
J Phycol. 35, 870-883 (1999) 

DETECTION OF THE TOXIC DINOFLAGELLATE AIEXANDRIUMFUNDYENSE 
(DINOPHYCEAE) WITH OLIGONUCLEOTIDE AND ANTIBODY PROBES: VARIABILITY IN 

LABELING INTENSITY WITH PHYSIOLOGICAL CONDITION1 

Donald M. Anderson2, David M. Kulis, Bruce A. Keafer 

Woods Hole Oceanographic Institution, Biology Department, Woods Hole, Massachusetts, 02513 

and 

Elisa Berdalet 

Institut de Ciencies del Mar, P. Joan de Borbo s/n 08039, Barcelona, Spain 

The toxic dinoflagellate Alexandrium fundyense Bal
ech was grown under temperature- and nutrient-lim
ited conditions, and changes in labeling intensity on 
intact cells were determined for two probe types: an 
oligonucleotide probe targeting rRNA and a mono
clonal antibody (MAb) targeting a cell surface pro
tein. In nutrient-replete batch culture, labeling with 
the rRNA probe was up to 400% brighter during 
exponential phase than during stationary phase, 
whereas MAb labeling did not change significantly 
with growth stage at the optimal growth tempera
ture. In cultures grown at suboptimal, low temper
atures, there was a significant difference between 
labeling intensity in stationary versus exponential 
phase for both probe types, with exponential cells 
labeling brighter with the rRNA probe and slightly 
weaker with the MAb. The decrease in rRNA probe 
labeling with increasing culture age was likely due 
to lower abundance of the target nucleic acid, as 
extracted RNA varied in a similar manner. With the 
MAb and the rRNA probes, slower growing cultures 
at low, nonoptimal temperature labeled 35% and 
50% brighter than cells growing faster at warmer 
temperatures. Some differences in labeling intensity 
per cell disappeared when the data were normalized 
to surface area or volume, which indicated that the 
number of target antigens or rRNA molecules was 
relatively constant per unit area or volume, respec
tively. Slow growth accompanying phosphorus and 
nitrogen limitation resulted in up to a 400% de
crease in labeling intensity with the rRNA probe 
compared to nutrient-replete levels, whereas the 
MAb labeling intensity increased by a maximum of 
60%. With both probes, labeling was more intense 
under phosphorus limitation than under nitrogen 
limitation, and for all conditions tested, labeling in
tensity was from 600% to 3600% brighter with the 
MAb than with the rRNA probe. Thus, it is clear that 
significant levels of variability in labeling intensity 
can be expected with both probe types because of 
the influence of environmental conditions and 
growth stage on cellular biochemistry, cell size, 
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rRNA levels, and the number or accessibility of cell 
surface proteins. Of the two probes tested, the 
rRNA probe was the most variable, suggesting that 
in automated, whole-cell assays, it can be used only 
in a semiquantitative manner. For manual counts, 
the human eye will likely accommodate the labeling 
differences. The MAb probe was less variable, and 
thus should be amenable to both manual and auto
mated counts. 

Key index words: Alexandrium; antibody; oligonucle
otide; physiology; probe; rRNA , 

Abbreviations: FITC, fluorescein isothiocyanate; 
FLS, forward light scatter; FSB, fetal bovine serum; 
MAb, monoclonal antibody; PAb, polyclonal anti
body; RFU, relative fluorescence units; SET, salt, 
EDTA, Tris buffer (750 mM NaCl, 5 mM EDTA, 100 
mM Tris-HCl [pH 7 .8] buffer); SSC, side scatter 

A common problem ,in phytoplankton field ecol
ogy occurs when the species of interest is only a mi
nor component of the mixed planktonic assem
blage. Many potentially useful physiological mea
surements (e.g. chlorophyll, 14C fixation, C:N:P ra
tios) are not feasible or are extremely difficult to 
obtain for individual species because of the co-oc
currence of other organisms and detritus. Another 
common problem arises from the difficulty inherent 
in identifYing species or strains, which are so mor
phologically similar that distinguishing characteris
tics are difficult to discern under the light micro
scope. Such fine levels of discrimination are not 
generally practical in monitoring programs or other 
studies that generate large numbers of samples for 
cell enumeration. This situation is encountered fre
quently in studies of harmful or toxic algae, where 
toxic and nontoxic varieties of species exist and 
sometimes even co-occur (e.g. Yentsch et al. 1978, 
Smith et al. 1990). 

A new technology that may well alleviate these 
problems utilizes molecular "probes" that are spe
cific for certain species of phytoplankton (reviewed 
in Anderson 1995, Scholin and Anderson 1998). Ol
igonucleotide probes target particular genes or 
gene products inside cells using short, synthetic 
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DNA segments that bind selectively to sequences 
specific for a particular organism. For marine sys
tems, this technique has thus far been used primar
ily on prokaryotes (e.g. DeLong et al. 1989, Amann 
et al. 1990, Distel et al. 1991), but oligonucleotide 
(rRNA) probes for toxic phytoplankton, such as 
Pseudo-nitzschia and Alexandrium, are emerging 
(Scholin et al. 1994, Adachi et al 1996, Miller and 
Scholin 1996, Anderson, unpubl.). An alternative to 
the rRNA probe approach uses antibodies raised 
against cell surface proteins. These probes are used 
to label cells of interest by using indirect immuno
fluorescence or related procedures for visualizing 
antibody-antigen binding (e.g. Campbell and Car
penter 1987, Shapiro et al. 1989, Vrieling and An
derson 1996). For harmful or toxic phytoplankton, 
this work has progressed to the stage where poly
clonal and monoclonal antibodies (PAbs and MAbs) 
are available that identify target species in several 
different algal classes. 

Anderson et al. (1989) developed a PAb specific 
for the "brown tide" chrysophyte Aureococcus ano
phagefferens that has been used along the northeast
ern U.S. coastline in order to characterize the dis
tribution of A. anophagefferens (Anderson et al. 
1993). Several PAbs were developed that recognize 
toxic and nontoxic varieties of the diatom Pseudo
nitzschia pungens (Bates et al. 1993). Antibodies have 
also been raised against several species of toxic di
noflagellates. A monoclonal antisen1m produced by 
Nagasaki et al. (1991) labeled nine strains of Gym
nodinium nagasakiense from Japan, and antisera pro
duced against cell surface antigens of Gyrodinium au
reolum from western Europe have been reported 
(Vrieling et al. 1994). Additionally, MAbs have been 
developed for Prorocentrum micans (Vrieling et al. 
1993) and for toxic Alexandrium species (Adachi et 
al. 1993, Sako et al. 1993). Further promise for the 
application of antibodies in phytoplankton autecol
ogy was demonstrated by the separation of toxic Al
exandrium cells from mixed plankton assemblages 
using immunomagnetic bead methodologies, which 
may eventually be utilized for species-specific physi
ological measurements (Aguilera et al. 1996). 

