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To investigate the involvement of RelA in the regulation of Legionella pneumophila virulence, a deletion
substitution was constructed in the reld gene. The reld4 knockout resulted in an undetectable level of ppGpp in
the cells during the stationary phase, but the original level was restored when the rel4 gene product was
supplied on a plasmid. The effect of the rel4 mutation was examined with two systems that are known to be
expressed during the stationary phase in L. pneumophila. Pigment production was found to be dependent on
the rel4 gene product, and only one-half as much pigment was produced by the rel4 mutant as by the wild-type
strain. Flagellum gene expression was also found to be dependent on the rel4 gene product, as determined with
a flaA::lacZ fusion. However, the reld gene product was found to be dispensable for intracellular growth both
in HL-60-derived human macrophages and in the protozoan host Acanthamoeba castellanii. To determine the
involvement of the rel4 gene product in expression of L. pneumophila genes required for intracellular growth
(icm/dot genes), nine icm::lacZ fusions were constructed, and expression of these fusions in the wild-type strain
was compared with their expression in rel4 mutant strains. Expression of only one of the icm::lacZ fusions was
moderately reduced in the rel4 mutant strain. Expression of the nine icm::lacZ fusions was also examined in
a strain containing an insertion in the gene that codes for the stationary-phase sigma factor RpoS, and similar
results were obtained. We concluded that RelA is dispensable for intracellular growth of L. pneumophila in the
two hosts examined and that both RelA and RpoS play minor roles in L. pneumophila icm/dot gene expression.

Legionella pneumophila, the causative agent of Legionnaires’
disease, is a facultatively intracellular pathogen. L. pneumo-
phila is able to infect, multiply within, and kill human macro-
phages, as well as free-living amoebae (27, 34). The bacteria
are taken up by regular phagocytosis or by a special mechanism
termed coiling phagocytosis (6, 25). The bacteria are then
found within a specialized phagosome that does not fuse with
lysosomes or acidify (6, 23, 26), and the specialized phagosome
undergoes several recruitment events that include association
with smooth vesicles, mitochondria, and rough endoplasmic
reticulum (1, 24, 46). The bacteria multiply within the special-
ized phagosome until the cell eventually lyses, releasing bac-
teria that can start new rounds of infection (27, 34).

Two regions of genes required for human macrophage kill-
ing and intracellular multiplication have been discovered in
L. pneumophila (reviewed in references 39 and 48). Region 1
contains seven genes (icmV, -W, and -X and dotA, -B, -C, and
-D) (5, 7, 30, 47), and region II contains 17 genes (icmT, -S, -R,
-Q,-P,-0,-N, -M, -L, -K, -E, -G, -C, -D, -J, -B, and -F) (3, 32,
37, 38, 47). Most of these genes have also been shown to be
required for intracellular growth in the protozoan host Acan-
thamoeba castellanii (41). Fourteen of the Icm/Dot proteins
(IemT, -P, -O, -L, -K, -G, -C, -D, -J, and -B and DotA, -B, -C,
and -D) have been found to exhibit significant sequence simi-
larity with Tra/Trb proteins from the Incl plasmids collb-P9
and R64 (28, 42).
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At this time, there is very little information regarding regu-
lation of L. pneumophila virulence and no information regard-
ing regulation of icm/dot gene expression. So far, the station-
ary-phase sigma factor RpoS (encoded by the rpoS gene) has
been shown to be involved in L. pneumophila virulence, and a
strain containing a knockout in this gene lost the ability to grow
in the protozoan host A. castellanii (17) and was attenuated for
intracellular growth in murine bone marrow-derived macro-
phages (4). However, this gene has been found to be dispens-
able for growth in HL-60-derived human macrophages and in
THP-1 cells (17). It has been suggested that another factor that
is related to the stationary phase, the rel4 gene product, is
involved in regulation of L. pneumophila pathogenicity (18).
RelA is a ppGpp synthatase that plays a major role in the
Escherichia coli stringent response (10). The stringent response
is a global response that occurs as a consequence of the binding
of uncharged tRNA to ribosomes, which activates the RelA
enzyme. As a result of this activation, ppGpp accumulates in
the cells, which leads to rapid inhibition of stable RNA syn-
thesis and accumulation of the stationary sigma factor (RpoS)
(10, 16). In other bacteria, the rel4 gene product has been
shown to coordinate entry into the stationary phase with sev-
eral systems, such as fruiting body formation in Myxococcus
xanthus (19) and morphological differentiation and antibiotic
production in Streptomyces coelicolor (12). It has been sug-
gested that in L. pneumophila this gene product coordinates
virulence with entry into the stationary phase (18).

