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modification, adhesins, proteins classified as MAMPs 
(microbe-associated molecular patterns), such as flagel-
lin and EF-Tu, and several normally cytoplasmic proteins 
as Ndk and glycolytic enzymes, which are known to have 
extracellular “moonlighting” roles in bacteria that interact 
with eukaryotic cells. It is noteworthy that the transmem-
brane ß (1,2) glucan biosynthesis protein NdvB, an essen-
tial symbiotic protein in rhizobia, was found in the R. etli 
naringenin-induced exoproteome. In addition, potential 
binding sites for two nod-gene transcriptional regulators 
(NodD) occurred somewhat more frequently in the pro-
moters of genes encoding naringenin-induced exoproteins 
in comparison to those ofexoproteins found in the control 
condition.

Keywords Rhizobium · Nitrogen Fixation · Proteomics · 
Naringenin

Introduction

Protein excretion by bacteria is a vital component of their 
interaction with the environment and with eucaryotic cells 
reviewed in (Dou and Zhou 2012; Sánchez et  al. 2010; 
Zanotti and Cendron 2014; von Tils et  al. 2012). During 
interactions of the latter kind, proteins excreted by bacte-
ria (exoproteins) include virulence factors and effectors that 
elicit host responses required for the development of the 
interaction, including cytoplasmic or cell surface proteins 
having secondary or “moonlighting” roles when exported 
to the environment (Henderson and Martin 2011) (http://
www.moonlightingproteins.org/moonlighting.php).

Several species of Gram-negative alpha- and beta-pro-
teobacteria, collectively called rhizobia, establish nitro-
gen-fixing symbioses with leguminous plants. Rhizobial 
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proteins localized on the cell surface or exoproteins 
excreted by specific export systems have been shown to 
play important roles in the symbiosis reviewed in (Downie 
2010; Fauvart and Michiels 2008).

The symbiotic signalling cascade begins when flavo-
noids like naringenin diffuse across the rhizobial mem-
branes and activate NodD (Deakin and Broughton 2009; 
Downie 2010), a LysR type regulator that binds to “nod-
box” sequences in the promoters of the nod genes (Feng 
et al. 2003; Poupot et al. 1995). The rhizobial nod factors, 
synthesized by the products of the nod genes, are perceived 
by specific legume receptors whose activation brings about 
plant responses required for rhizobial infection and nodule 
formation (Downie 2010). In addition to controlling Nod-
factor production, NodD also activates genes for produc-
ing symbiotically important protein secretion systems and 
lipopolysaccharides (Deakin and Broughton 2009), while 
other genes are induced by flavonoids in a NodD-independ-
ent manner (Pérez-Montaño et al. 2016a). Furthermore, in 
different rhizobial species other regulatory proteins differ-
ent to NodD controlling nodulation, such as SyrM, and TtsI 
(López-Baena et  al. 2016), suggesting an alternative way 
based on the secretion of effectors through the T3SS; how-
ever, homologous to syrM and ttsI genes is absent in the R. 
etli genome.

Once inside the nodules rhizobia are enveloped in a 
plant-derived symbiosome membrane where, in a meta-
bolically differentiated form called bacteroids, they reduce 
atmospheric nitrogen to ammonium (Udvardi and Poole 
2013).

A study investigating the intracellular proteome induced 
by naringenin in Rhizobium leguminosarum bv. viciae has 
been done (Arrigoni et  al. 2013). In addition, many pro-
teins in the exoproteomes of R leguminosarum bv. viciae 
(Krehenbrink and Downie 2008) and Rhizobium etli CE3 
(Meneses et al. 2010) grown in minimal medium cultures 
have been identified, but little is known about the effect of 
nod-gene inducing flavonoids on the export of proteins by 
free-living rhizobia (Afroz et al. 2013). Exoproteins known 
to be involved in symbiosis include adhesins that function 
in bacterial attachment to roots, enzymes required for the 
modification of surface polysaccharides, and effectors that 
suppress plant defense responses or induce specific sig-
nalling pathways (Downie 2010). The symbiosome space, 
located between the symbiosome membrane and the bacte-
roid outer membrane, contains rhizobial enzymes for gly-
colysis and the tricarboxylic acid (TCA) cycle (Emerich 
and Krishnan 2014). The symbiotic requirement for pro-
tein secretion by rhizobia is also shown by the finding that 
Sinorhizobium meliloti mutants lacking TolC, an exporter 
protein, are unable to fix nitrogen (Cosme et  al. 2008). 
Mutants of S. meliloti in genes encoding proteins predicted 
to be exported to the outer membrane or periplasmic space 

by the twin arginine transport (TAT) system had modest 
symbiotic defects on alfalfa and/or sweet clover (Picker-
ing et  al. 2012). However, deletion of the TAT system in 
R. leguminosarum bv. viciae resulted in nodules that were 
unable to fix nitrogen (Krehenbrink and Downie 2008). 
Mutants of R. leguminosarum bv. viciae lacking the PrsDE 
general secretion system had a reduced ability to fix nitro-
gen (Finnie et al. 1997).

R. etli CE3 establishes a nitrogen-fixing symbiosis with 
bean plants (Phaseolus vulgaris). During growth in mini-
mal medium cultures, strain CE3 develops a fermentative-
like metabolism that in several aspects resembles its metab-
olism during symbiosis, including poly-ß-hydroxybutyrate 
(PHB) accumulation and a decrease or disappearance of 
the activities of several central metabolic enzymes (Encar-
nación et al. 1995, 2003; Dunn et al. 2002). Here, we report 
the first extracellular proteome in R. etli CE3 induced by 
naringenin in minimal medium. The aim of this work was 
to obtain a global view of whether proteins excreted during 
the early phase of the fermentative-like response in R. etli 
would contain a significant portion of symbiotically rele-
vant proteins, and how this response might be altered by the 
presence of the nod-gene inducing flavonoid naringenin.

Methods

Cell culture and preparation of culture supernatants

Rhizobium etli strain CE3 was grown in minimal medium 
as described previously (Encarnación et al. 1995). At mid-
log phase (12 h,  OD540 of 0.5–0.6), naringenin was added 
to a final concentration of 1.5 μM from a 50 mg/ml stock 
solution in ethanol and growth was continued for 12  h at 
30 °C to late-log phase. Control cultures lacking narin-
genin contained ethanol only. Cells were pelleted by cen-
trifugation at 7500×g for 30  min at 4 °C, after which the 
supernatant was recentrifuged at 6500×g for 45  min at 
4 °C. The cell-free supernatant was passed through a 22 µm 
filter, lyophilized to dryness and the samples rehydrated 
with phosphate buffer (7  mM  K2HPO4; 3  mM  KH2PO4; 
0.15 mM NaCl; pH 7.2). Seven hundred fifty µl of extrac-
tion buffer (0.7 M sucrose; 0.5 M Tris–HCl; 30 mM HCl; 
50 mM EDTA; 0.1 M KCl and 40 mM DTT; pH 8.5) was 
then added, followed by incubation for 15 min at 25 °C. The 
samples were then vortexed with an equal volume of phe-
nol for 15 min, the emulsion was centrifuged at 14,000×g 
for 3  min at 4 °C and the phenolic phase recovered. The 
extraction was repeated two more times and proteins in the 
combined phenolic phases were precipitated by adding 5 
volumes of 0.1 M ammonium acetate in methanol. The pre-
cipitate was washed with 1 ml of 80% acetone and solubi-
lized with 50 mM Tris–HCl, pH 8.
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SDS–PAGE and protein digestion

Two technical replicates were done, each using 40 ug of 
total protein mixed with Laemmli buffer (Laemmli UK 
1970), boiled at 95 °C for 5 min and resolved on a 1 mm 
thick 12.5% polyacrylamide gel. Gels were stained with 
Coomassie Brilliant Blue G-250 (Gunasekera et  al. 2012) 
and stored for up to 2 days in 20% (v/v) ethanol at 4 °C. MS 
analysis was done in duplicate on two SDS–PAGE lanes 
for each sample by cutting each gel lane into ten segments. 
Each segment was transferred to a low-binding reagent tube 
(Sarstedt, Nümbrecht, Germany) (Gunasekera et  al. 2012) 
and washed with a 1:1 mixture of 100 mM Tris–HCl (pH 
8.0)/acetonitrile, followed by reduction with 50 mM DTT 
for 30 min at 37 °C. Samples were alkylated with 50 mM 
iodoacetamide for 30  min at 37 °C. Sequencing-grade 
trypsin was added to a final concentration of 10 ng/µl and 
samples were incubated for 5 h at 37 °C. Tryptic fragments 
were extracted with 20 µl of 20% (v/v) formic acid.

