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We compared different fluorescence-labelled enzyme activity (FLEA) methods for assaying phosphatase

activity in phytoplankton. Unfixed and liquid incubations are devised. We demonstrated that the presence of

intracellular labelling was persistent, which could point out a source of bias in ectoenzymatic activities

measurements based either on the FLEA or classical methods.

© 2011 Elsevier B.V. All rights reserved.

The published protocols of the enzyme-labelled fluorescence (ELF)

or FLEA technique differ widely in the fixative used, the way the

incubation is performed and the final support of the sample (liquid or

filter). These differences have been shown to affect not only cell

integrity, but also labelling efficiency (Rengefors et al., 2001; Young

et al., 2010). Additionally, the presence of intracellular labelling is a

problem that has not yet been solved. We compared published and

new protocols for the phosphatase activity assay in natural phyto-

plankton communities, using the criterion that ectophosphatase

(surface-bound) FLEA labelling should be maximised because these

are the phosphatases playing the ecological role of catalysing

reactions around the lipid boundary, where life and the surrounding

environment come into contact.

Phytoplankton communities were sampled from Crous Pond

(41°40′37′′N, 2°35′2′′E) and Redon Lake (42°38′33′′N, 0°46′46′′E),

in Catalonia. We tested several protocols that were defined by a

combination of two factors: step order and fixative (Table 1). The step

order had two levels: B (Bottle) and F (Filter). B consisted in incubating

the sample in a bottle,fixing it and stopping the reaction byfiltration. It

was based on the protocol devised by Nedoma et al.(2003). F consisted

in fixing the sample, filtering it, and incubating the filters in a Petri

dish. This was a modification of the protocol drawn up by Lomas et al.

(2004). B or F was placed in first position in our protocol code. The

fixative factor had five levels, whose initial letters were placed in the

second position in our code: HgCl2 (H), nofixative (X), LFT (L), ethanol+

DMSO (E), and liquid N2 (N). HgCl2 4 mM f.c. was added to samples and

immediately filtered. LFT fixation was performed by adding alkaline

Lugol 0.5% (vol/vol), formaldehyde 2% f.c. (pH 7) and several drops of

3% sodium thiosulfate (Sherr and Sherr, 1993). Ethanol 70%+DMSO

10% were added to the samples and left for 30 minutes before filtration

(Lomas et al., 2004). In the case of the FN protocol, samples were placed

in plastic vials and sunk into the liquid N2, removed, and left to thaw

prior to filtration. All the incubations were performed in the dark for

1 hour at room temperature and with a substrate concentration of

20 μM ELF97-phosphate (ELFP) (Molecular Probes, E6589). Three

replicates and one negative control (without ELFP) of 30 ml each were

filtered through 25 mm diameter and 2 μm pore polycarbonate filters

(Millipore). Very gentle pressure (b20 KPa) was used to avoid cell

disruption. Filters were left to dry on cellulose paper and stored at

−20 °C. Finally, they were thawed and mounted on microscope slides

using Citifluor AF1.

The composition of the phytoplankton community was determined

by the Utermöhl method. Particular attention was paid to the size and

shape of chloroplasts, as these characters would subsequently be used

to identify taxa under the epifluorescence microscope. The different

FLEA filters were analysed under a Nikon Eclipse E600 epifluorescence

microscope and the percentage of ELFA-labelled cells was determined.

A cell was only considered positive when a clear ELFA object was

observed on or in the cell, whatever its size or intensity. Some of the

experimental conditions (FH and BE in the Crous sample) resulted in

non-measurable filters (Fig. 1a and b). One replicate per experimental
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condition and sample was analysed with a Leica SP II spectral detection

confocal microscope to determine the location of ELFA bodies. The

percentage of cells with only external labelling (EXT), only internal

labelling (INT), and both external and internal labelling (EXT and INT)

(Fig. 1c and d, e and f) were determined by counting more than 100

cells per filter. Within each taxon, we discarded location patterns that

were based on less than 5% of taxon total counts. One-way and two-

way ANOVAs were performed with Statgraphics Plus 5.1 (Statistical

Graphics Corp.) and STATISTICA 6.0 (Statsoft, Inc., OK, USA).

The percentage of ELFA-labelled cells in the entire phytoplankton

differed significantly between protocols in both Redon (p–vb0.0000)

and Crous (p–v=0.0153) samples. The step order (Crous p–v=0.035781

and Redon p–v=0.001377) was always more significant than the

fixative (Crous was not significant and Redon p–v=0.0025) (Fig. 2, first

row), and this result was consistent across most of the studied taxa. In

all the cases, liquid-incubation protocols (B) significantly maximised

ELFA labelling. B and F protocols differed in two factors that could

explain this result: (1) the status of cells and enzymes during incuba-

tion (alive/unfixed (B) or fixed (F)), and (2) the physical support of the

incubation (liquid (B) or on-filter (F)). If we consider the low labelling

results of FX protocol, where cells were incubated live but on filter, as in

Van Wambeke's method (Van Wambeke et al., 2008), we may conclude

that apart from the expected effect of incubating fixed or unfixed

samples, a physical obstruction that prevents ELFP from reaching

enzymes may occur. Reasonable explanations would be either because

in F protocols some phosphatases are in contact with the filter itself, or

because ELFP cannot diffuse fast enough within the drop, which creates

a low concentration of ELFP in the volume surrounding the cell.

The percentage of ELFA-labelled cells showed four acceptable

protocols: BH, BX, BL and FH. Of these options, BH was the best in terms

of the percentage of ELFA-labelled cells, but consistently performed

the worst in terms of ELFA-labelling location. It was therefore an

undesirable option. BX and BL had good percentage of labelled cells

and good labelling location in all the cases except that BX had low EXT

location in Redon sample and BL had a low percentage of labelled cells

in Crous. Finally, FH had good results in both variables when the

protocol worked (in Redon), but it could be unreliable as it developed

huge particle aggregates in Crous. To sum up, BX and BL would be

reasonably good options, BH could provide positive but ecologically

uncertain results, and FH seems to be a good but unstable option.

Traditional total enzyme activity substrates (MUF-P, MFP, p-NNP,

etc.) have been thought to label dissolved and/or ectoenzymes as they

have physical and chemical characteristics that make it impossible for

them to get into the cells by membrane transport (Chróst, 1991). The

ELF substrate shares the same physical and chemical characteristics. In

addition, there is evidence that ELFP and MUFP substrates react with

Table 1

Experimental design and codes used in this study; n=number of available replicates; unc=uncountable filters.

