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Flow cytometry (FCM) is a method for the rapid quantitative analysis of fluorescence
and size-related characteristics of single cells. It is well suited for examining the
phytoplankton component in marine microbial assemblages because of the distinctive
red fluorescence emitted by chlorophyll. The use of FCM in phytoplankton ecology is
relatively recent and studies to date have focused on the spatial and temporal
distributions of various cell groups. The unique advantage of FCM lies in its ability to
analyse large numbers of individual cells. Given this, FCM offers the potential to
recover the bulk production of phytoplankton from an analysis of the constituent flora.
To date, various indices of growth have been estimated for oceanic cyanobacteria,
prochlorophytes, and other groups easily detected by FCM. However, the broader
goal of estimating overall primary production by FCM has been achieved only in
certain circumstances. To this end, efforts are being made to use FCM to study
phytoplankton population growth, cell division, viability, and photosynthetic activity.
These studies are discussed here under the headings of cell counting methods, cell
staining methods, chlorophyll fluorescence methods, and cell sorting methods.
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Introduction

Flow cytometry (FCM) is a method for the rapid, quanti-
tative analysis of fluorescence and size-related charac-
teristics of single cells (Melamed er al., 1990). It is well
suited for examining the phytoplankton component in
marine microbial assemblages because of the distinctive
red fluorescence emitted by chlorophyll, which is pres-
ent in all phytoplankton. In less than a decade, the field
of oceanographic flow cytometry has developed from
one of modest exploratory studies (Olson et al., 1983;
Yentsch et al., 1983) to one encompassing a wide range
of applications that have yielded important and hitherto
unattainable information on marine phytoplankton
(Chisholm et al., 1988a; Yentsch and Horan, 1989;
Demers, 1991).

The fundamental feature that distinguishes FCM from
many other techniques used in phytoplankton ecology is
that measurements are made on individual cells rather
than on the bulk photoautotrophic biomass. This feature
makes it possible, in principle, to attempt a recovery of
bulk properties from knowledge of the constituent
properties (Platt, 1989). Furthermore, this feature

allows examination of cell-to-cell variation, which is the
basis for integrating studies at the organism level with
studies of the ecology of phytoplankton assemblages
(Platt, 1989). Whilst it is true that fluorescence micro-
scopy, image cytometry, and Coulter counting also
provide information on individual cells, FCM offers
important and unique features unavailable in these
other techniques.

A recent general review has summarized the advances
achieved in the first decade of aquatic flow cytometry
with indications of future directions (Olson er al., 1991).
The present review will have a more restricted scope.
The aim of this paper is to survey various ways in which
FCM might be used to study the biological processes
underlying oceanic primary production. It is now poss-
ible to estimate various indices of growth for oceanic
cyanobacteria, prochlorophytes, and other groups easily
detected by FCM (i.e., numerically abundant groups).
However, the broader goal of estimating overall primary
production by FCM has been achieved only in certain
circumstances. To this end, efforts are being made to use
FCM to study phytoplankton population growth, cell
division, viability, and photosynthetic activity (Yentsch
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and Campbell, 1991). These studies are discussed here
under the headings of cell counting methods, cell stain-
ing methods, chlorophyll fluorescence methods, and cell
sorting methods.

Cell counting methods

The flow cytometer is an excellent tool for counting
numerically abundant autofluorescent particles at sea
(Olson et al., 1985, 1988, 1990a, b; Chisholm e? al.,
1988b; Li and Wood, 1988; Bgrsheim et al., 1989; Li,
1989; Vaulot er al., 1990; Veldhuis and Kraay, 1990;
Yunevetal.,1990; Liet al., 1992a, b, 1993). In fact, it is
the only method available that can give near real-time
estimates for the abundance of oceanic prochlorophytes
whose weak fluorescence makes detection by micro-
scopy an arduous task. With most conventional flow
cytometers, it is difficult to count cells that occur at
concentrations less than 10°-10* ml™'. This limitation is
imposed by the volume of sample that can be analysed
within a reasonable length of time. Higher rates of
sample throughput have been achieved (3.3-10 ml
min~"'), but only in user-customized instruments (Dube-
laar et al., 1989; Olson, 1989). A single instrument that
incorporates the advantages of high sensitivity (required
for picoplankton) and of high sample throughput
(required for nano- and microplankton) would be a
great asset in biological oceanography.

