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Abstract

The gfp-tagging method and lux-tagging method were compared to select a better method for verifying a viable but
nonculturable (VBNC) state of bacteria in the environment. An environmental isolate of Salmonella typhi was chromo-
somally marked with a gfp gene encoding green fluorescent protein (GFP). The hybrid transposon mini-Tn5 gfp was
transconjugated from E. coli to S. typhi. Using the same method, S. typhi was chromosomally marked with luxAB genes
encoding luciferase. The survival of gfp-tagged S. typhi introduced into groundwater microcosms was examined by
GFP-based plate count, total cell count, and a direct viable count method. In microcosms containing lux-tagged S. typhi,
luminescence-based plate count and the measurement of bioluminescence of each microcosm sample were performed. In
microcosms containing lux-tagged S. typhi, viable but nonculturable cells could not be detected by using luminometry. As no
distinguishable luminescence signals from the background signals were found in samples containing no culturable cells, a
VBNC state of S. typhi could not be verified in lux-based systems. However, comparison between GFP-based direct viable
counts and plate counts was a good method for verifying the VBNC state of S. typhi. Because GFP-based direct viable count
method provided a direct and precise estimation of viable cells of introduced bacteria into natural environments, it can be
used for verifying the VBNC state of bacteria in environmental samples.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction Barcina et al., 1997). It has been reported that some
VBNC pathogens retain the capacity to cause dis-

The existence of a ‘viable but nonculturable’ eases (Grimes and Colwell, 1986; Rahman et al.,
(VBNC) state in Gram-negative bacteria has been 1994; McDougald et al., 1998). The above reports
demonstrated by the intensive studies on the viability are important from a public health point of view
of fecal contamination indicators and pathogenic because VBNC pathogens may be potential etiologic
bacteria (Byrd et al., 1991; Smith et al., 1994; agents. The demonstration of a VBNC state of

pathogenic bacteria in the environment, therefore, is
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of culturable cells, viable cells and total cells. The only an optimal fluorescence filter set in even
VBNC state of bacteria has been elucidated by formalin fixed samples (Eberl et al., 1997; Tombolini
techniques that assess respiration, enzymatic activity, et al., 1997). Because of these characteristics of a
and cellular activity such as various direct viable GFP, direct green fluorescent cell counting by epi-
count (DVC) methods (Kogure et al., 1979; Roszak fluorescence microscopy based on DVC method can
and Colwell, 1987; Barcina et al., 1995). These be applied to counting viable cells in natural environ-
methods, however, can be applied only to popula- ments.
tions released in axenic systems, and not in the In this study, Salmonella typhi was chosen as a
natural environment where mixed bacterial popula- model pathogenic bacterium for the elucidation of
tions exist since these methods cannot discriminate VBNC state by tagging with lux and gfp genes. S.
between introduced cells and other bacteria. Molecu- typhi is an etiologic agent of typhoid fever often
lar marker systems have been used as an alternative detected in sewage, fresh water, estuarine water, and
strategy for tracing microorganisms in the environ- groundwater (Thong et al., 1996). Although the
ment to overcome the above shortcomings (Bale et Salmonella species S. enteritidis (Morinigo et al.,
al., 1987; Winstanley et al., 1989, Leung et al., 1990), S. typhimurium (Joux et al., 1997) and S.
1995). Among the various methods, the prokaryotic salamae (Monfort and Baleux, 1994) enter the
lux genes encoding luciferase have been used as VBNC state under conditions of starvation, entry
markers to examine VBNC state as well as the into the VBNC state of S. typhi, to our knowledge,
survival rate of allochthonous bacteria in the en- has not yet been reported.
vironment (Flemming et al., 1994; Duncan et al., The purposes of this study are to show the
1994; Oliver et al., 1995; Ferguson et al., 1995). superiority of gfp-tagging method over lux-tagging
However, in spite of their proficiency in detecting method for the estimation of VBNC state and to
culturable bacteria in natural environments, tech- verify the VBNC state of S. typhi. In this study, an
niques using luminometry to measure in situ activity environmental isolate of S. typhi was chromosomally
of introduced microorganisms have been thought to marked with a gfp gene only. In addition, the same
have limitations in their ability to estimate viability strain was marked with a luxAB gene only. The
of the cells (Duncan et al., 1994). survival rates of luxAB or gfp-tagged S. typhi were

