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LOCUS ON CHROMOSOME 13 IN MICE
INVOLVED IN CLEARANCE OF
LEGIONELILA PNEUMOPHILA
FROM THE LUNGS

Seiji Kobayashi, Fumiaki Kura, Junko Amemura-Maekawa,
Bin Chang, Naoki Yamamoto, and Haruo Watanabe

75

Legionella pneumophila is a causative agent of
pneumonia in humans. Until now, the mecha-
nisms that control the L. pneumophila infection
in the lungs have not yet been thoroughly as-
sessed. We found that the mouse strain
B10.A/SgSnSIcNiid (B10.A/Niid) was highly
susceptible to intranasal infection by L. pneu-
mophila 80-045 serogroup 1, while the mouse
strain C57BL/10 was resistant to it (Fig. 1).
The purpose of the present study is to identify
the loci responsible for regulating L. pneu-
mophila replication in the lungs, by comparing
susceptible B10.A/Niid with other resistant
inbred strains.

First, the susceptibility of B10.A/Niid mice
might be a general response against the L. pneu-
mophila species. Alternatively, the response could
be strain dependent. Therefore, we tested the
susceptibility to five kinds of laboratory and
clinical strains of L. pneumophila serogroup 1.
‘We observed that B10.A/Niid mice were sus-
ceptible to all the L. pneumophila serogroup 1
strains used in the experiment, whereas the

Seiji Kobayashi, Fumiaki Kura, Junko Amemura-Maekawa, Bin
Chang, and Haruo Watanabe Department of Bacteriology,
National Institute of Infectious Diseases, Toyama 1-23-1,
Shinjuku-~ku, Tokyo, 162-8640, Japan. Naoki Yamamoto
Department of Molecular Virology, Graduate School of Med-
icine, Tokyo Medical and Dental University, Yushima 1-5-45,
Bunkyo-ku, Tokyo, 113-8519, Japan.

C57BL/10 mice were not. In contrast, B10.A/
Niid mice showed similar clearance of the L.
pneumophila Chicago (serogroup 6) and L. boze-
manii WIGA strains that was similar to the
clearance observed in C57BL/10 mice. Thus,
the susceptibility of B10.A/Niid mice could
be partly attributed to their inability to suffi-
ciently clear L. pneumophila serogroup 1 strains.

Second, in order to identify the locus that is
responsible for the susceptibility phenotype on
the major histocompatibility complex (MHC)
region of the H-2" haplotype, we analyzed the
influence of the MHC haplotypes on L. pneu-
mophila infection by using three types of B10.A
intra-MHC-congenic mice, i.e.,, B10.A (2R),
B10.A (3R), and B10.A (5R), as well as the
parental mice, B10.A/SgSn], obtained from the
Jackson laboratory. Surprisingly, L. pneumophila
could not replicate in the lungs of any of these
mice, indicating that the H-2 region might not
be involved in the susceptibility of B10.A/Niid
mice to L. pneumophila and that B10.A/Niid
mice might possess spontaneous defects. Fur-
thermore, a series of mating experiments were
performed to characterize the genetic basis of
the B10.A/Niid susceptibility phenotype.
B10.A/Niid mice were mated with C57BL/10
mice, and the susceptibility of the F; progeny
was assessed. All the (B10.A/Niid X C57BL/10)
F, animals were resistant to L. pneumophila

Legionella:State of the Art 30 Years after Its Recognition
Edited by Nicholas P. Cianciotto et al.
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FIGURE 1 The mouse strain B10.A/Niid is susceptible to pulmonary L. prey-
mophila infection. B10.A/Niid (striped bar) and C57BL/10 strains (white bar) were
infected with 3 X 10* CFU of L. pneumophila 80-045 (serogroup 1) per lung by in-
tranasal infection. Data were mean * standard deviation of 6 to 8 mice. The data
shown are the combined data from two experiments. The asterisk (*) indicates a sig-
nificant difference (P < 0.05) between B10.A/Niid and C57BL/10 strains.

infection in the lungs. The ratio of resistant indi-
viduals to susceptible individuals was 17:18 for
B10.A/Niid X F; and F; X B10.A/Niid back-
cross progeny. Thus, the susceptibility of B10.A/
Niid mice appears to be due to a major reces-
sive gene mutation, although the susceptibility
pattern of the F, progeny showed a somewhat
continuous distribution between the resistant
C57BL/10 and susceptible B10.A/Niid parents.