In using FCM as an efficient means for counting
particular phytoplankton groups (e.g. picoplanktonic
cyanobacteria and prochlorophytes, cryptomonads and
other autofluorescent nanoplankters), it is possible to
estimate rates of population growth simply by monitor-
ing changes over time. Observations may be (i) made on
fresh samples collected from the ocean at various sam-
pling frequencies (e.g. hourly, daily) or (ii) made after
some time (or several times) on a sample enclosed in a
bottle and incubated in situ, on ship deck, or in
environment-controlled chambers.

In the first protocol of observing changes in nature, we
see only the net result arising from the underlying
processes of reproduction, grazing, mortality, sinking,
motility, turbulent diffusion, and advective transfer.
This protocol, being free of experimental manipu-
lations, is elegantly simple. The results of Waterbury ez
al. (1986), obtained not by FCM but by epifluorescence
microscopy, illustrate the utility of this approach for the
cyanobacterium Synechococcus for sampling time scales
of hours, days, and weeks. An example illustrating the
use of FCM for monitoring population size in a water
parcel (Fig. 1) shows differential rates of change for
Synechococcus, prochlorophytes, and photosynthetic
eukaryotes (<10 um). On a negative note, the im-
plementation of this protocol may sometimes prove
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Figure 1. Differential growth rates of Synechococcus sp.
(SYN), prochlorophytes (PRQO), and photosynthetic eukar-
yotes (PEUK) indicated by the ratio of counts at time t (N,) to
counts at time zero (Ny). Observations were made by repeated
sampling of a water parcel indicated by a drifting sediment trap
array (40°4.20'N 47°12.40'W to 39°56.60'N 47°4.70'W, 2-3
May 1989).
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difficult. Aside from the practical considerations of
dedicating ship-time to a Lagrangian study, there is
often uncertainty that patchiness may exist at the scale of
ship-to-drifter distance.

Under certain circumstances, Lande e al. (1989)
suggested that it may be possible to estimate in situ net
population growth rate (reproduction minus overall
mortality) without the need for repeated observations.
This proposition is based on the idea that time-change in
population abundance is due to the effects of net growth
(reproduction minus mortality), sinking plus motility,
turbulent diffusion, and advection. If conditions exist
where it can be assumed (or demonstrated) that there is
no change in population size with time, that sinking and
motility rates are negligibly small, and that advection is
unimportant, then the net growth rate can be inferred
from depth profile measurements of phytoplankton
abundance and turbulent diffusion (Lande ez al., 1989).

The second protocol, where cell counts are made on
incubated samples, obviates the need to consider sink-
ing, motility, diffusion, and advection. However, it is
conceivable that artifacts may occur when plankton are
enclosed in small volume containers (Carpenter and
Lively, 1980). The attractiveness of this experimental
approach is that incubations can be executed in various
ways, and the plankton can be manipulated as desired;
this protocol offers a way to perform direct tests of many
important hypotheses. A simple implementation is to
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Figure 2. Differential growth rates of cryptomonads, cyanobacteria, “small” eukaryotes (<2 um), and “large” eukaryotes
(>2 um). Cell counts were made at the beginning (O) and end (@) of a 12 h incubation (07.30-19.30 h) under in situ conditions
(40°14.95'N 64°35.16'W, 15 April 1991). Units for population size are 10* cells ml™".

measure the change that occurs in samples incubated
under in situ (Fig. 2) or simulated in situ conditions.

Useful variations include incubations at different light
and temperature regimes to examine photo- and thermal
adaptive responses; nutrient additions to test for nutri-
ent limitation; selective metabolic inhibition, differen-
tial size fractionation, or dilution with filtered sea water
to inactivate, remove, or diminish grazing pressure (Li,
1986). Under these experimental conditions, FCM
measurements of cell abundance, cell size, and pigment
fluorescence of individual cells often indicate changes
that cannot be inferred from measurements of extracted
bulk chlorophyll concentration or total filterable '4C
activity.

