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Fluorescent antibody staining was combined with 2-(p-iodophenyl)-3-(p-nitro-
phenyl)-5-phenyltetrazolium chloride reduction in a procedure termed FAINT to
allow for the direct microscopic determination of specific actively respiring
populations of bacteria in a variety, of aquatic habitats. The FAINT procedure is
simple, precise, and appropriate for use in a wide variety of autecological studies.
The distribution of Thiobacillus ferrooxidans was examined by FAINT enumera-
tions in both acidic and nonacidic sites. Comparisons among the FAINT tech-
nique and fluorescent antibody staining alone or most-probable-number determi-
nations in 9K broth showed that the use of most-probable-number determinations
resulted in an underestimation of the number of viable cells by one to three orders
of magnitude, whereas fluorescent antibody counts resulted in an overestimation
of the number of viable T. ferrooxidans. The amount of difference was not
consistent but varied, depending on the sample site.

Direct counting of microbial cells stained with
fluorescent dyes such as acridine orange or
fluorescein isothiocyanate is a well-established
method for determining the total standing crop
of microorganisms in natural habitats (13, 17, 18,
22, 25). However, it is not possible to differenti-
ate specific types of bacteria by using these
stains, nor is it possible to distinguish between
live and dead cells (6, 17, 33). To differentiate
specific types of bacteria, several workers have
used immunofluorescent staining techniques to
determine the population size of a variety of
bacteria in natural samples, including species of
Rhizobium (5, 34, 35), Nitrobacter (14, 16, 32,
37), Thiobacillus (1, 20), Legionella (9, 15),
Thermoplasma (3), and several methanogens
(38, 39).

Several methods have been employed to dis-
cern live cells from dead cells. Microautoradiog-
raphy has been combined with direct staining
methods to distinguish active from inactive cells
in detrital, marine, and estuarine communities
(7, 23, 28, 31). Kogure et al. (27) recently
proposed the use of incubations in the presence
of nalidixic acid to distinguish synthetically ac-
tive cells from inactive cells, and Orndorff and
Colwell (29) applied the technique to a study of
heterotrophic microbial communities in a Ke-
pone-polluted section of the James River.

t Present address: Department of Biology, Dickinson Col-
lege, Carlisle, PA 17013.

Alternative electron acceptors in the form of
tetrazolium salts have been used to measure
electron transport activity in samples of zoo-
plankton, phytoplankton, and bacteria (8, 10, 11,
12, 26). The reduction of 2-(p-iodophenyl)-3-(p-
nitrophenyl)-5-phenyltetrazolium chloride (INT)
to extractable formazan has been shown to be
correlated with oxygen uptake and respiratory
activity (10). In a recent modification of the INT
technique, Iturriaga and Rheinheimer (24) and
Zimmerman et al. (40) proposed direct micro-
scopic examination of samples incubated in the
presence of INT to allow for the determination
of respiratory activity on a cell-by-cell basis, and
Harvey and Young (21) applied the direct INT
technique to the enumeration of respiring bacte-
ria in salt marsh samples.
The combination of fluorescent-antibody (FA)

staining with a method such as microautoradio-
graphy or INT reduction for the determination
of cellular activity would make it possible to
determine how many viable cells of the type of
interest are in a sample. Fliermans and Schmidt
(16) combined FA staining and microautoradio-
graphy for the direct microscopic enumeration
of viable Nitrobacter cells in soil systems. We
report here a simple method for combining FA
staining and INT reduction (FAINT) to deter-
mine the numbers of viable Thiobacillusferroox-
idans cells in natural samples. The results indi-
cate that the FAINT method provides a rapid,
accurate measure of species-specific numbers of
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active cells and is more sensitive than conven-
tional cultural techniques by at least one order of
magnitude.

(This work was presented in part at the 81st
Annual Meeting of the American Society.for
Microbiology, Dallas, Texas, March 1981
[K. H. Baker and A. L. Mills, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1981, N61, p. 183].)

