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Enumeration of sandy sediment bacteria:
Are the counts quantitative or relative?
S. S. ~pstein',',D. ~ l e x a n d e rK.
~ , cosman2,A. ~ o r n p eS.
~ ,Gallagher 2 , J. Jarsobski2,
E. ~ a n i n gR.
~ ,~ a r t i n e 2z, G . Panasik2, C. ~ e l u s o R. Runde ', E. ~ i m m e r
'Marine Science Center, Northeastern University. East Point, Nahant, Massachussetts 01908. USA
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ABSTRACT: Several tests were carrled out to enable evaluation of the precis~onwith which sandy sediment bacteria could be enumerated. This represented the first attempt to place direct epifluorescence
counts of benthic bacteria on a quantitative, rather than relative, ground. The tests cornb~nedin situ
radioisotope ( [ ' H ] ,[14C])labeling of sediment bactena, bacterial dislodgment by ultrasonic treatment,
and bacterial enumeration via fluorescent staining. The results provided direct and indirect evidence
that the employed protocol for bacterial enumeration accounted for 88 to 98% of all bacteria present
in sediments. The identified approach thus allowed for a rather complete quantification of sediment
bacteria. Since this protocol was more effective that the alternative techniques used in earlier studies,
sediment bacteria may have been repeatedly undercounted in the past.

KEY WORDS: Bacteria . Sediment. Enumeration Epifluorescence Radioactwe labeling

INTRODUCTION

Bacterial abundance is a basic parameter used to
characterize aquatic microbial con~munities.However,
counting of sediment bacteria is flawed by major difficulties. There is no slngle enumeration approach for
which absolute efficacy is known; the available techniques all give relative rather than absolute counts. As
relative measures, these techniques were extensively
compared (Dale 1974, Meyer-Reil et al. 1978, Dye
1983, Ellery & Schleyer 1984), a n d the most effective
ones were further optimized (Velji & Albright 1986,
1993, Schallenberg et al. 1989).Based on that, Epsteln
& Rossel (1995) developed a protocol which appeared
more refined, but it 1s still not known what proportion
of the extant bacteria is actually being counted.
Among the many steps in sediment bacterial enumeration, dislodgment of attached bacteria is the most
crucial one, and the efficacy of dislodgment may be
a n estimate of the efficacy of the overall counting
procedure (Epstein & Rossel 1995). In this paper, w e

designed a n d employed a n approach to test the absolute efficacy of the bacterial dislodgment. The
approach was based on a technique commonly used
to measure bacterial production, that is, on bacterial
in situ labeling with I3H]thymidine a n d ['4C]leucine.
Upon radioactive labeling, sediment samples were
sonicated, and dislodged bacteria were washed out of
the sediment. The level of radioactivity was quantified
in the washes, which contained the dislodged bacteria,
and in the sediments, which harbored dislodgmentresistant, particle-bound bacteria. We hypothesized
that the ratio between the two would be indicative of
the efficacy of the dislodgment protocol and thus of the
overall efficacy of the bacterial enumeration. This represented the first attempt to evaluate the percent of
bacteria being. counted and thus the first assessment of
the precision of sediment bacteria direct enumeration.

