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1. Abstract

Root nodules are specialized plant organs housing and regulating the mutual symbiosis of legumes with nitrogen fixing rhizobia.
As such, these organs fulfill unique functions in plant metabolism. Identifying the proteins required for the metabolic reactions of
nitrogen fixation and those merely involved in sustaining the rhizobia:plant symbiasis, is a challenging task and requires an
experimental setup which allows to differentiate between these two physiological processes. Here, quantitative proteome analyses
of nitrogen fixing and non-nitrogen fixing nodules as well as fertilized and non-fertilized roots were performed using Vicia faba
and Rhizobium leguminosarum. Pairwise comparisons revealed altered enzyme abundance between active and inactive nodules.
Similarly, general differences between nodules and root tissue were observed. Together, these results allow distinguishing the
proteins directly involved in nitrogen fixation from those related to nodulation. Further observations relate to the control of
nodulation by hormones and provide supportive evidence for the previously reported correlation of nitrogen and sulfur fixation in
these plant organs. Additionally, data on altered protein abundance relating to alanine metabolism imply that this amino acid may
be exported from V. faba root nodules in addition to ammonia. Data are available via ProteomeXchange with identifier
PXD008548.
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2. Introduction

Biological nitrogen fixation within the Fabaceae family is of considerable significance for both natural ecosystems and agriculture.
Legume plants including peas, lentils, soybean, peanuts, and other legume crops contribute 27% of the world’s food and forage
production (Graham 2003). Fixation of molecular nitrogen in legumes is based upon the symbiosis with bacteria of the genus
Rhizobium. It enables plants to grow and to produce protein rich seeds without the need for external application of nitrogen, making
legumes a valuable ‘green’ fertilizer. For this and their positive impact on soil quality legumes are often used in crop rotation
practices (Biederbeck et al. 1998).

The onset of the legume:rhizobia symbiosis is a complex process initiated by Nod factor signaling events between the host plant
and its bacterial partner. Bacteria initially infect the plant roots and trigger the formation of new root organs, the nodules (Oldroyd
et al. 2008). Within nodules, the symbiotic bacteria (now termed bacteroids) reduce the atmospheric dinitrogen (N2) by the enzyme
nitrogenase to produce ammonia. The latter is then provided to the plant in exchange for organic nutrients (Hoffmann et al. 2014).
The plant is thus required to invest carbohydrates from photosynthesis to support initiation and maintenance of symbiosis, nodule
growth and senescence, production of leghemoglobin (a protein regulating the oxygen concentration of the N-fixing cell), and
potentially the assimilation of the reduced nitrogen into organic compounds for the export from the nodule. Exchange of
metabolites between the plant cell and the bacteroids is facilitated by the peribacteroid membrane surrounding the bacteroids. It
contains a range of different transporters, including an ammonium transport protein (Tyerman et al. 1995). Ammonia is the primary
product of SNF and also seems to be the main form in which nitrogen is exported from bacteroids (Li et al. 2002, Lodwig et al.
2004, Kumar et al. 2005, Udvardi and Poole 2013). In addition, amino acids such as alanine, aspartate and glutamate may also
contribute to varying degrees towards the nitrogen export. Plants inoculated with R. leguminosarum strains mutated in broad-
specifity Aap and Bra amino acid transporters are growth retarded and suffer from nitrogen starvation (Lodwig et al. 2003), thus
implying the need for amino acids to be moved between bacteroids and plants. Prell et al. (2009) later reported that R.
leguminosarum bacteroids are auxotrophic for branched chain amino acids (LIV) and depend on the import of plant-produced LIV.
Mutations in Aap and Bra therefore most likely do not directly induce nitrogen starvation in the plants (by preventing organic
nitrogen being supplied to the plant) but indirectly by negatively affecting bacterial metabolism and nodule development. This,
however, does not exclude that, besides ammonium, organic nitrogen is supplied to the plant cell by bacteroids. Indeed, alanine
production in isolated bacteroids was reported but the rate of its synthesis varies with the density of the isolated bacteroids in the
experimental setup (Appels and Haaker 1991, Waters et al. 1998, Allaway et al. 2000, Day et al. 2001). It is produced from SNF-
derived ammonia and pyruvate by the action of bacteroids alanine dehydrogenase (AlaDH) in pea nodules and can be transported
across the peribacteroid membrane (Rosendahl et al. 1992, Allaway et al. 2000). Plants inoculated with a R. leguminosarum AlaDH
knock-out mutant accumulate 20% less dry weight within six weeks when compared to the wild-type strain. Since ammonia-
production of both strains is similar and only the alanine production is hampered, the higher plant biomass in the wild-type may
be the direct result of alanine export from the bacteroids (Allaway et al. 2000, Day et al. 2001). Interestingly, over-expression of
AlaDH in R. leguminosarum also reduced the biomass of inoculated plants (Lodwig et al. 2004). It is therefore possible that
bacteroid-produced alanine plays a role in delivering nitrogen in reduced form to the plant but the extent of its contribution is

currently unclear as is the fate of alanine after its import into the plant cell.



Considering the profound impact SNF has on plants and their bacterial symbionts, it is not surprising that the accompanying
alterations in root tissue morphology and metabolism are driven to a large extend by changes in the abundance of enzymes.
Proteomics has been used intensively to characterize the transformation of bacteria into symbiotic, temporary organelles of root
nodule cells (Guerreiro et al. 1997; Djordjevic 2004; Delmotte et al. 2010; Koch et al. 2010; Oldroyd et al. 2011). Likewise, the
protein content of the symbiosome membrane has been studied to identify the transporters mediating symbiotic metabolite
crosstalk (Udvardi et al. 1997; Wienkoop and Saalbach 2003; Clarke et al. 2015). The protein content of nodules and roots grown
under different conditions have also been analyzed to gain insight into the special physiology of nodules (Bestel-Corre et al. 2002;
Larrainzar et al. 2007; van Noorden et al. 2007; Gil-Quintana et al. 2015; Marx et al. 2016). Finally, the impact of nodulation on
soybean mitochondria as central compartments of non-photosynthetic cellular energy metabolism was studied by Hoa et al. (2004).
Given that root nodules constitute a plant organ on their own, which is different to the root tissue it originated from, it is often
difficult to tell if altered protein abundance is tissue specific or the consequence of nitrogen fixation. In the past, research has
mainly focused on the comparison of either two different tissues (roots and nodules) or nitrogen supply conditions
(sufficient/insufficient) and is thus of limited use for discriminating between SNF and nodulation related proteins. The pairwise
comparisons and the meta-analyses between fertilized and non-fertilized roots as well as nitrogen fixing and non-nitrogen fixing
nodules, as presented in this study, provides the means to assign altered protein abundance to either process more precisely. Given
that the comparisons conducted here were performed on tissues in steady states, analyses of protein abundance will provide a broad
overview of the alterations in the physiology of tissue types as well as nitrogen status. It should, however, be acknowledged that

altered enzymatic activities cannot be detected by this approach.

3. Materials and Methods

3.1 Plant material and plant cultivation conditions

Vicia faba (var. ‘Fuego’) seeds were sterilized in 70% [v/v] EtOH (for 2 min), washed in ddH.0 for 10 min, and incubated in
NaClO (for 10 min) before being soaked in ddH,0 for 24 h in the dark. Plants were then transferred to pots (12 cm ID) filled with
broken foamed clay (Lamstedt Lecaton, 2 — 4 mm, Lamstedt, Germany). The Lecaton substrate lacks any nutrients and can easily
be removed from root material at harvest. Plants were grown for two weeks under an 8 h light/ 16 h dark regime at 20° C and
fertilized with 0.5x Hoagland nutrient solution without nitrogen (1 mM MgSOs, 40 pM KH2POs4, 50 mM NaFeEDTA, 0.1 mM
CaCly, 0.2 pM NazMo00Og4, 10 uM HzBO3, 0.2 uM NiSO4, 1 UM ZnSO4, 2 uM MnClIy, 0.5 uM CuSOs4, 0.2 uM CoCl,, Hoagland
and Arnon 1950) twice a week. In addition, plants were watered with demineralized water according to demand. After two weeks
of growth, bacteria were added to Fix* (Rhizobium leguminosarum bv. viciae) and Fix  (Rhizobium leguminosarum mutant
deficient in nitrogen fixation, NifH78::Tn5, Ma et al. 1982) plant groups. No bacteria were added to the plants in groups N and 0.
Only N plants were fertilized after two weeks with 0.5x Hoagland (without 0.1 mM CaCl; but including 2.5 mM Ca(NOs),, and
2.5 mM KNO:s). Group 0 plants were neither inoculated with bacteria nor fertilized with NO3". Harvest of nodules (Fix*, Fix) and
roots (N, 0) took place after four weeks of growth. Three biological replicates (n=3) were performed for all analyses being

conducted with this plant material with the exception of nitrogenase enzyme assay (n=1).