Third, to identify the responsible locus, we
performed a whole-genome single-point link-
age analysis on 280 (AKR/N X B10.A/Niid)F,
mice using 81 simple sequence-length markers
that are polymorphic for B10.A/Niid and
AKR/N. On the basis of this analysis, an L.
preumophila susceptibility locus with significant
linkage was mapped between D13Die26 and
D13Mit287 (mapped position 54 to 57 cM)
on chromosome 13 (P < 0.00001) (Fig. 2); no
additional significant linkages were observed.
The mapped locus was near the Lgnl locus
that determines the ability of macrophages to

restrict L. prneumophila growth (1, 2). A/J
mouse macrophages are permissive for L. pneu-
mophila growth (Lgn1°).

Last, we compared the replication in
thioglycolate-elicited macrophages obtained
from B10.A/Niid mice and the B10.A/Niid-
Ign1® congenic mouse strain that was con-
structed by introgressively backcrossing (B10.A/
Niid X A/J]) F; mice to B10.A/Niid mice. We
found that thioglycolate-elicited macrophages
from B10.A/Niid mice could restrict L. pneu-
mophila growth, while those from B10.A/
Niid-Lgn 1’ mice could not. This result suggests
that the susceptibility locus in B10.A/Niid
mice is different from Lgn1.

In conclusion, our present study indicates
that B10.A/Niid mice have a genetic defect
that affects L. pneumophila serogroup 1 growth
in the lungs. Furthermore, we also found that
the responsible locus was located near Lgn1
but was phenotypically distinct from it. We
propose to designate this locus as Lgn2.
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FIGURE 2 Schematic representation of chromo-
some 13. Markers shown were used to genotype mice
of the F, cross. Approximate location of the markers
was obtained from the mouse genome database. The
centromere is indicated by a large circle.
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GROWTH OF LEGIONELLA IN
NONSTERILIZED, NATURALLY
CONTAMINATED BATHING WATER
IN A SYSTEM THAT CIRCULATES
THE WATER

Katsuhiko Ohata, Kanji Sugiyama, Mitsuaki Suzuki,
Rieko Shimogawara, Shinji Izumiyama,
Kenji Yagita, and Takuro Endo

102

For a long time in Japan, taking a bath in the
hot springs has been a popular activity. In re-
cent years, many public bathhouses introduced
bathing water circulating systems for extended
use, in which a sand filtration unit was in-
stalled. However, this resulted in several large-
scale outbreaks of legionellosis (1) due to the
microbiologically insufficient maintenance of
the bathing facilities. Occurrence of Legionella
in bathing water circulating systems, appears to
be common and is a serious public health con-
cern in Japan.

We constructed a life-size model plant of a
bathing water circulating system for the simu-
lation experiment. The model plant is com-
posed of a filter (a sand filtration unit filled
with three layers of ceramic sand [about 100
kg], with a linear velocity of 25.5m/h), two
bathtubs (1 m> X 2), an automatic chlorine (in
the form of sodium hypochlorite) injector, a
hair catcher, a circulating pump, a heater, and a
UV light lamp. The water temperature is kept
at about 40°C (104°F) and circulated at about
5 m’/h (Fig. 1).

Katsuhiko  Ohata, Kanji Sugiyama, and Mitsuaki Suzuki
Shizuoka Institute of Environment and Hygiene, Shizuoka-
City, Shizuoka Pref. 420-8637, Japan. Rieko Shimogawara,
Shinji Izumiyama, Kenji Yagita, and Takuro Endo Department
of Parasitology, National Institute of Infectious Disease,
Shinjuku-ku, Tokyo 162-8640, Japan.

