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Abstract
Legume symbiosis with rhizobia results in the formation of a specialized organ, the root
nodule, where atmospheric dinitrogen is reduced to ammonia. In Lotus japonicus (Lotus),
several genes involved in nodule development or nodule function have been defined using
biochemistry, genetic approaches, and high throughput transcriptomics. We have employed
proteomics to further understand nodule development. Two developmental stages
representing nodules prior to nitrogen fixation (white) and mature nitrogen fixing nodules
(red) were compared with roots. In addition, the proteome of a spontaneous nodule formation
mutant (snf1) was determined. From nodules and roots, 780 and 790 protein spots from 2D
gels were identified and approximately 45% of the corresponding unique gene accessions
were common. Including a previous proteomics set from Lotus pod and seed, the common
gene accessions were decreased to 7%. Interestingly, an indication of more pronounced post
translational modifications in nodules than in roots was determined. Between the two nodule
developmental stages, higher levels of pathogen related 10 proteins, HSP’s, and proteins
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involved in redox processes were found in white nodules, suggesting a higher stress level at
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this developmental stage. In contrast, protein spots corresponding to nodulins such as
leghemoglobin, asparagine synthetase, sucrose synthase, and glutamine synthetase were
prevalent in red nodules. The distinct biochemical state of nodules was further highlighted by
the conspicuous presence of several nitrilases, ascorbate metabolic enzymes and putative
rhizobial effectors.

Introduction
Legumes are the third largest plant family with more than 20 000 species [1] and most of
these are able to interact with rhizobia and develop symbiotic root nodules when available
soil nitrogen is low. The bacteroids, differentiated rhizobia inside nodule cells, contain
nitrogenase that converts atmospheric dinitrogen into ammonia/ammonium, which is used by
the legume. In return, bacteroids are supplied with carbohydrates derived from
photosynthesis. Within the nodule cells bacteroids are enclosed in a specialized plant
membrane termed the symbiosome membrane separating bacteroids from the plant cytosol. A
distinctive feature of a functional nodule is the red color originating from plant
leghemoglobin, which is involved in buffering the oxygen level to avoid inactivation of the
oxygen sensitive nitrogenase [2,3]. Formation of the nodule organ housing the bacteroids is
an inducible process initiated when rhizobial lipochitin-oligosaccharide signal molecules are
recognized by plant Nod factor receptors [4-7]. Plant genes such as SymRK and CCaMK
including spontaneous nodule formation 1 (snf1), pivotal for developing a functional nodule,
have been identified using forward genetics [8-11]. As a result, pathways involved in nodule
development and resources for global transcriptome analysis [12,13] have provided a solid
foundation for understanding symbiosis.
This article is protected by copyright. All rights reserved
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Biochemical characterization and analysis of the nodule proteome has also been initiated
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although at present this line of investigation is less well developed. In soybean, a total of 69
plant and bacteroid proteins were identified from the plant cytosolic fraction of soybean
nodules [14]. In Medicago, nodules were separated into the bacteroid and plant fraction with
97 and 377 protein identifications, respectively [15]. The symbiosome membrane, important
for transport of nutrients between the legume host and bacteroid, was analyzed in Lotus,
soybean, and pea yielding 94, 17, and 46 protein identifications, respectively [16-18]. More
recently, comparative proteomic studies of soybean nodules from a supernodulation mutant
and wild type identified regulated proteins and early response proteins [19,20]. Comparative
root proteomics is of interest because the nodule develops from root cells. In addition, data
are available from roots subjected to various stress conditions such as flooding, temperature,
and high salt stress [21-25].
In this study, we have analyzed six Lotus nodule and root plant cytosolic protein fractions to
generate nodule and root proteome reference maps, each containing approximately 800
proteins identified from spots resolved in 2D gels. Furthermore, we used the PathExpress
methodology [26] for pathway analysis and the ascorbate pathway was used to exemplify the
potential of our data set. Finally, comparative proteomic analyses of four Lotus tissues and
comparisons of proteins identified in nodule/symbiosome studies elucidate similarities and
differences within Lotus tissues and between nodules from different legume species.
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Plant and bacteria
For germination, Lotus japonicus Gifu B-129 and snf1 (EMS 467.2; BC1; M5) seeds were
treated for 15 min with concentrated sulfuric acid and rinsed in sterile H2O. The seeds were
surface sterilized with 1% bleach for 20 min, rinsed, and imbibed in sterile H2O overnight.
Seeds were sown in trays with sterilized Leca granulate clay watered with ¼ B&D medium
[27] and grown in the greenhouse under conditions previously described [28]. A subset of the
plants was inoculated with the Mesorhizobium loti strain MAFF303099 (M. loti) seven days
after germination (DAG). Three nodule samples were prepared; wild type white nodules (18
days after inoculation (DAI)), wild type red nodules (25 DAI), and snf1 red nodules (28
DAI), and these are collective termed the nodule subset. For each biological replicate,
proteins from approximately 15 red nodules or 30 white nodules were separated using 2D
gels. Three root samples were prepared; wild type roots (17 DAG), snf1 roots (17 DAG), and
snf1 roots with spontaneous nodules (72 DAG), and these are collective termed the root
subset. This subset was not inoculated and proteins were extracted from the whole root of all
three samples.

