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IhTL3Y, 20024 7 Bt 3EIFHR TRENE
RN DSR2 BGLR & U 7o SRR R
L, R TRBAIEOBEH &1 > 7"

Legionella BEH 1L &0 BRBE T I
CAEBLTWAZ EZEMOEETH LY, —F
T, ENVDIGHIEKPHKER4ERE R ZEORE
RAATEKRD 5 VISR RBEKE EATIRE T
SbEHEICABEEINTVE, :

KEOEFEHNARIL, FBEENFEICEL -
TIThhTOIOBEETH B, L LIEE 5
FIEFRIEFED—DTH B/ NIVRA T 4 — W BA
WESKE) (Pulsed-Field Gel Electrophoresis :
PFGE) %2\ T DNA WiF OikE/ 5 — v % f§
e 5 EMERBOBEUHA 2 DI BRAT
HBEIEDPREINT VS,

% T, L. pneumophila OEEZFN] s BEEIH
HELT, HEBATHBES L L L
pneumophila 1 B DEGRKE KR & BREEHFHIC
DWW, PFGEIC & 0 HREOEBMEIC > W TRET
2{T-7,

MEE L UFHE

1. HEEH

BLEERR S Table 1 IC/RTEEBY, EATH
B Xz EEERE & OBIEHSED L. pneumophila
M7EE 1 B30k A B Wi, £ OWERIRERKRBE
Bk 3# (CL1~CL3), $HEEKIBERSHE (CT
1~CT25), BrEKIBERE THE (BW1I~BWT),
+1EAEERR 3tk (SL1~SL3) &L UKkEREKS
BERE 18k (DW1) Tdh 5,

2. PFGE
PFGE 12 Schwartz © D" ic M L L
—F@&;B@??O f:o

Table 1. Tested strains of L.preumophila serogroup 1.

origin (sign) number of tested strains

clinical materials (CL) 3
cooling tower water (CT) 25
whirlpool bath water (BW) 7
soils (SL) 3
decorative water (DW) 1

total 39

PAER A

1) 7Ha—27oy s 088 HEES
BCYE a R (GBS ik L T37°CT2
RS ER, TR EOEEE 1 ul 74 24—+
TN~ T/ 2B M > T Pett Vi (1M
Tris-HCl, 1MNaCl) 1 ml iz Z#s 4,
McFarland No.0.5ic73 5 & 5 ICHHE L1z, B
AR LTHS PettIVIAHK I ml ICHEEL, 2
%A v —=hrT7Ho—2 (BMA) &EHEE2TOR

0%, 4 v —rENLF (Bio-Rad) 12100 1

FoNE LT, ThE-20TT 5 HMBHIL,
51 4CT I HREIKE L CERLLI, o7

CHuo—xT7my 7 1o = EC Lysis {6 mM

Tris-HCl (pH7.6), 1M NaCl, 0.5M EDTA,

0.2% Deoxycholic acid (Sigma), 0.5% N-
Lauroylsarcosine (Sigma) , 0.5%

Polyoxyethylen(20)cetyl ether (Sigma)} 500
11 £100mg/ml Lysozyme (Amersham Phar-
macia Biotech Inc) 5 pl BXL U 2 mg/ml
Rnase {Ribonuclease A (Sigma)} lul 2% #
FhwA 7 0Fa—TICANTITC, 48[4
YEa~N—hL, BEET-7, TDE, ESP
{1 mg/ml Protinase K (Life technologies),

0.5M  EDTA (pHO.0) , 1 % N-
Lauroylsarcosine (Sigma)} 500ulicl 7o v
7% AN, B0TCI6~24Kfl1 v F 2=+ LT
Wy vy %iT ot RIGH#, Proteinase K %
KEE® D79, TE buffer {I0mM Tris-

HCI(pH7.4)} 1 ml & PMSF {0.1mol / ml
Phenylmethylsulfoyl Fluride (Wako) ,
Isopropanol (Wako)} 13 ul &#W0A 725w 1

oy AN, BET2ERIRE L, F0%,
#7272 TE buffer & PMSF o352 L T 6 B3
B L7, X5iC, 158 Z1C TE buffer % 6 [5]
ABZTT ey 7 DEEiT- 1218, 4°CTH
7L

2) HIFREEEZIC L 5 DNA OJH(L - DNA O
i3 EIPREER Sfi1 (Toyobo) AW, Kk
i3, 10XM buffer 20 41, 2 XME {2-
Mercaptoethano! (Sigma)} 14 u1, DW 114.8
@l ERAFOM buffer icishn L7z SA112.5U %
ENFh=A70Fa—TICANTHEEL,
NICL/2BT7 Aio—Z2 7oy 7% AN, 50CTI6

~

—
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~20BER 4 v & 2 X — b LTiHILE,
E{T -7, ‘

3) BRIk y¥rid 1 %7 7o -5
{Certifide Molecular Biology Agarose (Bio-
Rad)}® B/, DNA iE{b:iT- /7 e —=X
7oy Dl/3BEXRGES VDY = VITHEAL
oo E12, ¥4 X<w—H—& LT, Lambda
DNA ladders (BMA) ZH\ 72,

T EFE 2 CROSSFIELD (ATTO) #{FEW,
kEF buffer 120.5X TBE buffer (1.78M Tris,
1.75M Boric acid, 10mM EDTA) %=HW 7,
XEISRFIE, Buffer BE14°C, EHE180V, /¥
R 4 L3458, FKENFFRI20MFR & L 7o BkE)
®KTH%, BblczFvyvsTdovlr 05upl/
ml) #BOTISHMEEL, TOBREEKTIS
SERELTH»S UV BH T TEEREZIT-
720

3. PFGE /X% — 2 DEHT

BEE®RD 7/ 4 DNA HIFREER TN v 5 — ~
A% v F THOAAKE, By 7 b
(Phoretix #t : 1D Advanced version 5.00) i
L0, HEDs7 5 2y —@EiFEiTV, UPGMA
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# (Unweight pair group method using
arihmetic averages, iiﬁﬁﬁﬁﬁ{f) T b Tk
AR L 720 '

# %

1. L. pneumophila 1#®D PFGE & _
HERFEROKEIBR I Fig.l ICRTEBY, &
T &= #950~850kbp (kilobase pair ; 1 kbpld
1LOOOEEICE L WKEOR S OBA) OfIic
S5AMSISAED N v FDFERIE N, ZHEILKE
g =MD SN, T DHT450~500kbp
DRIC 2 RBD /N v FOERD o ic b D28k
(72%) & -1 ZTOHEKRITIL, HEIEKER
m23%k (92%), HTEKERA I FE (42.9%), *
HHEEERBRSENEN 11 (33.3%)TH -
726 850kbp I 1 KD/ Sy FMEDoNT-H DT
214k (563.8%)H » 71z, TDOHEFKFITIE, HHIE
IKEHEMLTHE (68%), WHEKERD 3tk (42.9
%), L3RR 1HE (33.3%)TdH -7z, 600kbp
1ROy FRBED SN DEF 2K
(53.8%) & »1, TOHRBTIE, HEIEKE
Skps168k (6496, iBHE7KEED 4 ¥ (57.1%),
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Fig.l. PFGE patterns of L. pneumophila serogroup 1 isolates from patients or environmental samples in Tokyo.
~ Lane M, Lambda Ladder DNA standard; lanes 1-25, cooling tower water-derived strains; lanes 26-32, bath water-
derived strains; lanes 33-35, soil-derived strains; lanes 36-38, clinical strains; lane 39, decorative water-derived strain.
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Fig.2. The dendrogram of the PFGE profiles of L.

pneumophila serogroup 1 isolates from patients or
environmental samples in Tokyo.
**CL, clinical strains; CT, cooling tower water-
derived strains; BW, bath water-derived strains; SL,
soil-derived strains; DW, the décorative water-derived
strain.

B E omBE R BB ML RR BREEE RN

TIEEBRS 1 (33.3%) TdH -7z, 350kbp,
450~500kbp ¥ & UF600kbp iT/¥ ¥ FASEEH &1
7o b DOAL4ER (35.9%) H -1, T OHFRRTIE,
SEEIK SR AS 128k (48%), BFE/KESRLs 2 Bk
(28.6%) TH -7z, 300kbpiz/~v FEBH LR
7o14%k (56%) & 750kbpic/Nv FAED SN T
128k (48%) 3T NTHEHBEKERTH - 70
850kbp /Ny M N 48k (BT%) BB
HEKERTH - 2,

2. PFGE&D U 5 X5 — BT

HEEHR O PFGE 8% b & i RFHE 2 1ER L,
UPGMA 7 5 X & —fi##r %217 » oo Fig.2 IT7R
TR, BEEKERTH S CT1E CTUNEE
PETI% L\ bE <, R CT5E CT64367%,
CT2& CT1, CT24MFNFN64% %R L 7275,
fEDER DRI 12 S SIT{ED - 720 HIRBITI,
IEIEIK AR 25 kTR 147k (56%6) & B fE7kEIsR T
R 2 8% (29%) 138 U Bk T O 350

...4__
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B EaR

R=EThH 7o, BERENRE TERFRTREUEDY
20%>Th-1, BEIZHFHOLEIBVT
i, CT16& BWTTI355%, CT5, CTéB LU
SL3T253%, BWI1ECLITIZ50% DEELIE %
RLIICBE D >t T, BHEKERKIZE
—BC T BIEEDED SN, HEIEKE