We were interested in determining the precise role of the
relA gene product in L. pneumophila pathogenesis and icm/dot
gene expression. To do this, we constructed a deletion substi-
tution in the rel4 gene on the L. pneumophila chromosome and
tested its effect on L. pneumophila intracellular growth and
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TABLE 1. Plasmids used in this study

Plasmid Features Reference or source

pAB-1 lacZ gene under Prac control in pMMB207 36
pGS-flaA-01 L. pneumophila flaA regulatory region in pUCI18 This study
pGS-flaA-02 L. pneumophila flaA regulatory region in pMC1403 This study
pGS-flaA-03 L. pneumophila flaA regulatory region in pGS-lac-01 This study
pGS-lac-01 pAB-1 with a promoterless lacZ gene This study
pGS-reg-F1 Regulatory region of icmF in pUC18 This study
pGS-reg-F2 Regulatory region of icmF in pMC1403 This study
pGS-reg-F3 Regulatory region of icmF in pGS-lac-01 This study
pGS-reg-M1 Regulatory region of icmM in pUC18 This study
pGS-reg-M2 Regulatory region of icmM in pMC1403 This study
pGS-reg-M3 Regulatory region of icmM in pGS-lac-01 This study
pGS-relA-01 L. pneumophila relA gene in pUC-18 This study
pGS-relA-01-Km pGS-RelA-01 with the Km cassette in the rel4 gene This study
pGS-relA-01-Km-GR Insert of pGS-RelA-01-Km in pLAW344 This study
pGS-relA-05 L. pneumophila relA in pMMB207ab This study
pKP-Q-1 Regulatory region of icmQ in pUCIS8 This study
pKP-Q-21 Regulatory region of icmQ in pMC1403 This study
pLAW344 sacB MCS oriT(RK2) Cm" oriR(ColE1) Ap" 50
pMC1403 Promoterless lacZ in pBR322 8
pMMB207ab RSF1010 derivative, IncQ lacI Cm" oriT MCS 38
pOG-J-103 Regulatory region of icmJ in pUC18 This study
pOG-J-109 Regulatory region of icmJ in pMC1403 This study
pOG-J-122 Regulatory region of icmmJ in pGS-lac-01 This study
pOG-P-105 Regulatory region of icmP in pUC18 This study
pOG-P-108 Regulatory region of icmP in pMC1403 This study
pOG-P-121 Regulatory region of icmP in pGS-lac-01 This study
pOG-Q-126 Regulatory region of icmQ in pGS-lac-01 This study
pOG-R-125 Regulatory region of icmR in pGS-lac-01 This study
pOG-T-104 Regulatory region of icmT in pUCI18 This study
pOG-T-107 Regulatory region of icmT in pMC1403 This study
pOG-T-120 Regulatory region of icmT in pGS-lac-01 This study
pOG-V-110 Regulatory region of icml in pMC1403 This study
pOG-V-123 Regulatory region of icml in pGS-lac-01 This study
pOG-VW-106 Regulatory region of icmVW in pUCI8 This study
pOG-W-111 Regulatory region of icmW in pMC1403 This study
pOG-W-124 Regulatory region of icmW in pGS-lac-01 This study
pSS-R-1 Regulatory region of icmR in pUC18 This study
pSS-R-27 Regulatory region of icmR in pMC1403 This study
pUC18 oriR(ColE1) MCS Ap" 53

icm/dot gene expression. The mutation in the rel4 gene had no
effect on L. pneumophila intracellular growth in HL-60-derived
human macrophages or A. castellanii. A reduction in the ex-
pression of only one of nine icm::lacZ fusions was observed in
the relA insertion mutant, and a similar result was obtained
with an 7poS insertion mutant.

MATERIALS AND METHODS

Bacterial strains, plasmids, primers, and media. The L. pneumophila strains
used in this work were JR32, a streptomycin-resistant, restriction-negative mu-
tant of L. pneumophila Philadelphia-1 which is a wild-type strain in terms of
intracellular growth (35); 25D, a mutant that cannot grow intracellularly (22);
LM1376, an rpoS insertion mutant which is a JR32 derivative (17); and reld
deletion substitution mutants GS-RelA and GS-RelA2 (two independent isolates
of the rel4 mutant, which originated from two different electroporations), which
are also JR32 derivatives. The plasmids and primers used in this work are
described in Tables 1 and 2, respectively. The bacterial media, plates, and
antibiotic concentrations used have been described previously (38).

Construction of plasmid for allelic exchange. Primers relA-F and relA-R
(Table 2) were designed by using L. pneumophila genome sequence information
(http://genome3.cpmc.columbia.edu/~legion/index.html). Primers relA-F and
relA-R overlap the rel4 start codon and stop codon, respectively, and they were
used to amplify a 2.2-kb DNA fragment containing the rel4 gene; this fragment
was cloned into pUCI18 digested with Hincll to generate pGS-relA-01. To knock
out the relA gene, the kanamycin resistance cassette (Pharmacia) was cloned into

TABLE 2. Primers used in this study

Primer Sequence (5'-3")
flaA-Up......... CAAAAAAGCGCTTTCGGAAC
flaA-Down ...GGGATCCCCGTTGATTACTTGAGCCATAATTTTAGTC
icmF-F........... GAACAAGGAGCAAGTATTTC
icmF-R.......... GGATCCCCGTATTGCTCAGTTGTCATTATATTAC
icmJ-F .TAAAGAGAATACCGCTTTACCC

relA-F.
relA-R

.GGGATCCCCTCGTTGTTGATTATCCGCCAT
.TGGTCTCAGGGGGTTGATAG
.GGATCCCCCCATGTTTCTCGACTCATTTTTAC
.TATATCGATACTCCAATGGCC

GGGATCCCCTTGCTGCTGTTGTTGTGCCAT
AGCCATGATGAACGTGGTTTC

.GGGATCCCCATCAGTATTATTACCCATTATTAC
.CCCTGGATGAGTTAATGTATG
.GGGATCCCCCGAGAGTTGATCTTTCATAAC
.TCTCCAATGGATTAAGTCCGG
.GGGATCCCCTGCTGAAAATCCACCTGCCAT