These experiments are aimed at monitor-
ing changes in the microbial constituents,
especially a possible occurrence of Legionella in
a bathing water circulating system, and devel-
oping preventive measures and intervention
strategies. Prior to microbial monitoring, a to-
tal of either 16 or 40 volunteers were asked to
take baths for 10 days (experiment 1) or for 14
days (experiment 2), respectively. Chlorine was
added at concentrations ranging from 0.2 to
1.5 mg/liter into the bathing water. After that,
in experiment 1, the chlorine injector was
turned off and the residual chlorine was de-
graded completely with the ultraviolet irradia-
tion.Again, five volunteers took a bath, and the
ultraviolet irradiation was turned off (day 0).
The bathing water was circulated under non-
sterilization (1st to 23rd days) and the circulat-
ing system was sterilized by 10 ppm chlorine
at the end of the experiment (23rd day). In ex-
periment 2, after the residual chlorine was to-
tally degraded with the ultraviolet irradiation,
three volunteers took a bath (0 to 1st days). Af-
ter that, the ultraviolet irradiation was turned
off (2nd day) and the bathing water was circu-
lated under nonsterilization (3rd to 31st days).
After the bathing water was exchanged (31st
day), it was recirculated (31st to 36th days). At
the end of the experiment, the system was
sterilized by 6% H,O, (36th day).

Legionella:State of the Art 30 Years after Its Recognition
Edited by Nicholas P. Cianciotto et al.
©2006 ASM Press, Washington, D.C.

431



432 B OHATA ETAL.

UV_lamp
Water bath Water bath < <
1
' /‘\ A
v Heater

Hair

catcher Circulating Filter

—1 pump

\/

The automatic

chiorine injector

FIGURE 1 A system that circulates bathing water of the model plant. The pointed arrows show the flow of the

circulating water.

In these experiments, from the day when
the chlorine injector was turned off, microbial
monitoring occurred for the number of Le-
gionella, total viable bacterial counts, hetero-
trophic bacteria, and free-living amoebae in
the bathing water. This microbial monitoring
occurred in the water, in the filter, and in other
parts of the model plant, either almost daily or
at certain intervals. GVPC Agar (bioMerieux,
France) was used for detection of Legionella,
Standard Method Agar (Nissui Pharmaceutical,
Tokyo) for total viable bacterial counts, R2A
Agar (Becton Dickinson, USA) for hetero-
trophic bacteria, and Bacto-Agar (Difico, USA),
on which a monolayer of Escherichia coli was de-
posited, for free-living amebae. The KMnO,
consumption test was also applied continuously
to the bathing water in experiment 2.

As a result of experiment 1 (Fig. 2), Le-
gionella was detected in both the bathing water
and the filter water at concentrations of 6.6 X

10° CFU/100 ml on the 3rd day after residual
chlorine disappeared. The number of Legionella
in the bathing water and the filter water in-
creased to 10° CFU/100 ml on the 5th day
and remained 10* to 10° CFU/100 ml
throughout the experiment. A positive bacte-

rial culture was obtained in the bathing water

and the filter water immediately after residual
chlorine disappeared, and the number of total
bacterial counts reached 10° CFU/ml within a
day. Then it decreased gradually to 10° to 10*
CFU/ml at the end of the experiment. The
number of heterotrophic bacteria was almost
the same as the number of total bacterial
counts. Free-living amoebae, known to be the
hosts of Legionella in this environment, were
detected 2 days after residual chlorine disap-
peared. They were calculated to be 12 cells/ml
in the bathing water and 11 cells/ml in the fil-
ter water. On the 3rd day, the number of
amoebae increased to 136 cells/ml and 129

FIGURE 2 The growth of Legionella, etc.in the bathing water (A) and the filter water (B) in experiment 1. For
10 days about 16 volunteers took baths under the system with chlorine control, in which the chlorine injector was
turned off. After that, five volunteers took baths, and the ultraviolet irradiation was turned off (day 0).The bathing
water was circulated under nonsterilization (st to 23rd days). At the end of the experiment (23rd day) the whole
system was sterilized by 10 ppm sodium hypochloride solution. From the day when the chlorine injector was
turned off, there was microbial monitoring for the number of Legionella, total viable bacterial counts, heterotrophic

bacteria, and free-living amoebae.
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cells/ml, followed by a rapid decrease from the
bathing water. They disappeared within 5 days
after that, for unknown reasons. The number
of amoebae in the filter water fluctuated and
amounted to 12 cells/ml at the end of the ex-
periment.