- RERIE 2RO L

% -

L. pneumophila OEFHIRITIE, MEFHF

EERAVTHET 208—-BNTH B, LaL,

SRR FA U Bici3, BEmkkEBIER
Ktkd DEMEEESLPICT B EHNEETH S
foth, EHREIOZEEHMICERAITE 5 PFGE &
DEBMBEBENFELVBNICHETHZ L 0D
N3, &iT, FESHEERENRME & BRKBR
BEIZ 2T PFGE &% BV THTFEFEHER %
TV, BEBEEZFELTVWAEY,

SE, EES>RBRNTHBEI R L
pneumophila 1 BEOEERS L OBEEHMREMRICD
WT Sl TBERNIEEITV, PFGE B £ b ik
vy — v OBUEERE L, TOBER, HF
BB L £50~850kbp DRJIT 5 Kb 515D /N v

N HSER¥ Sz, Schoonmaker S H3T - 72EAR
Ti3Y, 50~T700kbp DEIFHICZ10A D 515K D /X
Y EERDTED, ESFHEED Y FTREE
DEFEE—F LD, S5 FEED Y FTIES
BlDH53850kbp & T/¥ v FHEED S hiz,

PFGE TOukE) Y % — v L EIBREENA &
& BRIt (Restriction Fragment Length
Polymorphisms, RFLP) &7 5 X ¥ —f@if %
Tofc &0 A, ERRASK, HEIE/KER, BiEK
%, BRI I OKEEKERE ORITE,
RRRE S [E— vy — v iZED ST, FERICEER
P&y — v EIRYG T EHBR OIS 5 o ISET
k@D RFLP T3, 450~500kbp @i

QARD /Ny KHED SN DNk (92%),

350kbp 1T 1 ARD /S v FAEEH S 72 dDOHSITHR
(68%), 600kbp I 1 KD/ N FEEH LN D
DH16HE (64%), 350kbp, 450~500kbp B &
U600kbp 1223 FMBED SN O 128k (48
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9%)d »7e TNSITEDBEIEKERTE, 4
BB SR S - T $350kbp, 450~500kbp DIHE
&600kbp DALBEIC/ NV FHAFED SN A EEHI S
WEEZ ONt, 759 —fBIricBWT, BEH
BIKER T CT1E CTUMBEUET% &S
<, Rz CT5& CT64367%, CT2& CT1, CT24
D64%TH D, 25%kb14kk (56%) LRI H50
SEARL, HEREUHNSVEEZ SN, &
fo, BFEKEREEI2850kbp DAIE IZ/N v FASE
NAEPLEDON D T EMFLMITE -7,
LA L, ERPREESERR & LEEHEbRTIE, HFEL
BB/ Ny FRED LN - T,

PFGEIC & B3kE)/ ¥4 — v ico>W\WT, ELSIZ
L. pneumophila 1 DRI BERKIIHRS & OB
B4 BERR 18R DEF 49K D\ T RFLP f#tF %47
W, KBNS =B EDLDTEHBICEL T L,
FEIRSTBEMR S RIBOBEIROXBITE 5 & 5 SHBE
HJ7X DNA /X4 — VidEED o N -7 T E A
LELTV3BY,

—7, RHSOHE'Y Tid, BENEKEBHE
Koz ZEFNS8E L 7o L. pneumophila 18
DPkEN 7 — v OB AT, E—OREUEH»
SOt L 7cBEMRIER— Yy — v RR LIS, [E
BB U T b REUEE R 5 LikE/ Yy — i
—HKLidhr-t, ThH0Z Ehs, SEEEL
TERIENBE S NIERB I RTEL B, K
AOMBEHLTWB L DI, KBy — v ERE
fELTVWB T ENEZL SNT,

& B

PlEoksic, E—IMEED L. pneumophila
TdH->Td PFGE ikE/¥7 — v 3ZBICES C
EMHIBA LTz, T LA THKE S Y — v hi—
BT 52 ESmERSE—HET, L bEEE
WHEBLTWILEHIRRTZ2DDTH,
EFEVARICRERESERICTAb0EEL SN
7o

AP ISR R A T B E R E R
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Antibiotic Sensitivity of Legionella pneumophi]a_
Strains Isolated from Hot Spring Bath Waters in Japan

Katsunori FURUHATA®*, Motonobu HARA?,
Masafumi FUKUYAMA and Shin-ichi YOSHIDA

'College of Environmental Health, Azabu University
1-17-71, Fuchinobe, Sagamihara, Kanagawa 229-8501, Japan
*School of Veterinary Medicine, Azabu University
1-17-71, Fuchinobe, Sagamihara, Kanagawa 229-8501, Japan
*Faculty of Medical Sciences, Kyushu University
3-1-1, Maidashi, Higashi-ku, Fukuoka, Fukuoka 812-8582, Japan

As a part of an epidemiological study of Legionellosis, 124 strains of Legionella pneumophila
isolated from hot spring bath waters nationwide in 2003 were subjeced to the drug sensitivity
test with 10 drugs using the Etest. The MIC,s of an antituberculous agent, rifampicin, was
0.125 1 g/ml, showing the strongest antimicrobial activity among the test drugs. Levofloxacin
and imipenem showed antimicrobial activity with the MICs, of 0.5 £ g/ml, azithromycin and
sparfloxacin with the MICs, of 1z g/ml, and erythromycin, clarithromycin, and gentamicin
with the MICy, of 2 g/ml. In contrast, the MIC,, values of minocycline and piperacillin were
16 1 g/ml and >256 1 g/ml, respectively. The drug sensitivity of the isolates from hot spring

bath water was slightly lower than those of clinical and soil isolates.
(Accepted 16 February 2004)

Key words . Legionella pneumophila (L Y24 %5 =2 —%7 1+ 5)/Antibiotic sensitivity
(FEFRIB ) /Hot spring bath water (JRRBHEK).
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DT ERBEA, VIF R T BROEEFHRE
O—BELT, DHEOERKICET EEEDLE
BRRAAAE LI, TOFER, L Y4 X 7RERE
JtdtimEs SR, iEE TEESHOR
Rk oSRES NI,

A, S SERKHERIROERIEZ W 23R
FTL, BEERERT - 285 LEEREL
7o

MHE L UFHE

1. WHHEH
2003 F Ic 2ERHORRIKD 57 BEREE L 7o
L. pneumophila 124862\, £ DARIZ L.
pneumophila AR 1 BE1THE, 3 BFL120K, 4%
13%k, DS EF12%k, 6 BF12%k, S EELLER, 9 Bfll
BE, 10Bf16%E, 11F£6 4k, 12BE6 %k 13E 5%
I6EIBRTH » 1o

2. EFIBZMHER

FRIESZ R IC 13 Etest (AB BIODISK,
T A NFEE) &V THMO technical guide i<
W->TiT- 1o MEEFNE<7 054 FRIIEE
& LT erythromycin (EM), clarithromycin
(CAM), azithromycin (AZM), 7 F 544
7 ) YREEZEE LT minocycline (MINO),
Z=a—%/ 0 vyEREFESE L T levofloxacin

MhEbs

imipenem (IPM), 73/ 7)) 2y FREEZE
& LT gentamicin(GM), B LUIEZETH
% rifampicin (RFP) DFH10EHTH 5,

BCYE a REH Rt cHE E= 3 H
MRS ER, EEEH0 20 - CREEEEEKIC
ElES ¢, McFarland No. 1 &% 3 &9 ICHER
PRSI, A BCYEaEBREH (2 V7,
BE&150mm ¥+ — b (Greiner) (260ml 9043
) 1c0.5ml B L TS Etest DR b Y o 7%
B bicEE s, 36CTIHMEEL, X b
Vo TORBICIRS N RBERAEE L1,
MIC OHEFFEBERIETFOERIBEA ) » 7
EDPRELMBEOERYD 2 HEAG L,

& 52

1. BEEEFHICXNTD2ERKERE L. pneu-

mophila ® MIC %

10ZH e X3 2 fE B © MIC 537 % Table
Lic, 7, ZDORESM%E Fig.Licin L,
MIC 3 fic>WT, EM Ti30.25~2ug/ml i
SmL, -2 (&HE) 1 rg/ml, CAM
T30.6~2 pg/mlic/fml, =232 ug/
ml, AZM T30.125~ 2 pg/ml icHf{mlL, E—
7130.5ug/ml, MINO T 2 ~32ug/mlicHh
L, =238 ug/ml, LVFX Ti20.25~ 1
vg/mlicsafml, ©—271305ug/ml, SPFX

(LVFX), sparfloxacin (SPFX), B-57 % & Ti30.125~1 pg/mlicnfil, ©—21305ug
FPLE #E & L T piperacillin  (PIPC) , /ml, GM Ti30.25~4 pg/ml it L, -
Table 1. Sensitivity of L. pneumophila isolated from hot spring bath waters to antimicrobial agents.

Antimicrobial MIC (ug/ml) Total
agents 0.004 0.008 0.016 0.0320.0640.125 0.25 05 1 2 4 8 16 82 64 128 256 >256
Erythromyecin 2 17T 62 43 124
Clarithromyecin 6 40 78 124
Azithromycin 2 17 68 27 10 124
Minocyeline 2 19 55 46 2 124
Levofloxacin 43 75 6 124
Sparfloxacin 1 33 75 15 124
Piperacillin 2 7 8 5 10 14 3 &5 2 6 17 1 7 5 2 18 124
Imipenem 1 9 25 22 16 3 7 12 2 124
Gentamicin 1 11 29 718 5 124
Rifampicin 1 9 102 11 1 124
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Fig.1. Cumulative distribution of MIC for L. preumophila isolated from hot spring bath waters.

