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Symbiotic associations between legumes and rhizobia
usually commence with the perception of bacterial
lipochitooligosaccharides, known as Nod factors (NF),
which triggers rapid cellular and molecular responses in
host plants. We report here deep untargeted tandem
mass spectrometry-based measurements of rapid NF-in-
duced changes in the phosphorylation status of 13,506
phosphosites in 7739 proteins from the model legume
Medicago truncatula. To place these phosphorylation
changes within a biological context, quantitative phos-
phoproteomic and RNA measurements in wild-type plants
were compared with those observed in mutants, one de-
fective in NF perception (nfp) and one defective in
downstream signal transduction events (dmi3). Our study
quantified the early phosphorylation and transcription dy-
namics that are specifically associated with NF-signaling,
confirmed a dmi3-mediated feedback loop in the path-
way, and suggested “cryptic” NF-signaling pathways,
some of them being also involved in the response to
symbiotic arbuscular mycorrhizal fungi. Molecular &
Cellular Proteomics 11: 10.1074/mcp.M112.019208, 724–
744, 2012.

Legumes have the ability to form a very efficient symbiotic
association with rhizobia to meet their nitrogen demand. This
results in root nodule formation, inside which the rhizobia can
fix atmospheric nitrogen efficiently and transfer it to the
plants, in exchange for a carbon source. This interaction is
often characterized by a high level of host specificity and

generally requires an exchange of diffusible signals between
legumes and rhizobia. Flavonoids and isoflavonoids present
in the legume root exudates induce the expression of nod
genes in rhizobia, and are responsible for the production and
secretion of bacterial lipochitooligosaccharides (LCOs),
known as Nod factors (NF)1 (1, 2). NF are generally required
for rhizobial infection and nodule development. Mere applica-
tion of purified NF at low concentrations (10�8 to 10�12 M) is
sufficient to trigger responses in host plants similar to those
elicited by the rhizobia themselves (2, 3). Responses are
elicited in root cells within a few seconds to minutes after NF
application and include changes in ion fluxes across the
plasma membrane, as well as accumulation of reactive oxy-
gen species (4, 5). After 15–20 min, oscillations of the nuclear
and perinuclear calcium concentration (calcium spiking) are
initiated and trigger the expression of early nodulin genes (3).
Within the first hour, legume root hairs undergo a cytoplasmic
disorganization ,which leads to a transient swelling (6), fol-
lowed by root hair deformations (7).

Forward and reverse genetic approaches, in the model
legumes Medicago truncatula (Medicago) and Lotus japoni-
cus (Lotus), have identified several components controlling
these events (Fig. 1). NF are perceived with high specificity by
LysM receptor-like kinases residing on the plasma mem-
brane. These kinases include nod factor perception (NFP), an
essential component of a signaling receptor necessary for
early responses to NF and rhizobial infection (8, 9). Mutants in
NFP are affected in all known cellular responses to NF re-
ported so far, including calcium spiking, early nodulin genes
expression and root hair deformations (9). A leucine-rich re-
peats (LRR)-receptor kinase, Does not Make Infections 2
(DMI2/NORK), is also localized on the plasma membrane, and
acts downstream of NFP. Dmi2 mutants exhibit NF-induced
root hair deformations, such as root hair swelling and branch-
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ing, but are defective in NF-induced calcium spiking and
rhizobial infection (10, 11). Signals perceived at the plasma
membrane level are transduced downstream to activate sig-
naling components residing at the nuclear level. DMI1, an ion
channel, and MCA8, a calcium pump, are localized on the
nuclear envelope and control NF-induced calcium spiking
(11–14). These complex calcium signatures are decoded by a
calcium/calmodulin-dependent protein kinase (CCaMK),
called DMI3, which is localized inside the nucleus (15, 16). In
response to NF, dmi3 mutants are able to elicit calcium spik-
ing and root hair deformations, but are unable to induce the
expression of early nodulin genes and cortical cell divisions

(11, 15). Mutations in the auto-inhibitory domain of DMI3
result in constitutive activation of the protein and the sponta-
neous formation of root nodules even in the absence of rhi-
zobia (17). This indicates that DMI3 is a central regulator of the
NF signaling pathway and coordinates downstream nodula-
tion-specific transcriptional events. It has also been shown
that dmi3 mutants have increased sensitivity to low concen-
trations of NF, suggesting a negative feedback in the NF
signal transduction pathway (18). Downstream of DMI3, two
transcription regulators of the GRAS family, Nodulation Sig-
naling Pathway 1 and 2 (NSP1 and NSP2), control nodulin
gene expression in NF-dependent manner (19, 20). NSP1

FIG. 1. Schematic illustration of genetic components involved in legume-rhizobia symbiotic signaling. NF are perceived by a receptor
complex containing NFP. Perception of NF triggers early responses, like ion fluxes, depolarization of plasma membrane, production of reactive
oxygen species (ROS), and cytoplasmic alkalinization. The signals are transduced downstream to activate LRR-receptor kinase, DMI2 and
DMI1. The nuclear ion channel DMI1 is required for NF-induced nuclear calcium spiking. Later these calcium signals are perceived and
decoded by calcium/calmodulin-dependent protein kinase, DMI3, which acts as a central player in the NF signaling and coordinates the
expression of symbiotic genes, including early nodulin genes. NF signaling culminates with the coordinated and synchronous progression of
infection and cortical cell division, resulting in the formation of mature, infected and nitrogen-fixing nodules.
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interacts with NSP2 and binds to the promoter region of Early
NODulin 11 (ENOD11) and Nodule INception (NIN), which are
popular markers for the study of this signaling pathway (21).

Several genes controlling NF signaling are also required for
the establishment of arbuscular mycorrhization (AM), indicat-
ing the existence of a “common symbiotic pathway” between
these two endosymbioses (22). Similar to rhizobia, AM fungi
release diffusible signals, known as Myc factors, which are
also LCOs and can be easily collected in germinating spore
exudates (GSE; 23, 24). Myc factors trigger responses in host
plants similar to those elicited by NF (23). Dmi1, dmi2, and
dmi3 mutants are unable to establish AM associations
whereas nfp, nsp1, and nsp2 display a wild-type AM pheno-
type (9, 10, 12, 15). However, some role for NFP and NSP2 in
Myc factor signaling was recently identified, suggesting that
an overlap between the two LCO pathways may be more
significant than previously thought (23). Although Myc factor
receptors have not yet been identified, LYR1, a close homolog
of NFP, is a potential candidate because its expression is
strongly up-regulated during AM symbiosis (25, 26).

Over the last decade, various large-scale approaches such
as transcriptomics, proteomics, and metabolomics, have
been used to dissect the legume-rhizobia symbiosis (27–29).
However, most of these studies looked at relatively late re-
sponses to rhizobia or NF and unfortunately were not inte-
grated. The techniques used in the past for analyzing changes
in the transcriptome during nodulation include serial analysis
of gene expression (SAGE), custom-made macro- and micro-
arrays, and Affymetrix GeneChip Genome Arrays (25, 28,
30–33). Except for a few examples (28, 33), most of these
studies explored transcriptome changes at late stages of the
legume-rhizobia symbiosis (from 1 to 6 days post inoculation,
dpi). Moreover, because, many of these studies were per-
formed before the completion of the Medicago genome se-
quencing project (26), the data are not readily comparable, as
they use different probes and nomenclature. Several pro-
teomic studies have been undertaken to explore changes in
protein levels during the legume-rhizobia symbiosis, but they
all analyzed late stages of the interaction and none of them
were quantitative. Many protein kinases have been identified
by genetic approaches in the NF signaling pathway and yet,
only one phosphoproteomic study has been published so far
(34). This very interesting study used two-dimensional gel
electrophoresis and radiolabeled phosphoryl groups, allowing
the identification of differential phosphorylation events, but
unfortunately the identification of the corresponding proteins
was not possible.

Although still at the draft stage, the recently released M.
truncatula genome assembly (Mt3.5) span a physical distance
of 375 milliion base pairs (Mb) of which 246 Mb are nonre-
dundant sequences obtained from 2536 bacterial artificial
chromosome library (26). Alignment with expressed sequence
tags (ESTs) suggests that about 94% of the expressed genes
are represented in the combined data that are newly released.

About 47,845 genes have been annotated with experimental
and database support with average length of 2211 bp (26).
With these salient features, the Medicago genome sequence
enables us to utilize next generation RNA sequencing strat-
egy, as well as MS-based methods to explore in depth the
early phosphoproteomic, proteomic, and transcriptional re-
sponses to NF. In this study, we report an integrated large-
scale approach to investigate changes in the phosphopro-
teome, proteome, and transcriptome that occur one hour after
NF treatment. To help place these results within a biological
context, we compared results obtained with wild-type Medi-
cago plants to those with two key mutants (nfp and dmi3). Our
quantitative study sheds light on the NF-induced transcrip-
tional, translational, and post-translational responses and re-
veals signaling pathways that previously remained unde-
tected using conventional approaches.

EXPERIMENTAL PROCEDURES

Plant Materials, Growth, and Treatment with NF and GSE—Medi-
cago truncatula Jemalong A17 (wild-type), C31 (nfp-1) (9), and TRV25
(dmi3–1) (15) plants were used for transcriptomics, proteomics, and
phosphoproteomics analyses. Plants were grown under three differ-
ent growth conditions (aeroponic, hydroponic, and plates), which
facilitate collection of large quantities of NF-responsive root tissues
for RNA/protein extraction. The different growth conditions used in
the current study were optimized for efficient response to NF with the
help of pENOD11:GUS plants (35). Seeds of Medicago were har-
vested, acid-scarified, surface sterilized, and germinated (36) before
growing in different growth conditions. For growth in the aeroponic
system, 3-day old seedlings were placed in the aeroponic system (37)
and grown in nitrogen-free modified Fahraeus medium (36) for 14 to
15 d at 22 °C and 24 h of 130 to 200 umol m�2 s�1 light. The roots,
however, grew in the dark. For uniform treatment with NF, the mod-
ified Fahraeus medium without NF was replaced by the one with 10�8

M NF obtained from Sinorhizobium meliloti strain Rm1021 pRmE43
(pTE3:nodD1) as indicated in (36). One hour after treatment, the root
tissues were harvested and flash frozen for phosphoprotein extrac-
tion. For growth in the hydroponic system, 2-day old Medicago seed-
lings were transferred to conical flasks containing liquid modified
Fahraeus medium supplemented with 1% sucrose and incubated in
the dark at room temperature with constant shaking at 50 rotations
per minute. The seedlings were treated with 10�8 M NF, incubated in
the medium for one hour and the root tissues were flash frozen for
phosphoprotein extraction. For growth in the plate system, 2-day old
germinated seedlings were grown on 23 cm � 23 cm square plates
containing Fahraeus medium overlaid with moist sterile germination
paper. The seedlings were grown in the dark at room temperature for
5 days and treated with 10�8 M NF by flood inoculation to ensure that
roots of all the seedlings grown on the plates are treated. One hour
after the NF treatment, the root tissues were rapidly harvested and
flash-frozen in liquid nitrogen. Proteins were isolated from whole-cell
lysate of root tissue or membrane-enriched fractions for phosphopro-
teomics with the addition of a variety of phosphatase inhibitors as
described previously (37). For transcriptomics studies seedlings
grown in the plate system were used.

