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When they are available, Sinorhizobium meliloti utilizes C4-dicarboxylic acids as preferred carbon
sources for growth while suppressing the utilization of some secondary carbon sources such as �- and
�-galactosides. The phenomenon of using succinate as the sole carbon source in the presence of secondary
carbon sources is termed succinate-mediated catabolite repression (SMCR). Genetic screening identified
the gene sma0113 as needed for strong SMCR when S. meliloti was grown in succinate plus lactose, maltose,
or raffinose. sma0113 and the gene immediately downstream, sma0114, encode the proteins Sma0113, an
HWE histidine kinase with five PAS domains, and Sma0114, a CheY-like response regulator lacking a
DNA-binding domain. sma0113 in-frame deletion mutants show a relief of catabolite repression compared
to the wild type. sma0114 in-frame deletion mutants overproduce polyhydroxybutyrate (PHB), and this
overproduction requires sma0113. Sma0113 may use its five PAS domains for redox level or energy state
monitoring and use that information to regulate catabolite repression and related responses.

Sinorhizobium, Rhizobium, Bradyrhizobium, and Azorhizo-
bium (rhizobia) are important nitrogen-fixing prokaryotes.
These grow in the soil as free-living organisms but can also live
as nitrogen-fixing symbionts inside roots of plants belonging to
the family Leguminosae (8, 11, 21, 33, 41, 54). Rhizobia are
able to utilize a wide range of compounds as carbon sources,
such as sugars, amino acids, and tricarboxylic acid (TCA) cycle
intermediates. Studies have shown that the C4-dicarboxylic
TCA cycle intermediates succinate, fumarate, and malate sup-
port high rates of growth in laboratory medium and are used by
rhizobia in preference to carbon sources including glucose,
fructose, galactose, lactose, and myo-inositol (23, 26, 44, 63).

The phenomenon of Sinorhizobium meliloti utilizing succi-
nate and similar C4-dicarboxylic acids in preference to other
compounds is called succinate-mediated catabolite repression
(SMCR) (9). One of the first reports of catabolite repression in
S. meliloti (then Rhizobium meliloti) showed that S. meliloti
exhibited diauxic growth in a medium containing 0.2% succi-
nate and 0.2% lactose as carbon sources (63). This study also
showed that the production of �-galactosidase was repressed
when succinate and lactose were present together and that it

increased to higher levels after succinate had been exhausted
from the medium.

Succinate and other C4-dicarboxylic acids are sensed and
transported by the Dct (dicarboxylate transport) system which
is encoded by dctA, dctB, and dctD (48, 66, 69–71). DctB is
activated by the presence of C4-dicarboxylic acids and auto-
phosphorylates. Activated DctB phosphorylates DctD, which
then binds upstream of dctA along with �54-RNA polymerase
to initiate transcription (70). dctA encodes the permease re-
quired for transport of succinate and other C4-dicarboxylic
acids. When succinate is in abundance, S. meliloti will prefer-
entially import this carbon source for metabolism and inhibit
other sugar transport systems, like those needed for �- and
�-galactoside transport, using inducer exclusion or expulsion
(9, 16).

Model organisms such as Escherichia coli and Bacillus sub-
tilis use the phosphotransferase system (PTS) to phosphorylate
and transport glucose into the cell and establish catabolite
repression. However, S. meliloti does not have a complete PTS;
rather, it contains a select set of PTS proteins. These include
(i) PtsP (EINtr), which is phosphorylated by phosphoenolpyru-
vate; (ii) Hpr, which is phosphorylated on His22 by EINtr-P;
(iii) two EIIA-like proteins, ManX and EIIANtr, each of which
can be phosphorylated by Hpr-His22P; and (iv) HprK, a reg-
ulatory protein kinase which can phosphorylate Hpr on Ser53.
S. meliloti lacks a typical enzyme I, as well as the PTS trans-
port-related proteins EIIB and EIIC (2). Thus, the S. meliloti
PTS proteins do not function as part of a classical PTS pathway
of phosphorylation and transport. However, they are involved
in regulating SMCR (2). Presumably, other proteins that carry
information about the metabolic status of the cell must input
information into the PTS, and the PTS also likely interacts with
downstream proteins. The system of signal transduction that
regulates SMCR in S. meliloti is interesting because the fa-
vored carbon sources enter S. meliloti not through the PTS, as
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they do in model organisms like E. coli and B. subtilis, but
rather through DctA. Because of these differences from stan-
dard models, it is important to better understand the regula-
tion of catabolite repression in S. meliloti. Such information
will shed light on the control of global gene expression not only
in this organism but also in other alphaproteobacteria, most of
which contain only a partial PTS, and in other bacteria that
preferentially catabolize TCA cycle intermediates.

To this end, we aimed to find mutations that affect core
components needed for SMCR. We hypothesized that such
mutations should affect the succinate-mediated repression of
at least several secondary carbon sources. Three disaccharides
which are transported independently and cleaved to monomers
by different enzymes were chosen as secondary carbon sources:
an �-galactoside (raffinose), a �-galactoside (lactose), and an
�-glucoside (maltose). To find genes involved in the succinate-
regulated catabolism of these sugars, we utilized random trans-
poson mutagenesis of S. meliloti. One mutant strain exhibited
a relaxation of SMCR when grown in succinate plus raffinose,
lactose, or maltose. This strain had an insertion in sma0113,
which encodes the histidine kinase of a two-component regu-
latory system. This paper describes the isolation and initial
characterization of sma0113 mutants and characterization of
sma0114, the neighboring gene, which encodes a response reg-
ulator.

MATERIALS AND METHODS

Growth media. S. meliloti strains were grown in tryptone-yeast (TY) broth, and
E. coli strains were grown in lysogeny broth (LB) (6, 49). SOC medium was used
during the initial incubation of bacterial cells after transformation by electropo-
ration (2, 49). M9 minimal medium was supplemented with cobalt chloride at 5
ng/ml (2, 49). Antibiotics were used as follows: ampicillin, 50 �g/ml (Ap50);
gentamicin, 30 �g/ml for E. coli and 15 �g/ml (Gm15) for S. meliloti; neomycin,
200 �g/ml (Nm200) or 100 �g/ml (Nm100); spectinomycin, 100 �g/ml (Sp100);
streptomycin, 500 �g/ml (Sm500) or 250 �g/ml (Sm250); kanamycin, 25 �g/ml
(Km25); tetracycline, 10 �g/ml (Tc10). S. meliloti strains were grown on either M9
minimal medium plus 0.4% glycerol or TY agar plates at 30°C, and E. coli strains
were grown on LB agar plates incubated at 37°C. The same temperatures were
used for liquid cultures.

