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The proteome of a Medicago truncatula cell suspension
culture was analyzed using two-dimensional electro-
phoresis and nanoscale HPLC coupled to a tandem Q-
TOF mass spectrometer (QSTAR Pulsar i) to yield an ex-
tensive protein reference map. Coomassie Brilliant Blue
R-250 was used to visualize more than 1661 proteins,
which were excised, subjected to in-gel trypsin digestion,
and analyzed using nanoscale HPLC/MS/MS. The result-
ing spectral data were queried against a custom legume
protein database using the MASCOT search engine. A
total of 1367 of the 1661 proteins were identified with high
rigor, yielding an identification success rate of 83% and
907 unique protein accession numbers. Functional anno-
tation of the M. truncatula suspension cell proteins re-
vealed a complete tricarboxylic acid cycle, a nearly com-
plete glycolytic pathway, a significant portion of the
ubiquitin pathway with the associated proteolytic and reg-
ulatory complexes, and many enzymes involved in sec-
ondary metabolism such as flavonoid/isoflavonoid, chal-
cone, and lignin biosynthesis. Proteins were also
identified from most other functional classes including
primary metabolism, energy production, disease/defense,
protein destination/storage, protein synthesis, transcrip-
tion, cell growth/division, and signal transduction. This
work represents the most extensive proteomic descrip-
tion of M. truncatula suspension cells to date and pro-
vides a reference map for future comparative proteomic
and functional genomic studies of the response of these
cells to biotic and abiotic stress. Molecular & Cellular
Proteomics 4:1812–1825, 2005.

Legumes (Fabaceae) are one of the most economically
important crop families in the world and are characterized by

their unique ability to fix atmospheric nitrogen through a sym-
biotic relationship with soil bacteria. These bacteria, collec-
tively termed Rhizobia and which include genera such as
Rhizobium, Sinorhizobium, Bradyrhizobium, Mesorhizobium,
and Azorhizobium, form specialized organs within the plant,
and nitrogen fixation occurs via the conversion of N2 into NH3

by bacterial nitrogenases. The mutualistic interactions provide
a plentiful supply of nitrogen to the plants that in turn results
in very high protein levels in legumes. Therefore, legumes
have been assimilated as a major dietary source of protein for
both humans and animals. Legumes also provide nitrogen to
the soil, thus reducing the need for exogenous fertilizers.
Legumes are also a unique source of natural products such as
isoflavonoids, alkaloids, and saponins, many of which have
documented antimicrobial and pharmacological properties
(1–3). Based on the above traits, legumes have significant
economic and ecological value. For example, soybeans pro-
vide more than one-third of human protein intake and approx-
imately half of the world’s supply of oilseed. Over 73 million
acres of soybeans (Glycine max) and 76 million acres of alfalfa
(Medicago sativa) were cultivated in the United States in 2003
and have estimated values of $17.5 billion and $7.5 billion,
respectively (4).

The mutualistic interactions between legumes and mi-
crobes represent an important aspect of plant biology, which
cannot be studied using the model plant Arabidopsis thaliana
as it is unable to establish root endosymbiosis with rhizobia.
The use of agriculturally important legume crops such as
soybean and alfalfa to dissect legume biology is complicated
by their large complex polyploid genomes, highly repetitive
DNA, and outcrossing nature. However, Medicago truncatula
(common name barrel medic and a close relative to alfalfa)
has emerged over the past decade as a model system for
molecular and genetic studies of legume biology (5). This is
mainly because of its relatively small diploid genome, autog-
amous pollination, and the ability to regenerate via somatic
embryogenesis (6–9). Large numbers of expressed sequence
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tag (EST)1 libraries have been sequenced for M. truncatula
and for other legumes such as Lotus japonicus and G. max
(soybean). As of March 2005, 226,923 EST sequences (36,878
unique) for M. truncatula, 109,618 EST sequences (28,460
unique) for L. japonicus, and 330,436 EST sequences (63,676
unique) for G. max have been generated (www.tigr.org/tdb/
tgi/plant.shtml). Furthermore a physical map of the M. trun-
catula genome is now available (10, 11), and sequencing of
the gene-rich regions of the M. truncatula genome is ongoing
at the University of Oklahoma and laboratories in the United
Kingdom and France (medicago.org/genome/) (12). Currently
over 1000 bacterial artificial chromosomes have been se-
quenced yielding �130 Mb of genomic sequence. The contin-
uously emerging nuclear genomic sequence is complimented
by an already complete 124-kb chloroplast genome sequence
(www.ncbi.nlm.nih.gov/genomes/framik.cgi?db�genome&gi�
15787).

The above genomic resources constitute a critical infra-
structure that is propelling M. truncatula forward as a model
for the study of legume biology. Unfortunately this information
alone is insufficient to address complex biological questions;
thus, functional genomics and systems biology approaches
have evolved to characterize gene function and system re-
sponses at the transcript, protein, and metabolite levels (13,
14). High density microarray analyses provide quantitative
and qualitative data for large numbers of mRNAs (15, 16);
however, these do not always directly reflect active enzyme
levels (17). Enzyme activity is often regulated through post-
translational modifications such as phosphorylation and acy-
lation or through protein sorting, protein-protein interactions,
and/or controlled proteolysis (18). Therefore the direct evalu-
ation of proteins and the application of integrated systems
approaches are highly advantageous for understanding the
functional consequences of gene expression as documented
in several recent journal issues focused on these topics
(19–21).

Currently one of the most utilized approaches in proteomics
includes 2-DE and mass spectrometry to quantify and identify
proteins (22). Recent developments, including improved pro-
tein solubilization, enhanced 2-DE resolution, and increased
capabilities of modern mass spectrometry to sequence pep-
tides, have made proteomics a critical research tool in bio-
logical sciences (for reviews, see Refs. 23–26). The proteomes
of yeast (27, 28), humans (29, 30), animals (31, 32), bacteria
(33, 34), and plants (for reviews, see Refs. 35 and 36) have
been studied to better understand their respective physiology.