GSE from Glomus intraradices was obtained as described previously
(24). Each Medicago seedling (wild-type plant, nfp and dmi3) was
treated with GSE obtained from 250 spores dissolved in 1 ml of distilled-
sterile water. As a mock inoculation, control seedlings were treated with
1 ml of sterile distilled water. One hour after the treatment, the root
tissues were excised and flash-frozen for RNA extraction.
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RNA Extraction and TruSeq RNA Sample Preparation—Total RNA
was isolated from the root tissues using Qiagen RNeasy Plant mini kit.
RNA samples were run on a Bioanalyzer 2100 RNA Pico chip to test
the quality of the preparations. RNA from nine samples showing signs
of degradation was re-isolated from the same plant material and used
in place of the first samples. The final eighteen samples submitted for
sequencing had RIN values ranging from 6.2–10.0 (mean 7.7, median
7.7). Sequencing libraries were prepared at the University of Wiscon-
sin Gene Expression Center using the Illumina TruSeq RNA Sample
Preparation Kit (mRNA protocol rev. A). Libraries were sequenced at
the University of Wisconsin DNA Sequencing Facility on an Illumina
HiSeq 2000 system. Samples were multiplexed on three lanes of the
flow cell with one replicate of each genotype/treatment on each lane
to minimize the effects of technical variation. Data was collected for
100 bp single-end reads.

Sequencing reads were checked for quality using FastQC v0.9.4.
Reads were mapped to the publicly available Mt3.5 genome se-
quence using TopHat v1.3.2 (26, 38). Minimum intron size, maximum
intron size, and microexon search parameters were set to 10, 20,000,
and true, respectively, and default settings were used for all other
parameters. Reads mapping to multiple locations on the genome
were filtered out using samtools v0.1.18 (39). The remaining data
were used to generate gene-level exon coverage counts based on the
published Mt3.5v4 gene annotations using htseq-count from the
HTSeq package v0.5.1p2 in non-stranded union mode. Gene-level
read counts for the eighteen samples were normalized and analyzed
for differential expression using the R package DESeq v1.6.0 with
pooled dispersion estimates (40). Test statistics were adjusted for
multiple testing using the method of Benjamini and Hochberg and the
adjusted p values were used to select differentially expressed genes
at a false discovery rate of 5% (41).

Silencing Medicago LYR1—To silence Medicago LYR1, RNAi frag-
ment of about 252 base pairs from LYR1 coding sequences was
amplified using “ATGTCGACCAAAGGACATAATCACAGC” and
“TTGATATCCTCACAAGCCTTTCTCTTCC” primers and cloned into
pENTR1A entry vector. The LYR1-RNAi fragment was cloned into
pK7GWIWG2-R hairpin RNAi destination vector carrying DsRed1 as
visible reporter by LR-recombination. Medicago Jemalong A17 seed-
lings were transformed with LYR1-RNAi cassette by Agrobacterium
rhizogenes (strain MSU440) -mediated hairy root transformation (42).
Transgenic roots expressing LYR1-RNAi cassette were identified by
DsRED1 expression (supplemental Fig. S11D-E), and the validation of
reduction in LYR1 expression was confirmed by semi-quantitative
RT-PCR (supplemental Fig. S11C). The primers used were furnished
in the supplemental Table S7.

Validation of RNA Sequencing Data by qRT-PCR—The validation of
the expression level of candidate genes by qRT-PCR was performed
with RNA samples prepared from three biological replicates each with
two technical replicates. The RNA samples were treated with DNase,
DNA-free™ (Ambion) to remove any residual DNA contamination
present in the samples. RNA samples were quantified using Nano-
Drop 1000 for precise quantification. For cDNA synthesis, 0.5 �g of
RNA was used from all the samples to standardize the RNA concen-
tration. cDNA was synthesized using RevertAid™ First Strand cDNA
Synthesis Kit (Fermentas). Quantitative RT-PCR was performed using
SYBR® Advantage® qPCR Premix (Clontech, Palo Alto, CA) with
respective primer set (given in a separate section) optimized to have
an efficiency of 100 � 5%. The expression levels of candidate genes
were normalized using two references genes, MtActin and MtEF1a.
The qRT-PCR data were analyzed using GenEx software from Bio-
Rad. Primers used for quantitative RT-PCR validation of RNA se-
quencing data are listed in the supplemental Table S7.

Microsome and Membrane Preparation—Plants were grown as
described for RNA extraction with the exception that the tissue was

harvested immediately after one hour of NF treatment with no freeze
step. All subsequent stages of membrane isolation were carried out in
a 4 °C cold room with chilled equipment. Plant tissue was ground in
2� v/w (e.g. 20 ml buffer per 10 g fresh weight tissue) ice-cold
Homogenization Buffer (230 mM sorbitol, 50 mM TrisHCl, 10 mM KCl,
3 mM EGTA, pH 7.5) containing freshly added protease inhibitors (1
mM PMSF, 0.7 �g/ml leupeptin, 1.0 �g/ml pepstatin, 1 mM potassium
metabisulfite), and phosphatase inhibitors (10 mM NaF, 2 mM Na
pyrophosphate, 1 mM ammonium molybdate). Homogenization was
performed in a Waring blender using two 20-s pulses. Homogenate
was filtered through four layers of Miracloth and centrifuged at
6000 � g for 10 min at 4 °C. The supernatant containing the micro-
some fraction was transferred to a cold ultracentrifuge tube and spun
at 65,000 � g for 30 min at 4 °C. The supernatant was discarded and
the microsomal pellet was resuspended in ice-cold Resuspension
Buffer (250 mM sucrose, 10 mM KCl, 10 mM HEPES, pH to 7.0 with
KOH) with the aid of a Potter teflon homogenizer. The microsomal
fraction was either stored at �80 °C for subsequent analysis or further
processed as follows to enrich for plasma membrane proteins.

One gram (approximated using 1.0 ml volume) of microsomal sam-
ple was added to a four gram (3 g premade � 1 g microsomal) 6%
PEG/Dextran two-phase system prepared the previous day in dispos-
able glass culture tubes and stored in the cold room overnight (final
concentrations: 6% w/w Dextran T500, 6% w/w PEG-3350, 333 mM

sucrose, 5 mM potassium phosphate, 5 mM potassium chloride, 0.1
mM EDTA). Dithiothreitol was added fresh immediately before use to
a concentration of 1 mM. After addition of the microsomal sample, the
two-phase system was mixed thoroughly by inversion and incubated
at 4 °C for 15 min followed by a 15 min spin at 900 � g in a 4 °C
centrifuge. The upper phase (enriched for plasma membrane) was
removed slowly using a Pasteur pipette, leaving the interface with the
lower phase, and transferred to an ultracentrifuge tube. The lower
phase was transferred to a separate ultracentrifuge tube. Samples
were diluted to 24 ml using resuspension buffer and centrifuged at
100,000 � g for 35 min. at 4 °C. The supernatant was discarded and
the pellets were suspended in Resuspension Buffer with the aid of a
Potter teflon homogenizer. Protein concentrations in microsomal,
upper, and lower phase fractions were quantified using a Bradford
assay with a BSA standard curve.

Protein Extraction—For experiments analyzing whole plant extract,
protein was precipitated from plant extract via chloroform/methanol
extraction or acetone precipitation. Chloroform/methanol extraction
was performed by adding four volumes of methanol to one volume of
plant extract. The mixture was vortexed and one volume of chloro-
form was added before additional vortexing. Three volumes of water
was added, the solution was vortexed, and subsequently centrifuged
for 5 min (4696 � g, 4 °C). The top layer was removed and discarded
via serological pipette. Then, three volumes of methanol were added
and the solution was vortexed before centrifugation for 15 min
(4696 � g, 4 °C). The resulting pellet of protein was washed three
times by vortexing with ice cold 80% acetone and centrifuging at
10,000 � g for 5 min. Once washed, the pellet was dried on ice for 30
min and stored at �80 °C.

Acetone precipitation protein extraction consisted of adding four
volumes of ice cold acetone to one volume of plant extract. The
solution was then vortexed and stored at �20 °C overnight. The
sample was then centrifuged for 20 min (4696 � g, 4 °C). The result-
ing protein pellet was washed three times with ice cold 80% acetone.
Once washed, the pellet was dried on ice for 30 min and stored at
�80 °C.

Protein Digestion and Isobaric Labeling—For whole plant extract
samples, protein pellets were resuspended in ice-cold 8 M urea, 30
mM NaCl, 40 mM tris (pH 8), 2 mM MgCl2, 50 mM b-glycero phosphate,
1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 1� mini
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EDTA-free protease inhibitor (Roche Diagnostics), and 1� phosSTOP
phosphatase inhibitor (Roche Diagnostics). Total protein was then
quantified using a BCA protein assay kit (Thermo Scientific Pierce).
For analysis, 1 mg of protein from each sample was reduced by
adding DTT to a final concentration of 5 mM, and alkylated with 15 mM

iodoacetamide before final capping with 5 mM dithiothreitol. Digestion
was carried out by adding LysC (Wako Chemicals) at a 1:100 enzyme-
to-protein ratio and incubating at 37 °C for 2 h. At this time, the lysate
was diluted with 25 mM tris (pH 8) to a final urea concentration of 1.5
M and further digested for 12 h at 37 °C with trypsin (Promega,
Madison, WI) at a 1:100 enzyme-to-protein ratio.

For membrane enriched samples, seven volumes of re-suspension
buffer (from above) were added to one volume of membrane-enriched
solution (membrane samples contained either 0.5 mg or 1 mg pro-
tein). Samples were then reduced as described above. Digestion was
carried out by adding LysC (Wako Chemicals) at a 1:120 enzyme-to-
protein ratio and incubating at 37 °C for 2 h. At this time, an additional
aliquot of LysC was added at a 1:240 enzyme-to-protein ratio before
incubation for another 1.5 h at 37 °C. Finally, the lysate was diluted
with 25 mM tris (pH 8) to a final urea concentration of 1.5 M and further
digested for 12 h at 37 °C with trypsin (Promega) at a 1:100 enzyme-
to-protein ratio.

For all experiments, peptides were then acidified with trifluoroace-
tic acid (TFA) to quench the reaction and de-salted using C-18 solid
phase extraction (SPE) columns (Waters). TMT (43) or iTRAQ (44)
labeling was carried out per manufacturer’s directions (Thermo Sci-
entific Pierce, TMT; Applied Biosystems, iTRAQ). To confirm BCA
measurements, aliquots of total protein were taken from each sample,
combined in a 1:1:1:1, 1:1:1:1:1:1, or 1:1:1:1:1:1:1:1 ratio (4-Plex,
6-Plex, and 8-Plex experiments, respectively), and analyzed via mass
spectrometry. Summed reporter ion ratios from this experiment were
used to adjust mixing ratios of the remaining labeled digests, after
which the mixed samples were again de-salted using SPE.

