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Legionella organisms are environmental bacteria and accidental human pathogens that can cause severe pneumonia, termed
Legionnaires’ disease. These bacteria replicate within a pathogen-derived vacuole termed the Legionella-containing vacuole
(LCV). Our understanding of the development and dynamics of this vacuole is based on extensive analysis of Legionella pneumo-
phila. Here, we have characterized the Legionella longbeachae replicative vacuole (longbeachae-LCV) and demonstrated that,
despite important genomic differences, key features of the replicative LCV are comparable to those of the LCV of L. pneumo-
phila (pneumophila-LCV). We constructed a Dot/Icm-deficient strain by deleting dotB and demonstrated the inability of this
mutant to replicate inside THP-1 cells. L. longbeachae does not enter THP-1 cells as efficiently as L. pneumophila, and this is
reflected in the observation that translocation of BlaM-RalFLLO (where RalFLLO is the L. longbeachae homologue of RalF) into
THP-1 cells by the L. longbeachae Dot/Icm system is less efficient than that by L. pneumophila. This difference is negated in
A549 cells where L. longbeachae and L. pneumophila infect with similar entry dynamics. A �-lactamase assay was employed to
demonstrate the translocation of a novel family of proteins, the Rab-like effector (Rle) proteins. Immunofluorescence analysis
confirmed that these proteins enter the host cell during infection and display distinct subcellular localizations, with RleA and
RleC present on the longbeachae-LCV. We observed that the host Rab GTPase, Rab1, and the v-SNARE Sec22b are also recruited
to the longbeachae-LCV during the early stages of infection, coinciding with the LCV avoiding endocytic maturation. These stud-
ies further our understanding of the L. longbeachae replicative vacuole, highlighting phenotypic similarities to the vacuole of L.
pneumophila as well as unique aspects of LCV biology.

Legionella species are environmental bacteria that replicate
within a unique vacuole in a range of protozoan hosts. For

particular species of Legionella, this capacity for intracellular rep-
lication contributes to their pathogenic capacity. Upon human
inhalation of contaminated aerosols, Legionella can enter the
lungs and infect alveolar macrophages, leading to a severe pneu-
monia termed Legionnaires’ disease. Legionella pneumophila and
Legionella longbeachae are the primary causative agents of Legion-
naires’ disease. L. pneumophila is responsible for up to 90% of
Legionnaires’ disease in Europe and the United States, and L. long-
beachae accounts for approximately 50% of cases in Australia and
New Zealand (1, 2). Interestingly, in recent years there has been a
global increase in the detection and incidence of infection caused
by L. longbeachae (3, 4).

Despite causing clinically indistinguishable infections, L. long-
beachae and L. pneumophila have distinct environmental niches.
L. pneumophila is an aquatic organism, found in both natural and
human-made aquatic environments, and L. longbeachae is pre-
dominantly found in soil environments, with most human infec-
tions associated with contaminated potting soil (5–7). These dif-
ferences in environmental niches reflect important genetic and
phenotypic differences between the two species. For example, L.
longbeachae, but not L. pneumophila, has been observed to pro-
duce a capsule that may contribute to its environmental persis-
tence (8).

L. pneumophila has a distinct biphasic life cycle in response to
nutrient availability (9). Rapid replication and expression of few
virulence traits occur under nutrient-rich conditions in what is
termed the replicative phase. Once nutrients have been depleted, a
complex regulatory system mediates a transition into the virulent,

transmissive phase where the bacteria are highly motile and resis-
tant to various stresses (10). In contrast, L. longbeachae is nonmo-
tile, lacking flagellar biosynthesis genes. Furthermore, even
though L. longbeachae possesses homologues of the regulatory
genes that mediate the L. pneumophila biphasic life cycle, tran-
scriptomic analysis demonstrated a significantly less pronounced
life cycle switch between exponential and postexponential L. long-
beachae bacteria (8). This is reflected in the observation that the
ability of L. longbeachae to infect and replicate within host cells is
independent of bacterial growth phase (11).

L. pneumophila replicates in free-living protozoa and mamma-
lian macrophages within a unique vacuolar compartment termed
the Legionella-containing vacuole (LCV). Upon entry into a host
cell L. pneumophila rapidly remodels the LCV (forming the pneu-
mophila-LCV) to evade endocytic maturation and subsequent
degradation by the proteolytic lysosome. Instead, the bacterium
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directs the recruitment of secretory vesicles traveling between the
endoplasmic reticulum (ER) and Golgi compartment to disguise
the LCV as an ER-like organelle (reviewed in references 12 and
13). One hallmark of the LCV is the rapid recruitment of Rab1, the
Rab GTPase that regulates ER-Golgi compartment vesicular traf-
ficking (reviewed in reference 14). Rab1 plays an important role in
the LCV, mediating the tethering and fusion of ER-derived vesi-
cles by allowing the noncanonical pairing of the ER v-SNARE
Sec22b and plasma membrane syntaxins (15). Characteristics of
the LCV of L. longbeachae (longbeachae-LCV) have not been ex-
tensively studied. There is evidence to suggest that the long-
beachae-LCV is distinct from the pneumophila-LCV (11). How-
ever, recent work has demonstrated that the replicating
longbeachae-LCV is decorated with the ER protein calnexin (16).
This indicates that these pathogens may indeed develop similar
replicative niches inside eukaryotic cells, albeit through different
mechanisms.

The Dot/Icm type IV secretion system (T4SS) is essential for
intracellular replication of both L. pneumophila and L. long-
beachae, as well as of the closely related Coxiella burnetii, and has
been extensively examined in the context of L. pneumophila viru-
lence (13, 17). This multiprotein apparatus delivers bacterial pro-
teins, termed effectors, across both bacterial and vacuole mem-
branes into the host cytosol. Collectively, these effectors act to
remodel the LCV into a safe environment conducive to replica-
tion. Extensive research has identified over 300 L. pneumophila
proteins as substrates of the Dot/Icm system. Genome sequencing
has revealed that this effector repertoire is quite variable, with
approximately 77% of these effectors present in all sequenced L.
pneumophila genomes. This conservation is much lower between
different Legionella species, and L. longbeachae possesses only 35%
of the L. pneumophila effector cohort (8). Interestingly, this con-
servation is high compared to conservation between L. pneumo-
phila and other non-pneumophila species. Indeed, a recent com-
prehensive comparative analysis demonstrated that, among a
wide range of Legionella species, there is a core subset of only 24
Dot/Icm effectors (18).

