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ABSTRACT: Several time course storage experiments with preserved seawater samples were con- 
ducted to study the loss of bacterial cells as a function of storage time The number of bacteria 
decreased by 24 to 50'% within 7 to 29 d i n  samples preserved with 2.5";* glutaraldehyde [final conc.). 
A comparison between epifluorescence and electron microscope counts showed that the decrease was 
not due to filtration artefacts. Only 0.4 to 0.6% of the bacterial cells were found to be attached to the 
walls of the sample containers after 1 yr of storage. There was no positive correlation between the 
frequency of virus-infected cells at the start of the storage experiments and the loss of bacteria as a 
function of storage time. Numbers of bacteria declined by only 5 %  the first 9 d in samples preserved in 
glutaraldehyde and stored at -20°C. By adding phenolmethylsulfonylfluoride (PMSF), a protease 
inhibitor, prior to the addition of glutaraldehyde, the loss of bacterial cells only 17 to 18'' over a 30 to 
35 d period. Our study shows that protease activity may be a inajor cause of bacterial loss in glutaral- 
dehyde preserved samples. 

KEY WORDS: Bacteria . Preservation Glutaraldehyde . PMSF 

INTRODUCTION 

Bacteria are considered to be the main heterotrophic 
link between particles and dissolved organic matter, in 
open ocean and coastal ecosystems (Pomeroy 1974, 
Azam et al. 1983). Although still widely discussed (Li et 
al. 1992, Caron et al. 1995, Roman et al. 1995), bacter- 
ial biomass has also been suggested to be a major part 
of the particulate organic carbon pool in open ocean 
and coastal water communities (Dortch & Packard 
1989, Fuhrman et al. 1989, Cho & Azam 1990). There- 
fore, an accurate assessment of bacterial abundance 
and biomass is important in the study of aquatic bio- 
geochemical cycling of carbon, nitrogen and phospho- 
rus. Direct microscopic counts of bacteria stained with 
fluorescent dyes (Zimmerman & Meyer-Reil 1974, 
Hobbie et al. 1977, Porter & Feig 1980) has been a stan- 
dard procedure the last 2 decades for enumerating 
bacteria in natural water samples. Due to the relative 
ease of handlinq and low cost, epifluoresecence 
microscopy (EFM) is by far the most wldely used tech- 

nique to enumerate bacteria. Bacterial samples pre- 
served with formaldehyde or glutaraldehyde are rou- 
tinely stored at 4OC for weeks, months and sometimes 
years before counting. 

Questions have been raised about the preservation 
of bacteria In stored samples. In a comparative study of 
bacterial preservatives, Nishino (1986) found Lugol's 
iodine to be superior to glutaraldehyde preservation of 
marine bacteria, but the number of bacteria declined in 
both treatments as a function of storage time. A loss of 
45 and 69% of the initial bacteria concentration was 
found in seawater samples preserved with glutaralde- 
hyde after 1 and 6 mo storage at +4'C (Nishino 1986). 
Spinrad et al. (1989) noted a loss of bacteria in 
formaldehyde preserved samples stored for 2 mo and 
applied a logarithmic function to correct the bacterial 
cell concentration. Indeed, a loss of bacteria has been 
observed with most commonly used poisons or preser- 
vatives, such as Lugol's solution (Nishino 1986), 
formaldehyde (Spinrad et al. 1989) and glutaraldehyde 
(Nishino 1986, Turley & Hughes 1992). 

There are several potential processes that may cause 
a loss of bacteria in preserved samples. These include: 
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(1) attachment of cells to the bottle surface and other 
surfaces (aggregates) in the sample (Turley & Hughes 
1992); (2) cell shrinkage, which may came a.n. in- 
creased loss by filtration and preparation of the sam.- 
ple; (3) virus-lnfected bacteria In the lytic cycle may 
lyse and disintegrate cells in the preserved sample; 
(4) continued enzymatic activity and cell dissolution in 
glutaraldeh yde preserved samples. 