GGGATCCCCTGATCCTGATTTCTTTTTCATATT
GGGATCCCCTTCATGGCTTAAATCAGGCAT

.ATGGTAAGAGTAAAAGATACGACTCCG

CTATAATTGCCTTCTTGCTTCCAG

relA-Up-EI...GCCGGAATTCCATTGGCGCAGATGTTATGG
relA-Down-

CGGGGGATCCTATTGAGCGAACACAGAGCG
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FIG. 1. Linkage map of the rel4 locus. The arrows indicate coding
regions. The site of the kanamycin cassette in the GS-RelA deletion
substitution mutant is indicated. The restriction enzyme Ncol sites
used for construction of the rel4 deletion substitution are shown. The
line indicates the region covered by the complementing plasmid pGS-
RelA-05. (The organization of the genes in the region was based on the
incomplete sequence of the L. pneumophila genome; therefore, the
identities of the three genes near rel4 are tentative.)

it, instead of an internal 721-bp Ncol fragment, to generate pGS-relA-01-Km
(Fig. 1). Plasmid pGS-relA-01-Km was digested with Sphl and BamHI, and after
fill-in the insert was cloned into the EcoRV site of the allelic exchange vector
pLAW344 to form pGS-relA-01-Km-GR. This plasmid was used for allelic ex-
change, as previously described (38). The resulting strains (GS-RelA and GS-
RelA2) contain the first 183 amino acids of the RelA protein, as well as its last
311 amino acids. The internal 240 amino acids were deleted during construction,
and the kanamycin resistance cassette was cloned instead of these amino acids.
Several isolates were analyzed by PCR to confirm that the right change occurred
on the chromosome (data not shown).

Construction of plasmid for RelA complementation. To construct a rel4-
complementing clone, primers relA-Up-EI and relA-Down-Bam were used. A
sequence analysis of the upstream region of the rel4 gene showed that an RNA
methyltransferase homologous gene was located immediately upstream of this
gene (Fig. 1). As we assumed that the two genes form an operon, PCR ampli-
fication was used to obtain both genes. Two primers were used to amplify a
3.8-kb DNA fragment that was subsequently digested with EcoRI and BamHI
and cloned into the same sites in vector pMMB207ab to form pGS-relA-05. This
plasmid was used for complementation.

Construction of lacZ fusions. The promoterless lacZ vector pMC1403 (8) and
plasmid pAB1 (36) were used to construct an L. pneumophila promoterless lacZ
vector, pGS-lac-01. Plasmid pAB-1 was digested with Sacl and Xmnl, and plas-
mid pMC1403 was digested with Sacl and Apal (in both plasmids the Sacl site is
located in the middle of the lacZ gene). The 10-kb SacI-XmnI fragment of pAB-1
containing the pMMB207 vector and part of the lacZ gene was ligated with the
2.3-kb SacI-Apal fragment of pMC1403 containing part of the promoterless lacZ
gene in order to generate pGS-lac-01. pGS-lac-01 did not exhibit a significant
level of B-galactosidase activity in either E. coli or L. pneumophila during the
exponential and stationary phases (data not shown), and it was used to construct
the icm::lacZ and flaA::lacZ fusions described below.

The icm genes for which icm::lacZ fusions were constructed were chosen on
the basis of the complementation analysis that was performed previously (32, 37,
38). The location of the upstream primer (F primer) was chosen on the basis of
the gene organization of the region, and at least 150 bp upstream from the first
methionine of each gene was included. The downstream primer (R primer) was
designed to generate an in-frame fusion between the first seven amino acids of
the icm gene and the lacZ reporter gene. In addition, a lacZ fusion to the flad
gene regulatory region was constructed. To construct the icm:lacZ and
flaA::lacZ fusions, the regulatory region of the icmT, -R, -Q, -P, -M, -J, -F, -V, and
-W and flaA genes (in the case of icmF the fusion constructed was a fusion to the
gene located upstream of it designated 47:8g [13]; these two genes are probably
located on the same transcriptional unit) was amplified by PCR with the primers
described in Table 2. The fragments generated were cloned into pUC-18 digested
with Smal to generate pOG-T-104, pSS-R-1, pKP-Q-1, pOG-P-105, pGS-reg-
M1, pOG-J-103, pGS-reg-F1, pOG-VW-106 (for both icm} and icmW), and
pGS-flaA-01, respectively. All of the plasmids were sequenced to confirm that no
changes were made during PCR amplification. These plasmids were digested
with BamHI (one site was located in the R primer, and one site was located in
the vector) and cloned into pMC1403 digested with BamHI to obtain plasmids
pOG-T-107, pSS-R-27, pKP-Q-21, pOG-P-108, pGS-reg-M2, pOG-J-109, pGS-
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reg-F2, pOG-V-110, pOG-W-111, and pGS-flaA-02, respectively. Clones that
were found to be blue on plates containing 5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside (X-Gal) were tested to determine the orientations of their
inserts. In all of the blue clones tested only the orientation expected to generate
an active fusion was found. These plasmids were digested with EcoRI and Sacl
(the EcoRI site was located upstream of the BamHI cloning site into which the
regulatory regions were cloned, and the Sacl site was located inside the lacZ
gene) and cloned into pGS-lac-01 digested with the same enzymes to obtain
plasmids pOG-T-120, pOG-R-125, pOG-Q-126, pOG-P-121, pGS-reg-M3,
pOG-J-122, pGS-reg-F3, pOG-V-123, pOG-W-124, and pGS-flaA-03, respec-
tively. These plasmids were used for experiments with L. pneumophila in which
the effect of the rel4 insertion mutation on icm and flaA gene expression was
determined relative to expression in the wild-type strain.