Functional studies have revealed roles for some L. pneumophila
Dot/Icm effectors although understanding the importance of in-
dividual effector functions is made particularly difficult by a high
degree of functional redundancy. Many effectors work in concert
to evade phagosome maturation, promote fusion of the LCV with
the ER, and modulate host processes such as ubiquitination and
transcription. Perhaps most well studied are the multiple effectors
employed by L. pneumophila to manipulate all aspects of Rab1
dynamics (reviewed in reference 14). The effector DrrA (SidM)
acts as a guanine nucleotide exchange factor (GEF) that facilitates
recruitment of Rab1 to the pneumophila-LCV (19, 20). Con-
versely, L. pneumophila also encodes a GTPase-activating effector,
LepB, that deactivates Rab1 (21). Furthermore, several L. pneumo-
phila effectors, DrrA, AnkX, SidD, and Lem3, posttranslationally
modify Rab1, impacting its localization and activity (22–27). In-
terestingly, all of these Rab1-modifying effectors, with the excep-
tion of LepB, are absent in L. longbeachae (8). This raises the ques-
tion of whether L. longbeachae subverts Rab1 to mediate
interaction with ER-derived vesicles or uses alternate means to
establish an ER-like replicative vacuole.

Here, we constructed a dotB deletion strain of L. longbeachae
NSW150 to allow us to probe the Dot/Icm-dependent character-
istics of the longbeachae-LCV, including the recruitment of Rab1

and Sec22b. In addition, we have investigated the activity of the L.
longbeachae Dot/Icm system in comparison to that of L. pneumo-
phila and demonstrated the translocation of a unique family of
Rab GTPase-like effectors that may be important for longbeachae-
LCV development.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids
used in this study are listed in Table 1. L. pneumophila 130b and L. long-
beachae NSW150 strains were grown overnight in ACES [N-(2-acet-
amido)-2-aminoethanesulfonic acid]-buffered yeast extract (AYE) broth
at 37°C or on buffered charcoal yeast extract (BCYE) agar plates for 2 or 3
days (28). Escherichia coli strains were grown in Luria-Bertani (LB) me-
dium or on LB agar plates. Antibiotics were added to the media when
appropriate at the following concentrations for Legionella spp. (or E. coli):
ampicillin, 25 �g/ml (100 �g/ml); kanamycin, 25 �g/ml (100 �g/ml); and
chloramphenicol, 6 �g/ml (25 �g/ml). To induce protein expression, the
medium was supplemented with 1 mM isopropyl �-D-1-thiogalactopyra-
noside (IPTG).

Molecular cloning. Oligonucleotides used to amplify specific gene
products and/or confirm mutations are listed in Table 2 with the restric-
tion enzyme sites used for cloning. Plasmid DNA was purified using a
QIAprep Spin Miniprep kit (Qiagen) or an Axyprep Plasmid MaxiPrep kit
(Axygen). DNA-modifying enzymes were used according to the manufac-
turers’ instructions (Promega and New England BioLabs).

Introduction of plasmids into Legionella. L. longbeachae was grown
on BCYE agar plates for 3 days at 37°C and then replated onto BCYE agar
and grown at 37°C a further 2 days. Bacterial growth after 2 days was
resuspended in ice-cold 20 mM MgCl with 2% sucrose. The cells were
washed twice with ice-cold 20 mM MgCl with 2% sucrose and once with
ice-cold 2% sucrose, and the final pellet was resuspended in ice-cold 2%
sucrose. L. pneumophila was grown on BCYE agar plates for 3 days, and
then stationary-phase bacteria were resuspended in ice-cold distilled H2O
(dH2O) and adjusted to an optical density at 600 nm (OD600) of 1. The
cells were washed twice with ice-cold dH2O and once with ice-cold 10%
glycerol, and the final pellet was resuspended in ice-cold 10% glycerol.

For transformation, a 50-�l aliquot of electrocompetent cells was
freshly mixed with 3 �g (L. longbeachae) or 0.2 �g (L. pneumophila) of
plasmid DNA and electroporated at 2.3 kV, 200 �, and 0.25 �F (L. long-
beachae) or at 2.4 kV, 200 �, and 0.25 �F (L. pneumophila). The cultures
were recovered in AYE broth at 37°C with shaking for 5 h and then plated
onto BCYE agar with the appropriate antibiotic.

Construction of L. longbeachae �dotB. The 2-kb flanking regions of
L. longbeachae dotB were amplified using the oligonucleotide pair dotB-
UPF and dotB-UPR (upstream segment, A) and the pair dotB-DOWNF
and dotB-DOWNR (downstream segment, B) using genomic DNA of L.
longbeachae NSW150 as a template. Segment A was ligated into pGEM-
T-Easy (Promega) to generate pGEM-A. Segment B was ligated into
pGEM-A via PstI and SacI sites to generate pGEM-AB. This plasmid was
digested with the enzymes BamHI and SacI, and the AB combined seg-
ment was ligated into pSR47s. The resulting plasmid, pSR47s-AB, was
introduced into L. longbeachae NSW150 as described above, and transfor-
mants were plated onto BCYE agar with kanamycin. Resulting colonies
were serially diluted in phosphate-buffered saline (PBS) and plated onto
BCYE agar supplemented with 5% sucrose. Sucrose-sensitive clones were
screened, and successful deletion was verified through PCR using the oli-
gonucleotide pair dotB-F and dotB-R and the pair dotB-UP50F and dotB-
DOWN50R.

