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DksA to Bacterial Growth and Efficient Symbiosis with
Medicago sativa
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ABSTRACT

The stringent response, mediated by the (p)ppGpp synthetase RelA and the RNA polymerase-binding protein DksA, is triggered
by limiting nutrient conditions. For some bacteria, it is involved in regulation of virulence. We investigated the role of two
DksA-like proteins from the Gram-negative nitrogen-fixing symbiont Sinorhizobium meliloti in free-living culture and in inter-
action with its host plant Medicago sativa. The two paralogs, encoded by the genes SMc00469 and SMc00049, differ in the consti-
tution of two major domains required for function in canonical DksA: the DXXDXA motif at the tip of a coiled-coil domain and
a zinc finger domain. Using mutant analyses of single, double, and triple deletions for SMc00469 (designated dksA), SMc00049,
and relA, we found that the AdksA mutant but not the ASMc00049 mutant showed impaired growth on minimal medium, re-
duced nodulation on the host plant, and lower nitrogen fixation activity in early nodules, while its nod gene expression was nor-
mal. The ArelA mutant showed severe pleiotropic phenotypes under all conditions tested. Only S. meliloti dksA complemented
the metabolic defects of an Escherichia coli dksA mutant. Modifications of the DXXDXA motif in SMc00049 failed to establish
DksA function. Our results imply a role for transcriptional regulator DksA in the S. meliloti-M. sativa symbiosis.

IMPORTANCE

The stringent response is a bacterial transcription regulation process triggered upon nutritional stress. Sinorhizobium meliloti, a
soil bacterium establishing agriculturally important root nodule symbioses with legume plants, undergoes constant molecular
adjustment during host interaction. Analyzing the components of the stringent response in this alphaproteobacterium helps
understand molecular control regarding the development of plant interaction. Using mutant analyses, we describe how the lack
of DksA influences symbiosis with Medicago sativa and show that a second paralogous S. meliloti protein cannot substitute for
this missing function. This work contributes to the field by showing the similarities and differences of S. meliloti DksA-like pro-

teins to orthologs from other species, adding information to the diversity of the stringent response regulatory system.

Bacteria employ the stringent response as a mechanism to ad-
just global gene expression to adverse nutrient conditions. For
example, when Escherichia coli encounters amino acid starvation,
the ribosome-bound protein RelA (1, 2) recognizes uncharged
tRNA molecules and synthesizes guanosine tetraphosphate and
guanosine pentaphosphate (referred to here as ppGpp) from GTP
and ATP (3). The alarmone ppGpp and the regulatory protein
DksA subsequently bind RNA polymerase (RNAP) and alter the
kinetic properties of promoter/RNAP complexes (4). In particu-
lar, ppGpp and DksA reduce the lifetime of promoter/RNAP com-
plexes by inhibiting the transition from closed to intermediate
complex formation on promoters depending on the primary
sigma factor RpoD (07°) (4, 5). In addition, RNAP dissociation
can allow alternative sigma factors to bind RNAP, leading to the
regulation of distinct promoter sets important for adjustment to
new environmental conditions (3, 6). In some bacteria, ppGpp
executes the stringent response in a different way, not involving
RNAP binding (7, 8).

The overall processes of the stringent response are similar in a
wide variety of bacteria, but structural and functional variations
occur. Some bacterial genomes carry a single spoT/relA gene that
encodes a bifunctional protein comprising a ppGpp synthetase
and a hydrolase domain (9-11). Others possess more than one
DksA-like protein; in most cases, it is unknown which protein
participates in the stringent response. The structures, functions,

1374 jb.asm.org

Journal of Bacteriology

and interactions of RelA, its homolog SpoT, and the DksA protein
have been studied most extensively in E. coli. SpoT is a ppGpp-
hydrolyzing enzyme but also has some synthetase activity (12).
DksA is a small protein of 151 amino acids and consists of three
major domains: a globular domain, a coiled-coil (CC) domain,
and a C-terminal a-helix (13, 14). The CC domain, which pro-
trudes into the secondary channel of RNAP (14), consists of two
a-helices and contains a conserved DXXDXA motif at its tip, the
linker region between the two helices. The DksA globular domain
has been shown to bind to the rim helices located in the B subunit
of RNAP (15). It is formed by the C and N termini of DksA and
harbors a CXXCX,,CXXC zinc finger motif (13). In addition, re-
cent work in E. coli identified the RNAP 3 subunit sequence in-
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sertion 1 as a binding site for the DksA C-terminal helix (16).
Structural as well as amino acid substitution analyses of DksA
proteins from Pseudomonas aeruginosa, Rhodobacter sphaeroides,
and E. coli indicate that the conserved amino acid motif DXXDXA
at the tip of the CC domain is critical for DksA function as a
transcriptional regulator (17-19). The globular domain with con-
served cysteines seems to play an important role in P. aeruginosa
DksA2 (17) and might be involved in proper folding of E. coli
DksA (18).