MATERIALS AND METHODS
Preparation of antiserum. T. ferrooxidans cells

(ATCC 3598) to be used for antibody preparation were
grown in 9K medium, harvested, and freed of inorgan-
ic precipitates by the procedures of Silverman and
Lundgren (36). After harvesting, the cells were
washed with phosphate-buffered saline (PBS [0.1 M
P04-3-0.85% NaCl, pH 7.6]) and resuspended in PBS
at a concentration of approximately 109 cells ml-'.
A New Zealand white rabbit was injected intrave-

nously with increasing doses (1 x 108, 5 x 108, 1 x
109, and 5 x 109) of T. ferrooxidans cells over a 2-week
period. The rabbit was then rested for 1 week and bled
through an ear vein. After the initial induction period,
antibody titers were maintained in the rabbit by peri-
odic injections of 106 cells.
Antiserum was prepared from the collected blood

samples by the procedures of Garvey et al. (19) as
described by Gates and Pham (20). By using the slide
agglutination procedure (2), the antiserum was tested
for specificity against known strains of gram-positive
and gram-negative bacteria (Escherichia coli, Pseudo-
monas aeruginosa, Klebsiella pneumoniae, Salmonel-
la typhimurium, and Staphylococcus aureus) and 86
strains of heterotrophs isolated from the environment
where this procedure was to be implemented as an
analytical tool. In addition, the preparation was tested
against nine strains of Thiobacillus species, including
Thiobacillus thiooxidans (ATCC 8085), and eight envi-
ronmental isolates of sulfur-oxidizing autotrophs un-
able to oxidize iron. If any of the slide agglutination
tests yielded questionable results, the strain was fur-
ther tested by a complete FA stain. In the few cases
where cross-reactivity with a strain was observed, the
cross-reacting antibodies were removed by placing
washed cells of the interfering strain into the prepara-
tion and allowing adsorption to the antigen for a 16-h
period at 4°C. The cells and the adsorbed antibody
were then removed from the serum. Retesting of the
treated antiserum always demonstrated complete re-
moval of the interfering antibodies.
Sample collection and preparation. Water samples

were collected from Lake Anna, Louisa County, and
Peacock Hill Lake, Albemarle County, Va., in April
1981. Sampling sites were chosen to reflect a variety of
aquatic habitats, including areas with a high probabili-
ty and those with a low probability of the presence of
T. ferrooxidans cells. Specific conductance, pH, dis-
solved 02, and temperature were measured at each
site as the samples were taken. Culturable T. ferrooxi-
dans cells were determined at each site, using a five-
tube most-probable-number (MPN) procedure in 9K
broth (36).
Samples for FA counts were fixed immediately upon

collection by the addition of formaldehyde (2% final
concentration). Samples for activity determinations,
using FAINT staining, were filtered through a 0.2-,um

filter (Nuclepore Corp.) to collect the cells. The filters
were then placed in a 30-ml sterile centrifuge tube
containing 10 ml of a 0.2% solution ofINT (J. T. Baker
Chemical Co.) in PBS and incubated in the dark for 10
min. After incubation, formaldehyde was added to a
final concentration of 2% to fix the cells. Fixed
samples were stored in the dark and returned to the
laboratory for further processing.
FA staining. Samples were stained by using the

indirect staining technique of Gates and Pham (20).
Bovine serum albumin (20 mg/ml) or hydrolyzed gela-
tin was used to reduce nonspecific background fluo-
rescence (4, 20), and 200 ml of PBS was used at each
washing step. For each cell observed, the intensity of
fluorescence was rated on a scale of 0 (no fluores-
cence) to +4 (brilliant fluorescence). Cells showing +3
to +4 fluorescence were counted as T. ferrooxidans.
FAINT staining. In the laboratory, the filters which