Cell staining methods

Cell volume, light scatter characteristics, and autofluor-
escent pigment content are inherent properties of the

cell used in the counting methods described in the
previous section. Additionally, other properties of cells
may be studied using staining reagents. These latter
properties can be viewed as being structural or func-
tional. Structural properties are those concerning the
contents and physical states of chemically defined enti-
ties (e.g. DNA, lipids); functional properties refer to
activities that undergo physiological changes (e.g. en-
zyme activity). In the context of primary production
measurements, a pragmatic goal is to relate FCM-
measured stained fluorescence to the rate of primary
production or population growth. The use of fluorescent
probes in FCM to study phytoplankton cells is still at an
early stage; but recent work on the cellular contents of
DNA, membrane lipids, and ribulose bisphosphate car-
boxylase, as well as on esterase activity appear promis-
ing.

One avenue that leads to estimates of algal production
is through investigation of the cell division cycle. The
relationship between population growth rate and the
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fraction of cells undergoing mitosis was clearly delin-
eated by McDuff and Chisholm (1982) and extended by
Vaulot (1992). Recently, Chang and Carpenter (1988a)
broadened the concept to enable population growth to
be estimated from measurements of DNA content relat-
ing to any terminal event (sensu Mitchison, 1971) in the
cell cycle. Using microfluorometry to establish fre-
quency distributions for cells whose DNA were stained
with DAPI, Chang and co-workers have been able to
verify their method (Fig. 3A). The recent success in
using FCM to establish DAPI-DNA frequency distri-
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butions for oceanic phytoplankton (Boucher et al. , 1991;
Vaulot and Partensky, 1992) points to probable rapid
progress in an FCM implementation of the Chang-
Carpenter method for phytoplankton in nature.

A novel FCM method that monitors cell division has
recently been described by Yentsch and Campbell
(1991). A vital fluorescent stain (PKH-2) is used to label
the lipid component of cell membranes. After cell mem-
branes are loaded with PKH-2, there is no loss of stain
fluorescence until the cell divides. When division occurs,
each daughter cell then contains approximately half the
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Figure 3. A. DNA method of Chang and Carpenter. Specific growth rate of various algae estimated by the DNA distribution
method (microfluorometry) versus growth estimated by conventional counts of population size over incubation time. Different
symbols identify data from Chang and Carpenter (1988b, @), Antia et al. (1990, A), and Chang and Carpenter (1991, ¥). B.
Rubisco method of Orellana and Perry (1992). Relative fluorescein fluorescence per cell versus light saturated rate of
photosynthesis in Thalassiosira weissflogii. C. FDA method of Dorsey et al. (1989). Dependence of fluorescein fluorescence (O)
and "C uptake per cell (@) on cell size (equivalent spherical diameter, um) for eight algal species. D. FDA method used to assess
toxicity of sodium dodecyl sulfate (@) and atrazine (O) on Selenastrum capricornutum (Gala and Giesy, 1990). Cell viability index
is the mean fluorescein fluorescence of viable cells multiplied by the number of viable cells. Data shown are averages of responses

after 4, 24, and 48 h exposure to the toxicants.
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fluorescence per cell of the mother. This stain was
developed for use in animal cells (Horan and Slezak,
1989) and the pattern of 50% reduction has been fol-
lowed for up to eight cell divisions. The advantage of the
PKH-2 method (compared to say DNA labelling
methods) is that each generation can be identified by its
signature of fluorescence intensity. At present, the use
of PKH-2 in studies of phytoplankton division is ham-
pered by staining variabilities: Cucci et al. (1992) think
that perhaps this stain may only be suited for certain
phytoplankton groups or only at particular cell cycle
stages.