Successful applications of proteomic approaches have

been previously reported in M. truncatula (37–39). Bestel-
Corre et al. (37) used 2-DE and MALDI-TOF-MS to visualize
and identify �500 proteins associated with the symbiotic
relationships between M. truncatula roots and the mycorrhizal
fungus Glomus mosseae or the nitrogen-fixing bacterium Si-
norhizobium meliloti. Temporal changes in the M. truncatula
seed proteome during development were described by Gal-
lardo et al. (38). A study of organ/tissue-specific proteomes
from M. truncatula successfully identified 304 proteins in a
survey of roots, leaves, stems, flowers, seed pods, and sus-
pension cultures (39). Furthermore Imin et al. (40) have studied
the proteome of embryogenic tissue cultures.

The objective of this work was to generate an extensive
protein reference map for M. truncatula cell suspension cul-
tures that will be utilized later in an ongoing integrated func-
tional genomic study of biotic and abiotic stress responses.
This report presents a rigorously characterized proteomic ref-
erence map of M. truncatula cell suspension cultures and
represents the most comprehensive study of the M. truncatula
proteome to date.

EXPERIMENTAL PROCEDURES

Chemicals—HPLC grade ACN and water were purchased from
Burdick & Jackson (Muskegon, MI). Formic acid, iodoacetamide, and
DTT were purchased from Sigma. CHAPS was purchased from
United States Biochemical Corp. (Cleveland, OH).

Tissue Culture, Protein Extraction, and 2-DE Separation—Cell sus-
pension cultures were initiated from M. truncatula cv. Jemalong A17
root calli and grown in the dark in modified Schenk and Hildebrandt
(SH) liquid medium with transfer to fresh medium every 2 weeks (41,
42). Cells were harvested during the log phase of the sixth passage,
washed with fresh SH medium and SH:water (1:1, v/v), and stored at
�80 °C. Frozen cells were ground in liquid nitrogen and extracted
with buffer containing 40 mM Tris-HCl (pH 9.5), 50 mM MgCl2, 2%
(w/v) polyvinylpolypyrrolidone (Sigma), 1 mM phenylmethylsulfonyl
fluoride, and 120 units/ml endonuclease (catalog number E8263,
Sigma) followed by sonication as described previously (43). The ex-
tracts were centrifuged at 5000 � g for 10 min at 4 °C, and the
supernatant was recovered. The supernatant was brought to a final
concentration of 12.5% (w/v) TCA plus 1% �-mercaptoethanol and
incubated at �20 °C for 45 min. Protein was recovered by centrifu-
gation at 15,000 � g for 20 min. The protein pellets were washed with
a cold solution of 80% acetone and 20% water containing 0.05% (v/v)
2-mercaptoethanol three times to remove residual TCA, air-dried, and
resuspended in 2-DE solubilization buffer consisting of 9 M urea, 3%
CHAPS, 2% Triton X-100, 20 mM DTT, and 0.5% ampholytes. The
protein concentration was then quantified by the Bradford method
(44) using a commercial dye reagent (Bio-Rad) and bovine serum
albumin as the standard.

IPG strips (ImmobilineTM Dry Strips, 24 cm, pH 3–10 non-linear,
Amersham Biosciences) were passively rehydrated overnight with
protein solution (1900 �g of protein in 450 �l). IEF of proteins was
performed using the following step gradient: 500 volts for 1 h, 1000
volts for 1 h, and 8000 volts until a total of 67,500 V-h had been
achieved. After IEF, strips were equilibrated in buffer containing 7 M

urea, 2% SDS, 375 mM Tris (pH 8.8), and 10% glycerol plus either 50
mM DTT for reduction or 100 mM iodoacetamide for alkylation. Equil-
ibrated IPG strips were loaded onto a 10% T acrylamide gel, sealed
with 1% agarose, and electrophoresed overnight at 2 watts/gel. Gels
were stained with Coomassie Brilliant Blue R-250, and images were

1 The abbreviations used are: EST, expressed sequence tag; 2-DE,
two-dimensional electrophoresis; MOWSE, molecular weight search;
SH, Schenk and Hildebrandt; IDA, information-dependent acquisition;
CHI, chalcone-flavonone isomerase; MMP, matrix metalloproteinase;
E1, ubiquitin-activating enzyme; E2, ubiquitin-conjugating enzyme;
E3, ubiquitin-protein ligase; E4, ubiquitination factor; PR,
pathogenesis-related.
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acquired on a UMax Astra 2400S scanner at 300 dpi and saved as a
gray scale TIFF file. Experimental molecular weight and pI values were
calculated from digitized images using molecular weight marker pro-
teins and the predicted non-linear pH gradient provided by Amer-
sham Biosciences. Protein spots were detected and numbered with
Genomic Solutions HT Analyzer software (Genomic Solutions, Ann
Arbor, MI).

In-gel Trypsin Digestion—A total of 1661 Coomassie Brilliant Blue-
visualized protein spots, including seven positive controls (molecular
weight markers), were manually excised (The Gel Company, San
Francisco, CA) as 1.5- or 3.0-mm diameter plugs depending on the
relative abundance of the spot. Gel plugs were transferred to polypro-
pylene 96-well plates, sealed, and stored at �80 °C until further
processing. To each well, 25 �l of a 1:1 (v/v) solution of 50 mM

ammonium bicarbonate and ACN was added, and the mixtures were
incubated at room temperature for 15 min. This process was repeated
until all gel spots were completely destained. The spots were then
dehydrated with 25 �l of ACN for 15 min at room temperature. After
ACN removal, the gel spots were dried under vacuum and rehydrated
in 20 �l of sequencing grade modified bovine trypsin (10 ng/�l in 25
mM ammonium bicarbonate, Roche Diagnostics). After rehydration for
20 min, excess trypsin solution was removed, and 15 �l of 25 mM

ammonium bicarbonate was added to each well to prevent dehydra-
tion during incubation. Proteolysis was allowed to continue overnight
at 37 °C and stopped by adding 15 �l of 10% formic acid. The
supernatant was recovered, and the spots were extracted twice more
with 25 �l of a 1:1 (v/v) solution of ACN and 25 mM ammonium
bicarbonate and once more with 25 �l of ACN. The extracts were then
combined and concentrated under vacuum to a final volume of 25 �l.