DksA proteins appear in diverse regulatory schemes. In some
bacterial pathogens, DksA proteins are critical for bacterial viru-
lence (20-24). It was recently proposed that Salmonella DksA may
act as a sensor for reactive oxygen and nitrogen species due to its
redox-active thiols (25). Of the two DksA-like proteins present in
Rhodobacter sphaeroides, only one was shown to regulate the strin-
gent response and to be necessary for photosynthetic growth and
utilization of exogenous amino acids (19). The function of the
other DksA-like protein was not identified (19). Of the five DksA
paralogs from P. aeruginosa, two (DksAp, and DksA2,,) were in-
vestigated, and both were shown to be involved in stringent re-
sponse processes (26, 27).

The genome of Sinorhizobium meliloti, a Gram-negative alpha-
proteobacterium, also encodes two DksA paralogs (SMc00469
and SMc00049) (28). S. meliloti is a model organism for studying
microbe-plant interactions. Upon plant signal recognition, it es-
tablishes a symbiotic interaction with its host Medicago sativa
(alfalfa) by invading the roots and converting molecular nitrogen
into plant-usable ammonia. Nitrogen fixation takes place in spe-
cialized root nodules; there, the bacteria differentiate into bacte-
roids in a distinct symbiosome compartment within host cells and
fix nitrogen usable by the plant (29, 30). In the transition from
free-living growth to symbiotic life within the plant cells, bacteria
face changing environmental inputs, and all stages of symbiosis
require adaptations of gene expression. RelA is essential for nod-
ule formation (31), and global transcription profiling analyses
performed on Medicago truncatula and S. meliloti nodules suggest
the involvement of the stringent response in bacteroid differenti-
ation as well (32). Expression studies with a relA and a dksA
(SMc00469) mutant in cultures exposed to a nitrogen or carbon
downshift showed that most of the relA-dependent transcrip-
tional changes are also dksA dependent (33). Functional studies of
S. meliloti dksA or the paralog SMc00049 are lacking.

We took a genetic approach to investigate the role of stringent
response-related genes in S. meliloti free-living culture and in
symbiosis with M. sativa. This work describes the function of dksA
in a symbiotic Gram-negative alphaproteobacterium and shows
for the first time its involvement in effective symbiosis with its host
plant.

MATERIALS AND METHODS

Bacterial growth conditions and assays. S. melilotiand E. coli strains were
grown in Luria broth (LB) (34) medium at 30°C and 37°C, respectively.
Solid medium contained 1.5% agar. Appropriate antibiotics were added
at the following final concentrations: 500 pg/ml streptomycin, 10 pg/ml
tetracycline, 25 pg/ml gentamicin (5 pg/ml for E. coli), and 50 pg/ml
ampicillin. Minimal medium (M9) for S. meliloti contained M9 salts (35),
0.5 mg/liter biotin, and 1 mM magnesium sulfate; M9 for E. coli contained
MO salts, 2 mM magnesium sulfate, and 0.1 mM calcium chloride. Where
indicated, filter-sterilized solutions of carbon sources were added to ster-
ile medium. For spotting assays, bacterial cultures were grown in LB,
harvested in mid-exponential phase, washed in 10 mM magnesium sul-
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fate, and adjusted to an optical density at 600 nm (ODg,) of 0.1. Serial
dilutions of 10~%, 1072, and 10> were made, and 3 .l of each was spotted
on agar plates from left to right. Colony growth was monitored after 1 to
3 days of incubation. For growth curves, precultures of S. meliloti strains
were grown in liquid LB medium containing appropriate antibiotics. Two
sets of cells were harvested from each culture; one set was resuspended in
LB and the other set in M9 medium with antibiotics. Cultures were ad-
justed to an ODg, of 0.05, and 200 pl of each was transferred to a 96-well
plate. The plate was sealed with a sealing tape (Breathe-Easy; Diversified
Biotech) to decrease evaporation. Growth was monitored using a
PerkinElmer Victor X3 plate reader. A, values were measured every 10
min at 30°C, and continuous double orbital shaking at normal speed was
applied between reads.

Plant growth conditions and assays. Medicago sativa seed steriliza-
tion and germination as well as preparation of bacterial strains for inoc-
ulation were done as described previously (36). For nodulation assays,
root tips of plants grown on buffered nodulation medium (BNM) agar
plates (37) were spot inoculated 2 to 4 days after germination with 1 pl of
bacterial suspension. The nodules were usually counted (number per
plant) at 7, 10, 14, and 21 days postinoculation. Nitrogen fixation in root
nodules was determined by acetylene reduction assay (38). Plants grown
on BNM agar plates were transferred to 30-ml glass tubes on strips of wet
Whatman paper 10 or 21 days postinoculation with S. meliloti strains.
Each tube contained two plants. After injection of 1 ml acetylene and 2 to
5 h of incubation, production of ethylene as a measure of nitrogenase
activity was monitored on a Shimadzu GC-8A1F gas chromatograph with
a Porapak N column and flame ionization detector.

