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Proteomic investigation of natural variation between
Arabidopsis ecotypes
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Two-dimensional (2-D) gel electrophoresis and peptide mass fingerprinting were used to
investigate the natural variation in the proteome among 8 Arabidopsis thaliana ecotypes,
of which 3 were previously shown to display atypical responses to environmental stress.
Comparison of 2-D maps demonstrated that only one-quarter of spots was shared by all
accessions. On the other hand, only 15% of the 25 majors spots accounting for half the
total protein amount could be classified as major spots in all ecotypes. Identification of
these major spots demonstrated large differences between the major functions detected.
Accordingly, the proteomes appeared to reveal important variations in terms of function
between ecotypes. Hierarchical clustering of proteomes according to either the amount of
all anonymous spots, that of the 25 major spots or the functions of these major spots identi-
fied the same classes of ecotypes, and grouped the three atypical ecotypes. It is proposed
that proteome comparison has the capacity to evidence differences in the physiological
status of ecotypes. Results are discussed with respect to the possibility to infer such differ-
ences from limited comparisons of major proteins. It is concluded that classical proteomics
could constitute a powerful tool to mine the biodiversity between ecotypes of a single plant
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species.
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1 Introduction

Proteomics is becoming an essential field to investigate
plant growth and evolution. Very early, the exploration
of proteome was successfully used to characterize the
relationships between populations [1-4]. In recent years,
such approaches allowed the establishment of distances
for instance between different species of the Brassica-
ceae family [5], various wheat cultivars [6], or oriental and
American ginseng [7]. On the other hand, to date, little
attention was paid to the natural variation occurring
among plant ecotypes by opposition to recent works in
animal field [8, 9]. However, biodiversity constitutes a
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high potential resource for searching genes of interest, as
it is well established for the model plant Arabidopsis thali-
ana [10-12]. On this model, large differences between
ecotypes were observed for a variety of features such as,
for instance, light and hormone sensitivity [13], seed size
[14], the light-dependent hypocotyls growth [15], or the
growth rate [16]. In a previous study on Arabidopsis root
system architecture, we recently demonstrated that,
whereas a majority of ecotypes responds to phosphate
starvation by decreasing both growth of the primary root
and initiation of lateral roots, other ecotypes use only one
of these responses [17].

The present work was undertaken to explore the poten-
tial of proteomics to investigate natural variation within
Arabidopsis ecotypes. For this purpose we selected a
small number of ecotypes encompassing the four ones
most commonly used in genetic or genomic studies
and a variant from one of them as a control for close
genetic distance (all of the five displaying the major
response to phosphate starvation), as well as three
ecotypes showing alternative responses to phosphate
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starvation. Classical 2-DE and MALDI-TOF-MS were
used to compare the distances between the proteomes
of these ecotypes, with special emphasis to the pro-
teins accounting for the majority of the protein amount
in each ecotype.

2 Materials and methods

2.1 Plant material, culture conditions, and
chemicals

Arabidopsis thaliana ecotypes Ws-1, Cvi-0, Col-0, Col-4,
Ler-1, Be-0, and LI-0 (Table 1) were progenies from NASC
(http://nasc.nott.ac.uk). Plants were grown under hydro-
ponic conditions [18] for 42 days before sample harvest.
Urea, phosphoric acid, and acetic acid were from VWR
(Fontenay-ss-Bois, France); CHAPS, Triton X-100, iodo-
acetamide, bromophenol blue and Comassie blue were
from Sigma-Aldrich (St. Louis, MO, USA); glycerol, SDS,
DTT, TGS, and Tris were from Euromedex (Mundolshein,
France). IPG strips and buffer were from Amersham Bio-
sciences (Buckinghamshire, UK), and acrylamide from
Bio-Rad (Hercules, CA, USA).