In one extensive study, Turley & Hughes (1992) 
investigated and discussed the possible causes of loss 
of bacteria in preserved seawater samples. They sug- 
gested that cells adhering to the wall of the sample bot- 
tle could account for 41 to 48 O/o of the original bacterial 
concentration in samples stored for about 11 mo. How- 
ever, 27 to 51 "L of the total loss could not be accounted 
for. Bacterial DNA and RNA are not preserved by alde- 
hydes (Hayat 1981), and enzymatic breakdown activity 
may also have a deleterious effect on the nucleotides 
present in irdcie~id. Coniinued enzymatic activity in 
glutaraldehyde and formaldehyde preserved organic 
matter has been reported in several studies (Fahimi & 
Drochmans 1968, Kolb-Bachofen 1977, Synowi.ecki et 
al. 1982, Shcpard et al. 1983). 

The purpose of this study was to investigate the 
various processes that may cause the apparent bac- 
terial cell loss in preserved samples. Therefore, we 
have introduced a new preservation techni.que, a pro- 
tease inhibitor in a solutlon with glutaraldehyd.e, in 
order to inhtbit enzymatic breakdown of bacteria to 
improve the preservation and storage time of bacter- 
ial samples. 

MATERIAL AND METHODS 

Samples. Open ocean water samples for this investi- 
gation were collected in the Sargasso Sea at Stn 'S' 
(32"10'N, 64"30'W) and at the Bermuda Atlantic 
Time-series Study (BATS) site (31°50'N, 64"101W) at 
80 and 100 m depth. Coastal and estuarine water sam- 
ples were collected at the surface in Bergen Harbour 
and from Raunefjorden 20 km south of Bergen, Nor- 
way. We used unbuffered, unfiltered glutaraldehyde 
(25 '?,I v/v Baker Analyzed Reagent Grade in Bermuda 
and 251; v/v Merck Electron Microscope Grade in 
Norway) to preserve the seawater samples. 

Bacterial cell counts by transmission electron 
microscopy (TEM) and EFM. Preparations for the TEM 
analysis were made by centrifuging algae, bacteria 
and viral particles in the water sample onto electron 
microscope grids with carbon stabilized formvar film 
(Rratbak & Heldal 1993). Bacteria were counted using 
a JEOL lOOCX TEM at 20000x magnification. Similar 
preparations were used for counting of bacteria con- 
taining mature virus particles. For every TEbl sa.m.pl.e, 

a minimum of 1.00 bactenal cells were counted, which 
results in a counting error of less than 10";t of the cal- 
culated mean. 

For the EFM analysis, 20 m1 of open ocean seawater 
samples and 5 m1 of coastal and estuarine water sam- 
ples were filtered and prepared according to the 
method of Porter & Feig (1980). The filtered bacteria 
were stained using a concentration of 25 pg 4',6- 
diamidino-2-phenylindole (DAPI) per m1 of hjlilli-Q 
water Since our time course samples were all closely 
related in time and distance (Kirchman et al. 1983), 
only 1 filter per sample per time point was enumerated 
by the EFM method. An earlier replication study from 
the Sargasso Sea, using a 2-level nested ANOVA 
(Sokal & Rohlf 1969), did not show any significant dif- 
ference between replicate sample bottles (p > 0.1), and 
76 to 82% of the variance component was found 
between the fields counted on a fllter ( K .  Gundersen 
unpu'ni. d a t a ) .  

Loss caused by cell shrinkage and by attachment of 
cells to the bottle surface. Bactenal samples for the 
time course experiments were collected at 1 m depth 
from Bergen Harbour in jcinudry 1993 Orle sample 
was preserved with 2.5 0/u glutaraldehyde and aliquots 
were distributed into a series of 20 m1 polyethylene 
scintillation vials (1 to 3 for each time point). In addi- 
tion, aliquots of 100 and 1000 m1 were stored in glass 
bottles to check for any effects of volume-to-surface 
ratio of the sample container All samples were stored 
at 4°C in the dark. Bacteria were enumerated over 
a time course oi 94 d by the EFM and the TEM 
methods. On thc last day of the experiment, we also 
counted bacteria in the 100 m1 and the ZOO0 m1 
samples. 

