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in isolated primary mouse macrophages (10). However, the
role of VapA in phagosome development or cytotoxicity is
unknown. It was expected that R. equi would, in the absence of
only VapA, retain some virulence-related phenotypes, although this mutant is overall avirulent. Knowing virulencerelated phenotypes that are present in a vapA mutant would
help to assign VapA a role in pathogenesis. To define the role
of VapA in intramacrophage multiplication, we sought to determine which of the intramacrophage features of wild-type
virulent R. equi would be altered in a vapA deletion mutant, in
particular, the degree of phagosome acidification or phagosome-lysosome fusion, and whether the cytotoxic potential of
the bacteria would be affected.

Rhodococcus equi is a nocardioform gram-positive coccobacillus, closely related to mycobacteria, and an important foal
pathogen producing severe pyogranulomatous pneumonia in
very young horses and tuberculosislike symptoms in AIDS
patients (4, 14, 16, 27). R. equi also belongs to the group of
facultative intracellular bacteria (9) and interferes with the
maturation of its phagosomes in macrophages (5). Phagosomes
containing virulent R. equi pass the early phagocytic stages
normally, but they neither acidify nor develop into phagolysosomes, making them early-to-late phagosome intermediates
(5, 27).
Both abilities to change phagosome maturation and to eventually kill the host cell by necrosis (12) are regulated by a
virulence-associated plasmid (VAP) of 80 to 90 kbp that is
typical for clinical isolates from foals. This plasmid carries the
gene for the immunodominant virulence-associated protein A
(VapA), a cell surface protein (20) that is indispensable for
multiplication in mouse macrophages and persistence in
mouse organs (10). vapA expression is regulated by at least two
transcriptional modulators encoded on the VAP: VirR, a
LysR-like transcription regulator (2, 17), and Orf8, a twocomponent response regulator (17). VapA has no known homologues and no specific activity of the protein has been identified.
VapA is an important virulence factor, as judged by the
failure of R. equi vapA knockout mutants to multiply in mice or

MATERIALS AND METHODS
Bacterial strains and mammalian cells, growth conditions, and transformation. R. equi 103⫹, an isolate from a pneumonic foal (Department of Pathobiology, University of Guelph, Guelph, Ontario, Canada), its cured derivative
103⫺ (5), and R. equi 103⫹ with a gene replacement mutation in Orf8 (17) have
been described. R. equi was grown overnight in brain heart infusion broth at 37°C
with vigorous shaking to an absorbance (600 nm) of 1.5 to 2.5, Escherichia coli
was grown at 37°C in Luria-Bertani (LB) broth. Bacteria were heat killed by
incubating 100-l aliquots in 1.5-ml microfuge tubes for 15 min at 85°C. Antibiotics were used at the following concentrations: apramycin, 50 g/ml; hygromycin, 150 g/ml; and kanamycin, 200 g/ml. Expression of vapA was analyzed
by immunoblotting with monoclonal antibodies to VapA (Mab10G5, kindly
provided by Shinji Takai, Kitasato University, Aomori, Japan [21], or Mab103
[24]) using the same numbers of rhodococci heated to 95°C for 10 min in
denaturing sample buffer, followed by the removal of debris by centrifugation
before applying the samples to electrophoresis. Electroporation was performed
as described previously (19). The macrophagelike cell line J774E was used as
described previously (5).
Plasmids and DNA manipulations. Construction of the vapA gene replacement vector is described in Fig. 1. The DNA primers used are listed in Table 1.
Endogenous virulence-associated plasmid was purified as described previously
(23). Deletion of the vapA gene was done by following a published strategy (17).
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Rhodococcus equi is a gram-positive facultative intracellular pathogen that can cause severe bronchopneumonia in foals and AIDS patients. Virulence is plasmid regulated and is accompanied by phagosome maturation arrest and host cell necrosis. A replacement mutant in the gene for VapA (virulence-associated protein
A), a major virulence factor of R. equi, was tested for its activities during macrophage infection. Early in
infection, phagosomes containing the vapA mutant did not fuse with lysosomes and did not stain with the
acidotropic fluor LysoTracker similar to those containing virulent wild-type R. equi. However, vapA mutant
phagosomes had a lower average pH. Late in infection, phagosomes containing the vapA mutant were as
frequently positive for LysoTracker as phagosomes containing plasmid-cured, avirulent bacteria, whereas
those with virulent wild-type R. equi were still negative for the fluor. Macrophage necrosis after prolonged
infection with virulent bacteria was accompanied by a loss of organelle staining with LysoTracker, suggesting
that lysosome proton gradients had collapsed. The vapA mutant still killed the macrophages and yet did not
affect the pH of host cell lysosomes. Hence, VapA is not required for host cell necrosis but is required for
neutralization of phagosomes and lysosomes or their disruption. This is the first report of an R. equi mutant
with altered phagosome biogenesis.
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Flanking regions of vapA were amplified by PCR for the construction of a gene
replacement plasmid. Primer pairs vfB-1/vfB-2 were used to synthesize a 612-bp
upstream flanking region, primer pairs hfB-1/hfB-2 to amplify a 586-bp downstream flanking region. The upstream flanking region was cloned through the
primers’ XbaI and EcoRI sites into pBluescript. The resulting plasmid pBlue-vfB
was cut with HindIII and ClaI and ligated with the likewise-cut downstream
flanking region to create pBlue-vfB-hfB. A 1.5-kbp PstI fragment from pVK173T
(apramycin and hygromycin resistance, shuttle plasmid [15]) containing an apramycin resistance gene was blunt ended with Klenow polymerase and cloned into
the EcoRV site of pBlue-vfB-hfB, yielding pBlue-vfB-hfB-Apr. Finally, the 2.7kbp ClaI/XbaI fragment from pBlue-vfB-hfB-Apr containing the flanking regions
and the apramycin resistance marker was blunt end cloned into the SmaI site of