Transposon mutagenesis. S. meliloti wild-type strain Rm1021 was mutagenized
by mating with E. coli strain MM294a/pRK609 (Table 1). Plasmid pRK609 is a
self-transmissible plasmid used to deliver TnphoA. The two strains were mixed
together on a TY plate without antibiotics and incubated for 24 h at 30°C. With
a toothpick, swaths of bacteria were picked from the plate, suspended in 100 �l
of M9 minimal medium to give moderately turbid suspensions, and spread on M9
plates containing 0.2% succinate plus 0.02% lactose, 60 �g/ml 5-bromo-4-chloro-
3-indolyl-�-D-galactopyranoside (X-Gal), Sm500, and Nm200. Using this method,
approximately 30,000 colonies were screened and 98 strains, which were dark
blue, were retained for the study.

Inverse PCR to identify the TnphoA insertion site. Identification of the
TnphoA insertion site followed the standard inverse PCR protocol with the
following specific primers and restriction enzymes (42). Genomic DNA was
isolated from strain RB68 and digested with XhoI and SalI. The digested DNA
was ligated into circles, and the regions flanking the TnphoA insertion were
amplified by inverse PCR with primers 111 (5�-GGCAAGCTGGGCTCTATTC
AG-3�) and 116 (5�-GAACGTTACCATGTTAGGAGGTC-3�). The PCR frag-
ments were gel purified and subcloned into pGEM-T Easy (Promega) and
sequenced by standard methods.

Analysis of diauxic growth. S. meliloti starter cultures were grown in M9
minimal medium with 0.4% glycerol and streptomycin (Sm250) at 30°C. Cells
were washed and resuspended in M9 minimal medium without a carbon source.
In order to ensure that all of the strains were in exactly the same medium, a
master mix was created that contained M9 minimal medium, 0.05% succinate
plus the secondary carbon source at 0.1%, and appropriate antibiotics. All of the
strains in an experiment were resuspended in master mix to an initial optical
density at 595 nm (OD595) of 0.005. Cell density was measured in 100-�l samples

in a 96-well plate with a Bio-Rad 550 plate reader at 595 nm (the path length was
0.32 cm).

Automated growth curves were done in a Bio-Tek Synergy HT-1 Multi-De-
tection Microplate reader (Bio-Tek Instruments, Winooski, VT). When grown in
a 24-well culture plate (Becton Dickinson), cells were resuspended in a total
volume of 450 �l per well. Cells in 48-well culture plates were resuspended in
a total volume of 225 �l per well (the path length was 0.30 cm). OD595

measurements were taken every 15 min using the KC4 v.3.4 software (Bio-
Tek), which was run automatically using Automate software (Unisyn Soft-
ware, Los Angeles, CA).

Construction of S. meliloti strains. S. meliloti strains PG22, PG24, and PG26
contain in-frame deletions of sma0113, sma0114, and both sma0113 and
sma0114, respectively. The general protocols used for constructing each were
similar. To construct the sma0113 deletion, two plasmids were constructed that
contained an upstream flanking region of sma0113 and a downstream flanking
region. The upstream flanking region of the gene was amplified by PCR using
primer 265 (5�-GGTCTAGAGCGGGATGAGGAGAAGTG-3�), which con-
tains a native XbaI site (underlined), and primer 266 (5�-GCATGCCTCCGCG
TTGTAGCCCACGAG-3�), which contains an added SphI site. The resulting
177-bp amplification product was inserted into T/A cloning vector pGEM-T Easy
to create plasmid pPG44. The downstream flanking region of the gene was
amplified by PCR using primers 267 (5�-GCATGCGTCATGGTCCCAGCGC
GGACC-3�), which contains an added SphI site, and primer 268 (5�-CAGGCT
GCAGCGCGAGGTCTCGAC-3�), which contains a native PstI site. The result-
ing 135-bp amplification product was inserted into pGEM-T Easy to create
plasmid pPG45. pPG44 was digested with XbaI and SphI to remove the upstream
flanking region. pPG45 was digested with SphI and PstI to remove the down-
stream flanking region. sacB suicide plasmid pJQ200SK was digested with XbaI
and PstI (46). A triple-fragment ligation was performed. The left and right flanks
were ligated to each other at the SphI sites, the upstream end of this fragment
was ligated to the XbaI site of pJQ200SK, and the downstream end was ligated
to the PstI site of pJQ200SK. The resulting plasmid, pPG46, contained the
sma0113 gene with an in-frame deletion of bases 180 to 2427.

pPG46 was transformed into strain Rm1021 by electroporation (2.2 kV, 1-mm-
gap cuvettes). These cells were plated on TY Gm15 Sm500 plates to select for
pPG46 integration into sma0113. A gentamicin/streptomycin-resistant colony
was then grown at 30°C overnight in TY with only Sm500 to allow the plasmid to
undergo a second recombination event, leaving behind the sma0113 gene with
the in-frame deletion. This overnight culture was plated onto a TY plate sup-
plemented with 5% sucrose and Sm500. Cells that lost the plasmid and its sacB
gene should grow on the sucrose plates and yield gentamicin-sensitive colonies
because sucrose is toxic in the presence of sacB (46). Individual sucrose-resistant
colonies were tested on a TY Gm15 Sm500 plate. Colonies that were gentamicin
sensitive were tested further by PCR screening. A colony with the sma0113
in-frame deletion was called strain PG22. The in-frame deletion of sma0113 was
confirmed by sequencing the appropriate PCR product amplified from the chro-
mosome.