Western blot analysis. For protein expression analysis, overnight cul-
tures were prepared to an OD600 of 1.5 and resuspended in 4� NuPage
LDS Sample Buffer (Life Technologies) with dH2O. Dithiothreitol was
added at 1:20 relative to the sample buffer. Samples were separated using
NuPage Bis-Tris precast gels (Life Technologies), and then proteins were
transferred to a polyvinylidene difluoride (PVDF) membrane using an
iBLOT 2 Gel Transfer Device (Life Technologies). Mouse monoclonal
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anti-BlaM (QED Bioscience, Inc.), diluted 1:1,500, and mouse monoclo-
nal anti-HA.11 (where HA is hemagglutinin) (Covance), diluted 1:1,000,
were used as primary antibodies. Goat anti-mouse horseradish peroxidase
(HRP)-conjugated antibody (1:3,000) was used as the secondary anti-
body. Proteins were detected with Amersham ECL Western blotting de-
tection reagent (GE Healthcare). The HRP signal was visualized using
MF-ChemiBIS, version 3.2 (DNR Bio-Imaging Systems, Ltd.), and images

were acquired using GelCapture, version 7.0.18 (DNR Bio-Imaging Sys-
tems, Ltd.).

Tissue culture conditions and intracellular replication assay. The
human monocytic cell line THP-1 was maintained in RPMI 1640 medium
supplemented with GlutaMAX (Gibco) and 10% fetal calf serum (FCS) at
37°C with 5% CO2. Human alveolar epithelial A549 cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description
Reference or source
(restriction sites)

L. pneumophila strains
130b Clinical isolate 40
�dotA strain 130b �dotA 41
130b(pXDC61) 130b expressing BlaM from pXDC61 41
130b(pXDC61-rleA) 130b expressing BlaM-RleA fusion protein This study
130b(pXDC61-rleB) 130b expressing BlaM-RleB fusion protein This study
130b(pXDC61-rleC) 130b expressing BlaM-RleC fusion protein This study
130b(pXDC61-rleD) 130b expressing BlaM-RleD fusion protein This study
130b(pXDC61-ralFLLO)a 130b expressing BlaM-RalF from L. longbeachae This study
�dotA(pXDC61) strain �dotA strain expressing BlaM from pXDC61 41
�dotA(pXDC61-rleA) strain �dotA strain expressing BlaM-RleA fusion protein This study
�dotA(pXDC61-rleB) strain �dotA strain expressing BlaM-RleB fusion protein This study
�dotA(pXDC61-rleC) strain �dotA strain expressing BlaM-RleC fusion protein This study
�dotA(pXDC61-rleD) strain �dotA strain expressing BlaM-RleD fusion protein This study
�dotA(pXDC61-ralFLLO) strain �dotA strain expressing BlaM-RalF from L. longbeachae This study

L. longbeachae strains
NSW150 Clinical isolate 8
�dotB strain NSW150 with the entire dotB gene deleted This study
NSW150(pXDC61) NSW150 expressing BlaM from pXDC61 This study
NSW150(pXDC61-rleA) NSW150 expressing BlaM-RleA fusion protein This study
NSW150(pXDC61-rleB) NSW150 expressing BlaM-RleB fusion protein This study
NSW150(pXDC61-rleC) NSW150 expressing BlaM-RleC fusion protein This study
NSW150(pXDC61-rleD) NSW150 expressing BlaM-RleD fusion protein This study
NSW150(pXDC61-ralFLLO) NSW150 expressing BlaM-RalF from L. longbeachae This study
�dotB(pXDC61) strain �dotB strain expressing BlaM from pXDC61 This study
�dotB(pXDC61-rleA) strain �dotB strain expressing BlaM-RleA fusion protein This study
�dotB(pXDC61-rleB) strain �dotB strain expressing BlaM-RleB fusion protein This study
�dotB(pXDC61-rleC) strain �dotB strain expressing BlaM-RleC fusion protein This study
�dotB(pXDC61-rleD) strain �dotB strain expressing BlaM-RleD fusion protein This study
�dotB(pXDC61-ralFLLO) strain �dotB strain expressing BlaM-RalF from L. longbeachae This study
NSW150(pMMB207-4�HA-rleA) NSW150 expressing HA-RleA This study
NSW150(pMMB207-4�HA-rleB) NSW150 expressing HA-RleB This study
NSW150(pMMB207-4�HA-rleC) NSW150 expressing HA-RleC This study
NSW150(pMMB207-4�HA-rleD) NSW150 expressing HA-RleD This study
�dotB(pMMB207-4�HA-rleA) strain �dotB strain expressing HA-RleA This study
�dotB(pMMB207-4�HA-rleB) strain �dotB strain expressing HA-RleB This study
�dotB(pMMB207-4�HA-rleC) strain �dotB strain expressing HA-RleC This study
�dotB(pMMB207-4�HA-rleD) strain �dotB strain expressing HA-RleD This study

E. coli strains
XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F= proAB laclq Z�M15 Tn10 (Tetr)] Agilent Technologies
PIR2 F� �lac169 rpoS(Am) robA1 creC510 hsdR514 endA recA1 uidA(�Mlul)::pir Life Technologies

Plasmids
pGEM-T-Easy Cloning vector; Ampr Promega
pGEM-A pGEM-T-Easy carrying 2-kb 5= flanking segment of dotBLLO

b This study (BamHI, PstI)
pGEM-AB pGEM-T-Easy carrying 2-kb 5= and 3= flanking segments of dotBLLO This study (BamHI, SacI)
pSR47s Cloning vector; Kanr 42
pSR47s-AB pSR47s carrying 2-kb 5= and 3= flanking segments of dotBLLO This study (BamHI, SacI)
pEGFP-Rab1 Human Rab1 fused to GFP Stow Laboratory
pEGFP-Sec22b Human Sec22b fused to GFP Stow Laboratory
pXDC61-rleA Encodes IPTG-inducible expression of RleA with N-terminal BlaM fusion; Cmr This study
pXDC61-rleB Encodes IPTG-inducible expression of RleB with N-terminal BlaM fusion; Cmr This study
pXDC61-rleC Encodes IPTG-inducible expression of RleC with N-terminal BlaM fusion; Cmr This study
pXDC61-rleD Encodes IPTG-inducible expression of RleD with N-terminal BlaM fusion; Cmr This study
pXDC61-ralFLLO Encodes IPTG-inducible expression of L. longbeachae RalF with N-terminal BlaM fusion; Cmr This study
pMMB207-4�HA-rleA Encodes IPTG-inducible expression of RleA with N-terminal 4�HA tag; Cmr This study
pMMB207-4�HA-rleB Encodes IPTG-inducible expression of RleB with N-terminal 4�HA tag; Cmr This study
pMMB207-4�HA-rleC Encodes IPTG-inducible expression of RleC with N-terminal 4�HA tag; Cmr This study
pMMB207-4�HA-rleD Encodes IPTG-inducible expression of RleD with N-terminal 4�HA tag; Cmr This study

a ralFLLO, ralF gene of L. longbeachae.
b dotBLLO, dotB gene of L. longbeachae.

