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FIG. 3. Distribution of total DC of microorganisms and the number of microorganisms active in the uptake of amino acids, thymidine, and
acetate determined by microautoradiography for 11 Chesapeake Bay surface (1-m) water samples collected from 26 March 1980 through 9
February 1981. The bold-faced bar represents the total DC, and the bars to the right represent, in order, the numbers of organisms active in
uptake of amino acids (AA), thymidine (Thd), and acetate (Aoc) determined for corresponding samples.

the various methods used for preparation of samples used in
this study (ANOVA, P < 0.05). Significant differences (¢
test, P < 0.05) in DC between corresponding surface and
8.5-m water samples were found for the March, August, and
February samplings.

The in situ temperatures of samples is reported in Table 1.
Regression analysis of DC and corresponding in situ temper-
atures showed significant dependence of DC on water tem-
perature (regression ANOVA at 5% level).

Determination of SAB. In Formalin-fixed controls for
Chesapeake Bay samples collected from March through
May, the portion of the total bacterial population which met
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the size criterion for SAB (see above) ranged from 7 to 15%,
and an increase in size of bacterial cells was readily identi-
fied by the method for determining SAB. However, in the
June through September samplings, we found that large
percentages (30 to 75%) of the total bacterial population in
the fixed-sample controls fit the definition of SAB, and
<10% of the bacteria which were large in situ could be
distinguished as having increased in size on incubation.
These bacteria were similar to the large bacteria apparent in
previously published photomicrographs of fixed-sample con-
trols of Chesapeake Bay samples (19). In duplicate samples,
the initially large bacteria were consistently observed to be
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FIG. 4. Distribution of total DC of microorganisms and the number of microorganisms active in the uptake of amino acids, thymidine, and
acetate determined by microautoradiography for 11 Chesapeake Bay 8.5-m water samples collected from 26 March 1980 through 9 February
1981. Explanation of the bars is given in the legend to Fig. 3.
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TABLE 1. Temperature and salinity of Chesapeake Bay water
samples

Temp (°C) at
depth (m) of:

Salinity (%) at
depth (m) of:

Date

1 8.5 1 8.5

1980
March 26 7.0 6.0 7.3 11.3
April 21 13.4 12.9 7.5 8.2
May 1 12.9 13.0 8.3 8.3
May 29 19.5 18.9 11.5 13.3
June 17 20.8 21.1 11.9 12.0
July 9 23.3 23.1 12.4 13.9
August 5 28.3 27.2 11.6 13.4
September 21 24.8 24.6 17.4 18.1
October 31 12.6 13.6 17.1 18.4
December 10 7.3 7.1 18.1 20.2
1981 (February 9) 0.0 0.0 22.2 21.4

active inamino acid and thymidine uptake, as determined by
microautoradiography, and active in respiration, as deter-
mined by the INT reduction method. Because the large
bacteria were determined to be active by these other meas-
urements, no correction was made in the determination of
SAB for bacteria of 0.8 by 1.0 um or larger in the controls.

In Chesapeake Bay surface water samples, the number of
bacteria recognized as active in cellular biosynthesis by the
modified method of Kogure et al. (13) constituted from 7%
(0.3 x 10° SAB ml™1) of the total DC in the March sampling
to 77% (8.5 x 10° ml~!) in August. In the 8.5-m samples,
SAB represented 3% (March) to ca. 50% (July and Septem-
ber) of the DC. The distribution of SAB and the correspond-
ing DC determined for 1- and 8.5-m samples over a 1-year
period in the Chesapeake Bay is presented in Fig. 1 and 2,
respectively.

The number of SAB was determined for samples amended
with three concentrations of naladixic acid with or without
yeast extract (six treatments plus control). The values re-
ported in Fig. 1 and 2 are the largest found from among the
various treatments. For a number of samplings, differences
in the number of SAB determined for various treatments
were found to be significant. In September, numbers of SAB
determined for both 1- and 8.5-m samples amended with
0.006% nalidixic acid and yeast extract were significantly
greater than SAB numbers for samples amended with 0.002%
or 0.01% nalidixic acid and yeast extract (SNK test at 5%
level). For all other samplings, no significant difference was
found in SAB numbers for samples amended with the three
nalidixic acid concentrations and yeast extract. Samples
amended with yeast extract yielded significantly larger num-
bers of SAB (SNK test at 5% level) than samples amended
with nalidixic acid but no substrate addition for March
through 1 May and September through February samplings.