Peptide separation by nano-LC-MS/MS

Peptide sequencing was performed on an LTQ XL-Orbit-
rap mass spectrometer (Thermo Fisher Scientific, Bremen, 
Germany) equipped with a Rheos Allegro nano flow sys-
tem with AFM flow splitting (Flux Instruments, Reinach, 
Switzerland) and a nano electrospray ion source operated 
at a voltage of 1.6 kV. Peptide separation was performed on 
a Magic C18 nano column (5 µm, 100 Å, 0.075 × 70 mm) 
using a flow rate of ~400 nl/min and a 60 min linear gradi-
ent of 5 to 40% acetonitrile in  H2O containing 0.1% formic 
acid. Data acquisition was in data dependant mode on the 
top five peaks with an exclusion for 15 s. Survey full scan 
MS spectra were from 300 to 1800  m/z, with resolution 
R = 60,000 at 400 m/z, and fragmentation was achieved by 
collision-induced dissociation with helium gas.

Protein identification and sequence analysis

Mascot generic files (mgf) were created using a pearl 
script with Hardklor software, v1.25 (Michael Hoopmann 
and Michael MacCoss, University of Washington). MS/
MS data (mgf files) were submitted to PHENYX (Geneva 
Bioinformatics) and searched against the Uniprot-Swis-
sProt protein database [Rhizobium_Homo_Tryp_For-
Rev (20100415)]. The process was performed in two 
rounds First search parameters were: parent error toler-
ance 20 ppm; normal cleavage mode with 1 missed cleav-
age, allowed; amino-acid modifications (fixed Cys_CAM, 
variable Oxidation_M); minimal peptide z-score, 5; max p 
value, 0.01; and AC score of 5. Second search parameters 
were: parent error tolerance, 20  ppm; half cleaved mode 
with 4 missed cleavages; allowed amino-acid modifications 

(variable Cys_CAM, variable); Deamid, variable; phos, 
variable; Oxidation_M, variable pyrr; minimal peptide 
z-score, 5; max p value, 0.01. Protein identifications were 
only accepted with a score of 10, meaning when two differ-
ent peptide sequences could be matched.

In silico analysis of NodD-binding sites in genes 
encoding exoproteins

Genes from the order Rhizobiales orthologous to the R. 
etli RHE_PD00275 and RHE_PD00316 nodD genes were 
obtained with the suite of programs in RSA tools [http://
prokaryotes.rsat.eu/ (Thomas-Chollier et  al. 2011)], used 
for defining transcriptional start sites. The list was manually 
curated to eliminate non-symbiotic strains. Sequences from 
−400 + 1 (transcriptional start site) of the genes obtained 
were submitted to the dyad-analysis program in RSA Tools 
to obtain the conserved dyads. Dyads were selected at a 
1 × 10− 4 threshold by scanning the upstream sequences 
of the corresponding orthologs. These matrices were also 
validated by matrix scanning of genes in the NCBI data-
base (http://www.ncbi.nlm.nih.gov/gene/) that are known to 
be involved in Nod-factor synthesis in R. etli CE3 (results 
not shown). These matrices were used in a matrix scan of 
the data from this work and in the R. etli CE3 genome at a 
threshold of 1 × 10−4 and 1 × 10−3.

Potential transcription binding sites for the RHE_
PD00275 and RHE_PD00316 NodD transcriptional regula-
tors were identified in the RSAT suit of programs (http://
embnet.ccg.unam.mx/rsa-tools/) (Thomas-Chollier et  al. 
2011). Orthologous genes in the order Rhizobiales were 
obtained using the RSAT-get-orthologs program. These 
sequences were analyzed for spacing dyads using the 
RSAT-dyad-analysis program to generate a position spe-
cific scoring matrix (PSSM) (Medina-Rivera et  al. 2011). 
Five matrices were obtained and used to run a matrix 
scan on the upstream sequences (−400 + 1) for orthologs 
of RHE_PD00275 at a p value 1e−4 in an RSAT-matrix 
scan quick and simple. Matrices 2 and 3, with sequences 
taGTAAAgtatatatTTTActa and caCGAaagaATCGgt, 
respectively (Figure S2), were specific for promoter RHE_
PD00275 and are hereafter referred to as NodD1_2 and 
NodD1_3, respectively. For the RHE_PD00316 NodD tran-
scriptional regulator, insufficient orthologous genes were 
found within the Rhizobiales order, so a matrix-scan analy-
sis was done with matrices from RHE_PD00275 against 
the genes orthologous to RHE_PD00316 at a p value of 
1e−4. Matrices 1, 4 and 5, corresponding to the sequences 
ggcAAAATcgatTGT TTG ttg, caAACAaacgaTTTTtC-
CAcc and cGcAAA ATC gaTTGtTTGgtg, respectively, 
(Figure S3) were specific for promoter RHE_PD00316 
and are hereafter referred to as NodD2_1, NodD2_4 and 
NodD2_5. These matrices were used for a matrix scan of 

http://prokaryotes.rsat.eu/
http://prokaryotes.rsat.eu/
http://www.ncbi.nlm.nih.gov/gene/
http://embnet.ccg.unam.mx/rsa-tools/
http://embnet.ccg.unam.mx/rsa-tools/
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the upstream sequences (−400 + 1) of known nod-factor 
synthesis genes from R. etli CFN 42 deposited in the NCBI 
data bank (https://www.ncbi.nlm.nih.gov/pmc/) (González 
et al. 2006). Of the 24 genes or operons for R. etli nod fac-
tor synthesis, comprised of a total of 40 genes, 19 gene pro-
moters were detected with a matrix-scan analysis at p val-
ues of 1e−3 and/or 1e−4 (unpublished results). A matrix 
scan was run with these specific matrices for NodD1 and 
NodD2 transcriptional regulators against the upstream 
regions (−400 + 1) at a p value of 1e−4 (Table S3). Bind-
ing sites for NodD1 and NodD2 from R. etli (Table  S3) 
were analyzed in the RSAT-Dyad-analysis program to pro-
duce a graphic of the five most highly representative bind-
ing sites for NodD1 (Figure S2) and NodD2 (Figure S3). 
For NodD1, the ATCG-n4-CGAT consensus binding site 
obtained (Figure S3) is similar to the NodD consensus of 
ATC-n9-GAT from R. leguminosarum (Feng et  al. 2003) 
and Sinorhizobium fredii HH103 (Pérez-Montaño et  al. 
2016b). It should be noted that a third R. etli nodD gene 
transcriptional regulator, RHE_PD00318, having an inter-
genic region of 151 nucleotides, neighbors RHE_PD00319 
as part of an operon. RHE_PD00318 has orthologs in R. 
etli CIAT 652 (uid59115), Rhizobium tropici CIAT 899 
(uid185179 and GCA 000330885.1), which were insuffi-
cient to generate a PSSM.

Results and discussion

General characteristics of the R. etli exoproteome

By the criteria specified in “Methods”, we identified a 
total of 693 proteins in the exoproteomes of R. etli cultures 
grown in the presence or absence of naringenin. The per-
centage of reproducibility for the two replicate experiments 
was 80.6% without naringenin and 73.4% with naringenin.

Proteins found exclusively in the control or naringenin-
treated cultures each comprised about 14.5% of the total 
proteins (101 and 100 proteins, respectively) (Table  1). 
Four hundred ninety-two (71%) of the total proteins were 
produced by both the control and naringenin-treated cul-
tures and are hereafter referred to as “common proteins” 
(S1 Table). For the 693 proteins identified in the exopro-
teomes, the functional classes representing more than 5% 
of the total were proteins with unknown function (18.6%), 
amino-acid transport and metabolism (13.6%), carbo-
hydrate transport and metabolism (10.5%), translation 
(10.0%), energy production (7.9%), post-translational mod-
ification, protein turnover and chaperones (6.8%) and cell 
wall/envelope biogenesis (6.6%) (Table 1 and S1 Table).

Given the importance of flavonoids in the production of 
some symbiotically important proteins in rhizobia (Downie 
2010; Pérez-Montaño et  al. 2016a), we hypothesized that 

a high proportion of exoproteins exclusive to naringenin-
treated cultures (Table 1) would also be present in R. etli 
bacteroids. More than one-third of the exoproteome pro-
teins identified here (Table 1 and Table S1) were also found 
in R. etli bacteroids isolated from bean nodules (Resendis-
Antonio et  al. 2011). Of the exoproteome proteins also 
found in bacteroids, 14% were present in the naringenin-
treated cultures, 9.3% in the control cultures and 77% in 
both cultures. This is similar to the total protein distribution 
found here in cells grown in culture (Table  1; Table  S1), 
indicating that the proportion of exoproteins that are also 
present in bacteroids was not markedly increased by nar-
ingenin. In retrospect, this is perhaps not surprizing, since 
naringenin acts as a signal molecule early in the interaction, 
while the bacteroid proteome was determined in mature 
nodules (Resendis-Antonio et  al. 2011). The major func-
tional categories represented in the 33 proteins common to 
the naringenin-treated culture exoproteome and bacteroids 
were energy production and conversion (21.2%) and amino-
acid transport and metabolism (30.3%), with the other 10 
represented categories each having 3–9% of the total. For 
the bacteroid proteins common with the control culture 
exoproteome, the functional categories for energy produc-
tion and conversion represented 22.7% of the total, lipid 
transport and metabolism 13.6% of the total and the other 
9 categories each representing less than 10% of the total. 
For exoproteome common proteins that were also identified 
in bacteroids, the functional category representations were 
amino-acid transport and metabolism (20.4%), carbohy-
drate transport and metabolism (14.9%), energy production 
and conversion (10.5%), with the other 14 categories each 
representing less than 9%. In general, metabolic and energy 
generating processes were the most represented categories 
in both bacteroids and the exoproteomes of cultured cells.

