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Measurement of algal photosynthetic performance with conventional methods requires thousands
of cells obtained by isolation and subsequent cultivation. This is a time-consuming process for
many species. We describe a new method to study photosynthetic performance of single algal cells
under various environmental conditions by a combination of modulated chlorophyll fluorescence,
light microscopy, and sample manipulation techniques. Single cell fluorescence was measured with
amodulated microfluorometer integrated in an inverted microscope. The algal cell was sucked onto
the tip of a glass microcapillary and positioned in the center of the field of view of the microscope
by a micromanipulator. A superfusion device was used to generate a flow of experimenta solution
of variable composition along the alga. The light dependence of Scenedesmus obtusiusculus single-
cell photosystem 11 (PSI1) electron flow was measured at various pH. At a high light intensity PSI|
electron flow was inhibited at pH 6.5 and higher, while at a low light inhibition occurred at pH
9.5. Thisisin agreement with inhibition of photosynthesis by substrate (CO,) limitation at akaline
pH. This approach can easily be extended to study the in vivo effects of other abiotic parameters

(temperature, nutrients, toxicants, oxygen) on the photosynthetic performance of algae.
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INTRODUCTION

Management of marine and freshwater ecosystems
requires information about the structure and function of
the system. One of the key parameters in the food web
of an ecosystem is primary biomass production. Photo-
synthesisisthefirst stepin biomass production and photo-
synthesis begins in the photosystems with the absorption
of light by chlorophyll, the major light harvesting pig-
mentsin plants and eukaryotic algae. A photosystem (PS)
consists of alight harvesting system and a reaction center
where photochemistry takes place. The excitation energy
is transferred from the light harvesting chlorophyll to
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a primary donor in the reaction center where a charge
separation occurs. The photosynthetic apparatus of plants
and algae contain two types of photosystems, called PS
and PSII, which operate in series to oxidize water and
reduce NADP*. The charge separations in PSI| lead to
electron flow and result in the oxidation of water and the
reduction of plastoquinone. PSI activity results in the
oxidation of plastoquinol and the reduction of NADP*.
During this electron flow from water to NADP", vectorial
proton transport leads to a proton motive force which is
used by the ATP synthase/hydrolase to phosphorylate
ADP. The NADPH and ATP arerequired for the reduction
of CO, to sugars.

The efficiency of photosynthesis can be estimated
from the efficiency of PSII electron flow, which can be
determined from chlorophyll fluorescence yield measure-
ments with the saturating pulse method [1; see Refs. 2
and 3 for reviews]. Measurements of photosynthesis by
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means of chlorophyll fluorescence was used as a rapid
and sensitive method to determine biomass production
by macrophytes [4]. In many aguatic ecosystems, how-
ever, the planktonic algae are the main primary producers.
Nevertheless, a detailed characterization of the relation-
ship between algal photosynthesis and the abiotic envi-
ronment has been achieved for only relatively few
species. Modeling and prediction of photosynthetic per-
formance in a given abiotic environment are therefore
possible for these species only. One of the causes for this
is that conventional algal photosynthesis measurements
by means of, e.g., oxygen evolution, carbon uptake, or
chlorophyll fluorescence, require thousands of cells.
Obtaining enough material for conventional photosynthe-
sis measurements by isolation and subsequent cultivation
is often atedious and time-consuming process, if possible
at al.

In the last decade the use of chlorophyll fluores-
cence-based methods has attracted interest in the assess-
ment of phytoplankton primary production [5]. Appli-
cation to a water sample containing a mixture of alga
species, however, is problematic, as the light absorption
cross section of PSII is species dependent. Although the
PSII efficiency can be measured with a high accuracy,
therelationship between photosynthetic oxygen evolution
and PSl1 electron flow, as estimated from the product of
PSII efficiency and photon flux density (PFD), differs
considerably among algal species[6] belonging to differ-
ent pigment classes. Unless the PSII absorption cross
section is measured, estimation of algal photosynthesis
and primary production by means of chlorophyll fluores-
cence measurements from samples of unknown composi-
tion is of limited use due to the errors resulting from the
differences in PSII absorption cross section.

