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The ubiquitous bacterial RNA-binding protein Hfq is involved in stress resistance and pathogenicity. In
Sinorhizobium meliloti, Hfq is essential for the establishment of symbiosis with Medicago sativa and for nitrogen
fixation. A proteomic analysis identifies 55 proteins with significantly affected expression in the Afg mutant;
most of them are involved in cell metabolism or stress resistance. Important determinants of oxidative stress
resistance, such as CysK, Gsh, Bfr, SodC, KatB, KatC, and a putative peroxiredoxine (SMc00072), are
downregulated in the ifg mutant. The ifg mutant is affected for H,0,, menadione, and heat stress resistance.
Part of these defects could result from the reductions of rpoE1, rpoE2, rpoE3, and rpoE4 expression levels in
the hfg mutant. Some proteins required for efficient symbiosis are reduced in the /fg mutant, contributing to
the drastic defect in nodulation observed in this mutant.

Gene expression in bacteria is regulated by a wide diversity
of mechanisms, including alternative sigma factors, transcrip-
tional regulatory proteins, attenuation mechanisms (including
riboswitches) (15), and translational and posttranslational reg-
ulations (37). The interplay of central regulatory proteins and
alternative sigma factors allows the creation of complex regu-
latory networks modulating transcription (4).

Compared to transcription regulation, the mechanisms af-
fecting the regulation of translation are less understood. Stud-
ies dedicated to translation regulation have increased over the
past few years (55, 76, 77). An important development has
been the recognition of small regulatory RNAs (sRNAs) that
have emerged as crucial actors of translation regulation. In
enterobacteria, most SRNAs require Hfq to complex with their
targets. Hfq is an RNA chaperone necessary for the pairing of
sRNAs with mRNAs (40). Furthermore, Hfq affects transla-
tion efficiency by allowing the polyadenylation of specific
mRNAs (44). Thus, Hfq is a central actor in translation regu-
lation (72). Hfq is also able to affect transcription, directly by
coupling with RNA polymerase (67) or indirectly via its action
on sRNAs modulating translation of sigma factors (19, 32, 69).

Due to its central role, ifg inactivation results in a pleiotro-
pic phenotype in enterobacteria and Brucella abortus, including
growth defects, stress susceptibility, and altered pathogenicity
(56, 65, 76). Our accompanying study shows that loss of &fg
impairs the ability of Sinorhizobium meliloti to establish a ni-
trogen-fixing symbiosis with its legume host, Medicago sativa. S.
meliloti faces numerous stresses during the course of invading
the developing root nodules and colonizing the plant cells (21,
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22, 35, 46, 62). Bacterial abilities to resist and adapt to these
stresses are of crucial importance for the symbiosis. Oxidative
stress has been the most intensively investigated stress that S.
meliloti must withstand and appears as a key factor for bac-
terium-plant cell interaction. To cope with oxidative stress, S.
meliloti cells posses a detoxification system involving various
proteins, which includes 3 catalases (KatA, KatB, and KatC)
(62) and 2 superoxide dismutases (SodB and SodC) (29, 58).
katA and katB expression is controlled by the repressor OxyR
(34). No specific regulatory protein has been identified for
sodB and sodC expression. katC and sodC are also expressed
during the stationary phase of growth under the control of the
alternative sigma factor RpoE2 (26). In other bacteria, the
production of catalases and superoxide dismutases is also con-
trolled at the translational level by sRNAs (40, 42, 56, 66, 74).
Such regulatory mechanism has never been identified in S.
meliloti.

Our accompanying study shows that an Afg mutant of S.
meliloti is drastically affected in its ability to colonize and es-
tablish symbiosis with its host and in the free-living state dis-
plays a pleiotropic phenotype that includes growth defects. To
identify proteins involved in these defects, we chose a pro-
teomic approach and identified a set of 55 proteins differen-
tially expressed in the 4fg mutant and correlated the nature of
these proteins with the stress and nodulation phenotypes of the
hfgq mutant.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains used
in this study are detailed in Table 1. S. meliloti strains were grown aerobically at
30°C in the complex medium LB (43) to an optical density at 570 nm (ODs,,) of
1.5 to 1.8; they were then inoculated in minimal galactose aspartate salts (GAS)
medium (31) or LB medium at an ODs, of 0.1. Escherichia coli strains were
grown aerobically in LB medium at 37°C. For the selection of E. coli strains,
ampicillin was added at 50 or 100 wg/ml, tetracycline at 10 pg/ml, chloramphen-
icol at 25 pg/ml, and neomycin or kanamycin at 50 wg/ml. For the selection of S.
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TABLE 1. S. meliloti strains used in this work

Reference or

Strain Description or genotype source

RM1021 WT strain, Su 47 derivative; Sm"

R874 Sm1021 katC::Neo" 26

R326 Sm1021 sodB::Tet" 26

R815 SM1021 sodC::Gm" 26

R641 SM1021 rpoE2::Gm" 26

R356 SM1021 hfg-lacZ-Gm" 8a

R602 1021 rpoE1l::'uidA-Kan" rpoE1™" This study
R635 1021 rpoE2::'uidA-Neo" rppoE2™" This study
R605 1021 rpoE3::'uidA-Kan" rpoE3™" This study
R562 1021 rpoE4::'uidA-Kan" rpoE4™ This study
R603 R356 rpoE1::'uidA-Kan" rpoEl™" This study
Ro671 R356 rpoE2::'uidA-Kan" rpoE2™" This study
R672 R356 rpoE3::'uidA-Kan" rppoE3™" This study
R673 R356 rpoE4::'uidA-Kan" rpoE4™" This study

meliloti strains, streptomycin was used at 100 pwg/ml, tetracycline at 5 pg/ml, and
neomycin at 25 ug/ml.

