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ABSTRACT

Sinorhizobium meliloti undergoes major lifestyle changes between planktonic states, biofilm formation, and symbiosis with le-
guminous plant hosts. In many bacteria, the second messenger 3',5'-cyclic di-GMP (c-di-GMP, or c¢dG) promotes a sessile life-
style by regulating a plethora of processes involved in biofilm formation, including motility and biosynthesis of exopolysaccha-
rides (EPS). Here, we systematically investigated the role of cdG in S. meliloti Rm2011 encoding 22 proteins putatively associated
with cdG synthesis, degradation, or binding. Single mutations in 21 of these genes did not cause evident changes in biofilm for-
mation, motility, or EPS biosynthesis. In contrast, manipulation of cdG levels by overproducing endogenous or heterologous
diguanylate cyclases (DGCs) or phosphodiesterases (PDEs) affected these processes and accumulation of N-Acyl-homoserine
lactones in the culture supernatant. Specifically, individual overexpression of the S. meliloti genes pleD, SMb20523, SMb20447,
SMc01464, and SMc03178 encoding putative DGCs and of SMb21517 encoding a single-domain PDE protein had an impact and
resulted in increased levels of cdG. Compared to the wild type, an S. meliloti strain that did not produce detectable levels of cdG
(cdG®) was more sensitive to acid stress. However, it was symbiotically potent, unaffected in motility, and only slightly reduced
in biofilm formation. The SMc01790-SMc01796 locus, homologous to the Agrobacterium tumefaciens uppABCDEF cluster gov-
erning biosynthesis of a unipolarly localized polysaccharide, was found to be required for cdG-stimulated biofilm formation,
while the single-domain PilZ protein McrA was identified as a cdG receptor protein involved in regulation of motility.

IMPORTANCE

We present the first systematic genome-wide investigation of the role of 3',5'-cyclic di-GMP (c-di-GMP, or cdG) in regulation of
motility, biosynthesis of exopolysaccharides, biofilm formation, quorum sensing, and symbiosis in a symbiotic alpha-rhizobial
species. Phenotypes of an S. meliloti strain unable to produce cdG (cdG’) demonstrated that this second messenger is not essen-
tial for root nodule symbiosis but may contribute to acid tolerance. Our data further suggest that enhanced levels of cdG pro-
mote sessility of S. meliloti and uncovered a single-domain PilZ protein as regulator of motility.

Ipha-rhizobia are soil-dwelling alphaproteobacteria existing
either in free-living states or in symbiosis with a leguminous
plant host. Motile rhizobia undergo a major switch in lifestyle
when establishing a biofilm or symbiosis with the host. In the
symbiotic state, the bacteria inhabit root nodules and differentiate
into polyploid bacteroids that fix nitrogen to the benefit of the
host (1).
3",5"-Cyclic di-GMP (c-di-GMP, or ¢dG) is a common second
messenger in the bacterial kingdom that is known to promote the
transition from a planktonic, motile to a sessile, frequently bio-
film-associated, lifestyle (2, 3). cdG levels are controlled by digua-
nylate cyclases (DGCs) that synthesize cdG from two GTP mole-
cules and by phosphodiesterases (PDEs) that degrade it (4). For
the synthetic reaction, DGCs require an active site with a con-
served GG(D/E)EF motif embedded in a GGDEF domain that can
be inhibited by binding of ¢dG to a primary inhibition site (I-site)
containing an RXXD motif. PDEs contain either an EAL or HD-
GYP domain, which cleaves ¢cdG to pGpG or two molecules of
GMP, respectively. DGC and PDE domains are often coupled to
diverse sensory input domains which regulate the enzymatic ac-
tivities upon perception of environmental stimuli (3). cdG levels
are sensed by effectors, such as PilZ- or GIL-domain-containing
proteins, degenerate GGDEF domains, or riboswitches (5-9).
Binding of ¢dG to PilZ domains involves RXXXR and DXSXXG
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motifs, whereas the I-site-like motif RXGD is required for its
binding to GIL domains.

High intracellular ¢dG concentrations favor production of ex-
opolysaccharides (EPS), fimbriae, pili, and adhesins that contrib-
ute to biofilm formation (3). Transition to a sessile lifestyle also
includes inhibition of flagellar motility by ¢cdG (10). In Escherichia
coli, Salmonella enterica serovar Typhimurium, and Caulobacter
crescentus, this regulation involves PilZ domain proteins (11, 12).
A variety of other cellular functions, not directly involved in the
switch between motile and sessile states, are also subject to regu-
lation by c¢dG. Examples are virulence-associated processes in
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Vibrio, Yersinia, Xanthomonas, Salmonella, and Pseudomonas (13—
17), quorum sensing (QS) in Vibrio and Xanthomonas (18, 19),
and cell cycle control and cell differentiation in C. crescentus
(20, 21).

While experimental manipulation of ¢dG levels indicated a
role of ¢dG in regulation of the sessile-motile switch in alpha-
rhizobia as well, to date only a few cdG-related genes have been
studied in these symbiotic bacteria. In Rhizobium etli and Rhizo-
bium leguminosarum, overproduction of a heterologous DGC en-
hanced EPS production, biofilm formation, and adhesion to plant
roots and decreased symbiotic efficiency and swimming motility
(22). In Sinorhizobium meliloti 102F34, overproduction of the E.
coli cdG-binding protein BdcA resulted in biofilm dispersal and
enhanced motility, presumably by lowering intracellular cdG lev-
els (23). An initial incomplete screen of S. meliloti Rm1021 single-
gene mutants in cdG-related genes identified 11 out of 14 tested
genes as weakly affecting growth rate, motility, EPS production,
and nodule occupancy (24). Recently, enhanced levels of cdG were
shown to induce production of a novel S. meliloti Rm8530 mixed-
linkage -glucan, supposedly by binding of cdG to the C-terminal
portion of the membrane-bound glycosyltransferase BgsA (25).
So far, experimental hints for enzymatic activities of suggested
DGCs and PDEs were reported only for two hybrid GGDEF-EAL
proteins from R. etli (26).

Computational screening of alpha-rhizobial genomes identi-
fied a high number of cdG-related genes, with the highest number
of 55 genes in Bradyrhizobium japonicum (27). The S. meliloti
Rm1021 type strain (28) encodes 20 proteins containing either a
GGDEF or EAL domain or both and two PilZ domain proteins
(26, 27). In contrast to the presence of HD-GYP-domain-encod-
ing genes in Rhizobium, Mesorhizobium, and Bradyrhizobium spe-
cies, such genes were not found in sequenced Sinorhizobium ge-
nomes (27). In this study, we systematically explored the role of 22
cdG-related genes in swimming motility, EPS production, biofilm
formation, and symbiotic efficiency of S. meliloti Rm2011. A mu-
tant with deletions of 16 genes encoding GGDEF-domain-con-
taining proteins did not produce detectable levels of cdG and was
symbiotically potent. We report on genetic factors responsible for
a cdG-mediated increase in biofilm formation and inhibition of
motility in S. meliloti.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids
used in this study are listed in Table S1 in the supplemental material. This
study was performed with S. meliloti Rm2011 (https://iant.toulouse.inra
.fr/bacteria/annotation/cgi/rhime2011/rhime2011.cgi) which is very
closely related to the Rm1021 type strain since both strains are streptomy-
cin-resistant spontaneous derivatives of S. meliloti SU47 (29, 30). S. meli-
loti was grown at 30°C in tryptone-yeast extract (TY) medium (31), LB
medium (32), modified yeast extract-mannitol (YM) medium (33), mod-
ified morpholinepropanesulfonic acid (MOPS)-buffered minimal me-
dium (MM) (34), and nutrient-depleted 30% MM (nitrogen, carbon, and
phosphate sources reduced to 30%). Phosphate-limiting MM contained
0.1 mM K,HPO,. Agrobacterium tumefaciens was grown in minimal glu-
tamate mannitol (MGM) medium. Medium composition and antibiotic
concentrations are provided in the supplemental material. Unless other-
wise specified, isopropyl 3-p-1-thiogalactopyranoside (IPTG) was added
at 500 WM. Growth curves shown in Fig. $4 in the supplemental material
were recorded using an Infinite F200 PRO fluorescence reader (Tecan) in
100-pl cultures in a flat-bottom 96-well plate incubated at 30°C with
shaking.
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Construction of strains and plasmids. Constructs used in this work
were generated using standard cloning techniques. The primers used are
listed in Table S2 in the supplemental material. All constructs were veri-
fied by sequencing. Plasmids were transferred to S. meliloti by E. coli S17-
1-mediated conjugation (35) as previously described (36).

