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We report a method which combines epifluorescence microscopy and microau-
toradiography to determine both the total number of microorganisms in natural
water populations and those individual organisms active in the uptake of specific
substrates. After incubation with *H-labeled substrate, the sample is filtered and,
while still on the filter, mounted directly in a film of autoradiographic emulsion on
a microscope slide. The microautoradiogram is processed and stained with
acridine orange, and, subsequently, the filter is removed before microscopic
observation. This novel preparation resulted in increased accuracy in direct
counts made from the autoradiogram, improved sensitivity in the recognition of
uptake-active (*H-labeled) organisms, and enumeration of a significantly greater
number of labeled organisms compared with corresponding samples prepared by a

previously reported method.

A major need of ecological microbiology is to
develop and improve methods which reflect
metabolic activity of microorganisms in natural
waters under conditions approaching those in
situ.

A composite microbial population may be
studied by nonselective methods which measure
electron transport system activity, oxygen con-
sumption, or heat production, or by selective
measurements such as the uptake of radiola-
beled organic substrates or the growth of cultur-
able bacteria. Quantifying the activity of micro-
bial populations as a whole, however, yields no
information on the structure of the population in
terms of the number of microorganisms and the
specific fraction of the total number engaged in
the measured function. Specific activity indices,
introduced by Wright (14), express metabolic
activity parameters per organism by dividing the
activity term (Vpmax, turnover rate, or uptake
rate) measured for composite microbial popula-
tions by total microscopic direct counts (DC) for
samples. These indices are taken as indicators of
the physiological state of bacteria in various
aquatic environments. This approach represents
a first approximation for the interpretation of the
relationship between measured microbial activi-
ties and a structural component of the popula-
tion, i.e., the number of microorganisms.

Methods are available to relate active meta-
bolic functions to individual microorganisms
specifically. These autecological approaches
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provide for the direct enumeration of those
individual microorganisms with a specific func-
tion. Among these methods is one in which
individual heterotrophic microorganisms with
active substrate uptake systems are recognized
directly, using radiolabeled substrate and mi-
croautoradiography (1, 7, 8, 10, 11). The distri-
bution of microorganisms in natural aquatic sys-
tems active in the uptake of a variety of labeled
substrates has been reported. Hoppe (9) has
reviewed 15 microautoradiographic studies
through 1977. Fry and Ramsay (4), using mi-
croautoradiography, have observed increased
glucose uptake by bacteria in response to the
release of dissolved organic substances by
aquatic macrophytes. A correlation has been
observed between the number of [*H]glucose
uptake-active microorganisms determined by
autoradiography and the glucose uptake rate for
whole aquatic populations. However, there is no
correlation between these activities and num-
bers of colony-forming microorganisms, DC or
microbial cell biomass (10). Stanley and Staley
(13) have enumerated morphologically distinct
organisms from the microbial population of an
aeration lagoon and have calculated the quantity
of substrate uptake (endogenous acetate plus
[*H]acetate) necessary to produce an exposed
silver grain, i.e., an autoradiogram. They were
able to determine kinetic parameters of acetate
uptake by using autoradiography for several
bacterial types in situ. The methods described



946 TABOR AND NEIHOF

by Fliermans and Schmidt (3) and Meyer-Reil
(10) combine recognition of microorganisms by
immunofluorescence or fluorochrome staining,
respectively, with microautoradiography to de-
termine individual organisms with active sub-
strate transport function and, thus, to distin-
guish them from organisms not active in
substrate transport. A preliminary version of our
microautoradiographic technique (P. S. Tabor
and R. A. Neihof, Abstr. Annu. Meet. Am. Soc.
Microbiol. 1981, N80, p. 186) has been modified
and used by Fuhrman and Azam (5) for the
determination of the portion of microorganisms
in populations of marine surface waters active in
thymidine uptake as a part of the development of
a method to measure growth based on thymidine
incorporation into DNA.

We are interested in the relationships of struc-
ture and function of microbial populations in
dynamic aquatic environments such as the Ches-
apeake Bay, where microorganisms undergo
continuous variation in their physiological state.
To approach this problem, accurate enumera-
tion of the total microbial population coupled
with sensitive detection of active individual
members of the population is necessary. Al-
though the total DC and the count of the individ-
ual microorganisms engaged in active substrate
transport are made from the same microautora-
diographic preparation in the method developed
by Meyer-Reil (10), in our hands, DC for Chesa-
peake Bay water samples determined from auto-
radiograms prepared by this method were rou-
tinely only 70% of acridine orange-stained DC
(AODC) made by using the method of Hobbie et
al. (6). In addition, the structure of the Nucle-
pore filter interfered with the recognition of
microautoradiograms of a few silver grains. In
the study reported here, technical problems
have been solved, and increased sensitivity and
improved visual clarity of the sample prepara-
tions were achieved with a new microautoradio-
graphic method.