Plant cytosolic protein extraction and 2D PAGE
Nodules and roots were harvested into pre-chilled mortars (-20°C) and homogenized in icecold extraction buffer (0.1 M Tris HCl (pH 8.0); 30% sucrose; 10 mM DTT; 1/100 (v/v)
phosphatase inhibitor cocktail 1 and 2 from Sigma) and centrifuged at 12 000 x g for 15 min
at 4°C. The protein concentration was measured according to Bradford [29] and subsequently
SDS was added to 2%.
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Sample and phenol (AppliChem, pH 8.0) was mixed 1:1, vortexed 30 sec, and centrifuged at
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10 000 x g for 5 min at 4°C. The upper phase was transferred to a new tube and proteins were
precipitated using 5 volumes of pre-chilled (-20°C) 100 mM ammonium acetate in methanol
for 30 min and centrifuged at 10 000 x g for 5 min. The protein pellet was washed twice in
100 mM ice-cold ammonium acetate in methanol and twice in 80% acetone. If necessary,
sonication was performed between the washes.
The protein pellet was air-dried and 500 g protein was dissolved in 450 L IEF buffer (7 M
urea, 2 M thiourea, 4% (w/v) CHAPS, 1% (w/v) IPG buffer pH 4-7 (GE Healthcare), 10 mM
Tris-HCl (pH 8.5), 10 mM DTT, and 0.002% bromphenol blue), centrifuged at 33 000 x g,
and rehydrated using the 24 cm pH 4-7 strips (GE Healthcare) as previously described [30].
Three biological replicates were performed for each of the six tissue types. The 2D PAGE
separation, staining, and scanning were performed as previously described [31].

Protein spot quantification
PDQuest Advanced software (version 8.0.1, BIO-RAD) was used for protein spot
quantification. The nine 2D gels obtained from either the nodule subset or root subset was
analyzed separately. The PDQuest software aligns all nine 2D gel images from the nodule or
root subset and suggests the correlation of spots between the 2D gel images, then a master 2D
gel was created that represents all spots detected in at least one tissue type. To perform a
more accurate alignment, a manual inspection was performed. The three biological replicates
for each tissue type were initially inspected followed by an inspection of all nine 2D gel
images for each subset. For quantification, the spots were normalized using the method of
local regression and data were exported to an Excel sheet.
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To determine quantitative differences in protein spot levels between white and red nodules,
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two different calculation methods were used. To calculate the volume difference, the average
volume of wild type and snf1 red nodules was calculated and subtracted from the
corresponding volume of the protein spot from white nodules. To calculate fold changes, the
average volume of wild type and snf1 red nodules was divided by the volume from the
corresponding white nodule spot.
The p values between samples were calculated using the Prism (version 6) software and the
multiple t tests with the following settings: 0.05 for statistical significant and the Holm-Sidak
correction method for multiple comparisons.