For generation of single knockouts by plasmid integration, 280- to
385-bp internal gene fragments were cloned into suicide vector
pK19mob2Q)HMB. Integration of the resulting constructs into the S.
meliloti genome resulted in truncation of the target gene and inactivation
of the downstream part of the transcription unit. Correct plasmid inte-
grations were verified by PCR.

For construction of deletion mutants, gene-flanking regions of 650 to
770 bp were cloned into suicide plasmid pK18mobsacB. Resulting con-
structs were integrated into the S. meliloti genome, and transconjugants
were subjected to sucrose selection as previously described (37). Gene
deletions were verified by PCR. Multiple mutants were generated by se-
quential gene deletions. The genomes of Rm2011 AXVI and Rm2011
expR* AXVI (strains with deletions of 16 of the 17 GGDEF-domain-
encoding genes in Rm2011) as well as their parental strains Rm2011 and
Rm2011 expR™ were resequenced. Total DNA for resequencing was pu-
rified using a DNeasy blood and tissue kit (Qiagen). DNA libraries for
sequencing were generated by applying a Nextera XT DNA Library Prep-
aration kit (Illumina), and sequencing was performed on a MiSeq Desk-
top Sequencer (Illumina) using a MiSeq reagent kit, version 2, for 2 X
250-bp paired-end reads (Illumina). The following numbers of reads were
obtained: Rm2011, 4.5 X 10% Rm2011 AXVI, 4.8 X 10% Rm2011 expR ™,
3.2 X 10% and Rm2011 expR™ AXVI, 4.4 X 10°, After quality trimming,
the reads were mapped with Bowtie2 (38) using the “very sensitive” preset
and returning up to five matches per read (-k 5). Single-nucleotide poly-
morphism (SNP) detection was performed by applying the ReadXplorer
software, version 2.1 (39), requiring 90% of variation, a minimum mis-
match coverage of 15, and including only the single perfect match and
single best match mapping classes.

To generate C-terminal translation fusions to enhanced green fluores-
cent protein (EGFP) at the native genomic location, about 700 bp of the 3
portion of the coding region excluding the stop codon was cloned into
suicide plasmid pK18mob2-EGFP, and resulting constructs were inte-
grated into the S. meliloti genome.

The promoter-EGFP fusions were generated by insertion of approxi-
mately 300-bp fragments including the region upstream of the start codon
and up to 10 first codons of the gene into the replicative low-copy-number
plasmid pPHU231-EGFP or replicative medium-copy-number plasmid
pSRKKm-EGFP. This generated an in-frame fusion of these first codons
of the gene of interest to egfp.

Gene overexpression constructs were generated by insertion of the
full-length coding sequence downstream of the IPTG-inducible T5 pro-
moter and a Shine-Dalgarno sequence into the replicative medium-copy-
number vector pWBT. For combined overexpression of two genes, the
coding regions were inserted in tandem downstream of the T5 promoter
in pWBT, with each coding region preceded by an identical Shine-Dal-
garno sequence.

Constructs for production of His,-tagged McrA, McrA with R9A and
R13A substitutions in the RXXXR motif (McrAxxxa)> and SMc00074
consisting of residues 390 to 970 (SMc0007454,_o,,) Were generated by
insertion of the coding sequence into expression vector pWHS844. For
generation of the AXXXA substitutions encoded by mcrA (mcrA yyxxa)
splicing by overlap extension PCR was applied.

Phenotype assays. In phenotype assays of strains carrying pWBT-
based constructs, gentamicin and IPTG (500 wM) were added to the me-
dium to maintain the plasmid and to induce gene expression. Mucoidity
was estimated on phosphate-limiting MM agar. Congo red staining was
assayed on TY agar with 70 mg/liter Congo red. Calcofluor brightness was
analyzed on LB agar with 200 mg/liter calcofluor. Fresh precultures grown
on TY agar were resuspended in 0.9% NaCl to an optical density at 600 nm
(ODgyp) of 1 (strains carrying pWBT-based overexpression constructs) or
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0Dy, of 0.1 (all the other strains), and 50 .l was dropped onto the agar
medium. Plates were incubated at 30°C and documented after 2 to 3 days.

Swimming motility was analyzed as follows: for each strain, 2 pl of
stationary TY culture (similar growth confirmed by determination of
ODy,,) was spotted onto three separate petri dishes containing 20% TY
agar, with a final agar concentration of 0.3%, and dried for 5 min. Plates
were incubated at 30°C and documented after 3 days. To quantify swim-
ming motility, sizes of swimming halos of three replicates were measured
using image software GIMP, version 2.

Biofilm formation was determined in flat-bottom polystyrene 96-well
plates (Greiner) in 30% MM, in triplicates, as previously described (40). A
preculture in the same medium was diluted to an ODg, of 0.2, with a final
volume 100 pl, and grown without shaking for 48 h at 30°C. Growth was
recorded by determining the ODy,. The culture medium and nonat-
tached cells were removed. Plate wells were washed with water, stained
with 200 pl of 0.1% crystal violet solution for 30 min with gentle agitation,
and washed twice with water. Stained attached cell material was dissolved
in 200 pl of detaching solution (80% acetone—20% ethanol) for 20 min
upon shaking. Biofilm formation was determined by quantification of
crystal violet-bound attached cell material at the A5, and normalized to
the ODgy,, of the culture.

Fluorescence measurements. For promoter-EGFP assays, TY precul-
tures were diluted 1:500 in 100 wl of TY medium or 30% MM supple-
mented with 100 uM IPTG and grown in 96-well plates at 30°C with
shaking. EGFP fluorescence (excitation wavelength [\, ] of 488 = 9 nm;
emission wavelength [\, | of 522 * 20 nm; gain, 82) and growth (ODy,)
were recorded using an Infinite 200 Pro multimode reader (Tecan).
Strains carrying the empty vector pPHU-EGFP were used for measuring
background fluorescence. Relative fluorescence units (RFU), calculated as
EGFP signals, were normalized to the ODg, (1 = 2 to 3).

For determination of the emission ratio of yellow fluorescent protein
for energy transfer/cyan fluorescent protein for energy transfer (YPet/
CyPet), Rm2011 carrying the fluorescent resonance energy transfer
(FRET) CyPet/YPet expression constructs and either the empty vector
pSRKKm or pleD expression plasmid pSRKKm-PT5-pleD was used. Cells
were grown in triplicates in 100 pl of MM with 500 wM IPTG in 96-well
plates at 30°C with shaking. Fluorescence was determined using a Tecan
Infinite 200 Pro multimode reader (A, of 425 = 9 nm, \,,,, of 476 = 20
nm, A, of 526 = 20 nm; gain, 82) and normalized to OD,.

Microscopy. Microscopy of bacteria on 1% agarose pads was per-
formed using a Nikon microscope Eclipse Ti-E with a differential inter-
ference contrast (DIC) CFI Apochromat TIRF oil objective (100X; nu-
merical aperture of 1.49) and phase-contrast Plan Apo 1 oil objective
(100X; numerical aperture, 1.45) with AHF HC filter sets F36-504 Texas
Red (TxRed) (excitation band pass [ex bp] 562/40-nm, beam splitter [bs]
593-nm, and emission [em] bp 624/40-nm filters) and F36-525 EGFP (ex
bp 472/30-nm, bs 495-nm, and em bp 520/35-nm filters). Images were
acquired with an Andor iXon3 885 electron-multiplying charge-coupled-
device (EMCCD) camera. For time-lapse analysis, MM agarose pads sup-
plemented with 200 WM IPTG were used, and images were acquired every
20 min at 30°C.

Staining with Alexa Fluor 594-conjugated wheat germ agglutinin
(WGA) (Life Technologies) was performed as described by Xu et al. (41)
with modifications. One microliter of fluorescein (f1)-WGA stock solu-
tion (1 mg/ml) was added to 100-pl of stationary MM culture (500 uM
IPTG), and the mixture was incubated for 20 min at room temperature
(RT) and centrifuged at 6,000 X g. The pellets were washed twice with 1 X
phosphate-buffered saline (PBS) buffer. Bacteria were analyzed by mi-
croscopy using phase-contrast and TxRed settings.

Quantification of intracellular ¢cdG. Quantification of intracellular
¢dG of bacterial cells was performed as previously described (42). Briefly,
nucleotides were extracted from cell pellets with 40% acetonitrile, 40%
methanol, and 20% water; samples were dried and subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS). cdG was nor-
malized to total protein, determined using Bradford reagent. Strains over-
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producing selected DGC/PDEs were grown in TY medium and induced
with IPTG (500 wM) at an ODy,, of 0.2 and harvested after 8 h of induc-
tion. Growth rates of the wild type were determined by measuring the
0Dy in 20-min intervals for 80 min around the ODy, of harvest.

