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Summary

Bacterial ingestion and killing by phagocytic cells
are essential processes to protect the human body
from infectious microorganisms. However, only
few proteins implicated in intracellular bacterial
killing have been identified to date. We used
Dictyostelium discoideum, a phagocytic bacterial
predator, to study intracellular killing. In a random
genetic screen we identified Kil2, a type V
P-ATPase as an essential element for efficient
intracellular killing of Klebsiella pneumoniae bac-
teria. Interestingly, kil2 knockout cells still killed
efficiently several other species of bacteria, and
did not show enhanced susceptibility to Mycobac-
terium marinum intracellular replication. Kil2 is
present in the phagosomal membrane, and its
structure suggests that it pumps cations into the
phagosomal lumen. The killing defect of kil2
knockout cells was rescued by the addition of
magnesium ions, suggesting that Kil2 may func-
tion as a magnesium pump. In agreement with this,
kil2 mutant cells exhibited a specific defect for
growth at high concentrations of magnesium. Pha-
gosomal protease activity was lower in kil2 mutant
cells than in wild-type cells, a phenotype reversed

by the addition of magnesium to the medium. Kil2
may act as a magnesium pump maintaining mag-
nesium concentration in phagosomes, thus ensur-
ing optimal activity of phagosomal proteases and
efficient killing of bacteria.

Introduction

Phagocytic cells are a key element of the immune system.
Monocytes and macrophages ingest and kill microorgan-
isms, thus preventing the development of harmful infec-
tions (Segal, 2005). Phagocytosis of large particles
(typically > 0.5 mm) relies on the complex interplay of spe-
cific receptors at the cell surface, the actin cytoskeleton
and actin-binding proteins (Underhill and Ozinsky, 2002).
Following uptake, the next stages in the phagocytic
process involve notably changes in the protein composi-
tion (Garin et al., 2001; Haas, 2007) and ionic content
(Segal, 2005) of phagosomes (e.g. delivery of lysosomal
enzymes and acidification), as well as production of
superoxide ions (Sumimoto et al., 2005), culminating ulti-
mately with the killing of the ingested microorganisms.
The capacity to escape or resist cellular killing mecha-
nisms is a major virulence determinant for many patho-
genic bacteria. Therefore, the understanding of cellular
killing mechanisms would greatly advance our under-
standing of host–pathogen interactions.cmi_1532 246..258

The mechanisms by which phagocytic cells kill internal-
ized bacteria have been studied intensely in the last
decades (reviewed in Segal, 2005; Haas, 2007). Because
newly formed phagosomes were observed to progres-
sively acidify and acquire lysosomal enzymes, it was ini-
tially proposed that lysosomal enzymes digest and kill
bacteria in the acidic environment of phagolysosomes.
The discovery of the critical role of the NADPH oxidase in
bacterial killing then led to the notion that superoxide and
other free radicals were the primary means by which
phagocytic cells kill bacteria. More recently, it has been
proposed that the main function of NADPH oxidase is to
regulate the ionic composition of the phagosome, and
to activate lysosomal enzymes (Reeves et al., 2002).
However, the ionic composition of maturing phagosomes
is still poorly characterized to date, as well as the impor-
tance of various ions in bacterial killing. It is also not
established how many distinct mechanisms exist for
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intracellular bacterial killing, and which ones are at play
for the killing of various types of bacteria. For both ethical
and technical reasons, mammals are not easily amenable
to genetic analysis, and no large-scale search for host
genes involved in intracellular bacterial killing has been
performed so far.

Dictyostelium discoideum amoebae are phagocytic
bacterial predators present in the soil. They can be easily
grown and manipulated, and their small, haploid, fully
sequenced and annotated genome allows simple genetic
analysis (Eichinger et al., 2005). They have been used
extensively to study the structure and dynamics of
the endocytic (Neuhaus et al., 2002) and phagocytic
(Gotthardt et al., 2006a) pathways, as well as the intra-
cellular fate of pathogenic bacteria (Cosson and Soldati,
2008). Two Dictyostelium mutants defective for intracellu-
lar killing of Gram-negative Klebsiella pneumoniae bacte-
ria (phg1a and kil1) have been described (Benghezal
et al., 2006), suggesting that this model system allows the
genetic analysis of intracellular killing mechanisms.
Phg1a is a member of the TM9 family of proteins, and Kil1
a sulfotransferase, and the direct or indirect role of these
two proteins in bacterial killing remains to be established.
In these two mutants, killing defects resulted in an inability
to use bacteria as nutrients, suggesting that new killing-
defective mutants may be identified by screening for
mutants unable to grow on bacteria.

Here we describe the identification, in a random genetic
screen, of Dictyostelium kil2 mutant cells defective for
growth on Klebsiella bacteria. The kil2 gene encodes a
P-type ATPase essential for intracellular killing of Kleb-
siella. Analysis of kil2 knockout cells suggests a specific
role for magnesium in intracellular killing of Klebsiella.

Results

kil2, an essential gene for growth on K. pneumoniae

To identify new genes involved in intracellular killing, we
performed a random insertional mutagenesis (Guerin and
Larochelle, 2002) and selected Dictyostelium mutants
growing normally in liquid HL5 medium, but defective for
growth on a lawn of Klebsiella (Fig. 1A). In the kil2 mutant,
the mutagenic plasmid was inserted in the coding
sequence of the DDB_G0279183 gene (hereafter named
kil2), 2121 nucleotides downstream from the start codon
(Fig. 1B). To confirm that the selective growth defect of the
kil2 mutant was due exclusively to the disruption of the kil2
gene, we deleted the kil2 coding sequence in the wild-type
DH1 strain by homologous recombination: 1647 nucle-
otides were deleted from position 798 to 2445 (Figs 1C and
S1). These cells no longer expressed the Kil2 protein
(Fig. 1D), exhibited a specific growth defect on Klebsiella
like the original kil2 mutant (see below) and were used to
further characterize the kil2 mutant phenotype.

