
Original research article
published: 04 April 2011

doi: 10.3389/fmicb.2011.00060

The Icm/Dot type IVB secretion system (TFBSS) of 
L.  pneumophila is essential for intracellular growth of the bac-
teria in all known hosts. It translocates ∼200 diverse effector 
proteins, which often contain eukaryotic-like domains, into host 
cells (Segal and Shuman, 1998; Segal et al., 1998; Vogel et al., 
1998; Cazalet et al., 2004; Chien et al., 2004; de Felipe et al., 
2005; Burstein et al., 2009; Huang et al., 2011). In the absence of 
a functional Icm/Dot TFBSS, effectors are not translocated and 
the bacteria are unable to avoid intracellular degradation. There 
appears to be a high degree of functional redundancy among 
the effectors, because deletion of a single effector gene, or even 
groups of related genes usually has no or a very limited impact 
on the fate of the LCV (Ninio and Roy, 2007). This apparent 
functional redundancy has made the characterization of the 
effectors difficult.

It has been proposed that L. pneumophila adopts a biphasic 
lifestyle consisting of the replicative phase inside the LCV and an 
extracellular transmissive phase (Molofsky and Swanson, 2004). 
The replicative phase is characterized by exponential growth, no 
motility, and repression of transmissive traits. At the transition 
to the transmissive phase the bacteria become motile and more 
cytotoxic. The current assumption is that the L. pneumophila rep-
licative and transmissive phases are equivalent to exponential and 
post-exponential growth in broth (Molofsky and Swanson, 2004).

IntroductIon
Legionella pneumophila is a human opportunistic pathogen and 
the causative agent of Legionnaires’ disease, a pulmonary infection 
acquired by inhaling contaminated aerosols (Fraser et al., 1977). 
Once in the lung, L. pneumophila infects and multiplies in alveo-
lar macrophages. Legionellosis accounts for 2–15% of community 
acquired pneumonia cases that require hospitalization (Marston 
et al., 1994). In most cases healthy individuals clear L. pneumophila 
from their lungs but immune compromised patients or individuals 
with sustained lung damage often suffer complications. Nosocomial 
infection with L. pneumophila is usually more severe and the fatality 
rate even with effective antibiotic therapy is close to 50% (Carratala 
et al., 1994). In the environment, L. pneumophila is found in many 
natural and man made water systems where it infects amebae 
and other protozoa.

To successfully infect and grow inside host cells, L. pneumophila 
circumvents normal endocytic trafficking pathways and inhibits 
phagosome maturation, including acidification and fusion with 
lysosomes. This results in a permissive replication niche called the 
Legionella containing vacuole (LCV; reviewed in Franco et al., 2009). 
The LCV is characterized by recruitment of early secretory vesicles, 
mitochondria, and membrane vesicles derived from the golgi and 
the endoplasmic reticulum (Roy and Tilney, 2002; Molofsky and 
Swanson, 2004; Shin and Roy, 2008; Hubber and Roy, 2010).
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In this study we used microarray technology to monitor global 
gene expression changes among several different conditions, to 
gain further insight into the processes occurring during intracel-
lular growth of L. pneumophila inside human macrophages and 
to directly evaluate the relationship between the patterns of gene 
expression during growth in axenic medium and during growth 
in macrophages. At early times following macrophage infection at 
low multiplicity of infection (MOI), extracted RNA is largely of 
eukaryotic origin, which interferes with, and reduces the hybridiza-
tion signal on microarrays. Due to this limitation other studies of 
gene expression have been limited to infections at non-physiologic 
MOI. To circumvent this limitation, we used a previously described 
method called selective capture of transcribed sequences (SCOTS), 
to enrich bacterial transcripts and discard host cell transcripts and 
rRNA (Graham and Clark-Curtiss, 1999; Faucher et al., 2006).

MaterIals and Methods
BacterIal straIns and Growth condItIons
Legionella pneumophila strain JR32, a streptomycin-resistant, restric-
tion-negative mutant of L. pneumophila strain Philadelphia-1 was 
used. Media and antibiotics were used as previously described (Chen 
et al., 2004). For liquid culture, AYE broth was inoculated with a cul-
ture grown overnight to a final OD

600
 of 0.1 and incubated at 37°C 

with vigorous shaking. Exponential (E) phase bacteria were harvested 
at an OD

600
 of 0.7–0.8 and post-exponential (PE) phase bacteria were 

harvested approximately 6 h after the cessation of growth.

InfectIon of cultured huMan MacrophaGes
The human monocyte cell line THP-1 (ATCC TIB-202) was 
maintained in Advanced RPMI (Invitrogen) supplemented with 
10% (v/v) fetal calf serum (Invitrogen) and 2 mM l-glutamine 
(Invitrogen). A stock culture of the cells was maintained as mono-
cyte-like, non-adherent cells at 37°C in an atmosphere containing 
5% (v/v) CO

2
. For macrophage infection, cells were seeded at 2 × 107 

cells in 10 cm culture dishes and were differentiated by addition of 
10−7 M phorbol 12-myristate 13-acetate for 48 h (Sigma). Before 
infection, macrophages were treated with antibodies raised against 
the major outer membrane protein (MOMP) of L. pneumophila for 
30 min (Charpentier et al., 2009). Bacteria were grown overnight 
shaking in AYE at 37°C and were then added to the cell monolayer 
at a MOI of 1, and centrifuged for 5 min at 800 × g to synchronize 
bacterial uptake. After incubation for 2 h at 37°C, the infected cells 
were washed three times with phosphate buffered saline (PBS) pH 
7.4 and fresh complete RPMI medium containing 100 μg ml−1 gen-
tamicin was added to each well. After incubation for 1 h at 37°C, 
cells were washed three times with PBS and the cells were either 
harvested (T0) or incubated with fresh complete RPMI medium 
for a further 6 h (T6) or 18 h (T18). At each time point, cells were 
scraped into 2 ml PBS and 100 μl were removed to determine the 
number of colony forming units (CFU) by plating dilutions on AYE 
plates. Samples were then centrifuged for 5 min at 1000 × g and the 
pellet was lysed in TRIzol (Invitrogen) and stored at −80°C.

rna extractIon
RNA was isolated using TRIzol reagents as described by the manu-
facturer (Invitrogen). The RNA was subsequently treated with 
DNase I (Invitrogen) for 1 h at 37°C. The DNase was then inactivated 

by incubation at 75°C for 5 min and after acid phenol–chloroform 
(Ambion) extraction the RNA was precipitated with NaAc–ethanol. 
Purity and quantity of RNA was determined by spectrophotometry.

selectIve capture of transcrIBed sequences
Each RNA sample was converted to cDNA in five independent 
reverse-transcription reactions. Briefly, 5 μg of RNA was converted 
to first strand cDNA by random priming, using primer RB1-RNA 
(Table 1) containing a defined 5′ end and random non amer at the 3′ 
end, with Superscript II (Invitrogen), according to the manufacturer’s 
instruction. A second strand of cDNA was synthesized using Klenow 
fragment (New England Biolab) according to the manufacturer’s 
instruction. Bacterial transcripts were then separated from host 
cDNA by SCOTS, a selective hybridization to bacterial genomic DNA 
(gDNA) as described previously (Graham and Clark-Curtiss, 1999; 
Daigle et al., 2001; Faucher et al., 2006). Briefly, denatured, bioti-
nylated, and sonicated L. pneumophila gDNA fragments (0.3 μg) were 
mixed with 5 μg of sonicated ribosomal DNA (from plasmid pSF6) to 
pre-block rRNA encoding regions on the gDNA. After hybridization 
at 60°C for 30 min, total cDNA (1 μg) was added, and hybridiza-
tion was allowed to proceed for 22 h at 60°C. Bacterial cDNA that 
was hybridized to biotinylated gDNA was then captured by binding 
hybrids to streptavidin-coated magnetic beads (Promega) according 
to manufacturer’s instructions. Captured cDNA was eluted, precipi-
tated, and amplified by PCR using primer RB1-PCR (Table 1). For 
each condition, three rounds of capture were performed.