had been incubated in the presence of INT were
transferred to a staining tower, and the INT solution in
which the filter had resided was passed through the
filter to collect any cells which may have been dis-
lodged from the membrane during transport. The cells
were then stained, using the indirect FA procedure
(20). After staining, the cells were transferred from the
filter surface to a microscope slide, using the gelatin-
stripping technique of Tabor and Neihof (P. S. Tabor
and R. A. Neihof, Abstr. Annu. Meet. Am. Soc.
Microbiol. 1981, N80, p. 186). Briefly, this procedure
involves placing the filter face down on a microscope
slide which has been coated with a thin layer of a
gelatin-chrome alum mixture (40) by dipping the slide
in a beaker of the molten preparation and allowing the
excess to run off. The solution is allowed to dry
overnight, and the filter is carefully stripped off,
leaving the cells embedded in the gelatin. The surface
is then coated with a second layer of the gelatin
solution to prevent dissolution of the formazan crys-
tals by the immersion oil.

Individual cells visible with the FA stain were
examined under alternating epifluorescent-transmitted
illumination to determine whether they contained for-
mazan crystals. For each sample processed, a mini-
mum of 20 FA-positive cells were rated. Concentra-
tions of actively respiring microorganisms were
determined by multiplying the number of T. ferrooxi-
dans determined by the FA counts by the percentage
of cells that were FA positive and contained formazan
crystals, i.e., the percentage of cells that were FAINT
positive.

Optimization of INT reduction assay. The effect of
the incubation pH on INT reduction was determined
by suspending pure cultures of T. ferrooxidans cells in
either distilled water acidified to pH 2.6 or PBS at pH
7.6. INT (0.02% final concentration) was added to the
preparations, and the suspensions were incubated in
the dark for 18 h. Samples were periodically with-
drawn, and the percentage of cells containing forma-
zan crystals was determined with phase-contrast mi-
croscopy (24).
The optimal time for the incubation of cells in the

presence of INT was determined by incubating T.
ferrooxidans suspended in 0.02% INT in PBS. Two
incubation series were used. In the first series, the
cells were exposed to INT for 10 min and then fixed by
the addition of formaldehyde (2% final concentration).
The second series was incubated in the presence of
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FIG. 1. Relationship of pH to the time of develop-
ment of visible formazan crystals in bacterial cells.

INT without any added formaldehyde. Samples were
periodically withdrawn from each treatment, and the
percentage of INT-positive cells was determined.
The possibility that non-biological, extracellular re-

duction of the INT might occur in the presence of
reducing agents such as Fe2" was tested by adding
INT to cultures of T. ferrooxidans in 9K broth, to
sterile 9K broth, and to the Fe2" solution used to make
9K broth. Samples were removed and examined mi-
croscopically for the presence of extracellular forma-
zan crystals.
Recovery of T. ferrooxidans cells from neutral solu-

tions. T. ferrooxidans cells originally grown on 9K
media were transferred to PBS. After 4 days of incuba-
tion in PBS, INT counts (with acridine orange as the
fluorescent stain) were made to determine the percent-
age of the cells which were still active. Subsamples of
the culture were transferred to 9K medium to test for
the presence of culturable T. ferrooxidans cells. Sepa-
rate subsamples were sequentially centrifuged and
suspended for 2 h in acidified (H2S04) distilled water
(pH 6.0 and 4.0) before being inoculated into 9K
media.

RESULTS
FA staining. Antiserum for T. ferrooxidans

showed no cross-reactivity with any culture of
heterotrophic bacteria, including those isolated
from the sampling sites under examination.
There was a very slight cross-reactivity (slide
agglutination, +/-; fluorescence, 0/1) between
T. ferrooxidans antiserum and several Thiobacil-
lus spp. demonstrated not to be T. ferrooxidans
by their inability to oxidize Fe2+. The cross-
reacting antibodies, however, were easily re-
moved by adsorbing them overnight with the
non-Fe2+-oxidizing Thiobacillus isolates.
A nonspecific background fluorescence which

could not be completely blocked by the use of
either bovine serum albumin or hydrolyzed gela-
tin was present in the samples; however, wash-
ing of the filters with 200 ml of PBS between
each of the reaction steps reduced the back-
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FIG. 2. Time for development of visible formazan
crystals in cells fixed or not fixed with formaldehyde
after 10 min of incubation with INT. Note the apparent
deformation of the early portion of the curve due to the
logarithmic scale of time.

