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Villefranche sur Mer Cedex, France

B. Genty2

Laboratoire d’Ecophysiologie Végétale, Université Paris Sud and CNRS, 91405 Orsay, France
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Abstract

We examined the mechanisms related to the diel variations in the parameters of the relationship between the rate
of carbon fixation of phytoplankton and irradiance (P vs. E curve). Our goal was to understand what determines
the phase of these variations relative to that of the light cycle. We grew the marine prokaryote Prochlorococcus in
an axenic cyclostat culture system under a light–dark cycle that mimicked natural conditions at sea surface and
followed changes in cell physiology with a 2-h resolution. Individual cells divide mostly in phase with each other,
once a day at the beginning of the dark period. The quantum yields of chlorophyll fluorescence, the maximum
quantum yield of carbon fixation (fCmax) and the maximum rate of carbon fixation (P ) exhibited diel variationsB

max

over about factors of 2, 4, and 4, respectively, with maxima at the beginning of the light period. The morning drop
in fCmax and the quantum yield of fluorescence, which was accompanied by only a small decrease (,15%) of
photochemial efficiency of PSII (Fv/Fm), suggests regulation by light and preceded the drop in P by 4 h. TheB

max

decrease in P during the day matched a decrease in the transcription level of Rubisco. The quantum yield ofB
max

fluorescence, fCmax, and P increased again during the dark period, but this recovery was slowed at the time ofB
max

cell division. Our results suggest that the pattern of diel variations in the photosynthetic parameters is determined
both by photoacclimation and the cell-division cycle.

The photosynthetic parameters of phytoplankton derived
from the relationship between the rate of carbon fixation and
irradiance (so-called P vs. E curve) generally exhibit large
diel variations in the marine environment (Harding et al.
1981a; Rivkin and Putt 1988). It has often been proposed
that diel variations in the maximum chlorophyll-specific car-
bon fixation rate (P ) and in the normalized initial slopeB

max

of the P versus E curve (aB) are controlled by an internal
clock (Golden et al. 1997). It is unclear, however, what struc-
tural and functional changes of the photosynthetic apparatus
are involved in P and aB diel variations.B

max

Highest values in P have most often been observed atB
max

midday (Prézelin and Matlick 1980) but have also been ob-
served in the morning (Harding et al. 1981a) and even by
night (Rivkin and Putt 1987). Diel variations in aB most
often parallel those of P (Rivkin and Putt 1988; Vande-B

max

velde et al. 1989). When P and aB covary at the dailyB
max

time scale and maximum values of aB are observed by day
(Babin et al. 1995), it is unlikely that photoacclimation is
the driving process because then one would rather expect
them to covary inversely (Dubinsky 1980). Harding et al.
(1981b) noticed that the amplitude of variations in P co-B

max

varied with changes in the growth rate of phytoplanktonic
populations grown in batch cultures. This might indicate the
influence of changes in the cell structure, related to the cell
cycle. The results of Putt and Prézelin (1988), however, do
not support a potential role of cell cycle.

Rivkin and Putt (1987) noticed that P peaks by dayB
max

when midday irradiance is low to moderate and by night
when midday irradiance is high. Interestingly, Vaulot and
Marie (1999) observed strong diel variations in divinyl-chlo-
rophyll a (div-Chl a) fluorescence of Prochlorococcus cells
collected in the equatorial Pacific. A profound minimum was
recorded around 1200 h for samples collected close to the
sea surface, where high irradiance prevails, while the daily
minimum was rather recorded by night for samples collected
at depth. When the minima in P and aB are observed byB

max

day, photoinhibition resulting from exposure of phytoplank-
ton to high irradiance may be the cause and may mask the
diel variations resulting from an endogenous rhythm. Pho-
toinhibition is commonly observed at midday at the level of
photosystem 2 activity, as revealed by nonphotochemical

quenching of chlorophyll fluorescence (Kiefer 1973; Dan-
donneau and Neveux 1997). Behrenfeld et al. (1998) sug-
gested that, at extreme irradiances such as those measurable
close to the sea surface at low and medium latitudes, the
rate-limiting step in carbon fixation may even become pho-
tosystem 2 activity.

As stated by Henley (1993), in his review on photoinhi-
bition and diel changes of phytoplankton photosynthesis, the
current challenge is to resolve the different processes that
coincide in time and give rise to the bulk diel variations of
the photosynthetic parameters. Our objective was to deter-
mine some of the functional changes that take place in the
photosynthetic apparatus of phytoplankton over the course
of the day.

This study was conducted on Prochlorococcus, which is
the most abundant photosynthetic organism on Earth and is
a major contributor to global primary production in oligo-
trophic areas of the world ocean (Partensky et al. 1999a).
Natural variations of solar irradiance prevailing close to the
sea surface were simulated with care. These light conditions
were chosen to stimulate strong responses in the processes
responsible for the diel variations in photosynthesis. We ex-
amined diel changes in photosynthetic properties both at the
levels of carbon fixation and photosystem 2 activity. We also
monitored changes in the gene transcription patterns of rel-
evant components of photosystem 2 and dark reactions. Var-
iations in the photosynthetic parameters of phytoplankton
have been found to have a significant effect on primary pro-
duction (Rivkin and Putt 1987). Using our observations on
Prochlorococcus, we examined how the changes in photo-
synthetic parameters modulate primary production over the
course of the day.

