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ABSTRACT

In Sinorhizobium meliloti, RpoH-type sigma factors have a global impact on gene expression during heat shock and play an es-
sential role in symbiosis with leguminous plants. Using mutational analysis of a set of genes showing highly RpoH-dependent
expression during heat shock, we identified a gene indispensable for effective symbiosis. This gene, designated sufT, was located
downstream of the sufBCDS homologs that specify the iron-sulfur (Fe/S) cluster assembly pathway. The identified transcription
start site was preceded by an RpoH-dependent promoter consensus sequence. SufT was related to a conserved protein family of
unknown molecular function, of which some members are involved in Fe/S cluster metabolism in diverse organisms. A sufT mu-
tation decreased bacterial growth in both rich and minimal media, tolerance to stresses such as iron starvation, and activities of
some Fe/S cluster-dependent enzymes. These results support the involvement of SufT in SUF (sulfur mobilization) system-medi-
ated Fe/S protein metabolism. Furthermore, we isolated spontaneous pseudorevertants of the sufT mutant with partially recov-
ered growth; each of them had a mutation in rirA. This gene encodes a global iron regulator whose loss increases the intracellular
iron content. Deletion of rirA in the original sufT mutant improved growth and restored Fe/S enzyme activities and effective
symbiosis. These results suggest that enhanced iron availability compensates for the lack of SufT in the maintenance of Fe/S pro-
teins.

IMPORTANCE

Although RpoH-type sigma factors of the RNA polymerase are present in diverse proteobacteria, their role as global regulators of
protein homeostasis has been studied mainly in the enteric gammaproteobacterium Escherichia coli. In the soil alphaproteobac-
terium Sinorhizobium meliloti, the rpoH mutations have a strong impact on symbiosis with leguminous plants. We found that
sufT is a unique member of the S. meliloti RpoH regulon; sufT contributes to Fe/S protein metabolism and effective symbiosis
under intrinsic iron limitation exerted by RirA, a global iron regulator. Our study provides insights into the RpoH regulon
function in diverse proteobacteria adapted to particular ecological niches and into the mechanism of conserved Fe/S pro-
tein biogenesis.

Bacteria of the phylum Proteobacteria have very diverse shape,
metabolic capacity, and ecological significance and are

adapted to diverse environments. The alphaproteobacterium
Sinorhizobium meliloti inhabits the soil and engages in nitrogen-
fixing symbiosis with its compatible legume hosts (genera Medi-
cago, Melilotus, and Trigonella), in which bacterially fixed nitrogen
is exchanged for host photosynthates and enables the host to grow
without a nitrogen supply. S. meliloti elicits the formation of nod-
ules from the root cortex and invades the developing nodule cells
through a host-derived structure termed an “infection thread.”
The internalized bacteria terminally differentiate to become nitro-
gen-fixing bacteroids; their differentiation is driven by a family of
host-derived antimicrobial peptides called NCR peptides (1, 2).

Bacterial transcription is directed by the multisubunit RNA
polymerase, in which the sigma factor confers promoter recogni-
tion and transcription initiation on the core enzyme with a sub-
unit composition of �2��=� (3). In bacteria, a single housekeep-
ing sigma factor recognizes the majority of promoters, and an
additional “alternative sigma factor(s),” which replaces the house-
keeping one, redirects RNA polymerase to a specialized set of
genes in response to physiological or environmental cues. Among
these sigma factors, �32 (RpoH) initiates transcription of genes
encoding molecular chaperones and proteases in the gammapro-

teobacterium Escherichia coli (3, 4). The intracellular level and
activity of �32 increase in response to a temperature increase or
other stresses that destabilize and denature proteins, so that the
upregulated regulon members, termed heat shock proteins
(Hsps), refold stress-denatured proteins, prevent protein aggrega-
tion, or target terminally misfolded proteins for proteolytic deg-
radation (5); together, these processes are referred to as the heat
shock response. RpoH homologs are widespread within the Pro-
teobacteria, and the view that RpoH is a global regulator for re-
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sponding to heat shock and other stresses has prevailed among
researchers studying various proteobacteria (6–12).

The S. meliloti genome encodes the housekeeping sigma factor
SigA (also called RpoD) and 14 alternative sigma factors, includ-
ing RpoN, RpoH1, RpoH2, and extracytoplasmic function sigmas
(RpoE1 to RpoE10 and FecI) (8, 13, 14). The presence of multiple
RpoHs is common to many alphaproteobacteria, including other
legume-symbiotic bacteria (11, 12, 15). In S. meliloti, an rpoH1
mutation reduces the expression of more than 300 genes during
heat shock or acidic pH stress; these genes include homologs of the
E. coli �32 regulon members that encode major chaperones or
proteases such as ClpB, DnaK, GroEL, and Lon (16–19). An rpoH2
mutation affects the expression of at least 44 genes during late
stationary-phase growth, but none during heat shock (19). In ad-
dition, the rpoH mutations cause notable symbiotic defects in S.
meliloti; the rpoH1 mutant elicits nodules with no nitrogen-fixing
activity (Fix� phenotype) (8, 13, 16). The rpoH2 mutant shows no
notable phenotypic changes, whereas symbiotic defects are more
severe in the rpoH1 rpoH2 double mutant than in the rpoH1 single
mutant and include the lack of nodule formation (Nod� pheno-
type); this indicates a partially redundant role of RpoH2 in sym-
biosis (8, 13, 16, 17). Thus, it appears that the cellular role of
RpoHs has been diversified in the distinct lifestyles of bacteria;
however, none of the known regulon members explain the sym-
biotic role of RpoH in S. meliloti.

In almost all organisms, metalloproteins containing iron-sul-
fur (Fe/S) clusters (inorganic cofactors consisting of ferrous or
ferric iron and sulfidic sulfur) participate in diverse cellular pro-
cesses such as respiration, metabolism, DNA replication and re-
pair, and regulation of gene expression (20, 21). The well-con-
served systems responsible for Fe/S protein biogenesis in both
prokaryotes and eukaryotes are the SUF (sulfur mobilization) sys-
tem and the ISC (iron-sulfur cluster) system (22–25). In the for-
mer, the SufS-SufE complex serves as a sulfur donor, and the
SufB-SufC-SufD complex acts as a scaffold that allows iron and
sulfur to form a cluster; the iron donor remains unclear. These
proteins thus serve for de novo assembly of Fe/S clusters. SufA is an
A-type carrier suggested to have a [4Fe-4S] cluster-specific func-
tion (26, 27). In S. meliloti, homologs of those SUF components
are encoded by the gene cluster sufBCDS-SMc00302-sufA (Fig.
1A) and the separate gene sufE (SMc00118) (14); interestingly,
expression of SMc00302 and sufA increases in an RpoH-depen-
dent manner during heat shock or acidic pH stress (18, 19). Ap-
parently, S. meliloti does not have the ISC system. Here, we con-
ducted mutational analysis of the RpoH regulon in S. meliloti and
identified SMc00302 as a gene that is necessary for effective sym-
biosis; it is likely involved in metabolism of Fe/S proteins. This
work reinforces a central role of the RpoH regulon in the mainte-
nance of protein homeostasis.