In experiment 2 (Fig. 3), Legionella in the
bathing water and the filter water became de-
tectable from 3 days after stopping ultraviolet ir-
radiation, which was 5 days after residual chlo-
rine disappeared and the number of Legionella
detected in the bathing water and the filter wa-
ter was 1.1 X 10° CFU/100 ml and 2.0 X 10*
CFU/100 ml, respectively. The number of Le-
gionella had increased to 10° CFU/100 ml
within 5 days and was 10° to 10° CFU/100 ml
at the end of the experiment. The total viable
bacterial counts reached 10* to 10° CFU/ml in
5 days after the residual chlorine disappeared.
The number of heterotrophic bacteria was al-
most the same as the number of total bacterial
counts. A large number of Legionella, namely, 1.6
X 107 CFU/g, 3.1 X 10° CFU/g, and 1.8 X
10° CFU/g, was detected from the sand col-
lected from the upper, middle, and lower parts
of the filter, respectively. Similarly, 9.1 X 10°
cells/g, 1.5 X 10° cells/g, and 1.6 x 10° cells/g
of amoebae were detected from the filter. In ad-
dition, it is noteworthy that Legionella was de-
tected from the hair catcher in the model plant
at concentrations around 3.1 X 10* CFU/swab
in experiment 1 and, 1.2 x 10° CFU/swab in
experiment 2. The amount of KMnO, con-

sumption in the bathing water was 2.7 mg/liter
before use and was calculated to be around
10.1 mg/liter after the use by 40 volunteers
under the presence of chlorine residues.

In the present experiments, it was clearly
demonstrated that Legionella occurred in the
bathing water circulating system within a short
period in a sequential manner of microbial
growth. Namely, concentration of organic
matter (dirt) in the bathing water that can be
monitored as the KMnO, consumption value
increased in correlation to the number of
bathers. The deposited dirt allows bacteria to
rapidly undergo multiplication in the bathing
water, which consequently supports the oc-
currence of a large number of host amoebae.
The growth of Legionella is a manifestation of
the extended use of bathing water under inad-
equate hygienic maintenance. It also turned
out that the filter acts as the main hotbed for
Legionella multiplication (2).
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FIGURE 3 The growth of Legionella, etc. in the bathing water (A) and the filter water (B) in experiment 2. For
14 days about 40 volunteers took baths under the system with chlorine control, in which the chlorine injector was
turned off. After that, three volunteers took baths (0 to 1st days) and the ultraviolet irradiation was turned off (2nd
day). The bathing water was circulated under nonsterilization (3rd to 31st days). After bathing water was exchanged
(31st day), it was recirculated (31st to 36th days). At the end of the experiment (36th day) the whole system was
sterilized with 6% H,O,. From the day when the chlorine injector was turned off, there was microbial monitor-
ing for the number of Legionella, total viable bacterial counts, heterotrophic bacteria, and the amount of KMnO,

consumption.
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In most of hot spring baths in Japan, bathing
water is circulated for extended use to con-
serve hot spring water. In recent years, massive
outbreaks of Legionnaires’ disease among hot
spring bath users have been reported in many
districts in Japan (1-3).

Through experiments using a model
bathing facility (consisting of a bathtub (2 m?),
a hair catcher, a circulating pump, a filter (ce-
ramic filtering medium, 100 kg, LV: 25.5
m/h), a water heater (40°C), and pipe), we
could reproduce the growth of Legionella (10°
to 10° CFU/100 ml) naturally under a circu-
lating condition when chlorine was not added
into the water (see chapter 102). Furthermore,
we found that the filtering medium was the
most highly contaminated by Legionella among
the parts of the circulating system. Thus, the
filtering medium itself became a new source
resulting in continuous contamination of
bathing water by Legionella when disinfection
of the filtering medium was inadequate, even
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though the bathing water had been replaced
(see chapter 102).