ground to a level (0/1) that did not interfere with
counting of the cells. Comparisons of acridine
orange and FA counts on suspensions of T.
ferrooxidans cells or on water samples to which
T. ferrooxidans cells were added indicated that
all of the added T. ferrooxidans cells were
counted with the FA stain.
FAINT staining. Formazan crystals in T. fer-

rooxidans appeared as dark-red deposits when
viewed with transmitted light. Usually, but not
always, the formazan crystals were deposited in
polar regions of the cells. Since extracellular
deposition of formazan crystals was occasional-
ly noted, only those crystals which could be
seen within a fluorescent cell were counted as
indicating actively respiring cells. No intracellu-
lar formazan deposits were evident in samples of
T. ferrooxidans cells which had been killed by
the addition offormaldehyde before the addition
of INT.
The formation of visible formazan crystals in

the cells took considerably longer at pH 2.0 than
at pH 7.6, although similar results were obtained
at the two pH values after 15 h of incubation
(Fig. 1). The color of the formazan crystals
under acid conditions was never as intense as at
the higher pH, which made distinction of INT-
positive cells at the low pH values extremely
difficult.
Samples which were fixed after a 10-min ex-

posure to INT and examined after sufficient time
for growth of the formazan crystal (2 h) showed
no difference in the percentage of cells which
were INT positive when compared with samples
incubated for 2 h with no fixation (Fig. 2).
The addition of INT to cultures of T. ferrooxi-

dans cells in 9K media resulted in the virtually
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TABLE 1. Environmental parameters of the sites
sampled for the presence of T. ferrooxidansa

Parameter

Station Specific Dissolvedconductance pH Temp 02 uptake
(siemens (OC) (mlie)
cm'1)(mlie-

C1 300 3.2 11.6 6.6
C4 171 4.4 6.4 b
A2 95 6.9 15.6 7.0
Fl 160 7.2 15.0 8.8
Ll 85 6.8 6.9
PH 75 6.7 9.3 11.5

a The sites were not necessarily sampled simulta-
neously.

b , Measurement not made.

instantaneous reduction of INT with concomi-
tant formation of extensive extracellular forma-
zan deposits. Extensive abiological INT reduc-
tion was also found to occur when INT was
added to either 9K solution or the Fe2+ solution
used in 9K media.
Enumeration of T. ferrooxidans cells in field

samples. Site Cl in Lake Anna is highly contam-
inated with acid mine-drainage (AMD), as can
be seen by the low pH and high conductivity of
the water (Table 1). Site C4 is 1.1 km down-
stream and represents an intermediate zone of
AMD contamination. Site A2 is 2 km down-
stream from site Cl and, as a result, has a higher
pH and a lower conductivity than the upstream
station. Sites Fl, Li, and PH were chosen as
control sites where viable T. ferrooxidans cells
were not expected to occur because none of
these sites receives AMD input.
The MPN technique consistently gave the

lowest estimates of the number of T. ferrooxi-
dans cells present (Table 2). By this technique,
T. ferrooxidans cells could be detected only at
site Cl, and the number there was low. FA
staining indicated that T. ferrooxidans cells were
present at sites Cl, A2, and Ft. No T. ferrooxi-

dans cells were detected at site PH with any
method.

Activity measurements, using the FAINT
technique, indicated that use of direct micro-
scopic counting of FA-stained cells resulted in
an overestirhation of the number of viable cells
at all sites where T. ferrooxidans cells were
present. Active cells accounted for approxi-
mately 80% of the T. ferrooxidans cells at site Cl
but only about 50% of the T. ferrooxidans cells
observed at site A2. FAINT-positive cells were
detected in only one of the three replicate sam-
ples taken at station Fl, and for that sample, the
actively respiring cells were only 14% of the
total FA count.