Fixative

HgCl2 No fixative LFT Ethanol+DMSO Liquid N2

Step order Bottle Crous BH (n=2) BX (n=2) BL (n=2) BE (unc) –

Filter FH (unc) FX (n=2) FL (n=2) FE (n=2) –

Bottle Redon BH (n=3) BX (n=3) BL (n=2) – –

Filter FH (n=3) FX (n=3) FL (n=3) – FN (n=3)

Fig. 1. Colour epifluorescent images: a and b; a) general view of protocol FH, with aggregates (Crous); b) general view of protocol BE, with extremely high unspecific ELFA labelling

and non-recognisable chloroplasts (Crous). Pseudocolour optical sections at different depths through a unicellular S. schroeteri (c, d and f) or a small flagellated (e). Red is chloroplast

and green are ELFA precipitates. c) EXT labelling; d) INT labelling; e and f) EXT & INT labelling.
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the same set of phosphatases within a certain sample (Štrojsová et al.,

2003; Nedoma et al., 2007). Therefore, we could conclude that the

ELF substrate should normally react with ectoenzymes, but not

with intracellular enzymes. However, the optical dissection of FLEA-

incubated cells by confocal microscopy confirmed that intracellular

PA was labelled by any of the tested protocols (Fig. 2, first row), as

previously observed (Dyhrman and Palenik, 1999; Skelton et al., 2006;

Ou et al., 2010). The extent of INT together with EXT and INT labelling

shows that this problem should be taken into consideration. The

hypothesis that the detection of intracellular labelling is a problem that

is exclusive to ELF substrate should be experimentally tested in the

future. If this hypothesis was rejected, all of our substrate reaction-based

knowledge about environmental PA, and maybe the general enzymatic

pathway, would have been biased to some extent by interaction with

intracellular enzymes.

Previous observations have found ELFA labelling patterns to vary in

different species (e.g. linear structures, dots, evenly labelled whole cell

surfaces, etc.) (Pers. Obs., Štrojsová et al., 2003). Therefore, we expected

the location of ELFA labelling to be species-specific. In contrast, we found

the taxon effect to be secondary to the protocol effect: the range of

variability within protocols was significantly narrower than within taxa

(p–v=0.0003). Nonetheless, more diverse species than those used here

(in terms of cell aggregation, morphology, wall properties, etc.) should

be considered to generalise this result. In any case, many hypotheses

(including taxon-specific ones) could be made to explain intracellular

labelling. In Dinophyta and small flagellated Crysophyta intracellular

labelling could be due to the internalisation of ELFP together with

phagocytosed particles, as these taxa have been described as potential

bacterivores (Jones, 2000). However, this does not explain other

intracellular labelling, such as that found in Sphaerocystis schroeteri

(CHOD) (Fig. 2c), Monoraphidium sp., Oocystis parva, Stichogloea

doederleinii (SCHMIDLE) (data not shown), which are the first non-

mixotrophic phytoplankton observed with intracellular ELFA. In this

case, we hypothesise that cell membrane disruption may be the reason

for intracellular labelling. There may be three different causes of

membrane disruption: natural cell death (Bidle and Falkowski, 2004),

sample manipulation, and accumulation of ELFA crystals, which may

damage the cell membrane and make it collapse, resulting in ELFA

penetrating the cell.

In conclusion, the FLEA technique protocols should incubate

unfixed and liquid samples. BX and BL may be the best trade-offs

amongst the tested protocols, between FLEA signal maximisation and

the EXT location of the signal. The FLEA technique results are mainly

determined by the protocol, and the possible taxon dependence is

secondary. Finally, we demonstrated the presence of intracellular

fluorescence-labelled PA when the FLEA technique is used, which

highlights the need to further understand the origin of this signal.
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3D Restoration Microscopy Improves

Quantification of Enzyme-Labeled

Fluorescence-Based Single-Cell Phosphatase

Activity in Plankton

Daniel Diaz-de-Quijano,1* Pilar Palacios,2 Karel Hor�n�ak,3,4 Marisol Felip1

� Abstract
The ELF or fluorescence-labeled enzyme activity (FLEA) technique is a culture-
independent single-cell tool for assessing plankton enzyme activity in close-to-in situ
conditions. We demonstrate that single-cell FLEA quantifications based on two-
dimensional (2D) image analysis were biased by up to one order of magnitude relative
to deconvolved 3D. This was basically attributed to out-of-focus light, and partially to
object size. Nevertheless, if sufficient cells were measured (25–40 cells), biases in indi-
vidual 2D cell measurements were partially compensated, providing useful and compa-
rable results to deconvolved 3D. We also discuss how much caution should be used
when comparing the single-cell enzyme activities of different sized bacterio- and/or
phytoplankton populations measured on 2D images. Finally, a novel method based on
deconvolved 3D images (wide field restoration microscopy; WFR) was devised to
improve the discrimination of similar single-cell enzyme activities, the comparison of
enzyme activities between different size cells, the measurement of low fluorescence
intensities, the quantification of less numerous species, and the combination of the
FLEA technique with other single-cell methods. These improvements in cell enzyme
activity measurements will provide a more precise picture of individual species’ behav-
ior in nature, which is essential to understand their functional role and evolutionary
history. VC 2014 International Society for Advancement of Cytometry

� Key terms
3D fluorescence microscopy; deconvolution; ELF phosphate; phosphatase activity;
phytoplankton

PHOSPHORUS recycling in ecosystems is driven by different processes involving var-

ious enzyme activities. Phosphatases (including phosphoesterases, nucleases and

nucleotidases) hydrolyse oxygen–phosphorus bonds in phosphoesters, the dominant

form of dissolved organic phosphorus (1–4), whereas C-P lyases and hydrolases
hydrolyse carbon–phosphorus bonds in phosphonates (5). These enzymes may play
a key role in those ecosystems in which P is temporarily or permanently a limiting
factor, as is the case of some freshwater, marine and terrestrial ecosystems (6–10).
Notably, P limitation is expected to increase as the deposition of atmospherically
transported anthropogenic N modifies the N:P stoichiometry of ecosystems all over
the world (11). A number of studies have already assessed the shifts in environmental
enzyme activity driven by anthropogenic atmospheric N deposition (12,13) and by
other parameters related to climate change that can modulate enzymatic activity,
such as pH (14,15), temperature (16,17), and UV radiation (18–21). These studies
have demonstrated the importance of enzyme activity in the response of ecosystems
to global climate change. However, a more accurate characterization of the link
between taxonomic identity and in situ enzymatic activity is essential to understand
and to predict enzyme dynamics in nature.
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Phosphomonoesterases are one of the most widely stud-

ied enzymes in aquatic ecosystems, and to date the only ones

that can be assessed using the enzyme-labelled fluorescence-

phosphate (ELFP) substrate, via the so-called FLEA technique.

Upon enzymatic hydrolysis, the ELFP substrate is converted to

a fluorescent ELF alcohol (ELFA) that precipitates at the site

of enzyme activity (22). Therefore, the FLEA technique consti-

tutes a powerful and culture-independent tool with which to

study the contribution of this functional trait to the species

trophic strategy (23,24) at the single-cell level, and in close-to-

in situ conditions. Simultaneously, this technique also enables

the preservation of useful cell structures required for adequate

taxonomic identification (autofluorescent chloroplasts and

stained DNA), mainly in phyto- and bacterioplankton com-

munities (25–28). Moreover, Nedoma et al. (29) developed a

method to quantify the ELFA precipitate based on epifluores-

cence microscopy and 2D image analysis. Thus, the FLEA

technique has provided the opportunity to open the “black

box” of environmental enzyme activity in phyto- and bacter-

ioplankton. Knowledge of single-cell enzymatic activity, if

accurate enough, is essential for the proper definition of func-

tional niches, the reconstruction of the evolution of functional

traits associated with certain trophic strategies (30,31), and

better modelling and understanding of the dynamics of

enzyme activity in nature (32). Nonetheless, the 2D images on

which most quantifications have been based to date are dis-

torted representations of real 3D cells. Therefore, we hypothe-

sized that (i) 2D image-based measurements might be

significantly biased, and (ii) cell size might modulate this bias,

which could invalidate comparisons between different size

cells, such as phytoplankton and bacterial cells.