Materials and methods

Culturing system and sampling strategy—Two cyclostats
of the oxyphotobacterium Prochlorococcus strain PCC 9511
(Rippka et al. 2000) were maintained in axenic conditions
for more than 15 d (but see below). The entire culture device
has been detailed elsewhere (Bruyant et al. 2001). Briefly, it
was composed of two 20-liter polycarbonate flasks (Nal-
gene) containing 10 liters of the PCR S11 medium (Rippka
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et al. 2000), continuously renewed with fresh medium at a
mean rate of 8 ml min21. The culture flasks were placed
between two sets of six dimmable neon tubes providing a
smooth light–dark circadian cycle peaking at 970 mmol
quanta m22 s21 that simulated light conditions in the ocean
upper layer at low latitude. The temperature of the culture
was maintained constant (218C 618C) using thermostated
water circulation. Biomass level was maintained by adjusting
daily the medium renewal rate, based on flow cytometric cell
counts performed at the dark-to-light transition. After 15 d
of acclimation, the two cyclostats were extensively sampled
during 4 full d. However, the data collected during the fourth
day were discarded from the data set presented in the results
section because, as indicated in Claustre et al. (2002), a
slight bacterial contamination appeared and the cell density
declined. Samples were collected every second hour in the
first cyclostat (#1) for all analyses excluding gene transcrip-
tion (see details below). In the second cyclostat (#2), sam-
ples were collected every fourth hour only for flow cytom-
etry analyses, measurements of variable fluorescence, and
gene transcription analyses. Flow-cytometry analyses and
measurements of variable fluorescence allowed comparison
between the two cyclostats.

Flow cytometry analyses—Cell numbers and DNA cell
content were determined using a FacScan flow cytometer
(Becton Dickinson). Immediately after sampling, cells were
fixed with a mixture of 1% paraformaldehyde and 0.1% glu-
taraldehyde for 15 min (both chemicals from Sigma), then
frozen in liquid nitrogen and stored at 2808C. Once thawed,
cells were stained using a 1 : 10,000 dilution of the com-
mercial solution of the DNA dye SYBR-Green I (Molecular
Probes) and then analyzed according to Marie et al. (1999
and 2000). The same measurement allowed counting Pro-
chlorococcus cell number and following diel variations in
DNA cell content. It also allowed determining whether con-
taminant bacteria (particles without red fluorescence) were
or were not present in the culture. Growth rates were derived
from DNA synthesis data obtained from flow-cytometry
measurements according to Carpenter and Chang (1988) (see
details in Claustre et al. 2002).

Pigment analyses—The concentration of Prochlorococcus
pigments was determined on the first cyclostat after filtration
onto glass fiber filters (Whatman, GF/F) of 15 ml of culture
(triplicates) (Claustre et al. 2002). The reverse-phase high-
performance liquid chromatography (HPLC) protocol de-
scribed by Vidussi et al. (1996) was applied with some mod-
ifications. Actually, in the present study, we used a flow rate
of 0.5 ml min21 and a reverse phase chromatographic column
(RP-C8, Hypersil, MOS.3mm).

Light absorption coefficient—The optical density (OD) of
Prochlorococcus was measured in triplicate between 190
and 800 nm with 1-nm increments on a sample of the culture
suspension contained in a 1-cm quartz cuvette using a dual-
beam spectrophotometer (Lambda 19, Perkin-Elmer)
equipped with a 60-mm integrating sphere (Claustre et al.
2002). Filtered culture (onto 0.2-mm syringe filters) was used
as reference. The Prochlorococcus absorption coefficient,

[a(l) (m21)] and chlorophyll-specific absorption coefficient
[a*(l) (m2 mg div-Chl a21)] were determined as in Claustre
et al. (2002).

The absorption coefficient of photosynthetic pigments
only [aps(l) (m21)], i.e., for pigments contributing to light
harvesting for photochemistry, was derived using the ap-
proach described in Babin et al. (1996) as

aps(l) 5 a(l)(1 2 cnps) (1)

where cnps (dimensionless) is the relative contribution of non-
photosynthetic pigments to light absorption. We assume that,
in Prochlorococcus, the only nonphotosynthetic pigment is
zeaxanthin (see Discussion). Divinyl-chlorophyll a and a-
carotene were the only significant photosynthetic pigments.

The relative contribution of zeaxanthin to light absorption
[cnps(l); dimensionless] can be estimated as

sola (l)^zea&zeac (l) 5 (2)nps sola (l)^m&O m
all

where a (l) is the mass-specific absorption coefficient ofsol
zea

zeaxanthin in solution (i.e., unpackaged) (m2 mg21), a (l)sol
m

is the mass-specific absorption coefficient of the mth pigment
in solution (m2 mg21), ^zea& is the concentration of zeaxan-
thin (mg m23), and ^m& is the concentration of the mth pig-
ment (mg m23). The numerator in Eq. 2 represents absorp-
tion by zeaxanthin and the denominator represents
absorption by all pigments.