Recovery of T. ferrooxidans cells from neutral
solutions. No culturable T. ferrooxidans cells
could be recovered when cells which had been
incubated in PB3S for 4 days were inoculated
directly into 9K broth, even though 7% of the
cells observed in the inoculum were INT posi-
tive. When the cells were gradually acclimated
to the acidic medium by successive passage
through intermediate pH solutions, however, it
was possible to recover culturable Fe2+-oxidiz-
ing T. ferrooxidans cells when the cells were
finally inoculated into the 9K broth.

DISCUSSION
The FAINT technique is based upon two

assumptions: (i) the antibody preparation being
used is specific and (ii) INT reduction reflects
metabolic activity within the cell. The problems
involved in preparing specific antibodies and the
techniques necessary to achieve this goal have
been reviewed by Schmidt (33) and, more re-
cently, by Bohlool and Schmidt (6). Extensive
screening of the agglutinated antiserum prepara-
tion against non-T. ferrooxidans isolates from
the sampling sites indicated that the antiserum
used in the present study was species specific.
Schmidt (33) has reported on the preparation of
specific antiserum to T. ferrooxidans, and the
antiserum preparations used by Gates and Pham
(20) and Apel et al. (1) showed little cross-

TABLE 2. Numbers of cells of T. ferrooxidans (FA), culturable T. ferrooxidans (MPN), and respiring T.
ferrooxidans per milliliter in samples of water from AMD-contaminated and uncontaminated sites

No. (mean) of T. ferrooxidans cells determined by indicated technique':
Station AMD

FA FAINT MPN

ci +b 7.7 x 104 (0.08) 5.6 x 104 (0.15) 33
C4 +/- 4.1 x 104 (0.19) 1.8 x 104 (0.24) 0
A2 +/- 2.7 x 103 (0.04) 4.1 x 102 (0.29) 0
Fl - 5.4 x 102 (0.50) 1.4 x 101 (1.0) 0
Li - 4.6 x 103 (0.15) 5.4 x 101 (1.0) 0
PH - 0 0 0

a Values for direct counts are the means and coefficient of error obtained from three replicate water samples.
b +, Presence of AMD; -, absence of AMD.
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reactivity. Although there is insufficient infor-
mation available concerning the serology of the
thiobacilli to completely eliminate the possibility
of cross-reactivity between antiserum prepara-
tions and non-T. ferrooxidans, the previous re-
ports and our own findings indicate that it is
possible to obtain species-specific antibody
preparations for the FA study of T. ferrooxi-
dans.

Nonspecific background fluorescence could
not be completely eliminated in the indirect FA
procedure employed, although the background
could be reduced to a noninterfering level. The
use of either bovine serum albumin (1, 20) or
hydrolyzed gelatin (4) has been shown to reduce
or eliminate some types of background fluores-
cence by adsorbing to nonspecific binding sites.
In our experience, bovine serum albumin and
hydrolyzed gelatin reduced but did not eliminate
background fluorescence. Further reductions in
background fluorescence could be achieved only
with extensive washing of the filter with PBS,
indicating that low-level background fluores-
cence may be a limitation inherent in the use of
an indirect FA procedure. It is likely that there
would have been no significant background fluo-
rescence had a direct FA procedure been em-
ployed.

