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Summary

Bacterial assemblages in coastal pelagic environ-
ments are exposed to pronounced temporal and
spatial fluctuations in the availability of monomeric
substrates. Little is known about the response of par-
ticular bacterial groups to such variability. We studied
glucose incorporation at various concentrations (0.1-
100 nM) by bacteria related to Roseobacter, SAR11,
Gammaproteobacteria and Cytophaga-Flavobacteria
in coastal North Sea waters in late winter and during
a spring phytoplankton bloom dominated by Phaeo-
cystis sp. (March and May 2004 respectively). Both the
fraction of glucose-assimilating bacterial cells and
the rate of substrate incorporation per active cell were
higher in May. The respective contributions of the
studied groups to all glucose-assimilating Bacteria
were related to substrate concentration. The majority
of glucose-incorporating bacterial cells at the lower
concentrations were members of the Roseobacter
and SAR11 clades. At both time-points the two groups
formed approximately equal fractions of all glucose-
incorporating bacteria. This was due to a small popu-
lation of highly active Roseobacter cells and high
abundances of SAR11 bacteria with low proportions
of glucose-incorporating cells. By contrast, the pro-
portion of active cells from the Cytophaga-Flavobac-
teria lineage substantially increased at higher levels
of available substrate. The determination of concen-
tration-dependent substrate incorporation patterns
may help to better understand the different ecophys-
iological niches of bacterioplankton populations.

Introduction

Glucose is typically the most abundant free neutral aldose
in seawater (Rich et al., 1996; Skoog et al., 1999). Current
estimates of glucose concentrations in the seawater range
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from undetectably low (< 1 nM) to approximately 100 nM
(Rich et al., 1996; Skoog et al., 1999; Kirchman et al.,
2001). The direct determination of glucose concentrations
usually matches calculations based on the uptake kinetics
of heterotrophic bacteria (Skoog et al., 1999), indicating a
close coupling between release and uptake. The turnover
of the (monomeric and polymeric) glucose pool in different
oceanic regions ranges between days to months, and
glucose assimilation in marine surface waters may repre-
sent from <1% to 40% of bacterial carbon production
(Rich et al., 1996; Skoog et al., 1999; Kirchman et al.,
2001).

In marine surface waters glucose mainly originates from
autotrophic sources, i.e. phytoplankion photosynthesis
(Ittekkot et al., 1981; Mopper et al., 1995; Biddanda and
Benner, 1997). It forms a prominent fraction of the storage
polymers of some algal groups e.g. Phaeocystis sp.
(Janse etal., 1996a; van Rijssel etal, 2000). A wide-
spread release of glucose from polysaccharides by the
activities of free-living and particle-bound microbes
(Janse et al., 1996b; Agis et al., 1998; Becquevort et al.,
1998) is suggested by the ubiquity of a range of dissolved
beta-glucosidases with contrasting kinetic properties
(Christian and Karl, 1995; Arrieta and Herndl, 2002).

The availability of glucose (and other dissolved free
carbohydrates) to aquatic microbial assemblages is
assumed to be related to changes of primary production,
e.g. during spring blooms of Phaeocystis in the North Sea
(Ittekkot et al., 1981). In addition, there may be consider-
able short-term temporal fluctuations due to diurnal pat-
terns of photosynthesis (Burney et al., 1982; Skoog et al.,
1999) or microscale patchiness, e.g. in the immediate
vicinity of senescent or lysed algal cells (Blackburn et al.,
1997). Pelagic bacteria in coastal habitats are thus prob-
ably exposed to glucose concentrations that range over
several orders of magnitude. This is reflected by the pres-
ence of multiphasic uptake systems for this substrate both
in single species of aquatic microbes (Nissen et al., 1984)
and in whole bacterioplankton assemblages (Vaccaro and
Jannasch, 1967; Azam and Hodson, 1981; Unanue et al.,
1999).

Evidence is accumulating that the different phylogenetic
groups of bacteria and archaea in marine waters also
differ in their respective contributions to the flux of
individual DOC components (Cottrell and Kirchman, 2000;
Herndl etal, 2005). For example, Malmstrom and
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coworkers recently demonstrated that bacteria affiliated to
one widespread lineage of Alphaproteobacteria, SAR11,
were responsible for a disproportionately high fraction of
glucose assimilation in surface waters of the North-west
Atlantic Ocean (Malmstrom et al., 2005). In these experi-
ments, glucose was offered at a concentration of 0.5 nM.
This matches the ambient bulk concentrations in the open
ocean, but does not reflect the potentially wide range of
glucose available in coastal habitats, e.g. before and dur-
ing bloom situations (Ittekkot et al., 1981; Kirchman et al.,
2001). Thus, other groups of bacteria may be more com-
petitive than SAR 11 at different glucose concentrations.

