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Planktonic bacteria collected from several freshwater environments and cul-
tured bacteria were used to compare two methods for determining the numbers
of metabolizing bacteria. The methods used were (i) reduction of 2-(p-iodophenyl)-
3-(p-nitrophenyl)-5-phenyl tetrazolium chloride 2-(p-iodophenyl)-3-(p-nitro-
phenyl)-5-phenyl to tetrazolium chloride-formazan and (ii) elongation of cells by
using yeast extract and nalidixic acid. No statistically significant difference was
found between methods in determining metabolizing bacteria, although significant
differences (P < 0.05) were found when comparing numbers of total bacteria. A
combination of the two methods yielded significant changes, both positive and
negative, in the numbers of metabolizing bacteria.

The accurate enumeration of aquatic bacteria
has long been a challenge to aquatic microbiol-
ogists. For example, bacterial numbers deter-
mined by plate count methods have been shown
to be much smaller than those determined by a
direct-count method (11). It is fairly certain that
not all bacteria present in aquatic systems are
metabolically active (20, 23); therefore, deter-
mination of a normalized percentage of meta-
bolically active cells to total counts would be of
use to microbial ecologists interested in deter-
mining the influence of microorganisms on a
given aquatic environment.

Presently, one of the most widely used direct-
count methods employs epifluorescence micros-
copy with acridine orange as a stain. Since its
adaptation (1, 5), this method has undergone
changes in methodology and in the interpreta-
tion of results (4, 8, 12, 14, 18, 29). Hobbie et al.
(8) reported that dead and actively metabolizing
bacteria would fluoresce red after staining with
acridine orange because of a predominance of
single-stranded nucleic acids (single-stranded
deoxyribonucleic acid and ribonucleic acid, re-
spectively), whereas inactive bacteria would flu-
oresce green because of a predominance of dou-
ble-stranded deoxyribonucleic acid. Jones (12)
considered the reported appearance of different
colors as much a reflection of concentration and
of contact time with the fluorochrome as of the
viability of the organism at the moment of stain-
ing. Despite the controversy, however, bacteria
counts obtained by this technique have com-
pared well with those obtained by other methods

1 Contribution 215, Center for Great Lakes Studies, The
University of Wisconsin-Milwaukee, Milwaukee, WI 53201.

(2, 18, 24). More recent techniques proposed to
help determine bacterial activity in relation to
total numbers have included using concurrent
uptake and respiration studies with labeled com-
pounds (22, 25) and directly using autoradiog-
raphy to determine active cell numbers (19).

Two recently developed methods allow direct
determination of actively metabolizing bacteria
from filtered samples. The first involves the
reduction of 2-(p-iodophenyl)-3-(p-nitrophenyl)-
5-phenyl tetrazolium chloride (INT) to INT-for-
mazan crystals by active bacterial electron trans-
port systems (28). Electron transport system
activity is a characteristic of living cells and has
been measured with tetrazolium salts (10, 21).
INT acts as an H* acceptor and builds optically
dense, stable formazan crystals (10, 28) which
can be observed with light microscopy (28). The
second uses a preincubation of the sample with
a combination of yeast extract and nalidixic acid
(YE + NA) (16). This technique is based on the
specific inhibition of deoxyribonucleic acid syn-
thesis by NA (6, 7). Active cells unable to divide
because of lack of deoxyribonucleic acid synthe-
sis will continue to grow and become elongated.
This paper describes the comparison and com-
bination of these two methods in which filtered
bacterial samples collected from several fresh-
water environments were used.

MATERIALS AND METHODS

Water samples collected for analysis from several
water bodies having a wide range of trophic status and
depth were stored and later analyzed in the laboratory
(Table 1). Each sample was split into subsamples and
processed as follows.