To test these hypotheses, a 3D imaging system was

required. Amongst the different modalities of fluorescence

microscopy (wide-field, structured light illumination, confo-

cal, and confocal-derived techniques), 3D wide-field restora-

tion microscopy (WFR) was chosen for several reasons.

Blurring of light is a common phenomenon in all the above-

mentioned 3D microscopy techniques but it is especially

important in 3D wide-field microscopy, where light blurs

mainly along the Z axis and more moderately in the XY plane

(33). This problem may be solved in one of two ways or via

combination of approaches. On the one hand, mechanical

devices may be used to reduce the amount of out-of-focus

light (confocal and structured light illumination microscopy).

On the other hand, out-of-focus light may be considered

informative light and any of the mentioned techniques,

including wide-field, may be combined with image restoration

by deconvolution to relocate out-of-focus light to its source

(34). Second, the WFR imaging system requires a wide-field

microscope with a motorized Z axis, a cooled digital CCD

camera and deconvolution software for image restoration.

This WFR set up is cheaper than that required for the other

techniques and makes it affordable for a larger number of lab-

oratories. Moreover, WFR microscopy is the most suitable

technique for our fluorescence intensity quantification pur-

poses and for microplankton samples (thin and with no or

small amounts of fluorescent material out of focus). This tech-

nique has a higher signal-to-noise ratio (SNR) than laser scan-

ning confocal microscopy (LSCM) for samples <30 mm thick

(33,35), and uses CCD detectors with a quantum efficiency of

�60%, contrasting with that of photomultiplier (PMT) detec-

tors normally used in confocal microscopy which used to have

a quantum efficiency of �10% (36). WFR microscopy also

has the shortest acquisition time, which makes this technique

a better option for fluorescence quantification and the imag-

ing of living cells, as photobleaching of fluorophores and cell

damage are minimized. Finally, WFR microscopy has also

been found to be more sensitive and accurate than LSCM

when measuring low fluorescence intensity objects (35,36),

although ELFA labelings are usually intense enough for both

techniques. So, although structured light illumination could

be an alternative option [it meets most of the requirements

mentioned above and has been reported to be reliable (37)],

WFR is an appropriate choice for fluorescence quantification

in phyto- and bacterioplankton samples.

In WFR, image formation can be described by the 3D

mathematical model:

Image5 object � psf (1)

where image is the acquired image, object is the real specimen,

and psf is the point spread function of the microscope (all the

elements in the equation are 3D arrays). The psf describes the

way an infinitely small point would be imaged, and distorted,

by the microscope (in fact, it is a 3D photograph of a subreso-

lution fluorescent bead) (38). By the mathematical operation

of convolution (�), i.e. by applying the psf to every single

point in the real 3D object, we would get the blurred image.

Inversely, an estimate of the object can be calculated by decon-

volution of the distorted image. Two kinds of deconvolution

algorithms have been implemented: deblurring and restora-

tion algorithms (38–40). The first operate separately on each

focal plane of the 3D image to estimate and eliminate its blur.

In contrast, restoration algorithms consider all the 3D data

simultaneously to reassign light to its source in its original in-

focus plane. The result in both cases is a contrast improve-

ment but only the latter algorithms respect all the acquired

information and are, therefore, suitable for improving fluores-

cence intensity measurements (33,35,41).

In this study, we describe and propose a novel method

for accurate FLEA quantification in phytoplankton cells based

on WFR. We characterize the improvement in performance

and accuracy of the proposed imaging system, and we com-

pare, for the first time in the literature, 2D and 3D WFR fluo-

rescence intensity quantifications. This is an important
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contribution because on the one hand 3D fluorescence

microscopy is considered superior to 2D and is thus widely

used for many different purposes (41–43), but on the other

hand, 2D imaging may still be used given its various advan-

tages: simplicity, faster acquisition and analysis times, cheaper

equipment and lower storage memory requirements. With

this in mind, we describe the errors associated with the cur-

rent 2D wide-field method and the relative distorting effect of

cell size on these measurements, and discuss how to correctly

interpret 2D-based data.

MATERIALS AND METHODS

Study Sites and Sampling

Data were collected from phytoplankton cells from eight

high mountain lakes of the Central Pyrenees in order to have

a wide range of phosphatase activity and cell sizes.

FLEA Phosphatase Protocol

Samples were sieved in the field to remove zooplankton

and processed upon arrival at the laboratory (always within 6

h after sampling in summer and within 18 h in winter and

spring). An aliquot per sample was fixed with alkaline Lugol

for phytoplankton determination. The FLEA technique was

performed as previously described by Diaz-de-Quijano and

Felip (44). Liquid samples were incubated in the dark, at in

situ temperature, buffered at in situ pH with 0.1M HCl/Tris,

citric or acetic acid buffers depending on sample pH, and

using 10 mM of ELFP (Molecular Probes, E6589) substrate to

achieve a compromise concentration above KM for almost all

samples. The time courses of the incubations were always

monitored by fluorimeter to ensure that we sampled the incu-

bation during its linear phase, as previously recommended

(29). Incubation of the samples was stopped by gentle filtra-

tion (<20 KPa) through 2 mm pore polycarbonate filters, fol-

lowing which the samples were stored at 220�C until they

were mounted with CitiFluor AF1, and covered with 0.17 mm

thick cover slides for microscope analysis.

Beads

Different sets of fluorescent beads were quantified: 2.5

mm diameter fluorescence intensity calibrated beads (In

SpeckTM Green (505/515) Microscope Image Intensity Cali-

bration Kit, 2.5 mm, Invitrogen, Molecular Probes, I7219),

6 mm beads (FocalCheck Fluorescent Microspheres Kit, 6 mm,

Slide C, Invitrogen, Molecular Probes, F24633), and 15 mm

beads (FluoSpheres polystyrene microspheres, 15 mm, yellow-

green fluorescent (505/515), Invitrogen, Molecular Probes,

F8844). A drop of each intensity and size set of beads was

spread separately on a slide, air-dried, and mounted with Citi-

Fluor AF1 as in the case of phytoplankton cells except for the

6 mm beads, which were commercially mounted in optical

cement.

Beads were used to check for size and intensity effect.