Measurement of ppGpp production in L. pneumophila. ppGpp production was
analyzed by thin-layer chromatography (TLC) essentially as described previously
(9). L. pneumophila exponential cultures grown in regular AYE (ACES yeast
extract) medium were labeled with carrier-free [>?P]phosphoric acid (500 pCi
ml~!; ICN Pharmaceuticals) for about 6 h before sampling. Samples were ob-
tained during the early stationary phase (optical density at 600 nm [ODg], 2.6),
the stationary phase (ODy, 3.1) and the late stationary phase (ODgg, 3.6). At
each time a 50-pl aliquot was extracted with 50 pl of 13 M formic acid, and 4 pl
of extract was applied to a polyethyleneimine-cellulose TLC sheet (Baker) and
developed for 40 min with 1.5 M KH,PO, (pH 3.4). The optical densities of
nonradioactive cultures grown under the same conditions were determined. The
locations of ppGpp and GTP on the TLC autoradiogram were determined by
using the results of a previous analysis of ppGpp in E. coli (9) and L. pneumophila
(18) in which the same protocol was used. The relative amounts of ppGpp were
determined with a Phosphor-Imager (Fuji BAS1000).

Intracellular growth in HL-60-derived macrophages. Intracellular growth as-
says with HL-60-derived macrophages were performed like assays described
previously (40). Wells of a 24-well microtiter dish containing 2 X 10° differen-
tiated HL-60-derived macrophages were used for infection. L. pneumophila cells
were added to the wells at a multiplicity of infection of approximately 0.1, and the
infected HL-60-derived macrophages were incubated for 1 h at 37°C under 5%
CO,. Then the wells were washed three times, and 0.6 ml of RPMI medium
containing 2 mM Gln and 10% normal human serum was added to each well.
The supernatant of each well was sampled at intervals of about 24 h, and the
numbers of CFU were determined by plating samples on ACES buffered char-
coal yeast extract (ABCYE) plates.

Intracellular growth in A. castellanii. Intracellular growth assays with 4. cas-
tellanii were performed like assays described previously (41). A total of 1.5 X 10°
amoebae in PYG were added to wells of a 24-well microtiter dish, and the
amoebae were incubated for 1 h at 37°C so that they could adhere. Then the
PYG was aspirated, the wells were washed once with 0.5 ml of warm (37°C) Ac
buffer, and 0.5 ml of warm Acanthamoebae buffer (Ac buffer) was added to each
well. Then L. pneumophila in Ac buffer was added to the wells at a multiplicity
of infection of approximately 0.1. The plate was incubated for 30 min at 37°C,
and then the Ac buffer was aspirated, the wells were washed three times with 0.5
ml of warm Ac buffer, and 0.6 ml of warm Ac buffer was added to each well. The
supernatant in each well was sampled at intervals of about 24 h, and the numbers
of CFU were determined by plating samples on ABCYE plates.

Pigmentation measurements. L. pneumophila strains were grown on ABCYE
plates containing chloramphenicol for 48 h. The bacteria were scraped off the
plates and suspended in AYE broth, and the ODy, in AYE broth containing
chloramphenicol was adjusted to 0.1. Then 44-ml cultures were prepared, and
1.5-ml portions of the cultures were placed into tubes and grown for 14 to 16 h
on a roller drum. Starting when the cultures reached an ODgq, of about 3,
triplicate samples were removed at intervals of 2 h, and pigment production and
bacterial density were determined. One milliliter of culture was centrifuged for
10 min at 20,000 X g, and the supernatant was transferred to another tube. The
bacterial pellet was resuspended in 1 ml of M63 medium (31), and a 1/10 dilution
was prepared before the ODg(, was measured. Pigmentation was analyzed by
determining the absorbance of the culture supernatant at 550 nm (50).

B-Galactosidase assays. 3-Galactosidase assays were performed as described
elsewhere (31). L. pneumophila strains were grown on ABCYE plates containing
chloramphenicol for 48 h. The bacteria were scraped off the plates and sus-
pended in AYE broth, and the ODg, was adjusted to 0.1 in AYE broth. The
resulting cultures were grown on a roller drum for 17 to 18 h until the ODg, was
about 3.2 (stationary phase). The assays were performed with 20 or 50 pl of
culture, and the substrate for lacZ hydrolysis was o-nitrophenyl-B-p-galactopyr-
anoside.

Sodium sensitivity. The sodium sensitivities of the wild type (JR32) and a
mutant (GS-RelA) were quantified by growing the bacteria for 72 h on ABCYE
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plates, scraping the bacteria off the plates, and adjusting the ODg, of each
preparation to 4. Then eight 10-fold serial dilutions were plated on ABCYE
plates containing or not containing 100 mM NaCl. Sodium sensitivity was deter-
mined by comparing the numbers of bacteria growing on the plates. Nonvirulent
mutant 25D was used as a sodium resistance control strain.