MIcroarray procedure
The whole genome microarray of L. pneumophila has been previously 
described (Hovel-Miner et al., 2009). Two micrograms of cDNA from 
each condition/replicate was labeled independently by PCR using 
amino-allyl dUTP and RB1 primer. Bacterial gDNA was used as the 
reference channel on each slide to allow comparison of each time 
point and of different samples (Talaat et al., 2002). Five micrograms 
of gDNA was labeled with amino-allyl dUTP using Klenow frag-
ment and random primers (Invitrogen) at 37°C for 18 h (Faucher 
et al., 2006). DNA was subsequently coupled to the succinimidyl 
ester fluorescent dye AlexaFluor 546 (for cDNA) or AlexaFluor 647 
(for gDNA) (Invitrogen) following the manufacturer’s protocols. 
Hybridization and data acquisition were performed as previously 
described (Hovel-Miner et al., 2009). Local background was removed 
from spot signal intensity and normalization was carried out by cal-
culating the fraction over the total signal intensity in both channels 
as previously described (Faucher et al., 2006). Signal levels that were 
lower than background in experiments and controls were filtered 
out. A total of 12 cDNA to reference ratios were recorded for each 
time point. Statistical analysis between test and control conditions 
was performed using an unpaired one-tailed Student’s t-test. Genes 
were considered differentially expressed if they demonstrated a ratio 
to control value of ±2-fold with a p < 0.001. The microarray data 
have been submitted to the GEO database (http://www.ncbi.nlm.nih.
gov/geo/) under the accession number GSE23029 and GSE23032.

quantItatIve real-tIMe pcr
RNA extraction was performed as described above. cDNA was 
synthesized in triplicate using Superscript II (Invitrogen) with 
random hexamers (Invitrogen), according to the manufacturer’s 
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SSC; 2% (w/v) blocking reagent (Roche Molecular Biochemicals), 
0.1% (w/v) N-laurylsarcosine, 0.02% (w/v) SDS. The blots were 
hybridized overnight and subjected to stringency washes in 0.1× 
SSC and 0.1% (w/v) SDS. Hybridization signals were detected with 
a DIG Luminescent Detection Kit (Roche Molecular Biochemicals) 
according to the manufacturer’s instructions.

β-lactaMase (teM) fusIon translocatIon assay
The putative effector genes (lpg1959, lpg1961, lpg2827, lpg2828) 
were PCR amplified and cloned in frame with the beta-lacta-
mase gene at the KpnI/XbaI sites of pXDC61 (de Felipe et al., 
2008). The resulting plasmids were introduced into KS79 
(JR32∆comR) or KS79 dotA::Tn903dIIlacZ by transformation. 
All primers, strains, and plasmids used are listed in Tables 1 
and 2. The TEM-translocation assay was performed as previ-
ously described (de Felipe et al., 2008) with the difference that 
the MOI was lowered from 50 to 20. Images of cells after the 
translocation were obtained by epifluorescence on individual 

 instructions. For each sample, a no reverse-transcriptase reaction 
served as a no template control (NTC). qPCR was performed using 
the Applied Biosystems StepOne Plus 96 well RT-PCR system with 
Power Syber green PCR master mix following the manufacturer’s 
instructions (Applied Biosystems). Primers are described in Table 1. 
For each qPCR run, the calculated threshold cycle (C

t
) was nor-

malized to the C
t
 of the internal control 16S rRNA amplified from 

the corresponding samples and the fold-change was calculated as 
previously described (Livak and Schmittgen, 2001).

southern Blot
The PCR DIG labeling mix (Roche Molecular Biochemicals) was 
used to produce Digoxigenin-labeled cDNA probes according to 
the manufacturer’s instructions. gDNA was extracted with the 
Wizard kit (Promega) and digested with HincII (NEB). The DNA 
was transferred to a positively charged membrane. Membranes 
were prehybridized and subsequently incubated at 42°C with the 
digoxigenin-labeled specific probe in 50% (v/v) formamide, 5× 

Table 1 | Primers used in this study.

Primer name Sequence Use

RB1-RNA CGGGATCCAGCTTCTCACGCANNNNNNNNN SCOTS

RB1-PCR CGGGATCCAGCTTCTCACGCA SCOTS

rrnB-F AACTGAAGAGTTTGATCCTGGCTCAG Cloning

rrnB-R ACCCTGGCGATGACCTACTTTC Cloning

16S-F AGAGATGCATTAGTGCCTTCGGGA qPCR

16S-R ACTAAGGATAAGGGTTGCGCTCGT qPCR

icmQ-F CGCTAGTCAGGCCAAGTTAAAAG qPCR

icmQ-R TCCTGCTGACCACTCCTTAAGG qPCR

cspA-F GCCCGGATGTATTTGCTCACT qPCR

cspA-R TGCTCCTTGCGTCACAATGA qPCR

lpg0491-F CAACCAAGCGATAGAAGCTTTAATC qPCR

lpg0491-R CCTTGTGCCCCATCCATAAG qPCR

lpg0494-F GCCACCGGTAAAGGGAATG qPCR

lpg0494-R GAGGTGCAAGTGCCTTAATCG qPCR

ceg29-F CTTGGTGCCTGGAATGATTTATG qPCR

ceg29-R CGGTTTGCTGATGGATTAAGG qPCR

cegC1-F TGCCTAAACGGTATGACCGCATCA qPCR

cegC1-R GGCATATGCACCAAACCACCGAAT qPCR

lpg0941-F TTCTGCCTCTGTAACTCTCTGGCA qPCR

lpg0941-R TTTCTGCCGGGTCTTCTTTCAGGA qPCR

dotA-F CTCTACTCTACCTTTGGCTTCCTC qPCR

dotA-R CTGAGATGGATAGGTGGTAGTC qPCR

sidF-F ATTGTTCGCGAGGGTATGAAAGCG qPCR

sidF-R TCTTTCCAAGACAGACTCTCGCGT qPCR

Lpg2145-F ATCCGATTAAGGTTGTTATCTTCACG qPCR

Lpg2145-R GATGTGATTTTTTTTCCAGCAAGTG qPCR

lpg1959KpnIFw CGATGGTACCATGTTAGTTTCCAATACAAT TEM-fusion

lpg1959XbaIRv CGATTCTAGAAATGGATACCCTATGATTATT TEM-fusion

lpg1961KpnIFw CGATGGTACCTTGTTATGCGAGAGTTTCAT TEM-fusion

lpg1961XbaIRv CGATTCTAGAGTATGGTTTTTCCCCATACT TEM-fusion

lpg2827KpnIFw CGATGGTACCGTGGATATGGATTTTTGCAAATACTATCAG TEM-fusion

lpg2827XbaIRv CGATTCTAGAATAAAAAATCTCAGCCATCATGCATCGTGC TEM-fusion

lpg2828KpnIFw CGATGGTACCATGAAAATTAGTGAATTAAA TEM-fusion

lpg2828XbaIRv CGATTCTAGAATTTCTTAGTAAAGGATAGGG TEM-fusion

Faucher et al. L. pneumophila intracellular response

www.frontiersin.org April 2011 | Volume 2 | Article 60 | 3

http://www.frontiersin.org/
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


the number of intracellular bacteria was observed (Figure 1B) 
and some of the cells were detached from the cell monolayer 
(data not shown). T0 can be considered an early time point of 
infection where the bacteria are still adapting to the intracellular 
environment. At T6 the bacteria are actively growing and by T18 
the bacteria have reached their maximum number and start to 
lyse the host cells.