In test 1, a 10-ml subsample from each depth was
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TABLE 1. Sample location, trophic status, depth, and method of collection
Sample location and trophic  pepyy  Method of collection Storage Time before
Trout Lake®, Vilas County, 2m Van Dorn bottle Acid-washed opaque 20 min
Wis. (mesotrophic- 8m plastic bottle
oligotrophic)
Lake Michigan 43°11'18”N, Om Niskin bag sampler Sterile glass jars 4°C 1 h and 45 min
87°41'10"W (oligotrophic) 20 m
90 m
Bog pond no. 1%, Cedarburg, 20 cm  Sterile hand pump Sterile glass jars 15 min
Wis. (eutrophic)
Milwaukee Harbor Om Acid-cleaned plastic N/A° Immediately
(eutrophic) bucket

¢ A description of the lake was given by Juday and Birge (15).
% A description of the pond was given by S. C. Danos (M.S. thesis, University of Wisconsin-Milwaukee,

Milwaukee, 1980).
°N/A, Not applicable.

placed in a sterile screw-capped test tube and fixed
with 0.1 ml of 40% formaldehyde.

In test 2, a 10-ml subsample from each depth was
placed in a sterile screw-capped test tube, and 1 ml of
0.2% INT dye (J. T. Baker Chemical Co., Phillipsburg,
N.J.) was added. Samples were incubated in the dark
for 20 min (28) at 20°C. The reaction was stopped with
0.1 ml of 40% formaldehyde.

In test 3, duplicate 100-ml samples from each depth
were enriched with 0.025% (wt/vol) YE and 0.002%
(wt/vol) NA (16) and incubated in 250-ml sterile
screw-capped glass bottles for 6 h in the dark at 20°C.
After incubation, samples were fixed with 40% form-
aldehyde (final concentration, 2%).

In test 4, duplicate 100-ml samples from each depth
were placed in sterile 250-ml screw-capped glass bot-
tles and enriched with both (i) 0.025% (wt/vol) YE
and 0.002% (wt/vol) NA and (ii) 10 ml of 0.2% INT
dye. Samples were incubated and fixed as in test 3.

In test 5, duplicate 100-ml samples from each depth
were placed in sterile 250-ml screw-capped glass bot-
tles, and 10 ml of 0.2% INT dye was added. Samples
were incubated and fixed as in test 3.

In test 6, duplicate 100-ml samples from each depth
were placed in sterile 250-ml screw-capped glass bot-
tles and incubated and fixed as in test 3.

All samples were incubated at 20°C after Kogure et
al. (16) for YE + NA to eliminate temperature as a
variable.

To further examine the two techniques, a pure
culture of an unidentified gram-negative rod, isolated
from the hypolimnion of Lake Michigan and grown in
nutrient broth (Difco Laboratories, Detroit, Mich.) at
20°C, was subjected to similar sets of tests, and the
observations were used for comparison. Test tubes
containing nutrient broth were inoculated 48 h before
tests began. Small samples of the broth were added to
autoclaved and filter-sterilized water (Gelman filter,
0.2-um pore size) and treated as in tests 1, 2, 3, and 4.

A time course experiment with INT and incubation
periods of up to 6 h was also performed. Water was
collected from a pond and placed in an aquarium in

the laboratory. A subsample (500 ml) containing a
natural population of bacteria was taken from the
aquarium and placed in a sterile flask containing a
stirring bar. A 30-ml amount of 0.2% INT dye was
added, and the sample was mixed and then incubated
at 20°C. Samples of 10 ml were removed at the follow-
ing times and fixed with 0.1 ml of filtered (0.2-um pore
size) 40% formaldehyde: 0, 1, 2, 10, and 30 min and 1,
2, 4, and 6 h. After fixation, samples were stored in the
dark at 4°C for approximately 2 weeks until prepara-
tion for direct counts.

Microscopy. For epifluorescence microscopy, Nu-
clepore polycarbonate filters (25-mm diameter, 0.2-um
pore size) were stained with Sudan black B (28). To
counter hydrophobic areas on the filters, several drops
of a 0.5% solution of Wayfos surfactant (Phillip A.
Hunt Chemical Corp., East Providence, R.I.) were
placed below the filter just before filtering of the
sample.

Samples were stained with a 0.01% final concentra-
tion of acridine orange (8). A 1-ml amount of each
sample was mixed with 1 ml of dilution water and 0.2
ml of 0.1% acridine orange in a test tube and incubated
for 2 min before being added to the filter column. The
test tube was rinsed with 2 ml of filtered (Nuclepore
filter, 0.2-um pore size [see below]) water, which was
then added to the filter column. To ensure their ste-
rility, the dilution and rinsing water and the acridine
orange were filtered by drawing the liquids into grad-
uated syringes, attaching an autoclaved Swinnex-13
filter holder (Millipore Corp., Bedford, Mass.) contain-
ing a 13-mm-diameter Nuclepore filter (0.2-um pore
size), and forcing the liquid through the filter directly
into the test tube. After filtering, the filter was re-
moved from the column and placed on a glass slide. A
drop of nonfluorescing immersion oil (Cargille, Cedar
Grove, N.J.) was placed on top, and a cover slip was
added.