The predicted Kil2 protein is composed of 1158 amino
acid residues, with 10 putative transmembrane domains.
It exhibits a strong similarity to members of the P-type
ATPase superfamily, which are involved in the active
transport of a variety of cations across membranes. The
five characteristic domains of P-type ATPases (Catty
et al., 1997; Axelsen and Palmgren, 1998) are notably
conserved in the Kil2 protein (Fig. 2A): the LTGES motif
(1) (position 295), the DKTGTLT phosphorylation domain
(2) (pos. 467), the ATP binding sites KGA(S)PE (3) (pos.
623) and ML(V)TGD (4) (pos. 717) and the GDGxND
hinge sequence (5) (pos. 857). In addition, Kil2 exhibits a
PPxxP motif (V) (pos. 424) and two cysteine residues
flanking the hinge sequence (Fig. 2B). These two fea-
tures, as well as a long luminal loop between transmem-
brane domains 1 and 2 are typical of type V P-ATPases
(Figs 2 and S2). Type V family members are only found in
eukaryotes, and they form the most poorly characterized
family of P-type ATPases (see Discussion).

Fig. 1. Isolation of kil2 mutant cells.
A. Dictyostelium mutants were obtained by restriction enzyme
mutagenesis insertion and screened for growth on Klebsiella.
Individual Dictyostelium clones were transferred onto a Klebsiella
lawn (black). Growing Dictyostelium cells create phagocytic plaques
(white) in the bacterial lawn. In this picture, two Dictyostelium
clones defective for growth on Klebsiella are visible (arrowheads).
B. In the kil2 restriction enzyme mutagenesis insertion mutant, the
mutagenic plasmid was inserted in the coding sequence of
DDB_G0279183 gene, 2121 nucleotides downstream from the start
codon.
C. The kil2 knockout mutant was obtained by deleting 1647
nucleotides in the kil2 coding sequence, and replacing them with a
blasticidin-resistance (BSR) cassette.
D. The Kil2 protein is not expressed in kil2 mutant cells.
Arrowhead indicates the Kil2 protein detected by Western blot. The
asterisk indicates a non-specific protein recognized by the
antiserum.
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In order to characterize the phenotype of kil2 mutant
cells, we tested their ability to grow on a range of bac-
terial species. For this we applied increasing numbers
of Dictyostelium cells on a bacterial lawn to monitor
quantitatively their ability to form phagocytic plaques
(Alibaud et al., 2008; Froquet et al., 2009) (Fig. 3A). Kil2
mutants were defective for growth on Klebsiella, as well
as on a mucoid strain of Escherichia coli, but showed
no growth defect on many other Gram-negative or
Gram-positive bacteria, notably Bacillus subtilis or a non-
virulent Pseudomonas aeruginosa strain (Fig. 3A and B).
Interestingly, these results were very similar to those
seen with the previously characterized phg1a mutant
cells (Benghezal et al., 2006).

In addition, kil2 and phg1a mutants both grew on a lawn
of dead Klebsiella, killed either by heat inactivation or by
the addition of antibiotics (Fig. 3C). This result suggested
that both mutants do not grow on live Klebsiella because
they are unable to kill these bacteria efficiently.

Kil2 is essential for efficient intracellular killing
of Klebsiella

Defective growth on bacteria could conceivably be due to
defects in bacterial ingestion, in bacterial killing or in a

range of other cellular functions. Phagocytosis of Kleb-
siella and of latex beads was unaffected in kil2 mutant
cells compared with wild-type cells (Fig. 4A) ruling out the
possibility that the kil2 growth defect might be due to
decreased bacterial internalization. In order to assess if

Fig. 2. The Kil2 protein is a type V P-ATPase.
A. The predicted topology of Kil2 shows 10 transmembrane
domains. Numbers 1 to 5 indicate the position of the five specific
motifs of P-type ATPases: (1) LTGES (2) DKTGTLT
(phosphorylation domain) (3) KGA(S)PE and (4) ML(V)TGD (ATP
binding sites) (5) GDGxND (hinge sequence). The PPxxP motif
specific for type V P-ATPases is also indicated (V).
B. Kil2 presents a high sequence similarity to two type V
P-ATPases: yeast YPK9 (YOR291w) and human AT132 (also
named ATP13A2). The presence of a PPxxP motif and of two
cysteine residues flanking the GDGxND hinge motif is also typical
of type V P-ATPases.

Fig. 3. kil2 mutant cells are specifically defective for growth on
Klebsiella.
A. In order to quantify the ability of Dictyostelium strains to grow
on bacteria, 10 000, 1000, 100 or 10 Dictyostelium cells were
applied onto a bacterial lawn (black). Wild-type Dictyostelium cells
created a phagocytic plaque (white). kil2 cells grew normally on B.
subtilis and on avirulent P. aeruginosa but presented an important
growth defect on Klebsiella.
B. Growth of kil2 cells on several bacterial species was tested as
described in A. Normal growth of Dictyostelium cells is indicated in
white, defective growth in black. Wild-type Dictyostelium grew on a
collection of Gram-negative and Gram-positive bacteria and did not
grow on virulent bacteria like wild-type P. aeruginosa. The kil2 and
phg1a mutants exhibited the same specific growth defects on
Klebsiella and on the mucoid E. coli B/r strain. (As: Aeromonas
salmonicida, Bs: Bacillus subtilis, Ec: Escherichia coli, Kp:
Klebsiella pneumoniae, Ml: Micrococcus luteus, Pa: Pseudomonas
aeruginosa.)
C. Normal growth of kil2 and phg1a cells was restored when
Klebsiella were boiled before the growth test or deposited on
SM-agar containing antibiotic (gentamycin 25 mg ml-1).
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kil2 cells killed efficiently bacteria, live Klebsiella were
incubated with Dictyostelium cells for up to 6 h. At 0, 1, 2,
4 and 6 h, the total number of remaining viable bacteria
was determined, as well as the number of live cell-
associated bacteria. Wild-type Dictyostelium ingested and
killed bacteria rapidly (Fig. 4B). Intracellular killing in wild-
type cells was so fast that viable intracellular bacteria
were hardly detectable at any time, suggesting that under
these experimental conditions the limiting factor for killing

was the rate of phagocytosis. On the contrary, kil2 mutant
cells killed Klebsiella slowly, and live intracellular bacteria
accumulated in these cells (Fig. 4B).

The fluorescence of GFP-expressing bacteria disap-
pears rapidly when they are killed (Benghezal et al.,
2006). Therefore, to visualize the intracellular killing activ-
ity, we incubated GFP-expressing Klebsiella with Dictyos-
telium cells for 90 min. Cells were then fixed and
endosomal compartments visualized by immunofluores-
cence using a monoclonal antibody to endosomal p80
(Ravanel et al., 2001). In both wild-type and kil2 mutant
cells, live fluorescent bacteria were always observed in
phagosomal compartments delimited by a p80-positive
membrane (Ravanel et al., 2001) (Fig. 4C). However, two
times more fluorescent bacteria accumulated within kil2
mutant cells than within wild-type cells (Fig. 4C and D).
This result further suggested that intracellular killing of
Klebsiella was inhibited in kil2 mutant cells.