AHL detection assay. Two replicate S. meliloti TY cultures were in-
duced with 100 wM IPTG at an ODy,, 0f 0.05 and grown for 24 h. Cultures
were centrifuged for 10 min at 15,000 X g. Twenty microliters of super-
natant was applied to an N-acyl-homoserine lactone (AHL) detection
assay using A. tumefaciens NTL4(pZLR4) that was performed as previ-
ously described (36).

Protein purification. Overnight cultures of E. coli M15/pREP4 strains
carrying pWH844-SMc00507, pWH844-SMc00507-R9A/R13A, or
pWHB844-SMc0007454,_o70 Were used to inoculate LB medium at an
ODy, 0f 0.1 in flasks. At the ODy, of 0.6, 400 uM IPTG was added, and
the cultures were further incubated with shaking at 140 rpm overnight at
RT. Cultures were harvested by centrifugation (4,000 X g), resuspended
in binding buffer (1.76 g/liter Na,HPO, - 2H,0, 1.4 g/liter NaH,PO, -
H,0, 29.2 g/liter NaCl, 20 mM imidazole, 2 mM phenylmethylsulfonyl
fluoride [PMSF], pH 7.4), and lysed using a French press (applied pres-
sure, 1,000 1b/in?). After centrifugation for 50 min at 15,000 rpm at 4°C,
supernatants were applied to His SpinTrap columns (GE Healthcare) and
washed with binding buffer containing 100 mM imidazole. Proteins were
eluted with 500 mM imidazole. Purity of isolated proteins was assessed by
SDS-PAGE and Coomassie brilliant blue staining. Protein concentration
was determined using Bradford reagent.

In vitro c¢dG binding assay. cdG binding was assayed using a differ-
ential radial capillary action of ligand assay (DRaCALA) with purified
protein and **P-labeled c-di-GMP (6, 43). **P-labeled c-di-GMP was pre-
pared by incubating 10 uM His,-DgcA (C. crescentus) with 1 mM GTP/
[a-**P]GTP (0.1 wCi/pl) in reaction buffer (50 mM Tris-HCI, pH 8.0, 300
mM NaCl, 10 mM MgCl,) overnight at 30°C. The reaction mixture was
then incubated with 5 units of calf intestine alkaline phosphatase (Fer-
mentas) for 1 h at 22°C to hydrolyze unreacted GTP. The reaction was
stopped by incubation for 10 min at 95°C followed by centrifugation (10
min, 20,000 X g, 20°C). The supernatant was used for the cdG binding
assay. *?P-labeled cdG was mixed with a 20 WM concentration of His,-
McrA or Hisg-McrA ,yxxa and incubated for 10 min at RT in binding
buffer (10 mM Tris, pH 8.0, 100 mM NaCl, 5 mM MgCl,). Ten microliters
of this reaction mixture was transferred to a nitrocellulose membrane and
allowed to dry prior to being exposed to a phosphorimaging screen (Mo-
lecular Dynamics). Data were collected and analyzed using a Storm 840
scanner (Amersham Biosciences) and Image Quant, version 5.2, software.
For competition experiments, 0.4 mM unlabeled ¢dG (Biolog) or GTP
(Sigma) was added.

In vitro DGC activity assay. DGC activity was determined essentially
as described previously (44). Briefly, assays were performed with 10 uM
purified proteins (final concentration) in a final volume of 40 pl. Reaction
mixtures were preincubated for 5 min at 30°C in reaction buffer (50 mM
Tris-HCI, pH 8.0, 300 mM NaCl, 10 mM MgCl,). DGC reactions were
initiated by the addition of 1 mM GTP/[a-**P]GTP (0.1 pnCi/pl) (Hart-
man Analytic) and incubated at 30°C for 0, 10, 20, 45, or 60 min. Reactions
were then stopped by the addition of 1 volume of 0.5 M EDTA. Reaction
products were analyzed by polyethyleneimine-cellulose thin-layer chro-
matography (TLC). Two-microliter aliquots were spotted onto TLC
plates (Millipore), dried, and developed in 2:3 (vol/vol) 4 M (NH,),SO,—
1.5 M KH,PO, (pH 3.65). Plates were dried prior to exposure to a phos-
phorimaging screen (Molecular Dynamics). Data were collected and an-
alyzed using a Storm 840 scanner (Amersham Biosciences) and Image
Quant, version 5.2, software.

Plant assays. Medicago sativa cv. Eugenia seeds were surface sterilized
by 95% sulfuric acid for 10 min, washed eight times with sterile water, and
transferred to plant agar (45). The seeds were germinated in the dark
overnight at 4°C and for 24 h at 30°C. Bacterial overnight TY cultures were
diluted 1:10 with sterile 0.9% NaCl, and 100 pl of the suspensions was
plated onto the lower half of plant agar plates (triplicates). For competi-
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FIG 1 Quantification of cdG in Rm2011 grown in liquid TY and MM cultures.
E, exponential growth phase; S, stationary growth phase; ¢, doubling time in
hours. Error bars represent standard deviations of three biological replicates.

tion assays, test and control strains, of which only one carried a chromo-
somally integrated gentamicin resistance gene, were mixed 1:1. Four seed-
lings were placed onto each plate, and plants were incubated at 22°C and
90% humidity in an 18-h/6-h day/night rhythm for 4 weeks. To estimate
nodulation kinetics, emerging nodules were counted every day. To ana-
lyze competitive nodulation, nodules were surface sterilized with 70%
ethanol, washed three times with sterile water, and crushed. Different
dilutions of these extracts were spread on TY agar containing either strep-
tomycin or streptomycin and gentamicin. Nodule occupancy was deter-
mined by counting CFU of gentamicin-sensitive and -resistant strains.
Nodules producing no gentamicin-resistant CFU were considered occu-

GGDEF domain

pied by the gentamicin-sensitive strain, those with up to 60% gentamicin-
resistant CFU were considered to have mixed occupancy, and those with
more than 60% gentamicin-resistant CFU were considered to have pre-
dominant occupancy by the gentamicin-resistant strain.

RESULTS

Cellular cdG levels are higher in exponentially growing than in
stationary-phase S. meliloti cells. To determine conditions of
¢dG accumulation in S. meliloti Rm2011, intracellular ¢dG con-
centrations were determined in complex TY medium and MOPS-
buffered phosphate-sufficient or phosphate-limiting minimal
medium (MM) (Fig. 1). In all media, the cdG content of exponen-
tially growing cells was 10- to 30-fold higher than that of cells in
stationary phase. Moreover, intracellular c¢dG levels of exponen-
tial-phase cells approximately inversely correlated with growth
rate. Cells growing in phosphate-sufficient MM or TY medium
had about 2-fold shorter doubling times and 2- to 4-fold higher
cdG levels than phosphate-limited cells.

Individual or multiple knockout mutations in DCG- and
PDE-encoding genes have no or only weak effects on motility
and biofilm formation. Fig. 2 shows an overview of the domain
architecture of cdG-related proteins in S. meliloti Rm1021. Six
proteins contain a GGDEF domain, 1 contains an EAL domain,
and 11 contain both domains. SMa0369 codes for an internal frag-
ment of an EAL domain, while the neighboring SMc03142 and
SMc03141 encode the N-terminal and C-terminal parts of a puta-
tive bifunctional protein due to truncation of SMc03142 by a non-
sense mutation at codon 196. Sequencing of the corresponding

Name Domain architecture motifs

PleD —H—<a RxxD GGEEF
SMa2301 — < RxxD GGEEF
SMb20389 —<3 RxxD GGDEF
SMb20523 < PxxA GGEEF
SMc01464 HEH<TH AxxG  GGEEF
SMc04015 —ar RxxD GGEEF
SMa0137 [———)<HE»> AxxA GGDEF
SMal548  {—H—H—H—H I<TZHEE»> RxxE GGDEF
SMb20447 —<ZHEE> RxxE AGDEF
SMb20900 HoHCO<CTHED> GxxD GGDEF
SMc00033 - GxxK GGDDF
SMc00038 ——T—<CTHEE> RxxD GGDEF
SMc00074 3 <ZmHEE> RxxD GGDQF
SMc00887 ~@=HEER> PxxA ADDEF
SMc00992 —C<HE>— QxxA SGDEF
SMc03141 S - -
SMc03178 C————<=HE»>> RxxD GGDEF
SMc03942 4HHO—<THE»> GxxA MGDEF
SMa0369 55 -
SMb21517 - 3
SMc00507 @ -
SMc00999  —@ -

EAL domain motifs Length = Further domains

- 455 2x REC

- 448 =

- 341 GAF

- 402 -

- 426 -

- 307 -
EALXR N ExxE DD KxD ExxE 733 CHASE4
EALXR N ExxE DD KxD ExxE 1071 5x PAS
EALxXR N ExxE DD KxD ExxE 564 -
EALXR - - DD KxD ExxE 644 MHYT. PAS
ESLxR N ExxE DD KxD ExxE 599 CBS
EALXR N ExxE DD KxD ExxE | 772 PAS, GAF
EALXR N ExxE DD KxD ExxE 970 @ 7TM-DISM, PAS
EALXR N ExxE DD KxD ExxE 448 =
EALXR N ExxE DD KxD ExxD | 790 HAMP
EALXR N ExxE DD KxD ExxE 349 -
EALXR N ExxE DD KxD ExxE 882 CHASE, PAS
EALXR N ExxE DD KxD ExxE | 773 PAS

- - ExxE - - - 88 -

ECLxR N ExxE - KxD ExxE | 271 -

- 101* .