Counts were made with a Zeiss standard 18 micro-
scope with Neofluar objectives and adapted for epiflu-
orescence (HBO 50 light source, G436 exciter filter,
PL 520 barrier filter, and FT 510 beam splitter). The
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total number of bacteria per milliliter was estimated
from a count of at least 10 randomly chosen micro-
scope fields under oil immersion (x1,000 for Trout
Lake samples only; x1,500 for others). At least 200
bacteria were counted from each filter. Actively me-
tabolizing bacteria were determined by two methods.
For those samples where INT was used, metabolizing
bacteria reduced INT to INT-formazan, forming op-
tically dense intracellular deposits (28). In the samples
where YE and NA were used, this combination caused
actively metabolizing bacteria to either elongate or
fatten, and these were counted by epifluorescence (16).
The actively metabolizing bacteria were determined
from the same fields as the total counts. When INT
and YE + NA were combined, the numbers of respir-
ing bacteria from each test were counted separately.
All counts are expressed as bacteria per milliliter.

For statistical analyses, duplicates were combined.
Data were analyzed with a one-way analysis of vari-
ance (ANOVA), using a Hewlett-Packard 9825A com-
puter and a taped program (Statistics, vol. 2, part no.
09825-15014). Data indicating a significant difference
(P < 0.05) were further analyzed by the Newman-
Keuls multiple-range test (26).

RESULTS

Observations. Observations of metabolizing
cells identified by the INT-formazan method
showed cells to have one or several round dark-
red formazan deposits as previously described
(28). These deposits were not often in the same
focal plane as the outlines of the cell, so an up-
and-down focus action was used in combination
with bright-field transmitted light and incident
fluorescent light.

After 20-min incubation periods, there was no
difficulty in observing both the formazan depos-
its and the fluorescing bacteria in both natural
samples and cultured cells. However, after in-
cubations of 6 h, transmitted light revealed non-
fluorescing bacterial shapes apparently contain-
ing large amounts of formazan in the samples
collected from the lakes and pond. There was no
difficulty in observing formazan deposits in cul-
tured cells even after 6 h; this was probably due
to the naturally large size of cultured bacteria.
Nonfluorescing bacterial shapes were not in-
cluded in counts of total numbers of metaboliz-
ing bacteria, which may account for the differ-
ences found when samples were incubated with
INT for 6 h.

The time course of INT labeling was examined
in a 6-h experiment (Fig. 1). Again, nonfluoresc-
ing bacterial shapes were not counted, and a
slight decrease in total counts was observed over
6 h. Metabolizing bacteria showed an initial rise
and then a slight decrease. These results suggest
that after long incubations increasing accumu-
lations of formazan deposits may totally block
out fluorescence in cells.

Observations of metabolizing cells determined
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Fi1c. 1. Effect of prolonged exposure of INT on
numbers of both total and metabolizing bacteria.
Bars denote one standard deviation.

by the YE + NA method (in natural samples
from the lakes and pond) indicated that these
cells were elongated or fattened and fluorescing
red-orange as described previously (16). With
cultured cells, however, elongation and enlarge-
ment were not readily apparent. Most cells did
not appear much larger than normal

The INT was combined with YE + NA in the
hope that elongation and fattening of the cells
by YE + NA would aid in the identification of
INT-formazan cells. Most cells that appeared
enlarged in natural samples contained easily ob-
served formazan deposits. Most cells with for-
mazan deposits appeared enlarged. However,
cells were observed which may have been en-
larged but did not contain formazan deposits, as
well as cells with formazan deposits which did
not appear enlarged. Similar results were ob-
served with cultured cells.

Measurements. The numbers of total and
metabolizing bacteria in water collected from all
stations are given in Table 2.