Following isolation of total RNA of the infected cells, the RNA 
was converted to cDNA with reverse-transcriptase and processed 
using the SCOTS method as described in the Section “Materials 
and Methods.” The effect of SCOTS on the cDNA pool was visual-
ized by Southern blotting (Figure 2A). Bacterial cDNA not treated 
by SCOTS is almost exclusively of prokaryotic ribosomal origin 
(Figure 2A lane 1 and 5). The diversity of the bacterial cDNA 
increases with the number of SCOTS rounds performed while the 
amount of cDNA of ribosomal origin decreases (Figure 2A lanes 
1 through 4) as previously described (Graham and Clark-Curtiss, 
1999). Therefore, samples from all conditions, including growth 
in AYE broth to E or PE phase, were treated with three consecutive 
rounds of SCOTS and the resulting cDNA was labeled and used to 
hybridize to the microarray slides. As an internal reference, labeled 
L. pneumophila gDNA was also hybridized to the microarrays 
(Talaat et al., 2002). For each condition studied, three independ-
ent biological replicates and two technical replicates were analyzed, 
resulting in six replicates for each condition. The background  values 

assay wells (data not shown). For immunoblots bacteria used for 
the TEM-translocation assay were resuspended in 1× laemmli 
buffer and boiled. Whole cell lysate corresponding to 2 × 106 
bacteria was loaded per lane. Immunoblotting was carried out 
using rabbit polyclonal antibodies directed against β-lactamase 
(anti-TEM). Detection was performed with secondary antibodies 
conjugated to horseradish peroxidase (1:5000, Goat Anti-Rabbit-
HRP conjugated, Pierce) before development with supersignal 
chemiluminescent substrate (Pierce).

results
InfectIon Model, effect of scots, and valIdatIon of the 
Method
The aim of this work was to study the gene expression profile 
of L. pneumophila during infection of macrophages infected at 
a MOI of 1. SCOTS is a method that allows amplification of 
small amounts of bacterial RNA from infected host cells, while 
discarding host cell transcripts and ribosomal RNA (Faucher 
et al., 2006). Macrophage-like cells derived from the human 
THP-1 monocyte cell line were infected with L. pneumophila 
opsonized with antibodies raised against the L. pneumophila 
MOMP, which increases the efficiency of bacterial entry into 
host cells (Charpentier et al., 2009). After 2 h of infection, the 
macrophages were washed and treated with gentamicin for 1 h to 
kill extracellular bacteria, and cells were washed three times, and 
fresh medium was added. Samples for the first time point (T0) 
were collected after the gentamicin treatment. Samples were also 
collected after 6 h (T6) and 18 h (T18). Only 1 × 106 CFU were 
recovered at T0, indicating that approximately 1 in 20 macro-
phages were infected by L. pneumophila (Figure 1A). At T6, the 
number of bacteria increased and by T18, a 10-fold increase in 

Table 2 | Strains used in this study.

Name Description and/or genotype References

STRaINS

JR32 Philadelphia-1; Smr; r− m+ Sadosky et al. (1993)

KS79  JR32 ∆comR de Felipe et al. (2008)

LELA3118 JR32 dotA::Tn903dIIlacZ Sadosky et al. (1993)

SPF48 KS79 pXDC61-FabI This study

SPF49 KS79 pXDC61-RalF This study

SPF50 KS79 pXDC61-LepA This study

SPF55 LELA3118 pXDC61-FabI This study

SFP56 LELA3118 pXDC61-RalF This study

SPF57 LELA3118 pXDC61-LepA This study

PlaSMIDS

pSF6 rrnB in pGEMT-easy This study

pMMB207C Derivative of IncQ plasmid Charpentier et al. (2008)

 RSF1010; Cmr; ∆mobA

pXDC61 pMMB207c Ptac-TEM1 de Felipe et al. (2008)

pXDC61-FabI pMMB207c Ptac-TEM1-fabI de Felipe et al. (2008)

pXDC61-LepA pMMB207c Ptac-TEM1-lepA de Felipe et al. (2008)

pCAM49 pMMB207c Ptac-TEM1-lpg1959 This study

pCAM50 pMMB207c Ptac-TEM1-lpg1961 This study

pCAM51 pMMB207c Ptac-TEM1-lpg2827 This study

pCAM52 pMMB207c Ptac-TEM1-lpg2828 This study FIgURe 1 | Kinetics of THP-1 macrophage infection by Legionella 
pneumophila. (a) Ten million human cultured THP-1 macrophages were 
infected with L. pneumophila at a MOI of 1. At each time point, cells were 
washed three times and a fraction was resuspended in distilled water to 
release intracellular bacteria. Shown is the number of colony forming units 
(CFU) present inside the totality of cells. (B) CFU was normalized against the 
number of CFU at T0 to show change in intracellular multiplication.
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used for statistical analysis and the ratio between test conditions 
(PE, T0, T6, and T18) and the control conditions (E phase or T0) 
was calculated. Despite the very small number of bacteria present 
during infection, SCOTS allowed us to obtain easily measurable 
microarray signals.

We used qPCR to validate the expression patterns of eight genes 
(Figure 2B) and the correlation between the microarray values and 
the qPCR values was 0.79 with a slope of 1.4. Next, we compared the 
expression patterns obtained by SCOTS to those obtained when a 
standard microarray protocol was used. RNA from axenically grown 
bacteria in E phase was treated using a standard microarray protocol 
where the cDNA is labeled during the reverse-transcription reaction 
as previously published (Faucher et al., 2010). The resulting cDNA 
was hybridized to the microarray slides as described above and data 
analysis was carried out the same way as for the SCOTS treated 
samples. The normalized signal intensities of the transcriptome in E 
phase obtained by SCOTS and by the standard microarray protocol 
were compared (Figure 2C). The correlation of the two datasets is 
0.87, which indicates that SCOTS treatment of samples does not 
introduce significant bias on the gene expression data, in agreement 
with previous reports (Faucher et al., 2006; Poirier et al., 2008).

coMparIson of Gene expressIon patterns Between Growth In 
thp-1 cells and Growth In Broth
The normalized signal intensities for each gene were subjected to 
hierarchical clustering which revealed that there are some similari-
ties, but also striking differences between PE phase and intracellular 
growth (T0, T6, T18, Figure 3A). To quantify these differences on a 
global level, a correlation matrix analysis of the five conditions was 
performed using Bioconductor (Figure 3B; Gentleman et al., 2004). 
The correlation between PE and any intracellular condition was 
approximately 0.6, indicating that PE phase is quite different than 
intracellular growth in human cultured macrophages. Interestingly, 
the correlation between E phase and in vivo time points was higher 
for early time points (0.77 and 0.70 for T0 and T6 respectively) 
than the later time point (0.64 for T18). The T0 pattern was more 
similar to T6 (0.86) than to T18 (0.80) and T6 was very similar to 
T18 (0.94). These observations suggest that the pattern of gene 
expression gradually changes as the infection proceeds from T0 to 
T18 and that T6 represents a mixture between genes differentially 
expressed at T0 and T18.