MATERIALS AND METHODS
Bacterial growth conditions and plant nodulation assay. Escherichia coli
strains were grown at 37°C in rich medium (Luria-Bertani [LB] medium)
(28); S. meliloti strains were grown at 25°C in LB medium, LB medium
supplemented with MgCl2 (2.5 mM) and CaCl2 (2.5 mM) (LB-MC me-
dium) (29), or minimal medium (M9 medium) (28) supplemented with a
carbon source (e.g., sucrose) to 0.1% for liquid medium or 0.2% for solid
medium (unless indicated otherwise), biotin (1 �g ml�1), and CoCl2 (10
ng ml�1) (called M9-sucrose, etc., here). Agar was added to 1.5% for the
solid media. The antibiotics streptomycin (Sm), gentamicin (Gm), neo-
mycin (Nm), kanamycin (Km), spectinomycin (Sp), tetracycline (Tc),

and chloramphenicol (Cm) were used at the concentrations previously
described (8). Clones of S. meliloti harboring sacB were counterselected on
solid LB-MC medium containing 5% sucrose. For nodulation assays,
seeds of alfalfa (Medicago sativa) were surface sterilized in 1% sodium
hypochlorite solution for 15 min, rinsed in sterilized water, and germi-
nated on a 1% agar plate for 2 days. The seedlings were transferred onto
vermiculite soaked with Jensen’s nitrogen-free medium (30) in an assem-
bly of two 300-ml plastic containers (following the Leonard jar) (30). S.
meliloti cells that were grown to an optical density at 660 nm (OD660) of
0.3 to 1.0 in liquid LB-MC medium were collected, washed with 0.85%
saline, and resuspended in sterilized water to an OD660 of �0.02. The
suspension (5 ml) was added to a jar assembly containing five seedlings,
which was then placed in a growth chamber held at 25°C with a photope-
riod regime of 16 h of illumination and 8 h of darkness.

Genetic techniques. Plasmids were transferred by conjugation from
E. coli DH5� into S. meliloti strains by triparental mating with the mobi-
lizing strain MT616 (31). General transduction of S. meliloti was con-
ducted using phage 	M12 (29).

Strain and plasmid construction. Bacterial strains and plasmids used
in this work are listed in Table 1 (see also Tables S2 to S4 in the supple-
mental material). PCR primers are listed in Table S1 in the supplemental
material. The following plasmids were generated from pFAJ1702 by clon-
ing PCR-amplified fragments: pHM153 carried a 725-bp region covering
the sufT open reading frame (ORF) and the associated RpoH promoter

HM43(pHM154)

SMc00528 sufA
1 kb

sufT

Gmr

HM42
SHO5
pHM153

pHM154

SufT     29 LSDDIIAALKTVYDPEIP-ADIFELGLIYKIDI---EDDRMVKIDMTLTA
TM0487    7 TKEDVLNALKNVIDFELG-LDVVSLGLVYDIQI---DDQNNVKVLMTMTT
PaaD     11 QVHEIWALLSQIPDPEIPVLTITDLGMVRNVTQ---MGEG-WVIGFTPTY
FAM96B   42 DAREIFDLIRSINDPEHP-LTLEELNVVEQVRVQVSDPESTVAVAFTPTI
HCF101   79 SEKDVLKALSQIIDPDFG-TDIVSCGFVKDLGIN--EALGEVSFRLELTT

SufT     75 PGCPVAGEM-PGWVENAVGTVEGVSGVEVSMTFDPPWTPDRMSEEAQVAL
TM0487   53 PMCPLAGMI-LSDAEEAIKKIEGVNNVEVELTFDPPWTPERMSPELREKF
PaaD     57 SGCPATEHL-IGAIREAMTT-NGFTPVQVVLQLDPAWTTDWMTPDARERL
FAM96B   91 PHCSMATLIGLSIKVKLLRSLPQRFKMDVHITPGTHASEHAVNKQLADKE
HCF101  126 PACPVKDMF-ENKANEVVAALPWVKKVNVTMSAQP--AKPIFAGQLPFGL

Gmr
sthAnifS sufB sufC sufD sufS

A

B

C
TCTTGAAACGGTTCGGCGTCACCTCCACATGCCGGGCGTCCTTCGGTCTTTACAATACCCGGGCCGA

GGTCGATGCGCTGGCGGACGCGCTGGAACACGCACGCAAGTTTTTCGCTTAGGGAGACGGACATGGG

16 nt

sufTsufS

FIG 1 Sinorhizobium meliloti SMc00302/sufT. (A) Schematic representation
of the chromosomal suf region (RefSeq accession number NC_003047) and
the regions deleted from the chromosome or cloned into the plasmids in this
study. Gmr, a gentamicin-resistance gene cassette inserted into the chromo-
some. (B) Multiple alignment of amino acid sequences of S. meliloti SufT (126
amino acids in total; CAC46310) and other DUF59 family members: Thermo-
toga maritima TM0487 (103 amino acids; 1WCJ_A), E. coli PaaD (165 amino
acids; P76080), human FAM96B (163 amino acids; Q9Y3D0), and Arabidopsis
thaliana HCF101 (532 amino acids; Q6STH5). Red, identical amino acids;
blue, amino acids with similar properties. Circles above the alignment indicate
residues that form the putative active site in TM0487 (67). A closed circle
indicates a hyperreactive cysteine residue predicted in FAM96B (68). (C) Nu-
cleotide sequence upstream of sufT. The 3=-terminal and 5=-terminal regions
of the sufS and sufT ORFs, respectively, are shown with dashed lines. A flag
sign indicates the terminus of the longest sufT cDNA obtained by 5= RACE.
Nucleotides matching the consensus for the RpoH1-dependent promoter
(CTTGAA-N15–16-CCTATAT) (19) are shown in red.
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Characteristic(s) Reference or source