The sma0114 in-frame deletion was constructed in the same manner as the
sma0113 in-frame deletion. The upstream flank of sma0114 was amplified by
PCR using primer 271 (5�-GTCATGGTCCCAGCGCGGACC-3�) and primer
269 (5�-GCATGCGGATTCGTCTTCGACCACG-3�) containing an added SphI
site. The resulting 207-bp amplification product was inserted into pGEM-T Easy
to create plasmid pPG47. The downstream flank of sma0114 was amplified by
PCR using primer 290 (5�-GCATGCCCGAACATCCCCTTGCTGACGAAG-
3�) containing an added SphI site and primer 268. The resulting 175-bp ampli-
fication product was inserted into pGEM-T Easy to create plasmid pPG52.
pPG47 was digested with SphI and SalI (SalI site was part of the pGEM-T Easy
multicloning site). pPG52 was digested with SphI and PstI. Plasmid pJQ200SK
was digested with SalI and PstI. A triple-fragment ligation was performed, and
the two flanking regions were annealed at the SphI sites and the SalI and PstI
sites ligated the flanking regions to pJQ200SK. The resulting vector, pPG53,
contained sma0114 with an in-frame deletion of bases 136 to 283. Integration of
pPG53 and replacement of the native copy of sma0114 were done as described
above for sma0113. A colony with the sma0114 in-frame deletion was called
strain PG24. The in-frame deletion of sma0113 was confirmed by sequencing the
appropriate PCR product amplified from the chromosome.

Strain PG26, the sma0113 sma0114 double-deletion mutant, was created using
sma0113 in-frame deletion strain PG22 as the host strain and the sma0114
deletion plasmid pPG53 to replace sma0114. The integration of pPG53 and
replacement of the native copy of sma0114 were done as described for sma0113.

Genetic complementation of sma0113 and sma0114 mutations. The in-frame
deletion mutations of sma0113 and sma0114 were complemented by inserting
wild-type copies of the genes into the rhamnose-binding protein gene (smc02324)
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using pCAP87. pCAP87 is a suicide plasmid containing a constitutive trp pro-
moter upstream of the multiple cloning site and an internal fragment of
smc02324 which targets the plasmid to an operon that encodes a rhamnose
transport system (1, 35, 45). Wild-type copies of sma0113 and sma0114 were
cloned into plasmid pCAP87. All pCAP87-based plasmids were electropo-
rated into competent S. meliloti strains. These cells were plated onto TY
Nm200 Sm500 plates to screen for plasmid integration. Individual colonies
were restreaked onto M9 Nm200 Sm500 plates supplemented with 0.2%
rhamnose. The colonies that had diminished growth on rhamnose were
screened by PCR to confirm that plasmids recombined into the smc02324
gene. This method complemented the mutations of strains PG22 (�sma0113),
PG24 (�sma0114), and PG26 (�sma0113 �sma0114), creating strains PG92,
PG76, and PG104, respectively (1).

Plasmid pCAP87, without any gene insertion, was electroporated into strains
Rm1021, PG22, PG24, and PG26, creating strains PG105, PG98, PG99, and
PG100, respectively, which were used as negative controls. All of the genes used
for complementation were verified by sequencing. Their positions and orienta-

tions in the smc02324 gene were verified by PCR using primer 408 (5�-GCGG
CCGCGCGGCATCAAGGTCATCTCC-3�), which binds to the integrated vec-
tor (1), and primer 268 (5�-CAGGCTGCAGCGCGAGGTCTCGAC-3�), which
binds downstream of sma0114.

Construction of site-directed mutant strains. Site-directed mutants were con-
structed using the overlap extension method with Advantage Taq polymerase
(Clontech) (22, 49). The sma0114-D57A product was ligated into pCAP87 to
create plasmid pPG139. Plasmid pPG139 was electroporated into strain PG24,
which recombined into smc02324 to create PG79. The sma0113-H670K product
was ligated into pCAP87 to create plasmid pPG156. Plasmid pPG156 was elec-
troporated into strain PG22, which recombined into smc02324 to create strain
PG94. All of the genes altered by site-directed mutagenesis were verified by
sequencing.

Strain construction for epistasis experiments. An in-frame deletion of the hpr
gene was introduced into strain PG22 (�sma0113) using the suicide plasmid
pRB88 to give strain PG30 (�sma0113 �hpr). Plasmid pCAP114 was introduced
into the smc02324 gene of strain PG30 to give strain CAP149, a �sma0113 �hpr

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Genotype Reference(s) or source

S. meliloti strains
Rm1021 Wild type (Smr) 37
RB111 Rm1021::�hpr (Smr) (in-frame deletion) 2
CAP43 Rm1021 smc02324::pCAP114 (Smr Nmr) 1
CAP95 RB111 smc02324::pCAP114 (Smr Nmr) 3
CAP149 PG30 smc02324::pCAP114 (Smr Nmr) This work
DG3155 Rm1021 phbA::Tn5-233 (Smr Spr) This work
DG3159 PG22 smc02324::pCAP77 This work
PG22 Rm1021::�sma0113 (Smr) (in-frame deletion) This work
PG24 Rm1021::�sma0114 (Smr) (in-frame deletion) This work
PG26 Rm1021::�sma0113�sma0114 (Smr) (in-frame deletion) This work
PG30 PG22 �sma0113 �hpr (Smr) (in-frame deletion) This work
RB68 Rm1021 sma0113::TnphoA (Smr Nmr) This work
PG76 PG24 smc02324::pPG138 (Smr Nmr) This work
PG79 PG24 smc02324::pPG139 (Smr Nmr) This work
PG92 PG22 smc02324::pPG155 (Smr Nmr) This work
PG94 PG22 smc02324::pPG156 (Smr Nmr) This work
PG98 PG22 smc02324::pCAP87 (Smr Nmr) This work
PG99 PG24 smc02324::pCAP87 (Smr Nmr) This work
PG100 PG26 smc02324::pCAP87 (Smr Nmr) This work
PG104 PG26 smc02324::pPG158 (Smr Nmr) This work
PG105 Rm1021 smc02324::pCAP87 (Smr Nmr) This work