pAPVLacZ (E. coli vector; apramycin and hygromycin resistance [17]) to construct the suicide vector p⌬vapA (Fig. 1). Competent R. equi 103⫹ was electroporated with heat-denatured suicide vector DNA and plated for blue or white
selection. Five blue transformants were recovered. PCR-based analysis of the
clones confirmed a single crossover integration of the vector. A single clone was
cultivated further to promote a second crossover event. After the fifth passage,
three white colonies were identified of which one proved to be a double-crossover mutant. The primer pair vapA probes 1 and 2 (Table 1) was used for
integration analysis.
pSMT3-vapA, expressing vapA from a constitutive mycobacterial hsp60 promoter (shuttle vector; hygromycin resistance [7]), was constructed by PCR of the
103⫹ virulence plasmid DNA with the primers vapA-pc-1 and vapA-pc-2 (Table
1) containing additional sites for NheI and KpnI, respectively, resulting in a
fragment that contained only the vapA gene without promoter regions. The PCR
product was digested with NheI and KpnI, respectively, and was cloned into the
corresponding pSMT3 sites, yielding pSMT3-vapA.
To express VapA, cloned in pSMT3, from its own promoter, a plasmid was
constructed by PCR amplification of a 1.6-kb region from the 103⫹ virulence
plasmid containing the vapA gene using the primers vapA-endo-fw and vapAendo-rv (Table 1). This region has previously been used for complementation of
a vapA deletion strain (10). The PCR product was ClaI/XbaI digested and cloned
into the corresponding pSMT3 restriction sites. Propagated in 103⫹/⌬vapA, this
plasmid yielded the “103⫹/⌬vapA endog. VapA,” or “103⫹/⌬vapA/own,” strain.
All restriction and DNA-modifying enzymes were from MBI Fermentas (St.
Leon-Rot, Germany). DNA fragments separated in agarose gels were isolated
and purified with a the Qiaquick gel extraction kit or a QIAEX II gel extraction
kit (Qiagen, Hilden, Germany). Plasmid DNA was purified from E. coli using
Qiagen kits according to the manufacturer’s instructions. DNA amplification was
performed by using Pfu polymerase (MBI Fermentas) and the Expand Long
Template system (Roche, Mannheim, Germany).
Quantification of intracellular growth, cytotoxicity, intraphagosomal pH, and
fluorescence resonance energy transfer (FRET) analysis of phagolysosome formation. This was performed as described previously (19). Phagolysosome formation was additionally determined microscopically. J774E macrophages on
coverslips were incubated with 50 g of bovine serum albumin rhodamine (BSArhodamine)/ml prepared as described by Sydor et al. (19) or with 30 g ovalbumin-Texas Red (Invitrogen, Karlsruhe, Germany)/ml overnight. Cells were
rinsed with warm phosphate-buffered saline (PBS) three times, fresh medium
was added, and the fluid phase tracer was chased into lysosomes for 2 h. Macrophages were infected with R. equi strains labeled with ATTO488 as described
previously (19) at a multiplicity of infection (MOI) of 20 for 20 min at 37°C.
Nonphagocytosed bacteria were removed by two rinses with warm PBS, and the
cells were chased in fresh medium for 2 h before they were fixed and quenched
with 2% formaldehyde–2.5% glutaraldehyde in PBS and 1 mg of sodium borohydride/ml of PBS (BSA-rhodamine) or 3% formaldehyde and 50 mM ammonium chloride in PBS (ovalbumin-Texas Red). Samples were prepared for fluorescence microscopy, and the percentages of bacteria colocalizing with the