Mass spectrometry and protein identifications
Spots were excised from 2D gels, digested with trypsin, and MS was performed using a 4800
Plus MALDI TOF/TOF Analyzer (AB SCIEX) as previously described [31]. Briefly, the MS
was in positive reflector mode and MS profiles were collected in the m/z range 838-3500 Da.
The most intense ions not corresponding to trypsin and human keratin were subjected to
MS/MS analysis. The MS and MS/MS spectra were combined into one Mascot generic file
and searched using Mascot version 2.3.01 (Matrix science) against an in-house Lotus
database version 2.5 (37971 sequences; 9782974 residues) containing predicted genes
available from http://www.kazusa.or.jp/lotus/. The following search settings were employed:
carbamidomethyl (C) as fixed modification; oxidation (M) as variable modification; peptide
mass tolerance at 70 ppm; trypsin as cleavage enzyme; one missed cleavage as maximum;
and MS/MS tolerance at 0.5 Da. The significance threshold was 0.05. If no significant hit was
obtained, a search against the nonredundant proteins at the National Center for Biotechnology
Information [NCBInr, version 20111212 (6937173 sequences; 2395285404 residues) was
This article is protected by copyright. All rights reserved
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performed. Mascot results were parsed using MS Data Miner v. 1.1 [32] and all significant
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hits were manually inspected and only accepted if a peptide sequence tag of at least three
consecutive b and/or y ions were observed. Finally, the excised protein spot numbers were
manually annotated to the master gel from the PDQuest analysis to link identification and
quantification data (see Supporting Information Tables 1 and 2 for the nodule and root data
set, respectively).

Pathway analysis and blastp of identified symbiosome/nodule proteins between studies
Functional classes for the identified proteins were determined based on homology
relationships with reviewed proteins in UniProtKB (Release-2012_02) [33], using the
BLAST program [34]. For all proteins, the best match, with an expected threshold e-value
less than 1E-05, was selected and functional annotations (UniPathways [35], keywords, and
Gene Ontology terms [36]) were extracted from the entry content and assigned to the protein
(Supporting Information Table 3).
To determine whether a particular functional category was statistically overrepresented in a
nodule or root proteins compared to all identified proteins, the p-value for all terms in each
functional ontology was calculated using the hypergeometric distribution, with multiple
testing correction (FDR), as described in PathExpress system [26]. This p-value represents
the probability that the intersection of the group of proteins belonging to the given class
occurs by chance. Results from nodule and root proteins were compared, to identify for each
functional category the proteins common and unique to each subset (Supporting Information
Table 4).
To determine the overlap of homologous proteins between studies, the identified gene
accessions from five previous symbiosome/nodule proteomics studies were extracted [14-18].
This article is protected by copyright. All rights reserved
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Gene accessions from the three symbiosome studies were combined into one dataset.

Accepted Article

Furthermore, only the plant gene accessions from Medicago were included together with
Lotus nodule and root gene accessions identified in this study. All non-protein sequences
were translated into the longest coding sequence. Within all three datasets together with the
Lotus nodule and root datasets, the gene accession duplicates were subtracted (between Lotus
nodule and seed, identical gene accessions occur) and a total of 1811 different gene
accessions from the five datasets were obtained. A blastp between gene accessions from the
five datasets was performed and the threshold for homologous protein identification between
datasets was less than 1E-05 (Supporting Information Table 5).

Website for the proteomics data
All

nodule

and

root

proteomics

data

are

available

at

the

homepage

https://www.cbs.dtu.dk/cgi-bin/lotus2_5/db.cgi. The structure together with the navigation on
the homepage has been previously described [28,31]. NCBI blast v. 2.2.18 [37] was used to
align and link protein sequences (program tblastn, expectation value 1E-08) and DNA
sequences (using blastn, expectation value 1E-08) to genome sequences.

Results and Discussion
Lotus nodule and root proteome reference maps
The founding steps in a proteome analysis are identification and quantification of proteins
present in cells, tissues, or organs. For this purpose, 2D gel reference maps based on master
gels give a useful overview together with an indication of the level of post translational
modifications occurring. In this study, we have established proteome reference maps of the
Lotus nodule in two developmental stages and the root. In total, six different tissue types
This article is protected by copyright. All rights reserved
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from wild type and snf1 plants were harvested and divided into two subsets for the
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subsequent 2D gel analysis (see Supporting Information Fig. 1 for schematic overview of
experimental set-up). The nodule subset encompassed wild type white nodules, wild type red
nodules, and inoculated snf1 red nodules. The root subset encompassed wild type roots, snf1
roots, and snf1 roots with spontaneous nodules (hereafter termed snf1 root and nodules). To
establish a comparable analysis avoiding the complication of rhizobial proteins a procedure
preferentially extracting plant cytosolic proteins was used. The proteome reference maps
(master gels) of nodule and root subsets display overlapping patterns of protein spots (see
Supporting Information Fig. 1 and 2). Protein spots were thus excised from both the nodule
and root gels to obtain positive identifications and avoid erroneous correlation between
protein identification and quantification between the two subsets. In total, 834 and 895
protein spots were excised for MS analysis from the nodule and root subset respectively.
With significance threshold at 0.05 (lowest protein score and coverage were 28 and 0.8%,
respectively) and manual inspection of all MS/MS spectra to contain a peptide sequence of at
least three consecutive b and/or y ions, protein identification was obtained for 780 nodule
spots and 790 root spots. Gene accession(s) and quantitative data for each identified spot are
shown in the Supporting Information Tables 1 and 2. Furthermore, at the homepage
https://www.cbs.dtu.dk/cgi-bin/lotus2_5/db.cgi, the master gels with corresponding spot
numbers and experimental data are stored and can be examined.

