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Mutation of the Sensor Kinase chvG in Rhizobium leguminosarum
Negatively Impacts Cellular Metabolism, Outer Membrane Stability,
and Symbiosis

Elizabeth M. Vanderlinde and Christopher K. Yost

Department of Biology, University of Regina, Regina, Saskatchewan, Canada

Two-component signal transduction systems (TCS) are a main strategy used by bacteria to sense and adapt to changes in their
environment. In the legume symbiont Rhizobium leguminosarum biovar viciae VF39, mutation of chvG, a histidine kinase,
caused a number of pleiotropic phenotypes. ChvG mutants are unable to grow on proline, glutamate, histidine, or arginine as
the sole carbon source. The chvG mutant secreted smaller amounts of acidic and neutral surface polysaccharides and accumu-
lated abnormally large amounts of poly--hydroxybutyrate. Mutation of chvG caused symbiotic defects on peas, lentils, and
vetch; nodules formed by the chvG mutant were small and white and contained only a few cells that had failed to differentiate
into bacteroids. Mutation of chvG also destabilized the outer membrane of R. leguminosarum, resulting in increased sensitivity
to membrane stressors. Constitutive expression of ropB, the outer membrane protein-encoding gene, restored membrane stabil-
ity and rescued the sensitivity phenotypes described above. Similar phenotypes have been described for mutations in other
ChvG-regulated genes encoding a conserved operon of unknown function and in the fabXL genes required for synthesis of the
lipid A very-long-chain fatty acid, suggesting that ChvG is a key component of the envelope stress response in Rhizobium legu-
minosarum. Collectively, the results of this study demonstrate the important and unique role the ChvG/Chvl TCS plays in the

physiology, metabolism, and symbiotic competency of R. leguminosarum.

he Gram-negative cell envelope is critical for cell survival, and

a complex and dynamic structure ensures the bacterium’s suc-
cessful adaptation to sudden environmental changes (32). The
complexity of the cell envelope is particularly evident from the
study of rhizobia, a group of soil-dwelling bacteria that form mu-
tualistic symbioses with leguminous plants. These bacteria are
uniquely adapted to survive in the rhizosphere as well as intracel-
lularly within legume plant cells (12). During symbiosis, the cell
envelope of rhizobia undergoes significant changes, and several
cell envelope components are critical for a successful transition
from a free living cell to an intracellular bacteroid (2, 4, 9, 12, 43).
While significant attention has been focused on characterizing
individual cell envelope components in free-living cells and dur-
ing plant infection, a major challenge moving forward is to eluci-
date how rhizobia integrate multiple signals from their environ-
ment to coordinate an appropriate adaptive response to their cell
envelope.

Two-component signal transduction systems (TCSs) represent
a broadly conserved strategy among bacteria for sensing and re-
sponding to external stimuli. TCSs are typically comprised of a
membrane-associated sensor kinase and a cytoplasmic response
regulator. The most extensively studied TCS in the Rhizobiaceae
are the ChvG/Chvl system from Agrobacterium tumefaciens and
the homologous ExoS/Chvl system from Sinorhizobium meliloti,
where ChvG (ExoS) is the sensor kinase and Chvl is the response
regulator (5, 7). These TCSs play important roles in both patho-
genic and beneficial host-microbe interactions (2, 5, 7, 8, 19, 43).
Mutation of either chvG or chvl in A. tumefaciens results in aviru-
lence toward several different host plants, including infection of
stems of Zinnia elegans and Lycopersicon esculentum and of Bryo-
phyllum daigremontianum leaves (5). The ChvG/ChvI TCS in A.
tumefaciens positively regulates a number of acid-inducible genes,
including aopB, katA, virB, and virE, leading to the hypothesis that
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the Agrobacterium ChvG/Chvl acts as a pH sensor that regulates
virulence genes in response to the acidic conditions encountered
during the early stages of infection (19). In S. meliloti, a number of
studies have shown that ExoS and Chvl are required for successful
symbiosis with alfalfa, the host legume (2, 43, 45). The ExoS/Chvl
TCS in S. meliloti is required for production of succinoglycan and
galactoglucan, the two symbiotically active exopolysaccharides
(EPSs) (2, 7,43, 45). These EPSs are required for proper infection
thread initiation and elongation (7, 45). It remains to be deter-
mined whether the ExoS/Chvl TCS is a direct or indirect regulator
of EPS production in S. meliloti. In addition, mutation of ho-
mologs of chvG and chvI in closely related alphaproteobacterial
animal pathogens such as Brucella abortus (BvrR/BvrS) and Bar-
tonella spp. (BatR/BatS) leads to a reduction in invasiveness, pre-
vention of intracellular replication, and lysosomal fusion, result-
ing in a loss of virulence in mice (30, 35). It is clear from these
studies that the ChvG/ChvI TCS represents an important regula-
tory system whose proper function is required during host infec-
tion.

The ChvG/Chvl TCS is also critical for proper physiological
functioning of free-living bacteria. In A. tumefaciens, mutation of
chvG or chvI leads to alterations in the outer membrane, resulting
in increased sensitivity to detergents and hydrophobic antibiotics
(5, 19). Mutations in these genes also lead to loss of growth on
complex media and minimal media containing cas-amino acids
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TABLE 1 Bacterial strains and plasmids

