
Abstract Over 2,800 Tn5 insertion mutants of Salmonella
enterica sv. Typhimurium were screened for the loss of
ability to suppress the multiplication of a spectinomycin-
resistant (Spcr) but otherwise isogenic S. enterica sv. Ty-
phimurium strain, when the Spcr mutant was added to 24-h
LB broth cultures of the mutants. Selected “growth non-
suppressive” (GNS) mutants were defective in respiration
(insertions in arcA and fnr), amino acid biosynthesis
(aroA and aroD), nutrient uptake and its regulation (tdcC
and crp), and chemotaxis (fliD). In the last GNS mutant,
the transposon inactivated yhjH, an ORF with unknown
function which shows sequence similarity to di-guanylate
cyclase and to novel two-component signal transduction
proteins. In newly hatched chickens, all of the mutants,
with the exception of the fliD mutant, were also unable to
suppress colonization of the alimentary tract by the parent
strain inoculated 1 day later. Defined mutations in luxS or
sdiA, genes which contribute to quorum sensing in S. enter-
ica sv. Typhimurium, had no effect on the stationary-phase
growth suppression. Analysis of a transcriptional fusion
construct indicated that yhjH was moderately expressed in
the exponential phase of growth and up-regulated upon en-
try into stationary phase. Expression of yhjH was also con-
siderably suppressed by the addition of supernatant from a
24-h stationary-phase S. enterica sv. Typhimurium culture,

suggesting that the gene belongs to a new sensing and sig-
naling regulatory pathway in S. enterica sv. Typhimurium.
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phase · yhjH

Introduction

The normal intestinal microflora have a profound effect
on the patterns of colonization by enteric pathogens such as
Salmonella enterica. Whereas colonization of adult chick-
ens, which possess a complex flora, results in fecal excre-
tion of relatively small numbers of Salmonella over a short
period of time, experimental infection of newly hatched
chickens results in massive Salmonella multiplication and
excretion for many weeks (Barrow et al. 1988). This rep-
resents enormous potential for the spread of infection be-
tween young animals. This spread may be reduced by oral
administration to newly hatched chicks of preparations of
cecal contents obtained from healthy birds (Mead 2000)
or by oral administration of selected Salmonella strains
(Barrow et al. 1987). The protective inhibition of coloniza-
tion (competitive exclusion) produced between Salmonella
strains is genus-specific; bacteria from other related gen-
era, such as Escherichia, Citrobacter, Shigella and Kleb-
siella, do not inhibit Salmonella colonization but will in-
hibit colonization of strains from their own genus. The in-
hibition was found to require the presence of live bacteria,
and was not the result of bacteriocin or bacteriophage ac-
tivity in the intestine or the result of a rapid immune re-
sponse (Barrow et al. 1987). This genus-specific exclu-
sion effect is thought to be related to the down-regulation
of growth that takes place in stationary phase in nutrient-
rich broth cultures (Barrow et al. 1987, 1996). However, the
reasons for the down-regulation are not well understood.

Mixed bacterial cultures have been used to identify
genes associated with stationary-phase physiology in which
stationary-phase cultures of an E. coli or S. enterica serovar
Typhimurium strain are inoculated with small numbers of
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an antibiotic-resistant but otherwise isogenic strain (Zam-
brano and Kolter 1993; Barrow et al. 1996). This allowed
growth non-suppressive (GNS) (Zambrano and Kolter
1993; Zhang-Barber et al. 1997) and GASP (growth ad-
vantage in stationary-phase) (Zambrano et al. 1993) phe-
notypes to be recognized. In initial studies the genes iden-
tified, which were associated with the GNS phenotype, were
required for electron transport and respiration (nuoG, cydA
and atpH) and their phenotypes may therefore have been
explained by the poor nutritional competitiveness result-
ing from disruption of the electro-chemical gradient across
the plasma membrane.