MATERIALS AND METHODS

Sampling. Water samples were collected at a single
station in the Chesapeake Bay 4 km from Chesapeake
Beach, Md. (38° 41.4' N, 76° 30.0’ W; depth, 10 m).
Water samples were drawn from 8.5 m by a hand
vacuum pump through 6.4-mm-diameter sterile, par-
ticulate-free Teflon tubing. The system was flushed
well before a 1-liter sample was collected in a particu-
late-free, sterile Teflon bottle. Water temperatures
were recorded. Sample bottles were stored in an
insulated container for transportation to the labora-
tory. Salinities were determined with a refractometer.

Processing samples for microautoradiographic deter-
mination of uptake-active microheterotrophs. Within 1
h of collection, 10-ml volumes of the sample, in
duplicate, were pipetted into 30-ml amber glass bottles
and amended with one of the following: [*H]acetic acid
(specific activity, 800 mCi mmol~!) (ICN, Irvine,
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Calif.) to give a final activity of 0.2 wCi ml~! and a
final added concentration of 250 nM; a mixture of *H-
amino acids (specific activity, 35.87 mCi mg™!) (Amer-
sham Corp., Arlington Heights, Ill.) to give final
activities of 0.05 and 0.1 pCi ml™! and final added
concentrations of 1.4 and 2.8 ug liter ™', respectively;
or [methyPHlthymidine (specific activity 75 Ci
mmol~') (Amersham) to give a final activity of 0.4 wCi
ml™! and a final added concentration of 5.3 nM.
Samples were incubated for 2.5 h at in situ tempera-
ture on a shaker and subsequently fixed with Formalin
(37% formaldehyde solution filtered through a 0.2-pm
Nuclepore filter; final concentration, 2% Formalin).
Controls to determine microorganisms or other partic-
ulates that form microautoradiograms by abiotic ad-
sorption were prepared by fixing 10-ml sample vol-
umes within 15 min of collection. Fixed control
samples were held for 1 h at in situ temperature before
labeled substrates, corresponding to the substrates
used for the samples, were added as described above.
Samples and controls were stored overnight at 3°C
before autoradiographic preparation.

In duplicate, 1 ml of each sample was diluted in 9 ml
of sterile, particulate-free artifical seawater (Sea-rite)
(pH 7.4) at the salinity of the water sample and filtered
onto a 0.2-pm-pore-size, 25-mm-diameter Nuclepore
filter previously dyed with Iragalan Black according to
the method of Hobbie et al. (6). The sample was rinsed
twice by drawing two 10-ml volumes of the artificial
seawater diluent through the filter.

The filtered microorganisms were either (i) mounted
directly on a gelatin subbing film coating a microscope
slide, after which the Nuclepore filter was removed
and the slide was dipped into autoradiographic emul-
sion (microautoradiograms referred to as MARG-G,
see Fig. 1b) or (ii) mounted directly on an autoradio-
graphic emulsion film coating a microscope slide, after
which the filter was removed (microautoradiograms
referred to as MARG-E, see Fig. 2). The method of
Meyer-Reil (10), in which the Nuclepore filter is
mounted on a gelatin subbing film (with the filtered
sample facing away from the film) and then dipped in
autoradiographic emulsion (microautoradiograms re-
ferred to as MARG, see Fig. 1a), was also used, and a
comparison of the three methods was made.

