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Previous bacterial transport studies have utilized fluorophores which have been shown to adversely affect the
physiology of stained cells. This research was undertaken to identify alternative fluorescent stains that do not
adversely affect the transport or viability of bacteria. Initial work was performed with a groundwater isolate,
Comamonas sp. strain DA001. Potential compounds were first screened to determine staining efficiencies and
adverse side effects. 5-(And 6-)-carboxyfluorescein diacetate, succinimidyl ester (CFDA/SE) efficiently stained
DA001 without causing undesirable effects on cell adhesion or viability. Members of many other gram-negative
and gram-positive bacterial genera were also effectively stained with CFDA/SE. More than 95% of CFDA/SE-
stained Comamonas sp. strain DA001 cells incubated in artificial groundwater (under no-growth conditions)
remained fluorescent for at least 28 days as determined by epifluorescent microscopy and flow cytometry. No
differences in the survival and culturability of CFDA/SE-stained and unstained DA001 cells in groundwater or
saturated sediment microcosms were detected. The bright, yellow-green cells were readily distinguished from
autofluorescing sediment particles by epifluorescence microscopy. A high throughput method using microplate
spectrofluorometry was developed, which had a detection limit of mid-105 CFDA-stained cells/ml; the detection
limit for flow cytometry was on the order of 1,000 cells/ml. The results of laboratory-scale bacterial transport
experiments performed with intact sediment cores and nondividing DA001 cells revealed good agreement
between the aqueous cell concentrations determined by the microplate assay and those determined by other
enumeration methods. This research indicates that CFDA/SE is very efficient for labeling cells for bacterial
transport experiments and that it may be useful for other microbial ecology research as well.

There is heightened interest in using degradative microbes
to bioremediate soil and groundwater contaminated with re-
calcitrant pollutants, a process known as bioaugmentation.
Bioaugmentation has been used successfully to remediate
groundwater contaminated with chlorinated solvents (10, 28,
40, 42) and is expected to be useful for other compounds as
well. Bioaugmentation requires that effective concentrations
of microorganisms be predictably transported to and through
contaminated areas of the subsurface. Current tracking tech-
nologies are of limited use due to the effects of labeling com-
pounds on cell viability or other properties, high detection
limits or interferences from indigenous organisms, or regula-
tory concerns about the release of genetically modified or
antibiotic-resistant microbial strains. Therefore, new methods
for tracking viable bacterial cells under both laboratory and
field conditions are being developed as part of a major re-
search project examining the physical, chemical, and biological
controls on bacterial transport under way under the auspices of
the Acceleration Element of the Natural and Accelerated
Bioremediation Research Program at the U. S. Department
of Energy (DOE) South Oyster site (Oyster, Va.). In order to
examine the processes in detail, the movement and distribution
of introduced bacteria must be monitored.

Several methods have previously been developed to monitor
microbial transport through, and microbial interactions with,

porous media during laboratory and field experiments. Selec-
tive plate counting has been used with some success to detect
injected organisms in downgradient monitoring wells (6, 28,
42), but this method was unsuccessful during a field-scale bac-
terial transport experiment at the DOE North Oyster, Va., site,
where an indigenous strain was injected (7). Plating methods
can have detection limits around 100 to 1,000 culturable cells
per ml of sample, providing that there is no overgrowth of
indigenous bacteria on the plates. Selective plating may allow
lower detection limits but requires extensive a priori screening
of every potential degradative organism for antibiotic sensitiv-
ity and carbon source utilization profile. A major disadvantage
of this method is that it does not detect “viable but noncultur-
able” cells (21, 30, 31, 34, 36, 38, 50), which still may be
metabolically active but unable to form colonies on solid me-
dia.

Stable isotopes are increasingly being used for field experi-
ments. Bacteria grown on 13C-enriched glucose prior to injection
into the surficial, uncontaminated aquifer at the North Oyster,
Va., site were detected in downgradient monitoring wells by con-
verting collected particulate organic matter to carbon dioxide and
measuring the 13CO2 by Carlo-Erba isotope ratio mass spectrom-
etry (7). However, additional methods were required to unequiv-
ocally establish that the 13C represented intact cells of the bacteria
injected rather than protozoans or other indigenous microbes
which may have incorporated labeled cellular material via preda-
tion of live target cells or consumption of dead target cells (W.
Holben, University of Montana, personal communication, 1999).

One of the molecular methods available, PCR, has been
used to count very low numbers of bacteria in a variety of
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environments (25, 44, 45, 49, 51, 53). PCR and nucleic acid
quantification can usually be performed only in the laboratory,
which precludes the use of these methods in the field to obtain
near-real-time cell detection and enumeration data. Geneti-
cally engineered microorganisms carrying the genes coding for
the green fluorescent protein have been developed (11, 12, 29),
which has allowed enumeration of these organisms by measur-
ing fluorescence. However, the use of these genetically engi-
neered microorganisms has been restricted to laboratory,
greenhouse, and lysimeter experiments because of regulatory
concerns.

Labeling cells with fluorescent stains has been employed to
examine bacterial attachment to surfaces (13), to count the
numbers of total and active cells in a variety of environmental
samples (37, 39, 55), and for in situ injection of groundwater
bacteria (1, 16–19). One of the stains used, 49,6-diamino-2-
phenylindole (DAPI), specifically binds to nucleic acids (RNA
and DNA), which enables it to universally label cells in an
organism-independent manner. The binding mechanism ad-
versely affects normal cell function (33), resulting in a loss of
viability. The potential effects of this compound on the trans-
port properties of an organism have been shown to be minimal
for short-term experiments (24). Another stain, 4-phenyl spiro-
furan-2-(3H),1 phthalan-3,39-dione (Fluram, fluorescamine),
forms covalent bonds with free amino groups. Fluram was
shown not to effect the adhesion of a Rhodococcus strain to
titanium-rich particles (13), but its effects on other species have
not been examined. For fluorescent stains to be useful for
studying bacterial transport and monitoring bioaugmentation,
they must have minimal effects on bacterial adhesion, viability,
and metabolic activity, while at the same time they must be
retained in the cells for at least several weeks.

