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Using tandem mass spectrometry (MS/MS), we analyzed the
proteome of Sinorhizobium medicae WSM419 growing as
free-living cells and in symbiosis with Medicago truncatula. In
all, 3,215 proteins were identified, over half of the open read-
ing frames predicted from the genomic sequence. The abun-
dance of 1,361 proteins displayed strong lifestyle bias. In
total, 1,131 proteins had similar levels in bacteroids and
free-living cells, and the low levels of 723 proteins prevented
statistically significant assignments. Nitrogenase subunits
comprised approximately 12% of quantified bacteroid pro-
teins. Other major bacteroid proteins included symbiosis-
specific cytochromes and FixABCX, which transfer electrons
to nitrogenase. Bacteroids had normal levels of proteins
involved in amino acid biosynthesis, glycolysis or gluconeo-
genesis, and the pentose phosphate pathway; however, sev-
eral amino acid degradation pathways were repressed. This
suggests that bacteroids maintain a relatively independent
anabolic metabolism. Tricarboxylic acid cycle proteins were
highly expressed in bacteroids and no other catabolic path-
way emerged as an obvious candidate to supply energy and

reductant to nitrogen fixation. Bacterial stress response pro-
teins were induced in bacteroids. Many WSM419 proteins
that are not encoded in S. meliloti Rm1021 were detected,
and understanding the functions of these proteins might clar-
ify why S. medicae WSM419 forms a more effective symbiosis
with M. truncatula than S. meliloti Rm1021.

Keywords: bacteria–plant interaction, bacteroids, flavoproteins,
microaerobic metabolism, nitrogen fixation, Sinorhizobium–Medicago
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Rhizobium–legume associations are the largest contributor to
terrestrial biological dinitrogen (N2) fixation and a critical part
of nitrogen cycling in the biosphere (Herridge et al. 2008).
Legumes gain access to the enormous atmospheric N2 resource
by establishing a symbiotic association with soil a- and
b-proteobacteria, generally called rhizobia. This gives legumes a
significant competitive advantage in nitrogen-limiting environ-
ments and makes the Rhizobium–legume symbiosis an important
part of organic and sustainable agriculture. Substantial effort has
been made to understand the mechanisms controlling the effi-
ciency of N2-fixing Rhizobium–legume symbioses (Kazmierczak
et al. 2017; Terpolilli et al. 2012). The core of efficiency of N2

fixation lies in the strong coordination between the plant and
bacteria mediated by signal exchange during recognition and
infection processes (Oldroyd et al. 2011), as well as in coregula-
tion of micro- and macrosymbiotic development and nutrient
exchange (Terpolilli et al. 2012, Udvardi and Poole 2013).
N2-fixing root nodules are plant-derived organs in which a

large number of the plant cells are infected with a symbiotic
form of rhizobia, also known as bacteroids (Haag et al. 2012).
In some Rhizobium–legume associations, especially in those
producing indeterminate nodules, bacterial differentiation shuts
down most aspects of cell growth and division and leads to
changes in cell-wall composition and increased DNA content in
mature bacteroids (Terpolilli et al. 2012). The host plant can
control the irreversible (terminal) bacteroid differentiation by
production of nodule-specific cysteine-rich (NCR) peptides that
are targeted to the bacteria and enter the bacterial membrane
and cytosol (Van de Velde et al. 2010). Mature bacteroids
express the N2-fixing apparatus (nif and fix genes) required to
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reduce atmospheric N2 to ammonia and inhibit ammonia assim-
ilation into amino acids (Patriarca et al. 2002). In general,
legumes provide bacteroids with a broad spectrum of inorganic
ions and organic compounds, including dicarboxylic acids
(Udvardi and Poole 2013; Yurgel and Kahn 2004), while the
bacteria fix N2 and provide fixed nitrogen to the plants for
growth. It has been reported that bacteroids in the Rhizobium
leguminosarum–pea symbiosis do not synthesize adequate lev-
els of branched-chain amino acids (Bra) to allow nitrogen fixa-
tion to occur and rely on the plant to supply these amino acids
(Prell et al. 2009; Terpolilli et al. 2012). Despite the fact that
dicarboxylic acids were shown to be the major carbon source
for N2-fixing bacteroids, large quantities of sugars are found in
nodules (Streeter 1980), suggesting that they have a role in nod-
ule metabolism and N2 fixation.
With genome sequences available for both symbiotic partners

(Galibert et al. 2001; Young et al. 2011), Sinorhizobium meliloti
Rm1021–Medicago truncatula Jemalong A17 has become a model
system for studying the beneficial interaction between plant and
bacteria. A comparative genomic study of 48 Sinorhizobium strains
was recently published (Sugawara et al. 2013). Transcriptomics
and proteomics approaches have been carried out to study core-
gulation of plant and bacteria metabolism in this system, as well
as in the number of other symbiotic associations (Barnett et al.
2004; Capela et al. 2006; Delmotte et al. 2010; Djordjevic 2004;
Gokulakannan andNiehaus 2010; Gomes et al. 2012a, b; Koch et al.
2010; Larrainzar et al. 2007; Limpens et al. 2013; Maunoury et al.
2010; Marx et al. 2016; Moreau et al. 2011; Natera et al. 2000;
Resendis-Antonio et al. 2012; Salavati et al. 2012; Schenkluhn et al.
2010; Sobrero et al. 2012; Stacey et al. 2006; Volkening et al.
2012).
Advances in tandem mass spectrometry (MS/MS) and bioin-

formatics allows “sequencing” of proteomes by determining the
peptides produced after trypsin digestion followed by matching
these peptides to peptides predicted from in silico digests of pro-
tein sequences derived from the genomic DNA sequences
(Delmotte et al. 2010; Koch et al. 2010). However, with excep-
tion of a recently published study (Marx et al. 2016), despite the
close interconnection between the macro- and microsymbiont,
the studies of symbiosis have not involved the analysis of a
global proteome of microsymbiont located directly inside the
plant nodules. Critical for a two-organism interaction, the sepa-
ration of the distinct proteomes can be done computationally
instead of by physical separation of the tissues. This approach
was used to study the free-living and symbiotic proteomes of
Mesorhizobium loti (Tatsukami et al. 2013). A zone-specific pro-
teome and metabolome of Medicago truncatula–S. medicae
strain WSM419 symbiosis has been published (Ogden et al.
2017). In the experiments presented here, we used the highly
efficient S. medicae strain WSM419 (Reeve et al. 2010) instead
of S. meliloti Rm1021, which does not perform very well during
infection and nitrogen fixation in association with M. truncatula
A17 (Simsek et al. 2007; Terpolilli et al. 2008). S. meliloti and
S. medicae are closely related, with predicted proteins generally
having greater than 93% identity at the amino acid level (Reeve
et al. 2010). However, in contrast to the study conducted by
Ogden et al. (2017), which focused on the differences between
stages of nodule development in the M. truncatula–S. medicae
symbiosis, our study addresses in much greater detail the trans-
formation from free-living bacteria to symbiotic bacteroids.
In all, 3,215 bacterial proteins were identified in this study in

free-living or symbiotic proteomes. In the free-living bacteria,
we observed approximately 47% of the total number of proteins
predicted from the genome sequence, while only 26% of the
predicted proteins were found in the symbiotic S. medicae prote-
ome. This difference is likely due to the greater proportion of
bacterial material available from free-living bacteria, because the

symbiotic proteome also contained plant material. In this work,
we compared the free-living and symbiotic proteomes of S. med-
icae in order to gain a better idea of the physiological changes
that accompany the differentiation of free-living rhizobia to bac-
teroids. This gave us a good view of the metabolic capabilities
in the two states; however, many regulatory proteins were either
below the level of detection or absent.