As work progresses on molecular-probe approach
es to phytoplankton identification, enumeration, 
and separation, one area that requires investigation 
relates to the variability in labeling intensity caused 
by changes in the physiological condition of the tar
get species. Both antibody and rRNA probes are po
tentially affected by environmental effects on the 
physiological state of the target cells (DeLong et al. 
1989, Lee and Kemp 1994, Vrieling et al. 1994, 
1996). Although Vrieling et al. (1997) found that 
the number of antigenic sites on two dinoflagellates 
did not change in abundance except when cultures 
were in very late stages of batch culture growth, this 
might not be the case for all cell surface antigens 
under different environmental conditions. For RNA, 
it has been well established for some prokaryotes 

that rRNA varies systematically with growth rate; fast
er growing cells have more RNA per cell than do 
cells growing at slower rates (e.g. DeLong et al. 
1989). Efforts are underway to use the variation in 
rRNA content, measured using oligonucleotide 
probes, to obtain estimates of bacterial growth rate 
(Lee et al. 1993, Lee and Kemp 1994). In that in
stance, variability in labeling intensity is meaningful 
as an indicator of physiological state, but for other 
applications, the variability in labeling may lead to 
ambiguous results. An example of the latter is in 
flow cytometry, where the intensity of positive label
ing must be significantly higher than the back
ground fluorescence of control or unlabeled cells if 
a particular species is to be identified and gated with 
electronic thresholds (Vrieling et al. 1994, Anderson 
1995). Even if signal enhancement techniques are 
used for cells with lower antigen-expression levels, 
flow cytometric gating will introduce estimate errors 
of the abundance of a target species in mixed algal 
assemblages, mostly because of the natural disper
sion of the parameter distributions for natural pop
ulations of cells. 

In this study, the toxic dinoflagellate A. fundyense 
was grown under different nutrient and tempera
ture conditions, and changes in labeling intensity 
were determined for intact cells using two probe 
types: an oligonucleotide probe targeting ribosomal 
RNA and a MAb targeting cell surface proteins. The 
fluorescently labeled probes were detected and 
quantified with flow cytometry. 

MATERIALS AND METHODS 

Cultures. All experiments utilized A. fundyense (strain GTCA2S) 
isolated from the western Gulf of Maine and rendered clonal by 
single cell isolation. Inoculum cultures were maintained for sev
eral transfers in mid to late exponential growth in modified f/2 
medium (Guillard and Ryther 1962) made with 0.2 [LM filtered 
Vineyard Sound seawater (31 psu). The f/2 medium was modified 
by adding Na2Se03 and by reducing the concentration of 
CuS04·5H20 to a final concentration of 10-s M each. Cultures 
were grown at the experimental temperatures of so and 15° C on 
a 14:10 h LD cycle (ca. 200 [Lmol photons·m-2-sec1 irradiance 
provided by cool white fluorescent bulbs). 

Experimental. At the start of the experiment, nutrient-replete 
cultures were inoculated into six 2.8-L Fern bach flasks containing 
1.3 L of temperature-equilibrated f/2 medium for each treat
ment. Eight 1-L flasks were also inoculated, each with 400 mL of 
f/40 nitrate or phosphate (identical to f/2, but containing one
twentieth the normal amount ofNaN03 or NaH2P04). The initial 
cell density in the experimental flasks was calculated to be 200 
cells· mL -l. Cell densities of the so and 15° C cultures were deter
mined both microscopically, using a Sedgewick Rafter counting 
chamber, and with a Coulter Counter (Coulter model ZF with P-
12S size distribution analyzer). Both counting methods provided 
similar results. However, in the low-nutrient treatments, Coulter 
counts proved to be unreliable, as large numbers of empty thecae 
interfered with the analysis. Microscope counts and in vivo fluo
rescence measurements made with a Turner model 10-AU fluo
rometer were therefore used to evaluate the growth of these cul
tures. Daily triplicate Coulter and single fluorescence measure
ments were performed on the temperature and low-nutrient ex
perimental flasks, respectively, and triplicate microscope 
cell-count samples were taken from all treatments when samples 
for flow cytometric analysis were collected. Cell sizing data for the 
15° and S° C experiments were also collected with the Coulter 
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Counter. Low-nutrient cell-size information was obtained by mea
suring a minimum of 100 Utermohl's-preserved cells on an image 
analysis system composed of a Zeiss Axioskop equipped with a 
Princeton Instruments MicroMax digital camera. Digitized cell 
images were quantified with IP Lab Spectrum Software. 

Flow cytometry samples for the 15° C batch culture were col
lected during exponential growth on days 0, 3, 5, 7, and 10. Mter 
day 10, the cells entered the stationary phase of growth, and six 
additional samples were collected over the next 25 days. During 
the exponential phase of growth of the 8° C cultures, six samples 
were collected, and an additional four samples were taken during 
the stationary growth phase from days 20 to 35. Flow cytometry 
samples were taken by removing a sufficient volume of culture to 
contain 5 X 105 cells each from two of the six culture flasks. The 
samples were initially concentrated by reverse filtration through 
a 13-J.1m Nitex sieve to a volume of about 40 mL and preserved 
with formalin (11% v/v, final concentration = 4% formalde
hyde). The preserved samples were stored at 4° C for 1 h, cen
trifuged (5000 X g, 5 min, 4° C), and the supernatant aspirated 
away. The cell pellet was washed three times for 10 min each time 
with 10-mL volumes of 4° C, 0.2-fLm-filtered seawater to remove 
residual formalin. Mter the last wash/centrifugation step, the cell 
pellet was resuspended in approximately 1 mL filtered seawater. 
The cell slurry was injected through a tuberculin syringe with a 
22-gauge needle into 10 mL of ice-cold methanol in order to 
extract chlorophyll and to desegregate any clumps of cells that 
may have formed during the sample processing. Methanol-ex
tracted samples were stored overnight at -20° C, concentrated by 
centrifugation, transferred into 2-mL cryovials, and stored at -70° 
C until needed for flow cytometric analysis. Samples for biochem
ical analysis, RNA, and DNA were collected as above, except that 
only 5000 cells were collected by reverse filtration and cen trifu
gation. The overlying medium was aspirated to about 1 mL above 
the cell pellet, and the cell concentrate was transferred to a 1.8-
mL cryovial, centrifuged, aspirated, and frozen in liquid nitrogen. 
Frozen samples were transferred to -70° C storage. 

Low-nutrient treatments were grown at 20° C in a semicontin
uous culture mode by replacing a prescribed volume of culture 
with fresh medium on a daily basis in order to force the culture 
into four predetermined growth rates: 0.5, 0.35, 0.2, and 0.1 di
visions·day-1. Samples for the low-nutrient component of this ex
periment were harvested in the same manner as were the batch 
cultures, except that only one final endpoint sample was taken 
from duplicate flasks once the cultures were deemed to have 
achieved steady state. Steady state was defined by stable in vivo 
fluorescence and cell-density measurements for at least 10 con
secutive days. 

In order to account for any cell loss during sample processing, 
10 fLL of the -70° C flow cytometry samples were diluted in 1050 
11L PBS and counted. Based on the results of these counts, a 
sufficient volume of sample was removed from each vial to yield 
7500 cells for antibody and oligonucleotide probing. 