LC/MS/MS—Separations of the protein digests were achieved us-
ing a nanoscale HPLC system (LC Packings, San Francisco, CA)
consisting of an autosampler (Famos), a precolumn switching device
(Switchos), and an HPLC pump system (Ultimate). Samples (5 �l)
were loaded onto a C18 precolumn (0.3-mm inner diameter � 1.0 mm,
100 Å, PepMap C18, LC Packings) for desalting and concentrating at
a flow rate of 50 �l/min using mobile phase A (5% ACN and 95%
water containing 0.1% formic acid). Peptides were then eluted from
the precolumn and separated on a nanoanalytical C18 column (75-�m
inner diameter � 15 cm, 100 Å, PepMap C18, LC Packings) at a flow
rate of 200 nl/min. Peptides were eluted with a linear gradient of
5–40% mobile phase B (95% ACN and 5% water containing 0.08%
formic acid) over 40 min.

The separated peptides were directly analyzed with an ABI QSTAR
Pulsar i hybrid Q-TOF mass spectrometer (Applied Biosystems)
equipped with a nanoelectrospray ionization source (Protana). The
nanoelectrospray was generated using a PicoTip needle (10-�m inner
diameter, New Objectives, Woburn, MA) maintained at a voltage of
2400 V. TOF-MS and tandem mass spectral data were acquired using
information-dependent acquisition (IDA), charge state selection from
2 to 5, an intensity threshold of 10 counts/s, and a collision energy
setting automatically determined by the IDA based on the m/z values
of each precursor ion. Following IDA data acquisition, precursor ions
were excluded for 90 s using a window of 6 amu to minimize the
redundancy in tandem mass spectra.

Database Queries and Protein Identifications—The acquired mass
spectral data were queried against a custom legume protein database
using the MASCOT (version 1.8.0, Matrix Science Ltd., London, UK)
search engine (45, 46), a mass tolerance of 150 ppm, and allowance
for up to one trypsin miscleavage and variable amino acid modifica-
tions consisting of methionine oxidation and cysteine carbamidom-
ethylation. The custom protein legume database was generated from
tentative consensus sequences compiled as gene indices by The
Institute for Genomic Research (www.tigr.org/tdb/tgi.shtml). These
sequences included MtGI.053002 (M. truncatula, 22,652 records),

GmGI.052802 (G. max, 32,081 records), and LjGI.053102 (L. japonica,
7,686 records). The nucleotide sequences were then translated into
amino acid sequences (62,651 records) and annotated using EST
Analyzer (bioinfo.noble.org/). For a given sequence, EST Analyzer
searched the National Center for Biotechnology nonredundant
(NCBInr) protein dataset to identify a homologous protein (the best hit
of BLASTX search), which was used to annotate the query sequence.
Based on the alignment between the query sequence and template,
frameshift errors were also detected and corrected if possible. All
possible protein sequences were annotated, given pseudo-GI num-
bers, formatted similarly to NCBInr to allow queries by MASCOT, and
compiled as a plant protein database. The dataset also included M.
truncatula chloroplast sequences (MtChI v.1, 156 records) and Ara-
bidopsis mitochondrial proteins (AtMit v.1, 46 records). Only protein
identifications with a molecular weight search (MOWSE) score (45, 46)
greater than 2 times the generally accepted significant threshold
(determined at 95% confidence level as calculated by MASCOT) and
at least two peptides matched are reported in this study.

RESULTS AND DISCUSSION

2-DE Protein Reference Map and Protein Identification—
The proteome of M. truncatula cell suspension culture initi-
ated from roots was profiled using 2-DE. Multiple 2-DE gels
were acquired, and the best gel was selected to serve as the
reference map (Fig. 1). Analytical and biological variances
were calculated for triplicate 2-DE gels obtained for similar
but independent culture flasks. The average coefficient of
variance (i.e. relative standard deviation) for the total number
of protein spots detected was determined to be 6%, and the
variance in normalized spot volume was determined to be
48%. These values are similar to those reported by others in
the literature for 2-DE (47, 48).

The reference map contained 1661 protein spots and was
populated primarily by acidic (pI � 7) proteins but also con-
tained a limited number of basic proteins. The vast majority of
proteins (�80%) visualized possessed molecular masses be-
tween 22 and 97 kDa. Only 7.7% of the proteins had molec-
ular masses greater than 97 kDa, and 12.3% had molecular
masses lower than 22 kDa. This is in agreement with Candi-
ano et al. (49) who reported that current commercially avail-
able 4% total acrylamide IPG gel strips limit the high molec-
ular weight proteins visualized with 2-DE.