chvG Mutant of R. leguminosarum

Strain or plasmid Relevant characteristics® Source or
reference
E. coli strains
TOP10 F~ merAA(mrr hsdRMS mcrBC) ®80lacZAM15 AlacX74 recAl araA139A(ara-leu)7697 galU galK rpsL (Smr) Invitrogen
endAl nupG
S17-1 RP4 tra region, mobilizer strain recA derivative of MM294A with RP4-2 (Tc:Mu, Km::Tn7) integrated into the 33
chromosome
DH5« endAl hsdR17 supE44 thi-1 recAl gyrA96 relA1 A(argF-lacZYA) AlacU169 ®80lacZ AM15 Invitrogen
R. leguminosarum strains
VF39 Biovar viciae, Sm* 29
DF20 VF39SM, chvGQKm mutant, unable to grow on complex media, Sm* Nm* 10
DF20pDF38 VF39SM, chvGQKm mutant complemented in trans with a functional copy of chvG cloned downstream of the 10
constitutive trp promoter in the broad-host-range plasmid, pDG71, Sm* Nm* Tc*
DF20pEV9I1 VF39SM, chvGQYKm mutant, complemented in trans with a functional copy of ropB cloned downstream of the This study
constitutive frp promoter in the broad-host-range plasmid, pDG71, Sm* Nm* Tcr
Plasmids
pCR2.1 Topo TOPO TA cloning vector, 4.0 kb, Km" Ap* Invitrogen
pFUS1par Broad-host-range vector with promoterless gusA for transcriptional fusions, par stabilized, Tc* 46
pDG71 Broad-host-range derivative of pHC41, constitutively expressed tryptophan promoter and gfp(mut3), Tcr 11
pNdvB pFUSlpar, ndvB::gusA, Tc 39
pDF38 Broad-host-range vector pDG71 containing a functional copy of chvG downstream of tryptophan promoter, Tc* 10
pEVI1 Broad-host-range vector pDG71 containing a functional copy of ropB downstream of tryptophan promoter, Tc* 40
pEV109 pFuslpar with pssA::gusA transcriptional fusion, Tc* This study
pEV117 pFuslpar with phbC::gusA transcriptional fusion, Tcr This study
pEV118 pFuslpar with phaZ::gusA transcriptional fusion, Tc* This study

@ Ap, ampicillin; Km, kanamycin; Nm, neomycin, Sm, streptomycin; Tc, tetracycline.

(5). Functional ChvG and Chvl are also required for growth at
acidic pH, an observation that is consistent with the speculation
that this TCS acts as a sensor to respond to acid stress in A. tume-
faciens (19).

Until recently, the ExoS/ChvI TCS was assumed to be essen-
tial in S. meliloti, due to the inability to isolate null mutations in
the genes encoding either ExoS or Chvl (22). However, two
recent studies have reported null mutations in both of these
genes. Bélanger et al. (2) used a merodiploid-facilitated muta-
tion strategy to create null mutants of both exoS and chvI. In
addition to confirming the role of ExoS and ChvI in symbiosis
and exopolysaccharide production, they reported significant
metabolic defects in the mutants, which had a 75% reduction in
the number of carbon sources able to support growth com-
pared to the wild type (2). A separate chvl deletion mutant was
found to be acid sensitive and hypermotile, have an altered
lipopolysaccharide (LPS) profile, and produce less poly-83-
hydroxybutyrate (PHB) (43). Furthermore, a total of 59 genes
encoding members of a number of diverse functional groups,
including EPS synthesis proteins, outer membrane proteins,
catabolism-related proteins, and transporters, have been iden-
tified as putative targets for direct regulation by ChvI (6). The
difficulty in isolating null mutants, the pleiotropic phenotypes
displayed by mutants, and the large chvI regulon clearly em-
phasize the physiological importance of this TCS.

To date, characterization of the ChvG (ExoS)/ChvI TCS in the
Rhizobiaceae has focused on S. meliloti and A. tumefaciens. Re-
cently, we reported isolation of a chvG mutant in Rhizobium legu-
minosarum VF39 and described its role in regulating the ropB
outer membrane protein-encoding gene and an operon required
for cell envelope integrity and control of cell morphology
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(RL3499-RL3502) (10, 38). We have also found that ChvG is im-
portant for induction of the fabXL genes required for biosynthesis
of the lipid A very-long-chain fatty acid during growth under
membrane stress conditions (E. M. Vanderlinde and C. K. Yost,
unpublished data). In this paper, we have identified novel pheno-
types for a chvG mutant that are distinct from those observed for
other rhizobia. We have found that the role of chvG in regulating
polysaccharide production, PHB accumulation, and carbon
source utilization in R. leguminosarum differs significantly from
that of S. meliloti. We have also shown that constitutive expression
of ropB restores tolerance of detergents, hydrophobic antibiotics,
and hydrogen peroxide in the chvG mutant by restoring outer
membrane stability, suggesting that the mechanism for loss of
membrane integrity in the chvG mutant is due, in part, to loss of
ropB expression. The chvG mutant in R. leguminosarum also has
many of the same phenotypes observed for homologs in other
bacteria, including defective nodulation, acid sensitivity, and loss
of growth on complex media. Our data suggest that chvG plays an
important role in Rhizobium leguminosarum physiology by inde-
pendently and coordinately regulating both cellular metabolism
and cell envelope structure.

MATERIALS AND METHODS

Strains, media, and growth conditions. Strains and plasmids used in the
study are summarized in Table 1. Escherichia coli strains were cultured
using Luria-Bertani (LB) medium (31), supplemented as necessary with
the following concentrations of antibiotics: ampicillin, 100 ug/ml; spec-
tinomycin, 100 pwg/ml; and tetracycline, 10 pg/ml. R. leguminosarum cells
were cultured using tryptone-yeast extract (TY) (3) or Vincent’s minimal
medium (VMM) with 10 mM mannitol (41). The VMM, prepared ac-
cording to the method of Vincent (41), contained the following ingredi-
ents: K,HPO, (1 g/liter); KH,PO, (1 g/liter); KNO; (0.6 g/liter); 1 g or 10
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g of carbon source/liter, as indicated; FeCl; (0.1 g/liter); MgSO, (2.5 g/li-
ter); CaCl, (1 g/liter); biotin (0.01 g/liter); thiamine (0.01 g/liter); and
calcium pantothenate (0.01 g/liter). R. leguminosarum cultures were
grown as required with the following concentrations of antibiotics: gen-
tamicin, 30 ug/ml; neomycin, 100 ug/ml; tetracycline, 5 wg/ml; and strep-
tomycin, 500 pg/ml. Unless otherwise indicated, all media were buffered
to pH 7.0. Growth was routinely assessed following incubation at 30°C for
2 days.

Growth on different carbon sources and at acidic pH. To assess the
growth of the chvG mutant on different carbon sources, the wild-type,
chvG mutant, and chvG-complemented strains were streaked onto VMM
containing 0.1% of each tested carbon source. The plates were incubated
at 30°C for 3 days, which is the amount of time necessary for the chvG
mutant to yield visualizable colonies on VMM with mannitol, which was
used as a positive control. The relative levels of growth of the chvG mu-
tants were evaluated semiquantitatively such that +++ represents
growth equivalent to that observed on a mannitol plate, ++ represents
roughly 50% to 80% of the amount of growth observed on a mannitol
plate, + represents roughly 20% to 50% of the amount of growth ob-
served on a mannitol plate, +/— represents scarce growth, and — repre-
sents no growth.

