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During the last decade, immunofluorescence has
become an important tool in studies of the system-
atics, biogeography, physiology, and ecology of
freshwater and marine phytoplankton. The tech-
nology originated in the medical sciences (e.g. Coons
et al. 1941, 1955) and was gradually applied to soil
bacteria (Fliermans et al. 1974, Josserand and Cley-
et-Marel 1979) and bacteria from aquatic environ-
ments (Fliermans and Schmidt 1977, Gates and Pham
1979, Ward and Perry 1980, Baker and Mills 1982,
Dahl and Laake 1982, Yoshioka et al. 1982, Ward
and Carlucci 1985, Currin et al. 1990). Applications
of immunology to phytoplankton originated over
two decades ago with the innovative studies of Bern-
hard et al. (1969), who attempted to differentiate
phytoplankton species using antibodies. Modern im-
munological studies of phytoplankton are more di-
verse in their applications, but the same principles
of using antibodies to label and visualize target cells
or cellular constituents still apply. Coupled with the
power and sensitivity of fluorescence, immunologi-
cal techniques open the door to physiological and
ecological investigations that formerly were not pos-
sible. This is especially true in studies that focus on
a single species within a complex field assemblage
of organisms and detritus. Applications of immu-
nofluorescence include identification and enumer-
ation of phytoplankton species, localization and
quantification of cell constituents (enzymes, toxins,
structural proteins, and polysaccharides), and label-
ing of cells for better quantification of grazing rates
and mixotrophic or heterotrophic potential. Given
the rapid pace of development in this field, it seems
appropriate at this time to review the methods, ap-
plications, and potential of immunofluorescence as
a tool in phytoplankton research, in hopes that such
an overview will help to sustain and focus future
investigations.

! Author for reprint requests.

PRINCIPLES OF IMMUNOFLUORESCENCE

The use of antibodies as ““recognition’” molecules
is essentially an exploitation of a biological phenom-
enon, the antibody :antigen reaction. Immunoflu-
orescence is the visualization or detection of that
reaction. Antibodies are immunoglobulin proteins
secreted from activated lymphocytes. They are large
molecules, ranging from 150,000 to 950,000 dal-
tons, depending on their class. All are composed of
two identical short peptide chains (called light chains)
and two identical long peptide chains (called heavy
chains) in a Y-shaped molecule. There are five dif-
ferent classes of immunoglobulin molecules, desig-
nated IgA, IgG, IgD, IgE, and IgM according to the
type of heavy chain they possess. Both heavy and
light chains are divided into domains, with the
regions of the amino acids that bind to target anti-
gens termed variable domains. The remaining do-
mains are constant or conserved. Adjacent variable
domains of the light and heavy chains together con-
stitute the antigen binding site.

Antigens are substances capable of being recog-
nized and bound by antibodies. Antigens may be
whole organisms (e.g. bacteria, phytoplankton) or
individual molecules. The actual antibody binding
site on a whole cell will likely be a protein, but the
cell itself can still be considered the antigen. The
number and location of amino acid residues of a
protein antigen that bind to an antibody are re-
stricted to a maximum of 17 residues (Jeffris and
Deverill 1991). A single protein molecule will thus
have many structurally different antigenic sites called
epitopes. Antibodies can be produced that recognize
or bind to any one of a suite of separate or overlap-
ping epitopes on a target protein. An immune re-
sponse by an animal exposed to an antigen will ac-
tivate multiple lymphocytes within that animal. Be-
cause each lymphocyte is capable of recognizing only
one specific epitope, the serum from that animal will
contain many different antibodies, termed a poly-
clonal response. Alternatively, by fusing spleen cells
of an immunized animal with myeloma cells, mul-
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tiple hybridoma cell lines can be established, each
of which produces antibodies against a single epi-
tope of the antigen. These are termed monoclonal
antibodies (MAbs). Polyclonal antibodies (PAbs) can
be prepared readily at low costs (<$500) and are
normally highly sensitive, resulting in high immu-
nofluorescence labeling intensities. They are some-
times more useful than MAbs because multiple an-
tibodies in one PAb antiserum can bind to multiple
epitopes on the target molecule and thus make it
easier to detect. However, unwanted cross-reactions
are more of a problem with PAbs than with MAbs,
because the hybridoma cell lines used to produce
the latter can be restricted to the antigens of interest
by careful screening. In addition, MAb-producing
cell lines will continue to produce antibody as long
as the hybridoma is maintained in culture (i.e. they
are immortal) whereas the supply of a particular
PAD is limited to that available from the serum of
a single, short-lived animal. Lyophilized or refrig-
erated polyclonal antisera are stable for years, how-
ever, so if produced in sufficient quantity, they can
be used for extended periods.

Immunization procedures. In many cases, the most
useful antibodies are obtained when the antigens are
highly purified prior to immunization. In some cases,
however, this is neither possible nor necessary, as in
the production of antibodies to cell-surface proteins
that are diagnostic for a particular phytoplankton
species. For that purpose, whole cells or cell frag-
ments stabilized by fixation in glutaraldehyde, form-
aldehyde, or paraformaldehyde have been used as
antigens for small species such as Synechococcus or
Aureococcus (e.g. Campbell and Carpenter 1987, An-
derson et al. 1990) as well as for large forms such
as Alexandrium (Sako et al. 1993) or Pseudo-nitzschia
(Bates et al. 1993), obviating the need to identify or
purify a particular target protein. Polyclonal anti-
sera have been produced with very high specificity
in this manner (e.g. Anderson et al. 1990), but af-
finity purification techniques can be used to further
improve the specificity if the target antigen is avail-
able in pure form. A serum with insufficient speci-
ficity can also be improved by exposing it to cross-
reacting antigens such as cells of species that are not
of interest (Mendoza et al. 1995). The nonreacting
antibodies remaining in solution then represent a
more specific antiserum for the species that are of
interest.

When broad specificity in an antiserum is desired,
it can be affinity-purified using protein from a spe-
cies that is evolutionarily distant from that used as
the initial antigen. The rationale is that only anti-
bodies that bind to conserved epitopes will be re-
tained and purified and that these will have the de-
sired broad cross-reactivity. This approach was used
by Orellana and Perry (1992) to produce an anti-
serum to the enzyme ribulose-1,5-bisphosphate car-
boxylase/oxygenase (Rubisco) that can be used to

quantify Rubisco concentrations in individual phy-
toplankton cells in a mixed field assemblage.

Antibodies to toxic antigens such as phytoplank-
ton toxins can be produced by conjugating the an-
tigen to proteins such as bovine serum albumin
(Carlson et al. 1984, Baden et al. 1988, Hokama et
al. 1988) or by preparing nontoxic derivatives bear-
ing identical antigenic sites (Guire 1988). Immuni-
zation procedures can also be adjusted to minimize
the amount of antigen actually injected. Direct in-
jection of antigen into lymph nodes, for example,
significantly reduces the amount of antigen re-
quired. The amount of antigen used in an immu-
nization and the timing of subsequent booster in-
jections vary considerably among laboratories. Gen-
eral guidelines suitable for use with purified proteins
are found in immunochemical laboratory manuals
(Harlow and Lane 1988, Hudson and Hay 1989).
Many of the procedures involving phytoplankton
have used modifications of these standard methods,
so common sense and extrapolation from related
protocols using similar organisms is often the only
option when a new species or a new protein is under
investigation. For production of cell-surface anti-
gens for species identification, it is often useful to
work from a published inoculum size for a given
species (e.g. Anderson et al. 1990, Bates et al. 1993),
adjusting the cell concentration in proportion to
differences in cell-surface area.

