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Legume pods serve important functions during seed development and are themselves sources of food
and feed. Compared to seeds, the metabolism and development of pods are not well-defined. The
present characterization of pods from the model legume Lotus japonicus, together with the detailed
analyses of the pod and seed proteomes in five developmental stages, paves the way for comparative
pathway analysis and provides new metabolic information. Proteins were analyzed by two-dimensional
gel electrophoresis and tandem-mass spectrometry. These analyses lead to the identification of 604
pod proteins and 965 seed proteins, including 263 proteins distinguishing the pod. The complete data
set is publicly available at http://www.cbs.dtu.dk/cgi-bin/lotus/db.cgi, where spots in a reference map
are linked to experimental data, such as matched peptides, quantification values, and gene accessions.
Identified pod proteins represented enzymes from 85 different metabolic pathways, including storage
globulins and a late embryogenesis abundant protein. In contrast to seed maturation, pod maturation
was associated with decreasing total protein content, especially proteins involved in protein biosynthesis
and photosynthesis. Proteins detected only in pods included three enzymes participating in the urea
cycle and four in nitrogen and amino group metabolism, highlighting the importance of nitrogen
metabolism during pod development. Additionally, five legume seed proteins previously unassigned
in the glutamate metabolism pathway were identified.
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Introduction

The legume plant family contains approximately 20 000
species distributed across 700 genera,1 of which the majority
are able to form symbiosis with nitrogen-fixing rhizobia and/
or phosphate-retrieving mycorrhiza. This unique feature makes
legumes attractive crops, especially in regions low in nitrogen.

The fruit of a legume develops from a simple carpel into a
pod that encloses and protects the seeds.2 Evolutionarily, the
pod is derived from a leaf, which is folded and joined by a

dorsal suture; a ventral suture develops from the middle lamella
of the leaf.3 After seed maturation, the pods of many of the
legumes dehisce and separate along the two sutures, freeing
the seeds through a mechanism known as shattering. The pods
are photosynthetically active until the desiccation phase when
the tissue senesces and dries out.4

For production of food and feed in pulse crops, the legume
fruits are grown to desiccation to harvest dry seeds that are
stored for later consumption. However, a considerable amount
of immature fruits are harvested and sold on the market as
fresh, frozen, or canned food. Typical examples are the com-
mon bean (Phaseolus vulgaris) and the sugar pea (Pisum
sativum var. macrocarpon). Several varieties of these crops have
been bred particularly for the fleshiness, flavor, or sweetness
of their pods. The flesh of such unripe pods contains lower
amounts of starch and protein than mature desiccated seeds,
but they are rich in vitamin C and contain pro-vitamin A.5
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The seeds of legumes are nutrient rich, and high protein
content makes them an inexpensive substitute for meat in the
human diet. Additionally, some legumes produce oil-rich seeds
from which oil is extracted for consumption and biofuel
production. The high protein content in the seeds results from
extensive accumulation of storage globulins, which are par-
ticularly rich in the nitrogen-containing amino acids glutamine
and asparagine. During seed development, nitrogen can be
mobilized into the seeds in the form of free amino acids.
Furthermore, nitrogen-containing substances can be trans-
ported directly through the pod via the phloem and unloaded
to the seed coat and then through active/passive transport into
the embryo for incorporation into storage globulins. Alterna-
tively, the nitrogen can be stored in the pod for later mobiliza-
tion; hence, during progression of development the pod
switches from sink to source tissue. For the pea (Pisum sativum
L. cv Caméor), it was shown that 71% of the nitrogen ac-
cumulating in the seeds is mobilized from endogenous sources,
including leaves (30%), pods (20%), roots (11%), and stems
(10%).6 During the seed filling phase, a decrease in abundant
leaf proteins occurs, which illustrates this nitrogen mobilization
process.7

Although several legume grains are rich in starch, protein,
fatty acids, and micronutrients such as iron and zinc, seed
improvement has been a major aim in breeding programs to
further improve the nutritional value of the legume grains.
Generally, seed development proceeds through three growth
phases: the prestorage phase, the seed filling phase, and the
desiccation phase. During the past decade, several proteomic
studies of seed development have been carried out for different
species. Lotus japonicus (L. japonicus)8 and Medicago trun-
catula9-11 are two commonly studied model legumes, and
common crop plants like soybeans (Glycine max)12-14 and peas
(Pisum sativum L.)15 have also been investigated. These studies
have provided knowledge about pathways important for le-
gume seed development, especially the synthesis of storage
globulins and methionine metabolism. However, essentially no
information exists on the proteome of the pod. Furthermore,
a detailed analysis of the proteomes of the pods and seeds
could contribute to efforts aimed at increasing the nutritional
value of the immature pods marketed for human consumption.

Here we present a morphological characterization of the
pods from L. japonicus at six developmental stages, as well as
a two-dimensional (2D) gel proteomic analysis of both pods
and seeds in five of these stages. In contrast to our previous
GeLC-MS/MS analysis of seeds from two distinctly different
developmental stages,8 the present 2D gel proteomic analysis
provides quantitative data from both pods and seeds in five
consecutive developmental stages and hence represents a
complementary study of L. japonicus both methodically and
biologically. Additionally, the results from both the previous8

and the present studies on L. japonicus, as well as results from
M. truncatula9,11 and the soybean,12,13 are made available in a
public database, accessible for comparative metabolic pathway
analysis.

Materials and Methods

Plant Material. Lotus japonicus Gifu B-129 was grown at 70%
relative humidity in a greenhouse. The plants were cultivated
from December 2004 until June 2005, and the fruits were
harvested at different developmental stages defined by days
after flowering (DAF) from April until June 2005. Immediately
after harvest, the fruits were separated into pods and seeds in

tubes on dry ice and stored at -80 °C until use. For each
developmental stage, fruits with similar lengths and colors were
harvested, and the fruits contained 17-19 seeds. The plant
material used in this study was collected in parallel with the
material used by Dam et al.8

Characterization of the Developing Pod. The fresh weight
of pods was measured immediately after harvest and the dry
weight measured after drying at 65 °C for 5 days. The water
content was determined as the difference and expressed as a
percentage of the fresh weight.

