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TABLE 5. L. pneumophila Mak~ mutants defective in intracellular multiplication

) DNA CFU/whole well® CFU/monolayer
Strain oup®
gr T, T,J/T, To/To T, T,J/T, To/T,
JR32 (wild type) 2.5 x 10° 7 412 1.7 x 10° 4 288
2.9 x 10° 8 231 1.6 x 10° 6 200
3.1 x 10° 2 79 2.2 x 10° 2 37
7.7 x 10° 3 117 4.5 x 10° 1 17
25D (icmAl) 1.0 x 10° 0.17 0.33 3.6 x 10? 0.33 0.35
14 x 10° 0.15 0.11 9.3 x 107 0.12 0.06
2.7 x 10* 0.06 0.06 2.3 x 10* 0.05 0.09
7.7 x 10* 0.03 0.06 6.4 x 10* 0.03 0.02
CS140 (thyA) 1.5 x 10° 0.05 <0.0007 9.8 x 10? 0.01 <0.001
2.3 x 10° 0.03 0.009 1.0 x 10° 0.01 <0.001 O
4.6 x 10* 0.006 0.008 3.1 x 10* 0.007 0.005 g
1.1 x 10° 0.002 0.0002 6.9 x 10* 0.0009 0.0001 S
LELA4510 (icmA2) I 6.0 x 102 0.39 0.31 2.8 x 102 0.61 0.46 8
I 1.3 x 10° 0.15 0.06 8.0 x 10* 0.09 0.06 %
LELA3896 (icmB) II 1.1 x 10° 0.11 0.07 5.1 x 10* 0.10 0.12 9;
II 8.4 x 10° 0.02 0.008 2.9 x 10* 0.20 0.17 o
LELA4032 (icmC) I 5.7 x 10* 0.27 0.21 2.5 x 10* 0.28 0.37 3
II1 1.1 x 10° 0.13 0.09 5.3 x 10* 0.12 0.15 g
©
LELA1223 (icmD) v 1.8 x 10* 0.46 0.50 1.3 x 10* 0.53 0.58 =
v 7.9 x 10* 0.07 0.02 2.4 x 10* 0.07 0.04 o
LELA4276 (icmE) v 1.5 x 10* 0.61 0.21 1.1 x 10* 0.75 0.15 8
v 1.8 x 10* 0.53 0.17 1.4 x 10* 0.53 0.11 3
LELAI1012 (icmF) VI 1.5 x 10* 0.05 0.09 1.1 x 10* 0.04 0.03 2
VI 1.9 x 10* 0.06 0.07 1.1 x 10* 0.04 0.03 Q
LELA1650 (icmG) VIl 7.4 x 10? 0.65 0.04 4.9 x 10? 1.43 0.02 g
vl 1.6 x 10° 0.49 0.38 8.7 x 10? 0.48 0.61 wn
(9]
LELA4333 (icmH) VIII 8.5 x 107 1.1 0.54 4.8 x 10? 1.00 0.85 =1
VIII 9.3 x 10? 0.73 0.59 5.9 x 10? 0.71 0.73 ('BD
LELA4432 (icml) IX 1.6 x 10* 0.34 0.55 53 x 10° 1.58 1.70 o
IX 2.6 x 10* 0.38 0.38 1.3 x 10* 0.50 0.72 C_e
“ DNA hybridization groups are based on the location of Tn903dIllacZ (see Table 2). 8
® This value is the sum of the CFU in the infected culture supernatant and the CFU in the HL-60 cell monolayer. -
N
N
represent additional icm loci because they did not appear to of L. pneumophila, 55 had defects in their ability to kill o
multiply within human macrophages. macrophages (Mak™). These defects were quantitated in a g
cytotoxicity assay and found to range from a slight reduction «
DISCUSSION to a total lack in the ability of the bacteria to kill macro- c
phages. The mutants were grouped by the chromosomal site 8
~—+

L. pneumophila is a facultative intracellular pathogen that
subverts many natural host defense mechanisms, enabling it
to cause disease in man. Like Mycobacterium tuberculosis
(1), Mycobacterium microti (35), Chlamydia psittaci (20),
and Toxoplasma gondii (33), L. pneumophila infects human
cells, surviving and multiplying within specialized vacuoles
that do not fuse with host secondary lysosomes (26). To
identify the genes that allow L. pneumophila to effectively
parasitize human macrophages and monocytes, the bacterial
chromosome was mutated with Tn903dIllacZ, a derivative
of Tn903 shown to transpose efficiently and randomly in L.
pneumophila (53). Tn903d1llacZ encodes a selectable Km*
gene and can generate lacZ translational fusions which can
be used to identify transposition events in L. pneumophila.