New fluorescent compounds which may allow cells to be
stained without a loss of activity or viability or changes in
adhesive properties have been and continue to be developed.
Many of these dyes have been developed specifically for eu-
karyotic cell staining, but the principles underlying their use
makes them applicable to prokaryote staining as well. Some of
the newer dyes specifically stain cell membranes, while others
cross the membrane and covalently bond to intracellular pro-
teins. In either case, some of these dyes have been shown to be
retained in cells for at least 3 to 4 weeks without a loss of cell
viability or alterations in cell function or adhesion (20). This
work was undertaken to critically evaluate the labeling of bac-
teria with numerous fluorescent stains and to develop an easy
and effective high-throughput detection procedure for quanti-
fying fluorescently labeled cells during in situ bacterial trans-
port experiments.

MATERIALS AND METHODS

Chemicals and media. The following compounds were purchased from Mo-
lecular Probes (Eugene, Oreg.): calcein AM; calcein blue AM; 5-(and 6-)-car-
boxyfluorescein diacetate, succinimidyl ester (CFDA/SE); 7-amino-4-chloro-
methylcoumarin (CellTracker Blue CMAC); 5-chloromethylfluorescein
diacetate (CellTracker Green) (CMFDA); 4-(4-[dihexadecylamino]styryl)-N-
methylpyridinium iodide (DiA); 1,19-dioctadecyl-3,3,39,39-tetramethylindocar-
bocyanine perchlorate (DiI); 1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocya-
nine-5,59-disulfonic acid [DiIC18(3)-DS]; 1,6-diphenyl-1,3,5-hexatriene (DPH);
Oregon Green 488 (carboxy-DFFDA); 1,19-dioctadecyl-6,69-diphenyl-3,3,39,39-
tetramethylindocarbocyanine chloride (6,6-Ph2-DiIC18); rhodamine B (hexyl
ester, chloride); 5-sulfofluorescein diacetate, sodium salt (SFDA); SlowFade
Light mounting fluid; 5-(and-6)-chloromethyl SNARF-1 acetate; (1,19-dioc-
tadecyl-6,69-di(4-sulfophenyl)-3,3,39,39-tetramethyl-indocarbocyanine [SP-DiIC18
(3)]; 3,39-dioctadecyl-5,59-di(4-sulfophenyl)-oxacarbocyanine, sodium salt [SP-
DiOC18(3)]; and 5-(and-6)-carboxytetramethylrhodamine, succinimidyl ester
(TAMRA/SE). Fluorescamine and 5-cyano-2,3-ditolyl-tetrazolium chloride
(CTC) were purchased from Fluka Chemical (Milwaukee, Wis.) and Poly-
Sciences (Warrington, Pa.). DAPI and acridine orange (AO) were obtained from

Sigma Chemical (Milwaukee, Wis.). R2A agar was purchased from Fisher Sci-
entific (Fair Lawn, N.J.).

An artificial groundwater designated NCAGW and based on the groundwater
chemistry of the aerobic Narrow Channel Focus Area (NC) of the South Oyster
bacterial transport site was used during this research in place of real groundwater
when a sterile, carbon-free medium was needed to eliminate the potential effects
of predation, competition, and growth. NCAGW contained (per liter) 70 mg of
Ca(NO3)2 z 4H2O, 60 mg of MgSO4 z 7H2O, 60 mg of NaHCO3, 29 mg of CaCl2 z
2H2O, 25 mg of CaSO4 z 2H2O, 10 mg of KNO3, and 0.4 mg of NaH2PO4. During
some experiments, a simplified recipe (mNCAGW) was used, which contained
(per liter) 80 mg of CaSO4 z 2H2O, 66 mg of NaHCO3, 20 mg of CaCl2 z 2H2O,
and 16 mg of KHCO3. The pH of both artificial groundwaters was adjusted to 6.0
with HCl, and sterilization was performed by filtration though 0.2-mm-pore-size
cellulose acetate membranes. Phosphate-buffered saline (PBS) (pH 7.4) and
phosphate buffer (PB) (pH 7.0) were also sterilized by filtration.

Bacterial strains. An indigenous aquifer organism, DA001, was isolated from
groundwater from the South Oyster Narrow Channel Focus Area. DA001 was
identified as a member of a Comamonas species by phylogenetic analysis of its
16S rRNA gene sequence (similarity index [SI] 5 0.965). This strain has been
used extensively for laboratory experiments performed as part of the DOE
bacterial transport research project and will be used for field-scale experiments
as well. Therefore, the majority of the fluorescent stain screening was focused on
finding compounds which would facilitate tracking this organism. Adhesion-
deficient variants of DA001 were selected by using a standardized adhesion assay
(9) employing South Oyster site sediment. DA001 was used for screening the
fluorescent stains when the adhesion values stabilized around 30 to 40%. Rou-
tine growth of the organism was performed by using 0.2% (wt/vol) sodium
acetate in a basal salts medium (16) at room temperature.

Additional bacterial strains used during this research included Acinetobacter
johnsonii ATCC 17909, Alcaligenes eutrophus ATCC 17909, Arthrobacter globi-
formis ATCC 8010, Bacillus subtilis ATCC 6051, Cytophaga pectinovora ATCC
19366, Escherichia coli BL, Flavobacterium odoratum ATCC 4651, Klebsiella sp.
strain 1PC, Micrococcus luteus ATCC 4698, Pseudomonas cepacia ATCC 25416,
Pseudomonas fluorescens ATCC 13525, Pseudomonas putida ATCC 12633,
Pseudomonas sp. strains LB300 and To11A, Rahnella aquatilis BFB, Rhodococ-
cus rhodochrous ATCC 13808, Sphingomonas capsulata ATCC 14666, and Strep-
tomyces albus ATCC 3004. Several facultatively iron-reducing bacteria which
were isolated from the suboxic South Oyster Focus Area of the South Oyster
Bacterial Transport Site were also screened, including strain FER-02, which is
most closely related to Paenibacillus polymyxa (SI 5 0.905), strain SO-B2, which
is most closely related to Enterobacter aerogenes (SI 5 0.953), and two uniden-
tified low-G1C-content gram-positive strains, SO-9 and SO-S10. Most of these
organisms were routinely grown in R2A broth at room temperature; the only
exceptions were M. luteus and F. odoratum, which were grown in tryptic soy
broth. Staining was performed as it was with strain DA001; cells were incubated
for 48 h at 15°C in NCAGW, washed, and resuspended in NCAGW prior to
determination of staining efficiency.