3.2 Element analysis
Leaf material from three plants of each group was dried at 37° C and ground in a cryo mill (Retsch, Haan, Germany). The carbon
and nitrogen content of the powder was determined in an element analyzer by dry oxidation at 1500° C and excess O (Vario EL,

Elementar, Hanau, Germany).

3.3 Nitrogenase activity

Nitrogenase activity was assayed by detecting the molecular hydrogen (H») being generated as a side product of the reaction. Root
systems of four weeks old plants were detached from shoots and placed in a 50 ml Falcon tubes. The lid contained a chemical
hydrogen sensor (Euro-Gas, Devon, United Kingdom) attached to a micro-computer. Hydrogen accumulation in the tube was

monitored for 300 s.

34 Sample preparation, liquid chromatography-coupled tandem MS analyses and data processing

Proteins of root and nodules of three biological replicates for each group were extracted in SDS-containing buffer and proteins
were concentrated on a SDS gel, before in-gel trypsin digestion. Prior to shotgun tandem MS analyses the resulting peptides were
separated chromatographically on a reverse-phase column. Identification of peptides selected for MS/MS spectra was achieved by
the Andromeda search engine integrated into the MaxQuant computational proteomics platform (comparative analyses between
the sample groups) or by Mascot (Matrix Science, London, UK) search employing the proteome Discoverer platform (Thermo
Fisher Scientific, Dreieich, Germany). Minimum requirement for a positive protein identification was a single peptide with a p-
value < 0.01. For a comprehensive protein profiling the data were analyzed with the Perseus software. Details of the procedure are
given below. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE
[1] partner repository with the dataset identifier PXD008548.

3.4.1  Protein extraction and MS sample preparation

Five grams of plant material were shock frozen in liquid nitrogen and ground in a cryo mill (Retsch, Haan, Germany) to fine
powder before proteins were extracted with SDS buffer (4% [w/v] SDS; 125 mM Tris-HCI, pH 6.8; 20% [v/v] glycerol) for 5 min
at 60° C. After centrifugation (10 min at 18.000 g) the protein concentration of the supernatant was determined using the Pierce
BCA-200 Protein Assay Kit (Thermo Fisher Scientific, Dreieich, Germany). For purification and concentration of the proteins, a
volume corresponding to 50 pg of protein was mixed with 3-mercaptoethanol and bromophenol blue to yield final concentrations
of 5% [v/v] and 0.05% [wi/V], respectively). Samples were loaded on a glycine / sodium dodecyl sulfate (SDS) polyacrylamide gel
consisting of a 4% [v/v] acrylamide stacking and a 14% [v/v] acrylamide separating gel. The run was stopped as soon as the
running front reached the border between the two gel phases. Gels were subsequently incubated in fixation solution (15% [v/V]
ethanol; 10% [v/v] acetic acid) for 30 min and stained for 1 h with Coomassie Brilliant Blue G250 (Neuhoff et al. 1985). The
protein band at the interface between both gel phases was cut into cubes with edge lengths of approximately 1 mm, transferred
into low-binding Eppendorf tubes (Eppendorf, Wesseling-Berzdorf, Germany) and dried in a vacuum centrifuge. Proteins were in-

gel Trypsin digested and resulting peptides were extracted according to Fromm et al. (2016).

342  Label-free quantitative shotgun mass spectrometry and protein identification
Tandem mass spectrometry (MS/MS) analyses were performed using a Q-Exactive (Thermo Fisher Scientific, Dreieich, Germany)
mass spectrometer coupled to an Ultimate 3000 (Thermo Fisher Scientific, Dreieich, Germany) UPLC as described in Fromm et

al. (2016). In brief, 2 to 5 pl of sample solution were injected onto a 2 cm, C18, 5 pm, 100 A reverse phase trapping column



(Acclaim PepMap100, Thermo Fisher Scientific, Dreieich, Germany) at a rate of 4 pl min*. Peptide separation was achieved on
a 50 cm, C18, 3 um, 100 A reverse phase analytical column (Acclaim PepMap100, Thermo Fisher Scientific, Dreieich, Germany).
Peptides were eluted by a non-linear 5% to 30% [v/v] acetonitrile gradient in 0.1% [v/v] formic acid at a flow rate of 300 nl min-
L and over a period of 60 min and at 35° C. Transfer of eluted peptides into the mass spectrometer was performed using a NSI
source (Thermo Fisher Scientific, Dreieich, Germany) equipped with stainless steel nano-bore emitters (Thermo Fisher Scientific,
Dreieich, Germany). Spray voltage was set to 2.2 kV, capillary temperature to 275° C, and S-lens RF level to 50%. The MS was
run in positive ion mode, MS/MS spectra (top 10) were recorded from 20 min to 100 min. Full MS scans were performed at a
resolution of 70,000 whereas 17,500 was used for MS/MS scans. Automatic gain control (AGC) targets for MS and MS/MS were

set to 1E6 and 1E5, respectively. Only peptides with 2, 3, or 4 positive charges were considered.

3.4.3  Data processing

For assessing the best protein identification strategy, data were analyzed using the Proteome Discoverer software (Thermo Fisher
Scientific, Dreieich, Germany) utilizing the Mascot (Matrix Science, London, UK) search engine. Raw files were queried against
three different databases: i) NCBInr, ii) SwissProt, iii) an in-house database of integrated Medicago truncatula and Rhizobium
leguminosarum proteins including common contaminations (Trypsin, BSA, Keratin) using the following parameters for spectrum
selection: Precursor selection: Use MS1 precursor; Lower and upper RT limit: O; First and last scan: 0; Lowest charge state: 1;
Highest charge state: 5, Min. precursor mass: 350 kDa, Max. precursor mass: 5000 kDa; Total intensity threshold: 0; Minimum
peak count: 1; Mass analyzer: is FTMS; MS order: is MS2; activation t6ype, is HCD; Min. collision energy: 0; Max. collision
energy: 1000; Scan type: is full; lonization source: is nanospray; Polarity mode: is +; S/N threshold: 1.5; unrecognized charges
replacement: 1, 2, 3, 4, 5; Unrecognized mass analyzer replacement: FTMS; Unrecognized MS order replacement: MS2;
Unrecognized activation type replacement: HCD; Unrecognized polarity replacement: +. Mascot Parameters were as follows:
Enzyme name: Trypsin; Maximum missed cleavage sites: 1; Instrument: default; Taxonomy: all entries; Precursor tolerance: 10
ppm; Fragment mass tolerance: 0.8 Da; Use average precursor mass: false; Dynamic modifications: acetyl (N-term), oxidation
(M); Static modifications: carbamidomethyl (C). The Target Decoy Validator was set to a false discovery rate (FDR) of 0.01. Only

peptides matching this requirement were considered for protein identification.