Fruits for histological studies were harvested in tubes with
70% (v/v) ethanol and stored at 4 °C until use. The fruits were
processed similar to a procedure described for seeds.8

Protein Isolation. Total protein was isolated by phenol-SDS
extraction combined with several acetone and trichloroacetic
acid (TCA) precipitations, as described by Wang et al.16 Briefly,
the pods or seeds were homogenized in liquid N2 and washed
with ice-cold acetone twice. After drying in a speed vac, the
powder was weighed prior to further grinding in quartz sand.
The powder was rinsed with 10% ice-cold TCA in acetone until
the supernatant was colorless, then with aqueous 10% TCA
twice, and finally twice with 80% ice-cold acetone. The pellet
was dried in a speed vac prior to protein extraction. Proteins
were extracted with a phenol-SDS mixture using a commercial
Tris-HCl (pH 8.0) saturated phenol (AppliChem). The phenol
phase was transferred to a new tube, and proteins were
precipitated using five volumes of ice-cold methanol in 0.1 M
ammonium acetate. Recovered pellet was washed twice with
ice-cold methanol in 0.1 M ammonium acetate and twice with
80% ice-cold acetone. The final pellet was stored in 80% ace-
tone at -80 °C.

Two-Dimensional Gel Electrophoresis. For the 2D gel elec-
trophoresis, proteins were first subjected to isoelectric focusing
(IEF) and then separated according to size. To obtain high
resolution, the IEF was performed on long, commercial,
immobilized, pH-gradient (IPG) strips in two different pH
ranges, pH 4 to 7 (Immobiline DryStrip, 24 cm, GE Healthcare)
and pH 6 to 11 (Immobiline DryStrip, 18 cm, GE Healthcare),
and the size separation was done on large (26 × 20 cm) 12.5%
SDS PAGE.

The pellet from the total protein isolation was air-dried at
room temperature and dissolved in IEF sample buffer as
described by Zheng et al.17 using 4% (w/v) CHAPS, 1% (w/v)
IPG buffer (either IPG pH 4-7 or IPG pH 6-11; GE Healthcare),
10 mM Tris-HCl (pH 8.5), 10 mM dithiothreitol (DTT), and trace
amounts of bromphenol blue. For pods and seeds, an amount
corresponding to 25 and 10 mg of dry weight tissue powder
was loaded on each strip, respectively. For each developmental
stage, five 2D gels were made representing two biological
samples and, for each of these, two or three technical replicates.
Seeds at 7 and 13 DAF were represented with five technical
replicates. The pH 4-7 strips were rehydrated with 450 µL
protein samples for 21 h in a tray at room temperature, and
IEF was performed at 20 °C in the IPGphor II system (GE
Healthcare). The pH 6-11 strips were rehydrated with 340 µL
of IEF buffer without DTT and protein samples but with the
addition of 12 µL mL-1 DeStreak (GE Healthcare), and the
protein samples were anodic cup-loaded. IEF was performed
at 20 °C in the IPGphor II system (GE Healthcare).

Prior to the second dimension, each gel strip was reduced
using DTT for 15 min and then alkylated by iodoacetamide for
15 min both at room temperature and under standard condi-
tions.18 For separation in the second dimension, IPG strips were
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loaded on vertical 12.5% polyacrylamide (37.5:1) gels using an
EttanTM DALTsix electrophoresis unit (Amersham Biosciences).
Strips were overlaid with 0.5% agarose in electrophoresis buffer
(25 mM Tris, 0.192 M glycine, and 0.01% (w/v) SDS). This buffer
was also used in the anodic chamber of the unit, while the
buffer in the cathodic chamber contained twice this concentra-
tion. The gels were run at 10 W/gel for 30 min followed by 16
W/gel for approximately 4.5 h and stopped before the dye
migrated off the gels.

Gels were fixed in 50% (v/v) ethanol and 2.55% (v/v) phos-
phoric acid for 18 h. Subsequently, the gels were preincubated
in 34% (v/v) methanol, 2.55% (v/v) phosphoric acid, and 17%
(w/v) ammonium sulfate for 1 h before 350 mg L-1 of Coo-
massie Brilliant Blue G-250 was added and stained for 100 h.
For destaining, the gels were washed three times with water
before they were left in water for 20 h. Finally, the gels were
washed two times with water prior to scanning. Image acquisi-
tion was done using a GS-800 Calibrated Densitometer scanner
(BIO-RAD) with a resolution of 150 dpi, 8-bit gray scale.
Afterward, gels were stored in 5% acetic acid at 4 °C until use.

Analysis of the 2D Gel Images. The acquired 2D gel images
were analyzed with the PDQuest Advanced software (version
8.0.1, BIO-RAD), where the gel images of biological and tech-
nical replicates were grouped in sets (each developmental stage
with four or five gels in each set) prior to spot detection and
spot matching across the different gels to create a master gel,
which represented the spots detected in at least one of the
developmental stages. The master gel was based on the image
with the highest spot number and quality. The analysis was
re-evaluated by manual inspection.

For quantification analysis, the spots matched to the master
gel were normalized with options available within the PDQuest
software. For the pods and seeds, two different methods were
applied. The spots from pods were normalized using the
method of local regression. For the seeds, the applied normal-
ization method was total quantity in valid spots, and the spots
containing globulins were rejected as valid spots prior to the
normalization calculation. This alternative method was chosen
for the seeds to avoid an excessively high contribution of the
storage globulins to the overall protein intensity.

