedlings from the two ecotypes (F3,371 = 378.9,  p < 0.001). The length of above-ground 
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organs was higher for seedlings from the lower elevation population and the differences were highly 
significant for both needles (t1,123 = -3.2899, p = 0.001) and stems (t1,123 = -13.1852, p < 0.001) (Fig. 1). 
Roots of the high elevation population were longer in comparison with the low elevation population, 
though the difference was not significant (t1,123 = 0.107, p = 0.915). A Wilcoxon rank sum test with 
continuity correction was used to compare the root to stem length ratio. The seedlings from the high 
elevation population were characterised by higher values of the ratio as compared with seedlings from the 
lower elevation population (W = 2673, p < 0.001) (Fig. 1). 
 
Needle and root 2DE patterns 
Highly reproducible 2D patterns were obtained for needles and roots of Picea abies seedlings from 
Westerhof and Füssen ecotypes. More than 1150 spots were reproducibly detected on acidic gradients and 
more than 650 on the basic gradients for the root samples. Needle 2DE patterns were richer in spots with 
approximately 40% in the acidic gradient and 20% in the basic gradient. 
Following the criteria defined in the material and methods section, a total of 19 protein spots were 
identified, with estimated pH values ranging between 5 and 7.3 and MW between 17.5 and 104.2, 
exhibiting differential constitutive expression between Westerhof and Füssen ecotypes. Ten proteins had 
a higher level of expression in seedlings from Füssen plants (four in needles and six in roots, see Fig. 2, 
Fig. 3 and Table 1) and seven proteins were over-expressed in Westerhof (all in root samples, see Fig. 3 
and Table 1). We also identified two proteins (spots 9 and 18) that appeared to be uniquely expressed in 
seedlings from Füssen, or else their level of expression in Westerhof plants was below the level of 
detection.  
 
Mass spectrometric identification of proteins 
Out of the 19 spots exhibiting differential expression between the two ecotypes, seven different protein 
functions were identified by tandem mass spectrometry corresponding to eight spots (Table 1). Peptides 
were mapped on the sequences of the Picea clones used for protein identification (supplementary 
material) and alignments of these clones with the best GenBank matches were build to verify function 
assignments (e-values in Table 1). Four of the identified proteins had higher expression levels in the 
seedlings from Füssen: glycine cleavage system T protein (spot #3) and protochlorophyllide reductase 
(spot #4) in the needles, glyoxysomal malate synthase (spot #16) and a homolog of the r40c1 protein 
(spot #9) in the roots. The remaining four spots were expressed at higher levels in the roots of seedlings 
from Westerhof and were identified as a tracheary element differentiation protein (TED2, spot #7), a 
voltage-dependent anion-selective channel (Porin, spot #14) and two isoforms of a NAD(P)-binding non-
metallo dehydrogenase (spots #12 and #19) sharing five peptides. 
 
DISCUSSION 
2DE is known as a powerful technology for the investigation of qualitative and quantitative gene 
expression variation between different genetic units. Comparison of the 2DE patterns between 
populations on an individual basis can nevertheless be a laborious process especially when large numbers 
of individuals are to be investigated. The use of pooled samples allows for larger sample sizes and results 
in a more representative 2DE pattern for the compared populations (David et al. 1997) when the interest 
lies in identifying major differences in protein expression at the population level and not in comparing 
levels of polymorphism between individuals. 
In our study, protein expression patterns were compared in a differential display experiment between 
pooled samples of needles and roots of Picea abies seedlings from two ecotypes adapted to contrasting 
elevations. This approach revealed both qualitative and quantitative protein polymorphism between the 
two ecotypes. The level of inter-population protein polymorphism was organ dependent. The significance 
of these differences is discussed below. 
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Morphometric comparison 
The differences in the morphometric characteristics of seedlings from the two ecotypes are consistent 
with known altitudinal and latitudinal trends. Plant height declines with the altitude or latitude (Oleksyn 
et al. 1998; Danusevicius and Gabrilavicius 2001), while plants from the higher altitude allocate 
comparatively more biomass to roots than plants from lower elevations (Oleksyn et al. 1998). These 
differences could result from genetic differentiation between the two populations, environmental effects 
on plant growth (Lindgren and Wei 1994) or both. The longer stems and primary needles of Westerhof 
plants as well as the higher values of the root to stem ratios for the Füssen seedlings confirm that this 
phenotypic differentiation appears in Picea abies as early as 2 months of age.  
 
Qualitative and quantitative inter-population protein polymorphism 
Most of the between-ecotype variation found in the present study was quantitative (17 out of 19 spots). 
Only two cases of qualitative variation were identified between the two ecotypes, both proteins being 
specifically expressed in the roots of seedlings from the high elevation ecotype (Füssen).  
Qualitative protein polymorphism among individuals (i.e. presence / absence or shift in the position of a 
protein spot) is often attributed to allelic variation but can also reflect quantitative variation close to the 
level of detection or post-translational modification of proteins. Quantitative variation (i.e. variation in 
spot intensity) on the other hand, may result from the concerted action of several factors including the 
stability of the protein or its level of expression, which can be under the control of multiple loci 
(Damerval 1994). Levels of qualitative and quantitative variation estimated from 2DE patterns of single 
individuals vary between species. Zea mays lines for example have comparable levels of qualitative and 
quantitative protein polymorphism (de Vienne et al. 1988; Leonardi et al. 1988). The polymorphism of 
protein amount between Picea abies ecotypes on the other hand seems to be larger than the variation in 
gene structure measured as presence/absence or shift in the spot position (Sieffert 1988). 
By pooling several individuals per sample, the information concerning allele frequency and inter-
individual variations in the protein expression level is discarded and differences relevant at between-
population level become apparent. Quantitative polymorphism between pooled samples can therefore 
reflect differences in the proportion of individuals that express a given protein, differences in the actual 
level of protein expression at individual level (rates of synthesis and degradation, stability) or both. The 
number of proteins that discriminate the populations will be correspondingly reduced as compared to 
polymorphism assessed at individual level (Sieffert 1988). 
Such quantitative variation of protein expression at population level is essential when comparing plants 
under different environmental pressure. Regulation of gene expression is a multilevel complex process 
exhibiting a wide range of genetic variability, probably reflecting the large basis it offers for mutations 
(de Vienne et al. 1988) and is likely to be more involved in adaptive or morphological evolution than 
structural variations of proteins (MacIntyre 1982). This is supported by the fact that, at least in some 
species (i.e. Zea mays), morphological distances are correlated with polymorphism of protein amounts 
rather than with qualitative distances between lines (Damerval et al. 1987).  
 
Variability of organ-specific and organ-non-specific peptides 
All spots found to consistently and reproducibly distinguish the two ecotypes were organ-specific. Most 
of the proteins differentially expressed between the two ecotypes (79%) were root specific proteins as 
compared to only 21% needle-specific proteins. Previous studies on plant proteome demonstrated that the 
variability of protein expression level is under genetic control (reviewed by Thiellement et al. 1999) and 
depends on the organ or type of tissue. Pinus pinaster needle, pollen and bud-specific proteins for 
example were found to exhibit levels of polymorphism of 44%, 58.1% and 70.4% respectively (Bahrman 
and Petit 1995). Similar differences in the level of variability were described between Zea mays second 
leaf blade, mesocotyl and sheath (7.5%, 12.6% and 13.2% respectively) (Leonardi et al. 1988). Moreover, 
the latter study also showed that the dominant inheritance of most polypeptides is organ-specific.  



 7

 
These findings are not surprising, since it has been repeatedly shown that organ-specific proteins also 
exhibit a larger genetic variation than organ-non-specific ones (de Vienne et al. 1988; Bahrman and Petit 
1995; Klose 1982; Leonardi et al. 1988). It has been hypothesised (Klose 1982) that „housekeeping“ 
proteins expressed in all organs are more critical for the individual’s metabolism and therefore under 
higher selective pressure than organ-specific proteins. This would explain why they are less variable than 
the latter. Alternatively, de Vienne et al. (1988) proposed that the higher variability of proteins displaying 
organ-specific level of expression might reflect the higher number and complexity of regulatory 
mechanisms needed for the control their expression, each of them subject to genetic variability.  
 

Function of proteins differentially expressed between Picea abies ecotypes 
It is, at least for some of the identified proteins, difficult to speculate whether their differential expression 
has any adaptive significance for Picea abies ecotypes located at different elevations. A closer inspection 
of their functions will nevertheless offer some insight into the putative significance of their expression 
patterns in the two populations investigated. Detection of molecular signature of natural selection at the 
nucleotide level could constitute a further step toward the validation of the adaptive significance of the 
detected proteins (Wright and Gaut 2004; Ehrenreich and Purugganan 2006). 
 

Isoforms of protochlorophyllide reductase and glycine cleavage system T protein exhibited higher 
expression in the needles of the Füssen ecotype. Protochlorophyllide reductase (spot #4, POR) catalyses a 
late light-dependent step in the synthesis of chlorophyll (Heyes and Hunter 2005). In gymnosperms are 
known two por gene subfamilies (A and B) involved in different developmental stages of the green tissue 
and with different (light dependent/independent) expression regulation (Skinner and Timko 1998). In 
Pinus taeda, mature needles only express PORB but both isoforms are detectable in cotyledons and 
primary needles (Skinner and Timko 1999). First crown needles in Picea abies might also express both 
POR genes, but we could not distinguish whether the protein differentially expressed in the needles of 
seedlings from the two spruce ecotypes is a PORA or a PORB ortholog.  
Glycine cleavage system T protein (spot #3) is one of the four components of the mitochondrial glycine 
decarboxylase (GDC) multienzyme system (Douce et al. 2001) which catalyses the oxidative 
decarboxylation and deamination of glycine produced in the peroxisomes during photorespiration. All the 
components (P-, H-, T- and L-proteins) are highly abundant in mitochondria from green tissues. T-protein 
is light induced (Vauclare et al. 1998) and developmentally regulated (Vauclare et al. 1996; Thompson et 
al. 1998) and its expression was shown to be under posttranscriptional control (Vauclare et al. 1996). A 
higher expression of the T-protein in Füssen seedlings needles might indicate higher photorespiration 
rates. Similarly elevated photorespiration rates have been described both in herbaceous (Streb et al. 2005; 
Streb et al. 1998; Kumar et al. 2006) and woody plants (Oleksyn et al. 1998) as adaptation to high altitude 
conditions. 
 