MAbs. Antibody labeling used mouse MAb M8751-l specific for 
several strains of Alexandrium sp. (Adachi et al. 1993, Sako et al. 
1993). This antibody has been shown to cross-react with A. fun
dyense isolate GTCA28 from the Gulf of Maine and has also been 
shown to label naturally occurring Alexandrium sp. from the Gulf 
of Maine (Anderson, unpubl.). The antibody, which is of the im
munoglobulin (Ig) G1 subclass of Ig proteins, was supplied as a 
hybridoma culture supernatant from cells that were grown in 
PRMI1640 medium containing 10% fetal bovine serum (FBS, Nis
sui, Japan). The supernatant was aliquoted into smaller volumes 
and frozen at -20° C for later use. Since an unreactive "control" 
hybridoma supernatant grown under the same conditions as 
M8751-l was unavailable, purified mouse myeloma protein 
(MMP; Sigma Chemical Co. [St. Louis, MO], M9035) of the IgG1 
class was used as the negative control serum. A final concentra
tion of the control serum of 1:100 was used to approximate the 
specific antibody concentration that might be expected in the 
final dilution (1:10) of the "positive" M8751-1 supernatant, al
though the actual specific antibody concentration of the M8751-
1 was not determined. 

Antibody labeling protocol. Two volumes containing approximately 

7500 cells from each methanol-extracted sample were pipetted 
into separate 1.5-mL microcentrifuge tubes, one each for the pos
itive and negative control samples. The samples were initially 
washed once with 0.02 M PBS by centrifugation (2000 X g for 3 
min) in order to remove methanol and methanol/seawater pre
cipitates. The pelleted cells were blocked for 45 min under con
stant mixing with 1.0 mL of 5% normal goat serum (NGS; Sigma) 
in PBS. Samples were then pelleted via centrifugation, the NGS/ 
PBS supernatant was discarded, and 0.5 mL of the primary anti
body (MAb; M8751-1), diluted 1:10 (v/vwith 5% NGS/PBS), was 
added. Mter 45 min of incubation with the MAb, the cells were 
washed three times by centrifugation with 0.02 M PBS in 0.5% 
NGS. The pelleted cells were then incubated for another 45 min 
with a goat anti-mouse IgG secondary antibody (heavy + light 
chain) conjugated to fluorescein isothiocyanate (FITC; Molecular 
Probes, Inc. [Eugene, Oregon], F-2761; 1:300; v/v with 5% NGS/ 
PBS). Mter washing two times with 0.5% NGS/PBS, the cells were 
washed once with PBS only and were then resuspended in 250 
fLL PBS for analysis on the flow cytometer. 

Negative controls for each sample were processed in the same 
manner as described above, except that a 1:100 dilution ofMMP 
in NGS/PBS was used as a replacement for the specific MAb, 
M8751-1. 

rRNA probes. A large-subunit ribosomal RNA oligonucleotide 
probe, named NA1 (5'AGTGCAACACTCCCACCA3'; Anderson 
et al., unpubl.), that is specific for dinoflagellates within the 
North American Alexandrium species cluster (A. tamarense/fun
dyense/catenella) (Scholin et al. 1994) was used to quantify cellular 
rRNA in these samples. A shipworm bacterium probe 
(5'GCTGTACTCAAGTTACCCAGTTCTAA3'; Distel et al. 1991) 
was used as a negative control probe to account for nonspecific 
labeling and the inherent autofluorescence of cells, which might 
contribute to the positive NA1 signal. The probes had FITC-con
jugated to an ethyl amino group at the 5' end of the oligonucle
otide, as synthesized by Molecular Probes, Inc. The probes were 
received in a purified, lyophilized form, and a portion of this 
material was resuspended in sterile distilled water to a final con
centration of 50 ng·fLL -I, aliquoted in 50-fLL volumes, and stored 
frozen at -20° C. 

Oligonucleotide labeling protocol. Subsamples were removed as de
scribed in the antibody-labeling protocol. They were then centri
fuged (2000 X g, 5 min, 23° C), the supernatants were aspirated, 
and 50 fLL of hybridization buffer containing 5X SET (750 mM 
NaCI, 5 mM EDTA, 100 mM Tris-HCI [pH 7.8]), 0.1 fLg·mL- 1 

polyadenylic acid, 0.1% Tergitol NP-40, and 10% formamide were 
added to the cell pellets. These samples were prehybridized at 50° 
C for 30 min. Following the prehybridization, 5.0 fLL of either 
the NAl or shipworm probe (final concentration, 4.5 1-1g· mL -I) 
were added and the samples incubated for an additional 2 h at 
50° C in the dark. Samples were then centrifuged as described 
above, and the cell pellets were washed in 50 fLL 0.2X SET buffer 
for 10 min at 50° C. Following the wash, the samples were again 
centrifuged, the supernatants aspirated, and the hybridized pel
lets resuspended in 250 fLL 5X SET. 

These samples, as well as the antibody-labeled samples, were 
packed in ice and sent via overnight mail for flow cytometric anal
ysis. The samples were refrigerated (4° C) upon arrival. Analyses 
were all performed within 24-48 h of the labeling procedures. 

Flow cytometric analysis. All analyses were performed on a Becton 
Dickinson FACScan flow cytometer that is housed at the Macisaac 
Center for Particle Analysis, Bigelow Laboratory for Ocean Sci
ences. The instrument was equipped with a 15-mW, 488-nm argon 
laser for excitation. Emission detection for green (FITC) fluores
cence used a 515-525-nm bandpass filter, and detection for red 
(chlorophyll) fluorescence used a 650-nm longpass filter. Detec
tors for forward scatter (FLS) and side scatter (SSC) were also in 
place to collect information relative to cell density and size/com
position, respectively. 

The antibody- and the oligonucleotide-labeled samples con
tained in microcentrifuge tubes were transferred to plastic vials, 
and the samples were run to near dryness with occasional mixing 
in order to insure that the maximum number of cells was ana
lyzed and that the cells remained in suspension. A 10-11m external 
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bead standard (D1 Acheck fluorospheres, Coulter Corp., Miami, 
Florida; 6603488) that fluoresces at all wavelengths was run after 
every I 0 samples to verify instrumenL stability. 

Four parameters (green fluorescence, red fluorescence, FLS, 
and SSC) were collected on a logarithmic scale, whereas cell-den
sity information (number of particles counted) was collected lin
early. In order to eliminate the enumeration of particles from 
cultu t·e debris, we g-,ned on chlorophyll (red) fluorescence, thus 
analp;ing only in tact cells (containing residual chlorophyll after 
methanol extraction) and larger particles that scatter enough 
light into the red channel to be above thre hold. Flow cytomeuic 
data are typically presented in the form of scatter plots, in which 
two parameters are plotted against one ano ther. For instan ce, 
sse. which is related to cell size, is plotted as the independe nt 
(X) variable, and labeling intensity from the green fluorescence 
emission of FITC is plotted as the dependent (Y) variable (e.g. 
Fig. lA, B). The fluorescence infonnation derived from the flow 
cytometer is in relative fluorescence units (RFU) for both positive 
and negative controls. 