Strong Cation Exchange Fractionation—Strong cation exchange
(SCX) was carried out using polysulfoethylaspartamide column (9.4 �
200 mm; PolyLC) on a Surveyor LC quaternary pump (Thermo Sci-
entific; flow rate of 3.0 ml/min.). The mixed and dried isobaric label
sample was resuspended in buffer A before separation. The following
gradient was used for separation: 0–2 min, 100% buffer A, 2–5 min,
0–15% buffer B, 5–35 min, 15–100% buffer B. Buffer B was held at
100% for 10 min. The column was washed extensively with buffer C
and water prior to recalibration. Buffer compositions were as follows:
buffer A [5 mM KH2PO4, 30% acetonitrile (pH 2.65)], buffer B [5 mM

KH2PO4, 30% acetonitrile, 350 mM KCl (pH 2.65)], buffer C [50 mM

KH2PO4, 500 mM KCl (pH 7.5)]. Typically 8–14 fractions were col-
lected over a 50 min elution period. Samples were collected by hand,
frozen, lyophilized, and desalted by SPE.

Phosphopeptide Sample Preparation—Following SCX fraction-
ation, phosphopeptides were enriched via immobilized metal affinity
chromatography using magnetic beads (Qiagen, Valencia, CA). Fol-
lowing equilibration with water, the beads were treated with 40 mM

EDTA (pH 8.0) for 30 min with shaking, and washed three times with
water again. The beads were then incubated with 100 mM FeCl3 for
30 min with shaking and finally were washed three times with 80%
acetonitrile/0.1% TFA. Samples were likewise resuspended in 80%
acetonitrile/0.15% TFA and incubated with beads for 45 min with
shaking. The resultant mixture was washed three times with 1 ml 80%
acetonitrile/0.1% TFA, and eluted using 1:1 acetonitrile/0.7% NH4OH
in water. Eluted phosphopeptides were acidified immediately with 4%
formic acid and lyophilized to �5 �l.

Nano-High Performance Liquid Chromatography—For all samples,
online reverse-phase chromatography was performed using a Nano-
Acquity UPLC system (Waters, Milford, MA). Peptides were loaded
onto a precolumn (75 �m ID, packed with 7 cm Magic C18 particles,

Bruker-Michrom) for 10 min at a flow rate of 1 �m/min. Samples were
then eluted over an analytical column (50 �m ID, packed with 15 cm
Magic C18 particles, Bruker-Michrom) using either a 90 or 120 min
linear gradient from 2% to 35% acetonitrile with 0.2% formic acid and
a flow rate of 300 nL/min.

Mass Spectrometry—All experiments were performed on an ETD-
enabled LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Sci-
entific). High resolution MS1 scans in the orbitrap were used to guide
data-dependent MS/MS scans that used electron transfer dissocia-
tion (ETD; (45)), collisionally activated dissociation (CAD), or high-
energy CAD (HCD; (46)) to produce sequence informative ions ana-
lyzed in the orbitrap. In five of the 11 experiments, HCD alone was
used to produce reporter tags, the remaining experiments utilized
QuantMode (QM) MS/MS scans. QM is a recently described method
that uses gas-phase purification to improve quantitative accuracy and
dynamic range (47).

The LTQ Orbitrap Velos used firmware version 2.6.0.1065 SP3.
MS1 scans were performed in the Orbitrap at 30,000 or 60,000
resolution at a max injection time of 500 ms and a target value of
1,000,000. Dynamic exclusion duration was set to 30 or 60 s, with a
max exclusion list of 500, and an exclusion width of 0.55 Th below
and 2.55 Th above the selected average mass. HCD MS2 scans were
also acquired in the Orbitrap at a resolution of 7500 and with HCD
normalize collision energy (NCE) of 45 or 50%, a max inject time of
200 or 500 ms, and an AGC target of 50000. ETD MS2 scans were
acquired in the Orbitrap at a resolution of 7500 and with a charge
independent reaction time of 70 ms, a max inject time of 200 ms, an
AGC target of 50,000, and a reagent ion target of 400,000. Quant-
Mode (QM) scans were acquired in the Orbitrap at a resolution of
7500 and with a charge dependent PTR reaction time to enable
gas-phase purification, HCD NCE of 65–80% to produce isobaric
reporter tags, and CAD NCE of 35% to produce sequence informative
ions (47). For QM scans an AGC target of 400,000, a reagent ion AGC
target of 400,000, and max injection time of 500 ms was used. All
Thermo .RAW files are deposited in PeptideAtlas and have been
assigned the following entry numbers PASS00056 (iTRAQ 4-Plex
Data), PASS00057 (TMT 6-Plex Data), PASS00058 (iTRAQ 8-Plex
Data).

Database Searching and FDR Estimation—MS/MS data were ana-
lyzed using the Coon OMSSA Proteomics Software Suite (COMPASS;
(48)). The Open Mass Spectrometry Search Algorithm (OMSSA; ver-
sion 2.1.8; (49)) was used to search spectra against a concatenated
target-decoy database consisting of Medicago protein sequences
from the following databases: MT3.5, Uniprot, NCBI, and an internal
Wisconsin Medicago Group database. This composite database con-
tained 51,426 entries and is available for download at http://more.
biotech.wisc.edu/. We have previously demonstrated a combined
database returns a greater number of identifications (37). For all
searches, tryptic peptides were created in silico allowing up to three
missed cleavages. The precursor mass tolerance was set to �4.5 Da
and monoisotopic mass tolerance was set to �0.015 Da for frag-
ments ions. It has previously been demonstrated that using a large
precursor mass tolerance coupled with post-search filtering based on
precursor mass, such as the algorithm employed in FDROptimizer,
increases the number of target identifications (50). Carbamidomethyl-
ation of cysteines, isobaric label (TMT or iTRAQ) on the N terminus,
and isobaric label on lysines were included as fixed modifications,
whereas oxidation of methionines, phosphorylation of s, phosphory-
lation of t, phosphorylation of y, and isobaric label on tyrosines was
added as a variable modification. Results from each experiment were
then filtered to a 1% FDR using high resolution batch FDROptimizer.
The FDROptimzer conducts false discovery analysis at the peptide
level using a two dimensional analysis. One of these dimensions is
OMSSA e-value, whereas the other is the precursor mass error.
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Protein and Peptide Quantification and Phosphosite Localization—
For each experiment, isobaric label quantification was performed
using TagQuant. Peptides from all experiments were then combined
into protein groups and quantified at the protein level using Protein-
Hoarder. The ProteinHoarder performs protein grouping of identifica-
tions from all experiments, a p-score for both target and decoy
proteins is then calculated by multiplying the p values of all peptides
contained within the protein group and is used to conduct false
discovery rate analysis at the protein level. For phosphopeptides, the
Phosphinator software was used to localize phosphorylation sites and
combine quantitative data for phosphoisoforms within experiments
(51). Following phosphosite localization, any instance in which a
peptide failed to have all phosphosites localized, was discarded and
not used in subsequent quantitative analysis. Isobaric reporter tag
data from all 11 experiments were consolidated in Microsoft Excel.
Experimental ratios and p values (Student’s t test assuming equal
variance) were then determined using Microsoft Excel.

Protein and Phosphoisoform Functional Analysis—To determine
functional analysis enrichment, we developed a program, MedicaGO,
which links gene ontology (GO) terms available from interPro to
corresponding MT3.5 accessions. The GO terms are linked to unique
gene identifies, however protein grouping can result in many gene
identifiers being combined into a larger compilation of proteins. To
account for this, we assigned GO terms from any gene identifier
within a protein group to the group as a whole. Any GO term that was
significantly represented in a subgroup as compared with the entire
proteome/phosphoproteome was considered enriched (p � 0.05,
Fisher’s exact test with Benjimini-Hochberg correction for multiple
comparisons).

Building Medicago-Omics Repository (MORE)—All data presented
here (transcriptomic, proteomic, phosphoproteomic) will be freely
available on a newly created Medicago-Omics Repository (MORE;
http://more.biotech.wisc.edu/). By entering Medicago gene identifi-
cation number or protein name (e.g. Medtr4g030140 or MtDRP2B)
users will obtain RNA, protein, and phosphorylation quantitative data.
Overall wild-type, nfp, and dmi3 ratios (�NF/-NF) are displayed for
each protein entry. Expandable displays will show the measurements
for each individual experiment for each protein and phosphorylation
site, allowing users to compare the relative response between differ-
ent experimental conditions. MORE also houses raw nHPLC-MS/MS
data (Thermo .RAW files), and downloadable spreadsheets including
all RNA, protein, and phosphorylation data collected during the
course of this experiment.

RESULTS

Large-scale Detection and Quantification of the Medicago
Proteome and Phosphoproteome—NF-induced dynamics in
protein and phosphorylation levels were analyzed in Medi-
cago by high mass accuracy tandem mass spectrometry.
Data were collected from 11 quantitative isobaric tag-based
(43, 44) nano-HPLC-MS/MS experiments comprising various
plant genotypes (wild-type, nfp and dmi3), time points (0, 10,
30, and 60 min), cellular extracts (whole cell, microsome, and
upper or lower membrane fractions) and growth conditions
(aeroponic, hydroponic, and plates). supplemental Fig. S1
depicts the proteomic workflow used to generate the quanti-
tative data. Proteins extracted from Medicago were subjected
to tryptic digestion. To enable large-scale multiplexed quan-
tification, peptides were labeled with isobaric tags (TMT or
iTRAQ) and fractionated via strong cation exchange (SCX) to
reduce sample complexity. All SCX fractions were enriched

for phosphopeptides using immobilized metal affinity chroma-
tography (IMAC). Both unmodified and phosphopeptide frac-
tions were analyzed using an ETD-enabled Velos hybrid linear
ion trap-orbitrap mass spectrometer (Thermo-Fisher Scien-
tific). A flow diagram demonstrating MS/MS analysis begin-
ning with MS1 acquisition and resulting in quantitation of
significantly altered phosphopeptides is depicted in supple-
mental Fig. S2.

Tandem mass spectra were searched against a concate-
nated target-decoy database comprising Medicago protein
sequences. Across all experiments, more than 2400 h of
instrument time generated �10,000,000 high resolution
MS/MS spectra of which 2,033,877 were confidently (1%
FDR) assigned to 78,635 unique peptide sequences mapping
to 7739 proteins (Table I). This includes 15,335 unique
phosphopeptides, containing 13,506 nonredundant sites of
phosphorylation localized to specific amino acids within
3926 phosphoproteins, resulting in an average of �3 phos-
phosites per protein. A complete list of all phosphoproteins
and respective phosphosites, along with peptide spectrum
matching (PSM) counts, fold change and p values, are fur-
nished in supplemental Table S1. Protein levels for respective
phosphoproteins 1 hour post-treatment are listed in supple-
mental Table S2. Additional meta-analyses of experiments de-
scribed here are available in the supplementary information.
This discussion includes analysis of protein and phosphoprotein
identification overlap between experiments (supplemental Fig.
S3), global ratio distributions in each experiment containing a
wild-type plant (supplemental Fig. S4), comparison to data col-
lected in Grimsrud et al. (37) (supplemental Fig. S5), as well as
analysis of protein and phosphoprotein identification increases
because of cellular fractionation.