Much of the metabolism associated with the numerous
changes that occur during entry into stationary phase of
growth (Nystrom 1995; Huisman et al. 1996) is regulated
by the stationary-phase-specific sigma subunit of RNA
polymerase, RpoS (O’Neal et al. 1994; Talukder et al.
1996). This is true for nutrient-rich and also for glucose-
limited cultures in minimal medium where growth ceases
abruptly when glucose is depleted (Nystrom 1994; Nystrom
et al. 1996). However, in complex, nutrient-rich broth cul-
tures without a major, single carbon source, carbon source
depletion and rpoS expression per se are not essential re-
quirements for entry into stationary phase of S. enterica
sv. Typhimurium (Barrow et al. 1996; Sevcik et al. 2001)
whereas availability of electron acceptors for respiration
is of particular importance (Zhang-Barber et al. 1997).

The earlier screening, in which the significance of elec-
tron-translocating proteins to down-regulation of growth
under micro-oxic conditions was ascertained, used a rela-
tively small number of mutants in a mixed bacterial culture
competition assay (Zhang-Barber et al. 1997). It seemed
likely, therefore, that increasing the number of random
mutants tested would lead to the identification of new
genes previously not known to be associated with the GNS
phenotype.

There has been considerable discussion on the role of
quorum-sensing in this growth phenotype; there is a cer-
tain logic in down-regulation of bacterial growth prior to
carbon source starvation, with its associated physiological
restructuring and stress (Huisman et al. 1996). Apart from
speculation (Zambrano et al. 1993; Huisman and Kolter
1994; Zhang-Barber et al. 1997; Zinser and Kolter 1999),
the only evidence for such down-regulation comes from
an association with initiation of DNA replication, although
this is itself tentative (Withers and Nordstrom 1998), and
from the role of the LuxR homologue in E. coli and S. en-
terica sv. Typhimurium, SdiA, which regulates a number
of genes, including ftsQAZ, that are required for cell divi-
sion (Wang et al. 1991; Sitnikov et al. 1996) and for viru-
lence-plasmid gene expression (Ahmer et al. 1998). For
this reason, the role of sdiA was examined. A second poorly
understood gene, luxS, which is responsible for the produc-
tion of a second auto-inducer in Vibrio harveyi (Surette et
al. 1999) and which regulates LEE (locus for enterocyte
effacement) gene expression in enterohemorrhagic E. coli
strains (Sperandio et al. 1999) and virB expression in
Shigella flexneri (Day and Maurelli 2001), was also stud-
ied. In addition, defined mutations in a number of genes
of importance in stationary phase under micro-oxic condi-
tions were also examined.

Material and methods

Bacterial strains and culture conditions

S. enterica serovar Typhimurium F98 is a wild-type strain that is
virulent for chickens and colonizes the chicken gut efficiently
(Barrow et al. 1988; Zhang-Barber et al. 1997; Turner et al. 1998).
Two spontaneous mutants, resistant to either nalidixic acid (Nalr)
or spectinomycin (Spcr), were used throughout the study to facili-
tate enumeration in mixed cultures. The resistances had no effect
on either the in vitro or in vivo experiments (Barrow et al. 1987,
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Table 1 Bacterial strains used
in this study Name Genotype Resistance Reference

S. enterica sv. Typhimurium
F98 Nalr Wild-type Nal Barrow et al. (1988)
F98 Spcr Wild-type Spc Barrow et al. (1988)

S. enterica sv. Typhimurium F98 Nalr Tn insertion mutants
13B8 tdcC1::Tn5-TC1 Tc, Nal This work
31E10 tdcC2::Tn5-TC1 Tc, Nal This work
15C5 fliD::Tn5-TC1 Tc, Nal This work
22A12 aroA::Tn5-TC1 Tc, Nal This work
27D6 yhjH::Tn5-TC1 Tc, Nal This work
32H5 arcA::Tn5-TC1 Tc, Nal This work

Selected Tn10 and TnphoA insertion mutants
Transduced from TN2336 fnr::Tn10 Tc, Nal Jamieson et al. (1986), this work
Transduced from pp1037 ∆crp Nal Curtiss and Kelly (1987), this work
GM61 aroD::TnphoA Kan, Nal Zhang-Barber et al. (1997)

Defined S. enterica sv. Typhimurium F98 Nalr mutants
IR123 ∆arcA Nal Sevcik et al. (2001)
IR128 ∆luxS Nal This work
IR141 ∆sdiA Nal This work
IR161 ∆yhjH Nal This work



1996). Unless otherwise stated, bacterial strains were cultured in 
4-ml LB broth (Difco) in 10-ml tubes incubated statically at 37°C.