Pulse-labeling and extraction of proteins. At each labeling time point, 1 ml of
culture grown as described above was fed 925 kBq of [**S]methionine-cysteine
protein labeling mixture (43.475 X 10° GBq mmol?) for 15 min. The radioac-
tivity incorporation was stopped by adding 5 .l of a nonradioactive methionine-
cysteine solution (2 and 0.4%, respectively [wt/vol]). Protein extraction was done
as previously described (36).

2-D gel electrophoresis and MALDI-TOF MS analysis. After being harvested
by centrifugation, bacterial cells were washed in TE (10 mM Tris, I mM EDTA
[pH 6.8]). The cell pellet was resuspended in the same buffer with 1 mM
phenylmethylsulfonyl fluoride. Cells were disrupted by three passages through a
French press (1,200 Ib/in?), and cell debris were removed by centrifugation at 4°C
and 12,000 X g for 30 min. The protein concentration in the supernatant fraction
was determined according to the method of Lowry (39a). For analytical and
preparative two-dimensional (2-D) gels, 200- and 500-pg quantities of crude
protein extract were solubilized in the rehydration solution and submitted to 2-D
gel electrophoresis as previously described (36). The preparative gels were
stained with Coomassie blue R, while the gels containing radiolabeled proteins
were dried under a vacuum and exposed to Kodak Hyperfilm-MP. Digitized
images were quantified using MELANIE image software. The optical density of
each spot over its area (volume) was calculated as a percentage of the relative
OD of the gel image. The results are the means from two to four individual
experiments, with standard deviations that did not exceed 20%. Matrix-assisted
laser desorption ionization—time of flight mass spectrometry (MALDI-TOF MS)
analysis was performed as described previously (36).

Protein carbonylation. Cells were grown in GAS medium to stationary growth
phase and collected by centrifugation (13,000g, 5 min). The pellet was washed
and resuspended in phosphate buffer (50 mM phosphate, pH 7, 0.1 mM EDTA).
Protein carbonylation content was determined according to reference 49. Protein
extracts were submitted to 2-D gel electrophoresis and transferred to nitrocel-
lulose membranes and carbonylated proteins revealed using an OxyBlot protein
oxidation detection kit (Chemicom International).

DNA manipulations and mutant constructions. Standard protocols were used
for DNA manipulations (57).

B-Glucuronidase and -galactosidase assay and catalase and SOD detection.
The B-glucuronidase and B-galactosidase assays were carried out as described
previously (7, 43), with clarified cell lysates obtained by disrupting bacteria with
glass beads. Specific activities are expressed as nanomoles of ortho-nitrophenol
liberated per minute per milligram of protein. Protein concentration was deter-
mined by the method of Bradford (13a), with bovine serum albumin as a stan-
dard. The results are the means from at least three independent experiments,
and the standard deviation was less than 10%. Superoxide dismutase (SOD)
activity on 10% nondenaturing polyacrylamide gels was visualized by nitroblue
tetrazolium-negative staining as described previously (9). Catalase activity was
revealed on nondenaturing polyacrylamide gels as previously described (62).

Survival following challenge test. Wild-type (WT) and Afg strains were grown
in LB or GAS medium. Cells were collected during exponential or stationary
growth phase and challenged by incubating them at 50°C or by adding 100 mM
H,O0,. Survival was determined by plating on LB agar medium serial dilutions of
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challenged suspension. The results are the means from four independent exper-
iments.

Resistance to exogenous O, . Strains were grown in GAS medium to station-
ary growth phase; harvested by centrifugation; washed twice in 1 mM EDTA, 50
mM pH 7.8 potassium phosphate buffer (PBS); and adjusted to a density of 10
cells ml™!. The same buffer containing 1 mM xanthine (corresponding to the
maximum solubility of xanthine) was added to cells along with 1,000 U ml~! of
bovine liver catalase to detoxify any H,O, generated by spontaneous dismutation
of the O, produced during the xanthine oxidase reaction. Superoxide genera-
tion was initiated by the addition of 0.5 U ml~" of xanthine oxidase. Periodically,
aliquots were collected and supplemented with 20 wM cytochrome c to follow
superoxide production. The rate of cytochrome ¢ reduction was monitored at 550
nm. To stop the reaction, cells were collected by centrifugation (15,000 X g, 3
min) and resuspended in the same volume of PBS. Cell survival was analyzed
over time by 10-fold serial dilution and plating on LB plates.

Challenges with pyrogallol were performed by adding 2 mM pyrogallol and
1,000 U ml™! of bovine liver catalase to cell suspension in PBS. Cells were
incubated with shaking at 30°C, and aliquots were collected at different time
intervals, centrifuged to remove pyrogallol, and resuspended in the same volume
of PBS. Survival was determined as described above. The generation of super-
oxides was estimated by the auto-oxidation rate of pyrogallol at 420 nm and
reduction of cytochrome ¢ at 550 nm.

Construction of rpoE::uidA transcriptional fusions. A chromosomal fragment
containing the N-terminal coding end of the rpoE1, rpoE2, rpoE3, or rpoE4 open
reading frame (ORF) and extending 2 kb upstream was amplified using the
primers listed in Table S1 in the supplemental material for the S. meliloti 1021
strain. The amplicon was cloned into the pGEMT vector (Promega, La Jolla,
CA). The uidA-Kan" cassette from pUIDK3 (7) was inserted downstream of the
rpoE fragment by using restriction sites located within rpoE or in the vector
polylinker (see Table S1 in the supplemental material), yielding a rpoE::uidA
transcriptional fusion The fusion was then recovered using restriction sites flank-
ing the fusion and inserted into pSUP102 (a mobilizable vector nonreplicative in
S. meliloti) (63). Recombinant pSUP102 was transferred into S. meliloti by tri-
parental mating. Single-crossover recombinants were selected as Neo® colonies,
and recombination was confirmed by PCR. The mutation was transduced to
RM1021 and its Afg derivative using ®M12, yielding stains bearing rpoE-uidA
fusions in the wild-type and Afg backgrounds (Table 1).