Legionella longbeachae-Containing Vacuole
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GlutaMAX (Gibco) and 10% FCS and incubated under the same condi-
tions. THP-1 cells were seeded at a density of 5 � 105 cells/well in 24-well
tissue culture trays (Corning) and differentiated into adherent macro-
phage-like cells with 10�8 M phorbol-12 myristate 13-acetate (PMA) for
48 to 72 h. A549 cells were seeded at a density of 2.5 � 105 cells/well and
incubated for 24 h prior to infection. Stationary-phase Legionella bacteria
were added at a multiplicity of infection (MOI) of 10 (THP-1) or 100
(A549) and incubated for 2 h. Cells were treated with 100 �g/ml gentami-
cin for 1 h to kill extracellular bacteria, washed three times with PBS, and
then incubated with tissue culture maintenance medium. At specified
time points postinfection, cells were lysed with 0.05% digitonin, and serial
dilutions were plated onto BCYE agar with antibiotics where appropriate.
To assess bacterial uptake and calculate the 3-h starting time point, THP-1
or A549 lysis and recovery of bacteria were performed directly following
gentamicin treatment and PBS washes.

Translocation assay. THP-1 cells were seeded at a density of 8 � 104

cells/well into clear-bottom 96-well trays (Corning) and differentiated as
described above, and A549 cells were seeded at a density of 4 � 104 cells/
well. Stationary-phase Legionella bacteria were added at an MOI as indi-
cated, and the trays were centrifuged to synchronize the infection. At the
specified time points, the wells were washed with Hanks’ balanced salt
solution (HBSS) with 5% HEPES and then incubated with the loading
solution, containing CCF2-AM (Life Technologies) and 0.1 M probene-
cid, in the dark for 1 h and 45 min. Cells were then treated with HBSS–5%
HEPES and 2.5 mM probenecid and read in a CLARIOstar Omega micro-
plate reader. To prevent bacterial internalization, cells were treated with
cytochalasin D (20 �M) for 30 min prior to infection.

Immunofluorescence microscopy. HEK 293T cells expressing Fc�
receptor (HEK 293T Fc�R cells) were maintained in DMEM (Gibco) sup-
plemented with 10% FCS at 37°C and 5% CO2. HEK 293T Fc�R cells were
seeded at a density of 8 � 104 cells/well onto poly-L-lysine-treated cover-
slips in 24-well tissue culture trays 48 h prior to infection. Cells were
transfected using FuGENE6 (Promega) 24 h later with pEGFP-Sec22b or
pEGFP-Rab1 (carrying green fluorescent protein [GFP]), and AYE cul-
tures were prepared 18 h prior to infection. On the day of the experiment,
the bacteria were diluted to a concentration of 108 CFU/ml and coated
with rabbit polyclonal anti-L. pneumophila (Meredian Life Science) or
rabbit polyclonal anti-L. longbeachae (WEHI Antibody Services) at 37°C
in 5% CO2 for 20 min prior to opsonization at an MOI of 1. For strains

expressing the pMMB207-4�HA (carrying four copies of an HA tag)
derivatives, 1 mM IPTG was added to the medium. Trays were centrifuged
to synchronize the infection and incubated at 37°C and 5% CO2.

For immunofluorescence microscopy, cells were fixed with 4% para-
formaldehyde for 20 min and then permeabilized with 0.5% saponin or
with 0.1% Triton X-100, followed by treatment with 3% bovine serum
albumin (BSA) in PBS. Cells were then treated with anti-L. pneumophila
(1:1,000), anti-L. longbeachae (1:1,000), mouse monoclonal anti-lyso-
somal-associated membrane protein 1 (LAMP-1; 1:200 [Developmental
Studies Hybridoma Bank]), or anti-HA.11 (1:50; Covance). Alexa Fluor-
488-conjugated goat anti-mouse and Alexa Fluor-568-conjugated goat
anti-rabbit (Life Technologies) secondary antibodies were used at a
1:2,000 dilution, followed by treatment with 4=,6=-diamidino-2-phenylin-
dole (DAPI) at a 1:10,000 dilution. Images were acquired with a Zeiss
LSM700 confocal laser scanning microscope and processed using ImageJ.
Quantification of the association of specific host proteins with the LCV
was performed using a Leica DMI4000b inverted microscope. At least 100
LCVs across two coverslips for each strain, host protein, and time point
were blindly quantified.

RESULTS
Construction and characterization of a L. longbeachae dotB de-
letion strain. In order to examine the Dot/Icm-dependent aspects
of the longbeachae-LCV development, we constructed a deletion
mutant of dotB, the gene encoding the ATPase that drives effector
protein translocation (29). A chromosomal deletion of dotB was
achieved using allelic exchange and confirmed via PCR. The abil-
ity of this mutant to replicate in the human monocytic cell line
THP-1 was examined and compared to the abilities of the wild-
type L. longbeachae NSW150, L. pneumophila 130b, and L. pneu-
mophila 130b �dotA (Fig. 1A). As expected, similar to Dot/Icm-
deficient L. pneumophila, L. longbeachae �dotB cannot replicate
inside eukaryotic cells, confirming previous reports that the Dot/
Icm secretion system is essential for intracellular replication of L.
longbeachae (8). The wild-type L. longbeachae and L. pneumophila
strains demonstrate comparable capacities for intracellular repli-
cation. However, we observed a significantly reduced ability of L.