Nuckic acid anal)'sis. Cellular RNA and D A were analy1.ed with 
the CyQuant® Cell Proliferation Assay Kit (Molecular Probes, 
Inc.). Using nuclease-free techniques, frozen cell pellets were re
suspended in 1.06 mL of the lysis buffer and mixed. Three 20-
j.LL sub ·am pies were then diluted to l mL for cell counts to quan
tity the nucleic acid values on a per-ceil basis. An additional 300 
j.LL were placed in a 2-mL screw-cap tube, fi lled with 500 11m 
zirconium beads, and shaken on a high setting for 90 s in a Mini
Beadbeater4!1' (Biospec Products, BartleS\~IIe, Oklahoma). Four 
200-j.LL aliquots of cell lysate were added to separate wells of a 
96-well tissue culture plate. Three serial dilutions of the samples 
were made by adding equal amounts of lysis buffer to the original 
sample in wells adjacent to the undiluted sample. One set of sam
ple dilutions was left untouched, while the o ther three sets were 
reacted with either DNase I (RNase free, 45 Kunitz units·mL-• 
fi nal concentration; Boehringer Mannheim, 776 785) or R ase 
A (D ase free, 1.35 Kuni tz units·mL 1 final concentration; Unit
ed States Biochemical, 21210) o r a combination of the two nu
cleases. Serial dilutions of salmon testes D A (Sigma, D-9156) 
and bovine liver RNA (Sigma, R-5502) were made at the same 
time in order to quantifY Akxandrium nucleic-acid concentrations. 
The samples were incubated in the dark at 37" C for 1 h and then 
were reacted with 2X Gr/ lysis buffer for 5 min in the dark. The 
plate was read on a Millipore Cytofluo r4!1> 2300 Fluorescence Mea
surement Syste m with 480-nm emission and 520 excita.tion fi lte rs 
in place . D A concentrations were calculated by subtracting the 
fluorescence of the D ase/ RNase treaunent from the RN35e-{)nly 
treatmen t, whereas the RNA concentration was calculated by sub
tracting the D ase/ RNase treaunent from the D ase-<>n ly treat
menL These products were compared to DNA and Rl A standard 

values in order to determine the nucleic-acid concentration in 
the algal extracts. 

RESULTS 

Saturation of antibody and rRNA probe labeling. Ex
periments were performed to determine the probe 
concentration necessary to achieve uniform (satu
rated) labeling of the cells regardless of the cell 
densities in the samples. A MAb dilution of 1:10 in 
0.5 mL of 5% NGS/ PBS was sufficient to label up 
to 20,000 cells in a sample without a significant de
crease in labeling intensity (data not shown) . Sim
ilarly, the amount of rRNA probe needed to satu
rate the target rRNA in a given number of cells was 
determined by keeping the concentration of probe 
and the volume of hybridization buffer constant at 
4.5 J.Lg·mL - t and 50 J.LL, respectively, whereas the 
number of cells to be hybridized was varied be
tween 7000 and 68,000. A d ecrease in labeling in
tensity was obseiVed at concentrations above 23,000 
cells per sample (data not shown), so a probe con
centration of 4.5 mg· L -I was deemed adequate for 
the densities used in this study, which were always 
below 20,000 cells per sample. All experimen ts pre
sented here were completed with the same batch 
of antibody (both primary and secondary) and 
rRNA probes. If the need to use different batches 
does arise, it would be necessary to re titrate in or
d er to d etermine the titer of probes so that vari
ability in labeling intensity due to this factor can 
be avoided. 

Cultures. The 15° C cultures in nutrient-rep lete f/ 
2 medium maintained a growth rate of 0.65 divi
sions·day- • for approximately 10 days, after which 
the cells entered stationary phase for the next 25 
days (Fig. 2A). The exponential growth phase was 
d efined as the interval between days 3 and 10, based 
on the sustained , steady growth rate observed dur
ing tha t time. Stationary phase was defined as the 
interval between days 20 and 35 and thus did not 
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include the transttion phase following exponential 
g rowth. The go C cultures grew at 0.32 divi
sions· day 1

, about half as fast as the 15° C cultures 
(Fig. 3A). Exponential phase was defined as days 3 
to 17 and stationary phase as days 24 to 35, for that 
culture. For both the 15° C control and the go C 
low-temperature treatments, replicate cultures grew 
at similar rates and achieved similar cell den ities. 

The nitrogen (N) and phosphorus (P) nutrient
limited culture (Figs. 4, 5) were equilibrated to a 
emicontinuous mode of growth for 12 days before 
teady state was achieved. Steady state was then 

maintained for at least 10 consecutive days before 
cells were harvested for analysis. 

In all treatments, the cells were in good morpho-
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logical condition throughout the experiments; how
ever, there were large numbers of empty thecae in 
the cultures during the stationary phase of growth 
and in the nutrient-limited treatments, which i typ
ical for A. fundyense under these conditions. The low
temperature and the N-limited cultures both result
ed in larger cells than did the nutrient-replete, 
warm-temperature treatments. Average urface areas 
and volumes for the N-limited cell were 6% and 9% 
larger, respectively, than the P-limited cell , whereas 
the go C cells were 26% and 40% larger than the 
15° C control cells. 

Epifluorescent micmscope observations. Aliquots taken 
from the samples intended for flow cytometer anal
ysis were examined under an epifluorescence micro-
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scope equipped with a long bandpass FITC filter set 
to verifY that the stains worked properly. The MAb
labeled Alexandrittm cells appeared bright green 
around the periphery of the ceU, indicating that the 
antibody recognized cell surface antigens (Sako et 
al. 1993). Negative control samples using MMP in
stead of the M8751-l MAb did not show the bright 
green FITC peripheral staining. Because the cells 
were methanol extracted, red autofluorescence due 
to chlorophyll was minimal. Cells labeled with the 
rRNA probe showed green fluorescence throughout 
th e cytoplasm. The negative shipworm con trols 
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hawed only a faint yellow-orange autofluorescence 
in the cytoplasm. 