MARG-G preparation. An acid-cleaned slide was
dipped into a membrane filtered (0.22-um pore size;
Millipore Corp.) 5% gelatin (Fisher Scientific Co., Fair
Lawn, N.J.)-0.05% KCr (SO,), + 12H,0 subbing solu-
tion prepared according to the method of Meyer-Reil
(10), and then the back of the slide was wiped clean
and the slide was drained vertically for 20 s to produce
a thin gelatin film. The filter retaining the sample was
cut in half, and one filter half was applied to the slide
with the filtered sample in direct contact with the
gelatin (Fig. 1b). The slide was immediately placed on
a cold surface to solidify and, subsequently, was dried
thoroughly in a desiccator over silica gel. The slide
was immersed in a 1% aqueous glycerin solution for 1
min; the gelatin film was allowed to dry completely;
and the Nuclepore filter was gently peeled off, leaving
the sample mounted in the film. Alternatively, the
filter was removed from the sample after the prepara-
tion was rehumidified in an atmosphere of 70% relative
humidity (in a plastic glove bag). To check the com-
pleteness of retention of microorganisms by the gelatin
film, the removed filter halves were stained with
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FIG. 1. Schematic representation of the processed
and stained microautoradiograms prepared (a) by the
method of Meyer-Reil (10) (referred to as MARG) and
(b) by the microautoradiographic preparation in which
filtered organisms are mounted on a gelatin film, the
Nuclepore filter is removed, and the mounted sample
is coated with a film of autoradiographic emulsion,
processed, and stained with AO (referred to as
MARG-G). A, oil immersion objective; B, immersion
oil; C, developed autoradiographic emulsion: D, silver
grains; E, microorganisms; F, Nuclepore filter; G,
gelatin film; H, microscope slide.

acridine orange (AO) (Eastman-Kodak, Rochester,
N.Y.) by the method of Hobbie et al. (6) and examined
by epifluorescence microscopy for any remaining
microorganisms. The gelatin film was again thoroughly
dried. To prepare autoradiograms, the procedure of
Meyer-Reil (10) was used to coat the samples mounted
in the gelatin film with autoradiographic emulsion (Fig.
1b). After the autoradiographic emulsion was solidi-
fied on a cold surface, the MARG-G were placed in
test tube racks and exposed in the dark for 3 days at
18°C under vacuum over silica gel.

MARG-E preparation. A summary of the protocol
used for MARG-E preparation is presented in Fig. 2.
The sample was filtered, and one-half of the filter was
temporarily attached by the corner of the filter to an
acid-cleaned slide by a droplet (approximately 1 wl) of
glycerin near the top of the slide, with the sample
facing away from the slide. In a darkroom with the aid
of a safety light operated by a foot switch, the filter
was removed from the slide and held with a forceps. In
total darkness, the slide was dipped in diluted NTB-2
autoradiographic emulsion (Eastman-Kodak) (1 part
emulsion to 2 parts distilled water) held at 43°C and
drained for 20 s. With the momentary aid of the safety
light, the filter was applied to the slide with the filtered
sample toward the emulsion film (Fig. 2). The back of
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SAMPLE

INCUBATE WITH RADIOLABELED
SUBSTRATE AND FIX
IN THE DARK, COAT SLIDE (H)
WITH LIQUID NTB-2 EMULSION
FILM (C) AND DRAIN
L
WITH A SAFETY LIGHT, APJLY ONE HALF OF FILTER TO
NTB-2 FILM (SAMPLE IN CONTACT WITH EMULSION (C)).
IN THE DARK, SOLIDIFY AND DRY MARG-E.

FILTER ONTO 0.2 AM
NUCLEPO?E FILTER

EXPOSE MARG-E FOR 3 D AT 18°

PROCESS MARG-E WITH DEVELOPER, FIXER
AND WASH WITH DISTILLED WATER

STAIN BY IMMERSION IN AO. DESTAIN IN A SERIES
OF CITRATE BUFFERS (pH 6.6, 5.0 AND 4.0)

SOAK IN 1% GLYCERIN, DRY AND REMOVE
FILTER FROM NTB-2 FILM (C).

VIEW SAMPLE DIRECTLY WITH OIL IMMERSION
OBJECTIVE (A,B,). FLUORESCING

MICROORGANISMS (E) ARE SUPERIMPOSED ON
MICROAUTORADIOGRAMS (D).

FIG. 2. Protocol for preparation of aquatic samples
and schematic representation of the microautoradio-
gram in which filtered organisms are mounted directly
on the autoradiographic emulsion and the Nuclepore
filter is removed before viewing. In these preparations
(referred to as MARGE-E), uptake-active organisms
stained with AO are superimposed on the clusters of
silver grains.

the slide was wiped clean of emulsion, and the slide
was set on a cold surface which was kept in an
isolated, light-tight drawer. MARG-E were exposed
under vacuum as described above for MARG-G.
MARG-E were also prepared for additional filtered
samples by using Ilford L-4 autoradiographic emulsion
(Polysciences, Warrington, Pa.) (1 part L-4 diluted
with 1 part distilled water) held at 43°C.

