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Abstract 

The nonculturable form of Legionella pneumophilu in multiple-nutrient starvation culture was studied. During extended 
starvation, the total direct counts (TDC) of L. pneumophilu did not change significantly, but no colonies were detected on 
day 50. Quantitative PCR detection of L. pneumophila DNA demonstrated that nonculturable cells retained PCR-detectable 
DNA even after starvation for 300 days, and part of the nonculturable population possessed nonspecific esterase activity. 
However, resuscitation trials of nonculturable L. pneumophila on day 100 of starvation recovered no colony-forming units, 
and electrophoresis of nucleic acids extracted from nonculturable cells revealed rRNA subunit (23S, 16s and 5s) 
degradation. When legionellae have lost the ability to multiply, at least some DNA and enzyme functions may be retained 
for prolonged periods. 
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1. Introduction 

The viability of bacteria in the environment is a 
basic concept of microbial ecology. In response to 
nutrient depletion, bacteria change their metabolic 
activity [ 151 and cellular components [6,9] to main- 
tain their viability for extended survival, and in some 
cases, enter a non-growing state and do not multiply. 
The non-growing physiological stage for survival has 
been defined as the dormant state [8] or noncultur- 
able but viable form [16], although the issue of 
non-growing bacteria in the environments may in- 
volve an insufficient knowledge of suitable culture 
techniques [ 191. 
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Legionella species are ubiquitous in microbial 
communities of aquatic environments and are known 
to cause human pneumonia. The legionellae are usu- 
ally detected in artificial and natural aquatic environ- 
ments by fluorescent antibody (FA) staining or poly- 
merase chain reaction (PCR) assay [ 10,201. How- 
ever, it has proven very difficult to isolate legionel- 
lae from environmental waters, even when their cells 
or DNA can be detected, although there are method- 
ological problems in the isolation, such as selective 
medium and pre-treatment by acid or heating which 
suppress the viability [ 14,201. Legionellae are natural 
intracellular parasites of protozoa (amoebae and cili- 
ates) [4,17,21], and outside such host they can only 
grow actively in a special medium. Their free-living 
state in aquatic environments is a survival phase 
lasting until they encounter new host organisms. 
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Legionellae have been reported to assume noncultur- 
able but viable forms in starvation culture and to be 
able to revert to their normal state under suitable 
conditions [5]. If the nonculturable form of legionel- 
lae is really viable, it must be able to multiply in 

protozoa, their natural hosts. 
The aim of this study was to characterize the 

nonculturable form of legionellae subjected to long- 

term starvation. We designed a multiple-nutrient 
starvation culture of Legionella pneumophila to in- 
duce the nonculturable form, and then multiplication 
resuscitation trials were carried out using protozoa to 
examine the viability of starved L. pneumophila. 
The significance of the viability traits of noncultur- 

able cells is discussed in terms of genetic and cyto- 
chemical detection of viable bacteria. 

2. Materials and methods 

2.1. Bacterial strains and culture 

Three Legionella pneumophila strains, an envi- 
ronmental isolate (GIFU 11041), a clinical isolate 

(GIFU 9888) and its avirulent mutant (GIFU 119401, 
were selected from our culture coilection, and cul- 
tured in buffered-charcoal-yeast extract (BCYE) 
medium at 37°C. 

2.2. Multiple-nutrients starr,ation culture 

Bacterial cells in the late log-phase (37°C for 48 
h) on BCYE agar were washed once with phosphate 
buffered saline (PBS), resuspended in PBS at 10’ 
cell ml- ’ , and inoculated at a final density of 10” 
cell ml-’ into 500 ml autoclaved ultra-pure water 
(15 MR cm-‘) in polycarbonate bottles (1000 ml 
volume). and a replicate bottle was prepared in case 
of Fig. 1C to use the nucleic acids extraction. The 
starvation cultures were incubated at 30°C without 
shaking. 

2.3. Bacteriul cell counting 

The numbers of colony-forming units (CFU) on 
BCYE agar plates and the total direct counts (TDC), 
using the fluorochrome DAPI, were determined as 
described previously [20]. The specific fluorescence 
of stained bacterial cells was observed under an 
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Bacterial counts of the multiple-nutrient starvation cultures. 

Arrow indicates the day of resuscitation trials by co-culuture with 

protozoa. GIFU numbers of strains were shown in parentheses of 

legend. TDC = total direct counts (cell ml- ’ ); CFU = colony- 
forming units (CFU ml-’ ); CFDA = nonspecific esterase-positive 

cell counts (cell ml-’ ); PCR = quantitative PCR detection (MPN 

ml-’ ). 

epifluorescent microscope (Nikon Fluophoto, Tokyo), 
and the number of bacterial cells in each sample was 
estimated from the counts of at least 10 microscopic 
fields. 