Proteins identified in nodule and root: differences and similarities
The separation of nodules and roots enabled the elucidation of specific and common proteins
in each tissue type. Supporting Information Fig. 1 shows the total number of identified gene
accessions, unique gene accessions, and intersecting gene accessions. For both subsets, a total
This article is protected by copyright. All rights reserved
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of approximately 1100 gene accessions were identified and, unexpectedly, approximately
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20% additional unique gene accessions were identified in the root. This indicates a higher
post translational modification (PTM) level in the nodule, and comparing the 2D gels, more
horizontal and vertical “string of pearls”, are visible in nodule 2D gels than in root 2D gels.
Fig. 1A shows an example where the pattern of eleven spots (7607 to 7617) indicates PTMs
affecting

pI

and

molecular

mass

of

the

identified

protein

(gene

accession

chr3.CM0996.1250.r2.d) corresponding to a putative aspartic proteinase, called nodulin 41 in
common bean [38]. Further enrichment for PTM peptides was not performed in this study
and as expected it was therefore not possible to assign peptides with different PTMs using the
error tolerance search feature (data not shown). In conclusion, the lower number of proteins
identified and the spot pattern for the nodules indicates a higher level of PTM. This
observation may reflect prompt adaptation under the different development stages of the fast
growing nodule compared to the more steadily growing root.
Approximately 45% (363) of the unique gene accessions were identified in both nodule and
root. As expected, leghemoglobin, the hallmark of mature nodules, was only identified in
nodules while no obviously root specific proteins could be determined for the 275
corresponding gene accessions identified in root alone. For a more systematic analysis, all
predicted Lotus genes were searched against the RefSeq database and annotated (Supporting
Information Table 3). In Supporting Information Table 4, the grouping of identified nodule
and root gene accessions into pathways is shown. The majority of enzymes/proteins involved
in ascorbate metabolism were identified in nodule and/or root, as shown in Fig. 2. Ascorbate
is an important antioxidant and an increased ascorbate level in Lotus nodule compared to root
has been measured previously [39]. Our protein identifications support this observation. The
putative GDP-D-mannose 3’,5’-epimerase (GME) which synthesizes GDP-L-galactose and
This article is protected by copyright. All rights reserved
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GDP-L-gulose using GDP-D-mannose was solely identified in several spots from the Lotus
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nodule and was previously suggested to be positively correlated with the ascorbate level [40].
The GDP-L-galactose pathway is a major pathway for ascorbate synthesis, whereas the GDPL-gulose pathway was suggested as an alternative pathway [41]. In Lotus, a putative

phosphomannomutase (PMM) and putative L-galactose dehydrogenase ( L-GalDH) were
identified in nodule/root and root, respectively. PMM is suggested as a regulator for the
ascorbate level whereas L-GalDH is suggested to be a feedback inhibitor of ascorbate in pea
seedlings while no regulatory function was found in tobacco [42-46]. A third pathway for
synthesis of ascorbate is a salvage pathway (not illustrated in Fig. 2) and several Lotus Dgalacturonate reductase proteins were identified in nodule/root or only in root. However, with
our current knowledge, the Lotus D-galacturonate reductase used for ascorbate synthesis
could not be identified. Surprisingly, more protein spots from root than nodule were
identified to be involved in redox processes of ascorbate i.e. cytosolic ascorbate peroxidase
(APX), monodehydroascorbate reductase, and dehydroascorbate reductase (DHAR). This
was unexpected as leghemoglobins are thought to contribute significantly to ROS together
with a high respiration rate in nodules, which is probably a significant factor for the higher
ascorbate level in the nodule than in the root [47].
Altogether, the differences in the ascorbate pathway between nodule and root, especially, the
identification of GME in several spots from the nodule, predominantly support the finding of
a higher ascorbate level in the nodule than in the root.

