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A B S T R A C T
It has been demonstrated that ELF97-phosphate (ELF-P) is a useful tool to detect and quantify phosphatase
activity of phytoplankton populations at a single cell level. Recently, it has been successfully applied to
marine heterotrophic bacteria in culture samples, the cells exhibiting phosphatase activity being detected
using epiﬂuorescence microscopy. Here, we describe a new protocol that enables the detection of ELF alcohol
(ELFA), the product of ELF-P hydrolysis, allowing the detection of phosphatase positive bacteria, using ﬂow
cytometry. Bacteria from natural samples must be disaggregated and, in oligotrophic waters, concentrated
before they can be analyzed by ﬂow cytometry. The best efﬁciency for disaggregating/separating bacterial cell
clumps was obtained by incubating the sample for 30 min with Tween 80 (10 mg l− 1, ﬁnal concentration). A
centrifugation step (20,000 g; 30 min) was required in order to recover all the cells in the pellet (only 7 ± 2%
of the cells were recovered from the supernatant). The cells and the ELFA precipitates were resistant to these
treatments. ELFA-labelled samples were stored in liquid nitrogen for up to four months before counting
without any signiﬁcant loss in total or ELFA-labelled bacterial cell abundance or in the ELFA ﬂuorescence
intensity. We describe a new ﬂow cytometry protocol for detecting and discriminating the signals from both
ELFA and different counterstains (4',6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI))
necessary to distinguish between ELFA-labelled and non ELFA-labelled heterotrophic bacteria. The method
has been successfully applied in both freshwater and marine samples. This method promises to improve our
understanding of the physiological response of heterotrophic bacteria to P limitation.
Published by Elsevier B.V.

1. Introduction
Pelagic heterotrophic bacteria play an important role in the
regulation of carbon and nutrient cycling (Azam et al., 1983; Cotner
and Biddanda, 2002). Their function in regulating phosphate (P)
cycling remains poorly understood and little is known about their role
in P-limited systems (Moutin et al., 2002; Nedoma and Vrba, 2006).
Concentrations of dissolved organic P (DOP) can exceed dissolved
inorganic P (DIP) in coastal and open ocean surface waters (Monaghan
and Ruttemberg, 1999; Karl and Björkman, 2002; Ruttenberg and
Dyhrman, 2005), and thus can be considered, an alternative P source.
Since DOP is not immediately available for bacterial and phytoplankton uptake, these organisms synthesise phosphohydrolytic ectoenzymes like alkaline or acid phosphatases to hydrolyse DOP into
biologically available DIP (Hoppe, 2003).
The substrate ELF-97 [2-(59-chloro-29-phosphoryloxyphenyl)-6chloro-4-(3H)-quinazolinone] -phosphate (ELF-P) is used to detect
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Hawaii, Honolulu, HI 96822, USA. Tel.: +1 808 956 0308; fax: + 808 956 0300.
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0167-7012/$ – see front matter. Published by Elsevier B.V.
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and quantify cell-attached extracellular phosphatase activity (PA)
(Nedoma et al., 2003; Dignum et al., 2004b). By enzymatic hydrolysis,
the water-soluble ELF-P is converted into ELF-alcohol (ELFA) which is
insoluble, speciﬁc, photostable and highly ﬂuorescent (Huang et al.,
1993) and precipitates at the site of enzyme activity. This enables
phosphatase activity to be detected at the single cell level (GonzalezGil et al., 1998; Dyhrman and Palenik, 1999). Even though the
phosphatase localization in planktonic organisms is not clear, it is
mostly observed in the outer membrane or at least in the region
closest to the periphery of the cells (Gonzalez-Gil et al., 1998 and
references therein). Most studies using the ELF labelling technique
concentrate on phytoplankton; a few only have been carried out on
bacteria from diverse environments such as activated sludge (Van
Ommen Kloeke and Geesey, 1999), bacterial colonies and bioﬁlms
(Huang et al., 1998; Espeland and Wetzel, 2001), and an acidiﬁed lake
(Nedoma and Vrba, 2006). However, to our knowledge, only one study
deals with marine heterotrophic bacteria (Van Wambeke et al., in
press). The ELF labelling of heterotrophic bacteria in marine environments is thus in its infancy and requires further methodological
development.
Flow cytometry is a promising tool to measure the ELF labelling
associated to heterotrophic bacteria expressing PA. This method has
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the advantages of performing quantitative measurements on individual cells in large numbers in an appreciably short time (typically
several thousand cells are analysed per sec), as well as sensitivity and
lack of interference from dissolved substances (Marie et al., 1996). The
method is less time consuming than using epiﬂuorescence microscopy
with automatic image analysis (Nedoma et al., 2003) and therefore, a
larger number of cells and samples can be analysed. This is particularly
true if there are a low percentage of labelled cells (Van Wambeke et al.,
in press). Analysis of ELFA-labelled cells by ﬂow cytometry was ﬁrst
applied on phytoplankton (Gonzalez-Gil et al., 1998; Dignum et al.,
2004a,b) following its initial development for histological applications
(Telford et al., 1999). In these studies, the distinction between positive
(ELFA-labelled) and negative (unlabelled ELFA) phytoplankton cells
was based on the detection of both autoﬂuorescent pigments and
ELFA ﬂuorescence (Gonzalez-Gil et al., 1998; Dignum et al., 2004a,b).
In contrast, heterotrophic bacteria are not naturally ﬂuorescent. To
detect them using ﬂow cytometry and discriminate them from
inorganic particles and/or debris, it is necessary to use a counterstaining step of their nucleic acids. For that, nucleic acids are
commonly stained with ﬂuorochromes that are excited in the blue
(YOYO-1, YO-PRO-1, PicoGreen, etc.) or in the blue and UV wavelengths (like SYBR series). Like ELFA (maximum emission: 530 nm),
these ﬂuorochromes emit in the green wavelength. Consequently,
counterstaining of ELFA-labelled cells using these ﬂuorochromes is
not an option. Indeed, the separation of the two emission spectra
would be too difﬁcult. Thus we tested two popular stains emitting
over a different wavelength range: 4',6-diamidino-2-phenylindole
(DAPI; max excitation: 358 nm, max emission: 461 nm) and
Propidium Iodide (PI; max excitation: 535 nm, max emission:
617 nm). Cell labelling using DAPI and ELFA (max excitation:
360 nm, max emission: 530 nm), both excitable in UV but emitting
at distinct wavelengths, should enable the spectral separation of the
two dye emissions and thus discriminate the ELFA positive cells (both
DAPI and ELFA-labelled) from the negative cells stained only with
DAPI. Since intact membranes are not permeable to PI, it is also
commonly used in viability studies to detect dead cells (Sgorbati et al.,
1996; Grégori et al., 2001; Manini and Danovaro, 2006). The ﬁxation of
the ELFA-labelled cells by a PBS-formalin mixture (see Materials and
Methods) allows PI staining of total bacterial cells. Consequently, PI
should be a suitable counterstain since its emission and excitation
spectra are very different from those of ELFA. This counterstain has
been successfully used for the detection of lacZ mRNA in cultured
ﬁbroblasts using the ELF-P substrate (Paragas et al., 1997).
The objective of this study was to develop a simple method for
detecting and quantifying ELFA-labelled heterotrophic bacteria using
ﬂow cytometry. In this method, the bacterial cells had to be
concentrated, the cell clumps disaggregated and the subsequent
pellet incubated with ELF-P in the liquid phase so that the sample
could be adequately analysed using ﬂow cytometry. We also describe
the cytometry instrument setup and the dual labelling protocols (ELF +
DAPI and ELF + PI), showing their respective advantages/disadvantages. We checked methods for preserving ELFA labelled samples to
see if it is possible to delay analysis by ﬂow cytometry. Finally, we
present some results from the applications of the proposed method in
two contrasting environments: a mesotrophic lake and the oligotrophic Mediterranean Sea.
2. Materials and methods
2.1. Cultures and ﬁeld samples
Bacterial cultures of the marine strain Alteromonas infernus which
is able to produce the phosphatase enzyme (Van Wambeke et al., in
press) were grown in artiﬁcial sea water, modiﬁed using the method of
Lyman and Fleming (1940), and supplied with N (as NH4Cl). The
concentration of organic C (as pyruvate) and P (as KH2PO4) was