fluorescent tracers were determined.
Determination of intracellular survival. For determination of intracellular
survival of bacteria, J774E cells were seeded into 24-well plates at 8 ⫻ 104 cells
per well 2 days before infection. Infection was with R. equi at an MOI of 0.3 for
30 min at 37°C. Samples were rinsed with PBS twice, and fresh medium containing 3 g of vancomycin/ml was added. At 2 and 24 h postinfection, medium
was removed, and cells were lysed in 1 ml of PBS–0.1% Triton X-100. Serial
dilutions were plated onto agar plates containing a Luria broth medium diluted
1:1 with water. The plates were incubated for 30 h at 30°C, and the CFU were
counted. The mean CFU for each sample and time point were determined.
Plates with less than 10 CFU were ignored unless they were the only plates with
colonies.
Visualization of acidic compartments with LysoTracker. For quantification of
acidified compartments, J774E macrophages were infected at an MOI of 1 for 30
min, rinsed twice with PBS, and chased in fresh medium containing 3 g of
vancomycin/ml. At 1.5 or 23.5 h postinfection, medium containing LysoTracker
Red DND-99 (product number L7528, 1:10,000; Invitrogen) and SYTO13
(1:1,500; Invitrogen) was added with further incubation for 30 min. Samples were
rinsed four times, fixed with 3% formaldehyde in PBS, and mounted onto slides.
The samples were analyzed immediately, determining the percentage of infected
macrophages with (nonphagosome) LysoTracker-positive compartments.
Statistic analysis. Data are expressed as means and standard deviations and
were analyzed by the two-tailed unpaired Student t test.
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FIG. 1. Genetic strategy to create R. equi 103⫹/⌬vapA. (A) Schematic representation of the creation of R. equi 103⫹/⌬vapA. Briefly,
linearized plasmid p⌬vapA was electroporated into 103⫹ and, after
double crossover at the vfb and hfb sites, the entire vapA gene region
on the virulence plasmid was replaced by the aacC4 apramycin resistance gene. “VAP” denotes the situation as is found with the relevant
section of the virulence-associated plasmid, and ⌬vapA describes the
situation in the replacement mutant. (B) Agarose gel stained with
ethidium bromide. Plasmid DNA isolated from 103⫹ and from 103⫹/
⌬vapA was used as a template for PCRs with primers to up- and
downstream regions of the vapA gene (vapA probes 1 and 2) yielding
fragments of 900 bp in the presence of vapA and 1,800 bp in its absence
(corresponding to the aacC4 gene with flanking regions of vapA).
Primer pair aacC4-F/aacC4-R was used to amplify a fragment of 743
bp in the open reading frame of the apramycin resistance gene with the
nucleotide sequence analyzed from pVKT173. A molecular weight
marker standard (bp) is shown on the right. (C) The virulence plasmids
from 103⫹ or 103⫹/⌬vapA were used in PCRs with primers that
amplify either the vapA gene as described above or the vapH gene
(oligonucleotides vapH-F/-R), which is also located on the VAP. Although vapA is present only in 103⫹, vapH is present in the wild type
and mutant, demonstrating the presence of the VAP in either strain.
(D) Immunoblot of R. equi proteins developed with a monoclonal
antibody to VapA. Equivalent cell numbers of R. equi overnight cultures were used.
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TABLE 1. Oligonucleotide primers used in this study
Sequence (5⬘–3⬘)