2E 2 pwg/ml, RFP Ti20.032~0.5 #g/ml i
AL, ©—27130125upg/ml TH-7, TD
Koz, HELL 72105ER]G 8 EHID L D v —
7 ZRL7ICAHS, IPM ©E30.004~1 pg/mlicsy

L, £—27130016 ug/ml £0.125 v g/ml i
ZIdoh, 2EBEMETH -1, T, PIPC Tt

0.016~>256 ug/ml WKL L, 0bug/
ml, 16ug/mlBLU>206ung/mlicwsPh
KE—IMBEDHONI, TDHH, 2256 ug/ml
DO TS DEWERD 208 (16.1%) & » 720

ik, MEERO MIC HHIc>WT bRETL
2, WTFNOMBEEICB VLT HEEDO N EHE
LThYy, MiEERIICLABEELNEHIIALONE
YRR

2. BEEHICEITBMIC, DHER
KIANC BT B50%MIC E MICs0) £90%
MIC {@ (MICQ o) % Table 2 lzir L 7o ﬁi\ﬁﬁ
BT &DMIC, g 5L, 0EHDOS B
RFP 730.125 pg/ml L HbENLRENERL

Table 2. MICs,, MICys and MIC ranges of 10 antimicrobial agents for L. pneumophila
isolated from hot spring bath waters using the Etest.

MIC (zg/ml)
Antimicrobial agents

range MICs, MICas
Erythromycin 0.25 - 2 1 2
Clarithromyecin 05 — 2 2 2
Azithromycin 0.125 — 2 0.5 1
Minocycline 2 - 32 8 16
Levofloxacin 0.25 - 1 0.5 0.5
Sparfloxacin 0.125 — 1 0.5 1
Piperacillin 0.016 —>256 16 >256
Imipenem 0.004 — 1 0.064 0.5
Gentamicin 0.26 - 4 2 92
Rifampicin 0.032 - 0.5 0.125 0.125

n=124
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fzo URiC, LVFX & IPM #5305 ug/ml, AZM
& SPFX #31 wg/ml, EM, CAM ¥ U GM
B2 ug/ml TH»1zo & BH, MINO 216
wg/ml, PIPCI3>256 ug/ml &EEWEZRL
#zo RFP Ictb~, LVFX & IPM i3 4 f£, AZM
& SPFX (& 815, EM, CAM LU GM 216
Z, RFP &b ZhEhE-TWi, 51T

MINO (212855, PIPC (34,096f5DEMRH - 72,

=z =

Tk, FEICEBLTVWAL U4 2 IEENE
RIGTEKICHIRALTHEEL, Loyt x IEDRK
PREBLTENELOND, FESIEL UL R
SAEICBEY AR O—BE LT, Lalice
E&#M ORI S0 E» SHBRES oL Y
* x5 BREOEABRZIHEZRE LY Thot
SRR O BEHIES M LR RKB RO F A H
NTHBE, MICHHmIEEHMLTWIZd D0,
RRIKERERT, (EWEREIDFED SN, mED
B MICy, TH#RY 2 &, MINO & SPFX
TRZNEFN16ug/ml, 1 pgg/ml OEMEER
L72%, EM, CAM, AZM, LVFX, GM,
RFP TldL N bERKERGOHD 2 &5V
MICEARL7z0 & 50T, IPM Tid 8 EEV0.5
ug/ml THY, PIPC Tld>256 ug/ml TI2UE
Pl DENZED SNz,

/., TIREZERI»SHBRES N L V4
* TBEY LimRIKEFMRD MIC,, 2 9%
&, HEL 72 10FH o> b 7 EHIT MIC EhE
UTdh -, MINO, SPFX, IPM Tidzh
N2 BT o RE=HI BRSO H BT VEERL
AN

—7%, £V, EM, CAM, SPFX it&i5
MICs, 22N Z 0.5 ug/ml, 0.016 ¢ g/ml,
0.063ug/ml EHELTHD, SEOKELD

4455 5165, CAM TIE128fEEZ M ED -
7o LnL, EWBERL 50O MERE A 5 &,
EHH L. pneumophila A OEETH 0, %
1o FIERR DAREERR DS T O Ev T w2 & D
5, SElEBEUE-THHEERLILbDEELS
N7,

BrEER B

LV UF R SIERBEGEO—D2TH B 5, D
BECTEESEYDTHE LRV ETHE,
UL, VWWARXRIBREOZLBB-57 57—
YAEEA LD, filarigiitsgd 22 E0n5,
REICER S N AERIE MIC EBEVZ T TR
72, MR ITHEORIFE b OTRIFNEN 5
W, £ TSI EM, CAM, RFP B
SV =a—F/ 0 ryREHBEREINTVS Y,

Edelstein & Meyer (ZESR B RAR % 0t 5 10 38
FIEEHERE 2T, RFP © MIC #30.025 v g/
ml 250125 pg/ml I m L, BWVESEMEE R
LA C EAMELTVWEY, £72, EM TII=05
ug/ml ® MIC Th -7z, LL, GM ® MIC
13025 ug/ml 226 2 ug/mliTHHLTHD,
B P PEL -1, &5, MINO TiZ 1
pwg/mlp5 8 ug/ml ® MIC 7L, (E0ES
HTH -7,

F 7z, Orrison & O#EY T, BIEMRLE
& ERREREO MIC JIE O#ER, RFP TRl
FILERLL, VT d0.03ug/ml 2250.06 ug
/mlicHH L, BLESEHEEFEDTVE, &
A8, EM TRINLDDPREVESHTHD,
BISHFETIE0.12ug/ml 505 ng/ml, EE
RSB TI130.06 £g/ml 22505 1g/ml EEH
(B ThIhIEENED LN, T, GM T
BEBEREGES 1 vg/ml 25 2 pg/mlicHhf
L, WEREITERED SNEDH - T,

WS B REOEKRBEERKICD W T Etest
AW T MIC AT » 72EETIE, Hicmtit
HOHIREED 5 he, BAEORE EFEMIC<
854 FEPRFPLEVWERZHARLTL
210, T ORHE E A EORRIKEFRED MIC,
T 5 &, GM 2k < 9 FHI T ER B Rk
DFH5 MIC EHME S BRSEUENE» - 72, CAM
TIE32M5, PIPC TIRIELILEOZENA St b3,
Z OO IEFITIZIBRIKEBERIRD 3 2 &0 5 8
EEWEERL, BRKBEREOBRSZMII DS H
B -t CTOXH I, BRKEERRD MIC
DT OFHEERERERIC LN, PRmflic > 7

b LTWAERDED SN,
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B

LEEHOBRRBEKIP S8 sz L
preumophila 124%k iz o\ TEFIKSZ M & #HEt
L& Tn, #HEERIOERD >SS RFP O
MICy,430.125 pg/ml &b ENIIME ER
L, IR, LVFX & IPM 2 4EZED0b5ug/
ml, AZM & SPFX #8EZD 1 ug/ml, EM,
CAM BLU GM MI6fEED 2 ng/ml TH -7,
& T AD, MINO (316 ug/ml, PIPC & >256
pg/ml EEVWEEZRL, ENTNIBZEE LU
4,096, RFP &0% T,

BB, KRG ERISFEEEES B FEHE
Emlie (WEREE  EBREICBITI L YA
* 5 RGeTRIICBAT 55T, No.156222301) DX
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Isolation of Legionella spp. from Potting Soils, and The Growth within Acanthamoeba sp.
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TREZERLICRT AV VA RS BOERREZLET 570010 112 HBHC DWW ToEEz A
7 lh, LIEBO8K) ropah, EELTALERLTWAILAHHL. $£4, INb
DFRMEERTHELEAIT 6 » ARBRTLHR SN, RIAICDI > TEKRT 52 LHHER
T, SRR L preumophila HESETH Y, MBEFITI6F, 15, 3 WIS LEHER
EloHEI Nz, I SHSEERRII VT N D Acanthamoeba P CHREFERIRE TH - 7= L D LRBEMES
BT HLEL LN, T, HEEROFERRZERR T, rifampicin & MICy 25 0.125 ug/mL
R LB S E o 7275, minocycline i3 32 pg/mL, piperacillin ¥ > 256 ug/mL » MIC B35

WEE A ST

Key words : L'V AR FJE, E=Mx, MAEAERELE, AR

T L&

I, HABEICSWTL VYA R SREOR NG
R TOEMBROAPHR O THREIND, K&EX
AR LT - T h. BAYEED TFRV VA3
FEBF LIRS P& FIfTL, HERAFICEL CTaEMICEK
EhEDH TS,

VIARTIEIFRERDOBIIETH L P LV VAR

TREETCITOYNEBRATHT LIT L o TRERRPH

UT5H0DEELZLNTWEY, LichoT, =780V
W IATREN T 5 BTG AL e & O AN TR 72 KIS 5 g
FHELTHEBEINTEY, J0Ek, BEBK EXH
K, PEERNEER, BEKRZEOKEBEELLLVITR
TSRO N TWAY,

LIAT, VIVARSBHITREENETHS LD
N, GLERARCEBELTVWEEDEEZLNTE
7Y, BEOIINETKEEOTENROV VA RTE

VR R F R REERMEDY, PEERHREESTUE

Oy ME RS, SEEHMOLTBICERL TWL I L w#H
ELLY. CH LT EROVIVFIRSEAEELV VA
RGREDERGIRI /B L3 H/ETH AL, EHERLHE
BRIC7: % C L3 T TGN TR, BHAEICEW
THREFPREINTED.