Two of the proteins showing specific or higher expression in Füssen seedlings roots were identified as a 
homolog of the r40c1 protein carrying a lectin domain (spot #9) and glyoxysomal malate synthase (spot 
#16) respectively. Glyoxysomes are found in cells of storage organs like endosperm (Cooper and Beevers 
1969) and during post-germinative growth of oil-seed plants. Malate synthase is part of the glyoxylate 
cycle, which converts storage lipids into sucrose (Beevers 1961). The sucrose is then transferred to shoot 
and root apical meristems, and provides the carbon source necessary for growth before the plants start 
photosynthesis (Hayashi 2000). In roots, malate synthase expression was shown to be activated in 
response to carbohydrate deprivation (Ismail et al. 1997) and may confer adaptive advantage to plants 
grown in low carbohydrate conditions.  
 
From the proteins over-expressed in the roots from Westerhof seedlings, we identified four spots as a 
tracheary element differentiation protein (TED2), a voltage-dependent anion-selective channel (VDAC) 
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and two isoforms of a NAD(P)-binding non-metallo dehydrogenase belonging to the short-chain 
dehydrogenase/reductase family (SDRs).  
TED2 (spot #7) is a quinone reductase involved in differentiation of tracheary elements and considered a 
marker for the development of the root vascular system (Demura and Fukuda 1994). The protein is under 
a strict temporal and spatial regulation (Demura and Fukuda 1994) and is expressed in early stages of 
differentiation of procambial cells into immature xylem or phloem cells. Given its narrow time and space 
frame of expression, the differential expression of TED2 in roots from the two ecotypes might indicate 
asynchrony in their root systems development, a fact which is in accordance with the morphometric 
measurements on the root length. 
VDAC (spot #14) is a 30kDa protein that forms homodimers in the mitochondrial outer membrane 
(Thomas et al. 1991). It is believed to provide the major pathway for metabolite flux through the outer 
membrane (Colombini 1997; Manella and Colombini 1984; Manella et al. 1992) and reduction of its 
permeability can regulate mitochondrial respiration (Liu and Colombini 1992).  
Two spots (#12 and #19) were identified as isoforms of a member of the short-chain 
dehydrogenase/reductase family (SDRs). More that 3000 members of these superfamily of enzymes with 
NAD(P)(H)-dependent (Rossmann-fold domains) oxidation/reduction activities have been described. 
They have a broad substrate spectrum, ranging from alcohols, sugars, steroids, aromatic compounds to 
xenobiotics (Kallberg et al. 2002). For the two proteins shown here to have higher expression in low 
elevation plants, the matches to the Panther PTHR19410 extension indicate that the proteins are not 
alcohol dehydrogenases, but another type of dehydrogenase or reductase. 
 

Significance of between-population protein polymorphism in Picea abies 
Picea abies covers a large natural range across Europe. The large scale geographical patterns of genetic 
variation over its natural range confirm the three major genetic domains resulting from post-glacial re-
colonisation (Achere et al. 2005; Collignon et al. 2002). Similarly to other woody plant species, Picea 
abies exhibits high levels of within-population variation in contrast with a low between-population 
differentiation (Achere et al. 2005). Both ecotypes used in the present study belong to the Alpine domain 
(Achere et al. 2005) and can therefore be assumed to show low genetic differentiation. 
However, even in genetically similar coniferous populations, genetic structure is known to be influenced 
by environmental conditions such as water or nutrient availability (Stutz and Mitton 1988; Cobb et al. 
1994; Mitton and Duran 2004). Clinal variations of isozymes allele frequency along latitudinal 
(Bergmann and Gregorius 1993) or altitudinal gradients have been described in several coniferous species 
(Puglisi et al. 1999; Mitton et al. 1980; Grant and Mitton 1977) including Picea abies (Lundkvist 1979; 
Bergmann 1978). 
Protein expression polymorphism between ecotypes locally adapted to different environmental conditions 
can be the result of genetic differentiation (at structural and/or regulatory loci) between the two 
populations, but can also reflect environmental influence upon gene expression through imprinting. 
Irrespective of the underlying mechanisms, these characters are potentially under selective pressure and 
might constitute the material for subsequent population divergence. 
 

Overall, our results show that two-dimensional gel electrophoresis performed on pooled samples can 
reveal qualitative and quantitative between-population protein polymorphism with putative adaptive 
significance. Picea abies ecotypes adapted to contrasting elevations exhibit differential expression of 
proteins potentially conferring adaptive advantage under selective pressure. 
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Table 1. 
Spots showing different expression in Westerhof and Füssen ecotypes. pH and MW were estimated from 2DE gels and averaged across three gels. 
 

Spot Origin of 
identified spot

Stronger 
expression

Provenance 
specific

No. of 
peptides Xcorr Coverage 

(%)
NCBI Accession 

No. Species Best homologue Species Localisation pH* MW* 
(kDa) pH** MW** 

(kDa)

1 needles Füssen - 5.33 17.5
2 needles Füssen - 6.01 38

3 needles Füssen - 6 60.26 30 70281181 Picea sitchensis Aminomethyltransferase, mitochondrial precursor (EC 2.1.2.10) (Glycine 
cleavage system T protein) (e-value 2e-98) Flaveria pringlei mitochondria 6.7 44.5 8.53 44

4 40.26 22 40766142 Picea glauca Aminomethyltransferase, mitochondrial precursor (EC 2.1.2.10) (Glycine 
cleavage system T protein) (e-value 4e-54) Oryza sativa 8.91 44.4

4 needles Füssen - 4 40.30 16 70220849 Picea sitchensis Protochlorophyllide reductase, chloroplast precursor (EC 1.3.1.33) (PCR) 
(NADPH-protochlorophyllide oxidoreductase) (POR) (e-value 2e-146) Pinus mugo chloroplast 7.01 38 8.96 43.5

5 roots Westerhof - 4.99 47
6 roots Westerhof - 5.97 30
7 roots Westerhof - 2 20.23 14 70329853 Picea sitchensis TED2 (e-value 1e-74) Vigna unguiculata 6.55 39 6.46 34.6
8 roots Westerhof - 6.58 37
9 roots Füssen + 2 20.23 9 70229422 Picea sitchensis Putative r40c1 protein (e-value 2e-45) Oryza sativa 6.33 43.5 6.25 41.7
10 roots Füssen - 5.31 90
11 roots Füssen - 5.54 82
12 roots Westerhof - 7 70.30 36 49025207 P. engelmanii x P. glauca oxidoreductase (short-chain alchool dehydrogenase) (e-value 4e-59) Arabidopsis thaliana 6.6 36 6.26 32.2

6 60.28 26 68773949 P. engelmanii x P. glauca oxidoreductase (short-chain alchool dehydrogenase) member, Tasselseed 2  
(e-value 4e-68) Buchloe dactyloides 6.17 33.2

13 roots Füssen - 6.63 33

14 roots Westerhof - 4 40.18 17 70635044 Picea glauca 36 kDa outer mitochondrial membrane protein porin (Voltage-dependent anion-
selective channel protein)  (e-value 4e-59) Prunus armeniata mitochondria 6.63 33 7.06 29.7

3 30.23 12 70318841 Picea sitchensis 36 kDa outer mitochondrial membrane protein porin (Voltage-dependent anion-
selective channel protein) (e-value 6e-69) Solanum tuberosum 7.78 29.4

15 roots Füssen - 7.3 42
16 roots Füssen - 3 30.21 11 70222904 Picea sitchensis Malate synthase, glyoxysomal (EC 2.3.3.9) (e-value 4e-84) Brassica napus glyoxysome 6.29 61 8.45 65

2 20.24 12 49024400 P. engelmanii x P. glauca Malate synthase, glyoxysomal (EC 2.3.3.9) (e-value 7e-86) Ricinus communis 8.53 64.3
17 roots Füssen - 6.61 56
18 roots Füssen + 6.97 104
19 roots Westerhof - 6 60.31 28 68773949 P. engelmannii x P. glauca oxidoreductase (short-chain alchool dehydrogenase) (e-value 5e-67) Tripsacum dactyloides 6.96 35 6.90 34.4  
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Figure 1. 

Two months old Picea abies seedlings from Westerhof and Füssen ecotypes grown under identical conditions 
exhibit statistically significant differences in the length of needles, roots and stems. 
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Figure 2. 

Qualitative and quantitative differences in protein expression between the needles of two months old Picea 
abies seedlings from Westerhof and Füssen ecotypes. 
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Figure 3. 

Qualitative and quantitative differences in protein expression between the roots of two months old Picea
abies seedlings from Westerhof and Füssen ecotypes. 

Westerhof
(roots)

Füssen
(roots) 

Westerhof
(roots)

Füssen
(roots) 

5 5

6 6

7 7
8 8

9 9

10 10
11 11

12 12

13 13
14 14

15 15

16 16

1717

1818

1919

Westerhof
(roots)

Füssen
(roots) 

Westerhof
(roots)

Füssen
(roots) 

5 5

6 6

7 7
8 8

9 9

10 10
11 11

12 12

13 13
14 14

15 15

16 16

1717

1818

1919



 12

REFERENCES 
 
***. 2004. Recommended  provenances of forest reproductive material for Lower Saxony and Schleswig-Holstein. pp. 

116: Niedersächsische Forstliche Versuchsanstalt, Germany. 
Achere V, Favre JM, Besnard G, Jeandroz S, 2005. Genomic organization of molecular differentiation in Norway spruce 