RESULTS

Construction of an L. pneumophila relA deletion substitution
mutant. Previously, it was proposed that the rel4 gene product
is involved in pathogenicity of L. pneumophila (18). To test this
proposal directly, we decided to construct a deletion substitu-
tion in the rel4 gene and test its effect on pathogenicity and icm
gene expression. Using a BLAST search (2) with the sequences
available from the L. pneumophila genome project (http:
//genome3.cpmc.columbia.edu/~legion/index.html), we found
the L. pneumophila relA homolog. The RelA protein was found
to be 44% identical and 63% similar to E. coli RelA (the
sequence information is based on an incomplete L. pneumo-
phila genome sequence, and it might contain errors that
change the levels of identity and similarity slightly). Unlike the
E. coli gene, the L. pneumophila relA gene is probably located
on the same transcriptional unit together with an RNA meth-
yltransferase gene (Fig. 1). A similar gene organization has
been found in other bacteria, such as Haemophilus influenzae
(15), Vibrio cholerae (20), Pseudomonas aeruginosa (45). By
using the standard allelic exchange procedure (see Materials
and Methods) a deletion substitution in the rel4 gene was
constructed by cloning the kanamycin resistance cassette in-
stead of the middle part of the rel4 gene (Fig. 1). The strain
generated (GS-RelA) grew well in AYE medium and had the
same growth rate as wild-type strain JR32, as determined by
optical density and CFU analyses (data not shown).

RelA is required for ppGpp accumulation during the sta-
tionary phase. As described above, RelA is a ppGpp syn-
thatase that under certain conditions (amino acid starvation,
carbon starvation, entry into the stationary phase, etc.) con-
verts GTP to ppGpp. One phenotype of a rel4 knockout strain
that was expected was a change in ppGpp accumulation during
the stationary phase. To test this hypothesis, we analyzed ac-
cumulation of ppGpp in the rel4 knockout strain (GS-RelA)
and compared it to accumulation of ppGpp in wild-type strain
JR32. As Fig. 2 shows, during the early stationary phase
(ODyggp, 2.6) a small amount of ppGpp was present in the
wild-type strain but not in the rel4 mutant. A clearer result was
obtained during the stationary phase (ODg, 3.1), when a
large amount of ppGpp was present in the wild-type strain but
not in the mutant strain. A result similar to the result obtained
for the stationary phase was obtained for the late stationary
phase (ODgqy, 3.6) (data not shown). When we analyzed
ppGpp accumulation in the mutant strain (GS-RelA) contain-
ing the rel4 complementing plasmid (pGS-RelA-05), clear
complementation of ppGpp production was observed (Fig. 2).
Moreover, a higher level of ppGpp was present in the mutant
strain containing the complementing plasmid than in the wild-
type strain (a 30% increase in the amount of ppGpp was
observed in the early stationary phase, and a 50% increase was
observed in the stationary phase). This result was expected
because the rel4 gene product was supplied on a plasmid and
higher levels of RelA may have been present in the cells. The
lack of detectable levels of ppGpp in the rel4 knockout strain
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FIG. 2. RelA is required for ppGpp production in L. pneumophila.
The amounts of ppGpp in wild-type strain JR32 (WT), rel4 mutant
strain GS-RelA (relA), and mutant strain GS-RelA complemented
with a plasmid (pGS-relA-05) containing the rel4 gene product
(relA+) were compared. The nucleotide pools were analyzed during
the early stationary phase (ODgqyy, 2.6) and the stationary phase
(ODyg, 3.1), as described in Materials and Methods. Results similar to
the results shown for the stationary phase were obtained for the late
stationary phase (ODyq, 3.6) (data not shown). The results of one
representative experiment of two independent experiments are shown.

clearly indicates that like the rel4 gene product of E. coli, the
rel4 gene product of L. pneumophila is the major ppGpp syn-
thatase.

RelA influences pigment formation during the stationary
phase. L. pneumophila forms a brown pigment during the sta-
tionary phase of growth, which was shown to be dispensable for
intracellular growth (44, 50, 51). Previously, the stationary-
phase sigma factor RpoS was found to be dispensable for
pigment formation, even though the pigment was produced
during the stationary phase (17). Because the rel4 gene prod-
uct in E. coli and other bacteria is known to be involved in
regulation of gene expression during the stationary phase (10,
12), we were interested in determining whether pigment pro-
duction is regulated by rel4. Therefore, pigment production in
wild-type strain JR32 and pigment production in the rel4 mu-
tant GS-RelA during the stationary phase were compared, and
a very clear difference was observed (Fig. 3). Compared to the
wild-type strain, the rel4 mutant (GS-RelA) began to produce
pigment later, and the maximal amount of pigment produced
by the mutant after 12 to 14 h during the stationary phase was
about one-half the maximal amount produced by the wild type.
To confirm that the phenotype observed was due to insertion
in the rel4A gene and not to a secondary mutation, a plasmid
containing the rel4 gene (pGS-relA-05) was used for comple-
mentation. As Fig. 3A shows, when the plasmid containing the
relA gene product (pGS-RelA-05) was introduced into the
GS-RelA strain, pigment began to form at the same time that
it began to form in the wild-type strain, and the maximal
amount of pigment produced was greater than the maximal
amount produced by the wild-type strain. This result was con-
sistent with the result obtained when ppGpp accumulation was
determined, which showed that higher levels of ppGpp were
produced in the complemented rel4 mutant strain than in the
wild-type strain (Fig. 2).