The Medicago Proteome is Largely Unaltered During the
First Hour of Response to NF—Quantitative proteome analy-
sis revealed few changes in protein expression in response to
NF (0.16%). Specifically, only 13 proteins are significantly
altered (p � 0.05, Student’s t test, assuming equal variances)
more than 1.35-fold in wild-type plants (supplemental Table
S2). In contrast, transcriptomic data revealed 136 genes sig-
nificantly altered in wild-type plants (see below). The disparity
between proteomic and transcriptomic changes is expected,
as changes in RNA expression require time to affect protein
level changes. The largely unchanged proteome suggests
rapid cellular responses (i.e. calcium spiking, membrane de-
polarization, etc.) result from NF-induced post-translational
modifications (i.e. phosphorylation), which are independent of
protein translations.

NF Induce Rapid Changes in Medicago Phosphopro-
teome—The phosphoproteomic response of Medicago plants
to NF treatment was quantified for 13,185 unique phospho-
isoforms. The 454 phosphoisoforms exhibited a significant
change in phosphorylation upon NF treatment (p � 0.05,
Student’s t test, assuming equal variances; supplemental Ta-
ble S3). Considering only phosphorylation changes greater
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than 1.35-fold results in 98 candidate phosphoisoforms (sup-
plemental Table S3), several of these targets are described in
detail in the discussion. Proteins showing significant differen-
tial phosphorylation one hour after NF treatment are grouped
into functional categories in supplemental Fig. S6.

To elucidate the phosphorylation dynamics within the first
hour of NF treatment we designed an eight-plex time course
experiment, including three biological replicates for the 0 and
60 min time points and one biological replicate for the 10 and
30 min time points. This experiment, listed as experiment 9 in
Table I, produced 1468 localized and quantified phosphoiso-
forms (supplemental Table S1). The log2 ratio of each time
point compared with the 0 min time point was calculated
(using the average for both the 0 and 60 min time points) and
grouped into 10 nodes using K-means clustering (Fig. 2A).
Functional analysis determined node 1 was enriched for the
gene ontology (GO) term calmodulin binding (Fig. 2B),
whereas node 2 was enriched for the GO terms phosphory-
lation, water transport, and integral to membrane (Fig. 2C). No
significant enrichment of GO terms was determined for the
remaining nodes of the time course (supplemental Fig. S7).
Calmodulin binding proteins are an interesting group of can-
didates as calcium signatures both at the plasma membrane
and nuclear levels play an essential role in NF signaling. To
further investigate the phosphorylation dynamics within the
time course, the number of phosphorylation events altered
greater than 1.5 fold was counted for each time point (Fig.
2D). The greatest number of 1.5-fold changes occurs at 30
min, corresponding to the amount of time before calcium
spiking is initiated within the cell.

Two proteins highlighted the importance of time course
data. Dynamin-related protein 2B (DRP2B, Medtr4g030140)
belongs to a GTPase family of proteins responsible for
membrane dynamics, vesicle trafficking, and is likely a key
player in the NF signaling cascade (Fig. 2E). Two separate
phosphosites (s818 and s848) demonstrate a significant
increase (p � 0.05) in phosphorylation in the time course
experiment (Fig. 2E). Two additional DRP2B phosphoiso-
forms, s844 and the doubly phosphorylated s844/s848, are
also plotted in Fig. 2E. For DRP2B, s848 and the doubly
phosphorylated s844/s848 share a distinct expression pat-
tern, suggesting the removal and addition of s848 from
these isoforms. Although the s844 and s818 phosphoiso-
form exhibit a rapid and sustained increase in phosphory-
lation over the course of the experiment, further implicating
DRP2B in the NF signaling cascade. Similarly, time course
data reveals three phosphosites at s1263, t1290, and s1306
for Dedicator of Cytokinesis 7 (DOCK7, Medtr8g056900).
The s1306 phosphosite belongs to the group of 98 proteins
significantly altered in the overall analysis, vide supra,
whereas s1263 and t1290 fall short of statistical signifi-
cance, but follow a similar phosphorylation pattern over the
time course (Fig. 2F). These data provide evidence of global
phosphorylation changes on DOCK7 in response to NF
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treatment. Although it escapes the scope of this article, the
cases of DRP2B and DOCK7 demonstrate the power of
analyzing time course data for each individual protein.

Symbiosis-defective Mutants Display Altered Phosphopro-
teome Upon NF Treatment—To investigate the dependence
of NF-induced phosphorylation events on NFP- and DMI3-
induced signaling, the phosphoproteomes of nfp and dmi3
mutants were analyzed and global phosphorylation dynamics
compared with the wild-type response. 13,993 unique local-
ized phosphoisoforms were detected in at least one geno-
type, with individual genotypes containing 13,185, 10,198,
and 10,062 isoforms for wild-type, nfp and dmi3 plants, re-
spectively. The number of biological replicates across geno-
types was not equal, making a direct comparison of signifi-
cant changes difficult. Therefore, we compared the number
of phosphorylation events changing greater than 1.5-fold
post-NF treatment. Wild-type plants readily respond NF ap-
plication, as the phosphorylation level of 6.3% of isoforms

changed more than 1.5-fold. nfp plants demonstrate a re-
duced phosphorylation response with only 4.0% of isoforms
altered in the same manner (Fig. 3A). In addition, nfp mutants
contain a greater percentage of isoforms altered less than
1.2-fold (81% for nfp, 72% for wild-type), implicating NFP as
a major contributor to the initiation of NF signaling. However,
the presence of differential phosphorylation exhibited in nfp
provides clear evidence for the involvement of additional NF
receptors, prompting our transcriptomic approach discussed
below. Interestingly, dmi3 appears hypersensitive to NF, as the
phosphorylation status of 7.8% of isoforms was altered more
than 1.5-fold after treatment. The increased phosphorylation
response in dmi3 confirms its role in a negative feedback mech-
anism (18). In contrast, NF-induced transcriptional changes in
dmi3 showed only one regulated gene, confirming that DMI3 is
a key regulator of NF-induced transcription. Altogether, our data
suggest that this negative feedback loop probably involves
post-translational, but not transcriptional, mechanisms.

FIG. 2. Time course analysis of NF-induced phosphorylation dynamics. A, Heat map representation of phosphorylation changes at 10,
30, and 60 min post NF treatment. Quantitative information for 1468 localized phosphoisoforms was grouped using hierarchical clustering and
then pooled into 10 expression patterns using K-means clustering. B, Node 1 of time course expression analysis. Functional analysis of the
phosphoisoforms comprising node 1 identified the gene ontology (GO) term calmodulin binding as significantly enriched (p � 0.05, Fisher exact
test with Benjimini-Hochberg correction for multiple comparisons). C, Node 2 of time course expression analysis. Functional analysis of the
phosphoisoforms comprising node 2 identified the GO terms phosphorylation, water transport, and integral to membrane as significantly
enriched (p � 0.05, Fisher exact test with Benjimini-Hochberg correction for multiple comparisons). D, Global phosphorylation changes for
each time point. The number of 1.5-fold phosphorylation changes are plotted for each time point. Phosphorylation changes occur rapidly, 10
min post NF treatment and continue to intensify until 30 min. At 60 min, the number of changes is still large with 338 phosphoisoforms
displaying a 1.5-fold change. E, Dynamin 2B phosphorylation dynamics within the first hour post NF treatment. Time course phosphorylation
dynamics of four dynamin 2B (DRP2B) phosphoisoforms (s818, s844, s848, and s844/s848). The s848 and s844/s848 isoforms are changing
in a similar manner suggesting s848 is being regulated, whereas the decrease in s844 from 30 to 60 min coincides with an increase in
s844/s848 suggesting some s844 is being converted into s844/s848. F, DOCK7 phosphoryation dynamics within the first hour post NF
treatment. Time course dynamics of three DOCK7 phosphosites (t1290, s1262, and s1306) demonstrates time dependent phosphorylation
regulation. All three phosphoisoforms display similar time course changes, suggesting global protein phosphorylation regulation in response
to NF.
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To analyze phosphorylation changes directly related to NF
signal transduction, we focused on phosphoisoforms that
displayed a fold change greater than 1.35-fold in wild-type
plants and less than 1.25-fold in nfp, indicating that these
targets are downstream of the NFP receptor in the signaling
cascade (Fig. 3B). Functional analysis of phosphorylation re-
sponses to NF revealed that phosphoisoforms in wild-type
plants exhibiting increased phosphorylation were enriched for
the GO terms nucleotide binding, ATPase activity and nucle-
otide triphosphate activity, whereas those phosphorylation
changes that exhibited down-regulation in wild-type plants
revealed no significant enrichment (Fig. 3B). To identify spe-
cific proteins involved in NF signaling, 64 phosphoisoforms

significantly altered (p � 0.05) more than 1.35-fold in wild-
type plants and less than 1.25-fold in nfp were analyzed. From
these 64, 24 displayed similar fold changes in both wild-type
and dmi3 plants, indicating that these are most likely affected
before DMI3 activation. The other 40 isoforms were either not
detected or exhibited expression in the dmi3 mutant different
from wild-type plants, suggesting that these NF-induced
phosphorylation changes are dependent on DMI3 activity.
The phosphorylation response to NF for all three genotypes
for six of the 64 candidates is displayed in Fig. 3C. Phosphor-
ylation sites in two different amino acids within the same
tryptic peptide, wall-associated receptor kinase-like 8 (WAKL8,
Medtr5g085790.1), demonstrates two separate patterns of

FIG. 3. Global view of changes in the proteome and phosphoproteome from all the experiments combined. A, Pie charts displaying
the distribution of phosphorylation changes for wild-type (WT), nfp and dmi3. Wild-type plants readily response to NF as 6.3% of phospho-
isoform are altered more than 1.5-fold. Nfp displayed a lower response, 4.0%, but the presence of these changes provides evidence of a
separate NF receptor sensing NF. Dmi3 more NF responses than wild-type plants, as the phosphorylation state of 7.8% of phosphoisoforms
was altered more than 1.5-fold. B, Heatmap of phosphoisoforms altered in wild-type and not in nfp. Phophoisofroms exhibiting a fold change
more than 1.35 in wild-type plants and less then 1.25 in nfp were grouped via hierarchical clustering. Functional analysis revealed
phosphoisoforms, which demonstrate an up-regulation in phosphorylation upon NF treatment are enriched for the terms nucleotide binding
and ATPase activity. C, Representative proteins significantly altered in wild-type and not in nfp. Six pohsphoisoforms that were significantly
(p � 0.05, Student’s t test, assuming equal variances) altered more than 1.35-fold in wild-type plants and less than 1.25-fold in nfp demonstrate
the use of comparing wild-type and mutant measurements. These examples contain phosphoisoforms, which display both nfp dependent
regulation and dmi3 dependent regulation.