vapA-pc-1
vapA-pc-2
vapA probe-1
vapA probe-2
vapA-endo-fw
vapA-endo-rv
vapH-F
vapH-R
aacC4-F
aacC4-R
vfB-1
vfB-2
hfB-1
hfB-2

CTAGCTAGCTAGCCGCGAAGGCGATCGAAGGGC
CGGGTACCCCTCGCAGCCTGCATGTTTCTGG
GCGATCGCAGCCACAGCCGT
GCGTTGTGCCAGCTACCAGAG
CTAGTCTAGACTAGTGCGTCGCGCAGTACGCCGC
CCATCGATGGCCTCTTCCTCGACCGTCGTCATCAATC
GGACGAGACGAGAGGGGTGC
GGATTCGAAAGCAGGTCGAGCG
CGGTGGAGTGCAATGTCGTGC
GCGGATGCAGGAAGATCAACGG
GCTCTAGAGGCCGTCGAAGTTGCAAGCG
CGGAATTCCCTTTCGGACGTCGCCCTTCG
CCCAAGCTTCGCGGTCCAGAAACATGCAGG
CCATCGATGCGCCGGATTGGACGTGCC

a

Restriction site

NheI
KpnI
XbaI
ClaI

XbaI
EcoRI
HindIII
ClaI

Positiona

12503–12523
13225–13247
12576–12595
13091–13111
12001–12020
13597–13623
7343–7362
8016–8037
NA
NA
11924–11943
12516–12536
13219–13239
13787–13805

Nucleotide positions were taken from the p103 virulence-associated plasmid sequence NC_002576 (20). NA, not applicable.

RESULTS
To address the question of the virulence-related phenotypes
that are present in a vapA mutant, we constructed such mutant
by double crossover, exchanging vapA for aacC4, an apramycin
resistance gene (Fig. 1). The mutant was denoted 103⫹/⌬vapA
to indicate that the strain was positive for the virulence plasmid
but that the vapA gene had been completely removed. Conversely, 103⫹ denotes a wild-type isolate positive for the virulence-associated plasmid, whereas 103⫺ is the otherwise isogenic, cured derivative.
VapA expression is required early for diversion of phagosome maturation. Intramacrophage bacterial numbers were
quantified microscopically, and macrophages with more than
10 bacteria were used as a measure for robust intracellular
multiplication (3). As expected (10), 103⫹/⌬vapA did not multiply in macrophages (Fig. 2A). However, expression from the
constitutive Hsp60 promoter of pSMT3 led to the production
of only approximately one-fifth the amount of VapA produced
in 103⫹, and only a small proportion of the multiplication
defect was reversed (Fig. 1D). Expression of vapA from its own
promoter in a 103⫹/⌬vapA background led to approximately
wild-type expression of vapA (Fig. 1D) and rescued the multiplication defect in macrophages (Fig. 2B).
Phagosome trafficking was analyzed by quantifying the percentage of phagosomes positive for LysoTracker, an indicator
of strongly acidified compartments. At 2 h of infection, most
103⫹/⌬vapA-containing phagosomes were negative for LysoTracker but, by 24 h, as many phagosomes were positive as
those containing 103⫺ (Fig. 2C). To quantify the Rhodococcuscontaining vacuole (RCV) pH, we used a calibrated fluorescent microplate assay which quantifies the average pH in a
large cohort of phagosomes (19). The pH was 7.18 for 103⫹,
5.02 for 103⫺, and 5.61 for 103⫹/⌬vapA at 3 h postinfection
(Fig. 2D). Addition of nigericin, a K⫹/H⫹ antiporter at the end
of the measurement, immediately brought the phagosomal pH
to the level of the externally adjusted pH (Fig. 2D), confirming
correct calibration.
Phagolysosome formation was quantified by laser scanning
confocal microscopy as the percentage of ATTO488-labeled bacteria colocalizing with lysosomal BSA rhodamine. At 2 h of infection, phagosomes containing 103⫹/⌬vapA were as frequently