Recently, a green fluorescent protein (GFP) from tested in groundwater microcosms by using conven-
Aequorea victoria (Chalfie et al., 1994) has been tional culture techniques, luminometry, and a de-
used as a marker for ecological studies (Burlage et veloped GFP-based direct viable count method.
al., 1996; Leff and Leff, 1996, Eberl et al., 1997;
Tresse et al., 1998). GFP is a good marker system
that can be detected easily by conventional antibiotic 2. Materials and methods
resistance, fluorescence colony counting, and direct
fluorescence measured with spectrofluorometry or 2.1. Generation of S. typhi LUX38-75 and S. typhi
epifluorescence microscopy (Valdivia et al., 1996). GFP155
The green fluorescent phenotypes are also detectable
in all growth phases even under starved conditions S. typhi 38-7 was isolated from the NakDong
(Tombolini et al., 1997). The GFP-tagged method River in Korea (Kim et al., 1997). Rifampicin-
has advantages over lux-based systems for directly resistant S. typhi 38-7 was generated by spontaneous
counting introduced allochthonous bacteria. For mutation from the wild type. For the generation of
measuring total cells in environmental samples in- lux-tagged S. typhi 38-7, E. coli S17-1 (lpir) was
cluding lux-tagged cells, it is necessary to use an electroporated with pUTluxAB (mini-Tn5 harboring
exposure greater than 30 min with a nitrogen-cooled plasmid derived from E. coli CC118 (lpir) pUTlux-
CCD in a light-tight box (Silcock et al., 1992). GFP AB; a gift from Timmis (de Lorenzo et al., 1990),
detection, however, does not require addition of and selected on Luria-Bertani (LB) agar sup-

21substrate and long-term exposure with a CCD (Chal- plemented with 15 mg ml tetracycline. S. typhi
R Rfie et al., 1994; Lindow, 1995), and GFP can easily 38-7 luxAB (Rif Tc ) was obtained by mating E.

Rbe detected by epifluorescence microscopy using coli S17-1 (lpir) pUTluxAB (Tc ) with S. typhi 38-7
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R(Rif ) using the filter conjugation method (Herrero 15 min and resuspended. One milliliter portions of
et al., 1990). Exconjugants, chromosomally marked cell suspensions were inoculated into microcosms to

6with luxAB by having the hybrid transposon mini- achieve initial densities of approximately 7 3 10
21 6Tn5 luxAB inserted, were obtained by spreading the cells ml of S. typhi LUX38-75 and 8 3 10 cells

21cell suspension on LB medium supplemented with ml of S. typhi GFP155. All microcosms were
21 2150 mg ml and 15 mg ml of rifampicin and incubated in the dark at 158C and shaken on an

tetracycline, respectively. A clone showing the high- orbital shaker at 50 rpm. Samples were taken on
est relative light unit (RLU), S. typhi LUX38-75, days 0, 1, 3, 6, 9, 12, 16, 20, and 27.
was chosen among the exconjugants and used
throughout the study. 2.3. Culturable cells, total cells, and

For the generation of gfp-tagged S. typhi 38-7, E. bioluminescence in the microcosms containing S.
coli S17-1 (lpir) was electroporated with pUTgfp (a typhi LUX38-75
gift from Eberl (Eberl et al., 1997), and selected on

21LB agar plate supplemented with 50 mg ml The culturability of S. typhi LUX38-75 in the
R Rkanamycin. S. typhi 38-7 gfp (Rif Km ) was microcosms was determined in triplicate by spread

21obtained by mating E. coli S17-1 (lpir) pUTgfp plating on LB agar supplemented with 50 mg ml
R R 21(Km ) with S. typhi 38-7 (Rif ). Exconjugants of rifampicin and 15 mg ml of tetracycline. Plates

chromosomally marked with green fluorescent pro- were incubated for 48 h at 308C. After incubation,
tein cassette, transposon mini-Tn5 gfp, were selected 100 ml of n-decyl aldehyde were added onto the

21on LB medium supplemented with 50 mg ml each plate lid followed by incubation for 30 min at 308C.
of rifampicin and kanamycin. A strongly green The plates were observed directly by using an Eagle
fluorescence-emitting clone, S. typhi GFP155, was EyeE II digital imaging system (Stratagene, La
selected from among 6000 colonies of exconjugants Jolla, CA, USA) in the dark. The luminescent
by illuminating plates on a UV transilluminator. colonies were taken to represent S. typhi LUX38-75.

