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bacterioplankton: bacterial abundance determined
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ABSTRACT: The effect of storage of formalin-fixed sea water samples on bacterial abundance determined by DAPI staining and epifluorescence microscopy was compared with the abundance of
nucleoid-visible bacteria using isopropanol rinsing after DAPI staining to remove non-specific staining
of DAPI. While storage of formalin-fixed water samples at 4'C for 7 mo caused total bacterial numbers
to decline exponentially until 50 to 70 d , after which they remained stable, storage of sea water had no
effect on the number of nucleoid-visible bacteria over a 7 mo period. Extrapolating the bacterial growth
curve of nutrient amended sea water cultures by regression analysis to to resulted in a number of active
bacterial cells similar to that obtained by isopropanol rinsing of DAPI-stained samples. This rmght indicate that the lag phase commonly detected in sea water cultures is caused by the dormnance of inactive
bacteria at the time of inoculation. An intensive field study in the Dutch Wadden Sea showed that the
number of nucleoid-visible bacteria continuously declined from around 100% of the total bactenal
abundance at the end of the phytoplankton bloom to 75 % within 2.5 mo. Again a strong correlation was
detected between nucleoid-visible bacteria determined by DAPI staining and subsequent isopropanol
rinsing and total bacterial abundance detectable in the formalin-fixed sea water samples after 7 mo of
storage. Although the exact mechanism of the loss of 'non-nucleoid-visible cells' during sample storage
remains unclear, the excellent agreement between the 2 methods indicates that DAPI-stained samples
enumerated immediately and after a prolonged storage might be an alternative approach to determine
the total bacterial abundance and the number of nucleoid-visible bacteria.
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INTRODUCTION
Enumeration of nucleoid-stained bacterioplankton
under the epifluorescence microscope (Zimmermann
& Meyer-Reil 1974) has led to altered views on the food
web structure in the ocean and stimulated research on
the role of bacterioplankton in the sea over the last 2
decades. This was largely due to the notion that bacterioplankton enumerated under the epifluorescence
microscope are 2 to 4 orders of magnitude more abundant than when using the traditional plate counting
'E-mail: vosjan@nioz.nl
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technique. By determining bacterioplankton abundance
and activity it became obvious that bacterioplankton
play an active role in aquatic food webs rather than
being simply a terminal remineralisation component.
This change in our view of the position of bacterioplankton in the food web led to the formulation of the
microbial loop hypothesis (Azam et al. 1983).
The abundance of bacterioplankton is routinely
determined by staining the nucleoid either by acridine
orange or by 4', 6-diamidino-2-phenylindole (DAPI)
(Hobbie et al. 1977, Porter & Feig 1980). However, as
has been shown by autoradiography, only a fraction of
the bacterioplankton community is active at a given
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time (Hoppe 1977,1978,Zimmermann et al. 1978).Other
techniques based on the redox dyes 2-(p-iodopheny1)3-(p-nitropheny1)-5-phenyl tetrazolium chloride (INT)
and the recently introduced 5-cyano-2,3,-ditolyl tetrazolium chloride (CTC) also confirm the notion that only
a fraction of the bacterial community is metabolically
active (Tabor & Neihof 1982, Porter et al. 1995, Pyle et
al. 1995, Posch et al. 1997). Zweifel & Hagstrom (1995)
found that rinsing of DAPI-stained samples with isopropanol removes the non-specifically bound DAPI
from cell material and makes the DNA-containing
nucleoids clearly visible. These authors conclude that
only between 2 and 32% of the bacterioplankton contain DNA, leaving a major fraction of the bacterial cells
without any visible DNA. This observation has been
challenged recently by Choi et al. (1996) who were
able to culture these 'non-nucleoid-visible' bacteria;
from their results they conclude that bacteria might
have DNA dispersed in the cells during periods of low
activity and therefore, the fluorescence of the DAPIstained DNA is too low to be detectable under the
microscope.
Turley & Hughes (1992) report that the number of
bacteria detectable after DAPI staining under the
epifluorescence microscope decreases between 7 and
75 % in seawater samples within a 40 d period. Therefore, they recommended staining and filtering the
samples immediately after collection and storing the
samples mounted on the slides at -20°C to avoid loss
in bacteria (Turley & Hughes 1994). The reason for
this bacterial loss in formalin- or glutaraldehyde-fixed
samples during storage remains obscure. Recently,
Gundersen et al. (1996) confirmed the findings of Turley & Hughes (1992) and suggested that remaining
protease activity in glutaraldehyde-preserved samples
may be a major cause of this bacterial loss.
In this paper we tested the hypothesis that the loss
of bacteria over time in formalin-fixed sea water samples stored at 4°C is caused by the loss or degradation
of the non-nucleoid-visible bacteria. Therefore, we
followed the decline of bacterial abundance during
storage in formalin-fixed sea water samples collected
from a range of different environments and ecological
conditions (during a phytoplankton bloom and in a
microcos~r~
dlnended with nutrients) and compared
this decline with the number of nucleoid-visible bacteria.