(Picea abies). Molecular Ecology. 14: 3191-3201. 
Anderson NL, Esquerblasco R, Hofmann JP, Anderson NG, 1991. A 2-dimensional gel database of rat liver proteins 

useful in gene regulation and drug effects studies. Electrophoresis. 12: 907-930. 
Bahrman N, Petit RJ, 1995. Genetic polymorphism in Maritime Pine (Pinus pinaster Ait) assessed by 2-dimensional gel 

electrophoresis of needle, bud, and pollen proteins. Journal of Molecular Evolution. 41: 231-237. 
Bahrman N, Zivy M, Baradat P, Damerval C, 1994. Organization of the variability of abundant proteins in 7 

geographical origins of Maritime Pine (Pinus pinaster Ait). Theoretical and Applied Genetics. 88: 407-411. 
Barreneche T, Bahrman N, Kremer A, 1996. Two dimensional gel electrophoresis confirms the low level of genetic 

differentiation between Quercus robur L. and Quercus petraea (Matt.) Liebl. Forest Genetics. 3: 89-92. 
Beevers H, 1961. The metabolic production of sucrose from fat. Nature. 191: 433-436. 
Bergmann F, 1978. The allelic distribution at an acid phosphatase locus in Norway spruce (Picea abies) along similar 

climatic gradients. Theoretical and Applied Genetics. 52: 57-64. 
Bergmann F, Gregorius H, 1993. Ecogeographical distribution and thermostability of isocitrate dehydrogenase (IDH) 

alloenzymes in European silver fir. Biochemical Systematics and Ecology. 21: 597-605. 
Biron DG, Loxdale HD, Ponton F, Moura H, Marche L, Brugidou C, Thomas F, 2006. Population proteomics: An 

emerging discipline to study metapopulation ecology. Proteomics. 6: 1712-1715. 
Chevalier F, Martin O, Rofidal V, Devauchelle AD, Barteau S, Sommerer N, Rossignol M, 2004. Proteomic 

investigation of natural variation between Arabidopsis ecotypes. Proteomics. 4: 1372-1381. 
Cobb NS, Mitton JB, Whitham TG, 1994. Genetic variation associated with chronic water and nutrient stress in Pinyon 

pine. American Journal of Botany. 81: 936-940. 
Collignon AM, Van de Sype H, Favre JM, 2002. Geographical variation in random amplified polymorphic DNA and 

quantitative traits in Norway spruce. Canadian Journal of Forest Research. 32: 266-282. 
Colombini M, 1997. A candidate for the permeability pathway of the outer mitochondrial membrane. Nature. 279: 643-

645. 
Cooper TG, Beevers H, 1969. Mitochondria and glyoxysomes from castor bean endosperm. Journal of Biological 

Chemistry. 211: 3507-3513. 
Daehlen AG, Johnsen O, 1995. Autumn frost hardiness in young seedlings of Norway spruce from Norwegian 

provenances and seed orchards. Rapp. Skogforsk. 1: 1-24. 
Damerval C, 1994. Quantification of silver-stained proteins resolved by 2-dimensional electrophoresis - Genetic-

variability as related to abundance and solubility in 2 maize lines. Electrophoresis. 15: 1573-1579. 
Damerval C, Hebert Y, Devienne D, 1987. Is the polymorphism of protein amounts related to phenotypic variability - a 

comparison of two-dimensional electrophoresis data with morphological traits in maize. Theoretical and 
Applied Genetics. 74: 194-202. 

Danusevicius D, Gabrilavicius R, 2001. Variation in juvenile growth rhythm among Picea abies provenances from the 
Baltic states and the adjacent regions. Scandinavian Journal of Forest Research. 16: 305-317. 

David JL, Zivy M, Cardin ML, Brabant P, 1997. Protein evolution in dynamically managed populations of wheat: 
adaptive responses to macro-environmental conditions. Theoretical and Applied Genetics. 95: 932-941. 

de Vienne D, Leonardi A, Damerval C, 1988. Genetic aspects of variation of protein amounts in maize and pea. 
Electrophoresis. 9: 742-750. 

Demura T, Fukuda H, 1994. Novel vascular cell-specific genes whose expression is regulated temporally and spatially 
during vascular system development. The Plant Cell. 6: 967-981. 

Douce R, Bourguignon J, Neuburger M, Rebeille F, 2001. The glycine decarboxylase system: a fascinating complex. 
Trends in Plant Science. 6: 167-176. 

Ehrenreich IM, Purugganan MD, 2006. The molecular genetic basis of plant adaptation. American Journal of Botany. 
93: 953-962. 



 13

Enders G. 1996. Klimaatlas von Bayern München: Bayerischer Klimaforschungsverbund, BayFORKLIM. 
Gion JM, Lalanne C, Le Provost G, Ferry-Dumazet H, Paiva J, Chaumeil P, Frigerio JM, Brach J, Barre A, de Daruvar 

A, Claverol S, Bonneu M, Sommerer N, Negroni L, Plomion C, 2005. The proteome of maritime pine wood 
forming tissue. Proteomics. 5: 3731-3751. 

Grant MC, Mitton JB, 1977. Genetic differentiation among growth forms of Engelmann spruce and subalpine fir at tree 
line. Arctic and Alpine Research. 9: 259-263. 

Hamrick JL, 2004. Response of forest trees to global environmental changes. Forest Ecology and Management. 197: 
323-335. 

Hayashi M, 2000. Plant peroxisomes: molecular basis of the regulation of their functions. Journal of Plant Research. 
113: 103-109. 

Heukeshoven J, Dernick R, 1988. Improved silver staining procedure for fast staining in Phastsystem Development Unit 
.1. Staining of sodium dodecyl sulfate gels. Electrophoresis. 9: 28-32. 

Heyes DJ, Hunter CN, 2005. Making light work of enzyme catalysis: protochlorophyllide oxidoreductase. Trends in 
Biochemical Sciences. 30: 642-649. 

Ingestad T, 1979. Mineral nutrient requirements of Pinus silvestris and Picea abies seedlings. Physiologia Plantarum. 
45: 373-380. 

Ismail I, De Bellis L, Alpi A, Smith S, 1997. Expression of glyoxylate cycle genes in cucumber roots responds to sugar 
supply and can be activated by shading or defoliation of the shoot. Plant Molecular Biology. 35: 633-640. 

Jacobsen S, Nesic L, Petersen M, Sondergaard I, 2001. Classification of wheat varieties: Use of two-dimensional gel 
electrophoresis for varieties that can not be classified by matrix assisted laser desorption/ionization-time of 
flight-mass spectrometry and an artificial neural network. Electrophoresis. 22: 1242-1245. 

Johnsen O, Fossdal CG, Nagy N, Molmann J, Daehlen OG, Skroppa T, 2005. Climatic adaptation in Picea abies 
progenies is affected by the temperature during zygotic embryogenesis and seed maturation. Plant Cell and 
Environment. 28: 1090-1102. 

Johnsen O, Skroppa T, 1996. Adaptive properties of Picea abies progenies are influenced by environmental signals 
during sexual reproduction. Euphytica. 92: 67-71. 

Jorge I, Navarro RM, Lenz C, Ariza D, Jorrín J, 2006. Variation in the holm oak leaf proteome at different plant 
developmental stages, between provenances and in response to drought stress. Proteomics. 6: S207-S214. 

Jump AS, Penuelas J, 2005. Running to stand still: adaptation and the response of plants to rapid climate change. 
Ecology Letters. 8: 1010-1020. 

Kallberg Y, Oppermann U, Jornvall H, Persson B, 2002. Short-chain dehydrogenases/reductases (SDRs). European 
Journal of Biochemistry. 269: 4409-4417. 

Karr TL, 2007. Application of proteomics to ecology and population biology. Heredity: 1-7. 
Klose J, 1982. Genetic variability of soluble proteins studied by two-dimensional electrophoresis on different inbred 

mouse strains and on different mouse organs. Journal of Molecular Evolution. 18: 315-328. 
Kumar N, Kumar S, Vats SV, Ahuja PS, 2006. Effect of altitude on the primary products of photosynthesis and the 

associated enzymes in barley and wheat. Photosynthesis Research. 88: 63-71. 
Leonardi A, Damerval C, Devienne D, 1988. Organ-specific variability and inheritance of maize proteins revealed by 

two-dimensional electrophoresis. Genetical Research. 52: 97-103. 
Lexer C, Van Loo M, Barbara T, 2007. Towards forest community and ecosystem genomics. New Phytologist. 173: 

673-676. 
Lindgren D, Wei RP, 1994. Effects of maternal environment on mortality and growth in young Pinus sylvestris in field 

trials. Tree Physiology. 14: 323-327. 
Liu M, Colombini M, 1992. Regulation of mitochondrial respiration by controlling the permeability of the outer 

membrane through the mitochondrial channel, VDAC. Biochimica et Biophysica Acta. 1098: 255-260. 
Lum JHK, Fung KL, Cheung PY, Wong MS, Lee CH, Kwok FSL, Leung MCP, Hui PK, Lo SCL, 2002. Proteome of 

Oriental ginseng Panax ginseng C. A. Meyer and the potential to use it as an identification tool. Proteomics. 2: 
1123-1130. 

Lundkvist K, 1979. Allozyme frequency distributions in four Swedish populations of Norway spruce (Picea abies K.). 
Hereditas. 90: 127-143. 

MacIntyre RJ, 1982. Regulatory genes and adaptation - past, present, and future. Evolutionary Biology. 15: 247-285. 



 14

Manella CA, Colombini M, 1984. Evidence that the crystalline arrays in the outer membrane of Neurospora 
mitochondria are composed of the voltage-dependent channel, VDAC. Biochimica et Biophysica Acta. 774: 
206-214. 

Manella CA, Forte M, Colombini M, 1992. Toward the molecular structure of the mitochondrial channel. Journal of 
Bioenergetics and Biomembranes. 24: 7-19. 

Marquès K, Sarazin B, Chané-Favre L, Zivy M, Thiellement H, 2001. Comparative proteomics to establish genetic 
relationships in the Brassicaceae family. Proteomics. 1: 1457-1462. 

Mitton JB, Duran KL, 2004. Genetic variation in pinon pine, Pinus edulis associated with summer precipitation. 
Molecular Ecology. 13: 1259-1264. 

Mitton JB, Sturgeon KB, Davis ML, 1980. Genetic differentiation in ponderosa pine along a steep evevational transect. 
Silvae Genetica. 29: 100-103. 

Navas A, Albar JP, 2004. Application of proteomics in phylogenetic and evolutionary studies. Proteomics. 4: 299-302. 
Notredame C, Higgins D, Heriga J, 2000. T-Coffee: A novel method for multiple sequence alignments. Journal of 

Molecular Biology. 302: 205-217. 
Oleksyn J, Modrzynski J, Tjoelker MG, Zytkowiak R, Reich PB, Karolewski P, 1998. Growth and physiology of Picea 

abies populations from elevational transects: common garden evidence for altitudinal ecotypes and cold 
adaptation. Functional Ecology. 12: 573-590. 