Bacterial adhesion to the inside surface of a sample 
container, with surface seatvater from Raunefjorden, 
was studied by direct observation using both the EFM 
and the TEM techniques. The glass sample bottle con- 
taining a 1 yr old glutaraldehyde fixed seawater sam- 
ple was emptied without agitation and the bottle was 
broken into pieces. Unwashed pieces from the side of 
the broken bottle were stained with DAPI as described 
above and mounted in liquid paraffin on a glass slide, 
with the inside surface facing upwards and with a cov- 
erslip on the top. We inspected more than 40 fields of 
view using EFM, each with an area of 400 pm2 at 
lOOOx magnification. Replicas for TEM of the inside 
surface of the bottle were made by coating unwashed 
pieces (3 to 6 mm" of the crushed bottle with platinum 
and carbon in a Balzers BAF 400 Freezetcher: platinum 
at 45°C 1900 V, 80 mA (2 nm) and carbon at 90°C, 
2400 V, 120 mA (20 nm). The replicas were transferred 
to electron microscope grids and inspected in the TEM. 
More than 200 fields of vlew, w ~ t h  an area of 50 pmZ at 
20000x magn~f~cation, were inspected by the TEM 
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technique. The inside area of the glass bottle that was 
covered by the seawater sample was calculated to be 
100 cm2. 

Disappearance of cells with mature viral particles. 
During a mesocosm experiment conducted in May 
1993 at the Marine Biological Field Station at Raune- 
fjorden, the fraction of bacteria containing mature viral 
particles varied from < l  YO to about 30% (Heimdal et 
al. 1995). In order to check for a loss of bacterial cells, 
selected samples from these experiments were pre- 
served with 2.5% glutaraldehyde, stored for 72 d at 
4°C and then recounted in the TEM. 

Enzyme activity. In a first attempt to inhibit the 
impact of enzymatic activity on cell lysis and disinte- 
gration of bacteria, water was collected from 100 m 
depth in November 1992 at Stn 'S' in the Sargasso Sea, 
quick frozen in liquid nitrogen and stored at -20°C. 
Over a time course of 43 d ,  quick frozen samples of 
natural seawater and seawater preserved in 2.5 % glu- 
taraldehyde, were compared to samples preserved in 
2.5% glutaraldehyde stored at +4"C. The frozen sam- 
ples were thawed in cold tap water and processed 
immediately. The number of bacteria was counted by 
the EFM method. 

A protease inhibitor, phenylmethylsulfonylfluoride 
(PMSF; Turini et al. 1969, James 1978, Moss & Fahrney 
1978), was added to bottles containing Sargasso Sea 
water from 80 m depth at Stn 'S' in September 1993 
and from 80 m depth at the BATS site in April 1994. 
PMSF is not readily soluble in aqueous solutions and 
we found that final concentrations higher than 1 pM 
precipitated out of the seawater Stock solutions of 
PMSF, stored in pure alcohol, were stable for at least a 
month (James 1978). A 100 pM stock solution of PMSF 
was prepared fresh in 95% ethanol a couple of days 
prior to use. In the September 1993 time course exper- 
~ment ,  one series of seawater samples was supple- 
mented with PMSF to a final concentration of 1 PM. 
After 5 min at room-temperature, glutaraldehyde was 
added to a final concentration of 2.5 X .  Another series 
of seawater samples was preserved in 2.5% glutar- 
aldehyde. All the sample bottles were stored at +4"C. 
A time zero sample was filtered, stained with DAPI and 
prepared immediately from both treatments. All 
stained preparations were stored at -20°C. At the end 
of the time course, all samples were thawed and enu- 
merated by the EFM method. One sample, designating 
a single time point, was prepared and counted from 
each bottle. 

In the April 1994 time course experiment, Sargasso 
Sea water with 2 different concentrations of PMSF (0.5 
and 1.0 PM final conc.) and 2.51; glutaraldehyde was 
compared to seawater samples preserved in 2.5 % glu- 
taraldehyde only. The samples were prepared and 
enumerated by the EFM method. 