The production of a bank of more than 2,800 Tn5-TC1 inser-
tion mutants in a S. enterica sv. Typhimurium F98 Nalr strain has
been described previously (Turner et al. 1998). The mutants were
stored at –70°C in 96-well trays in LB broth containing 30% glyc-
erol. Since this number of mutants would not cover the whole 
S. enterica sv. Typhimurium genome, additional defined mutations
of interest were tested (Table 1). Transposon mutations of interest
were transduced into a S. enterica sv. Typhimurium F98 Nalr strain
using phage P22 HT105/ int, selecting for appropriate antibiotic
resistance as described previously (Barrow et al. 1990).

Motility was assayed following inoculation of the mutant and
control wild-type strain (2 µl inoculum=106 CFU) in 0.3% LB agar
and incubation for 6 h at 37°C.

Screening procedure

The transposon mutants were screened individually in vitro for
their ability to suppress multiplication of the parental S. enterica
sv. Typhimurium F98 Spcr strain. Mutants were inoculated from
–70°C storage into 96-well trays containing 100 µl LB broth and 
5 µg tetracycline ml–1 and were incubated statically overnight. Af-
ter transfer to a second 96-well tray with 100 µl of LB per well us-
ing a “hedgehog” multi-prong template, the cells were incubated
for 24 h. In parallel, a 24-h broth culture of the S. enterica sv. Ty-
phimurium F98 Spcr strain was diluted 1:1,000 in LB and an
aliquot was transferred into each well in the 96-well tray contain-
ing the 24-h cultures of the mutants using the template, to provide
an inoculum of approximately 103 CFU ml–1. The mixed cultures
were re-incubated statically at 37°C for 3 days in a moist chamber
and growth of the S. enterica sv. Typhimurium F98 Spcr strain in
each well was assessed on LB agar containing 50 µg spectinomycin
ml–1. Mutants of interest were re-tested individually by a standard
method in which the GNS phenotype was assessed in tubes of broth.

Flanking DNA sequence identification

The nucleotide sequences adjacent to the site of the Tn5 insertions
were determined by inverse PCR (Turner et al. 1998) and se-
quencing of the resulting amplification product. Purified DNA
from mutants of interest (2 µg) was digested with either TaqI or
MspI. The digested DNA was purified using a QIAquick Gel Ex-
traction kit (Qiagen, Germany) and self-ligated using a T4 DNA
Ligase kit (Amersham, UK) for 16 h at 16°C. From the self-ligated
circularized molecules, those containing the IS50 sequence and
flanking chromosomal DNA were selectively amplified, priming
the synthesis off the IS50 using the primer pair IS50F 5′ACG
GAA CCT TTC CCG TTT TC 3′ and IS50R 5′AGG ACG CTA
CTT GTG TAT A 3′.

The resulting PCR products were purified from a 1.5% agarose
gel and immediately used for sequencing using an ABI Prism 310
Genetic Analyzer (ABI Biosystems, USA). The sequence informa-
tion obtained was analyzed using standard nucleotide BLAST. At
the time when this work was carried out, sequencing of the S. en-
terica sv. Typhimurium genome was finished but not yet available
in GenBank. Therefore, sequences of the inverse PCR products
were also compared by BLAST with data available at the Genome
Sequencing Center at Washington University, St. Louis, Mo., USA
(http://genome.wustl.edu/gsc/) and complete coding sequences and
amino acid sequences of the respective proteins were deduced. The
protein sequences were then analyzed by protein BLAST and using
the COGnitor tool (http://www.ncbi.nlm.nih.gov/COG/cog99nitor.
html). When necessary, protein sequences were multiply aligned
using ClustalW 1.4 (Jeanmougin et al. 1998).

The sites of transposon insertion were finally confirmed by PCR
in which primers from the newly identified sequences were de-
signed and used together with the reverse primer derived from the
Tn5 sequence to amplify the transposon/target-gene junction.