TABLE 2 Oligonucleotides used in this study

Primera Sequence (5=–3=)b Description (restriction enzyme)

dotB-UPF AAAGGATCCGACCAGTAAGGATGGTACGC 5= 2 kb upstream of dotBLLO (BamHI)d

dotB-UPR AAACTGCAGATTCCCTCTTCTTTTCATTTT 3= 2 kb upstream of dotBLLO (PstI)
dotB-DOWNF AAACTGCAGATGTTTTCATTAATGAATGT 5= 2 kb downstream of dotBLLO (PstI)
dotB-DOWNR AAAGAGCTCGCACGATATTCGAGAAGCGC 3= 2 kb downstream of dotBLLO (SacI)
dotB-F GGGAATCTATTGTTGGTATTCT 5= to amplify dotBLLO

dotB-R CAATATTCATTTAATGCCTGATG 3= to amplify dotBLLO

dotB-UP50F CACACCCTCAGATCCACAAA 5= 50 bp upstream of the 2-kb 5= flanking segment of dotBLLO

dotB-DOWN50R AGAAGGATTAAGACCCACGC 3= 50 bp downstream of the 2-kb 3= flanking segment of dotBLLO

rleA-Fc AAGGTACCATGGCAAAATTTAAAATAGTGCTT 5= to amplify rleA (KpnI)
rleA-Rc AAGGATCCTTATAAACGGATTTCACGATTCC 3= to amplify rleA (BamHI)
rleB-Fc AAGGTACCATGAAATTTTTTAAATTAGAAAATAAAG 5= to amplify rleB (KpnI)
rleB-Rc AAGGATCCTTAATTTTTTGATGAAGTTTTTAAATT 3= to amplify rleB (BamHI)
rleC-Fc AAGGTACCATGCTTATAAAATATTTAATTTCATC 5= to amplify rleC (KpnI)
rleC-Rc AAGGATCCTTAATGATTTTTTGACCCGTTAC 3= to amplify rleC (BamHI)
rleD-Fc AAGGTACCATGGAGCACAAAGAAGAATATG 5= to amplify rleD (KpnI)
rleD-Rc AAGGATCCTTACCGTGTGGTTTTACAAAAAA 5= to amplify rleD (BamHI)
ralF-Fc AAGGTACCATGATTAATCCAGAATTAGAAAAAG 5= to amplify ralFLLO (KpnI)
ralF-Rc AAGGATCCCTATTTCAACCCATTAGATTTCA 3= to amplify ralFLLO (BamHI)
a F and R at the end of the primer designations indicate forward and reverse, respectively.
b Restriction enzyme sites are underlined.
c Oligonucleotides used for cloning into both pXDC61 and pMMB207.
d dotBLLO, dotB gene of L. longbeachae.
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longbeachae to enter THP-1 cells (Fig. 1B). For intracellular
growth curves, PMA-differentiated THP-1 cells were infected at
an MOI of 10 for 2 h, followed by a 1-h gentamicin treatment to
remove remaining extracellular bacteria. Bacterial numbers re-
covered at this 3-h postinfection point were significantly different
(P 	 0.0230) between L. pneumophila, with 0.295% 
 0.205% of
the inoculum recovered, and L. longbeachae, with 0.070% 

0.038% of the inoculum recovered (Fig. 1B). There was no differ-
ence in the proportions of the inoculum that were recovered when
gentamicin was not used, indicating that the observed difference
represents a diminished capacity for L. longbeachae to enter
THP-1 cells.

Dot/Icm-dependent effector translocation by L. long-
beachae. The Dot/Icm secretion system is essential for intracellu-
lar replication of L. longbeachae, presumably due to the necessary
functions performed by effectors translocated into the host cell.
We employed a �-lactamase reporter assay to examine Dot/Icm
effector translocation by L. longbeachae. We investigated the
translocation of the L. longbeachae homologue of RalF (RalFLLO;
locus tag LLO1397). In L. pneumophila, RalF acts as a GEF to
activate the small GTPase ADP-ribosylation factor (Arf) and re-
cruit this host protein to the LCV (30). RalFLLO shares only 50%

identity with L. pneumophila RalF; however, the glutamic finger
E103 residue (E104 in RalFLLO) required for RalF function re-
mains conserved (31). During infection of THP-1 cells BlaM-
RalFLLO is translocated by the Dot/Icm systems of both L. long-
beachae and L. pneumophila (Fig. 2).

Interestingly, we observed that the translocation of BlaM-
RalFLLO into THP-1 cells is consistently and significantly lower in
an L. longbeachae system than the translocation efficiency in an L.
pneumophila system. This is particularly evident at 1 h postinfec-
tion, the time point at which L. pneumophila Dot/Icm-dependent
translocation appears to peak (Fig. 2A). The largest amount of L.
longbeachae BlaM-RalFLLO translocation was observed at 3 h
postinfection (Fig. 2B). At 6 h postinfection the amount of trans-
location of BlaM-RalFLLO that can be measured is reduced for
both species (Fig. 2C), and the difference in translocation efficien-
cies is lost. This likely reflects THP-1 cell death that is observed,
particularly at the higher MOI.

The reduced translocation of BlaM-RalFLLO into THP-1 cells
by L. longbeachaecompared to that by L. pneumophila is not due to
a difference in the expression of BlaM-RalFLLO as Fig. 2D demon-
strates that the wild-type L. longbeachae and L. pneumophila
strains express comparable levels of BlaM-RalFLLO. Instead, this
difference could potentially arise from the reduced entry of L.
longbeachae into THP-1 cells that was observed in the experiment
shown in Fig. 1B. In order to address this, we examined whether
Dot/Icm-dependent protein translocation by L. longbeachae re-
quired entry into host cells. Previously, it was reported that block-
ing L. pneumophila entry, by treating host cells with cytochalasin
D, does not perturb the ability of the pathogen to translocate ef-
fectors (32). Translocation assays using BlaM-RalFLLO as a re-
porter demonstrated that Dot/Icm-dependent translocation by L.
longbeachae also does not require bacteria to be internalized (Fig.
3). A similar trend for less translocation was observed for both
Legionella species when the THP-1 cells were treated with 20 �M
cytochalasin D. However, even in the absence of bacterial inter-
nalization, L. longbeachae maintains significantly less reporter
translocation than L. pneumophila (P 	 0.031).