RelA affects flad gene expression during the stationary
phase. It is well known that flagellum formation in L. pneu-
mophila is correlated with entry into the stationary phase (33),
and it has been shown that the flagellum subunit gene (flaA4)
requires the stationary-phase sigma factor for maximal expres-
sion (4). In addition, it has been shown previously that over-
production of a truncated form of the E. coli relA gene product
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FIG. 3. Pigment production during the stationary phase is depen-
dent on the rel4 gene product. Bacteria were grown to an ODy, of 3
(14 to16 h of growth, starting from an ODy, of 0.1), and after this
(zero time) pigment production (A) and bacterial density (B) were
measured at intervals of 2 h. Pigment production was measured by
determining the ODs;5, after centrifugation, and bacterial density was
measured by determining the ODy,. Symbols: <, wild-type strain
JR32 containing the vector pMMB207ab; M, RelA mutant strain GS-
RelA containing the vector pMMB207ab; A, GS-RelA complemented
with plasmid pGS-RelA-05. The experiment was done three times, and
similar results were obtained in all of the experiments. The largest
standard deviation for the pigment production measurements was
+0.015.

in L. pneumophila results in expression of the gene encoding
the flagellum subunit (fla4) (18). To test the effect of the relAd
insertion on expression of the gene coding for the flagellum
subunit (fla4) during the stationary phase, a translational fu-
sion between flaA and the lacZ reporter gene was constructed.
When this flaA::lacZ fusion was introduced into the wild-type
strain, a very high level of expression (6,607 = 490 Miller units)
was observed during the stationary phase (ODgq, 3.2). When
the same fusion was introduced into the rel4 mutant (GS-
RelA), a dramatic reduction in the B-galactosidase level
(1,827 = 160 Miller units) compared to the level in wild-type
strain JR32 was observed (a similar result was obtained during
the late stationary phase [ODyg,, 3.6]). The B-galactosidase
levels of these two strains were found to be significantly dif-
ferent (P > 0.0001) as determined by a standard ¢ test (calcu-
lated with data from six independent experiments). This result
indicates that the gene coding for the flagellum subunit (flaA4)
is regulated by the rel4 gene product, but it is still expressed at
a relatively high level in the absence of rel4. This result was
expected as it is known that flagellum-related genes are regu-
lated by the flagellum sigma factor rpoF (21) and by the sta-
tionary-phase sigma factor rpoS (4), which probably continue
to express these genes in the rel4 mutant. To further confirm
the effect of the rel4 knockout on flagellum gene expression,
the motilities of the rel4 mutant and the wild-type strain were
determined microscopically. Between 60 and 70% of the rel4
mutant bacteria were found to be motile during the stationary
phase, whereas close to 100% of the wild-type bacteria were
motile.

RelA is not required for intracellular growth in eukaryotic
hosts. To examine the importance of the L. pneumophila RelA
protein for intracellular multiplication, the ability of strain
GS-RelA to multiply in HL-60-derived macrophages was ex-
amined by measuring the change in the number of bacterial
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CFU in the supernatant of wells containing HL-60-derived
macrophages infected with different strains of L. pneumophila.
L. pneumophila wild-type strain JR32 and mutant strain 25D,
which is not able to multiply intracellularly (22), were used as
controls. As Fig. 4A shows, the RelA mutant strains (GS-RelA
and GS-RelA2) replicated to the same degree as JR32. There-
fore, we concluded that RelA is not required for L. pneumo-
phila replication in HL-60-derived macrophages. Then the
ability of strain GS-RelA to kill HL-60-derived macrophages
was tested by using a cytotoxicity assay (38). The results ob-
tained clearly indicate that strain GS-RelA is able to kill HL-
60-derived macrophages to the same extent as the wild-type
strain (data not shown).

L. pneumophila normally replicates in the environment
within protozoan hosts, such as A. castellanii (14). Therefore,
the abilities of the wild-type and rel4 mutant strains to multiply
in amoebae were tested. Strains JR32, 25D, GS-RelA, and
GS-RelA2 were used to infect A. castellanii, and as Fig. 4B
shows, the RelA mutant strains (GS-RelA and GS-RelA2) and
the wild-type strain (JR32) replicated to the same extent. We
concluded that the rel4 gene product is dispensable for intra-
cellular growth of L. pneumophila in the eukaryotic hosts ex-
amined.

Wild-type strains of L. pneumophila are known to be salt
sensitive (11), and mutants that cannot grow intracellularly are
salt resistant (35). These two phenotypes were shown to be
correlated previously (35). Therefore, we tested the sensitivity
to salt (100 mM NacCl) of the rel4 deletion substitution mutant;
as expected from the intracellular growth experiments, this
strain was found to be salt sensitive to the same extent as the
wild-type strain (data not shown).