restricted in order to obtain less abundant cultures and P-limited
conditions. We added traces of iron and vitamins. Initial bacterial
concentrations were 1–5 × 106 cell ml− 1 for the disaggregation tests
and 1 × 106 cell ml− 1 for other tests so that all the tests could be carried
out using small sample volumes (500 µl) enabling 24 samples to be
processed simultaneously in a centrifuge containing micro-tubes.
Cultures were continuously shaken and kept in an incubated chamber
in the dark, at 20 °C.
We sampled Lake Plešné (48°47'N, 13°52'E), an acidiﬁed mesotrophic lake (Kopacek et al., 2000; Nedoma et al., 2003) from South
Bohemia (Czech Republic). DIP concentrations were below the
detection limit (30 nM) of the standard Strickland and Parsons'
molybdate blue method (1972). A vertical proﬁle was analysed
(surface; 4 m; 9 m; 14 m and 17 m) to study the variability in the
proportion of ELFA-labelled cells and in the relative ﬂuorescence per
cell with depth. Lake samples were ﬁltered onto 200 µm membranes
immediately after sampling and onto 1 µm membranes before ELF-P
incubation. This step provided us with a suitable sample for our
methodological development of ﬂow cytometry. Large cells and
ﬁlaments that could otherwise clog the ﬂow cytometer were removed.
Samples from the SOFCOM site (43° 14' 30 N; 05° 17' 30 E) in the
Mediterranean Sea (Marseille Bay) were taken from 5 depths (2, 10, 25,
40 and 55 m) July 25th 2007. The bulk PA was measured using MUF-P
(4-methylumbelliferyl-phosphate) as a substrate (see protocol in Van
Wambeke et al., 2002). ELF-P incubations and DIP concentrations
(MAGIC25 method, Rimmelin and Moutin, 2005) were processed in
triplicate for each depth. The proﬁles of Chlorophyll a (Chl a) and
temperature were acquired onboard using a CTD proﬁler.
Time kinetic experiments for ELFA labelling were carried out on
surface waters of both lake and sea samples, in order to determine the
incubation time necessary for routine assays.
2.2. ELF-P incubations
We used the Endogenous Phosphatase Detection Kit (Molecular
Probes E 6601) to prepare the ELF-P solution, Component A, diluted 1/
20 according the manufacturer recommendations.
2.2.1. Method A: ﬁltration method
The ﬁltration method was ﬁrst described in Van Wambeke et al.
(in press). After ﬁltration of a live sample, the ﬁlter was transferred
onto a glass slide. Forty µl of the diluted ELF-P solution were spread
onto the ﬁlter using a plastic tip. The slide was then put into a sealed
horizontal 50 ml tube with pieces of wet pad, to prevent evaporation
during the incubation period (dark, room temperature). Following
incubation the ﬁlter was brieﬂy put onto a piece of absorbing paper
and transferred onto an pad (AP100 Millipore) embedded with a
solution of phosphate buffered saline (PBS 10 mM, pH 7.5) with 1%
formaldehyde, for 15 min to stop the reaction. The ﬁlter was then
dried on a piece of absorbent paper before being mounted with
immersion oil onto a glass slide for microscopic analysis. When
needed, cells were counterstained with DAPI or PI (see below). As it is
impossible to link the ELFA ﬂuorescence observed to an individual cell
using epiﬂuorescence microscopy, we use the term “ELFA spot” for
counting ELFA-labelling by microscopy.
2.2.2. Method B: centrifugation method
A given volume of the fresh sample was put in centrifuge tubes
(2 ml Eppendorf tubes for tests on bacterial culture; 15 ml Beckman
polyallomer centrifuge tubes for tests on natural samples) and
centrifuged for 30 min at 20,000 g (Fig. 1). The supernatant was
then carefully removed by aspiration with a sterile pipette. The
remaining bacterial cells were incubated with 100 µl of the diluted
ELF-P solution, for 2 h in the dark, at room temperature. The reaction
was stopped by adding 400 µl of phosphate buffered saline solution
(PBS 10 mM, pH 7.5) containing 5% formaldehyde (e.g. 4% ﬁnal), for
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Fig. 1. A ﬂow diagram demonstrating ELF labelling in samples with low bacterial abundance, prior to detection using ﬂow cytometry.