Sensitivity of the INT reduction process to
acidity similar to that reported here was previ-
ously observed in studies in which the quantifi-
cation of extractable formazan was used as an
estimate of total activity (12). In the present
work, this sensitivity did not impose a signifi-
cant limitation on the use of the FAINT tech-
nique in acidic environments, since it was possi-
ble to satisfactorily measure respiratory activity
by removing the cells from their natural environ-
ment and suspending them briefly in a neutral
buffer. Although in some systems the sudden
shift in pH involved in the procedure might
result in a lethal stress to some of the cells
present, the results presented here indicate that
such a stress is not a problem in FAINT determi-
nations of T. ferrooxidans.
The abiological extracellular reduction of INT

by agents such as Fe2+ necessitates that extreme
care be taken in the determination of the number
of INT-positive cells in a sample. Intracellularly,
INT is an alternate acceptor for the electrons
generated by the oxidation of the ubiquinone-
cytochrome b complex (30). As such, it is sub-
ject to reduction not only intracellularly by
viable microorganisms but also by compounds
which are moderately strong reducing agents
(such as Fe2+) that might be found in reducing or
anoxic natural environments. Thus, the INT
portion of the FAINT technique may not be
directly applicable to environments such as re-
ducing sediments or hypolimnetic waters. Be-

cause of the possibility of abiological extracellu-
lar INT reduction, the determination of the
number of INT-positive cells present in a sample
must be made only when the presence of a
fluorescing cell with an intracellular formazan
crystal can be directly demonstrated (40).
As noted previously, the second assumption

of the FAINT technique is that the reduction of
INT to formazan is an accurate reflection of
metabolically active cells. That intracellular INT
reduction does not occur in killed bacterial cul-
tures has been amply demonstrated in both our
work and the studies of Zimmerman et al. (40)
and Iturriaga and Rheinheimer (24). Further-
more, the present research has shown that, in
situations where INT-positive cells could be
detected but no T. ferrooxidans cells could be
enumerated with conventional MPN techniques
in 9K media, it was possible to recover iron-
oxidizing T. ferrooxidans cells when they were
slowly acclimated to the lower pH of the 9K
medium. Although these data do not prove un-
equivocally that a one-to-one correspondence
exists between INT-positive cells and viable,
physiologically active cells, such an inference is
supported by the data.
Using the FAINT technique, we have demon-

strated the occurrence of active populations of
T. ferrooxidans in both acidic and neutral aquat-
ic habitats. Viable T. ferrooxidans cells were
rarely detected at either of the sites which had
no recorded input of AMD. It is important to
note, however, that T. ferrooxidans was detect-
able at a concentration of 5.0 x 102 cells ml-1 at
site Fl, using FA staining alone. It was only by
combining the use of FA with cell-specific activ-
ity measurements that it could be demonstrated
that the number of viable T. ferrooxidans cells
was insignificant at site Fl.

Bohlool and Schmidt (6), in their recent re-
view of the application of FA staining to micro-
bial ecology, contended that the difference be-
tween total population counts obtained with FA
staining and the actual number of viable cells in
the environment is negligible since dead cells do
not persist in nature. Our data indicate that the
number of inactive T. ferrooxidans cells in non-
optimal habitats can be considerable (20% at
station Cl; over 80% at station Fl). Therefore,
in stressed environments, direct counts obtained
with FA alone may lead to overestimates of the
number of viable cells and thus an overestimate
of the potential impact of the organisms on their
environment. Zimmerman et al. (40) and Harvey
and Young (21) have presented evidence ob-
tained by using combined acridine orange stain-
ing-INT reduction which indicates that inactive
cells can be numerous in natural samples. Our
work extends these observations to the case of a
single type of bacterium, T. ferrooxidans.
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The results of this research indicate that the
combination of immunofluorescent staining with
the use of INT as an indicator of electron
transport activity provides a simple and sensi-
tive method for the enumeration of metabolical-
ly active specific populations of bacteria. Flier-
mans (C. B. Fliermans, Abstr. Annu. Meet.
Am. Soc. Microbiol. 1981, N26, p. 177) has
applied a similar technique in a study of Legion-
ella pneumophila. We feel that the FAINT tech-
nique is applicable to autecological studies of a
wide variety of natural populations of respiring
bacteria because of the distinct advantages of
comparative ease of preparation and lack of
substrate specificity limitations that are found in
other direct measures of microbial activity in
natural habitats.
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