Developing and staining of MARG-G and MARG:-E.
Microautoradiograms prepared with NTB-2 were
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processed according to the procedure of Meyer-Reil
(10). Microautoradiograms prepared with Ilford L-4
were developed for 4 min in 1 part Kodak D-19 diluted
with 1 part distilled water, rinsed in distilled water for
30 s, fixed in full-strength Kodak fixer for 4 min,
washed in distilled water for 3 min, and dried.

Thoroughly dried MARG-G and MARG-E were
stained by using, essentially, the procedure of Meyer-
Reil (10). After a 3-min presoak in citrate buffer (pH
6.6), the samples were stained with AO (40 mg/100 ml
of citrate buffer [pH 6.6]) for 7 min, destained for 6 min
each in buffers at pH 6.6 and 5.0 and for 10 min in
buffer at pH 4.0, and rinsed for 1 min in distilled water.
Destaining was satisfactory when no visible traces of
AO remained in the developed emulsion or gelatin.
After destaining of MARG-E, each slide was dipped in
1% glycerin for 1 min to facilitate the removal of the
filter. After complete drying, the outline of the filter
was traced on the back of the slide, and the filter was
gently peeled away from the emulsion film. Alterna-
tively, as described above for MARG-G, the filters
were removed after the MARG-E were rehumidified.
A schematic diagram of the final preparation is shown
in Fig. 2. The filter from each of the MARG-E also was
examined by epifluorescence microscopy to determine
whether any cells had been removed from the emul-
sion.

Determination of AODC. The AODC was deter-
mined for each radiolabeled sample and corresponding
control, in duplicate, by the method of Hobbie et al.
(6).

Microscopy. Microautoradiograms prepared by all
three methods, viz., MARG, MARG-G, and MARG-
E, were examined with a Zeiss Standard 14 micro-
scope (Zeiss Planachromat 100/1.35 objective, KPL
1.25/20 eyepieces) by epifluorescence and transmitted
light. Incident illumination for fluorescence microsco-
py was provided by an XBO 150-W xenon burner with
a red suppression filter (BG 38) and a Calflex heat
filter. Zeiss filter combination 487709 BI was used for
samples stained with AQ. Isolated, individual silver
grains or clusters of silver grains, not necessarily
associated with fluorescing cells, were enumerated for
microautoradiograms of controls and samples and are
referred to as microautoradiographic counts (MC). An
isolated silver grain was equated with a cluster of
grains as 1 MC. DC and MC were made with epifluo-
rescence illumination using transmitted light alternate-
ly or simultaneously by partially blocking the transmit-
ted light source. Cells were counted within the field of
a graticule (14 by 14 divisions) which corresponded to
an area of 70 by 70 um on the sample. More than 400
cells were counted for each sample.

DC and MC were made for two filtered samples
from each 10-ml sample. The coefficient of variance
(standard deviation X 100 divided by the mean) of the
counts within a sample was <10% for all samples. By
using the r-test, no significant difference at the 5%
significance level was found for counts of duplicate 10-
ml samples treated in the same manner. The t-test was
used to determine whether differences between sample
treatments were significant at the 1% significance
level.

Microautoradiograms were photographed with an
Olympus (model PM-10AD) system and a large-format
adapter (3.25 by 4.25 in.) [ca. 8.26 by 10.80 cm])
attached to the Zeiss Standard 14 microscope. Polar-
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oid type 667 film (ASA 3,000) was used, and, for
photography under epifluorescence illumination, ex-
posure times were 4.5 to 5.5 s.

Supplemental studies of fluorochromes for staining
organisms in MARG-E. MARG-E prepared for a 30
October 1980 Chesapeake Bay sample were stained
with the DNA-binding fluorochromes mithramycin
(Sigma Chemical Co., St. Louis, Mo.), 4’,6-diamidino-
2-phenylindole (DAPI) (Polysciences), and Hoechst
33258 (American Hoechst Co., Sommerville, N.J.) in
addition to AO. Sets of replicate filtered samples were
prepared. After the filter was removed, the samples
were stained by applying 30-pl volumes of fluoro-
chromes directly to filtered organisms mounted in the
developed autoradiographic emulsion. A cover glass
(22 by 22 mm) was applied to spread the staining
solution. Samples were stained with mithramycin at
concentrations of 5.0, 50, and 200 pug ml~! and incu-
bated for 20 min at 25 or 35°C in moist air to avoid
drying of the staining solution. The concentrations of
DAPI were 1.43 and 8.6 uM, and the samples were
stained for 0.25 or 1 h at 25°C. The concentrations of
Hoechst 33258 used were 10, 20, and 100 uM, and the
samples were stained for 0.5 or 1 h at 35°C.

