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Enzymatic Permeabilization of the Thecate Dinoflagellate
Alexandrium minutum (Dinophyceae) Yields Detection of

Intracellularly Associated Bacteria via Catalyzed Reporter
Deposition-Fluorescence In Situ Hybridization�
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The enzymatic permeabilization procedure described here allows the detection of intracellular bacteria in
the thecate dinoflagellate Alexandrium minutum by using catalyzed reporter deposition-fluorescence in situ
hybridization. The combined use of propidium iodide and calcofluor for confocal laser scanning microscopy,
together with general and specific fluorescent bacterial probes, demonstrated the intracellular presence of
bacteria, including members of the phylum Bacteroidetes.

Interactions between bacteria and algae are commonly ob-
served in aquatic ecosystems. It has been suggested that
dinoflagellate-associated bacteria (DABs) may have a role as
algal growth and bloom dynamics regulators, that they can be
involved in dinoflagellate toxin production, and that some have
algicidal properties (4, 5, 8, 9, 10, 11, 14, 15, 17, 20, 21, 24, 28,
29). The relationship between dinoflagellates and DABs has
generally been postulated to be symbiotic, as the two organ-
isms coexist and, in some cases, the association is maintained
for a long time (1, 5, 6, 10, 12, 16).

The presence of bacteria within dinoflagellate cells is still
controversial since, even though the presence of bacteria-like
particles inside cultured dinoflagellates, first described by Silva
in 1962 (25), has been confirmed in several species (1, 7, 16, 18,
19, 23), it has not been possible to detect them by fluorescence
in situ hybridization (FISH) in Alexandrium species (7). There-
fore, further studies are needed to clarify whether intracellular
bacteria are associated with these microalgae.

The localization, identification, and quantification of specific
groups of DABs are important for evaluating the role of bac-
teria-dinoflagellate associations in marine ecosystems and for
reaching a better understanding of toxic bloom dynamics. Mi-
croscopy used to assess the physical association between bac-
teria and phytoplankton or molecular biology techniques to
identify DABs cannot provide a simultaneous identification
and localization of DABs. For this purpose, in situ hybridiza-
tion using oligonucleotide probes targeting 16S rRNA (1, 2, 7,
22, 26), combined with a precise detection method such as
confocal laser scanning microscopy (CLSM), has been used
with positive results (1, 7), though not in the case of thecate
dinoflagellates such as Alexandrium spp. (7).

In this study, we have modified previously described cata-
lyzed reporter deposition-FISH protocols and fluorochrome

combinations (7, 16, 22, 26) to detect, localize, and identify
intracellular bacteria within cells of the thecate dinoflagellate
species Alexandrium minutum by using CLSM.

Alexandrium minutum AL10C cells from Estartit (Spain)
(provided by S. Fraga) were grown in L1 medium (13) pre-
pared with artificial marine water (Tropic Marin, Germany)
under a 16:8 h light/dark cycle at an irradiance level of 60 �mol
m�2 s�1 and a temperature of 20°C. Samples were harvested
after 10 days of culture, fixed with 4% formaldehyde (Merck,
Darmstadt, Germany) for 24 h at 4°C, and immobilized onto
an 8-�m-pore-size, 25-mm-diameter Cyclopore polycarbonate
membrane (Whatman International Ltd., Maidstone, En-
gland). Immobilized cells were rinsed with 1� phosphate-buff-
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FIG. 1. (A) CLSM images of hybridization signals from FISH ex-
periments. Assay of A. minutum cells using probe EUB338 without
(left) or with (right) the autofluorescence removal and permeabiliza-
tion pretreatments and tyramide signal amplification. (B) A. minutum
cells stained with calcofluor and either DAPI (left) or propidium
iodide (right).
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ered saline (0.1 M NaCl, 2 mM KCl, 4 mM Na2HPO4, pH 7.4)
and dehydrated for 5 min in each step of a cold 50%, 80%,
100% ethanol series (Merck, Darmstadt, Germany).

Some dinoflagellates, such as Alexandrium minutum, posses
a strong theca made of cellulosic compound layers which con-
stitute a thick wall surrounding the cell that may hinder the
entrance of molecules used in FISH. The protocols used in
previous studies seem to present no problem for the detection
of bacteria inside nonthecate dinoflagellates or nuclear se-
quences in both nonthecate and thecate dinoflagellates. How-
ever, they were not able to detect intracellular bacteria in the
thecate Alexandrium spp. (7). Since the nuclear probes used as
positive controls gave positive hybridization signals, the lack of
signal when using bacterial probes might be due to a lack of
intracellular bacteria or to failure of the probes to enter bac-

terial cells. Thus, in our permeabilization protocol, we intro-
duced changes to previous protocols to address both perme-
abilization of the theca and improvement of bacterial cell wall
permeabilization, facilitating the entrance not only of the bac-
terial probe but also of lysozyme, which could then permeab-
ilize the bacterial cells and allow hybridization to take place. In
the works by Biegala et al. (1, 7), the lack of a theca of Gyrodinium
instriatum cells may have facilitated the entrance of lysozyme and,
thus, the positive hybridization with intracellular bacteria.