In order to assess the specificity of the killing defect
observed in kil2 mutant cells, we tested the ability of these
cells to kill other bacterial strains. Like phg1a mutant cells,
kil2 mutants killed Klebsiella more slowly than wild-type
cells did, but showed no defect in killing of B. subtilis and
P. aeruginosa (Fig. 5A). This result is in agreement with
the observation that kil2 mutant cells grew readily on the
latter two bacteria, and confirmed the specificity of the kil2
killing defect for Klebsiella.

In a previous study, Klebsiella mutants were selected
based on their ability to support growth of killing-defective
phg1a mutant cells (Benghezal et al., 2006). Two of these

Fig. 4. Inefficient intracellular killing of Klebsiella in kil2 mutant
cells.
A. Phagocytosis is not defective in kil2 mutant cells. Wild-type or
kil2 cells were incubated with fluorescent latex beads or
fluorescently labelled Klebsiella for 20 min. The cells were then
washed and the internalized fluorescence measured by flow
cytometry. The average and SEM of six independent experiments
are indicated.
B. Dictyostelium cells were incubated with Klebsiella and the
number of surviving bacteria (total or cell-associated) was
determined at different times by killing the Dictyostelium and plating
the bacteria on LB plates. Wild-type Dictyostelium cells killed
Klebsiella rapidly and very few viable cell-associated bacteria were
detected. On the contrary, kil2 mutant cells killed Klebsiella
inefficiently and a significant number of live intracellular bacteria
were detected in these cells. This experiment was repeated four
times with equivalent results.
C. Dictyostelium cells were incubated in the presence of
Klebsiella-GFP for 90 min, and then fixed. The endosomal p80
marker was revealed by immunofluorescence (white) and cells
observed by confocal microscopy. Live fluorescent Klebsiella
(green) were always observed inside p80-positive compartments
and accumulated more prominently in kil2 mutant cells (scale bar:
5 mm).
D. In cells analysed as described in C, the number of fluorescent
bacteria was quantified within 100 cells. Each bar indicates the
average and SEM of five independent experiments. The statistical
significance of these results was established using the Student’s
t-test (*P < 0.001).
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Klebsiella strains were mutated in genes involved in the
biosynthesis of the bacterial cell wall (waaQ and wbbM),
and they were more easily killed by phg1a mutant cells
than wild-type Klebsiella. Interestingly, these two Kleb-
siella strains were also more easily killed by kil2 mutant
cells (Fig. 5B), further reinforcing the resemblance
between the phenotypes of phg1a and kil2 mutants. This
result strongly suggests that the particular composition of
the Klebsiella surface allows them to withstand killing by
kil2 and phg1a mutant cells.

The killing defect exhibited by kil2 knockout cells could
be due to a gross defect in the organization and/or
dynamics of the endocytic/phagocytic pathway. There-
fore, we assessed several key parameters of the
endocytic/phagocytic pathway. Macropinocytosis of fluid
phase containing a fluorescent dextran was measured
by flow cytometry, and was as efficient in kil2 cells as in
wild-type cells (110.27% � 5.83; n = 3). The pH of lyso-
somal and post-lysosomal compartments, as well as the
speed at which ingested fluid phase was transferred
from acidic lysosomes to more neutral post-lysosomes
was identical in wild-type and kil2 cells (Fig. S3). Quan-
titative immunofluorescence analysis during phagocyto-
sis of latex beads revealed that the residency time of
beads in lysosomes (p80-positive, H+-ATPase-positive)
before their transfer to post-lysosomes (p80-positive,
H+-ATPase-negative) was also very similar in wild-type
and kil2 mutant cells (Fig. S4A). The activity of several
lysosomal enzymes was virtually identical in wild-type
and kil2 knockout cells (Fig. S4B). Finally, the size
and numbers of lysosomes and post-lysosomes were
determined after immunofluorescence staining, and were
very similar in both cell types (Table S1). Overall, these
results show that the killing defect of kil2 mutants is
not accompanied by a strong alteration in the general

organization or dynamics of the endocytic/phagocytic
pathway.

Co-purification of Kil2 with phagosomal membranes

Because our results implicated the Kil2 protein in bacterial
killing, we hypothesized that Kil2 localizes to phago-
somes, the organelle in which killing is achieved. To test
this hypothesis, we allowed Dictyostelium cells to phago-
cytose latex beads, and purified on a sucrose gradient
latex beads containing phagosomes at various stages of
maturation (Gotthardt et al., 2006b; Dieckmann et al.,
2008). We then used specific antibodies to assess the
protein content of phagosomes. Kil2 was readily detect-
able in early phagosomes, and accumulated further in
maturing phagosomes (Fig. 6), a profile resembling that of

Fig. 5. The killing defect of kil2 mutant cells is specific for certain bacterial species. Dictyostelium cells were incubated with Klebsiella (Kp), B.
subtilis (Bs) or avirulent P. aeruginosa (Pa PT531) and the total number of viable bacteria was determined at the indicated times as described
in the legend to Fig. 4. The mean and SEM of three independent experiments are shown.
A. kil2 mutant cells killed inefficiently Klebsiella, but normally B. subtilis and P. aeruginosa. A similar phenotype was observed in phg1a mutant
cells.
B. kil2 mutant cells killed efficiently Klebsiella mutants with altered surface biosynthesis (waaQ and wbbM).

Fig. 6. Co-purification of the Kil2 protein with phagosomes. Cells
were incubated with latex beads during 5 or 15 min, washed to
eliminate non-internalized beads and incubated further for 15 or
45 min, as indicated. Phagosomes containing latex beads were
purified on sucrose gradients and analysed by Western blot in
order to detect the presence of different proteins: Kil2, endosomal
p80 and mitochondrial porin. Kil2 was detectable in very early
phagosomes and gradually accumulated during the maturation of
phagosomes. This pattern was extremely similar to that of
endosomal p80. Only trace amounts of mitochondrial porin were
detected in phagosomal fractions.
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the p80 endosomal marker (Fig. 6). Mitochondrial porin
was virtually absent from phagosomal preparations
(Fig. 6). The presence of Kil2 in purified phagosomal
membranes suggests that it may participate in creating an
appropriate environment for efficient intracellular killing of
ingested Klebsiella.