RESULTS

Analysis of the hfg proteome. Proteins produced by S. me-
liloti WT and hfg mutant strains were analyzed by 2-D gel
electrophoresis. Cells grown in GAS minimal medium were
collected in exponential or stationary growth phases. Two
strategies were adopted, (i) analysis of newly synthesized pro-
teins after a pulse-labeling of 15 min with [**S]methionine and
(i) analysis of total proteins stained by Coomassie blue. Gel
patterns showed that ifg mutation drastically altered protein
expression (Fig. 1). We did not observe significant differences
between the two strategies, suggesting that Hfq mainly affects
protein synthesis rather than protein stability.

33S-labeled protein spots were quantified on 2-D gels. From
four independent experiments, only spots exhibiting at least a
2-fold variation in the /4fg mutant compared to the level for the
WT strain were kept for further investigations. In order to
assess the number of differentially regulated proteins, only the
spots that perfectly overlapped on the 2-D gels obtained from
these experiments were considered (1,000 in exponential and
903 in stationary growth phase). Four hundred forty-two pro-
teins were downregulated and 75 upregulated in the Afg mu-
tant during exponential growth phase, compared to the WT
levels. In contrast, during the stationary phase of growth, 100
proteins were upregulated and 66 downregulated in the Afg
mutant background compared to the levels for its parental
strain.

Identification of the proteins whose levels of expression were
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FIG. 1. Detection of proteins affected in the Afg mutant. WT and Afg strains were grown in GAS medium and collected during exponential
growth phase (expo) or in late stationary growth phase (stat). Protein extracts were resolved by 2-D gel electrophoresis.

affected in the Afg mutant was performed by excising well-
separated spots from the Coomassie blue-stained gels, digest-
ing them with trypsin, and subjecting them to MALDI-TOF
analysis. Among the spots analyzed by MALDI-TOF MS, only
the 72 spots that matched with a single protein in S. meliloti
were retained. Thirteen of them showed 2 to 4 isoforms (see
Table S2 in the supplemental material). The abundance of
isoforms is consistent with a previous study of S. meliloti (45).
With isoforms taken into account, only 55 distinct proteins
were identified as being up- or downregulated in the Afg mu-
tant during exponential or stationary growth phase (Table 2).
Ten of these proteins have an unknown function; 29 are in-
volved in cell metabolism, among which 17 are periplasmic
binding proteins of ABC-type uptake systems; 6 are related to
ribosomes and translation (ribosomal proteins, elongation fac-

tors, and ribosome recycling factor); and 7 are related to stress
response and 3 to more-global functions (energy supply, secre-
tion, and cell division).

Transport systems. Periplasmic solute binding proteins
(PBP) of ABC-type transport systems represent a dominant
class of proteins affected by Afg mutation (17/55). Some
periplasmic binding proteins are also regulated by Hfq in E.
coli and Salmonella enterica serovar Typhimurium, as was
shown by the identification of SRNA gcvB’s targets in S. Ty-
phimurium (61) and E. coli (51-53). All the identified periplas-
mic binding proteins controlled by gevB in E. coli and S. Ty-
phimurium relate to the uptake of amino acids and peptides.

Compared to the levels for the S. meliloti RM1021 WT
strain, in the 4fq mutant, 11 of these PBP are upregulated and
6 downregulated. These transporters are involved in the up-
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TABLE 2. Proteins differentially expressed during exponential and stationary growth phases in the Afg

mutant in comparison to the WT levels

J. BACTERIOL.

Phase (ratio)* corresponding to:

Reference(s) identifying protein(s)