(i) Trout Lake. Determinations of total bac-
teria from tests 1 through 6 at 2 m were similar,
and ANOVA indicated that no difference existed
among tests (F = 0.80; P > 0.05). ANOVA for
metabolizing bacteria at 2 m indicated a signifi-
cant difference among tests (F = 2.54; P < 0.05).
Significantly different means were found for
tests 4 (YE + NA) and 5 (INT) (Neuman-Keuls
multiple-range test, P < 0.05).

ANOVA for total bacteria from 8 m indicated
a significant difference (F' = 9.76; P < 0.05). Test
4 was significantly different from all other tests,
and a further difference was found between
means of tests 6 and 3 (P < 0.05). ANOVA for
metabolizing bacteria from 8 m indicated a dif-
ference among tests (F' = 2.45; P < 0.05). The
significantly different test means were test 5
(INT) and tests 2 (INT) and 4 (YE + NA) (P
< 0.05).

(ii) Lake Michigan. ANOVA for total bac-
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TABLE 2. Sample location, depth, and direct counts of total and actively metabolizing bacteria

(5) INT (6 h)

(4) INT + (YE + NA)

(3) YE + NA

(2) INT

% % YE
INT +NA
(X10%) active active

Total
count

count
(x10%)

YE +
NA
active

INT
active
count
(X109

+ NA
(x10°) active

Total % YE

count

YE +
NA
active
count
(x10%)

Station, date, and depth (m)

Trout Lake, 10/19/79

1.09 52 105
107 48 1.08

5.70
5.20

105
84

8.7
7.5

1.06
7.20 0.86

11.10

9.20
6.50

101 85
6.9

8.60
6.80 0.98

1.14 7.9
1.02 7.7

9.10
7.90

1.09
1.02
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Lake Michigan, 6/4/80

120 0.60
11.8 0.57
14.7 0.57

0.71
559 038

685 057
8.42

7.2
9.8

95 9.5
5.2
9.1

3.04 032
6.06 0.84
286 029

3.04
441
2.65

93
9.7
7.1

0.74
418 043

6.93
578 081

129
626 046 13.6
051 123

6.06 047
6.26

0.58
0.58
0.48

0
20
90

130 83 193

10.87

4.8

982 127 77 952 222 43 646 508 106 6.1

1.72

Bog Pond, 7/4/80, 0.2

1.59

183 92

16.80

11.70 217 6.1 5.4

13.30

1760 168 105 1340 184 73

1.69

Milwaukee Harbor, 8/3/80, 0

“ Test numbers.

teria from 0 m indicated a significant difference
among tests (F = 15.98; P < 0.05). Tests 3 and
4 were significantly different from all other tests
(P < 0.05). Test 2 was significantly different
from test 6 (P < 0.05). ANOVA for metabolizing
bacteria from 0 m indicated a significant differ-
ence (F = 19.66; P < 0.05). Tests 2 (INT), 3 (YE
+ NA), and 5 (INT) were significantly different
from tests 4 (INT) and 4 (YE + NA).

ANOV A for total bacteria from 20 m indicated
a significant difference (F = 19.49; P < 0.05).
Tests 4 and 5 were significantly different from
tests 2 and 3 (P < 0.05). ANOVA for metaboliz-
ing bacteria from 20 m indicated a significant
difference (F = 6.94; P < 0.05). Test 5 (INT) was
significantly different from all other tests (P <
0.05).

At 90 m ANOVA for total bacteria indicated
a significant difference (F = 31.80; P < 0.05).
Tests 3 and 4 were found to be significantly
different from all other tests (P < 0.05). Tests 1,
2, and 6 were found to be significantly different
from test 5 (P < 0.05). ANOVA for metabolizing
bacteria showed a significant difference (F =
12.69; P < 0.05). Significantly different were
tests 2 (INT), 3 (YE + NA), and 4 (INT) and
tests 4 (INT) and 4 (YE + NA) (P < 0.05).

(iii) Bog pond. ANOVA for total bacteria
from the pond showed a significant difference
(F = 40.65; P < 0.05). Tests 3 and 6 were signifi-
cantly different from tests 1, 2, 4, and 5 (P <
0.05). Test 1 was also found to be significantly
different from tests 2 and 5. ANOVA for me-
tabolizing bacteria from the pond indicated a
significant difference (F = 10.68; P < 0.05). Tests
2 (INT), 3 (YE + NA), and 5 (INT) were sig-
nificantly different from tests 4 (INT) and 4 (YE
+ NA) (P < 0.05).