To determine whether S. typhi LUX38-75 and S. Total cells only in autoclaved samples were mea-
typhi GFP155 maintained antibiotic resistance under sured by acridine orange direct count method
starvation conditions, starved cells maintained in (AODC, Watson et al., 1977). Luminescence was
0.22 mm filtered groundwater for 20 days were measured in 250 ml samples from each microcosm
spread in triplicate onto LB agar without addition of using an Microlumat LB96P luminometer (EG&G
antibiotics and LB agar supplemented with rifam- Berthold, Wildbad, Germany). As the S. typhi
picin and tetracycline (in case of LUX38-75) and LUX38-75 lacks the genes for synthesis of the
rifampicin and kanamycin (in case of GFP155). luciferase substrate, luminescence was measured
After incubation of agar plates for 48 h at 308C, the after incubation for 20 min at room temperature in
colonies were enumerated, and compared. the presence of 0.2% of n-decyl aldehyde. Lumines-

cence measurements were carried out in triplicate for
2.2. Groundwater microcosms each sample, and were expressed as RLU.

To prepare the groundwater microcosms, ground- 2.4. Culturable cells, total cells, and viable cells
water samples were collected from a deep aquifer in the microcosms containing S. typhi GFP155
(depth: 65 m) in the WonJu agricultural area, Korea,
using a suction-lift pump. Five hundred milliliter The culturability of cells in a microcosm was
aliquots of either 0.22 mm filter-sterilized, auto- determined in triplicate by spread plating on LB agar

21claved, or untreated whole groundwater samples, supplemented with 50 mg ml each of rifampicin
were dispensed into 1 l Erlenmeyer flasks in trip- and kanamycin. Plates were incubated for 48 h at
licate. Microcosms without addition of S. typhi 308C, and illuminated at 360 nm on a UV trans-
LUX38-75 and S. typhi GFP155 were used as illuminator. Green fluorescent colonies were enumer-
controls. Overnight cultures of S. typhi LUX38-75 ated and taken to represent S. typhi GFP155. For
and S. typhi GFP155 grown in LB broth at 308C microscopic enumeration, unstained and formalde-
were harvested by centrifugation at 12 000 3 g for hyde-fixed microcosm samples were filtered through
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a Anodisc 0.2 mm-pore size filter (Whatman Interna- cassette, about 300 luxAB-tagged exconjugants were
tional Ltd., Maidstone, England) and mounted with obtained by the mini-Tn5-based filter conjugation
type FF immersion oil. Green fluorescent cells were method. When substrate for luciferase, n-decyl alde-
enumerated with a Zeiss epifluorescent microscope hyde, was added onto the plate lid, luminescence was
and a Zeiss No.9 filter set (excitation: 450–490 nm, observed in 126 exconjugants by the naked eye in a
emission 525 nm) at a magnification of 3 1600. Cell dark room. To select the brightest clone among the
viability was determined by the GFP-based DVC luminescent S. typhi clones, their maximum lumines-
method. Yeast extract (0.025% final concentration) cence was measured by using luminometer and the
and nalidixic acid (0.002% final concentration) were strongest luminescent strain, S.typhi LUX38-75 was
added to the sample. After incubation for 8 h, selected. In the experiment for the incorporation of
bacteria were recovered by filtration on 0.2 mm-pore the Tn5-gfp cassette, the gfp-tagged clones could be
size Anodisc filters. The filters were examined by easily differentiated from other clones by their bright
epifluorescence microscopy as described above. The green fluorescence. The strongest fluorescent clone,
cells were considered viable when they had obtained S. typhi GFP155 was selected from several GFP-
a length at least 2.5 times the average length of expressing mutants by the naked eye and measuring
control cells. Control cells were cells from the same direct fluorescence of cells using spectrofluorometry.
water sample that had not been subjected to the DVC The colony shape and size of LUX38-75 and
procedure. Direct fluorescence of subsamples was GFP155 did not differ significantly from the wild
measured by the SLM Aminco 48 000ES Spec- type and the m , as evaluated from the slope ofmax

trofluorometer (SLM instruments, Urbana, IL, USA). exponential phase of growth, was nearly the same as
The fluorescence intensities were measured at 395 that of the wild type (data not shown). The con-
nm excitation wavelength and 509 nm emission centrations of S. typhi LUX38-75 and GFP155
wavelength. starved in 0.22 mm filtered groundwater for 20 days

