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A FLUOROMETRIC TECHNIQUE FOR THE IN VITRO MEASUREMENT OF GROWTH AND

VIABILITY IN QUAHOG PARASITE UNKNOWN (QPX)

DEENIE M. BUGGE AND BASSEM ALLAM*
Marine Sciences Research Center, Stony Brook University, Stony Brook, New York 11794

ABSTRACT Quahog parasite unknown (QPX) is a protistan parasite that causes significant mortalities among hard clams, Merce-
naria mercenaria, in the northeastern United States and Canada. This pathogen has been successfully isolated from clams from
different geographic locations, and in vitro cultures are being used in investigations of the parasite’s genetic makeup, virulence and
environmental tolerances. Many of these investigations require an easily reproducible, quantitative method to rapidly measure QPX cell
viability and proliferation. Therefore, a fluorometric microplate technique was developed using fluorescein diacetate (FDA) as an
indicator of cell viability. The developed technique provides a good estimate of the biovolume of live QPX cells. Fluorescent signals
are correlated with the number and the size of individual QPX cells. Optimal experimental conditions included an FDA concentration
range of 30-50 M with an incubation period of 15-30 min in the dark. This FDA assay was used to investigate the dynamics of in
vitro growth of QPX. Results showed that the growth dynamic is different among QPX isolates. For instance, exponential growth lasted
for 1 week in two QPX isolates cultured from clams collected from New York and Massachusetts; whereas a third isolate (from New
York) grew exponentially during 2 weeks under similar experimental conditions. While there are limitations to ir vitro studies that must
be recognized, research using cultured QPX cells is indispensable and will probably lead to significant progress in our knowledge of

the biology and physiology of this parasite.
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INTRODUCTION

Quahog parasite unknown (QPX) is a protistan parasite of hard
clams, Mercenaria mercenaria. In the late 1950s an unknown
protistan disease was reported in hard clams in New Brunswick,
Canada (Drinnan & Henderson 1963). This protist, later named
quahog parasite unknown was again found in a clam hatchery on
Prince Edward Island in 1989 (Whyte et al. 1994). Subsequently,
QPX has also been documented to occur at locations in Massa-
chusetts, Virginia, New Jersey, and New York (Smolowitz et al.
1998, Ragone Calvo et al. 1998, Ford et al. 2002, Dove et al.
2004).

Development of media formulations permitting axenic culture
of marine pathogens has enabled scientists to study the growth of
parasites, their virulence factors and host-parasite interactions.
Perkinsus marinus is a strong example of how development of
axenic culture and methods to measure cell viability and prolif-
eration can lead to breakthroughs in the understanding of the bi-
ology of marine pathogens. La Peyre et al. (1993) and Gauthier
and Vasta (1993) first demonstrated that P. marinus could be
propagated in vitro. After this initial finding, different semiauto-
mated methods to estimate cell proliferation have been developed.
These methqds include tetrazolium-based assays, which estimate
P. marinus viability and proliferation by measuring mitochondrial
hydrogenase activity in viable cells (Dungan & Hamilton 1995, La
Peyre 1996, Volety & Fisher 2000, Elandalioussi et al. 2003).
Others have used spectrophotometric measurements of the optical
density of cell suspensions as a measure of P. marinus prolifera-
tion (Gauthier & Vasta 1994, 1995, 2002, Gauthier et al. 1995,
Anderson & Beaven 2001). Each of these methods is a useful
technique to rapidly measure P. marinus growth and proliferation
in vitro. These semiautomated techniques have been used to de-
velop a fully defined medium (Gauthier et al. 1995), optimize
culture methodology and study the effects of temperature, salinity
and pH on the in vitro growth of P. marinus (Gauthier & Vasta
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1995). Additionally, similar methods have been used to investigate
in vitro host-pathogen interactions, such as the effects of bivalve
plasma on in vitro proliferation of P. marinus (Gauthier & Vasta
2002, Anderson & Beaven 2001) and in vitro killing of P. marinus
by oyster hemocytes (Volety & Fisher 2000). As with P. marinus,
the development of similar QPX cell proliferation assays will en-
able in vitro QPX studies that increase our understanding of the
parasite.

A category of established methods for measuring cell culture
viability and proliferation uses the latently fluorescent substrate
fluorescein diacetate (FDA). Nonfluorescent FDA readily pen-
etrates the cell plasma membrane and, once inside the cell, this
molecule is broken-down by nonspecific esterases to form green
fluorescent fluorescein (Bernhard et al. 1995). Fluorescein is hy-
drophilic, which inhibits the reduced molecule from leaking
through a healthy cell membrane (Dayeh et al. 2004). The fluo-
rescent signal of fluorescein indicates the amount of active es-
terases present in cells and is widely used as a proxy for estimating
membrane integrity and cell viability (Schupp & Erlandsen 1987,
Bernhard et al. 1995, Murphy & Cowles 1997, Bogaerts et al.
2001, Argiiello-Garcid et al. 2004). This report describes the op-
timization and validation of an FDA microplate method for the
measurement of the in vitro growth and viability of QPX cell
populations.