First, we measured 193 fluorescent 2.5 mm diameter latex

beads stained with six different calibrated intensities ranging

between three orders of magnitude by flow cytometry (as a

reference) and by quantitative microscopy (2D raw, and 3D

raw or deconvolved). We compared differences in relative flu-

orescence measurements between the different methods and

checked for linearity of the fluorescence intensity measure-

ments using simple linear regression, within the R environ-

ment. The percentages of FU were log transformed to meet

the assumptions of normality and homoscedasticity. Secondly,

we used linear regression to relate 2D and 3D measurements

of different size beads. Sample sizes were n5 30 for 15 mm

beads, n5 52 for 6 mm beads, and n5 140 for 2.5 mm beads.

We estimated the regression slopes and calculated their two-

sided and nonparametric bootstrapped 95% confidence inter-

vals with the boot.ci function in R, based on 10,000 replicates

(samplings of data) each. The bias-corrected accelerated per-

centile (BCa) interval type was chosen (45,46).

Flow Cytometry

Intensity calibrated fluorescent beads (as detailed above)

diluted in 1 ml of fresh 0.2 lm-filtered Milli-Q water were

measured using the FACSCalibur flow cytometer (Becton

Dickinson, USA) equipped with an air-cooled argon ion laser

(15 mW, 488 nm). Beads were identified based on their fluo-

rescent intensity signatures in a plot of 90� angle light scatter

versus green fluorescence (515 nm) using the flow cytometry

analysis software CELLQuest Pro (Becton Dickinson) (the gat-

ing strategy is shown as Supporting Information). To avoid

particle coincidence, the rate of particle passage was kept at

<1,000 events s21 during analyses.

Image Acquisition

Samples were imaged with a Huygens restoration micro-

scope (Scientific Volume Imaging b. v., Hilversum, The Neth-

erlands) built around a Nikon Eclipse 90i epifluorescence

microscope (Nikon, Tokyo, Japan). The microscope was

equipped with a monochromatic Vossk€uhler COOL-1300Q

CCD camera with a pixel size of 6.45 mm2 (Vossk€uhler

GmbH, Osnabr€uck, Germany) and a Xenon-arc illumination.

Bead images were acquired with a Plan Apo 40X/1.0 NA oil

immersion objective lens and a fluorescein filter block (ex.

450–490 nm, em. >515 nm). Cell images were acquired

using a Plan Fluor 20X/0.75 NA MI objective lens with the

collar adjusted to immersion with oil, and two different filter

blocks: an ELFA-specific filter block (ex. 360–370 nm, em.

520–540 nm) and a chlorophyll-specific filter block (ex. 510–

550 nm, em. >590 nm) for species determination. A 9.4%

w/v fluorescein standard solution was used for shading cor-

rection, and to determine an inter-session correction factor

(Icf) (47). Gain was fixed to 1 but exposure time was modi-

fied for each image acquisition to avoid image clipping (no

voxel saturation was allowed) and also to collect as much

information as possible from weakly bright voxels. Modula-

tion of exposure time between images did not hinder compa-

rability because CCDs generate a linear response over time

(48). The three parameters were recorded in metadata for

further calculations. Collected 3D images were a stack com-

posed of 35 2D slides spaced at a distance similar to the

depth of field (DOF) (1.4 mm at the 203 objective and 0.7

mm at the 403 objective), and had the object of interest cen-

tred on the Z axis.
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Deconvolution

Image restoration (deconvolution) was performed using

the Classic Maximum Likelihood Estimation algorithm imple-

mented in Huygens Professional 3.3.2p1, which includes a batch

processor. Images were translated from nd2 to ICS file format to

import them into the deconvolution software. They were

cropped, respecting the volume dimensions of out-of-focus

light, to speed up deconvolution. A set of images with known

SNR of 40, 30, 20, and 10 was visually compared with our raw

images to determine their SNR index. A SNR index of 35 was

used according to our data, the maximum number of iterations

was set to 40, and bleaching correction was activated. To select a

point spread function (PSF) we deconvolved an image of a 2.5

mm fluorescent bead using both, experimental and theoretical

PSF. The latter was able to reconstruct the known spherical shape

of the fluorescent bead whereas the former produced a distorted

shape (double banana-shaped artifact at the top and bottom

edges). Moreover, the grey values of the deconvolved images

showed a quantitatively more efficient deconvolution when

using theoretical PSF (minimum, mean, and maximum) (0,

38.03, 40807) than experimental PSF (0.002, 16.55, 13481).

Therefore, we decided to use the theoretical PSF for both rea-

sons: it triggered a better shape and fluorescence intensity resto-

ration. The output format file had to be scaled 16 bit TIFF

because the NIS-Elements software used to quantify the images

only supports up to 16 bit images, whereas voxel intensities

reached values above 16 bits after deconvolution.

Image Analysis and Calculations

Fluorescence intensity was measured using NIS-Elements

AR 2.34 software (Laboratory Imaging, Praha, Czech Repub-

lic). We used two macros to semi-automate the quantification

routine: the macro described by Nedoma et al. (29) for 2D

images, and an adapted version for 3D images. In the latter

macro, the user is able to set an optimum contrast enhance-

ment and move across the different slides of the stack to prop-

erly select the area of the object and the area of the

background to be measured. These areas are projected across

the whole stack defining two irregular prisms (the Volumes of

Interest, VOIs). Finally, the macro measured the following

variables per slide in the stack: area of the object (Area; mm2),

mean grey value of the object (Mgv; dimensionless), and

mean grey value of the background (BgMgv; dimensionless).

These measurements were automatically exported to an Excel

file for semiautomated calculation together with the following

metadata: distance between slides in a stack (Zstep; mm), num-

ber of slides (ns; dimensionless), camera exposure time (expT;

ms), camera gain (Gain; dimensionless), intersession correc-

tion factor (Icf; dimensionless), and image file identity. The

relative fluorescence of the object (RFobject; fluorescence

units—FU) was calculated as follows:

RFobject5
Icf

expT3Gain
3

Xns

i51

Area3Zstep3ðMgvi2BgMgviÞ

(2)

A conversion factor to relate the amount of ELFA to FU

(ConvF; fmol ELFA�FU21) was obtained from the comparison

of fluorimeter and microscope raw 2D measurements. The

increase in ELFA fluorescence of several phosphatase incubations

from an independent set of samples was measured by both

methods in parallel. Microscope measurements were expressed

in FU whereas fluorimeter measurements were translated to

fmol ELFA using a calibration line based on a dilution of com-

mercially available ELFA standard. See Nedoma et al. (29) for

more details. To obtain the ConvF for the raw 3D and decon-

volved 3D modes, we compared the fluorimeter measurements

(fmol ELFA) and predicted raw and deconvolved 3D fluores-

cence intensity values corresponding to the raw 2D measure-

ments of the independent set of samples. This prediction was

based in two partial regressions (built on the 212 raw, or 175

deconvolved, cells measured in this study) that related raw 2D

fluorescence intensity and object area to the raw (or decon-

volved) 3D fluorescence intensity. ConvF values were 0.013553

fmol ELFA�FU21 (raw 2D), 0.000124 fmol ELFA�FU21 (raw

3D), and 0.000014 fmol ELFA�FU21 (deconvolved 3D). In the

case of phytoplankton cells, the single cell hydrolysed phosphate

(SCHP; fmol ELFA�cell21) was calculated as:

SCHP5RFobject3ConvF (3)

Finally, the single cell phosphatase activity (SCPA; fmol

ELFA�cell21�h21) was calculated by dividing SCHP by the num-

ber of hours in the linear phase before incubation was stopped.