Immunofluorescence protocols. Two general staining
protocols are used in immunofluorescence studies
of phytoplankton. Direct immunofluorescence in-
volves the detection of fluorescence from a reporter
molecule coupled directly to the primary antibody.
This results in low background fluorescence, be-
cause the label is attached directly to the specific
antibody. It also involves fewer reagents and fewer
washing steps, considerations that are important in
quantitative studies. However, the antibody/fluor
complex must pass through cell membranes togeth-
er if the target antigen is inside the cell, and this is
not always possible due to charge or size constraints.
The fluor also might block or inhibit the antigen
binding site of the antibody, reducing its reactivity
(Vrieling et al., unpubl. res.).

Indirect immunofluorescence is often used to avoid
these problems. In this procedure, the primary an-
tibody reacts with its antigen and is detected using
a secondary molecule that binds to the primary or
to another molecule coupled to the primary. Some-
times the secondary molecule is an antibody that
binds to all antibodies made by a particular animal
(e.g. if the primary is a rabbit antibody, a goat—anti-
rabbit antiserum can be used as a secondary). The
secondary can be an antibody that is covalently linked
to a fluorescent compound, an enzyme, or metal
particle for detection, or it can be a nonantibody
compound that binds to the primary. One of the
most common secondaries is streptavidin, a com-
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pound with a strong and specific affinity for the vi-
tamin biotin. In use, the primary antibody is labeled
with biotin and allowed to react with its antigen.
Fluorescently labeled streptavidin is then applied to
the sample, where it binds to the biotin and is de-
tected by its fluorescence. Because the biotin/anti-
body complex often binds more than one streptav-
idin molecule, fluorescence intensity can be en-
hanced over procedures using a secondary antibody
linked to a single fluorescent molecule (Vrieling et
al. 1993a). Another common secondary molecule is
protein A, a bacterial protein that binds to the IgGs
of many species.

Compared to direct immunofluorescence, indi-
rect methods can decrease permeability problems
and increase labeling signal strength. Most impor-
tantly perhaps, indirect methods offer great flexi-
bility with respect to the fluors used for detection.
There are, however, disadvantages as well. Addi-
tional washing and incubation steps are needed with
indirect methods, and therefore time and cells may
be lost. Background labeling can also increase due
to nonspecific binding of the secondary antiserum
and should be checked using ‘‘negative” control
samples.

METHODOLOGICAL CONSIDERATIONS

Autofluorescence. The ability to recognize immu-
nolabeled cells or cell constituents depends in part
on the difference in fluorescence between positive
labeling and the background fluorescence (autoflu-
orescence) of unlabeled cells or cell constituents.
Three factors contribute to this background fluo-
rescence: the choice of filter set, the type of fixation,
and nonspecific binding or cross-reactivity of the
antibody. Autofluorescence can be reduced by spec-
tral discrimination, which involves selecting fluo-
rescent compounds and filter sets with wavelength
and bandwidth characteristics that maximize probe
fluorescence and minimize autofluorescence. Chlo-
rophyll fluorescence, for example, occurs across a
broad range of excitation wavelengths (350-650 nm)
that can interfere with many fluorophores (L. P.
Shapiro et al. 1989a, Vrieling et al. 1993a). Even
with careful filter selection, nonlabeled cells some-
times have significant autofluorescence, equivalent
to 10-30% of the signal from labeled cells (Ander-
son 1995). This background level increases further
when nonspecific binding occurs. This can be as-
sessed by incubating cells without the primary an-
tiserum or by using preimmune or *‘normal’”’ serum
from the host animal (for PAbs) or myeloma protein
(for MAbs) instead of the primary. The combination
of autofluorescence and nonspecific binding can of-
ten lead to background or control fluorescence that
is 30% or more of the intensity of positive labels.

Fixation. The choice of fixative can dramatically
affect both autofluorescence and the affinity of an
antibody for its antigen. Autofluorescence varies sig-

nificantly with different preservatives (L. P. Shapiro
et al. 1989a, Anderson et al. 1990, Vrieling et al.
1994b). Glutaraldehyde causes intense autofluores-
cence across a broad range of wavelengths, even
after borohydride reduction (Anderson 1995). An-
other disadvantage of glutaraldehyde is the nonspe-
cific binding of IgGs to free reactive sites of the
fixative, leading to false positives (L. P. Shapiro et
al. 1989a, Anderson et al. 1990, Vrieling et al. 1993a,
Campbell et al. 1994). Extensive blocking with gly-
cine, ammonium chloride, normal sera, or bovine
serum albumin can sometimes avoid this problem.
Paraformaldehyde or formaldehyde fixation, even
followed by rapid freezing, often preserves cell mor-
phology and gives the lowest background autoflu-
orescence readings (Vrieling et al. 1993a, 1994b).
Formaldehyde is perhaps the most widely used fix-
ative in immunohistochemistry. While the ultra-
structural preservation obtained with formaldehyde
is not as good as that obtained with glutaraldehyde,
autofluorescence is lower and antigenicity is better.
Formaldehyde is a monoaldehyde, so the degree of
cross-linking is minimal and better antibody kinetics
are therefore obtained.

The choice of fixative can also alter the structural
integrity of the antigenic sites on the cell surface
(Vrieling et al. 1994b). For some antibodies, the
reaction between antibody and antigen remains af-
ter Lugols fixation, but with reduced binding affinity
(Anderson et al. 1990, Bates et al. 1993, Vrieling et
al. 1994b). Osmium tetraoxide has not been used
because it severely alters antigen/antibody binding
sites resulting in a drammatic loss of labeling inten-
sity (Doucette and Anderson 1993).

Choice of the fluorophore. Selective detection of phy-
toplankton or labeled constituents requires that the
emission wavelength of the fluorophore differ from
the autofluorescence of pigments (chlorophyll and
phycoerythrin), cell walls (Pomeroy and Johannes
1968, Tsuji & Yanagati 1981, L. P. Shapiro et al.
1989b, Vrieling et al. 1993a, 1995b), and flagella
(Miiller et al. 1987, Coleman 1988, Kawai 1988,
Kawai and Inouye 1989). With heterotrophic phy-
toplankton, for example, it may be necessary to se-
lect orange- or red-fluorescing probes (Roberts et
al. 1993) to avoid interference with the yellow-green
autofluorescence of cell walls (L. P. Shapiro et al.
1989b). Furthermore, detritus particles and certain
minerals may autofluoresce in a broad range of ex-
citation wavelengths. Improper selection of a fluor
may cause overlap of fluorescent signals that leads
to incorrect interpretations of the location of the
fluorescent labeling or to over- or underestimation
of fluorescence intensities in quantitative measure-
ments. This is demonstrated using confocal laser
scanning microscopy (Fig. 1). Chlorophyll autoflu-
orescence was seen to interfere with the proper lo-
calization of fluorescein isothiocyanate (FITC) on
the cell surface of the dinoflagellate Prorocentrum
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Fic. 1. Micrographs of the dinoflagellate Prorocentrum micans
labeled with a PAb (PM1; Vrieling et al. 1993a, b) observed by
CLSM. A) Using conventional indirect immunolabeling, an op-
timal image for FITC fluorescence was obtained ata PMT voltage
of 680 V; chloroplast images (*) are also visible at this high PMT
voltage. B) The same plane as in A but only viewed for chlorophyll
fluorescence. C) With enhanced labeling (Vrieling et al. 1993a),
an optimal FITC image could be obtained at a PMT voltage of
580 V, without interfering chloroplast fluorescence, which is shown
for the same plane in D. Scale bar = 20 um.

micans Ehrenberg after indirect labeling with a ge-
nus-specific polyclonal antibody (Fig. 1A). At a pho-
tomultiplier (PMT) voltage of 680 V an optimal im-
age for FITC fluorescence was obtained, but chlo-
roplast features were also visible (asterisks in Fig.
1A). In Figure 1B, however, the FITC fluorescence
is solely detectable at a lower PMT voltage due to
signal enhancement using the biotin/streptavidin
system (Vrieling et al. 1993a). As a result of the
decrease of the PMT voltage, no chlorophyll auto-
fluorescence “leaks” into the FITC channel. Alter-
natively, pigment autofluorescence can be mini-
mized by chemical extraction, though care must be
taken to ensure that antigenicity is maintained
(Vrieling et al. 1993b, Buma et al. 1995, Orellana
and Perry 1995). For example, formalin-fixed phy-
toplankton cells can be washed free of fixative and
then rapidly exposed to ice-cold methanol. Storage
at —20° C for days to weeks results in nearly com-
plete elimination of chlorophyll autofluorescence
without significant alteration in the affinity of cell-

TaBLE 1. Maximal excitation and emission wavelengths of phytoplank-
ton autofluorescent phenomena.