The quantification made by the PDQuest software was
utilized to categorize the pod proteins into nine different
expression patterns reflecting the dynamics in the protein
amounts during development. The quantified data, together
with their uncertainties, were fitted with a function of two
straight lines, where the slope of each was compared to the
uncertainty of the slope. If the uncertainty of the slope
exceeded the slope, the function was considered constant. If
both slopes had the same sign, then the pattern was considered
continuously increasing or decreasing.

Protein Identification by Mass Spectrometry. Manually
excised gel plugs were destained in water, dehydrated in 100%
acetonitrile, and vacuum-dried. Proteins were in-gel digested
and eluted on the MALDI target as described by Bak-Jensen et
al.,19 except that the proteins were eluted in 70% (v/v) aceto-
nitrile and 0.1% (v/v) trifluoroacetic acid.

Peptide mass spectra were acquired by matrix-assisted laser
desorption ionization mass spectrometry (MALDI) using either
a 4700 Proteomics Analyzer MALDI TOF/TOF or a 4800 Plus
MALDI TOF/TOF Analyzer (both Applied Biosystems) in the
positive ion reflector mode. Depending on the sample analyzed,
laser intensity and number of laser shots were varied to obtain
optimal spectra. Internal apparatus calibration was performed

with trypsin-digested lactoglobulin, and MS profiles were
collected in the m/z range 838-3500 Da. Ignoring MS peaks
from trypsin and human keratin, the one to five most abundant
peptide ions from the MS spectra were subjected to MS/MS
analysis.

Both the MS and MS/MS spectra were converted into peak
lists using the Data Explorer software (v4.4, Applied Biosystems)
with default parameters. All spectra from a single sample were
merged into one MASCOT generic file using an in-house made
PERL script (courtesy of Jakob Bunkenborg, University of
Southern Denmark) and utilized to search for matches in
several databases using the Mascot Daemon 2.1.0 software
(http://www.matrixscience.com).20 Searches were performed
with carbamidomethylation of cysteines as a fixed modification
and oxidation of methionines as a variable modification.
Peptide tolerance was set to 70 ppm, and one missed cleavage
was accepted. The MS/MS tolerance was set to 0.5 Da. Searches
were performed as in Dam et al.,8 albeit using newer versions
of the two public databases: Swiss Prot [SPROT, version 56.0
(392 667 sequences; 141 217 034 residues)] and the nonredun-
dant proteins at the National Center for Biotechnology Infor-
mation [NCBInr, version 20080826 (6 937 173 sequences;
2 395 285 404 residues)]. According to statistical analysis for the
five databases (lotus_aa, lotus_nt, lotus_EST, SPROT, and
NCBInr), the Mascot software assigned hits as significant (p <
0.05) if the MOWSE score in the protein summary was higher
than 61 for lotus_aa, 69 for lotus_nt, 65 for lotus_EST, 68 for
SPROT, and 81 for NCBInr. However, MOWSE scores less than
90, 103, 97, 102, and 121 for the five databases, respectively,
were manually inspected to verify the assignment by the
Mascot software. Manually inspected spectra were only con-
sidered significant if they contained a peptide sequence tag of
at least three consecutive b and/or y ions and all assignments
based on one peptide were rejected. In total, 104 and 118 spots
for pods and seeds with significant hits using Mascot were
discarded using the above criteria. The analysis of some protein
spots gave multiple identifications, which could not be distin-
guished based on the information given by the identified
peptides as also discussed by Dam et al.8

Databases. The database “Experiment Database - Process
& Analysis View” (http://www.cbs.dtu.dk/cgi-bin/lotus/db.cgi)
was introduced by Dam et al.8 and is publicly available. To
support the information obtained with the present work,
additional features were implemented. The selection of “Ex-
periments” in the left side menu gives the user the possibility
to choose between several proteomic experiments performed
on L. japonicus, e.g., the 2D gel experiments presented here.
By clicking one of the 2D gel experiments, a list of matching
analyses appears: two 2D gel analyses together with numerous
MS analyses. Choosing one of the 2D gel analyses leads to a
list of spot IDs. In addition, a picture of the master gel is shown
in the main field on the right, where spots are marked with
turquoise plus signs. By moving a mouse across the spots in
the picture, the spot ID and protein identifications pop up. To
retrieve spot information, one can either click on a spot in the
picture or in the list in the left-side menu. By either approach,
the corresponding spot in the picture changes to a pink circle,
and the experimental pI and mass are displayed together with
quantification data when applicable. On the left, the accessions
identified in this particular spot appear, and each one links to
a page on the right side where one can choose a protein page
displaying: (1) a link “KDRI” to the particular protein at the
Kazusa DNA Research Institute homepage (http://www.
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kazusa.or.jp/lotus/index.html) when applicable, (2) the amino
acid sequence, (3) the cDNA sequence, (4) “Experimental data
for Protein Accession”, where information is listed on whether
this protein has been identified in the present and/or other
proteomic analyses, and (5) a list of hits from a genomic BLAST
search. Furthermore, the MS analyses are listed on the left,
which are identical to the ones listed under the main menu
point “Experiments”, mentioned above. An MS analysis con-
tains a peak list with experimental MS information (i.e., the
matched peptides) from the different protein identifications.

The identified pod and seed proteins were Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
annotated as described by Dam et al.,8 and the KEGG annota-
tions were used for comparative pathway analysis. Data
are available at http://bioinfoserver.rsbs.anu.edu.au/utils/
PathExpress/pathexpress4legumes.php.

Results and Discussion

Characterization of the Developing Pod. The present mor-
phological characterization of the L. japonicus pods, together
with the detailed analyses of the proteomes of pods and seeds,
paves the way for comparative pathway analysis and adds new
important information on their metabolism. Prior to this study,
essentially no information about the proteome of isolated pods
existed since intact legume fruits containing pods and seeds
together were used for EST libraries (L. japonicus1,21,22), as well
as in transcriptomic (M. truncatula1,21,22) and proteomic
analyses (M. truncatula10).