Table 1. Origin of selected Arabidopsis thaliana ecotypes
(http://nasc.nott.ac.uk)

Ecotype NASC No.  Origin

Col-0 N1093 Columbia (USA)

Col-4 N933 Columbia (USA)

Be-0 N965 Bensheim (Germany)

LI-0 N1339 Llagostera (Spain)

Rld-1 N 913 Netherlands (Koornneef group)
Cvi-0 N902 Cape Verdian Islands

Ws-1 N2223 Wassilewskija (Russia)

Ler-1 N1642 Landsberg (Poland)

2.2 Protein extraction

For each ecotype, one root sample corresponding to
more than 150 root systems was grinded in liquid nitro-
gen, and the fine powder was mixed with 90% v/v
acetone, 10% v/v TCA solution (100% w/v) and 0.07%
v/v 2-mercaptoethanol. After incubation at —20°C for
30 min, insoluble material was pelleted at 42000 x g
with a TL 100 ultracentrifuge using a TLA 100.3 rotor
(Beckman Coulter, Palo Alto, CA, USA). Pellets were
washed three times with pure acetone containing
0.07% v/v 2-mercaptoethanol, air-dried, and solubilized
in buffer containing 9 m urea, 4% w/v CHAPS, 0.05% v/v
Triton X-100, and 65 mm DTT. Protein amount was esti-
mated using the Bradford method. All manipulations
were performed at 4°C.
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2.3 Two-dimensional electrophoresis

For each ecotype sample, 2-DE was performed in tripli-
cate from the same extract using 18 cm linear pH 4-7
IPG strips. 200 pg protein samples were supplemented
with 0.5% v/v IPG buffer pH 4-7 and 0.002% w/v bromo-
phenol blue. Strips were hydrated directly with protein
solution. Isoelectric focusing was performed using an
IPG-Phor device until 100000 kV-h~". Before the second
dimension, the strips were reduced (50 mm Tris-HCI,
pH 8.8, 6 m urea, 30% Vv/v glycerol, 2% w/v SDS, 130 mm
DTT) and alkylated in the same buffer containing 130 mm
iodoacetamide instead DTT for 15 min. Strips were then
embedded using 0.6% w/v low-melt agarose in running
buffer containing traces of bromophenol blue on the top of
a 11% acrylamide gel. SDS-PAGE was carried out, using a
2-D electrophoresis DALT system, at 15 mA per gel over-
night at 10°C. Gels were stained using colloidal Coomassie
blue [19]. Images from stained gels were digitalized at
300 dpi with a GS 710 densitometer (Bio-Rad, Hercules,
CA, USA) and analyzed using the Progenesis software
(Nonlinear Dynamics, Newcastle upon Tyne, UK). Gel tripli-
cates were matched to create an average gel with spots
present at least on two of the three gels. Average gels cor-
responding to the different Arabidopsis ecotypes were
compared and spots of interest were selected for subse-
quent protein identification by MALDI-TOF-MS analysis.

2.4 Protein identification by MALDI-TOF-MS

Spots were picked from preparative gels (500 pg proteins)
using a spot picker robot (Perkin Elmer, Wellesley, MA,
USA). Acrylamide pieces were collected in 96-well micro-
plates with 50 uL acetic acid (1% v/v). Pieces of gel were
then washed using a Multiprobe Il robot (Perkin Elmer)
in several steps with water, 25 mm ammonium carbonate,
and acetonitrile. Proteins were digested with trypsin
(12.5 pg/mL in 25 mm ammonium carbonate). Super-
natants were mixed with equal volumes of matrix solution
(a-cyano-4-hydroxycinnamic acid) and spotted onto tar-
gets. Peptide mass fingerprints were acquired using a
Biflex Ill mass spectrometer (Bruker Daltonics, Bremen,
Germany). Spectra were calibrated internally and anno-
tated automatically. The MASCOT search engine software
(Matrix Science, London, UK) was used to search NCBInr
database. The following parameters were used for data-
base search: mass tolerance of 100 ppm, a minimum of
four matched peptides and one miscleavage allowed.

2.5 Data analysis

Protein amount in each spot was estimated from its vol-
ume after normalization with respect to the total volume
of all spots detected in the gel. Euclidean or Manhattan
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distances between protein amounts among ecotypes
were further used to compute a similarity matrix between
ecotypes [20]. For hierarchical clustering, aggregation
was made using the Ward criteria [20].