For quantitative analyses of the samples in the four groups MS/MS spectra were evaluated using the MaxQuant software package
(version 1.5.5.1) including the Andromeda search engine (Cox and Mann 2008) against an in-house database of combined M.
truncatula and R.m leguminosarum protein sequences which also included common contaminants. Variable modifications for the
Andromeda search were oxidation of methionine residues and N-terminal acetylations. Carbamidomethylation of cysteine residues
was selected as fixed modification. The false discovery rate (based on at the peptide spectrum match level, determined by target
decoy approach, was set to 0.01. To increase the identification rate of peptides for which no MS/MS data were recorded in some
runs but not in others, information on precursor masses and retention times of successfully identified peptides were allowed to be
superimposed on those for which no MS/MS information was recorded. Label free quantification (LFQ) values were calculated
using elution peak areas of peptides based on MS intensities. The sum of all peptide intensities within a sample was used to
calculate normalization factors which were then automatically applied to each sample. In detail, Max Quant and Andromeda
settings were selected as follows: Group specific parameters: 1. - General: Standard LC-MS run, Multiplicity 1, variable

modifications, acetyl (N-term), oxidation (M); 1.1 - Instrument: Instrument type: Orbitrap; first search peptide tolerance, 20; main



search tolerance, 4.5; peptide tolerance unit, ppm; individual peptide mass tolerance, chosen; isotope match tolerance, 2 ppm;
centroid match tolerance, 8 ppm; centroid half width, 35 ppm; time valley factor, 1.4; isotope time correlation, 0.6; theoretical
isotope correlation, 0.6; recalibration unit, ppm; use MS1 centroids, not chosen; use MS2 centroids, not chosen; intensity dependent
calibration, not chosen; min. peak length, 2; max. charge, 7; min. score for recalibration, 70, digestion mode, specific; enzyme,
Trypsin/P; max. number of missed cleavages, 2; match type, match from and to; number of threads, 3; max. instrument type, cut
peaks, chosen; gap scans, 1; advanced peak splitting, not chosen; intensity threshold 0; intensity determination, value at maximum.
1.3 - Label free quantification (LFQ): LFQ min. ratio count, 2; Fast LFQ, chosen; LFQ min. number of neighbors, 3; LFQ average
number of neighbors, 6. 1.4 - Advanced: Max. number of modifications per peptide, 5; min. time, NaN; max. time, NaN; additional
var. mods for special proteins, not chosen; separate variable modifications for first search, not chosen; separate enzyme for first

search, not chosen.

Global parameters were chosen as follows: 2.1 - General: FASTA in-house file of combined M. truncatula and R. leguminosarum
protein sequences including common contaminants; fixed modifications, carbamidomethyl (C); re-quantify, not chosen; match
between runs, chosen; 2.2 - Sequences: decoy mode, revert; special AAs, KR; include contaminants, chosen; I=L, not chosen; max
peptide mass, 4600 Da; min. peptide length for unspecific search, 8; max. peptide length for unspecific search, 25; 2.3 -
Identification: PSM FDR, 0.01; protein FDR, 0.01; Site decoy fraction, 0.01; min. peptide length, 7; min. peptides, 1; min. razor
+ unique peptides, 1; min. unique peptides, 0; min. score for unmodified peptides, 0; min. score for modified peptides, 40; min.
delta score for unmodified peptides, 0; min. delta score for modified peptides, 6; base FDR calculation of delta score, not chosen;
razor protein FDR, chosen; split protein groups by taxonomy ID, not chosen; filter labelled amino acids, not chosen; second
peptides, chosen; dependent peptides, not chosen; 2.4 - Protein quantification: min ratio count, 2; peptides for quantification,
unigue + razor; use only unmodified peptides and selected modifications, chosen; modifications used in protein quantification,
acetyl (N-term), oxidation (M); discard unmodified counterpart peptide, chosen; 2.5 - LFQ: separate LFQ in parameter groups,
not chosen; stabilize large LFQ ratios, chosen; require MS/MS for LFQ comparisons, chosen; iBAQ, not chosen, advanced site
intensities, chosen; 2.6 - MS/MS - Fourier transformation mass spectrometry (FTMS): match tolerance, 20 ppm; de novo tolerance,
10 ppm; de-isotoping tolerance, 7 ppm; top peaks per 100 Da, 12; FTMS de-isotoping, higher charges, water loss, ammonia loss,
dependent losses all chosen, FTMS recalibration not chosen 2.7 - Advanced: Use normalized ratios for occupancies; advanced

ratio estimation, chosen; top x mass window, 100 Da.

344  Data processing with Perseus

LFQ values as produced by the MaxQuant software were used for statistical analyses using the Perseus software (version 1.5.5.3,
Tyanova et al. 2016). Imported MaxQuant data were cleared of proteins only identified by a single peptide containing a
modification, decoy (reversed) entries, and common contaminations. Intensity values were log (base 2) transformed. MS result
files were grouped according to sample origin (Fix*, Fix’, N, 0) and protein entries were classified as ‘quantifiable’, if they were
identified at least three times within one of the four groups. The resulting dataset was submitted to analysis of variation (ANOVA)

and two-sample t-tests for further validation using a threshold of p<0.05.

4. Results

The four sample groups are similar in development, but differ in respect to SNF and nitrogen content. Vicia faba plants were

harvested after 4 weeks. Plants were either supplied with mineral fertilizer (“N”) or infected with Rhizobium leguminosarum



capable or incapable of SNF (“Fix*” and “Fix™, respectively). Control plants (“0”) were neither fertilized nor infected with R.
leguminosarum (Figure 1). At harvest time (after two weeks of treatment) plants in all four groups displayed the same growth,
without showing phenotypic signs of nitrogen starvation. Only after continued cultivation was nitrogen starvation in 0 and Fix
discernable (data not shown). At harvest, Fix* nodules were of reddish color whereas Fix  nodules were whitish (Figure 2A).
Production of molecular hydrogen (H) in roots (including nodules) was monitored at harvest to test for nitrogenase activity. Only
Fix* showed nitrogenase activity whereas no H,-production was detectable for the other lines (Figure 2B). To evaluate the impact
of nitrogenase activity and fertilization on the plants, shoots were harvested, dried, and their carbon-to-nitrogen ration (C/N) was
determined. The calculated C/N ratios provide information on nitrogen supply to the plants by SNF or mineral fertilization. Plants
of group 0 possess the highest C/N ratio, followed by Fix", Fix*, and N (Figure 2C). Together, these results indicate that the four
groups do not suffer from nitrogen stress, nor do they differ in their development. At the same time, all four groups differ in their
respective C/N ratios. In case of Fix* and Fix" this can be related to active/inactive nodules. The experimental setup is hence ideally
suited to study the impact of symbiotic nitrogen fixation and nodulation without the need to consider secondary effects such as

development and stress.

4.1  General differences in the proteomes of the four sample groups

Fix* and Fix nodule samples, as well as N and 0 root samples, were homogenized and proteins were subsequently extracted for
proteomic analyses. Three biological replicates were prepared for each group. Since sequence information on V. faba is scarce, a
cross-species identification approach had to be used. To ensure best proteome coverage, all twelve raw files were queried against
three different databases: NCBInr, SwissProt, and an in-house database combining Medicago truncatula and R. leguminosarum
protein sequences. The proteome coverages for each individual database was then compared to each other (Suppl. Fig. 1). The
genome of the model plant M. truncatula is sequenced and well annotated. Furthermore, it is closely related to V. faba and also
performs SNF by engaging in symbiosis with rhizobium (Young and Udvardi 2009; Wojciechowski et al. 2004). As such, it was
deemed a suitable data background for protein identifications of V. faba proteins. Results clearly indicate that the combined M.

truncatla and R. leguminosarum database provides a better protein coverage in all samples and is thus the database of choice.

For a quantitative comparison of the proteomes in the four sample groups, the Andromeda search engine implemented in the
MaxQuant software (Cox and Mann 2008) identified and quantified 2695 protein groups in total. These are referred to as ‘raw
dataset’. To check for intra and inter group variance a three-dimensional Principal Component Analysis (PCA) was performed on
this dataset using the Perseus software (Tyanova et al. 2016, Figure 3). The analysis revealed tight clustering of the biological
replicates within each group and, with the exception of N and 0, a clear separation between the individual groups. The distance of
Fix* and Fix from N and 0O is expected, given that nodules and roots are different tissues. This may also explain the close proximity
of N and 0. Considering this, the big difference between Fix* and Fix™ cannot be easily explained since both tissues are of the same
type.