RelA has a minor effect on icm gene expression. To further
investigate the possible involvement of the rel4 gene product
in intracellular multiplication of L. pneumophila, we examined
the role of this gene product in icrm gene expression. Based on
the complementation analysis that was performed previously
(32, 37, 38), nine icm::lacZ fusions (icmT::lacZ, icmR:lacZ,
icmQ:lacZ, icmP:lacZ, icmM:lacZ, icml::lacZ, icmF::lacZ,
icmV+:lacZ, and icmW::lacZ) were constructed, and the levels
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FIG. 4. RelA is dispensable for growth in eukaryotic hosts. Intra-
cellular growth experiments with HL-60-derived human macrophages
(A) and with the protozoan host A. castellanii (B) were performed as
described in Materials and Methods. The experiments were done three
times, and similar results were obtained in all of the experiments.
Symbols: l, JR32; A,25D; ¢ and @, independent isolates of the rel4
deletion substitution mutant (GS-RelA and GS-RelA2, respectively).
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FIG. 5. RelA has a minor effect on expression of one icm::lacZ
fusion. Translational fusions between nine icm genes (icmT, icmR,
icmQ, icmP, icmM, icml, icmF, icmW, and icmV’) and the lacZ reporter
gene were constructed and introduced into wild-type strain JR32
(shaded bars) and RelA insertion mutant GS-RelA (open bars). 3-Ga-
lactosidase activity was measured as described in Materials and Meth-
ods. Four of the icm::lacZ fusions were found to have high B-galacto-
sidase activities (A), and five had low activities (B). The data are
expressed in Miller units (M.U.) and are averages based on at least
three different experiments. Expression of icmP::lacZ in JR32 (858.47
Miller units) and expression of icmP::lacZ in GS-RelA (621.89 Miller
units) were significantly different (P > 0.0001), as determined by the
standard ¢ test. Results similar to the results shown were obtained
during the late stationary phase (ODg, 3.6) (data not shown).

of B-galactosidase expression in rel4 mutant strain GS-RelA
and wild-type strain JR32 were compared. As Fig. 5 shows, the
icm::lacZ fusions can be divided into two groups based on their
levels of expression in the wild-type strain. Four icm:lacZ
tusions (icmR::lacZ, icmF::lacZ, icmV:lacZ, and icmW::lacZ)
exhibited high levels of expression of B-galactosidase, and
these fusions were not affected by the rel4 mutation (Fig. 5A).
In contrast, five icm::lacZ fusions (icmT::lacZ, icmQ::lacZ,
icmP::lacZ, icmM::lacZ, and icmJ::lacZ) exhibited low levels of
expression of B-galactosidase, and the level of expression of
one of them (icmP::lacZ) was slightly reduced in the reld
insertion mutant (Fig. 5B). The level of B-galactosidase expres-
sion of the icmP::lacZ fusion was reduced from 858 to 621
Miller units (P < 0.0001). Even with this lacZ fusion, the effect
was small, and it was probably not enough to influence intra-
cellular multiplication of the L. pneumophila relA mutant, as
judged from Fig. 4. (It is possible that some minor effects of the
rel4 knockout were missed because the icm::lacZ fusions were
located on a plasmid.)

RpoS has a minor effect on icrm gene expression. The sta-
tionary-phase sigma factor RpoS is an additional factor that
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may be involved in regulation of genes required for intracel-
lular growth of L. pneumophila. Unlike the rel4 gene product,
the stationary-phase sigma factor has been shown to be re-
quired for L. pneumophila intracellular growth in A. castellanii
(17) and to be partially required for growth in murine bone
marrow-derived macrophages (4). However, it was also dis-
pensable for intracellular growth in HL-60-derived human
macrophages and in THP-1 cells (17). Due to these results and
because both RelA and RpoS are involved in expression of
genes during the stationary phase, we were interested in de-
termining the involvement of the 7poS gene product in icm
gene expression. The levels of expression of B-galactosidase of
the nine icm::lacZ fusions described above in an rpoS mutant
strain (LM1376) and wild-type strain JR32 were compared. As
Fig. 6 shows, the rpoS mutation had a minor effect on expres-
sion of the icm::lacZ fusions, and expression of only two genes
was changed. The level of expression of B-galactosidase of the
icmR::lacZ fusion increased from 2,944 to 3,902 Miller units
(P < 0.0001), and the level of expression of the icmP::lacZ
fusion decreased from 858 to 554 Miller units (P < 0.0001).
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FIG. 6. RpoS has a minor effect on expression of two icm::lacZ
fusions. Translational fusions between nine icm genes (icmT, icmR,
icmQ, icmP, icmM, icm], icmF, icmW, and icmV’) and the lacZ reporter
gene were constructed and introduced into wild-type strain JR32
(shaded bars) and RpoS insertion mutant LM1376 (open bars). 3-Ga-
lactosidase activity was measured as described in Materials and Meth-
ods. Four of the icm::lacZ fusions were found to have high B-galacto-
sidase activities (A), and five had low activities (B). The data are
expressed in Miller units (M.U.) and are averages based on at least
three different experiments. Expression of icmP::lacZ in JR32 (858.47
Miller units) and expression of icmP::lacZ in LM1376 (554.53 Miller
units) were significantly different (P > 0.0001), as were expression of
icmR:lacZ in JR32 (2,944.12 Miller units) and expression of
icmR::lacZ in LM1376 (3,902.14 Miller units), as determined by the
standard ¢ test.
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The effect of the 7poS mutation on the icmP::lacZ fusion was
similar to the effect of the rel4 mutation on this fusion (Fig. 5B
and 6B), and it might have been due to the effect of rel4 on
rpoS gene expression, as shown in E. coli (16). The effect of
RpoS and the effect of RelA on icm gene expression were
found to be minor. These results are in agreement with the
data showing that RpoS (17) and RelA (this study) are dis-
pensable for L. pneumophila intracellular multiplication in hu-
man macrophages, a host in which the icm gene products have
been shown to be indispensable for intracellular growth (37).