3 Results

3.1 Comparison of 2-D protein maps from
Arabidopsis ecotypes

The first goal of this work was to evaluate the capacity of
classical proteomics as a molecular tool to characterize
the natural biodiversity in Arabidopsis thaliana. Therefore,

150
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eight different ecotypes (Table 1), originating from con-
trasted habitats and previously shown to display different
developmental strategies [17] were selected, and root
soluble protein extracts were separated by 2-DE. Based
on preliminary work, 18 cm IPG (pH 4-7) and a second
dimension covering the 15-150 kDa range were used to
get large insights into the proteomes of these ecotypes.
In order to obtain an information as quantitative as possi-
ble, gels were stained with colloidal Coomassie blue. Trip-
licate gels were first matched to create an average gel
containing those spots observed at least two times
among the three gels; thereafter, average gels from the
different ecotypes were matched using the ecotype Col-
0 as reference (Fig. 1). Over an average of ca. 250 spots

4 < P!

» 7

Figure 1. 2-D PAGE reference map of Arabidopsis thaliana soluble root proteins from ecotype Col-0.
2-D PAGE conditions: pH 4-7 IPG (first dimension) and 11% SDS-PAGE (second dimension). Proteins
spots are visualized by colloidal Coomassie blue staining. Arrows indicate major spots analyzed by
MALDI-TOF-MS. Spot numbers with star superscripts refer to spots from other ecotypes and not

detected in ecotype Col-0.
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for each ecotype, one-quarter was found in all the eco-
types (Fig. 2), and half of them was shared by at least
75% of ecotypes. On the other hand, about 10% of all
spots appeared to be specific for one ecotype.

35 4
30 l
25 1

20 4

% total

15

:andlL

Match number

Figure 2. Distribution of spots according to the number
of ecotypes where they were detected.

8

As simple gel comparison seemed to reveal specific
features between the proteomes of Arabidopsis eco-
types, a classification was made by hierarchical cluster-
ing (Fig. 3a). For this purpose, the amount of each spot
was estimated by its normalized volume as obtained by
image analysis. Euclidian distances were then computed
for all spots to build the similarity matrix for ecotypes,
and clustering was performed using the Ward’s method
to link the variables. A first cluster corresponding to the
two closest ecotypes was observed for Col-0 and Col-4.
Another cluster grouped the ecotypes Be-0 and LI-0, as
well as the ecotype Rld-1, whereas the three last eco-
types defined a third cluster.

3.2 Comparison of Arabidopsis ecotypes from
their major protein patterns

Above comparison of total 2-D maps indicated both the
occurrence of contrasted proteomes between ecotypes
and proximity between some of them. Additional analysis
showed that the 25 most abundant spots from each Ara-
bidopsis ecotype cumulated half the total protein amount
detected on the p/ and MW range investigated (50.2% =+
6.0% of the total signal computed by image analysis). In a
first attempt to get more insights into the molecular basis
of this structure, focus was given on these major proteins
(MPs). Over the eight ecotypes, the 25 MPs from each
defined a total subset of 49 differently matching spots
accounting individually for between 0.7% and 6.7% of
the total protein amount in their respective 2-D map.
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Figure 3. Classification of the proteomes from the eight
ecotypes. Hierarchical clustering was performed using
(@), (b), (d) the Euclidian distance or (c) the Manhattan dis-
tance as metric and the Ward criterion for linkage. (a) Spot
abundance (all spots); (b), (c) abundance of MP spots;
(d) function of MP spots.