FIG. 2. Characterization of R. equi 103⫹/⌬vapA virulence phenotypes. (A) Multiplication in J774E of 103⫹, 103⫺, 103⫹/⌬vapA, and
103⫹/⌬vapA complemented with vapA constitutively expressed from
hsp60 promoter (103⫹/⌬vapA Hsp60-VapA). The percentages of infected
macrophages with more than 10 bacteria are indicated. Quantitation was
done microscopically, based on staining of bacterial DNA with SYTO13.
The data represent means and standard deviations from three independent experiments. (B) Same as in panel A, but complementation was done
using the endogenous vapA promoter and the vapA gene (103⫹/⌬vapA
endog.VapA). (C) Qualitative determination of phagosome acidification.
J774E were infected as in panel A and, after 2 or 24 h, the samples were
stained with red LysoTracker and green fluorescent SYTO13. Colocalization between LysoTracker- and green-labeled bacteria was quantified
by using confocal laser scanning microscopy. The percentages of phagosomes positive for LysoTracker are indicated. The data shown are the
means and standard deviations of three experiments. In panels A, B, and
C, at least 50 infected macrophages were analyzed in each experiment per
time and sample type. (D) Quantitative determination of average phagosome pH at 3 h of infection (f). The addition of nigericin collapses pH
gradients between phagosome and cytosol and serves as a control for the
calibration process in that the pH should be that of the external buffer
(⬃7.3) after addition (䡺). Nigericin was added at 3 h of infection (first pH
determination), followed by a 20-min incubation period (redetermination
of pH [䡺]).
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FIG. 3. Quantification of phagolysosome formation. (A) J774E
macrophage lysosomes were preloaded with BSA-rhodamine (BSArhod.) and infected with ATTO488-labeled bacteria for 20 min, and
the infection was chased for 2 h before fixation. Colocalization of
bacteria with the fluorescent tracer was quantified by using confocal
laser scanning microscopy. “103⫹/⌬T”, phagosomes containing bacteria that were heat-killed (15 min, 85°C) before phagocytosis. The data
shown are the means and standard deviations of three experiments
with at least 50 infected macrophages analyzed per time and sample
type. (B) Phagolysosome formation was determined by using a FRET
assay. Phagolyososme formation with 103⫹ was standardized as “1”,
and higher indices indicate more fusion. RFU, relative fluorescence
units. (C) Representative microscopic fields of the experiments in
panel A. Optical overlays are shown with some transmitted light to
visualize the cell outlines. Open and closed arrowheads point to phagosomes without and with lysosome colocalization (yellow color due to
red-green overlay), respectively.

lysosomal as those containing wild-type R. equi, whereas almost
all phagosomes containing heat-killed bacteria acquired lysosomal contents (Fig. 3A and C). Similar results were obtained with
a FRET assay of phagolysosome formation (Fig. 3B).
Cytotoxicity of R. equi infection does not require VapA but
correlates with intracellular viability of bacteria. Cytotoxicity
for J774E macrophages was investigated at 24 h of infection. At
this time of infection 103⫹/⌬vapA was as cytotoxic as 103⫹ (Fig.
4A), although mutant bacteria did not multiply (Fig. 2). We had
previously shown that killing of virulent R. equi by either of five