ANTIBODY lABEUNG 

Empty thecae. The presence of empty thecae in 
samples harvested during the stationary phase and 
in the nutrient-starved cultures interfered with fl ow 
cytometric analysis of the MAb-probed samples, 
since both empty thecae and intact cells had similar 
levels of green fluorescence (Fig. lA) . This was due 
to the MAb recognition and FITC labeling of sur
face antigens on cell membranes found on intact 
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cells as well as the empty thecae. Samples probed 
with the rRNA probe did not suffer from interfer
ence by empty thecae, since that probe is specific 
for rRNA found in the cytoplasm of intact cells. In 
order to exclude empty thecae during quantifica
tion of the intact cells labeled with the MAb, it was 
necessary to separate particles on the basis of auto
fluorescence in the green channel and light-scatter
ing characteristics of the unlabeled control sa.mplt:s 
(Fig. IB) compared with probed amples (Fig. IA) . 
In the unlabeled sample, the empty thecae were not 
detected in either green or red fluore cence chan
nels, because there was no antibody or chlorophyll 
signal. Unlabeled intact cells showed normal back
ground amounts of green fluorescence (Fig. IB) 
and high red fluorescence because of residual chlo
rophyll (data not shown). However, in the labeled 
sample, two populations were observed, both of 
which had similar green fluorescence intensities but 
which differed in SSe signals (Fig. 1A). Since sse 
can be a measure of refractive index for particles 

(Spinrad and Brown 1986), the population that had 
the lower sse signal in the labeled sample would 
intuitively be the empty thecae. Even though we gat
ed on chlorophyll, the labeled empty thecae were 
observed because of spectral bleed of the FITe into 
the red channel. Observations of a subsample by 
epifluorescent microscopy showed that the empty 
thecae had bright green fluorescence on their sur
faces that were attributable to the antibody, but they 
Jacked any chlorophyll fluorescence. Intact cells, on 
the other hand, had both green fluore cence on the 
surface of the cells and residual chlorophyll fluores
cence. Green autofluorescence and SSe of the con
trols (Fig. IB) were thus used to define the domain 
of the intact cells in labeled samples (Fig. 1A) , so 
all RFU values reported here do not include empty 
thecae. 

Temperature and growth-stage effects. For the 15° e 
cultures, background fluorescence value of all un
labeled control samples (e.g. no primary antibody) 
were very low and stable throughout the growth 
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curve, with an average RFU.cell- 1 of 2.4. Po itive la
beling was at least two orders of magnitude higher, 
typically 260-410 RFU· cell 1 (Fig. 2D). Labeling in
ten ity was relatively uniform through time, with 
only the last sample, which was harvested on day 35 
during late- tationary phase, showing a major de
parture from the overall mean (by increasing 33% 
to about 41 1 RFU· cell- 1) (Fig. 2D). Overall, there 
was no ignificant difference between the fluores
cence imen ity of cells during exponential growth 
and those in stationary phase (P = 0.217; Kru kal
Wallis one-way analy is of variance). The e conclu-
ions hold whether the data are expressed on a per 

cell basis (Fig. 2D) or are normalized to cell urface 
area (Fig. 2E). 

Antibody-labeling intensities for the low-tempera
ture (8° C) cultures (Fig. 3D) were generally higher 
and more variable than were the 15° C treatments 
(Fig. 2D). Value ranged from over 500 RFU· cell- 1 

during mid-exponential growth to a low of 280 dur
ing stationary phase (Fig. 3D). The mean was ap-
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proximately 400 RFU· cell- 1, about 30% higher than 
for the faster gro·wing 15° C culture . Background 
fluorescence of the negative control was very low, 
at 2.8 RFU· cell 1• Stationary-phase intensities were 
significantly different from those in exponential 
pha e (P < 0.0001; Kru kal-Wallis one-way analysis 
of variance) . 

When these data were normalized to cellular ur
face area, the difference between exponential- and 
stationary-phase cells in the 8° C treatment as well 
as tho e witnessed between the 8° and 15° C treat
ments almost completely di appeared, with cells at 
nearly all stage of growth averaging 130 RFU-1000 
j.J..m2 (Figs. 2E, 3E), regardle of growth tempera
ture or growth tage. 

ulrienl effects. Antibody-labeling intensities at the 
four different N-limited growth rate are hown in 
Figure 4C and D. Mean inten itie decrea ed from 
461 to 366 RFU.cell 1 a growth rate increa ed from 
0.1 to O.S·d- 1• Consistent with this trend, the imen-
ity obtained during exponential phase in the nu-
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trient-replete batch culture (Fig. 2D) growing at 
0.65·d- 1 was approximately 300 RFU·cell- 1• These 
data were consistent with a significant inverse cor
relation between labeling intensity and growth rate 
(P < 0.05; Spearman coefficient of rank correla
tion). When normalized to surface area, however, 
there were no significant differences between the 
labeling intensities of cells at different growth rates, 
and the intensities per unit of surface area were sim
ilar to the average batch culture values; 124 versus 
130 RFU- 1000 J.Lm- 2, respectively. 

P-limited cells decreased in labeling intensity as 
growth rate increased (P < 0.01; Spearman coeffi
cient of rank correlation) and had overall intensities 
(Fig. 5B) that were about 20% higher than those for 

-limited cells. Mean intensities varied from 556 to 
431 RFU·cell 1 as growth rate increased from 0.1 to 
0.5·d 1• The intensity during exponential growth in 
the fast-growing (0.65·d - 1) nutrient-replete batch 
culture was 300 RFU·ceii- 1, which was consistent 
with decreasing labeling as growth rate increased. 
When these data were normalized to cell surface 
area, there was no significant difference between 
growth rates (Fig. 5D). 

rRNA PROBE LABELl G 

Temperature and growth-stage effects. Cells labeled 
with the shipworm (negative control) rRNA probe 
had very low labeling intensities, averaging 2.9 
RFU·cell- 1 in the 15° C control cultures (data not 
shown). This typically represented 10% or less of the 
positive labeling intensity (Fig. 2B) . The intensities 
of cells labeled with the NA1 rRNA probe varied 
with growth phase in the 15° C cultures (Fig. 2B). 
During exponential growth, labeling intensity aver
aged 40.g RFU·ceii- 1, whereas cells in the stationary 
phase averaged 27.3 RFU·cell- 1• During the transi
tion period between exponential and stationary 
phase (days 12-17), labeling intensities remained 
relatively constant and were not ignificantly differ
ent from exponential levels, even though most cells 
were no longer actively dividing. In the late-station
ary phase, the intensity decreased dramatically. T he 
decrease became most apparent on day 21 , 11 days 
after the cessation of exponential growth. Thereaf
ter, the labeling intensity was approximately 10 
RFU·cell- 1, or one-fourth of the exponential level. 
The difference between exponential- and stationary
phase labeling intensities was significant (P < 0.009; 
Kruskal-Wallis one-way analysis of variance). 

For the slower growing, go C cultures, labeling in
ten itie were, on average, 53% higher than tho e 
of the 15° C control cultures growing near optimal 
rates (Fig. 3B). At 60 RFU·cell- 1, these were the 
highest intensities obtained using the rRNA probe 
in this study. Stationary-phase intensitie averaged 
32 RFU·cell- 1• Negative control cells had low fluo
rescence, averaging 4 RFU·ceU- 1 (data not hown). 
There was a ignificant difference between the la
beling intensities in exponential ver us tationary 

phase at go C (P < 0.001; K.ruskal-Wallis one-way 
analysis of variance). 

Normalizing rRNA-probe labeling intensity data 
to cell volume did not significantly alter the trends 
observed on a per-ceil basi within each temperature 
treatment; exponential-phase cells had 24% and 
45% higher intensity per unit volume than did sta
tionary-phase cells grown at 15° and go C, re pec
tively (Figs. 2C, 3C). Volume normalization did, 
however, remove most of the differences between 
the two temperatures; exponential-phase cells were 
only 7% brigh ter per unit volume at go C than they 
were at 15° C, compared to a 53% difference on a 
per-ceil basis. The go C cells were ubstantially larger 
than were the 15° C cells, and, therefore, they were 
proportionally brighter. 