Entry and Dot/Icm effector translocation in alveolar epithe-
lial cells. In order to determine whether L. longbeachae is less
efficient at translocating BlaM-RalFLLO or whether these results
reflect the reduced capacity for L. longbeachae to enter host cells,
we examined the efficiency of infection in the A549 alveolar epi-
thelial cell line. A549 cells were incubated with L. longbeachae
NSW150 or L. pneumophila 130b at an MOI of 100 for 2 h, fol-
lowed by a further 1 h of incubation, either with or without gen-
tamicin treatment, before cells were lysed and bacteria were enu-
merated through serial dilution plating on BCYE agar (Fig. 4A).
This approach demonstrated that equivalent proportions of L.
longbeachae and L. pneumophila are internalized by these
nonphagocytic cells (P 	 0.499) (Fig. 4A, gentamicin treatment)
and, interestingly, that significantly more L. longbeachae bacteria
are attached to A549 cells than L. pneumophila bacteria after a 3-h
infection (P 	 0.017) (Fig. 4A). The finding that L. longbeachae
and L. pneumophila comparably infect A549 cells provided an op-
portunity to determine whether the reduced L. longbeachae effec-
tor translocation is due to decreased entry into host cells or is a
universal trait of L. longbeachae. The translocation of BlaM-
RalFLLO was compared during infection of A549 cells by L. long-
beachae and L. pneumophila at 1 h, 3 h, and 6 h postinfection (Fig.
4B). Strikingly, no difference was observed between the transloca-
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tion efficiencies of L. pneumophila and L. longbeachae at 1 h (P 	
0.331) or 3 h (P 	 0.238). At 6 h postinfection the 460/535-nm
ratio was higher for L. longbeachae-infected cells (P 	 0.044);
however, this reflects the significant host cell death that occurs
during L. pneumophila infection. These A549 infections highlight
that the L. longbeachae Dot/Icm secretion system is as efficient as
the L. pneumophila Dot/Icm secretion system when the bacteria
are internalized by a host cell.

Rab-like proteins are translocated by the Dot/Icm T4SS. We
employed our newly developed ability to examine Dot/Icm effec-
tor translocation by L. longbeachae to investigate whether four
proteins with homology to eukaryotic Rab GTPases are Dot/Icm
effectors. Both wild-type L. longbeachae and the �dotB derivative
strain were transformed with plasmids to express each of the Rab-
like proteins with an N-terminal BlaM fusion (Fig. 5A). These
strains were used to infect THP-1 cells and examine translocation
(Fig. 5C). As the highest translocation for BlaM-RalFLLO into

THP-1 cells was observed at 3 h postinfection with an MOI of 200,
these conditions were used to examine translocation of the Rab-
like proteins. Under these assay conditions, even though consid-
erable translocation of BlaM-RalFLLO was observed, only BlaM-
2249 and BlaM-3288 demonstrated detectable translocation in the
wild-type strain in comparison to that in the L. longbeachae �dotB
mutant (P 	 0.0482 and P 	 0.0016, respectively). This result may
reflect that BlaM-1716 and BlaM-2329 were less efficiently ex-
pressed in L. longbeachae.

Given that we had previously observed more robust transloca-
tion in THP-1 cells by L. pneumophila, we examined whether the
Rab-like proteins could be translocated by the Dot/Icm system of
L. pneumophila. All plasmids encoding the BlaM fusion proteins
were introduced into L. pneumophila 130b, and these strains were
used to infect THP-1 cells at an MOI of 40 for 1 h or 3 h to measure
translocation (Fig. 5B and D). Under these conditions, we could
demonstrate that all four of the Rab-like proteins can be translo-
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cated by the Dot/Icm type IV secretion system. Therefore, we pro-
pose to name this novel family of effectors Rab-like effectors A to
D (RleA is LLO1716, RleB is LLO2249, RleC is LLO2329, and RleD
is LLO3288).

RleA, -B, -C, and -D show distinct patterns of localization
during infection. Given that our �-lactamase translocation assay
showed low levels of translocation of RleA to RelD and in order to
further characterize these novel effectors, we undertook immuno-
fluorescence examination of the localizations of these proteins
during infection. RleA to RelD were expressed with an N-terminal
4�HA tag in both wild-type L. longbeachae and L. longbeachae
�dotB. These strains were used to infect HEK 293T Fc�R cells for
3 h, and the localizations of the Rle proteins were determined
using an anti-HA antibody (Fig. 6). Interestingly, we observed
distinct patterns of localization for each of the Rle proteins, de-
pendent on a functional Dot/Icm system. RleA specifically deco-
rated the LCV in defined puncta, RleB was observed throughout
the cytoplasm, and RleC showed some association with the LCV.
The localization of RleD could not be definitively determined as
specific staining could not be consistently detected above the
background HA signal.

Bioinformatic analysis of these effectors indicates that they
have different levels of conservation within the Rab GTPase func-
tional domains and that their capacity to act as GTPases remains
to be investigated (Fig. 7). The G1 box, with a consensus sequence
of GXXXXGK(S/T), acts as a purine nucleotide binding signature,
with the serine (S) or threonine (T) residue important for coordi-
nating an essential Mg2� ion (33). All Rle proteins, except RleB,
harbor a functional G1 box. The switch I and II regions (G2 box and

G3 box) are the regions of Rab GTPases that change confirmation
upon nucleotide binding (34). The switch I region, with a consensus
sequence of YDPTIEDSY, provides major components of the effector
binding surface, with only the threonine highly conserved, and the
switch II region, with a DXXGL (where L is a hydrophobic residue)
consensus, is required to bind a nucleotide-associated Mg2� ion via
the aspartic acid residue (D) (34). RleA shows conservation of these
regions, with the exception of a serine residue instead of a hydropho-
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standard deviation is presented from at least three independent experiments.
There is a statistically significant difference between the 460 nm/535 nm ratio
of cells infected with L. longbeachae wild type (WT) and that of L. pneumophila
wild type with cytochalasin D treatment (unpaired, two-tailed t test; P 	
0.031). The dotted line represents a fluorescence ratio of 1, a value equivalent
to that of an uninfected sample.
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bic residue within the switch II region. This alteration is, however,
also present in the functional host Rab GTPase Rab24, leading us to
predict that RleA could act as a functional Rab GTPase within the host
cell. Similarly, both RleC and RleD possess the switch I threonine
residue and show appropriate conservation within the G1 box and
switch II region. RleB demonstrates the least conservation in these
regions. This suggests that RleB does not possess Rab GTPase activity.
However, as a likely inactive Rab GTPase, RleB may still impact host
vesicular trafficking by binding and sequestering downstream Rab
effectors. Interestingly, none of the Rle proteins has a C-terminal
prenylation motif carried by the eukaryotic Rab GTPases. Lipidation
of this moiety allows membrane tethering of active Rab GTPases.
Therefore, RleA and RleC must use other means to localize to the
LCV. RleA does harbor two predicted transmembrane domains to-
ward the C terminus that may assist with membrane localization.