Phosphoproteomics and Transcriptomics of Legume Symbiosis

732 Molecular & Cellular Proteomics 11.9



phosphorylation dynamics between mutants (Fig. 3C). Phos-
phorylation of s310 in WAKL8 is down-regulated in both wild-
type and dmi3 plants upon NF treatment, whereas relatively
unaltered in nfp, suggesting phosphorylation of this site is
dependent on NFP, but not DMI3. s312 in WAKL8 displays
increased phosphorylation in wild-type plants when com-
pared with nfp and dmi3, suggesting this phosphorylation is
DMI3-dependent. In addition, in both nfp and dmi3 mutants,
the s213 phosphoisoform of eIF5, and two phosphoisoforms
of DOCK-family proteins (MtSPIKE1 s1106 and DOCK7
s1306) display reduced phosphorylation levels upon NF treat-
ment and in comparison with wild-type plants, suggesting
regulation of these phosphosites downstream of DMI3. Al-
though the s364 phosphoisoform of SNF1-related protein
kinase is down-regulated upon NF treatment in both nfp and
dmi3, it is reduced less in dmi3, suggesting NFP-dependent
regulation.

NF Induce Rapid Changes in the Medicago Transcrip-
tome—To monitor changes in gene expression one hour
post-NF treatment, next generation RNA sequencing was per-
formed in wild-type, nfp and dmi3. A total of 489.8 million 100
bp single-end reads (49 gigabases) were generated from the
mRNA libraries. Individual sample sets ranged from 20.4 to
35.0 million reads (mean of 27.2 � 3.8 M reads). Of these, an
average of 76.3% �3.5% mapped to a unique location on the
genome—69.1% �3.3% to annotated exons and 7.2%
�0.3% to nonexonic locations. The remaining reads mapped
to multiple locations in the genome (9.1% �3.1%) or did not
map at all (14.6% �0.7%). The variation in multireads was
due primarily to per-sample variation in rRNA content, which
ranged from 0.5 to 10.5% of total reads. A total of 25,237
genes from Mt3.5v4 averaged 10 or more mapped reads per
kb transcript over all normalized samples as evidence of
transcription, with an overall dynamic range of roughly 104

across this group of genes. A summary of RNA sequence data
analyses mapped to the most recent Medicago genome as-
sembly (Mt3.5 V4) is presented in supplemental Tables S4 and
S5 and supplemental Fig. S8.

In wild-type plants, �136 genes were differentially regu-
lated in response to NF (pooled dispersion, 5% FDR). Of
these, 116 genes were significantly up-regulated and 20 were
down-regulated. The major groups of genes differentially reg-
ulated in wild-type plants encode transcription factors, pro-
tein kinases, cell wall-modifying enzymes, defense-related
proteins, hormone signaling proteins, transporters, and
flavonoid biosynthesis enzymes (Fig. 4B; supplemental Table
S6). As preliminary validation of our RNA sequencing data, we
checked the expression of genes with known roles in NF
signaling. NIN (Medtr5g099060) is an early marker for the
activation of the NF signaling pathway in Medicago and Lotus,
encoding a transcription factor required for both infection
thread formation and cortical cell divisions (52, 53). Our data
confirmed up-regulation of NIN expression one hour post-NF
treatment (supplemental Table S6). Transcriptional regulators

from the GRAS family (e.g. NSP1 and NSP2), as well as
AP2/ERF-like transcription factors (e.g. ERN1, 2 and 3), also
have known roles in early symbiotic signaling (19, 20, 54, 55).
Our data confirms prior data that ERN1 (Medtr7g085810) is
up-regulated one hour post-NF treatment (supplemental Ta-
ble S6) (55). Genes encoding AP2/ERF-like transcription
factors (Medtr7g085810, contig_82104, contig_52379, con-
tig_16415, contig_71245, and contig_75657) were also up-
regulated upon NF treatment (supplemental Table S6). We
validated our next generation RNA sequencing approach us-
ing quantitative RT-PCR (qRT-PCR) for several additional
candidates. Expression levels of genes encoding ethylene-
responsive transcription factor 1B (contig_82104), ethylene-
responsive transcription factor 1A (Medtr4g100380), tubulin
beta chain (Medtr8g107250), nuclear transcription factor Y
subunit B-3 (Medtr8g091720), pectinestarase (contig_73581),
inorganic phosphate transporter 1, MtPT1 (Medtr1g043220),
and TIR-NBS disease resistance protein (contig_72999) dis-
played the direction of changes (up- or down-regulated) similar
to RNA sequencing measurements (supplemental Fig. S9A).

NF-induced Transcriptional Changes in nfp Indicate the
Existence of Cryptic NF Receptors—To our knowledge, no
molecular or cellular response to NF has been observed in the
nfp mutant and NFP was believed to be absolutely necessary
for all the responses to NF in Medicago. However, our quan-
titative phosphoproteomics clearly revealed some responses
in the nfp mutant, which prompted us to test this result by
RNA sequencing. NF-induced transcriptional changes ob-
served in wild-type plants were largely reduced but not abol-
ished in the nfp mutant (Fig. 4A). Although 136 genes were
differentially regulated in wild-type, 31 genes were differen-
tially regulated in nfp, of which 20 were up-regulated. The two
major groups of differentially-regulated genes in nfp include
transcription factors and defense-related genes (Fig. 4C).
Among the transcription factors, ethylene-responsive tran-
scription factors (contig_61090, contig_82104, Medtr4-
g100380 and Medtr1g040430), bZIP transcription factor
(AC146721_1015) and bHLH transcription factor (con-
tig_14899) were significantly up-regulated. Defense-related
genes coding for TIR-NBS disease resistance protein (con-
tig_72999), disease resistance protein RPS4 (contig_71516),
and glutaredoxin (contig_239949) were also up-regulated,
whereas a gene encoding a Kunitz-type trypsin inhibitor alpha
chain probably involved in defense (Medtr6g065460) was
down-regulated. Because these NF-induced transcriptional
changes in nfp were unexpected, we validated the expression
of several candidate genes by qRT-PCR. Our results for
Ctg_82104, Ctg_72999, Medtr4g100380, and Medtr4g112440
confirm regulation in wild-type and nfp observed by RNA se-
quencing upon NF treatment (supplemental Fig. S9B). These
results confirm that NFP is responsible for transducing the
majority of the NF signal, but also reveal clearly the existence of
other NFP-independent NF receptor complexes.
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Given the structural similarities between Nod and Myc fac-
tors, we speculated that some of NF signal may be trans-
duced by the mycorrhizal receptors. Therefore, we explored
the transcriptional changes of genes that were regulated in
nfp upon treatment with mycorrhizal signals (GSE). Con-
tig_82104 and Medtr4g100380 were up-regulated in wild-type
and nfp plants upon GSE treatment (supplemental Fig. S10A
and S10B), indicating NFP-independent gene activation by
the mycorrhizal pathway. However, GSE treatment did not
result in up-regulation of contig_72999, which was up-regu-
lated in nfp by NF-treatment in our RNA sequencing and
qRT-PCR data (supplemental Fig. S9B and S10B). This indi-
cates that some of the NFP-independent signal is not trans-
duced by the Myc factor receptor, suggesting the existence of
a third Myc factor- and NFP-independent NF receptor (Fig. 5).

LYR1, an NFP homolog, up-regulated during AM symbiosis
and has been suggested as potential candidate for Myc factor
perception (8, 26, 56). We took a candidate reverse genetics
approach to explore the possibility that LYR1 could mediate
the transcriptional responses in nfp upon NF treatment. Using

RNA interference, we silenced LYR1 in wild-type and nfp
plants as described previously (42, 57). Transgenic roots con-
taining the RNA interference construct were analyzed for tran-
scriptional changes one hour post-NF treatment by qRT-PCR.
Silencing LYR1 in wild-type and nfp plants did not abolish
NF-induced up-regulation of contig_82104 transcript (supple-
mental Figs. S10A, 10B), indicating that differential regulation
of this gene in response to NF is not mediated by LYR1.
However, a negative result in these experiments may be mis-
leading; expression analyses in a total lyr1 knock-out might
provide more conclusive evidence of its potential role in NF-
and/or Myc factor-induced transcriptional changes in
Medicago.

DMI3 is a Key Regulator of NF-induced Transcriptional
Changes in Medicago—Downstream of plasma membrane
NF receptors, nuclear events play are essential for the trans-
duction of NF signals. The nuclear envelope is the main cal-
cium store for NF-induced calcium spiking and several key
proteins (e.g. DMI1 and MCA8) are localized on nuclear mem-
branes (13). DMI3 decodes calcium spiking signatures

FIG. 4. NF-induced transcriptional dynamics within 1 hour after NF-treatment in Medicago. A, Heat map of differentially regulated
candidates in wild-type (WT) plants, nfp and dmi3 mutants identified in the transcriptomic data. B, Functional group of genes, which are
differentially regulated in the roots of wild-type plants within 1 hour of NF-treatment. The major group of genes, which were differentially
regulated, comprise biotic stress/defense, transcriptional factors, transporters, hormonal signaling, protein kinases etc. C, Functional group of
genes that are differentially regulated in the roots of nfp mutants within one hour of NF-treatment. The two major groups of genes that were
differentially regulated in nfp mutant include transcription factors and genes related to biotic stress/defense response.
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through its EF hands and transduces the signal downstream,
probably by phosphorylation of specific targets (15, 58). We
monitored NF-induced transcriptional changes in the dmi3
mutant. In contrast to the significant transcriptome changes
observed in wild-type plants, the dmi3 mutant exhibited al-
most no change one hour post-NF treatment, confirming its
central role in controlling NF-dependent transcriptional events
(Fig. 4A; supplemental Table S6). Interestingly, the only genes
showing a significant regulation in the dmi3 mutant encode

well-characterized inorganic phosphate transporters. Medi-
cago phosphate transporters MtPT1, MtPT2, and MtPT3
share �96% sequence identify at the nucleic acid level and
their encoded proteins share 98% amino acid sequence iden-
tity (59, 60), making them impossible to distinguish by RNA
sequencing. Our data indicate a significant down-regulation
of these genes. A similar down-regulation of these genes and
proteins was observed during AM symbiosis, suggesting that
the NF-induced down-regulation may result from AM pathway

FIG. 5. Proposed model depicting putative LCO-receptor kinases on the plasma membrane and the cross-talks between different
symbiotic signaling pathways in Medicago. NF are perceived with high stringency by NF receptor (NFP) and its putative heteromultimeric
partner, an NFR1 homolog. This accounts for majority of signal transduction events. However, NF-induced, but NFP-independent signaling
responses suggest the existence of other receptor complexes. Differential transcriptional regulation of these candidate genes by both NF and
GSE in NFP-independent manner suggests the existence of Myc factor receptor, which is capable of perceiving NF. Interestingly, NFP-
independent, but NF-specific transcriptional responses suggest the existence of NF-specific “cryptic” signaling receptor in Medicago.
Although a majority of these transcriptional responses are dependent on DMI3, GSE-induced DMI3-independent transcriptional regulation of
candidate genes, suggest the existence of parallel signaling pathway, which is independent of well established signaling pathway comprising
DMI genes.
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activation (59, 61, 62). Using qRT-PCR, we confirmed that
GSE treatment decreases Medtr1g043220 (MtPT1) expres-
sion similar to that observed with NF treatment (supplemental
Figs. S9C, S10C). We validated this NF- and GSE-induced
down-regulation of Medtr1g043220 in wild-type and nfp as
well (supplemental Figs. S9A, 9B, S10A, 10B). Our data indi-
cate that this event is DMI3- and NFP-independent, confirm-
ing this regulation as a probable consequence of AM pathway
activation.