RESULTS AND DISCUSSION

S. medicae proteome.
In total, 145,220 peptides derived from 3,215 bacterial pro-

teins were identified in free-living or symbiotic proteomes (Sup-
plementary Table S1), which was approximately 48.7% of the
predicted coding capacity of the S. medicae WSM419 genome
(Reeve et al. 2010). Specifically, 3,119 and 1,728 bacterial pro-
teins were detected in free-living cell extracts and in whole-
nodule extracts without bacteroid isolation, respectively. In total,
1,487 and 96 proteins were found only in free-living cells or in
symbiosis, respectively. More than 25,000 peptides derived from
approximately 5,000 plant proteins were also identified in nod-
ule tissues; this information is included as Supplementary Table
S2 but not analyzed further.
Principal component analysis indicated significant differences

in protein profiles between free-living and symbiotic forms of S.
medicae and the consistency between biological replicates (Fig.
1). When the free-living and symbiotic protein levels were com-
pared quantitatively by applying the b-binominal test to the val-
ues of the spectral counts, which were used as an index of
protein abundance, 1,361 proteins displayed significantly differ-
ent abundance in the two proteomes (more than twofold differ-
ence, P < 0.01). In all, 199 proteins were significantly more
abundant in symbiosis compared with free-living cells (symbio-
sis-specific proteins, Supplementary Table S3), 1,162 proteins
were significantly more abundant in free-living cells compared
with symbiosis (free-living-specific proteins, Supplementary
Table S4), and 1,132 were not significantly different (general-
function proteins, Supplementary Table S5). Additionally,
because their spectral counts were low (spectral count < 3, aver-
aged from three biological replicates), 723 proteins could not be
assessed to have statistically significantly higher abundance in
symbiosis or in free-living cells. Consequently, these proteins
were classified as low count (Supplementary Table S6) and
were excluded from our further analysis (Fig. 2). Nevertheless,
the fact that some of these proteins were found only in one pro-
teome but not in another suggests that at least some of these
are, indeed, lifestyle specific. Although these comparisons may
be somewhat biased by the use of a simple medium in growing
the free-living cells, the presence of many biosynthetic path-
ways in bacteroids (below) suggests that this is not a major
issue. The results are consistent with previous work showing
that free-living Sinorhizobium cells employ a much broader
range of cell processes than are used in symbiosis (Udvardi and
Poole 2013).

Cluster of orthologous group functional categories
of S. medicae proteins.
WSM419 proteins have been classified into 20 recognized

Clusters of Orthologous Genes (COG) functional categories
(Reeve et al. 2010). Pearson’s v2 test (P < 0.01) showed that
there were significant differences between the functional profile
of symbiosis-specific and free-living-specific proteins, as well as
symbiosis-specific and general-function proteins. On the other
hand, no significant differences were detected between the func-
tional profiles of free-living-specific and general-function proteins.
Additionally, the functional profiles of the free-living-specific
and general-function proteins were not different from the global
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functional profile of S. medicae. We used Fisher’s test with mul-
tiple testing correction to identify COG functional categories
that were overrepresented or underrepresented in lifestyle-
specific proteomes. The number of genes or proteins annotated
as “Posttranslational modification, protein turnover, chaperones”
was the only significantly overrepresented group (adjusted P
value < 0.006) in the nodule-specific proteome (Fig. 3).

WSM419 Kyoto Encyclopedia of Genes and
Genomes pathways.
In total, 1,586 S. medicae genes were assigned to metabolic

enzymes (Reeve et al. 2010). We sorted the identified proteins
onto S. medicae pathways using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) scheme. The free-living and sym-
biotic proteomes included 1,330 of these KEGG annotated
enzymes, or 83% of all enzymes covered by the KEGG annota-
tion. Therefore, at this depth, the proteome should give a fairly
accurate profile of the metabolic capabilities of the bacteria. In
all, 81% (676 enzymes), 85% (274 enzymes), and 79% (239
enzymes) of all proteins belonging to S. medicae “Metabolic
pathways”, “Biosynthesis of secondary metabolites”, and
“Microbial metabolism in diverse environments”, respectively,
were found in either the free-living or nodule proteomes.
Enzymes belonging to 106 metabolic pathways were identified
(Supplementary Table S7). In addition, we were able to identify
a significant number of regulatory proteins, which tend to be
less abundant than metabolic proteins. For example, we detected
56% of the predicted two-component regulatory system proteins
in the KEGG database (Supplementary Table S7; Supplementary

Fig. 1. Multivariate analysis. Score plot results from principal component (PC) analysis using protein profiles of free-living and symbiotic forms of Sino-
rhizobium medicae.

Fig. 2. Lifestyle distribution of the proteins identified in the study.

Vol. 34, No. 12, 2021 / 1411



Fig. S1.1). We used Fisher’s test with multiple testing correction
to identify KEGG pathways with altered representation (P <
0.05) between the two conditions. ABC transporters were under-
represented in the total, free-living-specific and general-function
proteomes. Two-component systems were underrepresented in
the general-function proteome. Aminoacyl-transfer RNA synthe-
tases were underrepresented in total and free-living-specific pro-
teomes. Bacterial secretion systems and flagellar assembly
proteins were underrepresented in the total proteome. On the
other hand, tricarboxylic acid (TCA) or citric acid cycle proteins
were overrepresented in the symbiosis-specific proteome.
When annotated enzymes were mapped onto KEGG path-

ways, in some cases more than one homolog of the same
enzyme was identified. These homologs had distinct lifestyle
specificity. As an example, there is differential production of
three dihydrolipoamide dehydrogenases: a free-living-specific
form, LpdA3/Smed_2829, and two symbiosis-specific forms,
LpdA2/Smed_2936 and LpdA1/Smed_1081. LpdA proteins
function as a component of the a-ketoglutarate, pyruvate, and
Bra-dehydrogenase complexes and of the glycine cleavage

system, suggesting specific roles for the LpdA homologs in S.
medicae. Detailed maps of the major WSM419 KEGG pathways
populated with enzymes identified in the study are shown in
Supplementary Fig. S1, with different colors showing the
expression pattern of these enzymes. A schematic representation
of some findings is shown in Figure 4.