B, BROIREROICH —F 2 T OFATH b SR
DEFALPATHREEIND L1040, BECHHAShT
W5, LdLadsb, T5LEHEEBTAVYARS
BOERBRRRBEEVEEINTEDLT, FHLELS
[

I TEHENL, THREERALICHHTLVIIRTE
DEBEBREZHEO P 5-DI R A, o0t
THEED T A/ SPEMKE & FHESERIC DWW TR
L7z

ML UEE

1. R

200245 AH 5 10 Ao CRIE#M T THAL -
AEEERAL 2P ERICELA. g4, VI
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ZSBPGEEESNIANEIZOFEERICHEL, 3 2
AEREL 6 » ARARICEUSBELYRAT .

2. LA TZRBONESLURE

HERHE 50 g # 200 mL DIV VIZ AN, NI
HEKE 100mL 2 THHIEMNE, 6,00
PYGC 5248 ¢ 30°C, 7 B ZE L TH W 2 Acan-
thamoeba (JAC/E1 #) iR 0.5 mL ¥ L T 36°C
T4AMKEL, VIIXRTBEHELL. VT, 4
BEEEBICTOERL Th o EF I ml 2/ EBREIC
BY, chic 02MHCI-KCl@wm(pH2.2) R REM2
TR, 15 oH#EmMmIE/. Thdy WYOo ZEXEH
(SEBHLE) & GVPCo R ( B AL MBE EHHFERT) I
ZFNEN01lml Fo/ T L TEbemica /S — Vi
TEHL, 36°CT7 BREEL /2. BEE, LA4x
SEEROERTRE T ONE L T, MRERE L
BCYEo KE#H D 2 51T 45 (B LYo
FNCEBHEL, Mg LRI A7 A VERERR Y
fTodz. BT, MBEEREMICIEFEEL T, BCYEw
HEREWIZDAEE LICERICOWTT 5 AREET
VW, 75 ABHORBELHER SN IOR VYIRS
BrHELL. RIZ, S5y 7 ABERIG(0X0ID),
I MIERE RS (T S4B 35 £ U DNA-DNA /N 4
TUEAE =V a v (BRER)IC L VEEOREET-
7z,

3. T A—N\FEEERE

T A—NAEEERRT, SR 29K TAY, B
AROIZE - TEEIN/LT A=/ ERENCEIL L TfT
-7z, bbb, BCYEa BEXREM (BWEMEFHE
P OFEE & o wmh Lct, Thic PYGC B ©
30°C7 HfEIBEE L /- Acanthamoeba %% 3mLIE T L,
HEWEREESEICER L. T0%, 30°C TIEHEBE
L, 7A=RNEeBIPRICTFICAE B, £597%
PYGC 5% thEL 7. JTOBHL(LIT, 7 A—1EX
¥ei) & BCYEo EREEMOME ICHE B+ FMRHIC B L,
30CT7 AMERL L. CHOmEH T —HH
PEEINLBRET A —N\AEEEZHE T 550 L
Brl 7. 610, o —%HRL 8% Acan-
thamoeba W\ L C 18 BB, b AXA
B mITV, TA—SNHTHEBELLCV YRS BRI
L CHifamtmE - FEER L /-, e, Bt bua—ib
WK D BERRTH S L. preumophila Nagasaki 80045
B, BV PR — LIt EETH S L preumo-
phila 25D BB T h T vz,

4, FEHRIBSMEER

FHI R 3R 1T Etest (AB BIODISK, 7 A7l
Y & B TEAT O technical guide (26> T - 7z,

HREEBEFE~ 725 4 FH & L T erythromycin
(EM), clarithromycin (CAM), azithromycin (AZM),
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5 kS A4 273 %RE L T minocycline (MINO), =
2—F /0% E L Tlevofloxacin (LVFX), sparfloxa-
cin (SPFX), f-5 4 & A% & LT piperacillin  (PIPC),
imipenem (IPM), 73 /7 VU3 FFKé& LT gentami-
cin (GM), B LUPEHEHIETH 5 rifampicin (RFP) D
5T 10 FEH & F .

BCYEw ZEXREEM (AMEWESTRA) THEHEE 2
HEITREEE, B % s EEEERE KRR
a4, McFarland No. 1 ¢ 755 X5 KEKRRFAEL /-
O 0.5mlL % BCYEe EXRE# (EF 150 mm 3/
¥ — U (Greiner) iZ 60mL F¥ 25 ®E LS D)IZET
L, aVvs—VETLWHICEERE, Etest DAY v
i FicEE XY, 36C T3 OERE D OREE
L, APV vy 7OEBCER S N/ RERILEHZHBEL
7o MIC OHIEIIFRERBIEFOKKLE ALY v T &
PREELNEOHBRY R BHHEL .

¥ 3

. LA xZBOSEERR

HEEZAEP OV VT XS BOSEERI % L5
CERIICRERLA. &46TH 11288+ 11 526 (9.8%)
DPESMEIN, SEERREVLOOLYIRZSBIIEE
BHCHERLTWA T LAALRLIT -7, AEOf
HACH, REATSOEELD 39 50+ 9 3K
(23.1%) E b %<, WWTHEELSS 13 30k 2 5
(15.4%) CTH-»7. LoL, BEASEORELCER
+ - HkEL BRLE V—FEX =54 PREDL
BYRFIL S LAl SRSz h - 7.

i, R2WCHELVVARSESFHES N 118 %
ERICHEL, 32 AL 6 v ABICBUSERRA
BEE L. 11EBDOS L 7R (63.6%) 7053 »
ARAEI LIV IVARTBRSBEI NS, 4 B
LIdoEES N p 7. SHIC, 6 3 AREBOREE T
33 5 ARSI NARAR L A—D 73 % (63.6%) »»
BLVTFSBHADME N, DEEEYREINC A%
L, 6 x BRSE% CHLAIEICOBESI NI L. preumophila
MiER & A CIMBERASEE S N3RS 3RES - /.

1 BEERLALOL AR ZEOTEEIRR

HEEHR BERH P PEEAER (%)
EEL (REFAE) 39 9(23.1)
EEL (BREHEH) 22 ot o
BALRELEET) 17 o o
=P 14 o 0
BEL 13 2(15.4)
TEXRE 7 o 0

& & 112 11(9.8)
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%2 RBEEALHNALOL AT EORERHSBHCL

featptn ka2 &S
No- 9 o 3INB# 67 A%
L. pneumophila 1 B
) L. pneumophila 6 &
1 L. hila 13
34 L. pneumophila 6 B pneumophila 13 L. preumophila 13 B
L. micdadei
L. pneumophila 6 B L. pneumophila 1 E
. hil
38 L. pneumophila 10 & L. pneumophila 10 B L. pneumophila 6 &
42 L. pneumophila 3 L. pneumophila 6 Bt L. pneumophila 6 &
63 L. jordanis Tt THH
64 L. pneumophila 10 Bf T T
L. pneumophila 1 E L. pneumophila 1 &
70 L. pneumophila 1 B% L. pneumophila 6 B L. pneumophila 4 &
L. pneumophila 12 B L. pneumophila 12 B
73 L. pneumophila 3 B T T
L. pneumnophila 3 Bt
74 L. pneumophila 1 B¥ L. pneumophila 6 B L. pneumophila 6 B
Legionella sp.
87 Legionella sp. T T
L. pneumophila 1
P P {a B L. pneumophila 1 B L. pneumophila 1 &
93 L. pneumophila 3 & ) p
) L. pneumophila 3 B L. bozemanii
Legionella sp.
L. pneumophila 3 B
94 L. pneumophila 6 B L. pneumophila 3 B L. micdader

Legionalla sp.

%3 EERALHLABENLL SRR

DREERE DG (%)
L. pneumophila

mER B 5(17.2)
3 5(17.2)
48 1(3.4)
6 B¥ 6(20.7)
108 2( 6.9
12 8 1(3.4)
135 1(3.4)
L. bozemanii 1(3.4)
L. micdadei 2(6.9)
L. jordanis 1(3.4)
Others 4(13.8)
& & 29( 100)

E IR INIZ LV VA RSB R EDR
TREEAFRLL. BOSEECIEE I N -EEIL L
preumophila T, LED 724% #ED. HHATLM
BN O6HRQTR) ERLE L, RICIFFEIH
RENFNSH17.2%), 1085 286.9%), 4 &,

128, 13BBE L#RBA%) TH 7. L. prneumophila
LIS O Tl L. bozemanii, L. micdadei, L. jordanis 7>
&1 TonEgank.

2. FEEROT A —N\NREREMN

BEEALH»OHBEL 2290V YA xS B, 1
IR LB oy b a—)b ERERICT A —/\SERESH E
THEERHHRL, WBE L THW: BCYEa R EH
FPOEELLAGEIRD N 7. T, Th
5OERIE T & Acanthamoeba DI THERE L /-
bDEEFEZON. TOZERVIAIRTERT AN
ICRHRE R BROE AFXAREI & - THLMENTORF
TEABERICHR S .