For epifluorescence microscopy, the Zeiss filter
combination 487709 BI was used with the samples
stained with mithramycin. The Calflex filter was re-
moved, and Zeiss filter combination 487702 was used
with DAPI- (2) and Hoechst 33258-stained samples.
Also, a Zeiss Neofluar 100/1.30 objective was used to
view DAPI- and Hoechst 33258-stained samples (12).

The DC for each MARG-E was determined, and the
nonspecific staining and the amount of background
fluorescence were noted for each fluorochrome at
each concentration used. The results were compared
with those obtained for the corresponding MARG-E
made from the second filter half stained with AO. The
t-test was used to indicate significant differences (1%
significance level, n = 4, for each comparison) in the
DC obtained by the different staining techniques.

RESULTS AND DISCUSSION

DC determined for samples prepared by three
microautoradiographic methods. DC and counts
of substrate uptake-active organisms were deter-
mined from the microautoradiographic prepara-
tions described above. Therefore, DC obtained
from the microautoradiograms and AODC of the
samples were compared to determine the accu-
racy of DC. AODC determined for September
1980 radiolabeled samples (incubated for 2.5 h)
and AODC of corresponding controls (fixed
immediately) were not significantly different and
had an average of 14.9 x 10° cells ml~! (n = 12).
DC for samples prepared for microautoradiogra-
phy by the method of Meyer-Reil (10) (MARG)
were 57 to 81% of corresponding AODC. The
Nuclepore filter included in the MARG created a
background fluorescence higher than that of
sample preparations which did not include the
filter (MARG-G and MARG-E) (Fig. 1 and 2).
This nonspecific fluorescence reduced the con-
trast of fluorescing organisms and resulted in
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FIG. 3. Photomicrographs of microautoradiograms prepared for September 1980 Chesapeake Bay water
samples amended with *H-amino acids (0.05 pCi ml~') and incubated for 2.5 h. (a) MARG (prepared by the
method of Meyer-Reil [10]) photographed with epifluorescence illumination. (b) MARG [same microscopic field
as in (a)] photographed with transmitted illumination. (c) MARG-E (see Fig. 2) photographed with epifluores-
cence illumination. (d) MARG-E [same microscopic field as in (c)] photographed with transmitted illumination.
Fluorescing organisms are bright; silver grains are black. The filter structure of the Nuclepore filter is apparent in
the background of the MARG (a and b), whereas the background of the MARG-E (c and d) is structureless.
Opaque silver grains mask fluorescing organisms in MARG, whereas in MARG-E fluorescing organisms are
visible because they are superimposed on the silver grains. Bar = 5 pum.
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TABLE 1. DC and MC of a Chesapeake Bay water sample“: comparison of techniques for preparation of

microautoradiograms
MARG? MARG-G MARG-E
Substrate AODC
MC¢ DC¢ MC DC MC DC

Acetate (0.2 pCi ml™?!)

Control 0.4 8.6 1.4 14.3 0.1 14.2 14.5

Sample 5.0 8.5 7.0 11.9 6.9 14.0 14.5
Amino acids (0.05 wCi ml™!)

Control 0.9 12.1 1.1 14.2 0.08 14.4 14.5

Sample 7.1 9.3 7.7 12.5 7.5 14.7 14.9
Thymidine (0.4 wCi ml~')

Control 0.1 12.0 0.2 13.6 0.1 14.7 15.1

Sample 10.7 11.4 11.9 13.9 12.0 16.4 15.9

% Chesapeake Bay water sample collected from an 8.5-m depth on 21 September 1980 (water temperature,

24.6°C; salinity, 18.1%,,,).

b Prepared according to the method of Meyer-Reil (10).

< Expressed as X10° counts ml™'.

decreased DC. Also, individual pores of the
Nuclepore filter fluoresced as discrete, bright
points of light and interfered with the recogni-
tion of fluorescing organisms of <0.4 pm (Fig.
3).