N2 fixation.
The specific proteins discussed in this article are listed in Sup-

plementary Table S8. As expected, NifH/Smed_6225, NifD/
Smed_6224, and NifK/Smed_6223 were the most abundant pro-
teins in the nodule-derived bacterial proteome, comprising
approximately 12% of the peptides detected (approximately
25,000 of the normalized approximately 200,000 peptides) (Sup-
plementary Tables S1 and S2). NifD, NifK, and NifH were
detected at a low level in the free-living proteome. In the nodule
proteome, the nitrogenase Fe-Mo cofactor biosynthesis proteins
NifN/Smed_6181 and NifB/Smed_6233, iron-molybdenum clus-
ter-binding protein NifX/Smed_6211, nitrogenase molybdenum-
cofactor synthesis protein NifE/Smed_6222, and transcriptional

Fig. 3. Cluster of orthologous group (COG) functional categories. Relative frequency of the proteins is given for four data sets: (i) all Sinorhizobium
medicae protein-coding genes, (ii) symbiosis-specific proteins (n = 199), (iii) free-living-specific proteins (n = 1,162), and (iv) general-function proteins
(n = 1,131). Relative frequencies were calculated as percent proteins present in each category from total number of proteins in the data set. The number
of symbiosis-specific proteins is likely to have been underestimated because these were analyzed in the presence of the plant nodule proteins. Asterisks
indicate statistical significance for overrepresented or underrepresented proteins in a given category, which was computed using the Fisher’s test with
multiple testing correction (adjusted P value < 0.01).
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activator NifA/Smed_6231 were significantly increased in rela-
tive abundance. Ferredoxin Smed_6219 (FdxB in S. meliloti
Rm1021), electron-transfer flavoproteins FixA/Smed_6228 and
FixB/Smed_6229, as well as the linked oxidoreductase FixC/
Smed_6230 and the ferredoxin-like FixX/Smed_6231 protein
were highly abundant in the nodules and absent from the free-
living cells. It has been suggested that FixABCX proteins act
together to transfer electrons to nitrogenase (Earl et al. 1987)
and serve as the alternative entry point for low-potential (high-
energy) electrons from NADH (Buckel and Thauer 2018; Led-
better et al. 2017). Based on transposon sequencing analysis, the
fixABCX complex was found to be one of the “top-ranked sym-
biosis genes” in S. meliloti (Flores-Tinoco et al. 2020). r-54
RNA polymerase initiation factor RpoN/Smed_0015 and subu-
nits of the symbiotically essential cbb3-type cytochrome oxidases
FixP/Smed_6265, FixO/Smed_6267, and FixN/Smed_5935 were
part of the nodule-specific proteome (Supplementary Table S4).
Upregulation of NifHDK, Fdx, cbb3 cytochrome oxidase, and
RpoN was also detected in other studies (Becker et al. 2004;
Djordjevic et al. 2003). Surprisingly, a low level of another cyto-
chrome c oxidase subunit homolog, FixO/Smed_5925, was
found only in the free-living proteome (Supplementary Table
S4; Supplementary Fig. S1.2). The FixJ/Smed_6273 response
regulator was found equally present in both the free-living and
symbiotic proteomes (Supplementary Table S5).

Shock adaptation: DNA replication, transcription,
ribosomal structure and biogenesis, and translation.
Our data did not show strong evidence that DNA replication,

translation, or ribosomal structure and biogenesis decreased in
abundance during symbiosis (Supplementary Fig. S1.3-5). How-
ever, proteins involved in DNA repair such as homologous
recombination (Supplementary Fig. S1.6), nucleotide excision
repair (Supplementary Fig. S1.7), mismatch repair (Supplemen-
tary Fig. S1.8), and base excision repair (Supplementary Fig.
S1.9) were decreased in abundance during symbiosis. Addition-
ally, proteins involved in protein synthesis and stress adaptation
such as heat shock chaperones DnaK/Smed_3389, HslV/
Smed_3264, IbpA/Smed_2715, Hsp20/Smed_4626, and Hsp20/
Smed_0049; general chaperones GroEL1/Smed_0408, GroES3/
Smed_1282, GroEL3/Smed_2181, GroEL4/Smed_4130, and
GroEL5/Smed_6084; and trigger factor Tig/Smed_1181 were
highly induced in symbiosis (Supplementary Table S7; Supple-
mentary Fig. S1.10). As in in Bradyrhizobium japonicum
(Delmotte et al. 2010), the ATP-dependent proteases Lon/
Smed_0874 and ClpB/Smed_2499 increased in abundance during
symbiosis.
Anti-r factor RsiA1/Smed_2346 was classified as a general-

function protein whereas anti-anti-r factor RsiB1/Smed_2347
was classified as a symbiosis-specific protein. In S. meliloti, two
homologous anti-r factors, RsiA1 and RsiA2, target the general

Fig. 4. Visualization of global changes in bacteroid metabolism. Green-filled ellipses represent processes abundantly present in free-living cells. Red-
filled ellipses represent processes overactive in symbiosis. Green arrows represent processes or reactions found in free-living cells. Red arrows represent
processes or reactions found in symbiosis. Weights of the arrows indicate relative activity of the processes or reactions.
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stress-response regulator RpoE2 (Bastiat et al. 2010; Sauviac
et al. 2007). Additionally, in response to stress, two redundant
homologous PhyR-type response regulators, RsiB1 and RsiB2,
interact with the anti-r factors to relieve RpoE2 inhibition
caused by RsiA1 and RsiA2 (Bastiat et al. 2010). RpoE2 itself
was detected as a low-abundance protein. It has been shown that
B. japonicum RpoE2 is involved in the symbiotic interaction
with host plants (Gourion et al. 2009), whereas no such role was
observed in S. meliloti (Sauviac et al. 2007). In this study,
S. medicae free-living cells were grown at the same temperature
in the same growth chamber that was used for growing the
plants; thus, it is unlikely that the differences in stress-related
protein expression between free-living and symbiotic forms of S.
medicae were due to temperature stress, which implies that other
forms of stress in bacteroids were leading to the observed
changes. Transcriptomic and proteomic analysis of S. meliloti
and B. japonicum symbiosis also revealed an activation of stress
responses in bacteroids (Becker et al. 2004; Delmotte et al.
2010).
Like S. meliloti (Bittner et al. 2007), the S. medicae genome

contains five loci encoding GroEL chaperones or their GroES
cochaperones (Reeve et al. 2010). In S. meliloti, groESL1 enco-
des the housekeeping GroEL/GroES chaperone and is highly
expressed in both symbiotic and free-living cells, while groESL5
is specialized for stress responses (Bittner et al. 2007). The roles
of the other GroE proteins are still unclear. With the exception
of GroES3/Smed_1282, which was found only in the nodule
proteome, all other GroE chaperones were detected in both free-
living and nodule proteomes. GroEL/Smed_0408, which is most
similar to S. meliloti housekeeping GroEL1, was the most abun-
dant GroE in both proteomes and was statistically overproduced
in symbiosis (Bittner et al. 2007). In S. meliloti, GroEL1 is
required for efficient infection, terminal differentiation, and
nitrogen fixation and can form complexes with the M. truncatula
nodule-specific cysteine-rich peptide NCR247 (Farkas et al.
2014). GroEL1 cochaperone GroES/Smed_0409 was classified
as a general-function protein. In S. meliloti, GroES and GroEL
isoforms were found in both free-living and symbiotic pro-
teomes (Djordjevic et al. 2003; Moreau et al. 2011; Natera et al.
2000).
The pattern of the expression of the CspA cold-shock protein

was very interesting. CspA4/Smed_1620 was among the 20
most abundant symbiotic proteins. CspA3/Smed_2238 and
CspA2/Smed_5421 were the only free-living-specific stress-
response proteins. CspA8/Smed_5162, CspA7/Smed_2874,
CspA6/Smed_6064, CspA5/Smed_1449, CspA/Smed_2005, and
CspA1/Smed_1949 were annotated as general-function proteins,
suggesting distinct roles for specific CspA proteins in free-living
and symbiotic lifestyles of Sinorhizobium. Transcriptional data
suggest that there is distinct compartmentalization of some of
the CspA proteins (Roux et al. 2014). Further work has been
done in our laboratory on the CspA proteins (J. P. Price, X. Liu,
S. N. Yurgel, and M. L. Kahn, unpublished data)
The BacA/Smed_4510 membrane protein is essential for