15 min. The sample was then re-suspended in 1.5 ml of 0.2 µm-ﬁltered
samples, and where necessary, the cells were counterstained with
DAPI (see below) prior to ﬁltration for microscopy or ﬂow cytometry
evaluation.
2.2.3. Lake samples
In the lake samples, the bacterial abundance, was high enough
(N106 cell ml− 1) for ELFA labelling without a pre-concentration step.
Samples were incubated with pure ELF-P substrate (E6588; 20 µM,
ﬁnal concentration) as described by Nedoma and Vrba (2006).
Following incubation, 2 ml aliquots were dispensed into cryotubes.
The reaction was stopped by the addition of a phosphate buffer
(KH2PO4/K2HPO4, pH 6, 10 mM ﬁnal concentration) and the cells were
ﬁxed with formaldehyde (2% v/v ﬁnal concentration, 15 min). The
samples were preserved in liquid nitrogen prior to analysis by ﬂow
cytometry. Blanks are 2 ml lake samples ﬁxed with formaldehyde (2%
v/v ﬁnal concentration) in phosphate buffer.
2.3. Nucleic acid staining
A DAPI or PI solution (2.5 µg ml− 1 and 0.1 µg ml− 1 ﬁnal
concentrations, respectively) was added to a given volume of the
ﬁxed sample. Samples were incubated with DAPI (15 min) or PI
(30 min) stains in the dark and at room temperature. ELFA labelled
samples following method A, were counterstained by adding 40 µl of
DAPI (25 µg ml− 1) directly onto the ﬁlter and incubated for 15 min in
the dark in 50 ml plastic tubes containing wet paper. The dried ﬁlters
were mounted using immersion oil onto glass slides for microscopic
analysis.

We used ﬁve ﬁnal concentrations of Tween 80: 0–0.5–1–5–10 mg l− 1
with ﬁve incubation times: 0–15–30–60–120 min. We also tested two
physical treatments: sonication and centrifugation. Using a sonic bath
(Branson 3510; 100 KHz output) seven sonication times were tested:
0–3–10–30–90–120–180 min (room temperature) and nine centrifugation times were tested: 0–1–2–3–5–10–15–30–60 min (20,000 g;
room temperature). 500 µl of culture sample were used for each test.
DAPI staining was carried out in the liquid phase; samples were
ﬁltered and observed using microscopy.
2.4.2. Cell recovery from the pellet
Different centrifuge time/speed combinations were tested for
precipitating bacterial cells: 0–5–30–45–60–120 min at 5500 g and 0–
30–60 min at 20,000 g. A treatment corresponding to 60 min at 5500 g
for samples containing 10 mg l− 1 of Tween 80 was tested in parallel.
The temperature maintained during centrifugation was that of growth
conditions in the culture; i.e. 20 °C. 500 µl aliquots of culture were
centrifuged. In each tube, the supernatant was removed and put into
another sterile tube, the remaining cell pellet was re-suspended in
500 µl of ﬁltered culture medium (b0.2 µm). The supernatant and the
cell pellet were stained with DAPI and ﬁltered prior to microscope
counting.

2.4. Tests

2.4.3. Effect of disaggregation and concentration treatments on ELFA spot
distribution and abundance
The effect of Tween 80 (10 mg l− 1; 30 min) and centrifugation
(20,000 g; 30 min) on ELFA spot distribution and abundance were
tested. A control without preliminary treatment was made. This test
was made on 500 µl aliquots of culture. Centrifuged samples were
vortexed in order to re-suspend the cells in the supernatant prior to
the ﬁltration step. ELF labelling was achieved according to method A.

2.4.1. Disaggregation of cell clumps
Chemical and physical treatments were tested in order to
disaggregate cell clumps. For chemical treatments, the surfactant
Tween 80 was used (polyoxyethylenesorbitan monooleate - Sigma).