A role for magnesium in bacterial killing

Assuming that Kil2 pumps a specific cation into the pha-
gosomal lumen that is essential for Klebsiella killing, then
providing this ion in the extracellular medium may restore
its intra-phagosomal concentration and consequently effi-
cient killing in kil2 mutant cells. A similar strategy has been

used previously to determine the ability of various ions to
induce expression of bacterial genes within phagosomes
(Martin-Orozco et al., 2006). However, this approach is
limited by the fact that certain ions have toxic or inhibitory
effects on cells. We thus tested the effect of each ion at
the highest concentration at which it did not inhibit killing
of Klebsiella by wild-type Dictyostelium. Extracellular
addition of CaCl2 (10 mM), NaCl (10 mM), KCl (10 mM),
MnCl2 (10 mM), FeSO4 (10 mM), ZnCl2 (1 mM) or NiCl2
(0.5 mM) did not increase killing of Klebsiella in kil2 cells
(Fig. 7A). However, efficient killing was restored in kil2
cells by the extracellular addition of MgCl2 (10 mM)
(Fig. 7A). In the presence of magnesium, kil2 mutant cells
killed Klebsiella as rapidly as wild-type cells (Fig. 7B).

Fig. 7. Exogenous magnesium restores efficient killing in kil2 mutant cells.
A. Intracellular bacterial killing was assessed as described in the legend to Fig. 5, but with one of the following salts added to the extracellular
medium: MgCl2 (10 mM), CaCl2 (10 mM), NaCl (10 mM), KCl (10 mM), MnCl2 (10 mM), FeSO4 (10 mM), ZnCl2 (1 mM), NiCl2 (0.5 mM). The kil2
killing defect is the difference between the percentages of remaining bacteria in wild-type and kil2 cells, after 2 h of incubation. Exogenous
magnesium was the only ion abolishing the killing defect of kil2 mutant cells.
B. A typical killing experiment, showing the killing of Klebsiella by wild-type or kil2 knockout cells in the presence or absence of extracellular
MgCl2. In the presence of 10 mM MgCl2, efficient killing of Klebsiella by kil2 mutant cells was restored.
C. The percentage of remaining live bacteria after 2 h is shown for wild-type, kil2 and phg1a cells. Addition of 10 mM MgCl2 in the medium
restored the killing capacity of kil2 mutant cells whereas phg1a mutant cells were still unable to kill Klebsiella efficiently. It also slightly
accelerated killing in wild-type cells.
D. Killing was assessed as described above but in the presence of increasing concentrations of MgCl2 (0.01, 0.1, 1 or 10 mM). The effect of
exogenous MgCl2 on intracellular killing was dose-dependent and visible at concentrations above 100 mM.
E. Wild-type or kil2 mutant cells were incubated with GFP-expressing Klebsiella for 90 min. The cells were then fixed, and the number of
intracellular fluorescent bacteria was determined as described in the legend to Fig. 4. The intracellular accumulation of live bacteria in kil2
cells was abolished by the addition of 10 mM MgCl2 in the medium.
All experiments were repeated at least three times (average and SEM are indicated). The statistical significance of the results was determined
using the Student’s t-test (*P < 0.05 and **P < 0.01).
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Remarkably, addition of extracellular magnesium had no
effect on the killing defect of phg1a mutant cells (Fig. 7C).
This contrasting behaviour rules out the possibility that the
observed effect was due to a non-specific toxic effect of
magnesium on bacteria. The effect of magnesium on the
killing ability of kil2 cells was dose-dependent, and detect-
able at concentrations above 100 mM (Fig. 7D). This
result was also confirmed by measuring intracellular accu-
mulation of live Klebsiella-GFP: in the presence of 10 mM
MgCl2, kil2 cells no longer accumulated high numbers of
undigested intracellular bacteria (Fig. 7E).

The ionic specificity of a P-type ATPase can also be
determined by measuring the ability of a mutant strain to
grow when exposed to very high concentrations of
various ions (Schmidt et al., 2009). For this we used ionic
concentrations that slowed down significantly but not
completely growth of wild-type Dictyostelium cells. Mutant
kil2 cells grew as well as wild-type cells in HL5 medium,
but significantly more slowly in a medium supplemented
with 100 mM MgCl2 (Fig. 8). No significant difference
between wild-type and kil2 cells were observed when
cells were grown in medium supplemented with KCl
(200 mM), NaCl (150 mM), CaCl2 (80 mM), MnCl2
(15 mM), CdCl2 (50 mM) or NiCl2 (350 mM) (data not
shown). These observations suggest that Kil2 may par-
ticipate in sequestration of magnesium ions in endosomal
compartments.

In order to understand how phagosomal magnesium
may influence bacterial killing, we measured in living cells
the activity of phagosomal proteases. For this, latex
beads coupled to fluorescently labelled BSA were fed to
amoeba, and the fluorescence recorded as a function of
time. The fluorescence attached to the beads is
quenched, but increases when it is released from the
beads upon proteolysis of BSA (see Experimental proce-
dures). This assay revealed that phagosomal protease
activity was significantly lower in kil2 knockout cells than
in wild-type cells (Fig. 9A), a defect fully compensated by
the addition of magnesium in the medium (Fig. 9B). This
result suggests that Kil2 controls the activity of phagoso-
mal proteases by maintaining an appropriate magnesium
concentration in phagosomes.

Kil2 is not implicated in intracellular bacterial replication

In addition to its role in bacterial killing, the ionic compo-
sition of phagosomes is also a key determinant in the
intracellular replication of some bacterial pathogens. This
has been established particularly clearly by studying cells
defective for the function of Nramp1, a putative phagoso-
mal iron transporter. The lack of activity of Nramp1
(natural resistance-associated macrophage protein)
renders mammalian phagocytic cells more susceptible to
intracellular replication of several different intracellular
pathogens, notably Salmonella, mycobacteria and Leish-
mania (reviewed in Papp-Wallace and Maguire, 2006). In
Dictyostelium, intracellular replication of mycobacteria
and of Legionella is facilitated in nramp1 knockout cells

Fig. 8. kil2 knockout cells are sensitive to
high magnesium concentrations. Growth of
wild-type and kil2 mutant cells was tested in
HL5 medium supplemented or not with
100 mM MgCl2. In HL5, kil2 knockout cells
grew as well as wild-type cells. In the
presence of 100 mM MgCl2, kil2 cells grew
more slowly than wild-type cells. This
experiment was reproduced three times with
similar results.