To determine the effect of pH on the growth of the chvG mutant, viable
plate counts of the wild-type, chvG mutant, and chvG-complemented
strains were determined on VMM with mannitol buffered to pH 5.0, pH
7.0, or pH 9.0. The log reduction in growth compared to growth at pH 7.0
was then calculated as described by Vanderlinde et al. (38).

Quantification of EPS and neutral polysaccharides. Briefly, cells
from a fresh plate of VMM with 1% mannitol as the carbon source were
resuspended in 50 ml of VMM broth to an optical density at 600 nm
(ODgyp) of approximately 0.1 and filtered onto S-Pak 0.45-um-pore-size
TypeHA membranes with a Millipore vacuum manifold (Millipore Inc,
Bedford, MA) using Microfil filtration funnels. Filters were placed on
VMM with 1% mannitol, glucose, or sorbitol, as indicated, and incubated
at 30°C for 48 h. Membranes were placed in sterile tubes containing 10 ml
of sterile double-distilled water (dH,0) and subjected to vortexing to
remove cells. Secreted EPS and neutral polysaccharides were quantified as
described previously (39, 40).

Construction of gusA transcriptional fusions. A directional cloning
approach was used to construct gusA transcriptional fusions. PCR was
used to amplify the putative promoter region of the following genes of
interest: pssA (386 bp; pssaF [GTCTCGAGTGTCGAAACGGCA] and
pssaR [CGATCGCTGTGGATAACAGG]), phbC (496 bp; phbcF [TACT
CGAGTAGCCGTCCTGGTATTTTGC] and phbcR [GCTGCTTGTCCG
AGATTTTC]), and phaZ (496 bp; phazF [GACTCGAGTCCTCGTCTC
CTACCTCAGC] and phazR [TATGGGAGAACGGATTCAGC]). The
forward primers contained Xhol linkers (underlined) to assist with clon-
ing. The PCR products were cloned into pCR2.1 TOPO using reagents
and protocols supplied by the manufacturer (Invitrogen, Burlington, On-
tario, Canada). The promoter fragments were subsequently excised using
Xhol and EcoRI and cloned into vector pFUS1par containing a promot-
erless gusA reporter gene and a par stabilization locus, creating plasmids
pEV109 (pssA), pEV117 (phbC), and pEV118 (phaZ) (46). Restriction
mapping and DNA sequencing were used to confirm the proper orienta-
tion and sequence fidelity of the cloned PCR amplicons. Plasmids were
subsequently transformed into the E. coli S17-1 mobilizer strain and con-
jugated into R. leguminosarum strain VF39 (wild type) or DF20 (chvG
mutant) to measure gene expression as described below.

B-Glucuronidase (gusA) reporter gene assays. The enzyme assays for
B-glucuronidase activity were carried out as described previously (21, 46).

Nile blue staining of intracellular granules. The staining procedure
was a modification of a protocol described previously (25). Nile blue A is
a lipophilic stain that fluoresces when bound to polyhydroxyalkanoates
(PHAs) (23, 25). Cells were grown on standard VMM agar supplemented
with 1 ml of 1% Nile blue A per liter, and the amount of fluorescence was
observed using a UV light box. To quantify the amount of fluorescence
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accumulated over time, cells from a fresh plate of VMM with 1% mannitol
as the carbon source were resuspended in 50 ml of VMM broth to an
0Dy, of approximately 0.1 and filtered onto S-Pak 0.45-um-pore-size
TypeHA membranes with a Millipore vacuum manifold (Millipore Inc,
Bedford, MA) using Microfil filtration funnels. Membranes were subse-
quently divided into quarters, placed onto VMM Nile blue A medium
prepared as described above, and incubated at 30°C. After 2, 3, 4, and 5
days, a quarter of the membrane was removed and placed into a sterile
tube with 2 ml of sterile water. Cells were removed from the filter by
vortexing vigorously for 2 min. The fluorescence of a 200-ul aliquot of
cells was measured using excitation and emission wavelengths of 490 nm
and 580 nm, respectively, in a BioTek Synergy HT microplate reader, with
Genb5 analysis software (BioTek Instruments Inc, Winooski, VT). To stan-
dardize the data, viable plate counts for the cell suspensions were also
determined. Data are reported as relative fluorescent units (RFU) per
CFU. To visualize fluorescent granules within individual cells, smears
were made from day 5 cell suspensions and stained with crystal violet.
Cells were visualized under white and UV light with an Olympus BX51
microscope (Olympus, Center Valley, PA). For fluorescence microscopy,
an Olympus WU filter cube with the following specifications was used:
dichroic mirror DM400, excitation filter BP330-385, and barrier filter
BA420 (Olympus, Center Valley, PA).

Plant assays. Nodulation assays were carried out with peas (Pisum
sativum cv. Trapper), vetch (Vicia nigricans), and lentils (Lens culinaris L.
cv. CDC Sovereign) as the host legumes. Seeds were germinated and
planted as described previously (47). Following germination, seeds were
inoculated with approximately 1 X 10° cells of VF39, DF20, or
DF20pDF38. Plants were grown at ambient temperature with a 16-h pho-
toperiod for 6 weeks prior to harvesting. Nodules were visually inspected
for defects. To examine bacteroids of the different strains, individual nod-
ules were placed into 50 ul of sterile water and crushed. A 5-ul aliquot was
spotted onto a slide and stained with crystal violet. Bacteroids were visu-
alized with an Olympus BX51 microscope (Olympus, Center Valley, PA).
The plant shoot dry weights were determined by removing the roots just
above the cotyledon and drying the shoots overnight at 60°C prior to
weighing.

Antibiotic and detergent sensitivity assays. Antibiotic and detergent
sensitivity assays were carried out using disk diffusion assays. Strains were
inoculated into VMM overlays and poured onto solid VMM with manni-
tol. Discs containing 50 ug of polymyxin B, 37.5 ug of H,0,, 1000 g of
sodium dodecyl sulfate (SDS), or 40 ug of erythromycin were applied to
the inoculated VMM plates, and zones of inhibition were measured after
incubation at 30°C for 2 days.