All 1661 protein spots were excised, digested in-gel with
trypsin, and analyzed by nano-HPLC coupled to an ABI hybrid
quadrupole time-of-flight mass spectrometer (ABI QSTAR
Pulsar i). Representative LC/MS/MS data, an experimentally
determined peptide sequence, and a database search result
are shown in Fig. 2. To significantly elevate the confidence in
the reported protein identifications, a score criterion of twice
the normal MASCOT score considered significant at p � 0.05
was used (i.e. score � �80). Using this criterion, proteins from
1367 of the 1661 spots were identified, yielding a protein
identification success rate of 83%. This is a substantial in-
crease as compared with the previously reported protein
identification success rates for M. truncatula of 37% (50) and
55% (39) using peptide mass fingerprinting. The improvement
is attributed to greater protein coverage obtained by LC/
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MS/MS and the use of the custom legume database. A com-
prehensive list of all identified proteins, their accession num-
bers, number of peptides matched, sequence coverage,
MOWSE scores, experimental pI values, and molecular
weights are provided in the supplemental materials (Supple-
mental Table 1). Additionally an annotated reference gel im-
age is available upon request. These data establish the high
level of analytical rigor used to validate the reported protein
identifications. A comparison with previously reported identi-
fications (39) was also performed to further validate the results
reported here.

Many protein spots yielded more than one confident protein
identification; thus, a total of 2570 proteins were identified in
the 1367 protein spots indicating co-migration of multiple
proteins in the first and second dimensions. For example,
spot 1424 contained peptides that confidently identified both
a safener protein, In2-1 (51), and a chalcone-flavone isomer-

ase. Both proteins have similar calculated molecular masses
(27,029 and 25,601 kDa) and pI values (5.63 and 5.58), making
them difficult to resolve through the 2-DE conditions used in
this work. However, it cannot be ruled out that the multiple
protein identifications in some cases are due to streaky pro-
tein spots or due to diffusion of protein spots in close prox-
imity. The presence of co-migrating proteins will complicate
quantitative comparison in future experiments and will neces-
sitate alternative methods to confirm quantitative differences
(26, 52–57). Of the 2570 proteins identified, the total number
of unique proteins represented was 907 (i.e. independent
accession numbers). The difference between the number of
unique sequences (907) and the total number of proteins
identified (2570) is attributed to multiple post-translational
modifications for each unique sequence or to different protein
isoforms (58).

As expected, the vast majority of proteins identified in this

FIG. 1. 2-DE proteome reference maps of M. truncatula suspension cells cultures. 2-DE was performed using 1900 �g of protein,
non-linear 24-cm IPG strips (pH 3–10), and a 10% (w/v) total acrylamide SDS second dimension. Proteins involved in secondary metabolism
and disease/defense are numbered.
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FIG. 2. Representative LC/MS/MS data obtained on an ABI QSTAR Pulsar i for spot 1064. A, total ion chromatogram (TIC). B, an example
LC/Q-TOF/MS spectra of peptides eluting from the column from 14.458 to 14.577 min. C, tandem LC/Q-TOF/MS/MS mass spectra and
experimentally determined sequence for peptide sequence observed at m/z 467.25. D, database search result.
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work were soluble proteins because 2-DE analysis of hydro-
phobic/membrane proteins still remains a significant chal-
lenge (59). However, several membrane-associated proteins
were identified. These proteins include outer membrane li-
poprotein (spot 1519), plasma membrane intrinsic polypep-
tide (spot 1208), multiple porins (spots 56, 168 and 1500),
mitochondrial import receptor subunit TOM20 (spot 1562),
several subunits of ATPase (spots 32, 609, and 754), and
H�-transporting ATPase (spot 1191). Although detection of
ATPase subunits has been reported previously in M. trunca-
tula (39, 50), other membrane-associated proteins were de-
tected in this species for the first time.

Functional Classification—Putative functional annotations
for the identified proteins were assigned based on NCBI pro-
tein-protein BLAST results obtained with an enabled con-
served domain search option, protein families database infor-
mation (www.sanger.ac.uk/Software/Pfam/ (60), and/or
available literature information. Protein functions were classi-
fied into the following categories: primary metabolism, sec-
ondary metabolism, energy production, disease/defense re-
sponses, signal transduction, transcription, cell growth/
division, cell structure, protein destination/storage, protein
synthesis, and transport as described previously (61). Fig. 3
illustrates the distribution of proteins in M. truncatula cell
cultures based on their tentatively assigned functions. Similar
to previous reports (39, 50), the major functional categories
were metabolism, energy production, disease/defense re-
sponse, and protein destination/storage. These and other
specific functional categories that are expected to be relevant
to our long term objectives of comparative proteomics of
biotic and abiotic stress responses of M. truncatula are dis-
cussed below.

Primary Metabolism and Energy Production—Proteins in-
volved in primary metabolism are essential to cell growth and
maintenance. They accounted for 18% of the identified pro-
teins in the proteome of M. truncatula suspension cell cul-
tures. This protein class is of specific interest because signif-
icant metabolic reprogramming occurs following exposure of

M. truncatula cell cultures to biotic or abiotic stress with
carbon being repartitioned from primary metabolism into po-
tentially defensive secondary metabolism (42). Primary meta-
bolic proteins identified in the present study are involved in
nitrogen, sulfur, and phosphate metabolism. Examples in-
clude an inorganic pyrophosphatase-related protein (spot
1402) that is involved in phosphate assimilation and sulfate
adenylyltransferase (spot 668) and adenosine-phosphosulfate
kinase (spot 1540) involved in sulfate assimilation (62, 63).
Amino acid metabolism-related proteins appeared to be the
most abundant, making up about 23% of the identified pro-
teins involved in primary metabolism. Examples include glu-
tamate dehydrogenase 1 (spot 799), aspartate aminotrans-
ferase 1 (spot 776), S-adenosyl-L-methionine synthetase (spot
639, and note that this enzyme serves as a methyl donor for
secondary metabolism), alanine aminotransferase (spot 453),
�-cyanoalanine synthase (spot 692, and note this enzyme
relative to non-protein amino acid biosynthesis), glutamine
synthetase leaf isozyme (spot 755), cysteine synthase (spot
1038), arginase (spot 908), tryptophan synthase (spot 1022),
isovaleryl-CoA dehydrogenase (spot 774), phosphoribosyl-
ATP pyrophosphohydrolase (At-IE, spot 1264), and ferredox-
in-nitrite reductase (spot 282). The conversion of shikimate to
chorismate by shikimate kinase (spot 1484), 5-enolpyru-
vylshikimate-3-phosphate synthase (spot 553), and choris-
mate synthase (spot 738) leads to the synthesis of phenylala-
nine, the precursor for the phenylpropanoid secondary
metabolites characteristic of the cultures.