A powerful staining method for examining primary
production of single cells has been developed from
immunological principles by Orellana et al. (1988). The
method rests on the foundation that ribulose bisphos-
phate carboxylase {Rubisco) is the enzyme responsible
for net CO, fixation in autotrophs, and that there is a
direct relationship between the concentration of this
enzyme and the maximum rate of photosynthesis. By
developing an antiserum to Rubisco (e.g. in rabbits
injected with Chaetoceros Rubisco), it is possible to use
immunofluorescence methods (e.g. FITC conjugated
goat anti-rabbit IgG) to report on Rubisco in test species
of algae. Using FCM to quantitate FITC fluorescence in
Thalassiosira weissflogii, Orellana and Perry (1992)
demonstrated a strong correlation between the pre-
sumed level of Rubisco per cell and photosynthetic
capacity per cell (Fig. 3B).

In a fourth staining method, rates of photosynthesis
and growth are examined by correlation with “cell
viability” (Dorsey et al., 1989). Here, viability is defined
as intracellular esterase activity capable of cleaving
fluorescein diacetate (FDA) to give fluorescein. This
method has the premise that esterases, which are essen-
tial to phospholipid turnover in cell membranes, are
more active in healthy, rapidly growing cells than in
stressed cells. The pivotal feature of this method is that
FDA is non-fluorescent, but fluorescein (into which
FDA is converted in the presence of esterase) is fluor-
escent. In a study of several laboratory algal cultures,
Dorsey et al. (1989) demonstrated a good correlation
between fluorescein fluorescence intensity per cell and
photosynthetic '*C uptake per cell (Fig. 3C). The FDA
method has also been applied successfully in an FCM
assessment of toxicity response (Fig. 3D).

For applications to be robust, fluorescent probes
should be used with a clear understanding of the under-
lying physiological processes. In this regard, a distinc-
tion might be made between, on the one hand, DNA and
Rubisco, whose intracellular roles are well understood,
and, on the other hand, PKH-2 and FDA, whose func-
tions and controls at the intracellular level are less well
understood.
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Chlorophyll fluorescence methods

The relative ease with which chlorophyll fluorescence
can be detected by FCM makes it possible to implement,
on an individual cell basis, a number of the methods
currently used to probe assemblage photosynthesis from
measurements of bulk fluorescence (Falkowski and
Kiefer, 1985). The FCM versions of two such methods,
DCMU enhancement of fluorescence and the pump-
and-probe flash technique, are able to yield information
concerning individual cell responses which is not recov-
erable from the corresponding bulk methods. However,
interpretation of results from the FCM methods must be
undertaken with at least the same degree of caution as
with conventional results because the same biophysical
principles, of which we have incomplete knowledge,
apply.

When phytoplankton are exposed to light, the pho-
tons arriving at Photosystem II can either be used to
drive photochemical reactions, or the photons can be
dissipated as fluorescence or heat. As a first approxi-
mation, we can regard fluorescence and PSII photoche-
mical reactions as competing for excitation energy
within the antennae Chl of PSII traps. The primary
electron acceptor in PSII is the plastoquinone “Q”.
When Q is oxidized, the open PSII traps are able to
absorb photon energy and thus fluorescence is
quenched. However, when Q is reduced, photons arriv-
ing at the closed traps must be dissipated as fluor-
escence. To a first approximation, there is therefore an
inverse relationship between fluorescence yield and
photochemical reactions.

Recognizing this inverse relation, it is possible to
maximize the variable fluorescence yield by minimizing
the photochemical reactions. The herbicide 3-(3,4-
dichlorophenyl)~1,1-dimethylurea (DCMU) accom-
plishes this by blocking electron transport from the
primary acceptor Q. Thus, the variable amount of fluor-
escence induced as a result of DCMU action is related to
the capacity for photosynthesis. The proposal by
Samuelsson and Oquist (1977) that DCMU-enhanced
fluorescence may be used to study photosynthetic capac-
ity has led to numerous successful applications in eco-
logical studies of phytoplankton.