Several reagents and conditions of treatment for theca per-
meabilization were tested. The optimal condition for perme-
abilization that allowed an acceptable signal-to-noise ratio us-
ing the bacterial probe EUB338 (2) involved incubation at
20°C for 90 min with an enzymatic mix containing 1% hemi-
cellulases (Sigma Chemical, St. Louis, MO), 1% cellulase

FIG. 2. CLSM images of TSA-FISH of A. minutum cells. (A) Assay without probe (negative control) (a) and with probe CFB319a (b) or
EUB338 (c). (B) Ten consecutive 1-�m-thick optical sections (I to X) of the sample shown in row c of panel A.
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(Sigma Chemical, St. Louis, MO), and 0.4 M mannitol (Merck,
Darmstadt, Germany), adjusted to pH 5.8. Samples were then
washed twice at room temperature with 1� phosphate-buff-
ered saline for 20 min each and air dried.

A treatment with lysozyme at a high concentration, during a
longer incubation time, and at a higher temperature than pre-
viously reported was used to facilitate the entrance of probes to
the bacterial cells. Thus, before hybridizations were per-
formed, 10 ml of 10 mg/ml lysozyme (Fluka; Sigma-Aldrich) in
1 M Tris-HCl, pH 7.7, 0.5 M EDTA (Merck, Darmstadt, Ger-
many) was placed over the membranes in a petri dish and kept
at 37°C for 90 min in order to partially digest the prokaryotic
cell walls. The enzyme reaction was stopped by rinsing the
filters in 5 ml sterile water for 5 min. Then, samples were
serially dehydrated for 5 min in each step of a 50%, 80%, 100%
ethanol series (Merck, Darmstadt, Germany) and kept at 4°C
in the dark until FISH experiments were performed.

Dinoflagellates show strong autofluorescence, complicating
the identification of DABs by nonamplified FISH by masking
the fluorescent signal to levels inadequate for this purpose
(Fig. 1A, left). Usually the autofluorescence can be diminished
by ethanol washes, as described previously (7, 26). In some
cases, the serial ethanol washes used were not enough to com-
pletely remove autofluorescence and a further treatment was
needed. Incubation with 70% ethanol at �20°C for 24 to 48 h
diminished the levels of autofluorescence, making the samples
workable.

Hybridizations were carried out with the horseradish perox-
idase-conjugated oligonucleotide probes EUB338 (2) and
CFB319a (19) (Biomers.net, Germany), with the signal being
amplified by the use of a tyramide signal amplification (TSA)
protocol (3, 22, 27). Whole-cell in situ hybridization by using
TSA-FISH was adapted from the methods of Amann et al. (3)
and Biegala et al. (7). The probes were used at a final concen-
tration of 5 �M. The TSA reaction was carried out by using a
TSA kit (Invitrogen, Eugene, OR) in which tyramide was la-
beled with Alexa Fluor 488, following the specifications of the
manufacturer. After the TSA reaction was performed, the fil-
ters were dried and kept in the dark at 4°C until the counter-
stain step.

To be able to assess the three-dimensional localization of
the bacterial cells, we tried calcofluor as a theca-staining agent
and two alternative DNA staining compounds, 4�,6�-di-
amidino-2-phenylindole (DAPI) and propidium iodide. The
initial experiments were performed by combining calcofluor
and DAPI (Fig. 1B, left) as previously described (1, 7), but
since the two fluorochromes have very close excitation wave-
lengths and produce the same blue fluorescence emission (470
nm), it was difficult to clearly distinguish the inside from the
outside of the dinoflagellate cells. The use of propidium iodide,
which is excited at 537 nm, producing red fluorescence, al-
lowed the outside (blue) and the inside (red) of the dinoflagel-
late cells to be distinguished (Fig. 1B, right). The following
protocol was used for staining: dried samples on filters were
incubated with 15 �l of a mix containing 100 �g/ml of cal-
cofluor (Sigma Chemical, St. Louis, MO) and 1.5 �M pro-
pidium iodide (Invitrogen, Eugene, OR) for 10 min at room
temperature in the dark. The filters were rinsed in 5 ml sterile
water for 5 min, dried, mounted with ProLong gold antifade
reagent (Invitrogen, Eugene, OR), and covered with cover-

slips. The whole-cell in situ preparations were kept at �20°C in
the dark until use. Fluorescence images were acquired with a
Leica TCS SP2 confocal spectral microscope. The scanning
speed was 400 Hz, and the slices were 1 �m thick. Oil immer-
sion objectives of 40� (numerical aperture, 1.25 to 0.75; Leica)
and 63� (numerical aperture, 1.4 to 0.6; Leica) were used. The
micrographs were taken with a Leica DFC 350 FX (3.3
megapixels and 12 bits).

The combination of various small but significant modifica-
tions of previous methods resulted in a substantial increase in
FISH sensitivity for assaying thecate dinoflagellates compared
with the sensitivities observed in previous studies (1, 7, 22).
The protocol used has allowed us to show that horseradish
peroxidase-labeled oligonucleotide probes targeting 16S
rRNA can successfully access the inside of thecate dinoflagel-
late cells and enter bacterial cells (Fig. 1A, right), as well as to
demonstrate unequivocally and for the first time that bacteria
from the Cytophaga/Flavobacterium/Bacteroides group, among
others, are present inside the dinoflagellate cells (Fig. 2).
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