The mechanism by which proteins arrive at their extra-
cellular location is an essential consideration in evaluating 
bacterial exoproteomes. Proteins present in the R. etli exo-
proteome could result specifically from their secretion by a 
dedicated export system (Downie 2010) or non-specifically 
from cell lysis or leakage of cytoplasmic or periplasmic 
proteins (Krehenbrink and Downie 2008). Of 23 extracel-
lular proteins identified in R. leguminosarum bv. viciae 
3841 culture supernatants, over half were predicted to be 
localized to the periplasm and, because strain 3841 lacks a 
Type II secretion system that secretes periplasmic proteins 
across the outer membrane, these periplasmic proteins were 
proposed to have arisen mostly from non-specific leakage 
(Krehenbrink and Downie 2008). The same phenomenon 
could explain the presence of some of the periplasmic pro-
teins, such as substrate binding proteins, in the R. etli exo-
proteome. However, in comparison to R. leguminosarum, 
lower percentages of periplasmic proteins were found in 
the exoproteomes of R. etli naringenin-treated, control or 

https://www.ncbi.nlm.nih.gov/pmc/
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Table 1  Exoproteome proteins differentially expressed in R. etli CE3 cultures grown with or without naringenin

Functional category and protein name (abbreviation)a Accession number

Energy production
 Alcohol dehydrogenase RHE_CH02884
 Aldehyde dehydrogenase RHE_CH03161*
 Aldehyde dehydrogenase RHE_CH03723*
 Cytochrome-c-556 signal peptide (CycF)S RHE_CH01214
 F0F1 ATP synthase α subunit (AtpA) RHE_CH03872*
 Malic enzyme,  NAD+-dependent (Dme) RHE_CH02355*

 Malic enzyme, NADP+-dependent (Tme)  RHE_CH00389*
 Methylmalonate-semialdehyde dehydrogenase (acylating) (IolA) RHE_CH00731*
 Phosphoglyceromutase (GpmA) RHE_CH00169*
 Potassium channel, voltage-gated, ß subunit RHE_CH01950*
 Proline /pyrroline-5-carboxylate dehydrogenase (PutA) RHE_PF00384
 Quinone oxidoreductase (Qor) RHE_CH02080*
 S-(hydroxymethyl)glutathione dehydrogenase (AdhCch) RHE_CH02227*
 Ubiquinol-cytochrome-c reductase, iron-sulfur subunit (FbcF)T RHE_CH03038*

Amino-acid transport and metabolism
 2-Isopropylmalate synthase (LeuA2) RHE_CH03067*
 3-Isopropylmalate dehydrogenase (LeuB) RHE_CH04093*
 3-Phosphoshikimate 1-carboxyvinyltransferase (AroA) RHE_CH00884*
 Acetyltransferase RHE_CH00949
 Amino-acid ABC transporter substrate-binding protein RHE_CH01465
 Amino-acid ABC transporter substrate-binding  proteinS RHE_PF00162
 Argininosuccinate lyase (ArgH) RHE_CH03796
 Argininosuccinate synthase (ArgG2) RHE_CH03924
 Arylesterase RHE_CH01936
 Aspartate kinase (LysC) RHE_CH03758
 Chorismate synthase (AroC) RHE_CH00935
 Cysteine desulfurase RHE_CH02249*
 Dihydrodipicolinate synthase (DapAf1) RHE_PF00094
 Dihydrodipicolinate synthetase RHE_PC00042
 Dihydroxy-acid dehydratase (IlvDch2) RHE_CH03160*
 Dipeptide ABC transporter substrate-binding protein (DppA)S RHE_PF00239
 Glutamate dehydrogenase, NAD-specific RHE_CH04105*
 Glutamate synthase large subunit (GltB) RHE_CH03566
 Glycine cleavage system protein H (GcvH) RHE_CH02242
 Glycine dehydrogenase (GcvP) RHE_CH02243
 GTP cyclohydrolase/3,4-dihydroxy-2-butanone 4-phosphate synthase, bifunctional (RibA) RHE_CH00934
 Homoserine dehydrogenase (ThrA) RHE_CH01878*
 Imidazole glycerol phosphate synthase subunit (HisH) RHE_CH00045
 Imidazoleglycerol-phosphate dehydratase (HisB) RHE_CH00047
 Leucyl aminopeptidase (PepA) RHE_CH01456

 N-methylhydantoinase (ATP-hydrolyzing) 5-oxoprolinase RHE_PE00300*
 Oligoendopeptidase F (PepF) RHE_CH03549*
 Peptide ABC transporter, substrate-binding proteinS RHE_CH00175*
 Protease II (PtrB) RHE_CH01226*
 Sarcosine dehydrogenase RHE_PE00084
 Tryptophan synthase ß subunit (TrpB) RHE_CH00021*
 Zn2+-dependent protease (TldD) RHE_CH00950*

Carbohydrate transport and metabolism
 6-Phosphogluconate dehydrogenase (Gnd) RHE_CH02468*
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Table 1  (continued)

Functional category and protein name (abbreviation)a Accession number

 6-Phosphogluconate dehydrogenase-like protein RHE_CH03488
 Aldose-1-epimerase (GalM) RHE_CH04034
 C4-dicarboxylate ABC transporter substrate-binding  proteinS RHE_PF00068
 C4-dicarboxylate transport system, substrate-binding  proteinS RHE_PC00213
 Chitooligosaccharide deacetylase RHE_CH03142
 D-Ribose ABC transporter substrate-binding  proteinS RHE_PF00217
 Epimerase RHE_PF00382
 Glucose dehydrogenase  BS RHE_CH03002
 Keto-hydroxyglutarate-aldolase/keto-deoxy-phosphogluconate aldolase (Eda) RHE_CH03635
 Monophosphatase RHE_CH03573
 Ribose ABC transporter, substrate-binding protein (RbsBch2)S RHE_CH01787
 ß-1, 2-Glucan production transmembrane protein (NdvB)T RHE_CH03997*
 Sugar ABC transporter substrate-binding protein RHE_PE00100
 Sugar ABC transporter substrate-binding proteinS RHE_PC00149
 Sugar ABC transporter substrate-binding  proteinS RHE_PB00150
 Sugar ABC transporter substrate-binding  proteinS RHE_PF00374*
 Sugar ABC transporter sugar-binding  proteinS RHE_PE00245
 Sugar ABC transporter, substrate-binding  proteinS RHE_CH01210
 Sugar ABC transporter, substrate-binding  proteinS RHE_CH02068
 Sugar ABC transporter, substrate-binding  proteinS RHE_CH02361
 Sugar ABC transporter, substrate-binding  proteinS RHE_CH03844
 Sugar kinase RHE_CH00135*
 Xylose ABC transporter, permease (GguB)T RHE_CH03163

Lipid metabolism
 3-Oxoacyl-(acyl-carrier protein) synthase I (FabB) RHE_CH00108*
 3-Oxoacyl-(acyl-carrier protein) synthase II (FabF1) RHE_CH01445
 3-Oxoacyl-(acyl-carrier protein) reductase RHE_CH01048*
 Enoyl-(acyl-carrier protein) reductase (FabI1) RHE_CH00109*
 Enoyl-CoA hydratase RHE_CH03034
 Esterase lipase thioesterase family protein RHE_CH01714

Nucleotide metabolism
 Adenine phosphoribosyltransferase (Apt) RHE_CH03035

Coenzyme metabolism
 CTP synthetase (PyrG) RHE_CH02184
 Glutamate-cysteine ligase (Gsh) RHE_CH00803
 Hypoxanthine phosphoribosyltransferase (Hpt) RHE_CH03800
 NAD synthetase (NadE) RHE_CH01195*
 Phosphoribosylaminoimidazole/carboxamide IMP cyclohydrolase formyltransferase, bifunctional (PurH) RHE_CH04107*
 Phosphoribosylformylglycinamidine synthase subunit (PurS) RHE_CH02279
 Ribose-phosphate pyrophosphokinase (PrsAch) RHE_CH03023*
 Phosphomethylpyrimidine synthase (ThiC) RHE_PB00082
 Thiamine-phosphate pyrophosphorylase (ThiE) RHE_PB00079
 Uracil phosphoribosyltransferase (Upp) RHE_CH00196

Inorganic ion transport and metabolism
 Aliphatic sulfonate ABC transporter substrate-binding  proteinS RHE_PC00167*
 Carbonic anhydrase RHE_PD00192
 Ferric uptake regulation protein (Fur) RHE_CH00378
 Taurine uptake ABC transporter substrate-binding protein (TauA)S RHE_PC00019*
 Zinc uptake ABC transporter, ATP-binding protein (ZnuC) RHE_CH02711

Replication and repair
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Table 1  (continued)