2.4. Counting qf esterase-actir,e cells using a fluor- 
escent substrate 

A nonspecific esterase substrate, carboxyfluores- 
cein diacetate (CFDA; mixed isomers, Molecular 
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Probes Inc.) was dissolved in acetone to produce a 1 
mg ml-’ solution and stored at -20°C. Bacterial 

samples (I ml) were centrifuged (15,000 rpm for 5 
min), the pellets were resuspended in 0.1 ml Tris 
buffer (0.1 M Tris . HCI, pH 8.0; 1 mM EDTA 2Na, 
pH 8.0). The suspensions were mixed with 10 ~1 
CFDA solution, incubated at 30°C for 90 min, and 
then filtered through prestained polycarbonate filters 
(0.2 pm pore-size, GTBA, Millipore Co.). The bac- 
terial cells which had accumulated fluorescein con- 
verted enzymatically from CFDA (CFDA-positive) 
were observed under an epifluorescence microscope, 
and the number of bacterial cells in each sample was 
calculated from the counts of at least 10 microscopic 

fields. 

2.5. Resuscitation trial of nonculturable L. pneu- 

mophila 

Ciliated protozoa, Tetrahymena pyriformis GL, 
were kindly supplied by the Department of Biochem- 
istry. Gifu University School of Medicine, and cul- 
tured in PY broth (1% proteose peptone and 1% of 
yeast extract). Starved L. pneumophila cells were 
harvested by centrifugation (15,000 rpm, 5 min). and 
approximately 10’ were inoculated into 1 ml l/ 100 
PY broth containing lo3 cells ml-’ T. pyriformis. 
After incubation at 37°C for 6 days, loo-p1 aliquots 
of these co-cultures (ciliate and starved L. pneu- 
mophila) were inoculated onto BCYE agar plates 
and incubated at 37°C for 10 days. 

2.6. Quantitative PCR detection with the MPN pro- 

tocol 

Quantitative PCR was performed using a three- 

tube most-probable number (MPN) method. Serial 
IO-fold dilutions of each sample in 1 ml 10 mM 
Tris . HCI (pH 7.2) containing 1 mM EDTA 2Na 
(pH 8.0) and 0.01% Nonidet P-40 solution were 
prepared and stored at -20°C until analyzed. After 
the tubes were placed in boiling water for 5 min, the 
solutions were supplemented with 100 pg achro- 
mopeptidase and 50 p.g lysozyme (Wako Pure 
Chemical), and placed at 37°C for 30 mm. Each 
sample was digested with 100 p,g ml-’ proteinase K 
at 55°C for 60 min, and portions were subjected to 
PCR detection using specific primers (LEG448A. 5’ 
GAG GGT TGA TAG GTT AAG AGC 3’; and 

LEG854B, 5’ CGG TCA ACT TAT CGC GTT TGC 
T 3’) for the 16s ribosome RNA gene of Legionella 
species [20]. The lower PCR detection limit was 
estimated by analyzing serially diluted log-phase L. 
pneumophila cells and found to be lo”-IO3 cell 
ml-‘. 

2.7. Gel electrophoresis of total nucleic acids ,from 
starved bacteria 

The protoplasting and salt-coprecipitation method 
[ 1,3] was modified to extract the nucleic acids from 
starved L. pneumophila. Bacterial cells (50 to 200 
ml of culture) were harvested by centrifugation 
(15,000 rpm, 10 min), washed with 90% methanol, 
then washed twice with lysis buffer (10 mM Tris . 
HCl; pH 8.0, 1 mM EDTA 2Na; pH 8.0, 1 mM 
sodium citrate, 10 mM NaCl) by centrifugation 
(15,000 rpm, 10 mitt). The pellet was resuspended in 
0.5 ml lysis buffer containing lysozyme (50 kg) and 
achromopeptidase (I 0 pg), incubated at 37°C for 5 
mm, 10 ~1 proteinase K (1 mg/ml) was added and 
the mixture was incubated at 50°C for 30 min. The 
resulting solution was supplemented with 1% sodium 
dodecyl sulfate and 1% diethyl pyrocarbonate 
(DEPC), incubated at 50°C for 5 min. 0.25 ml 
saturated NaCl (0.4 g ml-’ containing 0.2% DEPC) 
was added. The solution was chilled on ice for 10 
min and the tube was centrifuged at 15,000 rpm for 
10 min. The resulting supernatant was transferred to 
a fresh tube, twice its volume of ethanol was added, 
the mixture was kept at - 80°C for 30 min. and 
centrifuged (15,000 rpm, 15 min). The pellet was 
rinsed twice with 70% ethanol. The dried pellet was 
dissolved in TE buffer containing 0.2% DEPC and 
stored at -40°C. Portions of each sample were 
applied to 1% agarose gel containing 2 mg ml-’ 
iodoacetic acid sodium salt (16,054-7; Aldrich 
Chemical Co., Inc.), and electrophoresed in MOPS 
buffer (20 mM MOPS, pH 7.0; 5 mM sodium ac- 
etate; 1 mM EDTA 2Na, pH 8.0) at 5 V cm-’ [ 181. 