Statistics

Linear least-squares regression, partial correlation, partial

regression, graphics and variation partitioning were carried

out in the R environment (49). Comparison of least-squares

regression slopes and comparison of slopes to a theoretical

value for the different intensity beads were performed using

GraphPad Prism 5.01 for Windows (GraphPad Software, San

Diego, CA). K-means analysis was performed within the

Ginkgo multivariate analysis system (http://biodiver.bio.ub.es/

ginkgo/index.html, Barcelona, Catalonia).

We used an iterative approach in the R environment to find

the minimum number of cells that must be counted in raw 2D to

obtain themost similar results to deconvolved 3D. For each group

(a species or a set of several species), the first loop involved remov-

ing one cell per iteration, sampled stochastically without replace-

ment, and testing if the new set of sampled data: (i) maintained

the homogeneity of variances between raw 2D and deconvolved

3D, and (ii) had the same difference in raw 2D and deconvolved

3D means as calculated using all observations. The macro

recorded the number of remaining cells (sample size) when condi-

tions (i) or (ii) were not met. The second loop restarted the first

one 10,000 times and recorded the results. For each species (or set

of several species), we considered the minimum sampling size to

be the number of cells that did not significantly alter the original

mean and SD results in 99.99% of iterations.

RESULTS

Measurement of Beads of Different Fluorescence

Intensity

We measured 193 fluorescence intensity calibrated latex

beads of 2.5 mm diameter using three image analysis (IA)
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methods: raw 2D, raw 3D and deconvolved 3D (Table 1).

These measurements were compared with flow cytometry

measurements with adjusted R-squared values between 0.994

and 0.9969 and slopes between 0.9830 and 1.0199. These

slopes were significantly different from 1 (P value<0.05), but

approached 1 in 3D imaging (raw or deconvolved). Therefore,

the tested quantitative microscopy methods provided compa-

rable but slightly different relative fluorescence intensity meas-

urements to those obtained by flow cytometry (Fig. 1a).

We also compared the previously used raw 2D IA method

to the two 3D methods. Raw 3D provided the same relative

fluorescence measurements as raw 2D (slope5 1, a5 0.05)

(Fig. 1b). Deconvolved 3D did not fit a linear regression (runs

test P value< 0.0001) but did fit a quadratic one when low

intensity beads were included (Fig. 1c). This was due to a dif-

ference between the two methods when measuring low inten-

sity objects. If the latter objects were excluded, the

relationship became linear (Fig. 1d). Deconvolved 3D meas-

urements provided the most similar percentage fluorescence

to that obtained by flow cytometry in these dimmest fluores-

cent beads (although not in the intermediate intensity beads)

(Table 1).

Measurement of Different Size Fluorescent Beads

Fluorescence intensities of 2.5, 6, and 15.4 mm diameter

beads were quantified by the raw 2D, raw 3D and deconvolved

3D methods. The slopes of simple regression lines that related

2D and 3D methods increased along with the diameter of the

bead, which suggests that object size might determine the rela-

tionship between the raw 2D and the 3D measurements. This

tendency was clearer when comparing raw 2D vs. raw 3D than

raw 2D vs. deconvolved 3D, because the 95% confidence inter-

vals of the regression’s slopes overlapped in the latter case

(Table 2).

Measurement of Phytoplankton Cells

We quantified SCHP (fmol�cell21) in lake phytoplankton

cells using the previously outlined quantitative microscopy

methods. Cells were divided into three size groups by a K-

means analysis. The plots relating the current method (raw

2D) to the 3D methods (Figs. 2a and 2b) confirmed the results

obtained by measuring different size beads. The relationship

between raw 2D and 3D gave regression lines for the different

cell size groups with clearly different intercepts (Fig. 2a),

whereas that of raw 2D against deconvolved 3D was not as

clearly affected by cell size. In this case, the increase in disper-

sion may mask any eventual cell size effect.

To understand the dispersion difference between Figures

2a and 2b we may consider an ideal cell (Fig. 2 right). Three-

dimensional measurements are based on the sum of voxel

intensities within a volume of interest (VOI). This volume is a

prism whose irregular base is user-defined following the sil-

houette of the cell projected on the XY plane. Besides, the res-

toration algorithm that we used respects the total amount of

energy that belonged to a cell in the raw image and simply

relocates it to its source, in such a way that the sum of energy

inside (i) and outside (o) the VOI before (r) and after decon-

volution (d) is identical, i.e.:
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Eir1Eor5Eid1Eod (4)

which can be expressed as:

Eor2Eod5Eid2 E ir (5)

The dispersion difference between Figures 2a and 2b

indicates that for two cells with a very similar raw 2D mea-

surement, the difference for each cell between deconvolved 3D

(Eid) and raw 3D (Eir) values may be quite substantial. Taking

into account Eq. (5), this dispersion difference also means

that the difference of energy outside the VOI in the raw image

Figure 1. Comparison of standard flourecence intensity bead measurements performed using different methods (flow cytomtry and

quantitative microscopy: raw 2D, raw 3D, and deconvovled 3D). Thin lines are linear regessions, thick line in Figure c is quadratic regres-

sion. Figure d presents the same data as c, but excluding the lowest intensity flourescent beads.

Table 2. Slopes of linear regressions relating 2D and 3D measurements of fluorescent beads of different sizes

SLOPES 2.5 lm 6 lm 15.4 lm

Raw 2D vs. Raw 3D 10.23 (10.09, 10.41) 15.31 (13.98, 16.92) 20.77 (20.51, 21.04)

Raw 2D vs. Dec. 3D 18.92 (18.07, 19.71) 23.98 (16.43, 30.99) 43.31 (22.53, 56.88)

In brackets are the bootstrapped 95% confidence intervals of these slopes. The bootstrapped confidence intervals are of the bias-

corrected accelerated percentile (Bca) type and are based on 10,000 bootstrap replicates (see Materials and Methods for more detail).
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(Eor) minus energy outside the VOI in the deconvolved image

(Eod) differs between cells. Because the first element of the dif-

ference (Eor) is proportional to the degree of out-of-focus

light and the second (Eod) is inversely proportional to the effi-

ciency of deconvolution, we argue that the increase in disper-

sion observed when deconvolving could be due to either the

original amount of acquired out-of-focus light, the efficiency

of deconvolution or a combination of both. To further deepen

our knowledge on this subject, we conducted a cell-by-cell

inspection of the intensity profile of their VOI along the Z

axis (Fig. 2). Only cells with sharp profiles, indicative of effi-

cient deconvolution, were considered while those with ineffi-

cient deconvolution were excluded from the analysis (Fig. 2c).