3. SDEEROIERIRSM

EERAL»O08L 72 20 %0 10 HEAICN T 5
MIC HfimF 4 IZw L7z, MIC MHI>WT, EM T
{2 0.5~2ug/mL, CAM Tit 1~2ug/mL, AZM Tid
0.25~2 pg/mL, MINO Tt 2~32 ug/mL, LVFX CiZ
0.25~1 ug/mL, SPFX Tt 0.25~4 pug/mL, IPM Tit
0.008~2 pug/mL, GM Tt 0.5~4 ug/mL, RFP T
0.016~0.25 ug/mL iz xhThomLrc. #E LA 10
HHeh 9 BHHB—IEE OV — 7 R L72H, PIPC Tit
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Positive |

1 T A—NEXEICS MR
£ BtEay Fr—l NAGASAKI 80045 kk
ooy ro—) 25D#

F4 BERIBEL A FSEIBKROEREZMN

MIC (ug/mL)
GEREER

& B MICso MiCgg
Erythromycin 0.5-2 1 2
Clarithromycin 1-2 2 2
Azithromycin 0.25-2 1 1
Minocycline 2-32 16 32
Levofloxacin 0.25~1 0.5 0.5
Sparfloxacin 0.25-4 0.5 2
Piperacillin 0.032-> 256 16 > 256
Imipenem 0.008-2 0.125 1
Gentamicin 0.5-4 2 2
Rifampicin 0.016-0.25 0.125 0.125
n=29

0.032~>256 ug/mL FIBIEVWHAKE R L. 2,
HRABHO S B, MINO Tid 16 ug/mL Bl kI 14 ¥
(50%), PIPC Tl >256 ug/mL iz 4 ¥k (14.3%)BH 5
nic.

BHEFNITIHT 5 MICsy & MICg BEARRLAE
BOTHDH. DEERICOWT MICy THETS &, 10
WEAO>E, RFPIZ0.125ug/mL B3 BEH S
¢, LVFX i 0.5ug/mL, AZM & IPM i3 1ug/mL,
EM, CAM, SPFX 5 LU GM i1 2 ug/mL Th -7, &
2 A, MINO i 32 ug/mL, PIPC i3 > 256 ug/mL ©
»o7c. RFP L4 5 &, LVFX & 2%, AZM,
IPM » 3%, EM, CAM, SPFX s LU GM & 4 %,

BRERE: Vol 19 no. 2, 2004

MINO & 8B LU PIPC & L1 EFLEOERB D,
REP [THANTENENG 5 Tionde.

% 2 .

VVARZRBOS L, BEALEEL VYRS
FEOREHE & L CTHEB I N/DiE 1980 I KE THID
TER XN L longbeachae TH AW, T4, KEIC L
LR RIEMMP A —A VT THLHES AT
512, 7T Ruehlemann & Crawford!® 3, +—2Z
k5 )T TR LIEANIC DWW GEROBIC AV B IR
PR O— D TH -7z EHEL T3, BBEICE
WTh, LR UARSWIC Y 5 T L longbeachae O
EfIRHFEIN TS,

SEETROBEFEAL ARV VT RS BOS T
Rl & IhH, £ETI8Y LIEWHEETIH - /-
%, BREOREATSEEALICL VYA RTBBE
BLTCWABIEDBHALREL-T. —F, BEHeF &
FRINTCEREL L LI IFILBEHEINGE D - 7228,
BEAOBBLSHTERE-7<FATHY, FEAD
WAL S P S TRAZV. Koide 5 OFEE SR
Tid, EEET313%, EEHE T 688% » b,
Steele LHA—A S VT THRELLKRTH 73% &
BRIV YARSBEPIGEEIN TR DY, SEOBE
CHNRI~TERESVWIHR TH- 7o, JOETHEH
EIC B A EEEERNOMREIC LS00 L7,

Bl k>, BERFICBEL Tt L. longbeachae
HEEHRINTWAHAE, SEZ 1ELIHEESINT, B
SR L prewmophila T, MIEEHTIT 6, 18, 3
HABHRECSE 2 N7, Koide HOFEE T, L.
bozemanit DT>, L. longbeachae <2 L. micdadel H3ME 5
LTCw71®, Steele B2 A —A S5 U7 OREZR A
O b EYEEC L. longbeachae H5BEL Tk D1, 4
OFMEBE S BRT> e, F—AFS )T Tlda—
HYURY bR ERERMEE L THELRZERL THA
EDD, BELFOT A—Nig ¥ OBEDEIRPE
LR A ENERO—DEE L LN/, E/, 4
(35 BB SR 1T 2672 » T Acanthamoeba % i\~ 7 BB E
BT o/, TN Lo TEEXEEMEDOEF W L. preu-
mophtla MBS LT SN-FTEER .

%7z, Steele HOWEWCIY, BWMTHREL A LE
BT L. dumoffii 13 10 » AHERL Tz, BELL LV
VARSBRSHINCREALYERICKEL, FF
BHCZDBEL 722 25, 6 2 ABABRTIRWLA—DH
EaASEIN, VU RSBREZALFCRIPRARE
WHETH H T L BHEAL /.

REALtHRGEORBESELBE T 570010, Acn-
thamoeba % B\ T BEMR O 7 A — /NI FEEE % A~
7o, VIR BEIMERREFRABYOMBEA TLHE
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FETAREEREDL, COZEPL PRBHOT o7
F=VATHBETELI L EBTS. F LT, 20D
HEPAV VT RIBOREMYZE 22 L TRLEETH
LEEDLNTWBE. &0, ERICEL-BER+H
SJebkid 3T Acanthamoeba 1 CHEFERIRECTH 5 T & B
WRTE, THHRITNURESE2E T2 EEAE
LEZ LR

INOLOEBEOERRBRERE LB LI L 25, rifam-
picin © MICqe 25 0.125 ¢ HE L BEZHU D E 1 - 725, I
RERBEORRZ WS L T2 &, 4 EEMETH -
72. %7z, gentamicin %k < EHEFTIIEREK B 3efk
DMICy £V WThd 1ELLEEEWEEARL, &
HENCEERBEER L D S THAERBA DN, &
7o, BARBEOITEP GHBEL 2V U 258 OIEHR
T L DB T L ARSR S Z—vBabh
7z 75, piperacillin & imipenem TiZ 4 B0 5 5 & F W
MICqy TH - 7.

& B

DI, VOIAXTBRTHROBEZEALICLE
REPOERBLTWAZ BB L. £, =R Tl
BLHET6 2 ARBRLSBEESIN, Efichi-
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thamoeba I CTHMERIRE CH -7 2 bbb, BEMSYH
T EHESINT. I OOEROEFRSZMER T,
minocycline % piperacillin {Z MIC OB Wk 4 Hh
HIED, SHEMEL (ERTZLENRSLLE2ZD
Nz,

ink, ABHIERERK 15 FEE LS ER S B
& (ARREL  AEREICRT 5V VT35 RGBT
ICB8d AB9E, No. 15222301 ORI TiThNn -,
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Fifty strains representing 38 species of the genus Legionelln were examined for biofilm formation on glass,
polystyrene, and polypropylene surfaces in static cultures at 25°C, 37°C, and 42°C. Strains of Legionella
pneumophila, the most common causative agent of Legionnaires’ disease, were found to have the highest ability
to form biofilms among the test strains. The quantity, rate of formation, and adherence stability of L.
preumophila biofilms showed considerable dependence on both temperature and surface material. Glass and
polystyrene surfaces gave between two- to sevenfold-higher yields of biofilms at 37°C or 42°C than at 25°C;
conversely, polypropylene surface had between 2 to 16 times higher yields at 25°C than at 37°C or 42°C. On
glass surfaces, the biofilms were formed faster but attached less stably at 37°C or 42°C than at 25°C. Both
scanning electron microscopy and confocal laser scanning microscopy revealed that biofilms formed at 37°C or
42°C were mycélial mat like and were composed of filamentous cells, while at 25°C, cells were rod shaped.
Planktonic cells outside of biofilms or in shaken liquid cultures were rod shaped. Notably, the filamentous cells
were found to be multinncleate and lacking septa, but a recA null mutant of L. prneumophila was unaffected in
its temperature-regulated filamentation within biofilms. Our data also showed that filamentous cells were able
to rapidly give rise to a large number of short rods in a fresh liquid culture at 37°C. The pessibility of this
biofilm to represent a novel strategy by L. pneumnophila to compete for proliferation among the environmental

microbiota is discussed.