Recently, Furuya and Li (1992) described the use of
FCM to measure DCMU-enhanced fluorescence in
single cells. A crucial factor that determined the degree
of enhancement was the intensity of the exciting beam.
Cullen et al. (1988) showed that in commonly used flow
cytometers the maximum excitation irradiances are
many orders of magnitude higher than in conventional
fluorometers used for bulk measurements (e.g. Turner
Designs). When the excitation intensity is low, photo-
chemical reactions can keep up with the rate at which
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photons arrive at the PSII centres: the fluorescence yield
is thus at a minimum (Fp). However, when the exci-
tation intensity is high, more energy is dissipated as
fluorescence and the yield increases to a maximum
(Fmax). In this situation, the degree to which fluor-
escence can be further enhanced by the addition of
DCMU becomes correspondingly less. Neale et al.
(1989) showed that in an EPICS V flow cytometer
(Coulter Electronics) operated at 250 mW excitation at
488 nm, the effective fluorescence was intermediate
between Fo and Fp,,. They concluded that the infor-
mation derivable from FCM fluorescence depends
strongly on instrument configuration. In using FCM to
examine DCMU enhancement, it is therefore important
to reduce the excitation intensity as much as possible.
However, this imposes a limitation, yet to be solved,
in the kind of cell that can be studied by this method.

- 8
|
L 1A _
g ®
'_9 -
©
Q [
Yo}
(@]
o L
g
7]
“ 3
Q
Q
9 i
Q
o]
g 3
S\
o, 0+ T v T T T ——T
0 2 4 6 B 10 12 14 16 18
Time (d)
'T:q —— 0.3
'E C .
- ] a 0.2
L AA A, JRI
8 ] TA [0.1
(@] ]
ap
& 10] 14 [ 0.0
- Co
o 8 1 / \
- ® .
s 6 ,' \
AL ® _
g 2] ~e 0®—o
L o e
A 0 2 4 6 8 10 12 14 16 18

Time (d)

ICES mar. Sci. Symp.. 197 (1993)

The limitation arises because small phytoplankton cells,
with their low chlorophyll content, fluoresce very
weakly on an individual basis. The reduction of exci-
tation intensity, which is necessary to achieve DCMU
enhancement, effectively places the weakly fluorescing
cells below the level of instrument detection. Never-
theless, for cells that can be detected at low excitation
intensities, the expected correlation between fluor-
escence enhancement per cell and photosynthetic
capacity per cell has been verified (Furuya and Li,
1992).

A useful index for the quantification of DCMU-
enhanced fluorescence is the fluorescence response
index (Cullen and Renger, 1979):
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Figure 4. Pycnococcus provasolii in unialgal batch culture. A. Cell concentration. B. Rate of '4C incorporation per unit volume of
culture. C. Rate of C incorporation per cell (@) and FRI (A ). Cells were dark-adapted for 5 min prior to analysis; DCMU was
used at a concentration of 10 M. D. Correlation of FRI and rate of '*C incorporation per cell.
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This quantity may also be termed the cellular photoche-
mical capacity (Vincent, 1981). In FCM application,
Fpemu is the mean fluorescence per cell measured after
addition of DCMU to the sample; and Feonor i the
mean fluorescence per cell measured in the no-addition
control. In the common oceanic ultraphytoplankter Pyc-
nococcus provasolii (Guillard et al., 1991), there is a
strong correlation between light-saturated rates of '*C
incorporation per cell and the FRI measured in a FACS
Analyzer (Becton Dickinson) using minimal excitation
(485 nm) from a mercury-cadmium arc lamp (Fig. 4).
The utility of the FCM method lies in its ability to
measure FRI of individual species in algal mixtures or
natural assemblages. An illustrative experiment (Fig. 5)
shows the differential time-change of FRI for three
different species cultured together in one flask (tri-
culture) in comparison to the same species cultured
separately in three other flasks (uni-cultures). For
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Phaeodactylum tricornutum, whose growth pattern was
similar in uni- and tri-cultures, the values of FRI were
also very similar, indicating that the cellular expression
and experimental measurement of FRI were not com-
promised by the presence of other species in the tri-
culture. In contrast, the development of P. provasolii
was very different in uni- and tri-cultures after the initial
few days: this difference was reflected in high FRI values
for the growing uni-culture, but low FRI values for the
non-growing tri-culture.