Deletion strain construction. Strains and plasmids used for this study
are listed in Table S1 in the supplemental material. Primer sequences are
listed in Table S2 in the supplemental material. We used S. meliloti strain
CL150 (39) as wild-type (WT) background for all experiments, because a
point mutation in an anti-sigma factor is repaired in this strain compared
to Rm1021 (28), avoiding sigma factor competition. Markerless single-
deletion strains for SMc00469 (dksA), SMc00049, and SMc02659 (relA)
were made by homologous recombination. An upstream sequence in-
cluding the gene’s start ATG and a downstream sequence including the
stop codon were amplified, fused, and ligated into a modified version of
the suicide vector pJQ200SK (40). The lengths of the upstream and down-
stream sequences were for dksA 657 bp and 831 bp, for SMc00049 501 bp
and 576 bp, and for relA 703 bp and 528 bp. The resulting plasmids
pKW201, pKW202, and pKW203 were transferred into CL150 by conju-
gation with the helper strain B001 (41), and single crossover events were
identified by selection for plasmid-derived gentamicin resistance. Double
crossover events that either restored the WT situation or generated the
genomic deletion were found by selection for sucrose resistance and
screening for gentamicin sensitivity. Deletion strains were identified by
PCR and streaked for single colonies three times on LB medium supple-
mented with streptomycin. Double and triple mutants were constructed
by transduction of the individual mutants with N3 phage lysates (42) of
the strains carrying single crossovers of the other mutants. Selection for
double crossovers and confirmation of the deletions were carried out as
just described.

Construction of complementation plasmids and strains. For the
complementation of the E. coli dksA mutant, the open reading frames
(ORFs) including the stop codon plus the predicted ribosome-binding
site of dksAg,,, or SMc00049 were cloned into pINIITAI (43) via Xbal and
HindlIII. The E. coli dksA mutant strain RLG6348 (5) and the correspond-
ing WT strain RLG4996 (5) were transformed with the resulting plasmids
pKW222 and pKW223, as well as with the empty vector and the positive
control, pINIITA1 harboring E. coli dksA (pRLG6333, recovered from
strain RLG6333 [5]). For the complementation of the S. meliloti dksA
mutant, the ORFs of dksAg,,,, SMc00049, and dksA, including the stop
codon and the ribosome-binding site were cloned into pRF771 (31) via
Xbal and BamH]I, resulting in plasmids pKW224, pKW225, and pKW226,
respectively. dksAg,, and SMc00049 were amplified by PCR; dksAp, was
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CcC DksA DRASSETDRALELRTRDRQR KLISKIDQALRRVEDGSYGY CEETGEPIGLARLEARPTAT MSVEAQERHERREPVHRDD
RS DksA DRASEETDRALELRTRDRQR KLVAKIDAALRRIEAGEYGY CEVTGEPISLKRLDARPIAT MTLEAQERHERRERVHRDE
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PP DksA DRASQEEEFALELRNRDRER KLIKKIDKTLQKIQDEEYGW CESCGIEIGLRRLEARPTAD LCFDCKEIAEKKEKTVGKG
EC DksA DRAAQEEEFSLELRNRDRER KLIKKIEKTLKKVEDEDFGY CESCGVEIGIRRLEARPTAD LCIDCKTLAEIREKQMAG-
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HD DksA DRATQEEEFNLELRNRDRER KLLKKIEQTLNSISEDDYGY CQTCGVEIGLRRLEARPTAD MCIDCKTLAEIREKQMGL-
LP DksA DRASQEEEFSIELRTRDRER KLIKKIEDALERLRNEDFGY CEACGIEIGLKRLEARPTAT LCIDCKTLSEIKERQNQGA
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FIG 1 Alignment of various DksA homologs. Different bacterial genomes harbor one or more DksA homologs, which differ in the presence or absence of a
complete DXXDXA motif (highlighted in blue), or in the presence of one, two, or four conserved cysteines within the zinc finger motif (yellow). Amino acid
sequences (from NCBI, confirmed by comparison to original papers) were aligned using Geneious version 8.0.3 (52). The order of protein sequences represents
overall protein similarity. CC, Caulobacter crescentus; CJ, Campylobacter jejuni; EC, Escherichia coli; HD, Haemophilus ducreyi; LP, Legionella pneumophila; PA,
Pseudomonas aeruginosa; PP, Pseudomonas putida; RS, Rhodobacter sphaeroides; SE, Salmonella enterica; SF, Shigella flexneri; SM, Sinorhizobium meliloti; VC,

Vibrio cholerae.

excised from pRLG6333. Genes in those constructs are expressed from the
strong Salmonella enterica serovar Typhimurium tryptophan promoter
(trpp). To generate plasmids for gene expression driven by their native
promoters, ORFs plus promoter sequences were cloned into promoterless
pDW?76 (31) via Xbal and BamHI. The gene-specific promoter sequences
were derived from published transcription start site (TSS) data (39, 44).
For dksA, a 195-bp region upstream of the dksA translation start was
chosen. For SMc00049, no TSS directly upstream could be determined.
However, there is a TSS located 197 bp upstream of the start ATG of the
upstream gene SMc00048 (44). SMc00049 and SMc00048 are only 61 bp
apart, making it possible that the two genes are transcribed as an operon
from the same promoter. Therefore, two different putative promoter re-
gions were chosen. One is 235 bp upstream of the SMc00049 start ATG;
the second is a 794-bp sequence that includes the complete SMc00048
OREF, plus another 297 bp upstream of it, so that it includes the putative
SMc00048 TSS. The corresponding plasmids pKW227, pKW228, and
pKW229 were transferred into S. meliloti AdksA via conjugation, and
transconjugants were identified by selection for tetracycline resistance.
Amino acid substitutions and chimeras of DksA and SMc00049 were gen-
erated by site-directed mutagenesis, using suitable primers and overlap
extension PCR (45), and cloned into pRF771 via Xbal and BamHI and
into pINIIIA1 via Xbal and HindIIIL.