2.4.4. Preservation
Finally, the preservation of ELF-labelled samples was tested over an
eight month storage period in liquid nitrogen. Samples of culture were
labelled following method B (2 ml ﬁnal volume) before freezing in
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liquid nitrogen. An additional set of unlabelled samples were frozen to
follow potential loss of total cells. At time zero (reference not stored at
all) two controls were made: samples were analysed (1) before
freezing (named T0) and (2) after 15 min of liquid nitrogen freezing
(named T0'). We examined the storage effect by analysing samples
every day for 2 days (T1 and T2) and then once a month over
8 months. Unlabelled samples were labelled with DAPI on thawing.
The number and relative ﬂuorescence (using the standard bead
ﬂuorescence) of ELFA positive cells (for ELFA-labelled samples) and
the number of DAPI-stained cells (for unlabelled samples) were
analysed by ﬂow cytometry.
Samples from the preservation test were used to compare ELFA
labelling with and without counterstaining. These samples were
divided into 3 aliquots before analysis by ﬂow cytometry. One aliquot
was processed immediately; the 2 others were counterstained either
with DAPI or PI, as described above, in order to test the effect of dual
labelling on ELFA-labelled cell abundance.
2.5. Microscopic analysis
The ﬁlters (0.2-µm black polycarbonate ﬁlters) were mounted using
an Olympus immersion oil for ﬂuorescence (nd 1.404), onto glass slides
with cover slips. ELFA spots and DAPI positive cells were counted with
an Olympus BH2 microscope equipped with a long pass cube type U
(dichroic mirror DM 400, barrier ﬁlter L420). Photographic images
were obtained using an E series digital camera (Apogee Instruments
Inc.) linked to Image Pro-Plus software (Scope-pro 5.0). Thirty ﬁelds
with a minimum of 30 cells were counted per ﬁlter.
2.6. Flow cytometry analysis
Flow cytometry analysis were carried out on a MoFlo cell sorter
(Dako, Dk) equipped with a water cooled Argon laser providing
352 nm (UV) and 488 nm (blue) laser beams set at a regulated 50 mW
output power for UV. Each cell was characterized by 5 optical
parameters: two scatter parameters based on the 488 nm laser beam,
namely forward angle light scatter (related to the particle size) and
right angle light scatter (related to cell structure and shape), and three
ﬂuorescence parameters related to emissions of ELFA (530 ± 40 nm)
and DAPI (405 ± 30 nm or 485 ± 25 nm, in conﬁguration 1 and 2,
respectively, see chapter 2.7. for the ﬁlter settings) after UV excitation,
or PI (580 ± 30 nm) after the 488 nm excitation. All the parameters
were acquired in logarithmic scale. Acquisition was triggered on the
right angle light scatter. ELFA positive and negative bacteria were
discriminated and counted on the cytogram ELFA ﬂuorescence
intensity versus DAPI or PI ﬂuorescence intensity (Fig. 5). The
autotrophic picoplankton was gated out from the heterotrophic
bacteria by using the red ﬂuorescence of the chlorophyll collected
on the third photomultiplier tube (FL3) after a 640 nm long pass ﬁlter.
The sheath tank was ﬁlled with 0.2 µm ﬁltered distilled water. Sheath
pressure was kept constant at 60.0 PSI, and sample pressure at 60.1 PSI.
In order to avoid doublets and hard coincidences, the ﬂow rate was kept
lower than 8000 events s− 1. A minimum of 50,000 bacterial cells were
analysed per sample. Analyses were performed during 1 or 2 min. The
exact volume analysed was derived from a preliminary calibration phase
during which a sample was weighed before and after a 3 min analysis in
order to determine the average ﬂow rate (in µl s− 1). The procedure was
repeated 3 times and the average ﬂow rate calculated.
All parameters are in arbitrary units. In order to compare the data
between samples and to determine the ELF relative ﬂuorescence of
each particle (bacteria), a solution of 2 µm-beads (Fluoresbrite,
Polysciences, USA) was added to the samples. These beads are blue
and UV-excitable and emit both in the DAPI and ELFA emission
wavelength range. The relative median ﬂuorescence per cell of cells
labelled with ELFA was determined by dividing the median ﬂuorescence intensity of ELFA-labelled cells in the ELF channel (in arbitrary

units per cell, A.U. cell− 1) by the median ﬂuorescence intensity of
beads in the same channel. Absolute ELFA ﬂuorescence (in arbitrary
units per ml, A.U. ml− 1) corresponds to the product between median
cell associated ELFA ﬂuorescence and the number of ELFA-labelled
cells.
2.7. Flow cytometry ﬁlter settings
DAPI (Ex/Em: 358/461 nm) and ELFA were both excited by UV light
and showed an overlap of their emission spectra (Fig. 4). We tested
two ﬁlter conﬁgurations in order to obtain the best signal separation.
In the conﬁguration 1 (Fig. 4), we separated the DAPI emission by a
440 nm longpass dichroic mirror that reﬂects wavelengths lower than
440 nm, followed by a 405 ± 30 nm bandpass ﬁlter set up just before
the photomultiplier tube detector. The power of the UV laser (50 mW)
was high enough to collect a sufﬁcient signal using the 405 ± 30 nm
band-pass ﬁlter, whereas the maximal DAPI emission was centered
around 461 nm. The wavelengths transmitted through the 440 nm
dichroic mirror arrived at a 530 ± 40 nm ﬁlter to separate and collect
the ELFA signal on the photomultiplier tube number 5. In the
conﬁguration 2, we separated the DAPI and ELFA emissions by a
505 nm dichroic shortpass ﬁlter that enabled a wavelength lower than
505 nm to be collected by the photomultiplier tube number 5 after
ﬁltration through a 485 ± 25 nm ﬁlter (for DAPI signal) and reﬂected
wavelengths higher than 505 nm that were ﬁltered by a 530 ± 40 nm
ﬁlter (for ELFA signal) before detection by the photomultiplier tube
number 4 (for ELF signal). Since PI (Ex/Em: 535/617 nm) and ELFA (Ex/
Em: 345/530 nm) were excited by two non-collinear laser beams (blue
and UV lines, respectively), no interference could occur during the
signal acquisition of the two stains. We chose the optimum ﬁlters
available, i.e. those as close as possible to the maximal emission for
both ELFA and PI, for the acquisition of PI and ELFA ﬂuorescence
intensities (i.e. 580 ± 30 and 530 ± 40 nm, respectively) in the two
described conﬁgurations.
2.8. Data analysis
All tests were performed using 5 replicates per treatment except
for the preservation of ELF labelled sample test and for in-situ
applications, which were performed with 3 replicates per treatment.
The statistical signiﬁcance of differences in many treatments was
evaluated using Kruskal–Wallis test (to compare more than 2
treatments) or Wilcoxon–Mann–Whitney test (to compare 2 treatments). All tests were performed using the software Sigma Plot V9.01.
Data are presented under the form mean ± standard deviation.
Flow cytometry data were acquired and analysed with the Summit
V4.3 software (Dako, Dk). “Gating” refers to the process of selecting a
subset of events on a graph for further data analysis on other graphs.
This function allows a better discrimination of the cluster(s) of interest
on different cytograms (i.e. in function of different parameters). The
spectral overlap between ELFA and DAPI ﬂuorochromes makes
compensation necessary. Compensation is the process by which the
ﬂuorescence “spillover” originating from a ﬂuorochrome other than
the one speciﬁed for a particular photomultiplier tube is subtracted as
the percentage of the signal from other photomultiplier tube. This
treatment was processed with the Summit V4.3 software function
“compensate”. Because a digital compensation was performed, the
raw data were not affected.
3. Results
3.1. Disaggregation of cell clumps
Microscopic inspection (Fig. 2) conﬁrmed that the Tween 80
treatment was efﬁcient in separating the cell clumps. The number of
free bacteria and aggregates increased signiﬁcantly with the addition of
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3.3. Effect of disaggregation and concentrating on ELFA spot distribution
and abundance
Treating the sample with Tween 80 (10 mg l− 1; 30 min) and
centrifuging (20,000 g; 30 min) did not signiﬁcantly affect the ELFA
spot abundance (n = 5, p b 0.05, data not shown,). Qualitatively, the
addition of Tween reduced the green background generally observed
following ELF-labelling using method A. Moreover, using both
treatments together (Tween, then centrifugation) gave a better
repartition of the ELF-spots on the ﬁlter, making counting easier.
3.4. Stopping ELF labelling reaction