MATERIAL AND METHODS

Experimental site. Sediment samples were collected
at 2 sites. Site A, described previously (Epstein &
Rossel 1995, Epstein 1997a, b), was located near the
0 Inter-Research 1997
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Marine Science Center of Northeastern University
10 km north of Boston, Massachussetts, USA. Site B
was located in Great Sippiwlsset marsh, near the
Marine Biological Laboratory, Woods Hole, Massachussetts. In both cases, the samples were collected at
a mid-tlde level, and the sediments were microporal
sands with a low mud and clay fraction.
Enumeration of sediment bacteria. The complete
protocol is detailed elsewhere (Epstein & Rossel 1995).
In short, sediments samples (0.4 to 0.7 cm3) were preserved with 2 m1 of 2 to 4'10 formaldehyde and sonicated for 0 (hand shaking treatment), 10, 20, 40, 80,
160, or 320 s with a 50 W Ultrasonic Processor VT-50
(Sonics & Material, Dunbery, CT) equipped with a
3 mm stepped probe vibrating at 320 pm amplitude
(setting 40%). Treatments over 80 s were interrupted 2
to 4 times to avoid sample overheating Upon bacterial
dislodgment, samples were vigorously shaken for 10 S,
and supernatants with detached bacteria were
decanted. Four more washes were performed, each
time with 2 m1 of fresh fixative, and all 5 washes
were combined, subsampled, and stained with 4', 6diamidino-2-phenylindol (DAPI; 10 to 15 min staining
at 5 pg ml-' final dye concentration). Bacteria cvere
concentrated on Poretics 0.2 pm pore-size polycarbonate black filters, which were then rinsed twice with
particle-free water. Bacteria were counted under Zeiss
Axiophot microscopes equipped for epifluorescence
[50 or 100 W mercury lamp, DAPI filter blocks
9108460094 (365/400/450 nm excitation filter/beam
splitter/barrier filter, respectively)]
Bacterial counts were conducted in 3 to 7 replicates.
In some cases, microphotographs of DAPJ-stained bacteria were taken, the images were manually measured
upon their projection on a screen, and the measurements were converted into bacterial biovolume.
In situ [3H]/[14C]labeling. Sediment samples were
collected with help of a rectangular (9 X 7 cm) hand
core to a depth of 5 cm. From the core, samples could
easily slide, with minimal disturbance, into appropriately sized glass containers (9.5 L X 7.5 W X 6 H cm).
Sediments were kept in these containers covered with
5 mm of overlying water; the experiments were conducted withln a few hours after field sample collection.
Radioactive tracers were administered to the sediments as described earlier (Epstein 1997a, b ) . Thymidine- and leucine-specific procedures were adapted,
as described in the above papers, from Findlay (1993)
and Kirchman (1993), respectively. In short, each
sample received, via a multiple injection (19 syringes
of 1 m1 each in a cassette simultaneously delivering
their contents over 35 mm depth), [%]thymidine and
['4Cjleucine (50 and 680 nM final concentrations,
respectively). After 30 to 35 min incubation, sediments
were sampled down to 3 cm depth with 1 m1 syringes

with the Luer end cut off, and preserved with 2 % formaldehyde. To evaluate the abiotic label absorption,
several control treatments were established. These included a 0 incubation control (samples were taken
immediately upon the label delivery) and a pre-killed,
30 min Incubated control. Since the nature of the fixative might influence the amplitude of abiotic label
absorption, the following fixatives were separately
tested: 2 "/o formaldehyde, 5 % cold trichloroacetic acid
(TCA),and 96 % ethanol. All experimental and control
treatments were conducted in 3 to 7 replicates.
In both control and experimental treatments, bacteria were dislodged either by shaking or sonication (see
'Enumeration of sediment bacteria') for 80, 160, 320, or
480 s (each in 6 replicates). Dislodgment was followed
by washing (5 cycles) of the dislodged bacteria, and
the 5 washes cvere combined. Sonicated/hand washed
sediments and combined washes were treated separately for the label recovery and radioassay.
The washes containing dislodged bacteria were subsampled (1 ml), and bacteria were concentrated on
nitrate cellulose 0.2 pm pore-size filters. Filters were
rinsed 3 times with ice-cold 5 % TCA (5 m1 for 5 min
each time) to wash the unincorporated label. To keep
the extraction temperature low, either the filtration and
rinsing were performed inside a refrigerator, or the filtration assemblies with the filters in place were refrigerated for a few minutes in between washes. Filters
were placed into scintillation vials, dissolved in 1 m1 of
ethyl acetate, and radioassayed for both labels.
The combined washes from 2 tests (Tests 3 and 4, see
'Results') were also subsampled to enumerate, via
DAPI staining, the dislodged bacteria as detailed
above.
From the sediments, unincorporated label was extracted by 5 % ice-cold TCA. Three washing cycles
were performed, each consisting of the addition of 5 m1
of TCA, resuspension, centrifugation at 4000 X g for
15 min, and decantation of the supernatant. Macromolecules were extracted overnight in an alkaline extractant (0.3 N NaOH in 0.1 % SDS and 25 mM EDTA).
After extraction, sediments were resuspended, briefly
centrifuged (5 min at 1000 X g), and subsamples of
supernatant were radioassayed for both labels. The
obtained counts were recalculated into dpm and
corrected for quenching using [14C]and [3H] internal
standards.
Specificity of isotope labeling. On several occasions,
the rate of isotope incorporation into the target moIecules (DNA and proteins) was checked. Standard phenol/chloroform protocol (Sambrook et al. 1989),which
separated (1) nucleic acid fraction from (2) proteins +
cell debris fraction, was employed. This approach was
chosen after initial attempts failed to achieve reproducible results via hot TCA hydrollzation technique
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time interval. Interestingly, optimal sonication
times determined previously with different cell
disrupters, different probes, a n d for different
sediments belonged to the above range I145 s
(Epstein & Rossel 1995) a n d 150 s (Starink et al.
1994)].
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Fig. 1. Effect of different sonlcation reglmes on the dislodgment of attached sediment bacteria. Shaded area encircles statistically indistinguishable results representing the optimal treatment. Bars show * SE

