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ABSTRACT: Aggregates consist in many cases of microorganisms attached to an organic matrix. Several 
attempts have been made to visualise the mucoid components of the matrix by staining (e.g. alcian blue 
for carbohydrates and coomassie brilliant blue for proteins). Modern equipment, such as epfluorescence 
microscopes, flow cytometers and confocal laser scanning n?icroscopes, requires or works best with 
fluorescently marked objects. Therefore, there is a great need for a fluorescent dye to visualise poly- 
saccharides associated with aggregates. Like proteins, polysaccharides are very heterogeneous in their 
3-dunensional structure. Depending on the types of interglycosidic bonds and the orders of mono- 
saccharide building blocks, various conformations are possible (i.e. helices or molecule layers). More- 
over, saccharides are very hard to modify covalently in water at natural pH levels. To date, the only 
available fluorescence marker is 5-(4,6-dichlorotriazinyl)aminofluorescein (DTAF), which binds 
covalently to polysaccharides at room temperature when the pH is above 9 This paper compares the 
results of staining particulate organic matter (POM) with DTAF with the results of staining with the 
DNA-specific stain propidium iodide, which has been recently introduced to visualise detritus. Results 
are related to other POM properties, e.g. particle volume measured by coultere Counter and particulate 
organic carbon (POC). When plankton and floccular sediment layer samples were stained with DTAF, 
the total particle volume was, in 13 out of 17 samples, 11 to 393% greater than that revealed by pro- 
pidium iodide. The mucoid matrix of large particles (>50 pm charneter) stained well with DTAF, whereas 
this material was only weakly detected w t h  propidium iodide. In contrast, very small particles such as 
bacteria were seen better with propidium iohde. The total parbcle volume of a DTAF-stained sample 
calculated from 2-dimensional image analysis data correlated significantly with POC, total particu- 
late polysaccharides, Coultera-counter-derived total particle volume, and light-microscope-derived 
summed volumes of bacteria, phytoplankton and protozooplankton. The total biovolumes contributed on 
average 62% of the Coultera Counter volume and 45% of propidium-iodide-stainable and 50% of 
DTAF-stainable volume in plankton samples from the Kirr Bucht and 58,59 and 61 % from the Rassower 
Strom, respectively. The remaining volume must be interpreted as the volume of amorphous detritus 
and, particularly in the case of the fluorescently stained particles, also as amorphous organic material. 

KEY WORDS: DTAF 5-(4,6-dichlorotriazinyl)aminofluorescein . Fluorescently labelled carbohydrates . 
Particle size. Epifluorescence microscopy . Image analysis system. Coultere Counter. Mucoid matrix of 
aggregates 

INTRODUCTION role in organic matter cycling, as microhabitats, and as 
sources of nutrition (e.g. Haake & Ittekkot 1990, Smith 

Particles and aggregates are important structures in et al. 1992, Bauerfeind et al. 1994, Wotton 1996). Quan- 
the pelagial zone of aquatic ecosystems (Alldredge & tification of the structure and function of particulate 
Silver 1988). There is an increasing awareness of their organic matter (POM) requires, for each size class, a 

determination of the total organic material, a determi- 
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separation of living material from detritus. Total POM 
is usually estimated from particulate organic carbon 
(POC), e.g. by chemical oxidation of organic matter 
followed by 1R-spectroscopic detection of the resulting 
carbon dioxide. To estimate POM on the basis of POC 
the specific carbon content of living organisms and 
detrital material must be considered. 

Knowledge of the particle size distribution is impor- 
tant for interpreting the role of, e.g., marine or lake 
snow aggregates (e.g. Karner & Herndl 1992, Grossart 
& Simon 1993) with respect to discontinuous distribu- 
tions of certain organic materials and connected micro- 
bial activities. These 'hot spots' of organic material can 
provide habitats for microorganisms or represent prey 
particles for zooplankton. However, the volume of 
POM and the particle size are difficult to measure. The 
CoulterQP Counter, widely used for estimating particle 
volumes (Vanderploeg et al. 1987, Gaju et al. 1989, 
Billington 1991, Eisma et al. 1991), fails to detect 
detritus, and above all it cannot detect the electrolyte- 
containing carbohydrate matrix of aggregates in plank- 
ton samples properly (Boyd & Johnson 1995). 

Alternative methods for quantifying particle volume 
and size distributions are microscopic techniques com- 
bined with 2- and 3-dimensional image analysis 
(Psenner 1993, Verity & Sieracki 1993). These methods 
are promising because they provide not only data on 
size classes, but allow the application of fluorescent 
markers for visualising &fuse gel-like structures in 
particles. 

The mucoid organic matrix of aggregates and trans- 
parent exopolymer polysaccharides (TEP) were visu- 
alised after staining with alcian blue (Alldredge et al. 
1993). Empirical histochemical observations showed 
this dye to be specific for negatively charged polysac- 
charides (Steedmann 1950, Lev & Spicer 1964). Unfor- 
tunately there is no information available concerning 
its binding properties at the molecular level. Moreover, 
this stain does not fluoresce and therefore cannot 
be detected by flow cytometry, and it is only weakly 
detected by confocal laser scanning rnicroscopy. 

The fluorescent brightener calcofluor white and the 
fluorescent stain primulin are frequently used for dye- 
ing carbohydrate containing substructures in cells and 
organisms (Caron 1983, Fritz & Triemer 1985). Like 
alcian blue, they are non-covalent, adsorptive binding 
stains. Calcofluor white associates specifically with 
cellulose or chitin (Elorza et al. 1983, Engle et al. 1994) 
and is therefore particularly appropriate for cell wall 
staining. 