Construction of defined mutants

To confirm the GNS phenotype, defined mutants were constructed
as described earlier (Sevcik et al. 2001). For each deletion, six
primers were designed (four primers for the deletion itself, and two
for verification PCRs, primers not shown). The protocol was based
on overlap extension PCR (Ho et al. 1989) followed by cloning the
PCR product into a suicide plasmid vector pDM4 (Milton et al.
1996). The plasmid was conjugated from E. coli 17.1 λpir into the
S. enterica sv. Typhimurium F98 Nalr strain; after allelic replace-
ment, deletion mutants were selected by PCR and confirmed by se-
quencing.

Transcriptional fusions

For the newly identified ORF, yhjH, chromosomal luxAB tran-
scriptional fusion was constructed as described previously (Sevcik
et al. 2001) except for using the primers specific for the 3′ terminal
sequences of yhjH. The procedure was similar to that used to cre-
ate defined deletions as described above, except that the plasmid
(pNQ705L) contained the promoterless luxAB genes downstream
from the plasmid cloning site. Luminometry was carried out as de-
scribed previously (Sevcik et al. 2001).

Conditioned LB broth

Bacteria from 24-h cultures were removed by centrifugation
(5,000×g, 10 min) and supernatants were filter-sterilized through
Millex GP 0.22-µm filters (Millipore, USA). As specified in the
text, the supernatant was alternatively heated to 95°C for 20 min,
passed through high-protein-binding (Millipore GS filter) or size-
limiting (1,000 Da) filters, acidified to pH 3 for 20 min with HCl,
or alkalized to pH 11 for 20 min with NaOH. To obtain condi-
tioned LB broth, filtered supernatant was mixed with the same vol-
ume of fresh LB.

In vivo suppression of intestinal colonization

The ability of mutants to colonize the alimentary tract of newly
hatched chicks and suppress the establishment of a S. enterica sv.
Typhimurium F98 Spcr wild-type strain was tested using a stan-
dard protocol described previously (Methner et al. 1997; Zhang-
Barber et al. 1997). In summary, groups of six newly hatched chicks
were inoculated orally with 108 CFU of the strain to be tested and,
1 day later, they were challenged orally with 105 CFU of the S. en-
terica sv. Typhimurium F98 Spcr wild-type strain. The viable num-
bers of the challenge strain in the whole ceca were enumerated 
5 days later. Controls consisted of a group of chickens inoculated
with the challenge strain only and a group inoculated with S. en-
terica sv. Typhimurium F98 Nalr followed by S. enterica sv. Ty-
phimurium F98 Spcr 24 h later.

Reproducibility and statistical analysis

All in vitro assays (growth inhibition and transcriptional fusions)
were repeated at least three times and representative data are re-
ported. Individual data in independent experiments did not differ
from those shown by more than 15%. Inhibition assay results were
analyzed by one-way variance analysis using Statgraphics Plus
software (Rockville, USA). The factor considered was group. 
P values of <0.05 were regarded as statistically significant.

Accession number

The S. enterica sv. Typhimurium F98 luxS sequence is available
from GenBank under the accession number AF268390.
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Results

GNS mutants identified by the screening process

From the collection of 2,800 independent Tn5-TC1 mu-
tants of S. enterica sv. Typhimurium F98 Nalr, six mutants
fulfilled the following criteria: (1) they were unable to
suppress the growth of S. enterica sv. Typhimurium F98
Spcr when the latter was added to 24 h stationary-phase
LB broth cultures of the mutant (GNS phenotype) (Table 2,
Fig.1), (2) within the duration of the experiments (3 days),
after reaching the stationary phase, cell counts of the mu-
tant did not decrease markedly, and (3) the growth non-sup-
pressive phenotype was stable after transduction into S. en-
terica sv. Typhimurium F98 Spcr. All mutants were tested
for growth suppression of S. enterica sv. Typhimurium
F98 Spcr in the intestine of chickens (Table 2).

In transposon mutant 32H5, the nucleotide sequence
flanking the site of insertion was identical to the sequence
of the promoter of arcA. ArcA is the response regulator of
the two-component signal transduction system responsi-
ble for repression of aerobic metabolic pathways during
anaerobic growth (Iuchi and Lin 1988). The transposon in-
serted at a position 220 bp upstream from the start codon
of arcA. To confirm the role of arcA in the GNS pheno-
type, an ∆arcA mutant constructed earlier (Sevcik et al.
2001) was tested and shown to be growth non-suppressive
like the original transposon-insertion mutant. The 32H5
transposon-insertion mutant expressed the GNS pheno-
type in vivo.