E. coli strains
MM294a Host for plasmid pRK609 4, 19
XL1Blue Used to harbor and propagate plasmids (Tcr) Stratagene

Plasmids
pJQ200SK Suicide plasmid containing Bacillus subtilis sacB (Gmr) 46
pGEM-T Easy T/A cloning vector for cloning PCR products (Apr) Promega
pCAP77 Suicide vector pMB438 containing smc02324 with trp terminator (Kmr Nmr) 1
pCAP87 Suicide vector pMB438 containing smc02324 with trp terminator and trp promoter (Kmr Nmr) 1
pCAP114 pCAP77 encoding Hpr-S53A (Nmr) 1
pMB438 Suicide vector (Kmr Nmr) 5
pMB393 Broad-host-range plasmid (Spr) 5
pRB88 Suicide vector pJQ200SK containing central 228-bp deletion region of hpr (Gmr) 2
pRK609 Used to deliver TnphoA (Cmr Kmr Nmr) 19, 32
pPG44 pGEM-T Easy with sma0113 177-bp left flanking region (Apr) This work
pPG45 pGEM-T Easy with sma0113 135-bp right flanking region (Apr) This work
pPG46 Suicide vector pJQ200SK containing 177-bp/135-bp flanking regions of sma0113 (Gmr) This work
pPG47 pGEM-T Easy with sma0114 207-bp left flanking region (Apr) This work
pPG52 pGEM-T Easy with sma0114 175-bp right flanking region (Apr) This work
pPG53 Suicide vector pJQ200SK containing 207-bp/175-bp flanking regions of sma0114 (Gmr) This work
pPG67 Broad-host-range plasmid with trp terminator (Tcr) This work
pPG138 pCAP87 encoding Sma0114 (Nmr) This work
pPG139 pCAP87 encoding Sma0114D57A (Nmr) This work
pPG155 pCAP87 encoding Sma0113 (Nmr) This work
pPG156 pCAP87 encoding Sma0113H670K (Nmr) This work
pPG158 pCAP87 encoding Sma0113 and Sma0114 (Nmr) This work
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double-mutant strain that contained a single copy of hpr-S53A expressed from its
native promoter. A control strain containing only the vector pCAP77 in
smc02324 was constructed by integrating pCAP77 into the smc02324 gene of
PG22. This resulted in strain DG3159.

RT-PCR experiments. Colonies of strains used in reverse transcription
(RT)-PCR were picked off freshly streaked (48 h) M9 plus glycerol (0.4%)
plus Sm250 plus Nm100 plates and grown overnight with shaking at 30°C in
150-by-18-mm tubes containing 3 ml of M9 plus succinate plus Sm250 to
mid-exponential phase (OD595, � 0.1). Cultures were diluted from 1:10 to
1:20 in 3 ml of the same medium and allowed to grow under the same
conditions until they reached an OD595 of 0.1 to 0.2. Cell density was mea-
sured in 100-�l samples in a 96-well plate with a Bio-Rad 550 plate reader at
595 nm. A 0.75-ml culture volume was added to 0.75 ml of Qiagen RNAlater.
Cells were pelleted, and total RNA was extracted using a Promega SV RNA
isolation kit, skipping the recommended DNase treatment step. Instead, an
Ambion TurboDNA-free kit was used to remove contaminating DNA from
the RNA samples following purification. RT was done with 50 ng of total
RNA using Moloney murine leukemia virus (M-MLV) reverse transcriptase
from NEB and a pool of primers (0.25 �g of each in a 25-�l reaction mixture)
to make cDNA copies of sma0114, phbA (smc03879), phaZ (smc02770), and
smc00128 transcripts (see the supplemental material for primer sequences).
Controls were generated the same way but without M-MLV reverse trans-
criptase in order to assess the levels of contaminating DNA. All of the
experiments reported in this paper were free of contaminating DNA. One
microliter of each RT reaction mixture or of the corresponding no-M-MLV
control was subjected to 32 cycles of PCR using primers designed to amplify
cDNA arising from sma0114, phbA, phaZ, and smc00128 transcripts (see the
supplemental material for primer sequences). The cycling parameters were
95°C for 20 s, 60°C for 20 s, and 72°C for 45 s. Using this protocol, the amount
of PCR product was proportional to the amount of input cDNA. Levels of
sma0114, phbA, and phaZ RT-PCR products were normalized to the level of
the constitutively expressed smc00128 product (30, 40).

Analysis of PHB levels. A 1.5-ml volume of each culture used for RT-PCR was
centrifuged, and the pellets were suspended in a solution of 10% ethanol plus 0.5
�g/ml Nile Red, which was diluted 1:2,000 from a 1-mg/ml stock made in
dimethyl sulfoxide. After a 30-min incubation, cells were washed twice with
distilled water and resuspended in distilled water. A 100-�l volume of each
suspension was transferred to a 96-well microtiter plate, and the OD595 and Nile
Red fluorescence were determined in a Bio-Tek Synergy HT-1 Multi-Detection
Microplate reader. For Nile Red fluorescence determinations, excitation was at
570 nm and emission was measured at 620 nm. The fluorescence was normalized
by dividing it by the OD595 of the sample. This method is based on previously
published assays (47, 55). A transposon insertion in the 86th codon of phbA
(smc08379) was isolated and transduced into strain Rm1021 to give strain
DG3155. This strain was used as a negative control when measuring polyhy-
droxybutyrate (PHB) levels.

�-Galactosidase assays. S. meliloti cells were grown in M9 medium supple-
mented with 0.4% glycerol and streptomycin. After cells had reached station-
ary phase, they were washed with M9 medium without a carbon source and
resuspended in 50 ml M9 medium with streptomycin supplemented with 0.2%
succinate, 0.2% lactose, or a combination of 0.2% succinate plus 0.2% lactose
in a 250-ml flask. The cells were incubated at 30°C, and growth was monitored
by determining the OD595s of 100-�l samples. Samples were removed, the
OD595 was recorded at each time point for later use in plotting data, and the
pellets were frozen. Pellets were later resuspended in Z buffer, and �-galac-
tosidase assays were conducted as previously described (38). OD415 readings
from the first 5 to 30 min of a kinetic assay were used to calculate the slope
of the linear portion of the curve by a least-squares fit method. This rate was
divided by the OD595 of the cell pellet suspension to give �-galactosidase
units per unit of mass. �-Galactosidase activity was plotted as a function of
culture OD595 determined by growth curve measurements.