2 21were determined to be 5.36310 CFU ml and
2 212.5. Calculation of cell decline rates and 7.76310 CFU ml on LB agar supplemented with

2 21statistical analysis. appropriate antibiotics and 5.51310 CFU ml and
2 217.85310 CFU ml on LB agar without addition of

Slopes for total, viable, and culturable cells with antibiotics, respectively. As there were no significant
each treatment were calculated [C 5 C 3 exp(l[t 2 differences between the plate counts on LB withoutt 0

t ])] where l is decline rate of cell count, C is cell the addition of antibiotics and those on LB sup-0 t

concentration at time t, C is cell concentration at plemented with antibiotics (all, p.0.4, ANOVA), it0

time 0) by linear regression analysis (EXCEL, ver was demonstrated that S. typhi LUX38-75 and
7.0) at the 5% level of significance over time. The GFP155 maintained antibiotic resistance even under
slopes, which measured the average decline in each starvation conditions.
of the response variable, were analyzed by one-way
analysis of variance (SAS system, release ver 6.08) 3.2. Survival of lux-marked S. typhi LUX38-75 in
at the 5% level of significance. groundwater

Microcosm experiments were performed to evalu-
3. Results ate the survival rates of S. typhi LUX38-75 in

groundwater. Measurements of culturable cells by
3.1. Generation of chromosomally lux or gfp- luminescence-based plate counting and the estima-
tagged S. typhi tion of direct luminescence in each sample were

performed. There were no differences between the
Both the pUTluxAB and pUTgfp vectors were CFUs counted under visible light and the lumines-

used for incorporation of the Tn5-luxAB and Tn5-gfp cent colonies counted in the dark after the addition of
cassettes into the chromosome of S. typhi 38-7. In n-decyl aldehyde. Therefore, CFUs on LB plates
the experiment for the incorporation of Tn5-luxAB amended with rifampicin and tetracycline could be
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regarded as S. typhi LUX38-75. However, in the plate counts in untreated whole groundwater samples
21survival experiments, only luminescent bacteria in (20.73 d ) was significantly ( p,0.01, ANOVA)

dark condition were counted as S. typhi LUX38-75 steeper than in 0.22 mm filtered groundwater (20.40
21in all microcosms in order to minimize false positive d ) and autoclaved groundwater samples (20.35
21S. typhi LUX38-75. d ). Acridine orange direct counts in the autoclaved

The survival curves and the decline rates of S. samples remained nearly constant throughout the
typhi LUX38-75 in groundwater microcosms are 20-day period, and slightly declined after 20-day
represented in Fig. 1 and Table 1. The slope of log period. The slope of log total counts in autoclaved

21samples (20.07 d ) was significantly ( p,0.001,
ANOVA) gentler than those of culturable cells in all
microcosms. No luminescent cells were detected in
the control samples (microcosms without S. typhi
LUX38-75).

When luminescence produced by metabolically
active S. typhi LUX38-75 was measured in micro-
cosms, RLU decreased similar to the pattern ob-
served with the plate counts until RLU fell to
background signals (Fig. 1). Bioluminescence sig-
nals were nearly at background levels when the
number of culturable cells were approximately below
two orders of magnitude. No detectable lumines-
cence above background signals was found in sam-
ples containing no culturable cells. When the plate
counts and RLU were plotted on XY planes, RLU

2showed a correlation (r 50.92, p,0.01) with
luminescence-based plate counts (Fig. 2). From these
results, the VBNC state of S. typhi could not be
verified by the lux-based systems.