ORF Gene . ) Putative function Detected in Aﬂ“e(.:ted_by hfgq
Overexpression Repression b mutation in other
nodules -
organisms
SMa0312 Stat (0.5) Hypothetical protein
SMb20025 Expo (0.5); Hypothetical protein
Stat (0.35)
SMb20091 Expo (0.48); Hypothetical protein
Stat (0.32)
SMb20428  ehuB Stat (2.0) Expo (0.5) Ectoine binding protein 20, 21
SMb21176  phoD Expo (0.22) Phosphate binding protein 20, 21, 45
SMb21181 Expo (5.7); Putative glutaryl-coenzyme A
Stat (4.4) dehydrogenase
SMb21441 Expo (2.6) Stat (0.34) Putative inosine-5'-monophosphate
dehydrogenase
SMb21549  thtR Stat (3.4) Putative sulfotransferase
SMb21647  agpA Expo (0.19) a-Galactoside binding protein
SMc00072 Expo (0.5); Hypothetical peroxiredoxin
Stat (0.1)
SMc00140 Expo (2.0); Amino acid binding protein 20, 21
Stat (2.4)
SMc00153 Stat (2.0) Hypothetical protein 20
SMc00242 Expo (2.6); Sugar binding protein
Stat (2.0)
SMc00357  efp Expo (0.5) Elongation factor EF-P 32 (EC, —-)
SMc00419  gshBI Expo (0.45); Glutathione synthetase 20
Stat (0.35)
SMc00421  cysKI Expo (0.38); Cysteine synthase A 8, 45 32 (EC, +);
Stat (0.45) 64 (ST, +)
SMc00595 Stat (2.1) Hypothetical protein
SMc00770  potF Expo (0.28) Putrescine-binding protein 64 (ST, +)
SMc00784 Stat (0.35) Putative iron binding ABC transport 10, 20, 21
system
SMc00786  dppAl Expo (2.5); Dipeptide-binding protein 64, 78 (ST, +);
Stat (3.7) 32 (EC, +)
SMc00883 Expo (0.42) Hypothetical protein
SMc00912  groESI Stat (0.23) 10-KDa chaperonin A protein; 3 (repression); 32 (EC, —-)
chaperonin GroES
SMc00948  ginA Stat (2.9) Glutamine synthetase 1 10 (absence and 32 (EC, —)
repression);
20, 23, 45
(absence)
SMc01028  eno Expo (0.50); Enolase 10 (repression)
Stat (0.37)
SMc01033 Stat (0.43) Probable arylesterase
SMc01169  ald Expo (2.6); Probable alanine dehydrogenase 20 32 (EC, -)
Stat (2.1)
SMc01208  ppiB Stat (0.5) Peptidyl-prolyl cis-trans isomerase B 32, 74 (EC, —);
protein 78 (ST, —);
19 (VC, +)
SMc01273 Expo (0.5) S-Formylglutathione hydrolase
SMc01318  mplL Expo (2.1) Stat (0.21) 50S ribosomal protein L7/L12 21 65 (ST, —)
SMc01326  twfB Stat (0.37) Elongation factor EF-Tu 10 (repression); 65 (ST, —)
11, 45
SMc01418 Expo (0.33) Hypothetical signal peptide protein 20
SMc01525  dppA2 Expo (4.1); Putative dipeptide binding 32 (EC, —-);
Stat (3.2) periplasmic protein 64, 78 (ST, +),
SMc01700  ppiA Expo (0.50); Peptidyl-prolyl cis-trans isomerase 64 (ST, +);
Stat (0.40) 19 (VC, +)
SMc01834 Stat (2.0) Hypothetical protein 20
SMc01852  pfk Stat (3.5) Pyrophosphate—fructose-6-phosphate 64 (ST, —)
1-phosphotransferase
SMc01861  murE Expo (3.7) Probable UDP-N-

acetylmuramoylalanyl-D-
Glutamate-2,6-diaminopimelate
ligase

Continued on following page
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TABLE 2—Continued

Phase (ratio)? corresponding to:

Reference(s) identifying protein(s)

ORF Gene ) ) Putative function Detected in Affected by hfq
Overexpression Repression I mutation in other
nodules I
organisms
SMc01874  ftsZ1 Stat (0.48) Cell division protein FtsZ 3 (repression); 68 (EC, +)
20 (absence)
SMc01946  livK Expo (2.6); Leucine-specific binding protein 20, 21 64 (ST, +)
Stat (4.7)
SMc02098  fir Expo (2.6) Ribosome recycling factor
SMc02100  tsf Expo (4.5) Elongation factor EF-Ts 32 (EC, —-);
64, 78 (ST, +)
SMc02118 Stat (6.4) Expo (0.29) Periplasmic binding ABC 20, 21
transporter
SMc02156 Expo (0.07) Hypothetical protein 3,17, 21
SMc02344 Stat (2.2) Periplasmic binding protein
SMc02495 Stat (0.5) Putative translaldolase 20
SMc02501  atpD Expo (0.43); FOF1 ATP synthase subunit beta 20, 38 32 (EC, —)
Stat (0.5)
SMc02509  sitA Stat (2.2) Iron-manganese binding protein 3,21
SMc02514 Expo (0.5) Putative periplasmic binding protein
SMc02692  mplY Expo (0.5) 50S ribosomal protein L25 20 32 (EC, —-);
78 (ST, —)
SMc02720  clpP2 Expo (0.5) ATP-dependent Clp protease 20
proteolytic subunit
SMc02737 Expo (3.4) Putative GB binding protein
SMc02788  secB Stat (0.25) Protein-export protein SecB; 20, 21
SMc02884 Expo (0.5) Putative lipoprotein precursor 20
SMc03124 Expo (3.2); Peptide/nickel transport system
Stat (4.1) substrate binding
SMc03157 Stat (9.9) Expo (0.31) D-Methionine transport system
substrate binding
SMc03786  bfr Expo (0.35); Probable bacterioferritin (BFR) 3,10 64, 78 (ST, —)
Stat (0.29) (cytochrome b,) (cytochrome bs;s-) (repression)
protein

“ The number in parentheses represents the ratio of protein abundance in the mutant strain to that in the wild-type strain. Stat, stationary phase; Expo, exponential

phase.

b Listed are references identifying the corresponding protein in nodules in proteomic or transcriptomic studies of nodulation. The absence of the protein in nodules or the

repression of transcription is indicated in parentheses.

¢+ and — denote up- and downregulation, respectively, of the corresponding protein. EC, ST, and VC correspond to Escherichia coli, Salmonella enterica serovar

Typhimurium, and Vibrio cholerae, respectively.

take of peptides (DppAl, DppA2, and SMc03124), amino ac-
ids (LivK, SMc03124, SMc03157, AapJ, and SMc00140), car-
bon supply (SMc02737, SMc02344, SMc0024, Ehu, and AgpA),
and minerals (PhoD, SitA, SMc00784) (41). All the proteins in-
volved in the uptake of peptides or amino acids are upregulated
in the Afqg mutant. The iron (SMc00784) and phosphate (PhoD)
binding proteins are downregulated while SitA (mainly involved
in manganese uptake) (16) is upregulated. The involvement of
Hfq in regulating iron uptake proteins is also documented for
other organisms (40, 76).