RNA isolation and qPCR. S. meliloti WT strain CL150 was grown in
liquid LB or M9 sucrose (15 mM) medium supplemented with strepto-
mycin and harvested in mid-exponential phase. CL150-induced nodules
on M. sativa plants were harvested at 10 and 21 days postinoculation.
Sample handling, RNA isolation, and cDNA synthesis procedures were
carried out as described previously (32). Quantitative PCR (qPCR) was
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performed using the DyNAmo Flash SYBR green qPCR kit (Thermo Sci-
entific, Rockford, IL) and a CFX Connect real-time PCR detection system
(Bio-Rad Laboratories, Hercules, CA). Data were analyzed using the
AAC; method (where Cis threshold cycle) (46). Expression was normal-
ized to pdhB, and LB medium was chosen as the calibrator condition. The
reference gene pdhB has been used previously for similar comparisons
(32).

Luteolin treatment and (3-galactosidase assay. Bacterial cells were
grown overnight in liquid medium and diluted to an OD 0f 0.2 in the same
medium. Atan OD of 0.4 to 0.5, cultures of each bacterial strain were split.
Luteolin (3 pM; Calbiochem, La Jolla, CA) was added to one batch, an
equal volume of dimethylformamide, the luteolin solvent, was added to
the other batch, and cultures were incubated with shaking at 30°C for 6 h.
Cells were harvested and permeabilized as described previously (47). The
B-galactosidase substrate 4-methylumbelliferryl B-p-galactopyranoside
(Sigma-Aldrich, St. Louis, MO) was added to a final concentration of 1.25
mg/ml; after 2 h of incubation at 37°C in the dark, fluorescent product was
measured with a plate reader (excitation, 365 nm; emission, 455 nm).

RESULTS

S. meliloti SMc00469 (DksA) and SMc00049 possess distinct
protein motifs. The amino acid sequences of described DksA ho-
mologs from different bacteria were aligned to compare structur-
al/functional motifs (Fig. 1). The two S. meliloti paralogs, desig-
nated DksA and SMc00049, are 23.3% identical to each other. S.
meliloti DksA (DksAg,,) possesses the complete DXXDXA motif
and only one conserved cysteine within the zinc finger, whereas
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FIG 2 S. meliloti dksA, but not SMc00049, complements the metabolic defect
of an E. coli dksA mutant. Growth of an E. coli AdksA strain and the corre-
sponding WT strain carrying either an empty vector (pvector) or a plasmid
expressing E. coli dksA (pdksAg,), S. meliloti dksA (pdksAs,,), or SMc00049
(pSMc00049) on rich (LB) and on minimal medium with 0.4% glucose (M9).

SMc00049 contains a DXXDXV sequence and all four conserved
zinc finger cysteines. In addition, SMc00049 is missing the first 24
amino acids found in DksAg,,. The sole E. coli DksA (DksApg.)
homolog has both the complete DXXDXA motif and the four
conserved zinc finger cysteines and shares higher overall sequence
identity with DksAs,, (38.6%) than with SMc00049 (24.1%). The
two DksA-like proteins in the alphaproteobacterium R. spha-
eroides (DksAg, and RSP0166) are very similar to the S. meliloti
orthologs. DksAg, shares 58.2% identity with DksAg,, and
SMc00049 and RSP0166 are 42.9% identical. As in S. meliloti, the
two paralogs of R. sphaeroides share very low sequence identity
(21.5%).

A second alignment includes more DksA orthologs from other
rhizobia (see Fig. S1 in the supplemental material). While most of
them possess one homolog, Rhizobium sp. NGR234, Rhizobium
etli, and Rhizobium leguminosarum genomes each encode two
proteins that are much like the ones from S. meliloti: one of them
is highly similar to DksAg,,, (91.8 to 98.6%), while the other one is
more similar to SMc00049 (38.2 to 83.3%) than to DksAy,,. Me-
sorhizobium loti and Bradyrhizobium japonicum, the microsymbi-
onts of Lotus japonicus and soybean (Glycine max), respectively,
possess only one DksA protein, carrying a complete DXXDXA
motif and one conserved cysteine. A phylogenetic tree of these
DksA-like and SMc00049-like proteins that we constructed (see
Fig. S2 in the supplemental material) shows that the latter form a
separate branch and thus are most likely distinct from DksAs. The
two S. meliloti proteins differ both in sequence length and in the
makeup of their two main structural motifs; we aimed to discover
if they both possess DksA activity and to investigate their respec-
tive roles in S. meliloti.