In the present study, we used a bath model
to investigate the effectiveness of backwashing
the filtering medium using a high concentra-
tion of chlorine for disinfection and growth in-
hibition of Legionella. We then assessed the use-
fulness of this method from the perspective of
hygiene control of circulating bathing water.

The procedure for assessing short-term and
long-term effectiveness of backwashing using
a model bath is as follows.

Short-term effectiveness: After proliferation
of Legionella in the model bath, backwashing
with chlorinated water at concentrations rang-
ing from 5 to 10 mg/liter was performed for 5
min. We called this “the filter refreshment
method.” The water samples and ceramic sand
were collected from the filter unit and ana-
lyzed both for Legionella and for host amoebae.
Bacto-Agar (DIFCO), a monolayer that heat-
inactivated Escherichia coli is deposited on, was
used for isolating amoebae. The effectiveness
of backwashing with tap water (0.2 mg/liter of
chlorine concentration) was also assessed.

Long-term effectiveness: After depositions
of organic substances by bathing in the pres-
ence of chlorine in the model bath, the addi-
tion of chlorine was stopped while the bath
was in use until the chlorine was disappeared.
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Chlorine backwashing by the filter refreshment
method (5 to 10 mg/liter) was performed once
a day for 9 days, and the bathing water and the
water from the filter unit were collected every
day prior to backwashing to determine the
presence of Legionella and amoebae.

SHORT-TERM EFFECTIVENESS OF

THE FILTER REFRESHMENT METHOD
The number of Legionella in the filter water,
measured to be 10> CFU/100 ml at the begin-
ning of the experiment, decreased with the
increase of residual chlorine concentrations
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FIGURE 1 Short-term effectiveness of the filter refreshment method. BFR, before filter refreshment; m, min-

utes; s, seconds.
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(4 mg/liter at the maximum) and became unde-
tectable 4 min after the backwashing (Fig. 1A).
Legionella in the filtering medium was also unde-
tectable (6.0 X 10%/g to 0/g) after being back-
washed for 5 min.The amoebae count could also
be reduced by the backwashing (Fig. 1B). The
amount of dissolved organic materials, repre-
sented by the amount of potassium perman-
ganate consumed, was also reduced over time af-
ter backwashing (Fig. 1A). However, when tap
water (0.2 mg/liter residual chlorine concentra-
tion) was used for backwashing, Legionella was
not disinfected effectively and there were no
marked differences in Legionella counts in the fil-
tering medium before and after backwashing,
These findings demonstrated that backwashing
with chlorinated water at concentrations ranging
from 5 to 10 mg/liter was essential for the re-
moval of Legionella from the filtering medium.

LONG-TERM EFFECTIVENESS OF
THE FILTER REFRESHMENT METHOD

The number of Legionella in both bathing wa-
ter and filter water was maintained at a level
lower than 10 to 70 CFU/100 ml by repeated

backwashing with chlorinated water alone
once a day; the Legionella growth was greatly
inhibited (Fig.2) compared to that under non-
disinfection conditions (see chapter 102).
Amoebic growth could be inhibited to a lim-~
ited level (Fig. 2). On the basis of these results,
daily backwashing by the filter refreshment
method is considered to be effective for
growth inhibition of both Legionella and host
amoebae in circulating bathing water.

Together with daily use of the filter refresh-
ment method, addition of chlorine into the
bathing water to a minimum concentration of
0.2 to 0.4 mg/liter may ensure the supply of
circulating bathing water with increased mi-
crobial safety.

It was also demonstrated that the filter re-
freshment method could prevent the deposi-
tion of organic substances in the filter medium
from the bathers and, thus, reduce the chlorine
smell markedly.

The effectiveness of the filter refreshment
method has been confirmed in practice by
bathhouses serving the public, and the cost has
been proven to be inexpensive.
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FIGURE 2 Long-term effectiveness of the daily filter refreshment method. S, stop chlorination; D,
disappearance of residual chlorine.
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The filter refreshment method has been
incorporated into the Shizuoka Prefectural
Enforcement Ordinances for the Public
Bathhouse Law and Hotel Business Law, both
of which have been enforced since April
2004.
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