Galactokinase (spot 412), glyoxalases I (spot 1223) and II
(spot 1274), glycosyl hydrolase family 38 (spot 186), pfkB type
carbohydrate kinase protein family (spot 902), fructokinase
(spot 1012), and xylulose kinase (spot 38) were among the
identified proteins involved in carbohydrate metabolism. Ga-
lactokinase is one of the four enzymes in the Leloir pathway
that converts galactose to glucose 1-phosphate (64), a more
metabolically useful intermediate that can be further con-
verted to glucose 6-phosphate and enter glycolysis for energy
production.

Proteins involved in energy production accounted for 18%
of all identified proteins. These proteins were dominated by
enzymes of glycolysis and the tricarboxylic acid cycle. All of
the enzymes involved in glycolysis as well as the tricarboxylic
acid cycle were identified except, surprisingly, hexokinase.
Examples include fructokinase (spot 1012), aconitase (spot
88), enolase (spot 508), 2,3-bisphosphoglycerate-independ-
ent phosphoglycerate mutase (spot 286), phosphoglycerate
kinase (spot 780), and triose-phosphate isomerase (spot
1384). These proteins represent some of those identified with
the highest confidence.

In addition to glycolytic and tricarboxylic acid cycle en-
zymes, several proteins involved in the oxidative pentose
pathway (D-ribulose-5-phosphate 3-epimerase (spot 1411)
and transketolase (spot 171)) leading to the formation of ery-
throse 4-phosphate, a precursor of the shikimic acid pathway

FIG. 3. Distribution of identified protein classes as determined
using the NCBI protein-protein BLAST blast with conserved do-
main search (www.ncbi.nih.gov/blast/), protein families database
(www.sanger.ac.uk/Software/Pfam/), and literature information.
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of aromatic amino acid biosynthesis, were identified. The
oxidative pentose phosphate pathway is also a major source
of reductant (NADPH) for secondary metabolism (65).

Secondary Metabolism—Proteins involved in secondary
metabolism or natural product biosynthesis constituted 5% of
the identified proteins and are of particular interest because of
the role of these compounds in plant defense, forage quality,
and their pharmacological properties associated with human
and animal health (2, 66). Secondary metabolic proteins iden-
tified in this study were predominantly associated with fla-
vonoid and lignin biosynthesis (Fig. 4). A number of secondary
metabolic enzymes were identified. Although the coverage of
the flavonoid and lignin biosynthetic pathways were not as
complete as those of glycolysis and the tricarboxylic acid
cycle, identification of these enzymes was exciting as many
have not been identified previously using a 2-DE/mass spec-
trometry-based proteomic approach, and the identifications
confirm our ability to monitor these important pathways using
2-DE and crude cell lysates. Proteins identified included ves-
titone reductase (spot 919), isoflavone reductase (spot 1051),
chalcone-flavonone isomerase (CHI; spot 1052), chalcone re-
ductase (spots 1057 and 1058), caffeic acid 3-O-methyltrans-
ferase (spot 823), caffeoyl-CoA O-methyltransferase (spot
1285), and cinnamyl-alcohol dehydrogenase (spot 745). In
addition to isoflavone reductase, chalcone isomerase, and
vestitone reductase previously identified in M. truncatula (39,
50), we also detected other flavonoid-related enzymes, in-
cluding a putative 2�-hydroxydihydrodaidzein reductase (spot
919) and flavanone 3-�-hydroxylase (spot 806). Interestingly
most of the flavonoid-related enzymes identified in this work
were detected in multiple spots. For example, isoflavone re-
ductase was found in four different spots (spots 991, 1003,
1007, and 1085), chalcone reductase was found in three spots

(spots 1053, 1058, and 1070), and CHI was found in five spots
(spots 1424, 1481, 943, 1052, and 1477). The multiple obser-
vations of these proteins represent various isozymes that will
be useful in evaluating the roles of multigene family members
(67). For example, multiple sequence alignment of the chal-
cone-flavone isomerase sequences indicates that spot 943
contains a Type I CHI, which converts 6�-hydroxychalcone
(naringenin chalcone) to 5-hydroxyflavone (naringenin) (Fig. 5).
Three spots (spots 1052, 1481, and 1477) contained Type II
CHI, which converts 6�-hydroxychalcone to 5-hydroxyflavone
as well as converting 6�-deoxychalcone (isoliquiritigenin) to
5-deoxychalcone (liquiritigenin). The CHI identified in spot
1424 shares sequence similarity to both Type I and Type II.
The CHI in spot 1424 shares 62% sequence similarity to the
Type II CHI sequences and 49% similarity to the Type I
sequence. In addition to the global sequence analysis, the
sequence from spot 1424 only contains seven of the 29
conserved Type I CHI residues described in Shimada et al.
(68). Metabolic profiling reveals induction of chalcone deriva-
tives in elicited M. truncatula cell suspensions (69), but it has
yet to be shown whether specific CHI isoforms are involved in
the formation of specific chalcones and their further deriva-
tives. The presence of different CHI isoforms was recently
demonstrated in the M. truncatula root proteome (50). Pro-
teins involved in flavonoid biosynthesis are often encoded by
multiple genes (68, 70), reflecting the complex regulation of
this class of molecules that plays such an important role in
legume biology. Indeed about 95% of the identified isofla-
vonoids occur in legumes, and flavonoids have been known to
act as inducers of rhizobial nod genes in host-specific sym-
biotic nitrogen fixation (71, 72).