In studies involving the short-term effects of the
abiotic environment on algal photosynthesis, problems
of thiskind might be circumvented by studying the photo-
synthetic performance of asingle algal cell. Very recently
imaging [7] and nonimaging [8] chlorophyll fluorimeters
for single-cell measurements have been described. In this
work we make use of these new techniques and describe
anovel method to study the photosynthetic performance
of single algal cells under a variety of environmental
conditions by an integrated approach using modulated
chlorophyll fluorescence, light microscopy, sample mi-
cromanipulation, and sample superfusion. The algal cell
can be visually identified under the light microscope,
attached to a micropipette, and subsequently character-
ized by exposing the algal cell to various environmental
conditions and measuring photosystem |1 efficiency. As
an example we have measured the light dependence of
photosynthetic electron flow of a single Scenedesmus
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obtusiusculus cell at various pH levels and show that the
method can be used to assess effects of (changes in) the
abiotic environment on algal photosynthesis.

EXPERIMENTAL

Scenedesmus obtusi usculus was grown in batch cul-
ture in an enhanced CO, atmosphere as described by
Van Rensen [9]. Cells were directly transferred from the
culture into the sample cuvette of the microscope. Media
at pH 5.5, 6.5, 7.5, 8.5, and 9.5 were prepared from fresh
culture mediato which the buffers MES, HEPES, MOPS,
and Tricine, respectively, were added at a concentration
of 10 mM. The pH of the medium was adjusted with
KOH, except in the case of Tricine, where HCI was used.
Before filling the syringes of the DAD-12 superfusion
system, the media were degassed as described in Ref. 10.
All experiments were carried out at room temperature
(21-23°C).

Microscopy-PAM

Single-cell chlorophyll fluorescence was measured
with an epifluorescence microscope consisting of the
Microscopy-PAM (WALZ, Effeltrich, Germany) and an
Axiovert 25CFL inverted microscope (Carl Zeiss, Ger-
many). This setup is similar to the one described in Ref.
9. Themicroscopy-PAM employsasingle470-nm LED to
generate modulated light for the generation of chlorophyll
fluorescence, intense light to saturate photosynthesis and
actinic light to drive photosynthesis. In contrast to earlier
models, the Microscopy-PAM uses a pulse repetition
modulation protocol to adjust the integrated photon flux
density during the different stages of the measurement.
The LED emitter was fitted into the collector HBO 103/
XBO 75 W/2 using an adapter piece and placed into the
fluorescence excitation port of the Axiovert microscope.
The excitation light was guided from the LED to the
sample via a color glass filter (BG 39; Schott) and a
dichroic beam splitter (RG 65; Balzers) and the objective
(fluar 40 X /1.3; Carl Zeiss). Fluorescence was detected
by the photomultiplier (Hamamatsu) attached to the photo
port of the Axiovert microscope. The photomultiplier
was shielded from stray light by a dichroic (DT Yellow;
Balzers) and a color glass (RG 645; Schott) filter. The
LED and PM detector were controlled by the PAM-Con-
trol unit of the Microscopy-PAM, which was connected
to a PC running the WinControl (WAL Z, Effeltrich, Ger-
many) software. Incident light intensities were measured
with the MC-MQS Micro Quantum Sensor (WALZ) in
the focal plane at the site of the sample. This sensor is
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equipped with a 200-um pinhole in front of the sensitive
area of the detector. As the diameter of the beam at the
focal plane is larger than the diameter of the pinhole
with the objectives used in this study, the measured light
intensities are a fairly accurate reflection of the actual
light incident on the algal cell. The photon flux density
data include the excitation light required for the fluores-
cence measurement. For a further description of the
Microscopy-PAM see Ref. 11. Saturating light pulses
were given with aduration of 800 ms and maximal inten-
sity.

The aga cell was sucked onto the tip of a glass
microcapillary, which was positioned and kept in the
center of thefield of view by an MO-303 micromanipula-
tor (Narishige, Tokyo, Japan), a procedure similar to the
procedure to obtain a seal in patch-clamp measurements
on isolated chloroplasts [12]. The field of view of the
photomultiplier could be reduced to the area of a single
algaand its direct environment by means of a diaphragm
in front of the photomultiplier.