The development of the L. japonicus pod was analyzed from
7 to 46 DAF. After harvest, the fresh and dry weights were
measured to determine the water content (Figure 1). Initially,
the pods were green, and their maximum fresh weight was
reached around 25 DAF. As they started to lose water, the color
changed from green to yellow-brown. After 28 DAF, pods
turned completely brown upon entering the senescence phase.
Despite this, the amount of dry material increased until 34 DAF,
after which a plateau was reached, as the fresh weight was only
slightly higher than the dry weight (water content between 12
and 16%).

The progression of the fresh and dry weight of the pods was
markedly different than that of the seeds.8 Pods reached their
maximum fresh weight a few days earlier than the seeds.
Although the drying of pods was initially slower than the drying
of the seeds, the pods were dry at 34 DAF compared to 37 DAF
for the seeds. The slower initial drying of the pods presumably
enables relocalization of nutrients from the pods to the seeds
prior to desiccation.

Fruits at six developmental stages (7, 13, 19, 22, 31, and 43
DAF) were selected for histological studies. Cellular changes
were visualized by toluidine blue staining of tissue sections
(Figure 2). The structure of the actual wall of the L. japonicus
pod is similar to other legume species and consists of three
well-defined tissue layers: the outer exocarp, the middle

Figure 1. Pod characterization. The graph represents changes in
pod fresh weight (FW), dry weight (DW), and water content (WC)
from 7 to 46 DAF. FW and DW were measured for pod halves.
Data represent the mean ( SD of 10 samples, each consisting
of 2-6 pod halves.

Figure 2. Histological studies of the fruit in different developmental stages. Thin sections of fruits from the five different developmental
stages, 7, 13, 19, 22, and 31 DAF, together with one-half of a desiccated pod are shown. Fruits were harvested, fixed, sectioned into 5
µm slices, and stained with toluidine blue. The sections are oriented such that the ventral suture is pointing upwards and the dorsal
suture downwards. For 7 DAF, one of the slices shows a seed connected to the pod via the funiculus, and in the other slice from 7 DAF
and the one from 13 DAF, a part of a seed is seen inside the pod. The star indicates the weakening of the connection between the two
halves of the pod at senescence. Endo, endocarp; Exo, exocarp; Meso, mesocarp; Fun, funiculus; Par, parenchyma; Scl, sclerenchyma
cells; Ven, ventral sclerenchyma cords; and Dor, dorsal sclerenchyma cords.
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mesocarp, and the inner endocarp. The exocarp consists of a
single outer epidermis cell layer throughout the development.
The mesocarp consists of several cell layers ranging from three
to four layers at 7 DAF to six to seven layers at 22 DAF. During
senescence, the mesocarp shrinks. Except for transition of
vascular bundles (not shown), the mesocarp exhibits a uniform
cell composition. The endocarp consists of three different cell
types: a single layer of sclerenchyma cells, a single layer of
parenchyma cells, and the inner epidermal layer surrounding
the seeds. As observed in the desiccated stage, the inner
epidermal layer dries out during senescence. The presence of
an extended inner epidermal layer is similar to that of soy-
bean23 and pea3 but different from M. truncatula that contains
only a single layer of inner epidermal cells.24 The connections
between the two halves of the pod are tight in the earlier
developmental stages; however, as indicated in Figure 2, the
joining is weakened at 31 DAF leading to disconnection and
shattering.

2D Gel Electrophoresis. To establish a framework for
pathway analysis in legume fruits during development, we
performed a comparative proteomic analysis on L. japonicus
pods and seeds by analyzing five developmental stages, namely,
7, 13, 19, 22, and 31 DAF, which define characteristic changes
during pod and seed development.8 At each of these five
developmental stages, plant material was collected and ana-
lyzed according to the methodology outlined in Figure 3. Total
protein was extracted from the samples and applied to 2D gel
electrophoresis. A protein extraction method utilizing trichlo-
roacetic acid, acetone, and phenol-SDS16 in combination with
a loading buffer containing the chaotropic 2 M thiourea
resulted in a high number of defined protein spots on the gels
with good resolution in the molecular mass interval from 10
to 125 kDa (Figure 4). First dimensional isoelectric focusing
(IEF) was performed in two different pH intervals, namely, pH
4-7 and pH 6-11. Representative master gels from each of the
five developmental stages in both pH intervals are shown in
Figures S1 and S2 (Supporting Information) for pods and seeds,
respectively.

Total protein amounts in the two tissues during the analyzed
period were strikingly different, emphasizing the senescence
of the pods accompanying seed maturation. For the seeds, the
protein amount was fairly constant until the last stage (31 DAF)
where accumulation of storage globulins was evident (Figure
S2, Supporting Information). There was a clear decline in the
total amount of pod protein during development (Figure S1,
Supporting Information), which correlated with decreasing
intensity of several proteins as the pods approached senes-
cence. The absolute protein amount was also much lower for
the pods than for the seeds, requiring two and a half times the
dry material used for the seeds to obtain equal total protein
quantities on the 2D gels.