S. meliloti strains
Rm1021 Wild type; Smr 69
BY294 Rm1021 rpoH2::aacC1 Smr Gmr 8
HY658N Rm1021 rpoH1::aphII Smr Nmr 8
HY658G Rm1021 rpoH1::aacC1 Smr Gmr 8
HM9 Rm1021 rpoH1::aphII rpoH2::aacC1 Smr Nmr Gmr 8
HM13 Rm1021 
clpB::aacC1 Smr Gmr This work
HM20 Rm1021 
(hslV-SMc02576-hslU)::aacC1 Smr Gmr This work
HM21 Rm1021 
SMc03794::aacC1 Smr Gmr This work
HM22 Rm1021 
(SMb21296-SMb21295-SMb21294)::aacC1 Smr Gmr This work
HM25 Rm1021 SMc00949::aacC1 Smr Gmr This work
HM26 Rm1021 ibpA::aacC1 Smr Gmr This work
HM27 Rm1021 
SMb21296::aacC1 Smr Gmr This work
HM28 Rm1021 SMc02769::aacC1 Smr Gmr This work
HM41 Rm1021 ibpA::aphII SMb21295::aadA 
(SMc01106-SMc01107)::aacC1 Smr Gmr

Nmr Spr

This work

HM42 Rm1021 
sufT::aacC1 Smr Gmr This work
HM43(pHM154) Rm1021 
sufD::aacC1; carries pHM154; Smr Gmr Tcr This work
HM45 Rm1021 SMc02886::aacC1 Smr Gmr This work
HM46 Rm1021 msrA1::aacC1 Smr Gmr This work
HM47 Rm1021 
(SMc02882-SMc02883)::aacC1 Smr Gmr This work
HM48 Rm1021 
(SMb21257-SMb21258-SMb21259)::aacC1 Smr Gmr This work
HM49 Rm1021 
htpG::aacC1 Smr Gmr This work
HM51 Rm1021 rpoH1::aphII 
rirA::aacC1 Smr Nmr Gmr This work
HM1127 Rm1021 with single crossover of pHM127 in gst7; Smr Nmr This work
HM1128 Rm1021 with single crossover of pHM128 in SMc03152; Smr Nmr This work
HM1129 Rm1021 with single crossover of pHM129 in SMc04202; Smr Nmr This work
HM1130 Rm1021 with single crossover of pHM130 in SMb20551; Smr Nmr This work
HM1134 Rm1021 with single crossover of pHM134 in htpX; Smr Nmr This work
HM1135 Rm1021 with single crossover of pHM135 in SMc03968; Smr Nmr This work
HM1136 Rm1021 with single crossover of pHM136 in SMc03246; Smr Nmr This work
HM1137 Rm1021 with single crossover of pHM137 in SMc03837; Smr Nmr This work
HM1143 Rm1021 with single crossover of pHM143 in SMc03802; Smr Nmr This work
HM1152 Rm1021 with single crossover of pHM152 in SMc03801; Smr Nmr This work
HM1158 Rm1021 with single crossover of pHM158 in SMc01759; Smr Nmr This work
HM1159 Rm1021 with single crossover of pHM159 in sufA; Smr Nmr This work
HM1160 Rm1021 with single crossover of pHM160 in SMc00341; Smr Nmr This work
HM1161 Rm1021 with single crossover of pHM161 in sohB; Smr Nmr This work
HM1164 Rm1021 with single crossover of pHM164 in SMa0291; Smr Nmr This work
SHO101 Rm1021 with single crossover of pSHO1 in creA; Smr Nmr This work
SHO102 Rm1021 with single crossover of pSHO2 in SMc00591; Smr Nmr This work
SHO5 Rm1021 
sufT; Smr This work
SHO8 Spontaneous pseudorevertant of SHO5 regarding slow growth; Smr This work
SHO9 Spontaneous pseudorevertant of SHO5 regarding slow growth; Smr This work
SHO16 Spontaneous pseudorevertant of SHO5 regarding slow growth; Smr This work
SHO23 Rm1021 
rirA::aacC1 Smr Gmr This work
SHO24 Rm1021 
sufT 
rirA::aacC1 Smr Gmr This work

E. coli strains
DH5� F� 	80dlacZ
M15 
(lacZYA-argF)U169 hsdR17(rK

� mK
�) recA1 endA1 relA1

deoR supE44 thi-1 gyrA96 ��

Nippon Gene

MT616 Conjugation helper strain carrying pRK600; Cmr 31

Plasmidsa

pRK600 Cmr; ColE1 replicon with RK2 tra genes 31
pMS246 aacC1 (Gmr) gene cassette 70
pHP45 aadA (Smr-Spr) gene cassette 71
pUC4KIXX aphII (Kmr-Nmr) gene cassette Pharmacia
pK18mob/pK19mob Kmr-Nmr; mobilizable vector with pMB1 replicon, does not replicate in S. meliloti 72
pK18mobsacB Kmr-Nmr; pK18mob derivative with sacB 72
pGMS2 Gmr; pK18mobsacB derivative with replacement of Kmr by Gmr 73

(Continued on following page)
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consensus sequence; pHM186, a 685-bp region covering the rirA ORF;
and pAS1, a 253-bp region containing groES1p. Two plasmids were gen-
erated from pAS1 by cloning PCR-amplified fragments: pHM102 con-
tained a 932-bp region covering the rpoH1 ORF and pSHO6 contained a
553-bp region covering the sufT ORF (neither of the two regions con-
tained a promoter). pHM154 was generated by PCR amplification of a
2,689-bp region covering the sufDS ORFs and cloning it into pHC41.

Some RpoH-dependent genes were disrupted using plasmids gener-
ated by PCR amplification of internal portions of their ORFs and cloning
the PCR fragments into pK18mob or pK19mob (see Table S2 in the sup-
plemental material). Each of the resulting plasmids was transferred by
conjugation into Rm1021, and the cells were selected for Smr and Nmr to
obtain a single-crossover insertion of the plasmid into the genomic region
corresponding to the cloned region.