Protein regulation during nodule maturation
White and red wild type nodules were analyzed together with inoculated snf1 red nodules to
identify regulated proteins/pathways expressed in the fast growing nodule (see Supporting
This article is protected by copyright. All rights reserved
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Information Fig. 1). Protein spot volumes for corresponding spots of wild type and snf1 red
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nodules were similar and, thus, the average volume was used to determine differences
between white and red nodules. To determine the difference between white and red nodules,
either the volume difference or fold change can be used. In Fig 1B to 1E the most differential
volumes and fold changes between white and red nodule spots are shown and in Table 1 the
ten most regulated protein spots, as determined by either volume difference or fold change,
are shown. By using volume difference, the protein spots that were not quantified in either
white or red nodules can potentially be included and, thus, these identifications are discussed
further. Interestingly, protein spots corresponding to pathogen related (PR) 10 proteins had
higher volume in white nodules (see Table 1). Spots 7281, 7456, 7286, and 7294 were
identified with two gene accessions; LjSGA_063085.1 and chr6.CM0573.230.r2.m, which
were all in the top seven of spots with the highest difference in spot volume (highest white
nodules). Given that the two Lotus PR10 proteins were identified in both nodule and root (see
below), it is likely that they participate in a more general defense mechanism rather than a
specific symbiotic defense mechanism. In Medicago, mRNA for a closely related PR10 gene
(MtN13) is nodule specific [48], whereas the PR10 Medicago gene MsPR10-1 is primarily
expressed in uninoculated roots. Following infection by the pathogenic Pseudomonas
syringae, MsPR10-1 is expressed in both roots and leaves [48]. In comparison, the two Lotus
PR10 genes are more similar to MsPR10-1 gene than to MtN13 (data not shown).
Furthermore, the volume of putative HSP’s was higher (spots 7936 and 7938) in white Lotus
nodules. HSP’s are known to be important for cell survival under stress conditions [49] and
together with the higher level of PR10 proteins this indicates a partial defense reaction occurs
in white nodules than in red nodules. As expected, the highest volume/fold change
differences corresponding to leghemoglobins, sucrose synthases, asparagine synthetase, and
This article is protected by copyright. All rights reserved
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glutamine synthetase were found in the red Lotus nodules.

Mesorhizobium loti proteins identified from the plant nodule cytosolic fraction
The M. loti proteins identified in the nodule subset were excluded from the comparison of
nodule and root presented above. In total, 31 protein spots corresponding to 24 unique M. loti
accessions (Table 2) were found suggesting that the method used for extraction of plant
cytosolic proteins was adequate. Quantified bacteroid protein spots were present in red
nodules, both wild type and snf1, with similar volumes. In white nodules, 50% of these spots
were not visible and 50% had lower/similar volumes probably reflecting the difference in
bacteroid content between the two nodule developmental stages. Several of the identified M.
loti proteins are annotated as outer membrane or periplasmic proteins. This indicates that
some symbiosome membranes and bacterial outer membranes might have been disrupted
during extraction of plant cytosolic proteins. Compatible observations were made in an
analysis of soybean nodules. Here seven out of 69 identified protein spots from the plant
cytosolic