MATERIAL AND METHODS

Effect of storage period on total bacterial counts
and on the number of nucleoid-visible bacteria. North
Sea water was collected in a cleaned (0.1 N HC1 and
rinsed 2 times with sample water) 1 1glass bottle in the

Marsdiep from the NIOZ pier (Dutch Wadden Sea)
from -0.5 m depth. In the laboratory, 10 m1 of the water
was fixed with formaldehyde (2% final conc.),stained
as described below and ~mmediatelycounted to determine the number of total and nucleoid-visible bacteria.
Thereafter, 100 m1 of formalin-fixed sea water was
stored in the dark at 4°C. At varying time intervals,
subsamples were taken, brought to room temperature
and the number of total and nucleoid-visible bacteria
determined again.
Sea water cultures amended with nutrients. Two sets
of experiments were performed. In the first experiment, 1 1 of sea water collected from the Marsdiep was
filtered through a 1.0 pm filter (Nuclepore) to remove
protists and algae. In order to promote bacterial
growth, the sea water was enriched with organic carbon (g1ucose:pyruvate:acetate= 1:1:1,final conc. 1 mg
C I-'), nitrate (final conc. 10 pM) and phosphate (final
conc. 1 pM). The development of the abundance of
total and nucleoid-visible bacteria was followed over
an incubation period of 56 h. The sea water culture was
held in the dark at 20°C. In the second experiment, sea
water was collected during the OMEX cruise in the
Celtic Sea in September 1995. This water was filtered
through a 1.0 pm filter (Nuclepore) and amended with
nutrients as described for the first experiment. The sea
water culture was held in the dark at in situ temperature for a total period of 56 h and sampled at varying
intervals for total bacterial counts and nucleoid-visible
bacteria. At each sampling, 20 m1 of formalin-fixed
samples (2% final conc.) was taken additionally, stored
at 4°C and the total bacterial abundance enumerated
again after 10 wk of storage in the dark at 4OC.
Development of total and nucleoid-visible bacteria
during the spring phytoplankton bloom. Water samples were collected in 1 1 cleaned glass bottles from the
NIOZ pier during high water. Samples were immediately fixed with formalin (2% final conc.) and total
bacterial abundance enumerated after DAPI staining
and the nucleoid-visible bacteria after the additional
isopropanol wash. The formalin-fixed samples (20 ml)
were subsequently stored at 4OC for 7 mo and thereafter the total number of bacteria enumerated again
and compared with the number of nucleoid-visible
bacteria.
Preparation for total bacterial counts. To 4 m1 of the
formalin-fixed sea water (2% final conc.), 1 m1 of a
DAPI solution in McIlvaine buffer (final conc. of DAPI
2 pg ml-') and 0.1 m1 of a 1 % Triton X-100 solution
were added and incubated in the dark at room temperature for 1.5 to 2 h. Thereafter the sample was filtered
onto a 0.2 pm pore-size black polycarbonate filter
(Nuclepore, 25 mm filter diameter). To ensure even
distribution of the bacteria, the polycarbonate filter
was supported by a cellulose nitrate filter (Mlllipore,
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Fig. 1. Effect of sample storage on the abundance of total
and nucleoid-visible bacteria. Means & SD of triplicate determination~