establishing prolonged intracellular infections (LeVier et al.
2000). The BacA ABC VLCFA exporter is involved in bacte-
roid envelopment (Ferguson et al. 2002) and is essential for pro-
tecting S. meliloti against the antimicrobial activities of host
NCR peptides in free-living cells and in symbiosis (Haag et al.
2011). We were able to detect a relatively low level of BacA
only in symbiosis. This might indicate that, in contrast to S.
meliloti, BacA protein is not produced in free-living S. medicae
cells or is made at a level below our detection capability. An
analysis of the response of an S. medicae bacA mutant to NCR
peptide treatment might clarify this question. For example, if
BacA is still produced in S. medicae and performs a similar
function as in S. meliloti, the S. medicae bacA mutant should

exhibit more sensitivity to host NCR peptides compared with
the wild-type strain.
NerA/Smed_1245 was very highly induced in symbiosis. This

protein was previously identified as a nodule-specific Rm1021
protein (Djordjevic 2004). NerA is annotated as a glycerol trini-
trate (GTN) reductase, an assignment that is based on very
strong homology to the nerA gene from Agrobacterium radio-
bacter, in which it was shown that NerA encodes a GTN reduc-
tase and enables A. radiobacter to use GTN and related
explosives as nitrogen sources (Marshall et al. 2004; White et al.
1996). NerA is a flavoprotein oxidoreductase from a group
known as Old Yellow Enzymes (OYEs). OYEs catalyze various
redox reactions (Williams and Bruce 2002) but very little is
known about their physiological roles. In S. medicae nodules,
NerA is probably not involved in GTN metabolism because
GTN is unlikely to be present. On the other hand, recent studies
suggested a role for OYE in oxidative stress responses (Fitzpa-
trick et al. 2003; Haarer and Amberg 2004; Kitzing et al. 2005).
For example, exposure to hydrogen peroxide induced the expres-
sion of the OYE YqjM protein is Bacillus subtilis (Fitzpatrick
et al. 2003).
Rm1021 has a homolog of the S. medicae WSM419 nerA

gene, Smc01227 (94% identity). When nerA (Smc01227) was
deleted from Rm1021, the resulting mutant became more sensi-
tive to hydrogen peroxide (Supplementary Fig. S2), confirming
a role for NerA in the adaptation of Sinorhizobium to oxidative
stress. However, our data show that NerA was not essential in
establishing an effective symbiosis between Rm1021 and alfalfa.
Similarly, NerA was not essential for establishing an effective
symbiosis between Rm1021 and M. truncatula or between
WSM419 and either M. truncatula or alfalfa plants. When
Smed_1245 or Smc01227 were deleted from WSM419 or
Rm1021, respectively, the resulting mutants (WSM419DnerA
and Rm1021DnerA) formed healthy pink nodules on alfalfa and
M. truncatula roots. Both host plants nodulated with the nerA
mutants were green and their biomass was similar to that of the
plants nodulated with the corresponding wild-type strain (Sup-
plementary Fig. S3). Another bacteroid protein related to the
oxidative stress response in nodules is KatA/Smed_0327, which
has catalase or peroxidase activities. Overproduction of KatA in
S. meliloti bacteroids was detected at the mRNA and protein
levels (Becker et al. 2004; Djordjevic et al. 2003).
Nitric oxide (NO) is a signaling and defense molecule

involved in establishing an effective Rhizobium–legume symbio-
sis (Boscari et al. 2013). Recent studies showed that both plant
and bacteria control NO concentration in M. truncatula
nitrogen-fixing nodules. Nitrate-NO respiration processes could
play a role in maintaining the energy status required for nitrogen
fixation under oxygen-limiting conditions (Horchani et al. 2011).
The bacterial NO detoxification response also plays a pivotal
role in the prevention of early nodule senescence, and the main-
tenance of efficient symbiosis. Hmp flavohemoglobin is a major
NO-detoxifying enzyme in S. meliloti (Meilhoc et al. 2010). A
mutation in Hmp/SMa1191 in Rm2011 increased NO levels and
led to rapid senescence of S. meliloti–M. truncatula nodules
(Cam et al. 2012), indicating its importance in NO detoxification
in symbiosis. Flavohemoglobin Hmp/Smed_5247 was attributed
to general-function proteins, suggesting its role in both free-
living and symbiotic lifestyles of S. medicae (Supplementary
Table S5).

Protein export.
Molecular chaperones play crucial roles in partitioning newly

synthesized cell polypeptides as cytosolic, integral membrane, or
exported proteins. Chaperones such as DnaK and GroEL are
strongly involved in protein translocation by posttranslational
targeting of presecretory proteins to the Sec and Tat
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translocation systems facilitating cell signaling (Castani�e-Cornet
et al. 2014). Many proteins comprising the Sec translocation path-
way (SecD1/Smed-1174, SecD2/Smed_0181, SecY/Smed_1006,
and SecA/Smed_2518) were found in both free-living and symbi-
otic proteomes as general-function proteins. However, SecB/
Smed_3214 was highly induced during symbiosis (Supplementary
Fig. S1.11), indicating the involvement of bacterial protein secre-
tion in establishing or maintaining an effective nitrogen-fixing
symbiosis.

Nitrogen and amino acid transport and metabolism.
The current model of global changes in bacteroid metabolism

implies that the induction of N2 fixation is coupled with
decreased assimilation of ammonia into amino acids (Patriarca
et al. 2002). Transcriptomic and proteomic analysis of S. meliloti
symbiosis showed downregulation of glutamine synthetases GSI
and GSII in the nodules (Becker et al. 2004; Djordjevic et al.
2003; Galibert et al. 2001). In agreement with this model, a
number of proteins involved in ammonia assimilation such as
GSI and GSII, aspartate aminotransferases AatA/Smed_2233
and Smed_0167, glutamate-ammonia-ligase adenylyltransferase
GlnE/Smed_0640, and GltB/Smed_2711 (GOGAT) were identi-
fied as free-living-specific proteins.
As in other bacteria, Sinorhizobium catabolism of nitrogen-

containing compounds is mainly controlled by a signal cascade
that uses protein modification to transcriptionally and posttrans-
lationally regulate nitrogen assimilation enzymes (Udvardi and
Poole 2013). This cascade comprises the bifunctional uridylyl-
transferase/uridylyl-cleavage enzyme GlnD, two PII proteins
(GlnB and GlnK0, and the two-component regulatory system
NtrB and NtrC. In S. meliloti, PII proteins are not essential for
triggering the induction of symbiotic nitrogen fixation (Yurgel
et al. 2010). On the other hand, a truncated GlnD sensor protein
substantially influences the regulation of nitrogen exchange in
symbiosis (Yurgel and Kahn 2008; Yurgel et al. 2012). According
to the model, GlnD/Smed_0031 was found in the general-function
protein group, while GlnK/Smed_3050, NtrC/Smed_1090, and
NtrB/Smed_1089 were part of free-living-specific proteins. GlnB
was overrepresented in nodules, suggesting that, although GlnB
may not be not essential for symbiosis (Yurgel et al. 2010), it
is likely to be involved in bacteroid metabolism (Supplementary
Fig. S1.12).
Surprisingly, no significant differences were detected between