N-Phenyl-1-naphthylamine (NPN) uptake assay of outer mem-
brane permeability. A modified NPN uptake assay was used to assess the
relative permeability of the outer membrane of the different strains used
in this study (13). Fresh, isolated colonies were scraped from a VMM plate
and resuspended in 5 mM HEPES buffer (pH 7.2) to an ODg,, of ~0.5.
The following were then combined in a microtiter plate: 95 ul of HEPES
buffer (pH 7.2), 5 ul of 0.5 mM 1-N-phenyl-1-naphthylamine (NPN) in
acetone, and 100 wl of cells. The fluorescence was then measured at 2-min
intervals for 20 min using excitation and emission wavelengths of 355 nm
and 405 nm, respectively, in a BioTek Synergy HT microplate reader, with
Genb analysis software (BioTek Instruments Inc, Winooski, VT). To stan-
dardize the data, viable plate counts for the cell suspensions were also
determined. Data are reported as relative fluorescent units (RFU) per
CFU. Control samples were set up as follows: (i) buffer (100 ul) plus cells
(100 pl) and (ii) buffer (95 ul) plus NPN (5 ul). The relative fluorescence
of control samples containing either (i) buffer (100 ul) plus cells (100 ul)
or (ii) buffer (95 ul) plus NPN (5 ul) was measured as described above.
The average background fluorescence of buffer plus cells was 634 * 2.66
RFU, and the average background fluorescence of buffer plus NPN was
28,552 *+ 438 RFU.
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TABLE 2 Growth of the chvG mutant on different carbon sources®

Growth of indicated strain

Carbon

Category VF39  DF20 DF20pDF38
source (wild (chvG (chvG
type) mutant) complement)
Sucrose Oligosaccharide +++ +++ +++
Trehalose Oligosaccharide +++ +++ +++
Maltose Oligosaccharide +++ +++ +++
Raffinose Oligosaccharide +++ +++ +++
Ribose Pentose ++ + ++
Xylose Pentose +++ ++ +++
Arabinose Pentose +++ +++ +++
Glucose Hexose +++ +++ +++
Galactose Hexose +++ +++ +++
Mannose Hexose +++ +++ +++
Glycerol Polyol +++ ++ +++
Mannitol Polyol +++ +++ +++
Sorbitol Polyol +++ +++ +++
Adonitol Polyol +++ +++ +++
Dulcitol Polyol +++ ++ +++
Inositol Polyol +++ +++ +++
Erythritol Polyol +++ +++ +++
Alanine Neutral, nonpolar +++ ++ +4++
amino acid
Proline Neutral, nonpolar +++ + +++
amino acid
Arginine Basic, polar +++ — +4++
amino acid
Histidine Basic, polar +++ +/— +++
amino acid
Glutamate Acidic, polar +++ + +++
amino acid

a Strains were streaked onto solid VMM with 0.1% of the indicated carbon source, and
growth was assessed visually after 48 h of incubation at 30°C. Only carbon sources that
supported growth of wild-type R. leguminosarum VF39 are shown. Data presented are
representative of the results of at least three separate trials.

RESULTS

Growth of the chvG mutant is impaired on certain amino acids
and at acidic pH. The chvG null mutant in Rhizobium legumino-
sarum bv. viciae VF39 is unable to grow on complex media (10).
This observation is consistent with phenotypes observed for mu-
tations in chvG orthologs in both S. meliloti and A. tumefaciens (2,
5). Bélanger et al. (2) observed that mutants of exoS or chvI of S.
meliloti were unable to grow on 48 of the 64 carbon sources tested,
suggesting an important role for the TCS in central metabolism
(2). Therefore, we tested growth of the R. leguminosarum chvG

chvG Mutant of R. leguminosarum

mutant on a variety of different carbon sources. A total of 45
different carbon sources were tested, including amino acids, hex-
oses, pentoses, polyols, oligosaccharides, and dicarboxylic acids.
Of the 45 carbon sources tested, only 22 were able to support
growth of the wild type (VF39). The results for growth of the chvG
mutant on these 22 carbon sources are summarized in Table 2. All
assays were performed on solid media, because the chvG mutant is
unable to grow in broth culture. The mutant grew on all carbon
sources tested that would support growth of the wild type, with the
exception of glutamate, histidine, arginine, and proline (Table 2).
Growth on all four amino acids was restored to wild-type levels
through complementation of the chvG mutation with pDF38, the
chvG-expressing plasmid. The chvG mutant was able to grow on
VMM containing mannitol and E, H, P, or R when these amino
acids were used as a sole nitrogen source (data not shown).

Homologs of chvG found in A. tumefaciens and S. meliloti are
required for growth at acidic pH (19, 43). Likewise, the chvG mutant
in R. leguminosarum VF39 had a >7.0 log reduction in growth in
media buffered to pH 5 compared to growth on the same media
buffered to pH 7.0. The wild-type and complement strains grew
equally well on media at either pH 5.0 or pH 7.0. No growth defects
were observed for any of the strains grown at an alkaline pH 0f 9.0. To
determine whether medium acidification due to metabolism of the E,
H, P, and R amino acids contributes to the inability of the chvG mu-
tant to grow on these amino acids as sole carbon sources, the pH of
VMM with each amino acid was monitored during growth of the
wild-type and chvG-complemented strains. The pH of the medium
remained neutral throughout (data not shown).

The chvG mutant maintains exopolysaccharide production
but does so at lower levels than the wild type. In S. meliloti, ExoS
and Chvl are required for production of both succinoglycan and
galactoglucan, the two major exopolysaccharides secreted by this
bacterium (2, 7). The direct role of ChvG/Chvl in regulation of
succinoglycan in A. tumefaciens has not been reported. However,
mutation of exoR, a periplasmic protein that inhibits ChvG, re-
sults in hypermucoid cells in A. tumefaciens strain C58, providing
indirect evidence that ChvG and Chvl regulate succinoglycan pro-
duction in A. tumefaciens (36). R. leguminosarum strains do not
produce succinoglycan or galactoglucan. Instead, R. legumino-
sarum secretes an acidic EPS with an octasaccharide repeating unit
of glucose, glucuronic acid, and galactose at a molar ratio of 5:2:1,
as well as several different neutral polysaccharides, including cy-
clic (£#-1,2) glucans and glucomannan (34, 44). The R. legumino-
sarum chvG mutant had a 1.7-fold decrease in EPS production
compared to the wild type when each was grown on mannitol
(Table 3). To determine whether the nature of the carbon source