0.45 pm pore size). After filtration, the filter was
washed with 4 m1 McIlvaine buffer and mounted on a
slide. The total bacterial abundance was enumerated
by epifluorescence microscopy (Zeiss, Axioplan) at
1250x magnification. At least 200 bacteria per sample
were counted.
Preparation for enumerating nucleoid-visible bacteria. The protocol of Zweifel & Hagstrom (1995) was
slightly modified. The salinity of the sample was lowered from 34 to 27 psu due to the added reagents.
Lowering the salinity to 10 psu did not influence the
counting; however, the san~plesshould be fixed with
formalin to avoid swelling of the cells (see also Choi et
al. 1996). After the DAPI and Triton X-100 addition to
the sea water sample the bacteria were stained (as
described above). Afterwards the filter with the DAPIstained bacteria was washed for 10 min by adding 3 m1
isopropanol (analytical grade), and then this isopropanol was sucked through the filter by applying a
maximum vacuum of 100 mm Hg. After the isopropanol was removed, the filter was washed with 4 m1
McIlvaine buffer. Then, the filter was mounted on a
slide and the number of nucleoid-visible bacteria
determined under the epifluorescence microscope as
described above.

Effect of sample storage on the abundance of total
and nucleoid-visib!e Sacteria
As shown in Fig. 1, storage of the formalin-fixed sea
water at 4OC in the dark resulted in an exponential
decline in the abundance of total bacteria. More than
30% of the initial total bacterial abundance was lost
within 40 d, while storage of the sea water had no
effect on the abundance of nucleoid-visible bacteria
(Fig. 1).Total bacterial counts reached similar levels as
nucleoid-visible bacteria after -50 d.

Comparison between the number of actively
growing bacteria derived by extrapolation from
the exponential growth curve and the number of
nucleoid-visible bacteria at the beginning
of the experiment
In sea water cultures with water collected in the
Celtic Sea and amended with nutrients, bacteria
responded to nutrient addition with an exponential increase in total bacterial number, initially 1.23 X 106cells
ml-l, and after a lag phase of about 20 h (Fig. 2). Applying linear regression analysis on the increase in naturallog-transformed total bacterial numbers over time, we
are able to estimate the abundance of actively growing
cells at the beginning of the incubation. As shown in
Fig. 2, the abundance of active bacteria at towas 1.12 X
105 cells ml-', corresponding to 15% of the initial total
bacterial abundance (Fig. 2, Table 1). The abundance
of active bacteria obtained by extrapolating from the
exponential growth curve to t o was remarkably similar
to the number of nucleoid-visible bacteria at to (1.74 X
105rnl-'; Fig. 2, Table 1).
Similarly, in experiments performed with Wadden
Sea water collected off the NIOZ pier, the number of
active bacteria extrapolated from the growth curve to
toagreed well with the number of nucleoid-visible bac-

Table 1. Comparison of 4 sets of bacterial numbers from 3 independent sea water samples, 2 from the Celtic Sea and l from the
Wadden Sea. Bacterial numbers: total number of bacteria counted immediately after sampling; number of actively growing bacteria derived by extrapolation to time 0 from the exponential growth curve of the nutrient amended sea water samples; total bacterial counts from the same formalin-fixed samples after storage for 10 wk; and nucleoid-visible bacteria counted in the formalinfixed samples after storage for 10 wk. Last column shows % total bacterial counts (TBC) counted after 10 wk; for this, the TBC
counted immediately after sampling is taken as 100%. Bacterial numbers are given in 106 ml-' i SD of triplicate determinations
Location
Celtic Sea
Celtic Sea
Wadden Sea

Total bacteria
1.23 i 0.080
2.32 * 0.209
1.53 0.245

*

Active bacteria
extrapolated

Total bacteria
counted after 10 wk

0.11
1.12
1.52

0.17 i 0.013
1.08 i 0.043
1.53 * 0.245

Nucleoid-visible bacteria
counted after 10 wk

% of bacteria counted

after 10 wk
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sponded closely to that of nucleoid-visible bacteria
counted immediately after the samples were taken. A
highly significant correlation between the number of
nucleoid-visible bacteria and the total bacterial abundance enumerated after 7 mo of storage was obtained
for a bacterial abundance fluctuating over 1 order of
magnitude (Fig. 4).