Defense/Stress-related Proteins—Proteins involved in de-
fense against biotic and abiotic stress accounted for 12% of

FIG. 4. Flavonoid and lignin pathways. Enzymes boxed within solid lines were confidently identified within the M. truncatula cell suspension
proteome. Often multiple proteins were confidentially identified within the same protein spot, and enzymes boxed within dashed lines were
identified as co-eluting with other proteins. 4CL, 4-coumarate:coenzyme A ligase; AldOMT, 5-hydroxyconiferaldehyde-3-O-methyltransferase;
C3H, 4-coumarate-3-hydroxylase; C5H, coniferaldehyde-5-hydroxylase; CCoAOMT, caffeoyl-CoA 3-O-methyltransferase; CCR, cinnamoyl-
CoA reductase; CAD, cinnamyl-alcohol dehydrogenase; CHR, chalcone reductase; CHS, chalcone synthase; COMT, caffeic acid 3-O-
methyltransferase; DMID, dihydroxymethyl isoflavone dehydratase; FHT, flavone hydroxytransferase; F3H, flavanone-3-hydroxylase; FLS,
flavone synthase; IFR, isoflavone reductase; IFS, isoflavone synthase; I-2�-H, isoflavone-2�-hydroxylase; IOMT, isoflavone-O-methyltrans-
ferase; VR, vestitone reductase.
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all the identified proteins. These proteins protect plants
against pathogenic fungi, bacteria, and viruses and adverse
environmental conditions and can be induced by a variety of
biotic and abiotic stimuli such as wounding, pathogen infec-
tion, or environmental stresses. The most abundant protein in
the 2-DE proteome reference map was identified as an ab-
scisic acid-responsive protein (ABR-17, spot 1644) with a
high MOWSE score (783) and protein sequence coverage
(98%). This protein represents the highest sequence coverage
achieved in this work, and peptides missed in this identifica-
tion were below the TOF-MS lower m/z cutoff (scan range
m/z, 400–1500) used in the analyses. Although the photosyn-
thetic carbon fixation enzyme ribulose-bisphosphate carbox-
ylase is the most dominant protein in leaf and stem tissues,
ABR-17 is the most abundant protein found in roots and
root-derived cell cultures (39, 50). Although the exact function
of ABR-17 is still unclear, it has high sequence similarity to
intracellular PR proteins and to stress response-related pro-
teins (73). It is interesting that the five most abundant proteins
in the cultures, ABR-17 (spot 1644), thaumatin-like protein
PR-5b (spot 1491), 1,3-�-glucanase (spot 1103), calmodulin

(spot 1651) and In2-1 protein (spot 1424) are all PR- or stress-
related proteins. Although calmodulin is generally thought to
be involved in signal transduction, some isoforms are induced
by fungal elicitors and pathogens, and transgenic plants ex-
pressing these proteins show enhanced resistance to a wide
range of bacteria, fungi, and virus (74). The most abundant
proteins in M. truncatula roots are common metabolic en-
zymes and transport proteins (50). The preponderance of
disease/stress-related proteins in M. truncatula suspension
cell cultures may be attributed to the stress associated with
growth of the cells in culture. Indeed some PR-related pro-
teins have been demonstrated to be induced by the culture
process (75).

Additional classes of defense/stress-related proteins iden-
tified in this work included proteinase inhibitors, peroxidases,
proteinases, and carbohydrolases. Although a significant
number of the identified disease/stress-related proteins have
been reported previously (37, 39, 50), many unique M. trun-
catula proteins were revealed for the first time. For example,
spot 454 was found to contain peptides consistent with a G.
max matrix metalloproteinase, GmMMP2 (accession number

FIG. 5. Sequence alignment of the chalcone-flavanone isomerase isoforms. Shaded areas represent peptides identified in the HPLC/
Q-TOF/MS/MS. Asterisks show identical residues. Vertical arrows indicate residues that are conserved in Type I chalcone-flavanone
isomerases.

Analysis of the M. truncatula Proteome

Molecular & Cellular Proteomics 4.11 1819



AAL27029.1). This is the first report of a matrix metallopro-
teinase from M. truncatula. The soybean metalloproteinase
gene, GmMMP2, is single copy (76). However, three different
spots (spots 389, 454, and 484) with close pI values and
molecular weights were found to contain peptides that can be
associated with GmMMP. This suggests the presence of mul-
tiple matrix metalloproteinase (MMP) isoforms in M. truncatula
(58), which is further supported by multiple tentative consen-
sus sequences for MMPs in The Institute for Genomic Re-
search M. truncatula gene indices (www.tigr.org/tigr-scripts/
tgi/T_index.cgi?species�medicago). GmMMP2 is a zinc-
binding protein and is thought to play a role in pathogen
defense (76). Unlike many other defense-related proteins, the
activation of MMP2 is not dependent on salicylic acid or
jasmonic acid signaling pathways (76). To date, only three
plant MMP proteins from soybean leaves and buckwheat
seeds (76–78) and two cDNAs encoding MMPs from Arabi-
dopsis and cucumber have been identified (79, 80). Other
disease/stress-related proteins that were not identified in the
previous proteomic studies of M. truncatula include haloacid
dehalogenase-like hydrolase family (spot 1376), which shares
sequence similarity with sucrose-6-phosphate phosphohy-
drolase and a sequence from Arabidopsis that has a haloacid
dehalogenase-like domain, osmotin-like protein precursor
(spot 1412), UVB resistance protein-like protein (spot 705),
thaumatin-like protein PR-5b (spot 3), and MtN13 (spot 1627).
MtN13 is a protein identified in M. truncatula that is closely
related to the PR-10 family (81). Unlike some other members
of the PR-10 family found in M. truncatula such as MtPR10-1,
which is constitutively expressed in roots and pathogen-in-
ducible in leaves, MtN13 was reported to be exclusively ex-
pressed in roots during nodulation and was found specifically
in the nodule outer cortex (81). However, recent work revealed

high expression of MtN13 transcripts in alfalfa trichomes (82).
MtN13 expression may be promoted by the culture process
as found with other PR-related proteins (75) or its expression
in the cultures may reflect a “memory” effect; cell cultures
tend to retain portions of the gene expression pattern of the
tissues from which they were derived (41).