Fig. 2. Variation in the number of aggregates counted with epiﬂuorescence microscopy
using different ﬁnal concentrations of Tween 80 over a 30 min incubation time.
Examples of pictures obtained with slides without and with 10 mg l− 1 of Tween 80.
White scale bar corresponds to 10 µm.

Tween 80, up to a ﬁnal concentration of 10 mg l− 1, from (2.7 ± 0.22)× 106
in the control to (5.3 ±0.25) × 106 free cells ml− 1 (p b 0.05; data not shown)
and from 20 to 40 aggregates ml–1 (p b 0.05, Fig. 2). Consequently, using
10 mg l− 1 of Tween 80 gave the greatest ratio of free/attached bacteria
(0.3 ± 0.1) (p b 0.05), without apparent cell loss (p b 0.05; the total number
of cells were counted for each treatment, data not shown). Testing the
incubation time, we found that the number of free bacteria signiﬁcantly
increased from (1.6 ±0.45) × 106 (control) to (4.8 ±0.13) × 106 cells ml− 1,
reaching a plateau after a 30 min incubation (p b 0.05; data not shown).
Sonication in a water bath did not give any increase in the free/attached
ratio until 90 min (pb 0.05). Worse than this, it led to a signiﬁcant decrease
in total bacteria counts (pb 0.05) and gave an increase in the ﬁlter
background (data not shown). Centrifuging at 20,000 g showed an
unexpected, but rather interesting, increase in the free/attached ratio after
30 min (18±5%) and again after 60 min (36±12%) when compared to the
control (data not shown).

We veriﬁed that the addition of Tween 80 and the action of
centrifugation did not result in unspeciﬁc labelling (i.e. in the dissolved
fraction). We removed the bacteria by ﬁltering 1 ml of culture through
0.2 µm and submitted the ﬁltrate to protocol B. We did not observe any
non-speciﬁc labelling (microscopy analysis, data not shown) as
conﬁrmed in other studies (Paragas et al., 1997; Cox and Singer, 1999).
One of the applications of this method could be the study of time
kinetics of ELF labelling. For that, it is essential to have a good protocol
that can stop the reaction at a precise time. Van Wambeke et al. (in press)
used a solution of PBS (10 mM, pH 7.5) with 1% formaldehyde to stop the
reaction on the ﬁlter (method A). Thus, we ﬁrst tested ﬁxation of samples
prepared according to method B, by adding 400 µl of PBS-formaldehyde
1% to the tubes containing the cell pellets plus 100 µl of ELF-P (1/20).
Whilst no labelling was observed when ﬁltration was processed
immediately after addition of PBS-formaldehyde, there was signiﬁcant
labelling where ﬁltration had been delayed by 15–30 min (microscopy
analysis, data not shown). Thus we used a higher concentration of
formaldehyde; PBS (10 mM, pH 7.5) containing 5% formaldehyde (i.e. 4%
ﬁnal concentration). No labelling was observed by microscopy (data not
shown), even when delaying the ﬁltration step, and whatever the
temperature of incubation (room temperature, 4 °C or −20 °C).
Consequently, this protocol was used to stop ELF-labelling.
3.5. Flow cytometry ﬁlter settings and dual labelling
Background tests were processed to check that the products used
in the labelling protocol (culture medium, DAPI, ELF, PI, Tween or PBSformaldehyde) did not produce noise in the regions of ELF and, or DAPI
or PI-labelled cells ﬂuorescence. The results showed no signiﬁcant

3.2. Cell recovery after centrifugation
In order to provide quantitative results for ELF labelling, it is
necessary to minimise cell losses occurring in the centrifugation/
precipitation step. Firstly, we tested speed of 5500 g (maximum
allowed for 15-ml tubes on our 3K15 Sigma centrifuge which is usable
on vessel during cruises) to precipitate cells. Results showed that even
after 120 min of centrifugation, 31 ± 5% of the cells were still in the
supernatant (Fig. 3) and there were signiﬁcant loss in the total counts.
As the addition of a surfactant is known to increase cell recovery
(Biegala et al., 2003) we tested the effect Tween 80 during
centrifugation. In samples centrifuged for 60 min at 5500 g with
Tween, the number of cells recovered from the supernatant was
reduced to 37 ± 3% as opposed to 51 ± 3% cells for samples with no
Tween (Fig. 3). Although the addition of the surfactant during
centrifugation was effective, it was not sufﬁcient to recover enough
cells for quantitative measurements. Thus, ﬁnally, we increased the
centrifugation speed to 20,000 g. Following 30 min of centrifugation
(Fig. 3) only 7 ± 2% of the cells were recovered in the supernatant.
There was no statistical difference between 30 and 60 min of
centrifugation in the proportion of cells present in the supernatant
but there was a signiﬁcant cell loss following 60 min compared to the
uncentrifuged control (20 ± 8% of cells; p b 0.05).