Legionnaires’ disease is a form of pneumonia caused by
bacteria of the genus Legionella, of which Legionella pneumo-
phila is the type species. This infectious disease involves inha-
lation of aerosols of water containing Legionella into the lung.
Within the lung, the bacteria are internalized by alveolar mac-
rophages, replicate within the phagosomes, and eventually lyse
the host macrophages (27). The genus Legionella currently
contains as many as 48 species, and at least 20 species are
known to be pathogenic to humans (22). Despite this, the
general perception is that the species L. pneumophila is the
main causative agent of Legionnaires’ disease, due to the much
higher incidence of the disease reported to be caused by L.
pneumophila than by the other species of the genus (5). One or
more of the following reasons could account for this higher
incidence. First, lack of diagnostic reagents sufficiently discrim-
inative to identify non-L. preumophila species could lead to
inaccurate clinical statistics (22). Second, L. pneumophila may
be inherently more virulent than other species. However, only
a few aspects of its pathogenicity e.g., cytopathogenicity and
intraceliular multiplication, have currently been shown to be
enhanced, compared 1o non-L. pneumophila species (1, 23, 30,
42), providing no strong support for this hypothesis. Third, L.
pneumophila may be easier to transmit than other Legionella
species. However, transmission of L. pneumophila from hu-
mans to humans has not been reported, despite many cases of
outbreaks in the recent few decades. Transmission to humans
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has reportedly occurred only via mechanical means, such as
air-conditioning units, showerheads, and sprinklers (27, 61);
therefore, enhanced human-to-human transmissibility is an un-
likely reason. Fourth and finally, L. pneumophila may have a
higher chance than other Legionella species of coming into
contact with humans. One speculation is that L. prneumophila
has an innate ability to better survive in the water environment,
especially man-made ones. Factors influencing survival of L.
pneumophila have been studied previously (45), but its survival
ability compared to that of other non-L. pneumophila species
has not been explored.

The habitats for the genus Legionella are moist soil and
aquatic environments, and outbreaks of legionellosis are often
assoclated with contamination of man-made aguatic environ-
ments (for a review, see references 3, 22, and 27). Although
Legionella bacteria do exist as free-living planktonic forms in
the environment, they are more commonly found as intracel-
fular parasites of protozoans such as Acanthamoeba spp., Hart-
mannella spp., and Tetrahymena spp. (3, 7) and as inhabitants
of mixed-community biofilms (51, 62). Biofilms are assem-
blages of bacteria encased in extracellular polymeric matrices,
attached to surfaces or phase boundaries. Being able to form
such an adherent, hydrated, and structured community confers
several advantages on bacteria for survival in harsh world, e.g.,
protection from harmful compounds and prevention of desic-
cation (for a review, see references 15 and 18). Legionella has
been studied in the context of mixed-community biofilm ex-
perimental systems (9, 40, 52) or with the purpose of under-
standing the efficacy of biocides or biocidal treatments (26, 64,
65), but its ability to form biofilms per se has not been inves-
tigated.
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The initial motivation for this study was to address the ques-
tion: has L. prneumophila better survival ability in terms of
biofilm formation than other Legionella species? We were par-
ticularly interested in differences that may exist at tempera-
tures such as 37°C and 42°C, often encountered in man-made
environments, e.g., hot spring spas, in contrast to the more
ambient temperature of 25°C. In the course of the investiga-
tion, we found that a novel form of biofilm composed of fila-
mentous cells of L. pneumophila exists, which may represent
another aspect of survival strategy by this organism. Here, we
shall report on these findings.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Legionelln spp. were obtained from
Gifu Type Culture Collection (GTC) (Table 1). Unless otherwise stated, all
strains were grown in buffered yeast extract (BYE) broth (49) at 37°C with
shaking or on buffered yeast extract charcoal agar (BYECA; BYE with 0.2%
activated charcoal and 1.5% Bacto agar) (37) at 37°C for 3 days. Both types of
media were supplemented with 0.4-g/liter of L-cysteine and 0.25-g/liter ferric
pyrophosphate, and the pH was adjusted to 6.9 with 1 M potassium hydroxide.
Kanamycin at 25 pg/mi was added where necessary.

Biofilm formation and quantification. Legionella strains were shaken at 37°C
for 30 h and then diluted 1:10 to give a final optical density at 600 nm of 0.2 to
0.3. For general observation and quantification, biofilms were allowed to form
from 2.2 m] of this diluted culture in round-bottom test tubes (diameter, 12 mm;
height, 75 mm) of glass (Pyrex, Iwaki Glass, Japan), polystyrene (PS) (Falcon;
Becton Dickinson), and polypropylene (PP) (Sarstedt, Germany), statically in-
cubated in water vapor-saturated incubators set at 25°C, 37°C, or 42°C. For
confocal laser scanning microscope (CLSM) observation, biofilms were allowed
to form on Micro glass cover slides of 0.8 mm in thickness (Matsunami Glass Ind.
Ltd., Japan), vertically immersed in the diluted culture in a thin-layer chroma-
tography tank and similarly incubated at the indicated temperatures.

Quantification of biofilms were performed based on a protocol modified from
that of O'Toole et al. (46). Briefly, a one-fifth volume of 0.25% crystal violet
solution was added to the biofilm culture, and the biofilm was stained for 15 min.
The biofilm was rinsed three times with deionized water, and the crystal violet
stain was solubilized in 2 ml of 95% ethanol with shaking and then transferred as
200-pl aliquots (in triplicate) to polystyrene 96-well microtiter plates (Costar;
Corning, Inc.). Absorbance at 600 nm was measured with a Wallac 1420 AR-
VOsx multilabel plate reader (Perkin-Elmer Life Sciences, Japan).

Plasmid construction, genetic manipulation, and rec4 mutant generation. The
plasmid pPZ1 carrying the green fluorescent protein (GFP) gene gfp-mut3®
under the control of the Lacl-repressible P y,04/02 promoter (2) was constructed
by standard recombinant DNA techniques (57). A Notl fragment from pJBA27
carrying P p4/03-gfp-mut3* (2) was inserted into the Notl site of pKM330, an
RSF1010-based broad-host-range vector derived from pVI397 (58), with the
carbenicillin resistance marker replaced by a kanamycin resistance marker (a
kind gift from V. Shingler). To visualize L. pneurnophila directly under CLSM,
pPZ1 was introduced via electroporation into the strain, using a Gene-Pulser
(Bio-Rad Laboratories Pte. Ltd., Japan).

For the generation of the rec4 mutant, the region encoding the L. pnewmophila
recA gene was PCR amplified with primers 5-CCAGATTGCTTACTCATCT
C-3" and 5'-AGTTGTTCAAGCTCTGCAGC-3', ligated into pGEM-Easy Vec-
tor (Promega), and inserted at its internal BamHI site, a 1.7-kb kanamycin
resistance cassette from pUT-miniTn5-Km (14). The interrupted rec4 gene was
then transferred into the Notl site of pLAW344, which harbors the sacB gene
that confers sucrose sensitivity and allows counterselection for homologous re-
combination by double crossover (33). The plasmid was introduced into L.
preumophila JR32 (56) and selected for kanamycin and sucrose resistance, and
the recombinants were confimmed for alielic replacement via PCR and increased
UV sensitivity, as would be expected of a rec4d mutant (17).

Observation using CSLM, scanning electron microscope (SEM}, and trans-
mission electron microscope (TEM). Glass slides with biofilms formed on both
sides by L. pneumophila carrying pPZ1 were cleaned on one side with an alcohol
swab and mounted on ap Eclipse TE2000-U inverted microscope (Nikon) at-
tached to a Radiance 2100 Laser Scanning system (Bio-Rad) to observe the
biofiim attached on the intact side. Images were taken under an argon laser
source with a dichroic mirror (excitation, 488 nm; emission, 515 nm) and pro-
cessed by LaserSharp 2000 (Bio-Rad) software.

For EM observation, biofilms formed on the glass test tubes were transferred

TABLE 1. Legionella strains used in this study

APPL. ENVIRON. MICROBIOL.

Speci . Numerical
pecies Strain designation
(serogroup) (GTC” designation) in Fig, 1
L. pneumophila

L. pneumophila (1) Philadelphia-1 (GTC 9134%) 1

L. pneunophila (1) Knoxville-1 {GTC 9135) 2

L. pneumophila (2) Togus-1 (GTC 9136) 3

L. pneumophila (3) Bloomington-2 (GTC 9137) 4

L. pneumophila (4) Los Angeles-1 (GTC 9246°) 5

L. pneumophila (5) Dalias-1E (GTC 9139) 6

L. pneumophila (6) Chicago-2 (GTC 9138) 7

L. pneumophila (7) Chicago-8 (GTC 10064) 8

L. pneumophila (8) Concord-3 (GTC 10065) 9

L. pneumophila (9) IN-23-G,-C, (GTC 10738) 10
L. pneumophila (10) Leiden-1 (GTC 11369) 11
L. pneumophila (11) 797-PA-H (GTC 11365) 12
L. pneumophila (5) USW (GTC 13567%) 13