Data-sharing via the Medicago-Omics Repository (MORE)—
The variety of experimental conditions used enables multiple
levels of analysis, many of which escape the current scope of
this article. To allow the research community to explore data
not mentioned here, we created the Medicago-Omics Repos-
itory (MORE; http://more.biotech.wisc.edu/), a web-based re-
source containing transcriptomic, proteomic, and phospho-
proteomic data collected during the course of this project.
MORE allows users to view quantitative information for tran-
script, protein and post-translational modifications from mul-
tiple experiments simultaneously. Researchers are able to
search for genes of interest and determine if gene expression,
protein expression or post-translational modification levels
are altered because of subcellular location, time, or growth
conditions. MORE is also dynamic in that users will be as-
sisted in uploading their data to the existing database. To
allow offline analysis, all entries into the database are freely
available for download.

DISCUSSION

Combining transcriptomics, proteomics, and phosphopro-
teomics approaches we have performed a comprehensive
systems analysis of NF-induced symbiotic signaling response
of legume roots. The collection of phosphoproteomic analy-
ses presented here is a database representing high-through-
put and large scale mass spectrometric experiments requiring
many hours of instrument time on a high resolution tandem
mass spectrometer (ESI-LTQ-orbitrap mass spectrometer). In
the past, many proteomic studies in plants have used off-gel
mass spectrometry analysis (63–68), and large-scale shotgun
(untargeted) proteomic and phosphoproteomic technologies
(69–72). Benschop et al. (73) used shotgun mass spectrom-
etry analysis to quantify phosphoproteome changes in re-
sponse to pathogen elicitors in Arabidopsis thaliana (Arabi-
dopsis), yielding 1172 measurements. In 2010, we described
the identification of 3457 phosphopeptides in Medicago roots
(37), as well as the quantification of 4675 phosphopeptides in
Arabidopsis (74). Prior to the results reported here, the largest
phosphoproteomic study in plants identified 6919 phospho-
peptides from rice (75). Our current report presents 15,335
unique phosphopeptides and demonstrates the potential
value of large scale quantitative phosphoproteomic analysis in
plants.

Whereas transcriptomic approaches have been used in the
past to identify potential candidates regulating legume-rhizo-

bia symbiosis, most of these studies explored transcriptional
regulations occurring during later stages in the legume-rhizo-
bia interaction, i.e. infection, nodule development and symbi-
otic nitrogen fixation spanning 1–32 days after inoculation
with rhizobia (31, 32, 76–78). In contrast, our study sheds light
on the early transcriptional dynamics that occur with-in the
first hour of NF perception. The genes identified in our study
play a role very early in the nodulation symbiotic signaling and
may regulate the initial NF-induced cellular responses in host
plants. Our current study used the deep coverage of next
generation RNA sequencing to identify the Medicago tran-
scripts regulated rapidly in response to NF. In addition, we
took advantage of Medicago genetics by using mutants af-
fected in NF perception (nfp) and transduction (dmi3), RNA
interference in transgenic roots (LYR1), and additional symbi-
otic signals (GSE) in order to identify the different pathways
regulating transcription in response to NF and their relative
importance.

This large data set allowed for the identification of many
candidates that may control the early molecular and cellular
responses observed in response to NF and, ultimately, the
establishment of legume nodulation. Our transcriptomics and
phosphoproteomic data suggested the presence of at least
two NF receptors independent of NFP as well as molecular
markers that allow us to track down the corresponding path-
ways (Fig. 5). One of them is a receptor that also transduces
mycorrhizal signals (GSE) but is probably not LYR1, and the
other one is so far completely unknown. Our quantitative data
also allowed for estimating the relative contribution of these
pathways. NFP-dependent responses to NF represent about
80% of transcriptomic changes observed in wild-type plants,
confirming that NFP is still the major signaling receptor in
Medicago and that the other receptors play a less important
role in NF perception (Fig. 5). Our integrated approach also
helped us identify proteins potentially controlling downstream
stages of NF signal transduction. Many differentially regulated
transcripts, and proteins that are phosphorylated in response
to NF belong to families involved in cell signaling, cell cycle,
cell morphology, defense reactions, hormone signaling and
cell wall remodeling. Many differentially regulated transcripts,
and proteins that are phosphorylated in response to NF in the
current study belong to families involved in cell signaling, cell
cycle, cell morphology, defense reactions, hormone signaling,
and cell wall remodeling.

Symbiotic Signaling and Cell Cycle Regulation—
Protein Kinases—Receptor-like kinases play a major role in

the perception and perpetuation of external environmental
signals. Several receptor-like kinases are required for NF per-
ception (NFP and LYK3) and signal transduction (DMI2/
NORK). We identified sites differently phosphorylated on sev-
eral receptor-like kinases (Medtr2g098910, Medtr5g085790,
Medtr4g115630, Medtr3g076990, Medtr4g113100, and
Medtr5g075630). Medtr2g098910 is, for instance, a close
homolog of Arabidopsis ACR4, which is thought to control the
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initiation of cell divisions in the pericycle, for lateral root de-
velopment and in the root tip meristem (79). This is a very
interesting candidate for the control of NF-induced cell divi-
sions in the cortex and pericycle, which give rise to the nodule
primordium. Cell wall-associated receptor kinases (WAKs) be-
long to another group of plant receptor-like kinases, which
play important roles in cell expansion, plant defense against
pathogens, and tolerance to abiotic stresses (80, 81). WAKs
physically link the plasma membrane to the cell wall matrix
through the extracellular domain and mediate cellular events
through their cytoplasmic kinase domain, hence acting as one
of the most likely candidates participating in cell wall-cyto-
plasm signaling in plant response to external stimuli. In re-
sponse to NF, WAK-like 8 (WAKL8, Medtr5g085790) seem to
be differentially regulated at a significant level suggesting its
potential role in NF signaling in legumes.

As mentioned previously, DMI3 is a calcium-/calmodulin-
dependent protein kinase (CCaMK) that probably senses the
nuclear calcium spikes through its EF hands and transduces
this signal into phosphorylation changes in other nuclear pro-
teins, such as transcription factors (15, 58). DMI3 was found
to interact with and phosphorylate a nuclear protein with
predicted coiled-coil domains called IPD3/CYCLOPS (16, 82,
83). We found a serine residue (s50) in IPD3 to have its
phosphorylation level increased in vivo in the presence of NF,
suggesting that this residue might be a direct target of DMI3
phosphorylation. This residue falls within the region of IPD3
identified to be phosphorylated in vitro by DMI3 (82). We had
already highlighted this residue on IPD3 in our previous non-
quantitative study surveying the Medicago phosphoproteome
(37). We also identified a calcium-dependent protein kinase
(CDPK, Medtr1g101630) and a calcium binding protein
(Medtr8g107110) with sites differentially phosphorylated in
response to NF. CDPKs have been identified as playing im-
portant roles in Medicago nodulation and root development
(84, 85).

Mitogen-activated protein kinases (MAPKs) are involved in
many aspects of plant development, in the response of plants
to changes in their environment and in particular to pathogens
(86, 87). MAPKs have been implicated in ethylene signaling
(88) and ethylene is a potent inhibitor of NF signaling and, in
particular, of calcium spiking (89, 90). More recently, MAPKs
have been shown to be activated in response to exudates
(Myc factors) of AM fungi (91). In our data set, MAPK-like
proteins (Medtr8g093730 and Medtr5g094390) are signifi-
cantly regulated in response to NF.

SNF1-related proteins, also called AMP-activated protein
kinases (AMPK), are master regulators of energy metabolism
and one of them shows a significantly increased level of
phosphorylation in response to NF (Medtr6g0129900). These
proteins have been shown, in particular, to inhibit the activity
of 3-hydroxy-3-methylglutaryl-CoA reductases (HMGRs) by
phosphorylation (92–94). An HMGR was found to interact with
DMI2/NORK and is required for early NF signaling (57) al-

though the function of this interaction is still unclear. In a
separate study with Arabidopsis, we have also recently iden-
tified SNF1-related proteins whose phosphorylation levels are
altered in response to abscisic acid (ABA) (74). Because ABA
is a major regulator of NF signaling, nodule development and
nitrogen fixation (95, 96), our observation suggests that this
protein may be involved in the regulation of NF signal trans-
duction by ABA. Several other protein kinases have also been
found to be differentially phosphorylated in response to NF
(Medtr4g128650, Medtr5g088400, and Medtr4g078290) but
more targeted work is required to interpret these changes in
the context of the NF signaling pathway.

Protein Phosphatases—Dephosphorylation of proteins
plays essential roles in plant signaling pathways including
ABA and auxin signaling but also in symbiotic signaling (74,
97). Several protein phosphatases 2C (PP2C) isoforms are
themselves significantly phosphorylated (Medtr5g080680) or
dephosphorylated (Medtr6g086970) after addition of NF. The
expression of the dominant negative allele of a PP2C (abi1–1)
from Arabidopsis in Medicago roots dominantly suppressed
ABA signaling and enhanced nodulation (95). In L. japonicus,
the expression of PP2C genes are induced in nodules and
may play important roles at early and late stages of nodule
development (97). Given the relationships between PP2C and
ABA signaling, these PP2C proteins may also be involved in
the crosstalk between ABA and NF signaling.

Transcription and Translation Factors—Several transcription
factors have been shown to be regulated by NF. As mentioned
previously, NSP1 and NSP2 are transcription factors of the
GRAS family that are required for NF signaling. They interact
together and bind to the promoters of early nodulin genes such
as ENOD11, NIN, and ERN1 (19–21). ERN1 itself is an AP2-ERF
transcription factor that also binds to a different region of the
ENOD11 promoter along with two other AP2-ERF transcription
factors, ERN2 and ERN3 (54, 55). Our phosphoproteomic study
identified several transcription factors with significant increase
(Medtr8g077920, Medtr3g089910, AC233675_22.1, Medtr5g-
038620, ABN08601.1, Medtr2g086140, Medtr1g023690) or de-
creased (Medtr2g060650, Medtr7g100790, AC234952_22.1)
phosphorylation levels. Several of these transcription factors
(Medtr5g038620, Medtr7g100790) contain IQ domains, which
are reported to bind calmodulin and are involved in calcium
signaling (98). These proteins may thus be activated in response
to the calcium influx at the plasma membrane level or by the
nuclear calcium spiking. The regulation of Medtr7g100790 by
phosphorylation seems relatively complex because the same
protein possesses sites more (s301) and less (s411, s413) phos-
phorylated in response to NF. Another of these transcription
factors is a close homolog of Arabidopsis CIP7. This nuclear
protein is an interactor of COP1 (Constitutive Photomorphoge-
neic 1) that possesses transcriptional activation activity without
any obvious DNA binding motif and acts as positive regulator of
light-regulated genes. CIP7 could provide a molecular basis for
the inhibition of nodulation by light (99).
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Similarly, after the perception of NF, several transcriptional
regulators were differentially regulated at the transcript level in
the root tissues. In addition to NIN, ERN1, and other ethylene
responsive transcription factors mentioned earlier, genes en-
coding Myb family transcription factors (Medtr1g087540,
contig_103831), bHLH transcription factors (Medtr4g087920,
Medtr4g097920, Medtr5g014600), a NAC domain containing
transcription factor (Medtr4g035590), and a bZIP transcription
factor (Medtr3g117120) show significant differential regulation
at the gene expression level. Two other bZIP transcription
factors (MtATB2 in Medicago and ASTRAY in Lotus) have
been found to play an important role in nodulation but prob-
ably at later stages of nodule development and senescence
(100, 101).