There are several difficulties with the applications of 
propidium iodide, acridine orange and DAPI (4',6- 
diamidino-2-phenylindole) as fluorescent DNA stains 
for labelling detritus and biomass (Sieracki & Viles 
1992, Li & Logan 1995, Mostajir et al. 1995, Williams et 

al. 1995). The specific adsorption of most DNA stains to 
the double helix of the DNA often causes an increase 
in the fluorescence intensity and can therefore lead to 
a halo effect and to artificially enlarged cell images. In 
contrast, only the nucleus in eucaryotic cells is stained 
brightly (Sherr et al. 1993). Furthermore, little is 
known about other chemical interactions of DNA 
stains, such as the binding of DAPI to polyphosphate 
coupled with a drastic increase of the Stoke's shift (e.g. 
Tijssen et al. 1982) or the unspecific binding to alde- 
hyde functions (Haugland 1996). 

Another specific, covalent binding protein stain is 
FITC (fluoresceine isothiocyanate), which has been 
applied to organisms and organic particles (Moreira 
Turcq et al. 1993, Sherr et al. 1993, Schafer 1995). FITC 
does not react with carbohydrates in water under 
neutral to alkaline conditions and therefore cannot 
stain mucoid regions of aggregates. Fluorescently 
labelled lectins are very specific for special saccharides 
(Moreira Turcq et al. 1993, Waite et al. 1995, Cowen & 

Holloway 1996), but because of their comparably large 
size they can only attach to particle or organism sur- 
faces (cf. Van Rijssel et al. 1997). However, their high 
selectivity for only certain monomers results, in most 
cases, in weak staining which can only be detected 
by flow cytometry. Fluorescently marked organism- 
specific RNA probes (e.g. Hicks et al. 1992), which up 
until now have given comparably low fluorescence 
signals, mark only active cells. For a general visualisa- 
tion of the whole microbial assemblage none of the 
abovementioned stains are yet applicable. 

In contrast to DNA and RNA, which have a clearly 
defined structure, polysaccharides are structurally 
very diverse (Atkins 1985), and it would seem difficult 
to create a universal labelling reagent on the basis of 
non-covalent interactions for all forms of polymeric 
carbohydrates. Nevertheless, there is great need for a 
general fluorescent carbohydrate stain as a marker for 
total biomass and for mucoid matrices of aggregates 
and detritus. This would enable POM to be quantified 
by means of powerful optical equipment, such as flow 
cytometers, in addition to standard epifluorescence 
microscopy. 

The only commercially available fluorochrome that 
meets these requirements is DTAF (5-(4,6-dichlorotri- 
azinyl)aminofluorescein, isomeric form of fluores- 
ceinamine dichlorotriazine). In marine ecology it has 
been widely and successfully applied at 50 to 60°C for 
labehng viruses, bacteria, algae and even sediment 
particles in proto- and metazoan grazing experiments 
(Sherr et al. 1987, Rublee & Gallegos 1989, Gonzalez & 
Suttle 1993, Starink et al. 1994, etc.). Surprisingly, the 
binding mechanism of DTAF has not been discussed. 
The major advantage of DTAF is, however, that it is 
able to react directly with polysaccharides and pep- 
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tides at ambient temperatures at pH above 9 (De 
Belder & Granath 1973, Haugland 1996), thus making 
it eminently suitable for undisturbed labelling of nat- 
ural organic aggregates. 

Unlike most nucleic acid stains, which intercalate or 
associate with DNA and RNA, DTAF binds covalently 
to primary hydroxyl functions of carbohydrates and 
N-termini of proteins. The covalent binding properties 
and the large number of binding places (hydroxyl 
functions, amino groups) particularly in carbohydrates 
make DTAF favourable as a robust (not removable by 
washing procedures) intensive fluorochrome for cells, 
detritus and organic particles. Excitation is with blue 
Light (maximum 493 nm), giving a typical yellow-green 
fluorescence emission (maximum 517 nm). 

This paper demonstrates the usefulness of DTAF as a 
reliable marker for total organic material using a range 
of very different sample types. Particulate material was 
obtained from the water column, and from freshly 
settled surface sediment deposits at 2 stations with 
different eutrophication levels on the coast of the 
southern Baltic Sea (Fig. 1). Thus, at least 3 types of 
samples give the opportunity to compare the quality of 
the DTAF staining with other methods: (1) flocculate 
sediment samples with large particles (100 to 300 pm 
diameter) and abundant mucoid substances; (2) plank- 
ton samples from a mesotrophic bodden station; 
(3) plankton samples from a hypereutrophic bodden. 
Boddens are typical tideless, shallow estuaries found 
along the Baltic Sea coast with salinities below 15%0. 

The total particle numbers, total volume and the par- 
ticle volume distribution of all samples are compared 
to the results obtained with the propidium iodde 
detritus-staining procedure (Williams et al. 1995). All 
data are related to particle numbers and total volume 
derived by the CoulterN Counter technique, POC, par- 
ticulate carbohydrate concentrations and the biomass 
of planktonic organisms (bacteria, phytoplankton and 
protozoa) derived with light microscope counts using 
traditional counting techniques. 