3.3. Survival of gfp-tagged S. typhi in
groundwater microcosms.

Culturable S. typhi GFP155 declined significantly
( p,0.05, ANOVA) more rapidly than viable cells
and total cells in all samples of groundwater micro-
cosms (Fig. 3, Table 1). The slope of log plate
counts in untreated whole groundwater samples

21(20.75 d ) is steeper than in 0.22 mm filtered
21groundwater (20.44 d ) and autoclaved ground-

21water samples (20.39 d ).Fig. 1. Changes in the total cells and luminescence-based plate
Viable cells could be easily detected by examiningcounts (A) and the bioluminescence (B) of S. typhi LUX38-75 in

groundwater microcosms. Symbols, j; total cells by the acridine the morphology of green cells based on the DVC
orange direct count in autoclaved samples, d; luminescence-based method. Because cell elongation occurs only if cells
plate counts and bioluminescence in autoclaved samples, s; are viable, cells were regarded as viable if they were
luminescence-based plate counts and bioluminescence in 0.2 mm

at least 2.5 times the length of those not treated withfiltered samples, .; luminescence-based plate counts and
nalidixic acid. For one example, the average lengthbioluminescence in untreated whole groundwater samples. Error

bar represents standard deviation. of cells not treated with nalidixic acid in 0.2 mm
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Table 1
The decline slopes of introduced S. typhi GFP155 and S. typhi LUX38-75 in groundwater microcosms

Microcosms with S. typhi GFP155 Microcosms with S. typhi LUX38-75
aTreatment Cell counts Decline slope (l) Treatment Cell counts Decline slope (l)

b eAutoclaved GFP-TC 20.10 Autoclaved AODC-TC 20.07
c fGFP-DVC 20.13 LUX-HPC 20.35

dGFP-HPC 20.39
0.22 mm filtered GFP-TC 20.17 0.22 mm filtered LUX-HPC 20.40

GFP-DVC 20.21
GFP-HPC 20.44

Untreated GFP-TC 20.25 Untreated LUX-HPC 20.73
GFP-DVC 20.28
GFP-HPC 20.75

a Decline slopes were calculated using the following equation([C 5 C 3 exp(l[t 2 t ])]where l is the decline rate of cell count, C is thet 0 0 t

cell concentration at time t, C is the cell concentration at time 0) by linear regression analysis at the 5% level of significance over time.0
b GFP-TC, GFP-based total microscopic counts.
c GFP-DVC, GFP-based direct viable counts.
d GFP-HPC, GFP-based heterotrophic plate counts.
e AODC-TC, total microscopic counts by acridine orange direct count method.
f LUX-HPC, luminescence-based heterotrophic plate counts.

strated by the differences between direct viable
counts and plate counts. In the whole groundwater
microcosm, the introduced cells were no longer
detectable by heterotrophic plating after 20 days,
while the cells in the 0.22 mm filtered and autoclaved
microcosms were detectable throughout the experi-
ment. The entrance of some cells into the VBNC
state had occurred from the start of the experiment.
The highest number of VBNC cells in the whole
groundwater microcosms throughout the study was

4 212.5310 cells ml on 20 days. Fluorescence in-
tensity measured by spectrofluorometry showed a
good correlation with total microscopic counts (Fig.
4). Correlation coefficients between fluorescence
intensity and total cells in autoclaved, 0.22 mm
filtered, and untreated whole groundwater samples
were 0.94 ( p,0.01), 0.95 ( p,0.01), and 0.99 ( p,Fig. 2. The linear regression analysis between luminescence-
0.01), respectively.based plate counts and bioluminescence production of S. typhi

LUX38-75 in groundwater microcosms. All experimental data of
plate counts and relative light units(RLU) were plotted. The
equation from the regression result is shown in the figure. 4. Discussion

filtered groundwater (at 0 day sample) was 2.76 mm, In this study, it was shown that GFP can be a
while that of elongated viable cells treated with more stable and useful marker than luciferase. It
nalidixic acid in the same sample was 9.83 mm. allows for easy, rapid and inexpensive detection of a
Viable cells declined more rapidly than total micro- VBNC state of S. typhi among groundwater mi-
scopic counts. The entry into a VBNC state of S. croflora. For the detection of culturable cells, use of
typhi during starvation in groundwater was demon- both gfp and luxAB reporter genes allowed rapid and
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Fig. 4. The linear regression analysis between fluorescence inten-
sities and GFP-based total counts of S. typhi GFP155 in ground-
water microcosms. All experimental data of fluorescence inten-
sities and GFP-based total counts were plotted. The equation from
the regression result is shown in the figure.

necessary to estimate culturable cells in lux-based
system, however, only a UV transilluminator or a
hand-held UV lamp was necessary in gfp-based
system. Accordingly, the gfp-based method was
simpler and more economical than the lux-based one
to detect culturable fractions of introduced S. typhi.