Protein Identification. In total, 1204 distinct protein spots
were detected and verified on the master gels for the pods and
1773 for the seeds (Figures S1 and S2, Supporting Information).
For protein identification of the individual spots, 1014 spots
from pods and 1295 spots from seeds were excised. All the
excised spots were numbered with a spot ID. Spots from seeds
pH 6 to 11 were numbered from 1 to 598, and spots from pH
4 to 7 were given spot IDs from 2002 until 3070. For the pods,
the spot ID numbers were 4001-5897 and 6001-6192 for the
pH intervals 4-7 and 6-11, respectively. Excised protein spots
were digested with trypsin and subjected to matrix-assisted
laser desorption ionization time-of-flight tandem mass spec-

trometry (MALDI-TOF/TOF MS). Peptide information from MS
spectral data were matched to known gene sequences using
the Mascot software.20 Initially matching the peptides to
databases containing only L. japonicus sequences provided a
high identification rate, and the public databases (SPROT and
NCBInr) returned only a few additional identifications. Of the
spots that were analyzed, we identified 604 pod proteins and
965 seed proteins; hence, the identification ratio for the
complete analysis was 60% for pods and 75% for seeds,
comparable to ratios obtained in similar studies.9 Inspection
of a subset of 63 samples producing high-quality MS spectra
revealed 50 significant identifications in the lotus_aa and
lotus_nt databases. Thus, we estimated that the genomic
sequences covered approximately 80% of the proteome, which
is close to the estimated 91% coverage of the transcriptome
previously reported by Sato et al.25 The total number of spots,
the number of isolated spots, and identified proteins in the
2D gels are summarized in Table 1.

Figure 3. Proteome preparation and analysis. For each of the five
developmental stages, five 2D gels were performed for each of
the two pH intervals (pH 4-7 and pH 6-11). Images of the gels
were collected and then matched with the PDQuest software.
Spots were matched within categories from each developmental
stage. Spots that were present in at least three of the replicates
from a single developmental stage were utilized to produce a
master gel using one of the individual gels as a template. Initially,
spots were automatically matched to the master gel, and then
every individual spot was verified by manual inspection. The gels
were normalized and quantified. Spots were excised from the
gels, digested with trypsin, and subjected to MALDI-TOF/TOF.
MS results were compared against two sets of databases.
Information on identified proteins was uploaded to two Web
sites. The whole procedure was performed on both pods and
seeds.
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Protein identifications from the pods are listed according to
their spot ID number in Table S1 (Supporting Information).

Accompanying each spot ID, the matching gene accessions are
listed together with experimental and analytical data. The total
number of pod protein identifications was 1075, which cor-
responded to 567 different gene accessions (Table S2, Sup-
porting Information). Similarly, the results for seeds are
presented in the Tables S3 and S4 (Supporting Information)
with 1480 identifications corresponding to 738 different gene
accessions. The intersection between the identifications in the
pods and seeds constitutes 304 gene accessions.

A previous study on the L. japonicus seed proteome identi-
fied proteins corresponding to 1113 different gene accessions.8

In this study, we independently identified proteins correspond-
ing to 738 different accessions. The two different approaches
contained a common set of proteins representing 341 acces-
sions. Thus, the 2D gel approach described here adds 397 new
identifications. The complete number of identified proteins in
one or more developmental stages of L. japonicus seeds cor-
responds to 1510 accessions.

To predict biological functions for the obtained gene acces-
sions, sequences were blasted against the UniProt Knowledge-
base (UniProtKB)26,27 using the probability value e e 1 × 10-6,
and the obtained protein functions are listed in Table S5
(Supporting Information), where enzymatic functions are
denoted by their Enzyme Commission annotation (EC num-
ber).28 For the pods, a biological function was predicted for
550 of the 567 different gene accessions. Similarly, 699 of the
738 different seed gene accessions identified had a homologue
in the UniProtKB.

Proteins Identified in the Pods. Approximately half of the
550 gene accessions in the pods that were assigned a biological
function through their UniProtKB homologue had a predicted
enzymatic function. The other half (256 identifications) in-
cluded ribosomal subunits, protein translation factors, struc-
tural proteins such as actin and tubulin, structural integral
membrane proteins (e.g., ion channels), RNA and DNA binding
proteins (U6 snRNA, DNA repair protein, and RNA binding
protein 8A), annexins, photosynthesis-associated proteins,
protein inhibitors such as trypsin inhibitor and polygalactur-
onase inhibitor, nuclear transport-related proteins such as RAN
GTPase and importin alpha, chaperones and heat shock
proteins, ATP synthases, and transcription factors BTF3 and
Pur-alpha 1.

In our analysis, there were 263 proteins that were only
detected in the pod. Of these, 255 identifications could be
assigned to a homologue in the UniProtKB, and 114 were
assigned with an EC annotation, leading to the prediction of
50 different enzymatic functions. The 141 protein identifica-
tions without an assigned enzymatic function were evenly
distributed throughout several different biological functions.

On the basis of the identifications from L. japonicus pods,
the PathExpress interface (see below) allows pathway analysis
of pods and comparison of pod and seed identifications. The
289 pod accessions that were assigned an enzymatic function
represented 138 different enzymatic functions in 85 various
pathways (summarized in Table S6, Supporting Information).
Carbon fixation, glycolysis/gluconeogenesis, and pyruvate me-
tabolism were prominent among these pathways. For each of
these three pathways, only one or two assigned enzymatic
functions were identified in pods and absent in seeds.

By comparing the identifications in pods with both our new
identifications in L. japonicus seeds and all the previous
identifications in other legume seed studies (L. japonicus,8 M.
truncatula,9-11 and soybean12,13,29), we found 45 assigned

Figure 4. Pod and seed proteomes at 13 DAF. These 2D gels are
representative images of the colloidal Commassie Brillant Blue
stained gels from 13 DAF. (A) Gel from pod proteome analysis
at 13 DAF. (B) Gel from seed proteome analysis at 13 DAF. The
enlarged portion shows the corresponding segment from the
master gel. The highlighted spots correspond to protein transla-
tion elongation factor 1-alpha (spots 128, 527, 562, and 563) and
ribosomal proteins (40S S7 [spots 542 and 543], 40S S5 [spots
544, 545, 546, and 548], and 60S L9 [spot 553]). These were visible
only when thiourea was included in the loading buffer. Gels on
the left are from pH 4-7, and the gels on the right are from pH
6-11.