RESULTS AND DISCUSSION 

Loss of bacteria by filtration and cells adhering to 
the container's inside surface 

A comparison of the EFM and the TEM techniques 
(Fig. 1) shows that, with both techniques, the number 
of bacteria decreased on average by 43 % over the 94 d 
time course. The basic difference between these 2 
methods is that the preparation for EFM is based on 
filtration and staining of cellular DNA with the fluores- 
cent dye DAPI, while preparation for TEM is based on 
centrifugation onto a formvar film and contrast stain- 
ing of the cells with uralyl acetate. This leads us to con- 
clude that the loss of cells cannot be caused by 
increased filtrational loss due to cell shrinkage as a 
function of storage time and that the EFM method of 
enumerating bacteria worked as well as the TEM 
method. 

Less than 0.6% of the original number of bacteria 
from Bergen Harbour (2 X 10' I-') enumerated by the 
TEM replica technique was found to be attached to the 
inside surface of the sample bottle after 1 yr storage 
tlme. Corresponding values obtained with DAPI stain- 
ing and the EFM method were less than 0.4 %. More- 
over, there was no significant difference (p  > 0.05) in 
bacterial numbers in samples stored in bottles with vol- 
umes ranging from 20 m1 to 1 1 (Fig. 1) although the 
surface-to-volume ratio of these sample containers dif- 
fered by a factor of 4. 

Turley & Hughes (1992) were able to recover 37 to 
70% (percentage of initial number of bacteria) by a 

Days 

Fig. 1. Bacterial number as a function of storage time in sea- 
water samples preserved with 2.5 % glutaraldehyde (flnal 
conc.) from Bergen Harbour in January 1993. Thc samples 
. ' - - - A  :.. 
v v a i c  S r u ~ a u  11, 20 i~r !  :ciz:i!!a!isz rri?!s. 3-c!er'.- :*er2 er?=- 
merated by the EFM (.) and the TEh4 ( A )  methods. The trip- 
licates at the end of the time course are bacteria samples 

stored in 20, 100 and 1000 m1 glass bottles 
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4 min sonication of samples stored for 338 to 340 d. We 
sonicated 4 wk old glutaraldehyde fixed seawater sam- 
ples from the Sargasso Sea in an attempt to recover the 
missing 30% of the bacteria. We were not able to 
recover any significant amount of bacteria (p > 0.9) 
after 1 min of sonication prior to counting the samples 
by epifluorescence microscopy. More than 1 min con- 
tinuous sonication reduced the number of bacteria (K. 
Gundersen unpubl data). In comparison, Turley & 
Hughes (1992) found an increase of 1.5 to 2.5 times the 
initial cell number after only 1 min sonication of sam- 
ples stored for 338 to 340 d. 

These results suggest that the loss of bacteria in our 
samples cannot be explained by attachment to the 
walls of the sample container. Turley & Hughes (1992) 
also found that 30 to 90% of bacteria remained unac- 
counted for and concluded that other factors as well as 
attachment must play a significant role in cell loss with 
time. .4!thcugh thcrz is G consideiab:e differerice in 
storage time between these 2 sonication studies, the 
reason for the discrepancy between our observations is 
not readily explained. Different properties of the bac- 
terial comm~~nities used in the experime~lts may be one 
possibility, since Turley & Hughes (1992) used bacteria 
from the North Atlantic, whereas our collections were 
from the Sargasso Sea. Wiik (1984) noted that sonicat- 
ing cultured bacteria longer than 2 min damaged and 
disrupted the cells. However, Turley & Hughes (1992) 
studied the effect of sonication on fresh seawater sam- 
ples and found that 4 X 1 min sonication with cooling 
and shaking in between resulted in no decrease in 
bacterial cell numbers ( C .  Turley pers. comm.). Differ- 
ent surface properties of the sample containers could 
be another possible explanation, since Turley & 
Hughes (1992) used polystyrene tissue culture flasks, 
whereas we used glass bottles and polyethylene scin- 
tillation vials in our study. More recently, however, 
Turley & Hughes (1994) found no significant difference 
in bacterial cell numbers between polystyrene tissue 
culture flasks and nalgene bottles. 