Non-L. pneumnophila species

L. bozemanae (1) ATCC33217 (GTC 9140P) 14
L. micdadei (NR¥) ATCC 33218 (GTC 9141%) 15¢
L. gormanii (NR) ATCC 33297 (GTC 9142°) 16/
L. dumoffii (NR) ATCC 33343 (GTC 92442 17
L. longbeachae (1) ATCC 33462 (GTC 9245%) 18/
L. dumoffii (NR) ATCC 33279 (GTC 9247%) 19
L. oakridgensis (NR) ATCC 33761 (GTC 10061°) 20
L. wadsworthii (NR) ATCC 33877 (GTC 10062°) 21
L. feelei (1) ATCC 35072 (GTC 10063°) 22
L. longbeachae (2) ATCC 33484 (GTC 100662 23
L. sainthelensi (1) ATCC 35248 (GTC 10392%) 24
L. bozemanae {2) ATCC 35545 (GTC 107382 25
L. hackeliae (1) ATCC 35250 (GTC 10740%) 26
L. jamesiowniensis (NR) ATCC 35298 (GTC 10741%) 27
L. rubrilucens (NR) ATCC 35304 (GTC 10743%) 28
L. feeleii (2) ATCC 35849 (GTC 107442 29
L. maceachernii (NR) ATCC 35300 (GTC 10745°) 30
L. spiritensis (NR) ATCC 35249 (GTC 11199%) 318
L. israelensis (NR) ATCC 43119 (GTC 11367%) 32
L. hackeliae (2) ATCC 35999 (GTC 113682 33
L. parisiensis (NR) ATCC 35299 (GTC 11745%) 34
L. erythra (NR) ATCC 35303 (GTC 11748%) 358
L. birminghamensis (NR) ATCC 43702 (GTC 11749%) 36
L. anisa (NR) ATCC 35292 (GTC 12075%) 37
L. cincinnatiensis (NR) ATCC 43753 (GTC 12201%) 38
L. quinlivanii (NR) ATCC 43830 (GTC 12648%) 39
L. moravica (NR) ATCC 43877 (GTC 12649%) 408
L. brunensis (NR) ATCC 43878 (GTC 12655%) 41¢
L. tusconensis (NR) ATCC 49180 (GTC 12656) 42
L. jordanis (NR) ATCC 33623 (GTC 12657°) 43
L. adelaidensis (NR) ATCC 49625 (GTC 13562°) 44¢
L. fairfieldensis (NR) ATCC 49588 (GTC 13563) 45
L. gratiana (NR) ATCC 49413 (GTC 13564%) 468
L. lansingensis (NR) ATCC 49751 (GTC 13565%) 47
L. geestiana (NR) ATCC 49504 (GTC 13568°) 48
L. londiniensis (NR) ATCC 49505 (GTC 13635%) 49
L. nautarum (NR) ATCC 49506 (GTC 13636°%) 508
L. worsleiensis (NR) ATCC 49508 (GTC 13638%) 518

“ GTC, Gifu Type Culture Collection, Department of Microbiology, Gifu
University School of Medicine, 1-1 Yanagido, Gifu 501-1194, Japan.

b Type strain.

< ATCC, American Type Culture Collection, 10801 University Blvd., Manas-
sas, VA 20110-2209.

2 NR, not reported.

¢ At 25°C, less-robust growth was observed on BYECA.

7 At 37°C, less-robust growth was observed on BYECA.

& At 42°C, less-robust growth was observed on BYECA.

using a toothpick into glass petri dishes and washed briefly with deionized water.
They were fixed with 2% glutaraldehyde for 2 to 3 h and then additionally with
1% OsO, in the case of TEM observation. Subsequent dehydration was per-
formed step wise using 50%, 70%, 90%, 95%, 99.5%, and 100% ethanol. For
SEM observation, the ethanol was replaced by isoamyl acetate and then liquid
CO,, which was allowed to vaporize gradually. Following this, the samples were
coated with 60% goid-40% palladium alloy powder. For TEM observation,
dehydrated samples were embedded in Epon resin, ultrathin sectioned, and
stained with uranyl acetate, followed by lead citrate. The samples were examined
with or without using a scanning image-observing device attached to a JEOL
JEM 2000EX electron microscope.
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Nucleoid staining of filamentous cells. Filamentous cells from L. pneumophila
biofilms were teased on glass slides to separate the strands and stained according
1o a modified version of HCl-Giemsa staining (50). Briefly, the preparation was
fixed in OsO, vapor for 45 min, treated with 1 M hydrochloric acid at 60°C for
10 min, rinsed, and stained with Giemsa stain for 5 min, followed by phosphate
buffer (pH 6.4) for 5 min. The air-dried preparation was observed under an oil
immexsion lens on a light microscope (Olympus).

Mouitoring distribution of filamentous and rod-shaped cells. Biofilms formed
on glass test tubes or colonies formed on agar were picked by toothpicks and
spread extensively on glass slides for ease of examination of individual cells. For
observation of cells in the medium surrounding biofilms, aliquots of the medium
were taken with care to avoid disturbing the biofilms, centrifuged briefly to
collect the cells in pellets, and then spread on glass slides. Cells from shaken
culture were similarly coliected and spread. Slides with these preparations were
flame fixed, stained with Pfeiffer stain, and observed under oil immersion by a
light microscope. Images in three different fields were processed with the Image-
Pro 3D Suite (Media Cybemetics, Inc.) to quantify the number of pixel units for
images of the filamentous and rod-shaped forms. The percentage of biovolume
of filamentous cells was calculated as 100 X (pixel units for filamentous cells/
pixel units for all celis).

Growth of cells from biofilm and planktonic culture. Biofilms cultured for 4
days in glass test tubes were collected with Pasteur pipettes and rinsed briefly in
sterile deionized water. They were then transferred into a test tube containing 5
ml of AC buffer [4 mM MgSO,, 0.4 mM CaCl,, 3.4 mM sodium citrate, 2.5 mM
Na,HPQ,, 2.5 mM KH,PO,, 20-mg/iiter Fe(NH,),(S0,), - 6H,0, pH 6.5] and
shaken vigorously for 1 h to physically separate the filaments. A microscopic
check of this suspension revealed that 90% of the cells were untangled from each
other. For the “planktonic control,” a 30-h shaken culture in BYE was diluted
1:100 in 5 ml AC buffer and shaken similarly for 1 h. Aliquots (each, 4 ml) of the
biofilm cell-derived and planktonic cell-derived suspensions were then trans-
ferred to conical flasks, each containing 66 ml of fresh BYE broth. Growth was
monitored at 4-h intervals by counting the bacterial CFU on buffered yeast
extract charcoal agar.

RESULTS

Biofilm formation by Legionella spp. To assess the ability of
Legionella spp. to form biofilms, particularly to compare L.
preumophila to non-L. preurmnophila species, we utilized 13
strains of L. pneumophila and 38 strains of other Legionella
spp. (Table 1). This gives a good representation of the genus
Legionella. The experimental system is a static culture in the
BYE broth medium, and three different materials (glass, PS,
and PP) were chosen as surfaces for biofilm growth at three
temperatures (25°C, 37°C, and 42°C). The growth of all test
strains in BYE liquid and agar media at the experimental
temperatures was checked to ensure that any inability to form
a biofilm was not due to nomoptimal growth conditions. A
preliminary experiment, in which biofilm formation was noted
daily by eye over a period of 30 days, indicated that stable
biofilms could be observed from day 11 at 25°C and from day
3 at 37°C or 42°C. The biofilms formed were therefore quan-
tified by crystal violet staining on day 12 for the 25°C cultures
and day 4 for the 37°C and 42°C cultures. The results are
presented in Fig. 1. Statistical analysis of the data indicated
that at 37°C and 42°C on glass and PS (Fig. 1A and B) and at
25°C on PP (Fig. 1C), L. pneumophila strains have significantly
greater biofilm-forming capacity than all other Legionella spp.

Quantity, speed of formation, and adherence stability of L.
pneumophila biofilms. In the above data, the quantity of the
biofilms formed by L. prneumophila strains (Fig. 1, strains 1 to
13) was observed to be influenced by temperature. On glass
and PS surfaces (Fig. 1A and B), biofilms were generally
formed more extensively at the higher temperatures than at
25°C: biofilms at 37°C were two- to sevenfold higher (glass)
and two- to fourfold higher (PS) in yield and at 42°C were

MYCELIAL MAT-LIKE BIOFILM FORMATION BY L. PNEUMOPHILA 1615

three- to fivefold higher (glass) and two- to fivefold higher (PS)
in yield. On PP surfaces, the situation was reversed: at 25°C, 2-
to 7-fold and 3- to 16-fold more biofilms were formed than at
37°C and 42°C, respectively.

The temperature dependence could also be observed in the
speed of formation and the adherence stability of the biofilms
of L. pneumophila strains. In three to five independent exper-
iments looking at biofilm formation by the 13 L. pneumophila
strains in glass test tubes, we documented (i) the number of
days it took for the appearance of stable biofilms, as an indi-
cator of the speed of biofilm formation; and (ii) the day at
which the biofilms were observed to naturally detach from the
walls of the test tubes, as an indicator of the adherence stabil-
ity. Statistical analysis revealed that all L. pneumophila strains
showed similar trends: at 25°C, biofilms were formed more
slowly (12 = 1 days) but remained stably attached throughout
the 30-day period of observation. At 37°C and 42°C, biofilms
were formed faster (3 = 1 days), but adherence stability was
lower (7 = 1 days). Similar trends in the speed of biofilm
formation were observed when biofilms were grown on PS or
PP, but the difference in adherence stability was not as appar-
ent (data not shown).

Thickness and structure of L. pneumophila biofilms. The
temperature dependence may have biological significance re-
lated to possible survival advantages of L. pneumophila in
man-made environments over non-L. pneumophila species. To
look further into this, L. preumophila strain Knoxville-1 was
chosen as a representative of the 13 L. pneumophila strains for
in-depth structural observation. We introduced pPZ1, which
allows constitutive expression of the GFP into Knoxville-1
strain for visualization of its biofilms in the natural hydrated
state by CLSM. The GFP-expressing Knoxville-1 strain showed
biofilm formation properties at the three temperatures, similar
to those of the wild-type Knoxville-1 strain (data not shown),
indicating that the expression of GFP does not observably
affect the gross phenomenon under study.