Only 15% of these spots was ranked as MPs in all eco-
types and one-half contributed to the MPs in half or more
the ecotypes, indicating the occurrence of large differ-
ences in expression level throughout the ecotypes (Fig. 4).
Simultaneously, one-quarter of the MPs was not detected
in at least another ecotype, whereas the remaining was
observed at lower abundance and not classified as MP.
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Spot|Col-0|Col-4)| Be-0| LI-0 |RId-1| Cvi-0| Ws-1|Ler-1

Norm Vol >3

0.8 < Norm Vol < 3

0.3 < Norm Vol <0.799
0 < Norm Vol <0.299
no spot matched

Figure 4. Expression of the 49 spots ranked as MPs in
the eight ecotypes. Cross within cells indicate that the
spot was ranked as MP in the corresponding ecotype.
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As large differences in proteome features appeared to be
detectable soon at the MPs’ level, the different ecotypes
were also classified by taking into account only the MPs.
Figure 3b shows that, when using Euclidian distances as
metric and the Ward’s criterion for clustering, both the
previous Col-0/Col-4 cluster and Be-0/LI-0 cluster were
still obtained. By opposition to the classification over the
whole proteomes, however, the Rld-1 ecotype was no
longer clustered with Be-0/LI-0, but with the three remain-
ing ecotypes. Nevertheless, the whole proteome-based
classification could observed again by using other metric,
such as the Manhattan distance (Fig. 3c), suggesting that
the position of Rld-1 could be less stable.