In a study of the spring bloom in a coastal marine
embayment, Furuya and Li (1992) were able to docu-
ment temporal variations of the FCM-measured FRI of
dominant diatoms and cryptophytes. Other experiments
(not shown) indicate that the relationship between FRI
and photosynthesis varies among species and growth
conditions (e.g. irradiance level). These impose con-
straints that must be overcome in attempts to estimate
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Figure 5. Growth and FRI of Phaeodactylum tricornutum, Chroomonas salina, and Pycnococcus provasolii in unialgal (@) and

trialgal (O) batch cultures.
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total primary production of natural assemblages from
measurements of FRI for individual species.

There is a second method of estimating photosyn-
thesis from fluorescence which is based on an alternative
method of closing the photochemical reaction centres.
Instead of using DCMU, it is possible simply to provide
enough photons to ensure that all PSII reaction centres
will transfer an electron to Q. This is the basis for the
“pump-and-probe” technique (Falkowski er al., 1986).
In this method, the fluorescence of a weak “probe” flash
is measured before (Fp) and after (F,) a saturating
“pump” flash. The greater the capacity for photochemi-
cal energy conversion, the larger will be the difference
(F; — F,). The robustness of this method has been
verified in both laboratory (Kolber ez al., 1988) and field
studies (Kolber er al., 1990; Falkowski er al., 1991).
Importantly, this method provides estimates that can be
used to calculate primary production in absolute units,
say mg C mg Chl™' h™" (Falkowski ef al., 1991). Re-
cently, Olson and Zettler (1991) implemented the
pump-and-probe method for FCM analysis of single
cells. A modification to their flow cytometer enabled the
exciting laser beam to be split into a weak probe beam
and a stronger pump beam. Experiments with the dia-
tom Lauderia borealis indicated a strong correlation of
fluorescence enhancement between FCM-based pump-
probe measurements and bulk-based DCMU-addition
measurements. In parallel to the problem of detection
sensitivity in the FCM-based DCMU method, the weak
probe flash used here also imposes a serious constraint
on the size of cell that can be measured.

Cell sorting methods

The goal of recovering bulk primary production from
single cell analysis is a tantalizing prospect. In this
regard, our considerations are directed towards
methods capable of apportioning *C activity to indi-
vidual cells after a conventional in vitro incubation
experiment. There are at least three such methods:
microautoradiography (Brock and Brock, 1968; Watt,
1971), isolation by micropipette of single cells visible
under a dissecting microscope (Rivkin and Seliger,
1981), and FCM sorting (Li, 1986). Each method has its
strengths and weaknesses but it is beyond the scope of

this short review to consider them except in the case of .

FCM sorting.

Particle sorting by FCM is a procedure that yields
preparations of cells whose properties (e.g. light scatter,
chlorophyll fluorescence, phycoerythrin fluorescence,
etc.) are circumscribed by values defined by the re-
searcher. As such, the taxonomic identification of a
sorted cell is only as good as resolved by the defining
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properties. For example, in open ocean samples, a cell
that exhibits significant fluorescence in the phycoeryth-
rin waveband and has light scatter characteristics indica-
tive of a size ca. 1 um can be regarded as Synechococcus
sp. with fair certainty. On the other hand, a red-
fluorescing 5 um cell with no phycoerythrin fluorescence
could be a member of many different algal classes. In
most cases, the taxonomic identity of sorted cells is
revealed only by microscopic examination. It is clear
that as the number of FCM-measured properties in-
creases, the level of cell-type discrimination also in-
creases (Olson et al., 1989). In coastal waters where
there is often an abundance of non-spherical cells (e.g.
diatoms), the use of shape-sensitive parameters (Pre-
mazzi et al., 1989; Buonnacorsi and Cunningham, 1990;
Cunningham, 1990; Cunningham and Buonnacorsi,
1992) will undoubtedly offer better discrimination.
Further, automated pattern-recognition of cytometric
signatures (Frankel ez al., 1989; Balfoort et al. , 1992) will
be useful in sorting procedures when performed in real
time.