Fig. 3. Variation in the proportion of cells (%) found in the supernatant with different
centrifugation treatments. The control samples have no centrifugation step. Centrifugation times: 15'–30'–45'–60' and 120' are expressed in minutes, a and b represent
centrifugation speeds of 5500 and 20,000 g respectively and T represents samples
containing Tween 80 (10 mg l− 1). Error bars are sd associated with 5 replicate samples.
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Fig. 4. Emission and excitation spectrums of ELF, DAPI and PI with areas corresponding
to acquisition windows of the ﬁlter settings used in conﬁguration 1.

background on the cytograms whatever the treatment (data not
shown). Indeed, the signal obtained for background samples fall in the
ﬁrst decade, the typical noise area of the cytogram (between 0 and 10
arbitrary units) of ﬂuorescence.
Two ﬁlter conﬁgurations were tested. We examined in both cases
the results obtained by labelling with ELF only, with ELF + DAPI and
with ELF + PI. Using conﬁguration 1 to detect bacteria labelled with ELF

only, we distinguished 2 populations on the cytogram (Fig. 5a): a
population located in the area corresponding to the noise (ELF b 10 A.
U.; DAPI b 10 A.U.) and a population with signiﬁcant ELFA ﬂuorescence
and no signiﬁcant ﬂuorescence in the DAPI channel (ELF N 10 A.U.;
DAPI b 10 A.U.). Using conﬁguration 1 to detect bacteria labelled with
ELF + DAPI, DAPI emissions were measured in the part of the spectrum
that is not supposed to overlap with ELFA emission spectrum (Fig. 4).
Nevertheless, a part of the DAPI signal leaks into the ELF channel
(observed on the cytograms, data not shown). However, the software
compensation treatment (see materials and methods) was efﬁcient for
separating the two signals as we obtained two distinct populations on
the cytograms: a population with signiﬁcant ﬂuorescence in the ELF
and DAPI channels (ELF N 10 A.U.; DAPI N 10 A.U.) and a population with
signiﬁcant ﬂuorescence in the DAPI channel but with no signiﬁcant
ﬂuorescence in the ELF channel (ELF b 10 A.U.; DAPI N 10 A.U., Fig. 5b).
Using conﬁguration 2 it was not possible to separate the ELF and
DAPI signal, even with the compensation treatment, as a unique
population was observed on the cytograms. Thus, conﬁguration 1 was
taken as the optimal setting for ELF + DAPI dual labelling.
The signals from ELF and PI were easily distinguishable. As for
DAPI, a population with signiﬁcant ﬂuorescence in the ELF and PI
channels (ELF N 10 A.U.; PI N 10 A.U.) and a population with signiﬁcant

Fig. 5. Examples of cytograms (a, b, c) and pictures (d, e) obtained for culture samples labelled with ELF only a), ELF + DAPI (b, d) and ELF + PI (c and e). Axes of the cytograms are ELF,
DAPI or PI ﬂuorescence intensity in arbitrary units (A.U.). The ﬂow cytometer was set up using conﬁguration 1. Pictures are composite images taken with a CCD camera linked to an
epiﬂuorescence microscope. The ﬂuorescence of ELFA spots and DAPI was examined with UV ﬁlters (Olympus, 360/40 nm excitation, N420 nm emission) and PI ﬂuorescence was
examined with a green ﬁlter (Olympus, 480/30 excitation, 535/40 emission). White scale corresponds to 10 µm.
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pb 0.001; Fig. 6). The stability of the particle-associated relative intensity of
ELFA ﬂuorescence was veriﬁed from T0 to T6 experiments (i.e. during
4 months of storage; median relative ﬂuorescence=0.127±0.02 arbitrary
units, n=24, pb 0.001). A signiﬁcant decrease was observed for T7 (i.e.
after 8 months of storage; median relative ﬂuorescence=0.06±0.00
arbitrary units, n=3).
3.7. In situ applications

Fig. 6. Bacterial (black dots) and ELFA positive cells (white dots) counted by ﬂow
cytometry following different storage times. T0: ELF-labelled samples analysed before
freezing T0': ELF-labelled samples analysed following 15 min of liquid nitrogen freezing,
d:days, mo: months. Error bars are associated with triplicate samples. The outlier at
1mo for bacterial cells (grey dot) was rejected from the statistical analysis.

ﬂuorescence in the PI channel but with no signiﬁcant ﬂuorescence in
the ELF channel (ELF b 10 A.U.; PI N 10 A.U., Fig. 5c) were identiﬁed. The
same total counts of bacterial cells were obtained for single (i.e. PI
only) and dual (i.e. ELF + PI) labelled samples.
We checked that the results of ELFA labelling using conﬁguration 1
were not inﬂuenced by the counterstaining. We compared data from the
preservation tests for samples labelled with ELF only with those obtained
with ELF+DAPI or ELF+PI (data not shown). We found signiﬁcant
correlations between treatments (r = 0.95 and 0.94 for ELF versus ELF+ PI
and ELF versus ELF+ DAPI, respectively; n = 21, p b 0.001). The regression
slopes between ELFA labelled cells counted by ﬂow cytometry for the
different treatments were not signiﬁcantly different from 1 (p b 0.001).
All the following results were acquired using conﬁguration 1.
3.6. Sample storage
No signiﬁcant decrease in bacterial abundance or ELFA positive cell
counts was found following an 8 months storage in liquid nitrogen (n=27,