We have investigated the effects of vapA deletion on (i) interference with normal phagosome acidification, (ii) phagolysosome formation in murine macrophages, (iii) intramacrophage bacterial multiplication, and on (iv) cytotoxic effects of
the infection, and (v) organelle acidity.
A central determinant and indication of phagosome maturation is phagosome pH: the pH drops from 7.2 to ca. 4.0 to 5.5
between the stage of an early phagosome (immediately after
formation) and a mature phagolysosome (⬃60 min after formation [6]). At 2 h of infection, most phagosomes containing
103⫹/⌬vapA were negative for LysoTracker, whereas after
24 h of infection they were positive, which suggested at first
that, at 2 h of infection, there was only little difference between
the pHs of RCVs containing 103⫹ or 103⫹/⌬vapA. However,
calibrated phagosome pH measurements revealed that there
was indeed some acidification of 103⫹/⌬vapA containing
phagosomes already within the first 3 h of infection, albeit the
average pH was higher than in 103⫺ phagosomes. This apparent contradiction could be resolved by analyzing the pH required for the lysosomotropic fluor, LysoTracker, to label a
compartment. Literature searches reveal that macrophage
phagosomes containing pathogenic mycobacteria (pH ⬃6.3)
do not stain with LysoTracker (18, 25, 26), whereas more acidic
compartments do (1). These data suggest that there is a cutoff
pH of ⬃6.0 for LysoTracker to stain. We propose that in the
case of RCVs containing 103⫹/⌬vapA, most phagosomes were
at pH ⬃6.0 at 2 h of infection (i.e., LysoTracker negative) and
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different treatments completely abolishes their cytotoxic potential
(12). To analyze whether viability of intracellular bacteria was a
critical parameter, we tested their ability to form colonies on
nutrient agar after 24 h of infection (Fig. 4B). By this time, 103⫺
bacteria had nearly all been killed, whereas ca. 50% of the initially
intracellular 103⫹/⌬vapA bacteria were alive (Fig. 4B), demonstrating their increased survival.
To further analyze this, we tested a gene replacement mutant in orf8. orf8 codes for a two-component response regulator
required for vapA expression, and it may also be required for
regulation of additional factors on the virulence plasmid or
chromosome. The cytotoxicity of 103⫹/⌬orf8 bacteria was also
unaltered (Fig. 4A), and ca. 70% survived a 24 h infection of
macrophages (Fig. 4B).
Disappearance of functional lysosomes is not a central factor for cytotoxicity. Hietala and Ardans (8) and Zink et al. (28)
concurrently described the lack of fusion of R. equi phagosomes with lysosomes in horse alveolar macrophages. These
authors also observed a decreased number of ferritin-labeled
lysosomes in infected macrophages, describing it as a degranulation phenomenon. In the present study, we quantified the
numbers of acidic compartments (positive for LysoTracker) in
macrophages infected with 103⫹, 103⫺, 103⫹/⌬vapA, or
103⫹/⌬vapA complemented with the vapA gene expressed
from its own promoter. After 24 h of infection with virulent R.
equi, only a few infected macrophages had LysoTracker-positive compartments, whereas many more macrophages with
acidic compartments could be seen after infection with avirulent or mutant bacteria. The complemented strain behaved like
wild-type virulent bacteria (Fig. 4C and D).
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that some were more acidic than that, whereas wild-type bacteria containing RCVs were mostly at pH ⬃7.2. At this time,
phagolysosome formation was barely increased with mutant
phagosomes compared to the wild type. Together, we interpret
these data as indication that, at 2 h of infection, most of the
103⫹/⌬vapA-containing RCVs were in a transitional state
from a late endosome-like to a phagolysosomal compartment.
After 24 h, this transition was largely finished and the 103⫹/
⌬vapA-containing RCVs had matured into fully acidic, likely
phagolysosomal, compartments. Therefore, VapA is implicated in early phagosome development, and its lack increases
phagosome acidification and slightly increases phagolysosome
formation. At 24 h of infection, the effects of the mutation
became most apparent when 103⫹/⌬vapA had not multiplied,
and its phagosomes were as acidified as those containing the
plasmidless strain.
VapA is strongly expressed in 103⫹ and may actually possess
the strongest promoter system in R. equi, as judged by the
results of a genetically unbiased promoter search (17). One
unexpected finding from the present study was that the expression of vapA on a much lower level did not at all complement
the vapA mutant with respect to multiplication in macrophages. Two straightforward interpretations are that either the
expression level was too low or that the timing was not correct,
i.e., that there are times when the presence of VapA is absolutely required for multiplication and, at others, it may reduce