The bulk of the 2695 identified proteins could be assigned to M. truncatula (1982 proteins, 74%) and only a minor part (621
proteins, 23%) are of R. leguminosarum origin. Ninety-two proteins (3%) are most likely contaminations or were excluded for
other reasons (proteins only identified by a single modified peptide or decoy proteins, Figure 4, left chart). Proteins with low
abundance were often not identified across all twelve samples, but were lacking in some of them. To ensure a solid statistical base

for subsequent protein quantitation a filter was applied, which required the identification of the same protein in all biological



replicates of at least one of the four treatments (Fix*, Fix,, N, or 0). This ensures, that the proteins, which enter the quantitation
process, are detectable and are therefore amenable to statistical validation of the quantitation. Application of the filter reduced the
number of ‘quantifiable’ proteins to 817 (658 and 159 for the plant and bacterial datasets, respectively) of which 434 proteins
(53%) appear in all four groups, 554 (68%) in at least three groups and 781 (96%) in at least two of the four groups. ANOVA
resulted in the identification of 301 and 55 proteins differing significantly among the plant and the rhizobium proteins, respectively
(Figure 4, right chart). As such, approximately 45% of the total quantifiable plant proteins are altered in response to nitrogen status

and/or nodulation.

4.2 Specific differences in the proteomes of the four sample groups

Proteins with significantly changed abundance in four of the six conceivable pairwise comparisons were identified using t-tests
(Figure 5). Only those proteins with p-values < 0.05 were considered (Suppl. Tables 1-4). In each comparison, the bulk of proteins
(73% - 83%) did not differ, suggesting a broadly similar metabolism between nodules and roots, as well as between nitrogen
availability and nitrogen deficiency within each tissue type. The most striking changes can be observed between Fix* and N (173
proteins, 27%) and Fix and 0 (160 proteins, 23%). Both comparisons document the differences between root and nodule tissue,
albeit at different nitrogen availabilities (high in N and Fix*, low in 0 and Fix’, Figure 2). When comparing within the same tissue
types (Fix*/Fix and N/0), the numbers of altered proteins were considerably less. Only 79 proteins (17%) changed between Fix*
and Fix while 127 proteins (22%) were of altered abundance between N and 0. Interestingly, the PCA analysis (Figure 3)
performed on the unfiltered (quantifiable as well as not quantifiable proteins) showed a higher difference between Fix™ and Fix’,

indicative of a high influence of not-quantifiable proteins on the analysis.

To assess the most significant changes in the root and nodule proteomes, the five proteins with the highest and lowest fold changes
in each of the four pairwise comparisons are summarized in Figure 6. Within this set of 40 proteins, 26 accessions are unique to
one comparison, while seven appear in more than one comparison, thus reducing the set to 33 non-redundant accessions. Each of
the four comparisons highlights different aspects of SNF. Comparing Fix" and Fix™ allows identification of plant proteins involved
in SNF, such as asparagine synthetase (two isoforms; 1, 2) and aspartate aminotransferase (3), all three of which are upregulated
in Fix*. Enzymes of aspartate and asparagine metabolism are also more abundant in Fix* if compared to N. Phosphoenolpyruvate
carboxylase (PEPC, 5) supports nitrogen fixation by converting the glycolytic intermediate PEP into oxaloacetate, which is the
precursor for malate, the main substrate of bacteroid energy metabolism (and other processes). The enzyme thus links nitrogen
fixation to carbon metabolism and respiration (Nomura 2006). The finding, that four of the top five proteins upregulated in Fix*
are directly connected to SNF strongly indicates that the 12-oxophytodienoate reductase-like protein (OPR2, 4) is involved in SNF
as well. The enzyme is proposed to function in the production of oxylipins (i.e. jasmonate) and is also increased in soybean and
M. truncatula nodules in drought stress (Gil-Quintana et al. 2015). Mechanostimulation also led to increased levels of jasmonate
in M. truncatula root nodules and was suggested to be the result of nodule harvest (Zdyb et al. 2011). A similar effect may have

also led to the induction of the OPR here, but it is remarkable that this effect was not found in the Fix /0 comparison.

Proteins upregulated in Fix are probably linked to increased nodule formation and/or nodule senescence. Four proteins are
involved in protein biosynthesis and protein fate: prolyl-tRNA synthetase family protein (6), 26S proteasome regulatory particle
triple-A ATPase protein (7), translation elongation factor EF-2 subunit (8), and polyadenylate-binding protein (10). The fifth

protein (clathrin heavy chain, CHC, 9) is a central component of clathrin-mediated endocytosis in eukaryotic cells and therefore



possibly involved in the uptake of bacteria into the host cells. A CHC1 gene was found to be highly expressed in rhizobium-
infected root hairs (Wang et al. 2015).

The comparison of Fix* and N reveals differences between nodule and root tissue, when both are sufficiently supplied with
nitrogen. Proteins more abundant in Fix* contain typical enzymes of SNF: asparagine synthase, aspartate aminotransferase, and
phosphoenolpyruvate carboxylase (1, 3, and 5). In addition, S-adenosylmethionine synthase-like protein (13), and 3,4-dihydroxy-
2-butanone 4-phosphate synthase (DHBP, 14) are upregulated. No typical enzymes of NO3™ assimilation were among the higher
abundant proteins in N, but two proteins related to energy metabolism were found: NADP-dependent malic enzyme-like protein

(18), and glucose-6-phosphate isomerase (20), indicative of an altered energy physiology in Fix* nodules and roots.

The comparison between 0 and Fix™ showcases tissue specific differences under nitrogen deficiency (Figure 2B), which could
explain the increased abundance of stress related proteins in 0, for instance the stress-inducible protein (26) and the peroxidase
family protein (27). Other proteins present in higher amounts in 0 (17, 29 & 30) are involved in several unspecific metabolic and
transport processes. Fix™ contains higher levels of proteins involved in protein biosynthesis (GTP-binding elongation factor Tu
family protein, 23; 40S ribosomal S26-like protein, 24). Sucrose synthase (SuSy, 25) hydrolyzes sucrose to provide energy and
carbon skeletons for SNF. As observed in Fix*/N, the S-adenosylmethionine synthase-like protein (SAM, 13) is present in higher

amounts in the nodule sample. Also of increased abundance in Fix" is annexin D8 (22).

The comparison of 0 and N reveals the impact of nitrogen status on the root tissue proteome. Alterations in protein abundance are

generally low and no coherent picture of the physiological impact of nitrogen deficiency emerges.

4.3 Proteins with altered abundance participate in diverse cellular functions

A broader overview of the physiological differences between nodules capable and incapable of SNF, as well as between nodules
and roots, is provided by concentrating on the two comparisons Fix*/Fix and Fix*/N. For this, proteins with significantly altered
abundance were grouped according to cellular processes (Suppl. Figure 2). Proteins participating in carbohydrate metabolic
processes, as well as starch, ammonium, amino acid, and sulfur metabolism are more abundant in Fix* when compared to Fix and
N. Except for sulfur metabolism, these processes are directly involved in the assimilation of the fixed nitrogen and the provision
of energy to the bacteroids. The term ‘protein biosynthesis’ is noticeably more often associated with Fix" and Fix’, supporting the
importance of this process in the formation of nodules. In contrast, proteolysis related proteins and chaperones are more abundant
in Fix and N suggesting higher protein turnover rates in nodules incapable of SNF and in roots sufficiently supplied with nitrogen.
Similarly, fatty acid metabolism, as well as stress related and transport processes, also seem to be enhanced in N and Fix. In
addition, N shows a higher abundance of TCA cycle members and components of oxidative phosphorylation (OXPHOS) pointing

towards an altered mode of mitochondrial energy metabolism in nodules.

4.3.1  Meta comparisons

To identify enzymes involved in either SNF or maintenance of the symbiosis, proteins with altered abundance in more than one
pairwise comparison were identified. Proteins upregulated in Fix* when compared to Fix” and N (meta comparison 1, MC1, Suppl.
Figure 3) are very likely involved in biological nitrogen fixation. Similarly, proteins upregulated in both nodule forming sample
groups, when compared to the root groups, are considered necessary for the maintenance of the symbiosis (MC2, Figure 5). In
total, eight proteins of higher abundance in Fix* in MC1, while 42 proteins were identified in MC2. Seven of the eight MC1 derived

proteins were also identified in MC2 (Table 1).