The replicative longbeachae-LCV has characteristics similar
to those of the pneumophila-LCV. Previous reports have sug-
gested that the longbeachae-LCV is distinct from the pneumophila-
LCV and that it associates with both early endosomal antigen 1
(EEA1) and lysosomal-associated membrane protein 2 (LAMP-2)
(11). However, more recently it has been confirmed that the long-
beachae-LCV formed in the amoebal host Dictyostelium discoi-
deum is decorated with ER markers (16). We have clarified that the
longbeachae-LCV is characteristically similar to the pneumophila-
LCV by demonstrating that the longbeachae-LCV avoids endo-

cytic maturation and acquisition of the late endosome and lyso-
some marker LAMP-1 in HEK 293T Fc�R cells (Fig. 8A, D, and E).
Interestingly, at 1 h postinfection a small but variable proportion
of longbeachae-LCVs, 21.15% 
 18.21%, are positive for LAMP-1.
This contrasts with just 6.25% 
 4.03% LAMP-1-positive pneu-
mophila-LCVs. By 6 h postinfection the vast majority of long-
beachae-LCVs show no association with LAMP-1 (only 3.00% 

2.00% LAMP-1 positive), with a level equivalent to the LAMP-1
avoidance seen for pneumophila-LCVs (3.00% 
 1.73% LAMP-1
positive).

Rab1 and Sec22b are recruited to the pneumophila-LCV during
the early stages of infection. We were interested to determine
whether Rab1 and Sec22b associate with the longbeachae-LCV as
the genome sequence of L. longbeachae revealed the absence of
homologues of the L. pneumophila Dot/Icm effectors responsible
for recruiting these host proteins. Furthermore, our demonstra-
tion that L. longbeachae translocates novel Rab-like effectors and
that both RleA and RleC localize to the longbeachae-LCV suggests
that it may be unnecessary for L. longbeachae to commandeer host
Rab GTPases to remodel the LCV. Using HEK 293T Fc�R cells
transfected with either GFP-Rab1 or GFP-Sec22b, we observed
that L. longbeachae does, however, recruit both Rab1 and Sec22b
to the longbeachae-LCV and that this trait is dependent on the
Dot/Icm system (Fig. 8).

The dynamics of the association of Rab1 and Sec22b are similar
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for the longbeachae-LCV and pneumophila-LCV. However, as has
previously been reported, fewer pneumophila-LCVs are positive for
these proteins as infection progresses. Strikingly, at between 1 and 6 h
postinfection there is no decline in the percentage of longbeachae-
LCVs positive for Rab1 (50.75% 
 24.17% at 1 h and 53.00% 

16.87% at 6 h) (Fig. 8B), and the percentage of longbeachae-LCVs
positive for Sec22b actually increases in this time (31.50% 
 1.73% at
1 h and 51.50% 
 11.56% at 6 h; P 	 0.014) (Fig. 8C).

DISCUSSION

L. longbeachae is an under-studied human pathogen that causes
Legionnaires’ disease that is clinically indistinguishable from that
caused by L. pneumophila. Despite the clinical similarities of the
diseases, L. longbeachae occupies a different environmental niche,
and comparative genomics has revealed that only 65.2% of L. long-
beachae genes are orthologous to L. pneumophila genes and that
the L. longbeachae genome, at 4,149,158 bp for the NSW150 strain,
is 500 kb larger than the L. pneumophila genome, at 3,503,610 bp
for the Paris strain (8). Such differences would be expected to
phenotypically manifest in the interactions between these patho-
gens and eukaryotic host cells. Our study has begun to character-

ize both similarities and unique aspects of the longbeachae-LCV
compared to those of the pneumophila-LCV. Importantly, we
have demonstrated that, similar to the pneumophila-LCV, the de-
veloping longbeachae-LCV evades endocytic maturation and re-
cruits the host proteins Rab1 and Sec22b in a Dot/Icm-dependent
manner. Yet the dynamics of LCV development and the effectors
that mediate this process are distinct.

We confirmed that the Dot/Icm type IV secretion system is
essential for intracellular replication of L. longbeachae by creating
and characterizing a deletion mutant of the gene encoding the
Dot/Icm ATPase DotB. In conducting intracellular growth curves
in THP-1 cells, comparing wild-type and Dot/Icm-deficient L.
longbeachae and L. pneumophila, we observed a diminished capac-
ity for L. longbeachae to enter the host cell compared to that of L.
pneumophila. This reduction in intracellular bacteria was not de-
pendent on the Dot/Icm system and may reflect a different mode
of entry for these two pathogens in THP-1 cells. Interestingly, the
infection kinetics of L. longbeachae and L. pneumophila in
nonphagocytic A549 cells are equivalent, with similar rates of en-
try. These results suggest that L. longbeachae may not be phagocy-
tosed as efficiently as L. pneumophila, perhaps due to the expression

FIG 6 The Rle proteins have distinct subcellular localizations during infection. L. longbeachae NSW150 and the �dotB derivative strain were transformed with
pMMB207-HA constructs to express Rle proteins with an N-terminal 4�HA tag. These strains were used to infect HEK 293T Fc�R cells at an MOI of 1, and the
infected cells were fixed and stained at 3 h postinfection with anti-L. longbeachae (red), anti-HA (green), and DAPI (blue). Representative images demonstrate
that RleA and RleC associate with the longbeachae-LCV and that RleB is found throughout the cytoplasm in a Dot/Icm-dependent manner. RleD could not be
reliably detected above the background anti-HA signal. Scale bar, 10 nm.
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of a capsule, but that bacterially mediated host cell entry is not per-
turbed.