soMe Genes are hIGhly expressed In Most condItIons
Hierarchical clustering of signal intensities reveals a cluster of genes 
that are highly expressed in most conditions tested (Figure 3A, red 
line). A value of 1 (blue–green) means that the normalized signal 
intensity of the cDNA was equal to the normalized signal inten-
sity of the gDNA used as a reference. This cluster contains genes 
involved in basic cell functions such as transcription (rpoA, rpoB, 
rpoC, and the sigma factor rpoD), translation (ribosomal genes, 
tRNA genes, and elongation factors), replication (dnaB, dnaG, 
and topoisomerase genes such as gyrA, gyrB, parC), and cell divi-
sion (minC, minD, and ftsY). In addition, some genes known to be 
involved in virulence, such as the macrophage infectivity potentia-
tor (mip), the regulator letA and a number of Icm/Dot genes (icmC, 
icmH, icmO, icmR, and icmS) as well as some Icm/Dot translocated 
effectors (legA15, lem3, lem21, legA14, ceg19, and sidB) are present 

were subtracted, the data were normalized by calculating the con-
tribution of each spot to the total signal intensity and the ratio to 
the gDNA signal was recorded. A one-tailed Student’s t-test was 

FIgURe 2 | effects of SCOTS on the cDNa population. (a) Southern blot of 
L. pneumophila gDNA digested with HincII and hybridized with labeled cDNA 
from the T0 time point obtained before (lane 1) and after the first (lane 2), the 
second (lane 3), and the third (lane 4) round of SCOTS. Lane 5 was hybridized 
with labeled rDNA. (B) qPCR was used to validate the expression profiles 
obtained by microarray for eight genes in all the conditions. (C) Comparison of 
microarray data obtained when using the SCOTS amplification method and 
when using a standard microarray protocol. Shown is the normalized signal 
intensity obtained from E phase growth in rich AYE broth. See text for details.
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FIgURe 3 | analysis of the normalized signal intensities for each condition 
reveals similarity between in vivo conditions. (a) Hierarchical clustering of the 
normalized signal intensity of each replicate for each condition. The red line marks 
a cluster of genes highly expressed in all conditions tested. (B) The Bioconductor 
package was used to generate paired correlation matrix showing the degree of 
similarity between conditions. The correlation value is displayed in the lower right 

part of each graph. The x and y axis represent the median of the log2 transform of 
the normalized signal intensity. (C) Normalized signal intensities for genes 
encoding proteins of the Icm/Dot Type IVB secretion system. Putative location of 
each gene products is shown on the left side of the annotation: OM, outer 
membrane; P, periplasm; IM, inner membrane; C, cytoplasm. (D) Normalized 
signal intensities for genes encoding known and putative regulators.
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To obtain a broad overview of the data, genes with significant 
changes in expression were clustered based on the genome annota-
tion and their known or predicted function (Figures 4C and 5). 
The number of induced genes involved in motility (flagella), trans-
port (ABC transporters, permeases, multidrug efflux pumps, Type 
II, and Lvh/Lvr secretion system), and detoxification/adaptation 
increases during the course of infection (Figure 4C). Of the 176 
genes involved in amino acid metabolism 20% were induced dur-
ing intracellular growth.

nutrItIon of L. pneumophiLa durInG Intracellular 
MultIplIcatIon In huMan MacrophaGes
Of all the genes involved in the metabolism of amino acids, lipids, 
carbohydrates, nucleotides, cofactors, and vitamins a larger pro-
portion was induced than repressed inside cells, regardless of the 
time post-infection (Figures 4C and 5). The pathway tool Omics 
Viewer from the BioCyc Database was used to analyze trends in 
expression of genes involved in catabolism and anabolism pathways 
(Paley and Karp, 2006). The most highly induced pathway inside 
human macrophages was the one leading to thiamine synthesis 
(Figure 6). L. pneumophila has been shown to rely on amino acids 
as a carbon and nitrogen source (Tesh et al., 1983). Many pathways 
involved in the synthesis of amino acids (l-histidine, l-arginine, 
l-aspartate, l-lysine, and l-proline) are induced during growth 
inside macrophages (Figure 6). In addition, amino acid transport-
ers and oligopeptide transporters are also highly induced during 
growth in macrophages. The degradation pathways for l-lysine, 
l-arginine, l-histidine, l-threonine, l-glutamine, and l-glutamate 
were all induced inside cells. In contrast, genes involved in transla-
tion and the tRNA-charging pathway are repressed during intracel-
lular growth (Figure 5). Taken together these observations suggest 
that L. pneumophila can acquire amino acids from the host but 
the induction of synthesis pathways for certain amino acids and 
the repression of translation and tRNA-charging suggests that 
L.  pneumophila has limited access to certain amino acids inside 
the host cell. However, this should be taken cautiously, since the 
intracellular transcriptome was compared to exponential growth in 
rich broth, in which all the amino acids, sugars, and cofactors, essen-
tial or not, for Legionella growth are likely supplied in unlimited 
quantity. Whether or not these pathways are essential for intracel-
lular growth remains to be elucidated. However, it is known that 
l-arginine biosynthesis is not essential for growth inside a proto-
zoan host (Hovel-Miner et al., 2010), but its role during infection 
of mammalian cells has not been investigated. Interestingly, genes 
required for glycerol catabolism (lpg1414 and glpD) are induced 
intracellularly (Figure 6). However most of the genes involved in 
glycolysis were not differentially regulated compared to growth in 
rich broth. We also noted the induction of lpg1607 and lpg0466 that 
are predicted to encode enzymes that would mediate oxaloacetate 
production, from phospho-enolpyruvate and pyruvate respectively, 
which can then be used in the TCA cycle or for the production of 
l-aspartate and l-lysine (Figure 6).

Legionella pneumophila requires relatively large amounts of 
iron to grow in broth and inside host cells and has many systems 
to acquire sufficient amounts (Cianciotto, 2007). Iron transport 
systems were induced during intracellular growth (Figure 7A), 
including genes involved in legiobactin production (lbtAB), fer-

in this cluster of genes. The Icm/Dot secretion system is essential 
for virulence and almost all of the icm/dot genes show high signal 
intensities with low variability between all conditions (Figure 3C). 
Most well-known virulence regulators are also expressed at similar 
levels during infection (Figure 3D), including cpxR, cpxA, pmrA, 
pmrB, letA, and letS.

Gene expressIon patterns durInG Growth In MacrophaGes 
coMpared to exponentIal Growth In aye Broth
The transcriptome of L. pneumophila during infection of THP-1 
macrophage-like cells at T0, T6, and T18 post-infection, and dur-
ing PE phase in broth were compared to that of bacteria in E phase 
and subjected to hierarchical clustering (Figure 4A; Table S1 in 
Supplementary Material). For clarity, a transcript with a higher 
or lower steady-state level in the test condition (PE, T0, T6, T18) 
compared to the control (E) is considered induced or repressed, 
respectively. Globally there were 1956 genes (65.6%) that show 
significant changes of expression (−2 > log2 > 2, P < 0.001) in at 
least one of the test conditions. Three hundred thirty-four genes 
were induced at all three time points in THP-1 cells and 110 were 
repressed at all three time points (Figure 4B). There were also 
a number of genes that were either induced or repressed in one 
specific condition (Figure 4B). Table 3 displays the genes with 
the highest level of induction or repression during intracellular 
growth. Interestingly, 8 of the 10 most highly induced genes have 
no assigned function, suggesting that novel virulence strategies 
could be used by L. pneumophila to infect host cells. The most 
highly induced gene during intracellular growth is an Icm/Dot 
effector of unknown function (lpg2527). Also highly induced 
intracellularly is a gene encoding a putative glutamine ABC trans-
porter (lpg0491), which is encoded next to the argR gene (lpg0490). 
The ArgR arginine repressor is required for maximal growth of L. 
pneumophila in its ameba host Acanthamoeba castellanii (Hovel-
Miner et al., 2009).