Fig. 9. Phagosomal proteolysis is defective in kil2 mutant cells, but
restored by exogeneous magnesium. Wild-type or kil2 mutant cells
were incubated with latex beads coupled to fluorescent BSA.
Fluorescence is quenched at the surface of beads, but increases
when the fluorophore is released in the lumen upon digestion of
BSA.
A. In phosphate buffer, protease activity was lower in kil2 mutant
cells than in wild-type cells.
B. Addition of 10 mM MgCl2 to the phosphate buffer restored
normal protease activity in kil2 mutant cells. The curves represent
the average and SEM of 13 independent measures in 6
independent experiments. The values attained after 3 h were
significantly different for wild-type and kil2 mutant cells in
phosphate buffer (P < 0.01; Student’s t-test), but not in buffer
supplemented with 10 mM MgCl2 (P > 0.25). The protease activity
was also not significantly different in wild-type cells incubated in
phosphate buffer or in magnesium-enriched buffer (P > 0.25).
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(Peracino et al., 2006). To determine if nramp1 and kil2
mutant cells present similar phenotypes, we investigated
first if intracellular replication of bacteria was facilitated in
kil2 cells, and second if intracellular killing of Klebsiella
was inhibited in nramp1 cells.

Dictyostelium is an established host model for patho-
genic Mycobacterium marinum, and the replication of
GFP-expressing M. marinum can be visualized and quan-
tified with precision (Hagedorn and Soldati, 2007). During
infection of wild-type cells, internalized M. marinum are
found in a p80-positive replication compartment, from
which they eventually escape to the cytosol. The replica-
tion niche of M. marinum was indistinguishable in wild-
type and kil2 cells, and accumulation of p80, as well as
vacuole rupture were frequently observed (Fig. S5A).
Flow cytometry analysis of infected cells also revealed a
virtually identical rate of intracellular replication in wild-
type and mutant cells (Fig. S5B). Finally, an avirulent M.
marinum mutant (L1D) was unable to replicate in kil2
mutant cells as well as in wild-type cells (Fig. S5B). These
results indicate that the Kil2 protein is not involved in
intracellular replication of M. marinum in Dictyostelium
cells, neither as a limiting factor, nor as a facilitating
element.

Conversely, we did not observe any defect in the ability
of nramp1 mutant cells to kill Klebsiella compared with
wild-type cells (Fig. S6), indicating that Nramp1 does not
play a critical role in intracellular killing of Klebsiella in
Dictyostelium. Together, these results suggest that differ-
ent host mechanisms are involved in intracellular killing
of Klebsiella and during intracellular replication of M.
marinum.

Discussion

In this study we identified in a random genetic screen Kil2,
a new gene product involved in intra-phagosomal killing of
Klebsiella in Dictyostelium. In kil2 knockout cells, the
overall organization of the endocytic pathway is essen-
tially unaffected, but intra-phagosomal killing of Klebsiella
is very inefficient. Kil2 exhibits all the sequence charac-
teristics of a type V P-ATPase and is present in the pha-
gosomal membrane, it may thus be expected to pump
cations into the phagosomal lumen. Efficient killing was
restored in kil2 mutant cells when magnesium ions were
added to the extracellular medium together with the bac-
teria, presumably restoring an adequate magnesium con-
centration in phagosomal compartments. The simplest
interpretation of our results is that Kil2 transports magne-
sium into the phagosome, and that magnesium is required
for optimal protease activity and efficient intracellular
killing of Klebsiella.

Not much is known about type V P-ATPases. Although
it is assumed that, like most other P-type ATPases, they

are cation pumps, their substrate specificity is not estab-
lished with certainty (Axelsen and Palmgren, 1998;
Schultheis et al., 2004). In human, mutations in ATP13A2,
a lysosomal member of the family, are responsible for a
hereditary form of Parkinsonism, but the cellular function
of ATP13A2 is unclear (Ramirez et al., 2006). At the cel-
lular level, type V P-ATPases were mostly studied in Sac-
charomyces cerevisiae. In this organism, there are 16
P-type ATPases (Catty et al., 1997), two of which belong
to the type V: Cod1/Spf1/YEL031w and Ypk9p. Ypk9 has
been localized to the vacuole, and its absence renders
cells more sensitive to heavy metal ions (e.g. Cd2+ and
Ni2+), suggesting that it may sequester these ions in the
vacuole (Gitler et al., 2009; Schmidt et al., 2009). Cod1
plays a role in the ionic homeostasis of the ER, and its
loss leads notably to alterations of the secretory pathway
(e.g. protein stability, glycosylation) (Cronin et al., 2002).
Interestingly, there are indications that Cod1 may trans-
port magnesium ions (Cronin et al., 2002). Indeed mag-
nesium was the only ion capable of stimulating Cod1p
ATPase activity in vitro. The effect was seen at relatively
high concentrations (1 to 10 mM, i.e. 200 times more than
the ATP concentration), suggesting that it could not be
attributed to ATP-bound magnesium ions (Cronin et al.,
2002). In summary, although the ion specificity of type V
P-ATPases remains to be firmly established, they may be
involved in the transport of heavy metal ions, and of
magnesium. Our results reinforce the notion that at
least some type V P-ATPases may act as magnesium
transporters.