The FCM sorting procedure is physiologically harsh:
cells experience physical shear within the flow stream,
exposure to intense laser irradiation, and a strong
electrostatic charge. In estimating the extent of C
uptake by FCM-sorted cells, it is therefore important
that the sorting procedure be carried out on cells already
labelled with the isotope, so that the incubation assay for
photosynthesis is not performed on possibly damaged
cells (Rivkin et al., 1986). To have confidence in the
sorting procedure, the researcher must be assured of the
adequacy of various operational considerations. These
include an assurance (i) that a sub-population compris-
ing only a small percentage of the total assemblage can
be sorted in a reasonable time (Fig. 6A); (ii) that there is
a strict proportionality between the amount of *C
assayed and the number of cells sorted (Fig. 6B); (iii)
that the proportionality in (ii) is not compromised by the
presence of other species in the sample (Fig. 6C).

The sorting of '*C-labelled phytoplankton from natu-
ral assemblages can be a daunting and discouraging task
(Yentsch and Campbell, 1991). Some of the difficulties
are (i) the large dynamic range over which cell proper-
ties may span, (ii) the low number at which many species
are found in unconcentrated sea water, and (iii) the loss
of fixed '*C and change of fluorescence subsequent to
sample preservation. The co-occurrence of phyto-
plankton in the pico-, nano-, and microplankton size
ranges means that even a three or four decade logarith-
mic scale in the measurements of size and fluorescence
may not be sufficient to encompass the entire assem-
blage. In a study of springtime continental shelf phyto-
plankton, larger cells were sorted using low instrument
gains, while smaller cells were sorted using high gains
(Fig. 7). Even so, it is possible that still larger or still
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Figure 6. A. Time course of sorting two phytoplankton cell types: the right-sorted population (A ) comprised 2% of the total cells
(A) present in the sample; the left-sorted population (@) comprised 0.7% of the total cells. B. Linearity in the amount of 1*C
assayed versus the number of Dunaliella tertiolecta cells sorted. The inset shows the same data on an expanded scale indicating
linearity extending to the origin. C. Sort of two species mixed in five different proportions. Circle symbols refer to unialgal culture
of Dunaliella tertiolecta; diamond symbols refer to unialgal culture of Pycnococcus provasolii; triangles, squares, and inverted
triangles refer to bialgal cultures of different proportional composition. Solid symbols refer to P. provasolii; hollow symbols refer

to D. tertiolecta.

smaller cells might have been sorted using other instru-
ment settings. Primary production (mg Cm *h™")is the
product of the rate of photosynthesis per cell (mg C
cell™" h™') and the cell concentration (cells m ). The
importance of large cells (though few in numbers) is that
each individual may be expected to have a high rate of
photosynthesis (Goldman, 1988). Vice versa, the im-
portance of small cells (though having low rates of
photosynthesis) is that they are often very abundant.
The abundance of smaller cells means that it is more
feasible to sort a large number for assay of '4C, hence a
lesser variance amongst replicate sorts (groups I-1V,
Fig. 7). Conversely, variance amongst replicates was
greater for the larger, less numerous cells (groups V and
VI, Fig. 7).

A recent report by Casotti et al. (1990) described the
use of FCM to sort coccolithophores at natural concen-
trations as low as 25 cells m 17'. In this study, the flow
cytometer was modified to allow analyses of large vol-
umes of sea water (tens of millilitres) and to measure the
polarization of light scattered in the forward direction.
The depolarization of forward scattered light by cocco-
liths was used as a diagnostic feature for the recognition
and sorting of coccolithophores.

The problem of preservative-induced changes in
fluorescence and C content is a major consideration
that requires more study. Aldehydes are commonly used
to preserve phytoplankton but they have been shown to
change the optical properties (Navaluna et al., 1989) and
14C retention (Silver and Davoll, 1978) of various
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Figure 7. FCM sort of six phytoplankton groups (I-V1) in sea water. SamPles were collected from the Roseway Basin (Nova

Scotian Shelf: 43°18.06'N 65°10.89'W, 7 April 1991), inoculated with NaH

4C0; (15 uCi ml™") and incubated in situ for 12 h.