Functional category and protein name (abbreviation)a Accession number

 DNA helicase, ATP-dependent (MgpS) RHE_CH04022*
 DNA polymerase I (PolA) RHE_CH00151*
 DNA topoisomerase I (TopA) RHE_CH01638
 Integration host factor α subunit (IhfA) RHE_CH01533
 Integration host factor ß subunit (IhfB) RHE_CH00399
 Recombinase A (RecA) RHE_CH02323
 Transcription-repair coupling factor (TRCF) protein (Mfd) RHE_CH02095

Cell cycle control
 ATP-binding protein (Mrp protein-like) RHE_CH00859

TRANSLATION
 7-Cyano-7-deazaguanine reductase (QueF) RHE_CH03071
 30S ribosomal protein S12 (RpsL) RHE_CH01670
 30S ribosomal protein S20 (RpsT) RHE_CH00357*
 50S ribosomal protein L1 (RplA) RHE_CH01664*
 50S ribosomal protein L28 (RpmB) RHE_CH03816*
 50 S ribosomal protein L7 L12 (RplL) RHE_CH01666*
 Acetyltransferase RHE_CH02834
 Arginyl-tRNA synthetase (ArgS) RHE_CH01818*
 Histidyl-tRNA synthetase (HisS) RHE_CH00821*
 Ribonuclease PH (Rph) RHE_CH00363
 Ribosomal RNA small subunit methyltransferase H (RsmH) RHE_CH02855
 Seryl-tRNA synthetase (SerS) RHE_CH01826*

TRANSCRIPTION
 Cold shock protein (CspA4) RHE_CH02568
 MarF family transcriptional regulator RHE_CH03623
 N utilization substance protein B homolog (NusB) RHE_CH01526
 RNA polymerase sigma factor (RpoD) RHE_CH02950
 Transcription termination/antitermination protein (NusA) RHE_CH00118*

SECONDARY STRUCTURE
 2-Hydroxyhepta-2,4-diene-1,7-dioate isomerase/5-carboxymethyl-2-oxo-hex-3-ene-1,7-dioatedecarboxylase RHE_CH00016
 Fumarylpyruvate hydrolase RHE_CH02701

Post-translational modification, protein turnover, chaperone functions
 10 kDa chaperonin (GroESch2) RHE_CH01238
 60 kDa chaperonin 2 (GroL2) RHE_CH01239
 60 kDa chaperonin 3 (GroL3) RHE_CH01271
 ATP-dependent Clp protease, ATP-binding subunit (ClpA) RHE_CH01907
 Chaperone protein DnaJ (DnaJ1) RHE_CH00144
 Glutaredoxin (GrlA) RHE_CH02304
 Glutathione peroxidase (BtuE) RHE_CH01597*
 Heat shock protein (GrpE) RHE_CH00365*
 Membrane protease  subunitT RHE_CH03557
 Molecular chaperone small heat shock protein (Hsp) RHE_CH00367
 Nitrogen fixation protein (NifUch1) RHE_CH00381
 RNA-binding protein (Hfq) RHE_CH01954
 Urease accessory protein (UreE) RHE_CH03302

Signal transduction
 cAMP-dependent kinase RHE_CH03969
 Serine protein kinase RHE_CH02817*
 Two-component response regulator RHE_CH03010
 Two-component response regulator, putative RHE_CH03968*



744 Arch Microbiol (2017) 199:737–755

1 3

Table 1  (continued)

Functional category and protein name (abbreviation)a Accession number

Cell wall/membrane/ envelope biogenesis
 2-Dehydro-3-deoxyphosphooctonate aldolase (KdsA) RHE_CH01930
 Glycoside hydrolase (Lyc)S RHE_CH02868
 GlycosyltransferaseT RHE_CH01319
 Ketal pyruvate transferase (PssM) RHE_CH03215
 LPS-assembly protein (LptD)S RHE_CH01452*
 Outer membrane lipoproteinS RHE_PF00471
 Penicillin binding peptidoglycan synthetase (MrcA)T RHE_CH01647
 Polysaccharidase (PlyA1) RHE_CH02605
 UDP-N-acetylglucosamine 1-carboxyvinyltransferase (MurA) RHE_CH00579*
 UDP-N-acetylmuramoyl-l-alanyl-d-glutamyl-l-lysyl-d-alanyl-d-alanine synthetase (MurF) RHE_CH02851
 undecaprenyldiphospho-muramoylpentapeptide beta-N-acetylglucosaminyltransferase (MurG) RHE_CH02847

Intracellular trafficking and secretion
 Translocase subunit SecY, preprotein (SecY)T RHE_CH01695b

Cell motility
 Chemotaxis motility protein (MotD) RHE_CH00676

Defence mechanisms
 ß-lactamase (Bla) RHE_CH01220
 Glutathione-dependent formaldehyde-activating enzyme (Gfa) RHE_PF00400

General function prediction only
 Chloride peroxidase RHE_CH02571*

Hydrolase RHE_CH00996
 Oxidoreductase RHE_CH02455
 Oxidoreductase RHE_CH03925*

UNKNOWN FUNCTION PROTEINS
 Unknown function proteinS RHE_CH00136
 Unknown function proteinS RHE_CH00304
 Unknown function proteinS RHE_CH00874
 Unknown function protein RHE_CH00940
 Uncharacterized protein RHE_CH01015
 Unknown function protein RHE_CH01383*
 Unknown function protein RHE_CH01421
 Unknown function proteinS RHE_CH01650
 Unknown function protein RHE_CH02276
 Unknown function protein RHE_CH02902
 Unknown function protein RHE_CH03019
 Unknown function proteinS RHE_CH03022
 Unknown function protein RHE_CH03336
 Unknown function proteinT RHE_CH03343
 Probable transcriptional regulatory protein RHE_CH03475*
 Unknown function proteinT RHE_CH03513
 Unknown function protein RHE_CH03724
 Unknown function protein RHE_CH03880
 Unknown function protein RHE_CH03908
 Unknown function protein RHE_PB00156*
 Unknown function protein RHE_PE00139
 Unknown function protein RHE_PE00320
 Unknown function proteinS RHE_PF00470
 Unknown function  proteinS RHE_CH00050
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both cultures (19, 43 and 35% of the totals, respectively). 
In addition, since R. etli encodes components of a Type II 
secretion system, it might specifically export some of these 
proteins.

Gram-negative bacterial proteins with N-terminal signal 
peptides may be destined for incorporation into the cyto-
plasmic or outer membrane, transport to the periplasm or 
export from the cell. Just over 27% of the 693 exoproteins 
identified in this study have signal peptides, less than 5% 
contain transmembrane domains indicative of a membrane 
localization (Table  1 and S1 and S2 Tables), while the 
remainder could result from leakage/cell lysis or secretion 
by non-classical pathways. To assess if cytosolic proteins 
originating from cell lysis contaminated the secretome, in 
this and our previous work (Meneses et al. 2010), we com-
pared two-dimensional gel protein patterns obtained from 
the exoproteome with those of chemically lysed cells. In 
both cases, we observed substantial differences in the pro-
tein patterns and found that many proteins present at high 

levels in the lysed cell samples were absent from the exo-
proteome (Meneses et al. 2010) and (Fig. S1). From these 
data, we conclude that protein leakage or cell lysis is not 
major sources of the exoproteins found in the present work. 
We note that significantly fewer proteins with signal pep-
tides were present in the exoproteins from the naringenin-
treated cultures (10%) versus the control culture and com-
mon exoproteins (24.8 and 30.9%, respectively). The 
proportion of exoproteins with transmembrane domains in 
these categories were 6, 4, and 4.7%, respectively.

The previous proteomic analysis in Escherichia coli and 
Mycobacterium tuberculosis revealed that ribosomal and 
Ef-Tu proteins were also found in cell wall and membrane 
compartments (McBroom and Kuehn 2007; Mawuenyega 
et  al. 2005), suggesting that these proteins are secreted 
through outer membrane vesicles (OMV). We suggest that 
in R. etli CE3, similar export mechanisms might be oper-
ating to allow the export of cytoplasmic, periplasmic, and 
OMV proteins.