Oxidative stress. Five proteins affected by ifg mutation are
related to oxidative stress defenses. SitA participates in Mn*"
uptake and contributes to resistance to H,O, and superoxide
(16). During stationary growth phase, SitA is more abundant in
the hfg mutant than in the WT strain. Cysteine synthase
(CysK), bacterioferritin (Bfr), glutathione synthetase (GshB1),
and the peroxiredoxin (SMc00072) are important proteins in-
volved in oxidative stress defenses (1, 14, 39, 46, 75). Com-
pared to the WT strain, they are less abundant in the Ahfg
mutant during exponential and stationary growth phases (Ta-
ble 2).

Oxidative stress resistance involves numerous proteins. In-

sufficient synthesis of CysK, Bfr, and GshB may be partly
responsible for the reduced ability of S. meliloti to repair oxi-
dative damage during aerobic growth. To analyze whether ox-
idative defenses are altered during aerobic growth, we looked
for a characteristic consequence of increased oxidative damage
by examining the carbonylation of proteins (49). During sta-
tionary growth phase, 107 = 10 nM carbonyl/mg of protein was
detected in the WT strain and 152 = 14 nM carbonyl/mg of
protein was observed in the Afg mutant. Carbonylation was
confirmed by examining proteins separated by SDS-PAGE and
2-D gel electrophoresis (Fig. 2). Notably, carbonylated pro-
teins were colocalized with the predominant proteins possessing
various isoforms (LivK with SMc01946 and SMc00242, AapJ with
SMc02118 and SMc02156, and PhoD with SMb21176) (Fig. 2),
suggesting that these isoforms could result from protein carbon-
ylation.

These data are in accordance with the key role of Hfq in
oxidative stress adaptation in other bacteria. Indeed, in E. coli
(40, 74), S. Typhimurium (78), Brucella abortus (56), and Neis-
seria meningitidis (42), mutation in ifg has been shown to alter
the synthesis of superoxide dismutases and other detoxification
enzymes. An /ifqg mutation also affects catalase production in
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FIG. 2. Visualization of protein carbonylation. WT and Afg strains
were grown on GAS medium and collected during late stationary
growth phase. Proteins were separated by 2-D gel electrophoresis. Gels
were stained with Coomassie blue (A) or transferred on a nitrocellu-
lose sheet for carbonyl detection (B) using the OxyBlot protein oxida-
tion detection system.

Pseudomonas aeruginosa (66). Therefore, we compared the
production levels of SODs and catalases in the /fg mutant of S.
meliloti and its parental strain.

Resistance to superoxide. The pattern of superoxide dis-
mutases was determined by resolving cell lysate on native poly-
acrylamide gels and then staining to reveal SOD activity. When
harvested during exponential growth, the SOD patterns were
identical for both strains, as both the parent and the /fg mutant
expressed only SodB activity (data not shown). The WT strain
produced SodB and SodC during stationary growth phase,
while the ifg mutant did not exhibit any SodC activity (Fig. 3).
In other bacteria, Hfq controls SodB synthesis (40, 76). Our
proteomic study revealed hfg/WT SodB ratios of 1 and 0.6
during exponential and stationary growth phases, respectively,
suggesting that SodB is slightly less produced in the Afg mutant
during stationary growth phase. We analyzed the survival of
the WT and sodB, sodC, and hfg mutants challenged with the
intracellular superoxide generator methyl viologen (MV) and
extracellular superoxide generators.

<« KatC

SodB » <« KatB

<+ KatA
SodC »

FIG. 3. Gel assays of SOD and catalase activities. WT (A, D) and
hfg (B, C) strains were grown on GAS medium and collected during
stationary growth phase, and SOD (A, B) or catalase (C, D) activities
were revealed on nondenaturing polyacrylamide gels as described in
Materials and Methods.
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FIG. 4. Resistance to superoxide. (A) Influence of methyl viologen
on the growth of WT (closed diamonds), Afg (closed squares), sodB
(closed triangles), and sodC (open circles) strains. Cells were grown in
GAS medium containing 0 to 100 M methyl viologen to late station-
ary growth phase. Residual growth corresponds to the ratio of maximal
growth yield in GAS medium supplemented with methyl viologen to
maximal growth yield in GAS medium for each strain. The results are
the averages from three independent experiments, and the bars rep-
resent the standard deviations. (B) Influence of pyrogallol on bacterial
survival. Cells of WT (closed diamonds), /4fg (closed squares), and
sodC (open circles) strains were grown in GAS medium, collected by
centrifugation, and incubated in PBS buffer containing 2 mM pyro-
gallol and 1,000 U ml~! of bovine liver catalase. Aliquots were re-
moved periodically, and survival was estimated by serial dilution and
plating on LB plates. The results are the means from five independent
experiments, and the standard deviations are indicated.

S. meliloti 1021 (WT) and its derivatives were grown in GAS
medium supplemented with 0 to 100 uM MV (Fig. 4A). The
growth of the WT strain was not affected by 1 uM MV but is
affected at 10 puM MV. The sodC strain behaved as the WT
strain did. In contrast, the growth of the Afg mutant was re-
duced by 60% in the presence of 0.1 puM MV. In comparison,
the growth of the sodB mutant was abolished at 0.1 pM MV
(Fig. 4A). These data clearly show that despite the presence of
relatively similar amounts of SodB in the cell, the 4fg mutant
is much more sensitive than its parental strain to the redox
cycling agent MV. Thus, the hfg mutation must affect other
components of the cellular defenses against intracellular
superoxides. Since SodC activity was not detected in the Afg
mutant, the rates of survival against external superoxides
produced by xanthine-xanthine oxidase and pyrogallol in the
WT, hfg, and sodC strains were analyzed. Superoxides pro-
duced by the xanthine-xanthine oxidase assay did not affect
the survival of any strain (data not shown). No difference of
survival was observed between the three strains when chal-
lenged with 2 mM pyrogallol (Fig. 4B). Two distinct extra-
cellular generators were used in this experiment. The pro-
duction of superoxides was verified using cytochrome c
oxidation; thus, it appears that the lack of Hfq or SodC does
not affect resistance against external superoxides in S. me-
liloti.