- 202 -

FIG 2 Overview of S. meliloti Rm2011 cdG-related genes. Green, GGDEF domain; red, EAL domain; blue, PilZ domain. Differences from consensus sequence
motifs are labeled in red. Domain architectures are drawn to scale. Black bars, predicted transmembrane helices; white boxes, other domains; length, protein

length in amino acids; *, corrected based on experimental validation.
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genome region confirmed this mutation in the Rm2011 genome.
Eleven of the 17 GGDEF domain proteins contain a canonical
GGDEF motif, whereas an RXXD I-site motif was found in seven
proteins.

For phenotypic characterization, knockout mutants in 19 of
the 20 putative DGC and/or PDE-encoding genes (see Fig. S1 in
the supplemental material) were generated in S. meliloti Rm2011,
either by plasmid integration (18 genes) or by deletion
(SMa0369). We failed to knock out SMc00074, in accordance with
Cowie et al. (46), who identified this gene as potentially essential.
The mutants were characterized for production of EPS, swimming
motility, and the ability to form a biofilm on an abiotic surface (see
Fig. S1) and to establish symbiosis with the host plant Medicago
sativa. S. meliloti produces two main EPS, succinoglycan (EPS I)
and galactoglucan (EPS II) (47, 48). On rich medium, Rm2011
predominantly produces EPS I, while EPS II production is pro-
moted by phosphate limitation (34, 49). To evaluate production
of EPS by cells grown on rich medium, we applied staining with
calcofluor, a fluorescent dye binding to EPS I and, to a lesser ex-
tent, to other EPS, and staining with Congo red binding to cellu-
lose and amyloid compounds. Furthermore, mucoidy on phos-
phate-limiting MM was assessed.

Compared to the wild type, the mutants did not show apparent
differences in EPS production or in their ability to swim on semi-
solid agar (see Fig. SI in the supplemental material). Under the
conditions tested, most of the mutants also appeared to be unaf-
fected in biofilm formation. Only SMb20447, SMc00887, and
SMc03942 mutants showed a 1.5- to 1.8-fold increase, while pleD,
SMb20523, SMc01464, and SMc03178 mutants exhibited a 1.4- to
1.5-fold decrease in cell material attached to polystyrene. None of
the single-gene mutants was impaired in symbiosis. Plants inocu-
lated with the single mutants formed pink, nitrogen-fixing root
nodules and appeared healthy, indistinguishable from plants in-
oculated with the wild type (data not shown).

Functional redundancy or compensatory effects may be re-
sponsible for the absence of strong phenotypes of the single-gene
mutants. We therefore constructed mutants with multiple muta-
tions in S. meliloti Rm2011 and its expR-sufficient derivative
Sm2B3001, here referred to as Rm2011 expR™ (50). The latter was
included in this study because Rm2011 carries a naturally occur-
ring mutation in expR encoding the LuxR-type master transcrip-
tion factor of QS regulation (51). Intracellular cdG levels of expo-
nentially growing Rm2011 (4.25 = 0.36 pmol/mg protein) and
Rm2011 expR™ (4.50 = 0.11 pmol/mg protein) in TY medium
were similar, implying that under these conditions cdG content
was not influenced by expR.

Starting with deletion of pleD, we sequentially deleted 16 of the
17 GGDEF-domain-encoding genes in Rm2011 and Rm2011
expR™, resulting in Rm2011 AXVI and Rm2011 expR™ AXVI,
respectively (see Table S1 in the supplemental material). Since
SMc00074 could not be deleted, the GGDEF-EAL-domain-con-
taining portion of the encoded protein heterologously produced
in E. coli was assayed for DGC activity (see Fig. S2). In agreement
with the noncanonical GGDQF motif in the predicted GGDEF
domain of SMc00074 (Fig. 2), DGC activity was not detected,
whereas the positive-control protein DgcA from C. crescentus
showed DGC activity. Exponentially growing Rm2011 AXVI and
Rm2011 expR™ AXVI cells did not detectably produce ¢dG as
assessed by our mass spectrometry-based assay; thus, these strains
were considered cdG°. Genome resequencing of the S. meliloti
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cdG® strains confirmed deletion of the 16 targeted genes and did
not identify potential suppressor mutations that may circumvent
aneed for cdG. In the genome sequences we did not detect differ-
ences other than the targeted deletions when comparing Rm2011
to Rm2011 AXVI, and we identified only one SNP when compar-
ing Rm2011 expR* AXVI to Rm2011 expR™" This SNP causes a
nonsense mutation in SMc02987 encoding the toxin of the puta-
tive SMc02987/SMc02988 toxin/antitoxin pair (52).

Assays for EPS production of the two c¢dG strains and the
intermediates generated by the serial deletions did not reveal sig-
nificant alterations in mucoidity or calcofluor brightness (see Fig.
S3 in the supplemental material). In the Rm2011 background,
serial deletions of GGDEF-domain-encoding genes did not alter
motility on semisolid agar (see Fig. S3). Swimming motility of
mutants in the background of the QS-sufficient strain was not
tested because ExpR strongly induces production of EPS II, which
hampers this assay. Biofilm formation was diminished about
2-fold in the Rm2011 AIV, AXII, and AXIII mutants (see Table S1
in the supplemental material) compared to the level in the wild
type, whereas it was only slightly reduced in both cdG? strains (see
Fig. S3). Thus, contrary to expectations, the absence of cdG in
these strains did not strongly affect any of the tested phenotypes
that are typically associated with this second messenger. M. sativa
plants inoculated with the cdG® strains were indistinguishable
from plants inoculated with the wild type with respect to the color
of nodules and appearance of shoots (see Fig. S4A in the supple-
mental material). No significant differences in nodulation effi-
ciency, nodule occupancy, or competitiveness between wild-type
and cdG? strains were observed (Fig. S4B and C). Thus, we con-
clude that preventing cdG synthesis does not significantly affect
the symbiotic ability of S. meliloti.

Since we did not detect any strong phenotype of the cdG°
strains under standard growth conditions, their resistance to os-
motic and acid stress was tested since EPS is an important factor
for resistance to these stress factors (53, 54). Whereas growth of
the mutants was not affected in the presence of 0.4 M NaCl,
growth of Rm2011 cdG° was significantly reduced at pH 5.7 (see
Fig. S5A in the supplemental material). Complementation of
Rm2011 c¢dG° with pWBT-pleD restored growth at pH 5.7 (see
Fig. S5B), implying that ¢dG or PleD may have a role in acid
resistance of this QS-impaired strain.

Overexpression of cdG-related genes affects intracellular
cdG levels, motility, biofilm formation, and production of EPS.
To functionally characterize S. meliloti cdG-related genes (Fig. 2)
independent of their native expression conditions, IPTG-induc-
ible overexpression constructs were generated in the medium-
copy-number vector pWBT. Following the same strategy, we con-
structed overexpression plasmids of C. crescentus dgcA (55) and E.
coli yhjH (56) encoding a well-characterized DGC and PDE, re-
spectively. EPS production, motility, and biofilm formation of S.
melilotiRm2011 carrying these plasmids were characterized under
conditions permitting overexpression of the plasmid-located
cdG-related genes (Fig. 3).