Fluorescent stain screening. Previously published procedures were followed
for staining with SFDA (46), fluorescamine (13), and CTC (37, 39). Initial
staining with other compounds was performed by using the manufacturers’ rec-
ommended protocols for carrier solvents, cell suspension buffers, final compound
concentrations, and temperature conditions. The compounds were usually added
as concentrated stocks in carrier solvents consisting of dimethyl sulfoxide
(DMSO) or dimethyl formamide to achieve final concentrations of 10 to 50 mM,
with the carrier solvent present at a concentration of #0.2% (vol/vol).

During the first stage of screening, each compound was tested for its ability to
efficiently and uniformly stain DA001 cells. Qualitative assessment of staining
was performed with a Nikon Labophot microscope equipped with an Hg100W
high-intensity light source, an EF-D episcopic-fluorescence attachment, an H-III
photomicrographic attachment, and the following illumination blocks: UV-1A
(Ex 365/10, Dichroic 400, Em 400), B-2H (Ex 470/20, Dichroic 510, Em 515), and
G1A (Ex 510-560 and 546/5, Dichroic 565, Em 570). Staining was assessed
quantitatively by epifluorescence microscopy of cells counterstained with either
AO (for blue-fluorescing stains) or DAPI (for green- and red-fluorescing stains)
after filtration of cells onto black polycarbonate filters (pore size, 0.2 mm; Mil-
lipore Corp., Bedford, Mass.). At least 20 fields per polycarbonate filter were
examined; the number of AO- or DAPI-positive cells and the number of these
cells that were also stained with the test compound were counted by alternating
between two epifluorescence filter cubes. The staining efficiency was calculated
as follows: % efficiency 5 (no. of cells stained with test compound)/(no. of cells
stained with AO or DAPI) 3 100. The efficiency of CFDA/SE staining was
validated by flow cytometry (see below).

Stains that exhibited a high staining efficiency (.90%) were used in stage two
of the screening process, during which the effects of the stain on the culturability
and adhesion of DA001 were evaluated. DA001 was grown and washed as
described previously, and the final cell suspension was split into two portions.
One portion was amended with the stain in the carrier solvent, while the other
received only the carrier solvent. Both portions then underwent the same pro-
cedure with respect to incubation temperature, time, etc. After staining was
complete, aliquots of both portions were diluted and plated in triplicate onto
R2A agar to determine the number of culturable cells. Additional aliquots were
tested in triplicate to determine the percentage of cells adhering to Oyster site
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sediment by using the standardized adhesion assay cited above. Changes in
adhesion of 610% and decreases in culturability of 10 to 20% were deemed
acceptable.

The third and final stage of the screening process was to determine the
longevity of cell fluorescence and was performed only with those compounds that
yielded acceptable results in the previous stages of screening. Cells were stained,
washed, and incubated at 15°C in sterile NCAGW with shaking. After 48 to 72 h,
the cells were washed twice with NCAGW, resuspended in NCAGW, and incu-
bated again at 15°C with shaking. Over a 3-week period, samples were removed
and analyzed for culturable cells by plating onto R2A agar and for staining
efficiency as described above. Direct counts of stained cells were determined by
epifluorescence microscopy by using established methods (23).

Optimization of CFDA/SE staining protocol and sample handling. The gen-
eral staining procedure proved to be adequate for the initial screening. However,
there was a desire to minimize the amount of CFDA/SE needed to stain a given
number of cells and to optimize the overall staining procedure in order to both
reduce the costs associated with labeling cells for field-scale experiments and
facilitate scaling-up of the staining procedure. The experiments performed in-
cluded staining in different buffer solutions (NCAGW, PBS, PB), staining of
stationary cultures versus staining of log-phase cultures, staining with different
temperature regimens (ambient, 37°C, cycling from 25 to 37°C), and staining with
different cell densities (109 and 1010 cells/ml) and with different CFDA/SE
concentrations (10, 50, and 100 mM). In general, staining took approximately 3
to 5 h. Specific details are given in the Results and Discussion.

Although samples were kept covered with aluminum foil, exposure to incident
fluorescent light from overhead illumination did occur during normal processing
and handling. Exposure to incandescent light occurred under some conditions. A
series of experiments was conducted to determine the effects of exposure to both
types of light, as well as sunlight, on stained cells. A suspension of stained DA001
cells (approximately 5 3 106 cells/ml) in NCAGW was prepared, and 40-ml
portions were distributed into four sterile 50-ml polypropylene centrifuge tubes
(Corning P/N 25330-50; Corning, Inc., Corning, N.Y.). One tube was wrapped
completely with aluminum foil and served as the control. One of the three
remaining tubes was allowed to sit uncovered on a laboratory bench exposed to
fluorescent light, one was placed 15 cm from a 60-W incandescent light bulb, and
one was placed outside in direct sunlight. Aliquots from each tube were taken
initially and then periodically for up to 18 h (incandescent treatment only). Total
fluorescence and the amount of fluorescence per cell were determined by mi-
croplate spectrofluorometry and flow cytometry, respectively.

Microcosm fitness experiments. Microcosm experiments were performed to
assess the potential effects that CFDA/SE may have on the fitness or survival of
the stained organism. A single culture of DA001 was grown and split into two
portions. One portion was stained as described above, while the other underwent
the same incubation procedure in the absence of CFDA/SE. After the cells were
washed and resuspended in mNCAGW, they were incubated at 15°C for 72 h.