The hfq mutant strain is affected for H,O, resistance. Pro-
tection from hydrogen peroxide stress involves CysK (1, 14),
Bfr (75), peroxiredoxin SMc00072 (22, 39), and GshB (46).
The levels of these four proteins are reduced in the S. meliloti
hfg mutant in both exponential and stationary growth phases.
Thus, any change in the H,O, resistance caused by the Afg
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FIG. 5. Sensitivity of S. meliloti WT, hfq, katC, and rpoE2 strains to
H,O0,. All the strains were grown in GAS medium. Cells were collected
in exponential (open symbols) or stationary (closed symbols) phases of
growth and challenged with 100 mM H,O,. The data are represented
as percent survival relative to the level for unstressed cells (t = 0 min).
The results are the means from five independent experiments.

mutation would be expected to be equivalent in the exponen-
tial and stationary growth phases.

Cellular survival upon exposure to 100 mM H,O, was mea-
sured by using cells grown in GAS medium and collected
during the exponential or stationary growth phase. Similar
patterns of lethality were observed for the WT and the katC
and Afg mutant strains challenged during exponential growth
(2- to 3-log reduction of viable cells after 30 min of challenge)
(Fig. 5). The WT strain was not severely affected by H,O,
challenge during stationary growth phase. In contrast, the Afg
mutant was drastically affected, and a 3-log reduction of viable
cells was observed after 30 min of exposure (Fig. 5). The
similar behavior patterns of the WT and Afg strains during
exponential growth phase suggest that CysK, Bfr, and
SMc00072 reduction does not significantly affect the H,O,
resistance of the ifg mutant. Therefore, the vulnerability of the
hfg mutant to H,O, stress during stationary growth phase
involves at least one other oxidative defense mechanism. Cata-
lases are important for H,O, resistance in S. meliloti (62).
Moreover, catalase production is affected by Hfq in other or-
ganisms (66). Thus, we analyzed the activity of catalases in the
WT and Afg mutant strains.

Analyzing the catalase content by a gel activity assay (62)
allowed the detection of KatA, KatB, and KatC activities in
both the WT and the A4fg mutant strains. The amounts of KatA
were similar in 4fg and WT strains (Fig. 3). Instead, KatB was
barely detectable and KatC was highly reduced in the Afg
mutant, compared with the levels for the parental strain (Fig.
3). KatC has been shown to be the main determinant of H,O,
resistance during stationary growth (26). katC and hfg mutants
exhibited similar H,O, survival responses (Fig. 5), suggesting
that KatC reduction participates in the H,O, sensitivity of an
hfgq mutant in stationary growth phase.

Resistance to heat stress. The lack of Hfq led to a drastic
reduction of GroES1 and ClpP2 synthesis. E. coli GroES and
ClpP were reported to be involved in protein folding and
degradation (70) and are required to overcome high temper-
atures. Thus, we tested the Afg mutant for its sensitivity to a
heat shock at 50°C for increasing periods of time. During the
exponential phase of growth, the WT strain showed a 3-log loss
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FIG. 6. Resistance to heat stress of WT, Afg, and rpoE2 strains.
(A) Cells were grown in GAS medium and collected during exponen-
tial (open symbols) or stationary (closed symbols) growth phase. Cells
were challenged at 50°C for 0 to 30 min. The results are the means
from five independent experiments. (B) Cells were grown in GAS
medium at 30°C (open symbols) or at 40°C (closed symbols).

of viability after 30 min of challenge at 50°C. The WT strain
became resistant to heat stress during stationary phase, and its
viability decreased only by 50% after 30 min of challenge (Fig.
6). The hfq mutant exhibited 3- and 4-log reductions of viability
during the exponential and stationary phases of growth, re-
spectively (Fig. 6). Our results here revealed that Hfq is crucial
for heat stress survival only during the stationary phase of
growth.

Hfq modulates rpoE expression. Many points of evidence
indicate that multiple phenotypic alterations of the 4fg mutant
result from defects in transcriptional control. For example,
Hfqg-dependent sRNAs affect the translation of various alter-
native sigma factors, such as rpoS or rpoE in enterobacteria
(24, 32). S. meliloti does not encode an RpoS sigma factor,
although numerous rpoE genes are annotated in its genome
(29). Two observations suggested that Hfq might play a role in
RpoE regulation. The expression of SMc01418, the most abun-
dant protein in the stationary phase of wild-type cells (10% of
the total protein), was greatly reduced in the /fg mutant (1.7%
of the total protein). SMc01418, which encodes an RpoE an-
tisigma factor (54), is the first gene in an operon containing
rpoE1, the usual structure of rpoE operons. The second indi-
cation of the involvement of Hfq in regulating the levels of
rpoE expression in S. meliloti was suggested by the fact that
various proteins, such as SMb21441 (60), SodC, and KatC (26),
previously described as encoded by genes transcribed by
RpoE2-containing RNA polymerase, are affected by the Afg
mutation. In order to investigate the influence of Hfq on rpoE
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FIG. 7. Hfq affects rpoE expression. Strains bearing an uidA transcriptional fusion with mpoEI, rpoE2, rpoE3, and rpoE4 in a WT genetic
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deviations are indicated.

gene expression, transcriptional fusions between uid4 and
rpoEl, rpoE2, rpoE3, and rpoE4 were constructed and recom-
bined in the chromosome by a single crossover, thereby yield-
ing strains carrying in tandem an rpoE-uidA fusion and the WT
rpoE gene. The expression levels of these fusions in the WT
strain and the hfg mutant were analyzed (Fig. 7). The expres-
sion of the rpoE1 and rpoE3 genes was induced at the end of
exponential growth in the WT strain, while 7poE2 and rpoE4
were induced during stationary growth phase. The same induc-
tion patterns were conserved in the 4fg mutant, but the level of
induction was reduced (Fig. 7).