DISCUSSION

During the past several years 24 icm/dot genes required for
intracellular multiplication and host cell killing have been
found in L. pneumophila (39). Fourteen of these genes have
been found to be homologous to the R64 fra/trb genes involved
in conjugation (42), and several of the L. pneumophila icm/dot
genes have been shown to participate in bacterial conjugation
(40). Even though 24 icm/dot genes are known, there is very
little information regarding their regulation and the time when
they are expressed. Previous reports that addressed this issue
indicated that L. pneumophila virulence is connected to the
stationary phase of growth. It has been shown that the L.
pneumophila rpoS gene product is required for intracellular
growth in the protozoan host A. castellanii (17) and is partially
required for intracellular growth in murine bone marrow-de-
rived macrophages (4). However, it is dispensable for intracel-
lular growth in HL-60-derived macrophages and THP-1 cells
(17). Another report (18) indicated that L. pneumophila viru-
lence is coordinated with entry into the stationary phase by
ppGpp, the stringent response alarmone. In the same report,
several phenotypic traits assumed to be connected with L.
pneumophila virulence (such as sodium sensitivity, motility,
and expression of the flagellum subunit) were shown to be
coordinated with ppGpp production (18).

The stringent response in E. coli is initiated after starvation
for amino acids that leads to inhibition of stable RNA, ribo-
some, and protein synthesis and for accumulation of ppGpp.
This global response is a consequence of binding of uncharged
tRNA to ribosomes that activates the rel4 gene product, a
guanosine 3',5'-bispyrophosphate (ppGpp) synthetase. It has
been shown that accumulation of ppGpp is involved in several
processes, such as activation of the rpoS sigma factor in E. coli
(16, 29), fruiting body formation in M. xanthus (19), and anti-
biotic production in S. coelicolor (12). All of these processes
appear to be activated during the stationary phase and to
depend on the RelA enzymatic activity.

We examined the effect of L. pneumophila RelA on gene
expression during the stationary phase and on intracellular
multiplication. Two independent systems that are known to be
expressed during the stationary phase in L. pneumophila cul-
tures were found to be affected by the rel4 mutation. Pigment
formation was dramatically affected by deletion of the reld
gene, and only one-half as much pigment was produced in this
strain during the stationary phase. This phenotype was com-
plemented with a plasmid containing the rel4 gene, indicating
that the rel4 deletion is the only mutation that influences
pigment formation in this strain. In addition, expression of the
gene coding for the flagellum subunit (flaA4) was reduced more
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than threefold in the rel4 mutant compared to the wild-type
strain (as determined by a flaA::lacZ fusion).

When the involvement of RelA in intracellular growth and
icm gene expression was examined, it became clear that a
deletion substitution in rel4 had no effect on intracellular mul-
tiplication in the two eukaryotic hosts tested. Moreover, only a
minor reduction in B-galactosidase activity was observed in one
of the nine icm::lacZ fusions that were tested. Expression of
this fusion (icmP::lacZ) was reduced to a similar minor extent
in an RpoS insertion mutant as well.

In addition to construction of the deletion substitution in
relA, we also tried to construct a deletion in the L. pneumophila
spoT homologous gene (the L. pneumophila spoT homolog was
identified from the L. pneumophila genome sequence informa-
tion by its homology to E. coli SpoT gene [52% identity and
70% similarity]). SpoT is the only known E. coli ppGpp pyro-
phosphohydrolase that also possesses ppGpp synthetase activ-
ity (9). Several attempts were made to construct such a dele-
tion, but they were not successful. We also tried to construct
this deletion in the background of the rel4 mutant strain but
had no success (this was the only way in which a spoT null
strain was constructed in E. coli [52]). It is very likely that the
spoT gene of L. pneumophila is essential.

It is known that RelA is the major source of ppGpp in E.
coli, and as was clearly shown here, this is also the case in L.
pneumophila. The dramatic decreases in expression of two
independent systems that were observed in the L. pneumophila
RelA mutant probably were due to the lack of ppGpp in the
cells during the stationary phase. The ppGpp data indicate that
SpoT, by it self, does not produce detectable levels of ppGpp
in the conditions examined and that it cannot overcome the
deletion in rel4. The fact that in a bacterial strain the rel4
mutation had a clear effect on ppGpp accumulation, pigment
production, and fla4 gene expression but no effect on intracel-
lular growth clearly indicates that factors other than rel4 con-
trol icm gene expression.

As described above, the stationary-phase sigma factor RpoS
was shown to be involved in L. pneumophila intracellular
growth in A. castellanii, and it has also been suggested that the
stringent response system participates together with RpoS in
regulation of L. pneumophila virulence (4, 18). However, both
RpoS and RelA were shown here to have minor effects on
icm/dot gene expression. The icm/dot genes have been shown
to be required for intracellular growth in all eukaryotic hosts
examined, including HL-60- and U937-derived human macro-
phages (37, 49), murine bone marrow-derived macrophages
(47), and the protozoan hosts A. castellanii (41) and Dictyoste-
lium discoideum (43). Taking all of these results together, we
believe that it is very likely that some of the virulence factors
required for intracellular growth in amoebae are regulated by
the rpoS sigma factor, but the major system that contributes to
L. pneumophila intracellular growth (the icm/dot system) is
probably controlled by other regulatory factors. These factors
remain to be identified.
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