Gmr, Nmr, or Smr-Spr gene cassette insertions or corresponding resis-
tance-marked deletions in some RpoH-dependent genes were generated
by cloning a restriction fragment from total S. meliloti DNA into
pK18mob, pK19mob, or pGMS2 and then inserting the cassette into a
restriction site(s) within the ORF of the target gene (see Table S3 in the
supplemental material). Gmr cassette insertions or corresponding resis-
tance-marked deletions in other RpoH-dependent genes, rirA, and sufD
were generated by PCR amplification of a pair of flanking regions of the
gene, cloning the two regions together into pK18mob, pK19mob, or
pK18mobsacB, and then inserting the Gmr cassette into a synthetic re-
striction site between the cloned two regions (see Table S4 in the supple-
mental material). The Gmr cassette was excised from pMS246, the Nmr

cassette from pUC4KIXX, and the Smr-Spr cassette from pHP45. Except
for the case of sufD disruption, each resulting plasmid was transferred by
conjugation into Rm1021 (or BY294 when the Smr-Spr cassette was used),
and cells were selected for Smr (or Gmr when BY294 was used as a recip-
ient), resistance conferred by the inserted cassette, and Nm sensitivity (or
sucrose resistance when pK18mobsacB or pGMS2 was used) to obtain
double crossover between the plasmid and the genomic region corre-
sponding to the cloned region. Then, Rm1021 was transduced with a
	M12 lysate of the resistant clone. One of the resulting strains, SHO23,
was further transduced with a lysate prepared from the rpoH1 mutant
(HY658N) to yield HM51 (Nmr). For sufD, the plasmid generated (de-
rived from pK18mobsacB) was transferred by conjugation into Rm1021,
and an Smr Gmr Nmr transconjugant was selected for single-crossover
insertion of the plasmid into the flanking region of sufD on the chromo-
some. Next, pHM154 was also transferred by conjugation into the selected
clone, and a transconjugant showing sucrose resistance and Smr, Gmr,
Tcr, and Nm sensitivity was selected for double-crossover insertion of the
Gmr cassette into sufD on the chromosome in the presence of pHM154.

A marker-free deletion in sufT was generated by PCR amplification of
the upstream and downstream flanking regions and cloning the two frag-
ments into pK18mobsacB; the inserts replaced 72 nucleotides (nt) of the
ORF with GATC (see Table S4 in the supplemental material). The result-
ing plasmid was transferred by conjugation into HM42 (
sufT::Gmr). An
Smr Nmr transconjugant was selected for single-crossover insertion of the
plasmid into a flanking region of sufT on the chromosome, grown in
LB-MC medium lacking Nm, and rescreened for sucrose-resistant colo-

nies. The clones selected were further screened for Nm and Gm sensitivity,
yielding SHO5. SHO24 was obtained by transducing SHO5 with an
SHO23 lysate (Gmr).

All generated strains were checked by PCR using the primers listed in
Table S1 in the supplemental material to confirm the proper marker in-
sertions or deletions.

Doubling time measurements and hydrogen peroxide sensitivity as-
says. A single colony was transferred from solid LB-MC or M9-sucrose
medium into the corresponding liquid medium. The culture was grown to
an OD660 of 0.3 to 0.4 and then diluted to an OD660 of 0.01 with the same
medium with no antibiotics. The growth was followed by monitoring the
OD660 every 30 min for LB-MC cultures or every 1 h for M9-sucrose
cultures. The doubling time was calculated from the OD660 values, rang-
ing from 0.05 to 0.16.

To test for hydrogen peroxide (H2O2) sensitivity, an LB-MC culture
grown to an OD660 of 0.1 was diluted 1:200 with M9-sucrose medium,
resulting in a density of �4 � 105 CFU ml�1. Then H2O2 was added to an
indicated concentration, and the culture was incubated at 25°C with shak-
ing. We determined the CFU of the culture immediately before and 30
min after H2O2 addition by plating it on solid LB-MC medium and incu-
bating the plates for 5 days at 25°C.

Enzyme assays. Sinorhizobium meliloti cells were grown in liquid M9-
sucrose medium (containing 0.2% sucrose) to an OD660 of 0.3, chilled on
ice, and collected by centrifugation. Cell pellets were resuspended in a
1.3% volume of cold 50 mM Tris-HCl (pH 7.65) supplemented with
complete EDTA-free protease inhibitor cocktail (Roche Applied Science)
under nitrogen gas and lysed by sonication in a sealed tube using acoustic
solubilizer (Covaris). The lysate was centrifuged at 17,000 � g for 5 min,
and the supernatant was frozen in liquid nitrogen and stored at �80°C
until use. Total protein was quantified using the protein assay dye reagent
(Bio-Rad) with bovine �-globulin as a standard. The activity of 6-phos-
phogluconate dehydratase (6-PGDH) was examined with 6-phosphoglu-
conate (6-PG) as a substrate as follows: (i) 6-PGDH converts 6-PG into
2-keto-3-deoxygluconate 6-phosphate (KDGP), and then KDGP aldolase
(both enzymes are present in the cell lysate) converts KDGP into pyruvate
and glyceraldehyde 3-phosphate; and (ii) the amount of pyruvate is quan-
tified using lactic dehydrogenase and NADH (32). In parallel, the assay
was performed with KDGP as a substrate to verify that the rate-limit-
ing enzyme for pyruvate production was 6-PGDH. Aconitase activity
measurements were based on the formation of cis-aconitate from
isocitrate (33). Glutamate synthase (GltS) activity was measured by the
rate of NADPH oxidation in the presence of 2-oxoglutarate and L-glu-
tamine (34). Malate dehydrogenase activity was measured by the rate of
NADH oxidation in the presence of oxaloacetate (35). To ensure the de-
tection of oxygen-labile activity, we used a glove box into which nitrogen
gas flowed from a high-pressure gas cylinder for all the enzyme assays at
room temperature (�22°C), except that pyruvate was quantified under
ambient air. 6-PG, isocitrate, 2-oxoglutaric acid, L-glutamine, and oxala-
cetic acid were purchased from Wako Pure Chemical Industries. NADH,
NADPH, lactic dehydrogenase (bovine heart), and KDGP were purchased
from Sigma-Aldrich.

TABLE 1 (Continued)

Strain or plasmid Characteristic(s) Reference or source

pFAJ1702 Tcr; IncP broad-host-range vector 74
pHC41 Tcr; IncP broad-host-range vector 75
pAS1 Tcr; pFAJ1702 derivative with the groES1 promoter This work
pHM102 Tcr; pAS1 derivative with groES1p-rpoH1 This work
pHM153 Tcr; pFAJ1702 derivative with sufT� This work
pHM154 Tcr; pHC41 derivative with sufDS� This work
pSHO6 Tcr; pAS1 derivative with groES1p-sufT� This work
pHM186 Tcr; pFAJ1702 derivative with rirA� This work

a Plasmids used for gene disruption in Rm1021 are listed in Tables S2 to S4 in the supplemental material.
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Whole-genome resequencing. Total DNA was processed using the
Nextera DNA sample preparation kit (Illumina) to generate a shotgun
library with unique index adapters. The libraries from strains Rm1021,
SHO5, SHO8, SHO9, and SHO16 were sequenced on a MiSeq system
(Illumina), yielding the following numbers of 250-bp paired-end reads:
2.7 � 106, 2.3 � 106, 2.5 � 106, 2.3 � 106, and 2.5 � 106, respectively. We
used a 21-nt window to scan the reads for sequence variants versus the
reference S. meliloti Rm1021 genome sequence in the GenBank database
(RefSeq accession numbers NC_003037, NC_003047, and NC_003078)
by using the “missing k-mer” tool of ShortReadManager (36). Using each
of the retrieved sequences, we collected all of the reads containing a 20-nt
sequence adjacent to the variation point by using ShortReadManager and
aligned the sequences of those reads in Microsoft Excel. If all, or all but
one, of at least 15 collected reads had the same variant, we concluded that
the corresponding mutation was present in the strain. Mutations found
only in SHO8, SHO9, or SHO16 were sorted from ones common between
these three strains and Rm1021 or SHO5. The resulting mutations were
derived from the variants found in all of the 18 to 62 reads that were
collected above individually in SHO8, SHO9, and SHO16.