Both cell solutions were washed and resuspended in fresh mNCAGW prior to
addition to aqueous microcosms (50 ml of mNCAGW or Narrow Channel Focus
Area [NC] groundwater in 250-ml bottles) and saturated NC sediment micro-
cosms (2 g of wet sediment in 50-ml centrifuge tubes; total liquid volume, 2 ml).
Unstained and CFDA/SE stained DA001 cells were added to obtain initial
densities of 107 cells per ml or g. The aqueous microcosms were incubated at
15°C with the bottles gently shaken to keep the cells in suspension; the sediment
microcosms were incubated statically. Aliquots of the aqueous microcosms were
removed over a 3-week period for determination of culturable DA001 concen-
trations by plating onto R2A agar; CFDA/SE-stained cells were counted by
direct microscopic enumeration. Replicates of the sediment microcosms were
sacrificed at the same time points and extracted with 18 ml of mNCAGW, and
the DA001 concentrations were determined by plating and microscopic exami-
nation (CFDA/SE-stained cells only). The indigenous population of DA001 and
other microorganisms in the South Oyster sediment is quite small, which results
in a low background concentration and allows added DA001 to be enumerated
by plating.

Detection methods for CFDA/SE-stained cells. During this work, alternatives
to direct microscopic enumeration of CFDA/SE-stained cells were investigated,
particularly alternatives which would facilitate high-throughput, low-cost sample
analysis. Discrete sample fluorometry was evaluated by using a model 10-AU-005
field fluorometer rented from Turner Designs (Sunnyvale, Calif.). Ninety-six-well
black microplate formats were tested by using a model BF10000 FLUORO-
COUNT fluorescence microplate reader (Packard Instrument Company, Meri-
den, Conn.) and a SPECTRAmax GEMINI dual-scanning microplate spectroflu-
orometer (Molecular Devices Corporation, Sunnyvale, Calif.). Both of these
devices measured the total fluorescence emitted by each well of the microplate
and reported the fluorescence intensity in relative fluorescence units. Ninety-six-
well black OptiPlate HTRF-96 microtiter plates (P/N 6005407) were purchased
from Packard. A flowthrough fluorescence quantification system consisting of a
Hitachi A11 high-performance liquid chromatography (HPLC) pump and an
AL10 108 position autosampler coupled to an FL-750 HPLC spectrofluorometer
(McPherson, Inc., Chelmsford, Mass.) equipped with 6-, 12-, and 24-ml flow cells
was also evaluated. NCAGW was the mobile phase, and no column was present
between the autosampler and the detector.

Enumeration of CFDA/SE-stained DA001 cells was also done by flow cytom-
etry performed at the Princeton University Flow Cytometry Core Facility. A 1-ml
sample was mixed with 10 ml of a solution containing a known concentration of
1.0-mm-diameter carboxylate-modified TransFluorSpheres (Ex 488 nm/Em 645
nm; Molecular Probes, Inc.) prior to being introduced into a FACScan instru-
ment (Becton Dickinson Immunocytometry Systems, San Jose, Calif.). The cell
concentration in the sample was determined as described elsewhere (3, 27, 43) by
using the TransFluorSpheres to calculate the volume of sample analyzed. The
detection limit of the flow cytometer was determined by enumerating CFDA/
SE-stained cells that had been serially diluted in NCAGW, NC groundwater,

TABLE 1. Screening results for Comamonas sp. strain DA001

Stain Color Efficiency
Undesirable effects on:

Well retained
Cell culturabilitya Adhesionb

Calcein blue AM Blue Low NDc ND ND
CMAC Blue Moderate No No ND
DPH Blue Low ND ND ND
Fluorescamine Blue-green High Yes Yes ND
Calcein AM Green Low ND ND ND
CFDA/SE Green-yellow High No No Yes
CMFDA Green High No No No
DiA Green High No No No
Oregon Green 488 Green Low ND ND ND
SFDA Green-yellow Low No ND ND
SP-DiOC18(3) Green Low ND ND ND
SNARF-1 Red Low ND ND ND
CTC Red Low ND ND ND
DiI Red/orange High No No ND
DiIC18(3)-DS Red/orange Moderate ND ND ND
6,6-Ph2-DiIC18(3) Red/orange High No ND ND
Rhodamine B, hexyl ester Red/orange Highd No ND ND
SP-DiIC18(3) Red/orange Moderated No No ND
TAMRA/SE Red High No No Yes

a A decrease in culturability compared to the culturability of unstained cells was considered an undesirable effect.
b An increase in adhesion of stained cells compared to adhesion of unstained cells was considered undesirable.
c ND, not determined.
d Fluorescence faded quickly.
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formaldehyde-fixed NC groundwater, and fixed NC groundwater adjusted to pH
8.0. The staining efficiency of CFDA/SE, as determined by epifluorescent mi-
croscopy, was verified with a FACS Vantage cell sorter (Becton Dickinson
Immunocytometry Systems).

Intact-core bacterial transport experiments. Intact sediment cores (length, 70
cm; diameter, 7.2 cm) were collected from both the vadose and saturated zones
during an excavation at the South Oyster field site in August 1998. The core
orientation was parallel to the in situ groundwater flow. Further details regarding
the site and core collection can be found elsewhere (7, 14). Intact cores were
prepared and operated as described elsewhere (8, 14), with slight modifications
to tubing size and configuration as described by DeFlaun et al. (M. DeFlaun, M.
Fuller, B. Mailloux, T. Onstott, W. Holben, W. Johnson, P. Zhang, D. Balkwill,
and D. White, submitted for publication). The final height of the sediment after
core preparation was 50 cm. Initial injections of sodium bromide (50 mg/ml as Br)
or [3H]water (approximately 10,000 dpm/ml) were performed as described pre-
viously (8, 14). These injections were used to calculate the flow velocity and core
porosity, permeability, and dispersivity and served as conservative tracers to
which the transport of the bacterial cells was compared.