S. meliloti dksA complements an E. coli dksA mutant. To
assess whether DksAg,,, and SMc00049 are functional DksA pro-
teins, we tested for complementation of an E. coli dksA mutant
that is growth deficient on minimal medium without amino acids
(48) and is a convenient host strain to test the activity of heterol-
ogous DksA proteins (19, 26). The metabolic defect was comple-
mented when dksAj,. or dksAg,, was expressed from a plasmid,
controlled by the strong promoter of the outer membrane protein
gene (Ipp) (Fig. 2). In contrast, SMc00049 was unable to restore
growth on minimal medium. All strains grew equally well on rich
medium (Fig. 2). To ensure that expression of the S. meliloti genes,
in particular SMc00049, had no negative effects on E. coli growth
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FIG 3 Metabolic phenotypes of S. meliloti dksA, SMc00049, and relA deletion
mutants. (A) Growth of AdksA, ASMc00049, and ArelA mutants and corre-
sponding double and triple mutants on rich medium (LB) and on solid M9
minimal medium supplemented with 15 mM sucrose; images were taken after
3 days of incubation. (B) Growth of four independent dksA mutant strains and
AdksA strains carrying complementation plasmids expressing dksAg,,,,
SMc00049, or dksApg, either from the strong tryptophan promoter (trpp) or
their native promoters (see Materials and Methods). (C, D, and E) Growth
curves of WT, dksA, SMc00049 and relA single, double, and triple mutants and
AdksA strains with complementation plasmids in M9 sucrose medium. For
each strain, a representative graph of three independent biological experi-
ments is shown.

on minimal medium in general, the same plasmids were expressed
in the wild-type (WT) background. All the corresponding strains
grew equally well on rich and minimal media (Fig. 2). Our com-
plementation assays show that S. meliloti DksA likely functions as
a transcriptional regulator, similar to the native protein in E. coli.

Growth of the S. meliloti dksA mutant is impaired on mini-
mal medium. To investigate the importance of the dksA-like genes
and the stringent response in general in S. meliloti, markerless
deletion mutants for dksA, SMc00049, and relA were constructed
in the CL150 WT background (39). The effect of the mutations on
bacterial behavior in culture was tested by monitoring growth on
solid M9 minimal medium containing ammonium chloride as the
sole nitrogen source, supplemented with 15 mM sucrose. AdksA,
ASMc00049, and ArelA strains showed growth similar to that of
the WT on the control medium (LB), with marginally lower cell
numbers for AdksA and ArelA mutants (Fig. 3A). Growth of the
relA mutant was negligible on minimal medium, similar to the
previously described behavior of a partial deletion mutant (31).
Growth of the ASMc00049 strain was indistinguishable from that
of the WT under the conditions tested, whereas growth of the
AdksA mutant was impaired on minimal medium (Fig. 3A). We
observed similar results on minimal medium with glucose, arabi-
nose, succinate, or glutamate (data not shown), with the impair-
ment most obvious on sucrose.

Growth kinetics in liquid minimal medium were consistent
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with behaviors on solid medium: growth of the ArelA mutant
leveled off quickly, barely displaying any exponential growth; the
AdksA mutant growth was slower than WT growth and never
reached the same saturation level; the ASMc00049 mutant growth
was indistinguishable from that of the WT. The doubling times
were 2.81 * 0.07 h for the WT, 3.02 = 0.13 for the ASMc00049
mutant, and 4.43 * 0.51 h for the AdksA mutant in minimal
medium with sucrose (Fig. 3C). To analyze possible additive or
compensatory effects of the dksA, SMc00049, and relA mutations,
we generated corresponding double and triple mutants. In growth
tests on solid and in liquid minimal medium, the mutants behaved
like the corresponding single mutant with the strongest pheno-
type (Fig. 3A and D).

We used complementation tests to confirm that the AdksA
phenotypes are in fact caused by the missing DksA activity in S.
meliloti. dksAg,,,, SMc00049, or dksAg. was expressed from plas-
mids either under the control of a strong promoter (trpp; com-
prising the promoter and leader sequence of the Salmonella Ty-
phimurium tryptophan operon) or driven by the genes’ own
promoters (except for dksAg; see Materials and Methods for de-
tails on promoter sequence choice). Both dksAg,,, and dksAp, re-
stored colony growth in the AdksA background to WT levels on
minimal medium, proving that the mutant phenotype was indeed
a consequence of loss of DksA activity (Fig. 3B and E). In contrast,
introducing SMc00049 into the mutant did not result in better
growth on minimal medium, no matter which promoter was used.
In addition to the complementation strains, four independent iso-
lates of the dksA mutant derived from four different single cross-
over events were analyzed; they all showed the same degree of
growth impairment on minimal medium but grew like the WT
on rich medium (Fig. 3B). The similar behaviors of these inde-
pendent strains suggest that the detected phenotypes were due
to the dksA deletion and not a secondary mutation. These re-
sults show that in amino acid-free minimal medium, dksA, but
not SMc00049, is important for maximum growth efficiency
when sucrose is the sole carbon source. relA is indispensable for
proper bacterial growth in this medium.

It is noteworthy that in the context of free-living behavior we
also examined motility and high-temperature tolerance and
found that both AdksA and ASMc00049 mutants showed WT-like
motility (data not shown), but the AdksA mutant showed reduced
growth in liquid medium at 37°C, whereas the ASMc00049 mu-
tant grew like WT (see Fig. S4A in the supplemental material).
Consistent with its apparent requirement under free-living con-
ditions under nutrient stress, we found that dksA expression was
induced 3-fold in minimal medium compared to expression in
rich medium (see Fig. S5 in the supplemental material).