MATERIALS AND METHODS 

Sampling. Plankton samples were taken in May, 
July and October 1996 at stations in the Kirr Bucht and 
Rassower Strom, Germany (Fig. 1). The Kirr Bucht is a 
small and very shallow bight (max. depth 1.5 m, area 
17 ha), with a wind-mixed water column, near the cen- 
tre of a long chain of eutrophic to hypereutrophic bod- 
dens. Water exchange with the Baltic Sea is minimal. 
For approximately the last 10 yr the plankton of this 
bodden chain has been dominated by phytoplankton 
consisting of colony-forming cyanobacteria and green 
algae with diameters of 20 to 40 pm (Schumann 1993, 

Fig. 1. Sanlpling sites at Kirr Bucht In the 
DarB-Zingster Boddenkette and Rassower 
Strom near the island of Riigen on the 
coast of the southern Baltic sea ,  Mecklen- 

burg-Vorpommern (Germany) 

for a survey on the system see Schiewer et al. 1993). 
The Rassower Strom station had regular water ex- 
change with the Baltic Sea and was 4 m deep; samples 
were taken at the surface. Plankton at this station was 
dominated by pigmented flagellates, and in July by 
chlorophytes and single-celled cyanobacteria. 

Preparation of sediment samples. The floccular sed- 
iment samples were taken from 3 sediment cores 
(10 cm diameter) by carefully siphoning off the 2 mm 
thick layer of organic material mixed with inorganic 
components above the sediment (Schumann & Rentsch 
1997). The very mobile coverings of the sediments so 
obtained were mixed together to give a volume of 
about 450 ml, which was then diluted with supernatant 
water of known composition to give a final volume of 
600 ml. The data shown here refer to concentrations in 
the 600 ml. For the discussion of the sediment layer 
data with respect to sediment analysis it is possible to 
correct all figures to the original 2 mm layer. 

Staining procedures. 0.5 ml of each glutaraldehyde- 
(1 % final concentration) fixed plankton sample and of 
previously diluted and fixed sediment layer samples 
(1:lO in particle free 8.5% NaC1) were mixed with 
100 pM DTAF (Sigma) in carbonate buffer adjusted to 
pH 9.5 for staining at room temperature (DeBelder & 

Granath 1973, Haugland 1996). DTAF concentration 
could be reduced to 100 pM, which was below the 
amount used for bacterial staining by Sherr et al. 
(1987), without loss of brightness of dyed particles. A 
time series indicated that best results occurred 
after 12 h. Counterstaining with DAPI (after Porter & 
Feig 1980) showed that after at least 12 h all DNA-con- 
taining material dyed by DAPI was already stained 
sufficiently by DTAF. The incubation of samples at 
temperatures of about 50°C (e.g. Sherr et al. 1987 for 
bacteria, Starink et al. 1994 for sediment particles, 
Posch & Arndt 1996 for detritus particles) is not neces- 
sary if the staining procedure lasts for more than 12 h. 
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The samples were then filtered onto irgalan black- 
ened 0.2 pm lsopore@ polycarbonate membranes 
(Sigma) with a pressure of -200 mbar. They were 
washed with 8.5% NaCl until no more DTAF was 
present in the filtrate. Filters were mounted onto slides 
and covered with immersion oil (Olympus) and a cover 
slip. 

The nucleic acid stains DAPI and acridin orange 
showed, besides some non-specific reactions, a rela- 
tively high and variable background fluorescence, 
which disturbed the image analysis procedure. In con- 
trast, samples stained with propidium iodide had an 
even, dark background. Non-specific dyeing of cope- 
pod chitin or other structures not containing nucleic 
acids seemed to be less frequent with propidium 
iodide. Therefore propidium iodide was chosen as a 
nucleic acid stain for cells and organism-derived detri- 
tus to be compared with the carbohydrate and protein 
stain DTAF. The staining procedures for DAPl (Porter 
& Feig 1980), which here was only applied to bacteria, 
and for propidium iodide (Williams et al. 1995) were 
slightly altered in that the samples were first filtered 
onto the polycarbonate membranes and then stained 
using the stock solutions described in the literature. 
The larger sediment layer particles in particular were 
more reproducibly stained and appeared brighter with 
this procedure. After staining for 5 min, the dye solu- 
tions were removed by filtering, and the filters were 
washed with 1 m1 8.5 % NaCl. DAPI stains the DNA of 
live and dead cells, whereas propidium iodide dyes 
only the DNA of dead material (Williams et al. 1995, 
Haugland 1996) as it cannot permeate intact mem- 
branes. In the case of the fixed samples analysed in this 
work, propidium iodide should have marked all DNA- 
containing particles fluorescently. 

Microscopic image analysis of particle size distrib- 
ution. The samples were examined using an Olympus 
BH2-RFCA epffluorescence microscope with a magni- 
fication of 200 (20 X objective without oil), as the aim 
was to find larger particles. The smallest size detect- 
able with this set-up was 1 pm, so that most of the bac- 
teria remained invisible. The filter sets were UV (UG 1) 
for DAPI, green (BP 545) for propidium iodide and blue 
(BP 490) for DTAF. 

At least 30 images per sample were taken with a 
Proxicam black and white video camera (Proxitronic, 
Bensheim, Germany) and transferred to the black and 
white image analysis software CUE 2 (Galai, Israel). 
This software shows images in 256 grey levels on a 
Sony Trinitron 512 X 512 resolution monitor. Threshold 
was set manually for every image to exclude back- 
ground noise and compensate for differences in 
staining brightness, if necessary. In Rassower Strom 
samples, which had low particle concentrations, 289 to 
2161 particles were analysed. In &rr Bucht samples, 

3655 to 10575 objects were investigated, and 464 to 
4078 particles were investigated in sediment layer 
samples. 