Based on the hierarchical clustering, four different groups 
of genes were defined (Figure 4A): (i) genes that were strongly 
induced inside cells (237 genes, group #1), (ii) genes induced at all 
three time points in THP-1 cells (171 genes, group #2), (iii) genes 
that were induced inside cells but repressed or unchanged in PE 
phase (224 genes, group #3), and (iv) genes that were repressed at 
all time points (169 genes, group #4). The complete list of genes 
present in these groups is shown in Table S3 in Supplementary 
Material. Group #1 and #2 contain 61 genes encoding Icm/Dot 
effectors, many genes involved in flagella production, a number 
of Lvh Type IV secretion system genes and genes of unknown or 
putative function. Group #3 contains 23 genes encoding Icm/Dot 
effectors that are only induced intracellularly, including SidF and 
SdhA, which are known to inhibit macrophage apoptosis following 
infection (Laguna et al., 2006; Banga et al., 2007). The virulence 
factor RtxA, which is involved in attachment of L. pneumophila 
to host cells (Cirillo et al., 2000, 2001) is also present in group #3 
and its expression increases over the course of infection. Group #4 
includes two Icm/Dot effectors (MavG and MavM) and a number 
of genes involved in translation, such as ribosomal subunits, tRNAs 
and elongation factors (EF-TU, EF-G, EF-P) and genes involved 
in transcription, including RNA polymerase subunits (rpoA, rpoB, 
and rpoC), and the σ70 gene rpoD.
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which encode proteins similar to the pyoverdine synthesis genes 
of Pseudomonas aeruginosa, are also induced during intracellular 
growth even though these two proteins do not seem to be involved 

rous iron uptake (feoAB), and iron acquisition by an unknown 
mechanism (iraAB). Of note, lbtB is one of the most highly induced 
genes during infection (Table 3). The two genes pvcA and pvcB, 

FIgURe 4 | genes differentially expressed compared to the e phase control. 
(a) Hierarchical clustering of the relative expression of L. pneumophila genes 
during intracellular multiplication in macrophages and during PE phase in rich 
AYE broth compared to exponential growth in broth. Only genes with significant 
change in expression (−2 > log2 > 2, P < 0.001) in at least one condition are 
shown. (B) The number of genes positively or negatively affected during 

intracellular growth compared to E phase is displayed in Venn diagrams. (C) 
Genes with significant changes in expression were grouped according to their 
published COG class. The percentage of genes that change positively (red line) 
or negatively (green line) during intracellular growth, compared to the E phase 
control, is shown for selected COG classes. Refer to Figure 5 for the results of 
other COG classes.
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lepB, sidM/drrA, vipA, and legC7, whereas others are more highly 
expressed during the initial phase (sidF) or at the end of infection 
(ceg17, legK2, lirB, lem26, lem5).

We wanted to examine the patterns of gene expression in order 
to look for additional genes that encode effectors. In the past, Icm/
Dot effectors were identified using a variety of bioinformatic and 
experimental approaches. In total these approaches led to the iden-
tification of around 200 effectors. In general, the effectors are scat-
tered across the L. pneumophila genome, but there are four areas 
of the genome that contain clusters of effector genes (Burstein 
et al., 2009). As an example, 17 effectors are grouped together in 
the region bordered by lpg1933 and lpg1978. In order to identify 
candidate effector genes based on gene expression patterns, the 
genome was manually scanned for regions enriched in genes encod-
ing known Icm/Dot effectors and genes of unknown function with 
similar expression patterns as the neighboring effector genes. Two 
regions were identified, lpg1958–lpg1966 and lpg2826–lpg2831, 
containing four putative effectors (lpg1959, lpg1961, lpg2827, and 
lpg2828). In order to test the products of these genes for their abil-
ity to be translocated by the Icm/Dot TFBSS, they were fused to 
the TEM-1 β-lactamase and translocation of the hybrid proteins 
into J774 macrophages was measured as previously described (de 
Felipe et al., 2008). Using this approach we found two new Icm/
Dot effector proteins (lpg1959, lpg1961) encoded within the pre-
viously identified cluster of effector genes (lpg1933–lpg1978) and 
one new effector gene (lpg2828) within the other region located 
between lpg2826 and lpg2831 (Figure 9A). Lpg2827 appeared not to 
be translocated. Expression of the four β-lactamase fusion proteins 
in Legionella was analyzed by western blotting using an anti-TEM 
polyclonal antibody (Figure 9B). Three of the four proteins (TEM-
Lpg1961, TEM-Lpg2827, and TEM-Lpg2828) are stably expressed, 

in iron assimilation in L. pneumophila (Allard et al., 2006). A recent 
study showed that pvcA and pvcB are highly induced in L. pneu-
mophila within biofilms and the authors suggest that they might be 
involved in resistance to oxidative stress generated by an overload 
of ferrous iron (Hindre et al., 2008).

expressIon of the Genes for the Icm/dot secretIon systeM and 
Its suBstrates
Most of the 27 icm/dot genes show high signal intensities in all 
conditions (Figure 3C) and were not differentially expressed dur-
ing intracellular growth compared to the E phase control (Table S1 
in Supplementary Material). Only five icm/dot genes (icmQ, icmB, 
icmJ, icmF, and icmV) were somewhat induced at later time points 
during intracellular growth compared to the E phase control. This 
suggests that the secretion machinery is likely always present and 
ready to translocate effectors when needed. The normalized signal 
intensities of the genes encoding 191 Icm/Dot effectors were ana-
lyzed by hierarchical clustering (Figure 8A). Most Icm/Dot effector 
genes show good signal intensity (around or above 1) in all or a 
subset of the conditions tested. Interestingly, the sidM/drrA, vipA, 
legC7, lepA, and lepB genes were not differentially expressed and all 
show strong signal intensities in all of the conditions tested and are 
therefore likely produced and usable during intracellular growth 
in human macrophages. One hundred and three (64%) of the 191 
genes encoding Icm/Dot effectors were significantly induced at T18 
compared to E phase (Figure 8B), including genes encoding some 
well-characterized effectors (ralF, sidH) and two effector genes are 
among the most highly induced genes (lpg2527 and lem12, Table 3). 
The only known effector genes that are repressed inside host cells 
are lem3, mavG, mavK, mavM, and mavP. Many effector genes are 
expressed throughout the infection process, including ralF, lepA, 

Table 3 | The 10 most highly induced and repressed genes during intracellular growth, compared to e phase.