MATERIAL AND METHODS

QPX Cultures

Two New York isolates of QPX, 8BC7 and 20AC6, were cul-
tured from mantle nodules of infected hard clams collected in
Raritan Bay, NY during October 2003 (Allam, unpublished). Iso-
lation and subsequent subcultures were performed according to the
methods described by Kleinschuster et al. (1998), and the identi’ -
of all isolates was confirmed using the polymerase chain reacti: 1
(PCR)/sequencing methods described by Stokes et al. (2002). A
Massachusetts QPX isolate was obtained from the American type
culture collection (ATCC 50749). QPX cultures were propagated in
25-cm? culture flasks at 23°C, using a minimal essential me-
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dium (MEM)-based growth medium. Isolates were subcultured on
a weekly basis by transferring, under sterile conditions, 100 pl of
culture suspension to a flask containing 4 mL fresh MEM medium.
Phase-contrast microscopy was used to routinely monitor the cells.

Development of Assay

A stock solution of fluorescein diacetate (FDA, Sigma
101716) was made in dimethylsulfoxide (DMSO) at a concentra-
tion of 0.5 mg m!™" and stored at —20°C. The stock solution was
diluted in a range of volumes of MEM medium to form working
solutions containing 6 uM, 12 uM, 30 pM and 50 pM of FDA.
These working solutions were combined with a range of incuba-
tion periods to find optimal stain concentration and incubation
period. First, exponentially-growing (typically 1-week-old cul-
tures) QPX cells were evenly suspended in culture by passing the
entire culture several times through a 3-mL sterile syringe (without
a needle) before 100 pL aliquots were plated in a black 96-well
microplate. For comparative purposes, a volume of QPX culture
was killed by heating in a boiling water bath for 30 min. The cells
were then allowed to return to room temperature before analysis.
FDA working solution was added to microplate wells containing
100 pL QPX culture, including viable and heat-killed samples,
with three replicate wells for each treatment. Replicate control
wells containing MEM medium without QPX cells were included
to measure any signal that was not caused by cellular activity, and
additional control wells containing QPX cultures without FDA
were included to control for auto-fluorescence. Microplates were
then incubated in the dark at room temperature for a range of
incubation times, before fluorescence was measured at 485 nm
excitation and 535 nm emission (Wallac 1420 plate reader). For
each sample, percent fluorescence was calculated as the ratio of
fluorescence in that sample to the maximal fluorescence in the
preparation x100.

Assay Validation

After finding optimal FDA concentrations and incubation
times, three experiments were conducted to validate the assay.
First, a preliminary trial tested whether the fluorescent signal ac-
curately reflects cell number. Two-fold serial dilutions of a QPX
culture were plated in a 96-well microplate and incubated with a
50 pM final FDA concentration for 30 min. These experimental
conditions were within the range of optimal conditions determined
during preliminary trials. After incubation, the fluorescent signals
were measured with the microplate reader as described earlier. A
second validation step was to determine whether the fluorescent
signal of fluorescein is a sensitive indicator of cell viability. To do
this, mixtures were made containing different ratios of live and
heat-killed QPX cells. Appropriate volumes of heat-killed culture
were added to volumes of live culture to make mixtures containing
100% live cells, 50% live cells, 30% live cells and 10% live cells.
For each mixture, 100 pL were plated in a 96-well microplate with
three replicate treatment wells, FDA working solution was added
to each well (50 uM final concentration), and the microplate was
incubated in the dark for 30 min. A third validation step tested
whether there are variations in the fluorescent signal associated
with cell size. To test for these effects, QPX cultures of different
average cell sizes were made by collecting cultures at different
phases of growth because preliminary experiments showed that
older cultures have larger average cell sizes than younger cultures.
Measurements of cell diameters were made by taking a series of
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digital photographs under phase-contrast microscopy and using the
spatial measurement function of Image-Pro Plus imaging software
to measure the area of individual cells. Cell area was then con-
verted to diameter by considering QPX cells as spherical. A mini-
mum of 500 QPX cells were measured in each culture. Cultures
that were 25 days old had an average cell diameter of 16.9 + 6.2
pm (mean + SEM), 19-day-old cultures had an average cell di-
ameter of 10.9 + 1.2 pm and 12-day-old cultures had an average
cell diameter of 4.0 + 0.4 pm. A small volume of each culture was
washed and resuspended in filtered artificial seawater (FASW).
Cell concentration in each culture was determined with a hemo-
cytometer. The three samples were then diluted with appropriate
amounts of FASW to make preparations with equivalerft numbers
of cells. Diluted samples were recounted to confirm equivalent cell
concentrations. Two-fold serial dilutions of these three samples
were made, 100 wL of each dilution was plated in three replicate
microplate treatment wells, and the FDA assay was performed as
mentioned earlier.