From the results of a time kinetic experiment (data not shown), we
chose to incubate the vertical proﬁle samples of Lake Plešné with ELF-P
for 2 h (Fig. 7a). The proportion of ELFA-labelled cells was 32 ± 2% in all
samples (p b 0.05), except at 14 m where signiﬁcantly higher values
were recorded (37 ± 0% of ELFA-labelled cells; p b 0.05). The relative
median ﬂuorescence per cell, of cells labelled with ELFA, increased
between the surface (0.27 ± 0.01 A.U. cell− 1) and 9 m (0.29 ± 0.01 A.U.
cell− 1) before decreasing to 0.25 ± 0.01 A.U. cell− 1 (at 17 m). At 14 m, the
relative median ﬂuorescence per cell, of cells labelled with ELFA, was
0.28 ± 0.01 A.U. cell− 1.
For marine samples, we were able to detect signiﬁcant ELFA
labelling when bulk phosphatase activity measured with MUF-P
showed maximum hydrolysis rate (Vm) values N7 nM h− 1. That was
the case at the SOFCOM site (230–3250 events per min in the area of
positive cell detection). From the results of a time kinetic experiment
(data not shown), we chose to incubate the vertical proﬁle samples of
SOFCOM site with ELF-P for 6 h (Fig. 7b). The proportion of ELFAlabelled cells showed little variation with depth ranging from 0.8 ±
0.3% at 10 m to 1.4 ± 1.03% at 60 m. The proportion of ELFA positive,
high DNA cells, were 2 to 3 times higher than the proportion of total
ELFA-positive cells. Despite there was no signiﬁcant difference
between depths in term of the proportion of ELFA-labelled cells,
ELFA median ﬂuorescence was signiﬁcantly higher between 2 and
10 m (0.32 ± 0.03 and 0.33 ± 0.03 A.U. cell− 1, respectively) and
interestingly peaked at 40 m (0.36 ± 0.03 A.U. cell− 1) where the
highest value of bulk PA (Vm = 29.8 nM h− 1) and the minimum value of
DIP concentration (9 ± 1.1 nM) were found. At 40 m depth we also
measured the maximum Chla concentration (10.5 mg m− 3) and
abundance of Synechococcus and Prochlorococcus cells (data not
shown). Nevertheless these picophytoplanktonic cells were not
signiﬁcantly ELFA-labelled.

Fig. 7. Vertical distribution of proportion of ELFA-labelled cells in the total (black bars) and in the High DNA (HDNA, grey bars) fractions and relative median ﬂuorescence per cell, for
cells labelled with ELFA (white dots; A.U. cell− 1) in Lake Plešné (a) and at SOFCOM site in Mediterranean (b). Error bars represent the standard deviation between triplicates.
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4. Discussion
4.1. Sample preparation and preservation
Contrary to epiﬂuorescence microscopy, ﬂow cytometry analysis
requires liquid samples, which makes necessary to label the cells with
ELF-P in a liquid phase. In oligotrophic areas, bacterial abundances can be
low (Subtropical North Paciﬁc Ocean: 2.3–7.4 ×105 cell ml− 1, Campbell
et al., 1997; Southwest Mediterranean Sea: 5–15× 105 cell ml− 1, Van
Wambeke et al., 2004; Southwest Atlantic Ocean: 2.1–9.7 × 105 cell ml− 1,
Andrade et al., 2004). In these areas, it would be necessary to use large
quantities of ELF-P in order to incubate the substrate in the sample, as
previously described (Van Ommen Kloeke and Geesey, 1999; Nedoma
and Vrba, 2006) and this would be prohibitively expensive. Concentrating the low bacterial abundance samples prior to ELF-labelling, provides a
simple yet effective method and avoids the use of excessive reagents (Van
Wambeke et al., in press). Cell concentration by centrifugation is a
common technique (Larsson et al., 1978; Robertson et al., 1998; Dyhrman
and Palenik 1999; Dignum et al., 2004b). The rotation speed to pellet all
the bacteria in a sample must be high, and this can damage the cells.
Using the heterotrophic strain Alteromonas infernus in culture or marine
seawater samples (data not shown), a rotation speed of 20,000 g was
necessary to precipitate bacterial cells. We did not observe signiﬁcant,
detrimental effect on total or ELF labelled cell counts. Nevertheless the
centrifugation speed necessary to pellet all bacterial cells is much higher
than speed used to pellet phytoplankton (3000 g: Dyhrman and Palenik
1999; 2000 g: Dignum et al., 2004b; 4000 g: Rengefors et al., 2003; Ou
et al., 2006). These great differences in centrifugation speeds will make it
difﬁcult to ﬁnd a protocol which can concentrate phytoplankton and
heterotrophic bacteria in the same sample without cell loss. For now it is
necessary to proceed with two independent samples.
In both natural samples and cultures, cell clumping can be a major
obstacle in identifying cells using ﬂow cytometry (Davey and Kell, 1996;
Biegala et al., 2003) or epiﬂuorescence microscopy (Bianchi and Giuliano,
1996). Therefore, the ﬁrst step was to ﬁnd a method for disaggregating/
separating bacterial cell clumps, without affecting ELF labelling. In our
case, a surfactant was used before ﬁxation, before ELF labelling and before
centrifugation, the aim also being to aid centrifugation. As PA is reduced
when Pi is added to a sample (Dyhrman and Palenik 1999; Mulholland
et al., 2002), a surfactant containing very low Pi concentration must be
used. Thus Tween 80 was chosen (b0.005% P — Sigma-Aldrich). The best
results were found using a 10 mg l− 1 ﬁnal concentration and incubating for
30 min. This surfactant disperses cell clumps but also facilitates even
bacterial distribution on the ﬁlters (Epstein and Rossel, 1995) and a
decrease in background counts was also observed.
Unless ELFA-labelled samples can be analysed immediately, they
must be preserved until analysis. According to Troussellier et al. (1995),
only liquid nitrogen allows mid-term (N4 months) preservation and
limits the evolution of DAPI-induced ﬂuorescence and scatter characteristics (DAPI is added just before ﬂow cytometry injection). These
authors also showed that adding ﬁxatives (best results with formaldehyde) was necessary to obtain exhaustive counts of all the bacteria cells
due to the permeation effect of ﬁxatives which gives a better staining of
the cells. As previously found by Troussellier et al. (1995), we found no
signiﬁcant (p b 0.001) decrease in bacterial cell counts over time
(8 months). We found no signiﬁcant (p b 0.001) decrease in ELFA spot
counts (Fig. 6) but we measured a signiﬁcant decrease in ELFA relative
ﬂuorescence after 4 months (data not shown). Similarly, Nedoma et al.
(2003) found no signiﬁcant loss of ELFA ﬂuorescence for ﬁltered samples
stored over 108 days at −20 °C. Thus it is possible to store the samples for
a mid-term period (4 months) without signiﬁcant ELF-labelling loss.
4.2. Detecting ELFA by ﬂow cytometry
The detection of the ELFA signal by epiﬂuorescence microscopy has
been shown to be efﬁcient for phytoplankton (Dyhrman and Palenik