Viable cells in microcosms containing S. typhi
GFP155 could easily be detected by direct green
fluorescent cell counting method using epifluoresc-
ence microscopy based on DVC method. Elongated
cells, which were at least 2.5 times the normal
length, were counted as viable cells to prevent
confusion between dead and viable cells. The num-
bers of green fluorescent viable elongated cells wereFig. 3. Survival of S. typhi GFP155 in the groundwater micro-
counted and easily differentiated from the nonviablecosms. Culturable cells (.) were measured on LB agar sup-

plemented with rifampicin and kanamycin, and confirmed by their cells. The cells in a VBNC state could be easily
green fluorescence. Total cells (d) were measured by epifluoresc- estimated by comparing the number of culturable
ence microscopy with a Zeiss No.9 filter set.Viable cells (s) were cells and direct viable counts. When nonculturable
measured by GFP-based DVC method. Panels; A, autoclaved

cells were formed in microcosms containing S. typhigroundwater; B, groundwater filtered with 0.22 mm-pore size
LUX38-75, culturable cell concentrations decreasedmembrane; C, untreated whole groundwater. Error bar represents

standard deviation. in parallel with luminescence, suggesting that a
decrease in metabolic activity may lead to noncultur-

precise detection of introduced S. typhi LUX38-75 able cell formation. However, existence of VBNC
and S. typhi GFP155 into the groundwater by cells was not observed by using luminometry. There
selective plating. The incubation with an additional was no detectable luminescence above background
substrate (n-decyl aldehyde) and dark box were signals in samples containing zero culturable cells.
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The reason for this may be that in situ detection of cells were undetectable by heterotrophic plate count-
lux-encoded luciferase activity is dependent on ing and that some cells remained in the VBNC state.
energy reserves within cells, but energy reserves of We were able to visualize individual S. typhi
bacteria in the environment may be too low to allow GFP155 cells and measure the cell length by epi-
in situ detection of high energy requiring enzyme fluorescence microscopy due to their green fluores-
systems (Meikle et al., 1994). The results that no cence. As no green fluorescent cells in control
luminescence signals were found in samples con- microcosms (without S. typhi GFP155) were ob-
taining VBNC cells indicate the limitations of lux- served, and capability of gene transfer did not exist
tagging methods for verifying the VBNC state of S. because of the chromosomally tagged GFP gene, all
typhi. green fluorescent cells were taken to represent

Developed GFP-based DVC method provided introduced S. typhi GFP155. Direct measurement of
information regarding the proportion of responsive fluorescence intensity by spectrofluorometry in for-
cells to substrate within a population. However, malin-fixed samples showed excellent correlation
measuring the bioluminescence activity by with GFP-based total counts. Therefore, direct mea-
luminometry in lux-based systems provides infor- surement of fluorescence intensity by spectrofl-
mation on the bulk activity of a population, rather uorometry could be applied for counting gfp-tagged
than the proportion of viable cells within a popula- total cells, and could reduce labor and time.
tion (Duncan et al., 1994). For these reasons, the In conclusion, gfp-tagged S. typhi could be moni-
metabolic activity of lux-tagged cells cannot repre- tored more easily and precisely than lux-tagged S.
sent DVCs. Our study used the chromosomally GFP- typhi. Particularly, GFP-based DVC method de-
tagged S. typhi based on the mini-Tn5 system of scribed here can provide a direct and precise estima-
Herrero et al. (1990). In this system, the Tn5 does tion of viable cells of introduced bacteria into natural
not carry its own transposition functions; its features environments. It is expected that the VBNC state of
prevent secondary transposition in Tn5 gfp tagged numerous bacteria in the environment can be verified
cells. Leff and Leff (1996) have used a plasmid- by using gfp-tagging and GFP-based DVC method.
borne green fluorescent protein gene as a marker for
monitoring survival of genetically engineered micro-
organisms (GEMs). However, as during starvation, Acknowledgements
plasmid loss has been reported (Caldwell et al.,
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