lpg # Product gene Pe1 T01 T61 T181

lpg2527 Contains coiled coil domain, Icm/Dot effector  2.6 3.1 5.2 6.7

lpg0166 Hypothetical (integral membrane protein)   2.6 5.9 5.8 6.4

lpg0152 Acetyltransferase, GNAT family, putative  3.8 4.0 6.0 6.0

lpg1636 Acetyltransferase, GNAT family, putative  5.4 5.1 3.7 5.9

lpg1987 Phosphohistidine phosphatase, putative  2.6 2.8 4.8 5.7

lpg1670 ORF  3.6 2.2 4.9 5.6

lpg1454 Multidrug efflux protein, putative  2.5 4.9 5.4 5.5

lpg0491 Glutamine ABC transporter, putative  2.4 2.3 4.4 5.3

lpg1625 Small ORF (130aa), Icm/Dot effector lem12 −0.1 4.6 4.5 5.3

lpg1324 Major facilitator family transporter lbtB 3.1 3.9 5.4 5.2

lpg1420 Cytidylate kinase cmk −2.3 −2.1 −2.5 −2.8

lpg0347 50S ribosomal protein L30/(L7E) rpmD −2.9 −2.0 −2.6 −2.9

lpg2292 tRNA-Gly  −1.6 −2.8 −2.7 −3.0

lpg2752 tRNA-Ile  −0.7 −2.8 −3.4 −3.2

lpg2902 Conserved hypothetical protein  −0.8 −3.5 −3.2 −3.3

lpg0303 tRNA-Ala  0.2 −3.2 −3.8 −3.6

lpg0307 Hypothetical protein  0.4 −3.9 −4.5 −4.2

lpg0306 ORF  0.2 −4.1 −4.5 −4.3

lpg0305 ORF  −0.1 −4.8 −5.4 −5.1

lpg0308 Cell wall associated hydrolase, pseudogene  0.4 −5.2 −5.5 −5.2

1The expression value compared to E phase is shown as a log2 transform.
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expressIon of reGulators
Several two-component systems, including PmrA/PmrB (Zusman 
et al., 2007), CpxR/CpxA (Altman and Segal, 2008), and LetA/LetS 
(Hammer et al., 2002), are known to be involved in the regulation 
of virulence factors of L. pneumophila. The cpxR and cpxA genes 
are significantly induced at T6 and T18 (Figure 7C). Although 
the pmrA gene encoding the response regulator component is 
not differentially expressed inside cells, the pmrB gene encoding 
the cognate sensor kinase is significantly repressed at early time 
points (T0 and T6, Figure 7C), suggesting that a negative feedback 
loop acts on the expression of pmrB early in infection, which is 
released at later time points to activate the system. In contrast, 
the gene encoding the LetS sensor is induced inside cells, but the 
gene encoding its cognate transcription activator, LetA is repressed. 
The LetA/LetS system controls the expression of two small RNAs 
(RsmY and RsmZ), which, in turn, control the activity of CsrA, a 
global regulator that represses the expression of post-exponential 
traits during exponential growth (Molofsky and Swanson, 2003; 
Forsbach-Birk et al., 2004; Rasis and Segal, 2009; Sahr et al., 2009). 
Inside host cells, CsrA was reported to control transmissive traits 
to allow intracellular multiplication. In accordance with this, CsrA 
is highly expressed at all time points inside host cells. A number of 
other two-component systems and regulators are strongly induced 
inside host cells, including oxyR, fixL, the putative two-component 
system lpg2180/lpg2181 and the two luxR homologs (Figure 7C).

Sigma factors also regulate gene expression in response to stress 
or other environmental signals. While the rpoD gene encoding 
the vegetative σ70 is repressed during growth inside THP-1 cells 
compared to the E phase control, the rpoS gene encoding σS is 
strongly induced (Figure 7C). RpoS (σS) has been shown to regulate 
a number of known virulence factors such as the Icm/Dot effec-
tors (Hovel-Miner et al., 2009) and is required for intracellular 
multiplication in ameba and primary macrophages (Hales and 
Shuman, 1999; Abu-Zant et al., 2006). Other sigma factor genes 
are also induced inside human macrophages including rpoH, which 
is strongly induced at T6 and T18 inside human macrophages.

LegioneLLa response to host antIMIcroBIal systeMs
Phagocytes use a variety of strategies to kill bacteria, which include: 
(i) acidification of the phagosome, (ii) production of reactive oxy-
gen and nitrogen species (ROS and NOS), and (iii) production of 
antimicrobial peptides (Flannagan et al., 2009). L. pneumophila has 
evolved several ways to alter host cell responses after infection, but 
the mechanisms remain unclear in most cases. The Icm/Dot effec-
tors play a central role in altering host cell responses. Inhibition of 
acidification has recently been shown to be mediated by the SidK 
effector (Xu et al., 2010), which is induced at all time points inside 
cells (Figure 8B). It has been shown that infection of macrophages 
with L. pneumophila prevents the formation of ROS (Harada et al., 
2007), which may explain why genes involved in oxidative stress 
adaptation such as sodB, sodC, katG, katB, aphC, and aphD were 
not induced during intracellular growth (Figure 7D). Legionella 
expresses a number of proteases and peptidases during intracellular 
growth, which could be a countermeasure against antimicrobial 
peptides produced by the host cell. Even though the protein Rcp 
has been reported to have a role in resistance against antimicrobial 
peptides in macrophages (Robey et al., 2001), the rcp gene was not 

FIgURe 5 | Fraction of genes in orthologous groups deferentially 
expressed during infection. Number of genes significantly induced (red bar) 
or repressed (green bar) intracellularly at T0 (a), T6 (B), and T18 (C) compared 
to the E phase control.

but the third protein (TEM-Lpg1959) appears to be unstable, which 
may explain the low level of translocation observed. The expression 
pattern of these newly identified effector genes closely resembles 
the pattern of known effectors (Figure 8B).
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of the data shows that the gene expression patterns at T6 and T18 
are very similar (Figure 10A). This is not surprising since the cor-
relation between the normalized signal intensity of T6 and T18 was 
0.94 (Figure 3B). The genes can be grouped in three clusters based 
on their expression: (i) genes that were strongly induced (around 
eightfold) compared to T0 (group #1, 39 genes), (ii) genes repressed 
compared to T0 (group #2, 12 genes), and (iii) genes induced in vivo 
but repressed in PE phase (group #3, 83 genes). The complete list of 
genes present in these groups is shown in Table S4 in Supplementary 
Material. Most of the genes contained in group #1 have no known or 
putative function (33 out of 39 genes). The remaining six genes are 

induced inside cells compared to E phase (Figure 7D). Similarly, 
lag-1, which encodes an O-acetyltransferase involved in lipopolysac-
charide modification (Luck et al., 2001), is not induced inside cells.

Genes dIfferentIally expressed durInG Intracellular Growth
To get a better view of the genes differentially expressed during the 
intracellular stages of infection, T0 was used as the control condition 
and compared to T6 and T18 (Figure 10A). As a result of this com-
parison, 667 (22%) genes with a significant change in expression at 
later time points compared to T0 were identified, 290 of which were 
induced at both T6 and T18 (Figure 10B). Hierarchical clustering 

FIgURe 6 | Some metabolic pathways are induced during intracellular 
growth. The synthesis pathways were drawn according to the Biocyc database 
(http://biocyc.org). A series of four circles next to each gene display its relative 

expression value compared to the E phase control. NA, There is no known or 
predicted gene mediating this reaction in L. pneumophila; *glycolysis genes are 
not differentially expressed.
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18 h later (T6 and T18) and compared this profile to the profile 
obtained during exponential and post-exponential growth in rich 
media. To circumvent the inherent problem of low levels of bacte-
rial RNA during intracellular growth conditions at low multiplici-
ties of infection, we used a method called SCOTS (Graham and 
Clark-Curtiss, 1999; Faucher et al., 2006) to successfully remove 
host cell transcripts and amplify bacterial transcripts. Additionally, 
this method discards bacterial ribosomal RNA (Figure 2A) result-
ing in improved hybridization signals. The data obtained from the 
microarrays were validated by qPCR performed on eight randomly 
chosen genes (Figure 2B) and by comparison of expression patterns 
obtained using the SCOTS protocol and a standard microarray 
protocol (Figure 2C) for exponentially growing bacteria. Globally, 
expression of 65.6% of the L. pneumophila genome is affected dur-
ing intracellular growth when compared to exponential growth in 
rich media (Figure 4A). The number of genes induced increases as 
the infection proceeds, with only a few genes with decreased expres-
sion levels (Figure 4B) suggesting that additional functions may 
be required as intracellular growth proceeds. Some genes whose 
expression level increases during the latter stages of intracellular 
growth may be induced prematurely in preparation for stresses that 
appear later in infection, or in preparation for host cell lysis and 
escape. This phenomenon of anticipation, although not investi-
gated in L. pneumophila has been recently observed in Escherichia 
coli (Mitchell et al., 2009).