The a (l) spectra for all significant Prochlorococcus pig-sol
m

ments were determined on pigment extracts in solvent using
a photodiode-array detector connected on the HPLC line
(data not shown). The spectra were then wavelength shifted
to obtain maximum absorption at the wavelengths (lmax),
where it is usually observed in vivo (Table 2). The spectra
were also scaled using the a (lmax) given in Table 2.sol

m

Fluorescence measurements—In vivo div-Chl a fluores-
cence was measured by the pump and probe approach
(Mauzerall 1972) using a Xe-PAM fluorometer (H. Walz
GmbH). The nonactinic probe flashes were produced by a
xenon lamp and filtered by a combination of a colored blue-
green filter (BG39, 5 mm, Schott) and a short-pass filter
(dichroic SP695, Walz). Saturating pump flashes were pro-
duced by a xenon flash lamp combined with a BG39 filter.
Fluorescence emission was filtered by a combination of three
long-pass filters (dichroic R65, Balzers; red RG645, 3 mm,
Schott; red RG665, 1 mm, Schott). The fluorescence signal
was monitored using a digital oscilloscope (Lecroy 9310C).

During the experiment, we measured the minimum and
maximum fluorescence flash yields after a 30-min dark ad-
aptation (Fo, Fm). Fo was measured by applying to the sam-
ples nonactinic probe flashes, while for Fm, the measuring
probe flash was applied 50 ms after a saturating pump flash
(Mauzerall 1972). We also measured the minimum and max-
imum fluorescence flash yields under light conditions pre-
vailing in the cultures (F and F ). These light conditions9 9o m

(as measured by an irradiance meter just before sampling)
were reproduced inside the cell holder of the PAM using
actinic light generated by a halogen lamp equipped with a
short-pass filter (dichroic SP695, Walz). The measurement
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Table 1. Symbols and abbreviations.

Symbol
or abbre-
viation Full name Units

PSI Photosystem 1
PSII Photosystem 2
QA Plastoquinone QA

QB Plastoquinone QB

FRR Fast repetition rate
PAM Pulse amplitude modulat-

ed
DCMU 3-(3,4-dichloro-phenyl)-

1,1-dimethylurea
DMSO Di-methyl sulfoxide
Fx Fluorescence flash level

of in vivo chlorophyll
a fluorescence deter-
mined after dark adap-
tation. Subscript x may
be o for minimum, m
for maximum, v for
variable.

Relative units

F9x Fluorescence flash level
of in vivo chlorophyll
a fluorescence deter-
mined immediately af-
ter sampling. Subscript
x may be o for mini-
mum or m for maxi-
mum.

Relative units

fFx
Quantum yield of in vivo

chlorophyll a fluores-
cence determined after
dark adaptation. Sub-
script x may be o for
minimum, m for maxi-
mum, v for variable.

Relative units

f ps
Fx

Quantum yields of in
vivo chlorophyll a
fluorescence calculated
for photosynthetic pig-
ments only

Relative units

f9Fx
Quantum yield of in vivo

chlorophyll a fluores-
cence determined im-
mediately after sam-
pling. Subscript x may
be o for minimum or
m for maximum.

Relative unit

Fv/Fm Photochemical efficiency
of PSII

Dimensionless

sPS2 Effective absorption
cross-section of PSII

m2 (mol photon)21

t½ Half-life time of recov-
ery in the quantum
yields of in vivo chlo-
rophyll a fluorescence
from quenching, in the
dark

Hours

Kq Rate constant for
quenching of fluores-
cence under continu-
ous light

h21

Table 1. Continued.

Symbol
or abbre-
viation Full name Units

Kr Rate constant for recov-
ery of fluorescence
from quenching under
continuous light or in
the dark

h21

t Turnover time for PS2
photochemistry under
continuous light

h

PAR Photosynthetic available
radiation

mmol quanta m22 s21

div-Chl a Divinyl-chlorophyll a
OD (l) Optical density Dimensionless
a (l) Absorption coefficient m21

a*(l) Chlorophyll-specific ab-
sorption coefficient

m2 (mg div-chl a)21

ā* Mean chlorophyll-specific
absorption coefficient

m2 (mg div-chl a)21

aps(l) Absorption coefficient of
photosynthetic pig-
ments only

m21

a (l)sol
zea Mass-specific absorption

coefficient of zeaxan-
thin in solution (i.e.,
unpackaged)

m2 mg21

a (l)sol
m Mass-specific absorption

coefficient of the mth
pigment in solution

m2 mg21

cnps Relative contribution of
nonphotosynthetic pig-
ments to light absorp-
tion

Dimensionless

DIC Dissolved inorganic car-
bon

aB Chlorophyll specific pho-
tosynthetic efficiency

mg C (mg div-chl a)21

h21 (mmol quanta m22

s21)21

PB Chlorophyll specific car-
bon fixation rate

mg C (mg div-chl a)21

h21

PB
max Maximum chlorophyll

specific carbon fixation
rate

mg C (mg div-chl a)21

h21

fCmax Maximum quantum yield
of carbon fixation

mol C (mol quanta)21

fPS
C max Maximum quantum yield

of carbon fixation cal-
culated for photosyn-
thetic pigments only

mol C (mol quanta)21

EK Saturation parameter mmol quanta m22 s21

QB Cumulated amount of
carbon fixed

mg C (mg div-chl a)21

Rubisco Ribulose 1-5 bi-phos-
phate carboxylase oxy-
genase

rbcL Gene encoding the large
sub-unit of the Rubisco
protein

pcbA Gene encoding the major
light harvesting com-
plex of PSII

psbA Gene encoding the D1
protein of reaction cen-
ter 2
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Table 2. Wavelength of maximum in vivo absorption (lmax), and
pigment mass-specific absorption coefficient at lmax[a (lmax)] for all*