Nodulation assay. Alfalfa (Medicago sativa cv. AS13R) seeds were sterilized
and sprouted as described previously (15). Seedlings were then placed on basic
nodulation medium (BNM) agar slants in 20-mm glass tubes and inoculated with
500 �l of a suspension of S. meliloti (13). Suspensions were made by washing 1
ml of TY-grown culture with 1 ml of BNM and resuspending the pellet in 10 ml
of BNM. Plant growth tubes were loosely capped and incubated in a growth
chamber with an 8/16-h dark/light cycle at 26°C. Thirty days after inoculation,
nodules were counted and plant shoots were cut above the cotyledons, dried, and
weighed.

RESULTS

Screening to find genes involved in SMCR. In order to
identify genes involved in SMCR, we mutagenized strain
Rm1021 with TnphoA. When mutagenized bacteria were
plated on M9 succinate plus lactose plus 5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside (X-Gal), most of the colonies
were light blue because succinate inhibited the expression of
endogenous �-galactosidase. We screened approximately
30,000 colonies and isolated 98 dark blue strains which ex-
pressed �-galactosidase in the presence of succinate plus lac-
tose. The strains underwent further screening to eliminate
those that were �-galactosidase constitutive, as well as those
unable to grow on succinate. All of the mutants were able to
grow on succinate, but one mutant, strain RB97, was dark blue
on M9 minimal agar with 0.2% succinate plus X-Gal, indicat-
ing that it constitutively expressed �-galactosidase. Fifty-one of
the remaining strains were further analyzed by growth in three
different liquid M9 minimal media containing succinate plus
lactose, maltose, or raffinose to check for relief of succinate-
imposed diauxie; the remaining 46 strains remained untested.
One mutant, strain RB68, showed a shortened diauxic lag in all
three media. The insertion site of the transposon in RB68,
identified by inverse PCR, was in sma0113, a putative histidine
kinase on the pSymA megaplasmid. sma0113 encodes an 853-
amino-acid protein that contains five tandem PAS-PAC do-
mains and a recently described HWE kinase domain (28) (Fig.
1). PAS-PAC domains often contain cofactors such as heme,
flavin adenine dinucleotide, or flavin mononucleotide. They
are frequently present in signaling proteins that respond to
light, redox potential, oxygen, energy status, or electron trans-
port chain activity (7, 39, 51, 60, 61). In some cases, they are
involved in responses to TCA cycle intermediates such as fu-
marate and succinate (24, 25, 29, 39). In Sma0113, the PAS1
and PAS4 domains are the most similar to each other (35.5%
identical), while the PAS1 and PAS3 domains are the least
similar (19.8% identical). PAS5 is 35.8% identical to the O2-
sensing PAS domain in the S. meliloti FixL protein, though
PAS5 lacks the histidine residue that covalently binds heme in
FixL (Fig. 1B and C) (60). sma0114 is downstream of sma0113,
and together these genes form an apparent operon. sma0114
encodes a CheY-like protein and thus lacks the DNA-binding
domain seen in many response regulators (Fig. 1D) (34, 50, 57,
59, 65).

Deletion of sma0113 causes a relaxation of SMCR. Strains
PG22 (�sma0113), PG24 (�sma0114), and PG26 (�sma0113
�sma0114), containing unmarked in-frame deletions, were
constructed using sacB counterselection.

Strains PG22 (�sma0113) and PG26 (�sma0113
�sma0114) exhibited the same weak SMCR phenotype as
RB68 (sma0113::TnphoA) in M9 medium containing succi-
nate plus lactose, maltose, or raffinose (Fig. 2). In M9 suc-
cinate plus lactose, strains PG22 (�sma0113) and PG26
(�sma0113 �sma0114) had a shorter lag period than strain
Rm1021 (wild type) once succinate was exhausted and be-
fore growth on lactose began (Fig. 2A). Strains PG22 and
PG26 grown in M9 succinate plus maltose also showed a
shortening of the diauxic lag compared to Rm1021 (Fig.
2B). The weakened SMCR was most apparent when these
strains were grown in succinate plus raffinose, an �-galacto-
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side. In that case, the lag period of these mutants was almost
four times shorter than in strain Rm1021 (wild type) (Fig.
2C). Thus, PG22 (�sma0113) and PG26 (�sma0113
�sma0114) had a generalized relaxation of SMCR.

Strain PG24 (�sma0114) did not show altered diauxic

growth in M9 succinate plus lactose, maltose, or raffinose
(Fig. 2). The growth phenotype, including the length of the
diauxic lag, under these conditions was the same as that seen
in strain Rm1021 (wild type). These results are discussed
later.