fraction

corresponded

to

bacteroid

aminocyclopropane-1-carboxylate-deaminase,

proteins

nitrogenase

[14].
-chain,

Four of these,
and

two

1-

GroEL

chaperonins, are homologous to M. loti proteins identified in our analysis, whereas the
rhizobial ABC transporter identified in both studies shows no similarity. Furthermore, a
comparison of bacteroid proteins identified from the Medicago truncatula symbiosome
membrane and proteins identified in this study shows three homologous proteins; GroEL
chaperonin, 30S ribosomal protein, and sulfate binding protein of ABC transporter [50].
Several of the identified M. loti proteins are encoded on the symbiosis island [51,52]. Many
of the corresponding genes are directly regulated by the master regulator NifA and are
strongly expressed in bacteroids, including mll5873 (msi334 in M. loti strain R7A), mlr5906
This article is protected by copyright. All rights reserved
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(nifD), mlr5907 (nifK), mlr5932 (acdS), mlr5943 (msi260), mlr5944 (msi259) and mll6127
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(msi158) [53].
Interestingly, the outer membrane protein (gi|13475117) encoded by mll6127 was also
identified in a previous study of the Lotus symbiosome membrane [18] and is essential for
efficient nitrogen fixation [53]. Several of the other identified proteins are also encoded on
the symbiosis island but the regulation of the corresponding genes (mlr5787, mll5810,
mll5998, mll6062, mlr6296) has not been reported. The identification of the proteins here
suggests that the genes are also strongly expressed in bacteroids.
Lotus compatible Mesorhizobium strains possess either a type III secretion system, including
the M. loti MAFF303099 strain used in this study, or a type IV secretion system capable of
secreting effector proteins into the plant cytoplasm [54]. Using the effector predicting
software, EffectiveT3 [51,55], approximately 9% (661 of 7272) of predicted M. loti proteins
are putative effectors (data not shown). This seems a large fraction but is similar to the
prediction for Bradyrhizobium japonicum USDA110, a soybean symbiont [55]. Two of the
identified M. loti proteins, a hypothetical protein (gi|13474949) and a 30S ribosomal protein
(gi|13474344), were predicted as putative effectors. However it is still an open question
whether the hypothetical protein is a true effector as the corresponding gene mlr5944 is part
of a NifA-regulated operon located outside of the cluster of genes encoding the Type III
secretion system.
In conclusion, the level of M. loti protein contamination appeared to be low when using the
described cytosolic plant protein extraction protocol. However, further in vivo studies are
needed to verify the M. loti protein localization.

The proteome of root (wild type and snf1) and snf1 root nodules
This article is protected by copyright. All rights reserved
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The root subset (see Supporting Information Fig. 1), wild type roots and snf1 roots, were
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similar in volumes for the majority of corresponding protein spots. For the snf1 root nodules,
some spot volumes were different and higher volumes were for example found for two
putative PR10 proteins; LjSGA_063085.1 and chr6.CM0573.230.r2.m. These were also
found regulated in the nodule set. In roots (wild type and snf1), the spot volumes of several
putative

HSP’s

(LjSGA_048339.1,

chr2.CM0210.60.r2.m,

LjSGA_038906.1

and

chr3.CM0786.370.r2.a) and detoxification enzymes such as APX1, GST, and DHAR2,
(chr3.CM0616.30.r2.d, LjSGA_072403.1, chr5.CM0180.360.r2.d and LjSGA_044448.2) had
higher volumes. This indicates a higher level of control of different stress factors in root (wild
type and snf1) compared to snf1 root nodules. Since there was only a small intersection
between snf1 roots carrying spontaneous nodules, we infer that the differences observed most
likely correspond to a later developmental stage of the snf1 root nodules. In conclusion, to
obtain more detailed information about proteins present and regulated in snf1 spontaneous
nodules, this tissue has to be harvested separately.

Comparative proteomic analysis within Lotus tissues and other nodule/symbiosome
studies
To obtain more knowledge of proteins represented in different Lotus tissues, which can be the
initial step to identify crucial proteins in, for example, nitrogen transport, a comparative
analysis was performed using data from this study together with a proteomic data set from
Lotus pod and seed [31]. All identified gene accessions for pod and seed were updated and
renamed according to the current version of the Lotus genome (version 2.5). In total, 1327
unique gene accessions were compared (see Supporting Information Table 5) and the
intersection between nodule, root, pod, and seed data was approximately 7% (96 gene
This article is protected by copyright. All rights reserved
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accessions) whilst more than 56% (748 gene accessions) were identified in only one tissue
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(Fig. 3A). Four putative nitrilase enzymes, chr1.CM0133.900.r2.m, chr3.CM0164.140.r2.d,
chr3.CM0164.160.r2.d, and chr5.CM0180.950.r2.d, were only identified in Lotus nodule,
while chr3.CM0164.130.r2.d was identified in both nodule and seed. In Arabidopsis, nitrilase
genes are divided into four subgroups NIT 1-4 [56]. It is suggested that nitrilases are
important in plant-bacteria symbiosis for nitrogen assimilation, hormone synthesis, and nitrile
detoxification [57]. The function of identified Lotus nitrilases is unknown; however, the
majority of identified Lotus spots are Arabidopsis NIT 4 homologs, which are likely to be
important for the detoxification pathway where cyanide production may be linked to defense
pathways [58,59]. Alternatively, nitrilase could be a part of a nitrogen transport mechanism in
the Lotus nodule, similar to plants colonized with bacteria using the ammonia released from
bacterial nitrilase activity as a nitrogen source [60].
A total of 18 putative GST’s including DHAR (Fig. 2) were identified in all four tissues.
Interestingly, GST identifications were predominantly correlated to the root and nodule with
16 and nine gene accessions identified, whereas, only four and three putative GST are
identified for the pod and seed. The primary role of GST is to detoxify cellular environments
by conjugating toxic compounds to GSH and the data indicates a higher level of xenobiotics
in root/nodule than pod/seed.
Proteomics studies of the nodule/symbiosome membrane have been performed in Lotus and
other legumes. To compare the protein identifications in this study and five other
nodule/symbiosome proteomics studies [14-18], blastp analysis of all identified gene
accessions (see Supporting Information Table 5) was performed and data are shown in Fig.
3B and 3C. As expected, the intersection is higher when using Lotus nodules (Fig. 3B) than
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Lotus roots (Fig. 3C). This type of analysis may help to identify the conserved proteins and
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pathways that are important for root nodule function.