Nodulation efficiency and nitrogenase activity are decreased
in plants infected with the AdksA mutant. We assessed the per-
formance of the dksA and SMc00049 mutants in symbiosis by ob-
serving their ability to form nodules on M. sativa host plants. The
nodulation rate was significantly reduced on plants infected with
AdksA strains (Fig. 4A) compared to WT S. meliloti-inoculated
plants. Over 3 weeks, the number of AdksA nodules per plant
increased gradually but remained significantly lower than nodu-
lation with WT bacteria. In general, the nodule number does not
increase further after 21 days postinoculation (dpi) in these assays.
Several independent assays (data not shown) revealed that the
nodulation rate induced by the AdksA mutant compared to the
WT strain could be as low as 3.4% at 7 dpi and up to 70.3% at
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21 dpi. dksA transcript levels in WT nodules at either 10 or 21
dpi were not induced compared to levels in rich medium (see
Fig. S5 in the supplemental material). While mature nodules
formed by AdksA resembled WT nodules, their development
appeared to be delayed. At 10 dpi, for example, WT nodules
had already turned pink, suggesting active nitrogen fixation,
whereas all AdksA nodules were still white or only pale pink. To
determine whether those nodules fix nitrogen efficiently, the
acetylene reduction assay (ARA; conversion of acetylene to eth-
ylene) was used as a proxy for nitrogenase activity. At 11 dpi,
low levels of ethylene were formed by AdksA-infected plants, sug-
gesting very low nitrogenase activity (Fig. 4E), whereas WT nodules
already showed much higher levels of nitrogen fixation. This pheno-
type could be complemented by expression of trpp-dksA from a plas-
mid but not by introducing trpp-SMc00049 or the vector control. In
contrast to what was seen at 11 dpi, nitrogenase activity per nodule
did not significantly differ between WT, AdksA, AdksAp(trpp-dksA),
or AdksAp(trpp-SMc00049) nodules at 21 dpi (Fig. 4F).

No significant difference in symbiotic behavior was observed
between the ASMc00049 mutant and WT strains (Fig. 4B). The
relA single mutant induced very few nodules: ArelA nodulation
rates were 3.9 to 7.4% between 10 dpi and 21 dpi compared to the
WT strain (Fig. 4D). The few nodules formed by ArelA strains
were white, i.e., nonfixing, as also reported previously for a partial
deletion mutant of S. meliloti relA (31).

Expressing dksAg,, or dksAg. from trpp in the dksA mutant
restored WT-like nodulation (Fig. 4C; see also Fig. S3 in the sup-
plemental material), whereas trpp-SMc00049 or the empty vector
induced few nodules compared to WT, similar to the AdksA strain
(Fig. 4C). We also tested if dksA is able to complement the relA
mutant by constitutive expression from a plasmid. Indeed, dksA
mostly restored growth on minimal medium (Fig. 5A) and in-
creased nodulation to WT levels (Fig. 5B), indicating that DksA
acts in the same pathway as RelA. In this context, we also investi-
gated if the AdksA mutant displays succinoglycan overproduction
as was described for a relA mutant (31), but a qualitative analysis
of fluorescence on calcofluor white plates suggested no elevated
succinoglycan levels in the dksA mutant (see Fig. S4 in the supple-
mental material).

The double and triple mutants typically displayed nodulation
rates of the corresponding single mutant with the strongest phe-
notype (Fig. 4D). Thus, the AdksA ASMc00049 mutant induced a
nodule number per plant similar to that seen with the AdksA strain
(Fig. 4D). However, we noted that the nodule number was inter-
mediate between those of AdksA and ASMc00049 mutants with a
significant difference from both at 10 dpi and a nonsignificant
difference at 14 and 21 dpi.

Because the AdksA mutant displayed a developmental delay
during early symbiosis, we asked whether Nod factor biosynthesis
might be altered. As a proxy, we measured nod gene expression via
anodABC-lacZ reporter in strains treated with the plant flavonoid
luteolin, which induces nod gene expression. The effect of a dksA
mutation was not significant: expression increased 2.9 times and
4.4 times in WT and S. meliloti AdksA cells, respectively, in rich
medium (Fig. 4G) and 13.4 times and 16.1 times, respectively, in
minimal medium (Fig. 4H). The AnodD1D2D3 strain was used as
a negative control, since it is lacking all three paralogs of the tran-
scription factor NodD responsible for flavonoid-induced nod ex-
pression. The symbiosis effect of a dksA mutation is not due to a
lack of nod gene induction.
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FIG 4 Symbiotic phenotypes of S. meliloti dksA, SMc00049, and relA deletion mutants and nodC expression in AdksA. (A to D) Nodulation on M. sativa plants
inoculated with the indicated S. meliloti strains: three independent AdksA (A) and ASMc00049 strains (B); AdksA strains expressing the indicated genes from a
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incubation with luteolin. Asterisks in panels A, C, and E indicate a significant difference from the WT according to Student’s ¢ test (P = 0.05).