(iv) Milwaukee Harbor. ANOVA for total
bacteria from the harbor sample indicated a
significant difference (F = 4.72; P < 0.05). Test
4 was significantly different from all other tests
(P < 0.05). ANOVA for metabolizing bacteria
from the harbor indicated no significant differ-
ences among tests (F = 1.76; P > 0.05).

DISCUSSION

The INT method assumes that intracellular
INT reduction and the formation of optically
dense formazan deposits occur exclusively in
living cells; thus, the presence or absence of
visible formazan spots in cells of bacteria and
blue-green algae (cyanobacteria) is, generally, a
function of respiratory intensity (28). Zimmer-
mann et al. (28) showed that fixation before the
addition of INT prevents cells from forming
formazan deposits, indicating that only living
cells take up INT to form deposits. By using
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increasing concentrations of formaldehyde,
which reduced the amount of respiration, they
also found that the number of cells with forma-
zan deposits was reduced. Finally, electron

transport system activity in bacteria hasrecently

been shown to be reasonably correlated to res-
piration (3), supporting the belief that the re-
duction of INT to formazan by electron trans-
port systems is a function of respiration.

The comparison of the INT method to the YE
+ NA method in this study involved some
changes in the INT technique as described by
Zimmermann et al. (28). These changes included
an incubation at 20°C (same as YE + NA) and
the use of filters with a 0.2-um pore size instead
of a 0.1-um pore size. Zimmermann et al. (28)
used the smaller pore size because it reduced
visible filter structure when transmitted light
was used. Some bacteria may pass through a
filter with a 0.2-um pore size (27); however,
Zimmermann et al. (28) stated that this loss can
be ignored except in extremely oligotrophic wa-
ters since cells of 1.6 to 2.4 um in freshwater
account for the highest proportion of metaboliz-
ing bacteria.

In freshwater environments, the proportion of
metabolizing bacteria ranges from 5 to 36% of
the total direct count (28). In this study, the
proportion of metabolizing bacteria in Trout
Lake was between 7 and 8% of the total, in Lake
Michigan it was between 12 and 13%, in the bog
pond it was about 8%, and in the harbor sample
it was about 10%. All of these lie well within the
range previously reported. Since formazan de-
posits may be small, the use of fine optics is
important for resolving them (13). Zimmermann
et al. (28) used a magnification of X1560, and in
the present study the deposits were seen at
magnifications of X1,000 and x1,500.

After samples were incubated for 6 h with
INT, it was noticed that nonfluorescing particles
of bacterial shape were present. Since they did
not fluoresce, they were not counted as bacteria.
This may account for the differences found be-
tween tests 4 and 5 and other tests for both total
and metabolizing bacteria. This apparent block-
age of fluorescence in cells was also observed by
Zimmermann et al. (28), but they counted the
shapes as bacteria when they were recognized in
bright-field microscopy. In this study, no nonflu-
orescing bacterial shapes were observed after a
20-min incubation in INT; after 3 h, metaboliz-
ing bacteria declined. A similar decrease was
observed in total numbers of bacteria for these
samples; thus, the percentage of total metaboliz-
ing bacteria remained approximately the same.
Apparently, long periods of incubation increase
the number of cells which block fluorescence by
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accumulation of formazan deposits. This causes
reduced numbers of total and metabolizing bac-
teria if nonfluorescing bacterial shapes are not
counted.

One problem inherent in the INT technique
relates to the size of bacteria. Very small bacteria
are difficult to see to begin with, and the reso-
lution of formazan deposits in such bacteria is
even more difficult. In addition, fluorescence
may be masked by these formazan deposits; in
this case the cells would not be counted. To
ensure the best results possible, the use of fine
optical equipment is important. Zimmermann et
al. (28) had no problems recognizing formazan
deposits within bacterial cell sizes greater than
0.4 pm.

The YE + NA technique (16) assumes that
metabolizing bacteria use YE to grow and, more
importantly, that NA prevents cells from divid-
ing, causing them to elongate. NA inhibits de-
oxyribonucleic acid synthesis, while ribonucleic
acid synthesis and protein synthesis continue (6,
7). Kogure et al. (16) have shown that NA sup-
presses cell division during exponential growth
but that some starved bacteria enlarge after
incubation with YE. This indicates that YE will
be used by bacteria for growth and that division
should be prevented by NA.