The assimilation of glucose by different phylogenetic
lineages of coastal North Sea bacterioplankton was stud-
ied at different concentrations of radiolabelled substrate
(0.1-100 nM). We compared the incorporation patterns of
two groups of Alphaproteobacteria (SAR11 and Roseo-
bacter), of Gammaproteobacteria and of Cytophaga-
Flavobacteria during a late winter pre-bloom situation and
in a phytoplankton spring bloom dominated by Phaeocys-
tis sp. Microbial substrate uptake was investigated both
by bulk incubations and by microautoradiography com-
bined with fluorescence in situ hybridization (MARFISH).

Results
Community composition

The selected probes accounted for 65% and 92% of bac-
terial cells hybridized with the EUB I-lll probe in March
and May respectively (Fig. 1). In both months SAR11 cells
constituted a high fraction of all Bacteria, and Gammapro-
teobacteria and Cytophaga-Flavobacteria formed approx-
imately equal fractions of the bacterial assemblage
(Fig. 1). In May these three groups represented a higher
proportion of all Bacteria. By contrast, the proportion of
Roseobacter cells was similar in both months (Fig. 1).
Total cell numbers did not change significantly between
both months: 0.8 (+0.2) x 10° cells mI™" in March and 1.2
(£0.4) x 10° cells mI™" in May (Alonso and Pernthaler,
2006).

Glucose incorporation

More cells were able to incorporate glucose, and higher
amounts of substrate were incorporated in May than in
March at a given tracer concentration (Fig. 2A, Table 1).
The percentage of glucose-incorporating cells, as well as
the amount of incorporated tracer, increased with increas-
ing glucose concentration in both months up to a concen-
tration of 10nM (Fig.2A, Table 1). The number of
glucose-assimilating bacteria in May was approximately
double at all concentrations. By contrast, the incorporation
rate per active cell steeply increased with the concentra-
tion in May (Fig. 2B).
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Fig. 1. Contributions of bacteria affiliated to the Roseobacter and
SAR11 clades, to Gammaproteobacteria, and to Cytophaga-
Flavobacteria to all hybridized bacterial cells in coastal North Sea
surface waters during a late winter situation (March 2004) and during
a phytoplankton bloom dominated by Phaeocystis sp. (May 2004).

A high fraction of cells from the Roseobacter clade
(60-90%) showed glucose uptake (Fig. 3). A substantially
higher proportion of this population incorporated the
monomer in May (90%) than in March (71%). The fraction
of glucose-incorporating Roseobacter cells was similar at
all tracer concentrations.

Between 10% and 35% of the bacteria related to
SAR11 assimilated glucose. In both months the propor-
tion of SAR11 cells that showed glucose incorporation
was maximal at concentrations of 1 nM (Fig. 3). In May,
the proportion of glucose-incorporating SAR11 cells was
higher at substrate concentrations >1 nM (Fig. 3).

An increasing number of glucose-incorporating Gam-
maproteobacteria and Cytophaga-Flavobacteria were
found with increasing glucose concentrations (Fig. 4). The
difference between the percentage of glucose-incorporat-
ing cells at the highest and lowest concentrations was

Table 1. Incorporation rates of glucose by the whole microbial com-
munity at different glucose concentrations in March and May 2004.

Incorporated substrate (pmoles I"" h™")

Glucose

concentration (nM) March May

0.1 1.4+£02 6.7+0.7
1 11.7+7.3 75.1+13.4
10 34.0+13.0 390.3+60.6
100 22.4+8.6 433.0+£16.5
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Fig. 2. A. Fractions of bacterial cells with visible uptake of glucose
(MAR + cells) at different concentrations of offered substrate

(mean * 1 standard deviation).

B. Ratios of glucose-incorporating cells (closed symbols) and of incor-
poration rates per active cell (open symbols) between the pre-bloom
(March) and the phytoplankton bloom situation (May).

more pronounced for Cytophaga-Flavobacteria (Fig. 4).
Similar proportions of glucose-incorporating cells from
these two groups were observed at both sampling time-
points (10% to 20%) (Fig. 4).