Mutant 22A12 was found to have the transposon inser-
tion in aroA, the gene encoding 3-enolpyruvylshikimate-
5-P synthetase, interrupting the gene 1,126 bp down-
stream from its start codon. The aroA gene is transcribed
together with serC in a single transcription unit. Because

serC is located upstream from aroA and because transcrip-
tion occasionally terminates between the serC and aroA re-
gion (Duncan and Coggins 1986), serC expression should
be much less affected than expression of aroA. This mu-
tant also expressed the GNS phenotype in vivo.

The nucleotide sequence at the site of an insertion in
mutant 15C5 was identical to fliD, the gene that encodes
the flagella filament cap in S. enterica sv. Typhimurium
and E. coli. The insertion occurred 1,237 bp downstream
from the start codon of the gene. The gene is the first in an
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Table 2 Interaction between S. enterica sv. Typhimurium mutants and wild-type strain in vitro and in vivo. Except for those labeled *,
all other results showed a significant difference between mutants and the control parent strain.

Bacterial counts of challenge strain at various times after inoculation

Mutants tested as first strain In nutrient broth (log10 CFU/ml)±SD In intestine 
(challenge strain=F98 Spcr) (log10 CFU/g)±SD

0 day 1 day 3 days 5 days

13B8 tdcC1 4.14±0.49 4.85±0.67* 7.14±0.15 1.24±0.31*
31E10 tdcC2 4.08±0.46 5.00±0.62* 6.50±0.23 6.24±0.43
15C5 fliD 4.13±0.55 6.03±0.95 5.81±0.38 2.23±0.36*
22A12 aroA 4.11±0.64 5.94±1.40 7.26±0.48 6.14±0.43
27D6 yhjH 4.02±0.37 5.59±1.12 7.31±0.53 3.99±0.57
32H5 arcA 4.03±0.52 6.06±1.06 7.75±0.10 5.96±0.63
TN2336 fnr::Tn10 4.58±0.21 7.72±0.38 7.63±0.29 8.01±0.38
pp1037 ∆crp 4.11±0.13 7.13±0.37 8.38±0.23 8.63±0.43
GM61 aroD::TnphoA 4.46±0.33 6.00±0.93 6.88±0.41 8.30±0.68
IR123 ∆arcA 4.03±0.02 7.08±0.04 8.10±0.07 ND
IR128 ∆luxS 4.03±0.03 4.11±0.07* 4.20±0.04* ND
IR141 ∆sdiA 3.96±0.06 4.04±0.10* 4.11±0.15* ND
IR161 ∆yhjH 4.01±0.13 4.71±0.69* 6.86±0.51 6.30±0.57
F98 Nalr Control 4.12±0.10 4.34±0.08 4.46±0.29 1.17±0.29

Fig.1 Growth of Salmonella enterica sv. Typhimurium F98 Spcr

when this strain was inoculated into 24-h LB broth cultures of rep-
resentative transposon mutants of F98 Nalr and re-incubated. The
mutants tested for growth suppression of the challenge strain were:
Filled circles S. enterica sv. Typhimurium F98 Nalr parent, filled
diamonds mutant 22A12 (aroA), filled squares fnr::Tn10, filled tri-
angles 31E10 (tdcC2)
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operon comprising fliD, fliS and fliT. Unlike FliD, which
is a structural protein, it has been suggested that FliS and
FliT may have regulatory functions by suppressing the ex-
pression of class III flagella operons (Yokoseki et al. 1996).
Unlike the rest of the mutants, the fliD mutant did not ex-
press the GNS phenotype in vivo and therefore behaved
like the wild-type strain in vivo.

In two independent mutants, 13B8 and 31E10, the
transposon had inserted in tdcC, 26 and 212 bp down-
stream from its start codon, respectively. In E. coli, tdcC
is the third gene in the tdc operon which comprises seven
genes, tdcA–F, involved in threonine and serine metabo-
lism during anaerobic growth (Hesslinger et al. 1998). TdcC
is a threonine-serine permease (Sumantran et al. 1990). The
31E10 mutant was GNS in vivo whereas mutant 13B8
was not.