(Flndlay 1993). The [3H]label in the first fraction was
assumed to be incorporated into DNA because thymidine incorporation into RNA was unlikely during short
incubations (Bell 1993 and references therein). The
['4C]label in the second fraction was assumed to be in
proteins because leucine was shown to incorporate
almost exclusively into the target molecules (Kirchman
e t al. 1985) and thus would not be found in cell debris.
All the relavant tests were conducted in triplicate.
Statistics. Kruskal-Wallis non-parametric test (Sokal
& Rohlf 1987) was used throughout the study.

RESULTS
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Two independent tests, each of w h ~ c h
employed the sediments from both sources,
were conducted.
The results of Test 3 are presented in Fig. 2.
The amount of radioactivity remaining in the
sediment decreased a s the sonication length
increased, presumably d u e to bacterial dislodgment, which became progressively more
a n d more efficient,This decrease was matched
by a proportional increase in the level of
radioactivity of the washes, which were harboring the dislodged bacteria. The optimal
sonication was 2160 s for both labels, but the

%

B Label in sediment (attached bacteria)

a

C
300

Test of different dislodgment protocols for
enumeration o i sediment bacteria
TWO tests were conducted employing sediments
from the 2 sampled areas. Tests 1 a n d 2 (sediments
from Sites A and B, respectively) were designed similarly; these checked the effect of varying sonication
regimes on the number of dislodged bacteria. In
both cases, the number of bacteria dislodged from the
sediment samples grew 5- to 10-fold as the length of
ultrasonic treatment increased from 0-10 to 80-160 s
(Fig. 1). Thereafter, the cumulative number of countable bacteria either leveled off or declined. The 2 tests
showed different optimal sonication times (80 and 160
S). However, the 4 relevant counts, encircled in Fig. 1,
were not statistically different (p > 0.1), and it was tentatively concluded that the optimum sonication time
was not represented by a single value, but rather by a

Sonication time, sec

Fig. 2. Effect of different sonication regimes on the dislodgment of 1%- and l'"]-labeled bacteria. Bars show + SE
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breakage since the size distributions of bacteria dislodged by hand shaking and by 80 s sonication were
identical (Flg. 4 ) The test also checked the specificity
of the label incorporation. The latter proved to be uniformly high (>80%)for both ['H] (DNA) and [I4C](proteins) (Fig. 3 ) .