Negative controls yielded similar percentages of false-
positive glucose-incorporating cells irrespective of sam-
pling time or incubation conditions, on average less than
1% of cells hybridized by EUB I-lIl (data not shown).

Contribution of phylogenetic groups to all glucose
assimilating bacteria

Considering the combined errors of the FISH and
MARFISH methods, virtually all glucose-incorporating
bacterial cells could be assigned to the four studied
groups (74% to 119% of glucose-incorporating cells
hybridized with probe EUB I-l1l). Roseobacter and SAR11
were the main glucose consumers, particularly at the
lower concentrations (Fig. 5). Gammaproteobacteria and
Cytophaga-Flavobacteria contributed similarly to glucose-
incorporating bacteria along the concentration series
(Fig. 5).

The relative contribution of the studied groups to glu-
cose-incorporating bacterial cells was compared with their
relative contribution to all bacterial cells. The contribution
of Roseobacter to total active cells was at least threefold
higher than expected from their abundance, particularly in
March and at lower substrate concentrations (Table 2). The
relative contribution of SAR 11 cells to bacterial glucose
uptake was higher than expected from their abundance
only at 1 nM concentration (Table 2). The contributions of
Gammaproteobacteriaand Cytophaga-Flavobacteriato all
glucose consuming cells generally matched or were below
their respective relative abundances (Table 2).

Discussion
Uptake of glucose by the whole microbial community

During both months, the number of glucose-assimilating
(‘active’) cells and the rate of glucose incorporation per
active cell increased with increasing glucose concentra-
tions (Table 1, Fig. 2A and B). A comparison of the two
time-points moreover revealed clear differences between
these parameters of microbial activity: while the total num-
bers of ‘active’ cells approximately doubled between the
two samplings irrespective of substrate concentration
(Fig. 2B), the substrate incorporation rate per active cell
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Fig. 3. Fractions of cells from the Roseobacter and SAR11 clades
with visible incorporation of glucose at different concentrations of
offered substrate in March (upper panel) and May (lower panel).
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Fig. 4. Fractions of cells affiliated to Gammaproteobacteria and
Cytophaga-Flavobacteria with visible incorporation of glucose at dif-
ferent concentrations of offered substrate in March (upper panel) and
May (lower panel).

in May was clearly related to tracer concentration: it was
less than twice the March value at the lowest tracer con-
centration but approximately seven times as high at
100 nM (Fig. 2B).

Thus, the active bacterial cells could readily increase
their incorporation rates at higher concentrations of avail-
able substrate only during the bloom situation, but not
before. This suggests a transition of the bacterial assem-
blage from an oligotrophic (March) to a copiotrophic (May)
type of substrate uptake. Similar observations have been
reported for glucose and leucine uptake during spring
phytoplankton blooms in the coastal Alaskan Arctic Sea
and the North Sea respectively (Yager et al., 2001; Alonso
and Pernthaler, 2006).
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Fig. 5. Relative contributions of glucose-incorporating cells from the
studied phylogenetic groups to all glucose-incorporating bacteria.

Phytoplankton bloom events are typically accompanied
by a rise in the fraction of particulate organic matter (Rie-
mann et al., 2000). Laboratory studies show that there is
a dynamic balance between the colonization and detach-
ment of bacteria from such aggregates (Kiorboe et al.,
2003). Thus, some apparently free-living bacteria might
be particle-attached during other phases of their life cycle.
Unanue and colleagues (1999) found a significantly higher
Viax fOr glucose uptake in bacteria associated with parti-
cles than in free-living bacteria. Microbes that thrive in
pelagic habitats at times when point sources of dissolved
organic carbon are common (i.e. during the Phaeocystis
bloom) would therefore profit from the ability to consume
more rapidly substrates that are available at higher con-
centrations. By contrast, such a feature would be of little
use if substrates are evenly distributed, as it is likely during
a late winter phytoplankton pre-bloom situation.

Table 2. Relative contributions of the studied groups to glucose-incorporating bacterial cells (detected by probe EUB I-lll) as compared with their

relative contributions to all bacterial cells.