Concluding remarks
The current comparative proteomic analysis of Lotus nodule and root tissues has identified
proteins corresponding to more than 800 gene accessions from nodule and root. Post
translational modifications appeared to be more frequent in the nodule than in the root. One
of the M. loti proteins identified is encoded on the symbiosis island and may be an effector;
however, further studies are needed to verify this. The intersection of identified gene
accessions between nodule/root and pod/seed is low (Fig. 3) considering that a 2D gel
approach was used for both studies. One bias could be the different protein extraction
methods, where a plant cytosolic protein extraction and total protein extraction for
nodule/root and pod/seed were used, respectively [31]. To elucidate the function of the
putative nitrilases, predominantly identified in the nodule, plant lines from the large LORE1
retrotransposon insert mutant population [61,62] that have a LORE1 insert in the identified
nitrilase gene accessions can be used.
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Figure 1: Close up of 2D gel sections. A), horizontal and vertical spots (7607 to 7617) from
nodules identified with identical gene accession (chr3.CM0996.1250.r2.d) indicating PTMs.
B) and C), shows the protein spots (7423 and 7304) with the highest volume differences
between white and red nodules. D) and E), shows the protein spots (7269 and 7504) with the
highest fold change differences between white and red nodules. A is a close up view from a
2D gel corresponding to red nodules whereas B to E the initial image corresponding to a 2D
gel from white nodules and the second image is from red nodules.
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Figure 2: Enzymes involved in the ascorbate pathway identified in nodules and roots.
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The gene accessions in Arabidopsis coding for enzymes involved in the ascorbate pathway
were searched against the Lotus genome. Several Lotus homologous were identified in the
nodule and/or root. Identifications from the nodule subset are marked with
identifications from the root subset are marked with

2

1

and

. APX: cytosolic ascorbate

peroxidase (nodules and roots: chr3.CM0616.30.r2.d); DHAR: dehydroascorbate reductase
(roots: chr5.CM0180.360.r2.d); GLDH: L-galactono-1,4-lactone dehydrogenase; GME: GPDD-mannose

3’,5’-epimerase

(nodules:

LjSGA_138374.1,

LjSGA_049053.1,

LjSGA_117719.1); GR: glutathione reductase; L-GalDH: L-galactose dehydrogenase (roots:
chr4.CM1616.90.r2.d);

MDAR:

monodehydroascorbate

reductase

(nodules:

chr4.CM0004.930.r2.d, nodules and roots: LjSGA_039892.1); PMM: phosphomannomutase
(nodules and roots: chr1.CM0284.440.r2.a); VTC: vitamin C; VTC4 (nodules and roots:
chr6.CM0367.220.r2.a). For VTC2/VTC5 no homologous were found in Lotus. For further
details, see text.

This article is protected by copyright. All rights reserved

www.proteomics-journal.com

Page 32

Proteomics

Figure 3: The intersection of proteins within the Lotus tissues and other
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nodule/symbiosome studies. A) In total, 1327 proteins were identified for the four Lotus
tissues. B and C show the intersection of proteins identified in the following studies:
symbiosome membrane ([16-18], soybean nodule [14], and Medicago nodule (only plant
gene accessions) [15] including either proteins from Lotus nodule or root obtained in the
analysis. See Supporting Information Table 5, for the gene accessions belonging to each
intersection.