Our results indicate that Hfq is required for optimal synthe-
sis of RpoE1, RpoE2, RpoE3, and RpoE4. The observed effect
of Hfq on RpoE synthesis is opposite to that described for E.
coli (32, 69), S. Typhimurium (24), and Vibrio cholerae (19). In
E. coli and S. Typhimurium, rpoE expression increases after
envelope stress. The loss of Hfq function mimics envelope
stress by allowing an increase of outer membrane protein
(OMP) production (24). RpoE activates the transcription of
the SRNAs RybB and MicA, which participate in the decay of
the omp mRNA, allowing a regulatory loop to maintain enve-
lope homeostasis (48).

In order to quantify the phenotypic consequences of Hfq
control of RpoE, we compared the survival abilities of the Afg
and rpoE2 mutants and their parental strain under H,O, and
heat shock stresses. The mutant lacking RpoE2 lost its H,O,
resistance in stationary growth phase because of the absence of
KatC. The hfg mutant exhibited the same degree of sensitivity
to H,O, as the katC and rpoE2 mutant strains (Fig. 5). These
results highly suggest that the increased sensitivity to H,O, of
the hfg mutant during stationary growth could result from the
reduction of RpoE2 production in the cell and the consequent
reduction in KatC expression.

In S. meliloti, groESL5 and rpoH2 belong to the RpoE2
regulon (60). During the exponential phase of growth, the
resistance of a mutant lacking RpoE2 to heat stress is similar
to that of the WT and the Afg mutant strains (Fig. 6). When

stationary phase was reached, the WT strain displayed more
resistance to heat stress. This heat resistance was not observed
in the rpoE2 mutant (Fig. 6). The hfg mutant was more affected
by heat stress in stationary growth phase than the rpoE2 mu-
tant. The Afg mutant was not affected for heat shock survival
during exponential growth phase. Nevertheless, we observed
that the /fqg mutant grew poorly at 40°C in GAS medium while
the WT and rpoE2 mutant strains still grew (Fig. 6). Therefore,
the Afg mutant’s heat stress sensitivity involves more genes
than those of the RpoE2 regulon.

GroELS chaperones are crucially important in heat shock
resistance (12). Among the various gro genes of S. meliloti,
groEL1 and groELS5 are particularly important for heat shock;
their expression is induced by heat shock, and the growth of the
double mutant groEL1-groELS is dramatically affected at 40°C
(12). Of the two operons, groELS5 and groELS1, only groELSS
is RpoE2 dependent. We have shown that optimal synthesis of
GroES1 and RpoE2 is Hfq dependent. Thus, the high heat
shock sensitivity of the hfg mutant strain can be explained by
the simultaneous defect of groELS1 and groELS5 expression as
previously reported (12), the reduced expression of groELSS
being a consequence of the control of rpoE2 by Hfq.

Proteins present in nodules whose expression is altered in
an hfg mutant. Among the 55 Hfg-regulated proteins identi-
fied in this paper, 22 have previously been shown to be ex-
pressed in nodules by proteomic (20, 21, 45) or transcriptomic
(3, 10) analysis. Only 5 of the 22 proteins were produced at a
higher level in the Afg mutant than in the WT strain
(SMc00140, LivK, SMc00153, SitA, and SMc01834). Two pro-
teins exhibit a more complex pattern of expression. RplL is
overproduced during exponential growth and repressed during
stationary growth, while EhuB presents the opposite behavior.
The other proteins (15/22) are produced at lower levels in the
hfg mutant than in its parental strain. PhoD, SMc01418,
SMc02156, SMc02692, ClpP2, RplY, and SMc02884 exhibited
a reduced synthesis during exponential growth. SMc00784,
GroES1, SMc01033, TufB, SMc02495, and SecB are repressed
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during the stationary phase of growth. Only 3 proteins, GshB1,
CysK1, and AtpD, are repressed in both exponential and sta-
tionary phases of growth. It is difficult to speculate about the
impact of these variations of the proteome of the ifg mutant
on symbiosis since some proteins, like enolase, are downregu-
lated during symbiosis (10) and are nevertheless essential for
nodulation (25). Others, like SMc00242 and SitA, are essential
for an efficient symbiosis establishment (16) and are over-
produced during exponential growth in the Afg mutant. Nev-
ertheless, among the proteins present at lower levels in the
hfg mutant, PhoD, groES1, GshB1, CysK, and KatB-KatC
have previously been shown to be essential for efficient
nodulation.

DISCUSSION

Carbon and nitrogen metabolism plays a central role during
symbiosis (50). Rhizobia are heterotrophic and can assimilate
a wide range of rhizosphere carbon and nitrogen sources.
Their metabolic diversity is reflected in their large genome
sizes, with many genes devoted to transport and catabolic path-
ways (29). The striking importance of Hfq in regulating the
levels of various periplasmic binding proteins devoted to car-
bon supply could be important for the competitiveness of S.
meliloti in the rhizosphere (27). These transport systems would
be expected to be less important in the nodules since dicar-
boxylic acids are the main carbon and energy source for bac-
teroids (50). This expectation is consistent with the observation
that an agpA mutant is not affected for symbiosis (28). Never-
theless, the reduction of various carbon uptake systems could
have a cumulative effect.