1999; Nedoma et al., 2003) and bacterioplankton (Nedoma and Vrba,
2006; Van Wambeke et al., in press). Nevertheless, it is a time
consuming method (Nedoma et al., 2003). Compared to microscopic
techniques, ﬂow cytometry offers the advantages of speed, better
objectivity and greater accuracy. Flow cytometry has been shown to be
a fast and efﬁcient method for phytoplankton detection of ELFA signals
(Gonzalez-Gil et al., 1998; Dignum et al., 2004a,b) but, to our
knowledge, it has never been applied to heterotrophic bacteria. Due
to their autoﬂuorescence, the detection of phytoplanktonic organisms
does not need counterstaining in order to observe both ELFA positive
and negative cells, this is not the case for heterotrophic bacteria. Van
Wambeke et al. (in press) and Nedoma and Vrba (2006) used DAPI,
which is one of the most common ﬂuorochromes used to stain
heterotrophic bacteria prior to detection by epiﬂuorescence microscopy (Robertson and Button 1989; Kepner and Pratt 1994). In order to
detect heterotrophic bacteria expressing phosphatase activity using
image analysis, the Nedoma and Vrba (2006) method involves taking
two pictures per ﬁlter ﬁeld (one with DAPI and one with ELF dichroic
mirrors), and superimposing them to determine the ELFA positive and
negative cells. Thus, contrary to microscopy combined with image
analysis, we propose a method for obtaining all the cell characteristics,
including different ﬂuorescence properties, for individual cells, in only
one acquisition step. The multivariate data analysis enabled us to
easily and efﬁciently separate ELFA-positive from ELFA-negative cells,
whilst it was tedious using image analysis due to overlapping between
the ELFA and DAPI emission spectra (Nedoma and Vrba 2006). We
demonstrated that the ELF-P labelling treatment did not signiﬁcantly
increase the background noise detected on the ﬂow cytometer. This
was not the case with epiﬂuorescence microscopy where a signiﬁcant
background was measured on the ﬁlter that had to be subtracted from
the ELFA-associated particle ﬂuorescence (Nedoma et al., 2003). This
mathematical correction is avoided with ﬂow cytometry and thus
decreases the bias linked to counts of ELFA-labelled cells.
We showed that both PI and DAPI can be used to counterstain
ELFA-labelled cells. DAPI has the advantage of allowing discriminating
the naturally ﬂuorescent phytoplankton cells. PI, as chlorophyll a,
emits in the red wavelength making the discrimination of autotrophic
from heterotrophic cells impossible. It should be noted that only the
prokaryotic autotrophic cells will survive the 20,000 g centrifugation
step. The potential for combining many ﬂuorochromes should enable
more parameters linked with ELFA labelling to be measured. For
example, we are currently testing the combination of an in situ
hybridization method with ELFA labelling. This protocol would help to
assess which phylogenetic bacterial groups are responsible for PA.
The detection of ELFA-labelled bacteria by ﬂow cytometry has been
successfully applied on both marine and freshwater samples. In Lake
Plešné, we showed that more than 30% of the heterotrophic bacterial
cells (b1 µm) were ELFA-positive in all samples. This is the ﬁrst report
of heterotrophic bacterial PA in Lake Plešné. In marine samples, the
detection of ELFA labelled cells by ﬂow cytometry enabled us to
distinguish two populations of heterotrophic bacteria with different
apparent DNA contents. The high DNA bacteria were shown to be
representative of “live” cells and nucleoid-containing cells (Li et al.,
1995; Gasol et al., 1999; Gasol and Del Giogio, 2000). These high DNA
bacteria are the dynamic members of the bacterial community (i.e.
actively metabolizing bacteria, Gasol et al., 1995; Gasol and Del Giogio,
2000). We found that the ELFA positive bacteria corresponded to the
high DNA bacteria, suggesting that only the dynamic bacteria express
PA or possess signiﬁcant cell speciﬁc PA to allow labelling with ELFA.
This result suggests that the detection of ELFA precipitates is really
linked to enzymatic activity. Contrary to lake samples, we found low
percentages of ELFA-labelled bacteria in marine samples, even when
considering high DNA bacteria (b5%, Fig. 7b). Very low ELFA labelling
levels (b0.01%) have been previously reported by Van Wambeke et al.
(in press) in the Mediterranean Sea (Vm b 15 nM h− 1) using a ﬁltration
and microscopy detection method. Time kinetic experiment showed
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that after 6 h incubation, the absolute ELFA ﬂuorescence reached a
steady level up to 18 h (data not shown). Thus, incubating the proﬁle
samples for 6 h, we measured the maximum values of ELFA labelling
for these samples. Even though we were not able to observe
signiﬁcant variations in the proportion of ELFA-labelled cells with
depth, we observed signiﬁcant variations in ELFA median ﬂuorescence. Consequently, the variation in ELFA median ﬂuorescence was a
better indicator of the PA level and P deﬁciency of heterotrophic
bacteria.
In conclusion, the protocol we report in this study enables samples to be prepared for detecting ELFA labelling by ﬂow cytometry.
Samples can be preserved up to 4 months before analysis. The
separation of cell clumps with Tween 80 and cell precipitation using
centrifugation had no signiﬁcant effect on ELFA labelling parameters
or on the recovery of the bacterial cells. The analysis of such samples
by ﬂow cytometry allowed quantitative assessment of the phosphatase activity for heterotrophic bacteria in both oligotrophic marine
and mesotrophic lake samples. This method promises to improve our
understanding of the physiological response of heterotrophic bacteria to P limitation.
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