Superfusion System

A 12-channel superfusion drug application device
(Adams & List Associates, New York) was used to gener-
ate a smooth flow of experimental solution along the
aga. The DAD-12 consists of 12 pressurized reservoirs
with experimental solution connected to amicromanifold
via a valve and PE tubing. The micromanifold, with its
single 100-p.m output nozzle, was attached to a second
Narishige micromanipulator and positioned near the cen-
ter of the field of view. In this way rapid (<50-ms)
changes in the composition of the experimental solution
can be achieved by selecting another channel.

Figure 1 shows a schematic overview of the sample
manipulation part of the experimental setup featuring the
alga, thetip of the glass capillary, and the exhaust nozzle
of the DAD-12 superfusion device. The figure aso indi-
cates the approximate field of view seen by the detector
of the Microscopy-PAM as set by the diameter of theiris
diaphragm in front of the photomultiplier.

Analysis of Chlorophyll Fluorescence
M easurements

The nomenclature and calculation of the various
fluorescence parameters were as in Ref. 13; the rate of
PSII electron flow was calculated as the product of PSI|
efficiency and the local PFD as measured with the MC-
MQS Micro Quantum Sensor. The experiment shown in
Fig. 3 isfrom a series of three experiments, each carried
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Fig. 1. A schematic overview of the measuring configuration showsthe
agaattached to thetip of amicropipette by maintaining underpressurein
the interior of the micropipette. The exhaust nozzle of the DAD-12
superfusion device is positioned close to the alga to maintain a smooth
laminar flow of experimental solution along the alga. The micoscopy-
PAM field of view is indicated by a circle.

out on a different algal cell. The results shown are from
a single experiment using a single algal cell.

RESULTS AND DISCUSSION

Time Course of Fluorescence I nduction

A change in light intensity results in induction of
photosynthetic enzymes and metabolic intermediates in
the photosynthetic apparatus. This adaptation requires a
certain amount of time. A sudden increasein theintensity
of nonmodulated light results in an sudden increase in
the fluorescence yield. The adaptation of the algae to the
new light intensity is reflected in a relaxation of the
fluorescence yield to anew steady state. The light depen-
dence of PSII electron flow was determined by applying
stepwise increases in light intensity. Figure 2 shows the
fluorescence yield of a single Scenedesmus cell during a
typical light-dependence measurement. Upon an increase
in the light intensity the characteristic transient increase
in fluorescence yield in observed. At the end of each 30
sillumination step the fluorescence yield was relaxed to
anew steady statein which the efficiency of PSII electron
flow was determined from the fluorescence yield just
before and the fluorescence yield during a saturating light
pulse. From the PSII efficiency and the local PFD, the
rate of PSII electron flow was calculated. The results for
aseries of data sets similar to the onein Fig. 2 are shown
inFig. 3. Atlow PFDs, PSII electron flow is proportional
to the PFD, but above 50 pwmol m~2 s the rate of
PSI1 electron flow shows saturation until a maximum is
reached at PFDs above 100 pmol m~2 s™% This light
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Fig. 2. Registration of the fluorescence yield of a single Scenedesmus
alga during a typical light response measurement. The measurement
starts by switching on the measuring light (ML). At the end an 0.8 s
saturating light pulse (SLP) was given to measure the PSI| efficiency.
Immediately after the SLP the actinic light intensity was increased, and
after 30 s the next SLP was given. This procedure was repeated until
the maximum light intensity was reached. After the last SLP the actinic
light was switched off.

dependence of PSII electron flow provides information
on the photosynthetic performance of an algain a(slowly)
fluctuating light environment, which is the case in many
natural aguatic ecosystems.