m

pigments that contributed significantly to light absorption by Pro-
chlorococcus during this experiment. For divinyl-chlorophyll a, lmax

was obtained from in vivo absorption spectra. For zeaxanthin and
a-carotene, lmax was derived from our measurements of a (l),sol

m

wavelength shifted according to Bidigare et al. (1990). Only shifts
given for the blue part of the spectrum were considered as, over
550 nm, zeaxanthin has no significant contribution in Prochloro-
coccus absorption. Note that divinyl-chlorophyll b was undetectable
during this experiment (Claustre et al. 2002). The a (lmax) valuessol

m

used to scale the a (l) spectra were taken from Goericke and Re-sol
m

peta (1993) for divinyl-chlorophyll a and zeaxanthin and from Bi-
digare et al. (1990) for a-carotene.

Pigment
lmax

(nm)
a (lmax)sol

m

(m2 mg21)

Divinyl-chlorophyll a
Zeaxanthin
a-Carotene

445
462
457

0.0266
0.0538
0.0603

of F was measured similarly to Fm, but under actinic light.9m
F was measured immediately after turning off the actinic9o
light. For the different sets of Fo and Fm measurements, we
calculated the photochemical efficiency of photosystem 2,
Fv/Fm, with Fv being variable fluorescence (as calculated
from Fm 2 Fo).

The recovery of fluorescence from quenching in the dark
was monitored at time of maximum photosynthetic available
radiation (PAR). Immediately after sampling and 30-min
dark adaptation, a culture aliquot was kept in the dark and
Fo and Fm were repeatedly measured at 5-min intervals until
an asymptotic value was reached. This allowed us to deter-
mine the half-life time (t1/2) and rate constant (Kr) of recov-
ery from quenching for both Fo and Fm by fitting a first-
order kinetic function to the data. The value obtained for Kr

was the same for both Fo and Fm (see Results section).
The fast repetition rate fluorometer (FRR) described by

Kolber et al. (1998) was used during the main experiment
to measure Fo and Fm and the functional cross-section of
photosystem 2 (sPS2) as described in Steglich et al. (2001).

The quantum yields for minimum and maximum fluores-
cence were calculated as

Fxf 5 (3)Fx 700

a(l)E (l) dlE probe

400

where subscript x is o or m and Eprobe(l) is irradiance of the
Xe-PAM probe flash measured in relative units using a spec-
troradiometer (LI-COR, LI-1800UW) equipped with a co-
sine collector (0.7-mm diameter) fixed at the end of a 2-m
optic fiber. The quantum yields of fluorescence were also
calculated for photosynthetic pigments only (f ) by replac-ps

Fx

ing a(l) by aps(l) in Eq. 3.
For assessing the occurrence of energy-dependent (trans-

thylakoid DpH) quenching of fluorescence, 2 mmol L21 am-
monium chloride and 5 mmol L21 gramicidin were used as
uncouplers, and 0.5 mmol L21 3-(3,4-dichloro-phenyl)-1,1-
dimethylurea (DCMU) as inhibitor of QA–QB electron trans-

fer at PSII (final concentrations in the culture sample). Stock
solution of gramicidin and DCMU were prepared in ethanol
and dimethyl sulfoxide (DMSO), respectively.

Parameters of the carbon fixation versus light relation-
ship—The relationship between the rate of carbon fixation
and irradiance was determined in duplicate every second
hour according to Lewis and Smith (1983). A 50-ml culture
sample was collected in cyclostat 1, subdivided into two
subsamples (replicates), and inoculated with inorganic 14C
(NaH14CO3, 2 mCi ml21). To determine the total activity of
bicarbonate added, three 50-ml aliquots were added to 50 ml
of an organic base (ethanolamin), 1 ml of distilled water, and
10 ml of the scintillation cocktail (90% Aquasol-2 Packard
1 10% methanol) into glass scintillation vials. Then 1-ml
aliquots of the inoculated subsample were dispensed into
twenty 20-ml glass scintillation vials and placed within sep-
arate thermoregulated alveoli (218C 618C) at 20 different
light levels. Light in the incubator was provided from the
bottom by a metal halide lamp (OSRAM, Powerstar HQI-
TS 150 W/NDL UVS) filtered through a water screen, a
plexiglas white-diffusing plate, and different combinations
of neutral gelatin filters (Kodak). The PAR (mmol quanta
m22 s21) in each alveolus was measured twice a day with an
irradiance meter (Biospherical QSL-100) equipped with a 4p
spherical quantum sensor. After 20 min of incubation, cul-
ture aliquots were acidified (1 ml of 1 mol L21 HCl) and
placed under the fuming hood for 1 h. Then 10 ml of the
scintillation cocktail were added to each vial. The total con-
centration of dissolved inorganic carbon (DIC) was moni-
tored during one of the replicate experiments. It was mea-
sured every second hour using a total organic carbon
analyzer (Shimadzu TOC-5000) on a 10-ml aliquot to which
10 ml of 1 mol L21 HgCl2 were added. It was found to vary
by less than 630% around 11 g m23. The chlorophyll-spe-
cific carbon fixation rate [PB; mg C (mg div-Chl a)21 h21]
was finally computed according to Parsons et al. (1984) us-
ing the latter mean value as DIC concentration. The initial
slope of the P versus E curve [aB mg C (mg div-Chl a)21

h21 (mmol quanta m22 s21)21] and the maximum chlorophyll-
specific carbon fixation rate [P mg C (mg div-Chl a)21B

max

h21] were estimated by fitting the following equation (Jassby
and Platt 1976) to the experimental PB and PAR values (r2

between 0.97 and 1.00):