Roseobacter SAR11 Gammaproteobacteria Cytophaga-Flavobacteria
Glucose
concentration (nM) March May March May March May March May
0.1 6.1 4.3 1.0 0.5 1.1 0.7 1.0 0.6
1 3.6 3.6 1.3 15 0.6 0.7 0.8 0.6
10 3.2 2.9 0.8 1.0 0.6 0.6 1.1 0.6
100 3.7 25 0.8 0.7 0.9 0.5 1.0 0.7
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Contribution of specific groups to total uptake

Most glucose consuming bacterial cells were members of
the Roseobacter and SAR11 lineages, particularly at the
lower substrate concentrations (Fig. 5, Table 2). Their rel-
ative importance diminished at increasing concentration,
partly due to a decrease in the proportion of glucose-
incorporating cells within the SAR11 clade (Fig. 3), but
also due to the rising contribution of the other bacterial
groups (Fig. 4). These findings suggest that Alphaproteo-
bacteria are the main lineage responsible for glucose
uptake at low ambient concentrations in coastal North Sea
waters. Our results confirm the proposed role of Alphapro-
teobacteria as specialists for monomers (Cottrell and
Kirchman, 2000; Elifantz et al., 2005). In agreement with
recent work by Elifantz and colleagues (2005), we
observed that Gammaproteobacteria and Cytophaga-
Flavobacteria generally contributed to glucose consuming
cells as would be expected from their abundances or even
less. This indicates that glucose is not the preferred sub-
strate for these bacteria if present at low concentrations.
In particular, the Cytophaga-Flavobacteria participated
more substantially in glucose turnover at increasing sub-
strate availability: Approximately twice as many bacteria
from this lineage exhibited glucose assimilation at the
highest substrate concentrations (Fig. 4). Representatives
of the highly diverse Cytophaga-Flavobacteria group have
been previously found to appear during Phaeocystis-
dominated phytoplankton blooms (Simon et al., 1999) and
bacteria from this lineage are frequently encountered in
nutrient-rich microenvironments and on organic aggre-
gates (Rath et al., 1998).

At the level of larger subgroups (i.e. summing up
Roseobacter and SAR11) the relative contributions
of Alphaproteobacteria, Cytophaga-Flavobacteria and
Gammaproteobacteria to the total numbers of glucose-
assimilating cells corresponded well to what would be
expected from their cell numbers. This has been inter-
preted as indication that the same (i.e. ‘bottom-up’) factors
control the abundances and activity of these groups (Cot-
trell and Kirchman, 2003). However, our results call for a
more cautious appreciation of ecologically different micro-
bial populations that may be summed up by such large
categories. Specifically, the two studied populations of
Alphaproteobacteria appeared to be strikingly different in
terms of ecophysiology and the ‘average’ alphaproteobac-
terial cell did not seem to exist (Fig. 3). The same might
hold true for the planktonic Gammaproteobacteria and for
members of the Cytophaga-Flavobacteria.

Substrate uptake patterns of Roseobacter and SAR11

Considering the high contributions of Roseobacter and
SAR11 to glucose-incorporating bacteria at both sam-

pling time-points (Fig. 5), it is likely that the concentration-
dependent differences of community uptake rates in
March and May (Table 1, Fig. 2B) reflect the physiological
properties of cells from one or both of these lineages. The
contrasting uptake behaviour of bacteria at the two sam-
pling time-points might indicate phenotypic plasticity, i.e.
that identical genotypes were present at both sampling
time-points that differed in their substrate uptake patterns
due to the increase in temperature and substrate avail-
ability. Alternatively, a change in the dominant genotypes
might have been masked by the use of FISH probes for
rather large phylogenetic groups. There is evidence that
bacteria from the Roseobacter and SAR11 lineages
might occupy comparable niches in different marine envi-
ronments. For example, Roseobacter can be the main
mediator of the flux of dimethyl sulfonopropionate
(DMSP) (Zubkov et al., 2002; Malmstrom et al., 2004a;
Vila etal, 2004) in coastal waters or during blooms
whereas in open ocean samples DMSP was mainly con-
sumed by SAR11 (Malmstrom et al., 2004b). Our study
for the first time compared substrate uptake patterns of
both populations co-occurring in the same habitat.
Roseobacter and SAR11 contributed approximately
equally to the fraction of cells with visible glucose uptake
(Fig. 5). However, a high proportion of active cells was
present in the comparatively small Roseobacter popula-
tion (Fig. 1) at all concentrations (Fig. 3). By contrast, the
substantial contribution of the SAR11 bacteria to glucose
uptake was due to their high abundances (Fig. 1) that
compensated for the relatively low fractions of active
SAR11 cells (Fig. 3).