Regression analysis performed on arcsine-transformed
proportions of SAB (i.e., SAB DC™!) showed a significant
dependence (P < 0.05) of SAB determined from surface
samples on in situ temperature. This test shows the depend-
ence of SAB on temperature independent of the regression
of DC on temperature. With the exclusion of the August
sampling, for which other direct activity measurements
showed depressed activity relative to the July and Septem-
ber samplings, the proportions of SAB to DC in the 8.5-m
samples showed a significant dependence on in situ temper-
atures at 8.5 m, independent of the regression of DC on
temperature. A significant difference (¢ test, P < 0.05) was
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found between the proportions of the SAB in surface and
8.5-m samples for the April, 29 May, June, and August
samplings.

Determination of INTRM: Numbers of INTRM deter-
mined for Chesapeake Bay surface and 8.5-m samples during
a l-year period are presented in Fig. 1 and 2, respectively.
Numbers of INTRM in fixed sample controls were <2% of
the DC in all samples. Samples reported here were not
amended with ETS activators, because preliminary results
did not show a significant increase in reduction of INT by
cells with the addition of NaCN or succinate (24, 28).
Fluorescence of small organisms with large INT deposits
was difficult to detect. Detection was aided by first using
transmitted illumination to recognize INT-formazan deposits
and then using epifluorescence illumination to reveal small
fluorescing cells associated with the deposits. The number of
INTRM in surface samples constituted from 25% (1.0 X 106
INTRM ml™}) of the total DC for the March sample to 94%
in August and September (10.4 X 10° and 12.9 x 109,
respectively, ml™%). In 8.5-m samples, INTRM ranged from
29% (May 29) to 62% (September) of the total DC. Regres-
sion analyses showed no signficant dependence of INTRM
numbers on in situ temperature. Correlation analyses showed
a high degree of association between DC and numbers of
INTRM with correlation coefficients of 0.93 and 0.89 for
surface and 8.5-m samples, respectively. Significant differ-
ences (¢ test, P < 0.05) in the proportions of INTRM
(INTRM DC™!) between surface and 8.5-m samples were
found for 1 May and June through September samplings.

INTRM numbers determined for the March, September,
and February samples were not significantly different
(ANOVA, P < 0.05) with incubation times of 10 min to 3 h,
which indicated that the sensitivity of the method for detec-
tion of microorganisms with ETS activity was not dependent
on the length of incubation in this range when Chesapeake
Bay in situ temperatures were low.

Determination of MC. In the microautoradiograms pre-
pared by the method of Tabor and Neihof (25), fluorescing
microorganisms were superimposed on opaque clusters of
silver grains. This eliminated masking by silver grains of
small cells active in substrate uptake which was responsible
for significantly decreased DC (25). Removing the filter from
the microautoradiographic preparation resulted in a struc-
tureless background and improved the ability to detect silver
grains microscopically. Photomicrographs of microauto-
radiograms prepared as described above have been pub-
lished previously (25).

The MC of microorganisms active in amino acid uptake,
thymidine uptake, and acetate uptake determined for surface
and 8.5-m Chesapeake Bay samples are presented in Fig. 3
and 4, respectively. MC of amino acid uptake-active organ-
isms for surface samples were 17% (March) to >82% (June,
July, and August) of the DC determined for the same
samples (Fig. 3). Except for March, the MC of amino acid
uptake-active organisms were =40% of the total DC for all
surface samplings. The proportion of thé DC determined to
be active in amino acid uptake in surface samples showed
significant dependence on in situ temperature (P < 0.05).
The regressions of the thymidine and acetate uptake-active
portions of the total population with temperature were found
to be not significant. The largest successive increases in MC
of thymidine uptake-active organisms were found to corre-
spond to surface samplings with the largest increase in DC
(29 May, June, and September). Acetate uptake-active or-
ganisms represented from 6% (December) to 51% (May) of
the total DC for surface samples. Correlation analysis showed
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that the association of acetate uptake-active organisms and
DC was not significant. This was the only direct activity
measurement that did not have a significant association with
DC.