Ba PAR
B B BP 5 P tanh 1 P (4)max 0B1 2Pmax

where P is the estimated intercept. The light saturation pa-B
0

rameter, EK (mmol quanta m22 s21), is defined as

BPmaxE 5 (5)K Ba

The maximum quantum yield of carbon fixation [fCmax;
mol C (mol quanta) 21] was derived from

Ba
f 5 (6)Cmax ā*

where ā* is the mean chlorophyll-specific absorption coef-
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Fig. 1. Diel changes in the PAR (mmol quanta m22 s21), in the
percentage of cells in G1 phase and in the first derivative of this
percentage indicating the intensity of the cell division process.

ficient weighted by the spectral output of the incubation light
source [E(l); mmol quanta m22 s21],

700

a*(l)E(l) dlE
400

ā* 5 (7)
700

E(l) dlE
400

The maximum quantum yield of carbon fixation for pho-
tosynthetic pigments only (f ) was calculated by replac-ps

Cmax

ing a*(l) by a (l) in Eq. 7.*PS

RNA extraction, Northern blotting, and real-time RT-
PCR—Total RNA was extracted as previously described
(Hess et al. 1995) from a 400-ml culture collected from cy-
clostat #2 every 4 h. Transcription patterns for the psbA
(coding for the D1 protein of the reaction center 2) and pcbA
(coding for the major light harvesting complex of PS2)
genes, were obtained by northern blotting as described by
Garczarek et al. (2000).

Transcription pattern for the rbcL gene (coding the large
subunit of Rubisco protein) was obtained by quantitative
real-time polymerase chain reaction (RT-PCR) using the
rnpB gene (encoding RNase P RNA) (Hess et al. 1998) as
an internal control to normalize for total RNA. Gene-specific
RT-PCR primers for rbcL, rbcLMED 4-55F (CCTGAATA-
TGTCCCCCTCGA) and rbcLMED 4-145R (CCGCTGCT-
GCAACTTCTTCT) and for rnpB, rnpBPCC 9511-1F
(TTGAGGAAAGTCCGGGCTC) and rnpBPCC 9511-91R
(GCGGTATGTTTCTGTGGCACT) were designed from the
total genome sequence of Prochlorococcus MED 4 (http://
genome.jgi-psf.org/microbial/) using PrimerExpress soft-
ware from Applied Biosystems. Reverse transcription was
carried out with the gene-specific reverse primers using
SuperScriptII (Gibco-BRL) reverse transcriptase on 100 ng
of DNAseI (Ambion) digested RNA.

RT-PCR was performed using the GeneAmp 5700 se-
quence detection system and SYBR Green PCR core re-
agents, both from Perkin Elmer, yielding a 122-base pair (bp)
amplification product for the rnpB gene and a 79-bp product
for the rbcL gene. PCR and data analysis were performed
as described in Holtzendorff et al. (2002).

Statistical analyses—To verify (1) the possible occurrence
of a drift over time in the diel variation pattern of individual
variables (e.g., time of a maximum recorded later from day
to day) and (2) the timing between the variation transients
of two variables, we applied lag-time correlation analyses
(Priestley 1994). In the first case, this analysis consists of
performing a correlation analysis between the data of a given
variable, collected during different sampling days. The data
collected at the same time (lag 5 0 h) or at times separated
by a given lag (multiple of the sampling period, lag 5 2, 4,
. . . h) are paired. The absence of a day-to-day drift in var-
iation patterns is confirmed when the best correlation coef-
ficient is obtained with the same lag from day to day. In the
second case, the correlation analysis is performed between
the data of two different variables for the whole data set or
for specified temporal windows (e.g., all data collected be-

tween 0600 and 1200 h). As in the first case, the data col-
lected at the same time or at times separated by a given lag
are paired. The temporal coincidence between transients of
two variables is confirmed when the best correlation coef-
ficient is obtained with no lag.

Results

Synchronization of Prochlorococcus growth, and cell cy-
cle—Figure 1 shows the variations of the percentage of cells
in G1 phase (%G1), i.e., cells that are not synthesizing DNA
nor dividing, and of the first derivative of this value
(d(%G1)/dt). The initial decrease of %G1 depicts the start
time of DNA replication whereas the reincrease of %G1 cor-
responds to the release of daughter cells after division. The
limits of the active cell-division period can better be visu-
alized as the period when d(%G1)/dt is increasing (i.e.,
1600–0000 h), the maximum rate being reached between
2000 and 0000 h. Thus, cell division mainly occurred during
the first half of the night. The diel changes in the percentage
of cells in S and G2 phase (data shown in Claustre et al.
2002) were also very reproducible over the 3 d of sampling.
Consequently, the growth rates calculated from DNA syn-
thesis rhythms (Carpenter and Chang 1988) were highly re-
producible as well; m 5 0.69 60.04 d21 (see Claustre et al.
2002 for details).