These different patterns of glucose incorporation
appear to agree with recent findings from the genome
analysis of isolates from the two clades, Silicibacter
pomeroyi (Roseobacter) and Pelagibacter ubique
(SAR11). A similar percentage of the genome codes for
transporters and binding proteins in both strains (around
12%) (Moran et al., 2004; Giovannoni et al., 2005). How-
ever, the proportion of ABC transporters -known for high
substrate affinity- is distinctly higher in P, ubique (50% vs.
36%). Silicibacter pomeroyi features three rRNA operons,
whereas SAR11 possesses only one. The number of
rBRNA operons has been related to the potential to
respond rapidly to changes in resource availability (Klap-
penbach et al., 2000). This hints at a higher potential of
S. pomeroyi to adjust to changes in growth conditions and
to exploit pulses of substrate concentrations, whereas
SAR11 might be better suited for slow but efficient growth
in the ambient DOC field (Giovannoni et al., 2005). More-
over, S. pomeroyi and other Roseobacter-related isolates
possess quorum-sensing systems (Gram et al., 2002;
Moran et al., 2004), whereas P, ubique does not (Giovan-
noni etal., 2005). Quorum sensing in S. pomeroyi has
been interpreted to provide regulatory flexibility associ-
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ated with the potential alternations between a particle-
associated and planktonic life style (Moran et al., 2004).
Roseobacter cells have been found both free-living and
attached, e.g. during phytoplankton blooms (Riemann
et al.,, 2000), or on marine snow (Rath et al., 1998) and
have been isolated from rich and poor nutrient conditions
(Pinhassi and Berman, 2003). By contrast, SAR11 has
only been observed in the free-living fraction of pelagic
bacteria (Morris et al., 2002), and bacteria from this lin-
eage do not grow at elevated substrate concentrations or
on solid media (Rappe et al., 2002; Simu and Hagstrém,
2004).

In a previous study in the North-west Atlantic Ocean the
fraction of SAR11 cells that incorporated glucose (offered
at a concentration of 0.5 nM) clearly exceeded the com-
munity average (Malmstrom et al., 2005). Although this
was not generally the case in our samples (Table 2), we
found the highest numbers of active cells from this clade
at glucose concentrations of 1 nM (Fig.3). Thus, the
results of Malmstrom et al. fully agree with our observa-
tion that low ambient levels of glucose represent a com-
petitive advantage for SAR11 bacteria. On the other hand,
SAR11 (as targeted by the FISH probe here applied)
represents a phylogenetically highly diversified lineage
that should appropriately be regarded as a genus (Acinas
et al., 2004). It is therefore also conceivable that different
ecotypes with different affinities for glucose might occur
in coastal and open ocean habitats.

It should be noted that the distinctly higher abundance
of bacteria from the SAR11 clade than of the Roseobacter
lineage in coastal North Sea waters during spring cannot
be explained by their respective affinities to glucose. Other
factors, such as top-down control by protistan grazers
(Pernthaler, 2005) or viral lysis (Weinbauer and Rassou-
Izadegan, 2004), need to be taken into account. In our
samples Roseobacter cells were substantially bigger and
more active than cells from the SAR11 clade (Fig. 6),
inviting speculations about food-web related population
control of Roseobacter, e.g. by size-selective grazing on

© 2006 The Authors
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larger, more active bacteria (Andersson et al., 1986; Sherr
etal., 1992).

Experimental procedures
Sampling site

Surface water samples (1-m depth) were collected at the
sampling station Helgoland Roads (54°11’N, 7°54’E), in the
German Bay of the North Sea. The sampling dates were 11th
March 2004 (late winter) and 6th May 2004 (mid-spring). The
water temperature in March was 4.2°C and the algae cells
were very scarce. In May the water temperature was 8.3°C,
and there was a spring bloom of Phaeocystis sp. -a typical
phenomenon in coastal North Sea waters (Cadee and Hege-
man, 2002). It reached its maximal biomass (157 pg C dm)
5 days after the sampling date. More details about the sam-
pling site and conditions are given in Alonso and Pernthaler
(2006).

Glucose incorporation

Triplicate water samples (10 ml) plus one control sample
(sea water prefixed with paraformaldehyde) were amended
with tritiated glucose (specific activity: 1.29 TBgq mmol™,
Amersham, Freiburg, Germany) at different concentrations
(0.1 nM, 1 nM, 10 nM and 100 nM) within 1 h after sample
collection. Samples were incubated for 4 h in the dark, at 4°C
(March) and 10°C (May). Subsequently, freshly prepared
buffered paraformaldehyde fixative was added to the samples
to a final concentration of 1%. After fixation, the samples
were frozen for transport, and later filtered onto polycarbon-
ate filters (type GTTP, pore size, 0.2 um, diameter, 25 mm,
Millipore, Eschborn, Germany). The filters were rinsed twice
with sterile phosphate-buffered saline (PBS) and stored at
—20°C until further MARFISH analysis. Identical incubations
were performed to measure the amount of substrate incor-
porated by the cells at the different concentrations. These
samples were fixed as described above, filtered onto cellu-
lose mixed esters filters (type GSWP, pore size, 0.2 um,
diameter 25 mm, Millipore, Eschborn, Germany), and rinsed
twice with ice cold trichloroacetic acid and ethanol (Kirchman,
2001). Filters were stored at —20°C until further processing.