free-living-specific, nodule-specific, and general-function pro-
teins in the representation of functional category “amino acid
transport and metabolism” (Fig. 3). The transport of plant-
derived Bra is required to alleviate symbiotic auxotrophy in
R. leguminosarum and the uptake of Bra is critical for establish-
ing an N2-fixing symbiosis between R. leguminosarum and pea
(Hosie et al. 2002; Lodwig et al. 2003). The presence of the
transporter proteins in both free-living-cells and nodules suggests
that transport of Bra could also be active in S. medicae during
both lifestyles (Supplementary Fig. S1.13). In R. leguminosa-
rum, it was shown that the Bra transporter can use two solute
binding proteins: BraC, which has a wide range amino acid spe-
cificity, and BraC3, with a specificity restricted to Bra (Hosie
et al. 2002). Three annotated homologs of the solute binding
Bra transport proteins were identified in S. medicae in our analy-
sis. LivK/Smed_2392 and LivJ/Smed_0538 protein was simi-
larly represented in both free-living and symbiotic proteomes
while the other protein, Smed_5345, was found only in free-
living cells. Additionally, proteins comprising probable high-
affinity Bra transport ABC transporter LivF/Smed_2394 and
LivG/Smed_2395 and general amino acid transport (Aap) were
in the general-function protein group.
In contrast to the R. leguminosarum–pea symbiosis, in which

rhizobia rely on the plant-derived Bra for nitrogen fixation

(Hosie et al. 2002; Lodwig et al. 2003; Prell et al. 2010), the
analysis of Bra auxotrophs in S. meliloti showed that isoleucine
and valine are limiting in alfalfa nodules and the bacteria synthe-
size these compounds while establishing nitrogen fixation (de
las Nieves Peltzer et al. 2008). All of the bacterial enzymes
needed to make Bra were found in both free-living and symbi-
otic proteomes (Supplementary Fig. S1.14). The pathway used
for Bra degradation was underrepresented in the symbiotic pro-
teome (Supplementary Fig. S1.15), suggesting differences in the
role of Bra between R. leguminosarum–pea and S. medicae–M.
truncatula symbiosis. Similarly, histidine biosynthetic enzymes
are present in symbiosis whereas proteins degrading histidine to
glutamate were repressed (Supplementary Fig. S1.16)

Dicarboxylate transport, TCA cycle, pyruvate, and
carbon storage compound metabolism.
Dicarboxylic acids such as malic acid are the major carbon

source for nitrogen-fixing bacteroids (Yurgel and Kahn 2004).
The enzymes composing the S. meliloti Rm1021 TCA cycle are
needed for nitrogen fixation (Terpolilli et al. 2012), as is the
DctA dicarboxylate transport protein (McDermott and Kahn
1992; Yurgel and Kahn 2005). Despite the fact that the S. medi-
cae free-living cells for proteome analysis were grown on
malate as the sole carbon source, the DctA/Smed_4178 dicar-
boxylate transport protein was found only in the symbiotic prote-
ome. Several DctP TRAP dicarboxylate transporter subunits
(Smed_3743, Smed_3817, Smed_3688, Smed_4748, Smed_3840,
Smed_2480, Smed_3836, Smed_5701, Smed_1719, Smed_1941,
Smed_5134, Smed 4968, and Smed1442) were found in free-liv-
ing-specific and general-function protein groups. The DctP TRAP
system is not sufficient for growth on malate in free-living
S. meliloti cells (Yurgel and Kahn 2004) but its efficiency in
malate transport in free-living S. medicae cells has not been evalu-
ated. However, it is possible that, because DctA/Smed_4178
abundance was relatively low in the nodule proteome, it could be
present in free-living cells in amounts below our detection limit.
Most of the S. medicae TCA cycle enzymes were present at

higher concentration in symbiosis (Supplementary Fig. S1.17),
whereas we could not detect any alteration in pyruvate meta-
bolic enzymes between free-living cells and in symbiosis (Sup-
plementary Fig. S1.18). Several enzymes of the S. meliloti and
B. japonicum TCA cycle had previously been identified in bac-
teroids (Delmotte et al. 2010; Djordjevic et al. 2003; Natera et al.
2000). An increase in S. medicae TCA enzymes from infection
to nitrogen-fixing zone in nodules was also reported previously
(Ogden et al. 2017). S. meliloti has two malic enzymes, Tme
and Dme, which convert malate to pyruvate. Pyruvate can be
decarboxylated by pyruvate dehydrogenase (PdhA/PdhB) to gen-
erate acetyl-CoA. The NAD+-dependent malic enzyme (Dme) is
essential (Zhang et al. 2012) for S. meliloti nitrogen fixation
(Driscoll and Finan 1996). Both malic enzymes were detected in
our study, with Dme/Smed_1558 as a general-function protein
and Tme/Smed_0029 as a part of the free-living-specific protein
group. In contrast to a transcriptional study of S meliloti bacte-
roids (Becker et al. 2004), pyruvate dehydrogenase Pdh/
Smed_1076-Smed_1078 was overrepresented in the nodule pro-
teome. In Sinorhizobium NGR234, a lack of Dme can be par-
tially compensated by phosphoenolpyruvate carboxykinase
PckA/Smed_3253; however, this enzyme is decreased in abun-
dance in nodules and we would predict that a dme mutant of S.
medicae would not be able to fix nitrogen. Additionally, aconi-
tase AcnA/Smed_3083 and citrate synthase GltA/Smed_1144
increased in abundance during symbiosis (Supplementary Fig.
S1.17), suggesting more emphasis on the TCA cycle in bacte-
roids compared with malate-grown free-living cells.
S. meliloti produces poly-b-hydroxybutyrate (PHB) and

glycogen during free-living growth (Aneja and Charles 1999;
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Hirsch et al. 1983) and strains unable to synthesize these com-
pounds were able to form nodules and fix nitrogen (Hirsch et al.
1983). In S. medicae, 1,4-a-glucan branching enzyme GlgB/
Smed_2740, glycogen debranching enzyme GlgX/Smed_4409,
b-ketothiolase PhaA/Smed_3117, and putative intracellular PHB
depolymerase Smed_3233 were in the free-living-specific group,
suggesting that biosynthesis of PHB and glycogen carbon stor-
age polymers is decreased in the S. medicae symbiosis. S. meli-
loti Rm1021 enzymes composing the PHB biosynthetic pathway
were also decreased in abundance in symbiosis (Natera et al.
2000). These data suggest that synthesis of carbon storage com-
pounds in the form of PHB and glycogen is important to S.
medicae free-living cells but not in planta. Moreover, enzymes
of the Calvin-Benson-Bassham (CBB) cycle gene cluster, which
includes fructose-1,6-bisphosphate aldolase CbbA/Smed_3923,
phosphoribulokinase CbbP/Smed_3921, and HTH-type transcrip-
tional regulator CbbR/Smed_3919, were in the free-living-specific
protein group, suggesting an active CBB cycle in free-living cells
but not in bacteroids. These finding are in contrast with a previ-
ous report on the importance of bacterial RuBisCO in the estab-
lishment of Bradyrhizobium/Aeschynomene symbiosis (Gourion
et al. 2011). On the other hand, S. meliloti Rm1021 depends on
the cbb operon for formate-dependent auxotrophic growth
(Pickering and Oresnik 2008).

Carbohydrate transport and metabolism.
Few significant differences were detected between free-living-

specific, nodule-specific, and general-function proteins in the
functional category “Carbohydrate transport and metabolism”

despite the differences in potential substrates for transport. No
single sugar catabolism mutation has been shown to block nitro-
gen fixation and sugars are not actively transported into bacte-
roids (Udvardi and Poole 2013), nor do mutations in sugar
uptake affect nitrogen fixation in R. leguminosarum (Ronson
and Primrose 1979) or S. meliloti (Lin et al. 2009; Poysti et al.
2007; Willis and Walker 1999). In our proteome analysis, puta-
tive fructose ABC-type transport system FrcA/Smed_0104, puta-
tive C6 polyol ABC transporter SmoE/Smed_2358 and SmoK/
Smed_2355, and a-glucoside ABC transporter AglG/Smed_0294
proteins were found to be part of the nodule-specific proteome.
However, a number of sugar transporters were more abundant in
free-living cells (Supplementary Fig. S1.13), despite the lack of
substrates.