3.3 Comparison of Arabidopsis ecotypes from
the functions of major proteins

The 25 MPs of each ecotype were picked out from gels
and processed for MALDI-TOF-MS analysis. In no case,
contradictory identifications were obtained for spots that
had been matched by image analysis. On the whole,
32 different protein accessions were identified in 44 from
the 49 MP spots, and 5 could not be assigned to any pro-
tein accession (Table 2). Simultaneously, one half of the
identified MPs was found to be present in 2 or 3 different
protein spots. In this latter case, the difference between
spots concerned mostly the pl, suggesting the occur-
rence of post-translational modifications or the presence
of punctual protein variations between ecotypes. How-
ever, this encompassed different situations within eco-
types: (i) a same jasmonate-inducible protein was identi-
fied, for instance, in spots 6 and 14 (Fig. 5). These two
spots showed a shift of 0.14 pH unit in p/ and were
observed simultaneously for the 8 Arabidopsis ecotypes,
indicating that the protein existed under different states
whatever the genotype was. However, only spot 6 corre-
sponded to a MP in all ecotypes, the spot 14 showing a
low abundance in the two Col accessions. Similar situa-
tions were observed for several other proteins, like the
-chain of the mitochondrial ATPase, a malate dehydro-
genase, and a triose phosphate isomerase, indicating
that the most frequent form of a protein could be eco-
type-dependent. (i) On the other hand, a same glutathi-
one S-transferase could be detected in spots 25 and 47,
differing by 0.17 pH unit in p/ (Fig. 6). However, these two
spots constituted MPs only in two ecotypes (Col-4 and
Ler-1), and where either present at low abundance (spot
25) or not detected (spot 47) in other ecotypes. A similar
situation was also observed for an alcohol dehydroge-
nase, suggesting that the occurrence of the modification
itself could be ecotype-dependent. (iii) An even more con-
trasted situation was observed for a same blue-copper
binding protein that was identified as MP in two spots
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Table 2. |dentified MPs in Arabidopsis thaliana ecotypes
Spot Protein Score  Cover- MW (kDa)
. age (%)
Accession No. Name calc. meas. calc. meas.
1 JQ1187 Phosphopyruvate hydratase 137 36 554 576 477 514
2 Q9OC5B0 H+-Transporting ATP synthase B-chain 195 35 6.18 5,59 59.6 50.9
3 T02507 Peroxidase 94 18 5.66 6.29 38.7 35.8
4 T47550 Fructose bisphosphate aldolase-like protein 185 50 6.05 6.42 385 323
5 B86176 Malate dehydrogenase 110 31 6.11 6.13 355 31.6
6 AAK43865 Jasmonate inducible protein isolog 181 39 546 557 321 269
7 T51311 Malate dehydrogenase 66 15 8.54 6.43 36.0 279
8 T52558 Translation elongation factor eEF1Ba 69 26 442 447 242 259
9 T50646 Triose-phosphate isomerase 82 22 524 563 271 228
10 B84720 Probable fructokinase 183 42 531 5383 35.3 303
11 B86176 Malate dehydrogenase 105 34 6.11  6.38 35,5 323
12 AADO00509 Germin-like oxalate oxydase 65 26 582 6.08 232 21.8
13 DEMUAM Alcohol dehydrogenase 119 29 577 6.18 411  36.9
14 AAK43865 Jasmonate inducible protein isolog 123 35 546 552 32.1 26.7
15 T47550 Fructose bisphosphate aldolase 139 36 6.05 6.25 385 326
17 Q9C5B0 H+-Transporting ATP synthase B-chain 65 15 6.18 548 59.6 51.6
18 S68107 Actin 7 193 37 531 536 41.7 38.8
20 AAF98403 GSH-dependent dehydroascorbate reductase 78 23 556 5.59 236 221
21 T51862 Malate dehydrogenase 91 22 8.48 6.11 424 29.2
22 S18600 Glutamate-ammonia ligase 116 24 6.43 5.26 47.4  38.7
23 T52613 Chaperonin 21 precursor 124 36 8.86 547 26.8 224
24 BAA97523 1,4-Benzoquinone reductase like 78 40 596 6.17 21.8 223
25 G86159 Glutathione S-transferase 58 16 5.8 6.43 235 221
26 C96605 Calreticulin 85 21 4.46 442 48.7 543
27 AAG45246 Adenosine kinase 71 23 529 525 38.3 359
28 AAF02115 Reversibly glycosylated polypeptide 99 24 5.61 5.66 411 32.7
29 T50646 Triose-phosphate isomerase 157 54 524 542 271 23.1
30 Q9SS67 Putative peroxidase 87 20 5.04 4.73 345 252
31 APX1 L-Ascorbate peroxidase 60 19 572 5.81 274 223
32 AAD28242 Peroxyredoxin TPX1 82 25 521 518 174 213
33 AAD41430 Disulfide isomerase 203 49 464 4.76 55.6 62.9
34 H96686 Probable glutamine synthetase 76 23 514 510 39.3 337
35 AAD56335 60S ribosomal protein 64 24 452 513 243 285
36 Q9ILSM8 Pyruvate dehydrogenase E1 106 19 5.67 5.30 31.2 301
37 JQ1187 Phosphopyruvate hydratase 141 33 554 5.66 47.7 515
38 T47550 Fructose bisphosphate aldolase 198 49 6.05 6.10 385 329
39 JQ1187 Phosphopyruvate hydratase 85 19 554 573 477 51.2
40 DEMUAM Alcohol dehydrogenase 122 22 577 6.02 418 37.8
a1 T13020 Peroxidase ATP 19A 96 28 6.53 6.40 35.6 35.2
42 Q9SS67 Putative peroxidase 87 20 5.04 4.89 345 26
43 T52408 Blue copper-binding protein Il 60 22 547 4.84 205 26.1
45 S59519 Tryptophan synthase 82 26 6.77 5.66 33.3 247
47 G86159 Glutathione S-transferase 110 28 580 6.26 235 222
48 T52408 Blue copper-binding protein Il 65 15 547 518 205 257

Proteins were identified from their peptide mass fingerprint by searching the NCBInr database (scores greater than 58 are

significant at p < 0.05).

(spot No. 43 and 48) with a shift of 0.31 pH unit in p/
(Fig. 5). In this case, only one or the other of the two spots
could be detected in a given Arabidopsis ecotype, sug-
gesting the occurrence of ecotype-specific isoforms.
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In terms of function, most MPs corresponded to proteins
involved in energy metabolism and oxydoreduction pro-
cesses (Table 3), and different functions participating to a
same pathway, such as glycolysis (3 functions in 8 MP
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Figure 5. Example of proteins isoforms showing quanti-
tative differences or ecotype-specific expression.

spots), were identified as MPs. However, large differences
in the functional classification were observed among eco- Figure 6. Example of proteins isoforms showing quanti-
types. For the majority of functional classes, these relative tative and ecotype-dependent expression.