Table 1. Number of Spots Isolated and Proteins Identified in
the 2D Gel Analysis

pods seeds

total number of spots 1204 1773
isolated spots 1014 1295
identified spotsa 604 965
total protein identificationsa 1075 1480
different identifications 567 738
intersection 304
uniprot homologuesb 550 699
EC assignmentsc 289 344
enzymatic functions 138 159

a The number of total protein identifications exceeds the number of
identified spots as some peptides match equally well to different gene
accession numbers. b Protein homologues identified with the UniProt
Knowledgebase. c EC: enzyme commission.
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enzymatic functions that were characteristic for pods. In total,
they represent 32 different metabolic pathways (Table S7,
Supporting Information). Interestingly, “nitrogen metabolism”
and “urea cycle and metabolism of amino groups” had three
and four distinctive pod proteins, respectively.

In the urea cycle alone (Figure 5), ornithine transcarbam-
oylase (spot 4022), arginase (spot 5403), and glutamine-
dependent carbamoyl-phosphate synthetase (spot 4426) are
found in pods but not in seeds. Carbamoyl is donated to the
urea cycle as carbamoyl-phosphate, which is synthesized by
carbamoyl-phosphate synthetase using bicarbonate and am-
monium ions. The bicarbonate ions are produced by the
enzyme carbonic anhydrase, which was identified in the pods
but not in seeds, and ammonium is obtained from deamination
of glutamine. Ornithine transcarbamoylase was present at more
than a 10-fold higher concentration during the later three stages
of pod development (19, 22, and 31 DAF) than at 7 DAF.
Arginase showed a high protein level throughout pod develop-
ment. Taken together, this data alludes to the differential
expression of proteins in the urea cycle between pods and
seeds. After relocalization to the seeds, urea can be hydrolyzed
by urease, a protein found in seeds (soybean12,13,29). Am-
monium derived from the degradation of urea can then be
assimilated into amino acids. Hence, urea may serve as a
transfer unit for nitrogen from pods to seeds during maturation
of the protein-rich legume seeds.

Further emphasizing the importance of active nitrogen
metabolism in pods, two other proteins distingushing pods
were predicted to be enzymes active in nitrogen transfer:
formamidase (spot 4446), which catalyzes the conversion of
formamide to formate and ammonia, and the long acyl
aminoacylase (spot 4569), which catalyzes an N-acyl-L-amino
acid to a carboxylate and L-amino acid.

Dynamics of Pod Proteins. The quantification by the
PDQuest software was used for a detailed assessment of the
tendencies in the dynamics in protein amounts during pod

development. There were 411 identified protein spots with
quantification from the 2D gel analysis of the pods. The
progressions of the intensities of these spots were categorized
to nine patterns as shown in Table 2. As expected, the majority
of the proteins decreased in abundance during development
and belonged to categories VII, VIII, and IX. For example, a
60-fold decreased intensity was found for IAA-amino acid
hydrolase ILR1-like 4 (spot 4248), which is probably involved
in the activation of auxin (indole-3-acetic acid, IAA) by hydro-
lyzing an amino acid conjugated IAA. Another protein showing
decreasing intensity was the general transcription factor BTF3
(spot 4080), which decreased more than 16-fold during de-
velopment.

The proteins that increased in intensity during development
are particularly interesting. A 3-ketoacyl-CoA thiolase (spot
6150) belongs to category III with an increasing protein level
until 19 DAF followed by a plateau for the remainder of the
development. This enzyme catalyzes a key step in fatty acid
�-oxidation breakdown and mobilization of lipids from stores
of triacylglycerol in the pod.

Endopeptidase cucumisin belonging to the subtilisin family
was identified in two of the spots from category IV (spots 6132
and 6134). The highest intensities of these spots were at 22 and
19 DAF, respectively. Cucumisin has only been identified in
pods and not in any of the proteomic studies on legume
seeds8,9,11-13 indicating that cucumisin most likely plays an
important role in protein degradation during pod senescence.
In addition, peroxisomal glycolate oxidase (spots 6087, 6088,
and 6089; the sum of their intensities would belong to the
category IV with peak intensity at 13 DAF), ornithine carbam-
oyltransferase (spot 4022, category IV with peak intensity at 19
DAF), and Class-10 pathogenesis-related protein 1 (spot 4131,
category III and constant after 22 DAF) were also only found
in pods.

Pod Senescence. The pods dry out via a particular type of
programmed cell death called senescence, which can be
observed at various levels of biological organization ranging
from individual cells to tissues, organs, and entire plants.
Senescence in the L. japonicus pods was evident at 25 DAF,
where pods changed color from green to yellow-brown, and
28 DAF, where they turn completely brown and dry out (data
not shown).

As pods are evolutionarily derived from leaves, it is tempting
to compare the pods with drying leaves. Leaf senescence is a
slow process, and cell components are degraded while nutrients
are mobilized and redirected from the dying cells to other parts
of the plant. For the pods, nutrients are most likely relocated
to the seeds (e.g., chickpea,30 pea,6,7,31 and bean32,33).

At the onset of senescence, the chloroplasts are degraded,
while mitochondria and nuclei remain structurally and func-
tionally intact until a later stage. A reduction in the protein
level of the key stromal enzyme RuBisCO (EC4.1.1.39) has been
associated with senescence, and its degradation is triggered by
reactive oxygen species, such as ozone, already before visible
symptoms of senescence (reviewed by Hortensteiner and
Feller34).