TABLE 3 EPS and neutral polysaccharide secretion by the chvG mutant grown on mannitol, glucose, or sorbitol®

Avg (* SD) amount of polysaccharide secreted (mg/mg dry cell wt)

. Mannitol Glucose Sorbitol
Strain
EPS Neutral . EPS Neutral ' EPS Neutral .
polysaccharide polysaccharide polysaccharide
VEF39 (wild type) 2.45+0.172 76.9 = 9.17 2.14 = 0.084 138 £ 18.1 0.437 £ 0.120 35.0 = 6.02
DF20 (chvG mutant) 1.41 = 0.286* 47.4 * 11.6* 1.01 = 0.138* 61.3 = 0.259% 0.213 = 0.049* 19.9 * 2.20*
DF20pDF38 (chvG complement) 1.94 £ 0.453 79.7 = 8.63 1.723 £ 0.449 75.4 = 0.607 0.406 * 0.093 36.9 +9.08

@ Polysaccharides were quantified as described in Materials and Methods. Data are presented as averages (= standard deviations) of the amounts of secreted polysaccharide (EPS or
neutral polysaccharide) determined in at least three independent replicate experiments. An asterisk indicates a statistically significant difference in the amount of polysaccharide

secreted compared to the wild-type strain (P < 0.005; Student’s ¢ test).
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TABLE 4 Expression of phbC, phaZ, pssA, and ndvB in the chvG mutant grown on mannitol, glucose, or sorbitol”

Avg (% SD) GusA activity (Miller units)

Gene Mannitol Glucose Sorbitol

VE39 DF20 VEF39 DF20 VE39 DF20

(wild type) (chvG mutant) (wild type) (chvG mutant) (wild type) (chvG mutant)
pssA 7,166 * 1,467 4,394 *£ 2,617 8,047 = 712 5,724 = 42 4,600 = 401 3,340 * 222
ndvB 747 £ 51 520 £ 95 1,317 £ 70 929 = 18 856 = 69 761 = 34
pth 706 £ 138 923 * 20 736 = 48.2 735 £ 49.5 1,058 = 64.5 1,152 £ 125.9
phaZ 493 + 48.4 370 = 39.5 458 * 49.6 339 = 75.2 549 *+ 445 387 = 121

@ Data represent averages (= standard deviations) of the results at least three independent trials. No statistically significant differences were observed between the expression of the

wild type and that of the ¢hvG mutant.

had an effect on the amount of EPS produced by the mutant, we
also quantified the amount of EPS produced by cells grown on
sorbitol and glucose. Sorbitol was chosen because it is a structur-
ally similar polyol that produces phenotypically drier colonies
than mannitol, and glucose was chosen because it is a structurally
distinct hexose sugar that produces hypermucoid colonies that are
phenotypically similar to those formed on mannitol. As expected,
cells grown on sorbitol produced approximately 4-fold-smaller
amounts of EPS than cells grown on mannitol and glucose (Table
3). However, the chvG mutant produced, on average, 2.12- and
2.05-fold less EPS on glucose and sorbitol, respectively, compared
to the wild type. Results for secretion of neutral polysaccharides by
the chvG mutant were similar to those found for EPS. The chvG
mutant, on average, secreted 1.62-, 2.25-, and 1.75-fold-lower
concentrations of neutral polysaccharides than the wild type when
grown on mannitol, glucose, and sorbitol, respectively (Table 3).

To determine whether chvG alters polysaccharide secretion
through regulation of gene expression, a pssA:gusA transcrip-
tional fusion was mated into the chvG mutant and VF39, and
expression was measured on VMM with mannitol, glucose, or
sorbitol. PssA is a glucosyl transferase that initiates EPS synthesis
by transferring glucose-6-phosphate from UDP glucose to an iso-
prenylphosphate lipid carrier attached to the cytosolic surface of
the inner membrane (34). Expression of pssA was slightly reduced
in the chvG mutant compared to expression in R. leguminosarum
VF39 (Table 4). However, there was a less than 1.5-fold difference
in expression for each of the carbon sources tested. Similarly, ex-
pression of ndvB, a glycosyltransferase required for synthesis of
cyclic (8-1,2) glucan, a major neutral polysaccharide secreted by
R. leguminosarum, was slightly reduced in the chvG mutant. Taken
together, these results suggest that, while mutation of chvG has an
effect on polysaccharide secretion in R. leguminosarum, it is un-
likely to occur through direct gene regulation of known polysac-
charide synthesis genes.

The chvG mutant hyperaccumulates granules that stain with
Nile blue A. Fast-growing rhizobia, such as R. leguminosarum
VEF39, are known to accumulate PHB granules in free-living and
bacteroid cells (37). In wild-type cells, PHB acts as a carbon stor-
age polymer for cells experiencing high concentrations of a carbon
source but nutrient limitation with respect to an essential element
such as nitrogen. To observe whether the chvG mutant accumu-
lated more PHB or a related PHA molecule, cells were grown on
VMM containing the fluorescent, lipophilic dye Nile blue A and
mannitol as the carbon source. Following incubation for several
days, colonies were observed under UV light. The chvG mutant
colonies were significantly more fluorescent than colonies formed
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by the wild-type and complement strains (data not shown). To
quantify fluorescence in the different strains, cells were grown on
media containing Nile blue A and mannitol, and the relative flu-
orescence was measured over time (Fig. 1A). After 2 days of
growth, the levels of fluorescence of the wild-type and mutant cells
were very similar, with an increase of only 1.4-fold in fluorescence
for the chvG mutant compared to the wild type. However, at day 5,
the mutant accumulated 2.9 times more fluorescence than the
wild type.

To further confirm that the increased fluorescence in the mu-
tant was due to staining of intracellular granules, cells grown with
Nile blue A and mannitol were observed under a fluorescence
microscope (Fig. 1B). The granules fluoresced strongly under con-
ditions of UV excitation, indicating they had been stained with the
Nile blue A. Close to 100% of the observed chvG mutant cells had
many large, strongly fluorescent granules that occupied the ma-
jority of the cytoplasmic space. In comparison, roughly 50% of the
observed wild-type and complement cells had smaller fluorescent
granules, while the remaining cells lacked any fluorescence. In
addition, the granules did not stain with dyes specific for other
polymers, such as starch (data not shown). Collectively, these re-
sults support the conclusion that the chvG mutant accumulates
excessive amounts of PHB or of another closely related PHA
polymer.