5. Discussion

5.1  Experimental setup

The complexity of SNF stems from its presence within specialized plant organs, the root nodules, which harbor the temporary
bacterial endosymbionts required for SNF. Drastic changes in cellular metabolism accompany the formation of the nodules, as
well as their maintenance, and require an adjustment of cellular proteomes to support the bacterial nitrogen reduction and plant
ammonia assimilation. A vast number of proteins have already been linked to SNF (Salvati et al. 2013). For many, however, it is
not clear if they are directly involved in fixation of atmospheric nitrogen or in nodulation related processes. The pairwise
comparisons and the meta analyses across the set of the four sample groups, as presented in this study, provide the means to assign
altered protein abundance to either of the two functions with higher precision. However, it should be noted that the analyses
presented here cannot discriminate between infected and non-infected nodule cells in the SNF zone, nor between this zone and the
nodule meristem or the senescence zone. Altered protein abundance are thus average values across the entire plant organ. They
are nevertheless in concordance with previous results and allow generating new hypotheses, which need further testing in the
future. Likewise, the regulation of enzyme activity by post-translational modifications to the proteins cannot be assessed by this

approach.

5.1.1 Presence and absence of classical SNF-related enzymes

In the course of this study, several enzymes of SNF were identified, some of them in multiple isoforms (Suppl. Figure 4). These
include glutamine synthase (GS), glutamate synthase (GOGAT), aspartate aminotransferase (AspAT), and asparagine synthase
(AS). Most of these enzymes are of increased abundance in Fix*. Noticeably, no peptides of Fd-GOGAT were found in Fix*, while
several peptides of this enzyme were found in N, O, and Fix". Fd-GOGAT in roots of maize and rice is mainly active in the
assimilation of NH4*, derived from reduction of nitrate (NOs"), or has other functions in amino acid metabolism (Hayakawa et al.
2003). Hence, it is not involved in SNF and therefore of only limited use in active root nodules. NADH-GOGAT is the main
species of this enzyme employed for SNF (Vance et al. 1995). Peptides for NADH-GOGAT were only found in a single (Fix*)
MS-run but were absent in all other analyses. The absence of NADH-GOGAT and some other expected proteins in the comparisons
and meta-comparisons presented here may have multiple reasons. Proteins with low abundance are notoriously hard to detect and
are often missing from MS analyses. Moreover, low-abundant peptides often fail to meet the stringency criteria for quantitation
and are hence withdrawn from further analyses. In addition, the cross-species identification approach using a M. truncatula protein
database for the identification of V. faba proteins may further reduce the number of positive peptide identifications. The lack of
proteins in the result tables presented here is therefore of lack of a comprehensive detection of these proteins due to biological and
technical reasons and no conclusions can be drawn on the relative abundance of said proteins failing to meet the quantitation

criteria.

5.1.2  Meta comparisons identify commonly regulated proteins in pairwise comparisons and allow to distinguish SNF from
nodulation related proteins.
Eight proteins are commonly regulated in Fix* when compared to Fix  or N (MC1). In contrast, 42 proteins are upregulated when

nodules and root tissue are compared at high nitrogen supply (Fix* vs N) and low nitrogen availability (Fix vs 0, MC2). Seven of



the MC1 proteins were also found in MC2. This may indicate, that the expression of the corresponding genes is already increased
in response to the nodulation event, but further boosted by the onset of SNF. Indeed, all of these proteins change more between
Fix* and N (response to nodulation and SNF activity) than they do between Fix* and Fix™ (response to SNF activity, Suppl. Fig.
5).

Five of the proteins commonly found in MC1 and MC2 (aspartate aminotransferase, two isoforms of phosphoenolpyruvate
carboxylase, neutral/alkaline invertase, and sucrose synthase) have been linked to SNF in previous studies (Kuster et al. 1997;
Farnham et al. 1990; Nomura 2006; Gordon et al. 1999; Welham et al. 2009). As such, the two remaining proteins (UDP-
glucuronic acid decarboxylase, and glycogen/starch/alpha-glucan phosphorylase family protein) can be expected to be important

for SNF as well, but their functions are not established yet.

In contrast to the other seven MC1 proteins also found in MC2, asparagine synthetase is exclusively found in MC1 pointing
towards an increased abundance of this protein directly in response to SNF activity. Among the residual 35 proteins in MC2, 17
are involved in protein biosynthesis (grey background in Table 1). Indeterminate nodules, as found in V. faba, are growing
continuously. The presence of protein biosynthesis related proteins is therefore expected. Fourteen proteins (blue background in
Table 1) participate in carbohydrate metabolism and are most likely involved in a modified carbon metabolism within infected
cells. Six proteins (yellow background in Table 1) are related to sulfur metabolism (OAS-TL, 26, 27; SAM, 36, 37, 38; sulfite
reductase, 42), further strengthening the notion of a connection between SNF and sulfur metabolism (Kalloniati et al. 2015). Since
the presence of these proteins is also increased in the Fix/0 comparison, sulfur fixation seems to be largely independent from SNF.
Four proteins are engaged in amino acid metabolism, two of which are reported to be involved in SNF (AS, AST). Two proteins,
exclusively found in MC2, are alanine aminotransferase (AlaAT) and an enzyme involved in lysine metabolism, LL-

diaminopimelate aminotransferase (DAP). The putative role of AlaAT is discussed below.

5.1.3 Ammonium assimilation in V. faba:R. leguminosarum symbiosis

Assimilation of ammonium derived from nitrogenase is primarily performed by the plant enzymes glutamine synthetase (GS) and
glutamate synthase (GOGAT, Ohyama and Kumazawa 1980, Rawsthorne et al. 1980, Vance et al. 1995). Amino groups are
subsequently transferred to aspartate (by AST) and asparagine (by AS), which is the major form of nitrogen exported from nodules
(Lietal. 2002, Lodwig et al. 2004, Kumar et al. 2005). All enzymes except for NADH-dependent GOGAT, which was below the
detection limit in all but one (Fix*) sample, were identified in the course of this study (suppl. Fig. 4). Most of these enzymes are
of higher average abundance in nodules when compared to root material but differences are often not significant. This may either
be due to high variations in protein abundance within the same group or due to the complete absence of positive identifications

within a single group or even several groups.

However, besides this main pathway of nitrogen export, alternative routes may exist. Alanine was reported to be exported from
the bacteroids of pea (Waters et al. 1998). Later, R. leguminosarum was found to excrete both alanine and NH.* (Allaway et al.
2000), whereas NH3s/NH4* were found to be the major products of determinate soybean bacteroid SNF (Li et al. 2002). Most of
these results were obtained on ex planta bacteroids and therefore may not represent the in vivo situation. Transport of alanine from
the bacteroids into the cytosol of the plant cell is possible (Waters et al. 1998; Day et al. 2001). An isoform of AIaAT is present
in higher amounts in nodules when compared to roots (MC2) and was also more abundant in Fix* compared to Fix (p=0.065). The
identified AlaAT shows strong homology to AlaAT2 from Arabidopsis thaliana, which is predicted to be located in mitochondria

(Liepman and Olsen 2003). Export of alanine from bacteroids and its breakdown in the mitochondria would enable the production



of glutamate which could subsequently be used in the cytosol to transaminate oxaloacetate and glutamate to produce aspartate and
glutamine, respectively (Figure 7). A bacterial alanine dehydrogenase (AD) is exclusively present in the Fix* bacteroid dataset,
producing alanine from pyruvate and ammonia. Plants infected with a mutant R. leguminosarum strain defective in alanine
catabolism grew more slowly than plants nodulated by the wild-type (Allaway et al. 2000). However, over-expression of the
enzyme did not improve the ability of pea plants to fix nitrogen (Lodwig et al. 2004). Our data thus highlight the potential existence
of an alanine-driven pathway for asparagine production, which is largely in concordance with previous reports. No statements of

the flux of nitrogen through this system, and thus on its importance, can be made from the data presented here.