The protein 12-oxophytodienoate reductase (spot 799) is
involved in jasmonic acid biosynthesis (for a review, see Ref.
83). Jasmonic acid signaling is typically induced as a defense
response to wounding such as herbivore damage or chewing
insects. Among other proteins induced during the wound
response and jasmonate signaling are the COP9 signalosome
and 26 S proteasome complex proteins. These proteins are
critical in controlled proteolysis (18, 84), which represents an
alternate mechanism of regulating protein activity and one
that cannot be evaluated at the transcript level.

Transport—Transport proteins accounted for 5% of the
identified proteins and included proteins putatively involved in
membrane trafficking, intracellular trafficking, and nutrient
transport. Examples include an ATP-binding cassette trans-
porter family protein (spot 1272), chaperonin (CPN60/HSP60,
spot 304), caseinolytic protease subclass B (spot 84), dnaK-
type molecular chaperone binding protein isoform B (spot
403), ferritin (spot 665), GTP-binding proteins (spot 712), vac-
uolar sorting receptor AtELP2b (spot 141), transporter glu-
cose regulated protein E-like protein (spot 401), probable
potassium channel � chain KB1 (spot 181), and outer plastid-
ial membrane protein porin (spot 1193). Most of the proteins
in this category have not been identified in previous reports of
the M. truncatula proteome (39, 50). Some of these proteins
may have multiple functions. For example, several GTP-bind-
ing proteins with different accession numbers were identified,
reflecting multiple groups of the superfamily, which is divided

FIG. 6. Ubiquitination and proteoly-
sis is initiated through activation of
the Skp1, cullin, F-box (SCF) complex
that also includes a RING finger pro-
tein (Rbx) by the COP9 signalosome.
Enzymes and proteins associated with
this processes and identified in this work
are listed in gray boxes. Ubi, ubiquitin;
Usp6, ubiquitin-specific protease 6;
Usp14, ubiquitin-specific protease 14;
Rpn1–12, 26 S regulatory subunits;
Rpt1–5, 26 S regulatory subunits; �1–7,
20 S structural subunits; �1–7, 20 S cat-
alytic subunits; 11S, 11 S proteasome
activator subunits.
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into five groups: Ras/Ras-like, Rho/Rac, Ypt/Rab, Ran/TC4,
and Arf/Sar. GTP-binding protein (spot 885, accession num-
ber T06448) belongs to the Ras subfamily (85), whereas an-
other GTP-binding protein (spot 720, accession number
AAF65513.1) was related to Ran/TCR4 group using NCBI
BLAST and Pfam domain searches. These proteins are impli-
cated in vesicular transport, cell proliferation, signal transduc-
tion, and cytoskeletal organization (86). Transport of some
natural products is believed to occur via vesicular transport
(87), but this area is still in its infancy.

Protein Destination and Storage (Proteolysis)—This class
includes proteolysis-related proteins, and a large number of
these proteins were identified in this study. Proteolysis is
initiated by the activation of the Skp1 (spot 1549), cullin,
F-box (SCF) complex that also includes a RING finger protein
(Rbx) by the COP9 signalosome downstream of jasmonate
signaling (Fig. 6). A large number of proteins from the 26 S
proteasome as well as the enzymes involved in protein ubiq-
uitination were identified and represent 11% of the total pro-
teins identified. Clearly the cell cultures provide a good sys-
tem to investigate the contribution of controlled proteolysis to
various stress responses at the protein level. The majority of
the 20 S catalytic complex proteins (i.e. 11 of 14 total) were
identified except one � subunit and three � subunits, whereas
the 19 S regulatory complex was only represented by Rpn11
and Rpn12 (Fig. 6). In addition, both the proteasome 11 S
activator complex and a proteasome inhibitor were identified.
Each of the ubiquitin ligase enzymes (E1, E2, and E4) and a
ubiquitin fusion degradation protein with putative E3 ligase-
like activity were present within the proteome. Finally two
ubiquitin-specific proteases (Usp6 and Usp14) responsible for
the degradation of polyubiquitin complete the cycle. The de-
tection of a nearly complete proteasome degradation path-
way within the M. truncatula cell suspension proteome makes
the cultures a novel system for studying both upstream sig-
naling processes such as jasmonic acid induction of the pro-
teasome (88) as well as the regulation of downstream con-
trolled proteolysis of targeted proteins.

Other Identified Protein Functions—Other identified protein
categories included transcription (5%), protein synthesis
(5%), cell structure (4%), cell growth/division (4%), signal
transduction (3%), unknown (8%), and hypothetical proteins
(2%). Signal transduction-related proteins identified include
mitogen-activated protein kinase kinase kinase-like protein
kinase (spot 389), calmodulin (spot 1651) (see above), cysta-
thionine � synthase domain-containing protein (spot 1593),
transforming growth factor-� receptor-interacting protein
(spot 975), Ran GTPase activase (spot 316), Ara4-interacting
protein (spot 66), 14-3-3-like protein (spot 1243), Rho GDP
dissociation inhibitor (spot 1234), and others (see Supplemen-
tal Table 1). Proteins involved in protein synthesis were mainly
30, 40, and 60 S ribosomal proteins, elongation factors (spot
490), initiation factors (spot 1626), and tRNA synthetases
(spot 456) and ligases (spot 819). Approximately 120 transcrip-

tion-related proteins were identified and included DNA-binding
proteins, RNA-binding proteins, RNA recognition motif-contain-
ing protein, RSZp22 splicing factor, transcription factor BTF3-
related, and the largest subunit of DNA-directed RNA polymer-
ase II.