differences were in a twofold to fourfold range. For nitro-

gen assimilation, however, qualitative differences were

also observed, no corresponding enzyme being found as were further classified according to the major functions
MPs for half ecotypes. Accordingly, this suggested that identified. Figure 3d shows that, when using Euclidian
MPs distinguished ecotypes not only in terms of protein distances to calculate a similarity matrix from the data of
isoforms but also on a function basis. Therefore, ecotypes Table 3, and the Ward’s criterion for linkage, three main

Table 3. Functional distribution of MPs in Arabidopsis thaliana ecotypes

Function Col-0 Col-4 Be-0 LI-O Rld-1 Cvi-0 Ws-1 Ler-1

(% total amount)

Energy and C-metabolism

glycolysis 16.6 13.3 11.0 11.2 8.0 12.8 9.7 8.8
TCA cycle 8.0 8.7 5.8 6.5 5.7 10.1 12.0 9.0
mitochondrial respiration 3.2 3.7 6.2 3.4 4.6 5.7 51 3.9
other 4.4 2.8 3.6 5.1 3.4 1.0 2.6
Electron transfer 3.3 5.0 2.7 1.7 41 4.3 2.7 6.3
Oxidative processes 25 4.5 24 2.8 2.7 10.8 7.5 11.6
Hormone response/stress 4.3 3.5 4.4 3.9 6.1 51 4.6 6.8
N-Metabolism 1.5 0.8 1.2 2.1
Protein expression 1.4 3.6 1.0 29 3.7 2.5 4.3 1.5
Other 2.6 2.1 23 2.1 4.6 4.0 2.9 7.7
Unidentified proteins 3.4 2.3 3.9 2.4 0.9 2.8 1.4

Lacking values correspond to proteins either not ranked as MPs or not detected.
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clusters could be obtained. Furthermore, this tree was
almost identical to those obtained when classifying eco-
types on the basis of their whole proteome (Fig. 3a) or
according to the anonymous MP subset (Figs. 3b, c).

4 Discussion

To date, little effort was devoted to investigate the differ-
ences eventually observed between proteomes of eco-
types from a same plant species. Even in the case of
the model plant Arabidopsis thaliana, the only available
data concern a pair of ecotypes that was included into
an inter-species comparison within the Brassicaceae
family, with no attempt to identify proteins [3]. Therefore,
presently available data do not allow to decipher, for
instance, whether eventual differences between ecotypes
originate from the expression of different ecotype-specific
isoforms of proteins showing the same function or from
the differential expression of proteins with different func-
tions.

4.1 Different Arabidopsis ecotypes display
contrasted proteomes

In the present work, two main series of evidences were
obtained arguing for the existence of large differences be-
tween the proteomes of the eight Arabidopsis ecotypes
analyzed.

(i) In terms of protein patterns, gel comparison demon-
strated first that at least one-third of the spots was not
detected in half the accessions. On the other hand, rank-
ing the spots in terms of MPs showed that only one-quar-
ter of these constituted MPs in all the ecotypes, several
MPs for one ecotype displaying lower abundance or
being not detected in others. Further identification of
MPs gave examples for different types of variations, to
which quantitative differences were also superimposed:
simultaneous expression of the different spots in all the
ecotypes, expression of one or two forms of the protein
in all ecotypes, whereas another form was ecotype-de-
pendent, or exclusive expression of one form of the pro-
tein in an ecotype-specific manner. Therefore, collec-
tively, these results demonstrate the occurrence of a qual-
itative and quantitative plasticity of the protein profiles
between ecotypes which concerns both low-abundance
and high-abundance proteins. The nature of these differ-
ences was not investigated here and could be hypothe-
sized to rely as well on post-translational modifications
as on allelic variations for those proteins identifying the
same accession. Overall, very little information is present-
ly available concerning the variations in proteome among
Arabidopsis ecotypes, more extensive information being
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available for some other plant species. Using metrics
based on the presence or absence of spots, the two Ara-
bidopsis ecotypes Landsberg and Columbia were shown
to be first merged together when compared to other spe-
cies from the Brassicaceae family [5]. For maritime pine
[4], plants from seven origins were compared, and less
than 20% of spots was observed simultaneously in all
patterns. However, in none of these works, a specific
analysis according to the protein abundance was made.
Accordingly, our results both constitute a novel example
of the proteome plasticity among plant ecotypes and give
the first evidences that the major proteins could contrib-
ute strongly to the variations observed. Colloidal Coo-
massie blue staining of 2-DE gels is known to favor the
visualization of abundant proteins. Therefore, as the pro-
teins ranked here as MPs constituted half of the amount
of this subset, the accumulation of MPs is likely to have a
major cost for the cell. Accordingly, it can be speculated
whether, beside the selection of isoforms or allelic forms
conferring a superiority with respect to some functions,
the variations demonstrated in the proteomes of ecotypes
reveal also physiological re-equilibrations.