FIG. 1. Overview of the Sma0113 and Sma0114 proteins. (A) Diagram of the Sma0113 showing the five PAS domains and the HWE kinase
domain. (B) ClustalX plot showing similarity between the PAS-5 domain of Sma0113 and the PAS domain of S. meliloti FixL. The asterisk indicates
the histidine in FixL that is covalently bound to heme. (C) ClustalX plot showing similarity among the five PAS domains of Sma0113. (D) ClustalX
plot showing similarity between Sma0114 and E. coli CheY. (E, left) A model of the Sma0114 protein based on coordinates of the MicA protein
of Streptococcus pneumoniae (Protein Data Bank entry 1nxo). The PFxFATGY motif is shaded dark gray. (E, right) The �4-�4-�5 regions of
Sma0114 and other proteins are compared. Shown is an alignment of the primary sequences of the �4-�4-�5 regions of five single-domain response
regulators (RRs) whose structures have been solved, followed by Sma0114 and 14 similar RR domains. The 14 were selected by picking the top
Sma0114 BLAST matches that were from differing genera. The proteins used were Sma0114 and proteins from Rhizobium leguminosarum
(ZP_02295076.1), Fulvimarina pelagi (ZP_01438889.1), Xanthomonas campestris (NP_638306.1), Methylobacterium populi (YP_001923188.1),
Caulobacter crescentus (NP_421809.1), Methylocella silvestris (ZP_02956328.1), Mesorhizobium loti (YP_673186.1), Bradyrhizobium japonicum
(NP_771385.1), Rhodopseudomonas palustris (YP_781621.1), Oligotropha carboxidovorans (EDT30613.1), Aurantimonas sp. (ZP_01226142.1),
Nitrobacter hamburgensis (YP_571619.1), Agrobacterium tumefaciens (Q8UDG1), and Pseudomonas putida (Q8VRN6).
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Complementation of the �sma0113 mutation restores the
wild-type SMCR phenotype during growth on mixed carbon
sources. Complementation of the deletions in strains PG22,
PG24, and PG26 was carried out by using a trp promoter to
constitutively express wild-type genes as described in Material
and Methods and presented in Table 1. Each complementing
strain was grown in M9 minimal medium with succinate plus
lactose as described previously. A complementing sma0113
gene was able to restore the wild-type SMCR phenotype to the
�sma0113 mutant (stain PG92 in Fig. 3A). The �sma0113
�sma0114 double-mutant strain was complemented by the ad-
dition of the sma0113 and sma0114 genes together (strain
PG104 in Fig. 3C). In addition, normal growth was restored in
M9 succinate plus maltose or raffinose to the �sma0113 and
�sma0113 �sma0114 mutant strains by complementation (data

not shown). The sma0114 deletion strain did not have a dis-
cernible SMCR phenotype. When the sma0114 gene was over-
expressed in the �sma0114 mutant (strain PG76), the pheno-
type remained the same as in the deletion mutant (Fig. 3B).
RT-PCR experiments confirmed that the sma0114 genes were
indeed overexpressed (see Fig. 5B and the supplemental ma-
terial).

Nonphosphorylatable Sma0113 mutants exhibit relaxed
SMCR during diauxic growth on succinate plus secondary
carbon sources. The two site-directed mutant strains PG94
(sma0113-H670K) and PG79 (sma0114-D57A) were con-
structed to make each protein unphosphorylatable by altering
the residues that are phosphorylated in HWE two-component
kinases (28) and response regulators (18, 58). Strain PG94
(sma0113-H670K) had the same relaxed SMCR phenotype as

FIG. 2. Deletion of sma0113 results in relief of SMCR in succinate plus lactose, maltose, or raffinose. Strains Rm1021 (wild type), PG22
(�sma0113), PG24 (�sma0114), and PG26 (�sma0113 �sma0114) were grown in M9 medium containing succinate plus one of three secondary
carbon sources. Strains PG22 and PG26 showed a relaxation of SMCR, as indicated by the shortened diauxic lag. The curves were time shifted
to align them at the point of succinate exhaustion in order to more readily compare diauxic lag lengths.

FIG. 3. Complementation of mutant strains. Mutations were complemented with wild-type genes inserted into the rhamnose-binding protein
gene smc02324. Cultures were grown in M9 minimal medium with 0.05% succinate plus 0.1% lactose. (A) Complementation of the �sma0113
mutation. (B) Complementation of the �sma0114 mutation. (C) Complementation of the �sma0113 �sma0114 double mutation. The curves were
time shifted to align them at the point of succinate exhaustion in order to more readily compare diauxic lag lengths.
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strain PG22 (�sma0113), indicating that phosphorylation is
needed for this protein to signal in the bacteria (see Fig. S2A
in the supplemental material). Strain PG79 (sma0114-D57A)
did not show an SMCR phenotype (see Fig. S2B in the sup-
plemental material).

SMCR is relaxed in strains with �sma0113 mutations, as
shown by �-galactosidase expression during growth in M9
succinate plus lactose. Plate assays and diauxic growth curves
showed a relaxation of SMCR in strains PG22 (�sma0113) and
PG26 (�sma0113 �sma0114) grown in M9 succinate plus lac-
tose. We wanted to test biochemically whether the genes for
lactose utilization are upregulated by lactose when succinate is
present. This was done by measuring endogenous �-galactosi-
dase during growth in M9 succinate plus lactose. Cells were
pregrown in M9 minimal medium plus glycerol and then trans-
ferred to M9 medium with succinate only, lactose only, or
succinate plus lactose. When transferred to M9 medium with
succinate as the sole carbon source, strains PG22 (�sma0113),
PG24 (�sma0114), and PG26 (�sma0113 �sma0114) ex-
pressed a basal level of �-galactosidase, �2 U (Fig. 4B). In M9
plus 0.2% lactose, �-galactosidase was induced rapidly in all
four strains and was then maintained at high levels throughout
exponential growth. However, the �-galactosidase levels in
strains PG22 (�sma0113) and PG26 (�sma0113 �sma0114)
stayed high as they went into stationary phase, while the �-ga-
lactosidase levels in strains Rm1021 and PG24 (�sma0114)
dropped (Fig. 4A). Interesting differences between the strains
were seen when they were grown in M9 medium containing
succinate plus lactose. �-Galactosidase was induced early in
both PG22 (�sma0113) and PG26 (�sma0113 �sma0114) even
though succinate was present (Fig. 4C). There was only a small
corresponding increase in �-galactosidase in strains PG24
(�sma0114) and Rm1021 (wild type). During the second phase
of diauxie, when lactose is consumed, �-galactosidase levels
increased at equal rates in all four strains (Fig. 4C). These
results indicated that the sma0113 mutation in strains PG22

(�sma0113) and PG26 (�sma0113 �sma0114) resulted in a
relaxation of SMCR, which allowed lactose to induce lac genes
even when succinate was present.