Glycolysis and gluconeogenesis.
With the exception of aldose 1-epimerase GalM/Smed_3031,

we were able to detect all enzymes making up the glycolytic or
gluconeogenic pathways in the nodule proteome, and most of
the proteins in this pathway were equally represented in free-
living and symbiotic proteomes (Supplementary Fig. S1.19).
However, fructose-bisphosphate aldolase, FbaB/Smed_2654, and
phosphoenolpyruvate carboxykinase PckA/Smed_3253, which
catalyze the committed steps of gluconeogenesis, were highly
induced in free-living cells, probably because malate was the
sole carbon source. In S. meliloti and Bradyrhizobium japoni-
cum, several enzymes or transcripts of the pathway proteins
were also identified in free-living cells and in bacteroids (Becker
et al. 2004; Delmotte et al. 2010; Djordjevic et al. 2003; Natera
et al. 2000). Gluconeogenesis is required when growing on
malate, and the lower level of PckA in bacteroids suggests that
some hexoses are obtained from the plants, though at lower lev-
els that would be needed for their use as carbon or energy sour-
ces. In S. meliloti, mutations in 3-phosphoglycerate kinase,
enolase, and glyceraldehyde-3-phosphate dehydrogenase caused
a Fix− phenotype, which was attributed to impaired gluconeo-
genesis in the mutants, although mutating the committed step of
gluconeogenesis, PckA, did not affect the symbiotic performance

of Rm1021 (Finan et al. 1991). The number of sugar trans-
porters in the nodule bacterial proteome suggests that these
may be involved in importing these compounds or their
precursors.

Pentose phosphate pathway.
Like the glycolytic and gluconeogenic pathways, most of the

enzymes making up the pentose phosphate pathway were equally
represented in free-living and symbiotic proteomes. (Supplemen-
tary Fig. S1.20). The only exception was a symbiotically over-
produced putative transaldolase Smed_2928, an enzyme that
balances metabolites in the pentose-phosphate pathway.

ABC transporters.
Molybdate, phosphate, manganese, and iron uptake are impor-

tant in symbiosis but, in many cases, the actual effect of metal
and ion limitation depends on the plant–bacteria combination
(Udvardi and Poole 2013). We detected the high-affinity phos-
phate transporter (PstB) only in the free-living proteome; the
putative pit accessory protein Smed_3394 was in both (Supple-
mentary Fig. S1.13). This is in agreement with previously pub-
lished data that the low-affinity Pit1 transporter is the main
system used in bacteroids (Yuan et al. 2006). Mn(II)/Fe(II)
transporter SitA/Smed_2914/SitB/Smed_2915 and putative
molybdate-binding periplasmic ABC transporter ModA/
Smed_2821 proteins were found in both proteomes. The S. meli-
loti iron- and manganese-dependent transcriptional regulator
Fur/Smed_2913 is required for Mn(II)-dependent repression of
the sitABCD operon (Chao et al. 2004). In our study,
Smed_2913 was present only in the free-living proteome, con-
sistent with a previous report showing that Fur is not required
for a successful symbiosis (Chao et al. 2004; Roberts 2007).
The plant must provide the bacteroids with sufficient iron to

support nitrogen fixation because iron is an essential component
of several proteins—a functional nitrogenase enzyme requires
47 iron atoms (Hausinger 2019). Characterization of iron trans-
port in legume nodules reveals systems supporting iron translo-
cation across both the symbiosome and bacteroid membranes.
Our proteome analysis revealed that an Fe+3 transporter, FbpA/
Smed_0327; a putative iron uptake ABC transporter periplasmic
solute-binding protein, Smed_4418; and hemin-binding proteins,
HmuT/Smed_2339, were more abundant in the nodules, imply-
ing that the corresponding transport systems were involved in
importing iron-containing compounds in the symbiosis. In S.
meliloti, a number of iron transporter proteins were also detected
in bacteroids (Djordjevic et al. 2003).
Several solute-binding transport proteins predicted to bind

glycine-betaine/proline (PrbA/Smed_2178 and Smed_1768), or
other osmoprotectants (OpuA/Smed_2307), were found in the
general-function protein group. In S. meliloti, rapid acquisition
of betaines in response to osmotic upshock is critical for survival
(Boscari et al. 2002), and the Prb ABC transporter is critical for
osmoprotection by betaines (Alloing et al. 2006). These putative
betaine transport systems were also detected in S. meliloti bacte-
roids (Djordjevic et al. 2003). However, we did not detect the
BetT choline/glycine-betaine transporter, which is induced by
high osmolarity (Alloing et al. 2006), suggesting that the bacte-
ria were not osmotically stressed in free-living or symbiotic
conditions. The betCBA operon proteins were found in the
nodule-specific protein group, in agreement with previous
reports (Mandon et al. 2003).

Cell wall, membrane, or envelope biogenesis.
Exopolysaccharide (EPS) biosynthesis and export and lipo-

polysaccharide (LPS) production were repressed in symbiosis. A
number of proteins that were previously shown to be involved
in EPS or LPS formation in S. meliloti or B. japonicum such as
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Wga, Wgc, Wge, Wgc, Wgg, Exo, and MurC (Becker et al.
1997; Chang et al. 2008) were specific to free-living proteins.
The high-molecular-weight EPSI protects S. meliloti against the
antimicrobial activities of host NCR peptides in late-stage sym-
biosis (Arnold et al. 2018). These findings, combined with the
low level of BacA detection in the symbiotic proteome, might
indicate fundamental differences between S. meliloti and S. med-
icae in their mechanisms that modulate the exposure of the
internalized rhizobia to the NCR peptides.
The outer-membrane proteins TolC/Smed_1149, which affects

S. meliloti stress response and symbiotic performance (Cosme
et al. 2008), and Omn/Smed_1138, which is essential for
virulence of invasive members of the Rhizobiaceae family
(Guzman-Verri et al. 2002), were general-function proteins.

Plant-induced proteins.
We also looked at proteins that were shown to be induced by

plant flavonoids (Barnett et al. 2004; Capela et al. 2005) or in
early stages of invasion (Roux et al. 2014). Only two proteins,
Smed_2795/SMc03168 and GroEL heat shock protein
Smed_1281/SMb21566, were found in the nodule-specific prote-
ome, suggesting either a small role for plant flavonoids on gen-
eral bacterial development in nodules or that this involvement is
substantial in only a small fraction of the nodule tissue.