(A total of 175 cells out of 212 were analyzed). Thus, the

increase in dispersion can be caused by actual differences in

the amount of out-of-focus light between individual cells and

not by any artifact introduced by deconvolution. As the mag-

nitude of dispersion was virtually identical (Figs. 2b and 2c),

we were able to confirm that for a given value in raw 2D (or

3D), a range of values spanning one order of magnitude was

recorded by deconvolved 3D. Therefore, raw SCHP measure-

ments (used to calculate the population averages reported in

recent studies) may be biased by up to one order of magnitude

since out-of-focus light was not taken into account.

Because we used mismatching immersion oil (n5 1.516

at 23�C) and embedding Citifluor AF1 (n5 1.4628 at 22�C),

it could be hypothesized that the increase in dispersion

observed between raw and deconvolved results (Figs. 2a and

2b) was also explained by the fact of having imaged under

spherical aberration (SA) conditions. SA implies both, a

strong decay in signal intensity as the focal plane is moved

into the sample (depth aberration) and a challenge to efficient

deconvolution. Nevertheless, only the former effect was to be

taken into account because efficient deconvolutions triggering

sharp and symmetric fluorescence intensity profiles where

achieved thanks to a series of pre-deconvolution treatments

(accurate image cropping to accommodate all the out-of-

focus light, instable illumination correction, and correction of

bleaching- and SA-induced fluorescence intensity decline in

depth) together with a SA correction mechanism in Huygens

Professional software (where the PSF was resized, and the

whole image stack was splitted into a series of bricks along the

Z axis to be able to apply different PSF to them). In the case

that such dispersion was induced by SA the cells with high

Figure 2. Right: Schema of the lateral view of a raw cell (top) and a well deconvolved cell (bottom), and their respective intensity profiles.

Horizontal rectangles represent in-focus 2D slides, the vertical one represents the volume of interest (VOI) for 3D fluorescence measure-

ments. Left: Comparison of three different IA fluorescence quantification methods using the log of SCHP (fmol ELFA�cell-1) of phytoplank-
ton cells (a and b). Graph c is the same as graph b but excludes inefficient deconvolved cells. Small (green cross), medium (red triangle),

and large cells (black circle). The intensity profiles of a well deconvolved cell and an inefficiently deconvolved cell are embedded in graphs

a (raw) and b (deconvolved profiles). The arrows point out the position of these two example cells. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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residuals in the 2D vs. deconvolved 3D regression should be

those closer to the coverslide because the loss of fluorescence

intensity with depth is steeper there, and hence the predecon-

volution bleaching (and SA) correction may increase more the

whole 3D image intensity. Sample depth was recorded just for

big and small beads, and we found that fifteen mm fluorescent

beads also showed this increase in dispersion when decon-

volved but there wasn’t any significant correlation between

sample depth and the residuals (Fig. 3). Therefore, difference

in the dispersion between raw and deconvolved data does not

seem to be caused by SA, either.

Additionally, we compared beads and cells to check

whether morphology could be responsible for some of the

unexplained variation. The adjusted R-squared of linear

regressions relating 2D and 3D measurements decreased when

3D was deconvolved, i.e. the unexplained variation increased.

Concretely, the unexplained variation increase was high for

15 mm beads, intermediate in the three populations of cells

(large, medium, and small) with diverse morphology (includ-

ing diatoms, dinoflagellates, chrysophytes, and chlorophytes),

and small in the case of 2.5 mm beads. Hence, morphology

might not be an important driver of unexplained variation.

To assess the impact of the cell area on the relationship

between 2D and 3D fluorescence intensity measurements, we

developed a specific model. Because 2D and 3D measurements

are different ways of measuring fluorescence intensity, these

variables were highly correlated. Log of area vs. log of raw 3D

fluorescence intensity and log of area vs. log of deconvolved

3D fluorescence intensity had partial correlation coefficients

of 0.997 and 0.93, respectively. Because of this high degree of

collinearity, partial regression was selected as the best

approach to forecast raw (Raw3D0) or deconvolved (Dec3D0)

3D measurements from new area (Area0) and 2D measure-

ments (Raw2D0). The e subindices (e) correspond to esti-

mated intermediate variables necessary to resolve the equation

system. The functions we obtained, as the log of area (lm2)

and log of fluorescence intensity expressed as SCHP (fmol

ELFA�cell21), were:

Raw2De5Raw2D02 21:4824491 1:329476 � Area0ð Þð Þ

Raw3De51:255279 � 10217
1 1:026991 � Raw2Deð Þ

Raw3D05Raw3De1 22:4061281 1:514223 � Area0ð Þð Þ

(6)

And in the case of deconvolved 3D:

Raw2De5Raw2D02 22:2591551 1:725148 � Area0ð Þð Þ

Dec3De52:037851 � 10217
1 8:952034e-01 � Raw2Deð Þ

Dec3D05Dec3De1 22:1455531 1:600514 � Area0ð Þð Þ

(7)

Then, we calculated adjusted R-squared to clarify

whether the addition of object size (Area) provided any

improvement in the explanation of variation relative to a sim-

ple linear regression that excluded object size. The results

showed that for the forecast of raw 3D, we explained 99.5% of

the variation when using a linear regression without the Area

variable, whereas the explained variation increased to 99.7%

when the Area variable was included in the partial regression.

In contrast, for the forecast of deconvolved 3D, the inclusion

of the Area variable slightly decreased the explained variation

(from 95.4 to 95.3%). The partitioning of variation is sum-

marized in Table 3, and confirms the results based on different

size beads: object size slightly biases raw 2D measurements

when compared to raw 3D, but this size effect is masked when

compared to deconvolved 3D because the increase in unex-

plained variation (4.5–0.2), which is attributable to deconvo-

lution, is almost 150 times greater than the variation

explained by object size alone (0.03).

Here again, we could hypothesize that the slight impact

of the cell area on the relationship between 2D and 3D fluo-

rescence intensity measurements (Fig. 2a) was influenced by

Table 3. Proportions of variation of raw and deconvolved 3D values (R2)

VARIATION

EXPLAINED

BY RAW 2D

VARIATION

EXPLAINED

BY RAW 2D AND AREA

VARIATION

EXPLAINED

BYAREA

UNEXPLAINED

VARIATION

Raw 3D 33.5% 66.1% 0.2% 0.2%

Deconvolved 3D 28.9% 66.6% 0.03% 4.5%

Figure 3. Relationship between sample depth (or distance to the

coverslide) of 2.5 lm (triangles) and 15 lm (circles) fluorescent

beads, and the residuals of linear regressions relating their raw

2D and raw 3D (grey) or raw 2D and deconvolved 3D (black) fluo-

rescence intensities. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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the fact of having imaged under SA conditions. To test this

hypothesis, we used in silico modeling. The behavior of the

ratio between raw 2D and raw 3D fluorescence intensity values

(2D/3D) was observed for typical intensity profiles of small

and big objects at different distances to the coverslide. As we

mentioned above, the decline of fluorescence intensity in

depth caused by SA is steeper in the first micrometers and

more moderate at deeper positions in the sample. This trig-

gered two observable phenomena: (i) the 2D/3D was slightly

smaller than in the cases where the decline was lineal or where

there wasn’t any decline, and (ii) the 2D/3D relationship

diminished more intensely when the non-aberrated intensity

profile of the object was flatter (not sharply unimodal), but

mainly diminished when the imaged object was closer to the

coverslide (steeper loss of intensity). Because big cells usually

have flatter intensity profiles than small cells, it was expectable

that big cells had smaller 2D/3D than small cells (as it was

observed in Fig. 2a), and especially when the cells were close

to the coverslide. Therefore, it is possible that SA contributed

to some extent to the apparent size effect, although it would

be quantitatively modest according to the model (to a maxi-

mum of about 5% in an extreme case).