Epistatic analysis of sma0113 and hpr-S53A. Previous work
has shown that the PTS protein Hpr is important for regulation
of SMCR in S. meliloti. In order to explore the regulatory
relationship between Sma0113 and Hpr, a �sma0113 hpr-S53A
double mutant (strain CAP149) was constructed. The SMCR
phenotypes produced by the two mutations, when present sin-
gly, are quite different. The �sma0113 mutation results in
weakened SMCR, and the hpr-S53A allele results in very
strong SMCR (3). On M9 medium plates containing succinate
plus lactose and X-Gal, control strain CAP43 (wild type)
showed a normal SMCR phenotype, strain DG3159
(�sma0113) showed weak SMCR, strain CAP95 (hpr-S53A)
showed very strong SMCR, and strain CAP149 (�sma0113
hpr-S53A) demonstrated strong SMCR (data not shown).
These results showed that Hpr was epistatic to Sma0113, indi-
cating that Hpr acts downstream of Sma0113 in regulating
SMCR.

PHB levels are regulated by Sma0114. During the course of
our work on control of SMCR by the PTS in S. meliloti, we
discovered that levels of the carbon storage compound PHB
were often affected by mutations in hpr, manX, and hprK,
which encode components of the PTS (unpublished results).
Accumulation of PHB occurs when S. meliloti has extra carbon
relative to other major nutrients like nitrogen and/or it has
excess reducing capacity and needs to regenerate NAD(P)H
(10, 14). Thus, PHB is a storage compound for both carbon
and reducing power. Given that Sma0113 regulates SMCR, as
does the PTS, we compared levels of PHB in wild-type S.
meliloti with strains with altered sma0113 and sma0114 during
growth in M9 succinate medium (Fig. 5A). Strain PG105 (wild
type) showed little or no PHB accumulation during growth in
M9 succinate, and neither did strain PG98 (�sma0113). How-
ever, strain PG99 (�sma0114) showed relatively high levels

FIG. 4. Deletion of sma0113 results in relief of SMCR, as measured by �-galactosidase production. In the representative experiment plotted
here, the indicated strains were grown to stationary phase in M9 plus 0.4% glycerol and then diluted in M9 minimal medium containing lactose,
succinate, or succinate plus lactose. (A) Endogenous �-galactosidase activity during growth in M9 minimal medium plus 0.2% lactose plotted
against the OD595 of cultures as they grew. (B) Endogenous �-galactosidase activity during growth in M9 minimal medium plus 0.2% succinate
plotted against the OD595 of cultures as they grew. (C). Endogenous �-galactosidase activity during growth in M9 minimal medium with 0.2%
succinate plus 0.2% lactose plotted against the OD595 of cultures as they grew. The main graphs are scaled the same. The inset in panel C shows
rescaled data from the first half of the succinate-plus-lactose experiment. Data points are explicitly shown for strain Rm1021. For the other curves,
lines are drawn directly from data point to data point but the points have been left out for the sake of clarity.

VOL. 192, 2010 REGULATION OF CATABOLITE REPRESSION IN S. MELILOTI 5731



of PHB during growth. Interestingly, strain PG100
(�sma0113�sma0114), which lacks both Sma0113 and
Sma0114, did not show increased levels of PHB. Thus, the
PHB phenotype caused by deleting sma0114 requires func-
tional Sma0113. Heterologous overexpression of either
sma0114 (in strain PG76) or sma0114-D57A (in strain PG79)
did not fix the overproduction of PHB associated with the
�sma0114 mutation.

Expression of the phbA and phaZ genes, which encode pro-
teins involved in the synthesis and depolymerization of PHB,
was roughly equivalent in the strains under study (Fig. 5C and
D). This indicated that the �sma0114 mutation likely acted to
increase PHB levels through nontranscriptional mechanisms.

Mutations in sma0113 or sma0114 do not affect symbiosis
with M. sativa. Strains Rm1021 (wild type), PG22 (�sma0113),
and PG24 (�sma0114) were tested to see if symbiosis was

FIG. 5. PHB and mRNA levels in select isogenic strains of S. meliloti. (A) PHB levels during growth in M9 succinate. Levels have been normalized
to that found in strain PG105 (wild type). The mean and standard deviation from four independent experiments are shown. Asterisks indicate levels that
are significantly different from those found in strain PG105 at a P value of �0.05. Note that the phbA mutant strain and other strains have �1 U of
background Nile Red staining due to cell membrane and other hydrophobic compounds. (B) Levels of sma0114 mRNA during growth in M9 succinate
as determined by RT-PCR. The mean and standard deviation from three independent experiments are shown. In each experiment, mRNA levels were
measured two or three times. Asterisks indicate levels that are significantly different from those found in strain PG105 at a P value of �0.05. (C) Levels
of phbA mRNA during growth in M9 succinate as determined by RT-PCR. The mean and standard deviation from three independent experiments are
shown. In each experiment, mRNA levels were measured two or three times. No strain was found to express phbA at levels significantly different than
that found in strain PG105. (D) Levels of phaZ mRNA during growth in M9 succinate as determined by RT-PCR. The mean and standard deviation
from three independent experiments are shown. In each experiment, mRNA levels were measured two or three times. D113 and D114 in the genotypes
represent in-frame deletions of sma0113 and sma0114, respectively. Asterisks indicate levels that are significantly different from those found in strain
PG105 at a P value of �0.05. For a typical RT-PCR experiment, see Fig. S1 in the supplemental material.
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altered when they were grown in association with M. sativa. All
of the strains produced functional nodules, and the mutations
did not significantly affect nodulation numbers or shoot weight
(see Fig. S3 in the supplemental material).

DISCUSSION

The genes and proteins needed for SMCR in S. meliloti are
important regulators of carbon choice, carbon metabolism, and
other physiological traits (2, 9, 16). In this study, we identified
and then characterized a two-component regulatory system in
S. meliloti composed of Sma0113 and Sma0114. Of these,
Sma0113 is clearly involved in control of SMCR. sma0113,
located on the pSymA megaplasmid, encodes a sensor histi-
dine kinase that is part of a two-component regulatory system.
Sma0113 contains five tandem PAS domains and an HWE
histidine kinase domain (28). PAS domains can have various
roles, which include sensing light, oxygen, redox potential, car-
boxylic acids, electron transport, or proton motive force (60).
The genome of S. meliloti is predicted to contain a total of 23
proteins with at least one PAS domain: 5 are on pSymA, 6 are
on pSymB, and 12 are on the chromosome (52). Of the 23
proteins, 7 have multiple PAS domains and 3 (Sma0113,
Sma1548, and Smb20868) have five PAS domains, which is the
most found in S. meliloti. Sma0113 also possesses an HWE
histidine kinase domain (28). There are eight proteins with this
domain in S. meliloti; half of these (Sma0113, Smc01507,
Smb20515, and ExsG) also have PAS domains (64).