Mineral assimilation is also affected in the Afg strain. For
example, the synthesis of PhoD binding protein is reduced.
phoD mutants are affected for growth in low-P-concentration
media (5) and form nodules which fail to fix nitrogen (6). The
reduction of PhoD synthesis could contribute to the symbiotic
defect of the Afg strain.

Our data suggest that the additive effects of the alterations
of several pathways in the /fg mutant result in the symbiotic
deficiency. Certain factors involved in adaptation to various
stresses may be particularly important. The 4fg mutant strain is
less resistant to heat shock, and GroES1 is downregulated. S.
meliloti possesses four groESL operons and one groEL gene,
but the only groEL gene required for symbiosis is groEL1 (12);
groEL1 mutants are delayed in nodulation and are unable to fix
nitrogen (47). The alteration of groESI observed in this study
must contribute to the symbiotic defect of the Afg mutant.
Oxidative defenses are also dramatically affected in the hfg
mutant. We observed that scavenging and detoxification en-
zymes are affected. Several of these alterations have been
shown individually to affect symbiosis and nitrogen fixation.
This is particularly true for peroxide defenses. GshB is down-
regulated in the Afg mutant. A gshB mutant showed a delayed-
nodulation phenotype coupled to reduced nitrogen fixation
capacity. This phenotype was linked to abnormal nodule de-
velopment (33). KatB and KatC are both downregulated in the
hfq strain. A katB katC double mutant nodulates poorly and
displays abnormal infection (35).

The significance of Hfq effects on superoxide defenses is less
clear. Alfalfa was shown to produce O, in infection threads
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and infected cells (59). The gene sodC is specifically induced
during Medicago infection (3). Therefore, SodC is expected to
detoxify plant reactive oxygen species (ROS) and thus to be
important for nodulation. This hypothesis was supported by
the role of SodC in other bacteria. Hfq is required for the
optimal production of SodC during stationary phase in B. abor-
tus (30), and SodC-defective strains of B. abortus (30) or S.
enterica (2) are affected in virulence. Nevertheless, this is not
true in all bacteria, since the lack of SodC in Haemophilus
ducreyi has no consequence on the virulence (13). We showed
that the sodC mutant did not lose resistance against external
superoxides. Moreover, in S. meliloti, SodC is not produced in
an rpoE2 mutant but symbiotic behavior is not affected (60).
Thus, it seems that downregulation of SodC does not contrib-
ute to the symbiotic deficiency of the ifg mutant. SodB was
only slightly affected in the hfg strain. Although SodB was
described as essential for nodulation in S. meliloti RM5000
(58), its inactivation in S. meliloti RM1021 did not affect sym-
biotic behavior (16).

Many of the phenotypic defects of the S. meliloti hfg strain
are similar to those previously described to occur in Afg mu-
tants of E. coli and S. Typhimurium. Conservation of Hfq and
similarities in loss-of-function phenotypes suggest that similar-
ities in downstream targets should also exist across different
bacteria. We analyzed the extent of this conservation in differ-
ential regulation of putative targets by comparing the proteins
affected in the S. meliloti hfg mutant to those affected in hfg
mutants of other bacteria in proteomic or transcriptomic stud-
ies (19, 32, 65, 78). Of the 55 proteins identified in this study,
16 (29%) were previously described as affected by Afg mutation
in other bacteria, mainly in E. coli (Table 2). Some proteins are
affected similarly (up- or downregulated) in S. meliloti and E.
coli (Efp, DppAl, GroES, PpiB, AtpD, and RplY) and in S.
meliloti and S. Typhimurium (DppAl, DppA2, RplL, RplY,
TufB, Tsf, Bfr, and LivK). The other proteins (CysK1, PotF,
GInA, Ald, PpiA, Pfk, and FtsZ) are regulated in opposite
directions. This reversal in direction of differential expression
has also previously been observed in phylogenetically closely
related bacteria. For example, in E. coli and S. Typhimurium,
Ppi, Dpp, and Tsf show opposite directions for /fg-dependent
regulation in the two bacteria (32, 65). These differences may
be due to the differences in ecological roles and niches that
different bacteria adapt to. Other S. meliloti targets of Hfq,
such as periplasmic binding proteins, were not identified in
proteomic and transcriptomic studies of E. coli and S. Typhi-
murium Afg strains. Nevertheless, other studies concerning
specific SRNAs have shown that periplasmic binding proteins
of ABC transporters are affected in E. coli and S. Typhimurium
hfg mutants (51-53, 61).

The conservation of Hfq targets is not obligatorily shared
with an identical regulation mechanism. For instance, we ob-
served that rpoE gene expression is affected in the S. meliloti
hfg mutant as previously observed for E. coli and S. Typhi-
murium; nevertheless, the loss of Hfq reduced rpoE expression
in S. meliloti and increased it in enterobacteria, suggesting
different regulatory mechanisms and probably distinct SRNAs
participating in this regulation.

Taken together, these data show that the close phenotype of
hfg in distantly related bacteria results from a high level of
conservation of Hfq targets in these bacteria. In all these bac-
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terial groups, Hfq is implicated in the regulation of various
metabolic and stress responses. This diversity must be associ-
ated with the involvement of numerous sRNAs in the regula-
tion of metabolism. In E. coli and S. Typhimurium, most of the
defects associated with the ifg mutation were explained by the
involvement of specific SRNAs (76). SRNAs were also pre-
dicted in S. meliloti by using bioinformatics tools (18, 71, 73);
their role and targets remain to be identified. Our work has
emphasized the key role of Hfq in S. meliloti proteome ho-
meostasis. This study has broadened the number of Hfq targets
in S. meliloti and enabled the identification of putative SRNA
targets.
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