Pigment concentrations—The amount of zeaxanthin/cell
showed strong diel changes (nearly a factor of two), increas-
ing during the day and decreasing during the night. The cel-
lular content of div-Chl a showed smaller diel changes (over
a factor of 1.5), decreasing during the day and rising up
quickly just before the beginning of the light period. De-
tailed results on pigment content were presented by Claustre
et al. (2002).

Photosystem 2 functional properties—Both f and fF Fo m

(as measured using the Xe-PAM fluorometer) showed strong
diel variations with a diurnal decrease by ;50% (Fig. 2A).
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Fig. 2. (A) Diel changes in the PAR (mmol quanta m22 s21), in
the minimum (f , f , relative units) and the maximum (f ,PS

F F F0 0 m

f , relative units) quantum yields of in vivo fluorescence measuredPS
Fm

after 30 min of dark adaptation using the Xe-PAM fluorometer (PS
superscripts indicate quantum yields calculated for photosynthetic
pigments only). Error bars indicates 6 standard deviation. (B) Diel
changes in the PAR (mmol quanta m22 s21) in the photochemical
efficiency of photosystem 2 (Fv/Fm, dimensionless) acquired using
the FRR fluorometry and pump and probe technique and in the
effective absorption cross-section of PSII (sPS2, m2 (mol photon)21)
determined using the FRR technique. Error bars indicate 6 standard
deviation.

The similar trends in f and f were characterized by aF Fo m

sharp decrease at the beginning of the light period (0600–
1000 h), with minimum values reached around noon, and
then an increase that lasted until the end of the dark period
(0600 h the next day), with a transient slowing down of the
increase between 2100 h and 0000 h. The highest quantum
yields were measured at or 2 h after light onset. The quantum
yields of fluorescence determined for photosynthetic pig-
ments only showed very similar trends (Fig. 2A), with, how-
ever, a diurnal decrease of about 45%. The possible occur-
rence of day-to-day drifts in f and f variation patternsF Fo m

has been checked using a lag-time correlation analysis. For
all days, both parameters are best inversely correlated with
PAR between 0600 h and noon when a lag time of 2 h is
applied (f and f starting to decrease 2 h after PAR startsF Fo m

to increase), indicating the absence of temporal drift in the
data (day 1 r2 5 0.96, n 5 4; day 2 r2 5 0.98, n 5 4; day
3 r2 5 0.98, n 5 4, all with lag time 5 2 h). The range and

pattern of f and f variations were very similar to those9 9F Fo m

of f and f (i.e., a diurnal decrease by ;50%; data notF Fo m

shown). The rate constant for recovery of f and f fromF Fo m

quenching (Kr) was, on average, 0.283 60.052 h21 (t1/2 ;
2.45 h).

The magnitude and trend in Fv/Fm variations (as deter-
mined using both the pump and probe and FRR fluorometry)
were similar with the two protocols during the first 2 d, but
slight discrepancies occurred afterward (Fig. 2B). Both Fv/
Fm and sPS2 (the latter determined by FRR fluorometry only)
decreased by about 15% and 20%, respectively, as PAR in-
creased (Fig. 2B). The minimal values for Fv/Fm were ob-
served at a variable time around noon, while they were sys-
tematically observed at the end of the day (between 1600
and 1800 h) for sPS2. Both parameters are best inversely
correlated with PAR between 0600 and 1800 h with a lag
time of 0 (Fv/Fm, day 1 r2 5 0.432, n 5 11; day 2 r2 5
0.70, n 5 10; day 3 r2 5 0.75, n 5 11) or 2 h (sPS2 starting
to decrease 2 h after PAR starts to increase, day 1 r2 5 0.74,
n 5 12; day 2 r2 5 0.98, n 5 8; day 3 r2 5 0.79, n 5 10),
indicating the absence of drift in the data. Both Fv/Fm and
sPS2 increased to their maximum at or shortly after dusk. The
highest Fv/Fm values were around 0.63, a typical value for
nutrient-replete cultures in balanced growth (Parkhill et al.
2001).

Photosynthetic parameters—ā* showed diel changes (Fig.
3A), with values increasing by about 30% during the day
and decreasing during the night, due to the diel changes in
the zeaxanthin/div-Chl a ratio (Claustre et al. 2002). fCmax

and f peaked at 0600 h (or 2 h before) and exhibited aps
Cmax

sharp decrease by ;70% and 75%, respectively, as PAR
increased (between 0600 h and noon) (Fig. 3B). Then fCmax

and f remained low from around noon to around 0000ps
Cmax

h and returned to their highest value just before the dark-to-
light transition (Fig. 3B). We applied lag-time correlation
analyses between fCmax values and PAR (Priestley 1994).
The inverse correlation is maximum between 0600 h and
noon for a lag time of 4 h (r2 5 0.84, n 5 12, relation
significant to the 1% level). The fCmax and f peak valuesps

Cmax

were about half and close to the theoretical maximum of
0.125 mol C (mol quanta)21, respectively. Given the mod-
erate changes in ā*, the diel variations in aB were very sim-
ilar to those of fCmax (Fig. 4A). It decreased by ;60% be-
tween 0600 h and noon, and remained low between 1200
and 000 h. The maximum aB values were reached just before
the beginning of the next light period (at 0600 h the next
day) (Fig. 4A).