RESULTS
Symbiotic phenotypes of S. meliloti strains with mutations in
RpoH-dependent heat shock-induced genes. On the basis of
global transcription profiling of the wild type versus single or dou-
ble rpoH mutants (growth, 30°C; heat shock, 42°C, 15 min), Bar-
nett et al. reported a list of RpoH-regulon members in S. meliloti
(19). We independently performed a transcriptome analysis with
differences in the temperatures for growth (25°C) and heat shock
(37°C, 10 min) and in analysis methods (see Materials and Meth-
ods in the supplemental material). From the list of Barnett et al.
(19), we selected 35 presumed operons or solitary genes whose
expression decreased most strongly in the rpoH1 rpoH2 double
mutant (strain HM9) compared to that in the wild type (strain
Rm1021) in our analysis (see Table S5 in the supplemental mate-
rial). Most of these transcription units also respond to heat shock
in wild-type cells (19); in 26 of the transcription units, RpoH-
dependent promoter consensus sequences precede the transcrip-
tion start sites (16, 19, 37) (see Table S5). We disrupted 29 of the
transcription units individually by using insertions of antibiotic
resistance cassettes or resistance-marked deletions and confirmed
operon disruption by PCR (see Table S5); mutants lacking groEL4
and groESL5 have been documented to be Fix� (16, 17). A triple
mutant lacking the small Hsp homologs SMc04040 (ibpA),
SMb21295, and SMc01106 (strain HM41) was also generated. In
nodulation assays with alfalfa plants, all of the generated mutants
except the one with a mutation in SMc00302 (see Table S5) sup-
ported healthy plant growth and formation of pink cylindrical
nodules, indicating a Fix� phenotype. These included a strain
with a mutation in sufA, the gene immediately downstream of
SMc00302 (Fig. 1A). In contrast, mutants with deletions in
SMc00302 (strain HM42, a Gmr-marked deletion, and strain
SHO5, a nonpolar marker-free deletion) (Fig. 1A) were unable to
support normal plant growth, and small white nodules were
formed, indicating a Fix� phenotype (see Fig. S1A in the supple-
mental material, plant in the middle). The Fix� phenotype was
restored when HM42 (data not shown) or SHO5 (see Fig. S1A)
was complemented with SMc00302 introduced in trans on the
pHM153 plasmid (Fig. 1). Therefore, SMc00302 is indispensable
for effective symbiosis.

SMc00302/SufT belongs to a conserved protein family re-
lated to Fe/S protein metabolism. The amino acid sequence of
SMc00302 is similar to the sequences of the members of the

DUF59 (domain of unknown function 59) family, which is wide-
spread in prokaryotes and eukaryotes (Fig. 1B). Some of its mem-
bers are involved in Fe/S protein metabolism. For example, PaaD
serves for maturation of PaaE, a [2Fe-2S]-containing reductase
component of phenylacetate-coenzyme A monooxygenase, in di-
verse bacteria (38). FAM96B, also known as MIP18 or CIA2B, is a
component of the CIA (cytosolic iron-sulfur protein assembly)
targeting complex, which interacts with target apoproteins and
delivers Fe/S clusters to them in the cytosol of eukaryotic cells
(39). In Arabidopsis thaliana, HCF101 serves for maturation of
[4Fe-4S] cluster-containing proteins in the chloroplast (40).
Genes encoding proteins of the DUF59 family are located in the
suf operons of some bacteria such as Mycobacterium tuberculosis
(41); such genes were recently named sufT (25). Thus, we postu-
lated that the function of SMc00302 is related to the SUF system,
and this gene is here referred to as sufT.

To clarify whether a sufT mutant would have the same pheno-
type as other suf mutants, we introduced a Gmr-marked deletion
into chromosomal sufD in the presence of plasmid-borne sufDS
genes, yielding strain HM43(pHM154) (Fig. 1A). Then we exam-
ined the frequencies of transduction of Rm1021 and its pHM154-
carrying derivative (i.e., a merodiploid for sufDS) for Gmr using a
	M12 lysate of HM43(pHM154). Rm1021(pHM154) gave rise to
1.5 � 0.3 � 10�7 colonies per PFU (mean � standard deviation;
n � 5) at 25°C on Gm-containing LB medium; a Gmr-marked
deletion in sufD on the chromosome was confirmed by PCR in
some of these colonies (data not shown). Under the same condi-
tions, Rm1021 gave rise to 4.2 � 3.4 � 10�9 colonies per PFU (n �
5) that grew slowly; we regarded them as false positives because
they had a wild-type sufD allele but not the Gmr cassette (data not
shown). This indicates that sufD disruption is lethal (which one
might expect from the absence of the ISC system) or, less likely,
that it interrupts the transduction. Transduction of Rm1021 using
an HM42 (
sufT::Gmr) lysate produced 2.2 � 0.2 � 10�7 Gmr

colonies per PFU (n � 3) under the same conditions. Taken to-
gether, these data suggest that SufT is distinct from the core SUF
components and ancillary to the SUF system.