Nutrient effects. N-limited cell labeled with the 
rRNA probe had relatively low fluorescence, ranging 
from less than 10 to 13.3 RFU·cell- 1 as growth rate 
increased from 0.1 to 0.5·d 1 in semicontinuous cul
tures (Fig. 4A). There were significant differences 
between the fluorescent intensities at these growth 
rates (P < 0.01; Spearman coefficient of rank cor
relation). lf we include results from the nutrient
replete batch culture grown at this same tempera
ture, which peaked at approximately 40 RFU·cell- 1 

at 0.65·d- 1 (Fig. 2B) , differences in labeling due to 
N limitation can vary by a factor offour, with highest 
intensities at the higher growth rates. Normalization 
to cell volume did not change this factor (Fig. 4B). 

With P limitation, positive labeling was brighter 
than with N limitation (by almost 50%, ranging 
from 13 to 21 RFU·cell- 1 at growth rates of 0.1 to 
0.5·d- 1)(Fig. 5A). Normalization of labeling inten
sities to cell volume increased this difference to 67% 
(Fig. 5B). Positive labeling intensity thus increased 
significantly with increasing growth rate (P < 0.01; 
Spearman coefficient of rank correlation). Here 
again, nutrient-replete batch cultures (Figs. 2B, 3B) 
uggest an upper limit of approximately 40 

RFU·cell- 1 at 0.65·d- 1 or higher when cells are not 
nutrient limited, so rRNA labeling inten ities per 
cell varied by a factor of three under different de
grees of P starvation and varied twofold when ex
pressed on a cell volume basis. Conu·ol or back
ground intensities for the N- and P-limited treat
ments averaged 2.5 and 3.3 RFU·cell 1, re pectively. 

Extracted RNA. Patterns of extracted, total cellular 
RNA were very similar to the RFU·cell- 1 values ol:r 
erved in cells labeled with the rRNA probe. During 

exponential growth, high level of RNA, about 50 
pg·ceii- 1 on average, were mea ured in nutrient-re
plete 15° and go C cultures (Figs. 2A, 3A). As the e 
cultures entered stationary phase, cellular RNA quo
tas decreased, on average, to about 16 pg·cell- 1• 

Equally low total RNA values, on average about 20 
pg·cell- 1, were al o ob erved at all growth rates in 
the two nutrient-limited experiment (data not 
shown). These cultures had extracted RNA concen
tration comparable to tho e een in the stationary 
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phase of cultures grown under nuaient-replete con
ditions (Figs. 2A, 3A). 

DISCUSSION 

Identification of cell s using MAb and rRNA 
probes has been accomplished with a variety of phy
toplankton species in several different classes. For 
MAbs, specificity has been demonstrated at the ge
nus and species levels (e.g. Campbell et al. 1983, 
Hiroshi et al. 1988, Anderson et al 1989, Shapiro et 
al. 1989, Uchida et al. 1989, Bates et al. 1993, Vriel
ing et al . 1993). Separation at the strain or variety 
level has been reported for the dinoflagellate Alex
andriurn (Adachi e t al. 1993, Sako et al. 1993) and 
for the diatom Pseudo-nitzschia (Bates et al. 1993), 
although the strains involved in the latter study have 
since been reclassified as separate species (Manhart 
et al. 1995). Likewise, superb sensitivity has been 
demonstrated for rRNA probes, some of which can 
differentiate between species of Pseudo-nitzschia that 
appear to be morphologically identical at the light 
microscope level (Scholin et al. 1994, Miller and 
Scholin 1996). Oligonucleotide (rRNA) and anti
body probes thus have great promise as tools to fa
cilitate the rapid identification, enumeration, and 
separation of target species in a mixed plankton 
sample. Here we demonstrate that care must be tak
en in the application of these probes because of en
vironmentally induced variability in labeling inten
sity. Our results supplement those reported in a 
study that used antibody probes to the dinoflagel
lates Gyrodiniurn aureolurn and Gymnodinium nagasak
iense by Vrieling et al. (1996) but are the first reports 
of physiologically linked labeling variability in phy
toplankton using rRl A probes. 

Gmeral issues. For some applications, the objective 
is simply to label the cells of interest so that they are 
easy to visually distinguish from co-occurring spe
cies. In such cases, variability in the absolute level 
of labeling on each cell may not be a critical param
eter, as would be the case with manual microscopic 
examination of samples or flow cytomeaic analysis 
of a mixed population treated with a species-specific 
MAb or rRNA probe. With the flow cytometer, in
strument settings could be adjusted so as to specify 
positive identification across a suitably broad range 
of labeling intensities, as long as cross-reactions with 
non-target species are unlikely, and other parame
ters, such as light scatter, can be used to provide 
secondary confirmation of species identification 
(Anderson 1995, Vrieling et al. 1996). 

Other applications, such as automated enumera
tion, are more sensitive to the intensity of labeling. 
For example, in sandwich hybridization or enzyme
linked immunosorbent (ELISA) assays, the amount 
of probe bound to target antigens or nucleic-acid 
sequences should be directly proportional to the 
number of cells in that sample (i.e. the number of 
target sites for probe binding per cell should be in
variant). If this is not true, abundance can only be 

estimated with a precision de termined by the probe
binding variability that might occur because of 
changes in cell physiology. 

Of the two probe types tested in this study, the 
rRNA probe was most variable . in this regard . La
beling intensity was 3-4 times higher in exponential 
growth than in late stationary phase in batch culture 
and varied threefold between nuaient-replete and 
nutrient-limited cultures. The MAb labeling was 
more uniform under these same conditions, but sig
nificant differences (33%) were observed between 
exponential- and stationary-phase cells in the slower 
growing 8° C batch culture. MAb-labeling intensity 
also changed with the degree of nutrien t limitation, 
decreasing with increasing growth rate under both 

and P limitation, but these differences were small
er than those associated with the rRNA probe. These 
results and their significance with respect to the use 
of these two probe types in natural waters are dis
cussed in more detail below. 

Autofluorescence and bachground effects. The ability to 
recognize probe-labeled cells depends in part on the 
difference in fluorescence between the cell of in
terest (positives) and the background fluorescence 
of unlabeled (control) cells. Several factors contrib
ute to this background fluore cence, including the 
type of fixation and the degree of nonspecific bind
ing. Our experience and that of others (e .g. Shapiro 
et a!. 1989, Lin et al. 1994) is that autofluorescence 
varies dramatically with fixation procedures. Glutar
aldehyd e fixation produced intense autofluoresc
ence at al l wavelengths examined, even following 
borohydride reduction. In our hands, formalin fix
ation followed by chlorophyll extraction in ice-cold 
methanol and storage at -20° C preserved cell mor
phology the best and gave the lowest autofluoresc
ence readings. The methanol extracts most of the 
chlorophyll, so it is easier to visualize internal 
probes, such as the rRNA oligonucleotide, which 
otherwise would be partially obscured by red fluo
rescence. Cells preserved with this procedure and 
stored for several years retained excellent morphol
ogy. No changes in antibody labeling were seen in 
formalin-preserved, methanol-extracted cells over 
the course of 2 months, and the rRNA-probe label
ing remained stable for at least 6 months, although 
autofluorescence appeared to increase slightly de
pending upon the storage temperature of the sam
ples (data not shown). Autofluorescence and stor
age effects are also discussed by Lin e t a!. ( 1994). 