Measurement of in vitro Growth

After development and validation of the assay, the FDA tech-
nique was used to quantify the growth of different QPX isolates.
One Massachusetts isolate and two different New York isolates
were subcultured with three replicates in 2.5 mL MEM medium in
a 24-well plate, and incubated for 4 weeks under standard culture
conditions. The growth of the cultures was measured at T, and at
3,7, 14, 21 and 27 days after initial culturing. To measure growth,
QPX cells were first evenly distributed by passing the entire cul-
tures several times through a 3-mL sterile syringe (without a
needle), and 100-pL samples of each culture were processed in
triplicate, according to the FDA assay described earlier.

RESULTS

Development of Assay

Measurements of the fluorescent signals produced by QPX cul-
tures incubated with a range of FDA concentrations show that final
concentrations between 30 and 50 pM FDA provide good staining
and the greatest distinction between live and nonviable QPX cells
(Fig. 1). An incubation period of 15-30 min is sufficient to allow
adequate distinction between viable and nonviable cells (Fig. 2).
Further incubation does not increase the sensitivity of the assay.

Assay Validation

Use of 50 uM FDA combined with a 30 min incubation period
demonstrates that these are optimal staining conditions in which
the fluorescent signal is directly proportional to cell number (R* =
0.887, Fig. 3). Fluorescence measurements of live and heat-killed
QPX cells showed that FDA is a sensitive indicator of QPX cell
viability (Fig. 4). For instance, there is a linear relationship be-
tween the concentration of viable cells in a sample, and the inten-
sity of the fluorescent signal that it produces. Measurements of the
fluorescent signal of 2-fold serial dilutions of QPX cultures
showed that the fluorescent signal of fluorescein accurately re-
flects the number of QPX cells in a sample (Fig. 5). There is a clear
linearity of the fluorescent signal with respect to cell concentration
(R? > 0.99); however, there are also variations in the signal based
on differences in average cell size in cultures. At equivalent cell
concentrations, the strongest signal is measured in the culture with
an average cell diameter of 16.9 £ 6.2 um, followed by the culture
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Figure 1. Fluorescent signals produced by incubating 100-pL QPX cultures with a range of FDA concentrations for 30 min. Concentrations

between 30 and 50 pM FDA provide greatest distinction between live and heat-killed QPX cells. Al data are presented as Mean + SEM (3
replicates; error bars are sometimes extremely small because of the great precision of the assay).
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Figure 2. Fluorescent signals produced by incubating 100-pL. QPX cultures with 50 pM FDA for different time intervals. An incubation period
between 15 and 30 min provides good distinction between live and heat-killed QPX cells. Further incubation does not increase the sensitivity of
the assay. All data are presented as Mean + SEM (3 replicates).
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Figure 3. Fluorescent signal produced by 2-fold serial dilutions of

QPX culture incubated with 50 pM FDA for 30 min. The fluorescent
signal is directly proportional to relative cell number.

with an average cell diameter of 10.9 £ 1.2 pm, and the weakest
signal was produced by the culture with an average cell diameter
of 4.0 + 0.4 pum. To determine whether differences in fluorescence
at equivalent cell concentrations reflect differences in esterase ac-
tivity associated with cell size, the data shown in Figure 5 were
pooled, cell concentration was converted to cell biovolume (by
considering QPX cells as spherical), and intensity of fluorescent
signal was plotted against estimated cell biovolume (Fig. 6). Re-
sults show a strong relationship between fluorescence and QPX
cell biovolume (R? = 0.878), indicating that the fluorescence of
fluorescein is proportional to QPX biovolume, which varies as a
combined function of cell number and average cell size.

In vitro Growth of Different QPX Isolates

Measurements of the fluorescent signal produced by different
QPX isolates show a rapid increase in growth of the cultures from
T, to day 7 (Fig. 7). During this period, all cultures appeared to be
in the exponential phase of growth. However, after a 1-week pe-
riod, the Massachusetts isolate and the New York isolate 8BC7
ceased incremental growth. The second New York isolate 20AC6
continued to grow exponentially through 2 weeks of incubation.
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Figure 4. Fluorescence produced by samples containing combinations
of live and heat-killed QPX cells. There is a close relationship between
the percentages of total fluorescence and the percentage of live QPX
cells present in a sample. All data are presented as mean = SEM (3
replicates; error bars are sometimes extremely small because of the
great precision of the assay).
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Figure 5. Linear regression of fluorescence produced by 2-fold serial
dilutions of three different QPX cultures having different average cell
diameters. Fluorescence intensity is linear with respect to cell concen-
tration within each culture. However, the slopes of each regression line
are different. All data are presented as mean + SEM (3 replicates;
error bars are sometime extremely small because of the great precision
of the assay).