P also showed strong diel variations (Fig. 4B). After aB
max

peak at ;1000 h, i.e., about 4 h after that of fCmax, P firstB
max

exhibited a dramatic drop and then a slower decrease be-
tween 1200 and 0000 h. It showed an overall diurnal de-
crease of ;70%. It increased sharply between 0000 h and
around 1000 h. A break in this increase was systematically
observed at light onset. This variation pattern for P wasB

max

particularly clear during the second and third sampling days.
When performing a lag-correlation analysis between PB

max

and PAR on the data collected between 1000 and 0000 h,
the inverse correlation is always maximum for a lag time of
4 h (P starting to decrease 4 h after PAR starts to increase)B

max
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Fig. 3. (A) Diel changes in the PAR (mmol quanta m22 s21) and
in the mean chlorophyll specific absorption coefficient (ā*, m2 (mg
div-Chl a)21) obtained for Prochlorococcus over 3 consecutive d of
sampling. Error bars indicates 6 standard deviation. (B) Diel chang-
es in the PAR (mmol quanta m22 s21), in the maximum quantum
yield of carbon fixation (fCmax, mol C [mol quanta]21) and in the
maximum quantum yield of carbon fixation for photosynthetic pig-
ments only (fCmax, mol C [mol quanta]21). Error bars indicate 6
standard deviation.

Fig. 4. (A) Diel changes in the PAR (mmol quanta m22 s21) and
in the chlorophyll-specific photosynthetic efficiency aB (mg C (mg
div-Chl a)21 h21 (mmol quanta m22 s21)21) obtained over the 3 con-
secutive d of sampling. Error bars indicates 6 standard deviation.
(B) Diel changes in the PAR (mmol quanta m22 s21), in the maxi-
mum chlorophyll-specific carbon fixation rate (P , mg C (mg div-B

max

Chl a)21 h21) and in the saturation parameter (EK, mmol quanta m22

s21) obtained over the 3 consecutive d of sampling. Error bars in-
dicate 6 standard deviation.

both if we consider each day separately or the sampling pe-
riod as a whole (day 1 r2 5 0.84, n 5 4; day 2 r2 5 0.94,
n 5 3; day 3 r2 5 0.80, n 5 4). This consistency confirms
the absence of any drift in our observations and, therefore,
that our culture was growing at steady state. During the 3 d
of sampling, P reached relatively high values, around 10B

max

mg C (mg div-Chl a)21 h21. The diel cycle in EK, with a
decrease by night of about 50%, was nearly in phase relative
to the PAR cycle (Fig. 4B). Indeed, when performing a lag-
correlation analysis between EK and PAR over the 0600–
1800 h time window, the correlation is maximum for a lag
time of 0 h, both if we consider each day separately or the
sampling period as a whole (P r2 5 0.6847, n 5 19, re-B

max

lation significant to the 1% level). Ek changed in such a way
(values lower than PAR values) that the carbon fixation re-
mained at saturation (close to P ) for most of the lightB

max

period (see below). Note that average EK over one diel cycle
is close to average PAR (;300 mmol quanta m22 s21).

Diel changes in the photosynthetic parameters on a per
cell basis (P , the maximum rate of carbon fixation percell

max

cell, and acell, the photosynthetic efficiency per cell) have
been examined (data not shown). The diel patterns were re-
producible along the 3 d of sampling and very similar to
those of the photosynthetic parameters normalized on a chlo-
rophyll basis.

Transcription level of rbcL, psbA, and pcbA genes—The
transcription level of the rbcL gene encoding the large sub-
unit of the Rubisco protein was evaluated through the quan-
tity of mRNA found in the cells. It provides an index of the
level of transcripts but not necessarily of protein concentra-
tion in the cell. Transcript accumulation increased from the
beginning of the dark period (1800 h) to a maximum at 0800
h (Fig. 5). Afterward, the amount of rbcL transcript de-
creased sharply down to nearly zero at the end of the light
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Fig. 5. Relative level of rbcL mRNA (encoding the large sub-
unit of the Rubisco protein) shown alongside changes in PAR (mmol
quanta m22 s21). The relative level of transcription was normalized
by the expression of the rnpB gene.

Fig. 6. Diel changes in the PAR (mmol quanta m22 s21), mini-
mum (f ) and maximum (f ) quantum yield of in vivo chloro-F Fo m

phyll a fluorescence (relative units) and in the photochemical effi-
ciency of photosystem 2 (Fv/Fm, dimensionless); measured on both
cyclostat 1 and 2. Data are averaged over the 3 d of sampling and
presented with standard deviations.

period. The transcription level of both psbA and pcbA genes
showed strong diel changes, as has been described in detail
in Garczarek et al. (2001). Briefly, the psbA transcription
pattern followed closely the course of the light cycle, while
the transcription of pcbA gene showed a bimodal pattern
with one minimum of transcription at the beginning of the
light period and another minimum at the beginning of the
night. It is worth noting that psbA and pcbA are transcrip-
tionally regulated, the light intensity being the triggering sig-
nal (Schaefer and Golden 1989; Axmann et al. 2003 for
rbcL).