Strains lacking Sma0113 were shown to have shortened di-
auxic lags when grown in minimal medium with succinate plus
lactose, maltose, or raffinose, suggesting that the Sma0113 pro-
tein is needed to provide strong catabolite repression in re-
sponse to at least several different secondary carbon sources.
Studies with a site-directed mutant form of Sma0113 in which
the conserved histidine residue at position 670 was substituted
with lysine indicated that this conserved phosphorylation site
was necessary for protein function or signal transduction. A
strain carrying this mutation showed the same relaxed SMCR
phenotype as a strain lacking Sma0113 altogether.

In wild-type S. meliloti, �-galactosidase levels were low when
the bacteria were grown on succinate alone and were high
when they were grown solely on lactose. When grown in me-
dium with succinate and lactose together, wild-type S. meliloti
repressed the expression of �-galactosidase while succinate
was present; once succinate was exhausted, �-galactosidase
expression was upregulated for growth on lactose (Fig. 4).
Strains lacking Sma0113 induced �-galactosidase early during
diauxic growth when succinate was still present (Fig. 4). More-
over, the sma0113 mutant strains failed to downregulate lacZ
upon entering stationary phase, suggesting that Sma0113 is
also required for proper regulation of lacZ in response to
signals other than succinate.

Downstream of sma0113 is sma0114, which encodes a single-
domain, CheY-like, response regulator. The lack of a DNA-
binding domain, which is present in many response regulators,
suggests that Sma0114 signals through protein-protein interac-
tions (Fig. 1D) (52). Sma0114 contains a conserved aspartate
residue, Asp57, which is phosphorylated in CheY-like proteins
upon activation, as well as Asp13, which is involved in metal
binding and is required for the phosphorylation of CheY-like

proteins (34, 50). An S. meliloti strain lacking sma0114 had
phenotypically normal SMCR. In addition, introduction of a
site-directed mutation that rendered the critical aspartate 57
residue unphosphorylatable did not affect any of the SMCR
phenotypes tested. These results were puzzling and suggested
that Sma0114 may not be the cognate response regulator of
Sma0113. However, there are reasons to think that it may
interact with Sma0113. First, the sma0114 gene is immediately
downstream of sma0113 and the two likely form an operon.
Second, the PHB phenotype seen in the sma0114 deletion
requires Sma0113. Lastly, Sma0114 and similar response reg-
ulators have a common motif (PFxFA[T/S]GY) in the region
containing the �4 strand and the following loop (Fig. 1E). In
many response regulators, this region is important for activa-
tion, allosteric control, and binding of protein partners (12, 36,
56). Response regulators with this motif are found almost
exclusively in the alphaproteobacteria, and they are commonly
associated with PAS domain-containing HWE kinases (P. P.
Garcia, unpublished results). Redundancy, or cross talk, may
explain the apparent lack of phenotype seen when sma0114 is
mutated in S. meliloti. In the case of redundancy, another
response regulator may exist that normally interacts with
Sma0113 and carries out signaling to the same downstream
targets as Sma0114. In the case of cross talk, another response
regulator may be phosphorylated by Sma0113, which then car-
ries out signaling to downstream proteins when Sma0114 is
absent. Both redundancy and cross talk have been reported in
the literature (17, 53, 68). Alternatively, Sma0114 may not be
the cognate response regulator of Sma0113 but rather act as a
regulator of Sma0113 and influence its phosphorylation of
other response regulators. In another alphaproteobacterium,
Caulobacter crescentus, phosphorylation of multiple response
regulators by a single histidine kinase and inhibition of kinases
by response regulators are well established (31, 43). There are
40 histidine kinases and 58 response regulators encoded in the
S. meliloti genome (20, 62). Thus, the possibility of response
regulators being redundant or phosphorylated by more than
one histidine kinases is not unreasonable (27, 31).

The deletion of sma0114 caused upregulation of PHB syn-
thesis. Interestingly, the PHB upregulation in the �sma0114
mutant strain required functional Sma0113 because a strain
lacking both sma0114 and sma0113 had normal levels of PHB.
RT-PCR experiments indicated that the overproduction of
PHB was not caused by altered transcription of phb genes
because neither phbA or phaZ levels were affected by the
sma0114 deletion. This suggests that the increase in PHB in
the sma0114 deletion may have been caused by altered activ-
ities of enzymes involved in its synthesis or degradation or by
changes in metabolite levels in the cell.

There are several possibilities for how Sma0113 might affect
SMCR. Clearly, one or more of the five PAS domains must be
involved in sensing signals that are then transduced via the
HWE kinase domain to downstream targets that directly or
indirectly impact SMCR. PAS domains may affect kinase ac-
tivity through altering the oligomerization state of the sensor
kinase (39), or they may, in some cases, interact directly with
the catalytic subdomain of the kinase domain (67). The nature
of the signals sensed by the PAS domains is unclear. One
possibility is that succinate or another TCA cycle C4-dicarbox-
ylic acid is directly sensed by Sma0113. In E. coli, a PAS
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domain in the histidine kinase DcuS binds fumarate and other
C4-dicarboxylic acids and transduces information to down-
stream targets that are needed to transport and metabolize
fumarate and related carbon compounds (24, 25, 29). Another
possibility is that Sma0113 senses carbon or energy availability
by monitoring the levels of reducing equivalents or by moni-
toring electron transport. PAS domain-containing proteins,
and other proteins, have been shown to act in this capacity. For
example, energy taxis, which is used for movement toward
favored carbon or energy sources, is an example where two-
component systems transmit information about whether cells
are well supplied with readily usable carbon (61). Sma0113
may operate on a similar principle in S. meliloti. When reduc-
ing and carbon equivalents are plentiful or flow through the
electron transport chain is sufficient, S. meliloti cells may per-
ceive that they are sated and repress the utilization of second-
ary carbon sources.
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