Petit RJ, Hampe A, 2006. Some evolutionary consequences of being a tree. Annual Review of Ecology, Evolution and 
Systematics. 37: 187-214. 

Puglisi S, Lovreglio R, Attolico M, 1999. Subpopulation differentiation along elevational transects within two Italian 
populations of Scots pine (Pinus sylvestris L.). Forest Genetics. 6: 249-258. 

R-Development-Core-Team. 2006. R: A language and environment for statistical computing. Vienna, Austria, 
http://www.R-project.org: R Foundation for Statistical Computing. 

Rocco M, D'Ambrosio C, Arena S, Faurobert M, Scaloni A, Marra M, 2006. Proteomic analysis of tomato fruits from 
two ecotypes during ripening. Proteomics. 6: 3781-3791. 

Rockman MV, Kruglyak L, 2006. Genetics of global gene expression. Nature Reviews Genetics. 7: 862-872. 
Saxe H, Cannell MGR, Johnsen Ø, Ryan MG, Vourlitis G, 2001. Tree and forest functioning in response to global 

warming. New Phytologist. 149: 369–400. 
Scheepers D, Eloy M-C, Briquet M, 1997. Use of RAPD patterns for clone verification and in studying provenance 

relationships in Norway spruce (Picea abies). Theoretical and Applied Genetics. 94: 480-485. 
Shevchenko A, Tomas H, Hsavlis J, Olsen JV, Mann M, 2006. In-gel digestion for mass spectrometric characterization 

of proteins and proteomes. Nature Protocols. 1: 2856-2860. 
Sieffert A, 1988. Genetic polymorphism in Norway spruce, Picea abies (L.) Karst, assessed by two-dimensional gel 

electrophoresis of needle proteins. Trees. 2: 188-193. 
Skinner FS, Timko MP, 1998. Loblolly pine (Pinus taeda L.) contains multiple expressed genes encoding light-

dependent NADPH:Protochlorophyllide Oxidoreductase (POR). Plant Cell Physiology. 39: 795-806. 
Skinner FS, Timko MP, 1999. Differential expression of genes encoding the light-dependent and light-independent 

enzymes for protochlorophyllide reduction during development in loblolly pine. Plant Molecular Biology. 39: 
577-592. 

Skroppa T, Johnsen O. 2000. Patterns of adaptive genetic variation in forest tree species; the reproductive environment 
as an evolutionary force in Picea abies. In: Forest genetics and sustainability (Mátyás C, editors), London: 
Kluwer Academic Publishers; p. 49-58. 

Skroppa T, Nikkanen T, Ruotsalainen S, Johnsen O, 1994. Effects of sexual reproduction at different latitudes on 
performance of the progeny of Picea abies. Silvae Genetica. 43: 298-304. 

Sonnhammer ELL, Eddy SR, Birney E, Bateman A, R D, 1998. Pfam: multiple sequence alignments and HMM-profiles 
of protein domains. Nucleic Acids Research. 26: 320-322. 

Streb P, Josse E, Gallouet E, Baptist F, Kuntz M, Cornic G, 2005. Evidence for alternative electron sinks to 
photosynthetic carbon assimilation in the high mountain plant species Ranunculus glacialis. Plant Cell and 
Environment. 28: 1123-1135. 

Streb P, Shang W, Feierabend J, Bligny R, 1998. Divergent strategies of photoprotection in high-mountain plants. 
Planta. 207: 313-324. 



 15

Stutz HP, Mitton JB, 1988. Genetic variation in Engelmann spruce associated with variation in soil-moisture. Arctic and 
Alpine Research. 20: 461-465. 

Thiellement H, Bahrman N, Damerval C, Plomion C, Rossignol M, Santoni V, de Vienne D, Zivy M, 1999. Proteomics 
for genetic and physiological studies in plants. Electrophoresis. 20: 2013-2026. 

Thiellement H, Seguin M, Bahrman N, Zivy M, 1989. Homeology and phylogeny of the A, S, and D genomes of the 
Triticinae. Journal of Molecular Evolution. 29: 89-94. 

Thiellement H, Zivy M, Plomion C, 2002. Combining proteomic and genetic studies in plants. Journal of 
Chromatography. 782: 137-149. 

Thomas L, Kocsis E, Colombini M, Erbe E, Trus BL, Steven AC, 1991. Surface topography and molecular 
stoichiometry of the mitochondrial channel, VDAC, in crystalline arrays. Journal of Structural Biology. 106: 
161-171. 

Thompson JD, Higgins DG, Gibson TJ, 1994. CLUSTAL W: improving the sensitivity of progressive multiple sequence 
alignment through sequence weighting, positions-specific gap penalties and weight matrix choice. Nucleic 
Acids Research. 22: 4673-4680. 

Thompson P, Bowsher CG, Tobin AK, 1998. Heterogeneity of mitochondrial protein biogenesis during primary leaf 
development in barley. Plant Physiology. 118: 1089-1099. 

Vâlcu CM, Schlink K, 2006a. Efficient extraction of proteins from woody plant samples for two-dimensional 
electrophoresis. Proteomics. 6: 4166-4175. 

Vâlcu CM, Schlink K, 2006b. Reduction of proteins during sample preparation and two-dimensional gel electrophoresis 
of woody plant samples. Proteomics. 6: 1599-1605. 

Vauclare P, Diallo N, Bourguignon J, Macherel D, Douce R, 1996. Regulation of the expression of the glycine 
decarboxylase complex during pea leaf development. Plant Physiology. 112: 1523-1530. 

Vauclare P, Macherel D, Douce R, Bourguignon J, 1998. The gene encoding T protein of the glycine decarboxylase 
complex involved in the mitochondrial step of the photorespiratory pathway in plants exhibits features of light-
induced genes. Plant Molecular Biology. 37: 309-318. 

Weinkauf M, Hiddemann W, Dreyling M, 2006. Sample pooling in 2-D gel electrophoresis: A new approach to reduce 
nonspecific expression background. Electrophoresis. 27: 4555-4558. 

Wright SI, Gaut BS, 2004. Molecular population genetics and the search for adaptive evolution in plants. Molecular 
Biology and Evolution. 22: 506-519. 

Zdobnov EM, Apweiler R, 2001. InterProScan - an integration platform for the signature-recognition methods in 
InterPro. Bioinformatics. 17: 847-848. 

 



 1

 
 
Supplementary data 
 
Protein polymorphism between two Picea abies populations revealed by two-dimensional gel 
electrophoresis and tandem mass spectrometry 
 
Cristina-Maria Valcu, Céline Lalanne, Gerhard Müller-Starck, Christophe Plomion, Katja Schlink 

 
 
 
 
 
 
The peptides on the basis of which the spots were identified by mass spectrometric analysis were 
numbered according to  their mass in ascending order for each spot and mapped on the matching Picea 
clones. 
GeneDoc (Nicholas & Deerfield) was used for sequence alignment shading. 
For each protein spot peptides are numbered according to their mass in ascending order. 
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Fig. S1. Peptides of spot 3 mapped on Picea sitchensis clone GI 70281181 and Picea glauca clone GI 
40766142. Clone GI 70281181 is lacking the C-terminus while clone GI 40766142 is the lacking the 
N-terminal sequence. 
 

 
Fig. S2. Peptides of spot 4 mapped on Picea sitchensis clone GI 70220849 
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Fig. S3. Peptides of spot 7 mapped on Picea sitchensis clone GI 70329853  
 
 
 
 

 
Fig. S4. Peptides of spot 9 mapped on Picea sitchensis clone GI 70229422 
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Fig. S5. Peptides of spot 12 mapped on Picea engelmanii x P. glauca clones GI 49025207 and GI 
68773919 
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Fig. S6. Peptides of spot 19 mapped on Picea engelmanii x P. glauca clone GI 68773949 
 
 
 

 
Fig. S7. Peptides of spot 14 mapped on Picea sitchensis clone GI 70318841 and Picea glauca clone GI 
70635044 
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Fig. S8. Peptides of spot 16 mapped on Picea sitchensis clone GI 70222904 and Picea engelmanii x P. 
glauca clone GI 49024400. Clone GI 70222904 is lacking the C-terminus while clone GI 49024400 is 
lacking the N-terminal sequence. 
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Running title: Changes in Fagus sylvatica proteome following pathogen attack and wounding 
 
Abstract 
 
Defence responses of Fagus sylvatica seedlings elicited by infection with the root pathogen Phytophthora 
citricola and wounding were compared at local and systemic levels in differential display experiments 
using two-dimensional gel electrophoresis of proteins. In order to enable the direct comparison of plant 
reaction following the two types of stress infection and wounding experiments were carried out in parallel 
under similar conditions. Several overlaps were observed between the protein expression patterns in 
response to pathogen attack and wounding, consisting of co-regulated as well as differentially expressed 
proteins. The results are in accord with known inter-regulation of signalling and defence pathways 
elicited by pathogens and herbivores and suggest antagonistic connections between them. 
 
Key words: proteomics, stress, pathogen, wounding 
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1 Introduction 
 
Investigations of plant response to different biotic and abiotic stressors in the last decades have revealed 
the existence of plant defence mechanisms of high complexity. Plant responses to different types of stress 
are not seen as linear series of independent events any longer but rather as overlapping inter-regulated 
networks strongly influenced by plant growth and development 1 as well as by environmental conditions 
2. The existence of crosstalk between signalling pathways triggered by pathogen attack and leading to 
salicylic acid (SA)-dependent systemic acquired resistance (SAR) or by herbivores/wounding and leading 
to jasmonic acid (JA)/ethylene-dependent induced systemic resistance (ISR) has been widely documented 
3-9. The best way to understand such complex defence systems is the parallel investigation, in comparable 
conditions, of plants’ reactions to different stressors.  
 
In case of incompatible interactions, plant responses to pathogens often involve the rapid and localised 
cell death at the site of pathogen penetration, known as hypersensitive response (HR). HR prevents the 
spread of the pathogen and, with few exceptions 10,11 is coupled with SA accumulation 12,13. Subsequently 
a state of enhanced resistance (SAR) is established at systemic level, also believed to involve SA 
signalling 14,15. Although patterns of response to pathogen attack common to many species have been 
described, pathogen recognition as well as the defence mechanisms activated in the plant following this 
recognition 12,16 are often pathosystem-specific. Compatible plant-pathogen interactions are established 
when the plants fail to recognize the pathogen and result in plant susceptibility to the given pathogen. 
Local pathogen-induced necrosis can in this case be the inducer of SAR 3. Also in this type of interaction, 
plant’s defence reactions against the pathogen are largely host and pathogen specific. 
 