The filters could not be successfully stripped
away from completely dried gelatin film
(MARG-G) or autoradiographic emulsion
(MARG-E). However, the filters were readily
removed after the film was immersed in 1%
glycerin for 1 min and then dried or after the film
equilibrated in an atmosphere of 70% relative
humidity. Since the filters were removed from
the MARG-E after the preparations were
stained, it was convenient to include the glycer-
in-dipping step after the destaining procedure. A
microscopic examination of filters removed from
MARG-G and MARG-E showed that microorga-
nisms had been quantitatively removed from the
filters by the stripping technique. A comparison
of DC of MARG-E and AODC of the same
samples confirmed that the microorganisms
were quantitatively retained on the emulsion
film through autoradiographic processing and
staining.

DC for MARG and MARG-G of the controls
were greater than DC for the corresponding
MARG and MARG-G prepared for the samples
(Table 1). In these autoradiographic prepara-
tions, fluorescing microorganisms were situated
beneath the film of autoradiographic emulsion
(Fig. 1, 3). For MARG-E of radiolabeled sam-
ples, a much larger fraction of the MC associat-
ed with fluorescing microorganisms was found
than was found for MARG or MARG-G. DC for
MARG-E of the samples were significantly
greater than DC for corresponding MARG or
MARG-G (Table 1). Because organisms were

superimposed on the autoradiographic emulsion
in the preparation of MARG-E (Fig. 2), fluores-
cence of the cells was not masked by the opaque
silver grains (Fig. 3).

MC determined for samples prepared by three
microautoradiographic methods. MC determined
for corresponding MARG-G and MARG-E of
the samples were not significantly different.
However, MC for MARG of the samples were
significantly less than MC determined for
MARG-G and MARG-E of the corresponding
samples. Under transmitted light, the Nuclepore
filter included in the autoradiograms prepared
according to the method of Meyer-Reil (10)
created a highly structured background that in-
terfered with recognition of single or small clus-
ters of silver grains (Fig. 3). The similarity in
size of the filter pore structure (0.2 wm) and the
silver grains of NTB-2 (0.2 pm) and L-4 (0.14
wm) emulsions made it difficult to discern silver
grains.

MC determined for MARG and MARG-G of
the controls were routinely <20 per microscope
field, or <10% of MC of the labeled samples.
MC for MARG-E of the controls were less than
MC for the other autoradiographic preparations;
they were routinely <2 per field, or <1% of MC
for MARG-E of the samples (Table 1). MARG-E
were less complicated preparations and involved
fewer manipulative steps in their preparation.
We believe that this was responsible for the
reduced numbers of background silver grains
formed.

DC determined for the MARG-E of samples
incubated with radiolabeled amino acids and
especially, thymidine were larger than DC of the
corresponding controls (Table 1). Individual sil-
ver grains were easily recognized under trans-
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mitted light. Then, by focusing on these grains
under epifluorescence illumination, additional
fluorescing microorganisms of approximately
0.2 pm were recognized. Thus, the increase in
the DC was due to a more thorough microscopic
examination of samples as a consequence of the
greater MC.

Samples reported in this study were incubated
with radiolabeled substrates for 2.5 h. For addi-
tional samples collected in September and Octo-
ber 1980 and incubated for 4 h, labeled microor-
ganisms produced microautoradiograms that
extended to adjacent cells. Because of this over-
lap, it was not possible to discern whether these
adjacent organisms were specifically associated
with silver grains. Significantly lower MC were
found for MARG-E prepared for October sam-
ples that had been incubated for 2.0 h, compared
with corresponding samples incubated for 2.5 h
(n = 8).

MARG-E were prepared with both L-4 and
NTB-2 autoradiographic emulsions, and no sig-
nificant difference in the MC between corre-
sponding MARG-E was found (n = 4). Microau-
toradiograms of labeled organisms prepared
with L-4 were not as dense as corresponding
microautoradiograms prepared with NTB-2, and
small (0.2 pm) fluorescing cells were more easily
recognized with L-4 emulsion. However, L-4
was more sensitive to handling, and MARG-E
prepared with L-4 emulsion that was melted
twice had a noticeably higher background level
of silver grains than did MARG-E prepared with
NTB-2 melted twice. The results presented in
Tables 1 and 2 are those from microautoradio-
grams prepared with NTB-2.

Staining. The DNA-binding fluorochromes
mithramycin, DAPI, and Hoechst 33258 were
investigated to determine their ability to specifi-
cally stain the filtered sample. A fluorochrome
staining only microorganisms would eliminate
the need to destain the film of gelatin or autora-
diographic emulsion, which was necessary when
AO was used.