Modifications of the DXXDXA motif and DksA/SMc00049
chimeras fail to establish function in SMc00049. Previous work
showed that the aspartates as well as the alanine in the DXXDXA
motif are crucial for activity (14, 15, 17, 18). We constructed vari-
ants of DksA and SMc00049, modifying the motif, to investigate if
we could abolish or establish DksA activity. In addition, since the
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FIG 5 Constitutive expression of dksA recovers metabolic and symbiotic phe-
notypes in the ArelA strain. (A) Growth of WT and ArelA strains, the ArelA
strain expressing dksA from the tryptophan promoter, and the WT strain car-
rying the empty vector on rich LB and M9 sucrose medium. (B) Nodulation on
M. sativa plants at 21 days after inoculation with the indicated strains. Error
bars indicate standard errors (n = 20; one experiment).
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two proteins differ in the lengths of their N termini (Fig. 1), we
made chimeras by fusing the DksA N terminus to SMc00049 and
a DksAAN variant with the first 25 amino acids deleted (protein
starts at M26 of native sequence). The native DksA motif is
DLADRA (Fig. 1); the mutants are A70T (DLADRT) and DDV
(DVPDRYV). The latter variant mimics the native SMc00049 se-
quence. The SMc00049 mutants are V43A (DVPDRA) and DDA
(DLADRA), with the latter one mimicking the native DksA se-
quence. For the chimeras, two different N-terminal DksA se-
quences were chosen to be attached to SMc00049: (i) amino acids
MI1-F25 (N1) were fused to SMc00049 D2, basically adding the
first 24 amino acids that are not present in SMc00049; (ii) M1-Y33
(N2) were fused to SMc00049 F9, to add a slightly longer sequence
of DksA, covering part of the N-terminal coiled-coil helix 1 (see
results from Lennon et al. [19]); SMc00049 F9 is a conserved res-
idue in this helix. These N termini were also attached in the same
manner to the SMc00049 amino acid substitution mutants as de-
scribed above.

None of the amino acid substitutions or chimeras greatly af-
fected the functionality of DksA or rendered SMc00049 functional
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FIG 6 Modifications of conserved amino acids and chimeras fail to render SMc00049 functional. (A) The growth of E. coli AdksA expressing the indicated genes
from a plasmid was monitored on rich (LB) or minimal medium with 0.4% glucose (M9). For plasmid construction, see Materials and Methods. (B) Comple-
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either in E. coli (Fig. 6A) or in S. meliloti grown on minimal me-  to activate biosynthetic pathways and the stress response effec-
dium (Fig. 6B). However, deleting the N terminus of DksA led to  tively, so that growth is impaired in the absence of complex nutri-
loss of function (Fig. 6A and B). The results for symbiotic interac-  ents. Deleting ASMc00049 did not affect S. meliloti growth, and
tion were overall similar: during nodulation of alfalfa plants, the  the gene was not able to substitute for the lack of dksA in E. coli,
SMc00049 amino acid substitution mutants likewise did not res-  suggesting a distinct function or lack of function. In line with our
cue the AdksA phenotype; the DksA variants A70T and DDV in-  observation of poor growth of AdksA in minimal medium, an
duced higher nodule numbers than AdksA alone; however, this  insertion mutant of P. aeruginosa dksA also showed reduced
difference was not statistically significant (Fig. 6C); chimera growth on M9 glucose medium (49), as does a dksA mutant from
SMc00049+N1 did not restore WT nodulation, and the other  Vibrio cholerae (21), while an E. coli dksA mutant completely lost
chimeras and DksAAN showed nodulation rates between WT and  the ability to grow on minimal medium (48). However, similar
AdksA mutant strains (Fig. 6D), suggesting incomplete comple-  deletion mutants of S. meliloti dksA and relA have been described

mentation. as growing well on minimal medium (33). The contrasting results
of those experiments may arise from the use of different S. meliloti

DISCUSSION genetic backgrounds, different minimal media, or both.

We investigated the involvement of central players of the stringent S. meliloti dksA mutants have not previously been described in

response under free-living and symbiotic conditions in the alpha-  a symbiosis context. We found that while the ASMc00049 mutant
proteobacterium Sinorhizobium meliloti. A ArelA strain, which ~ shows WT-like behavior (Fig. 4B), the nodulation rate of AdksA
cannot produce ppGpp, was severely defective in growth on me-  strains on M. sativa is significantly reduced compared to that of
dium without amino acids (Fig. 3A). This mutant likely is unable  the WT (Fig. 4A) and that nodule development is delayed. This
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delay might start at an early stage of nodulation or during the
infection process. It is possible that the growth impairment
seen under free-living conditions is also the cause of the sym-
biotic defect: reduced growth in minimal medium without
amino acids might resemble a stress that is similar to one en-
countered in the rhizosphere, limiting bacterial growth and
reducing root colonization and leading to a less efficient inva-
sion process. Our assay, using pure cultures (no competition)
and a sufficient inoculum, might obscure such effects from
being observed. Alternatively, DksA may have a direct role in
the regulation of certain gene sets that are directly involved in
early invasion processes, e.g., genes relevant for plant signal
reception, bacterial signal (Nod factor) production, root hair
attachment, or infection thread formation. Our reporter gene
assay showed that in the AdksA mutant at least nod gene induc-
tion by luteolin is normal (Fig. 4G and H), both under rich and
minimal medium conditions, implying that Nod factor is pro-
duced. It remains possible that other aspects of early symbiosis
are affected. In any case, the dksA mutation would only delay
these processes rather than completely block them, since the
AdksA mutant eventually forms nodules on the host plant. Per-
haps another regulatory protein partially compensates for the
loss of DksA, or perhaps the DksA-dependent genes affected in
the mutant are necessary for maximum symbiotic efficiency
only but not essential in general. These hypotheses provide a
basis for further experimentation. To date, there are no reports
on characterizations of DksA proteins from other rhizobia,
most of which possess either one or two orthologs (see Fig. S1
and S2 in the supplemental material).