The following parameters were recorded for all ob- 
jects: 36 'ferret' diameters including largest diameter 
(maximum ferret) and smallest diameter (minimum fer- 
ret), size (average diameter), area, perimeter and shape 
factor. Ferret diameters are dstinct diameters de- 
termined at 0' orientation (the vertical diameter) and 
every 10" in rotation in the case of 36 ferrets. To calcu- 
late a volume out of such 2-dimensional data, the 
largest and smallest diameters were used to estimate a 
spheroid shaped object, as indicated by Knowles & 

Wells (1996) to be appropriate. Total particle volume 
of a sample consisted of the sum of all individual 
volumes. Size classes were built logarithmically from 
0.01 to 100000 pm3. The size class distributions show 
the percentage of particles in a given class and the total 
volume of all particles belonging to this class. 

Additional characteristics of POM. Particle number 
and individual volume of the same samples were in- 
vestigated with a coultere Counter Multisizer I1 apply- 
ing a 70 pm orifice capillary. Larger orifice diameter 
could not be used because of the large numbers of very 
small particles present even in 1:1000 times diluted 
samples. Two or more of these small particles often 
passed the opening of the capillary at the same time, 
triggering the coincidence warning. This terminated 
the measurement and did not allow the successful 
analysis of some sediment layer samples without a 
greater dilution error (loss of larger and much rarer 
particles). 

POC was measured with a TOC 5000A total organic 
carbon analyser (Shimadzu) equipped with a sus- 
pended particle kit (Shimadzu) after catalytic high 
temperature oxidation (Sugimura & Suzuki 1988), 
and subtracting the dissolved organic carbon content 
(Whatman GF/F filtered samples). Particulate carbohy- 
drate amounts were estimated according to Burney & 
Sieburth (1977) after chemical hydrolysis. The values 
were also corrected by subtracting the dissolved 
carbohydrate concentrations. 

Bacteria were counted after staining with DAPI (Porter 
& Feig 1980). Biovolume was calculated from a volume 
factor of 0.15 pm3 per cell as was used in Klinkenberg 
& Schumann (1995) for samples from these waters. 
Phytoplankton samples were fixed with Lug01 solution, 
counted and measured for volume estimation under an 
inverted microscope. Protozoa were quantified alive 
(Dale & Burkill 1982) in a rafter chamber containing a 
0.5 to 1 m1 sample for ciliates and larger flagellates, 
and in a blood counting chamber for smaller flagellates 
(<l0 pm). Ciliate and flagellate abundances of indi- 
viduals larger than 20 pm were rechecked in the 
Lugol-fixed samples during phytoplankton analysis. 
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Data analysis. The Mann-Whitney rank sum test was 
used for comparison of the medians of 2 particle 
volume distributions. Due to the large amount of very 
small particles a second test of significant differences 
between volume medians was carried out with all 
particles larger than 1 pm3. 

RESULTS 

Staining results 

In addition to staining organisms, which fluoresced 
bright yellow, DTAF also stained mucoid structures 
between cells with a weak yellow-green colour 
(Fig. 2a). The fluorescence of such gelatinous regions 
of aggregates depended obviously on the concen- 
tration of carbohydrates in them. On the surfaces of 
mineral particles only cells were dyed (Fig. 2b). The 
inorganic material itself did not show fluorescence 
caused by attachment of the dye. 

Estimating the total particle volume and abundance 

After analysing the particles with a 2-dimensional 
monochrome image analysis system, the DTAF stain- 
ing of plankton produced a lower particle count (on 
average 32% less, with a range of 8 to 82%) com- 
pared to the propidium-iodide-staining procedure in 
nearly all samples. Most of the 'lost' particles were 
very small bacteria-shaped objects. The greatest 
differences occurred in the samples from Rassower 
Strom, which had few relatively large particles. 
However, the total particle volume with DTAF 
staining was considerably larger in 7 of 10 samples 
(Table 1). 

The total particle numbers were similar when the 
2 staining procedures were applied to the sediment 
layer samples, which contained larger aggregates. 
Except for 1 sample, the detected particle volume was 
higher by 122 O/o (range 39 to 393 %) after DTAF stain- 
ing (Table 2). 

The thorough staining of the main 
carbohydrate and protein compo- 1.94 2.59 

Any remaining non-covalently bound 
Table 1 Particle numbers (106 ml-l) and total particulate volume (mm:' 1.') of DTAF was lemoved by washing the plankton samples from the Kirr Bucht and Rassower Strom after staining with 

samples with carbonate buffer, thus DTAF or propidium iodide (PI). Values in bold type indicate that total particle vol- 
improving the resolution between ume with DTAF was larger 

objects and background. Even scat- 
tering of light by mineral particles 
did not reduce the image quality. 

(Fig. 2d). In most cases, DNA stains 2.11 3.09 82 3 1 +165% 
such as DAPI ~ r o d u c e d  clear and 

Abundance Volume Relation 
DTAF PI DTAF PI DTAF:PI 

nents of organisms obtained with 
DTAF produced data suitable for 
calculating the whole cell volume 

1 M'ay 1996 1.57 1.70 60 44 + 3 6 %  
1 Jul 1996 3.94 4.54 63 5 7 +11% 
2 Jul 1996 3.28 4.19 58 4 3 +35% 
7 Oct 1996 1.74 3.64 36 75 -52 % 

priate for cell volume determination 
Table 2. Particle numbers (10%11) and total particulate volume (mm3 I-') of sam- 

in cyanobacteria' as the chlorophyll ples from the fluffy sediment layer after staining with DTAF or propidium iodide 
is in the (PI). Values in bold type indicate that total particle volume with DTAF was larger 

bright visualisations only of the 
nuclear region of eucaryotes, or the 
core DNA-containing region in pro- 
caryotes (Fig. 2c). Using chloro- 