(i) In terms of functions associated to MPs, large varia-
tions were also observed, mostly as quantitative differ-
ences, showing that not the same abundant proteins are
accumulated in all ecotypes. Actually, whenever more
than one-quarter of MPs was not detected in some eco-
types, for most of them the same accession was identi-
fied in other spots indicating the occurrence of isoforms
or protein modifications. On the other hand, in several
cases, given functions were highly expressed in some
ecotypes, but minor in others. A striking example con-
cerns the alcohol dehydrogenase function, that constitu-
tes a major function in two MP spots for LI-0 ecotype
(where it cumulates 3.7% of the total protein amount),
but a minor function in Ws-1 ecotype (0.1% of the total).
Such amplitude suggests the occurrence of strong func-
tional variations between ecotypes. Moreover, the fact
that several of the major functions participate to the
same pathway support the hypothesis that the plasticity
of the proteome reveals different physiological equili-
briums between ecotypes. For instance, in terms of MPs,
Cvi-0 ecotype appears to dedicate 13% of its protein
amount to glycolysis and 27-fold less to nitrogen assimi-
lation, whereas this ratio is 7 times lower for RId-1 eco-
type. In terms of experimental strategy, it should be
emphasized that, although a small proportion of proteins
was characterized here, the conclusions derived can be
assumed to be robust as it is unlikely that such ratio could
be strongly modified by the identification of minor pro-
teins. However, it should be also noticed that the five
spots that could not be identified from their peptide
mass fingerprint contribute substantially to the variation
between ecotypes (3.9% of the total protein amount in
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Be-0 ecotype, not detected in RId-1 ecotype). Beside the
important question of the function of these MPs, this
leaves open the possibility that they participate to some
of the pathways identified, thus altering their contribution
in the present analysis.

Alarge part of identified proteins corresponds to enzymes
involved in energy metabolism. This is not unexpected
owing to their functional importance, although little re-
ference data is presently available. Very recently, a first
large-scale quantification of genes expressed in Arabi-
dopsis root was made using the SAGE approach [21].
None of the 25 most frequent tags (> 12700 different
tags) corresponds to any of the 25 MPs identified here in
one or the other of the 8 ecotypes, although the product
of some of these genes, like a glyceraldehyde-3-phos-
phate dehydrogenase, falls clearly in the p/ and MW
ranges investigated. Differences in physiological state of
roots between these experiments are likely. Nevertheless,
this suggests that the major functions expressed could be
not deducible from a transcript analysis. As these func-
tions appear to discriminate ecotypes and possibly to
reveal different physiological status, this would confer to
the proteome analysis an unique advantage in character-
izing the plant biodiversity.

Taken together, the differences quoted in terms of protein
pattern and of protein function appear to encompass
both a genetic and a physiological information. The
former, which corresponds to approaches already well
established in plants [2], was not analyzed here, although
some of the observed examples (position shifts, pres-
ence/absence of spots) suggest the possible occurrence
of allelic variations. The latter was not addressed up to
now in ecotypes. On this basis, proteomic analysis of
naturally occurring variations can be speculated to con-
stitute a new powerful way to get insights into functional
traits.