Biofilms were allowed to form on glass slides immersed in
BYE broth and then observed directly under CLSM on the
indicated days (chosen to arbitrarily represent an early and a
mature stage of biofilm formation) to quantify the thickness
(Table 2). Biofilms at 37°C and 42°C were found to be indeed
thicker than that at 25°C by about twofold. In terms of struc-
tures, biofilms at 25°C (Fig. 2A) possessed features typical of
biofilms reported to date, i.e., pillar- and mushroom-like struc-
tures and what seemed like water channels within (15). Bio-
films at 37°C, however, showed an even and extensive mat of
considerably greater cell density without the commonly ob-
served water channel structures (Fig. 2B).

Morphology of L. pneumophiia cells in biofilms. It was ap-
parent that L. pneumophila biofilms at 37°C did not have the
typical biofilm features (16) shown by most bacteria. At higher
magnifications, cells within biofilm at 25°C showed the normal
morphology of L. preumophila, i.e., they were rod shaped (Fig.
2C). In contrast, the morphology of cells in biofilm at 37°C was
filamentous (Fig. 2D). The meshwork of filaments resembled
the mycelia of fungi; hence, we tentatively refer to it as a
“mycelial mat-like biofilm.” Filamentation of bacterial cells is
sometimes associated with physiological abnormalities such as
mutations or overexpression of certain proteins (8, 13). To
check if the filamentation was an artifact due to gfp overex-
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FIG. 1. Quantification of biofilms (as described in Materials and Methods) formed by Legionella spp. on surfaces of glass (A), polystyrene (B),
and polypropylene (C) at incubation temperatures of 25°C (black bars), 37°C (white bars), and 42°C (gray bars). Strains or species are indicated
as strain numbers and presented in Table 1. Values are presented as a means = standard deviation (SD) of three to six independent experiments.
Statistical analysis was performed using Student’s ¢ test to compare the differences between groups, and P values of <0.05 were considered

statistically significant.
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TABLE 2. Thickness of GFP-expressing L. pneumophila
Knoxville-1 biofilm

Temperature (°C) Day Mean thickness” (wm)
25 9 20463
25 18 423 =109
37 3 375x28
37 6 716 = 4.4
42 3 403 x22
42 6 732 %35

9 Values were obtained as means + SD of six to eight measurements of
thickness. Statistical analysis was performed using Student’s ¢ test to compare the
differences between groups, and P values of <0.03 were considered statistically
significant.

pression, we collected the biofilm formed by the wild-type
Knoxville-1 strain at 37°C and prepared it for observation
under the SEM. The electron micrograph (Fig. 2E) showed a
filamentous meshwork similar to that seen by CSLM, ruling
out the possibility of artifacts. Hence, the morphology of L.
pneumophila cells in the biofilms formed on glass (and likewise
on PS and PP surfaces) (data not shown) appears to be regu-
lated by temperature.

Distribution of rod-shaped and filamentous cells under dif-
ferent growth conditions. The distribution of the morphologi-
cal forms under differing growth conditions was next examined.
We systematically assessed the relative contribution of fila-
mentous cells to the total biovolume (i) within biofilms grown
on glass, (ii) in the surrounding media, (iii) in colonies grown
on agar, and (iv) in shaken cultures. At 25°C (Fig. 3, black
bars), the static culture showed a consistent dominance by
rod-shaped cells, both within the biofilm and outside (i.e., in
the medium), throughout the period of observation. At 37°C
and 42°C (Fig. 3, white and gray bars) the biofilms showed that
close to 90% of the total biovolume consisted of filamentous
cells as early as day 2 and continued to be dominated by the
filamentous form until day 7. Upon detachment from the vessel
walls (day 11 and day 13), these detached biofilms retained
their mycelial characteristics. However, within the surrounding
media of biofilms at 37°C and 42°C, rod-shaped cells were in
the majority. Shaken cultures were predominantly rod shaped;
it should be noted that at 37°C and 42°C, predominance of
rod-shaped cells was maintained even up to day 3. Agar plate
culture, on the other hand, showed a profile for distribution of
forms similar to that observed in biofilms at the three temper-
atures.

Filamentous cells are multinucleate and nonseptate. The
filamentous cells in L. preumophila’s biofilm were stained for
their nucleoids and found to be clearly multinucleate (Fig. 2F).
This indicates that the filamentous form within the biofilm is
one whereby DNA replication has proceeded in the absence of
cell division. Indeed, observation by TEM showed the total
lack of septa within the filamentous cells (Fig. 2G).

Temperature-regulated filamentation in L. pneumophila is
not RecA dependent. The filaments formed as a result of non-
septation, observed with L. preumophila biofilms when cul-
tured at higher temperatures, is reminiscent of the phenotype
of the thermosensitive recA mutants of Escherichia coli. RecA
in E. coli is a regulator involved in the SOS response induced

MYCELIAL MAT-LIKE BIOFILM FORMATION BY L. PNEUMOPHILA 1617

by DNA damage, and an abnormality in this regulator has been
reported to result in filamentation at the elevated temperature
of 40°C (10, 28). This is due to the control of RecA on factors
involved in cell division, e.g., FtsZ (39) and SulA (20), both of

" which require well-regulated expression levels to ensure nor-

mal septation. A RecA homologue in L. pneurnophila has been
found to be able to functionally complement the E. coli coun-
terpart and appears to be similarly regulated (17). The possible
involvement of RecA in temperature-dependent filamentation
by L. pneumophila cells was checked. An insertional null mu-
tant of recA was generated in strain JR32, a L. preumophila
Philadelphia-1 derivative amenable to genetic manipulation
(56) and observed to be able to form biofilms in a manner
similar to that of the wild type, showing temperature-regulated
morphological forms. Thus, the rec4 gene in L. pneumophila
appears not to be responsible for the temperature-regulated
filamentation phenomenon.

Growth of cells from mycelial biofilm. The fact that the
filamentous form of L. pneumophila is multinucleate but non-
septate suggests that, given favorable conditions, the formation
of septa may quickly give rise to more daughter cells than
rod-shaped cells, since multiple DNA replication could be as-
sumed to have already proceeded to completion during the
filamentous state. To test this hypothesis, we mechanically
“unraveled” a mature mycelial biofilm from a 37°C day 4 cul-
ture of Knoxville-1 strain by extensive shaking in a suitable
buffer. We then followed the growth of its cells in fresh BYE
medium shaken at 37°C over 36 h and compared it to that of
the rod-shaped cells, seeded from a 30-h shaken culture (Fig.
4). The assumption is that one filamentous cell before septa-
tion will appear as one CFU. The rod-shaped cell culture
continued in its lag phase until 12 h, but the culture from
mycelial biofilm entered exponential phase by 8 h and mostly
converted to rod-shaped celis. This shortened lag phase was
remarkable, considering that cells from the biofilm were 4 days
old and therefore expected to have an even longer lag phase
than cells from a 30-h-old shaken culture. The growth rate
(gradient at exponential phase) for the mycelial mat-like cul-
ture was not significantly higher than that for the rod-shaped
cell culture during their respective exponential phases. Hence,
the filamentous form of L. preumophila seems to allow the
organism to proliferate particularly rapidly in the initial stage,
more than does the normal rod-shaped form.

DISCUSSION

The ability to form biofilms provide a bacterium with sur-
vival advantages in the environment, e.g., anchorage at a loca-
tion where growth is favorable, protection from desiccation,
and resistance to biocides and detergents (15, 16, 18). Under
the conditions used in this study, the 13 strains of L. preumo-
phila tested showed enhanced biofilm formation compared to
other non-L. pneumophila strains: at 37°C and 42°C on glass
and PS surfaces (Fig. 1A and B) and at 25°C on PP surfaces
(Fig. 1C). To some extent, this may be due to the less-robust
growth of a few non-L. prneumophila strains at specific temper-
atures (Table 1, footnotes e to g) in a medium optimized for
cultivation of L. pneumophila, but these are minor exceptions.
Within the genus Legionella, L. pneumophila is the species
most often associated with human clinical cases (22). One
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FIG. 2. Structure of L. pneumophila biofilms. The L. pneumophila Knoxville-1 strain expressing GFP was observed under CSLM (A to D). x-z
plane projection of 25°C biofilm at day 18 (A) and 37°C biofilm at day 6 (B); x-y plane projection of 25°C biofilm at day § (C) and 37°C biofilm
at day 4 (D). The L. pnemophila Knoxville-1 biofilm at 37°C on day 4 was observed under scanning electron microscope (E), and its filamentous
cell stained with HCl-Giemsa was observed under the light microscope (F). (G) A section of the filamentous cells of L. pneumophila Philadelphia-1
strain was observed under the transmission electron microscope. Bars, 50 wm (A and B), 10 pwm (C and D), 1 pm (E), 5 pm (F), and 1 pm (G).
Images were processed and compiled with Adobe Photoshop 7.0 software.

speculation is that it is better able to survive in man-made formation than other Legionella species supports this specula-
environments than non-L. preumophila species and hence has tion. Since the temperatures 37°C and 42°C are often encoun-
a greater chance of crossing paths with the human population. tered in man-made aquatic environments, €.g., air-condition-
Our finding that L. preumophila is more proficient at biofilm ing cooling towers in the summer and hot spring spas, the
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