Viral lysis 

The potential loss of cells in preserved samples due 
to lysis and disintegration of cells in the late stage of 
the lytic cycle was not supported by our results (Fig. 2 ) .  
We observed a slightly negative correlation, suggest- 
ing that the cell losses were lower in samples where 
there were more cells in lysis. We only detected bac- 
teria containing mature viral particles. If it had been 
possible to include cells at any stage in the lytic cycle 
(i.e. all cells that were bound for lysis at the time the 
sample was preserved) the results may have been 
different. 

0 5 10 15 20 25 30 

% Bacteria in lysis 

Fig. 2. Loss of bacteria in seawater samples preserved wlth 
2.5'% glutaraldehyde (final concentration) and stored for 72 d. 
as a function of the percentage of cells containing mature 
viral par!ic!es a! the time of sa~nnl;"" ..yA4.Ay lr2 , = 0.351 A ,  p = 0.207; 

Enzyme activity 

Bacterial numbers in samples pieserved with ylu- 
taraldehyde, quick frozen and stored at -20°C 
declined by only 5 % after 9 d of storage (Fig. 3). Bacte- 
ria in the preserved samples stored at  4OC and in the 
unpreserved frozen samples had at this time point 
reached 72 and 81 % of the initial concentration. After 
16 d the bacterial numbers were reduced to 56-62 % of 
the initial concentation in all treatments. 

By adding 1.0 FM PMSF to Sargasso Sea water sam- 
ples prior to the addition of 2.5% glutaraldehyde, we 

0 5 10 15 20 25 30 35 40 45 

Days 

Fig. 3. Bacterial number as a function of storage time in sea- 
water samples taken from 100 m depth at Stn 'S' in the Sar- 
gasso Sea in September 1992. (m) Unpreserved seawater, 
quick-frozen in liquid nitrogen and stored at -20°C; (A]  sea- 
water preserved in 2 5% glutaraldehyde (f~nal  conc.], quick- 
frozen In liquid nitrogen and stored at 2 0 ° C ,  (.] seawater 

preserved in 2.5% glutaraldehyde and stored at +4"C 
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lost only 17 and 18% of the bacterial cells after 21 and 
36 d of storage time (Fig. 4A, B).  During the same time 
course, bacteria in seawater samples preserved only 
with glutaraldehyde decreased by 50 and 25% (Fig. 
4A, B). By using 1.0 pM PMSF prior to the addition of 
glutaraldehyde the loss was only 7 and 13 % of the ini- 
tial concentration of bacteria in both experiments after 
9 and 8 d (Fig. 4). Although the difference between the 
treatments was less pronounced in the latter experi- 
ment (Fig. 4B) ,  the same trend over time was observed: 
seawater samples preserved with 1.0 pM PMSF and 
glutaraldehyde had a higher number of bacteria than 
seawater preserved only with glutaraldehyde (Fig. 4B) .  
In the second time course experiment we used final 
concentrations of 0.5 and 1.0 pM PMSF and we found 
a positive linear correlation between number of bacte- 
rial cells preserved and the concentration of PMSF 
used after 9 and 21 d of storage (r2 = 0.626, n = 4).  

2 
0 5 10 15 20 25 30 35 40 

Days 

Fig. 4. Bacterial number as a function of storage time in sea- 
water samples taken from 80 m depth (A) a t  Stn 'S' in Sep- 
tember 1993 and (B) at the BATS station in April 1994. (0 )  
Seawater preserved in 1.0 ~ . IM PMSF and 2.5% glutaralde- 
hyde (final cnnc ) :  (r!  se;rwa!er preserved ix "5 p?.? ?>?SF 
and 2 .5% glutaraldehyde; (B) seawater preserved in 2 .5% 
glutaraldehyde. All samples were stored at +4"C during the 

tlme course 

These results suggest that the loss of bacterial cells 
can be  delayed several days by freezing seawater sam- 
ples at  -20°C and that the addition of a protease 
inhibitor (PMSF) can slow down the loss significantly. 
Furthermore, our findings indicate that a considerable 
part of the loss of bacteria must be related to enzymatic 
breakdown of cells in the preserved sample. Addition 
of 2.5% glutaraldehyde may thus not be sufficient to 
stop enzymatic activity in the water or in the bacterial 
cells, leading to cell lysis and disintegration. 