4.2 Proteomes as signatures for ecotype
classification

Hierarchical clustering was used to get insights into the
structure of the differences in the proteome that were
quoted among ecotypes. This resulted in a classification
into three groups: the two ecotypes known to be very
close according to their origin, the three ecotypes intro-
duced for their alternative root growth responses, and
the three last currently used ecotypes. The same struc-
ture holds as well for the whole and anonymous protein
pattern, or when restricting the focus on the 25 anon-
ymous MPs accounting for half the protein amount in
each ecotype, as for the main functions deduced from
the identification of MPs. It should be emphasized that
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these classifications rely on both quantitative (protein
abundance), qualitative (protein presence or absence),
and functional features (protein function class). Therefore,
it can be speculated whether they reveal characteristic
proteomic signatures. This was not investigated into
more details, and no similar analysis was published
to date for plant ecotypes. In the case of Arabidopsis
mutants, however, the classification of anonymous pro-
tein patterns was previously shown to group the cri
mutant with the corresponding wild-type ecotype when
grown in the presence of cytokinins, and this mutant was
demonstrated thereafter to overproduce cytokinins [22].
Although such examples are rare, they suggest that dif-
ferent but close genotypes can be classified from their
proteome in a way reflecting the physiological status of
plants. Therefore, owing to the important differences
quoted here among proteomes in terms of major func-
tions, both these data and ours support the working hy-
pothesis that the proteomic signature includes a physio-
logical information.

One striking result is that the three ecotypes that were
introduced in the study for their alternative response to
environmental stress were grouped in a same cluster.
According to the discussion above, this would suggest
that Be-0, LI-0, and RId-1 ecotypes would share major
physiological features. To date, however, the only data
available about these ecotypes concern their atypical
response to phosphate starvation. On the other hand, a
close link between phosphate and energy metabolisms
is well known [23], and the present proteome analysis
was performed with plants grown under normal condi-
tions. Therefore, one tentative hypothesis is that the three
ecotypes would display specific and constitutive features
in their energy metabolism that would be detectable at
the proteome level. Under this hypothesis, their original
response to phosphate starvation would result from these
specific features.

A noticeable point in this work is that only a small part
of the total proteomic information was used. According
to the experimental conditions, the analysis concerned a
defined window in terms of p/ and MW and was restricted
to soluble proteins. The classification obtained can ad-
dress therefore only the functions associated to the corre-
sponding subset of abundant and soluble proteins, illus-
trated here by enzymes involved in energy metabolism.
Accordingly, a different classification would be not un-
expected when looking at other classes of proteins, such
as, for instance, transporters which include numerous
basic and hydrophobic proteins. On the other hand, both
anonymous and function-based classifications of MPs
led to the same classification that was obtained when
exploiting all the protein pattern. This suggests that MPs
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would be responsible for a main part of variations be-
tween ecotypes, and that an analysis focusing on a lim-
ited number of proteins bearing major functions may
have the capacity to reveal specific features of the pro-
teomes. No attempt was made here to assess these
points, for instance by changing the number of MPs
selected and the proportion of the total protein amount
taken into account to classify the proteomes. Further
work remains therefore required to rationalize a general
strategy suitable for large-scale classification of ecotypes
from a limited but detailed characterization of proteomes.

In conclusion, we report here a first use of proteomics
to investigate variations between Arabidopsis ecotypes.
The result obtained demonstrate that the differences in
the proteomes originate both from the expression of dif-
ferent ecotype-specific isoforms of proteins showing the
same function and from the differential expression of pro-
teins with different functions. Furthermore, the approach
appears to have the capacity to discriminate ecotypes
and to generate a classification according to their physio-
logical status, directly from the features of their major pro-
teins. Owing to the throughput of the present proteomic
technology and to the hundreds of ecotypes available for
Arabidopsis, it can be speculated that such proteomic
approach will constitute a robust tool for mining the natu-
ral biodiversity in plants.
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