Table 1  (continued)

Functional category and protein name (abbreviation)a Accession number

 Ribosome maturation factor (RimP) RHE_CH00119
 Nucleoid-associated protein RHE_CH00125
 Unknown function protein RHE_CH00721
 Unknown function protein RHE_CH01051
 Unknown function  proteinT RHE_CH01405
 Unknown function protein RHE_CH01447
 Unknown function protein RHE_CH01833
 Unknown function protein RHE_CH01886
 Unknown function protein RHE_CH02191
 Unknown function  proteinS RHE_CH02285
 Unknown function  proteinS RHE_CH02333
 Unknown function protein RHE_CH02379b

 Unknown function protein RHE_CH02456*
 Unknown function protein RHE_CH03460
 Unknown function protein RHE_CH03509
 Unknown function protein RHE_CH03634*
 Unknown function protein RHE_CH03813
 Unknown function protein RHE_CH03906*
 Unknown function  proteinS RHE_PD00276
 Unknown function  proteinS RHE_PE00018
 Unknown function  proteinS RHE_PE00163
 Unknown function  proteinS RHE_CH00851*

Protein names in bold face indicate those found exclusively in naringenin-treated cultures and proteins in normal font those found only in control 
cultures. Protein accession numbers in italic face indicate proteins also found in our previous study of the R. etli exoproteome (Meneses et al. 
2010) and in the R. leguminosarum bv. viciae exoproteome (Krehenbrink and Downie 2008). Protein accession numbers marked with asterisk 
were also found in R. etli bacteroids (Resendis-Antonio et al. 2011)
a Annotation from the Rhizobase or UniProtKB databases, also indicating the presence of signal peptide (superscript S) and transmembrane 
(superscript T) domains. Additional information on the majority of the hypothetical proteins is provided in Table S2, Supplemental material
b The GEP secretion system is predicted to export the protein based on data for R. leguminosarum bv. viciae secretome orthologs (Krehenbrink 
and Downie 2008)
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In silico analysis of NodD-binding sites in genes 
encoding exoproteins

To determine the potential for NodD-dependent regula-
tion of the expression of genes encoding exoproteins, we 
searched for possible binding sites for two NodD transcrip-
tional regulators, NodD1 (RHE_PD00275) and NodD2 
(RHE_PD00316) in the nucleotide regions upstream of pre-
dicted Open Reading Frames (ORFs) in the R. etli genome 
(see “Methods”). With a matrix scan threshold of 1 × 10−4, 
we found 391 and 385 genes in the genome with a hypo-
thetical binding site for NodD1 or NodD2, respectively 
(results not shown). These included genes encoding 17% 
of the naringenin-induced exoproteins, suggesting that their 
transcription may be controlled by NodD. However, we also 
found that 11% of genes encoding control culture proteins 
possessed these sites. Among the common exoproteins, 
16% of the encoding genes had potential NodD1 and/or 
NodD2-binding sites (Table 2). Thus, genes with NodD1- 
and/or NodD2-binding sites are found in genes encoding 
proteins that are secreted in the presence or absence of nar-
ingenin, which suggests that naringenin regulates metabolic 
genes in addition to the nod genes. This supposition agrees 
with the flavonoid-induced metabolic proteins found in R. 
leguminosarum (Tolin et  al. 2013) and B. japonicum (Da 
Silva Batista and Hungria 2012). The expression of the 
naringenin-induced metabolic genes in R. etli is likely also 
controlled by additional regulators. We found that nod fac-
tors were not produced in minimal medium in the absence 
of naringenin (unpublished data), and no other role for 
NodD apart from Nod-factor synthesis has been suggested 
in R. etli CE3. The results of our analysis of specific exo-
proteins are discussed in the following sections.

Proteins present in the exoproteomes 
of both naringenin-treated and control cultures

The R. etli exoproteins found in both naringenin-treated 
and control cultures (referred to here as “common pro-
teins”) that are probably specifically exported or present 
on the cell surface include PlyA2, an ortholog of the R. 
leguminosarum bv. viciae PlyB. PlyB is a ß-(1,4) gly-
canase that degrades R. leguminosarum EPS and also 
carboxymethylcellulose, the latter being an analog of 
plant cell wall cellulose (Johnsen and Krause 2014). R. 
leguminosarum plyB null mutants produce EPS with sig-
nificantly higher molecular mass in comparison to the 
wild type and form less biofilm, but are not affected in 
symbiosis (Finnie et  al. 1998; Russo et  al. 2006; Zor-
reguieta et al. 2000). Cellulase activity is associated with 
the capsular polysaccharide layer of several rhizobia, 
including R. leguminosarum biovars trifolii and phaseoli, 

although whether these derive from PlyB-like enzymes 
has not been determined (Pérez-Montaño et  al. 2016a; 
Mateos et  al. 1992; Morales et  al. 1984). Four Rhizo-
bium-adhering proteins (Rap), which are cell surface 
proteins involved in autoaggregation and binding to host 
cell roots (Downie 2010; Mongiardini et al. 2008), were 
among the R. etli common proteins (S1 Table). While 
a role for the R. etli Rap proteins in root attachment 
remains to be demonstrated, these proteins could partici-
pate in the pronounced autoaggregation that occurs when 
strain CE3 cultures are grown in MM (Encarnación et al. 
1995). Rhizobium outer membrane (Rop) proteins are 
major components of the outer membrane of some rhizo-
bia (Foreman et  al. 2010). Two RopB orthologs were 
present in the R. etli common exoproteome. In S. meliloti 
and R. leguminosarum bv. viciae, RopB mutants are more 
sensitive to detergents, hyperosmotic conditions, and low 
pH, indicating a role for RopB in maintaining membrane 
stability (Campbell et al. 2003; Foreman et al. 2010). Fla-
vonoids can have a positive influence or negative influ-
ence on EPS production in different rhizobia (Janczarek 
2011), but we did not find proteins involved in EPS syn-
thesis that were exclusive to either the naringenin-treated 
or control culture exoproteomes. Because R. etli CE3 pro-
duces acidic EPS when grown in minimal medium (M. F. 
Dunn, unpublished observations), the presence of numer-
ous proteins for EPS synthesis and modification in the 
common exoproteome was expected. The transcriptional 
regulators AniA and RosR are involved in controlling 
EPS synthesis in R. etli (Bittinger and Handelsman 2000; 
Encarnación et al. 2002) and were present in the common 
exoproteome (Table Sl).

Rhizobiocin (RzcA) is a rhizobial bacterocin present 
in the R. etli common exoproteome. In R. leguminosarum 
bv. viciae, bacteriocins of the RzcA type inhibit the 
growth of selected R. leguminosarum strains and nodula-
tion competition tests show that RzcA is a determinant of 
nodulation competitiveness (Encarnación et al. 2002).

Orthologs of some of the presumably cytoplasmic 
proteins present in the R. etli common exoproteome (S1 
Table) are known to have extracellular “moonlighting” 
roles in the interaction of various microbial pathogens 
with their hosts, where exported metabolic proteins can 
promote, invasion, and/or adherence to host cells (Hen-
derson and Martin 2011). Given the significant similari-
ties between the interaction of plant and animal patho-
gens with their hosts and the mutualistic symbiosis 
formed between rhizobia and legumes (Tóth and Stacey 
2015; Soto et  al. 2006), it is reasonable to suspect that 
some of the R. etli exoproteins described above could be 
playing moonlighting roles. This hypothesis remains to 
be tested.
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Table 2  R. etli CE3 exoproteome proteins whose encoding genes contain potential NodD-binding sites in their promoter regions

Not COG Accession Exoproteome with 
protein  producta

Binding site 
present in gene 
promoter

Unknown function protein RHE_CH03513 Naringenin NodD1
Unknown function protein RHE_CH01015 Naringenin NodD2
Unknown function protein RHE_CH00851 Both NodD1, NodD2
Polysaccharidase PlyA1 RHE_CH02605 Naringenin NodD1
Porin Out RopAch1 RHE_CH01349 Both NodD2
Porin Out RopAch2 RHE_CH02437 Both NodD1, NodD2
Unknown function protein RHE_CH00721 Control NodD2
Unknown function protein RHE_CH03336 Naringenin NodD2
ENERGY PRODUCTION AND CONVERSION
 2-Oxoglutarate dehydrogenase E1 component SucA RHE_CH03888 Both NodD1
 Bifunctional proline dehydrogenase/pyrroline-5-carboxylate dehydrogenase PutA RHE_PF00384 Naringenin NodD2
 Dihydrolipoamide dehydrogenase LpdAch1 RHE_CH01938 Both NodD1, NodD2
 Dihydrolipoamide dehydrogenase LpdAch2 RHE_CH03882 Both NodD1
 NADH dehydrogenase subunit G  NuoG1 RHE_CH01611 Both NodD2
 Phosphoenolpyruvate carboxykinase PckA RHE_CH00037 Both NodD1, NodD2
 Pyruvate carboxylase Pyc RHE_CH04002 Both NodD1, NodD2

Amino-acid transport and metabolism
 2-Isopropylmalate synthase LeuA2 RHE_CH03067 Naringenin NodD2
 Amino-acid ABC transporter, substrate-binding protein BraC1 RHE_CH03093 Both NodD1, NodD2
 Amino-acid ABC transporter, substrate-binding protein BraC2 RHE_CH03321 Both NodD1, NodD2
 Aspartate aminotransferase AatAch RHE_CH02998 Both NodD1, NodD2
 Branched-chain amino-acid ABC transporter, substrate-binding protein RHE_CH03445 Both NodD1, NodD2
 Chorismate synthase AroC RHE_CH00935 Naringenin NodD2

Cysteine synthase A CysK2 RHE_CH01775 Both NodD1, NodD2
 Cysteine synthase CysK1 RHE_CH00325 Both NodD1, NodD2
 NAD-specific glutamate Dehydrogenase RHE_CH04105 Naringenin NodD2
 Peptide ABC transporter, substrate-binding protein RHE_CH00175 Naringenin NodD1
 Xaa-Pro dipeptidase RHE_CH03021 Both NodD1, NodD2