Wavelength (nm)

Autofluorescence Excitation Emission
Chlorophyll 440 650-660
Phycoerythrin 460 550-634
Cell wall 460 535
Flagella 440 515-520

surface antibodies for their antigenic sites (Ander-
son, unpubl. data). This type of treatment should
not be used unless necessary because chlorophyll
fluorescence can be an additional, useful parameter
that further characterizes a target organism in a
mixed assemblage for discrimination using flow cy-
tometry, for example. Careful examination of pa-
rameters such as the excitation and emission wave-
lengths of autofluorescence as well as those of com-
mercially available (immuno) fluororescent probes
(Tables 1, 2) can help to maximize signal detection.
The probes listed in Table 2 are a partial selection
of the numerous fluors that are available (H. M.
Shapiro 1985, Haugland 1989, Kasten 1989).
Bleaching. Fluorophores excited by the high power
levels of epifluorescence microscopes and flow cy-
tometers can rapidly lose their fluorescence, a phe-
nomenon known as bleaching. The temporal loss of
fluorescence emission during observation is a well-
known irritation for microscopists, but this pro-

TaBLE 2. Commonly used fluorophores in modern marine biology and
their excitation and emission wavelengths.

Wavelength (nm)

Fluorophore Excitation Emission
Immunofluorophores
AMCA (7-amino-4-methylocumarine-3-
acetic acid) 350 450
FITC 488-495 520-525
RITC (rhodamine B isothiocyanate) 568 595
TRITC (4-N-cyclopropylrhodamine
isothiocyanate) 540-552 570
CY3 (indocarbocyanine) 550 570
Texas Red (sulforhodamine 101) 590-596 615-620
Nucleic acid probes
Acridine orange 470-503 523-640
DAPI (4',6-diamino-2-phenylindole) 340-365 450-488
Ethidium bromide 545 610
Hoechst 33258 (bisbenzimiditrihy-
drochloride, trihydrate) 365-374 472-480
Hoechst 33342 (bisbenzimidazole deri-
vate) 355 465
Propidiumiodide 530 615
Cell-surface and viability probes
Calcofluor White 340-360 400-440
CFDA (5(6)-carboxyfluorescein diace-
tate) 495 520
FDA (fluorescein diacetate) 495 520
Hydroethidine 370,535 420,585
PKH-2 490 504
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gressive loss of emitted light is also a potential source
of error in quantitative measurements. Observation
times in flow cytometers are sufficiently short that
bleaching is not a problem, and for photomicrog-
raphy, high-speed films can be used to reduce ex-
posure times. When it is necessary to retard bleach-
ing, antifade reagents can be used, such as sodium
dithionite (Kasten 1989), glycerol (Anderson et al.
1990, 1993), n-propylgallate (Giloh and Sedat 1982),
p-phenylenediamine (Johnson and Nogueira Araujo
1981, Roberts et al. 1993), and Citifluor (Rogers
Domozych et al. 1993). Alternatively, the fluores-
cent intensity can be enhanced using reagents such
as 1,4-diazobicyclo-[2,2,2]-octane (or DABCO)
(Langanger et al. 1983). Optical microscopes,
equipped with variable power supplies permit ex-
amination of the specimen at low light intensities,
decreasing the rate of bleaching and extending ob-
servation times (Vrieling et al. 1993a).

APPLICATIONS OF IMMUNOFLUORESCENCE

Immunofluorescence has been used in a variety
of investigations to address ecological, genetic, and
physiological questions pertaining to phytoplank-
ton. The unique and powerful technology of using
antibodies as recognition molecules that bind to spe-
cific targets allows workers to identify whole cells or
specific molecules within those cells. Applications of
immunofluorescence in phytoplankton studies are
diverse and expanding.

Species Identification and Enumeration

It is both expected and suprising that species- or
even strain-specific antibodies can be produced to
phytoplankton cell wall proteins. This level of se-
lectivity is expected given the diversity of target pro-
teins on a cell, the genetic differences that have
evolved in those proteins through time, and the ex-
quisite specificity of the antibody/antigen reaction.
It is nevertheless surprising that the process is so
easy, that immunizations using fixed, whole cells are
often successful, and that isolation and purification
of individual proteins is not necessary. The first ef-
forts to produce antibodies in this manner in order
to distinguish among phytoplankton species were
those of Bernhard et al. (1969), who prepared PAbs
to the two diatoms Leptocylindrus danicus Cleve and
Pheaodactylum tricornutum Bohlin. The antibodies
cross-reacted with other diatoms as well as with some
dinoflagellates, but the results were sufficiently en-
couraging for the authors to suggest that the ap-
proach should be investigated further, and possibly
even used for automated cell counting. Nearly a
decade later, Fliermans and Schmidt (1977) used
PAbs to detect Synechococcus and six other morpho-
logically indistinguishable isolates from cultures of
other cyanobacteria and bacteria. They were also
able to enumerate Synechococcus and document the
vertical distribution of the species in lakes of north
central Minnesota.

Different strains of the marine Synechococcus spp.
(phycoerythrin- and phycocyanin-containing) and a
Synechocystis species could be distinguished by Camp-
bell et al. (1983) using PAbs prepared against each
species. The antibodies were then used in attempts
to enumerate natural populations of these species
in Great South Bay, New York. Subsequently, se-
rotypes of oceanic and estuarine Synechococcus spp.
containing phycoerythrin could be determined us-
ing antibodies directed against oceanic, estuarine,
and ‘“motile” forms of Synechococcus in an immuno-
fluorescent assay (Glover et al. 1986, Campbell and
Carpenter 1987). The tropical oceanic serogroup
was restricted to a warm-core eddy from the Gulf
Stream, whereas the other two groups were abun-
dant in all water masses examined (Glover et al.
1986). Glover et al. (1986) also found that Synecho-
coccus cell size increased near the bottom of the ther-
mocline, not as a result of a change in species com-
position (as indicated by immunofluorescence), but
because of elevated nutrient concentrations. In field
samples from the Sargasso Sea, phycoerythrin-con-
taining Synechococcus spp. were generally not labeled
with an antibody directed against one phycoeryth-
rin-bearing species (Campbell and Iturriaga 1988),
suggesting that the target species was not abundant
in that environment.