The nucleotide sequence at the site of insertion in mu-
tant 27D6 showed sequence similarity to an ORF coding
for an unknown protein (YhjH in E. coli). The ORF se-
quence was interrupted 97 bp downstream from the start
codon. Although the function of YhjH is not exactly
known, when up-regulated, it restores motility in a H-NS
mutant in E. coli (Ko and Park 2000). COGnitor analysis
showed its partial identity to di-guanylate cyclase. Stan-
dard protein BLAST grouped this protein with putative
signal transduction proteins of unknown functions (Galperin
et al. 2001). Multiple alignment showed homology to puta-
tive signal transduction proteins of unknown functions in-
cluding di-guanylate cyclase (Fig.2). To prove the func-
tion of yhjH in stationary-phase microbial competition,
primers were designed for construction of a defined muta-
tion which should have consisted of a deletion from Asp-57

to Thr-196. However, sequencing revealed a shift in read-
ing frame after the genetic manipulations, resulting in the
introduction of a stop codon after His-55. Nonetheless,
the defined mutant also expressed the GNS phenotype in
vitro. Both mutants (transposon mutant 27D6 and the
truncated ‘deletion’ mutant) expressed the GNS pheno-
type in vivo. The deletion mutant was also defective in
motility (Fig.3).

Phenotypes of selected Tn10 and TnphoA mutants

A number of transposon mutations of interest in S. enterica
sv. Typhimurium were obtained from other laboratories.
After transduction into the S. enterica sv. Typhimurium
F98 Nalr strain, the phenotype of the mutants was con-
firmed and they were checked for their GNS phenotype in
stationary-phase broth cultures (Tables 1 and 2).

A fnr::Tn10 mutation in the S. enterica sv. Typhimurium
F98 Nalr strain was confirmed by the strain’s inability to
grow anaerobically on minimal media with succinate as
electron donor and fumarate or nitrate as electron accep-
tors (Jamieson et al. 1986). We confirmed that the trans-
poson insertion had occurred 95 bp downstream from the
start codon. The mutant phenotype was GNS both in vitro
and in vivo.

The position of the TnphoA insertion in the aroD gene
was confirmed by sequencing to be 568 bp from the start
codon. The aroD gene is expected to be transcribed as a
mono-cistronic operon; therefore any polar effects on genes
located downstream can in all probability be excluded.
The aroD::TnphoA mutant also expressed the GNS phe-
notype in vivo.

The phenotype of a crp::Tn10 mutant of S. enterica sv.
Typhimurium F98 Spcr was confirmed by its poor growth
on LB agar and on minimal medium with carbon sources
other than glucose (Curtiss, III and Kelly 1987). Because
this mutant showed poor stability of the antibiotic marker
after transduction into the S. enterica sv. Typhimurium
F98 Nalr strain, positive selection for the loss of tetracy-
cline resistance was carried out (Bochner et al. 1980). A
tetracycline-sensitive clone with the same phenotype as
the original transposon mutant (∆crp) was selected and
used in the remaining experiments. This mutant pheno-
type was GNS both in vitro and in vivo, allowing rapid
growth of the parent strain.

Phenotypes of quorum-sensing-related mutants

Because quorum-sensing mechanisms have been suggested
to play a role in sensing the metabolic potential of the en-
vironment by S. enterica sv. Typhimurium (Surette and
Bassler 1998, 1999; Surette et al. 1999), and because no
mutants in genes associated with density-dependent sig-
naling in S. enterica sv. Typhimurium were identified by
the random screening procedure, defined mutations were
produced in genes which have been shown to be associ-
ated with quorum sensing. The luxS mutation consisted of
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Fig.3 Motility in 0.3% LB agar. Agar plates were inoculated with
106 CFU of S. enterica sv. Typhimurium F98 Nalr wild-type and
the ∆yhjH mutant. Motility was observed after 6 h of incubation at
37°C



an in-frame deletion from Ile-78 to Tyr-88. The sdiA mu-
tation consisted of a deletion from Gln-155 to Asn-226,
removing the helix-turn-helix motif of the protein neces-
sary for DNA binding of the LuxR family of transcrip-
tional regulators. Both of the mutants showed a fully in-
hibitory, wild-type phenotype in vitro and therefore were
not tested further in vivo.