Comparison of the gene expression profiles of L. pneumophila 
growing inside host cells to bacteria in E or PE phase in broth 
revealed some striking differences between the growth conditions. 
The current assumption is that early stages of infection and intra-
cellular growth can be compared to E phase and later stages of 
infection and transmission are comparable to PE phase (Molofsky 
and Swanson, 2004). Our analysis shows that there are significant 
differences between intracellular growth and PE phase even if a 

the Icm/Dot effectors lirB and lpg2527, a gene involved in arginine 
synthesis (argG), a gene involved in proline synthesis (proB), the 
pyoverdine synthesis gene pvcA and a gene involved in tRNA modi-
fication (gidA). Group #2 contains two Icm/Dot effectors (cegC1 and 
lem25) and many genes of unknown or putative function. Group #3 
contains 6 Icm/Dot effector genes (ravA, lpg1751, legLC8, sidM/drrA, 
lirE, and lem26) and 62 genes of unknown or putative function. In 
addition a number of transcriptional regulators, such as oruR and 
the sigma factor rpoH are found in this cluster.

Overall 50/191 (35%) of Icm/Dot effector genes were differentially 
expressed at T6 or T18 compared to T0 (Figure 10C), 13 of which 
were not induced when compared to E phase (vipF, ceg9, wipB, lem4, 
lem6, vpdB, lpg1751, lem15, lirD, lirE, legC2, sidM/drrA, and lem26). 
Other genes induced at later time points compared to T0 include 
flagella biosynthesis genes (flgA, flhB, motA, and motB), amino acid 
and peptide transporters, arginine synthesis genes (argG and argF), 
lipid A modification (waaM), and genes of unknown function (298 
genes). Unlike what was observed when E phase was used as the con-
trol condition, whole metabolism pathways were not induced when 
T6 and T18 were compared to T0. However, some genes involved 
in amino acid synthesis (proB, argG, and argH) were induced at T6 
or T18 compared to T0 and were not induced at T0 compared to E 
phase. The differences in gene expression patterns that are obtained 
when using E phase and T0 as the control conditions are likely reflec-
tive of the vast re-organization of gene expression that occurs when 
the bacteria transition from growing exponentially in rich media to 
the intracellular environment, compared to the gradual changes in 
gene expression that occur as intracellular growth proceeds.

dIscussIon
In this study, we analyzed the gene expression profile of 
L.  pneumophila during multiplication inside human macrophage-
like cells shortly after infection is established (T0) and at 6 and 

FIgURe 7 | Relative expression of genes involved in various functions. Heat map of the expression ratio to E phase of (a) genes involved in iron acquisition, (B) 
known virulence factors other than the Icm/Dot system, (C) genes encoding regulators, and (D) genes encoding proteins involved in defense mechanisms against 
oxidative stress and antimicrobial peptides.
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FIgURe 8 | Icm/Dot effectors are differentially expressed inside human 
cells. (a) Hierarchical clustering of the normalized signal intensity of the genes 
encoding Icm/Dot effectors for each replicate and each condition. 

(B) Hierarchical clustering of the expression ratio of the genes encoding Icm/Dot 
effectors compared to the E phase control. Only genes with significant change 
in expression (−2 > log2 > 2, P < 0.001) in at least one condition are shown.
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late stage in infection (T18) is compared to PE phase (Figure 3B). 
This argues that processes that occur in PE phase are not neces-
sarily representative of what happens inside host cells. However, 
the early stages of intracellular growth and exponential growth in 
broth are at least partially comparable (Figure 3B). Still, growth 
in rich media and intracellular growth have clearly distinct effects 
on the L. pneumophila transcriptome.

Legionella pneumophila relies on amino acids as a carbon and 
nitrogen source, when grown in broth and inside host cells (Tesh 
et al., 1983). Many genes involved in amino acid transport and 
degradation were induced during intracellular growth (Figure 6). 
Induction of amino acid transport genes was also observed during 
intracellular growth of Yersinia pestis, Salmonella typhimurium, 
Salmonella typhi, Shigella flexneri, and Bacillus anthracis (Eriksson 
et al., 2003; Lucchini et al., 2005; Faucher et al., 2006; Bergman 
et al., 2007; Fukuto et al., 2010). Moreover, many amino acid 
transporters were identified as essential for intracellular growth 
of L. monocytogenes (Schauer et al., 2010). Therefore, amino 
acid acquisition from the host during intracellular multiplica-
tion seems to be a general strategy and one could speculates that 
a fraction of the virulence strategies employed by intracellular 
pathogens is aimed at the modification of the host cell process 

in order to supply essential amino acids and other nutrients to 
the vacuole. The Icm/Dot mediated modification of the LCV and 
acquisition of vesicles coming from the endoplasmic reticulum, 
containing polypeptides, is a striking example of that (reviewed 
in Hubber and Roy, 2010).

Genes involved in the biosynthesis of thiamine, l-arginine, 
l-aspartate, l-lysine, and l-histidine were induced as well during 
Legionella intracellular growth, suggesting that the concentration 
of these metabolites are lower inside cells than during exponential 
growth in rich broth. It is unclear if the intermediates needed for 
the synthesis of thiamine, l-arginine, and l-histidine are provided 
directly by the host or if L. pneumophila encodes as yet unidentified 
enzymes that could provide them from other molecules. Induction 
of l-arginine biosynthesis genes and aspartate-family biosynthesis 
genes was also observed during intracellular infection of macro-
phages by B. anthracis and by Y. pestis, respectively (Bergman et al., 
2007; Fukuto et al., 2010).

Interestingly, glycerol catabolism seems to be induced during 
intracellular growth and suggests that L. pneumophila could use 
this carbon source inside mammalian macrophages. The metab-
olism of Listeria monocytogenes during intracellular growth in 
murine cultured macrophages was previously investigated by 

FIgURe 9 | Identification of new Icm/Dot effectors. (a) Translocation of 
the TEM-effector fusions leads to the cleavage of CCF4/AM. Translocation 
was determined for each TEM-effector fusion by measuring the ratio of 
cleaved (460 nm) to uncleaved (530 nm) CCF4/AM in wild type KS79 or 
KS79 dotA (Type IV secretion deficient). FabI serves as negative control; 
RalF and LepA are known Legionella effector and serves as positive control. 