In this study, we have identified both the RuBisCO small
subunit (spots 6097 and 6098) and large subunit (spot 4549),
together with RuBisCO-associated proteins such as RuBisCO
activase (spots 4329, 4624, 4633, and 5874) and RuBisCO
subunit binding protein alpha (spots 4334, 4339, and 5708) or
beta (spots 4257, 4342, and 5862). During pod development,
the majority of these proteins decreased in abundance (see

Figure 5. Comparative analysis of the urea cycle in pods and
seeds. The bicarbonate ions (HCO3

-) are produced by the enzyme
carbonic anhydrase, and ammonium ions (NH4

+) can be pro-
duced by deamination. After relocalization to the seeds, urea can
be hydrolyzed by urease to produce ammonium, which can then
be assimilated into amino acids. (1) Protein identifications in L.
japonicus pods and (2) protein identifications in legume seeds.8,9,11-13
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Figure 6A for the intensities of selected spots). Additionally,
other proteins assigned as enzymes acting in the Calvin cycle
were identified. Particularly, glyceraldehyde 3-phosphate de-
hydrogenase (EC 1.2.1.9) was identified in 19 distinct spots of
which the protein level decreased during development for 12
spots (spots 6009, 4027, 6043, 4037, 6023, 4188, 4366, 4035, 6186,
6024, 5551, and 6179) and increased for seven spots (spots 6018,
6008, 5546, 6022, 4054, 6016, and 4026). Such distribution in
several spots of identifications annotated to the same enzyme
might be due to different post-translational modifications.

Other proteins from the photosystems (spots 6002, 6102,
6110, and 4324) and several chloroplastic proteins (spots 4140,
4097, 6078, 4103, and 5062) decreased in abundance. Further,
structural components such as actin (spot 5203) also decreased,
and the amount of the ferredoxin-dependent enzyme sulfite
reductase (EC 1.8.7.1, spot 6068) and the chloroplastic ferre-
doxin-NADP reductase (EC 1.18.1.2, spots 4033, 5554, 6019, and
4024) showed reduction in their protein level. These results
reflect the degradation of the photosynthetic machinery during
the pod senescence.

The plastidial glutamine synthetase (EC 6.3.1.2) decreased
during senescence (spots 4236 and 5227) and was earlier shown
to be degraded even faster than RuBisCO.35,36 A cytosolic
counterpart of glutamine synthetase was detectable longer and
seemed to increase in intensity (spot 5234), possibly reflecting
that the cytosolic glutamine synthetase could be responsible
for nitrogen recycling from the senescing tissue. The synthe-
sized glutamine amino acids could relocate to the seeds.

During development, there was a general decrease in the
intensity of proteins involved in protein biosynthesis. All the
identified ribosomal subunits decreased in abundance (spots
6107, 6117, 6116, 6113, 6111, 6115, 6121, 6077, 6118, 4028, 5017,
6126, 6060, 6119, 6114, 6127, 6109, 6120, 6125, 6124, and 5020;
see Figure 6B for the intensities of selected ribosomal subunits).
There was also a lower level of several protein translation
factors including translation initiation factor 5A (spots 5834,
5830, and 5829; see Figure 6C for their added intensities),
initiation factor 4A (spot 4251), initiation factor 3G (spot 6073),
initiation factor eIF2 (spot 4282), elongation factor 1 alpha

(spots 6138 and 6136) and 1 beta (spots 4303 and 4300),
chloroplast elongation factor Tu (spot 5062), and the poly(A)-
binding protein (spots 4157, 6041, and 6040). In contrast to
these proteins, two spots representing the glutathione-S-
transferases (EC 2.5.1.18, spots 4265 and 4267) increased in
abundance. This might imply a function for these enzymes in
protecting the plant against reactive oxygen radicals generated
during peroxisomal lipid degradation at senescence.

Pod Shattering. For many seed-producing plants, pod
senescence ends with pod shattering, which is important in
nature as a seed dispersal mechanism but generally unwanted
in crops. In fact, many crop plants are bred against this
ability.37-40 During pod shattering, the two halves of the pod
detach due to a combination of the cell wall loosening in the
dehiscence zone, which is a region no more than a few cells
wide extending the entire length of the fruit at the boundaries
along the two sutures, and the tensions established by the
differential mechanical properties of drying cells in the pod.41

At maturity, the dehiscence zone consists of a nonlignified
separation layer.

A variety of biological activities are required in advance of
pod shattering. First, early regulators of cell differentiation must
act to mediate cell fate specification, and then several enzy-
matic activities must work to accomplish the associated pro-
cesses, such as changes in cell wall composition, lignification,
and disintegration of the middle lamella in the separation
layer.42 Polygalacturonase (EC 3.2.1.15) is known to degrade
the major component of pectin and has been shown to be
involved in shattering.43-46 We have identified a putative
polygalacturonase inhibitor (spot 6086), although it apparently
does not change in abundance during the period analyzed
(Figure 6D).

Storage Globulins and Late Embryogenesis Abundant
Protein. Surprisingly, the proteins identified in both pods and
seeds included both a storage globulin and a late embryogen-
esis abundant (LEA) protein. A putative pod storage globulin
was identified from spot 4418, which is visible as early as 7
DAF. The peptides from spot 4418 matched two common Lotus
legumin storage proteins: LLP2 and LLP3.8 The significance of

Table 2. Nine Categories of Expression Patterns during Pod Developmental Progression
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the MOWSE scores20 clearly document that this globulin was
present in the pods and was not exclusively present in the seeds
during the seed filling phase, as expected. The identification
of a storage globulin in the pods at this early developmental

stage prior to accumulation of storage globulins in the seeds
suggests a role for pods in intermediate amino acid storage. A
LEA protein was identified in the pod (spot 4288). The intensity
of this spot decreased during the developmental stages (Figure
S3, Supporting Information), which is in direct contrast to the
pattern observed in seeds.