DISCUSSION
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Fig. 2. Comparison between the number of actively growing
bacteria derived by extrapolation from the natural-logtransformed bacterial abundance during exponential growth
(between 26 and 50 h) and the number of nucleoid-visible
bacteria at the beginning of the experiment. Sea water was
collected from the Celtic Sea and amended with nutrients

Turley & Hughes (1992) detected a rapid decrease
over time in bacterial abundance of DAPI-stained samples and, therefore, they recommended preparing and
counting the samples immediately after collection or
storing the filters mounted on the slides frozen. In a
recent paper, Gundersen et al. (1996) suggested that
protease activity is responsible for this decline in cell
numbers during storage of formalin-fixed sea water. In

h

teria counted at to (Table 1). Moreover, the number
of active bacteria obtained by these 2 independent
methods was similar to the total bacterial counts in formalin-fixed sea water samples after a storage period of
10 wk (Table 1). Therefore, all 3 methods resulted in
similar numbers of active bacteria. The percentage of
active bacteria varied between 15 and 47% in the
Celtic Sea and 100 % in the Wadden Sea. The Wadden
Sea experiment was performed at the end of an intensive phytoplankton bloom (see also Fig. 3).
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Development of total and nucleoid-visible bacteria
during t h e spring phytoplankton bloom and t h e
relation between nucleoid-visible and total bacteria
counted after ? mo of storage
In the Marsdiep area of the Wadden Sea, phytoplankton primary production increases (with many
short-term variations) from mid-March to a maximum
in May (Cadee & Hegeman 1979). During the wane of
the spring phytoplankton bloom in 1996, total bacterial
abundance increased from about 1.5 X 106 to 12.5 X
106 rnl-' within a period of 2.5 mo (Fig. 3a). At the
beginning of the intensive sampling period, the number of nucleoid-visible bacteria was similar to the
total bacterial abundance; the percentage of nucleoidvisible bactena continuously d e c h e d during the course
of the sampling from initially l00 % to around 75 % of
the total bacterial abundance (Fig. 3b). As indicated in
Fig. 3a, the total bacterial number counted again after
7 mo of storage of the formalin-fixed sea water corre-

day of the year

Fig. 3. (a) Development of total and nucleoid-visible bacteria
during the wane of the spring phytoplankton bloom counted
immediately after sampling and the number of total bacteria
determined after a 7 mo storage of the formalin-fixed sea
water. (b) Day of the year vs percentage of nucleoid-vis~ble
bacteria in the total bacterial counts. There was a decrease in
percentage nucleoid-visible bacteria during the wane of the
phytoplankton bloom
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nucleoid-visible bacteria (NX 106 ml")
Fig. 4. Relation between the number of nucleoid-visible bacteria counted immediately after sampling and the total bac-