5.1.4  Allocation of sucrose into starch synthesis and glycolysis in nodules

Roots and nodules are heterotrophic tissues and rely on the provision of carbohydrates from photosynthesis, mostly in the form of
sucrose. In the sink cells sucrose is either used to fuel glycolysis or is transformed into starch. Starch accumulation in nodules was
observed for V. faba (Fred et al. 2002). In Phaseolus vulgaris starch is mainly present in uninfected nodule cells (Tate et al. 1994)
and is remobilized when the shoot does not deliver sucrose to the root (Vance and Heichel 1991). The activity of starch-bound
starch synthase in Fix* nodules declines over time in soybean nodules and a positive correlation between N, fixation and starch
degradation in nodules was reported (Sharon et al. 1991). Concordantly, starch accumulates in young soybean nodules and is
gradually metabolized during the progression of symbiosis, most likely to fulfil the energy demands of the bacteroids (Forrest et

al. 1991). In contrast, soybean plastids are not emptied of starch granules until nodule senescence (Puppo et al. 2005).

Our results provide additional information on starch utilization in nodules. Starch related processes appear to be especially
important in Fix*. MC1 contains proteins involved in starch metabolism, comprising sucrose synthase (SuSy), a neutral/alkaline
invertase (INV), as well as a glycogen/starch/alpha-glucan phosphorylase family protein (GPase). These findings imply a role for
starch in SNF, which is yet to be specified in more detail. As nitrogen fixation follows a 24 h rhythm it is possible, that stored
starch in nodules is degraded to support SNF and bacteroid metabolism in the dark, in the same fashion it is used to drive respiration
during the night (Wheeler 1969; Weise et al. 2011).

SuSy is essential for SNF (Gordon et al. 1999). As an alternative to starch synthesis, SuSy also provides substrates for glycolysis
and synthesis of cell wall components (Barratt et al. 2001). Due to low fructose concentrations within the cells it is expected to
operate predominantly in the cleaving direction (Morell and Copeland 1985). The meta-analysis detected several enzymes of the
glycolytic  pathway  (glyceraldehyde-3-phosphate  dehydrogenase, =~ GAPDH;  2,3-bisphosphoglycerate-independent
phosphoglycerate mutase, PGM; and phosphopyruvate hydratase, ENO). All of them are more abundant in Fix* and Fix. The
product of GAPDH, 1,3-bisphosphoglycate also mediates the oxygen release from the heme group of hemoglobin in the blood
(Stefansson et al. 2016), a similar function in relation to leghemoglobin may be hypothesized for nodules. Another glycolysis
intermediate is 2-phosphoglycerate, which is converted to phosphoenolpyruvate by ENO. Phosphoenolpyruvate (PEP) may then
be metabolized to oxaloacetate by phosphoenolpyruvate carboxylase (PEPC) or to pyruvate by pyruvate kinase. Expression of the
PEPC gene was found to be positively correlated with nitrogenase activity (Nomura 2006) and is featured in both meta-analyses.
It is therefore possible that the glycolytic pathway in root nodules is drained to a large degree at this position. This may have
negative effects for downstream metabolic pathways, i.e. plant TCA cycle and respiration. Notably, plants in the sample group N

possess higher amounts of TCA cycle enzymes and OXPHOS subunits than Fix*.

The actively growing indeterminate nodules of V. faba have an increased need for synthesizing cell walls. UDP-Glucose produced

by SuSy can be converted into UDP glucoronic acid, an important substrate for plant cell wall polysaccharides such as xyloglucans



and plant glycoproteins. UDP glucoronic acid decarboxylase (UXS) is among the seven proteins present in both meta-analyses.
The enzyme catalyzes the conversion of UDP-glucoronic acid to UDP-xylose. Additionally present in higher amounts in Fix* and
Fix is the rhamnose biosynthetic-like enzyme (Medtr2g073240.1, rhamnose) which is also involved in cell wall biosynthesis.
Lignin, another cell wall component, is a metabolic sink for S-adenosylmethionine (Shen et al. 2002). Correspondingly, other
enzymes related to lignin biosynthesis were found. One of them, a caffeic acid O-methyltransferase (Medtr4g038440.2), is also

nodule specific (Fix* and Fix).

5.1.5  Sulfur and sulfur-related metabolism

Nodules are an important source of reduced sulfur (Kalloniati et al. 2015). This correlates with the frequent occurrence of enzymes
involved in sulfur metabolism in the meta-analyses. Among these proteins the glycolytic enzyme D-3-phosphoglycerate
dehydrogenase (PHGDH, Medtr4g005880.1) may take a central position since it controls the biosynthesis of serine. Serine, in
turn, is a precursor for cysteine, the first organic form of reduced sulfur. It is produced from O-acetyl-L-serine and hydrogen
sulfide (provided by sulfite dehydrogenase) by the O-acetylserine (thiol) lyase (OAS-TL) of which three isoforms are more
abundant in Fix* and are also featured in the meta-comparisons. Kalloniati et al. (2015) proposed the incorporation of sulfate into
glutathione. Our study provides no evidence for elevated levels of enzymes for glutathione synthesis. Enzymes of glutathione
biosynthesis were either found in equal amounts in all four sample groups (glutamate-cysteine ligase B, Medtr8g098350.1) or did
not occur in the dataset (glutathione synthetase). We therefore suggest the conversion of serine, with cysteine and methionine as
intermediates, into S-adenosylmethionine (AdoMet), which is used as a general donor for methyl groups. AdoMet is synthesized
by S-adenosylmethionine synthase (SAM), which was found twice in the meta-comparisons. AdoMet related proteins are a general
feature of the proteome of Fix* plants (Figures 6, 8). SAM is a precursor for a diverse group of metabolites including cyclopropyl
fatty acids, biotin, tRNA, lignin, ethylene, and polyamines (PA, Fontecave et al. 2004; Ravanel et al. 1998). The methyl
transferases involved in these processes also produce S-Adenosyl-L-homocysteine (AdoHcy) which can be regenerated to AdoMet
by the action of AdoHcy-Hydrolase (AdoHcyH), found in MC2 (Tab. 2). Together, the altered protein abundance suggests an
important role for sulfur metabolism in root nodules which is possibly aimed at the production of AdoMet while the downstream

utilization of this compound remains unclear.

5.1.6 Control of nodulation, signaling
To cut unnecessary losses, nodule growth (and activity) is tightly controlled. In Fix the development of nascent nodules is stopped
during nodule development and the formation of new nodules is initiated. This results in a higher number of nodules of smaller

size and tan color (Figure 2A).

Two proteins, potentially involved in regulating nodulation and SNF, were identified: annexin D8 (ANNDS8) and 12-
oxophytodienoate reductase-like protein (OPR). Transcripts of annexin 1 (MtAnnl) are upregulated in root tissues in response to
rhizobial Nod factors (Carvalho-Niebel et al. 2002). An analogous M. truncatula protein, MtAnn8, was upregulated in nodules
when compared to roots, and is hypothesized to play a role in nodule growth and development (Marx et al. 2016). The appearance
of annexin D8 in MC?2 is therefore in support of this. OPR appears in the Top five comparison Fix*/Fix (Figure 7). The protein is
most likely involved in the conversion of linolenic acid to jasmonic acid (Li et al. 2009) in response to pathogen attack or infection

by rhizobial bacteria (van Wees et al. 2008). Jasmonic acid negatively affects nodulation and transcripts of jasmonate biosynthesis



related genes, such as allene oxide cyclase and 12-oxophytodienoate reductase are highly increased in early infection stages (Sun
et al. 2006; Kouchi 2004). The presence of OPR in MCL1 also suggests a role of jasmonic acid in regulating SNF and nodulation

events.

As described in the section concerning sulfur and sulfur-related metabolism (6.1.5) the metabolic fate of AdoMet is unclear.
However, polyamine (spermidine, spermin) synthesis requires AdoMet and polyamines accumulate in Lotus japanicus nodules,
providing a possible explanation for the increased AdoMet production in Fix* and Fix™ (Flemetakis et al. 2004). Spermidine and

spermin have been linked to autoregulation, a mechanism controlling nodule number in legumes (Terakado et al. 2006).

5.1.7 Summary

The proteomic comparisons, performed during the course of this study, allow to differentiate between alterations in root and nodule
proteomes either induced by the fixation of atmospheric nitrogen and those which are a consequence of the bacteroid:plant
symbiosis. They confirm results of previous studies but also extend them and provide new angles for further, targeted analyses of
nodule physiology. Particularly interesting are the areas of nitrogen fixation and intracellular transport, sulfur fixation, starch
metabolism and the role of plant hormones in establishing and maintaining nodules. Figure 7 provides an overview of newly

suggested metabolic alterations in SNF-active root nodules (Fix*) of V. faba.