DISCUSSION

Hand Shaking

Sonicarion

Dislodgment Protocol

Fig. 3. identical treatments cause ~denticalincrease in the
number of dislodged bacteria (total count) and the number of
detached active ( i 3 ~ (and
- [14CI labeled) bacteria. Note: increase in bacterial counts is equally applicable to both plates
A and B, but is shown only once (plate A). Bars show * SE

achieved dislodgment was statistically indistinguishable from that at 80 S. At longer treatments, the amount
of the label in both the sediment and the washes leveled off and did not change with increased (480 s maximum) sonication time. The control treatments, which
employed different fixatives and different incubation
times, exhibited a uniformly low level of non-specific
incorporatjon, which was always under 10% of the corresponding experimental counts.
Test 4 checked the relationship between the increase in the amount of radioactive label in the washes
and the increase in the number of dislodged bacteria.
The results are presented in Fig. 3. Compared to hand
shaking, 80 s sonication resulted in a 3.3-fold increase
in the amount of label in the washes and a 4.8-fold
increase in th.e number of dislodged bacteria. This ].atter increase was not due to sonication-caused cell

The main goal of this study was to check the following hypothesis: (H,) direct counting of sediment bacteria could provide a quantitative estimate of their abundance. Since the dislodgment of bacteria attached to
sediment particles was the most uncertain step in the
overall counting procedure, confirmation versus rejection of the hypothesis depended on whether or not it
was posslble to quantitatively dislodge sediment bacteria. Until now, the dislodging techniques have been
compared to each other exclusively in their relative
1978, Dye 1983,
efficacy (Dale 1974, Meyer-Reil et
Ellery & Schleyer 1984, Epstein & Rossel 1995),and no
technique has been qualified as suitable, or disqualified as inappropriate, in terms of absolute bacterial
numbers. Two factors were responsible for that uncertainty. First, it was difficult to evaluate how complete
the achieved dislodgment was. Second, even if the dislodgment was complete, as suggested by SEM observation of sonicated sediment particles (Epstein &
Rossel 1995),there was no guarantee that the dislodgment, while detaching cells, was not simultaneously
destroying some of them.
The eff1ca.c~of a direct counting technique could be
determined by its evaluation against an independent
technique known to be 100% efficient. Since it is
exactly the latter that was needed in the first place, the
technique with known efficiency appeared to be a pre-

Dislodgment protocols:

Bacterial size classes,

Fig. 4 . Slze distributions of bacteria &slodged from sed~ments
by hand shaking vs sonication. Bars show + SE
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requisite for its own development. We suggest here an
indirect solution for that apparently paradoxical situation. If, instead of bacterial absolute number, it were
possible to quantitatively evaluate the proportion of
bacteria remaining in the sediment after dislodgment,
relative to the pre-treatment situation, the problem
would be solved With some assumptions, bacterial
activity, in the form of DNA/protein synthesis, can be
used for that purpose. First, bacteria were radioactively
labeled In situ using [3H]thymidine and [l4C]leucinebased approaches. At this stage, the experiments followed well-known protocols for bacterial production
measurements. The similarity ended after the incubation was completed and the sediments were fixed. The
latter were subsampled, and the subsamples were subjected to a dislodgment treatment, as if bacterial enumeration by direct counting was to follow. Sample sonication, shown earlier to be one the most effective ways
to detach bacteria (Epstein & Rossel 1995), was chosen
here as the treatment of choice. Dislodgment was
followed by sample washing, which physically separated the detached bacterla from sedlment particles.
Thereafter, the incorporated label was found in washes
(dislodged bacteria) as well as in sediments (bacteria
still attached to sediment particles). We assumed that
the more effective the dislodgment protocol was, the
more label would be found in washes ( W ) ,and the
less would remain in the sediment (S).The value of
W/(W + S ) would estimate the absolute efficacy of the
employed dislodgment, with no need to actually count
the dislodged bacteria.
There were 2 important assumptions. First, that the
attachment of active (label incorporating) bacteria was
identical to that of inactive bacteria. Second, that sonication caused no cell destruction/leakage. The latter
assumption probably held [see (3) below]. The first
assumption could be checked by analyzing phospholipid fatty acid contents (Findlay & Dobbs 1993) of the
intact sediments, sonicated sediments, and the washes.
Planned for the future, PLFA analyses were not carried
out in this study, but some indirect evidence [see (2)
below] indicating that the first assumption was likely to
hold will be described.
The obtained data provided the following arguments
to support the H,: (1) Sample sonication resulted in the
dislodgn~entof the [3H]-and ['4C]-containingparticles,
presumably bacteria, which could be washed from the
sedlment and collected on 0.2 pm filters (Figs. 2 & 3 ) .
(2) The number of these particles, judged by their combined radioactivity, grew proportionally with the number of bacteria observed in the washes via DAPI staining (Fig. 3). These particles were most likely active
bacteria. Because their appearance in the washes was
mirrored by the proportional increase in the total
number of bacteria, the nature, rate, and strength of
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attachment seemed to be similar between active and
non-active bacteria. Thus, the only bacteria that could
potentially bias the results would have to satisfy simultaneously 3 requirements: to be active, to be incapable
of incorpol-ation of either leucine or thymidine, and to
be able to completely I-esist any dislodgment treatment In our view, this is an unlikely combination.
(3) Upon dislodgn~ent,radioactive label was found in
both the sediment and washes. The sum of the 2 values
d ~ not
d seein to depend on how harsh the dislodgment
protocol was (hand shaking vs sonication of various
length; Figs. 2 & 3 ) . Thus, sonication appeared to have
destroyed a marginal, non-detectable number of bacteria. Also, the fact that the size distribution of dislodged bactei-la was the same regardless of the dislodgment protocol used (hand washing vs sonication;
Fig. 4) was a further Indication that sonication did not
break bacteria into DAPI-stainable cells' halves, quarters, etc. (4) A possibility existed that some radioactive
label could be absorbed abiotically by sediment particles. If the absorbed label had resisted dislodgment
and remained in the sediments after sonication, it
could have been mistaken for non-dislodged bacteria.
However, sediment bound radioactivity was largely
contamed in the target molecules (L3H] in DNA a n d
[I4C]in proteins; Fig. 3) before as well as after the dislodgment treatment. Therefore, the label found in the
sediments after sonication was as likely to be inside
bacterial cells as it was before any treatment. Low levels of radioactivity in both the fully incubated prekilled control and in the 0 incubation control (always
under 10 % of the corresponding experimental values)
further supported the notion of low-level abiotic label
absorption. Therefore, the label present in the sediment after sonication/washing could be used to evaluate the proportion of bacteria resistant to dislodgment.
(5) All of the described trends were identical between
the 2 isotopes used. This added some certainty to the
suggested data interpretation.
The above findings indicate that sonication dislodged bacteria from the sediment particles without
destroying or altering them. Some bacteria resisted the
treatment and remained particle bound. However,
there were fewer and fewer of those attached bacteria
as the sonication treatment approached its optimal
length (80 to 160 S with specified above instrumentation). The percent of bacteria that remained in the sediment after optimal sonication varied between 1.3 k 1.2
and 14.5 +- 4.3 (thymidme measurements) and between
1.9 +- 1.5 a n d 12.1 k 5.3 (leucine data). The above proportions were rather low, thus, the efficacy of the dislodgment was high. Since the other steps in the bacterial enumeration protocol, such as fluorescent staining,
filtration, observation, counting, etc., were not likely to
significantly contribute to the overall inaccuracy and/
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or cell losses, the efficacy of dislodgment was a measure of the overall efficacy of direct bacterial enumeration. The latter varied from 88 to 9 9 O l 0 (thymidinebased estimate) and from 88 to 98% (leucine-based
estimate), which supports the Ho. Hence, the employed
protocol for sediment bacterial enumeration could be
considered quantitative. Since this protocol was 1.7 to
5 times more effective than alternative techniques
(Epstein & Rossel 1995), sediment bacteria, at least In
sandy sediments, have probably been repeatedly
undercounted in earlier studies.
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