Light and pH Dependence of PSII Electron Flow

The potential of the method in the study of algal
ecophysiology was further exploited by studying the pH
dependence of PSII electron flow. The light dependence
of photosynthesis was determined as a function of pH
(Fig. 3). At a high PFD the rate of PSII electron flow
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Fig. 3. Light dependence of PSI| electron transport measured at various
vaues of medium pH. Numbers indicate the pH of the medium.
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shows an optimum near pH 6, and at pH 9.5 PSI| electron
flow isamost completely inhibited. It is noteworthy that
the maximal rate of PSII electron flow is not observed
a the highest light intensity. This may have been caused
by the relatively short (5-min) adaptation period after the
change in pH and by the fact that the light dependence
was always measured starting at the lowest light intensity.
At the time of the measurement at a high PFD the alga
had been exposed for alonger time to a high pH and the
decrease in the rate of PSII electron flow at a high PFD
thus may have been caused by a progressive inhibition
by the alkaline pH. At alow PFD therate of PSII electron
flow is hardly inhibited by an akaline pH. At pH 9.5 a
small inhibition was observed. The absence of inhibition
is not caused by a too short incubation time at akaline
pH. This can be concluded from the fact that in the
experiment at pH 9.5 the alga had already been exposed
pH 7.5 and 8.5, but at pH 9.5 the rate of PSII electron
flow is only dlightly lower than at pH 6.5.

The datain Fig. 3 show that the effect of the pH on
PSII electron flow is dependent on the light intensity. At
a high PFD the substrate CO, is limiting photosynthesis.
At a pH higher than 6.4, the pK, for the dissociation of
carbonic acid, the CO, concentration is lowered due to
conversion of CO, into bicarbonate, causing inhibition
of CO, reduction by substrate limitation. At a high PFD
this results in a lower rate of PSII electron flow. Thisis
clearly shown in Fig. 4. In contrast, the rate of PSlI
electron flow at alow PFD isnot limited by CO, reduction
but is, instead, determined by the PFD and the maximal
(intrinsic) efficiency of PSII electron flow. Apparently
the maximal PSH efficiency is not very sensitive to a
more akaline pH; only at a pH higher than 85 is a
reduction of PSH efficiency observed at alow PFD (Fig.
4, data points at 17 pmol m=2 s™4),
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Fig. 4. Effect of the pH of the medium on the rate of PSII electron
flow at three light intensities. The data were taken from Fig. 3.
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The observed inhibition of the maximal rate of PSII
electron flow at an alkaline pH ismore severe than expec-
ted. The effect is caused by the low oxygen concentration
in the medium. The DAD-12 superfusion system works
properly only with degassed experimental solutions,
resulting in a low oxygen concentration. The lack of
oxygen prevents CO, independent photosynthetic elec-
tron transport linked to photorespiration and electron
transport linked to the reduction of oxygen (see, e.g., Ref.
14 for a review). Under our low-oxygen conditions the
rate of PSII electron transport is thus closely linked to
the reduction of CO, in the Calvin cycle and therefore
closely linked to CO, availahility in the external medium.

Prospects of the Method

Theresults of thisstudy show that the photosynthetic
performance of algae can be studied at the single-cell
level under a variety of experimental conditions. The
combination of photosynthesis measurements in a con-
trolled chemical and light environment and visual identi-
fication alows assessment of the biodiversity of
phytoplankton responsesto changesin thelight and chem-
ical composition of the water environment. The differ-
ences in PSII efficiency depend on the nature of the
changes in the environment; both the magnitude and the
duration of the perturbation influence the effect on PSII
efficiency. A recent study on the variation of PSII effi-
ciency between Arabidopsis thaliana ecotypes showed
that chlorophyll fluorescence can be used to determine
very small (< 0.06; i.e., about 10% change) differences
in PSII efficiency between ecotypes (Snel, Vreugdenhil,
and Koornneef, unpublished data).

In this study a single-cell technique was used to
establish a relationship between external pH and photo-
synthetic performance. This relationship, however, is
dependent on the set of properties of theindividual used;
other individuals with their own set of properties (geno-
type, developmental stage, environmental history) will
give different results. In both ecological and ecotoxico-
logical applications a significant number of single cells
of a given species will have to be measured to be able
to extrapolate the single-cell data to the population level.

In ecotoxicologica applications such a method would be
useful to study the effects of toxicants on phytoplankton
in aquatic ecosystems. In eco(physio)logy the method
could be used to provide information on the role of envi-
ronmental factors in the photosynthesis and growth of a
given species. The single-cell approach described here
yields information on single-cell photosynthetic perfor-
mance under a wide range of environmental conditions
which could be used for individual -based ecological sim-
ulation models to identify causal relationships at the eco-
system level.
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