Glutamate Metabolism in Seeds. Comparative analysis of
metabolic pathways in legume seeds performed with the
PathExpress tool showed that the present study contributes
several new assignments to glutamate metabolism. Glutamate
plays a central role in assimilation and dissimilation of am-
monia to other amino acids and is the precursor for arginine,
proline, and γ-aminobutyric acid. In the previous GeLC-MS/
MS study of L. japonicus,8 three different enzymes were
assigned to glutamate metabolism. The present 2D gel study
predicts another seven enzymes (EC numbers) to this pathway.
Summarizing the legume seed studies, 11 proteins with putative
glutamate metabolism-related functions have been identified.
Five of these were exclusively found in this study, namely,
alanine amino transferase, γ-glutamylcysteine synthetase, glu-
tathione reductase, glutamyl tRNA synthetase, and glutamate
decarboxylase. At the homepage http://bioinfoserver.rsbs.
anu.edu.au/utils/PathExpress/pathexpress4legumes.php, a com-
plete record of enzymes involved in the glutamate metabolism
can be found, as well as information about which enzymes have
been identified in each study. Figure 7 shows the relatively
small segment of the pathway where the five predicted
enzymes, which were exclusively found in the present analysis,
occur.

Experiment Database and the Database for Comparative
Legume Proteomics. For further analysis, all the proteome data
obtained were collected in two publicly available databases.
The experimental data for both the pods and the seeds are
available in the database “Experiment Database - Process &
Analysis View” (http://www.cbs.dtu.dk/cgi-bin/lotus/db.cgi).
This database also contains protein sequence information for
all published L. japonicus sequences.25 The options provided
by the database are further described in the Material and
Methods section. Briefly, the database offers the possibility to
navigate via the spots on the master gels, to extract experi-
mental data for individual spots, and to obtain links leading
to DNA and protein sequences. Furthermore, the database
encompasses the experimental data from the previous study
in L. japonicus8 and provides information about the study that
identified a particular gene accession.

The seed proteome data from several legume studies, L.
japonicus,8 M. truncatula,9,11 and soybean,12,13 together with the
new data for the L. japonicus pods and seeds was uploaded to
the Web-based tool PathExpress (http://bioinfoserver.rsbs.
anu.edu.au/utils/PathExpress/pathexpress4legumes.php), where
comparative metabolic pathway analysis is possible. The analysis
is based on assignment of enzymatic functions to the amino acid
sequences using the EC nomenclature and extraction of informa-
tion about metabolic networks using the KEGG LIGAND database
(http://www.genome.jp/ligand/).47,48 Only sequences that were
assigned a complete EC number (all four levels of classification)
were included.49

The PathExpress tool provides access to 567 identifications
for pods together with more than 2300 for seeds. This difference
in numbers reflects that more enzymatic functions were
assigned in seed metabolic pathways than in pod pathways.
Enzymatic functions identified only in pods may therefore
indicate real differences between pod and seed metabolism.

Figure 6. Expression patterns of selected identified pod pro-
teins. (A) RuBisCO small subunit, RuBisCO activase, RuBisCO
subunit binding protein alpha and beta. (B) Selected ribosomal
subunits, where intensities for spots containing identical
proteins were added, and the combined graphs are shown.
Ribosomal subunit S10 (spots 6107, 6113, and 6114), ribosomal
subunit S5 (spots 6117, 6118, 4028, 6119, and 6120), ribosomal
subunit S7 (spots 6116 and 6115), ribosomal subunit L9 (spots
6121, 6122, and 6123), and the ribosomal subunit S3 (spots
6126, 6127, 6125, and 6124). (C) Translation initiation factor
5A (combination of spots 5834, 5830, and 5829). (D) Polyga-
lacturonase inhibitor. The graphs show the intensity (OD*area)
as a function of the developmental stages (DAF). Error bars
indicate ( SD for five replicates.
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For example, pods and seeds seem to utilize different strategies
in nitrogen metabolism. Pods relocate the nitrogen, while seeds
store the nitrogen for later use in germination, which were
reflected by the major differences found for expression levels
of enzymes participating in the urea cycle and in other aspects
of nitrogen metabolism as mentioned above.

In combination, the legume seed studies provided 2341
identifications, of which 1741 proteins were assigned a function
via the UniProtKB. Using the PathExpress interface, 789 ac-
cessions were assigned to 247 different enzymatic functions.
In total, predicted enzymes from 103 pathways were identified,
and for 42 pathways, five or more predicted enzymes were
identified. None of the 103 identified pathways are completely
covered, but comparing the identifications obtained in this
study with the entire data set leads to 41 assigned enzymatic
functions not previously identified in legumes (i.e., 17% are
exclusively identified through this present study and contribute
to increased knowledge of seed development in legumes). For
example, with the present identification of sedoheptulose-1,7-
biphosphatase (EC 3.1.3.37, spots 2087 and 2089) and phos-
phopentose epimerase (EC 5.1.3.1, spot 2465), 10 of the 11
assigned enzymes acting in the Calvin cycle, which is part of
the carbon fixation pathway, were identified in legume seeds.
However, the remaining assigned enzyme, phosphopentose
isomerase (EC 5.3.1.6), so far unidentified in seeds, was
identified in the pod proteome (spot 4158).

Conclusion

The results from our proteomic study on pods and seeds
from the model legume L. japonicus are publicly available in
two databases for additional studies on the comparative
metabolic differences between the two tissues during develop-
ment. Here we have focused on nitrogen metabolism in pods
and seeds and also shown that typical seed proteins, such as
storage globulins and LEA, were present in pods. The progres-

sion for a number of specific proteins in the pods (e.g.,
RuBisCO, chloroplastic proteins, and translation factors) agreed
with previous observations for senescing leaves, and a further
comparison with biological processes in dying leaves would be
interesting. More in-depth studies could include dissection of
tissue parts by laser capture, where isolation of the dehiscence
zone from the pods would be particularly interesting.
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