Plant response to herbivores/wounding is as complex as the response to pathogens. Depending on the 
attack/wounding site, different parts of the plant respond differently 17, and the response patterns are often 
species-specific 18. In response to herbivores/wounding, plants can increase their direct resistance against 
herbivores 19-21 or attract parasitoids or predators of the herbivores 22-24. The same effects can be induced 
in unharmed neighbouring plants 25 following perception of volatile organic compounds (VOC) 26,27 
including methyl jasmonate 28,29 emitted by individuals under attack.  
 
The aim of this study was to compare the plant-pathogen and plant-herbivore interactions and to identify 
and characterise common and specific patterns of gene expression. As model systems we chose wounding 
as elicitor of herbivore defence response and the pathosystem Fagus sylvatica - Phytophthora citricola.  
 
Phytophthora is a oomycetes genus of which more than 60 species have been described to date 30. Most of 
them are destructive pathogens covering a wide range of host specificity: from species specific, like P. 
quercina – for Quercus genus 31 or alder Phytophthora – for Alnus genus 32 to pathogens which can attack 
hundreds of hosts, like P. cinnamomi, P.parasitica / nicotianae or P. cactorum 30. Soilborn species of this 
genus have been suggested to be involved in the Fagus sylvatica and Quercus sp. decline syndromes 31,33-

36 and in the Ink Disease of Castanea sativa 37.  
 
P. citricola is one of the most frequent Phytophthora species isolated from forest sites across Europe 31,33-

35,37-40 and around the world 41-46 and has a broad host range, from agricultural to tree species. Among 
woody plants susceptible to P. citricola infection we can count species from more than 20 genera a. In 
woody plants like Eucalyptus calophylla 61, Theobroma cacao 62 or Prunus dulcis 63, the defence reaction 

                                                           
a e.g. Abies fraseris 47, Abies procera 48, Actinidia deliciosa 49, Alnus glutionosa 50, Banksia hookeriana, B. ashbyi, B. coccinea, 
B. menziesii, B. prionotes 51, Castanea sativa 32,37, Chamaecyparis lawsoniana 32, Eucaliptus marginata 41, Fagus sylvatica 32, 
Hevea brasiliensis 46, Juglans hindsii 43, Juglans nigra 52, Laurus nobilis 39, Malus domestica 53,  Mangifera indica 40, Persea 
indica 54, P. americana 55, Picea abies 56, Pieris japonica 45, Pinus radiata 57, Pyrus communis 53, Prunus cerasus 58, Prunus 
dulcis 59, Quercus cerris, Q. petraea 31,34, Q. ilex, Q. frainetto, Q. pubescens, Q. robur 31,33, Rhododendron sp. 60 
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of resistant plants against infection with Phytophthora species includes increased levels of phenylalanine 
ammonia lyase (PAL) activity in roots and cell wall reinforcement by deposition of lignin at the infection 
site. However, the defence reaction of infected woody plants during compatible interaction with P. 
citricola has been little studied 64.  
 
F. sylvatica is the most abundant and dominant broad leafed tree species in Central and Eastern Europe, 
and exhibits high susceptibility to P. cambivora, P. cinnamoni, P. citricola 32, P. kernoviae, P. 
gonapodyides, P. ramorum 65 and P. cactorum 66. Among these species, P. citricola is particularly 
aggressive 66 and the morphological and physiological consequences of F. sylvatica root infection with 
this pathogen have been addressed in several studies 64,67,68. The intimate mechanisms of the plant-
pathogen interaction are however, not known. More detailed investigations of this pathosystem are 
necessary in order to better understand the pathogenesis and the defence mechanisms involved. 
 
Proteomic techniques emerged in the last years as very powerful tools for the study of plant’s reaction to 
different stress factors, including plant-pathogen interactions 69-75, plant-herbivores interactions 76 and 
wounding 76,77. Although rather laborious as compared for example with transcriptome analysis using 
microarrays, investigations at proteome level have the advantage to supply information on the actual 
protein expression level, isoforms and post-translational modifications 78. We therefore undertook a 
proteomic approach in order to compare local and systemic changes in protein expression following 
infection of F. sylvatica seedlings with P. citricola and following leaf and root wounding. A set of wound 
experiments was designed to allow the identification of different wound response patterns and the 
estimation of the degree to which they overlap with plant’s response to root infection. 
 
2 Material and methods 
 
2.1 Chemicals and equipment 
2-DE electrophoresis and image digitisation were performed with equipment purchased from GE 
Healthcare (Freiburg, Germany): Ettan IPGPhor, Ettan Dalt6, ImageScanner. IPG strips, acrylamide and 
bisacrylamide, Tris, glycine, glycerol, SDS, urea, DTT, CHAPS, Pharmalyte 3-10 and DeStreak reagent 
were also from GE Healthcare. IAA was from Merck (Darmstadt, Germany). TCA was from Roth 
(Karlsruhe, Germany). TCEP, thiourea, isopropanol, dodecyl maltoside and SB 3-10 were from Sigma-
Aldrich (Taufkirchen, Germany). Protein RC-DC Protein Assay was from Bio-Rad (München, Germany). 
All chemicals used were of analytical grade. MilliQ water was used for all solutions. 
 
2.2 Plant material 
F. sylvatica seeds (R0016812 FOD Gessertshausen, elevation: 540-600m a.s.l.) were washed two times 
with sterile distilled water and floating seeds were discarded. For germination seeds were placed on paper 
towels moistened with sterile distilled water and kept in dark, at 10°C. When roots reached approximately 
1cm, the seeds were gradually transferred to normal light and room temperature conditions, in individual 
tubes containing sterile tap water (liquid system) or in individual pots (soil system).  
 
2.3 Experiment design 
In order to directly compare plant reaction following pathogen attack and wounding, infection and 
wounding experiments of F. sylvatica saplings were carried out in parallel under similar conditions as 
described below.  
 
2.3.1 Infection experiments  
Three months old F. sylvatica saplings were infected with the root pathogen P. citricola in soil and in 
liquid system. 
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For experiments in soil system, a 1:1 peat:vermiculite mixture was used to ensure appropriate pH 
conditions (4.4 - 5) for the pathogen development 31. P. citricola was cultured on V8-juice agar plates and 
inoculation of plants was performed according to 79. To stimulate zoospores production and release, the 
pots were flooded 1cm above soil level for 6 days. When first symptoms of leaf wilting appeared in some 
plants, leafs were sampled from the remaining healthy looking plants. P. citricola was reisolated from 
infected roots on selective agar medium 79 and verified in a PCR reaction using CITR1/CITR2 primers 80. 
For the experiments in liquid system, seedlings with two fully developed leaves were transferred for 
accommodation into 2 litre containers (15 seedlings per container), in which the infection was performed. 
For inoculation, 7mm diameter discs were cut from the edge of a 5 days old P. citricola culture that was 
rinsed with sterile water for the past 24h (in order to remove nutrients and stimulate zoospore formation). 
Containers were inoculated with 1 disc per plant; control plants received discs from non-inoculated plates 
treated as the P. citricola culture. Sampling was performed at several stages of infection: early (3h to 
24h), middle (2 days) and late, at the appearance of first symptoms of root tip browning (4 to 6 days). 
Root infection was verified as above. The infection experiment in liquid system was repeated in the 
subsequent year for validation. 
For 2DE, proteins were extracted from P. citricola grown in liquid medium 81. 
 

2.3.2 Wounding experiments 
Three months or one year old F. sylvatica saplings were subjected to wounding experiments under 
different experimental setups in order to distinguish different wound response patterns depending on the 
wounded organ. Leaf wounding was performed with a cork borer of 15mm diameter; the leaf discs thus 
obtained were used as control samples. Roots were wounded using scissors. Samples were harvested at 3h 
after wounding. 
Local and systemic (leaves) plant response to leaf wounding was investigated in three month old plants 
grown in soil system. The systemic response was also compared for leaves above and below the wounded 
leaf using one year old plants grown in soil. Seedlings response to volatile signals was investigated in 
plants that “witnessed” the wounding of neighbouring plants. The systemic (at leaf level) and local (at 
root level) response to root wounding was characterised for plants grown in liquid system, which allowed 
a “stress free” access to the root samples. 
 

2.4 Protein sample preparation 
Leaf samples from all experiments were harvested with a cork borer with 15mm diameter while roots 
where blotted dry gently and cut with a scalpel. All plant material was frozen in liquid nitrogen within 30 
seconds. Each sample consisted of equal amount of plant material pooled from several individuals (15 
individuals for the experiments in liquid system and 35 for experiments in soil system). All samples were 
harvested in duplicate; the duplicates were processed independently as technical replicates. 
 

Sample preparation for 2-DE and the composition of the extraction buffer were previously optimised for 
all samples 82,83. After grinding in liquid nitrogen, over night precipitation with 10%TCA, 1%PVPP, 
0.07% ME in acetone and two times washing with 0.07% ME in acetone, samples were extracted in 
sample buffer (1.5ml/0.1g tissue powder for the leaf samples and 1ml/0.1g tissue powder for the root 
samples) and sonicated for 30 min in a water-bath sonicator. Leaf proteins were extracted in buffer 
containing 7M urea, 2M thiourea, 100mM DTT, 2% OG and 0.5% Pharmalyte 3-10. For the extraction of 
root proteins, the sample buffer contained 7M urea, 2M thiourea, 2mM TCEP, 50mM DTT, 2% DM and 
0.5% Pharmalyte 3-10. After centrifugation the supernatant was collected and stored at -76°C until IEF 
and the pellet was further processed for the extraction of proteins with low solubility. After two times 
washing with 40mM pH8.8 Tris-HCl buffer for the removal of urea, the pellet was extracted in hot (95°C) 
SDS buffer (0.4M pH8.8 Tris-HCl, 2% SDS, 3% EDTA, 1% DTT), sonicated for 30 min in a water bath 
sonicator and boiled for 5 min. Proteins were alkylated with 4% IAA (20mg solid IAA were added to 
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500µl extract and incubated in dark, at room temperature for 30 min) and separated by SDS-PAGE. 
Protein concentration was measured using the RC-DC Protein Assay (Bio-Rad). 
 