Overproduction of the heterologous DGC DgcA inhibited mo-
tility on semisolid agar, increased Congo red staining, and pro-
moted biofilm formation. In contrast, overproduction of the het-
erologous PDE YhjH reduced biofilm formation 2-fold but did
not affect motility. Inhibition of motility as well as increased bio-
film formation and Congo red staining was observed upon over-
expression of pleD, SMb20523, SMb20447, SMc01464, and
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FIG 4 Effects of overexpression of DGC/PDE genes on cdG content and cell
morphology. (A) Increase in ¢cdG content of Rm2011 cells overexpressing the
indicated genes relative to cells carrying the empty pWBT vector. Error bars
represent standard deviations of three biological replicates. (B) Microscopy
analysis of cells from the culture samples used for cdG quantification in panel
A. Scale bar, 5 pm.

SMc03178, all encoding putatively functional GGDEF domains
(Fig. 3). This implies that these five S. meliloti genes may indeed
encode functional DGCs. Mutation of the PleD GGDEF motif to
GGAAF (pleDgaar) abolished the effects of pleD overexpression
(Fig. 3), further supporting DGC activity of PleD and a cdG-de-
pendent nature of the observed phenotypic changes. DGC activity
of these five S. meliloti proteins is furthermore supported by a 214-
to 2,480-fold increase in cdG content of cells overproducing these
proteins compared to levels in the wild type (Fig. 4A). Interest-
ingly, overexpression of the putative PDE gene SMb21517 inhib-
ited both motility and biofilm formation, whereas the intracellular
cdG concentration increased 33-fold (Fig. 3 and 4). This unex-
pected increase in ¢cdG content is inconsistent with the observed
reduction in biofilm formation. Taken together, these data
strongly suggest that motility, production of Congo red-binding
compounds, and biofilm formation are influenced by ¢dG in S.
meliloti. Although we cannot exclude the possibility that these
phenotypes were caused by effects of overexpression other than
increased levels of cdG, the observation that overproduction of the
heterologous DGC DgcA caused similar defects strongly supports
this notion.

Effects of elevated cdG content on cell morphology were ana-
lyzed by microscopy (Fig. 4B). In these assays, we investigated cells
harvested from exponentially growing cultures used for cdG
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the associated calcofluor brightness (UV). (B) Activities of exoY and wgeA
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measured using promoter-egfp fusions in stationary growth phase (45 h after
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empty vector with promoterless egfp. RFU, relative EGFP fluorescence units.
Error bars indicate standard deviations of two to three biological replicates.
(C) Rm2011 wild-type and exoY mutant strains, both carrying the indicated
overexpression constructs, grown on phosphate-limiting MM agar. EV, empty
pWBT vector.

quantification (Fig. 4A). Overexpression of pleD, SMb20523, and
SMb21517 did not significantly affect cell morphology, whereas
cells overexpressing SMb20447, SMc01464, and SMc03178 were
elongated. The impact on cell morphology correlated well with the
magnitude of increase in cdG concentration, with the highest cdG
content resulting in the strongest cell elongation. On minimal and
rich media, growth of cells overexpressing pleD, SMb20523,
SMb20447, or SMc01464 was not significantly affected, whereas
overexpression of SMc03178 notably inhibited growth (Fig. 3).
This suggests that very high levels of cdG may interfere with cell
proliferation.

The degree of motility impairment and biofilm formation
upon overproduction of the putative DGCs did not correlate with
cdG content (Fig. 3 and 4A). Strongest biofilm formation was
observed upon pleD overexpression, which caused the smallest
increase in cdG content. Thus, the regulatory pathways governing
cdG-mediated control of motility and biofilm formation may re-
spond to different concentration ranges of cdG. Additionally, cell
elongation and impaired growth caused by very high ¢dG concen-
trations may also contribute to the observed phenotypes.

High ¢dG levels correlated with enhanced calcofluor bright-
ness and Congo red staining of the agar cultures of SMb20447-,
SMc01464-,and SMc03178-overexpressing strains (Fig. 3), imply-
ing that EPS production is positively regulated by c¢dG. Since cal-
cofluor fluorescence is typically associated with enhanced EPS I
production, we overexpressed SMb20447 in an exoY mutant,
which is deficient in the galactosyltransferase initiating EPS I bio-
synthesis (57). The exoY background mutation abolished the cal-
cofluor bright phenotype (Fig. 5A), confirming that it was caused
by enhanced production of EPS I. Promoter activity of exoY was
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not affected by overexpression of SMb20447 (Fig. 5B). Thus, en-
hanced production of EPS I may be mediated by transcriptional
regulation of other genes of this biosynthetic pathway or posttran-
scriptionally.

We noted that mucoidity of agar cultures on phosphate-limit-
ing MM was slightly reduced upon overexpression of dgcA, pleD,
SMb20523, SMc01464, SMb20447, and SMc03178. This implies
that the increase in ¢cdG content may be inhibitory for EPS II
biosynthesis. The mucoidity of an exoY mutant growing on phos-
phate-limiting MM is predominantly conferred by EPS II. In this
mutant, the decrease in mucoidity upon overexpression of pleD or
SMb20447 was even more apparent than in the wild-type back-
ground, whereas overexpression of pleDgar had no effect (Fig.
5C). This further supports the assumption that EPS II production
was negatively affected by overexpression of these DGC candidate
genes. Promoter activity of wgeA, a gene involved in EPS II bio-
synthesis, was reduced to about one-third in pleD- and
SMb20447-overexpressing stationary-phase cells (Fig. 5B). This
suggests that either a direct or indirect effect of enhanced levels of
cdG on transcription of EPS II biosynthesis genes contributes to
reduced mucoidy.

PleD localizes to the old pole of the smaller daughter cell of
asymmetrically dividing S. meliloti. To learn about subcellular
localization of the six DGC and PDE candidates that stood out in
the overproduction assay (Fig. 3 and 4), we constructed C-termi-
nal fusions of these proteins to EGFP. For this approach the en-
coding genes were replaced by the fusion constructs at their native
genomic loci in Rm2011. Exponential- and stationary-phase cells
of the resulting strains cultured in TY medium as well as in phos-
phate-sufficient and phosphate-limiting MM were analyzed by
fluorescence microscopy (see Fig. S6 in the supplemental mate-
rial). Out of these six fusion proteins only PleD-EGFP and
SMc01464-EGFP produced a detectable fluorescence signal in
cells cultured in the three media. SMb20447-EGFP fluorescence
was detected only in cells growing in phosphate-limiting MM, and
none of the strains with the remaining constructs produced a de-
tectable fluorescence signal in any of the media tested.

Accumulation of PleD-EGFP in one or two predominantly po-
larly localized foci was observed in a considerable proportion of
cells harvested from liquid cultures (Fig. 6A). We monitored the
spatiotemporal localization of PleD-EGFP by time-lapse fluores-
cence microscopy (Fig. 6B). To unambiguously assign polar local-
ization of PleD-EGFP to the mother or slightly smaller daughter
cell of the asymmetrically dividing S. meliloti cells (58), the endog-
enous ParB was C-terminally tagged with mCherry in the pleD-
egfp-expressing strain. ParB is known to bind close to the chromo-
somal origin of replication, and during chromosome segregation
one copy moves from the old pole of the mother cell to the oppo-
site pole (future old pole) of the emerging daughter cell (59, 60).
Time-lapse microscopy revealed that during the S. meliloti cell
cycle, a PleD-EGFP focus appeared in the daughter cell shortly
before cells separated (Fig. 6B, arrow) and then disappeared and
was no longer detectable at the time point when a second ParB-
mCherry focus was visible at the new pole of the daughter cell.

Elevated levels of cdG diminish biosynthesis of QS signal
molecules. Links between cdG-dependent regulation and QS have
previously been reported in several bacterial species (reviewed in
references 61 and 62). We therefore asked if elevated concentra-
tions of ¢dG affect N-acyl-homoserine lactone (AHL)-mediated
QS signaling. The expression level of the AHL synthase gene sinl
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regulates biosynthesis of QS signals. Repression of P;,; and reduc-
tion of AHL production were also observed in Rm2011 (Fig. 7). In
this strain expR is disrupted by an insertion element (51). There-
fore, this cdG-mediated regulation of sinI can be considered to be
independent of expR. Moreover, in stationary-phase cultures of

Pl the Rm2011 ¢dG® strain, sinl promoter activity and AHL abun-
eD-EGFP . o ;
dance increased (see Fig. S7 in the supplemental material), further

B supporting a cdG-mediated negative regulation of AHL synthesis.
cdG-stimulated biofilm formation is modulated by EPS. The

A. tumefaciens uppABCDEEF cluster (see Fig. S8A in the supple-

mental material) controls biosynthesis of a unipolarly localized

polysaccharide (UPP) adhesin strictly required for surface attach-

ment (63). Surface contact-independent production of this poly-

saccharide is induced by elevated levels of cdG (41). This gene

cluster is highly conserved among rhizobia, including S. meliloti

and R. leguminosarum. In R. leguminosarum, it drives biosynthesis

of a polar glucomannan which is not required for biofilm forma-

tion but which significantly promotes attachment to roots and

root hair infection (64, 65).