However, Kogure et al. (16) reported that the
growth of natural bacterial populations may not
be completely suppressed by NA. They attrib-
uted this to the growth of NA-resistant bacteria.
This may explain the differences of test 3 total
counts in all of the samples tested in the present
study. In a more recent paper, Kogure et al. (17)
reported that the YE + NA technique includes
both actively growing cells and dormant cells
which have responded to added YE during the
6-h incubation. They felt that elongated cell
numbers probably overlapped the metabolizing
cells determined by autoradiographic methods
(9, 19) and concluded that the YE + NA tech-
nique may be successfully applied to various
aquatic environments to count living bacteria.
Since ribonucleic acid synthesis is not stopped
by NA (6), the reddish color reported by Kogure
et al. (16, 17) in metabolizing bacteria found by
the YE + NA method is probably due to the
predominance of ribonucleic acid in metaboliz-
ing cells (8).

In their observations in the open ocean, Ko-
gure et al. (16), using the YE + NA method,
found metabolizing bacteria to be 5 to 10% of the
total direct count. The present results indicate
a range of 4.3 to 10% of the total direct count,
which lies fairly well within the range above. In
their more recent paper, Kogure et al. (17) found
in eutrophic waters ranges of 1.5 to 39.8% of the
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total direct count to be metabolizing bacteria,
and in offshore oligotrophic waters 0.7 to 7.9%
were apparently metabolizing.

A comparison of the two techniques reveals
no significant differences between counts of me-
tabolizing bacteria. However, significant differ-
ences were found between total counts of the
two methods. Total counts by the YE + NA
method were higher than total counts by the
INT method, but in most of these cases the INT
total counts were statistically the same as test 1
total counts (water fixed immediately). This
leads us to believe that there may be NA-resist-
ant bacteria which continue to proliferate. Sim-
ilar observations were also made by Kogure et
al. (16).

Jones (13) reported some success in combining
the INT and YE + NA techniques, but unfor-
tunately listed no data. In the present study,
combining the two techniques did not seem to
improve results for either technique. In some
cases, the numbers of metabolizing bacteria from
the combined methods were slightly higher than
counts from the tests performed individually
and, in several, significantly lower. The appar-
ently enlarged bacteria in natural samples and
in cultured bacteria without formazan deposits
may not have actually been enlarged cells. In
cultured samples they appeared to fluoresce
green rather than red-orange. Zimmermann et
al. (28) suggested that bacteria lacking formazan
spots may actually be in a state of activity below
the level of detectability. Bacteria which con-
tained formazan deposits but did not appear
enlarged in natural samples may have actually
responded to the YE + NA, but were so small to
begin with that they actually did not appear
enlarged. Because of this and because of the size
problems mentioned previously, we recommend
that investigators planning to use either of these
techniques do preliminary experiments with
both cultured and natural samples of varying
morphology and trophic status.

In conclusion, data from these experiments
support the suggestion by others (20, 23) that
not all bacteria present in aquatic systems are
actively metabolizing and may be in a state of
dormancy. Furthermore, this study indicates
that it is possible to compare numbers of me-
tabolizing bacteria when INT and YE + NA are
used individually. However, we recommend that
a small sample of water be fixed without addi-
tions to compare total counts for each method
since we found differences in total counts among
tests. The strengths of both methods are the
relative ease with which they are performed and
the fact that data on total and metabolizing
bacteria are available in a matter of hours. Au-
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toradiographic techniques, on the other hand,
are technically difficult, may be limited by the
substrate used, and usually take days before
providing data on metabolizing bacteria (9, 19).
In addition, it is often difficult to interpret au-
toradiographic data obtained from natural sys-
tems, where responses vary and grain deposits
are not always superimposed on metabolizing

cells.

Combining INT and YE + NA did not provide
a significant increase in estimates of numbers of
metabolizing bacteria compared with either
method used alone. However, further compari-
sons of the two techniques, individually and
combined, may be needed. Determining seasonal
distributions of metabolizing bacteria by both
methods in lakes of different trophic status
would be an important step in this direction.
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