The number of biological replicates analyzed is shown. (B) Immunoblot on 
whole cell lysate using an anti-TEM rabbit polyclonal antibody showing 
expression of the TEM-effector fusions. Moleular weight of fusion proteins: 
TEM-FabI: 59.3 kDa, TEM-RalF: 73 kDa, TEM-LepA: 161.9 kDa, TEM-lpg1959: 
106 kDa, TEM-lpg1961: 88 kDa, TEM-lpg2827: 66.7 kDa, TEM-lpg2828: 
78.5 kDa.
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FIgURe 10 | Identification of genes differentially expressed compared to 
the T0 control. (a) Hierarchical clustering of the transcriptome of L. 
pneumophila during intracellular multiplication in THP-1 macrophages compared 
to intracellular growth at T0. PE phase compared to E phase is shown as a 
reference. Only genes with significant change in expression (−2 > log2 > 2, 

P < 0.001) in at least one condition are shown. (B) The number of genes 
positively or negatively affected during intracellular growth compared to T0 is 
displayed in Venn diagrams. (C) Heat map of the Icm/Dot effectors differentially 
expressed compared to T0. PE phase compared to E phase is shown as a 
reference.
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using 13C-isotopologue profiling (Eylert et al., 2008). This study 
showed that L. monocytogenes acquires a significant propor-
tion of its amino acids from the host. Moreover, it shows that a 
C

3
-metabolite, probably glycerol, serves as a carbon source dur-

ing intracellular growth of L. monocytogenes and that l-aspartate 
is synthesized from oxaloacetate derived from the carboxylation 
of pyruvate. In addition, a L. monocytogenes deletion mutant of 
glycerol-3-phosphate dehydrogenase (glpD) shows reduced intrac-
ellular growth (Schauer et al., 2010). Therefore, one could postulate 
that L. pneumophila also uses glycerol as a carbon source and that 
carboxylation of pyruvate by Lpg0466 or phospho-enol-pyruvate 
by Lpg1607 provide oxaloacetate that could then be use for the 
biosynthesis of l-aspartate and l-lysine (Figure 6), but it will need 
further investigation. Interestingly, in L. monocytogenes, a deletion 
mutant of pyruvate carboxylase is defective for intracellular growth 
(Schar et al., 2010).

Based on our results (Figure 8), the effector proteins which 
are secreted by the Icm/Dot TFBSS can be organized into several 
distinct groups, based on relative expression to the E phase control: 
(i) effectors induced during intracellular growth (64% of all effec-
tors), (ii) effectors repressed inside cells (2.6% of all effectors) and 
effectors not differentially regulated (33.4% of all effectors). Some 
Icm/Dot effector genes were not differentially expressed when E 
phase was used as the control condition, but when expression at T6 
and T18 was compared to T0, 13 effector genes were differentially 
expressed, including legC2, sidM/drrA, and others (see above). Some 
of these effectors appear to be expressed during growth in broth 
(Figure 8A), which precludes detecting their induction during 
intracellular growth when the transcription levels were compared 
to E phase.

Comparison to T0 reveals that the expression of these effectors 
increases as the infection proceeds and suggests that their func-
tion is required at later stages in infection. Consistent with this 
observation, LegC2 was found to localize only to large structures 
that resemble mature LCV (de Felipe et al., 2008). Expression of 
some Icm/Dot effector genes decreases over time (cegC1 and lem25) 
suggesting that these effectors are required during the initial stages 
of infection (Figure 10C). Taken together, these results indicated 
that the effectors are regulated independently of the Icm/Dot secre-
tion system and their expression is probably linked to the stage in 
infection where they are relevant.

Previously, some effectors were identified by searching for 
genes encoding proteins containing eukaryotic-like domains in 
the different Legionella genomes available (Chien et al., 2004; 
de Felipe et al., 2005; Bruggemann et al., 2006; Burstein et al., 
2009). Here we show that effectors can also be identified based 
on microarray data by comparing the expression patterns of 
genes of unknown function to the patterns of closely linked, 
known effector genes. The three new effectors identified here 
are located in two large clusters containing several other known 
effectors and are regulated similarly to the other effector genes 
in the cluster. These results show that microarray data and the 
organization of effector genes can be used to predict the identity 
of novel effector genes.

We also compared our data to the previously published tran-
scriptome of L. pneumophila growing inside its protozoan host A. 
castellanii (Bruggemann et al., 2006; Jules and Buchrieser, 2007). 

It is important to keep in mind that this study of Bruggemann 
et al. (2006) and the present study used different infection pro-
tocols (MOI, infection medium, time points). Also, in the case 
of the A. castellanii study, the intracellular time points (8, 11, 
and 14 h post-infection) were analyzed two-by-two, in order to 
unravel how genes expression evolved during intracellular growth, 
whereas we compare the intracellular transcriptome (T0, T6, 
and T18) to exponential growth in broth, in order to identify 
infection-related changes in gene expression. We also analyzed 
how gene expression evolved during infection but in contrast to 
Bruggemann et al. (2006) we used a very early time point (T0) as 
the control. Therefore, comparison between the data or the con-
clusion of both studies should be done cautiously. In other words, 
differences between these data sets are likely due to differences 
in the experimental design and these two studies should be seen 
as complementary. For example, glycerol catabolism, although 
induced inside THP-1 cells compared to exponential growth, is 
not differentially regulated in A. castellanii between intracellular 
time points. However, when the THP-1 dataset was analyzed for 
differential expression during intracellular multiplication (T6/T0 
and T18/T0), glycerol catabolism is not differentially expressed, 
because it is highly expressed at T0. Table S5 in Supplementary 
Material contains the complete data sets of L. pneumophila grow-
ing inside A. castellanii (8 vs 14, 11 vs 14, and 8 vs 11) and the 
complete data sets of L. pneumophila growing inside THP-1 mac-
rophages (T0/E, T6/E, T18/E and T6/T0, T18/T0). Nonetheless, 
some of the similarities and the differences will be mentioned 
hereafter but should be taken cautiously. Many genes involved 
in amino acid transport and degradation (Figure 6) as well as 
genes predicted to encode myo-inositol catabolism pathways were 
induced in both protozoan and mammalian host. In addition, 
protein synthesis machinery was repressed in both the proto-
zoan and the mammalian host. Many known virulence factors 
are induced in both host cells, including enhA, enhB, enhC, and 
rtxA (Figure 7B). However, inside protozoa, L. pneumophila does 
not seem to induce expression of genes involved in amino acid 
synthesis pathways, contrary to what was observed during growth 
inside macrophages. The Entner–Doudoroff pathway, which was 
induced in A. castellanii was not induced during growth in human 
macrophages. Strikingly, we did not observe differential regula-
tion of the icm/dot genes during growth in human macrophages 
contrary to what was observed inside A. castellanii even when we 
compare the late time points (T6, T18) to T0. Induction of genes 
encoding many Icm/Dot effectors was observed in both cases (for 
example RalF) but some genes were not induced in A. castellanii 
(for example LegC4, LegL5, and the three new effectors identified: 
Lpg1959, Lpg1961, and Lpg2828).

In conclusion, we have analyzed the transcriptome of L. pneu-
mophila during infection of human tissue culture macrophages. 
The use of SCOTS to enrich bacterial transcript allowed us to use 
a low MOI and to study time points where the number of bacte-
ria would not have yielded sufficient levels of RNA for standard 
microarray protocols. Acquisition of amino acids and biosynthesis 
of l-arginine, l-histidine, l-aspartate, and l-lysine were induced 
during intracellular multiplication. Interestingly, glycerol catabo-
lism was also induced, suggesting that inside cells, Legionella not 
only acquires carbon from amino acids, but also from glycerol. The 
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high proportion of Icm/Dot effectors induced during infection, 
together with the lack of induction of a stress response enforces 
the idea that during L. pneumophila infection, the Icm/Dot system 
is the major mediator of virulence.
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