RpoH1-dependent transcription of sufT. Heat shock or mu-
tations in rpoH1 significantly affect the expression of sufT and sufA
but not that of sufBCDS (19). Using quantitative reverse transcrip-
tion-PCR, we verified that sufT expression was increased by heat
shock in the wild type and the rpoH2 mutant but not in the rpoH1
mutant or rpoH1 rpoH2 double mutant (see Fig. S1B in the sup-
plemental material); 5= rapid amplification of cDNA ends (RACE)
also detected a sufT transcript that appeared during heat shock in
the wild type but not in the rpoH1 rpoH2 double mutant (see Fig.
S1C in the supplemental material). Sequencing of the RACE prod-
uct allowed us to map the transcription start site at nucleotide
position 92 upstream of the sufT start codon, i.e., within the sufS
ORF; transcription beginning at this position had been missed by
the previous global studies. This site was preceded by an RpoH-
dependent promoter consensus-like sequence (Fig. 1C). To exam-
ine whether ectopic expression of sufT alleviates the symbiotic
defects of the rpoH mutant, we expressed sufT under the control of
the RpoH-independent groESL1 promoter (16). We introduced
the pSHO6 plasmid carrying a groESL1p-sufT fusion into HY658N
and SHO5 and assayed the strains obtained for plant nodulation.
The Fix� phenotype of SHO5 but not that of HY658N was rescued
by pSHO6, indicating that sufT was expressed from pSHO6 at a
level sufficient for effective symbiosis. The Fix� phenotype was
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restored in HY658N by pHM102 carrying a groESL1p-rpoH1 fu-
sion. Therefore, the requirement for RpoH for effective symbi-
osis cannot be attributed solely to sufT upregulation, and some
other key target(s) of RpoH for symbiosis remains to be iden-
tified.

Loss of SufT affects free-living growth and Fe/S cluster-de-
pendent enzymes. The sufT mutant grew significantly more
slowly than the wild type at 25°C in both LB-MC and M9-sucrose
liquid media (Table 2). The sufT mutant also grew poorly on solid
M9 medium containing sucrose, glucose (data not shown), or
sodium succinate (Fig. 2); growth appeared similar for each car-
bon source (data not shown) regardless of the route of its catabo-
lism. Sucrose and glucose are catabolized initially via the Entner-
Doudoroff pathway (42), while succinate is an intermediate of the
tricarboxylic acid cycle. A growth defect is plausible if SufT func-
tions in the maintenance of Fe/S proteins involved in central met-
abolic pathways (e.g., 6-PGDH in the Entner-Doudoroff pathway
and succinate dehydrogenase and aconitase in the tricarboxylic

acid cycle), respiratory chains, or biosynthesis of amino acids and
cofactors (22). In comparison with the wild type, the sufT mutant
was more sensitive to high temperature (39°C), acidic pH (6.2), or
an iron chelator which causes intracellular iron depletion (250
�M dipyridyl) when grown on LB plates (Fig. 2); all of these
changes were reversed by pHM153 carrying sufT but not by the
empty vector. Addition of FeCl3 (37 �M) did not affect the differ-
ences in growth phenotypes except dipyridyl sensitivity between
Rm1021 and SHO5 (data not shown). On the other hand, the
survival rate of the wild type and sufT mutant did not significantly
differ after a 30-min exposure to H2O2 during exponential growth
(�100% at 100 �M H2O2 and �10% at 250 �M H2O2). The sufT
mutant and the rpoH1 mutant sensitivities to acidic pH appeared
similar (Fig. 2E). However, the rpoH1 mutant was more sensitive
to high temperature (Fig. 2B) and less sensitive to dipyridyl (Fig.
2C) than the sufT mutant and grew on M9 medium indistinguish-
ably from the wild type as described previously (8) (Fig. 2F). The
latter two properties imply that sufT is still transcribed at a basal

TABLE 2 Impact of the sufT and rirA mutations on growth rates and enzyme activities of Sinorhizobium melilotia

Strain

Doubling time (h) in: Activity (U mg�1 of total protein)

LB-MC
medium

M9-sucrose
medium 6-Phosphogluconate dehydrataseb Aconitasec

Glutamate
synthased Malate dehydrogenasee

Rm1021 (wild type) 3.2 � 0.5 6.2 � 0.2 102 � 12 64 � 10 12.9 � 1.1 149 � 19
SHO5 (
sufT) 5.7 � 0.4f 14.9 � 0.4f 10 � 10f 29 � 11f 6.5 � 2.2f 239 � 39f

SHO23 (
rirA) ND 9.5 � 0.8f 80 � 6 106 � 16f ND ND
SHO24 (
rirA 
sufT) ND 8.6 � 0.8f,g 92 � 28g 109 � 9f,g ND ND
a Values are means � SD from three or four independent measurements; ND, not determined.
b Expressed as nanomoles of pyruvate formed per minute. KDGP aldolase activity was 222 � 35 in Rm1021 and 77 � 18 in SHO5 (see Materials and Methods).
c Expressed as nanomoles of cis-aconitate formed per minute.
d Expressed as nanomoles of NADPH oxidized per minute.
e Expressed as nanomoles of NADH oxidized per minute.
f Significantly different from Rm1021 (t test, P � 0.05).
g Significantly different from SHO5 (t test, P � 0.01).

FIG 2 Growth of Sinorhizobium meliloti mutants on solid media. Tenfold serial dilutions (5 �l) of exponentially growing cultures (with an OD660 of 0.05 to 0.07)
of strains Rm1021 (wild type), SHO5 (sufT mutant), SHO5 (harboring sufT� in the pHM153 plasmid), SHO5 (harboring the empty vector pFAJ1702), and
HY658N (rpoH1 mutant) were spotted and grown as follows: (A) LB-MC medium; 38°C for 2 days; (B) LB-MC medium; 39°C for 2 days; (C) LB medium
supplemented with 2,2-dipyridyl to 250 �M; 25°C for 4 days; (D) LB medium adjusted to pH 7.0 with 35 mM 2-(N-morpholino)ethanesulfonic acid (MES); 25°C
for 3 days; (E) LB medium adjusted to pH 6.2 with 35 mM MES; 25°C for 3 days; and (F) M9-sodium succinate medium; 25°C for 8 days. M9-sucrose and
M9-glucose were also used and gave results similar to those shown in panel F (not shown in the figure). The same cultures grown with LB-MC medium were used
for spots in panels A to E), and the same cultures grown with M9 medium were used for spots in panel F and on M9-sucrose and M9-glucose plates. Each of the
four biological replicates gave essentially the same results in each assay.
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level, supposedly from a promoter of sufBCDS, in the rpoH1 mu-
tant.