L. P. Shapiro et al. (1989a) reported the devel-
opment of several new PAbs directed against major
marine ultraphytoplankton taxa. Antisera were pro-
duced that were considered representative of major
ultraplankton groups, not including the cyanobac-
teria. These were then tested for reactivity against
numerous clones, and the resulting groupings were
shown to agree with high-performance liquid chro-
matography-based pigment clusters (L. P. Shapiro
et al. 1989¢). The probes were then used in a study
to examine the geographic distribution of Atlantic
Ocean ultraplankton that reacted with antisera for
Emiliania huxleyi (Lohman) Hay et Mohler, Pycno-
coccus provasolii Guillard, Pelagococcus subviridis (Nor-
ris) Lewin, Thalassiosira oceanica Hasle, and an un-
identified chlorophyte (Campbell et al. 1994). The
first three were present at all stations examined,
whereas both T. oceanica and the unknown chloro-
phyte were rarely detected. Overall, only a small
portion of the total eukaryotic algae (most of which
were ultraplankton) reacted with the probes that
were used, suggesting a diverse assemblage contain-
ing numerous species belonging to groups not rep-
resented by the antisera. The presence of E. huxleyi
in a variety of regions throughout the Atlantic Ocean
demonstrates the cosmopolitan nature of some of
these ultraplankton species.

In several cases, purified cell wall constituents were
used to develop immunofluorescent probes for spe-
cies identification. Antibodies prepared to coccolith
polysaccharides of Emiliania huxleyi (Borman et al.
1987) were used to reveal the distribution of two
species groups in the northeast Atlantic region (van
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Bleijswijk etal. 1991). One type was exclusively pres-
ent in the Atlantic Ocean, whereas the second dom-
inated in the North Sea. Observations made by im-
munofluorescence were identical to results based on
examination of coccolith bearing E. huxleyi cells by
scanning electron microscopy. In a similar manner,
endosymbiont diatoms were identified in several Fo-
raminifera using antibodies directed against purified
cell envelope-membrane fractions (Lee et al. 1988).
A variety of algal species were endosymbiotic in the
population of Foraminifera studied. In addition to
species distinctions, the antibodies were useful in
demonstrating how endosymbiont abundance
changed seasonally. Nitzschia frustulum var. symbioti-
cum (Kiitzing) Grunow, for example, was especially
dominant in the winter.

One area where progress in immunofluorescent
species identification has been rapid is in studies of
harmful or toxic phytoplankton (reviewed by An-
derson, 1995). In such work, the species of interest
is often only a minor component of the mixed plank-
tonic assemblage, so many potentially useful mea-
surements are not feasible because of the co-occur-
rence of numerous other organisms and detritus.
Another constraint arises from the difficulties in ad-
equately identifying and distinguishing between spe-
cies or strains that are morphologically similar. This
situation is encountered frequently with toxic algae.
For example, the diatom Pseudo-nitzschia pungens
(Grunow) Hasle occurs in two varieties, one toxic
and the other nontoxic, but these cannot be distin-
guished from each other using the light microscope
(J. C. Smith et al. 1990). Likewise, toxic and non-
toxic varieties of the dinoflagellate Alexandrium ta-
marense (Lebour) Balech can co-occur within a given
region (Yentsch et al. 1978), as can morphologically
similar A. tamarense and A. catenella Balech (Cem-
bella et al. 1987) and A. tamarense and A. fundyense
Balech (Cembella et al. 1988).

A variety of different toxic organisms from several
classes have been investigated using cell-surface an-
tibodies. MAbs have been used to identify species
and strains of the red tide raphidophyte Chattonella
antiqgua (Hada) Ono and C. marina (Subrahmanyan)
Hara et Chihara (Hiroishi et al. 1988, Uchida et al.
1989). These species cannot easily be distinguished
by standard microscopic techniques because of rapid
changes of morphology due to the absence of a rigid
cell wall. MAbs directed against C. marina were re-
cently used to verify the presence of this species in
Dutch coastal waters (Vrieling et al. 1995b).

Aureococcus anophagefferens Hargraves et Sieburth
(Chrysophyceae) is a tiny, coccoid species that sud-
denly bloomed in 1985 and devastated shellfish and
eelgrass resources in Long Island (Cosper et al. 1989).
Its size and nondescript morphology make it diffi-
cult, if not impossible, to identify at low concentra-
tions under the light microscope. Anderson et al.
(1990) prepared a PADb to this brown tide chryso-
phyte, and without any purification the antisera

proved to be species-specific, showing no cross-reac-
tivity with 46 other phytoplankton species from five
classes, including 20 chrysophyte species. Immu-
nofluorescent techniques can detect the species at
concentrations as low as 10-20 cells-mL~!. Two field
surveys along the northeastern U.S. coast used this
approach to document the geographic distribution
of A. anophagefferens (Anderson et al. 1993). The
species distribution centered around Long Island,
the area of the most intense and destructive out-
breaks, but the species could be detected at low con-
centrations in many other distant locations with no
history of brown tides. Immunofluorescence was thus
able to demonstrate that numerous areas have the
potential for outbreaks such as those associated with
the sudden appearance of the species in high num-
bers in Long Island in 1985. This would not have
been possible with conventional light microscopy.

Another set of highly specific PAbs produced by
Bates et al. (1993) can distinguish among diatoms
capable of producing domoic acid, the toxin in-
volved in cases of amnesic shellfish poisoning (J. C.
Smith et al. 1990). The remarkable aspect of this
report is that the PAbs produced by these workers
distinguish between two varieties of the same species
(toxic Pseudo-nitzschia pungens Grunow forma mul-
tiseries Hasle from the nontoxic P. pungens Grunow
forma pungens Hasle), a distinction that is not oth-
erwise possible without use of electron microscopy
(J. C. Smith et al. 1990). It is therefore not always
necessary to prepare MAbs for identification of mor-
phologically similar species or strains; PAbs can do
an excellent job in this respect.

For toxic dinoflagellates in the Alexandrium genus,
MADbs developed by Sako et al. (1993) and Adachi
et al. (1993) can distinguish species at several levels.
A series of MAbs to A. tamarense and A. catenella
were tested against strains of these species from sev-
eral different countries (Adachi et al. 1993). One
antibody was specific for the tamarense/catenella/
fundyense species complex, and two were highly spe-
cific for only A. tamarense from Thailand. Groups
within this complex could be resolved using four of
the other antibodies. For other species in the Alex-
andrium complex, PAbs prepared by Mendoza et al.
(1995) can identify Alexandrium minutum Halim, A.
lusticanicum Balech, and Gymnodinium catenatum Gra-
ham. Those antisera were not species-specific at the
outset, but after elimination of cross-reacting anti-
bodies by absorption against nontarget species a set
of clone-specific antibodies was obtained. Some re-
duction in labeling intensity was observed after this
purification step, but the increase in specificity was
significant. In a similar way, clone-specific antibodies
against Prorocentrum lima (Ehrenberg) Dodge and P.
triestinum Schiller were prepared (Costas et al., pers.
commun.).