Our L. longbeachae �dotB strain also provided the capacity to
investigate the translocation of Dot/Icm effectors by this patho-
gen. Controlling when Dot/Icm effectors are introduced into the
host cell is very important for L. pneumophila as effectors are im-
mediately required upon phagocytosis to evade LCV endocytic
maturation and subsequent degradation of the bacteria. Trans-
missive-phase L. pneumophila bacteria show upregulated expres-
sion of components of the Dot/Icm secretion apparatus and effec-
tors (10). As such, it has been demonstrated that L. pneumophila
Dot/Icm effector translocation occurs immediately upon contact
with the host cell (32). This is in stark contrast to observations in
Coxiella burnetii, another pathogen entirely reliant on a Dot/Icm
system, which does not activate effector translocation until it
reaches an acidified vacuole (35). We applied a �-lactamase re-
porter assay to examine the dynamics of Dot/Icm-dependent pro-
tein translocation by L. longbeachae (36). This approach has con-
firmed that the L. longbeachae homologue of the L. pneumophila
effector RalF, RalFLLO, is translocated by L. longbeachae in a Dot/
Icm-dependent manner. As with L. pneumophila, translocation
can occur even in the absence of bacterial internalization. In the
THP-1 model, we consistently observed that L. longbeachae trans-
located less BlaM-RalFLLO than L. pneumophila when it translo-
cated the same BlaM-RalFLLO. This reduced capacity for Dot/Icm
effector translocation was not observed during infection of
nonphagocytic A549 cells. This indicates that the reduced trans-
location of BlaM-RalFLLO likely reflects the reduced phagocytosis
of L. longbeachae by THP-1 cells.

Establishing the �-lactamase reporter assay in L. longbeachae
has allowed us to characterize a family of four unique Rab-like
proteins as novel Dot/Icm effectors. The only other L. longbeachae
effector that has been described to date is SidC, a phosphatidyl-
inositol 4-phosphate [PtdIns(4)P]-binding protein. SidC is a Dot/

Icm effector conserved in both L. pneumophila and L. longbeachae.
As previously described in L. pneumophila, SidC localizes to the
longbeachae-LCV in a Dot/Icm-dependent manner, and, in both
organisms, SidC acts to promote ER recruitment to the LCV (16,
37). Translocation of SidC was demonstrated using immuno-
fluorescence microscopy and an antibody specific to SidC (16).
The proteins BlaM-RleA to -RelD were translocated at low lev-
els by both L. longbeachae and L. pneumophila. Despite very low
levels of translocation using our reporter system, we were able
to confirm Dot/Icm-dependent translocation of these effec-
tors, with the exception of RleD, using immunofluorescence
microscopy to visualize 4�HA-tagged effectors expressed by L.
longbeachae. This technique revealed that, during early stages of
infection, the Rle proteins have distinct subcellular localiza-
tions when translocated into the eukaryotic host cell and there-
fore likely serve distinct functions in the host cell. RleA and, to
a lesser extent, RleC are localized to the longbeachae-LCV. RleB
is distributed throughout the cytoplasm. Our inability to detect
HA-RleD indicates that the protein was not present at a high
enough concentration for detection. This may be due to low
expression, poor translocation, diffuse localization within the
host cell, and/or proteolytic processing of the N terminus of the
protein upon translocation.

It is exciting to hypothesize that the presence of bacterially
derived, putative Rab GTPases on the longbeachae-LCV could
provide a novel mechanism for L. longbeachae to remodel the
LCV. Given the presence of these effectors and the absence of
homologues of the L. pneumophila effectors that modulate Rab1,
we hypothesized that the Rle proteins may provide a Rab1-inde-
pendent means to mediate the recruitment and fusion of ER-de-
rived vesicles with the LCV. However, we surprisingly observed
that Rab1 and Sec22b are still recruited to the longbeachae-LCV.
Our finding that the longbeachae-LCV recruits both Rab1 and
Sec22b in a Dot/Icm-dependent manner provides an example of L.
longbeachae remodeling the phagosome in a manner similar to that
of L. pneumophila. However, the mechanism used by L. longbeachae
to recruit these host proteins is novel as the L. pneumophila Dot/Icm
effectors required for Rab1 recruitment to the LCV are not encoded
by L. longbeachae. Of all the known L. pneumophila effectors that
modulate Rab1, only the Rab1 GTPase-activating protein LepB has
an L. longbeachae homologue. Strikingly, even the LepB homologue,
LLO0796, is not well conserved, retaining only 42% identity with L.
pneumophila LepB. Interestingly, L. longbeachae also possesses a ho-
mologue of the L. pneumophila effector PieE, LLO3131 with 60%
identity, which was recently shown to interact with a subset of Rab
GTPases, including Rab1 (38).

Many intracellular bacterial pathogens manipulate the func-
tion of host Rab GTPases to modify vesicular trafficking (reviewed
in reference 39). Understanding the mechanisms used to manip-
ulate these fundamental host processes provides great insight into
both bacterial pathogenesis and aspects of the eukaryotic biology.
Further research will likely allow us to elucidate the novel L. long-
beachae Dot/Icm effectors that lead to the LCV recruitment of
Rab1 and Sec22b. In addition, L. longbeachae is the only bacterial
pathogen known to encode homologues of Rab GTPases. The
functional characterization of the Rle L. longbeachae effector fam-
ily identified here may inform our understanding of the unique
aspects of the longbeachae-LCV development.
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FIG 7 Rle proteins of L. longbeachae show various degrees of catalytic residue
conservation. The figure shows a schematic representation of the L. long-
beachae Rab-like effectors, with the catalytic residues highlighted. The scale
along the bottom signifies the number of amino acids of each effector, high-
lighting that RleB is significantly smaller than the other effectors. RleA is pre-
dicted to carry two C-terminal transmembrane domains, represented by the
dark gray boxes. The N-terminal white box represents the highly conserved G1
box with a consensus sequence of GXXXXGK(S/T), where X is any amino acid.
The light gray box represents the switch I region which requires a conserved
threonine (T) for function. The dark gray box represents the switch II region
with a consensus sequence of DXXGL, where L is a hydrophobic residue.
Residues that do not match the consensus sequence are shown in bold, dem-
onstrating that RleB is unlikely to have GTPase activity.
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