To assess the bias induced by cell size in raw 2D single-

cell enzyme activity measurements, raw 2D SCHP were deter-

mined for five ideal spherical cells ranging from 2 to 32 mm

diameter and having the same deconvolved 3D SCHP value by

using Eq. (7). The different raw 2D values of these cells were

compared in pairs and the comparison was expressed as a per-

centage (Table 4). If cells with 2 and 32 mm in diameter were

compared in raw 2D (the most extreme case), it could seem

that the larger cell had 71% of the SCHP of the small cell (i.e.,

the small cell had 142% of the SCHP of the large cell), while

they would have the same value in deconvolved 3D according

to our model.

Species Level Analysis

In the analysis of natural populations or species, it is

interesting to assess the population- or species-specific func-

tional variability as well as the average SCPA. Three selected

species of lake phytoplankton were analyzed for SCHP to esti-

mate enzymatic functional variability by the three techniques

(raw 2D and raw or deconvolved 3D) (Fig. 4). Similar disper-

sions were recorded and the homogeneity of variances

between raw 2D and deconvolved 3D measurements was stat-

istically confirmed using Levene’s test (Table 5). Although the

medians were similar in raw 2D and deconvolved 3D, the

means were significantly different in most cases (Wilcoxon

test; Table 5). Raw 3D provided clearly lower values (Fig. 4).

The mean SCPA measured by the classic raw 2D method was

17.23 fmol�cell21�h21 in Amphidinium sp., 0.3786

fmol�cell21�h21 in Cyclotella sp.1, and 32.43 fmol�cell21�h21

in Cyclotella sp.2.

DISCUSSION

Deconvolved 3D is the Best Estimate

Deconvolved 3D was considered our best estimate of flu-

orescence intensity because it generally improved the manage-

ment of out-of-focus light (which significantly increases the

total measured fluorescence intensity) without introducing

any detectable error. On the one hand, the biggest difference

driven by deconvolution in fluorescence intensity measure-

ments was a substantial increase in the dispersion of 2D vs.

3D measurements (Fig. 2b relative to 2a). Therefore, dealing

with out-of-focus light (performing restorative deconvolu-

tion) is more important than correcting the eventual size

effect or using raw 3D microscopy alone. The contribution of

out-of-focus light to total variation in the 2D vs. 3D measure-

ments was visibly more important (changes in overall disper-

sion from Fig. 2a relative to 2b) than that due to size effect

(changes in 2D to 3D relationship between size groups in Figs.

2a and 2b). Specifically, out-of-focus light may account for

4.3% of the total variation on top of the 0.03 or 0.2% due to

object size. On the other hand, we showed that this difference

in dispersion mainly reflected real changes in the amount of

out-of-focus light per cell and therefore should not be

regarded as a deconvolution artifact or a spherical aberration

effect (Figs. 2b, 2c, and 3). In summary, absolute and relative

values (magnitude and dispersion) obtained by deconvolved

3D should be considered as the most reliable estimate of real

values.

Raw 2D and Deconvolved 3D are Equivalent Methods

in the Case of Population Characterization

We found that since current raw 2D quantifications do

not take out-of-focus light into account, they may produce

single-cell measurements that are half an order of magnitude

above or below our best estimate of fluorescence intensity via

deconvolved 3D. Nevertheless, these individual errors in raw

2D measurements were partially compensated when we

attempted to describe mean cell activity and functional vari-

ability of one or several species (Fig. 4) or groups of cells (Fig.

2). If 25–40 cells per species were measured in raw 2D, the

obtained SD did not differ significantly from that of decon-

volved 3D, and the slight (but significant) difference in means

was not significantly affected by sample size either, with a con-

fidence level of 99.99% (Table 5) (see methods for more

detail). A minimum of 141 cells had to be measured to achieve

Table 4. Percentage between the apparent raw 2D SCHP simu-

lated for five ideal spherical cells (from 2 to 32 mm diameter) with

the same deconvolved 3D SCHP value

32 lm 16 lm 8 lm 4 lm 2 lm

32 mm 100 109 119 130 142

16 mm 92 100 109 119 130

8 mm 84 92 100 109 119

4 mm 77 84 92 100 109

2 mm 71 77 84 92 100

The table is to be read from columns to rows. For instance:

in raw 2D SCHP values, a 2 mm diameter cell seems to have a

142% of the ELFA of a 32 mm cell with the same deconvolved 3D

SCHP value. Inversely, a 32 mm cell seems to have the 71% of

the ELFA of a 2 mm cell with the same deconvolved 3D SCHP

value.
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a reliable result in groups of more heterogeneous cells (like a

community). Thus, the measurement in raw 2D of a mini-

mum of 25–40 cells per species provides sufficiently similar

average values and ranges to deconvolved 3D.

Cell Size Modulates 2D Measurement Bias

Although deconvolved 3D was the best method tested,

the results from raw 3D are also interesting since they show

that cell size contributed substantially to the overall bias

recorded by the raw 2D method. When object size was

introduced into the model of raw 3D depending on raw 2D,

adjusted R-squared (total explained variability) improved

from 0.995 to 0.997. This suggests that object size modu-

lates the raw 2D bias in relation to raw 3D. The apparent

paradox is that when we modelled deconvolved 3D depend-

ing on raw 2D, the inclusion of object size did not increase

the adjusted R-squared. As pointed out in the first para-

graph of the discussion, we interpret this as showing that

Table 5. Wilcoxon and Levene tests for comparison of means and homogeneity of variances between raw 2D and deconvolved 3D fluo-

rescence intensity measurements in the three selected species and the whole set of efficiently deconvolved cells

N SPECIES SIZE MEAN (P-V) SD (P-V)

MINIMUM SAMPLING SIZE

(NUMBER OF CELLS)

175 All All 6¼ (3.0753 10214) 5 (0.4598) 141

53 Amphidinium sp. Medium (14 mm) 6¼ (0.0004) 5 (0.8421) 39

54 Cyclotella sp.1 Small (�6 mm) 5 (0.0761) 5 (0.6858) 37

35 Cyclotella sp.2 Medium (14 mm) 6¼ (1.1063 1029) 5 (0.1360) 26

Figure 4. Epifluorescence microimages of three phytoplankton species. Red: chloroplasts; Yellow-green: ELFA precipitates indicating

phosphatase activity. Scale bars are 5 lm long. Single cell hydrolysed phosphate (SCHP) of the three separate phytoplankton populations,

measured using the three IA quantification methods. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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object size contributes to the fluorescence intensity bias

measured in raw 2D but is clearly a less important source

of variability when compared to deconvolution. These

observations were essentially not undermined by having

imaged under SA. According to our partial regression, com-

parison of raw 2D ELFA values of different species or popu-

lations of different cell sizes should be carefully interpreted:

for instance, a 16 mm diameter cell could appear to have

84% of the ELFA of a 4 mm cell in raw 2D, while they

would be identical in deconvolved 3D (Table 4).