it Looking for target processes that may contribute to cdG-me-
diated regulation of biofilm formation in S. meliloti, we studied

120 min 140 min 160 min the role of the SMc01790-SMc01796 gene region showing homol-
ogy to these gene clusters (see Fig. S8A in the supplemental mate-

rial). A polar plasmid integration mutation in the S. meliloti uppE

homolog SMc01792, also inactivating the downstream genes

SMc01791 and SMc01790, failed to respond to pleD overexpres-

220 min — sion with strong biofilm formation (Fig. 8A). M. sativa plants
inoculated with this mutant were indistinguishable from plants

FIG 6 Spatiotemporal localization of PleD-EGFP during cell cycle. (A) Mi- | . . .
croscopy analysis of Rm2011 cells producing PleD-EGFP harvested from cul- inoculated with the wild type with respect to the number and color
tures in liquid TY medium in exponential (Exp) and stationary (Stat) growth ~ of nodules and the appearance of shoots. Since SMc01794 pro-

phases. All images were taken using identical settings. Scale bar, 5 pm. (B)  moter activity did not strongly alter upon pleD overexpression

Time-lapse microscopy of Rm2011 carrying chromosomally integrated pleD- (see Fig. S8B), cdG-mediated regulation most likely occurs at the
egfp and a parB-mCherry expression plasmid. Arrows point to PleD-EGFP foci

overlapping ParB-mCherry foci. Green and red arrowheads point to PleD- postiranscrip tlopal level. . . o
EGFP and ParB-mCherry foci, respectively. Scale bar, 2 um. We further aimed at dissecting the contributions of EPS I, EPS

11, and the biosynthetic product of the SMc01790-SMc01796 gene

cluster to cdG-enhanced biofilm formation. Biofilm formation
and overall AHL production were estimated in Rm2011 expR™  induced by pleD overexpression was enhanced in an exoY wgeB
upon overexpression of pleD, pleDggaap Or SMb20447. Expres-  double mutant, deficient in production of EPS I and EPS 1I (57,
sion of sinl was assessed using a P;,-egfp fusion, and AHL pro-  66) compared to that in the pleD-overexpressing Rm2011 wild
duction was detected by the A. tumefaciens indicator strain NTL4  type (Fig. 8A). The presence of an intact expR gene increases both
(pZLR4) (Fig. 7). Py;,; activity and AHL levels decreased when EPSIand EPSII production (67, 68). Biofilm formation caused by
pleD or SMb20447 was overexpressed, whereas overexpression of ~ pleD overexpression in Rm2011 expR™ was strongly reduced in
pleDaar had no effect. These data suggest that cdG negatively comparison to the level in Rm2011 (Fig. 8A). Inactivation or
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FIG 7 Elevated c¢dG content negatively affects AHL production at the level of sinl transcription. (A) Semiquantitative detection of AHLs in S. meliloti
stationary-phase culture supernatants by A. tumefaciens NTL4(pZLR4). (B) sinI promoter activity determined using a P;,-egfp fusion. Exponential, 27 h after
inoculation; stationary, 45 h after inoculation; EV, empty pWBT vector; RFU, relative EGFP fluorescence units. Error bars indicate standard deviations of three
biological replicates.
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strong reduction of EPS I and EPS II biosynthesis in Rm2011
expR™ by exoY wgeB double mutation or by knockout of the AHL
synthase gene sinl (69), respectively, partially restored cdG-stim-
ulated biofilm formation upon pleD overexpression (Fig. 8A).
Biofilm formation of the pleD-overexpressing Rm2011 expR ™ sinl
strain was abolished by mutation of SMc01792, in the same way as
in Rm2011 (Fig. 8A).

Mutation of mucR encoding a global transcriptional regulator
leads to reduced production of EPS I and enhanced biosynthesis of
EPS II (70). While EPS II produced by an expR™ strain is com-
posed of low-molecular-weight and high-molecular-weight frac-
tions, a mucR mutant primarily produces high-molecular-weight
EPS II (71). In contrast to Rm2011 expR™, a mucR mutant re-
sponded to overexpression of pleD with strong biofilm formation,
which was further enhanced upon mutation of exoY and wgeB
(Fig. 8A). Mutation of SMc01792 strongly reduced biofilm forma-
tion by the pleD-overexpressing mucR mutant, further supporting
an important role of the SMc01794-SMc01790 operon in cdG-
enhanced surface attachment. Interestingly, pleD-overexpressing
mucR cells clearly aggregated in agitated liquid cultures (Fig. 8B).
Microscopy analysis confirmed the presence of large cell aggre-
gates which were stainable with Alexa Fluor 594-conjugated wheat
germ agglutinin (fl-WGA) binding to N-acetylglucosamine
(GleNAc), which is present in A. tumefaciens UPP (41) (Fig. 8B).
Mutation of SMc01792 abolished cell clumping and strongly re-
duced fl-WGA staining (Fig. 8B).

We further asked if S. meliloti flagella and pili contribute to
biofilm formation. Mutations in rem and flgH strongly reduced
biofilm formation, compared to the wild-type level, of both the
pleD-overexpressing strain and the strain carrying the empty vec-
tor (Fig. 8A; see also Fig. S9 in the supplemental material). The rem
mutant is nonmotile due to deficiency in flagellar gene expression
(72), while the polar miniTn5 insertion in flgH probably also dis-
rupts transcription of the downstream genes fliL and fliP. The
latter three genes encode membrane-associated components of
the flagellar basal body. This implies that flagella or flagellar mo-
tility contributes to cdG-stimulated biofilm formation. In addi-
tion, a pilA1 mutant strain also showed reduced biofilm formation
(Fig. 8A), suggesting a role of type IVD pili in this process.

PilZ domain protein SMc00507 negatively regulates motil-
ity. The S. meliloti genome encodes two PilZ domain proteins
(Fig. 2). The PilZ domains of both proteins contain conserved
RXXXR and DXSXXG motifs separated by 21 amino acids in
SMc00507 and by 19 amino acids in SMc00999. Whereas
SMc00999 consists of an N-terminal domain of unknown func-
tion and a C-terminal PilZ domain, SMc00507 comprises only a
single PilZ domain. SMc00507 was annotated to encode a protein
of 112 amino acids (GenBank accession number CAC46339.2).
However, we found the predicted start codon to be incorrect. The
egfp reporter gene fused to this TTG codon was not expressed,
whereas it was expressed when fused to the downstream ATG at
position 34. This strongly suggests that this ATG is the genuine
start codon of SMc00507 encoding a protein of 101 amino acids
(see Fig. S10 in the supplemental material).

mean value for Rm2011 pWBT was 0.162 = 0.046 (set to 1). Error bars indicate
standard deviations of three biological replicates. (B) Cell clumping and fl-
WGA staining in stationary 30% MM cultures grown in shaken liquid culture.
Microscopy images (top) and wells of a 96-well plate (bottom) are shown.
Scale bar, 10 pm.
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To learn about the role of S. meliloti PilZ domain proteins in
cdG-dependent regulation, Rm2011 SMc00507 and SMc00999
single and double mutants were assayed for EPS production, mo-
tility, and biofilm formation (see Fig. S1 in the supplemental ma-
terial). Under the conditions tested, no phenotypes could be as-
signed to these mutations. However, under conditions of elevated
cdG levels caused by pleD overexpression, the SMc00507
SMc00999 double mutant was slightly hypermotile, in contrast to
the Rm2011 wild type that showed reduced motility (see Fig.
S11A). In contrast, this double mutant was not affected in pleD
overexpression-enhanced Congo red staining and biofilm forma-
tion (Fig. S11A). Characterization of the SMc00507 and SMc00999
single mutants identified the mutation in SMc00507 to be respon-
sible for enhanced motility upon pleD overexpression (Fig. 9A; see
also Fig. S11B). Thus, SMc00507 encodes a putative cdG receptor
protein involved in regulation of motility in S. meliloti, and this
protein was therefore was named mcrA, for motility-associated
cdG receptor A.