During experiment 1, 300 ml (equal to one-half of the pore volume [PV] of the
sediment) of NC groundwater containing approximately 7 3 107 CFDA/SE-
stained DA001 cells was introduced into core NC7-2 (vadose zone core), and this
was followed by continuous injection of NC groundwater. The DA001 cell con-
centrations in the core effluent fractions collected at 20-min intervals were
determined by plating, epifluorescent direct counting of CFDA/SE-stained cells,
and microplate spectrofluorometry. After 28 PV of groundwater had passed
through the sediment, the core was drained, frozen, and split (8). A template
consisting of a grid of 5 by 28 squares (each square was 1.6 by 1.6 cm) was used
as a guide to subsample the sediment. The sediment under each grid space was
transferred to a preweighed plastic centrifuge tube with a metal spatula, the tube
was weighed again, and the weight of the tube plus sediment was recorded. The
sediment in the tube was thoroughly homogenized with a metal spatula, and the
gravimetric water contents of selected samples obtained along the length of the
core were determined. All of the samples within the first 15 cm from the influent
end of the core and selected samples from the remainder of the core were plated
and used for DA001 CFU determination. Briefly, 1.0 g (wet weight) of sediment
was placed in 9 ml of PBS, vortexed for 60 s, serially diluted in PBS, and plated
onto R2A plates in triplicate. The concentrations of DA001 in selected samples
were also determined by epifluorescent direct counting of CFDA/SE-stained
cells. The samples used for microscopy were prepared as the samples used for
CFU determinations were, except that the sediment suspension was allowed to
settle for 300 s before a sample was removed and filtered onto black polycarbonate
membranes for direct counting.

Experiment 2 was performed similarly, except that DA001 cells were first la-
beled with [14C]acetate by the method of McEldowney and Fletcher (26) as de-
scribed by DeFlaun et al. (8). After 14C labeling, the cells were washed and stained

with CFDA/SE. One-half PV containing 9 3 107 cells was introduced into core
NC9-2SAT (a saturated zone core); this was followed by continuous injection of
NC site groundwater, and effluent fractions were collected at 20-min intervals.
DA001 concentrations were determined by plating, direct counting of CFDA/
SE-stained cells, and microplate spectrofluorometry, as well as by scintillation
counting as described elsewhere (8, 14).

RESULTS AND DISCUSSION

Fluorescent stain screening. A total of 19 fluorescent stains
were evaluated; the results of the screening are presented in
Table 1. Only seven (37%) of the stains exhibited a high-
efficiency staining of Comamonas sp. strain DA001. This indi-
cates that stains developed primarily for use with mammalian
cells do not necessarily work with bacterial cells. However, it
was encouraging that only one of the stains, fluorescamine,
caused significant reductions in cell culturability and significant
increases in cell adhesion to sediment. This effect was most
likely due to either the acetone carrier solvent or the fact that
the fluorescamine reacted with free amine groups at the cell
surface.

None of the blue stains examined were found to be accept-
able (Table 1). Some of the red stains yielded promising re-
sults; the most notable were DiI, SP-DiIC18(3), and TAMRA/
SE, which are currently undergoing further testing (Table 1).
The ability to reduce CTC, which results in intense red intra-
cellular crystals, has been proposed as a widely applicable
means to assess the percentage of bacterial cells in a given
sample which are metabolically active (2, 37, 39, 52, 54). It has
been reported that staining conditions can significantly affect
the reduction of CTC to CT-formazan by bacteria (35, 41, 48).
However, even after several modifications to the CTC staining
protocol were evaluated (pH 6 versus pH 8; 5 mM PB versus 50
mM PB; presence and absence of 10% R2A broth), no uptake
and intracellular deposition of CT-formazan crystals by DA001
were observed. DA001 is a member of the genus Comamonas,
whose members are likely to constitute a significant proportion

TABLE 2. CFDA/SE staining efficiency for different bacteria

Organism Staining
efficiency (%) Comments

Gram-negative organisms
Acinetobacter johnsonii 98 6 4 Moderately bright staining but high background fluorescence
Alcaligenes eutrophus 61 6 27 Faint to moderately bright staining
Comamonas sp. strain DA001 99 6 5
Cytophaga pectinovora 100 6 0 Some CFDA/SE-positive cells are not DAPI positive
Enterobacter aerogenes 98 6 5
Erwinia herbicola 98 6 5 Some very faint staining
Escherichia coli BL 100 6 0 Some very faint staining; some CFDA/SE-positive cells are not DAPI positive
Flavobacterium odoratum 100 6 0 Very good staining, some variability
Klebsiella sp. strain 1PC 100 6 0 Bright staining
Pseudomonas cepacia 100 6 0 Faint staining but still visible
Pseudomonas fluorescens ,10 Very faint staining
Pseudomonas putida ,10
Pseudomonas sp. strain LB300 ,10 Very faint staining
Pseudomonas sp. strain To11A 100 6 0 Faint staining but still visible
Rahnella aquatilis BFB 100 6 0 Moderately bright staining; some CFDA/SE-positive cells are not DAPI positive
Sphingomonas capsulata 100 6 0 Even staining; some CFDA/SE-positive cells are not DAPI positive

Gram-positive organisms
Arthrobacter globiformis 100 6 0 Very good staining; cells are more visible with CFDA/SE than with DAPI
Bacillus subtilis 100 6 0 Some variable staining and high background fluorescence
Micrococcus luteus 100 6 0 Very bright staining; some CFDA/SE-stained cells are not stained with DAPI
Paenibacillus polymyxa FER-02 100 6 0 Uniform; some CFDA/SE-stained cells are not stained with DAPI
Rhodococcus rhodochrous 99 6 5 Generally uniform staining
Streptomyces albus ,10 Very few cells are stained
Unidentified low-G1C-content strain SO-B2 100 6 0 Very bright staining
Unidentified low-G1C-content strain SO-9 100 6 0
SO-S10 100 6 0
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of many terrestrial and aquatic environmental microbial com-
munities. The inability of CTC to stain DA001 cells was rather
surprising but confirms the findings of others (48) that CTC
staining should not be regarded as a general and universal
measure of metabolic activity.