In 1991, a research program was initiated in The
Netherlands to develop an early warning system for
toxic phytoplankton blooms. This method, based on
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Fic.2. Flow cytometric scatterplots of four Lugol-fixed field samples from the Dutch part of the central North Sea (175 km northwest
of the island of Terschelling). The samples were taken from the thermocline at 2-week intervals in the summer of 1991 and labeled
using indirect immunofluorescence for the presence of the ichthyotoxic dinoflagellate Gyrodinium aureolum with MAb GA8 (Vrieling
et al. 1994b). The arrows indicate the position of labeled cells in the bivariates, which form a distinct cluster. The peak of the bloom

occurred on 14 August.

enumeration and recognition of small numbers of
potentially toxic species in field samples, requires
that the target organisms be quickly and positively
identified in mixed populations. Preliminary studies
with antibodies raised against the cell wall (Fig. 1)
and extruded trichocysts of the dinoflagellate Pro-
rocentrum micans showed that FITC-labeled cells of
the naked dinoflagellates Gymnodinium and Gyrodi-
nium, as a result of cross-reaction with the antitri-
chocyst antibodies, could be identified using flow
cytometry (Vrieling et al. 1993b). The labeling in-
tensity, however, had to be enhanced using the bi-
otin-streptavidin approach (Vrieling et al. 1993a).
Subsequently, species-specific MAbs were produced,
the first of which reacted specifically at the cell sur-
face of Gyrodinium aureolum Hulburt and with the
closely related species Gymnodinium nagasakiense
Takayama et Adachi and G. mikimotoi Miyake et
Kominami ex Oda (Vrieling et al. 1994b). MAbs
prepared by Nagasaki et al. (1991) differ from this
set because they only identify the ichthyotoxic di-

noflagellate G. nagasakiense. Preliminary studies us-
ing a MAD of Vrieling et al. (1994b) on field samples
taken in 1991 in the Dutch central North Sea showed
that G. aureolum could be followed during the for-
mation and decline of a small bloom (arrows in Fig.
2; Vrieling et al. 1994a, 1995a). In these studies,
quantitative enumeration was not accomplished, in
part as a consequence of significant cell loss during
the multiple blocking and washing steps of the in-
direct immunofluorescence assay.

To prevent this cell loss, a direct immunofluores-
cence assay was then developed and is now being
evaluated for quantitative analysis of G. aureolum in
mixed algal populations spiked with this species. At
the moment, less than 1500 cells-L~=! can be de-
tected in a population of 107 cells-L~! with an ac-
curacy of more than 75% (Vrieling et al., unpubl.
res.). Total cell losses are still significant, however,
but the recovery of G. aureolum is sufficient so quan-
titative enumeration of immunolabeled cells by flow
cytometry is feasible.
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Cell Structure and Physiology

Antibodies also have great utility in investigations
of the location, structure, metabolism, and abun-
dance of individual proteins or other compounds
within phytoplankton cells. Production of antibod-
ies for these purposes is more involved than is the
case for cell-surface antibodies, because isolation and
purification of the specific antigen is usually re-
quired, but in some cases commercially available an-
tibodies or those prepared by other investigators for
different organisms will suffice. Methodologies dif-
fer as well, due to the need to get antibodies and
reporter molecules across cell and organelle mem-
branes. Permeability issues are especially important
if the study involves whole cells, but problems of
antigen accessibility even arise with sectioned and
embedded cells (e.g. Doucette and Anderson 1993).

Cell wall proteins and polysaccharides. Considerable
effort has been devoted to immunofluorescent in-
vestigations of the glycoprotein composition of the
cell wall of the chlorophyte Chlamydomonas. For C.
eugametos Moewus, PAbs were prepared to flagella
and to a major cell wall protein (Musgrave et al.
1983). The PAb for the latter was only reactive
when cell walls were partly digested, so the antibody
has been used to investigate the stages of disinte-
gration and/or cell wall digestion during asexual
and sexual reproduction. The cross-reactivity of this
antibody with cell wall and flagellar glycoproteins
suggests similarity in antigenic oligosaccharides.
MAbs directed against a cell wall fraction of C. eu-
gametos, containing mt~ agglutinin and two cell wall
glycoproteins (PAS-1.2, PAS-1.3, and PAS-1.4 re-
spectively, sensu Musgrave et al. 1981), recognized
only strain-specific O-methyl sugars (Homan et al.
1987). Surprisingly, no reactivity to mt~ agglutinin
was found, confirming the immunogenicity of plant
carbohydrates in the mammalian immune response
(E. Smith et al. 1984, Williams and Woollet 1985).
The same was noticed by Eardly et al. (1990); specific
MAbs prepared to Macrocystis (a macroalga) poly-
saccharide labeled a sulfated polysaccharide (fucoi-
dan) located on the cell surface of the phaeophyte
M. pyrifera (Linnaeus) C. Agardh.

E. Smith et al. (1984) also investigated the struc-
ture of the Chlamydomonas cell wall by preparing
MAbs to the major cell wall glycoproteins of C. rein-
hardii Daugeard. These antibodies could be subdi-
vided into six groups, each varying with respect to
the location of labeling on the cell wall and the pat-
tern of immunofluorescent staining (e.g. as dots,
continuous or in an irregular network). Voigt (1988)
compared LiCl-soluble glycoproteins of C. reinhar-
dii, which seemed to be immunologically related
based on cross-reactivity experiments. For wild-type
cells, reactivity varied during the vegetative cell cy-
cle, whereas for a cell wall-deficient mutant, no re-
action could be observed.

Enzymes and proteins. Immunofluorescence is also

an excellent tool for investigating the location and
abundance of proteins and enzymes involved in cel-
lular metabolism. Vladimirova et al. (1982) used a
PAD directed against ribulose bisphosphate carbox-
ylase (RuBPCase) for immunofluorescent localiza-
tion of that enzyme in the pyrenoid of C. reinhardii
and Dunaliella salina (Dunal) Teodoresco. Local lu-
minescence of the fluorophore was investigated in
relation to the unique role of the pyrenoid as a “gi-
ant carboxysome.” In synchronized cultures of C.
reinhardii, immunofluorescence was used to localize
frx B, an iron-sulphur protein related to a subunit
of NADH dehydrogenase (Zhang and Wu 1993).
During the light period the frx B concentration in-
creased in vesicles near the pyrenoid, whereas in
dark periods the concentration declined. In male
gametes, the frx B fraction disintegrated as mating
progressed, whereas in the female the protein per-
sisted.

In a study of macroalgae, three MAbs were es-
tablished to Rubisco of Bryopsis. These antibodies
did not cross-react with spinach Rubisco but were
specific to the large subunit of Bryopsis Rubisco, which
was concentrated in pyrenoids and at the surface of
starch grains, revealed by indirect immunofluores-
cence (Kajikawa et al. 1988). In a related study, Or-
ellana et al. (1988) prepared a PAb to RuBPCase of
Chaetoceros gracilis Schutt. The antiserum was affin-
ity-purified against spinach RuBPCase and used to
detect RuBPCase in nitrate-limited and nitrate-suf-
ficient cultures using immunofluorescence and flow
cytometry. Recently, another Rubisco antibody was
prepared and used to define two taxonomic groups
on the basis of high- and low-binding affinity to the
probe (Orellana and Perry 1992). These authors
suggest that their affinity-purified serum can be used,
after further characterization, as an immunoprobe
to quantify Rubisco concentration and photosyn-
thetic rates of individual cells. By optimalization of
immunofluorescent measurements of Rubisco (Or-
ellana and Perry 1995), the method reached an ap-
plicable stage.