5.2 Outlook

Understanding SNF in detail is of high value for agricultural applications and for its potential to promote improvements in legume
crop yields. Future perspectives to harness the benefits of SNF in non-legume crop plants are directly linked to the identification
of the enzymatic infrastructure supporting nitrogenase function and incorporation of ammonia into organic compounds, as well as
establishing and maintaining the plant:R. leguminosarum symbiosis. Knowledge of the proteins mediating the complex metabolic
and regulatory interplay between plants and bacteroids may foster the transfer of legume SNF to non-legume plants. Several
important aspects of nodule metabolism, besides amino acid metabolism, have been highlighted in this study: assimilation of
ammonia and the potentially also of alanine derived from bacteroids, allocation of sucrose into starch synthesis and glycolysis,
sulfur metabolism, and the control of nodulation. Proteomic studies often struggle in delivering direct evidence for altered
metabolic pathways. Instead, they excel in generating new candidate proteins for more targeted research. Focusing on the topics
and the cellular compartments outlined above, the results produced in this manuscript may form the basis for further studies

employing the full suite of biochemical and genetic tools available today.
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7. Figure captions:

Figure 1: Experimental setup. V. faba seeds (genotype Fuego) were cultivated in four treatment groups: in the absence of N-
fertilizer but in the presence of nitrogen fixing bacteria (Fix*); in the absence of N-fertilizer but in the presence of bacteria deficient
in nitrogen fixation (Fix); in the presence of N-fertilizer and absence of bacteria (N); and in the absence of N-fertilizer and bacteria
(0). During the first two weeks all four groups were cultivated under standard conditions (see material and methods). Infection
with Fix* or Fix bacteria (R. leguminosarum bv. viciae and R. leguminosarum IMA78, Ma et al. 1982) or fertilization with nitrogen
(only for N) took place at day 15 and plant cultivation continued for another 13 days, during which all four groups were fertilized
with 0.5x Hoagland nutrient solution (Hoagland and Arnon 1950) without nitrate twice a week and watered with demineralized
water according to demand. Subsequently, nodules and roots were harvested, followed by protein extraction and sample
preparation for LC-MS/MS analyses.

Figure 2: Evaluation of experimental setup. A, shoot development (upper panel), individual leaf phenotype (third leaf from the
bottom, middle panel) and root development (groups N and 0, lower panel), as well as nodule cross sections (Fix and Fix*, lower
panel) of four weeks old V. faba plants. Fix* plants develop red colored nodules, whereas Fix" grows more but smaller nodules of
tan color. N and 0 do not develop nodules. B, Assessment of nitrogenase activity as deduced from hydrogen production of
representative whole root systems of 4 week old plants (sample groups: yellow, Fix’; red, Fix*; blue, N; and grey, 0). C, C/N ratio
(full colored bars, left axis) and shoot length (transparent bars, right axis) of plants. Error bars of shoot lengths indicate standard
deviation of >100 individual plants, error bars of C/N ratios indicate standard deviation of three biological replicates (letters
indicate p<0.00001 in ANOVA).

Figure 3: Three-dimensional Principal Component Analysis (PCA) of shotgun MS datasets of three biological replicates for each
of the four sample groups (Fix*, Fix’, N, 0). Abundance profiles (LFQ-values) for each identified protein in the unprocessed data
obtained from MaxQuant were analyzed by the Perseus software (Tyanova et al. 2016). Cubes are color coded to identify the

sample groups: yellow, Fix; red, Fix*; blue, N; and grey, 0.

Figure 4: Total number of identified plant and bacterial proteins within the four sample groups and number of plant and bacterial
proteins with significantly altered abundance. In total, 2695 plant and bacterial proteins were identified across the biological
replicates of the four sample groups. Among them, 92 proteins were identified by one modified peptide only, were derived from
the decoy database or are common contaminations and were therefore excluded from the analysis. Of the remaining 2603 proteins,
1982 proteins are of plant origin and are highlighted in dark and light blue, whereas the 621 R. leguminosarum proteins are shown
in dark and light green (left chart). Proteins are considered “quantifiable” when they were identified three times within at least one
of the four sample groups and are shown in dark blue and green. The 817 quantifiable proteins consist of 658 plant proteins (dark
blue) and 159 bacterial proteins (dark green) and amount to 31.4% of all proteins. Among these quantifiable proteins 301 plant
and 55 bacterial proteins were identified by an ANOVA to be significantly increased or decreased in abundance in at least one of

the four sample groups (right chart).

Figure 5: Volcano plots of pairwise Student’s t-test results. Four different combinations were tested (Fix’/0; Fix*/Fix; N/O; N/Fix™).
Dots in each diagram depict all quantifiable proteins occurring across the two groups. The y-axis shows the negative common
logarithm of Students p- value, the x-axis the Student’s t-test difference results while the dashed line marks the significance p-

value cutoff (p < 0.05). All proteins above this line are considered as differently abundant proteins. Numbers under the dashed line



indicate the total sample size, those above the dashed line tell the number and percentage of proteins matching the significance

threshold limit. The larger the distance of the dots from the horizontal center of the graph, the bigger its difference in abundance.

Figure 6: Top-five increased and decreased proteins in the four pairwise comparisons indicated on top. Proteins are presented as
circles and their regulation is expressed as fold change (log2). Superscript protein labels refer to supplemental Table 5. Protein

names which appear in more than one comparison are highlighted in dark green.

Figure 7: Key metabolic processes in SNF of root nodule cells. For the sake of simplicity and a lack of spatial resolution, all
physiological changes are depicted in a single (infected) cell which does not necessarily reflect the in vivo situation where
alterations may be spread across different cell types. Those enzymes induced by the atmospheric nitrogen fixation are colored in
red and those which are a consequence of the bacteria:plant symbiosis are highlighted in green. Sucrose is imported and cleaved
by INV or SuSy. INV is the starting point for the ATP dependent starch formation (yellow star). Starch can be stored in the plastid
and may be used at a later time point for glycolysis. Originating from SuSy, UDP-glucose forms cell wall components via UXS
or precursors for malate production (via oxaloacetate, OAA) by glycolysis. OAA also is a precursor for aspartate. The bacteroids
fix atmospheric dinitrogen (N2) and release, in turn for malate, NH4" (ammonium cation) and potentially alanine into the cell. NH4*
is incorporated into aspartate to form asparagine, the transported form of reduced nitrogen, by asparagine synthase (AS). Alanine
may be converted to pyruvate and glutamate by alanine aminotransferase (AlaAT) in the mitochondria. Serine metabolism also
seems important in nodules. Reduced sulfur is assimilated by serine to form methionine and, subsequently, AdoMet. AdoMet is a
precursor for several components such as lignin and polyamines. OPR, as well as ANN might be related to nodulation/SNF control
mechanisms. AdoMet, S-adenosylmethionine; AlaAT, alanine aminotransferase; ANN, annexin D8; AS, aspartat; Asp, asparagin;
AST, aspartate aminotransferase; DHBP, 3,4-dihydroxy-2-butanone 4-phosphate synthase; Glu, glutamat; INV, neutral/alkaline
invertase; Leg, leghemoglobin; OAA, oxalacetate; OPR, 12-oxophytodienoate reductase-like protein; PEPC, phosphoenolpyruvate
carboxylase; RL, R. leguminosarum; SAM, S-adenosylmethionine synthase; SuSy, sucrose synthase; UXS, UDP-glucuronic acid

decarboxylase.

Suppl. Figure 1: Testing of protein sequence databases for cross species protein identification. Among the three databases, two are
species independent and contain a broad spectrum of proteins from all kingdoms of life (NCBInr, SwissProt, both of which were
downloaded in Jnuaury 2018) while the third database is a custom made, in house database containing the protein sequences of V.
faba, R. leguminosarum, as well as frequent contaminants. One Fix~ sample could not be analyzed using our bioinformatics
platform, most likely due to memory constraints. In all cases, the in-house M. truncatula and R. leguminosarum database identified
more proteins than the two broad species databases, probably due to increased statistical uncertainties inherent to large-scale

databases with too many entries.