Fig. 6. A. Size comparison of bacteria from the
Roseobacter (red cells) and SAR11 (green
cells) clades after double hybridization with
specific probes. Bar, 2 um.

B. Relative size of MAR grain areas associated
with glucose-incorporating Roseobacter (red
cells) and SAR11 (green cells) bacteria. Note
that Roseobacter cells appear small in B due
to the overlaying MAR grains.
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Population analysis by FISH

Separate samples for determination of in situ abundance of
specific bacterial populations were immediately fixed after
collection with freshly prepared buffered paraformaldehyde at
a final concentration of 1% (v/v). The abundances of different
microbial taxa were determined by FISH with horseradish
peroxidase labelled oligonucleotide probes and catalysed
reporter deposition (CARD-FISH) (Pernthaler et al., 2002).
Probes were selected which targeted major bacterial groups:
EUB I-Ill (most Bacteria) (Daims et al., 1999), SAR11 441
(members of the SAR11 clade of Alphaproteobacteria) (Mor-
ris et al., 2002), ROS537 (members of the alphaproteobac-
terial SAR83 or ‘Roseobacter’ clade) (Eilers etal., 2001),
GAM42a (most Gammaproteobacteria) (Manz et al., 1992)
and CF319a (many groups from the Cytophaga-Flavobacte-
ria lineage of the Bacteroidetes) (Manz et al., 1996). Probes
were purchased from Biomers.net (Ulm, Germany). CARD-
FISH preparations were counter-stained with 4,6-diamidino-
2-phenylindole (DAPI; 1 ug ml™). Evaluation of DAPI and
FISH-stained cells was carried out by epifluorescence
microscopy (Axioplan Il, Carl Zeiss, Jena, Germany), count-
ing a minimum of 1000 DAPI cells per sample.

MARFISH analysis

To study the substrate uptake by specific bacterioplankton
groups we applied a recently developed MARFISH protocol
(Alonso and Pernthaler, 2005). The photochemicals
employed (autoradiography emulsion type NTB-2, Dektol
developer and fixer) were purchased from Kodak (Eastman
Kodak, Rochester, NY). Different exposure times were
required to achieve the maximum number of glucose-incor-
porating cells for various treatment types, as they differed in
tracer concentration and sampling time (Table 3). Triplicate
samples of every treatment type were evaluated with every
FISH probe. The controls were evaluated with the probe EUB
I-1ll. The development of the exposed slides followed the
instructions of the manufacturer (2 min of development, 10 s
rinsing with distilled water, 5 min in fixer, followed by 5 min
washing with distilled water). Evaluations of MARFISH prep-
arations were carried out on an epifluorescence microscope
(Axioplan I, Carl Zeiss) equipped with a motorized stage,
z-axis drive and fluorescence filter wheel, and with a digital
camera (Orca |, Hamamatsu, Herrsching, Germany) linked
to a personal computer. Altogether 120 MARFISH prepara-
tions were evaluated by semi-automated image analysis
(Alonso and Pernthaler, 2005).

Bulk measurements of glucose incorporation

The measurements of radiolabelled glucose incorporated by
the cells were performed in a scintillation counter (Packard
TriCarb 2900 TR, Perkin Elmer, Wellesley, MA). The cellulose
filters were placed on 6-ml scintillation vials and dissolved
with 0.5 ml of ethyl acetate. After dissolution was complete,
5 ml of Lumasafe Plus scintillation cocktail was added to each
vial (Lumac LSC BV, Groningen, the Netherlands). Measure-
ments were corrected for quench (external standard method),
and by subtraction of counts from the formaldehyde fixed
controls.

Table 3. Optimal autoradiographic exposure times for the different
sampling time-points and treatment types.

Glucose

concentration (nM) March May
0.1 6 days 72h
1 72h 48 h
10 48 h 18h
100 18h 12h
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