Some WSM419 proteins are not present
in S. meliloti Rm1021.
Identifying close homologs of S. meliloti Rm1021 genes in

the S. medicae WSM419 genome helped us to assign possible
functions to S. medicae proteins, and it also allowed us to iden-
tify 128 proteins that were present in the WSM419 proteomes
but did not have close homologs in S. meliloti (Supplementary
Table S9). Some of these proteins might be related to the better
symbiotic performance of WSM419 in M. truncatula. A com-
parative genomic analysis of core and accessory genomes in
Sinorhizobium strains composing five genospecies showed some
alterations between strains in the strategy used to obtain maxi-
mum compatibility with a host plant (Sugawara et al. 2013).
Approximately 6% of the nodule-specific S. medicae proteins

have no S. meliloti homolog and may play a role in formation
of a more effective nitrogen-fixing symbiosis between S. medicae
and M. truncatula. The gene cluster Smed_6101-Smed_6103,
Smed_6105-Smed_6109, and Smed_6111 and the two pro-
teins Smed_1901 and Smed_1902 were highly induced in
symbiosis. Eight of these proteins do not have probable
assigned functions and seven of them do not have close
homologs in S. meliloti.
An abundant predicted glucosidase, Smed_5985, could be

involved in producing low molecular weight (LMW)-EPS by
depolymerization of high molecular weight EPS. Proteins highly
similar to Smed_5985 are in S. meliloti BL225C (Lucas et al.
2012a), R. leguminosarum bv. trifolii WSM2012 (Lucas et al.
2012b), and several R. etli strains (Fauvart et al. 2011; Gonz�alez
et al. 2006; Skorupska et al. 2006). EPS is important in rhizobia
infection and nodule formation, as well as in bacteroid matura-
tion and suppression of plant defense (Skorupska et al. 2006). In
work to be published separately, we have shown that transfer-
ring Smed_5985 into S. meliloti Rm1021 increases its effective-
ness with M. truncatula (Ghosh et al. 2021). In S. meliloti
Rm1021, the endo-1,3-1,4-b-glycanases ExoK and ExsH con-
tribute to production of symbiotically active LMW-EPS I
(Becker et al. 1993). As a novel glucosidase, Smed_5985 might
affect EPS composition in WSM419 and influence infection and
nodule formation in association with M. truncatula A17.
Another protein that might be related to the better symbiotic

performance of WSM419 in M. truncatula is aminocyclopropane-
carboxylate (ACC) deaminase Smed_6456, which was found at

roughly the same level in both WSM419 proteomes. ACC
deaminase degrades ACC, the immediate precursor of ethylene—
a plant growth hormone that controls plant development,
stimulates defense responses that interfere with nodulation,
and inhibits early symbiotic responses such as calcium spik-
ing (Gresshoff et al. 2009; Ma et al. 2003, 2004; Oldroyd
et al. 2001). M. truncatula is more sensitive to ethylene than
M. sativa (alfalfa), the common host for S. meliloti (Smith
and Long 1998), and the presence of an ACC deaminase
might lower ethylene and improve nodulation and nodule
function. In separate work, we have shown that transferring
Smed_6456 to S. meliloti Rm1021 increases M. truncatula
seedling biomass in symbiosis (Ghosh et al. 2021).
A third protein of interest is Smed_3503, a predicted compo-

nent of an extradiol dioxygenase, which also increases the bio-
mass of the Rm1021 symbiosis with M. truncatula compared
with Sm1021 (Ghosh et al. 2021). Smed_3503 is found in all 31
of the S. medicae genome sequences currently available in the
Joint Genome Initiative databases (Chen et al. 2021) but is
found in less than 10% of the other Sinorhizobium isolates.

The proteome and nodule development.
The work presented here examined whole nodules produced

in the Sinorhizobium–Medicago symbiosis, which incorporates
both symbiotic differentiated and nodule-internalized free-living
rhizobia. These are indeterminate nodules, which are character-
ized by a developmental gradient of plant and bacterial cells,
and further work from our laboratory has examined the abun-
dance of proteins and metabolites in various parts of this devel-
opmental gradient (Ogden et. al. 2017). The proteomes
generated in that article are not as complete as those presented
here but, because the proteomes in Ogden et al. (2017) were col-
lected from subnodule fractions, they provide information about
the developmental changes that are associated with symbiotic
specialization.

Conclusions.
We used MS/MS to gain substantially more detailed informa-

tion about the bacterial proteome present in the symbiotic asso-
ciation between M. truncatula A17 and S. medicae strain
WSM419 than was available previously. The availability of the
genome sequence of WSM419 makes this strain an attractive
model to study the Sinorhizobium–Medicago association com-
pared with S. meliloti Rm1021/Rm2011, which forms a less suc-
cessful symbiosis with the model plant M. truncatula A17. We
compared the global bacterial proteomes obtained from whole-
plant nodules and free-living cells. While obtaining the bacterial
free-living and symbiotic proteomes, we also obtained plant
nodule proteomes, which were included without analysis. This
approach gives us the possibility to understand the global meta-
bolic changes that occur in a single plant–bacteria system and
lead to establishment of an effective nitrogen-fixing symbiosis.
The underlying data set provides the basis for further work by
identifying accurate mass tags of proteins likely to be present,
thus enabling more detailed analysis of development in the
system.
In total, 3,215 distinct proteins were identified in free-living

and symbiotic proteomes of S. medicae, approximately half of
all predicted proteins. Of these proteins, 1,361 displayed a strong
lifestyle specialization, 1,131 proteins were similarly represented
in both proteomes, and 723 were found either in one or both of
the proteomes but often at a low enough abundance that they
could not be clearly assigned to any of these classes. Our data indi-
cate an activation of bacterial stress responses in the S. medicae–M.
truncatula symbiosis. We identified a number of lifestyle-specific
proteins that are not present in S. meliloti Rm1021. Under-
standing the roles of these proteins in the interaction
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between WSM419 and M. truncatula might clarify factors
affecting the lower effectiveness of S. meliloti Rm1021 in
the MtA17 symbiosis. Evaluation of the role of some of
these proteins in S. meliloti–M. truncatula symbiosis is
underway.

MATERIALS AND METHODS

Materials.
Urea, dithiothreitol (DTT), ammonia bicarbonate, CaCl2, tri-

fluoroacetic acid (TFA), polyvinylpolypyrrolidone (PVPP), and
a protease inhibitor cocktail for plant cell and tissue extracts
(P9599) were from Sigma (Milwaukee, WI, U.S.A.). Coomassie
and BCA protein assay reagents were from Thermo Scientific
(Rockford, IL, U.S.A.).

Preparation of nodules and roots from the plants
inoculated with S. medicae WSM419.
The plant growth boxes were prepared as follows: Turface

(Profile Products, Buffalo Grove, IL, U.S.A.) was rinsed until
water was clear, then autoclaved. Wet, sterile Turface was
placed into sterile Magenta boxes (Sigma GA-7) with holes in
the bottom covered by a sterile square of filter paper. The boxes
were held in glass casserole dishes, which had been disinfected
with 70% EtOH. Two surface-sterilized M. truncatula A17
seeds were placed in each box just beneath the surface and 1 cm
of nitrogen-free plant nutrient solution (Supplementary Table
S10) (McDermott and Kahn 1992; Yurgel and Kahn 2005) was
added to the casserole dish. The boxes were covered with a
sheet of Saran Wrap to raise humidity and placed in the growth
chamber. After seed germination, the Saran Wrap was removed
and only one seedling was left in each box. The plants were inoc-
ulated with 1 ml of sterile nitrogen-free plant nutrient solution
containing 107 cells of S. medicae strain WSM419 (Reeve et al.
2010) and grown in a growth chamber at 21�C with a cycle of
16 h of light and 8 h of darkness. Sterile nitrogen-free plant nutri-
ent solution was added to the casserole dishes to maintain mois-
ture in the boxes. M. truncatula nodules were harvested 21 days
postinoculation and immediately frozen in liquid nitrogen.