Of the seven green stains that were evaluated, CFDA/SE,
CMFDA, and DiA met all the requirements of the first and
second stages of the screening analysis (Table 1). However,
during the third stage of testing, both CMFDA and DiA were
lost by cells after only 2 to 3 days. CFDA/SE was able to label
cells without compromising cell viability or altering cell adhe-
sion characteristics. A high percentage of cells also remained flu-
orescent for at least 3 weeks during incubation in mNCAGW
at 15°C after staining with 10, 50, and 100 mM CFDA/SE (data
not shown). Additional work using flow cytometry and epiflu-
orescence microscopy has shown that CFDA/SE-stained cells
remain fluorescent in formaldehyde-fixed groundwater sam-
ples for up to 3 months (data not shown).

CFDA/SE has been used extensively in mammalian cell stud-
ies to track nondividing cells for up to 6 months and growing
cells through at least eight divisions (32). However, this stain
has been used only on a limited basis for labeling prokaryotes,
mostly in the area of food microbiology. Breeuwer et al. (4)
used CFDA/SE to allow for continuous measurement of intra-
cellular pH in Lactococcus lactis, while Bunthof et al. (5) used
it to assess the viability of the same organism incubated un-
der a variety of different stress conditions. Uerkert et al. (47)
combined the use of CFDA/SE with flow cytometry to monitor
cell division and cell injury of Lactobacillus plantarum.

All the strains screened were able to cleave the two acetates
of CFDA/SE, as evident from the fluorescence of the super-
natant during the staining procedure. However, the resulting
fluorophore either was unable to react with or was not retained
by the cells of some species (Table 2). Both Breeuwer et al. (4)
and Uerkert et al. (47) reported difficulty staining E. coli and
other gram-negative bacteria with CFDA/SE. They attributed
this to the inability of the compound to pass through the outer
membrane of the gram-negative cell wall and stated that
EDTA improved uptake. The present research indicated that
CFDA/SE was able to efficiently stain E. coli BL cells without
requiring any pretreatment, although the fluorescence was very
faint. Addition of EDTA (5 mM) during staining of DA001
actually resulted in lower fluorescence per cell compared to
cells not exposed to EDTA (data not shown). CFDA/SE
stained members of most gram-negative genera quite well; the
notable exceptions were the five pseudomonads. Most of the
gram-positive strains were stained very efficiently and brightly;
the only exception was S. albus cells. This further indicates that
the inability of CFDA/SE to stain members of a given genus is
not simply a function of cell wall organization. One intriguing
aspect of this screening was the frequent observation that a cell
showing bright green CFDA/SE fluorescence emitted no blue
fluorescence when it was counterstained with DAPI. Whether
this was due to poor uptake or rapid loss of DAPI from the
cells is not known, but it may have some implications for
previous bacterial transport studies which utilized DAPI as
the cell-labeling compound (18, 24). Although the longevity
of CFDA/SE staining has not been determined for these other
bacterial strains, the strains that were stained remained stained
for at least 72 h in NCAGW at 15°C. The fact that a broad
range of organisms were efficiently stained indicates that the
CFDA/SE labeling method may be widely applicable for other
microbial ecology research. However, due to the variability
encountered during this research with respect to the staining
procedure and the organism being stained, optimization of

CFDA/SE staining should be performed on a case-by-case
basis.

Microcosm fitness experiments. The survival and culturabil-
ity of unstained and CFDA/SE-stained DA001 cells were vir-
tually identical in mNCAGW, NC groundwater, and NC sed-
iment microcosms (Fig. 1). Survival was substantial in the NC
sediment, possibly due to the protection from predation that
the sediment afforded compared to NC groundwater. Cells
remained fluorescent in all matrices for up to 35 days. The
culturable cell densities in the different microcosms were mir-
rored by the concentrations of CFDA/SE-stained cells over
time (Fig. 1), indicating that fluorescence is likely lost shortly
after cells become nonviable. Given this, and the fact that
neither the NC groundwater microcosms nor the NC sediment
microcosms exhibited a detectable increase in culturable cells,
it is reasonable to assume that the introduced DA001 cells
remained in a nongrowth state throughout the incubation and
did not utilize any labile carbon present. If growth did occur,
the number of culturable cells would be expected to increase,
while the number of detectable CFDA-stained cells would be
expected to decrease due to dilution of the intracellular con-
centration of the fluor with each cell division. An exciting

FIG. 1. Comparison of survival of unstained and CFDA/SE-stained DA001
cells as determined by plate counting of unstained (h) and CFDA/SE-stained
(■) cells and by epifluorescent direct counting (E) in NCAGW microcosms (A),
NC groundwater microcosms (B), and NC sediment microcosms (C). The error
bars represent 1 standard deviation of the mean.
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result was the ability to enumerate CFDA/SE-stained cells in
the sediment microcosms by epifluorescence microscopy, even
in the presence of brightly autofluorescing mineral grains (Fig.
2).

Optimization of CFDA/SE staining and sample processing.
Initial optimization was performed by using only epifluores-
cence microscopy to qualitatively assess the effects of different
protocols on the efficiency and brightness of CFDA/SE stain-
ing. Staining was performed by using 1.0-ml (total volume)
samples containing 1 3 109 DA001 cells/ml in 2.0-ml amber
microcentrifuge tubes shaken vigorously (300 to 600 rpm), with
a final CFDA/SE concentration of 100 mM (delivered in 2 ml
of DMSO). Staining was most effective when the cells were
suspended in PBS instead of 5 or 50 mM PB or mNCAGW.
Staining in basal salts medium during growth on acetate (same
cell and CFDA concentrations) yielded uniformly faintly fluo-
rescent cells. Incubation at 35 to 41°C yielded better staining
than incubation at room temperature. Using a CFDA/SE so-
lution which had been repeatedly frozen and thawed instead of
a freshly prepared solution did not affect the quality of staining
in any medium. During microscopic examination, cells stained
in PBS appeared to contain very bright yellow-green intracel-
lular inclusions; the fluorescence usually dispersed throughout
the entire cell after incubation in NCAGW at 15°C for a few
days. The use of SlowFade Light mounting fluid proved to be

very effective for preventing fading of cell fluorescence during
observation and counting.

Microplate spectrofluorometry allowed further refinement

FIG. 2. Micrograph of CFDA/SE-stained DA001 cells in the presence of autofluorescing NC sediment grains.