Suppl. Figure 2: Altered cellular processes in Fix* compared to Fix and N. Bars indicate the number of altered proteins associated
with a given cellular function. Upper panel: Fix* (red bars) opposed to Fix™ (yellow bars). Lower panel compares Fix* with N (blue
bars). AdoMet, S-Adenosyl methionine; OXPHOS, oxidative phosphorylation system; TCA, tricarboxylic acid cycle; PPP, pentose
phosphate pathway.

Suppl. Figure 3: Pairwise comparisons and meta-comparisons between the four sample groups. The four sample groups differ in
two aspects i) nodule formation (true for Fix* and Fix’, false for N and 0) and ii) nitrogen status (high for Fix* and N, low for Fix
and 0). Six comparisons are conceivable between the four groups (grey full and dashed arrows) but only the full arrows allow

comparison of groups differing only in a single aspect (nodulation or nitrogen status). Pairwise comparisons were thus limited to



these combinations. The comparisons of Fix* with Fix and of Fix* with N as these allow the identification of proteins specific for
symbiotic nitrogen fixation via a meta comparison (MC) approach (MC1). In a second meta comparison (MC2) the nodule forming

groups are compared with N and 0 to pinpoint symbiosis related proteins.

Suppl. Figure 4: Mean abundance of core plant and bacteroid SNF enzymes. Significant differences (t-test) between the sample
groups are indicated by a star (p<0.05). AS!, asparagine synthase (Medtr3g464580.1, Medtr3g464580.2, Medtr3g464580.3); AS?,
glutamine-dependent asparagine synthase 1 (Medtr5g071360.1-2); AspAT?, aspartate aminotransferase (Medtr8g091280.1);
AspAT? (Medtrlg013050.1); AspATS, aspartate aminotransferase (Medtr3g110065.1-3); GOGAT, ferredoxin-dependent
glutamate synthase (Medtr7g089970.1); GDH, NADP-specific glutamate dehydrogenase (Medtr7g085630.1-6); GS*, glutamine
synthetase (Medtr2g021255.1-2); GS?, glutamine synthetase domain protein (Medtr6g071070.1); GS®, (Medtr3g065250.1,
Medtr59g077950.1); NifD, Nitrogenase (molybdenum-iron) alpha chain (pRL100161); NifH, Nitrogenase iron protein
(pRL100162); NifK, Nitrogenase (molybdenum-iron) beta chain (pRL100160); NifN, Nitrogenase FeMo-cofactor scaffold and
assembly protein (pRL100158); PEPC!, phosphoenolpyruvate carboxylase (Medtr2g092930.1); PEPC? (Medtr4g079860.1);
PEPC? (Medtr2g076670.1-3); PEPC* (Medtr8g463920.1-3).

Suppl. Fig. 5: Response of seven proteins commonly found in MC1 and MC2 to SNF activity (Fix*/Fix’) as well as nodulation
and SNF activity (Fix*/N). Altered protein abundance are expressed in log2 (fold) change between the groups as derived from

pairwise comparisons.
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Table 1: Proteins involved in fixation of atmospheric nitrogen and maintenance of symbiosis as identified by
meta-comparisons one and two (MC1/MC2). In total 43 proteins are listed in alphabetical order with their
corresponding majority protein ID (minimum half of the peptides shared between the gene identifiers in the
group belong to the majority ID) and description. The presence of a given protein ID in MC1 and/or MC2 is
indicated by a ‘+” in the columns MC1 and MC2. Grey, protein biosynthesis-related; pink, SNF related; yellow,
sulfur fixation related; blue, amino acid metabolism; bold, found in MC1 and MC2.

Majority protein IDs Description Acronym MC1 MC2
1 Medtr7g074570.2;Medtr7g074570.1 2,3-bisphosphoglycerate- PGM
independent phosphoglycerate
mutase
2 Medtr1g066860.2;Medtr7g100720.1; 40S ribosomal protein S23-1
Medtr1g066860.1;Medtr7g061155.1
3 Medtr7g107380.1;Medtr1g054310.1 40S ribosomal protein S5-2
4 Medtr7g053160.2;Medtr7g053160.1 40S ribosomal protein S6-2
5 Medtr5g010025.1;Medtr8g098850.1; 40S ribosomal S10-like protein
Medtr8g098850.2
6 Medtr5g097200.1;Medtr3g094220.1; 40S ribosomal S26-like protein
Medtr3g094220.2;Medtr5g097200.2
7 Medtr8g052030.1;Medtr5g018940.2; 40S ribosomal S4-like protein
Medtr5g018940.1
8 Medtr8g046140.1;Medtr4g080740.1; 50S ribosomal protein L5P
Medtr3g007700.1
9 Medtr4g059400.1;Medtr1g064500.1 60S ribosomal L12-like protein
10  Medtr1g069905.1;Medtr0067s0060.;M  60S ribosomal L21-like protein
edtr7g107420.1
11  Medtr8g028125.1 60S ribosomal protein L5-2
12 Medtr3g093110.1 60S ribosomal protein L6
13  Medtr8g023140.1 alanine aminotransferase AlaAT
14 Medtr8g038210.2;Medtr8g038210.1 annexin D8 ANN
15  Medtr3g464580.1;Medtr3g464580.2;M  asparagine synthetase AS +
edtr3g464580.3 [glutamine-hydrolyzing] protein
16  Medtr1g013050.1 aspartate aminotransferase AST +

(HC)

*
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17  Medtr5g011910.1;Medtr4g102170.1; cytoplasmic ribosomal protein
Medtr4g024550.1;Medtr4g024265.1 513
18  Medtr1g043040.1 cytoplasmic-like malate MDH
dehydrogenase
19  Medtr4g005880.1 D-3-phosphoglycerate PHGDH
dehydrogenase family protein
20  Medtr3g105430.1 eukaryotic translation initiation
factor 3 subunit B (HC)
21  Medtr7g021870.1 eukaryotic translation initiation
factor 3h
22  Medtr2g065470.3;Medtr2g065470.1; glyceraldehyde-3-phosphate GAPDH
Medtr2g065470.2 dehydrogenase
23 Medtr0288s0040.1 glycogen/starch/alpha-glucan GPase
phosphorylase family protein
24  Medtr4g092620.1 LL-diaminopimelate DAP
aminotransferase
25  Medtrlg096140.1;Medtrlg095970.1 neutral/alkaline invertase INV
26 Medtr5g006340.4;Medtr5g006340.3; O-acetylserine (thiol) lyase OAS-TL
Medtr5g006340.2;Medtr5g006340.1;
Medtr1g103690.1
27  Medtr4g087520.1 O-acetylserine (thiol) lyase OAS-TL
28  Medtr2g098950.1 pfkB family carbohydrate kinase
29  Medtr29076670.3;Medtr2g076670.2;  phosphoenolpyruvate PEPC
Medtr2g076670.1 carboxylase
30  Medtr4g079860.1 phosphoenolpyruvate PEPC
carboxylase
31  Medtr7g103620.1;Medtr79g103620.2 phosphopyruvate hydratase Eno
32  Medtr3g088220.1 protein disulfide isomerase
33  Medtr2g073240.1 rhamnose biosynthetic-like RH
enzyme
34  Medtr2g086500.2;Medtr2g086500.1; ribosomal protein L1p/L10e
Medtr3g070930.1 family protein
35  Medtr4gl17470.1 ribosomal protein S8




36  Medtr3g084340.1 S-adenosyl-L-homocysteine AdoHcyH
hydrolase

37  Medtr2g046710.1 S-adenosylmethionine synthase-  SAM
like protein

38  Medtr7g110310.1 S-adenosylmethionine synthase-  SAM
like protein

39  Medtr2g044070.2;Medtr2g044070.1  sucrose synthase SuSy

40  Medtrdg124660.4;Medtr4g124660.2; sucrose synthase SuSy

Medtr4g124660.1;Medtr4g124660.3

41

Medtr4g077190.1

sulfite reductase [ferredoxin]

protein

42

Medtr3g110720.1;Medtr1g106005.1;

Medtr4g097830.1

tubulin beta-1 chain

43

Medtr4g063600.2;Medtr4g063600.4;
Medtr4g063600.3;Medtr4g063600.1

UDP-glucuronic acid

decarboxylase
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