The role of magnesium in bacterial survival within pha-
gosomes has been a debated subject, particularly its role
in intracellular replication of Salmonella. It was initially
observed that magnesium depletion in vitro induces
the expression of several Salmonella genes essential for
replication within phagosomes, notably phoPQ (Garcia
Vescovi et al., 1996). Another gene, mgtC, was shown to
be essential for growth of Salmonella in magnesium-
depleted medium in vitro, as well as in phagosomes (Alix
and Blanc-Potard, 2007). These observations led to the
idea that bacteria encounter conditions of magnesium
depletion in phagosomes. This was proposed to be part of
a general cellular strategy aimed at depriving internalized
bacteria of nutrients, in order to control their replication
and to facilitate their killing (Appelberg, 2006). However, it
was later shown that phagosomal acidification, and not
magnesium depletion, may be the critical element induc-
ing PhoPQ in phagosomes (Martin-Orozco et al., 2006).
Other studies also suggested that the two functions of
MgtC (growth in magnesium-deprived medium and intra-
cellular replication) can be dissociated (Alix and Blanc-
Potard, 2007). Finally, direct measurement revealed a
stable concentration of magnesium (approximately 1 mM)
in phagosomes (Martin-Orozco et al., 2006), suggesting
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the existence of a mechanism actively maintaining mag-
nesium concentration in this compartment. Our results
extend this notion one step further: they suggest that the
presence of magnesium in phagosomes is not beneficial
to all internalized bacteria, and is actually critical to
achieve efficient killing of internalized Klebsiella. Our
results suggest that a minimal concentration of magne-
sium may be necessary for optimal activity of phagosomal
enzymes (e.g. proteases). Exogenous magnesium even
stimulates the killing of Klebsiella by wild-type cells,
maybe because an optimal phagosomal magnesium con-
centration is more readily attained in these conditions.
While the simplest interpretation of our results would be
that Kil2 itself is a magnesium transporter, there are a
number of alternative interpretations. One possibility is
that Kil2 participates only indirectly in magnesium homeo-
stasis in phagosomes, for example, if its activity is
coupled to that of other magnesium-specific channels.
Another scenario is that there may be several redundant
killing mechanisms, one Kil2-dependent, the other
magnesium-dependent. Magnesium would then only be
necessary for killing when the Kil2-dependent killing is
inactivated, i.e. in kil2 but not in wild-type cells.

From a more general perspective, our results confirm
previous observations suggesting that the killing of Kleb-
siella mobilizes a specific set of gene products, which is
not essential for the killing of other types of bacteria (e.g.
B. subtilis or P. aeruginosa). Indeed the growth and
killing defects of kil2 mutant cells are very similar to
those observed for phg1a and kil1 mutant cells previ-
ously (Benghezal et al., 2006), and are restricted to a
small subset of Gram-negative bacteria (Klebsiella and a
mucoid E. coli isolate). This subset of bacteria is most
likely defined by specific bacterial surface determinants,
as suggested by the fact that kil2 and phg1a mutant cells
kill readily Klebsiella mutants with defective cell wall syn-
thesis. This result stresses the importance of the nature
of the bacterial surface in determining resistance to spe-
cific killing mechanisms. Intracellular replication of myco-
bacteria is not affected in kil2 mutant cells, suggesting
that Kil2 is involved neither in limiting mycobacterial rep-
lication, nor in facilitating it. Conversely, we observed that
Nramp1, which inhibits replication of mycobacteria (Pera-
cino et al., 2006), was dispensable for efficient killing of
Klebsiella. Overall, these results indicate that distinct
host mechanisms are involved in the killing of different
types of bacteria, and in limiting the replication of patho-
gens. An extensive genetic analysis will be necessary to
determine the mechanisms involved in the intracellular
killing or survival of various types of bacteria. In this per-
spective, Dictyostelium amoebae are attractive model
phagocytic cells, as they are amenable to genetic analy-
sis, and their interactions with bacteria can be studied
relatively easily.

Experimental procedures

Cells and reagents

Unless otherwise specified, all mutant Dictyostelium strains used
in this study were derived directly from the subclone DH1-10
(Cornillon et al., 2000) of the DH1 strain (Caterina et al., 1994),
referred to here as wild-type for simplicity. The phg1a mutant was
described previously (Cornillon et al., 2000). The nramp1 mutant
and the corresponding AX2 parental strain were a kind gift of Dr
S. Bozzaro (University of Turin, Italy) (Peracino et al., 2006).

A polyclonal antibody recognizing the Kil2 protein was
obtained by immunization of rabbit (Covalab, France) with two
peptides corresponding to sequences in the C-terminal portion of
Kil2: KSKRKLKQKQNSDP and IIAKNTVNERYTSLN. The H161
monoclonal antibody recognizing the p80 endosomal protein and
the monoclonal antibody 70-100-1 recognizing the mitochondrial
porin were described earlier (Troll et al., 1992; Ravanel et al.,
2001).

Bacterial strains were a K. pneumoniae laboratory strain and
isogenic mutants (Benghezal et al., 2006), the isogenic P. aerugi-
nosa strains PT5 and PT531 (rhlR-lasR avirulent mutant)
(Cosson et al., 2002), the P. aeruginosa strain PT894 and the
isogenic DP5 (trpD) and DP28 (pchH) avirulent mutants (Alibaud
et al., 2008), the E. coli strains DH5a (Invitrogen), and B/r
(Gerisch, 1959), non-sporulating B. subtilis 36.1 (Ratner and
Newell, 1978), Micrococcus luteus (Wilczynska and Fisher,
1994), and the avirulent Aeromonas salmonicida JF2397 strain
(Froquet et al., 2007).

Cell culture and mutagenesis

Dictyostelium discoideum cells were grown at 21°C in HL5
medium (Mercanti et al., 2006) and subcultured twice a week to
maintain a density < 106 cells ml-1.

To test the effect of various ions on growth of Dictyostelium,
cells were cultivated in HL5 complemented with increasing con-
centrations of various ions, to attain a concentration at which
growth was slowed down but not fully inhibited (MgCl2: 100 mM,
KCl: 200 mM, NaCl. 150 mM, CaCl2: 80 mM, MnCl2: 15 mM,
CdCl2: 50 mM, NiCl2: 350 mM). Growth curves were obtained in
these conditions by seeding the cells at 10 000 cells ml-1 and
recording their growth over up to 3 weeks.

To isolate killing-deficient mutants, cells were mutagenized
by restriction enzyme-mediated integration of the pSC plasmid
(Cornillon et al., 2000; Guerin and Larochelle, 2002), and trans-
fected cells selected in the presence of blasticidin (10 mg ml-1). A
cell sorter was used to clone single cells into individual wells of
96-wells plates. A Replica Plater for 96 wells plate (Sigma-
Aldrich) was used to transfer 2 ml of each clone to a lawn of
Klebsiella. Overall, 2000 individual clones were tested for their
ability to grow efficiently on Klebsiella and five were unable to.
Mutant cells were expanded and their genomic DNA was
extracted. The inserted pSC plasmid was recovered with the
genomic flanking regions after a ClaI digestion and the insertion
site determined by sequencing (Cornillon et al., 2000). Further
studies were focused on one of these clones (kil2), which was the
only one corresponding to an insertion within a coding sequence.
A new knockout vector was constructed to delete the sequence of
the kil2 gene (Figs 1C and S1). Transfected cells were cloned by
limiting dilution, and screened by PCR (Fig. S1) (Charette and
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Cosson, 2004). Two independent mutant clones were used with
identical results in all experiments presented in this study.