To determine the effect of the carbon source on PHB accumu-
lation by the chvG mutant, the Nile blue A assay was repeated for
cells grown on glucose or sorbitol (Table 5). For all carbon sources
tested, the fluorescence of the chvG mutant cells after 6 days of
incubation at 30°C was higher than that of the wild-type and com-
plement cells; however, the magnitude of difference between the
mutant and the wild type varied depending on the carbon source.
For example, growth in mannitol resulted in an 8.5-fold difference
between the mutant and wild type and growth in glucose resulted
in a 3-fold increase in fluorescence, while growth in sorbitol re-
sulted in a 1.6-fold increase in fluorescence.

Expression of gusA transcriptional fusions to genes for synthe-
sis (phbC) and degradation (phaZ) of PHB was measured in the
wild-type and chvG mutant strains on mannitol, sorbitol, and glu-
cose to determine whether the increase in PHB accumulation in
the chvG mutant was due to alterations in gene expression (Table
4). We found no significant differences in expression of the fu-
sions on any of the carbon sources tested.

The chvG mutant is unable to form an effective symbiosis
with peas, lentils, or vetch. Functional ChvG is required for suc-
cessful infection in other host-associated Rhizobiales species, in-
cluding S. meliloti, A. tumefaciens, and B. abortus (2, 5, 7, 35, 43).
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FIG 1 (A) Accumulation of PHB granules over time. Cells were grown on VMM with mannitol and Nile blue A, and fluorescence was measured after 2,
3, 4, and 5 days of incubation at 30°C. Viable plate counts were used to standardize the fluorescence data. (B) Fluorescence microscopy of PHB
granules in cells grown on VMM with mannitol and Nile blue A for 5 days at 30°C. Panel A, wild type; panel B, chvG mutant; panel C, chvG

complement.

TABLE 5 PHB accumulation by the chvG mutant grown on mannitol,
glucose, or sorbitol®

Avg (* SD) amt of fluorescence at 580 nm

Strain

Mannitol Glucose Sorbitol
VF39 (wild type) 141 = 14.5 426 * 54 1,416 £ 66
DF20 (chvG mutant) 1,199 £ 114* 1,303 £ 51* 2,285 + 62*
DF20pDF38 (chvG 426 £ 22 488 £ 11 1,575 £ 42

complement)

@ PHB accumulation was measured using Nile blue A fluorescence as described in
Materials and Methods. Data represent averages (* standard deviations) of the results
of at least three independent replicate experiments. An asterisk indicates a statistically
significant difference in PHB accumulation compared to the wild type (P < 0.001;
Student’s f test).
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Likewise, plants inoculated with the R. leguminosarum VF39 chvG
mutant were small and yellow and displayed symptoms of nitro-
gen starvation compared to the large, green, healthy appearance of
plants inoculated with the wild-type and complemented strains.
Dry weights of peas, lentils, and vetch inoculated with the mutant
were similar to the weights of uninoculated control plants and
were less than half the weights of plants inoculated with the wild-
type strain (Table 6). Nodules formed by the chvG mutant were
small, round, and white, whereas nodules formed by the wild-type
and complemented strains were large, oblong, and red (Fig. 2). Nod-
ules formed by the wild-type and complemented strains contained
numerous, large, Y-shaped bacteroids, while nodules formed by the
chvG mutant contained few, rod-shaped cells (Fig. 2).

The chvG mutant has increased outer membrane permeabil-
ity and is sensitive to membrane stressors. R. leguminosarum

jb.asm.org 773


http://jb.asm.org

Vanderlinde and Yost

TABLE 6 Dry weights of legume plants inoculated with VF39, DF20, or DF20pDF38¢

Dry wt (g = SD) of plant inoculated with:

Host plant

VF39 DF20 (chvG DF20pDF38 .
. Uninoculated
(wild type) mutant) (chvG complement)
Pisum sativum cv. Trapper (pea) 0.580 = 0.129 0.237 = 0.063* 0.364 = 0.010 0.205 = 0.080*
Lens culinaris L. cv. CDC Sovereign (lentil) 0.394 * 0.069 0.162 * 0.043% 0.349 * 0.058 0.123 + 0.022*
Vicia nigricans (vetch) 0.256 = 0.030 0.097 £ 0.032* 0.192 £ 0.022 0.050 = 0.011*

@ Six-week-old plants were dried and weighed as described in Materials and Methods. Data are presented as grams per plant and represent averages (= standard deviations) of the
results of at least three independent replicate experiments. An asterisk indicates a statistically significant difference in weight compared to plants inoculated with the wild type (P <

0.001; Student’s t test).

ChvG is a positive regulator of the outer membrane protein-
encoding gene ropB in R. leguminosarum (10). Cells lacking RopB
are sensitive to detergents and other stressors of the outer mem-
brane, such as hydrophobic antibiotics (10). Therefore, we used
disc diffusion assays to determine whether the chvG mutant was
also sensitive to various outer membrane stressors (Table 7). The
chvG mutant displayed an increased sensitivity to all of the com-
pounds tested. In addition, the chyG mutant had a 1.3-fold in-
crease in the zone of inhibition around a disc of hydrogen perox-
ide, indicating the chvG mutant is more sensitive to oxidative
stress than the wild-type strain.

The outer membrane integrity of the chvG mutant was measured
by an NPN uptake assay (13). NPN is a hydrophobic dye that fluo-
resces strongly when bound to the inner phospholipid bilayer of
Gram-negative bacteria. An intact outer membrane acts as a perme-
ability barrier, preventing NPN from accessing the inner membrane
and resulting in low fluorescence. However, a damaged outer mem-
brane allows entry of the dye and results in much higher relative
fluorescence (13). The wild-type and complement strains of R. legu-
minosarum VE39 were able to prevent uptake of the dye (Fig. 3), and
prior to normalization based on CFU, the wild-type and complement
strains had fluorescence readings close to the background levels de-
termined for controls containing only buffer and NPN, as described
in Materials and Methods. The chvG mutant strain, however, had
high fluorescence that peaked after 6 min of incubation, at which

> '
A .',"
v )
¥ *{ N
i 3 all
Lo
W
DS sum g

point there was a 30% increase in relative fluorescence compared to
the wild-type strain (Fig. 3).