To assess an effect of the sufT mutation on cellular Fe/S
proteins, we compared the activities of 6-PGDH, aconitase,
and GltS in the wild type and sufT mutant. We postulated that
these activities are produced by Fe/S proteins in S. meliloti, as in
E. coli (22), because proteins encoded by the E. coli and S. meliloti
genes are highly conserved: edd (6-PGDH; 59% identity; RefSeq
accession numbers P0ADF6 and CAC45274 for the sequences in
E. coli and S. meliloti, respectively), acnA (aconitase; 62%; P25516
and CAC47808), gltB (� subunit of GltS; 45%; P09831 and
CAC47390), and gltD (� subunit of GltS; 38%; P09832 and
CAC47389) (14). The activity of each of these enzymes was signif-
icantly lower (to a various extent) in the sufT mutant than in the
wild type (Table 2). In contrast, the activity of malate dehydroge-
nase, a non-Fe/S enzyme, was increased significantly in the sufT
mutant (Table 2). 6-PGDH and aconitase employ solvent-ex-
posed labile [4Fe-4S] clusters as Lewis acid catalysts (43), whereas
GltS has shielded [3Fe-4S] and [4Fe-4S] clusters buried in the
polypeptide chains, which function in intramolecular electron
transfer (44). Thus, our data suggest that SufT serves for the main-
tenance of various Fe/S proteins, although [2Fe-2S] cluster-con-
taining proteins remain to be examined in this respect. An in-
crease in malate dehydrogenase activity might be a general
symptom of metabolic perturbation caused by Fe/S protein de-
fects; indeed, this activity is markedly increased in E. coli mutants
unable to build Fe/S clusters (27).

Loss of RirA suppresses phenotypic defects caused by the
sufT mutation. Several rounds of culture and dilution of SHO5
cells with liquid M9-sucrose medium led to the isolation of spon-
taneous revertants (strains SHO8, SHO9, and SHO16) that
formed visible colonies on solid M9-sucrose medium more rap-
idly than the original SHO5. The doubling time of these revertants
(11.7 to 13.6 h) was intermediate between those of Rm1021 and
SHO5 in liquid M9-sucrose medium. A deletion in sufT in these
strains was confirmed by PCR (data not shown); therefore, we
presumed that a second-site mutation suppressed the growth de-
fect caused by the sufT mutation. To search for this mutation, we
used whole-genome resequencing. The mutations identified are
summarized in Table S6 in the supplemental material; indepen-
dent deletions in rirA were detected in all three strains. This gene
encodes an Rrf2 family transcriptional repressor in Rhizobiaceae,
which senses the iron status possibly through the binding of the
Fe/S cluster (45); accordingly, RirA serves for iron homeostasis
similarly to the role of Fur proteins in many other Gram-negative
and some Gram-positive bacteria (46–48). Iron overload leads to
excessive generation of reactive oxygen species, and diverse bacte-
ria tightly regulate intracellular free iron to maintain it below toxic
levels (49). In S. meliloti, RirA represses more than 80 operons,
including those involved in iron uptake under iron-replete condi-
tions, and the rirA null mutation leads to iron overload that in-
creases the sensitivity to oxidative stress (47).

To examine whether SufT and RirA are phenotypically linked,
we deleted rirA in the sufT mutant background (see Fig. S2A and B
in the supplemental material). In the resulting strain SHO24,
6-PGDH activity was significantly higher than that in SHO5, and
aconitase activity was significantly higher than that in SHO5 and
even the wild type (Table 2). SHO24 grew more rapidly than
SHO5 in M9-sucrose medium (Table 2) and showed a Fix� phe-
notype (see Fig. S2C in the supplemental material) indistinguish-

able from that of the wild type in the plant nodulation assay. Plants
inoculated with an SHO24 derivative harboring pHM186 (carry-
ing rirA) exhibited a Fix� phenotype (poor growth and small
white nodules, except for a few plants that also formed a single
cylindrical pink nodule), whereas plants inoculated with an
SHO24 derivative harboring the empty vector exhibited a Fix�

phenotype. Therefore, we concluded that the loss of RirA sup-
pressed the phenotypic defects caused by the sufT mutation. A rirA
single mutant (strain SHO23) is Fix� (47); the growth rates and
Fe/S enzyme activities of the rirA single mutant and the rirA sufT
double mutant were similar (Table 2; see also Fig. S2C in the
supplemental material). Unlike the sufT mutant, the rpoH1 mu-
tant was not rescued by the rirA deletion; the rirA rpoH1 double
mutant (strain HM51) showed a Fix� phenotype with small white
nodules (data not shown). This result is consistent with the idea of
some other key target(s) of RpoH for effective symbiosis, although
we cannot rule out the possibility that not RirA but some other
regulator acts on in planta iron metabolism in the rpoH1 mutant.

DISCUSSION

Using mutational analysis, we identified sufT as a RpoH-depen-
dent heat shock gene in S. meliloti that is indispensable for effec-
tive symbiosis. In contrast, none of the individual mutants in
RpoH-dependent genes encoding major chaperones or proteases
(such as ClpB, HslUV, HtpG, HtpX, and IbpA) showed apprecia-
ble symbiotic defects, as reported for the mutants lacking groEL4
and groESL5 (each encoding a chaperonin GroEL) (16, 50). The
absence of phenotypic effects is likely due to the ability of different
groups of chaperones and proteases to compensate for the loss of
one of these proteins and thus maintain proteome integrity.
DnaK, the major Hsp70 in bacteria, is a central organizer of the
chaperone network in E. coli and serves for folding of the nascent
polypeptides (51). We failed to disrupt dnaK in S. meliloti (data
not shown), whereas this gene was not selected according to a fold
change of its expression in the rpoH1 rpoH2 mutant compared
with that in the wild type in this study. The RpoH-independent
operon groESL1 is the only one sufficient for both viability and
effective symbiosis among the five chaperonin-encoding operons
in S. meliloti (50). Thus, it remains to be clarified whether an
RpoH-dependent elevation, if any, of the overall chaperone/pro-
tease activities is necessary for symbiosis.

We conclude that sufT plays a unique role in S. meliloti, most
probably through the maintenance of cellular Fe/S protein levels.
Unlike in S. meliloti, its sole E. coli homolog paaD is neither regu-
lated by �32 nor linked to the suf locus; however, the RpoH regu-
lon is involved in Fe/S protein metabolism in both species (4). For
example, E. coli NfuA acts downstream of both the ISC and the
SUF scaffolds to transfer Fe/S clusters to particular apoproteins
under stress conditions, and its expression is regulated by �32 (52,
53). Therefore, rather than indicating the specificity of the S. meli-
loti RpoH, our findings emphasize the general role of the RpoH-
type sigma factors in the maintenance of protein homeostasis;
these sigma factors ensure not only the proper folding and degra-
dation of proteins but also the sufficient flux of Fe/S clusters or
efficient repair of damaged Fe/S clusters in complex cellular pro-
teins (4). The spectrum of Fe/S cluster types affected by SufT is an
interesting subject for future research.