DISCUSSION

This study demonstrates that the developed FDA technique
represents a valuable method by which in vitro QPX cell popula-
tion growth can be measured. This fluorescence assay has many
advantages over counting and spectrophotometric methods that
have been used to quantify in vitro QPX growth. Unlike counting
methods using a hemocytometer, this FDA assay requires minimal
handling of QPX cultures. QPX cultures are very viscous and cells
are highly aggregated, making counts of individual cells a rela-
tively difficult task. To count QPX cells using a hemocytometer,
the culture must first be treated to minimize the aggregation of
cells caused by the mucus that is copiously produced by QPX
(Brothers et al. 2000, Anderson et al. 2003). The FDA technique
requires only minimal mixing of QPX culture before sampling and
the fluorescent signal can be read directly from experimental treat-
ment wells. The use of a syringe to evenly distribute QPX cells in
a culture has been shown not to affect cell viability or subsequent
growth of cells after culture in fresh medium (data not shown).
Additionally, our laboratory is currently working to improve QPX
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Figure 6. Linear regression of pooled data shown in Fig. 5 with cell
densities converted to cell biovolumes. Fluorescence intensity is linear
with respect to estimated cell biovolume.
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Figure 7. In vitro growth of three QPX isolates incubated under stan-
dard culture conditions for 4 weeks. Cultures 8BC7 and MA1 ended
their exponential growth phase 1 week after the beginning of the ex-
periment, whereas culture 20AC6 continued to grow exponentially
through 2 weeks of incubation. All data are presented as mean + SEM
(3 replicates).

culture conditions that may potentially eliminate this mixing step,
further decreasing the amount of handling required in the assay.
Another advantage of this cell proliferation assay is that FDA
staining is able to differentiate between live and dead cells, which
cannot be accomplished with counting and turbidimetric methods
(Elandalloussi et al. 2003). The FDA assay is also very rapid,
which permits treatment replication and multiple assays in a short
period.

Our results show that the average size of QPX cells vary with
different culture conditions, namely the stage of growth of the
culture. Differences have been observed in in vitro growth of P.
marinus in which cell size varies with cell cycle (La Peyre &
Faisal 1997) and growth rate (Gauthier & Vasta 1995), and with
changes in medium osmolality (O’Farrell et al. 2000). The FDA-
based assay described here has disadvantages similar to those of
tetrazolium-based assays and assays based on optical density that
are used for other protists. The signal of tetrazolium-based assays
varies as a combined function of cell number, cell size and meta-
bolic activity (Dungan & Hamilton 1995). Similarly, measure-
ments of optical density vary as a combined function of cell den-
sity, cell size and aggregation of cells (Gauthier & Vasta 1995, La
Peyre 1996). Like these assays, the fluorescent signal of fluores-
cein varies as a function of the size of the cells, the metabolic
esterase activity and the number of cells in the culture being ana-
lyzed. Larger OPX cells possess a higher level of esterase activity
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than smaller cells, and thus produce a stronger fluorescent signal.
Ultimately, the fluorescent signal of fluorescein is a function of
QPX biovolume and thus, is a measure of the overall growth in a
QPX culture, not a single measure of cell number or cell size. To
specifically measure cell numbers with the FDA assay, an estima-
tion of average cell size in a culture is required. However, without
a measure of cell size, this assay can be used as a measure of cell
biovolume to assess viability, relative proliferation and growth of
a specific QPX culture.

In addition to differences in esterase activity associated with
cell size, heat-killed QPX cells seem to retain some level of es-
terase activity which results in background fluorescence produced
by nonviable cells. However, the level of these background signals
is low and does not affect the applicability of the test.

Results from the assay in which we incubated different QPX
isolates indicate that there are differences in growth rates among
three of our QPX isolates. The New York isolate 20AC6 seems to
grow exponentially for a longer period of time than the Massa-
chusetts isolate and the New York isolate 8BC7. This coincides
with slight morphologic differences among these isolates (Allam et
al. unpublished) and may have implications for differences in viru-
lence among the isolates. Further in vivo experiments may be
useful in determining whether this difference in growth rate ex-
tends to differences in infection rate and proliferation within Mer-
cenaria mercenaria host clams.

As with any semiautomated cell proliferation assay, there are
advantages and disadvantages associated with the FDA assay.
However, with an understanding of how the assay works and what
limitations exist, steps can be taken to ensure that the assay is
accurate and provides the desired information. The FDA assay,
which provides sensitive, rapid and reproducible measurements of
in vitro QPX growth, is a valuable tool that can be easily used for
a range of in vitro growth experiments.
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