Binding of cdG by Hisg-McrA was tested by a differential radial
capillary action of ligand assay (DRaCALA) (43) (Fig. 9B). Spot-
ting of purified Hisg-McrA preincubated with radiolabeled cdG
on the membrane produced an intense signal in the middle of the
spotting area originating from protein-bound c¢dG, whereas a sur-
rounding weak signal was produced by nonbound cdG. This char-
acteristic pattern indicates binding of radiolabeled c¢dG by His,-
McrA. Binding was outcompeted by nonlabeled ¢dG but not by
nonlabeled GTP, supporting the idea that Hisg-McrA specifically
binds ¢dG. Moreover, mutating the conserved N-terminal
RXXXR motif by the amino acid exchanges R9A and R13A in
Hisg-McrA (designated Hisg-McrA ,xxxa) abolished ¢dG binding
(Fig. 9B), supporting the idea that this motif is involved in cdG
binding. We also attempted to mutate the conserved DXSXXG
motif; however, the simultaneous amino acid exchanges D35A,
S37A, and G40A rendered the protein insoluble (data not shown).

PilZ proteins were previously reported to undergo conforma-
tional changes upon ¢dG binding (4, 73). We tested for in vivo
binding of cdG to McrA and a conformational change upon bind-
ing by employing a modified version of the fluorescence reso-
nance energy transfer (FRET)-based cdG biosensor designed by
Christen et al. (20). The original biosensor is composed of the cdG
receptor protein YcgR flanked by CyPet and YPet fluorophores. A
conformational change of YcgR upon ¢dG binding results in an
altered YPet/CyPet emission ratio (526 nm/476 nm). In this bio-
sensor, we replaced YcgR by McrA and produced this fusion
protein in Rm2011 with and without pleD overexpression. The
CyPet-YcgR-YPet and CyPet-12aa-YPet (CyPet and YPet with a
12-amino-acid linker) constructs were used as positive and nega-
tive controls, respectively. Compared to the Rm2011 wild-type
background, in the pleD-overexpressing strain, the 526 nm/476
nm ratio of CyPet-12aa-YPet-mediated fluorescence did not
change. In contrast, the 526 nm/476 nm ratio of CyPet-YcgR-
YPet- and CyPet-McrA-YPet-mediated fluorescence decreased
and increased, respectively (Fig. 9C). The former indicates that
upon ¢dG binding to YcgR the expected conformational change
moves the fluorophores farther apart (20), while the latter implies
that cdG binding to McrA induces a conformational change mov-
ing the fluorophores closer together.

Overexpression of mcrA in the Rm2011 wild type resulted in
slightly reduced motility, whereas EPS and biofilm phenotypes
were unaffected (Fig. 3). Furthermore, combined overexpression
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FIG 9 Identification of McrA (SMc00507) as a cdG receptor mediating re-
pression of swimming motility upon pleD overexpression. (A) Swimming
motility of the Rm2011 wild type (wt) and mcrA mutant upon pleD overex-
pression. EV, empty pWBT vector. (B) DRaCALA with radiolabeled cdG and
Hisg-McrA or Hisg-McrA ,xxxa- (C) Detection of conformational change in
McrA upon pleD overexpression in Rm2011 using the CyPet/YPet FRET bio-
sensor. The negative control CyPet-12aa-YPet (12aa) and positive control
(YcgR) were analyzed in parallel. EV, empty pSRKKm vector; Fs, ¢, emission at
526 nm normalized to ODy, (excitation at 425 nm); F,,¢, emission at 476 nm
normalized to ODy, (excitation at 425 nm). Error bars indicate standard
deviations of three biological replicates. (D) Swimming motility of wild-type
Rm2011 and the mcrA mutant upon overexpression of pleD alone, in combi-
nation with mcrA, or in combination with mcrA sxxx. EV, empty pWBT vec-
tor. Error bars indicate standard deviations of three biological replicates.

of pleD and mcrA but not mcrA ,xxxa led to a nonmotile pheno-
type (Fig. 3 and 9D), strongly suggesting that cdG-bound McrA
negatively controls motility. Combined pleD and mcrA overex-
pression in Rm2011 did not affect EPS production, whereas bio-
film formation decreased about 10-fold compared to the level of
Rm2011 overexpressing pleD alone (Fig. 3). This outcome is con-
sistent with our observation that the nonmotile rern mutant is
defective in pleD overexpression-mediated biofilm formation
(Fig. 8A).
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DISCUSSION

The role of ¢dG in S. meliloti. Our systematic analysis of
GGDEF-, EAL-, and PilZ-domain-encoding genes signified simi-
larities but also differences of the role of cdG in S. meliloti com-
pared to that in other bacteria. Single gene mutations in predicted
cdG-related genes did not show striking changes in phenotypes
typically associated with ¢dG, like EPS production, swimming
motility, biofilm formation, and host infection. The only excep-
tion is the putatively essential gene SMc00074, predicted to encode
an integral membrane protein with cytoplasmic EAL and inactive
GGDEF domains. Single mutations in dgcA and dgcB encoding
hybrid GGDEF-EAL domain proteins did not cause phenotypic
changes in R. etli (26), a finding which is similar to our mutant
screening data. However, our findings are in disagreement with
those of Wang et al. (24), who reported weak changes in motility,
symbiosis, and EPS production in 11 out of 14 single-gene mu-
tants in GGDEF- and/or EAL-domain-encoding genes in S. meli-
loti Rm1021, which is closely related to the wild-type strain in our
study. Slight differences between strains and assay conditions may
account for this discrepancy.

While functional redundancies and compensatory effects may
explain missing or weak effects of the single mutants in cdG-re-
lated genes, most unexpectedly the S. meliloti cdG® strains also did
not show salient phenotypes in the physiological processes tested,
except for increased sensitivity to acid stress. The acid stress re-
sponse of Rm2011 involves repression of motility and activation
of EPS biosynthesis (74), processes that were affected by elevated
levels of cdG. To our knowledge, S. meliloti is the only bacterium
described so far which does not require cdG or GGDEF/EAL do-
main proteins for swimming motility. A C. crescentus cdG strain
was nonmotile due to lack of flagella and impaired in surface at-
tachment and cell differentiation, the latter impairment resulting
in aberrant cell morphology (75). Deletion of all GGDEF-do-
main-encoding genes in Salmonella Typhimurium abolished vir-
ulence, resistance to desiccation, motility, biofilm formation, and
synthesis of cellulose and fimbriae, while growth and resistance to
acid, salt, or starvation stress were unaffected (16).

Since the cdG content was in the range of a few picomoles per
milligram of total protein, similar to other bacteria studied (76—
78), the phenotypic neutrality of the cdG® strains is unlikely to be
due to low abundance or absence of cdG in the wild type under the
growth conditions applied in this study. However, we cannot ex-
clude the possibility that the Rm2011 laboratory strain has lost
sensory and regulatory pathways that stimulate enhanced c¢dG
production. In S. meliloti, cdG content strongly dropped in the
stationary phase. Growth-dependent alterations in ¢cdG concen-
trations were also reported for E. coli showing higher levels of cdG
at the transition to stationary phase than in the exponential and
stationary phases (78). In contrast, levels of ¢cdG in Myxococcus
xanthus cells seem not to be growth phase regulated (76).

Nevertheless, in agreement with a classical cdG-mediated mo-
tile-sessile switch, elevated levels of cdG caused by overexpression
of heterologous or native DGC-encoding genes resulted in en-
hanced biofilm formation coinciding with changes in EPS biosyn-
thesis and reduced motility (summarized in Fig. 10). Our study
strongly suggests that PleD, SMb20523, SMb20447, SMc01464,
and SMc03178 have DGC activity in S. meliloti although we can-
not exclude the possibility that overexpression of GGDEF- and/or
EAL-encoding genes indirectly influence other DGCs or PDEs.
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FIG 10 Summary of cdG-mediated regulation in S. meliloti. Black lines show
regulatory interactions described in this study, and gray lines denote previ-
ously identified regulatory links (25, 34, 49, 50, 68, 69). Biosynthesis of QS
signals is negatively regulated at the level of sinl transcription. EPS Iand EPS IT
biosynthesis is affected by cdG via unknown pathways. Phosphate limitation-
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affected by the global regulators MucR and ExpR, which also regulate motility
and EPS biosynthesis. Flagella contribute to biofilm formation. Repression of
swimming motility involves binding of cdG to the PilZ-domain protein McrA.