Carbohydrate transport and metabolism
 Glyceraldehyde 3-phosphate dehydrogenase Gap RHE_CH03496 Both NodD1
 Glycogen phosphorylase GlgP RHE_CH03593 Both NodD1, NodD2
 sn-glycerol-3-phosphate ABC transporter substrate-binding protein UgpBc RHE_PC00078 Both NodD1, NodD2
 Sugar ABC transporter substrate-binding protein RHE_PF00217 Control NodD1
 Sugar ABC transporter substrate-binding protein RHE_PF00374 Control NodD1

Coenzyme transport and metabolism
 Glutamate-cysteine ligase Gsh RHE_CH00803 Naringenin NodD2
 S-Adenosylmethionine synthetase MetK RHE_CH00370 Both NodD1, NodD2

Lipid transport and metabolism
 3-Hydroxybutyryl-CoA Dehydrogenase HbdA RHE_CH03794 Both NodD1, NodD2

Translation ribosomal structure and biogenesis
 30S ribosmal protein S3 RpsC RHE_CH01681 Both NodD2
 30S ribosomal protein S16 RpsP RHE_CH03959 Both NodD1, NodD2
 30S ribosomal protein S4 RpsD RHE_CH02312 Both NodD1
 50S ribosomal protein L19 RplS RHE_CH03962 Both NodD1, NodD2
 50S ribosomal protein L25/general stress protein Ctc RplY RHE_CH03025 Both NodD2
 50S ribosomal protein L28 RpmB RHE_CH03816 Control NodD1
 Elongation factor G FusA2 RHE_CH01672 Both NodD2
 Elongation factor Tu TufB RHE_CH01658 Both NodD1
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MAMPs proteins identified in naringenin-treated 
and control cultures

Studies on MAMPs (microbe-associated molecular pat-
terns) and their perception by plants have been largely 
carried out with phytopathogenic microorganisms (Aslam 

et al. 2009). These analyses revealed that plants have per-
ception systems for different bacterial MAMPs, includ-
ing elongation factor Tu (EF-Tu), lipopolysaccharides, 
and flagellin (Gómez-Gómez and Boller 2000; Silipo 
et al. 2005; Zipfel et al. 2006). Plant reactions to MAMPs 
include promoting  Ca2+ influx across the membrane, 

Table 2  (continued)

Not COG Accession Exoproteome with 
protein  producta

Binding site 
present in gene 
promoter

 Phenylalanyl-tRNA synthetase subunit beta PheT RHE_CH00264 Both NodD1, NodD2
 Polynucleotide phosphorylase/polyadenylase Pnp RHE_CH00111 Both NodD1

TRANSCRIPTION
 Cold shock protein CspA4 RHE_CH02568 Control NodD2
 DNA-directed RNA polymerase subunit beta RpoB RHE_CH01667 Both NodD2
 DNA-directed RNA polymerase subunit beta’ RpoC RHE_CH01668 Both NodD1

Replication, recombination and repair
 DNA gyrase subunit A GyrA RHE_CH02110 Both NodD1
 DNA topoisomerase I topA RHE_CH01638 Control NodD1

Cell wall/envelope biogenesis
 Exopolysaccharide export protein PssN RHE_CH03235 Both NodD1, NodD2
 Exopolysaccharide polymerization protein PssP RHE_CH03233 Both NodD1, NodD2
 Mannose-1-phosphate guanylyltransferase (GDP) protein NoeJ RHE_CH03244 Both NodD1
 Polysaccharide export system protein RHE_CH01561 Both NodD1, NodD2
 Symbiotically induced surface protein RHE_PE00373 Both NodD1, NodD2
 UTP-glucose-1-phosphate uridylyltransferase ExoN RHE_CH03561 Both NodD1, NodD2

Post-translational modification, protein turnover, chaperones
 Membrane protease subunit protein RHE_CH03557 Control NodD2
 Thioredoxin protein TrxA1 RHE_CH00025 Both NodD1, NodD2

Inorganic ion transport and metabolism
 Taurine uptake ABC transporter substrate-binding protein TauA RHE_PC00019 Control NodD1
 Zinc uptake ABC transporter, ATP-binding protein ZnuC RHE_CH02711 Naringenin NodD1

General function prediction only
 Chloride peroxidase RHE_CH02571 Naringenin NodD1
 Unknown function protein RHE_PB00156 Naringenin NodD1
 RNA-binding protein Hfq RHE_CH01954 Control NodD2

Function unknown
 Unknown function protein RHE_CH01383 Naringenin NodD1
 Unknown function protein RHE_PF00470 Naringenin NodD1
 Unknown function protein RHE_PE00320 Naringenin NodD1
 Unknown function protein RHE_CH03509 Control NodD2
 Unknown function protein RHE_CH03460 Control NodD2

Signal transduction mechanisms
 General l-amino-acid ABC transporter, substrate-binding protein AapJ RHE_CH01898 Both NodD2
 Serine protein kinase RHE_CH02817 Naringenin NodD1
 Two-component response regulator TcrX RHE_CH03275 Both NodD1, NodD2

Intracellular trafficking, secretion, and vesicular transport
 ATP-dependent Clp protease proteolytic subunit Clp3 RHE_CH03069 Both NodD1
 Bifunctional preprotein translocase subunit SecD/SecF SecD1 RHE_CH00631 Both NodD1
 Inner membrane protein translocase component YidC RHE_CH00437 Both NodD1

a Control, culture without naringenin; Naringenin, culture with naringenin; both, present in both Control and Naringenin cultures
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induction of an oxidative burst, activation of calcium-
dependent protein kinases and mitogen-activated protein 
kinase (MAPK) cascades, and the induction of defence-
related genes (Aslam et  al. 2009; Gómez-Gómez and 
Boller 2000). Interestingly, several of these responses 
occur in the epidermal cells of legume roots following the 
application of nod factors (Soto et al. 2009). In our analy-
sis, we identified FlgD, FlgG, FlgEch, FlgLch (flagellin), 
FlaCe, FlaCch1, FlaCch2, FlaCch3, FlaCch4, FlaCch5, 
and EF-Tu proteins, which could potentially elicit one or 
more of the plant responses, described above. Flagellar 
proteins are often identified in extracellular proteomes, 
since flagella is easily disrupted from the cell surface 
(Süss et al. 2006), accounting for its presence in the exo-
proteomes of many bacteria, including R. leguminosarum 
bv. viciae (Krehenbrink and Downie 2008) and R. etli 
(Meneses et  al. 2010) (S1 Table). In C. jejuni, however, 
these proteins are exported by the flagellar system and 
flaC null mutants show a significantly reduced level for 
the invasion of human cells (Song et  al. 2004). In plant 
pathogens, flagellin, or the flg22 peptide derived from it, 
acts as an elicitor of host defense responses in a manner 
similar to that described for EF-Tu (Aslam et  al. 2009; 
Zipfel et  al. 2006). However, in rhizobia, the flg22 pep-
tide is not conserved and has not been reported to elicit 
defense reactions. EF-Tu participates in translation in the 
bacterial cytoplasm but is commonly found in the exopro-
teomes of microbial pathogens (Cafardi et al. 2013; Jain 
et  al. 2014; Kazemi-Pour et  al. 2004; Wang et  al. 2016; 
Zipfel et al. 2006), such as Xanthomonas campestris pv. 
campestris, where it affects calcium cycling and elicits 
defense responses in Arabidopsis (Aslam et  al. 2009). 
In addition, EF-Tu plays an important role in cell shape 
maintenance in Bacillus subtilis and in the localization of 
MreB, an actin ortholog (Defeu Soufo et al. 2010).

Nucleoside diphosphate kinase (Ndk) is a cytoplasmic 
metabolic enzyme that, when secreted, is used by some 
pathogens to modulate extracellular ATP levels (Dar et al. 
2011; Cao et al. 2014; Tanaka et al. 2010). In comparison 
to its intracellular levels in R. etli CE3 aerobic cultures, 
Ndk is downregulated and present at comparatively low 
levels during fermentative-like metabolism (Encarnación 
et  al. 2003), although we do not know if this decrease 
results from reduced synthesis and/or increased degrada-
tion, or from its export. Ndk is also present in the exo-
proteome of R. leguminosarum bv. viciae, which appears 
to use a Type I general secretion system for its export 
(Krehenbrink and Downie 2008). In P. aeruginosa, 
Ndk secretion requires the C-terminal sequence DTEV 
(Kamath et  al. 2000), and a similar sequence (DTEI) is 
present in the Ndks of both R. leguminosarum bv. viciae 
(Krehenbrink and Downie 2008) and R. etli.

Stress-related proteins shared in both culture 
conditions tested

Rhizobia use a variety of stress resistance mechanisms to 
contend with the adverse environments encountered in the 
soil and during infection (Fiebig et al. 2015; Zahran 1999). 
Several stress-related proteins were found in the R. etli 
common exoproteome, including chaperones, glutathione 
transferases, proteases, heat shock proteins, catalase 
(KatG), and superoxide dismutase (SodB) (Table S1). Sev-
eral of these are found as non-classically secreted proteins 
in other bacteria (Wang et al. 2016).