Microorganisms determined to be active in the uptake of
amino acids in 8.5-m samples exceeded 50% of the DC for all
samplings except March (32%) and February (26%). MC of
amino acid uptake-active organisms were 94% of the DC in
September (13.8 X 10° ml~!), and this amount constituted
the largest portion of the DC determined to be active in
substrate uptake for any sampling. With the August sample
excluded from the analysis, the proportion of amino acid
uptake-active organisms to DC of samples showed signifi-
cant dependence on in situ temperature (P < 0.05). MC
of thymidine uptake-active microorganisms were 7 to 82%
of the corresponding 8.5-m DC. In September the MC
of thymidine uptake-active organisms in the 8.5-m sample
was 12.0 x 10° MC ml™!; this represented the largest
portion of DC (82%) determined to be active in thymidine
uptake of any sample in this study. Organisms determined as
active in acetate uptake ranged from ca. 15% (October,
December, and February) to 55% (29 May) of the DC for
these samples. The association of acetate uptake-active
organisms and DC from the 8.5-m samples was not signif-
icant.

Incubation times lengthened to 4 h for duplicate samples
collected in September and October resulted in labeling of
microorganisms to the extent that clusters of silver grains
extended to adjacent cells and were so large that they could
not be discerned as associated with individual cells. When in
situ temperatures were <20°C, samples incubated for 2 h
had significantly lower MC than samples incubated for 2.5 h.
Thus, the incubation time was critical for labeling of the
maximum number of organisms.

MC of amino acid uptake-active organisms presented in
Fig. 3 and 4 are for samples amended with H-labeled amino
acids to give a final activity of 0.1 wCi ml™! and final added
concentration of 2.8 ug liter 1. Samples were also amended
with tritiated amino acids to give a final activity of 0.05 wCi
ml~!. MC were significantly less (¢ test, P < 0.05) for all
samples with the lower activity, ranging from 8 to 40% lower
than corresponding samples with 0.1 wCi ml1~%, final activity
(data not presented).

DISCUSSION

Determination of SAB. Samples were incubated at in situ
bay water temperatures to determine active synthesis at
environmental temperature conditions, and the proportion
of the total DC determined to be SAB was shown to be a
significant function of the in situ temperature of the bay.
Longer incubation times and incubation temperatures above
in situ temperatures (20°C) were used to determine if the
sensitivity of the method for determination of SAB could be
increased. For the majority of samples, including the March
and February samplings, increased incubation temperature
or longer incubation times did not increase the number of
SAB. Thus, the results of this study indicate a larger fraction
of the bacterial population active in cellular synthesis at
higher in situ bay temperatures. On extended incubation,
organisms not affected by nalidixic acid proliferated and
changed the DC of the sample. In the determination of SAB
for freshwater lakes, an increase in total counts was also
observed for samples amended with nalidixic acid and yeast
extract and incubated at 20°C (195).
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It has been found (P. Tabor, unpublished data) that the
efficacy of nalidixic acid in the inhibition of cell division is
diminished for Chesapeake Bay samples by dissolved com-
ponents associated with high concentrations of phyto-
plankton. Filtrates (filter pore size, 0.2 pm) of the samples
with high phytoplankton concentrations were shown to
inhibit the action of nalidixic acid in samples otherwise
affected by 0.002% nalidixic acid, and concentrations of up
to 0.01% nalidixic acid were necessary to obtain effective
inhibition of cell division and the maximum number of SAB.
All samples in this study were amended with nalidixic acid at
concentrations of 0.002, 0.006, and 0.01%, and the numbers
of SAB were determined for each concentration. The Sep-
tember sampling required nalidixic acid concentrations of
0.006% for determination of maximum numbers of SAB. The
notably high numbers of phytoplankton observed in the
September sampling were an indication that the low concen-
tration of nalidixic acid would not be effective in inhibiting
bacterial cell division.