Nitrate reductase, the key enzyme in the reduc-
tion of nitrate, was localized at the plasma mem-
brane and in organelle-like spots in phytoplankton
and visualized by a diffuse and a bright fluorescence,
respectively (Balch et al. 1988). Localization of this
enzyme on the plasma membrane is consistent with
the role of nitrate reductase in nitrogen uptake. In
a similar manner, PAbs raised against the Fe-S pro-
tein of the nitrogenase enzyme complex from the
bacterium Rhodospirillum rubrum (Esmarch) Molisch
reacted with nitrogenase from both marine and
freshwater Ny-fixing bacteria and cyanobacteria
(Currin et al. 1990). Immunofluorescence was then
used to reveal the localization of nitrogenase within
the heterocysts of cyanobacteria. These techniques
make it possible to rapidly determine the presence,
relative abundance, and distribution of N,-fixing mi-
croorganisms in natural assemblages.
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Microtubules. Immunofluorescence has been a
powerful tool in studies of the physiological mech-
anisms of cell division, typically using antibodies di-
rected against major cytoskeleton proteins such as
tubulin and centrin summarized by Melkonian (1992)
and Menzel (1992). Here we discuss only a few. For
the chlorophyte Ulothrix palusalsa Lokhorst, tubulin
was localized 1) in nuclear spindles with interzonal
fibers during anaphase and early telophase; 2) in a
clear fluorescing zone associated with centriolar
complexes and the nuclear envelope; and 3) in as-
sociation with furrows, especially less advanced ones
(Segaar and Lokhorst 1987). Throughout mitosis,
centriolar complexes stained intensely. An antibody
against tubulin was also used to examine fertilization
and pathogenesis in the phaeophyte Laminaria an-
gustata Kjellman (Motomura 1991). The formation
of centrosomes and microtubili was followed suc-
cessfully during normal mitosis. Pathogenetic de-
velopment was characterized by occurrence of ab-
normal mono-, tri-, and multipolar spindles, result-
ing in irregular nuclear and cytoplasmic division.
Antibodies directed against tubulin were also used
to reveal the cytoskeletal patterns of different di-
noflagellates (e.g. Amphidinium rhynchocephalum An-
issimowa, Gymnodinium sanguinium Hirasaka, and
Gymnodinium sp.) in order to identify characters of
taxonomic importance and to assist in investigations
of the flagellar apparatus (Roberts et al. 1988, 1993,
Roberts 1991, Roberts and Roberts 1991). Anti-
bodies to a flagellar root protein, centrin, were used
to differentiate two types of fibrous flagellar roots
in green algae (Schulze et al. 1987, Melkonian et al.
1988).

A good example of how immunofluorescence can
be combined with immunogold electron microscopy
to reveal the distribution or localization of a target
molecule is the work of Schulze et al. (1987). Cen-
trin, a Ca?*-modulated contractile protein in the
flagellar apparatus of green algae, was examined in
28 taxa. This study also demonstrates how one an-
tibody can be used on a broad range of species. A
comparative study to localize production of muci-
lage release by the gliding desmid Closterium in-
volved both immunofluorescence and immunogold
electron microscopy (Domozych and Rogers Do-
mozych 1993, Rogers Domozych et al. 1993).

Toxins. Immunofluorescence has been used in at-
tempts to localize an algal toxin responsible for a
human disease known as paralytic shellfish poison-
ing. A PAD to saxitoxin (Carlson et al. 1984) was
used to examine thin sections of cells of the dino-
flagellate Alexandrium tamarense (Anderson and
Cheng 1988). Labeling was restricted to the nucleus
near the condensed chromosomes and on the pe-
riphery of small granules (Fig. 3). Attempts to repeat
these results using different fixation and embedding
methods again showed the toxin to be associated
with the chromosomes (Doucette and Anderson
1993), but results differed among fixation and em-
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Fic.3. Phase and fluorescent images of Alexandrium tamarense
probed with an antibody to saxitoxin. A) Phase-contrast image
of toxic cell after fixation, embedding, and sectioning. The prom-
inent horseshoe-shaped nucleus (N) is visible end-on as two lobes
in the center of the cell. B) Epifluorescent image of the same field
as Figure 1A after treatment with a 1:3200 dilution of anti-sax-
itoxin antibody. Note the apparent labeling of the chromosomes,
appearing as spots or rods depending on their orientation. Some
of the brighter labeling appears between the two arms of the
nucleus. Scale bar = 10 um. From Anderson and Cheng (1988).

bedding techniques. These studies accentuate one
of the problems involved with immunolocalization,
namely, that in samples exposed to aqueous-phase
chemical fixatives, antigen redistribution is possible
(Griffiths et al. 1993). It is therefore difficult to as-
certain whether the localization that is observed is
real or is, instead, an artifact of the processing. This
problem can be minimized through cryofixation and
molecular distillation drying techniques, but even
then localization results must be interpreted with
caution (Doucette and Anderson 1993). In a similar
manner, the combination of immunofluorescence
and immunogold techniques have been used to lo-
calize okadaic acid, the toxin responsible for diar-
rhetic shellfish poisoning, in chloroplasts of the di-
noflagellates Prorocentrum lima (Ehrenberg) Dodge
and P. maculosum Faust (Zhou and Fritz 1994).
DNA lesions and cell cycle proteins. In a recent study
of the effect of ultraviolet B (UV-B) irradiation on
phytoplankton cells, immunofluorescence provided
important insights that would be difficult to obtain
with other methods. During irradiation with UV-B
wavelengths, thymine dimers (T, T-dimers) are
formed. A method developed for cancer research
was adapted to examine such photoproducts in phy-
toplankton. Using a MAD directed against T, T-di-
mers, Buma et al. (1995) determined the effects of
UV-B irradiation on the centric diatom Cyclotella.
Flow cytometry was used to quantify DNA damage
in individual cells by double labeling techniques; the
DNA was stained directly with propidium iodide and
the T, T-dimers using FITC-labeled antibodies. DNA
damage increased with increasing UV-B irradiance
(Fig. 4A—C), and the extent of DNA repair varied
with the length of the dark period following the
initial UV-B exposure. The most significant DNA
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Fic. 4. Flow cytometric contour plots of the centric diatom
Cyclotella spp. indirectly labeled with a MAb recognizing UV-B-
induced T, T-dimers (Buma et al. 1995). DNA damage of Gl-
and G2-phase cells (marked 3 and 4, respectively) increases with
higher weighted UV-B doses. A) Control; no UV-B exposure (G1-
and G2-phase cells are marked as 1 and 2). B) Exposure to 1.5
KJ-m~2 UV-B. C) Exposure to 3.0 KJ-m~2. Courtesy of Drs. A.
G. J. Buma and M. Veldhuis (The Netherlands).

damage occurred during the G1 and G2 phases (Fig.
4B, C) of the cell cycle.

Lin et al. (1994, 1995) developed an immunoflu-
orescent method to estimate growth rates of phy-
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toplankton using proliferating cell nuclear antigen
(PCNA) as an indicator of division. PCNA in whole
cells was labeled with commercially obtained MAbs
against rat PCNA and was shown to be located ex-
clusively in the nucleus of the cell by immunofluo-
rescence (Lin et al. 1995). The abundance of PCNA
varied in a systematic manner during growth (Lin
et al. 1994), with highest abundance during the S
phase, none detectable in G, or late M, and low levels
in G, (Lin et al. 1995).

Mucus. Antibodies have been used to investigate
the release of mucilage produced during gliding lo-
comotion in placoderm desmids (Domozych and
Rogers Domozych 1993, Rogers Domozych et al.
1993). In Closterium, mucilage was released at the
pole of developing cells in postcytokinetic phases.
This also happens to be the region where mem-
brane-associated Ca,, was localized, as determined
by staining with the fluorescent probe chlorotetra-
cyclene (Rogers Domozych et al. 1993).

INSTRUMENTATION AND FACILITIES

Fluorescence microscopes (conventional and confocal).
Epifluorescence microscopes have traditionally been
used for examination of animal and plant cells or
tissues labeled with fluorophores. In phytoplankton
research, the conventional epifluorescence micro-
scope has been very useful for rapid examination of
the location of antigens in cells, but it has its limi-
tations. Rapid bleaching of the fluorophore can make
antigen detection and localization difficult, depend-
ing on antigen abundance and the quality of the
antibodies. Another significant problem is associ-
ated with depth-of-focus of conventional micro-
scopes, as antibody/antigen labeling or autoflu-
orescence out of the focal plane can hamper quan-
titative analysis or resolution of the extent of posi-
tive labeling. Video enhancement of the fluorescent
signal through the addition of multiple, digitized
images using image processing software can help,
but this type of electronic enhancement is still con-
strained by the signal (positive fluorescence)-to—
noise (background) ratio.