Proteins involved in translation are also differentially phos-
phorylated (Medtr7g082940, Medtr6g021800, Medtr3g109550)
in response to NF. For instance, Medtr7g082940 is a eukaryotic
translation initiation factor 5 (eIF5) and possesses five phos-
phorylation sites (s207,s213, s431, s434, and s436), distrib-
uted in two different tryptic peptides, that are consistently less
phosphorylated in presence of NF. In yeast, mammalian, and
plant cells, the casein kinase 2 (CK2) controls cell cycle pro-
gression. This protein was shown to phosphorylate in vitro
wheat and Arabidopsis eIF2a, eIF2b, eIF5, and wheat eIF3c
(102, 103). Phosphosites s207, s431, s434, and s436 on
Medicago eIF5 (Medtr7g082940) are conserved in Arabidop-
sis and wheat and these four sites correspond to those phos-
phorylated by CK2 in vitro (103). These phosphorylation sites
on eIF5 are highly conserved from monocots to eudicots but
are absent in yeast and mammalian proteins suggesting that
they could be a plant-specific innovation. Interestingly, the
fifth Medicago site (s213) is also conserved in Arabidopsis
and wheat but this site was not found in the in vitro studies. All
of this suggests that the reduction of phosphorylation on eIF5
that we observed might be related to the regulation of cell
cycle. NF have been shown to regulate the cell cycle for the
formation of both pre-infection threads and nodule primor-
dium (104, 105). Our phosphoproteomic data suggest that
eIF5 could be involved in these processes. Other phosphor-
ylation sites found on eIF2ab and eIF3c in vitro by (103) were
also quantified in our study but did not change significantly in
response to NF treatment.

Other Protein Post-translational Modifications—Several
proteins involved in protein ubiquitination have been identified
recently in investigations of early and late stages of legume
nodulation (106). Our study identified a RING finger RHF2A-
like E3 ubiquitin-protein ligase (Medtr2g087820) with signifi-
cantly decreased levels of phosphorylation. We also identified
a RING finger SIZ1-like E3 SUMO-protein ligase with de-
creased levels of phosphorylation on a specific site. Nothing
is known yet about the role of sumoylation in symbiotic sig-
naling. These two types of protein modifications may be reg-
ulating the degradation, stability or sub-cellular localization of
proteins involved in early responses to NF (107). However, our

observation of little or no changes in protein levels of ca. 8000
proteins within the first hour suggests that either the ubiquitin/
sumoyl-mediated protease systems do not become signifi-
cantly stimulated until later in the response, or that the af-
fected proteins are not within the 8000 proteins we measured
(e.g. lower abundance transcription factors). At the transcript
level, several members involved in protein degradation, such
as RING finger family protein (contig_164276), F-box family
protein (contig_48455 and contig_13936), U-box domain con-
taining protein (Medtr5g083030) and several proteinases were
also up-regulated by NF perception. Hence, these differen-
tially regulated members involved in proteolytic activities may
be involved in early NF signaling.

Cell Growth and Root Hair Deformations—Plant root hairs
exhibit a characteristic polarized cell growth similar to the one
observed in pollen tubes and fungal hyphae (108). Upon per-
ception of NF, legume root hairs undergo a rapid calcium
influx, an alkalinization of the cytoplasm, and a transient dis-
organization of the cytoskeleton followed by a growth re-
orientation leading to characteristic root hair deformations (4,
109–111). When NF are applied locally on the root hair sur-
face or by rhizobia, these deformations lead to a root hair curl
that entraps the rhizobia (7). All of these mechanisms require
a very dynamic reorganization of the cytoskeleton and vesicle
trafficking. Many proteins involved in these processes dis-
played differential phosphorylation upon NF treatment. As
mentioned previously, Dynamin 2B (DRP2B, Medtr4g030140)
was found to present interesting changes in phosphorylation
patterns (Fig. 2E) and probably plays a role in these vesicle
trafficking processes.

In addition, a P-type plasma membrane proton pump
ATPase (Medtr2g036650) shows a significant increase in
phosphorylation level suggesting that this protein could be
responsible for the observed alkalinization of the cytoplasm
(109), especially because this was the only one of 12 mem-
bers of the proton pump gene family whose protein was
affected in the first hour. Another protein whose phosphory-
lation status was changed in the first hour (Medtr1g044570.1)
is a close homolog or Arabidopsis CAX1-interacting protein 4.
This nuclear protein was shown to regulate the activity of the
CAX1 H�/Ca2� antiporter (112). These proteins could be in-
volved in the proton and calcium fluxes observed in the early
response to NF (4, 110). Phosphorylation sites on a phospho-
inositide phospholipase C (PLC) (Medtr3g070720) are signif-
icantly increased in presence of NF. PLCs catalyze the
hydrolysis of phosphatidylinositol 4,5-bisphosphate in a cal-
cium-dependent manner. The role of PLC activity was clearly
shown in early responses to NF (113). For instance, PLC
antagonists, neomycin and the aminosteroid PLC inhibitor
U73122 inhibited NF-induced ENOD12 expression in Medi-
cago. Medtr3g070720 seems therefore an excellent candi-
date to be involved in this NF-dependent pathway.

Small G proteins (guanine nucleotide-binding proteins) are
known to be involved in the regulation of the phosphoinositide
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pathway, vesicle trafficking, root hair growth, and the early
steps of legume nodulation (42, 108, 114, 115). The role of
heterotrimeric G proteins in early symbiotic signaling was also
proposed. In mammalian systems, Mastoparan is a well-char-
acterized agonist of heterotrimeric G proteins. In Medicago,
Mastoparan and its synthetic analog Mas7 was shown to
induce calcium spiking and early nodulin expression (116).
Even if the targets of this drug in plants remain unclear, a role
for heterotrimeric G proteins in regulating calcium spiking
remain a possibility. We identified an increased phosphoryla-
tion on a site of the alpha-2 subunit of heterotrimeric G protein
(Medtr5g018510). The activity of these small and heteromeric
G proteins is regulated by guanine nucleotide exchange fac-
tors (GEFs), GTPase-Activating Proteins (GAPs), guanine nu-
cleotide dissociation inhibitors (GDIs), and other interacting
proteins. We identified differential phosphorylation on many
GEF and GAP proteins such as the RopGEF SPIKE1, a homo-
log of BIG1/2 (Brefeldin A-inhibited GEF) (Medtr4g124430), a
GEF homologous to DOCK7 (Dedicator of cytokinesis 7)
(Medtr8g056900) as mentioned previously (Fig. 2F), a putative
RabGEF (Medtr3g073360), a putative RasGAP (Medtr2-
g037930), and a RasGAP-binding protein (Medtr4g083150). A
protein potentially interacting with these small GTPases
(Medtr5g007350) displays a decrease of phosphorylation in
presence of NF.

Proteins probably involved in F-actin polymerization and
belonging to the SCAR/WAVE (suppressor of cyclic AMP
receptor/Wiskott-Aldrich syndrome Verprolin-homologous
protein) complex were also regulated by phosphorylation
(Medtr8g086300 and Medtr7g071440). This complex is
known to regulate polar growth but also infection thread forma-
tion during later stages of this symbiosis (117, 118). Phosphor-
ylation of proteins from this complex as well as interactions
with small GTPases and their regulators regulates actin poly-
merization (119). A protein from the gelsolin superfamily and
similar to villins (Medtr7g091460) displays a significant in-
crease in phosphorylation level. Villins have been reported to
regulate the organization of the actin cytoskeleton, cytoplas-
mic streaming, and bundling of actin filaments in root hairs
(120). Activation of heterotrimeric and small G proteins disso-
ciate these proteins from the barbed end of actin filaments
(121). Medtr7g091460 may therefore be a key player connect-
ing G protein activity to cytoskeleton reorganization in re-
sponse to NF.

Proteins involved in vesicle trafficking were found to have
their phosphorylation levels change, such as a vesicle-fus-
ing ATPase (AC233659_1.1), a SNARE-interacting protein
KEULE (Medtr4g102120), an AP-3 complex subunit delta
(Medtr8g104380), a neurobeachin-like protein (Medtr7-
g075660), synaptogamins (Medtr8g035590 and Medtr1-
g094810), and a component of the exocyst complex
(Medtr4g103540). Synaptogamins have been reported to be
phosphorylated by the cell cycle regulator casein kinase 2 (CK2)
like eIF5 (122). All of these observations support the presence of

an extensive remodeling of cell cytoskeleton and vesicle traf-
ficking in response to NF and mediated by phosphorylation.

Defense Reactions and Plant Hormones—The establish-
ment of symbiotic associations requires a tight control of plant
defense reactions. Similarities exist between responses to NF
and responses to pathogen elicitors including the production
of reactive oxygen species or proteins closely related to de-
fense proteins (123, 124). However, the kinetic and the inten-
sity of these responses to NF are different from those ob-
served in response to pathogens (125). Two lipoxygenases
(LOX, Medtr8g018520, and Medtr2g099570) and a putative
Kunitz-type trypsin inhibitor (Medtr6g059730) display de-
creased phosphorylation levels in response to NF. Using an-
tibodies, LOX have been detected in the nodule cortex and in
the cytosol of uninfected nodule cells of the central tissue, but
were absent in infected nodule cells and in vascular tissues
(126). These proteins could be an indication of an early control
of defense reactions mediated by NF. These lipoxygenases
could also be related to jasmonic acid (JA) synthesis. JA is a
potent inhibitor of responses to NF including calcium spiking
and nodulin gene expression (127) and its production might
be decreased to ensure the transduction of NF signals. In
general, however, little is known about the role of these mol-
ecules during early NF signaling.