A relatively large amount of energy and numerous meta-
bolic steps are necessary for sufficient synthesis of cellular
components to be recognized by the method of Kogure et al.
(13), and the numbers of SAB were expected to be lower
than numbers of INTRM and MC. However, the degree of
association between numbers of SAB and MC of amino acid
uptake-active microorganisms, determined by correlation
analysis (for surface samples, r = 0.90; for 8.5-m samples, r
= 0.97), was higher than the association between numbers of
SAB and DC, indicating some relationship between these
two direct activity measurements.

The method for determination of SAB was simple, and
samples fixed with Formalin were stable for 2 weeks at 3°C.
The method is based on the detection of bacteria which are
sublethally inhibited by nalidixic acid, i.e., only cell division
is arrested. Generally, the DNA synthesis of gram-negative
bacteria is inhibited by nalidixic acid, whereas gram-positive
bacteria and eucaryotes are unaffected (6). Results presented
here and those of Kogure et al. (13, 14), Orndorff and
Colwell (19), and Peele and Colwell (21) show the utility of
the method to recognize a significant portion of the bacterial
population engaged in cellular synthesis. However, this
method is better suited for use in populations with predom-
inately small bacterial cells; owing to the large size of many
bacteria in the bay samples, determination of further enlarge-
ment of these bacteria, the criterion for SAB, was difficult.

Determination of INTRM. ETS activity was thought to be
a more general measurement of metabolically active micro-
organisms than active uptake of amino acids, thymidine, or
acetate, and if the methods for direct determination of
activity were accurate and equally sensitive, the number of
INTRM should be at least as large as the MC. Numbers of
INTRM were significantly greater than MC of thymidine or
amino acid uptake-active organisms (whichever was larger)
in September and December surface samples and not signif-
icantly different than the largest MC in four other surface
samples (¢ test, P < 0.05). In 8.5-m samples, numbers of
INTRM were significantly greater than MC in the February
sample and not significantly different for three other sam-
ples. Thus, in <50% of the samples in this study determina-
tion of INTRM was as sensitive or more sensitive than
microautoradiography in detecting activity of individual mi-
croorganisms.

The addition of substrates of the ETS and ETS-activators
may increase electron transport activity through the ETS.
Stimulating electron transport would increase the reduction
of the electron acceptor, INT, and increase the number of

1sanb Ag 6T0Z ‘92 Ae\ uo /610 wse war//:dny woll papeojumod


http://aem.asm.org/

1018 TABOR AND NEIHOF

microorganisms recognized as ETS-active. Detailed studies
with ETS-activators, NADH, and other substrates of the
ETS are needed to determine limiting factors in reactions of
the ETS for microorganisms in natural samples.

The procedure for determination of INTRM was the
simplest and required the least time of the three methods
used in this study, and the recognition of INTRM was
unambiguous. In addition, an accurate measurement such as
ETS activity is needed for use in broad interpretations of
viability or active (versus dormant) physiological states. For
example, Baker and Mills (1) were interested in a direct
measurement that would provide an accurate determination
of general metabolic activity and could be combined with a
fluorescent-antibody technique for the identification of Thi-
obacillus ferrooxidans in natural aquatic samples. They used
the reduction of INT to recognize respiring T. ferrooxidans
and found >103-fold more active organisms than determined
by a most-probable-number technique.

Determination of MC. Compared with the method of
Meyer-Reil (16), significantly larger numbers (¢ test, P <
0.01) of uptake-active microorganisms and DC were deter-
mined for Chesapeake Bay samples as a result of the use of
a microautoradiographic method we have previously de-
scribed (25). The method was not technically difficult to use
(60 microautoradiograms could be prepared by two persons
in 1 day), and the results were reproducible.

Uptake-active organisms of Chesapeake Bay microbial
populations were determined with three substrates. For 12
of the 22 samples in this study, microautoradiographic
determination of uptake-active organisms proved to be the
most sensitive of all direct activity measurements in detec-
tion of metabolically active organisms, with MC of amino
acid uptake-active and thymidine uptake-active organisms
significantly greater than numbers of active organisms from
other determinations in 9 and 3 of the samples, respectively
(SNK, P < 0.05). Our results suggest that amino acids were
utilized by a large majority of the metabolically active,
free-living population of microheterotrophs in Chesapeake
Bay.