To determine whether loss of outer membrane integrity in the
chvG mutant was due to the lack of ropB expression, we comple-
mented the chvG mutant with a plasmid constitutively expressing
ropB from a trp promoter in the pDG71 plasmid (11). Constitutive
expression of ropB restored the resistance of the chvG mutant to
erythromycin, polymyxin B, and SDS by 64.4%, 64.3%, and 69.5%,
respectively (Table 7). Resistance to hydrogen peroxide was also re-
stored to levels that exceeded the resistance of the wild-type strain
(Table 7). In addition, the amount of fluorescence of chvG mutant
cells constitutively expressing ropB in the presence of NPN was sim-
ilar to levels observed for wild-type cells, suggesting that the restored
presence of RopB alone can sufficiently restabilize the outer mem-
brane in the chvG mutant to prevent uptake of the fluorescent dye
(Fig. 3). Growth of the chvG mutant on VMM with glutamate, pro-
line, arginine, or histidine as the sole carbon source was not restored
by constitutive ropB expression (data not shown). In addition, con-
stitutive ropB expression did not complement the decrease in poly-
saccharide secretion, growth at acidic pH, or PHB accumulation phe-
notypes described above (data not shown).

DISCUSSION

The ChvG sensor kinase in R. leguminosarum impacts both cellu-
lar metabolism and cell envelope structure. Unlike the S. meliloti

FIG 2 Nodules (A to C) and bacteroids (D to F) from P. sativum cv. Trapper plants inoculated with the wild type (A and D), chvG mutant (B and E), or chvG
complement (C and F). Similar results were obtained for L. culinaris L. cv. CDC Sovereign and Vicia nigricans.
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TABLE 7 Zone-of-inhibition assays to assess sensitivity of the chvG
mutant to erythromycin, polymyxin B, SDS, and hydrogen peroxide®

Inhibition zone (mm)

DF20pEV91
VE39 (wild  DE20 (G ](36 2RI (o
type) mutant) mutant,
complement)
ropBran)
Erythromycin 11.7 £ 0.578 19.0 = 1.00*  12.0 = 0.00 14.3 £ 0.578
Polymyxin B 12.7 £0.578 18.3 = 0.578% 14.3 = 0.578 14.7 £ 0.578
SDS 9.67 = 0.578 18.3 £ 1.53* 9.33 £0.578 12.3 = 0.578
H,0, 20.7 =153 27.0 £3.00* 19.7 £ 3.21 15 += 0.00

@ Data are presented as averages (£ SD) of the zones of inhibition (in millimeters)
determined in at least three independent replicate experiments. An asterisk indicates a
statistically significant difference in zone of inhibition compared to the wild type (P <
0.005; Student’s t test).

chvG mutant, the R. leguminosarum mutant’s growth defect was
restricted to four amino acids: glutamate, histidine, arginine, and
proline. The amino acids E, H, P, and R are structurally different;
however, they all enter the central metabolic pathway through
glutamate and the tricarboxylic acid (TCA) cycle by the action of
either glutamate dehydrogenase or the <y-aminobutyric acid
(GABA) shunt (17). The chvG mutant was able to grow on alanine,
which was the only other amino acid able to support growth of R.
leguminosarum VF39 as a sole carbon source. Alanine enters the
central metabolic pathway through glycolysis. There are several
possible explanations for the inability of the chvG mutant to grow
on E, H, P, or R. We have determined that acidification of the
medium or membrane stress caused by the charged amino acids is
not responsible for the growth defects. It could be that alterations

chvG Mutant of R. leguminosarum

in the cell envelope structure were interfering with import of the
amino acids E, H, P, and R into the cytosol of the ¢hvG mutant and
therefore preventing growth. However, we do not think that the
growth issue is related to an amino acid transport defect in the
chvG mutant, since the mutant can grow in VMM when the indi-
vidual amino acids are used as sole nitrogen sources (data not
shown). The seemingly most parsimonious explanation is that the
chvG mutant has alterations in the activity of glutamate dehydro-
genase or enzymes in the GABA shunt pathway that prevent its
growth on E, H, P, and R. When considering metabolic defects
associated with the chvG mutant, it is notable that the gene directly
downstream of chvG is a putative hprK-like gene. This hprK ho-
molog in S. meliloti is involved in carbon metabolism and assim-
ilation (26, 27). We used reverse transcription-PCR (RT-PCR) to
confirm that chvG and hprK are cotranscribed in R. legumino-
sarum and that the c¢hvG mutant (DF20) does not express hprK
(datanot shown). Notably, we were able to fully complement all of
the chvG mutant phenotypes with chvG alone; therefore, we do
not believe that loss of hprK expression had any significant direct
effect on the metabolic defects described above. However, our
results do not rule out an indirect role for HprK in controlling
carbon metabolism in the chvG polar mutant. Further experimen-
tation would be required to determine the function of the hprK
homolog in R. leguminosarum.

In addition to altering carbon source utilization, mutation of
chvG also impacts accumulation of PHB and secretion of EPS and
neutral polysaccharides. We found that the chvG mutant accumu-
lated significantly more PHB than the wild type on several differ-
ent carbon sources. The mutant also secreted smaller amounts of
EPS and neutral polysaccharides on all carbon sources tested.
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FIG 3 N-Phenyl-1-naphthylamine (NPN) uptake assay to measure outer membrane permeability. Cells from VMM with mannitol were resuspended in 5 mM
HEPES buffer (pH 7.2) to an approximate ODg, 0f 0.5. dH,O (95 ul), 0.5 mM NPN (5 ul), and cells (100 ul) were combined, and the fluorescence was measured
every 2 min for 20 min. Viable plate counts were used to standardize the fluorescence data.
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There were no differences in expression of the genes phbC and
phaZ, which encode enzymes for PHB synthesis and degradation,
respectively, between the wild-type strain and the chvG mutant.
There was also a less than 1.5-fold decrease in the expression of
pssA and ndvB in the chvG mutant compared to the wild type.
From these results, it is clear that ChvG was not influencing PHB
accumulation or polysaccharide secretion through direct regula-
tion. In rhizobia, PHB is synthesized from acetyl-coenzyme A
(acetyl-CoA); however, the mechanisms controlling regulation of
acetyl-CoA partitioning are not completely understood (37). Fac-
tors known to influence the accumulation of PHB include oxygen
concentration, cytosolic redox potential, and the activity of the
TCA cycle (37). Since the metabolic defects of the chvG mutant
localize to the TCA cycle, we speculate that mutation of chvG
affects partitioning of acetyl-CoA such that an excess amount is
channeled into PHB accumulation at the expense of other cellular
processes, such as cell division and polysaccharide synthesis. This
hypothesis is further supported by our observation that the
growth rate of the chvG mutant is substantially lower than that of
the wild-type VF39 strain (data not shown).