Incubations were terminated by addition of HgCl, (10 #M) and samples were stored at 4°C until sorted 3—4 weeks later. The upper
left panel shows the cytometric signature (Chl fluorescence vs orthogonal light scatter; 3-decade logarithmic scales) at low
instrument gains to sort the larger groups IV-VI. The upper right panel shows the signature at high instrument gains to sort the
smaller groups I-I11. Groups I and II, although indistinguishable by light scatter, were distinctly different on the basis of Chl
fluorescence. The six bar histograms plot radioactivity per cell versus water-column depth for cach of the phytoplankton groups.

Error bars denote variability in duplicate or triplicate sorts of the same preserved sample.

species. For microautoradiography, the loss of fixed '*C
in cells can be avoided by not using any chemical
preservatives at all; rather, filtered samples are quick-
frozen in liquid N, and then freeze-dried (Paerl, 1984).
Unfortunately, simple quick-freezing of phytoplankton
without prior fixation can result in spurious fluorescence
signatures (Vaulot and Ning, 1988; Vaulot et al., 1989).
The method of quick-freezing after fixation by glutar-
aldehyde (Vaulot et al., 1989) is a good preservation
method for FCM analysis of several species, but likely
unsuitable for FCM sorting because of the varying
degree to which '*C is lost from different species. The
results shown in Figure 7 are compromised to an un-
known extent by the possible loss of fixed "*C. Mercuric

chloride, as used in these experiments, results in 10—
50% losses of cellular '*C in laboratory tests using
cultured algae (unpublished results).

The utility of FCM sorting to estimate group-specific
rates of '*C uptake is best seen in cases where samples do
not have to be preserved (Rivkin ef al., 1986; Olson et
al., 1991). In recent preliminary shipboard experiments
using a new benchtop flow sorter (FACSort™, Becton
Dickinson Immunocytometry Systems), '*C-labelled
phytoplankton were sorted live during a trans-Atlantic
cruise. In these experiments, total '“C activity was
quantitatively partitioned amongst Prochlorococcus,
Synechococcus, and eukaryotic ultraphytoplankters (Li,
in preparation). In other words, primary productivity
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(P) was successfully calculated on the basis of FCM
analysis and sorting.

P=2Ni-Ci

where N; represents the FCM estimates of abundance
for each cell group i (Prochlorococcus, Synechococcus,
and eukaryotic ultraphytoplankters); and C; represents
the values of "C uptake per cell derived from FCM
sorting of unpreserved cells.

Conclusions

The methods outlined in this survey range from rather
simple to highly complex procedures. At one end of this
range, sea water is sampled from the ocean and phyto-
plankton abundance is monitored, in “quasi real-time”,
using commercially available non-sorting flow cyto-
meters. At the other end, the samples are stained,
radiolabelled, or otherwise manipulated, incubated,
and preserved before being analysed or sorted, some-
times on sophisticated user-customized instruments.
Being based on different physiological or ecological
principles, the methods do not all yield the same
measure of “primary production”; and certainly each
method has its own strengths and weaknesses. The
important feature shared by each method, and which
stands in contrast to conventional bulk oceanographic
methods, is that the properties are measured on a cell-
by-cell basis.

At present, the goal of estimating the overall rate of
primary production from an FCM analysis of constituent
properties has been successfully achieved only in certain
circumstances. In particular cases, phytoplankton
assemblages have a low species diversity and are domi-
nated by numerically abundant forms that have an easily
detectable and recognizable cytometric signature: here,
the FCM estimates of growth or photosynthesis would
be close to estimates derived from conventional bulk
methods. However, in the more general case, difficulties
arise when species diversity, numerical sparseness, and
optical properties are expressed to extents that instru-
ment configuration poses a significant constraint on a
complete description of the entire assemblage. Never-
theless, innovative developments in instrument design,
novel applications from cytology, molecular biology,
ecology, and enhanced data-handling capabilities all
indicate a promising future for oceanographic FCM
(Olson et al., 1991) that will undoubtedly lead to more
detailed information regarding primary production in
the sea.
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