Free-living cell preparation.
S. medicae strain WSM419 was first grown in minimal media

(Somerville and Kahn 1983) supplemented with 0.2% sodium
malate as carbon source and 0.02% sodium glutamine as nitro-
gen source (Min-Malate-Gln) at 30�C with agitation for 48 h.
Then, 20 ml of the culture was added to 1 liter of fresh Min-
Malate-Gln and the cells were grown with agitation in the plant
growth chamber at 21�C. When the culture density reached an
optical density at 600 nm of approximately 1.000, after 5 days
postinoculation (stationary phase), the cells were harvested by
centrifugation and immediately frozen in liquid nitrogen.

Extraction of nodule proteins.
Nodules with three biological replicates were placed into a

clean mortar and pestle which had been prefrozen at −80�C
overnight, followed by the addition of hydrated PVPP (100 mg/g
of plant tissue). Samples were completely frozen with liquid
nitrogen and ground for 2 to 3 min until the liquid nitrogen
had evaporated. Once ground, 300 µl of water containing a
plant proteinase inhibitor cocktail at the concentration recom-
mended by the manufacturer was added to the cold mortar
and frozen immediately. The samples were ground until they
were thawed. The liquid samples were further lysed by bead
beating with 0.1 mm Zirconia/Silica Beads in a Bullet Blender
(Next Advance, Troy, NY, U.S.A.) set at speed 8 for 3 min at
4�C. After bead beating, samples were centrifuged at 4�C for 10
min at 5,000 relative centrifugal force (rcf) to remove PVPP and

debris. A small portion of the supernatant was used for Coomas-
sie assay (Bradford 1976) to measure protein concentration. The
rest of the supernatant was mixed with prechilled (−20�C) chlo-
roform/methanol (2:1, volume ratio) in a 5:1 ratio over sample
volume, placed in ice for 5 min, vortexed briefly, and centri-
fuged at 15,000 rcf for 10 min at 4�C. The protein interlayer
containing the proteins from the plant and bacteroids was dried
for subsequent tryptic digestion, followed by liquid chromatogra-
phy mass spectrometry (LC-MS) analysis.

Extraction of proteins
from the free-living S. medicae WSM419.
Frozen bacterial cells were suspended in NH4HCO3 buffer

(pH 8, 100 mM) and lysed by bead beating (Cao et al. 2012)
with 0.1 mm Zirconia/Silica Beads (Biospec Products) in a Bul-
let Blender set at speed 8 for 3 min at 4�C, followed by centrifu-
gation to remove cell debris. The resulting supernatant was
harvested. The beads were washed once with 200 µl of
NH4HCO3 buffer (pH 8, 100 mM), followed by centrifugation
(Eppendorf Centrifuge 5418; Hauppauge, NY, U.S.A.) at maxi-
mum speed for 5 min. The supernatant was then transferred to
the previous supernatant fraction.

Tryptic digestion.
The resulting proteins were denatured and reduced by adding

urea (8 M) and DTT (5 mM) with incubation at 60�C for 30
min with gentle shaking. Samples were diluted by adding nine
volumes of ammonia bicarbonate buffer (50 mM, pH 7.8), then
digested for 3 h at 37�C with sequencing-grade trypsin (1:50,
wt/wt) (Promega Corp.) in the presence of CaCl2 (1 mM). The
tryptic digest was acidified with diluted TFA (final pH 3 to 4),
followed by passage through C-18 SPE columns (Supelco, St.
Louis) for peptide cleanup according to the manufacturer pro-
tocols.

LC-MS analysis.
To decrease the complexity of the samples introduced into the

mass spectrometer, allowing deeper analysis, high-pH reverse-
phase chromatography (Wang et al. 2011) was used to frac-
tionate the peptides (100 µg) from the nodule or free-living
S. medicae WSM419 into 12 fractions. The tryptic peptides
from each fraction were separated by reversed-phase C18
high-performance liquid chromatography (Nicora et al. 2013).
The separated peptides were detected by a Thermo Fisher Sci-
entific LTQ Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, U.S.A.) coupled with an electrospray
ionization interface using custom-designed etched tips (Kelly
et al. 2006).

Data analysis.
The generated MS/MS spectra were searched using MS-GF+

(Kim and Pevzner 2012) against a protein database that com-
bined the target sequences of 6,415 S. medicae WSM419 pro-
teins (5 February 2008) obtained from UniProt and reversed
sequences. The database also contained 47,529 predicted pro-
teins of M. truncatula (25 August 2010; downloaded from J.
Craig Venter Institute) because plant tissue was also in the sam-
ples we analyzed. Common contaminants were included in the
data analysis pipeline filter. The identified peptides were filtered
by adjusting the MS-GF+ (Kim et al. 2008) cutoff value to
make the false discovery rate less than 1%. Protein assignment
required at least two unique peptide matches and, thus, all pro-
teins we considered valid have a spectral count of at least 2.
Only 17 peptides belonging to eight proteins were found in this
data set that had an ambiguous assignment because of the pres-
ence of the peptide in both plant and bacterial databases. “Count
of peptides” is the number of unique peptides observed for a
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corresponding protein and “Spectral count” refers to the number
of unique peptide-spectrum matches observed for a given pro-
tein. The spectral count data are a semiquantitative measurement
of relative protein abundance, and was normalized followed by
statistical analysis using the inverted b-binomial model (Pham
and Jimenez 2012). Protein levels were considered as signifi-
cantly changed when adjusted P values were less than 0.01 and
when there was an equal to or greater than twofold change in
the normalized spectra counts for the protein observed in the dif-
ferent growth conditions, or the normalized spectral count aver-
aged from three biological replicates was greater than three for
the protein observed in only one growth condition. All statistical
analyses were performed in R (R Core Team 2008).
The pathway analysis of identified proteins was performed by

using the pathway mapping tools in KEGG. COG functional
classification was done based on WSM419 genome annotation
(Reeve et al. 2010).

Genetic techniques.
DNA manipulations were carried out following standard pro-

cedures (Sambrook et al. 1989). The deletion mutants were con-
structed using an insertion and excision strategy (Yurgel and
Kahn 2005), with some modifications. To construct the S. meli-
loti nerA deletion mutant, PCR was used to amplify the two
chromosomal regions (0.5 and 0.6 kb) flanking the regions to be
deleted using primers listed in Supplementary Table S11. To
construct the S. medicae nerA deletion mutant, chromosomal
regions (0.5 and 0.6 kb) flanking the regions to be deleted were
synthesized using Genscript services. The deletions were con-
firmed by PCR using primers located outside of the regions
flanking those used to construct the deletions, as well as primers
located in the deleted regions (Supplementary Table S11).
Zone-of-inhibition assays were performed to measure the sen-

sitivities of strains to hydrogen peroxide. The strains tested were
grown for 2 days in yeast mannitol broth (YMB) prior to the
assay. To make the lawns of bacteria for the assay, 100 ll of
cells was added to 3.5 ml of YMB top agar (0.7% agar, cooled
to 55�C), mixed, then poured on top of a YMB plate. Ten plates
were made for each strain. Whatman number 1 filter paper
disks, 6 mm in diameter, were prepared by using a hole punch,
and sterilized. A 0.5-mg/ml solution of hydrogen peroxide was
prepared and applied to the disks to obtain the following final
hydrogen peroxide concentrations: 30, 6, 1.2, 0.24, and 0.048%.
The disks were aseptically placed on the centers of the pour
plates. The plates were then incubated at 30�C for 3 days, and
the zones of inhibition were measured.
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