As mentioned, the ability of bacteria to export “non-
classical” metabolic proteins (i.e., those demonstrated or 
predicted to have a cytoplasmic localization) is increas-
ingly being realized (Wang et al. 2016; Yang et al. 2011). 
For instance, pathogen-secreted glycolytic enzymes, such 
as glyceraldehyde 3-phosphate dehydrogenase (Gap), eno-
lase (Eno), aldolase, and phosphoglucomutase (Pgm) are 
“moonlighting” proteins that act to bind the bacterial cells 
to those of the host (Chagnot et  al. 2013; Henderson and 
Martin 2011). These proteins have been found in the exo-
proteomes of Gram-negative and Gram-positive animal 
pathogens (Wang et al. 2016; Rath et al. 2013; Gohar et al. 
2005; Hansmeier et  al. 2006; Pacheco et  al. 2011; Silva 
et  al. 2013) and in the plant-associated bacteria X. camp-
estris pv. Campestris (Watt et  al. 2005) and Frankia spp. 
(Mastronunzio et al. 2009). With the exception of aldolase, 
all of these proteins were present in the R. etli common 
exoproteome (S1 Table) and the gap gene was predicted to 
have a NodD1-binding site (Table 2).

A comparison to the R. leguminosarum bv. viciae 3841 
exoproteome, obtained from the stationary phase culture 
supernatants of cells grown in minimal medium containing 
mannitol (Krehenbrink and Downie 2008), shows that over 
80% of the 23 proteins identified have orthologs present in 
the R. etli exoproteome. These proteins and the predicted 
secretion system by which they might be exported are 
indicated in Table 1 and S1. All but one of the 19 proteins 
found in both studies were present among the common pro-
teins in R. etli, consistent with the fact that the R. legumi-
nosarum exoproteome was obtained from cultures grown 
without naringenin (Krehenbrink and Downie 2008). Simi-
larly, of 52 proteins with annotated functions found in the 
X. campestris pv. campestris exoproteome obtained from 
cells grown in glucose minimal medium (Watt et al. 2005), 
over one-third were also present in the R. etli common (17 
proteins) or control (2 proteins) exoproteomes.

In summary, a relatively large number of proteins hav-
ing possible or proven roles in the rhizobia-legume sym-
biosis were found in the common exoproteome, suggest-
ing that their production and/or excretion is not dependent 
on naringenin. However, because the mass spectrometric 
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method used in this study is qualitative, we do not know if 
the production and/or excretion of any of the common pro-
teins was increased or decreased as a result of naringenin 
treatment.

Exoproteome proteins differentially expressed 
in response to naringenin

Because a relatively small number of proteins were found 
exclusively in the control or naringenin-treated cultures 
(Table 1), the representation of these exoproteins by func-
tional categories can be misleading when only one to sev-
eral proteins are present in a given category. If functional 
categories containing less than ten proteins are excluded, 
naringenin treatment significantly increased only those 
proteins for cell wall/envelope biogenesis (8 naringenin-
exclusive proteins of 12 total), and significantly decreased 
those for carbohydrate transport and metabolism (7 narin-
genin-exclusive proteins of 24 total). In the latter category, 
eight of the proteins absent from the naringenin-treated cul-
tures were substrate binding proteins for sugar transporters, 
while two other sugar binding proteins were present only in 
the naringenin-treated cultures.

Three studies have analyzed the exo- or intracellu-
lar proteomes of flavonoid-induced Rhizobia, namely, a 
secretome analysis genistein-induced proteins, in B. japoni-
cum (Hempel et  al. 2009) and two studies on naringenin-
induced proteins in the intracellular proteome of R. legu-
minosarum bv. viciae (Tolin et  al. 2013). Because of the 
close taxonomic relationship between R. etli and R. legu-
minosarum bv. viciae (Rogel et  al. 2011), many of their 
responses to naringenin could be expected to be similar. 
However, a comparison of over 40 naringenin-induced pro-
teins found in both R. leguminosarum studies (Arrigoni 
et  al. 2013; Tolin et  al. 2013) with the R. etli total exo-
proteome showed that 42% of the naringenin-induced R. 
leguminosarum proteins, including the four proteins with 
the highest naringenin induction ratio, were absent from 
the R. etli exoproteome. Forty-one percent of the R. legu-
minosarum proteins were found among the R. etli common 
proteins, while the percentages present in the R. etli con-
trol-only and naringenin-only exoproteomes were 7.9% and 
9.2%, respectively. Thus, a significant proportion (58%) of 
the naringenin-induced R. leguminosarum intracellular pro-
teins were also found in the R. etli exoproteome.

Nod proteins are found in the intracellular proteomes of 
flavonoid-treated cells of some rhizobia (Guerreiro et  al. 
1997) but were absent from the exoproteome of naringenin-
treated R. etli cultures. Given their cytoplasmic functions, 
these proteins would not be expected to be exported from 
the cell. Nop (nodule outer proteins) proteins are symbiotic 
effectors secreted by rhizobial Type III secretion systems 
that deliver effectors directly to the host cell cytoplasm 

(Downie 2010; Gazi et al. 2012). The expression of genes 
encoding Type III secretion system is under control of 
NodD (Deakin and Broughton 2009; López-Baena et  al. 
2016). Contrary to expectations, we did not detect any Nop 
proteins in the R. etli naringenin-treated cultures (Table 2).

In addition to stimulating the production of lipochitoo-
ligosaccharides in rhizobia, nod-gene inducing flavonoids 
also cause changes in the cell surface, including the struc-
tural modification of exopolysaccharides (EPS) and lipopol-
ysaccharides (LPS) (Dunn et al. 1992; Krishnan et al. 2003; 
Broughton et al. 2006; Simsek et al. 2009; Ardissone et al. 
2011; Acosta-Jurado et  al. 2016). Flavonoids also induce 
the expression of Type III and Type IV secretion systems in 
some rhizobia (Pappas and Cevallos 2011). In R. etli, EPS 
and LPS are important for resistance to coumestrans pro-
duced by bean roots and may also suppress plant defense 
responses (González-Pasayo and Martínez-Romero 2000). 
In the endophytic nitrogen-fixer Herbaspirillum seropedi-
cae (beta-proteobacteria), analysis of cultures grown with 
or without naringenin revealed changes in the expression 
of several genes whose products determine cell surface 
architecture (Tadra-Sfeir et  al. 2011). Similarly, several 
R. etli naringenin-induced exoproteins are involved in cell 
wall metabolism, including the glycoside hydrolase Lyc (a 
probable peptidoglycan hydrolase) and peptidoglycan syn-
thesis proteins MurA, MurF, and MurG, consistent with a 
role for flavonoids in modifying rhizobial cell walls. MurA 
was among the 47 naringenin-induced intracellular pro-
teome proteins found in R. leguminosarum bv. viciae 3841 
(Tolin et al. 2013). PlyA1 is a polysaccharidase with 57% 
amino-acid identity to the PlyA2 protein found in the com-
mon exoproteome. This protein could act to reduce the 
molecular mass of R. etli EPS, similar to what occurs in 
Sinorhizobium fredii genistein-treated cultures (Dunn et al. 
1992; Acosta-Jurado et  al. 2016). The R. etli plyA1 pro-
moter contains a putative NodD1-binding site (Table  2). 
Deacetylated forms of EPS from R. leguminosarum bv. 
trifolii and S. meliloti are more susceptible to cleavage by 
glycanases (York and Walker 1998). The R. etli exoprotein 
annotated as a putative chitooligosaccharide deacetylase 
(RHE_CH03142) has a domain (IPR017625) found in pol-
ysaccharide deacetylases and has 97% sequence identity to 
a putative polysaccharide deacetylase of R. leguminosarum 
bv. viciae 3841. PssK is an exopolysaccharide polymerase 
that in R. etli, it is negatively regulated by the RosR tran-
scriptional regulator (Bittinger and Handelsman 2000). In 
R. leguminosarum bv. trifolii, PssK appears to be local-
ized to the inner face of the outer membrane and so is not 
exposed to the cell surface (Król et al. 2006).

Several metabolic enzymes with probable or demon-
strated cytoplasmic roles in rhizobia were found exclu-
sively in the naringenin-treated culture exoproteome, for 
example, two aldehyde dehydrogenases that could act in 
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the catabolism of aldehydes, which may serve as a carbon 
source for Bradyrhizobia in nodules (Peterson and LaRue 
1982). Proline dehydrogenase (PutA) catalyzes the produc-
tion of proline in the final step of the rhizobial arginine deg-
radation pathway and is required for nodulation or nodula-
tion competitivity in various rhizobia (Dunn 2015). High 
concentrations of myo-inositol are present in nodules and 
soil and the ability of R. leguminosarum bv. viciae to catab-
olize this compound is required for nodulation competitive-
ness but not nitrogen fixation (Fry et al. 2001), while a S. 
fredii myo-inositol catabolic mutant is deficient in both of 
these parameters (Jiang et al. 2001). The R. etli naningenin-
induced exoproteome contained the first and last enzymes 
of the myo-inositol catabolic pathway, namely myo-inositol 
dehydrogenase (IdhA) and methylmalonate-semialdehyde 
dehydrogenase (IolA).