30 Apr 1996 0.075 0.047 10.4 6.5 +60% 
8 Jul 1996 0.296 0.334 9.3 3.5 +166% 
9 Jul 1996 0.144 0.244 31.2 6.8 +359% 

30 Sep 1996 0.098 0.557 2.1 3.6 -42 % 

phyll a fluorescence is more appro- 

cells (Fig. 2e). 

cence indicated a complete staining 2 Jul1996 7.4 6.3 2790 1800 +55 % 

of the whole matrix (Fiq. 2f), the 1 7 Oct 1996 10.3 11.3 4380 2570 +?O% 

Fig. 2f, g shows contrasting images 
of the same aggregates from a sedi- 
ment layer sample double stained 
with DTAF and propidium iodide. 
Whereas the yellow DTAF fluores- 

Abundance Volume Relation 
DTAF PI DTAF PI DTAF:PI 

Kirr Bucht 
1 May 1996 6.0 3.7 4820 850 +393% 
1 Jul 1996 13.1 13.1 4320 2060 +110% 

background (Fig. 29). 

, -  . 

red fluorescence of the DNA stain 
showed only bacteria-shaped objects 
associated with a weakly fluorescing 

Rasso\ver Strom 
30 Apr 1996 2.2 3.1 1710 1060 +62% 
8 Jul 1996 2.8 7.2 1760 2810 - 37 'X 

30 Sep 1996 2.6 1 4  1650 1190 + 39 % 
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Fig. 2. (a) Organic mucus-rich aggregate and (b) mineral particle 
with attached organisms of a flocculate sediment layer sample 
from the Kirr Bucht (7 April 1997) stained for 12 h with DTAF. 

I 
Magnification 200x. Excitation: blue, BP 490 nm. Red fluorescence 
from chlorophyll a. (c-e) Trichom of Lyngbya contorta from the 
Kirr Bucht plankton sample (7 April 1997) stained with DTAF for 
12 h a n d  counterstained with DAPI for 5 nun Magnification lOOOx, 
oil immersion. Excitation: (c) UV, BP 410 nm white-blue colour of 
DAPI stained DNA; (d) blue, BP 490 nm yellow-green colour of 
DTAF stained carbohydrates and proteins; (e) green, BP 545 nm 
red colour of chlorophyll a.  ( f ,  g) Organic aggregate with bacteria 
and cyanobacteria from a glutardialdehyde fixed flocculate sedi- 
ment layer sample (cf. a ,  b) stained 12 h with DTAF and counter- 

I 
stained with propidiurn iodide for 5 min. Magnification lOOOx, oil 
immersion. Excitation: ( f )  blue, BP 490 nm yellow-green DTAF and 
orange-red chlorophyll a ;  (g) green, BP 545 nm red fluorescence 

of propidium iodide and chlorophyll a 

^ w* I ' ''9 I If- 

=/-. 

!, 
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Plankton Sediment layer 
Class k r r  Bucht Rassower Strom Kur Bucht Rassower Strom 

n = 6  n = 4  n = 4  n = 3  

Propidium iodide 
Particle numbers 
0.01-0.1 5.6-7.6 3.8-9.3 4.2-8.6 10.4-18.4 
0.1-1 39.4-49.6 38.0-66.1 34.7-38.5 28.2-33.5 
1-10 35.8-40.0 25.2-38.6 30.8-39.2 22.6-23.4 
10-100 6.2-14.1 4.0-17.1 12.3-15.7 12.3-14.9 
100-1000 1.0-2.3 0.8-3.4 4.0-7.0 6.1-12.6 
1000-10000 0.1-0.5 0.1-0.3 1.4-3.3 4.5-5.9 
10000-100000 0-0.02 0 0.6-0.6 0.5-1.4 
> l00000 0 0 0-0.05 0-0.2 

Particle volume 
0.01-0.1 0.02-0.05 0.02-0.05 0 0 
0.1-1 0.8-2.2 0.6-4.2 0.1 0.02-0.04 
1-10 4.1-13.4 4.5-13.4 0.4-0 7 0.1-0.3 
10-100 12.0-36.4 17.9-36.4 1.4-3 0 0.5-1.6 
100-1000 17.4-49.2 24.3-45.1 4.6-10.1 3.0-14.6 
1000-10000 10.5-65.6 10.5-52.7 23.0-52 3 18.6-55.1 
10000-100000 0-27.8 0 34.9-68.2 26.6-53.8 
> l00000 0 0 0-26.4 0-51.2 

DTAF 
Particle numbers 
0.01-0.1 3.3-8.1 4.5-8.5 4.6-10.1 14.1-24.4 
0.1-1 30.0-45.9 32.8-37.3 30.3-36.8 28.3-31.4 
1-10 36.6-46.8 32.5-41.9 34.0-41.0 20.7-26.5 
10-100 7.4-16.4 11.4-19.7 12.2-16.0 13.1-16.1 
100-1000 1.2-3.1 1.9-6.9 3.1-4.5 3.2-7.9 
1000-10000 0.1-0.4 0-1.0 1.2-3.3 4.6-5.6 
10000-100000 0.02-0.08 0-0.7 0.9-1.4 1.3-1.5 
> l00000 0 0 0.03-0.22 0-0.2 