Growth of Dictyostelium on bacteria

Procedures to test growth of various Dictyostelium strains on
bacteria have been described previously (Froquet et al., 2009).
Briefly, bacteria were grown overnight in LB, then 50 ml of the
culture was deposited and dried on 2 ml of SM-Agar (10 g l-1

peptone, 1 g l-1 yeast extract, 2.2 g l-1 KH2PO4, 1 g l-1 K2HPO4,
1 g l-1 MgSO4:7H2O, 10 g l-1 glucose, 20 g l-1 Agar) in one well of
a 24-well plate. When indicated, an antibiotic was added to the
SM-agar (gentamycin 25 mg ml-1) or bacteria were boiled at 95°C
during 4 h before depositing them on SM-Agar. Variable numbers
of wild-type or mutant Dictyostelium amoebae (10 000, 1000, 100
or 10) were deposited on the bacterial lawn, and allowed to grow
at 21°C for 4–5 days, i.e. until individual colonies of wild-type
Dictyostelium became visible.

Intracellular killing of bacteria by Dictyostelium

Phagocytosis and killing of bacteria were assessed as described
previously (Benghezal et al., 2006). Briefly, 1.5 ¥ 104 bacteria
from an overnight liquid culture (in LB for Klebsiella or B. subtilis;
in SM deprived of glucose for P. aeruginosa PT531) were mixed
with 106 Dictyostelium cells in 500 ml of phosphate buffer (2 mM
Na2HPO4, 14.7 mM KH2PO4, pH 6.5) and incubated at 21°C with
shaking. When indicated, salts were added to the phosphate
buffer: MgCl2 (10 mM), CaCl2 (10 mM), NaCl (10 mM), KCl
(10 mM), MnCl2 (10 mM), FeSO4 (10 mM) or ZnCl2 (1 mM) or NiCl2
(0.5 mM). After 0, 1, 2, 4 or 6 h of incubation, a 10 ml aliquot of the
suspension was collected, diluted in 40 ml of ice-cold sucrose
(400 g l-1). Two hundred microlitre phosphate buffer containing
0.5% saponin was added, before plating on a LB-agar plate and
incubating at 37°C. This procedure was previously shown to kill
Dictyostelium cells, without affecting bacterial viability. The bac-
terial colonies were counted 24 h later. When indicated, the
number of viable bacteria associated with Dictyostelium cells
(intracellular fraction) was determined by washing the cells twice
with ice-cold HL5 medium before diluting in sucrose.

In order to visualize live intracellular bacteria, 25 ¥ 106 GFP-
expressing Klebsiella from an overnight culture were mixed with
5 ¥ 105 Dictyostelium cells in 500 ml of HL5 medium. After 60 min
of shaking incubation, cells were allowed to attach on a glass
coverslip for 30 min, fixed and processed for immunofluores-
cence as described previously (Mercanti et al., 2006) using the
H161 monoclonal antibody and an Alexa-546-coupled secondary
antibody to reveal the endosomal p80 marker. Cells were analy-
sed with a LSM510 confocal microscope (Carl Zeiss).

Intracellular replication of Mycobacterium was determined as
described (Hagedorn and Soldati, 2007), Dictyostelium cells
were incubated with M. marinum expressing GFP and the repli-
cation of bacteria was followed during 2 days using a flow cyto-
meter. When cells were analysed by confocal microscopy, they
were fixed and the p80 marker revealed by immunofluorescence.

Purification of phagosomes

Phagosomes containing latex beads were purified as described
(Gotthardt et al., 2006b). Briefly, Dictyostelium cells were incu-

bated with 0.8 mm latex beads during a pulse of 5 or 15 min, then
washed and incubated further for 15 or 45 min. Phagosomes
containing latex beads were purified by flotation on sucrose
gradient. Proteins were then separated in SDS-polyacrylamide
gels, transferred to nitrocellulose, detected with specific anti-
bodies, horseradish-peroxidase-coupled secondary antibodies
(Bio-Rad), and visualized by ECL.

Endosomal and lysosomal pathways

Endosomal pH was measured as described in (Marchetti et al.,
2009), by following at various times after internalization the
fluorescence levels of two internalized dextrans, one coupled to
a pH-sensitive fluorophore (Oregon green), and one to a
pH-insensitive fluorophore (Alexa 647). Lysosomes and post-
lysosomes were detected by co-immunofluorescence with anti-
bodies to H+-ATPase and p80, and their number and size
analysed as previously described (Charette and Cosson, 2007).
Transfer of internalized latex beads from lysosomes to post-
lysosomes was measured as described previously (Charette and
Cosson, 2007) to determine the rates of transfer between these
two compartments. Briefly, Dictyostelium cells were incubated
15 min with FITC-latex beads, washed to eliminate uningested
beads, and then incubated for different times before fixation and
immunofluorescence. The number of beads in lysosomes (H+-
ATPase-positive, p80-positive) and post-lysosomes (H+-ATPase-
negative, p80-positive) was determined, and the fraction present
in post-lysosomes is indicated.

The activity of lysosomal enzymes in cells and in the extracel-
lular medium was measured using a colorimetric assay as
described previously (Froquet et al., 2008).

Kinetic analysis of phagosomal proteolytic activity was per-
formed using a fluorescence plate reader (Synergy Mx, Biotek)
as described (Russell et al., 2009), based on the principle of dye
dequenching induced by proteolysis of the carrier protein. Briefly,
the proteolytic reporter Self-Quenched BODIPY® Dye Conju-
gates of Bovine Serum Albumin (DQ Green BSA, Molecular
Probes) was coupled to 3 mm carboxylate-modified silica par-
ticles (Kisker Biotech). As a reference dye, particles were also
coupled with Alexa Fluor 594-SE (Molecular Probes). Dictyoste-
lium cells were plated as a monolayer in clear bottom black wall
96-well dishes (Costar) and allowed to adhere in phosphate
buffer. The fluorescent beads were added to the cells at a ratio of
1:2 and the plate was centrifuged for 30 s. Non-ingested beads
were removed immediately by washing twice with phosphate
buffer supplemented, when indicated with 10 mM MgCl2. The
emission fluorescence was measured in the same buffer at
490 nm and 450 nm excitation every 90 s over a period of
180 min. The 490/450 nm ratio reflects the bulk proteolytic activ-
ity within the bead-containing phagosomes.
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Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Isolation of kil2 knockout mutants. A. Schematic repre-
sentation of the kil2 gene in wild-type or kil2 cells and of the kil2
knockout vector. Arrows indicate the position of oligonucleotides
used to construct the knockout vector and to identify knockout