2.5 Two-dimensional gel electrophoresis 
Samples were applied by cup-loading on IPG strips previously rehydrated for at least 12h. Cups were 
applied near the cathode for the 4-7 IPGs (24cm) and near the anode for the 6-11 IPGs (18cm). Leaf 
proteins were focused in buffer containing 7M urea, 2M thiourea, 100mM HED, 2% OG, 0.5% 
Pharmalyte 3-10 and 0.002% BPB. In the case of root proteins, 2% CHAPS was used during focusing 
instead of 2%DM. Acidic root proteins were focused in buffer containing two reducing agents, as in the 
extraction buffer (2mM TCEP and 50mM DTT) but basic IPG strips were rehydrated with buffer 
containing 100mM HED, as for leaf proteins. 10% isopropanol was added to the rehydration buffer for 
the basic samples. Focusing was performed at 20°C and 50mA/IPG gel strip in an Ettan IPGPhor Cup 
Loading Manifold for a total of 55kVhr or 60kVhr for the acidic and basic gradients, respectively. After 
focusing, IPG strips were stored at -76°C until the second dimension.  
A two step equilibration was performed before the second dimension, 2%DTT being added to the 
equilibration buffer (50mM Tris HCl pH 8.8, 6M urea, 2% SDS, 30% (w/v) glycerol, 0.002% BPB) in the 
first step, and 4% iodoacetamide supplementing the same buffer in the second step. The second 
dimension was performed using Laemmli’s buffer system, in 10%, 1mm thick polyacrylamide gels. Silver 
staining was performed according to Heukeshoven and Dernick 84, with the exception that the acetic acid 
in the stop solution was replaced with 1% glycine.  
 

2.6 One-dimensional electrophoresis 
Proteins with low solubility were separated by SDS-PAGE in 15% 1mm thick gels, using Laemmli’s 
buffer system. Six µg of protein were loaded per lane and gels were stained with silver following the 
same protocol as for the 2DE gels.  
 

2.7 Image and data analysis 
Gels were scanned under blue light at 300dpi, with ImageScanner (GE Healthcare). Spot identification 
and quantitation were performed with Progenesis SameSpots (Nonlinear Dynamics). In order to 
compensate for small between-gels variation due to differences in protein load and/or staining, spot 
volumes normalised per gel were exported and z-scores computed per gel were used for all statistical 
analysis. One dimensional SDS-PAGE gels were analysed with ImageQuant 5.2 (Molecular Dynamics). 
All statistical analyses were performed with R2.4.0 85 using the following packages: clValid 86, vcd 87, 
effects 88 and nlme 89.  
 

2.8 Sample preparation for mass spectrometric analysis 
For preparative 2-DE, samples were loaded by paper bridge loading and focusing was prolonged to 
65kVhr for acidic gradient and 72kVhr for basic gradient. Gels were stained with Colloidal Coomassie G-
250 staining according to Anderson 90 or with MS-compatible silver staining. Protein spots cut from the 
Coomassie stained gels were destained with 40% ethanol / 50mM ammonium bicarbonate; spot cut from 
silver stained gels were destained in a 30mM potassium hexacyanoferrate / 100mM sodium thiosulphate 
1:1 mixture. After dehydration with acetonitril, drying for 30 min under vacuum, reduction and alkylation 
91 spots were washed and dehydrated with acetonitrile, dried again under vacuum and stored at -20°C 
until analysis. 
 
3 Results 
 

3.1 Infection of Fagus sylvatica seedlings with the root pathogen Phytophthora citricola 
Infection symptoms following the inoculation with the root pathogen P. citricola were recorded at leaf 
level for the experiments in soil system and at root level for the experiments in liquid system. Root tip 
browning was observed after 4-6 days from inoculation, while leaf wilting of plants infected in soil 
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system was recorded 7 days after inoculation (one day after the end of the flooding period). In the case of 
plants infected in soil system, only one leaf was sampled from apparently healthy plants when first 
wilting symptoms were recorded in the infected lot, allowing us to continue the record of above ground 
symptoms (Figure 1). 90% of the inoculated plants showed wilting symptoms within the first two weeks 
from inoculation and all except one had clear symptoms before 46 days (40 days from the end of the 
flooding period). All plants died within 2-3 days from the appearance of first symptoms. Only two control 
plants showing symptoms different from the infected plants died within this period (at 21 and 46 days 
from inoculation, respectively). 
 
3.2 Protein regulation following pathogen attack and wounding 
Proteins with low solubility separated by SDS-PAGE did not exhibit any consistent differences in 
expression levels between the control and treated samples neither in the infection nor in the wounding 
experiments (not shown). 
Protein spots separated by 2-DE and regulated following stress were identified based on two criteria. 
Firstly, differences in protein expression were assessed between control and treatment samples using t-
tests (paired t-tests in case of samples originating from the same plants, as in the wound experiment) or 
linear mixed effect models 92 (for nested designs as in the infection experiment in liquid system) with the 
z scores of spot normalised volume as dependent variable, and the runs nested in samples as random 
factors. Secondly, the protein spots that exhibited statistically significant differences between the control 
and treated plants were subjected to further statistical investigation in order to establish if the observed 
fold variation could originate solely from biological and/or experimental variation. 
The level of spot volume variation that can occur by chance alone between biological replicates was 
expressed as the 95% quantile of the fold regulation distribution estimated for each spot based on pairs of 
two replicates randomly chosen form a pool of six independent biological replicates. This quantile was 
used together with each spot’s parameters to calculate spot-specific levels of intrinsic variation (see 
Supplementary material 1), used as thresholds above which differences in spot volumes between control 
and treated samples can be considered to represent protein expression regulation in response to stress. 
Protein spots exhibiting both statistically significant differences and a fold variation that exceeded the 
spot-specific threshold calculated as described above were considered regulated in response to the 
treatment applied (pictures in Supplementary Material 2). 
 
Additional controls were designed in order to distinguish protein spots which belonged to the P. citricola 
proteome among the spots that appeared up-regulated or induced on the 2-DE gels of the infected root 
samples. Investigation of 2DE protein expression patterns characteristic to different developmental stages 
of P. palmivora revealed that only approximately 1% of proteins are specific to a particular stage 93. We 
therefore considered that the 2-DE pattern established for P. citricola grown in liquid culture would 
constitute an appropriate control for identifying the majority of proteins expressed by the pathogen. For 
this, samples of P. citricola grown in liquid culture were processed and separated on 2-DE gels in parallel 
with the F. sylvatica samples. To make the correct assignment of spots to the P. citricola or F. sylvatica 
proteome possible, a 1:1 mixture of their protein extracts was separated in parallel and matched to the 
individual gel samples. 
Out of the protein spots that appeared as up-regulated or induced in the root samples particularly during 
the late stages of infection, 86 spots (50 on the acidic pH gradient and 36 on the basic pH gradient) clearly 
matched spots of the P. citricola proteome, all of them prominent spots both on the P. citricola gels and 
on the F. sylvatica/P. citricola 2-DE gels and were therefore eliminated from further analyses.  
 
3.3 Patterns of protein expression following pathogen attack and wounding 
A total of 188 protein spots (142 leaf proteins and 46 root proteins) exhibited significant changes in their 
level of expression following root infection with P. citricola or wounding (Table 1). Among them, 134 
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were specifically regulated following pathogen attack, 36 specifically responded to wounding and 18 
responded to both stressors (Figure 3, Supplementary material 2). 
 
In order to identify and compare general and specific patterns of protein expression in response to root 
infection and leaf or root wounding, proteins were clustered on the basis of their fold regulation and 
expression patterns in all experimental variants (Figure 2). The clustering method was selected using 
clValid package 86. Proteins were clustered by hierarchical clustering based on a similarity matrix 
calculated using Pearson correlation coefficient. Clusters and heat maps (Figure 2) were built with vcd 
package 87 using the fold regulation values for each protein and experimental variant respectively. The 
fold regulation values were positive for the up-regulated proteins and negative for the down-regulated 
proteins and were standardised per protein on a scale [-1, 1]. Values corresponding to experimental 
variants which did not satisfy both the threshold and the significance criteria were replaced with “0”. In 
the clustering were included all proteins found to be regulated (both criteria satisfied) following any of 
the applied treatments as well as four proteins that satisfied the threshold criterion and exhibited 
marginally significant differences in their expression in several experimental variants. The cluster also 
included four protein spots with marginally significant regulation, suspected to be isoforms of 
neighbouring spots already selected as being regulated following one of the applied treatments. The 
clusters revealed several patterns of protein expression regulation in response to infection and wounding, 
as illustrated in Figure 3. 
 
3.4 Defence response against Phytophthora citricola 
Plants grown in liquid system responded to infection with the local regulation (roots) of 34 protein spots 
(22 up-regulated and 12 down-regulated) and the systemic regulation (leaves) of 48 protein spots (31 up-
regulated and 17 down-regulated). Protein expression patterns were temporally specific. Different sets of 
proteins were systemically regulated during early and late stages of infection (12 and 36 proteins, 
respectively). The local response during early and late stages of infection (consisting of 8 and 30 proteins, 
respectively) shared only four regulated proteins (three up-regulated and one down-regulated) (Figure 2). 
A higher number of proteins were systemically regulated following infection in the leaves of plants 
infected in soil system: 102 protein spots (of which 65 up-regulated and 37 down-regulated). Of these 
proteins, a total of 30 (23 up-regulated and 7 down-regulated) responded both in soil system and in liquid 
system experiments (Figure 2). Overall, similar proportions of the local (leaves) and systemic (root) 
response to infection consisted in up-regulation (65% and 67% respectively) or down-regulation (35% 
and 33% respectively) of protein expression (Figures 2 and 3; for pictures, see Supplementary material 2). 
 