PMSF is unstable in aqueous solutions and we found 
that a precipitate was formed in our seawater samples 
at concentrations higher than 1 p M  Thus, other pro- 
tease inhibitors may be better suited for inhibiting pro- 
tease activity in preserved seawater. James (1978) 
found that PMSF inhibited enzymes are  not reacti- 
vated when the inhibitor is deactivated. We observed a 
minor reduction of bacterial cells (3 X 106 1-' d-' ) in 
samples pretreated with 1 pM PMSF (Fig. 4A, B). This 
result may suggest that PMSF insufficiently inhibited 
the enzymatic breakdown of bacterial cells or that fac- 
tors other than proteolytic activity a re  responsible for 
the loss of bacteria as a function of storage time. 

Summary 

Turley & Hughes (1992) concluded that 41 to 48 O/o of 
the original concentration of bacteria was lost due  to 
cells adhering to the wall of the sample containers. In 
the same study, 27 to 51 % of the observed loss of bac- 
terial cells could not be  accounted for (Turley & 
Hughes 1992). Our study shows that proteolytic break- 
down activity of the cells may be  a major cause of the 
documented losses of bacteria in glutaraldehyde pre- 
served samples. We were able to store frozen seawater 
samples (-20°C) preserved in glutaraldehyde, and sea- 
water samples treated with a protease inhibitor such as 
PMSF prior to the glutaraldehyde addition, for as long 
as 1 wk without any major loss of bacterial cells. Nev- 
ertheless, we support the recomn~endation made by 
Turley & Hughes (1992) that bacteria samples should 
be preserved, stained, filtered and mounted on slides 
as soon after sampling a s  possible and then stored 
frozen (-20°C) until enumerated. 
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Impact of iceberg scouring on polar benthic habitats 

Julian Gutt*, Andreas Starmans, Gerhard Dieckmann 

Alfred Wegener Institute for Polar and Marine Research, Columbusstral3e, D-27568 Bremerhaven. Germany 

ABSTRACT: In situ photographs and videos demonstrate that 
iceberg grounding in both polar regions causes considerable 
damage to benthic communities. Sessile organisms are eradi- 
cated and pioneer species begin to grow in high abundances 
on the devastated substratum A preliminary quantitative 
analysis shows tha.t the sea floor in the Antarctic and Arctic 
areas of investigation is disturbed by icebergs statistically 
once every 230 and 53 yr. respectively. Due to the extreme 
slow growth of many species, particularly in Antarctica, areas 
frequently disturbed in this manner are likely to be charac- 
terised by a continuous natural fluctuation between de- 
struction and recover)?. Increased perturbation by iceberg 
groundings through predicted global warming will result in 
considerable impairment of thls environment. 

KEY WORDS: Antarctic. Arctic Benthos . Iceberg scouring 
Global warming 

Recently, the calving of Antarctic ice shelves has 
been discussed with respect to global warming (Doake 
& Vaughan 1991, Gammie 1995) and the consequences 

of resulting iceberg scouring on the structure of the sea 
bed have been documented for both polar areas (Lien 
et al. 1989, Woodworth-Lynas et al. 1991). Yet the 
possible effect on the underlying benthic communities, 
other than by small growlers, has not yet been 
broached. Our analysis shows for the first time the 
impact of iceberg grounding and scouring on the 
Antarctic and Arctic benthos. The results provide an  
idea of the benthic system's resilience to such natural 
catastrophic events. They also enable us to assess 
consequences of a possible atmospheric warming, to 
which both polar ecosystems are considered particu- 
larly sensitive (Houghton et al. 1990). 

Material and methods. The sea floor was video- 
taped by a remotely operated vehicle and photo- 
graphed in the Antarctic Weddell and Lazarev Seas 
(47" W to 12OE, 69" S to 79's) and the Amundsen and 
Bellingshausen Seas (120" W to 65OW, 67" S to 73" S; 
Fig. l a )  as well as off northeast Greenland (??ON to 

80"s 32" W 

Fig. l .  Areas of investlgation: (a) Antarctic, (b) off northeast Greenland 
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