Particle volume 
0.01-0.1 0.01-0.03 0-0.02 0 0 
0.1-1 0.4-1.3 0.1-0.7 0.02-0.05 0.02 
1-10 3.0-9.5 0.7-5.7 0.1-0.4 0.1 
10-100 7.4-21.9 1.6-37.0 0.7- 1.4 0.7-0.8 
100-1000 10.0-42.8 5.7-56.5 1.5-3.8 1.6-4.5 
1000-10000 14.5-42.0 0-30.2 12.6-22 2 26.1-27.2 
10000-100000 19.0-50.2 0-82.1 42.3-63.7 37.3-70.6 
> l00000 0 0 12.8-39.9 0-31.2 

Average particle volume 

Particle volume distribution ment layer samples the volume of particles > l0  000 pm3 
was 55 % (28 to 78 %) of the total volun~e. Stained with 

The hlgher total particle volumes detected in most DTAF, however, these size classes contributed on aver- 
DTAF-stained samples should also be reflected by age 75 % (68 to 82 %) to the total particulate volume. 
different particle volume distributions. Most (66 to When comparing plankton and sediment layer sam- 
95 %) objects had volumes between 0.1 and 10 pm3 in- ples stained with propidium iodide or DTAF, e.g. from 
dependent of the staining procedure and sample type the Kirr Bucht (July 2, 1996, Fig. 3), it was clear that the 
(Table 3). Particles larger than 10 000 pm3 were found majority of particles were in the smaller size classes 
only twice in plankton samples stained with propidium (<l0 pm3), but that their contribution to particle vol- 
iodide, but could be detected in all but 1 sample stained ume was negligible. The larger, very rare particles 
with DTAF. With respect to volume, the most important (>l0000 pm3, less than 1 % of all analysed objects per 
size class in the case of propidium iodide was that be- sample) contributed 73 % of the DTAF-stained and 
tween 10 and 10 000 pm3, but with DTAF most of the 67 % of the propidium-iodide-stained total volume in 
volume was contributed by particles between 100 and the sediment layer samples shown in Fig. 3. It was dif- 
100 000 pm3 For the propidium-iodide-stained sedi- ficult to accurately reproduce results in this important 

size range because of the infrequent 
occurrence of the very large particles. 

Table 3. Range of particle portions (%) in volume-based size classes (pm3) and very 'light differences in 

of the contnbutlon of the total class volume to the whole particle volume (%) the minimal and maximal diameter 

The discrepancies in total volume 
and the occurrence of larger particles 
after DTAF staining should lead to 
statistically significant differences in 
average object parameters. A compar- 
ison of the particle volume distribu- 
tions of 17 samples stained with DTAF 
or propidium iodide showed that in 6 
cases the median volumes were larger 
with DTAF staining, with 9 cases 
being not significantly different, and 
2 being significantly lower (Table 4) .  

The extremely high number of very 
small particles (Table 2)  had a negli- 
gible contribution to total volume but 
strongly influenced the calculation of 
the median volume. As the volume 
distributions were strongly weighted 
towards small particles, tests for sig- 
nificant differences were restricted 
to non-parametric rank sum tests for 
non-normally distributed groups, e.g. 
Mann-Whitney test. Thus, the differ- 
ences in median volume did not show 
so clearly the advantage of DTAF in 
staining organic aggregates in the 
larger size classes. To remove the 
influence of small objects, a second 
test run was employed with the re- 
moval of all objects < l  pm3. The vol- 

of samples stained with propidium iodde and with DTAF influence the calculated volume 
strongly. 
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size class 

size class 

/I particle number I particle volume 

0.1-1 10-100 1000-10000 ~l00000 

size class [pn3] 

size class 

[Cl particle number lparticle volume1 

Fig. 3. Distribution of particle numbers and particle volumes in samples from the Km Bucht (July 2, 1996) logarithmically bu~lt  
size classes between 0.01 and 100000 pm3 per particle from (a, b) the plankton and (c, d) the flocculate sediment layer stained 

with (a, c) DTAF and (b, d) propidium iodide 

Table 4. Median means of partlcle volume for propidium iodde staining and DTAF staining (italicised values indicate a signifl- 
cantly higher volume median confirmed by Mann-Whitney rank sum test, p < 0.05) of all particles and of only those particles 

larger than 1 pm3 (for number of particles see 'Materials and methods') 

All particles Particles larger than 1 pm3 
DTAF Propidium iodide DTAF Propidium iodide 

I r r  Bucht 
Plankton 30 Apr 1996 1.25 1 .OO 3.27 3.14 

1 May 1996 0.79 0.79 3.40 3.12 
1 Jul 1996 0.7 9 0.79 2.57 2.93 
2 Jul 1996 0.79 0.73 2.60 2.40 
7 Oct 1996 1.66 1.00 4.47 3.20 
8 Oct 1996 1.66 0.79 4.59 2.84 

Sediment layer 1 May 1996 1.53 1.38 6.82 7.18 
1 Jul 1996 1.26 1.49 5.59 5.35 
2 Jul 1996 1.01 1.06 5.40 5.18 
7 Oct 1996 1.66 1.34 5.63 5.18 

Rassower Strom 
Plankton 30 Apr 1996 1.66 0.73 7.29 4.86 

8 Jul1996 1.56 1.17 4.44 5.13 
9 Jul 1996 1.51 1.30 4.16 6.00 

30 Sep 1996 1.66 0.51 6.23 1.66 
Sediment layer 30 Apr 1996 1.78 1.65 12.8 19.7 

8 Jul 1996 0.63 1.33 10.9 7.23 
30 Sep 1996 0.68 0.76 12.7 14.3 
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ume distributions remained inclined and non-normal, 
and the Mann-Whitney test showed 7 samples with 
significantly larger DTAF-stained volumes and only 1 
with a significantly lower volume (Table 4). 