Transcription of newly identified gene

Regulation of yhjH was examined in detail using luxAB
transcriptional fusions. As confirmed by sequencing, the
start codon of luxA was located 38 bp downstream from

the stop codon of yhjH. The intergenic region between the
termination codon of yhjH and start codon of luxA con-
tained only 6 bp from the original sequence. The rest of
the sequences were those of pNQ705L preceding the luxA
gene and therefore the fusions could not contain any nat-
ural transcriptional terminators. The yhjH was transcribed
at a moderate level in exponential phase followed by a
peak in its expression on entry into stationary phase. The
expression of yhjH was also suppressed considerably in
conditioned medium after the addition of supernatant from
a 24-h stationary-phase S. enterica sv. Typhimurium cul-
ture (Fig.4). The metabolite suppressing yhjH transcrip-
tion was of low molecular weight as it easily passed
through a 1,000 Da size-limiting filter. It was, however,
relatively sensitive to acidification and to heat treatment
(Fig.5).

Discussion

When attempting to explain the GNS mutants, two princi-
pal hypotheses were initially considered: (1) that the phe-
notype might be linked with a decreased capacity of the
mutant to utilize nutrients remaining in stationary-phase
broth cultures, or (2) that the mutants might be defective
in specific signaling pathways, not related directly to nu-
trition, which sense the changing environment and regu-
late metabolism in stationary phase accordingly.

GNS mutants whose phenotypes may be linked 
with a decreased capacity to utilize nutrients remaining
in the stationary-phase broth cultures

Two GNS mutants had inactivated arcA or fnr genes. Pre-
vious studies have identified an important role for compo-
nents of respiration and proton-translocating enzymes
(NuoG, CydA) in the growth suppression of S. enterica
sv. Typhimurium in nutrient-rich stationary-phase cultures
(Zambrano and Kolter 1993; Zhang-Barber et al. 1997).
The altered behavior of the NuoG and CydA mutants was
attributed primarily to their inability to utilize nutrients
which require an adequate proton gradient for their up-
take. The nutrients unavailable to the mutant may subse-
quently enable cells of the parent strain to multiply and
grow (Zhang-Barber et al. 1997). As both ArcA and Fnr
contribute to regulation of respiration and therefore gener-
ation of a membrane potential, in addition to the regula-
tory effect on central metabolism, the same explanation
may be relevant for the GNS phenotype of the arcA and fnr
mutants.

Two mutants had defective aroA and aroD genes.
Apart from the role of AroA and AroD proteins in the
synthesis of aromatic amino acids, for which competition
may exist in stationary-phase cultures, they are also impor-
tant in the biosynthesis of ubiquinone and menaquinone
(Bar-Tana et al. 1980). By flow cytometry, both aro mu-
tants showed decreased binding of rhodamine-123, a fluo-
rescent dye which binds to cells in a membrane-potential-
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Fig.4 Transcription of yhjH in LB broth (filled squares) or in con-
ditioned medium (filled circles). Growth curves are also shown:
open squares growth in LB, open circles growth in conditioned
LB. Expression of yhjH was up-regulated on entry into stationary
phase. Such up-regulation was never observed when S. enterica sv.
Typhimurium was grown in conditioned medium. Relative lumi-
nescence was calculated as measured luminescence units divided
by the culture OD600

Fig.5 Preliminary characterisation of metabolite(s) suppressing
yhjH expression in stationary phase. Maximal expression of yhjH
expressed as maximum relative luminescence in fresh LB broth (1),
standard conditioned medium (7) or conditioned medium prepared
from culture supernatants treated as follows: 2 Acidified, 3 heat-
treated, 4 alkalized, 5 deproteinated, 6 filtered through size-limit-
ing filter



dependent fashion (Rychlik et al. 2000). We therefore pro-
pose that, regarding the GNS phenotype in vitro, aro mu-
tants can be considered as respiration-defective with asso-
ciated defects in nutrient uptake and utilization.

Competition for nutrients may also be used to explain
the GNS phenotype of the crp mutant. Alternative carbon
sources, other than glucose, would not be used efficiently
by this mutant and would remain in the medium enabling
cells of the wild-type strain to grow.