TABLE 3. Effects of cell density, CFDA/SE concentration, and
incubation procedure on fluorescence intensity of stained

Comamonas sp. strain DA001 cellsa

Expt Mixing
conditions

Cell density
(cells/ml)

CFDA/SE
final concn

(mM)

Fluorescence intensity
(relative fluores-

cence units)b

A Stirred, 42°C 1.0 3 109 100 30.2 6 0.3
1.0 3 1010 100 72.7 6 1.6

A Shaken, 35–42°C 1.0 3 1010 50 25.6 6 0.5
100 38.5 6 0.4

2.5 3 1010 50 15.9 6 0.5
100 25.2 6 0.5

B Stirred, room temp 1.0 3 1010 100 47.4 6 0.9
Stirred, 40°C 1.0 3 1010 100 82.7 6 1.9

a All cells were stained in PBS, washed, incubated at 15°C for 48 h, washed,
and resuspended in NCAGW to a final optical density at 550 nm of 0.003 for
experiment A and in Oyster groundwater to a final optical density at 550 nm of
0.005 for experiment B prior to microplate spectrofluorimetry. Experiment B
samples were also adjusted to pH 8.0 (0.01 mM phosphates).

b Measured with the SPECTRAmax GEMINI scanning microplate spectroflu-
orometer.
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of the staining and sample analysis protocols by allowing the
total fluorescence of cells stained by different procedures to be
quantified. The best staining of DA001 cells occurred when a
suspension containing 1 3 1010 cells/ml was incubated with

stirring at 37 to 42°C in the presence of 100 mM CFDA/SE
(Table 3). Higher or lower concentrations of cells or CFDA/SE
resulted in less efficient staining; shaking and incubation at
room temperature also produced less-fluorescent cells. The
fluorescence intensity of the cells was directly proportional to
the pH of the solution in which the cells were suspended, with
a shift from pH 6 to pH 8 resulting in fivefold-higher cell
fluorescence (Fig. 3).

Based on these experiments, a standard staining protocol
was established. Cells were grown in appropriate media to the
early stationary phase, harvested by centrifugation, washed
twice in PBS, and resuspended in PBS to a concentration of
1 3 1010 cells/ml in a 50-ml centrifuge tube. CFDA/SE (50 mM
in DMSO) was added to a final concentration of 100 mM. A
small stir bar was added, and the tube was placed in a water
bath at 25°C with a stir plate positioned under the bath to allow
vigorous mixing of the solution during staining. The tempera-
ture of the water bath was cycled between 25 and 37°C five
times, and the total staining time was approximately 2.5 h. The
stained cells were then harvested by centrifugation, washed
twice in NCAGW, and resuspended in a final volume of
NCAGW equal to the original culture volume. Cells were
incubated at 15°C for 48 to 72 h with shaking, harvested by
centrifugation, washed twice in NCAGW, and resuspended in
fresh NCAGW before use in any experiments.

Product literature available from Molecular Probes regard-

FIG. 3. Fluorescence intensities of suspensions of CFDA/SE-stained DA001
cells (approximately 5 3 106 cells/ml) buffered to different pH values, as mea-
sured with the SPECTRAmax GEMINI scanning microplate spectrofluorom-
eter. The error bars represent 1 standard deviation of the mean based on eight
analysis replicates.

FIG. 4. (A) Expected and observed CFDA/SE-stained DA001 cell concentrations in NC groundwater (pH 6.0) (h) and NC groundwater preserved with 1% (wt/vol)
formaldehyde and buffered to pH 8 (E), as determined by epifluorescence microscopy and flow cytometry. The x-axis error bars represent the calculated error based
on three replicate direct microscopic counts of the initial cell solution used to prepare each dilution series. The y-axis error bars represent the error associated with
the mean from three replicate flow cytometry analyses after the mean from three replicate flow cytometry analyses of the blank had been subtracted to account for
background fluorescence. (B and C) Flow cytometric dot plot (B) and histogram (C) of CFDA/SE-stained DA001 cells in formaldehyde-fixed NC groundwater. FL1
is the optical filter in the flow cytometer which allows the sample fluorescence emitted at 530 6 30 nm to be quantified. TFS, TransFluorSpheres.
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ing CFDA/SE indicated that all solutions containing the com-
pound needed to be protected from light to avoid fluorescence
fading (20). Cells stained with CFDA/SE proved to be very
photostable during laboratory exposure to incandescent and
fluorescent light; there was no detectable decrease in the total
fluorescence of the cell solution as determined by microplate
spectrofluorometry or in the fluorescence per cell as deter-
mined by flow cytometry (data not shown). However, exposure
to direct sunlight led to significant losses (.20%) of both total
and per-cell fluorescence within 10 min (data not shown). Care
should therefore be taken to avoid exposure of samples con-
taining CFDA/SE-stained cells to sunlight.

Stained-cell detection methods. The Turner Designs flu-
orometer was able to detect CFDA/SE-stained cells, and the
lower detection limit was approximately 1 3 104 cells/ml when
the instrument’s 25-ml discrete sample chamber was used.

However, the instrument was somewhat awkward to set up and
operate, and the data capture capabilities were somewhat lim-
ited. The use of an HPLC fluorescence detector coupled with
small-volume flow cells did not yield consistent results, and
several instrument problems precluded further development.