If we take raw 3D as a reference (Fig. 2a), we can graphi-

cally observe the effect of object size on 2D fluorescence inten-

sity measurements even when we consider this variable in

discrete groups of small, medium and large cells. The simple

regression lines of the three size groups showed different inter-

cepts (relationship between 2D and 3D measurements

depended on cell size). Moreover, we observed a nonlinearity

in this size effect: the distance between the intercepts of the

regression lines of small and medium cells was greater than

that between the medium and large cells (�6, 14, and 40 lm

of object diameter respectively). (Note that object sizes—the

projection in the XY plane of the defined VOI—are always

proportional but slightly larger than the actual cell size). Hav-

ing said that object size was not the major biasing factor, we

must note that most of the phytoplankton cells in oligotrophic

marine and freshwater systems are frequently of small to

medium size (50–52), a range in which object size bias might

be more important.

Finally, deconvolution did not affect all cell sizes in the

same way. When we deconvolved, the simple linear regression

intercepts of all three size groups moved towards zero, but the

smaller the cell, the bigger the effect of deconvolution. In this

respect, the percentage of inefficient deconvolutions was the

highest in larger cells. These results suggest that deconvolution

may be more efficient for small and medium cells than for

very large ones. Nevertheless, after checking for deconvolution

efficiency, all the values of efficiently deconvolved cells were

equally reliable whatever their size.

Future Quantification of Cells with Low Phosphatase

Activity

The fluorescence intensity measurements of weakly fluo-

rescent objects were the most affected by deconvolution. This

resulted in a quadratic relationship between deconvolved 3D

and raw 2D (Figs. 1c and 1d), but deconvolved 3D was the

method that measured the most similar values to flow cytom-

etry and manufacturer values for the standard 0.22% (weak

fluorescence) intensity beads (Table 1). Deconvolved 3D was

also reported as the most accurate quantification method for

low intensity objects in the literature (35), although we did

not observe such improvement. In practice, the 0.22% inten-

sity beads recorded average fluorescence intensities (FU) like

those that would produce the low ELFA amounts of:

0.356 0.07 fmol in raw 2D, 0.056 0.01 fmol in raw 3D, or

0.926 0.45 fmol in deconvolved 3D (0.0716 0.014

fmol�mm22, 0.0106 0.002 fmol � mm22, and 0.1876 0.092

fmol�mm22, respectively). Therefore, non-linearity is a phe-

nomenon that is restricted to the smallest values of SCHP,

which constitutes a minor problem in the current state-of-

the-art. Although reported SCHP values ranged from 0 to

1831 fmol�cell21 (53), including the nonlinear range of fluo-

rescence intensity, in current state-of-the-art, small amounts

of fluorescence originating from fluorochromes in the sample

other than ELFA (DAPI, degraded chlorophyll autofluores-

cence, etc.) may show overlap of their emission tails with the

ELFA emission peak window and may account for a signifi-

cant proportion when object ELFA intensity is very low.

Therefore, the cells with the lowest amount of activity cannot

be accurately quantified nor distinguished from completely

inactive cells when DAPI or degraded chlorophyll is present in

the sample. To avoid this problem, we suggest that raw 3D

images should be deconvolved with an algorithm that, apart

from modeling light blur, also models the spectral overlap of

different fluorochromes (41). In that scenario, the question

why is there a rupture of linearity between the dimmest and

the intermediate fluorescent beads when measured via decon-

volved 3D in comparison to the other methods should be

addressed. Such phenomenon seems to be robust because it

was not only observed in this study but also in Swedlow et al.

(35).

Improvement of the FLEA Technique

One of the weaknesses that Nedoma et al. detected in the

FLEA technique (29) was the intercalibration of a microscope

with a fluorimeter, i.e., the conversion of microscope FU to

fmols of ELFA. The conversion factor is the slope of a linear

regression that relates the rate of ELFA formation during the

linear phase of an incubation measured by a fluorimeter (in

fmol�l21�h21, on the X axis) and by raw 2D image analysis (in

FU�l21�h21, on the Y axis). Thus, each point on the graph rep-

resents a single incubation. The problem is that the r2 of the

regression line is about 0.65. Because the range of ELFA for-

mation rates is already quite wide, we argue that there are

other sources of the dispersion of the different incubations in

the mentioned graph. First, quantitative microscopy may

underestimate ELFA particles <0.2 mm because the incubated

sample is filtered by polycarbonate (PC) filters of the same

pore size, whereas ELFA particles of all sizes are measured by

fluorimetry. Thus, dispersion could be due to differences in

the proportion of small ELFA particles between different incu-

bated samples. Second, using raw 2D images may be another

source of variability. Current raw 2D images of filters acquired

to calculate the conversion factor (ConvF) are focused to the

plane with the highest amount of fluorescence, but this com-

promise undersamples fluorescence for three reasons: only

one optical slice of large objects is acquired, only one optical

slice of the out-of-focus light of objects (usually >10 mm

deep) is acquired, and not all objects in a frame are usually

well focused because some may detach from the PC filter dur-

ing sample mounting, and more important, because rippling

or mispositioning (not strictly orthogonal) of the PC filter

may occur. The proposed deconvolved 3D method for FLEA

quantification is expected to significantly improve this critical

step in the FLEA technique.
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In conclusion, deconvolved 3D FLEA measurements pro-

vide superior analytical power and are recommended to dis-

tinguish cells with SCPA differing by less than an order of

magnitude. They also avoid problems of comparability

between different size cells and, finally, they are the most

appropriate option in those cases where the value of each sin-

gle cell is important rather than the average of a population of

cells. This is the case for measurements of activity in less

numerous species and in the combination of the FLEA tech-

nique with other single-cell techniques. The deconvolved 3D

FLEA technique alone will provide accurate information

about a relevant component of trophic strategy, the enzymatic

pathway, which should be incorporated into studies of biolog-

ical traits that could be important for the fitness of species

(54). This will aid in reconstructing the evolutionary history

of the trophic strategy, defining the functional niche of many

microplanktonic species, and better understanding and mod-

eling of the dynamics of enzyme activity in nature. In addi-

tion, the deconvolved 3D FLEA technique improves the

accuracy of the FLEA technique at the cell level enough to

make it combinable with microautoradiography or MAR-

FISH for single-cell nutrient incorporation, and with FLBs or

CARD-FISH for single-cell bacterivory assessments. Such

technical integrations may provide information about detailed

biogeochemical processes such as the link between hydrolytic

enzyme activity and nutrient uptake at the cellular level and in

close-to-in situ conditions, but also about functional shifts in

trophic strategies within mixotrophic populations of the

microbial loop.
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