mutant cells. B. Sequences of the oligonucleotides and their
position on the kil2 genomic sequence are indicated. C. kil2
knockout mutants were identified by PCR with three different
pairs of oligonucleotides. The PCR fragment observed after
amplification of wild-type genomic DNA with pairs 1 + 4 and 5 + 6
is absent when kil2 mutant cells are tested. In kil2 mutant cells,
a specific PCR amplification is seen with oligonucleotides
1 + BSRa. The results obtained with wild-type cells and three
independent kil2 knockout clones are shown.
Fig. S2. Phylogenetic tree of P-type ATPases in five eukaryotic
organisms. Protein sequences of P-type ATPases from five fully
sequenced eukaryotic genomes were aligned with CLUSTALX
2.0 program. The distance-based phylogenetic tree was gener-
ated using the neighbour-joining algorithm (as implemented in
the PHYLIP package), and bootstrap assessment of the tree
topology was performed with one thousand replicates. The
branch lengths are proportional to the number of amino acid
substitutions per site. Numbers at the nodes represent percent-
age of bootstrap support (only values > 60% are indicated).
Uniprot protein IDs are shown, followed by the organism abbre-
viation: D. discoideum (DI), H. sapiens (HU), A. thaliana (AT), S.
cerevisiae (YST) and S. pombe (SPO). Kil2 clusters with P-type
ATPases from group V (Axelsen and Palmgren, 1998).
Fig. S3. The endosomal pH is very similar in wild-type and kil2
cells. Endosomal pH was measured in wild-type and kil2 mutant
cells following a protocol described previously (Marchetti et al.,
2009). For this, Dictyostelium cells were incubated for 20 min in
the presence of a mixture of dextran coupled to Oregon green-
(OG, pH-sensitive) and to Alexa 647 (A-647, pH-insensitive). The
cells were then washed and incubated further in HL5. The intra-
cellular fluorescence was measured by flow cytometry at each
indicated time. This experiment was repeated three times with
equivalent results. A. The cell-associated fluorescence of both
probes exhibited the same profiles in wild-type and kil2 cells. B.
The fluorescence ratio of the two probes provides an estimate of
the pH of endosomes at various times following endocytosis. The
endosomal pH is virtually identical at all times in wild-type and kil2
mutant cells. C. A calibration curve was obtained in parallel by
incubating cells having endocytosed dextrans in medium at a
defined pH, in the presence of sodium azide and ammonium
chloride. Approximate pH values can be obtained by comparing
the values in B with the calibration curve. These results demon-
strate that in wild-type and kil2 cells, fluid phase is endocytosed,
transferred from acidic lysosomes to less acidic post-lysosomes,
and recycled to the extracellular medium with virtually identical
kinetics. It also indicates that the pH of the various endocytic
compartments is indistinguishable in both cell types.
Fig. S4. The general organization of the endocytic/phagocytic
pathway is not altered in kil2 mutant cells. A. In order to
measure the kinetics of maturation of phagosomes, Dictyostel-
ium cells were incubated with 1 mm latex beads for 15 min,
washed to eliminate non-internalized beads and incubated
further for 15, 45 and 75 min (total incubation time of 30, 60 and
90 min). Cells were then fixed, and p80 and H+-ATPase were
detected by immunofluorescence in order to determine if beads
were present in lysosomes (p80-positive, H+-ATPase-positive) or
post-lysosomes (p80-positive, H+-ATPase-negative). At each
time, 30 internalized beads were analysed, and the percentage
of beads present in post-lysosomes was determined. The
average and SEM of three independent experiments are indi-
cated. In wild-type and in kil2 cells, all internalized beads were
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found initially in lysosomes, then transferred with very similar
kinetics to post-lysosomes. B. Cells were grown for 3 days in
HL5 medium, and recovered by centrifugation. The activity of
two lysosomal enzymes (NAG: N-acetyl b-glucosaminidase;
MAN: a-mannosidase) was determined in cell pellets and in
supernatants. The total activity of lysosomal enzymes (full bars)
was similar in wild-type and kil2 mutant cells. In both cells, only
a small fraction of lysosomal enzymes was released in the
medium (empty bars). Each bar indicates the average and SEM
of three independent experiments.
Fig. S5. Mycobacterium marinum replicates normally in kil2
mutant cells. Dictyostelium cells were infected with wild-type or
mutant (L1D) M. marinum expressing GFP (green). A. At 37 h
post-infection, cells were fixed and p80 revealed by immunofluo-
rescence (white). Mycobacterium replication vacuoles were indis-
tinguishable in wild-type and kil2 cells: several bacteria were
found within p80-positive replication vacuoles (upper panel) from
which they also escaped into the cytosol (lower panel) (scale bar:
5 mm). B. Intracellular replication of M. marinum was measured
by flow cytometry over a period of 2 days. The total amount of
fluorescence (intracellular and extracellular) is indicated. Wild-
type M. marinum replicated with similar kinetics in kil2 and in

wild-type cells. L1D mutant mycobacteria were incapable of rep-
licating in either cell type.
Fig. S6. nramp1 mutant cells kill Klebsiella efficiently. Wild-type
or nramp1 cells were incubated with Klebsiella and the number of
remaining live bacteria was determined at different times by
plating an aliquot on LB plates and counting bacterial colony
forming units, as described in the legend to Fig. 5. Wild-type and
nramp1 mutant cells killed Klebsiella with very similar kinetics.
Table S1. Endocytic compartments are very similar in wild-type
and kil2 cells. Endocytic compartments were analysed by confo-
cal microscopy in wild-type or kil2 cells: endosomal p80 and
H+-ATPase were detected by immunofluorescence in order to
differentiate lysosomes (Ly, p80-positive, H+-ATPase-positive)
and post-lysosomes (PL, p80-positive, H+-ATPase-negative).
Compartments were counted, and their size determined in at
least 20 cells. The average and SEM values in three independent
experiments are indicated.
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