Four of these proteins possess a canonical GG(D/E)EF motif,
whereas SMb20447 has an AGDEF motif, as has been reported for
the active DGC VCA0965 from Vibrio cholerae (79). Among the 20
proteins putatively associated with cdG synthesis, degradation, or
binding, 11 have both complete GGDEF and EAL domains, in-
cluding SMb20447 and SMc03178. Despite the presence of a well-
conserved EAL domain, overproduction of either of these two
proteins results in a strong increase in c¢dG levels. This suggests
that under the conditions of overproduction, DGC activity of
SMb20447 and SMc03178 is dominant. Control of the catalytic
activities of such dual-function enzymes can be a key point of
regulation. A regulatory control of both enzymatic functions has
previously been reported for Rhodobacter sphaeroides BphGl,
Vibrio parahaemolyticus ScrC, Legionella pneumophila Lpl0329,
and A. tumefaciens DcpA (80-83). Unexpectedly, overproduction
of the predicted PDE SMb21517, encoding a single EAL domain,
resulted in a moderate increase in cdG content and inhibited mo-
tility. The same effects were observed upon overproduction of
EAL-domain-containing or HD-GYP-domain-containing pro-
teins in Legionella pneumophila or Pectobacterium atrosepticum
(84, 85), indicating indirect effects on other DGCs or PDEs.
Effect of cdG on the cell cycle. Very high levels of ¢cdG pro-
voked S. meliloti cell elongation, which might have been directly
caused by this second messenger or indirectly by exhausting the
GTP pool. In C. crescentus, cdG and the single-domain response
regulator DivK convergently regulate cell cycle progression (21).
In this regulation, cdG-induced phosphatase activity of the cell
cycle kinase CckA promotes replication initiation and cell cycle
progression. The C-terminal part of the S. meliloti CckA, which
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contains the catalytic and REC domains, shares 47% identity with
its C. crescentus ortholog, including residue Y514, shown to be
important for binding of cdG (21). Thus, it is tempting to specu-
late that, at least at very high c¢dG concentrations, binding of cdG
to CckA possibly also impacts the S. meliloti cell cycle.

In C. crescentus, PleD is involved in regulation of cell cycle
progression and was shown to be responsible for uneven distribu-
tion of ¢cdG in mother and daughter cells, with the mother cell
containing more cdG (20). Localization of PleD to the stalked cell
pole (the old pole of the mother cell) is believed to be associated
with its DGC activity (86). Although the C. crescentus and S. meli-
loti PleD proteins share 51% identity, their modes of regulation
and roles in the cell cycle may be different. This is substantiated by
different localization patterns and mutant phenotypes. Localiza-
tion of PleD in C. crescentus and S. meliloti differs in that it localizes
to the old poles of the mother and daughter cells, respectively.
Furthermore, the S. meliloti pleD mutant did not differ from the
wild type in motility, while the C. crescentus pleD mutant was
hypermotile due to defects in flagellum ejection and stalk mor-
phogenesis (87). Similarly to the S. meliloti pleD mutant, an A.
tumefaciens pleD deletion mutant was unaffected in motility and
showed no obvious developmental defects (88). However, the pat-
tern of flagellation differs between these organisms. Swimming
motility of C. crescentus is mediated by a single polar flagellum
localized at the new pole (89), while A. tumefaciens exhibits two
flagella in a polar or subpolar tuft at one pole, plus one or two
lateral flagella on each side (90), and peritrichous flagella drive
motility of S. meliloti (91).

Modulation of QS by c¢dG. Quorum sensing and cdG-depen-
dent regulation are interconnected in several bacterial species. The
most common mechanism is regulation of cdG biosynthesis or
degradation by QS lowering cdG levels in the QS state (reviewed in
references 61 and 62). Under the conditions tested, QS did not in-
fluence the total cdG content in S. meliloti, but both native and
elevated levels of cdG negatively affected expression of the AHL
synthase gene sinl and accumulation of AHLs in the growth me-
dium. Similarly, the PDE activity of RpfR was required for normal
levels of transcription of the AHL synthase gene cepl and AHL
production in Burkholderia cenocepacia, whereas the factor medi-
ating cdG-dependent negative regulation of the synthase gene re-
mained unknown (92). Since the cdG content was higher in expo-
nential- than in stationary-phase S. meliloti cells, negative
regulation of AHL biosynthesis by cdG may serve as a fine-tuning
mechanism attenuating AHL accumulation in rapidly growing
cells.

The role of EPS in cdG-enhanced biofilm formation. Our
data strongly suggest that S. meliloti, just like A. tumefaciens (41,
63), employs a GlcNAc-containing UPP required for cdG-medi-
ated cell aggregation and attachment to abiotic surfaces. The ar-
chitectures of the S. meliloti SMc01796-SMc01790 and A. tumefa-
ciens uppABCDEF biosynthetic gene clusters are similar, both
encoding two polysaccharide export proteins, two proteins with
unknown function, and two (A. tumefaciens) or three (S. meliloti)
glycosyltransferases. GIcNAc polymers were also found to be im-
portant for surface attachment of C. crescentus as a component of
the holdfast adhesin at the tip of the stalk (93, 94).

While this putative GIcNAc-containing UPP was essential for
cdG-enhanced biofilm formation of S. meliloti, EPS I and/or EPS
II seems to hamper this process, and the amount and composition
of EPS may be relevant to this interference. This negative effect of
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EPS production on biofilm formation was clearly seen only under
conditions of elevated levels of cdG. This is in agreement with
EPS-deficient Rm1021 mutants which are unaffected in biofilm
formation (95). In line with a negative role of EPS at least in initial
steps of surface attachment and cell aggregation, overproduction
of EPS 1 by an S. meliloti Rm1021 emrR mutant correlated with
decreased biofilm formation (96). In contrast, extensive overpro-
duction of EPS I may have a positive effect on biofilm formation,
possibly by mechanisms not including the GlcNAc-containing
UPP. An S. meliloti Rm1021 strain encoding a constitutively active
variant of the receptor histidine kinase ExoS is nonmotile, exten-
sively overproduces EPS I, and was reported to show stronger
biofilm formation than the wild type (97).

Flagellar motility accelerates surface adhesion of various bacteria
(reviewed in reference 98). Pili and flagella were suggested to mediate
afirst, reversible phase of surface attachment of C. crescentus (93). In
S. meliloti, absence of flagella was reported to have a negative effect
on biofilm formation (97). Our data suggest that cdG-enhanced bio-
film formation of S. meliloti involves repression of swimming motil-
ity but also requires presence of pili and flagella.

A PilZ domain protein negatively regulates motility. PilZ do-
main proteins were reported to negatively regulate motility in di-
verse bacteria like E. coli, C. crescentus, Azospirillum brasilense, and
Pseudomonas fluorescens (11, 99, 100) or to stimulate it in Trepo-
nema denticola and Borrelia burgdorferi (101, 102). In this study,
we identified McrA as a c¢dG receptor protein, able to repress
swimming motility at elevated c¢dG levels. McrA is a small protein
of 101 amino acids solely comprising a PilZ domain. Such archi-
tecture is not uncommon; however, not much is known about the
functions of these proteins. DgrA and DgrB are single-domain
PilZ proteins involved in cdG-dependent repression of motility in
C. crescentus (11). DgrA binds cdG in vitro, and its overexpression
results in decreased abundance of the flagellar rotation protein
FliL via an unknown mechanism (11). Although no significant
homology exists between McrA and DgrA, the congruent archi-
tecture comprising just a PilZ domain implies that their function
likely relies on interactions with other proteins.

Eliminating cdG-dependent McrA-mediated negative regula-
tion of motility led to slight hypermotility at elevated c¢dG levels,
which reveals an additional positive effect of cdG on motility. This
observation is in line with a bipartite role of ¢dG in flagellar-based
motility regulation proposed for S. Typhimurium and C. crescentus
in that cdG may coordinate flagellar assembly and rotation (16,
73,75). In a strikingly similar manner, overproduction of a heter-
ologous DGC rendered an S. Typhimurium mutant in the PilZ
domain-encoding ycgR gene hypermotile, and combined over-
production of this DGC and YcgR provoked a nonmotile pheno-
type in the same way as combined overexpression of pleD and
mcrA in S. meliloti (73). An additional similarity is probably a
conformational change triggered upon binding of cdG to YcgR
(73) and McrA.

Consistent with the assumption of a common role of ¢dG in
regulating the motile-sessile switch in bacteria, our findings indi-
cate that high cdG levels favor a sessile lifestyle of S. meliloti. Yet no
phenotypic differences were evident between mutants in 21 out of
22 cdG-related genes and the wild type, and only overexpression
of seven of these genes resulted in phenotypic changes. Most un-
expectedly, the S. meliloti mutants unable to produce cdG were
not affected in processes typically controlled by this second mes-
senger, including motility. Moreover, cdG was also not an impor-
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tant bacterial factor in root nodule symbiosis. This suggests that
these proteins are not active under the conditions tested or that
they have a role in processes not assayed in this study. It may also
be indicative of overlapping regulatory controls, as has been re-
ported for the regulatory pathway driving cell cycle progression in
C. crescentus (21).
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