Confocal microscopes offer an expensive, but ef-
fective means to avoid these problems. In these in-
struments, diffraction-limited laser light is used for
excitation. Emitted light emanating from the focal
plane and the planes above and below are optically
separated so that light from the desired focal plane
is observed, while light from other planes is sup-
pressed. Confocal principles (Wilson 1990) allow
high-resolution fluorescence imaging of tissue sec-
tions as well as thick, whole cells without interfer-
ence from obscure out-of-focus background (stray-
light). New configurations offer laser excitation,
auxiliary image intensification, and computer-assist-
ed analysis technology so that even the weakest flu-
orescence emission can be quantified. Confocal laser
scanning microscopes can detect about 10 fluores-
cent molecules of FITC-um~—2 (Ploem 1989), where-
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as conventional microscope would need 10-100
times more fluor to obtain a clear image. This high
degree of detection allows visualization of target an-
tigens that are in low abundance. Furthermore, im-
age analysis software allows fluorescence intensities
to be quantified (Buurman et al. 1992, Vrieling et
al. 1993a).

Perhaps the most unique feature of the new gen-
eration of confocal microscopes is that three-dimen-
sional images can be created of individual cells, es-
pecially when they cannot be flattened easily or are
quite large (more than 10 um). Optically confocal
sections can be obtained in sequence and in fixed
increments. This permits the three-dimensional dis-
play of physiological processes or antigen localiza-
tion in single cells. Surprisingly, this technology has
not yet been exploited to any great extent in phy-
toplankton research. It offers great advantages for
chromosome counting in cell cycle studies, for de-
tecting changes in the chloroplast morphology of
individual cells, and for localization of cell organ-
elles or constituents such as microtubules, enzymes,
or toxins. In an overview of the flagellar apparatus
and cytoskeleton of dinoflagellates by Roberts and
Roberts (1991), confocal microscopy is advocated as
the technique of choice to explore the three-dimen-
sional arrangement of cytoskeletons. Confocal mi-
croscopy was used for three-dimensional localization
of the cell-surface antigens of the dinoflagellates Gy-
rodinium aureolum, Prorocentrum minimum Pavillard,
P. micans, and Gymnodinium nagasakiense (Vrieling et
al. 1993a), demonstrating distinct differences in la-
beling patterns among species. Labeled antigens in
some cells showed intense fluorescence patterns
along the edges of the sulcus and cingulum, whereas
granular structures on the cell surface were labeled
on other cells. Confocal laser scanning microscopy
(CLSM) was also used to distinguish FITC fluores-
cence from chlorophyll autofluorescence in immu-
nochemically labeled cell-surface antigens in dino-
flagellates (Vrieling et al. 1993a, b). In those studies,
the fluorescent intensity of FITC labeling was esti-
mated and quantified, which could not have been
achieved by conventional epifluorescence micros-
copy. The distinction between FITC (Fig. 1C) and
chlorophyll fluorescence (Fig. 1D) can be easily made
by CLSM. In other studies, fluorescence lifetime
imaging was investigated using another naked di-
noflagellate, Gymnodinium nagasakiense (Buurman et
al. 1992).

Flow cytometer. Flow cytometers are designed for
high-speed analysis of cell populations, typically
10,000 events-s~!. Cells are passed single-file through
a laser beam, and their optical properties are re-
corded by an array of photomultipliers. Fluores-
cence at several different wavelengths can be deter-
mined on individual cells, as well as forward-angle
and 90° light-scatter, which provide useful infor-
mation on cell size or surface structure (Visser et al.
1978). Flow cytometry originated as a tool in bio-

medical investigations of blood cells, either stained
by fluorescent DNA probes or fluorophore-conju-
gated antibodies. It has rapidly become a tool in
phytoplankton research, mostly in the analysis of
field populations or cultured cells that can be dis-
tinguished on the basis of their unique size or natural
fluorescence characteristics (e.g. phycoerythrin-
containing Synechococcus spp. [Olson et al. 1988] or
chlorophyll a-containing prochlorophytes [Chis-
holm et al. 1988]). Flow cytometers have even been
adapted to operate on-board research vessels (Olson
et al. 1985, Cunningham 1990).

Flow cytometers can have a precision of 1-3%,
yet they have sufficient sensitivity to detect fewer
than 160 fluorescent molecules in about 20 us, the
time required for a cell to traverse the laser beam
(Dovichi et al. 1983). Instruments equipped with
multiple lasers are able to excite fluors at different
wavelengths; special optical filters can provide mea-
surements of as many as eight optical parameters on
a single cell. This level of characterization is very
useful for species-specific detection using artificial
neural networks (Balfoort et al. 1992).

One distinct advantage of flow cytometers over
optical microscopes is that large numbers of cells or
samples can be processed in a very short time. How-
ever, a problem with all commercial flow cytometers
is that they are not able to analyze particles larger
than 100 um (Legendre and Yentsch 1989, Phinney
and Cucci 1989, Steen 1991), so they are not suitable
for large, chain-forming, or colony-forming species
(Peeters et al. 1989, Hofstraat et al. 1990, Steen
1991). To overcome this problem a new instrument,
the optical plankton analyzer (or OPA), was de-
signed and built in The Netherlands (Dubelaar et
al. 1989, Peeters et al. 1989). This flow cytometer,
equipped with three lasers, uses a larger cuvette and
a larger focus area of the laser beam. It allows anal-
ysis of up to eight parameters on particles ranging
from 1 to over 1000 pm in length and up to 500 um
in width.

Flow cytometry offers special advantages to im-
munologists due to its speed, flexibility, and quan-
titative capabilities. One obvious application of flow
cytometry in phytoplankton research and monitor-
ing would be in automated, immunofluorescent cell
enumeration. Ward (1990) showed that marine bac-
teria could be detected when the target species was
present in reasonable numbers, and the results of
L. P. Shapiro et al. (1989a) and Vrieling et al. (1995a;
unpubl. res.) suggest that the method could even-
tually be useful to detect phytoplankton species us-
ing immunofluorescent labeling of cell-surface an-
tigens.