From 4,536 independently derived Tn903dIllacZ mutants

at which the transposon inserted. Forty-nine of the mutants
could be assigned into 16 DNA hybridization groups on the
basis of which common EcoRI genomic DNA fragment
contained Tn903dIllacZ. Six mutants were not grouped, but
may constitute six additional DNA groups since their trans-
poson-containing EcoRI fragments migrate with different
mobilities in agarose gels (data not shown). Each of the 55
Mak™ mutants most likely contains unique Tn903dIllacZ
mutations since they were all obtained from independent
electroporations.

How many genes are needed for L. pneumophila to kill
macrophages? If the number of DNA hybridization groups
reflects the number of genes needed to kill macrophages,
then it appears that many determinants are needed for L.
pneumophila to parasitize its host. Additionally, it is possi-
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ble that multiple genes needed to kill macrophages are
present on a single EcoRI DNA fragment (>2 kb) that
defines a DNA hybridization group, like dot and icm in group
I. Moreover, the 55 Mak™ mutants may not represent the
total number of loci required to kill macrophages but prob-
ably do represent a significant fraction of the genes specifi-
cally required for intracellular growth rather than growth on
bacteriological media. Nevertheless, some genes may not be
equally represented among the Mak™ mutants. First, L.
pneumophila genes that are “‘cold spots” for Tn903 trans-
position might have been missed. Second, mutations that
inactivate genes which encode functions required for growth
on ABCYE agar would not have been recovered. Third,
genes which encode secreted or membrane proteins may be
underrepresented because some of these hybrid proteins
may confer a growth disadvantage to the bacteria (46). This,
however, should not be a serious concern because only a
subset of these lacZ hybrids would result in this phenotype.
Finally, since few (5%) LacZ~™ Km* Cm® transposon inser-
tion mutants were collected, genes which are expressed only
during macrophage infection may have been overlooked.
This is also unlikely because X-Gal is sensitive enough to
detect basal levels of expression for many genes (41).

The actual number of genes needed to kill macrophages
may be overestimated by the number of DNA hybridization
groups. First, some groups (VI and VIII) have mutants in
which the transposon inserted into small (600 bp or less)
EcoRI DNA fragments. These DNA fragments may be
contiguous with genes already represented by other groups.
Second, many groups (IX through XVI and the ungrouped
members) consist of one mutant that maintains some capac-
ity to kill macrophages. For these mutants, it is not yet
known if the Mak™ mutation is linked to the site of the
transposon insertion.

Salt resistance has been correlated with the conversion of
L. pneumophila to avirulence. Salt-resistant avirulent vari-
ants can arise by repeated passage of L. pneumophila on
presumably nonselective ABCYE medium (8, 40). To deter-
mine the relationship between the inability to kill macro-
phages and the acquisition of salt resistance, it was impor-
tant to start with a virulent strain of L. pneumophila that was
amenable to genetic manipulation and yet retained its sensi-
tivity to salt. The L. pneumophila strain mutagenized in this
study was JR32, a salt-sensitive isolate of the Sm" r~ virulent
strain AMS511 (36).

Almost all of the Mak™ mutants identified were resistant
to salt, similar to mutant 25D. Resistance to salt was caused
by the transposon insertion and not by the repeated passage
of L. pneumophila mutants on ABCYE medium which was
necessary to obtain pure independent isolates. This was
supported by two observations. First, Tn903dIllacZ inser-
tion mutants that were able to kill macrophages (Mak™)
remained salt sensitive. Second, introduction of
Tn903dIllacZ mutations from two Mak™~ strains into JR32
reestablished salt resistance. Transfer of a Tn903dIllacZ
mutation from a salt-sensitive Mak™* strain into JR32 did not
alter its sensitivity to salt. This suggests that the many loci in
L. pneumophila needed to kill macrophages are either
closely linked to genes conferring salt sensitivity or they are
one and the same.