MARG-E stained with 50 pg of mithramycin
ml~! had bright fluorescing microorganisms and
dark backgrounds. Samples fixed with ethanol
and stained with 50 pg of mithramycin ml~! for
0.5 h fluoresced more intensely than did Formal-
in-fixed samples. However, the fluorescence of
the microorganisms faded under epifluorescence
illumination, and within 2 min few cells were
detected in the exposed field. The fluorescence
of the microorganisms on MARG-E stained with
5 ug of mithramycin ml~! faded still more rapid-
ly. Staining with 200 pg of mithramycin ml™?
resulted in a highly fluorescent background that
reduced the contrast of fluorescing microorga-
nisms. Microorganisms on MARG-E stained di-
rectly with 8.6 puM DAPI fluoresced brightly,
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and the background fluorescence of the devel-
oped photographic emulsion was low (dark
blue). Fluorescence of the samples stained with
1.43 M DAPI was less intense, and the back-
ground was completely dark. For us, the large
difference in the intensity of background light
when viewing MARG-E alternately under epi-
fluorescence illumination and with transmitted
light made observation of the samples stained
with 1.43 uM DAPI more difficult than that of
the samples with a low background fluores-
cence. Samples stained with 10 uM Hoechst
33258 fluoresced with less intensity than sam-
ples stained with DAPI. Higher background
fluorescence was observed with 20 uM Hoechst
33258. Particulates with white-yellow fluores-
cence, not recognized as microbial cells, were
stained with 20 and 200 uM Hoechst 33258. The
quality of samples stained with DAPI, in terms
of intensity of fluorescence of organisms, level
of background fluorescence, and nonspecific
staining, was much less sensitive to small
changes in the concentration of the fluoro-
chrome than was that of samples stained with
Hoechst 33258.

DC and MC determined for MARG-E stained
with the four fluorochromes and AODC deter-
mined for all samples are presented in Table 2.
DC of AO-stained samples were significantly
greater than DC determined for corresponding
samples stained with DAPI (8.6 uM), Hoechst
33258 (10 wM), or mithramycin (50 pg ml™})
(Table 2) (n = 4). Thus, AO was the most
effective fluorochrome for staining the Chesa-
peake Bay samples used in this study. Nonmi-
crobial particulates in the samples which were
stained with AO were destained during the pro-
cedure to destain the gelatin and autoradio-
graphic emulsion. DAPI gave consistent staining
results and may be useful for staining samples
with high concentrations of particulates, such as
sediments and detritus, because nonmicrobial
particulates were not stained. In this study, DC
for MARG-E stained with DAPI had an average
of 63% of DC of corresponding samples stained
with AO (Table 2). MC of DAPI-stained MARG-
E and MC of the corresponding AO-stained
MARG-E were in agreement.

The DC for the MARG-E of the October 1980
sample amended with amino acids and stained
with AO was significantly greater than DC deter-
mined for the other MARG-E stained with AO
and AODC, which were similar to each other
(Table 2) (n = 4). The MC for the MARG-E of
the sample amended with amino acids was also
greater than the MC for any other AO-stained
MARG-E. As discussed above, the increase in
the DC was recognized as a consequence of an
increase in the MC.

The MC of Hoechst 33258- and mithramycin-
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TABLE 2. DC and MC of MARG-E prepared for a Chesapeake Bay water sample“: comparison of
fluorochromes used to stain MARG-E

Hoechst

Substrate AO DAPI 33258 Mithramycin AODC
MC*  DC* MC DC MC DC  MC  DC
Amino acids (0.05 pCi ml™")
Control 0.2 9.2 <0.04 8.1 ND ND ND ND 9.4
Sample 5.3 11.6 5.0 8.1 2.7 6.0 3.7 6.8 9.5
Thymidine (0.4 wCi ml™")
Control <0.04 9.8 ND¢ ND ND ND <0.04 5.7 9.2
Sample 1.8 9.4 1.4 51 22 31 2.0 38 9.6

“ Water sample collected from an 8.5-m depth on 30 October 1980 (water temperature, 13.6°C; salinity,

18.4 %,,).
b Expressed as x10° counts ml~!.
“ ND, Not determined.

stained MARG-E for the sample amended with
amino acids was significantly less than the MC
of AO-stained MARG-E. Difficulties in the mi-
croscopic observation of samples stained with
the two former fluorochromes, described above,
resulted in lower counts. The lower DC deter-
mined for the thymidine sample stained with
mithramycin, compared with the control, was
due to fading of the fluorescence of the orga-
nisms during the time required to simultaneously
make the DC and the MC (>1 min).