3. Results 

Three L. pneumophila (GIFU 9888, 11940 and 
11041) strains in five starvation cultures were exam- 
ined. The changes in the number of colony-forming 
units (CFU), total direct counts (TDC), and cells 
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showing nonspecific esterase activity (CFDA-posi- 
tive) were determined (Fig. I). The three L. pnezc- 
mophda strains showed similar survival patterns af- 
ter short-term starvation (Fig. IA). Their colony 
counts in starvation culture decreased linearly with 
time and no colonies were detected on day 35, 
whereas the TDC showed numbers between IO” and 
lo6 ml-’ throughout the experimental period. In 
extended starvation cultures (Fig. 1 B, C), similar cell 
count changes were observed, except that colonies 
became undetectable on day 50. 

In order to evaluate the biological activity of 
nonculturable cells, we performed a nonspecific es- 
terase assay, instead of measuring the uptake of a 
radiolabeled substrate. The cells containing nonspe- 
cific esterase were found to comprise up to 10% of 
the TDC of L. pneumophilu throughout short-term 
starvation (Fig. IA). During extended starvation, the 
number of CFDA-positive cells decreased further 
after the culturable cells had disappeared, and 1% of 
the TDC still showed enzyme activity on day 200 
(Fig. IB). Although the fluorescence of the cells 
subjected to extended starvation appeared less bright 
than that of log-phase cells, noncultutable L. pneu- 
mophila still possessed some esterase activity. 

The loss of the ability to form colonies and 
maintenance of esterase activity suggested that the 
bacteria were in a nonculturable but viable state, and 
if these populations contained truly viable cells, they 
were expected to revive in host protozoa. In order to 
test this hypothesis. resuscitation trials with co-cul- 
tures of T. pyriformis, one of the natural hosts of 
legionellae [4] were performed. In co-culture, L. 
pneumophila starved for 40 days recovered to colony 
counts of 0.4 MPN ml-’ at day 40 of starvation 
(Fig. ICI, but this sample also contained culturable 
cells that yielded 8 CFU ml-‘. After starvation for 
100 days, the culture only contained nonculturable 
L. pneumophila cells, and their culturability was not 
restored by co-culture with the ciliate, suggesting 
that the majority of these nonculturable cells may not 
be viable with respect to their ability to multiply. 

For further investigation of the nonculturable cells, 
nucleic acids isolated from starvation cultures (Fig. 
lC> were analyzed by gel electrophoresis. As shown 
in Fig. 2, gel electrophoresis demonstrated clear 
separation of the subunits (23S, 16S, 5s) of rRNA 
extracted at the beginning of the starvation period, 

Fig. 2. Electrophoretic image of nucleic acid extracted from 

starved bacteria. Lane I: day I of starvation (sample volume 50 

ml); 2: day 20 (50 ml); 3: day 30 (100 ml): 4: day 40 (100 ml): 5: 

day 9X (200 ml); 6: day 143 (200 ml). Each sample volume in 

parentheses was used to extract the nucleic acids from the starva- 

tion culture of Fig. IC. 

and the chromosomal DNA band was clearly visible 
and compact. On day 30, when the culturable cell 
count had decreased to IO’ CFU ml-‘, the rRNA 
subunits and even the DNA yielded obscure bands, 
and on day 40 ( < 10 CFU ml- ’ 1, the rRNA bands 
were broad and faint. On days 98 and 143, when all 
the cells were nonculturable, the rRNA and chromo- 
somal DNA bands on the gel were indistinguishable. 
The gel images suggested that the majority of non- 
culturable L. pneumophila retained nucleic acids, but 
that they had degraded and were probably nonfunc- 
tional. These results paralleled the findings of the 
resuscitation trials in which the majority of the non- 
culturable cells could not multiply. 

The quality of the DNA was examined by carry- 
ing out quantitative PCR detection (Fig. IB, 0. The 
cell numbers estimated by the MPN-PCR method 
were close to the numbers of CFDA-positive cells 
and the TDC, rather than the CPU counts, whereas 
after extended starvation for over 100 days, the 
MPN-PCR numbers were similar to those of the 
CFDA-positive cells. Therefore, a significant frac- 
tion of the nonculturable cells retained PCR-detecta- 
ble DNA after long-term starvation. 