Several glycosyl hydrolase family proteins, pectinesterase
precursor, and fasciclin-like arabinogalactan-protein (FLA10)
are among those identified to be involved in cell structure.
They are mainly involved in the hydrolysis of cell wall polysac-
charides, leading to the modification of cell wall structures.
Examples of cell growth/division-related proteins were actin-
like proteins, actin-depolymerizing factor 2, prohibitin, tubu-
lin-related proteins, CIG2, DEAD/DEAH box helicase, prolifer-
ating cell nuclear antigen, and KAP-2. Although only 4% of the
identified proteins, proteins involved in cell growth/division
are critical for normal cell growth. KAP-2 is an interesting
protein found in bean (Phaseolus vulgaris) and M. truncatula
that shares sequence similarity to the large subunit of mam-
malian Ku autoantigen (89), a protein demonstrated to be
involved in DNA damage repair (90). However, it was also
demonstrated to be a transcription factor that binds to the
H-box in a bean chalcone synthase promoter (89). The pres-
ence of KAP-2 is not surprising as multiple chalcone biosyn-
thetic enzymes were identified in this study, and chalcone
synthase transcripts are induced in cultures in response to
yeast elicitor (69).

Identified Root-specific Proteins Suggest Cell Culture
Memory Effects—Root specific proteins identified included
root border cell-specific protein (spot 1183), non-symbiotic
hemoglobin (spot 1635), nodulin (spot 478), and an extracel-
lular dermal glycoprotein precursor (spot 570). Plant root bor-
der cells serve as a chemical, physical, and biological inter-
face between roots and soil to protect roots from fungal
pathogens and to detoxify environmental pollutants (91, 92).
Although its function is still unknown, the root border-specific
protein was found to contain domains similar to heme iron
utilization proteins using NCBI protein BLAST. This suggests
a possible role of this root border-specific protein in inorganic
ion transport and metabolism. Although non-symbiotic hemo-
globin can be found in various tissues, the particular protein
encoded by the Mhb1 gene has been reported as root-spe-
cific and induced by hypoxia (93), a phenomenon normally
occurring in suspension cells in media or roots in the soil. The
nodulin identified in this work is a novel 53-kDa nodulin of the
symbiosome membrane originally identified in soybean (pro-
tein accession number AAC72337.1). Its exact function is still
unknown; however, a conserved domain search using NCBI
BLAST reveals its similarity to flotillins, suggesting that it is
involved in intracellular trafficking.

Other root-specific proteins were also identified. Inosine-
monophosphate dehydrogenase (spot 425) catalyzes the
rate-limiting step in de novo biosynthesis of purine and is a
postulated key enzyme in nitrogen assimilation in ureide-
exporting nodules (94); RNA gel blot analysis of soybean

Analysis of the M. truncatula Proteome

Molecular & Cellular Proteomics 4.11 1821



inosine-monophosphate dehydrogenase revealed its expres-
sion to be nodule-specific. Pyridoxal kinase-like protein SOS4
(spot 1151) is an enzyme involved in the biosynthesis of
pyridoxal 5-phosphate. Pyridoxal 5-phosphate, an active form
of vitamin B6, is an important cofactor for various enzymes,
acts as a ligand for certain ion transporters (95), and is re-
quired for root hair development (96). The presence of these
apparently root-specific proteins in the cell suspensions,
which were derived from roots but only after multiple pas-
sages as callus and liquid suspension, are consistent with the
concept of “culture memory.”

Conclusions—A high resolution 2-DE proteome reference
map for M. truncatula was generated. Of the 1661 proteins
visualized by 2-DE, 1367 were identified with high confidence
using nano-HPLC/Q-TOF/MS/MS. The identified proteins
were functionally classified, and specific classes related to
stress and secondary metabolism were discussed. All en-
zymes involved in the tricarboxylic acid cycle were observed
as well as the majority of the glycolytic enzymes. However, in
this sea of primary metabolic enzymes, a large number of
enzymes (i.e. 18) involved in secondary metabolism were also
observed. The observation of a significant number and mul-
tiple isoforms of many secondary metabolic enzymes further
suggests exciting opportunities for the study of secondary
metabolism using a comparative 2-DE proteomic approach.
Similarly the sizable number of proteins classified as defense/
stress-related proteins will enable the evaluation of stress at
the proteome level. The copious number of enzymes identi-
fied in the ubiquitination/proteasome pathway will allow visu-
alization of controlled proteolysis in future experiments. Inter-
estingly many of the identified proteins were root-associated
or root-specific. This suggests that there may be a memory
effect associated with the cell culture process as the cultures
were initiated from root tissue. The memory effect further
suggests that information gained from cell culture experi-
ments should be representative and relevant to root
physiology.

This work represents the most extensive investigation of the
M. truncatula proteome to date, and the reference map pro-
vides a starting point for ongoing functional genomic studies
associated with biotic/abiotic stress and natural product bio-
synthesis in M. truncatula. These studies include comparative
proteomics as well as transcriptomics and metabolomics.
Many of the genes and gene families represented in the
identified proteins and isozymes reported in this study can
also be evaluated at the transcript level using microarrays;
however, the proteome context allows visualization of specific
processes such as post-translational modifications and acti-
vation of enzymes that are transparent using transcriptome
analyses only. Although the current depth of coverage of the
proteome is still significantly less than that achievable with
genome-based microarrays, we fully believe that integration
of the protein context with the transcriptome and even
metabolome data will provide the most comprehensive and

informative view of the system response and allow us to
better establish casual relationships between the transcrip-
tome, proteome, and metabolome. Currently these large scale
biochemical profiling technologies are leading to new discov-
eries and understanding of Medicago biology (39, 42, 69, 82,
97–101), and we envision that they will continue to provide
even greater insight.
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