Evaluation of MARG-E. Mounting the filtered
sample on the photographic emulsion (MARG-
E) has eliminated problems of interference
caused by the filter and of silver grains masking
fluorescing organisms (Fig. 3). DC for MARG-E
were found to be equivalent to AODC of corre-
sponding samples. In fact, DC were greater than
AODC for samples with large MC (the Septem-
ber 1980 thymidine-labeled sample and the Octo-
ber 1980 amino acids-labeled sample). The in-
creased DC was not an artifact, as only
fluorescing microbial bodies with sharp, contin-
uous cell outlines, as described by Meyer-Reil
(10), were enumerated. Silver grains of MARG-
E stained with AO occasionally had a low-
intensity green fluorescence which faded rapidly
under epifluorescence illumination. However,
all microorganisms fluoresced red-orange by the
AO-staining technique and were well distin-
guished from silver grains. Silver grains were
closely examined for associated fluorescing
microorganisms under epifluorescence illumina-
tion, and small and dimly fluorescing microorga-
nisms were recognized as a result.

Nanomolar substrate additions, a 2.5-h incu-
bation time, and in situ incubation temperatures
were used to minimize any modification of the
environmental conditions of the Chesapeake
Bay samples processed for microautoradio-
graphic determination of microheterotrophs.
Determined from DC and MC for MARG-E of

samples corrected for MC of the controls, 49,
50, and 73% of the total microorganisms in the
September 1980 Chesapeake Bay sample were
involved in active uptake of acetate, amino
acids, and thymidine, respectively. Notably, the
number of uptake-active organisms was very
dependent on the specific activity of the sub-
strate in the sample. For example, the percent-
age of the total DC of the September sample
forming microautoradiograms with the addition
of amino acids to a final activity twice that of the
sample reported in Table 1 (0.1 wCiml~! and 2.8
ng ml™!) was 94%.

Due, in part, to technical and standardization
problems, microautoradiography has been criti-
cized as having only qualitative usefulness and
has not been generally conceived to be a quanti-
tative tool (14). However, with the use of sensi-
tive autoradiographic emulsions and a high-effi-
ciency microautoradiographic method, the
minimum quantity of accumulated radioactivity
per organism required to produce an autoradio-
gram can be calculated by the use of standard
radioactive sources of a size comparable to that
of microbial cells found in natural waters. When
an aquatic sample is amended with radiolabeled
substrate and incubated for a short period of
time, an individual microorganism of the micro-
bial population must have a minimum uptake
rate to become sufficiently labeled to produce a
microautoradiogram. From enumeration of
microorganisms with minimum uptake rates at
each of a number of levels of specific activity,
the distribution of the microbial population ac-
tive in the uptake of a specific substrate over the
range of minimum rates of uptake can be deter-
mined. A >twofold difference in the number of
uptake-active organisms (19 to 49% of the DC)
as determined from MC of MARG-E was found
for Chesapeake Bay samples collected during
March 1981 and amended with tracer additions
of methionine ranging in activity from 0.05 to
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0.30 n.Ci ml~!. However, a different distribution
of the numbers of uptake-active microorganisms
was found for both April 1981 and May 1981
samples amended in the same manner (P.S.
Tabor and R. A. Neihof, manuscript in prepara-
tion). Stanley and Staley (13) have used a similar
approach to show a distribution of acetate up-
take rates for individual bacteria of the same
morphological type and a difference in uptake
rates among different types in the microbial
population of a pulp mill waste lagoon. Thus,
unique information on the metabolic activity of
the microbial population is gained. In addition, it
is possible to observe relationships between
structural parameters of the population (e.g.,
numbers of microorganisms, morphological
types, or biomass) and measured microbial ac-
tivity. Such information would be useful in de-
termination of the diversity of a microbial popu-
lation, viz., the range of uptake rates found for
individuals in the population, and as an indicator
of the physiological state of populations.

The method described here for direct determi-
nation of microheterotrophs involved in sub-
strate uptake is sensitive and yields reproducible
results. The method is applicable where it is
desired to enumerate and describe the total
microbial population and those individual micro-
organisms with active substrate transport sys-
tems.
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