Two independent mutants in the tdcC gene were iso-
lated. The tdc operon is involved in threonine and serine
catabolism during anaerobic growth (Goss et al. 1988;
Hesslinger et al. 1998). TdcC is a threonine-serine perme-
ase (Sumantran et al. 1990). However, due to the potential
polar effects of the transposon insertion, the function of
the entire operon could be affected. In mutant 13B8, the
transposon insertion would have enabled a chimeric TdcC
protein to be produced in which the nine N-terminal
amino acids were replaced by 22 amino acids from the
transposon sequence as a result of promoter activity within
Tn5-TC1. The transposon insertion in mutant 31E10 oc-
curred deeper in the gene and this might explain the fact
that the 31E10 mutant grew more slowly than mutant
13B8 and, unlike mutant 13B8, mutant 31E10 was also
GNS in vivo. The GNS phenotype of both mutants im-
plies that serine and threonine catabolism is important in
the stationary phase. This is consistent with recent find-
ings on GASP mutants in E. coli which show an altered
ability to metabolize particular amino acids including ser-
ine and threonine (Zinser and Kolter 1999).

A mutant suspected to be defective in pathways 
that regulate metabolism in stationary phase

The yhjH gene showed sequence similarity to the gene
coding for di-guanylate cyclase and genes encoding signal
transduction proteins. Cyclic di-GMP is thought to play a
regulatory role in at least some prokaryotes, including the
regulation of cellulose synthesis in Acetobacter xylinum
(Tal et al. 1998) and of biopteridine in Nocardia (Son and
Rosazza 2000). Although cyclic di-GMP has not been
identified in either E. coli or S. enterica sv. Typhimurium,
there is evidence for guanylyl cyclase activity in E. coli
(Macchia et al. 1975, 1981). In synchronously growing
cultures of E. coli, a burst of cGMP production accompa-
nies initiation of growth (Cook et al. 1980). cGMP in 
E. coli is also thought to play a role in the chemotactic re-
sponse (Black et al. 1980). Consistent with this is a recent
observation of the ability of yhjH in E. coli to suppress a
defect in motility caused by a mutation in H-NS (Ko and
Park 2000). In that study, yhjH was characterized as a new
member of the flhDC regulon with unclear functions. An
association with chemotaxis would place this mutant close
to the flagella-defective GNS mutant. Although this mutant
is fully motile in E. coli (Ko and Park 2000), the ∆yhjH
mutant in S. enterica sv. Typhimurium was of reduced
motility (Fig.3). This shows that yhjH is not essential for
normal flagella function but rather suggests that YhjH may

distribute signal(s) obtained or generated during chemo-
taxis (Galperin et al. 2001) and flagella rotation to other
areas of cellular activity during entry into stationary phase.
The observed moderate level of yhjH transcription in the
exponential phase of growth, with a transcriptional peak
on entry into stationary phase followed by later suppres-
sion, is consistent with such a role of YhjH in S. enterica
sv. Typhimurium. The suppression of expression by the
addition of culture supernatant also indicates that YhjH
may sense and respond to chemicals accumulating in dense,
metabolizing Salmonella populations (Fig.4). Interest-
ingly, the nature of the yhjH suppressing factor (Fig.5)
seems to be similar to that of the factor suppressing sdiA
expression in S. enterica sv. Typhimurium (Volf et al.
2002).

The regulation of metabolism of high-density bacterial
cultures during the transition from exponential to station-
ary phase is a topic of increasing interest (Zambrano et al.
1993; Nystrom 1994; Barrow et al. 1996; Nystrom et al.
1996; Zinser and Kolter 1999). One of the reasons for this
is that, under certain conditions in vivo, for example after
the infection of susceptible animals, pathogenic microor-
ganisms may reach high bacterial densities, similar to those
in early stationary phase broth cultures. In this study, we
identified multiple new genes involved in metabolism in
the stationary phase. The most interesting, yhjH, may rep-
resent a component of a new regulatory pathway in S. en-
terica sv. Typhimurium linking metabolism in the station-
ary phase with chemotaxis and eventually regulation of
central biological processes through interaction with H-NS.
These topics are currently being investigated in greater
detail in our institutes.
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