While salt resistance and macrophage killing appear to be
linked, they seem to be phenotypically distinct. Mak™ mu-
tants from DNA hybridization group I could be comple-
mented to Mak™ by the introduction of a plasmid (pAM10)
containing the virulence locus icm. These complemented
mutants remained resistant to salt, demonstrating that salt
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resistance cannot be used as an absolute indicator of aviru-
lence or the inability to kill macrophages. The data also
suggest that genes conferring both salt sensitivity and mac-
rophage killing are distinct traits but are coordinately ex-
pressed. Alternatively, a formal possibility exists that salt
sensitivity and macrophage killing are conferred by one gene
and that group I mutants harboring Tn903dIl/lacZ mutations
are dominant for salt resistance but recessive for macro-
phage killing when pAMI10 is present. This seems unlikely,
however, since transposon insertions in the EcoRI fragment
that defines group I mutants are dispersed (data not shown),
and the probability of obtaining such unique dominant
mutations at nine different locations would seem rare.

That traits for salt sensitivity and macrophage killing are
tightly linked and conferred by many loci may explain two
characteristics of L. pneumophila. First, avirulent deriva-
tives of L. pneumophila are easily obtained after being
passed on suboptimal medium containing NaCl. Salt-resis-
tant mutants of L. pneumophila that were able to grow on
this medium would inevitably contain macrophage Kkilling
defects. Second, virulence conversion of L. pneumophila is
thought to be a one-way phenomenon (8). Catrenich and
Johnson found that avirulent populations of L. pneumophila
isolated from suboptimal medium containing salt never re-
gained their ability to cause disease in guinea pigs (8). These
mutants may have accumulated multiple salt resistance
mutations at dispersed genomic sites, making reversion of
the macrophage killing defects very unlikely.

All of the Mak ™ mutants that have relative LD, values of
>500,000 are resistant to salt, similar to the avirulent mutant
25D. This mutant was shown to be taken up by monocytes
and placed in a phagosomal compartment where it failed to
multiply, yet persisted for hours, up to 24 h postinfection
(29). Because of the similarity between 25D and these Mak ™
mutants, representative mutants (one from each DNA hy-
bridization groups I through IX) were assayed for their
ability to associate with and multiply within human macro-
phages. Compared with the parental strain JR32, this subset
of Mak ™ mutants showed no overall difference in its capacity
to bind to or associate with HL-60 cells. In addition, these
same Mak™ mutants displayed no demonstrable increase in
CFU during infection of HL-60 cells. This contrasts with act
mutants of Listeria monocytogenes, which replicate intrac-
ellularly but fail to form plaques on 1.929 fibroblast cells (14).
Thus, the Mak™ mutants in the 10 DNA hybridization groups
seem to possess an intracellular multiplication (Icm) defect
like mutant 25D, indicating that there are many L. pneumo-
Pphila genes involved in intracellular multiplication.

Mutants that display reduced levels of macrophage killing
(LDsg, <500,000) may affect steps in the infection cycle
other than intracellular multiplication. For example, muta-
tions in mip impair the ability of L. pneumophila to infect
macrophages and yet retain the ability to kill (12). Interest-
ingly, none of the 55 Mak™ mutants contained Tn903d1llacZ
insertions within mip. However, a few Mak™ mutants that
retain some ability to kill macrophages belong to DNA
hybridization groups (I through V) that contain mutants that
are not only unable to kill but are also unable to multiply
within macrophages. These mutants may have partial Mak™
or Icm™ defects and may be useful in assigning function to
the wild-type genes.

Mutants of Salmonella typhimurium that exhibited de-
creased survival in mouse macrophages had easily detect-
able physiological defects such as auxotrophies and in-
creased sensitivity to oxidizing compounds and serum (19).
In contrast, none of the Mak™ mutants exhibited any of
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these characteristics. Their defects, however, may be in the
prevention of phagosome-lysosome fusion, the prevention of
phagosome acidification, or, as has been suggested for the
dot gene (4), organelle recruitment. Alternatively, the mu-
tants may be defective in a metabolic pathway that is
important for intracellular multiplication. Further character-
ization of macrophages infected with the Mak™ mutants
should address these points.

In addition to identifying L. pneumophila genes required
for killing macrophages, the Mak ™ mutants may be useful for
identifying analogous genes in genetically recalcitrant intra-
cellular pathogens like M. tuberculosis, Mycobacterium
leprae, C. psittaci, and T. gondii. Furthermore, it is known
that L. pneumophila infections are acquired from the reser-
voir of bacteria living in association with protozoa. Since the
parasitism of these freshwater organisms by L. pneumophila
parallels the infection of human macrophages in many re-
spects (18), the Mak ™ loci may also be needed to perpetuate
this infectious reservoir.
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