terial abundance counted in formalin-fixed sea water samples
after a storage period of 7 mo
the present study, we noticed an exponential decline in
the total bacterial numbers over time which levelled off
in samples held at 4'C after around 40 d. Storing the
formalin-fixed samples for more than 40 d resulted in
slrmlar total bacterial counts to those of the nucleoidvisible bacteria using a slightly modified method of
Zweifel & Hagstrom (1995). This indicates that the
non-nucleoid-visible cells deteriorate with time. In isopropanol-washed samples the nucleoid is clearly visible; the number of nucleoid-visible bacteria does not
change during storage (Fig. l),indicating no degradation of the nucleoid-visible bacteria during storage. If
the assumption of Gundersen et al. (1996) is true that
protease activity is responsible for the loss in bacterial abundance in formalin-fixed samples, then nonnucleoid-visible cells are most affected by protease
activity. Protease, however, should act on both
nucleoid and non-nucleoid cells. Thus, it is likely that
non-nucleoid-visible bacteria are the result of autolysis
of bacteria which continues after formalin fixation.
Fig. 2 shows a typical growth curve of natural bacterial communities held in batch culture with a lag
phase, a phase of exponential growth and a stationary
phase. The lag phase has been interpreted as an
adaptation phase of natural bacterial communities to
changing nutrient conditions (Ammerman et al. 1984)
although radioactive tracer techniques such as thyrmdine or leucine incorporation do not indicate such a
delay in activity. An alternative explanation for the
presence of a lag phase is that a major fraction of the
bacterial community stained with DAPI is in a nongrowing stage and that a significant increase in the
total bacterial abundance can only be detected if the
originally small fraction of actively growing cells are
becoming the dominant fraction within the bacterial
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community. If this assumption is true, then the intercept with the y-axis of the linear regression of the
natural-log-transformed bacterial abundance during
the phase of logarithmic growth should provide an
estimate of the number of actively growing bacteria at
to (Fig. 2, Table 1). Using this method, we obtained
similar numbers of active bacteria to those obtained
with the isopropanol rinsing method (Table 1). Moreover, these 2 estimates correspond well with the number of total bacteria detectable after 10 wk of storage
(Table l ) ,indicating that storage of sea water and bacterial counting after > 4 0 d of storage reflects the number of nucleiod-visible bacteria as shown also by the
close correlation of both methods (Fig. 4).
The number of nucleoid-visible bacteria depends on
the ecological condition of the water body. During the
peak in spring phytoplankton bloom, the number of
total bacteria and the nucleoid-visible bacteria increased sharply (Fig. 3a). Concomitant with this
increase, the percentage of nucleoid-visible bacteria
declined from 100 to -75% of the total bacterial
community detected by conventional DAPI staining
(Fig. 3b). For the 2 independent Celtic Sea water samples, 15 and 47 % of the bacteria contained a nucleoid
(Table 1).A wide range of values for active bacteria are
reported in the literature, ranging from 2 to 80 % using
microautoradiography (Meyer-Reil 1978, Douglas et al.
1987, Grossmann 1994). Recently, Karner & Fuhrman
(1997) compared different methods to determine the
percentage of active bacteria and concluded that 16s
rRNA universal probe counts were in good agreement
with microautoradiography counts (on average, 56 and
49% of the total bacteria detected by DAPI staining,
respectively) while the number of nucleoid-visible
bacteria was somewhat lower (29% of the total DAPIstainable bacteria). However, these authors as well as
the original protocol of Zweifel & Hagstrom (1995) did
not use formalin fixation, while in the study of Choi et
al. (1996) and this paper, formalin fixation was applied.
Clearly, more investigations need to be done on this
subject before final conclusions can be drawn. From
this and from other studies, it is evident that a significant fraction of the total bacterial community might be
inactive at a given time although this has to be stated
with caution since Choi et al. (1996) were able to culture 'non-nucleoid-visible bacteria'. These authors
found that 'non-nucleoid-visible bacteria' developed
visible nucleoids prior to measurable increase in cell
number. Using transmission electron microscopy,
Heissenberger et al. (1996)showed that around 30 % of
the free-living bacteria had an at least partly degraded
cytoplasm or had only the cell membrane remaining.
These partly degraded bacteria could originate from
autolysis of bacteria or be the remnants of flagellate
grazing or viral lysis.
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In summary, we have shown that isopropanol rinsing
of DAPI-stained bacteria gives results essentially identical to conventional DAPI counting after the formalinfixed sea water samples have been stored at 4OC in the
dark for more than 40 d. Thus DAPI staining and
counting the samples immediately and after a storage
period of >40 d appears to be an alternative approach
to distinguish between total bacterial abundance and
nucleoid-visible bacteria. Further investigations are
needed, however, to decipher whether these bacteria
are really metabolically active at the time of sampling.
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