Given the behavior of ArelA, AdksA, and ASMc00049 double
and triple mutants, it is likely that the already strong defects of the
ArelA mutant mask any further impairments resulting from the
additional deletion of dksA. Transcriptional profiling in E. coli
suggests that DksA can work synergistically with, independently
from, or antagonistically to ppGpp (50). While the phenotypes of
relA and dksA single mutants in E. coli show considerable overlap,
overexpression of dksA in the ArelA mutant can compensate for
some of the relA defects, including amino acid auxotrophy, which
indicates that DksA might act independently from ppGpp (51).
For S. meliloti, global transcription analyses of free-living bacterial
cultures of WT, ArelA, and AdksA mutants exposed to nitrogen or
carbon starvation have shown that most RelA-dependent gene
expression changes are also DksA dependent (33). Our comple-
mentation findings (Fig. 5) suggest that at least parts of the gene
regulation that requires relA can be accomplished by elevated dksA
expression.

It appears that SMc00049 either has no function or has a yet-
unknown function independent of dksA or relA, since its deletion
had no additional effect on their individual deletions. SMc00049
expression was induced in minimal medium and additionally in
21-day-old nodules (see Fig. S5 in the supplemental material),
despite the fact that we found no phenotypes different from WT
behavior under these conditions or stages in strains lacking
SMc00049. These transcript level data imply, however, that there
may be environments, such as late symbiosis stages and nitrogen-
free medium, where SMc00049 plays some important role, per-
haps in combination with an as-yet-unidentified stressor. Alter-
natively, SMc00049 might be cotranscribed with the immediately
upstream gene SMc00048, encoding a conserved hypothetical pro-
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tein, which might be involved directly or indirectly in SMc00049
expression or protein function.

The reason for the functional differences between DksAg,, and
SMc00049 may lie in their primary protein structures. This and
previous studies have shown via complementation or transcrip-
tion experiments that when DksA has a DXXDXA motif at the tip
of the CC domain, it functions as a transcriptional regulator (5, 15,
17,18). Accordingly, DksA activity is lost when the second D in the
motif is mutated (14, 17-19). DksA also becomes inactive when
the A in the motif is replaced by threonine in E. coli and R. spha-
eroides (18, 19). In contrast, the corresponding A70 appears not to
be critical for the function of DksAg,, because substitution
mutants were still able to complement AdksA (Fig. 6B and D).
However, the N terminus likely is important to provide at least
structural stability, as its deletion led to loss of function under
free-living conditions (Fig. 6A and B), which has not been de-
scribed before for a DksA protein.

Constructing a DXXDXA motif via either a V43A substitution
or introduction of the complete DLADRA motif of DksA did not
render SMc00049 functional (Fig. 6A, B, and C). Thus, the nature
of this motif alone is not sufficient to explain SMc00049’s lack of
activity. In addition, mimicking DksA even more by fusing its N
terminus to SMc00049 failed to assign activity to SMc00049 (Fig.
6A, B, and D), indicating that the structures of the two proteins are
still distinct. SMc00049, RSP0166 from R. sphaeroides, and a
DksA-like protein from Campylobacter jejuni (Fig. 1) all possess an
incomplete DXXDXA motif, four conserved cysteines in the zinc
finger, and a shorter N terminus than that found in other DksA
homologs. Since SMc00049 and RSP0166 are nonfunctional for
complementing dksA mutants (this work and reference 19, respec-
tively), it would be interesting to see if the C. jejuni protein has
DKksA activity, which has not yet been tested (24).

The role of the zinc finger motif for DksA function is less clear.
The zinc finger itself may stabilize DksA’s internal structure by
connecting the C-terminal helix with the globular domain (17),
which binds to the rim helices of RNAP (15, 17) and is important
for DksA/RNAP stability. In addition, mutating single or multiple
conserved cysteine residues strongly reduced or abolished P.
aeruginosa DksA2’s activity on transcription inhibition (17). The
fact that the number of cysteines in the predicted zinc finger motif
of DksA-like proteins (one, two, or four cysteines) varies strongly
among different bacteria might suggest other, perhaps species-
specific, requirements for this motif than transcriptional regula-
tion during the stringent response.

This paper lays the foundation for further investigation of
DksA-dependent developmental and transcriptional processes in
the plant-microbe symbiosis, which will shed light on the role of
DksA in mediating the bacterial response to the symbiosis envi-
ronment.
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