Endogenous substrate concentrations were not deter-
mined in this study, so the final specific activities of sub-
strates in samples and changes in specific activity from one
sample to the next were not known. Detailed interpretation
of changes in the number of uptake-active organisms in
successive samplings without support of direct determina-
tions of INTRM or SAB must be cautioned against. As a
specific example, when three consecutive monthly samples
were amended with [methyl-*Hlmethionine at five activities
ranging from 0.06 to 0.3 pCi ml™! (1 to 6 nM added
methionine), we found the distribution of MC with increas-
ing activity varied from a >2.5-fold linear increase in MC
(MC increased from 19 to 49% of the DC) in March 1981 to
a constant number of MC at all activities (34% of the DC) in
the May sampling (P. Tabor, unpublished data).

The microautoradiographic method used in this study
offers an approach to analyze the composition of microbial
assemblages in terms of the organisms actually involved in
substrate uptake. The results have provided a whole dimen-
sion of information on distribution of activity within micro-
bial assemblages on the basis of the individual organisms
that cannot be obtained by measurements of the activity of
composite populations. Studies determining stable RNA
synthesis (12) and the productivity of microheterotrophs (5)
require information on the portion of the aquatic microbial
population which is active in substrate transport generally,
as determined microautoradiographically by uptake of widely
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utilized substrates (5), as well as information on the portion
of the microbial population active in uptake of the precur-
sors, adenine (12) and thymidine (5). Information on within-
assemblage distribution of active microorganisms is needed
so meaningful comparisons of various microbial populations
can be made.

Relation between measurements of direct activity of organ-
isms and salinity and temperature. We suspected some
compositional and physiological diversity between microbial
populations of the surface and 8.5-m samples when notable
differences in salinity and temperature were observed. Over
the 1-year period of this study, three samplings (March,
August, and February) were observed to have significant
differences between DC for the surface sample versus the
8.5-m sample (¢ test, P < 0.05), although no morphological
distinctions were observed between the microorganisms
from surface and 8.5-m samples. Large surface-to-depth
temperature and salinity differences were also found for the
March and August samplings, but not in February (Table 1).
As proportions of the DC, significant differences (P < 0.05)
between SAB numbers, INTRM, and MC of amino acid
uptake-active microorganisms were found for the August
surface and 8.5-m samples. For the other samplings, no
more than two direct activity measurements showed signif-
icant differences in the proportions of active organisms to
DC between surface and 8.5-m samples. Oxygen concentra-
tions of <2 ml liter ! at the 10-m depth were recorded at this
site in the bay in July to August 1980 (18). We suggest that
the hypoxic or anoxic conditions existing in August in the
Chesapeake Bay bottom waters were responsible for the
decreased numbers of active microorganisms observed for
the August 8.5-m sample in this study. Our data support the
proposal of Officer et al. (18) that benthic respiration com-
pounded by stratification in the bay was responsible for
decreases in productivity and benthic respiration through
the summer until the fall seasonal mixing occurs in Septem-
ber.

In this study, we have determined numbers of active
organisms within the total microbial population based on
three distinct measurements of metabolic activity. The re-
sults help to clarify the relationship between the total DC
and microbial activity in one region of the Chesapeake Bay.
By one or more of the methods, at least 50% of the total DC
were recognized as active in all samplings except February
and March, and >85% of the DC were active in samplings
from June through September. This finding suggests an
active role for the majority of organisms in microbial proc-
esses in the bay.

Seasonal distribution of ETS-active bacteria and corre-
sponding DC associated with the sedimenting particulate
matter has been reported by Iturriaga (11). Although the DC
showed variation in seasonal pattern, the proportion of the
DC mg™! particulate organic matter recognized as ETS-ac-
tive bacteria has a strong positive correlation with in situ
temperature, with ETS-active numbers ranging from <10 to
97% of the DC. Also, seasonal distribution of DC and amino
acid uptake-active organisms for Kiel Fjord samples has
been reported (9), and the active portion of the total popu-
lation (which ranged from 9 to 55% of the DC) and the total
DC were observed to be related to in situ temperatures. Our
results show a seasonal distribution of DC, and the corre-
sponding direct activity measurements indicate seasonal
trends of microbial activity with active microorganisms
constituting higher portions of the total DC for samplings in
warmer months but generally lower portions of the DC for
samplings with lower in situ temperatures.
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