As mentioned, metabolic proteins often play moonlight-
ing roles in bacteria–eukaryote interactions (Henderson 
and Martin 2011). The R. etli 6-phosphogluconate dehy-
drogenase (Gnd) along with an additional Gnd-like pro-
tein was present in the naringenin-induced exoproteome 
(Table  1). In Streptococcus suis, surface-localized Gnd 
functions in adhesion to animal cells (Tan et al. 2008). Gnd 
is also present in strain CFN42 bacteroids, indicative of an 
operational pentose phosphate pathway during symbiosis 
(Resendis-Antonio et al. 2011).

Although the great majority of R. etli exoproteins 
involved in stress resistance were found among the com-
mon proteins, the transmembrane ß (1,2) glucan biosyn-
thesis protein NdvB was present exclusively in the narin-
genin-induced exoproteome (Table  1). In Pseudomonas 
aeruginosa, glucans are able of bind the aminoglycoside 
antibiotic kanamycin, thus linking cyclic glucan production 
to antibiotic resistance (Sadovskaya et al. 2010). In R. legu-
minosarum bv. viciae, NdvB is present in the naringenin-
induced intracellular proteome (Arrigoni et  al. 2013). 
Synthesis of β-(1,2)-glucan is important for osmotic adap-
tation and NdvB is required for the hypoosmotic growth in 
S. meliloti and A. tumefaciens (Ingram-Smith and Miller 
1998). An ndvB mutant of Sinorhizobium fredii NGR234 
lacking ß (1,2) glucans was deficient in motility, root 
attachment, and legume infection (Gay-Fraret et al. 2012), 
and essential early events in the establishment of symbio-
sis. In S. fredii HH103, ndvB mutants lacking cyclic ß-glu-
cans but overproducing EPS formed only pseudonodules on 
two different hosts (Crespo-Rivas et al. 2009). To fact that 
NdvB could only be found in the R. etli naringenin-induced 
exoproteome is remarkable, given the essential symbiotic 
role of cyclic β (1–2) glucans in different rhizobia (Breed-
veld and Miller 1994).

Glutamate-cysteine ligase (Gsh), which catalyzes the 
first reaction of the two-step pathway for the synthesis of 
the tripeptide glutathione, was found exclusively in the 

naringenin-induced exoproteome. Glutathione is essential 
for stress resistance in many rhizobia and for an efficient 
symbiosis in R. etli and S. meliloti (Dunn 2015). We predict 
that the gsh gene contains a NodD2 binding site in its pro-
moter region (Table 2). Glutathione synthetase (GshB), the 
second enzyme of the glutathione synthesis pathway, was 
present in the common proteome (Table S1). The exclusive 
presence of the chaperones DnaJ1, GroEL, and GroES in 
the naringenin-treated cultures could indicate a flavonoid-
induced stress response, since these proteins are involved 
in the refolding of stress-damaged proteins, either in the 
cytoplasm or in association with membranes (Horváth et al. 
2008).

Proteins differentially secreted by R. etli grown in MM 
without naringenin

One hundred unique proteins were identified in the R. etli 
control cultures (Table  2). Similar to the proteins specifi-
cally induced in the naringenin-treated cultures, the con-
trol exoproteome contained several metabolic enzymes. 
For instance, AdhAch, formaldehyde (glutathione)/alcohol 
dehydrogenase, and RHE_CH02884, a putative alcohol 
dehydrogenase, may be involved in fermentative metabo-
lism. Malate dehydrogenase and  NAD+-dependent malic 
enzyme (Dme) were present only in the control exopro-
teome, while the  NADP+-dependent malic enzyme (Tme) 
was present only in the naringenin-induced exoproteome in 
S. meliloti; Dme is required for nitrogen fixation in alfalfa, 
while Tme is not required and studies aimed at determin-
ing its physiological importance have been inconclusive 
(Driscoll and Finan 1996; Dunn 1998; Ye Zhang 2013). 
Thus, the selective induction of the enigmatic Tme by nar-
ingenin is intriguing.

Control culture exoproteomes, also contained several 
proteins involved in transport or amino-acid metabolism, 
including LeuB for leucine and isoleucine biosynthesis, 
in R. leguminosarum, these amino acids are not synthe-
sized by the bacteriods but are supplied by the plant dur-
ing symbiosis (Prell et al. 2009). The control exoproteome 
also contained GcbH and GcvP (glycine metabolism), and 
LysC and 2 DapA orthologs (lysine biosynthesis). Similar 
to R. leguminosarum bv. viciae 3841 cultured in the pres-
ence of naringenin (Tolin et  al. 2013), R. etli decreased 
its growth rate in the presence of naringenin as compared 
with the control (data not shown). While R. etli grown in 
MM must synthesize all 20 amino acids, this is not required 
during symbiosis, where the bacteroid is unable to synthe-
size several amino acids that are apparently supplied by the 
plant (Resendis-Antonio et al. 2011). This metabolic condi-
tion could be similar in R. etli when is cultured in MM plus 
naringenin, which could induce the first steps on bacterial 
differentiation previous to symbiosis, in our oppinion, this 
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is supported by the differences in the expression of proteins 
involved in metabolic pathways for amino-acid biosynthe-
sis, and justified the different capacity to growth of R.etli 
in MM plus naringenin in comparison with the control. 
However, further experiments are needed to prove these 
assumptions.

ThiC (phosphomethylpyrimidine synthase), required for 
the synthesis of the thiamine pyrophosphate (TPP) which is 
the cofactor of pyruvate dehydrogenase, and several other 
enzymes, was secreted only by cells grown in MM without 
naringenin, suggesting a possible differential demand for 
TPP in the presence and absence of the flavonoid.

Several lipid biosynthesis proteins were secreted by 
cells in control cultures, including FabI1 (enoyl-acyl-car-
rier protein (ACP) reductase) and FabB (3-oxoacyl-ACP 
synthase I), RHE_CH01048 (3-oxoacyl-ACP reductase), 
RHE_CH01714 (putative lipase/esterase protein), and 
FabG (3-oxyacyl-ACP reductase). In R. etli, fatty acid 
metabolism is predicted to play a significant role in nitro-
gen fixation (Resendis-Antonio et al. 2011), in contrast to 
the drastic reduction of lipid biosynthesis observed in B. 
japonicum bacteroids (Sarma and Emerich 2006). The dif-
ferent patterns of fatty acid metabolic enzymes exported 
in cultures grown with or without naringenin suggest that 
the flavonoid influences a diversity of processes, such as 
the synthesis of membrane fatty acids, lipopolysaccharides, 
and vitamins, such as lipoic acid and biotin. The testing of 
this hypothesis and its relevance to nitrogen fixation are 
subjects for future experimental investigation.

Concluding remarks

In this work, we identified proteins present in the culture 
supernatants late-log phase R. etli cultures grown in the 
presence or absence of the nod-gene inducer naringenin. 
We did not find a significantly higher proportion of sym-
biotically relevant exoproteins present in naringenin-treated 
cultures (this work) versus bacteroids (Resendis-Antonio 
et  al. 2011). Instead, many proteins proven or suspected 
to be involved in symbiosis were present in both the nar-
ingenin-treated and control culture exoproteomes. These 
exoproteins include a number of predicted cell surface- or 
membrane-localized proteins that may modify the rhizo-
bial cell surface (ß-glycanase) or interact with host root 
cells (Rap and Rop proteins). Other exoproteins found in 
both control and naringenin-treated cultures, such as sev-
eral glycolytic enzymes, EF-Tu, flagellin, and Ndk, could 
have “moonlighting” roles that modulate the interaction of 
the symbionts or protect against stress conditions gener-
ated during infection (chaperones, catalase, and superoxide 
dismutase).

Thus, our expectation that the exoproteome of narin-
genin-treated cultures would be comprised of a higher 
proportion of symbiotically relevant proteins, relative to 
control cultures, was not borne out by the experimental 
results. Naringenin treatment did, however, provoke a mod-
est increase in the number of proteins involved in cell wall/
envelope biogenesis and a significant decrease in proteins 
for sugar transport. Modifications in the rhizobial cell sur-
face, particular in EPS and LPS structure or composition, 
occur in response to flavonoids and are important for the 
formation of an effective symbiosis. Two sugar substrate-
binding proteins were present only in the naringenin-treated 
culture exoproteome, while eight others of the type were 
present only in the control cultures. This might indicate that 
naringenin causes a general downregulation of sugar trans-
port capacity in R. etli, but the significance of this result is 
uncertain, since we do not know the substrate specificities 
of the binding proteins affected by the flavonoid. In addi-
tion, the identification of R. etli exoproteins having poten-
tial moonlighting roles in symbiosis is of particular interest 
and provides a basis for more detailed studies of their pos-
sible roles in the symbiotic interaction.
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