Among the components of the SUF system, the expression of
only SufT and SufA is regulated by RpoH in S. meliloti during heat
shock and acidic pH stress (18, 19). This suggests that SufT mod-
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ulates the SUF system in response to heat and other stresses that
impair Fe/S protein homeostasis. In E. coli, the loss of the two
A-type carriers, SufA and IscA, is lethal under aerobic conditions
(54), whereas the loss of the only known A-type carrier, SufA, still
allowed for effective symbiosis in S. meliloti. It is not known how
the loss of SufA is compensated for in S. meliloti; SMc02705, which
contains a sequence that is partially similar to that of SufA (17%
identical and 66% similar in the 51-amino acid portion; RefSeq
accession numbers CAC46946 and CAC46309 for SMc02705 and
SufA, respectively), is a candidate with the overlapping function.
Alternatively, the A-type carrier might be dispensable for aerobic
growth and symbiosis in this species.

Our study demonstrates a close relationship between the func-
tional roles of SufT and RirA in both free-living growth and sym-
biosis. We consider two possible explanations for the suppression
of sufT mutant phenotypes by the rirA mutation. First, the loss of
the SufT function may be compensated for by increased levels of
other SUF components, as the expression of sufBCDSTA is in-
creased in the S. meliloti rirA mutant (47). It is not known whether
suf expression is directly regulated by RirA or is affected by oxida-
tive stress generated as a result of the rirA mutation. To evaluate
this explanation, it is necessary to examine sufBCDSTA expression
in the sufT mutant background and the effect of RirA-indepen-
dent overexpression of the core SUF components and SufA on the
phenotype of the sufT mutant. The second explanation is that a
large iron pool in the rirA mutant increases iron flow into the SUF
system, thereby compensating for the lack of SufT. We showed
that the depletion of the intracellular iron pool with dipyridyl
rendered SufT indispensable for the growth in rich medium.
Therefore, we propose that SufT serves to balance the intrinsic
iron limitation exerted by RirA so that SufT function becomes
crucial under conditions adverse to iron homeostasis. In this case,
the effect of SufT on iron acquisition by the SUF system would be
indirect, because its homologs, such as human CIA2B, appear to
act at a late step of the Fe/S protein biogenesis pathway, i.e., trans-
fer of preassembled Fe/S clusters to target apoproteins (39). Yet,
this explanation does not appear consistent with the findings in E.
coli and some other bacteria, in which, despite the lack of a SufT
ortholog, the SUF system appears to build and transfer Fe/S clus-
ters in a more oxidant-resistant way than the housekeeping ISC
system and is induced and replaces ISC as the main pathway under
adverse conditions (24, 55–58). It would be important to examine
whether the function of each SUF component varies between S.
meliloti and E. coli. Interestingly, SufD is much less conserved
(29% identity; RefSeq accession numbers CAC46312 and P77689
for the sequences in S. meliloti and E. coli, respectively) than SufB
(59%; CAC46314 and P77522) and SufC (58%; CAC46313 and
P77499) between these organisms. Since SufD was shown to con-
tribute to iron acquisition by the scaffold in E. coli (59), the differ-
ence in the SufD structure might affect the entrance of iron into
the SUF system so that Fe/S clusters could be assembled efficiently
without SufT in E. coli but not in S. meliloti.

From a viewpoint of the relationship between RpoH and iron
metabolism, it is noteworthy that expression of the rhizobactin
synthesis genes rhbABCDEF and the rhizobactin transporter gene
rhtA is increased, while expression of the transcriptional activator
gene rhrA is decreased, in the rpoH1 mutant compared with that in
the wild type under a neutral pH and no heat shock condition
(18). Rhizobactin is an S. meliloti-produced siderophore, which
binds to ferric iron for iron acquisition, and its synthesis and

transport genes are transcribed with the action of RhrA, whose
expression is repressed by RirA in turn (47). Expression of the
rhizobactin-related genes might be affected by perturbations in
iron homeostasis as a result of the failure to increase sufT expres-
sion in the rpoH1 mutant. Examination of an effect of the loss of
RpoH1 or SufT on the Fe/S cluster-binding status of RirA will
possibly provide a clue to the puzzling pattern of rhizobactin-
related gene expression.

Why is the sufT mutant deficient in symbiosis? First, a larger
variety of S. meliloti Fe/S proteins participate in symbiosis than in
free-living growth in rich media. For optimal nodulation and in-
fection, S. meliloti needs to synthesize branched-chain amino ac-
ids (isoleucine, valine, and leucine) (60), and their biosynthesis
involves Fe/S proteins such as IlvD and LeuC (22). An active ni-
trogenase complex contains a [4Fe-4S] cluster and more complex
clusters such as the P cluster [8Fe-7S] and the iron-molybdenum
cofactor [7Fe-9S-1C-1Mo-homocitrate] (61). Second, interac-
tions with the plant may adversely affect iron homeostasis in S.
meliloti. The absence of deleterious iron overload in the rirA mu-
tant during symbiosis suggests that S. meliloti acquires only a lim-
ited amount of iron from the host (47). In addition, S. meliloti is
exposed to reactive oxygen and nitrogen species, which are pro-
duced by the host as modulators of nodule development and by S.
meliloti owing to the high respiration rates necessary for nitrogen
fixation (62). Sinorhizobium meliloti needs to compensate for the
oxidative loss of Fe/S clusters caused by those reactive species (43).
Therefore, chronic oxidative stress under iron limitation might
necessitate the function of SufT, although the sufT mutation did
not affect survival after short-term H2O2 treatment in our exper-
iments. We conclude that S. meliloti needs SufT to produce suffi-
cient amounts of Fe/S proteins during symbiosis. A decrease in
symbiotic performance possibly linked to Fe/S cluster metabolism
has also been reported for an S. meliloti mutant lacking the mono-
thiol glutaredoxin SmGRX2, which is attenuated in nitrogen fix-
ation capacity (63). Monothiol glutaredoxins have been suggested
to serve for delivery of [2Fe-2S] clusters in some bacteria and
eukaryotes (23).

In addition to Fe/S protein biogenesis, the RpoH regulon also
affects redox control using glutathione through its members
gshB1 (encoding glutathione synthetase) and grxC (encoding the
dithiol glutaredoxin SmGRX1) (18, 19). The gshB1 mutant dis-
plays early senescence of bacteroids (64). SmGRX1 contributes to
protein deglutathionylation, and its null mutant is defective in
nodule development and bacteroid differentiation (63). The ex-
pression of rpoH1 and several RpoH-regulated genes, including
sufT and grxC, is increased by NCR peptides (65, 66), suggesting
that these genes are incorporated into a complex regulatory net-
work that allows bacteria to adapt to the host cell environment.
Thus, the RpoH function serves for the robustness of symbiosis
when S. meliloti is exposed to Fe/S cluster-damaging oxidative
stress.
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