Organic particle volume in relation to other 
POM characteristics 

In order to test the reliability of the POM volume 
derived from image analysis data, comparisons were 
made with a range of other parameters describing the 
properties of particulate matter. The total particle vol- 
ume derived with a Coulter" Counter correlated signif- 
icantly with that obtained with image analysis of both 
DTAF- and propidium-iodide-stained samples (Table 5). 
Highly signifrant correlations were also detected be- 
tween POC and estimates of total volume from image 
analysis. Other significant correlations were found 
between particulate carbohydrates and Coulter vol- 
ume. The ratio between total volumes measured after 
DTAF and propidium iodide staining was 1.3 for Kirr 
Bucht pelagic samples containing many plankton cells, 
but was higher at 2.4 for Rassower Strom pelagic sam- 
ples and 2.1 for sediment layer samples, which obvi- 
ously had more mucus-containing aggregates. The 
correlation between microscopically estimated summed 
biovolumes of phytoplankton, bacteria and protozoa 
and the volumes estimated wi.th image analysis was 
significant, but not as good as with POC, due to the 
variable amount of detritus in the samples. 

The contribution of phytoplankton, bacterial, and 
protozoan biovolumes to the total particle volume in 
plankton samples averaged for the Kirr Bucht 62 % (24 to 
117 %) of the Coultera Counter volume, 45 % (26 to 68 %) 
of propidium-iodide-stainable and 50 % (19 to 67 %) of 
DTAF-stainable volume. In Rassower Strom samples the 
biovolume contributed 58% (20 to 118%), 59 % (23 to 
83 %) and 61 % (14 to 142%), respectively. When the 
biomass exceeded that of the Coulter" Counter, or 
the DTAF-stained volume, this was due to either the 
CoulterB Counter not detecting dead cells (Boyd & John- 
son 1995) or bacteria smaller than 1.4 pm in sphere 
equivalent diameter, and to the insufficient DTAF stain- 
ing of small bacteria for the relatively low magnification 
of 200x. The variability, however, between individual 
samples was high. An analysis of the DTAF-calculated 
total particle volume is shown in Fig. 4 for a Kirr Bucht 
pelagic sample: 6% of the total volume was bacterial, 
3% was from protozoa and 30% was from phyto- 
plankton, and the remaining 61 % was assumed to be 
detritus or the mucoid areas of organic particles; 43 % 
of the biomass and detritus volume was detectable with 
the Coulter" Counter and 58 % with propidium iodide 
staining (relative to DTAF-derived values). 

Table 5. Correlation matnx of data describing POM proper- 
ties. CC: volume of Coultere Counter (p1 I-'); PI: propidium 
iodide stained (p1 1.'); DTAF: DTAF stained (p1 I - ' ) ,  POC: par- 
ticulate organlc carbon (pmol C I-'); PCHO: particulate carbo- 
hydrates (pmol C I-'); BV. b~ovolume of phytoplankton, bac- 
teria and protozoa (p1 I-'). Only CC, PI and DTAF include data 
on sediment layer samples, the others include only plankton 

samples. ('a < 0.05, " a  < 0.01 and " ' a  < 0.001) 

CC PI DTAF POC PCHO BV 

CC 1 

PI 0.696" 1 
n T 13 

DTAF 0.784" 0.777 "' 1 
n = 13 17 

POC 0.984 "' 0.987 "' 0.985"' 1 
n = 9 9 9 

PCHO 0.988"' 0.581 0.435 0.989"' 1 
n = 11 11 11 9 

BV 0.657 0.838" 0.784' 0.474 0.522 1 
n = 8 8 8 8 8 

DISCUSSION 

The recently recognised importance of aggregate- 
coupled microbial activity (e.g. Karner & Herndl 1992, 
Smith et al. 1992, Grossart & Simon 1993) demands the 
analysis of size classes of organic particles and of the 
substrate quality occurring in them. 

Several methods are currently in use for determining 
the total particle volun~e of aquatic samples, some 
based on conductivity differences of the sample, e.g. 
the Coulter" Counter (e.g. Gaju et al. 1989, Billington 
1991), others using optical properties of the sample, 
e.g. underwater photography (Eisma et al. 1990, 1991, 

.. 
biomass CC PI DTAF 

Fig. 4. Total biovolume of bacteria, protozoa and phyto- 
plankton (p1 1-') compared to Coulter@ Counter (CC) volume 
and propidium-iodide-stained and DTAF-stained particle vol- 
ume (p1 I-', DTAF volume assumed as 100%) from the Kirr 

Bucht plankton sample (2  July 1996) 
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Kilps et al. 1994, Knowles & Wells 1996). Computer- 
assisted 2-dimensional microscopic image analysis is 
an established technique for estimating the size and 
shape of microorganisms viewed with transmitted light 
(Van Wambeke 1988, Sieracki & Viles 1990, Weeks & 

Richards 1993). Fluorescence microscopy has the 
advantage of revealing otherwise invisible or indistin- 
guishable structures, either using naturally occurring 
fluorochromes (e.g. chlorophyll; Estep & MacIntyre 
1989, Walsby & Avery 1995) or after adding artificial 
fluorochromes to label a structure of interest (e.g. 
Krambeck et al. 1990, Yamaguchi et al. 1995). Video 
images of fluorescent structures are of h g h  contrast: 
bright colour against a more or less black background. 
Therefore, the determination of threshold levels in 
which the choice is made between object pixels and 
background pixels is comparably easy. 