Both the Packard FLUOROCOUNT and Molecular De-
vices SPECTRAmax GEMINI fluorescence microplate read-
ers were similar with respect to the lower detection limit (ap-
proximately 105 cells/ml) and sample analysis time (,1 min per
96-well plate). The major advantage of the GEMINI instru-
ment was the fact that it was a scanning spectrofluorometer
that employed dual monochrometers rather than filters. This
allowed the excitation and emission wavelengths to be manip-
ulated to optimize the sensitivity for any fluorescent compound
under any conditions and also eliminated the need to buy a
new filter set for each new fluorescent compound being

FIG. 5. (A) Concentrations of CFDA/SE-stained DA001 cells in the effluent of intact sediment core NC7-2, as determined by plate counting (E), epifluorescent
direct counting (h), and microplate spectrofluorometry ({). Breakthrough of the conservative bromide tracer is also shown (– – –). The initial concentrations of DA001
and Br injected into the core were 7 3 107 cells/ml and 50 mg/ml, respectively. The error bars represent 1 standard deviation of the mean. (B) Sediment concentration
profile for CFDA/SE-stained DA001 cells along the length of intact core NC7-2, as determined by plate counting (E) and epifluorescent direct counting (h).
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screened. The optimized spectrofluorometer settings for
CFDA/SE-stained cells were as follows: Ex 495 nm, Em 538
nm, cutoff 530 nm. The detection limit for the SPECTRAmax
GEMINI instrument was lowered by 0.33 to 0.5 order of mag-
nitude by adjusting the pH of the samples to 8.0 with potassium
phosphate buffer (pH 8.0) (final concentration, 0.01 mM) prior
to analysis.

Flow cytometry also proved to be effective for analyzing and
enumerating CFDA/SE-stained DA001 cells. When the FACS
Vantage instrument was used to count cells stained with both
DAPI and CFDA/SE (data not shown), the staining efficiency
was determined to be .95%. A dilution series of CFDA/SE-
stained cells in NC groundwater and fixed, pH-adjusted NC
groundwater indicated that the practical lower detection limit
was just slightly greater than 1,000 cells/ml (Fig. 4A); dilutions
in NCAGW and fixed NC groundwater gave similar results
(data not shown). The absolute lower detection limit is deter-
mined by the amount of sample that is analyzed, as well as any
background fluorescence, but theoretically it is 1 cell/ml. Fig-
ures 4B and C present flow cytometry results for CFDA/SE-
stained cells in NC groundwater, which clearly illustrate that
the stained cells can be distinguished from indigenous bacterial
cells of similar density (i.e., equivalent side scatter values), as
well as from the TransFluorSpheres added to the sample for
enumeration purposes. This second point is important, be-
cause although the strongest fluorescence emission from the
TransFluorSpheres is in the red range (645 nm), a significant
amount of green fluorescence is emitted during resonance
energy transfer among the three dyes in the microspheres.

Intact-core experiments. Transport of DA001 cells through
intact sediment cores was similar regardless of the tracking
method used (Fig. 5A and 6). Plate counting of DA001 CFU
and liquid scintillation analysis of 14C-labeled DA001 cells
yielded the same results as direct microscopic counting and
microplate spectrofluorometry of CFDA/SE-stained cells.
During the later time points of experiment 2, the CFDA/SE
direct counts matched the CFU very closely, while cell concen-
trations based on microplate spectrofluorometry and liquid
scintillation paralleled each other. In both experiments, cells
passed through the cores significantly faster than the conser-

vative tracers passed through, and the peak concentration was
observed to elute from the cores sooner for the cells than for
the tracers. This is seen more clearly in Fig. 6 than in Fig. 5A
because of the multiple peaks in the core NC7-2 cell break-
through curve.

The distribution of DA001 cells remaining in the sediment
of core NC7-2 is shown in Fig. 5B. There is agreement between
the plate count and direct microscopic count data for approx-
imately one-half the length of the core, and the profile is
roughly flat over this interval. At 25 cm from the influent end
of the core, the number of CFU rapidly decreases, whereas the
direct counts of CFDA/SE-stained cells remain relatively un-
changed. The reason for this is not yet known. The distribution
of DA001 in the sediment based on the direct count data,
however, is more representative than the distribution based on
the CFU data when the data are compared to the sediment
distribution of DA001 in other intact cores (H. Dong, T. On-
stott, M. DeFlaun, M. Fuller, S. Streger, R. Rothmel, and B.
Mailloux, submitted for publication). Therefore, it is assumed
that in this case the direct count data represent the actual
sediment distribution of DA001 more realistically than the
CFU data do.

Conclusions. This research resulted in the development of a
long-term fluorescent staining technique for nondividing cells
which has no apparent effects on cell viability, adhesion, and
transport characteristics. The stained cells were quantifiable by
epifluorescence microscopy, microplate spectrofluorometry,
and flow cytometry. Cells stained with CFDA/SE could be
distinguished from autofluorescing sediment particles by mi-
croscopy, allowing cell densities in sediment samples to be
determined. Transport of DA001 cells determined by enumer-
ation of CFDA/SE-stained cells was identical to DA001 trans-
port determined by more established methods. It is believed
that the utility of CFDA/SE for tracking microorganisms will
become limited if the stained cells begin to grow, since this will
result in approximately twofold dilution of the fluorescent moi-
ety with each successive cell division. Additional work with this
technique that will be reported elsewhere includes field-scale
bacterial transport experiments using CFDA/SE-stained
DA001 cells with near-real-time microplate spectrofluorom-

FIG. 6. Concentrations of 14C-labeled DA001 cells stained with CFDA/SE in the effluent of intact sediment core NC9-2SAT, as determined by liquid scintillation
counting (——), plate counting (E), epifluorescent direct counting (h), and microplate spectrofluorometry ({). Breakthrough of the conservative 3H2O tracer is also
shown (– – –). The initial concentration of DA001 injected into the core was 9 3 107 cells/ml. The error bars represent 1 standard deviation of the mean.
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etry enumeration (M. Fuller, B. Mailloux, P. Zhang, S. Vain-
berg, W. Johnson, T. Onstott, and M. DeFlaun, submitted for
publication); experiments examining protozoan predation dy-
namics using CFDA/SE-stained cells under both laboratory
and field conditions; experiments coupling the staining proce-
dure with an immunomagnetic separation-concentration (fer-
rographic) method to reduce the lower detection limit to 5 to
10 cells/ml (22); and several more intact-core bacterial trans-
port experiments.

This bacterial tracking technique has applications outside
the field of bacterial transport. We believe that it may prove to
be useful in public health microbiology, allowing the survival
and movement of pathogen and pathogen surrogates to be
monitored in terrestrial, aquatic, and even food-processing
environments. The technique may also be useful for studying
infection and colonization by pathogens in vivo using animal
models.
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