The results we observed for PHB accumulation and polysaccha-
ride secretion in the R. leguminosarum chvG mutant are distinctly
different from those reported for S. melilotiand A. tumefaciens. Wang
etal. (43) reported a decrease in PHB accumulation by a chvI loss-of-
function deletion mutant grown in liquid yeast mannitol broth
(YMB) medium. Our attempts to grow the R. leguminosarum chvG
mutant in broth culture were unsuccessful; therefore, it is difficult to
conclusively determine whether the differences in PHB accumulation
in R. leguminosarum and S. meliloti were due to differences in the
function of chvG or were due simply to the different growth condi-
tions used.

Both A. tumefaciens and S. meliloti produce the exopolysaccha-
ride succinoglycan in a manner dependent on the presence of
functional ChvG (Exo0S)/ChvI (2, 7, 36). Null mutants of exoS and
chvl in S. meliloti do not produce succinoglycan (2). Chvl is be-
lieved to be a positive regulator of the exo genes required for syn-
thesis of succinoglycan, although direct binding of ChvI to the exo
gene promoters has not been confirmed (45). In contrast, the EPS
produced by R. leguminosarum is comprised of a distinct octasac-
charide repeating unit of glucose, gluronic acid, and galactose and
is synthesized by genes encoding glucosyltransferases that are not
orthologous to the exo genes required for succinoglycan synthesis
(34). In R. leguminosarum bv. trifolii, the pssA gene is positively
regulated by the transcriptional regulator RosR (15). Mutants of
rosR have phenotypes similar to those described for chvG, includ-
ing alterations in membrane stability, decreased levels of ropB ex-
pression, and symbiotic defects, suggesting that there may be
overlap between the regulons of ChvG/Chvl and RosR (16).

R. leguminosarum bv. viciae has a relatively large range of host
legumes and can infect plants belonging to the genera of Pisum,
Vicia, Lens, and Lathyrus (1). Plants inoculated with the chvG mu-
tant formed small, white, defective nodules. Similar phenotypes
were observed for pea, lentil, and vetch plants; therefore, mutation
of chvG does not affect host range and likely plays a central non-
host-specific role during symbiosis. The pleiotropic nature of
the chvG mutation makes defining the specific mechanism for the
nodulation defect challenging. The cell envelope integrity of the
chvG mutant is severely compromised, and the mutant is sensitive
to acid and oxidative stress; therefore, it is possible that the chvG
mutant is not able to adapt to the stressful conditions encountered

776 jb.asm.org

during symbiosis, thus impeding cell division of the mutant in the
infection thread and preventing entry of the bacteria into the nod-
ule. However, a number of other mutants, including those lacking
very-long-chain fatty acid-modified lipid A or the outer mem-
brane protein RopB, have very similar free-living phenotypes, in-
cluding destabilized outer membranes and acid sensitivity, and yet
are able to form effective symbioses, suggesting that these defects
do not necessarily prevent proper nodule formation (10, 40).

In addition to the stresses encountered during nodule forma-
tion, the metabolism of R. leguminosarum undergoes substantial
changes in the initial stages of nodule development and during
bacteroid differentiation. For example, during the early stages of
nodulation, enzymes for GABA metabolism and the decarboxy-
lating arm of the TCA cycle are significantly upregulated (18, 28).
In addition, glutamate and glutamate dehydrogenase are thought
to play important roles in ammonia assimilation within bacte-
roids (20, 24). Therefore, it is possible that the putative defects in
glutamate catabolism observed in the chvG mutant were nega-
tively impacting symbiosis. Future research will focus on compar-
ing the activities of glutamate dehydrogenase, glutamate decar-
boxylase, GABA aminotransferase, and succinate semialdehyde
dehydrogenase, the enzymes involved in glutamate catabolism
(28), in strain VF39 and the chvG mutant in free-living conditions
and during symbiosis.

RopB is important for maintaining outer membrane stability
in R. leguminosarum (10); therefore, it is not surprising that a chvG
mutant is sensitive to several membrane stressors. We confirmed
the importance of ropB in stabilizing the outer membrane in the
chvG mutant by supplying constitutively expressed ropB in trans,
showing that it restored tolerance of the chvG mutant to mem-
brane stressors. We also confirmed that RopB was directly affect-
ing the stability of the outer membrane by demonstrating that it
prevented uptake of the fluorescent dye NPN. We have observed
similar results for ropB complementation in mutants with a con-
served operon of unknown function (RL3499-RL3502) (38) and
in mutants that lack the unusual lipid A very-long-chain fatty acid
(Vanderlinde and Yost, unpublished). Notably, these genes are
also regulated by chvG, providing evidence that the ChvG/ChvI
TCS plays an important role in regulating cell envelope dynamics
and interactions between different cell envelope components (37,
38) (Vanderlinde and Yost, unpublished). The envelope stress re-
sponse in R. leguminosarum is poorly understood; however, our
results demonstrate that ChvG, RopB, the very-long-chain fatty
acid, and RL3499-RL3502 are all critical for membrane stress tol-
erance, implicating them as core components of the envelope
stress response in R. leguminosarum.

In conclusion, our results have identified previously unde-
scribed phenotypes associated with chvG mutations. Of particular
note is the newly reported increased polyhydroxybutyrate pro-
duction in the chvG mutant. Furthermore, the restoration of the
ability of the chvG mutant to tolerate membrane stressors by con-
stitutively expressing ropB has provided new insights into the
mechanisms affecting outer membrane integrity in a chvG mu-
tant. Finally, although chvG mutants within the Rhizobiaceae share
several common phenotypes, the observed differences in meta-
bolic defects associated with the R. leguminosarum chvG mutant
relative to S. meliloti highlight the unique differences between
these rhizobia in chvG regulatory networks.
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