3.5 Defence response against wounding 
31 protein spots significantly changed their level of expression following root wounding (16 local – roots 
and 15 systemic – leaves) and 26 following leaf wounding (2 local, 14 systemic and 10 both local and 
systemic – all leaves). Systemic response to the wounding of roots and of leaves shared only three protein 
spots, all of them down-regulated. Individuals “witnessing” wounding of the neighbouring seedlings 
(denoted “listening tree” in Figures 2 and 3)  also exhibited changes in their protein expression patterns, a 
large part of these changes overlapping with the local or systemic response to infection or wounding (22 
protein spots of which only three specific) (Figures 2 and 3). 
We found only limited evidence for a vertical asymmetry in the systemic response: two protein spots, 
slightly stronger up-regulated in leaves below the wounded leaf as compared to leaves above the level of 
the wounded leaf (for pictures, see Supplementary material 2). 
 
3.6 Overlaps in the Fagus sylvatica response to infection and wounding 
Local infection-induced and wound-induced protein expression patterns partly overlapped: five spots, of 
which three exhibited opposite directions of regulation in response to the two different stressors. Similarly 
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shared responses were observed at systemic level between plant reactions to infection and to root (seven 
proteins) and leaf wounding (six proteins) (Figures 2 and 3). However, most of the stress-responsive 
proteins (90.4%) were stress specific.  
Roots and leaves expressed different sets of stress regulated proteins following both infection and 
wounding, in full accord with previous investigations at transcriptome level, which showed that plant 
response to different types of stress is largely organ-specific 2. 
 
4 Discussion 
 
4.1 Symptoms of Fagus sylvatica infection with Phytophthora citricola 
Among Phytophthora species, F. sylvatica is particularly sensitive to P. citricola, which severely 
damages plant’s root system causing local necrosis 67,68. The pathogen exhibits a higher capacity to 
colonise F. sylvatica phloem tissues laterally as compared for example to species usually recognised as 
aggressive like P. cambivora and P. cinnamoni 32. P. citricola causes 100% root rot in young seedlings as 
compared to 80% root damage produced by P. cambivora and less than 25% caused by P. syringae and P. 
undulata 64. The same study found the decrease of water use efficiency to be more severe in saplings 
infected with P. citricola than in saplings infected with any of the other three pathogens 64. 
 
P. citricola isolates have been morphologically and/or genetically divided into several groups, suggesting 
that they form a species or subspecies complex 34,35,41,94. The virulence largely differs among types and 
isolates 34 and plant susceptibility to infection varies between species and ecotypes 95 as well as seasonally 
32. Several tree species have been found to exhibit increased susceptibility to P. citricola during the period 
of maximum growth, e.g. Juglans hindsii 43, Persea americana 44. The incidence of Phytophthora 
mediated diseases is significantly increased when infection is associated with other environmental 
stressors 33,37 like flooding, particularly when this occurs in the period of active plant growth 32,43,44. The 
amplification of the hydrological cycle 96 predicted to result from climatic changes are thus likely to 
amplify the risks associated to such diseases in both natural and managed ecosystems (reviewed in 97).  
 
Morphologically, the infection of F. sylvatica roots with P. citricola causes a significant reduction of the 
belowground biomass i.e. a reduction with almost 50% of the fine root length (<0.5mm diameter) 67,68. 
Above ground symptoms are generally unspecific, consisting mainly in chlorosis and wilting as for 
example in Juglans seedlings 68 or Fagus 64. At physiological level, the infection results in weakened 
rhizosphere activity and nutrient uptake 67,68 accompanied by a severe reduction of photosynthesis and 
transpiration 64 and a reallocation of nutrients out of the damaged roots systems 67. Plants were also shown 
to suffer from severe drought 64 and oxidative stress 68 symptoms.  
 
In our experiments, F. sylvatica seedlings infected with P. citricola exhibited root and leaf symptoms 
similar to those observed in the studies described above. In the liquid infection system root tip necrosis 
was observed in the present study after 4-6 days from inoculation with P. citricola. Leaf wilting 
symptoms were first recorded after 7 days post-inoculation, and continued to appear until 45 days in the 
soil infection system. After 48 days from the on-set on the experiment, all but one plant have died. This 
high rate of mortality (99.5%) of infected seedlings is in accord with previous reports on the high 
sensitivity of young F. sylvatica seedlings to in infection with P. citricola as compared to 1 year old 
saplings 64. 
 
4.2 Protein regulation following pathogen attack and wounding 
Two criteria were used for the identification of differentially expressed proteins: proteins had to exhibit 
statistically significant differences in their level of expression between control and treated samples, and 
their fold regulation had to exceed a spot-specific threshold of variation that could appear by chance alone 
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in the study population. This method is a rather conservative approach for identification of differential 
protein expression. We preferred such an approach for our experiments because it is restrictive in what 
concerns the number of false positives resulting from experiments performed on low number of 
replicates. 
 
The efficiency of few clustering methods in the identification of patterns of protein expression across 
different treatments was tested (not shown). The best results were obtained when the fold regulation 
values were standardised per protein as described in the results section (3.3). This approach represents a 
slight modification of the method suggested by Lippert et al. 76 and can reveal patterns of protein 
expression independent of the absolute protein abundance and fold regulation. 
 
4.3 Phytophthora-induced responses 
Ample changes in F. sylvatica protein expression were induced following root infection with P. citricola 
at both local and systemic levels. Although relatively more proteins were regulated as part of the systemic 
response to root infection, it is possible that the amplitude of the local response was underestimated due 
to technical limitations. The simultaneous separation of F. sylvatica and P. citricola proteomes on the 
same gel in the case of infected roots resulted in a high level of spot overlap. Although additional controls 
were designed to circumvent this issue (see section 3.2) it is still likely that many regulated protein spots 
could not be detected. Narrow range IPGs could improve the detectability of such spots 98, if enough 
biological material is available and/or if sample prefractionation methods are used prior to 2-DE 99. 
 
Comparatively more systemic stress-responsive proteins were identified in the leaves of plants infected in 
soil system. This was most likely due to the higher number of biological replicates which increased the 
confidence of the differential expression identification. Systemic response to infection of plants from the 
liquid system and soil system experiments shared 30 proteins, representing 63% and 29% of the protein 
regulated in the two types of experiments, respectively. The differences in stress-induced expression 
patterns between different experiments are not unexpected, since it is known that plant’s response to 
stress is largely determined by the physiological status and environmental/experimental conditions 2. 
 
As much as 16% of the proteins regulated following Phytophthora infection were also regulated 
following plant wounding (Table 1). This suggests the capacity of Phytophthora infection to elicit not 
only classical pathogen-induced plant defences but also herbivore/wound-induced reactions. Indeed, 
Phytophthora species were confirmed to induce both SA-dependent and independent responses in several 
host species. Soybean for example up-regulates in response to elicitation with the β-1,3/1,6 glucan elicitor 
from P. sojae cell wall (WGE) not only the expression of PR-1a protein but also of several JA/ET 
dependent PR proteins which are induced by wounding (PR-2, PR-4 and PR-10) 100. During an 
incompatible interaction with tobacco, PB90 - a 90kDa protein elicitor of P. boehmeriae - induces HR 
and SAR to fungal, bacterial and viral pathogens 101. Both reactions were shown to involve formation of 
H2O2. Although the elicitor induces local and systemic accumulation of SA, only SAR is mediated by SA 
102. PB90 induces both tobacco PR-1a (SA-dependent) and PR-1b (JA-activated), suggesting the 
activation of either SA-dependent and SA-independent signal transduction pathways 102. 
Tobacco plants infected with P. parasitica nicotianae 103 and Solanum cultivars infected with P. infestans 
104 up-regulate the expression of lipoxygenase (LOX) during compatible as well as incompatible 
interactions. LOX is presumably involved in JA-dependent defence against pathogens. The earlier 103 and 
stronger 104 activation of LOX during incompatible as compared to compatible interactions supports its 
contribution to plant resistance.  
Another class of elicitors secreted by the majority of Phytophthora species are the elicitins, 10kDa sterol 
carrier proteins 105-107 known to induce HR and SAR 108. Elicitins are translocated through the plant 109,110 
and induce local and systemic synthesis of both acidic (SA-dependent) and basic (ethylene-dependent) PR 
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proteins 110. SAR induction by elicitins is SA-dependent 110 and might not require a plant messenger but 
could be mediated by the translocated elicitin itself 109. 
A glycoprotein elicitin from P. megasperma, inducer of HR and SAR in tobacco was shown to increase 
local but not systemic O-methyltransferase (enzyme on the phenylpropanoid pathway) activity 111. The 
same elicitin causes local (PR1, PR2, PR3 and PR5) and systemic (PR1, PR2 and PR5) accumulation of 
acidic (SA-dependent) PR proteins as well as local accumulation of basic (ethylene dependent) isoforms 
(PR1, PR2, PR3 and PR5), suggesting that multiple defence pathways are activated also in this 
pathosystem. An elicitin isolated from P. citricola (citricolin) was shown to cause necrosis and to 
decrease gas exchange in tobacco leaves 112. Results from the same study obtained on tobacco cell 
suspension culture suggest that citricolin might also be responsible for inducing oxidative burst 112. 
However, none of the citricolin’s effects on tobacco have been observed on F. sylvatica. 
 
Significant quantitative and qualitative differences have been observed between the responses to 
Phytophthora of genotypes characterised by different levels of tolerance. For example, resistant varieties 
of Capsicum annuum respond to P. capsici elicitors with higher accumulation of lignin and activation of 
peroxidases, as compared to the sensitive varieties 113. A PR protein with peroxidase activity is also 
specifically activated in the resistant variety. 
Gene expression patterns in response to infection with P. infestans were shown to differ between Solanum 
cultivars with different levels of resistance 114,115. These cultivars exhibit differences in the constitutive 
expression of proteins with a putative role in the resistance e.g. PR-1a (SA-dependent), PR-1b (JA-
activated) and a lipid desaturase (modulator of JA signalling) are expressed at higher level by the resistant 
cultivars 114. Additionally, the susceptible cultivars induce a specific set of wound responsive genes in 
response to infection 114, possibly as result of the pathogen’s growth inside the plant’s tissue.  
Early stages of susceptible interactions (e.g. soybean - P. sojae) do not consist in HR but in a biotrophic 
phase in which the pathogen colonises host cells and plant defences like phenylpropanoid methabolism 
and SA-dependent PR1a are activated 116. This stage is followed by a necrotrophic phase associated with 
the apparition of necrotic lesions which can subsequently induce SAR 3. Gene expression patterns change 
during different stages of the compatible interaction reflecting this shift of the pathogen from the 
biotrophic to the necrotrophic stage 116. This could also explain the high temporal specificity we observed 
in the protein regulation patterns induced by P. citricola at both local and systemic levels (Fig. 2).  
 