If samples are to be run on the flow cytometer 
and target cells distinguished from co-occurring spe
cies, chlorophyll fluorescence can be a useful sup
plemen tary marker. In such instances, fixation with 
formalin alone followed by dark storage at 4° C can 
provide good samples for MAb labeling after storage 
for weeks to mon ths. Although others (e.g. Vrieling 
et al. 1994) contend that paraformaldehyde pro
vides the best preservation of their target phyto
plankto n species, our results with Alexandriurn sug-
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gest that commercially available formalin works just 
as well, if not better, than the time-consuming and 
hazardous paraformaldehyde preparations. 

Signal/noise. The data from this study could be 
presented in several different forms: a) as the dif
ference between the po itive labeling intensity and 
negative control intensity (i.e. positive-control) for 
each time po int or growth rate on a per-ceil, per
ceil volume, or per-ceil surface area basis and b) as 
the ratio of the positive signal to the negative con
trol signal (positive/ control). (These alternatives 
could also be viewed as " signal-noise" or "signal/ 
noise.") Signal/ noise ratios are often used to quan
tify the validity of a detection strategy, but in our 
studie , subtracting the control or background sig
nal from the po itive signal for that treatment ex
pre ed on a per-ceil or per-ceil volume/ area mea
surement gave a difference that was more meaning
ful than the ratio of these two values. This is because 
a small change in the control fluorescence (from 2.5 
to 5 RFU·cell- 1

, for example) could cau e a twofold 
decrease in the positive/ control ratio, even though 
positive labeling may have remained unchanged or 
may have even increased from earlier time poin ts. 
In both the rRNA-probe and MAb experiments, the 
background or control fluorescence was always very 
low-typically 2-3 RFU· cell 1• For these reasons, in
terpretation of our experimental data is based en
tirely on the difference between the positive and 
control intensities. 

Growth stage variability. Cells grown in ba tch cul
ture experience a rapidly changing environment be
cause of the depletion of major nutrients and the 
buildup of excreted metabolite . It is logical to ex
pect that the nature and abundance of cell surface 
proteins and rRNA would vary under these condi
tions. It follows that antibodies targeted to those 
proteins or oligonucleotides targeting rRNA would 
label cells with differing intensities. It is also possible 
that cell permeabili ty or the accessibili ty of the tar
get protein or nucleic acid would vary with physio
logical condition, again resulting in variabili ty in la
beling inte nsity. 

Our d ata demonstrate that significant variabili ty 
in labeling of cells can occur with both probe types 
in a single culture during different growth stage . 
The MAb-probe intensity was essentially constant in 
the control culture at 15° C, but it d ecreased signif
icandy (33%) from exponential levels to late station
ary phase at so C. Vrieling et al. (1996) aJ o aw a 
small but sign ificant difference in labeling intensity 
with growth stage when their MAb was used on two 
o ther dinoflagellates (G. aureolum and G. nagasak
iense). The nature and function of the cell urface 
antigen for the MAb MS751-1 that we u ed are not 
known (Sako et al. 1993), so the extent to which 
they vary with physiology could not be predicted in 
our experiments. If our growth-stage data are nor
malized to cell surface area, the antibody-labeling 
differences drop to 10% or less, well within the 

range of experimental error. Thus, our studies and 
a related set of observations by Sako et al. ( 1996) 
demonstrate that for this antibody and this species, 
antibody labeling remains relatively constant in nu
trient-replete, light-saturated batch cultures grown 
at optimal temperatures, even after division slows 
becau e of carbon limitation, which is presumed to 
be the cause of growth ces arion (Anderson et al. 
1990). However, there is no way to predict how dif
ferent antibodies will behave on different organ
isms. 

In contrast, fluorescence from the rRNA probe 
varied significandy between exponential- and sta
tionary-phase growth at both 15° and so C, respec
tively. It should be emphasized, however, that the 
major decrease in labeling intensity with the rRNA 
probe occurred after more than 3 weeks in culture. 
The cells were clearly old and dense and had ex
perienced prolonged carbon limitation. It is reason
able to question whether this level of stress will ever 
occur in natural waters. If an earlier date were se
lected as the marker for stationary phase, the rRNA
probe variabili ty with growth stage would be much 
smaller and more acceptable-about 10% between 
exponential- and early stationary-phase cells. Vari
abili ty due to nutrient limitation remains an issue, 
however. 

When the rRNA-probe data are normalized to cell 
volume, there is sti ll a significant difference between 
exponential-phase cells and those in late stationary 
phase. A decrease is not apparent during the tran
sition interval between exponential- and stationary
phase growth. The decrease in rRNA-probe labeling 
in the late stages of batch culture growth is not sur
prising, since rRNA levels are known to decrease 
with declining grm'lth rate in other microorganisms 
(DeLong et al. 19S9, Lim et al. 1993) . Alternatively, 
the differences could be due to changes in cell per
meability, which might decrease in older cells, thus 
hindering the hybridization process. However, the 
decreases in rRNA revealed by rRNA-probe intensi
ties were verified by direct RNA measurements in 
cell extracts. Since rRNA is presumed to comprise 
the vast majority of the total RNA in our Alexandrium 
cells, d1is comparison of d1e two different mea ure
ment methods is valid. The results uggest that when 
Alexand1ium cells are not nutrient limited and are 
growing exponentially, high cellular rRNA levels are 
found, whereas cells in late stationary phase or tho e 
that are nutrient limited have RNA level that are 
reduced by at least 50%. Thi follows the generally 
accepted paradigm for prokaryotic organisms (e.g. 
DeLong et al. l 9S9). The e results also suggest that 
it may be possible to estimate the phy iological con
dition or growth status of Alexandtium cells in the 
field by quantifying rRNA values, perhaps using the 
rRNA probe described here to make species-specific 
measurements ·within mixed plankton assemblages. 

Growth conditions and nutrient effects. The foregoing 
compares cell labeling inten itie within the same 
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culture at different stages of growth, but compari
sons among cultures grown under different condi
tions are needed as well. For example, cells growing 
slowly at 8° C and labeled with the MAb or the rRNA 
probes were 30%- 50% brighter than those growing 
faster at 15° C. This was clearly a cell-size effect, sin ce 
the differences between temperatures diminished 
dramatically when label intensity was calculated on 
a cell-volume or cell-surface area basis. The number 
of cell surface antigens and rRNA molecules re
mained relatively constant per unit of surface area 
or cell volume, respectively. This agrees with the re
sults of Vrieling et al. ( 1996) , who demonstrated 
that the number of cell surface antigens detected by 
his antibody to G. aureolttm and G. nagasakiense re
mained stable during batch culture growth. 