The original use of DTAF was to fluorescently label 
certain polysaccharides, in particular dextrans, in 
order to follow their fate in animal or human tissue 
(e.g. Letourneur et al. 1993) or to label proteins, a role 
in which the relative resistance of DTAF to hydrolysis 
was confirmed (Siegler et al. 1989). Remarkably, bind- 
ing with DTAF did not alter the reactivity and biologi- 
cal function of the protein molecule (Keith et al. 1981). 

Sherr et al. (1987) introduced the DTAF-labelhng 
technique for preparing fluorescently marked bacteria 
as prey organisms for protozoa. Unfortunately, they did 
not discuss the staining mechanism. They found that 
best staining results could be obtained by incubation of 
bacteria with DTAF for 2 h at 60°C. This heating step of 
course killed the prey particles, which may have lead 
to altered ingestion rates. To avoid killing the prey 
organisms, several attempts were subsequently made 
with fluorescent redox indicators, such as cyanoditolyl 
tetrazolium chloride (Epstein & Rossel 1995) or hydro- 
ethidine (Putt 1991). But, these fluorochromes are not 
appropriate for staining amorphous organic matter in 
aggregates. 

We found that if the incubation of organic particles 
with DTAF was prolonged for more than 12 h at pH 
well above 9, then sufficient staining was observed at 
room temperature. In this way it was possible to stain 
living organisms as well as dead cells and amorphous 
material. However, stained algae often showed only 
weak yellow fluorescence, as chlorophyll fluorescence 
induced by the blue excitation light was much brighter 
than from DTAF (cf. Fig. 2a, c, e). This could explain 
the unsatisfactory staining results with this dye which 
have been reported with algae (Putt 1991). 

Bacteria stained with DTAF were not as bright as 
those prepared with DNA stains such as DAPI or 
propidium iodide (cf. Fig. 2c, d), because in contrast to 
DTAF the binding of these fluorochromes to DNA en- 
hances the fluorescence intensity of the dye immensely 

(Haugland 1996). When using DNA stains, either with 
DTAF or alone, it should be considered that the halo 
effect of DNA-specific stains (Krambeck et al. 1990) 
resulting from the increase in fluorescence intensity 
may distort the image so that the true size or shape of 
bacteria is obscured. The inaccuracy caused by this 
effect is even worse in the case of eucaryotes, where 
often only the nucleus is stained sufficiently for auto- 
matic image analysis. 

Williams et al. (1995) tried a variety of fluorochromes 
with target structures such as polysaccharides, mem- 
branes and nucleic acids for differential staining of 
detritus and living material. They recommended a set 
of nucleic acid stains: the membrane permeable DAPI 
for all DNA-containing particles, and the non-perme- 
able propidium iodide for only dead material. This 
approach, based on differences in membrane per- 
meability, is very useful as there are many different 
nucleic acid stains with different permeabilities 
(Haugland 1996). 

We have shown here that for the staining of particulate 
organic material, especially the mucoid areas in aggre- 
gates, the application of DTAF is very useful. The 
covalent coupling to saccharides and protein not only 
provides many binding places in biomass, mucoid ma- 
trices around cells or in aggregates, but ensures the 
staining of organic material without generating too much 
noise in the images via adsorptive attachment to other 
objects, e.g. inorganic particles. In addition, it would be 
possible to combine DTAF staining with other fluo- 
rochromes for the selective labelling of live or dead 
individual microorganisms, as mentioned above. 

In plankton samples from the eutrophic Kirr Bucht 
and the Rassower Strom an average of 50 and 61 %, 
respectively, of the DTAF-stained particle volume 
was contributed by summed bacterial, protozoan and 
phytoplankton biomass. The remaining 50 and 39%, 
respectively, was probably amorphous particulate de- 
tritus, as it was not recognised by traditional rnicro- 
scopic counting techniques. So, about half of the 
volume of particulate organic matter in the pelagial 
was not connected to plankton organisms. This again 
underlines the importance of aggregates in pelagic 
systems, even when the particles are as small 
(<200 pm), as in the investigated coastal waters of the 
southern Baltic Sea, and of further microscopic investi- 
gations of the nature of particulate organic matter in 
addition to chemical examinations. 

The DTAF staining of carbohydrates and protein ex- 
ceeded the total propidium-iodide-stained and DNA- 
containing particle volume by 11 to 359% in ? out of 
10 plankton samples and by 39 to 393 % in 6 out of 7 
flocculate sediment layer samples. These higher total 
volumes resulted in most cases from the additional 
occurrence of larger particles through staining of the 
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mucoid matrix between cells, whereas the propidium 
iodide stained only individual cells. Therefore DTAF 
staining of aggregates is the appropriate method to 
characterise size classes and numbers of organic 
aggregates as the basis for studies of aggregate- 
associated microorganisms. 

For the application of automated image analysis 
routines, a problem occurs when regions with uneven 
brightness are found within one object; in this case one 
has to return to semi-automatic routines. DTAF stain- 
ing of biomass, however, produced evenly stained 
objects without large halo effects and with clearly 
marked outlines of the whole cells or organic particles. 
Therefore, DTAF not only is appropriate to mark car- 
bohydrates and protein in organisms and mucoid 
regions of aggregates, but complements perfectly the 
use of automatic imaging systems combined with epi- 
fluorescence microscopy. 
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