This article is protected by copyright. All rights reserved

Page 33

Accepted Article

www.proteomics-journal.com

This article is protected by copyright. All rights reserved

Proteomics

www.proteomics-journal.com

Page 34

Proteomics

Table 1: The most regulated proteins between white and red nodules.
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spot #
7423

white>red
(volume)
95663

predicted
annotation
L-ascorbate
peroxidase
PR10 protein
methionine synthase
PR10 protein
heat shock protein
PR10 protein
PR10 protein

7281
8092
7456
7936
7286
7294

65561
61945
57755
52578
51568
45566

8086
7938
7410

transketolase
heat shock protein
lectin

7693
7288
7313

7269

44149
43722
42774
white>red
(fold change)
5,6

ribosomal protein

7504

59764
58135
53640
white<red
(fold change)
17,2

8086
7889
7520

4,1
3,7
3,4

7514
7998
8098

15,0
13,2
12,1

7342

3,4

7659

8,9

ACC oxidase

7878
7309
7410

3,4
3,2
3,2

transketolase
glycerol kinase
caffeoyl-CoA Omethyltransferase
transcription factor
homolog
helicase
actin depolymerizing
lectin

vacuolar H+-ATPase
subunit
cysteine proteinase
asparagine synthetase
sucrose synthase

7645
8005
7301

8,8
8,8
8,3

7358

3,1

8002

7,3

ACC oxidase
asparagine synthetase
glycine-rich RNA
binding protein
glutamine synthetase

7319

3,0

7997

7,3

glutamine synthetase

ATP synthase
subunit
enolase

spot #
7298

white<red
(volume)
191804

predicted
annotation
leghemoglobin

7304
7455
7696
8002
7685
7741

179613
77293
73072
67441
62133
60082

leghemoglobin
14-3-3 protein
glutamine synthetase
glutamine synthetase
glutamine synthetase
phosphoglycerate
kinase
nitrilase
leghemoglobin
unknown

To the left, proteins with highest level (volume or fold change) in white nodules together with
predicted annotations. To the right, proteins with highest level (volume or fold change) in red
nodules together with predicted annotations. The M. loti proteins were excluded from this
analysis.
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Table 2: M. loti proteins identified from the nodule subset.
spot #
7338
7345
7347
7348
7351
7354
7496
7532
7534
7553
7596
7601
7623
7634
7698
7707
7739
7755
7762
7780
7832
7844
7945
7956
7959
7960
7963
7966
8004
8056
8057

gene accession
gi|13475117 (mll6127)
gi|13475117 (mll6127)
gi|13476553 (mll7908)
gi|13476553 (mll7908)
gi|13475117 (mll6127)
gi|13474891 (mll5873)
gi|13473202 (mll3723)
gi|13474949 (mlr5944)
gi|13474949 (mlr5944)
gi|13472749 (mlr3148)
gi|13474817 (mlr5787)
gi|13475013 (mll5998)
gi|13473431 (mll4029)
gi|13470575 (mlr0325)
gi|13471636 (mlr1666)
gi|13475061 (mll6062)
gi|13474948 (mlr5943)
gi|13474948 (mlr5943)
gi|13488218 (mlr9117)
gi|13474939 (mlr5932)
gi|13474921 (mlr5907)
gi|13475266 (mlr6296)
gi|13474595 (mlr5513)
gi|13474344 (mll5210)
gi|13474921 (mlr5907)
gi|13474837 (mll5810)
gi|13474837 (mll5810)
gi|13474837 (mll5810)
gi|13474920 (mlr5906)
gi|13474634 (mlr5562)
gi|13470549 (mlr0286)

annotation
outer membrane protein
outer membrane protein
outer membrane protein
outer membrane protein
outer membrane protein
peroxiredoxin 2 family protein
periplasmic phosphate-binding protein
hypothetical protein
hypothetical protein
membrane lipoprotein
hypothetical protein
hypothetical protein
porin Omp2b
DNA-directed RNA polymerase subunit alpha
sulfate binding protein of ABC transporter
hypothetical protein
diaminobutyrate--2-oxoglutarate aminotransferase
diaminobutyrate--2-oxoglutarate aminotransferase
malate dehydrogenase-like protein
1-aminocyclopropane-1-carboxylate deaminase
nitrogenase molybdenum-iron protein beta chain, nifK
carboxylase
ABC transporter, periplasmic oligopeptide-binding protein
30S ribosomal protein S1
nitrogenase molybdenum-iron protein beta chain, nifK
chaperonin GroEL
chaperonin GroEL
chaperonin GroEL
nitrogenase molybdenum-iron protein alpha chain, nifD
polynucleotide phosphorylase/polyadenylase
elongation factor G

Spot number, gene accession, and annotation for the 31 protein spots identified as M. loti
proteins are shown.
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