For the rRNA probe, a decrease in growth rate 
due to nutrient limitation reduced labeling intensi
ty, regardless of whether the limitation was due to 

or P. Fast-growing cells labeled 1.6 times brighter 
than did the slowest growing cells or up to three 
times brighter if the nutrient-replete batch cultures 
growing at 0.65·d- 1 were considered . For the MA.b, 
the trend was just the opposite-labeling intensity 
increased as growth rate decreased. Slow-growing, P
limited cells labeled 20%-30% brighter than did 
fast-growing cells (or 60% brighter if the intensity 
of the fast-growing batch culture was considered as 
well). The reason that this trend is opposite that of 
the rRNA probe is not known but clearly relates to 
the nature of the cell surface antigen for MAb 
M8751-l. If it were a protein involved in nutrient 
uptake, for example, its abundan ce might be ex
pected to increase as cellular demand for the de
pleted nutrient is enhanced. However, when the la
beling data are expressed on a surface area basis for 
the nutrient-limitation experimen ts, the discrepan
cies between fast-growing and slower growing cells 
are dramatically decreased. This indicates that the 
number of antigens per unit of surface area did not 
increase-there was j ust more surface area on the 
larger cells, and, thus, more antigen presented. 

The trends observed with the semicontinuous cul
tures (i.e. increasing rRNA-probe intensity and de
creasing MA.b intensity with increasing growth rate) 
are consistent and significant on their own, but they 
are only valid over the growth-rate range of 0.1-
0.5-d- 1. In our analyses, we chose to extend these 
data using the labeling intensities from the expo
nential phase of the nutrient-replete batch culture 
at the sam e te mperature, wh ich grew at 0.65·d- 1. 
The batch culture intensities for both probe types 
are entirely consistent with the intensity trends in 
the semicontinuous cultures. 

Comparisons between probe types. For al l treatments, 
the fluorescent intensity of the MA.b-labeled cells 
was considerably higher than for the rRNA probe. 
Since control or background fluorescence was sim
ilar for the two probe types, the positive/ control or 
signal/ noise value for the MA.b was always higher 

than for the rRNA probe by an order of magnitude 
or more. This, coupled with lower labeling variabil
ity across a range of growth stage and growth con
ditions, suggests that the MAb is the preferred 
probe for distinguishing A. fundyense from co-occur
ring species in whole-cell assays. However, even 
though the rRNA-probe labeling intensity was low, 
there was still sufficient signal strength for A. fun
dyense cells to be recognized in cultures. Recent an
alyses of field samples from the Gulf of Maine using 
epifluorescence microscopy showed that the signal 
intensity of oligonucleotide-probed cells is indeed 
bright enough that labeled Alexandrittm cells are eas
ily distinguished from other phytoplankton (Ander
son, unpubl.) . In order to improve detection of 
rRNA-probed cells in field populations, signal-en
hancement techniques would be needed. This could 
be accomplished using probes end-labeled with bi
o tin, with detection by fluorescein-labeled avidin 
(e.g. Lim et al. 1993) or with the use of multiple 
probes that target different sites on the rRNA mol
ecule . Modifications in the hybridization protocol 
may also enhance the signal. Scholin (pers. comm.) 
reports very bright flu orescence in Alexandrittrn cells 
treated with the NAl probe following short hybrid
ization with minimal washing. 

With the MA.b, maximum intensity differences 
were in the 20%-30% range across all treatment 
types except for P limitation, which suggests that 
"automated" or instrumented enumeration meth
ods utilizing this probe ( uch as EUSA plate assays) 
could have a counting precision comparable to that 
of manual cell coun ts (Guillard 1973). The higher 
variability observed with P-limited cells is more prob
lematic, h owever, as the highest labeling intensities 
were 60% brighter than the lowest. These extremes 
refl ect realistic situations, as the hig hest intensities 
were obtained for P-limited cells that were still grow
ing, albei t slowly, and the lowest values were for nu
trient-replete batch cultures growing rapidly at en
vironmentally relevant temperatures. It follows that 
an error factor of about 2 will be inevitable with 
automated detection me thods of field populations 
based on the MA.b. The rRNA probe was even m ore 
variable (up to 4 times across reasonable growth 
conditions) , which suggests that automated whole
cell assays may be semiquantitative when nutrient 
limitation is involved. For manual cell counts, the 
human eye is able to accommodate the variability in 
labeling intensity and still allow accurate identifica
tion and enumeration (Anderson , unpubl. ). 

One key issue invo lves the calibration of auto
mated field measurements mad e with these probes. 
If cultured cells ar e used to generate a standard 
curve, the variabilities described above will create 
uncertainties when that curve is used to enumerate 
cells in field samples. It may therefore be necessary 
to perform in situ calibrations during a field study 
in order to enumerate target cells, both manually 
and with probes, for a sufficient number of samples 
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to generate a calibration curve that can then be used 
with the remainder of the samples collected at that 
time and location . There are clearly problems with 
this approach, but it seems preferable to calibration 
using laboratory cultures. 

The extent to which field populations actually ex
perience the extremes in growth conditions forced 
upon cultures in this study remains to be demon
strated , as the rRNA and MAb probes for A. fun
dyense have not yet been applied to natural popula
tions to any significant degree. Insights can be 
gain ed from studies by Miller and Scholin (1996) 
and Scholin et al. (1997) , who used rRNA probes in 
a sandwich hybridization assay for toxic diatoms in 
the genus Pseudo-nitzschia. The sandwich assay uses 
one probe to capture the rRNA from lysed cells and 
a second probe to detect it. The assay worked well 
for cultured cells, but in tests of field populations, 
it consistently overestimated the density of P. aus
tralis by a factor of 2 (on average) when compared 
with manual counts from filter-based, whole-cell hy
b ridizations (Scholin et al. 1997). One of the rea
sons given to explain this discrepancy is that natu
rally occurring P. austmlis contained more rRNA per 
cell than did those in pure culture, an understand
able conclusion in light of our data. Other possibil
ities are that cells in nature may be lysed more ef
ficiently than those in culture or that there are cell 
fragments that are detected by the sandwich assay 
that are not visible in the whole-cell counts (Scholin 
and Anderson 1998). 

Overoiew. Antibody and rRNA probes are just two 
of several new techniques being evaluated in the 
search for ways to identify, enumerate, and separate 
species of interest from natural plankton assemblag
es. The methods are relatively simple, and in some 
instances, they show remarkable specificity. They 
can be used both manually and in an automated 
fashion and thus have great potential to enhance 
the accuracy and efficiency of field studies or mon
itoring programs. T he variability in labeling inten
sity documented here and by others (e.g. Vrieling 
et al. 1996) indicates areas in which caution will be 
needed in terms of applying these me thods. Further 
studies are required to characterize in full the fac
tors that can influence the degree of probe labeling 
of target species under environmentally relevant 
conditions. The differences be tween whole-cell and 
lysed-cell formats are critical in this regard. 
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