Immunofluorescence coupled with flow cytome-
try is thus an area of active investigation in several
laboratories. One current obstacle to flow cytome-
tric analysis of labeled cells is that the intensity of
positive labeling is often not significantly higher than
the background fluorescence of control or unla-
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beled cells. Even when the mean fluorescence of
labeled cells is 3-5 times higher than the mean for
unlabeled cells, the variability in fluorescence around
those means can result in unacceptable overlap of
the two populations. For Alexandrium tamarense, for
instance, variability in fluorescence intensities and
patterns have been observed using a PAb recogniz-
ing cell-surface antigens (Taylor and Lewis 1995). It
is thus difficult to specify a minimum fluorescence
level that delineates cells of a target species from all
others without setting the threshold so high that
many positively labeled (but weakly fluorescent) tar-
get cells would not be counted. Signal enhancement
is clearly necessary, and several approaches are
promising. Vrieling et al. (1993a) showed that flu-
orescent intensity can be enhanced using biotinyl-
ated secondary antibodies that react with FITC-con-
jugated streptavidin. More recently, the Dutch group
has used pooled antisera to increase the number of
labeled epitopes in trying to increase the intensity
of the fluorescence signal (Vrieling et al. 1994b).
Other approaches to signal enhancement are also
being investigated such as the use of alternative
fluorochromes or additional layers of antibodies (e.g.
biotinylated anti-FITC to bind to the FITC-labeled
secondary antibody, detected with avidin-FITC).
Expectations are high that signal intensity problems
can be overcome, but at this writing automated ap-
plications of immunofluorescent techniques for
harmful algae are still in the developmental stage.
Another problem is that cells can be lost in the
many incubation, blocking, and washing steps re-
quired to label cells. Preliminary experiments per-
formed to identify G. aureolum in field samples of
the Dutch monitoring program showed that, due to
cell loss, the target organism was only detected prop-
erly when at least 10 cells-L~! were present (Vriel-
ing et al. 1995a). Accurate cell numbers could not
be determined. Despite the cell loss problem, in the
summer of 1991 at two stations in the central North
Sea, G. aureolum could be readily identified during
formation and decline of a bloom (arrows in Fig. 2;
Vrieling et al. 1994a, 1995a). Preliminary studies
using G. aureolum cells added to mixed algal popu-
lations suggest that a loss of 20% or more is not
unusual during processing, despite the use of direct
immunofluorescent techniques and careful sample
manipulations (Vrieling et al., unpubl. res.). Nev-
ertheless, immunofluorescence combined with flow
cytometric countings is still recognized as an im-
portant component in a Dutch early warning system
to detect toxic marine phytoplankton species at low
cell concentrations. Recent results suggest that tar-
get species can be detected even when they repre-
sent less than 0.01% of the total number of cells in
mixed populations (Vrieling et al., unpubl. res.). In
theory, a detection limit of less than 1000 cells-L~!
is thus possible but largely depends on an optimal
signal-to-noise ratio and careful processing of sam-

ples.

An important different benefit to be derived from
the combination of immunofluorescence and flow
cytometry is that cells of a target species can be
sorted from natural samples and used for physio-
logical or toxicological analysis. Here again, signal-
noise problems are encountered that can make it
difficult to specify which cells are to be selected, but
with appropriate signal enhancement strategies spe-
cies-specific cell sorting based on immunofluores-
cence will soon be as commonplace as sorting on the
basis of pigment fluorescence.

Apart from these efforts to detect species in mixed
populations, cellular constituents can also be studied
using flow cytometry. For example, Buma et al.
(1995) used flow cytometry to demonstrate the re-
lationship between the fluorescence intensity of in-
tracellular T,T-dimers and the amount of DNA
damage to phytoplankton cells following UV-B ir-
radiation (Fig. 4). Interference of chlorophyll fluo-
rescence was avoided by extracting cells with etha-
nol before the flow cytometric analysis. Orellana and
Perry (1995) developed a method for flow cytome-
tric quantification of Rubisco in order to estimate
photosynthetic rates of marine phytoplankton. By
comparing chemical fixatives and extracting almost
all pigments (£99%), they were able to identify phy-
toplankton using the remaining red fluorescence as
a triggering parameter to measure the green FITC
fluorescence of labeled Rubisco.

CONCLUSIONS AND FUTURE PROSPECTS

The future of immunofluorescence in phyto-
plankton research is indeed promising. One area
where these tools will soon be commonplace is in
species identification. Cell-surface antibodies al-
ready exist for many species (Table 3), and more
are in preparation at this time. Specificity is excel-
lent, as species and even strains of species can be
readily distinguished. Sensitivity is excellent, allow-
ing the detection of target organisms at very low
concentrations. Considerable effort is still needed,
however, to bring antibody probes from the devel-
opmental stage to direct applications on natural pop-
ulations. Techniques must be refined to maximize
the fluorescence intensity of labeled cells, and pro-
cedures such as enumeration or fluorescence-acti-
vated cell sorting of target species using immuno-
fluorescence and flow cytometry must be perfected.
In parallel with single cell analysis using expensive
instruments such as flow cytometers, efforts must be
directed to inexpensive bulk analyses using dot blot
or enzyme-linked assays in tissue culture plates.

The natural fluorescence of cell constituents such
as chlorophyll or other pigments has often been used
in studies of the physiological state, growth, tax-
onomy, and population dynamics of marine phyto-
plankton. Immunofluorescence has only recently
been used as a tool in this type of study, although
it is an ideal method to reveal variations in biomass,
cell concentration of individual taxa or even species,
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TABLE 3. Summary off cell-surface antibodies to marine phytoplankton.

Species Antibody Reference

Bacillariophyceae

Nitzschia frustulum var. symbioticum Polyclonal Lee et al. 1988

Pseudo-nitzschia pungens forma multiseries Polyclonal Bates et al. 1993

P. pungens forma pungens Polyclonal Bates et al. 1993

Thalassiosira oceanica Polyclonal L. P. Shapiro et al. 1989a, Campbell et al. 1994
Cyanobacteria

Synechococcus Polyclonal Fliermans and Schmidt 1977, Campbell et al. 1983, Glover et

al. 1986, Campbell and Carpenter 1987, Campbell and Iturriaga
(1988)

Synechocystis Polyclonal Campbell et al. 1983
Chrysophyceae

Aureococcus anophagefferens Polyclonal Anderson et al. 1990, 1993

Pelagococcus subviridis Polyclonal L. P. Shapiro et al. 1989a, Campbell et al. 1994
Dinophyceae

Alexandrium catenella Monoclonal Adachi et al. 1993, Sako et al. 1993

A. lusticanicum Polyclonal Mendoza et al. 1995

A. minutum Polyclonal Mendoza et al. 1995

A. tamarense Monoclonal Adachi et al. 1993, Sako et al. 1993

A. tamarense Polyclonal Taylor and Lewis 1995

Gyrodinium aureolum? Monoclonal Vrieling et al. 1994b

G. catenatum Polyclonal Mendoza et al. 1995

Gymnodinium nagasakiense Monoclonal Nagasaki et al. 1991

Prorocentrum lima Polyclonal Costas et al., pers. commun.

P. micans Polyclonal Vrieling et al. 1993a, b

P. triestinum Polyclonal Costas et al., pers. commun.
Prymnesiophyceae

Emiliania huxleyi Polyclonal L. P. Shapiro et al. 1989a, Campbell et al. 1994

E. huxleyi (types A and B)® Polyclonal Borman et al. 1987, van Bleijswijk et al. 1991
Raphidophyceae

Chattonella antiqua Monoclonal Hiroishi et al. 1988, Uchida et al. 1989, Vrieling et al. 1995b

C. marina Monoclonal Hiroishi et al. 1988, Uchida et al. 1989, Vrieling et al. 1995b

2 These MAbs also recognize the morphologically related species Gymnodinium nagasakiense and G. mikimotoi (Vrieling et al. 1994b).

b PAbs reacting with polysaccharides of either type A or B.

and location and expression of cell components such
as enzymes indicative of metabolism and growth.
Modern immunofluorescent techniques clearly rep-
resent a powerful but underutilized tool in eco-
physiological phytoplankton research. The nearly
endless variety of mammalian antibody molecules
allows specific detection of antigens related to a very
wide range of cell functions, and only a handful of
these have been investigated thus far. Various as-
pects of cellular organization revealed by immuno-
fluorescence can be compared directly with bright-
field or phase-contrast images. Rapid visualization
of the cell compartments of interest using different
fluorophore-conjugated antibodies targeting mul-
tiple antigens is also possible. Moreover, the possi-
bility of investigating the localization or abundance
of one or several antigens at the whole-cell level
(even in three dimensions using CLSM) is perhaps
the most valuable aspect of immunofluorescence mi-
croscopy. As more workers realize that the species,
molecules, or cellular processes of interest to them
are accessible to immunofluorescent probes, the ap-
plications of this powerful technology should ex-
pand considerably in the coming years.
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