Similarly, stress and defense-related genes were also dif-
ferentially regulated, at the transcript level in the first hour of
NF-perception. In line with our observations, (28) reported the
differential regulation of stress/defense-related genes 1 hour
post inoculation with rhizobia. Such defense/disease-re-
sponses may be mediated not only by NF released by the
rhizobia, but also by other bacterial signals. It is interesting to
observe such defense-related responses when purified NF
were applied at 10�8 M, a concentration that is known to
activate symbiotic signaling but not an obvious defense reac-
tion in legumes. Pathogen elicitors-induced defense re-
sponses and NF-induced symbiotic responses share certain
common features, such as production of reactive oxygen
species, nitric oxide production, and associated activation of
redox balance machinery (125). In our transcriptomic study, a
gene encoding a peroxidase (Medtr4g133800) is induced by
NF but is distinct from the well-characterized Rhizobium meli-
loti-induced peroxidase (RIP; (124)). Among the defense-re-
lated genes, the up-regulation in the expression levels of
salicylic acid carboxyl methyltransferase (SAMT, con-
tig_54253 and contig_20507) are striking (16.61 and 14.41
fold increase respectively). SAMT catalyzes the formation of
methylsalicylate, a major defense signal in plants. Similarly,
genes encoding a TIR-NBS disease resistance-like protein
(Medtr5g037700), pathogenesis-related protein 1 (PR1)
(Medtr4g128750) and a disease resistance response protein
(Medtr7g021300) were induced rapidly after NF perception.
Induction of MtN1 (a homolog of cystein-rich pathogen induc-
ible protein in pea) and PR10 (MtN13) have already been
reported during early infection and root nodule development
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in Medicago (28, 123) but these are later stages of legume
nodulation. Our data indicate that application of NF can trig-
ger very rapid defense-like responses in the roots. These
results highlight, once again, the similarities between re-
sponses to pathogens and symbionts (34).

Another major group of genes that are differentially regu-
lated by NF-treatment include genes that are involved in
hormone biosynthesis or hormonal responses. Auxin trans-
port and auxin/cytokinin ratio play a major role in NF signaling
and nodule formation (128). A gene encoding an auxin re-
sponsive SAUR protein (Medtr4g124700) is significantly up-
regulated by NF. Similarly, genes encoding a cytokinin
receptor histidine kinase (Medtr1g013360) and cytokinin-O-
glucosyltransferases (Medtr7g070740 and Medtr5g072860)
were also up-regulated by NF, confirming the involvement of
cytokinin perception and transport during nodule organogen-
esis. In Medicago, RNA interference (RNAi) based-silencing of
another cytokinin receptor MtCRE1 resulted in a strong re-
duction in rhizobia infection and nodule primordial formation
(129). As mentioned previously, ethylene is a well-known neg-
ative regulator of symbiotic signaling and in particular, of
calcium spiking (90). Medicago ethylene-insensitive skl mu-
tant displays a 10-fold increase in nodule number (89). Several
genes encoding 1-aminocyclopropane-1-carboxylate oxi-
dases (contig_54169, contig_90027, contig_62339, and con-
tig_74946), which catalyze the final step of ethylene biosyn-
thesis, were differentially regulated. Similarly, the role of
several ethylene responsive transcription factors (ERN1, 2, 3
and EFD) in early NF signaling is also well-established and in
our data ERN1 and several other ethylene responsive tran-
scription factors were significantly up-regulated. Altogether
our data confirm that the regulation of ethylene signaling is
critical during the early hours of NF signaling.

Cell Wall Remodeling—Cell wall degrading enzymes se-
creted by pathogens often act as pathogenesis factors in
disease establishment. A similar strategy is employed, in the
legume-rhizobia symbiosis, to facilitate bacterial entry. Cell
wall degrading enzymes produced by the rhizobia play crucial
roles in facilitating the entry of rhizobia through root hairs but
also possibly infection thread progression and the release of
bacteria into symbiosomes (130). In contrary to plant defense
reactions, the plant itself loosens its cell wall in preparation for
bacterial entry (131). Application of NF to legume root hairs
induce a temporary swelling and it was shown that, during
that phase, the cell wall exhibits a mottled aspect similar to
the one observed in epidermal cells during root hair bulging
(6). This indicates a transient relaxation of the cell wall induced
by NF, even in the absence of rhizobia. In Medicago, expres-
sion of early nodulins, ENOD11 and ENOD12 is induced within
3–6 h following rhizobia inoculation (35). These genes are
among the best characterized markers for the activation of the
NF signaling pathway and were used as controls in our cur-
rent study. ENOD11 and ENOD12 encode hydroxyproline-rich
glycoproteins (HyPRPs) with relatively few tyrosine residues.

The expression of ENOD11 and ENOD12 probably results in
enhanced cell wall plasticity or in components of the infection
thread matrix (35). Recently, a pectate lyase was shown to
play a major role in root infection by the rhizobia. L. japonicus
Nodulation Pectate Lyase (LjNPL) is induced in roots and root
hairs by NF via the NF signaling pathway and the NIN tran-
scription factor. In our study, a close homolog of MtNPL
(Medtr3g086310) was up-regulated within 1 hour of NF per-
ception. Other cell wall degrading enzymes such as polyga-
lacturonases (contig_67431 and contig_83719) and pectin-
estarases (Medtr3g033690, contig_73581, Medtr3g010770,
contig_51305) were also up-regulated. Hence, very rapidly
and even before contact, legume root cells are paving the way
for the accommodation of their symbiotic partner by remod-
eling the cell wall barrier. In conclusion, the combination of
large-scale analyses of transcriptional, translational, and
post-translational events has enabled a multifaceted exami-
nation of cellular responses to NF within one hour of
treatment.

In conclusion, the combination of large-scale analyses of
transcriptional, translational, and post-translational events
has enabled a multifaceted examination of cellular responses
to NF within 1 hour of treatment. Our transcriptomics data
demonstrate that Medicago shows a limited but significant
rapid response in changes of gene expression within one hour
after NF-perception, and that symbiotic deficient mutants are
lacking much of the NF-induced transcriptional dynamics,
albeit not completely. The NF-induced transcriptional re-
sponses in nfp, combined with supporting evidence using
Myc factor signaling perturbation suggest the presence of
additional signaling receptors in Medicago other than NFP.
Large-scale quantitative proteomic analyses indicate that pro-
tein levels remain relatively unaltered after NF treatment, but
protein phosphorylation is actively regulated in all three geno-
types within the first hour of NF-perception, with many
changes in phosphorylation events occurring as early as 10
min after NF treatment. This integration of multiple-“omic”
approaches has thus yielded an extensive list of candidate
genes implicated in the NF signaling cascade. Few of these
targets have documented roles in NF signaling pathway,
whereas many novel candidates identified in our current study
warrant targeted proteomic and biochemical validation. To en-
able the scientific community to explore further the data re-
ported here, we have created the Medicago-Omics Repository
(MORE; http://more.biotech.wisc.edu/), an online resource to
obtain quantitative transcriptomic, proteomic, and phospho-
proteomic data. To build a comprehensive resource, we
invite researchers to upload quantitative and nonquantita-
tive data relating to Medicago transcriptomics, proteomics,
and phosphoproteomics. Hopefully, MORE will act as a
central resource enabling researchers to query large scale
data sets, facilitating future systems level studies in Medi-
cago and other legumes.
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Long, S. R., Dénarié, J., and Cook, D. R. (2004) Medicago truncatula
DMI1 required for bacterial and fungal symbioses in legumes. Science
303, 1364–1367

13. Capoen, W., Sun, J., Wysham, D., Otegui, M. S., Venkateshwaran, M.,
Hirsch, S., Miwa, H., Downie, J. A., Morris, R. J., Ané, J. M., and Oldroyd,
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43. Thompson, A., Scháfer, J., Kuhn, K., Kienle, S., Schwarz, J., Schmidt, G.,
Neumann, T., Johnstone, R., Mohammed, A. K., and Hamon, C. (2003)
Tandem mass tags: A novel quantification strategy for comparative
analysis of complex protein mixtures by MS/MS. Anal. Chem. 75,
1895–1904

44. Ross, P. L., Huang, Y. N., Marchese, J. N., Williamson, B., Parker, K.,
Hattan, S., Khainovski, N., Pillai, S., Dey, S., Daniels, S., Purkayastha, S.,
Juhasz, P., Martin, S., Bartlet-Jones, M., He, F., Jacobson, A., and

Pappin, D. J. (2004) Multiplexed protein quantitation in Saccharomyces
cerevisiae using amine-reactive isobaric tagging reagents. Mol. Cell.
Proteomics 3, 1154–1169

45. Syka, J. E., Coon, J. J., Schroeder, M. J., Shabanowitz, J., and Hunt, D. F.
(2004) Peptide and protein sequence analysis by electron transfer dis-
sociation mass spectrometry. Proc. Natl. Acad. Sci. U.S.A. 101,
9528–9533

46. Olsen, J. V., Macek, B., Lange, O., Makarov, A., Horning, S., and Mann, M.
(2007) Higher-energy C-trap dissociation for peptide modification anal-
ysis. Nat. Methods 4, 709–712

47. Wenger, C. D., Lee, M. V., Hebert, A. S., McAlister, G. C., Phanstiel, D. H.,
Westphall, M. S., and Coon, J. J. (2011) Gas-phase purification enables
accurate, multiplexed proteome quantification with isobaric tagging. Nat.
Methods 8, 933–935

48. Wenger, C. D., Phanstiel, D. H., Lee, M. V., Bailey, D. J., and Coon, J. J.
(2011) COMPASS: A suite of pre- and post-search proteomics software
tools for OMSSA. Proteomics 11, 1064–1074

49. Geer, L. Y., Markey, S. P., Kowalak, J. A., Wagner, L., Xu, M., Maynard,
D. M., Yang, X., Shi, W., and Bryant, S. H. (2004) Open mass spectrom-
etry search algorithm. J. Proteome Res. 3, 958–964

50. Hsieh, E. J., Hoopmann, M. R., MacLean, B., and MacCoss, M. J. (2010)
Comparison of database search strategies for high precursor mass
accuracy MS/MS data. J. Proteome Res. 9, 1138–1143

51. Phanstiel, D. H., Brumbaugh, J., Wenger, C. D., Tian, S., Probasco, M. D.,
Bailey, D. J., Swaney, D. L., Tervo, M. A., Bolin, J. M., Ruotti, V., Stewart,
R., Thomson, J. A., and Coon, J. J. (2011) Proteomic and phosphopro-
teomic comparison of human ES and iPS cells. Nat. Methods 8, 821–827

52. Marsh, J. F., Rakocevic, A., Mitra, R. M., Brocard, L., Sun, J., Eschstruth,
A., Long, S. R., Schultze, M., Ratet, P., and Oldroyd, G. E. (2007)
Medicago truncatula NIN is essential for rhizobial-independent nodule
organogenesis induced by autoactive calcium/calmodulin-dependent
protein kinase. Plant Physiol. 144, 324–335

53. Murakami, Y., Miwa, H., Imaizumi-Anraku, H., Kouchi, H., Downie, J. A.,
Kawaguchi, M., and Kawasaki, S. (2006) Positional cloning identifies
lotus japonicus NSP2, a putative transcription factor of the GRAS family,
required for NIN and ENOD40 gene expression in nodule initiation. DNA
Research 13, 255–265

54. Andriankaja, A., Boisson-Dernier, A., Frances, L., Sauviac, L., Jauneau, A.,
Barker, D. G., and de Carvalho-Niebel, F. (2007) AP2-ERF transcription
factors mediate nod factor dependent mt ENOD11 activation in root hairs
via a novel cis-regulatory motif. Plant Cell 19, 2866–2885

55. Middleton, P. H., Jakab, J., Penmetsa, R. V., Starker, C. G., Doll, J., Kaló,
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