4.4 Wound-induced responses 
Wounding of roots and leaves induced local and systemic changes in F. sylvatica protein expression 
patterns that partly overlapped (Fig. 3). Partial site specificity of plants’ response to wounding has been 
already described for other species17. The overlap between the local and systemic response to wounding is 
also not surprising, since secondary metabolites like phytoalexins as well as proteins like proteinase 
inhibitors, α-amilase inhibitors, polyphenol oxidase, lectins and basic PR proteins are known to 
accumulate after wounding locally and systemically 117. The involvement of volatile signalling in plant 
resistance to pathogens is however less known. Investigations at transcriptome level suggest that although 
no accumulation of defensive chemicals or proteins occurs, Nicotiana attenuata transplanted close to 
clipped Artemisia tridentata tridentata is primed for defence response against herbivores and accumulates 
faster trypsin proteinase inhibitors after herbivore attack 118. Different studies on the same species also 
found elevated levels of polyphenol oxidase activity and confirmed the increased resistance to herbivores 
of Nicotiana plants that witnessed clipping or herbivore attack on Artemisia 119. Experiments on Alnus 
glutinosa demonstrated that perception of volatile signals results in increased phenolic content and 
increased catalase and proteinase inhibitors activity 29. In F. sylvatica, all proteins shared between the 
pathogen induced reaction and the “listening tree” reaction (7 proteins of which 3 also shared with the 
reaction of wounded plants) exhibited opposite direction of regulation, suggesting a possible antagonistic 
connection between the two reactions. However, since these effects were observed on different 
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individuals, further investigations on multiple stressed plants are needed to confirm a possible trade off 
between the two types of stress response. 
 
Changes in protein expression shared between F. sylvatica response to wounding and pathogen attack 
amounted to almost 60% of the wound-induced response. This extensive overlap could probably explain 
observations that wounding can induce systemic resistance to pathogens 120 while pathogens can activate 
wound responses 121 and confer partial resistance to herbivores 122. This type of resistance is however 
pathogen and host specific, since wounding does not enhance the resistance of Theobroma cacao to 
infection with P. megakarya 123 and wound-activated responses can be inhibited in tobacco by pathogens 
124. Even within the same plant-pathogen-herbivore interaction, cross reactions can be asymmetric 122. 
These data indicate that the overlap of the responses to different stressors does not necessarily imply 
synergic effects 125 but can result in antagonistic effects 126. This is supported by the fact that SA- and JA-
dependent defence pathways are inter-regulated at different levels (e.g. NPR1 7 or fatty acids 127) while 
SA and JA are mutual antagonists 117 and might explain why 13 of the 22 F- sylvatica proteins changing 
expression in response to both infection and wounding were regulated in opposite direction (Table 1, Fig. 
3).  
 
5 Conclusions 
 
Plants’ needs to simultaneously cope with multiple environmental stressors have evolved in complex and 
effective defence mechanisms. Signalling and defence pathways against different types of aggressors like 
pathogens and herbivores are inter-regulated at different levels forming intricate networks designed to 
ensure a maximal chance of survival with a minimal investment of energy. This high level of inter-
regulation was observed at proteome level in F. sylvatica as a relatively high degree of overlap in protein 
expression regulation patterns following infection with the root pathogen P. citricola and wounding. Plant 
responses to the two stressors shared co-regulated proteins as well as proteins differentially regulated at 
both local and systemic level, suggesting possibly antagonistic effects between the pathogen and 
herbivore-induced defences. 
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Table 1 Overview of protein expression regulation following infection with Phytophthora citricola and/or 
wounding. 
 

Infection Wound Unspecific Total
up-regulated 64 7 4

down-regulated 35 19 3
opposite* 10

total 99 26 17
up-regulated 20 5 1

down-regulated 10 6 1
opposite* 3

total 30 11 5
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*Opposite regulation directions in pathogen response compared to wounding. 
 
 
 
Figure 1 
 
Record of above ground symptoms following infection in soil system of Fagus sylvatica seedlings with 
the root pathogen Phytophthora citricola. 
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Figure 2 
 

Cluster analysis of Fagus sylvatica proteins regulated following root infection with Phytophthora 
citricola and/or wounding. 
A. Leaves: 1 - Late systemic response to infection in soil system; 2 - Early systemic response to infection 
in liquid system; 3 - Late systemic response to infection in liquid system; 4 - Local response to leaf 
wounding; 5 - Systemic response to leaf wounding; 6 - „Listening trees“; 7 - Systemic response to root 
wounding 
B. Roots: 1 - Early local response to infection; 2 - Late local response to infection; 3 - Local response to 
root wounding 
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Figure 3 
 
Overview of protein spots exhibiting expression regulation following infection with Phytophthora 
citricola and/or wounding. Spot numbers are the same as in Figure 2 and in Supplementary material 2. 
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Supplementary material 1 
 
 
Predictors of spot volume variation 
 
The level of normalised spot volume variation which occurs solely as a result of biological and 
experimental variation was established based on a set of 6 independent biological replicates. We used 
1396 spots separated on acidic (4-7) pH gradients and 845 spots from basic (6-11) pH gradients. For each 
spot, two groups of duplicates were randomly extracted from the set of 6 replicate normalised spot 
volumes. The fold up-regulation between the two groups was calculated as the ratio between their means 
(the higher over the lower mean). The random extraction was repeated 1000 times per spot and the 95% 
quantile of the fold regulation distribution was retained for each spot. For each spot, the 95% quantile of 
the fold regulation (hereafter the 95% quantile) represents the level of fold difference that can occur by 
chance alone, due to biological and experimental variation in the given experimental conditions.  
Further we used this quantile as a measure of intrinsic spot variability. Linear models with the 95% 
quantile as dependent variable and mean normalised volume, log transformed spot area, circularity and 
position on the 2DE gel (second order polynomials of x, y coordinates to account for non-linear 
dependencies) as predictors were fitted separately for the acidic and the basic gradients. Note that, in 
Progenesis SameSpots, spot parameters (area, x and y coordinates) are invariable per spot, when all gels 
have been analysed within the same experiment. The distribution of the 95% quantile across all spots was 
extreme left skewed and therefore the quantile was Box-Cox (Box and Cox 1964) transformed for 
normalisation (lambdaacidic = -1.77, lambdabasic = -1.25). The simplified models differed slightly for the 
spots on the acidic and on the basic gradients.  
 
Minimal model for acidic gradient 
95% quantile = 0.4932 - 0.0000156*mean normalised spot volume - 0.04009*log area + 
0.1525*circularity -0.2923*x + 0.7894*x2 + 0.8721*y + 0.9596*y2 
 
Minimal model for basic gradient 
95% quantile = 0.4408 -0.00002166*mean normalised spot volume -0.0351*log area + 0.1453*circularity 
+ 0.00006237*x + 0.06521*y + 0.7358*y2 
 
Effect displays of the high-order terms in the linear models (Fig. S1 and S2) were built using the R add-on 
package effects (Fox 2006).  
These models were further used to calculate the level of expected spot variance based on each spot’s 
parameters and to set spot-specific thresholds above which differences in spot volumes between control 
and treated samples can be considered to represent protein expression regulation in response to stress. 



 2

Figure S1. Effect displays plots of the minimal model for acidic gradient.  
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Figure S2. Effect displays plots of the minimal model for basic gradient. 
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Systemic response (leaves) of Fagus sylvatica seedlings grown in soil system to 
root infection with Phytophthora citricola: proteins separated on acidic IPGs (4-7) 
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Systemic response (leaves) of Fagus sylvatica seedlings grown in soil system to 
root infection with Phytophthora citricola: proteins separated on basic IPGs (6-11) 
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Systemic response (leaves) of Fagus sylvatica seedlings grown in liquid system to 
root infection with Phytophthora citricola: proteins separated on acidic IPGs (4-7) 
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Systemic response (leaves) of Fagus sylvatica seedlings grown in liquid system to 
root infection with Phytophthora citricola: proteins separated on basic IPGs (6-11) 
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Local response (roots) of Fagus sylvatica seedlings grown in liquid system to root
infection with Phytophthora citricola: proteins separated on acidic IPGs (4-7) 
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Local response (roots) of Fagus sylvatica seedlings grown in liquid system to root
infection with Phytophthora citricola: proteins separated on basic IPGs (6-11) 
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Systemic response (leaves) of Fagus sylvatica seedlings grown in liquid system to 
root wounding: proteins separated on acidic IPGs (4-7) 
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Systemic response (leaves) of Fagus sylvatica seedlings grown in liquid system to 
root wounding: proteins separated on basic IPGs (6-11) 
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Local response (roots) of Fagus sylvatica seedlings grown in liquid system to root
wounding: proteins separated on acidic IPGs (4-7) 
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Local response (roots) of Fagus sylvatica seedlings grown in liquid system to root
wounding: proteins separated on basic IPGs (6-11) 
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Local response (leaves) of Fagus sylvatica seedlings grown in soil system to leaf
wounding: proteins separated on acidic IPGs (4-7) 
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Local response (leaves) of Fagus sylvatica seedlings grown in soil system to leaf
wounding: proteins separated on basic IPGs (6-11) 
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Systemic response (leaves) of Fagus sylvatica seedlings grown in soil system to 
leaf wounding: proteins separated on acidic IPGs (4-7) 
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Systemic response (leaves) of Fagus sylvatica seedlings grown in soil system to 
leaf wounding: proteins separated on basic IPGs (6-11) 
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Response (leaves) of Fagus sylvatica seedlings grown in soil system to the
wounding of neighboring seedlings: proteins separated on acidic IPGs (4-7) 
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Response (leaves) of Fagus sylvatica seedlings grown in soil system to the
wounding of neighboring seedlings: proteins separated on basic IPGs (6-11) 
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Response (leaves) of Fagus sylvatica seedlings grown in soil system to leaf
wounding : proteins separated on basic IPGs (6-11) 

Evidence for asymmetric transmission of wounding signal.
1: leaves above the wounded leaf
2: leaves below the wounded leaf
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