4. Discussion 

The fate of free-living legionellae in nature is 
affected by physiochemical and biological factors in 
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their ambient environment [lo- 131. In many pub- 
lished studies, however, drastic discrepancies be- 
tween the colony and direct cell counts were found. 
The phenomenon of nonculturable L. pneumophilu 
has been observed in laboratory experiments [5,1 l- 
131, and it was suggested that such nonculturable 
cells could still be viable, because they were able to 
take up radiolabeled substrates, and to recover in 
embryonated eggs. In this study, weak esterase activ- 
ity was detected in the nonculturable cells, but they 
failed to recover their multiplication ability in co-cul- 
ture with T. pyriformis, which suggests that the 
retention of some physiological activity does not 
necessarily reflect viability with respect to the ability 
to multiply. 

The results of PCR detection for legionellae in 
environmental samples in which their colonies were 
not isolated have been reported to correspond with 
those of FA staining [10,20]. As we have shown in 
this paper, nonculturable L. pneumophilu retained 
PCR-detectable DNA during long-term starvation, 
and these pieces of evidence suggest that bacterial 
cellular DNA is a suitable marker for detecting 
specific bacteria in various environments. However, 
the existence of PCR-detectable DNA does not prove 
that bacteria are viable, because nonculturable cells 
demonstrated rRNA degradation and did not recover 
their culturability in co-culture with protozoa. The 
rRNA degradation observed in nonculturable le- 
gionella suggests that their ribosomes were disas- 
sembled and their protein synthetic machinery was 
deficient. PCR-detectable DNA of such cells may 
lead to false positive results when applied to the 
determination of viable bacteria able to multiply in 
response to various stimuli. 

Bej et al. reported that L. pneumophilu cells 
which were killed by the heating or hypochlorite 
biocide treatment, could not be detected by the PCR 
assay [2]. Josephson et al. demonstrated that E. coli 
in pond water samples became PCR-nondetectable as 
their CFU numbers declined, and nonviable E. coli 
killed by boiling retained PCR-detectable DNA in 
buffer solution and culture medium [7]. The different 
processes leading to death may produce different 
PCR detection results. Bacteria are consumed by 
predators and nucleic acids may degrade rapidly 
under natural conditions, whereas multiple-nutrient 
starvation cultures do not contain biological factors 

such as predators and competitors, and this may 
explain why large numbers of nonculturable L. 
pneumophilu cells retained PCR-detectable DNA for 
a prolonged period. Such long survival of DNA 
suggests that cellular DNA may not be degraded 
quickly by self-enzyme activity, and consequently, 
sufficient fragments of DNA sequences may be kept 
intact to be PCR amplified. 

Yu and McFeters [22] determined disinfection 

efficacy of bacterial biofilms, and found differences 
among bacterial cell numbers to be detected by 
colony counts and in situ enumeration methods using 
fluorescent probes and a radioisotope labelling tech- 
nique to evaluate physiological changes. The noncul- 
turable cell counts respectively determined by 
DAPI-staining, PCR amplification, and esterase ac- 
tivity also showed significant differences during ex- 
tended starvation. These suggest that nonculturable 
forms of bacteria may undergo intermediate stages 
during the transition from viability to death. When 
bacteria are exposed to stresses such as nutrient 

starvation or lethal physiochemical factors, the cells 
at first exhibit a nonculturable but viable state. The 
nonculturable cells in this phase may restore the 
ability to multiply after a resuscitation process. In the 
second phase, parts of the cellular components in 
nonculturable cells gradually degrade. The noncul- 
turable cells in this phase may display active 
metabolic responses after administration of nutrients 
but not recuperate to culturable state. In the third 
phase, only durable cellular components such as 
outer membrane. some enzymes, and DNA may 
survive from effects of ambient physiochemical fac- 
tors. The cellular DNAs in a certain fragment size 
are detectable by PCR amplification. and smaller 
fragment DNAs are microscopically visible and de- 
tectable by DAPI staining or other specific methods. 
This hypothetical phase transition may partly eluci- 
date a process of the death in environmental bacteria. 
If those malfunctional and deficient cells are com- 
mon in the bacterial population of environment, we 
should consider their contribution to and ecological 
significance in natural systems, such as the food 
web, biodegradation, gene transformation. and other 
processes. Further studies will be carried out in order 
to address these issues. which may require quantita- 
tive determination of the physiological and cyto- 
chemical condition of individual cells. 
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