multiplication. We further tested this by expressing vapA in
103⫹, i.e., a strain containing an endogenous vapA plasmid
plus a constitutively expressed copy, but this did not change
multiplication (data not shown), suggesting that it is not a
timing problem, but that large quantities of VapA are required. VapA is crucially important for virulence in R. equi,
possibly as a central scaffold protein. The prolonged half-life of
vapA RNA compared to vapC and vapD RNA (2) supports the
finding with the mycobacterial Hsp60 promoter construct that
the amount of VapA present is important.
We have shown previously (12) that the cytotoxicity of R.
equi for macrophages is upregulated in bacteria possessing the
virulence plasmid. In agreement with this, 103⫺ caused only
minor cytotoxicity. Surprisingly, the cytotoxicity of infection
with 103⫹/⌬vapA or 103⫹/⌬orf8 was as high as with 103⫹.
Based on nutrient agar plating experiments, we propose that
intracellular viability of bacteria rather than their actual multiplication is required for cytotoxicity. This view is supported by
our previous observations that killing of R. equi by either heat,
UV irradiation, antibiotic treatments, chemical membrane
permeabilization, or formaldehyde fixation before phagocytosis completely abolished cytotoxicity of an infection, clearly
demonstrating that it is not only one defined kind of killing but
loss of viability in general that annihilates the cytotoxic potential (12). In addition, some VAP-less isolates of R. equi can be
cytotoxic (unpublished data). In summary, these data are most
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FIG. 4. Cytotoxicity for and survival in macrophages. (A) Cytotoxicity of J774E infection with R. equi, quantified by using a lactate dehydrogenase
(LDH) release assay. Cytotoxicity is indicated as the percent of LDH release compared to the LDH release by lysing macrophages with the detergent
Triton X-100. Infection was done at an MOI of 30 for 1 h, followed by a 24-h chase. (B) J774E macrophages were infected with 103⫺, 103⫹/⌬vapA, or
103⫹/⌬orf8. At 2 and 24 h of infection, macrophages were lysed and plated on nutrient agar. The numbers of CFU were quantified after 30 h of
incubation at 30°C and were normalized for the 2-h value corresponding to number of ingested bacteria. The data shown are the means and standard
deviations of five independent experiments. (C) J774E macrophages were infected at an MOI of 1 for 30 min and chased for 1.5 or 23.5 h before the
addition of medium containing LysoTracker and Syto13 for 30 min, rinsing, and fixation. Macrophages that contained at least one nonphagosomal
LysoTracker-positive compartment were counted as positive, and all macrophages devoid of any LysoTracker-positive compartment other than
phagosomes were counted as negative. Analysis was done by using confocal laser scanning microscopy, and the data shown are the means and standard
deviations of three independent experiments with 50 infected macrophages analyzed for each sample type in each experiment. 103⫹/⌬vapAc, 103⫹/
⌬vapA complemented with vapA in pSMT3 expressed from its own promoter. (D) Representative micrographs of the experiments quantified in panel
C. Size bars, 10 m. Asterisks mark macrophage nuclei. White arrowheads point to bacteria in macrophages without any LysoTracker-positive
compartments, and open arrowheads point to bacteria in macrophages that still stain with LysoTracker.
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simply explained by chromosomally encoded factors contributing substantially to the cytotoxic effects, whereas VAP genes
promote them by increasing intracellular vitality.
LysoTracker-positive compartments (late endosomes and lysosomes) were detected in macrophages infected with 103⫺ or
103⫹/⌬vapA but not in those infected with 103⫹. Because
infection is followed by macrophage necrosis (12), degranulation of lysosome contents into the macrophage cytoplasm, followed by hydrolysis of cytoplasmic macromolecules could be
the major mechanism of cytotoxicity, as proposed by Hietala
and Ardans (8).
However, we were surprised to find that 103⫹/⌬vapA had
full cytotoxic potential, and yet did not have an effect on the
cellular staining pattern with LysoTracker. Since protons are
the smallest “ions” known, loss of a pH gradient across a
lysosome membrane would be expected to be the first step in
its disintegration. Our data now clearly indicate that disappearance of functional lysosomes is not directly coupled to cytotoxicity and may play a completely different role in pathogenicity of R. equi infection.
The precise molecular role of VapA is still enigmatic, as
VapA amino acid sequence analysis did not yield any significant homologues except for the other family members (data
not shown [reviewed in references 11 and 13]). Its surface
expression on R. equi (22), as well as the cotranscription with
other vap genes as part of an operon (2), suggests that it may
be important as a central scaffold of a protein complex that
may interact with host macrophage structures. A recent comparison of the VapA virulence plasmid from foals with that of
the VapB virulence plasmid from swine (11) has identified
common elements of the pathogenicity island of the virulence
plasmids of R. equi that are likely to be crucial. Speculatively,
VapA is likely involved as part of a protein complex in the
modulation of the bacterium-phagosome interaction in a hostspecific manner. The lack of such effector functions could lead,
in a matter of hours to days, to a failure to prevent phagolysosome formation and to normalization of phagosome trafficking. Whether VapA is directly or indirectly involved in maintenance of acidic lysosomes remains to be investigated.
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