Discussion

The use of a cyclostat with modulated light allowed strong
synchronization of both the cell cycle (Fig. 1, see also Holtz-
endorff et al. 2001) and the photosynthetic properties of
Prochlorococcus PCC 9511 cultures and maintaining the
phytoplanktonic population in exponential phase at a high
growth rate (;0.69 d21, i.e., one division per day) during
the whole sampling period (Claustre et al. 2002). Such a
good synchrony was critical to better understanding the tem-
poral succession of the different events of photosynthesis
(light and dark reactions) as well as the interrelationship be-
tween the cell cycle and the different photosynthetic param-
eters that were measured. The light conditions we applied
represent very well those encountered by Prochlorococcus
in its natural environment close to the ocean surface. The
high biomasses (around 150 3 106 cell ml21) reached in our
cultures are, on the other hand, not representative of the
oligotrophic systems where Prochlorococcus is always ob-
served. Nevertheless, some of our results are comparable
with observations made on natural populations of Prochlo-
rococcus. This is the case, for instance, for the maximum
carbon fixation rate per unit cell (P ). It was found to becell

max

between 0.6 and 4 fg C cell21 h21 in the Moroccan upwell-
ing, while it was between 0.8 and 4.8 fg C cell21 h21 in our
study (Partensky et al. 1999b).

To verify the reproducibility of our experiment, variable

fluorescence (Fig. 6) and flow-cytometry parameters were
measured on both cyclostat 1 and 2. We observed good
agreement between the two cyclostats. In Fig. 6, the three
24-h cycles are averaged; standard deviation is shown for
each sampling time. The low standard deviations observed
in general also indicate good reproducibility of the variation
patterns.

Photosystem 2 function—Striking diel variations were ob-
served in f and f (a factor of two). Diel variations ofF Fo m

even larger amplitude have been reported for Prochlorococ-
cus collected in the equatorial Pacific at the level of fluo-
rescence per cell, with a strong decrease during the day
(Vaulot and Marie 1999). The magnitude and patterns of the
variations we observed were the same whether measure-
ments were made after 30 min of dark adaptation (f andFo

f ; Fig. 2A) or made at steady state under growth illumi-Fm

nation (f and f ; data not shown), which suggests that9 9F Fo m

no short-lifetime nonphotochemical quenching of fluores-
cence occurred (see Falkowski and Raven 1997 for a review
on nonphotochemical quenching in phytoplankton). The ab-
sence of effect of ammonium chloride and gramicidin on the
recovery kinetic of nonphotochemical fluorescence quench-
ing (data not shown) specifically indicates that no significant
energy-dependent fluorescence quenching controlled by DpH
(the major source of short-lifetime nonphotochemical
quenching) took place, as often reported for cyanobacteria
(reviewed by Campbell et al. 1998).

The large and parallel decrease in f and f (;50%)F Fo m

was accompanied by only a small decrease in Fv/Fm. The
parallel decrease in f and f can be partly explained byF Fo m

changes in the effective absorption cross-section of PSII as
sPS2 decreased by ;20% during the light period (Fig. 2B).
The decrease in sPS2, which cannot be attributed to energy-
dependent quenching (see previous paragraph), may reflect
state transition, a common phenomenon in cyanobacteria
(Falkowski and Raven 1997; Campbell et al. 1998). This
acclimation process has not yet been demonstrated in Proch-
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lorococcus spp. and more generally is still a subject of de-
bate in Chl b-containing oxyphotobacteria (Partensky and
Garczarek 2003).

The rate constant for recovery of f and f fromF Fo m

quenching in the dark (Kr 5 0.283 60.052 h21, t1/2 ;2.45
h) is also incompatible with the commonly reported kinetic
of state transitions for which t1/2 is typically at minute scale
in cyanobacteria (Campbell et al. 1998). In any case, the
changes we observed in sPS2 can only explain a part of the
variations observed in f and f . Large nonphotochemicalF Fo m

quenching induced by photoinhibition is also unlikely be-
cause it is generally not accompanied by a decrease of fFo

(see the review by Krause and Weis 1991). Thus, even if
state transition and/or other processes (e.g., spillover from
PSII to PSI) occurred, additional unidentified nonphoto-
chemical quenching processes took place and may account
for most of the changes observed in f and f .F Fo m

During our experiment, zeaxanthin was the major source
of absorption variability (Claustre et al. 2002). It showed
strong diel changes, with concentration per cell increasing
during the whole light period and decreasing during the
night. Despite the fact that zeaxanthin induced large varia-
tions in the specific absorption coefficient for nonphotosyn-
thetic pigments only (Claustre et al. 2002), these changes are
not completely in phase with those of quantum yields of
fluorescence (f and f ) that decrease only during thePS

F Fx x

morning period (until 1200 h). Moreover, the quantum yields
of fluorescence for photosynthetic pigments only (f andFx

f ) showed variation amplitudes similar to those of f andPS PS
F Fx o

f . On the other hand, zeaxanthin has a turnover time ofPS
Fm

formation/degradation found to be between 14 and 24 h
(Goericke and Welshmeyer 1992; Caillau et al. 1996). These
turnover times cannot be considered as similar to the half-
life time of recovery from quenching of the quantum yields
of fluorescence. Furthermore, even the highest reported cel-
lular content of zeaxanthin in prokaryotic phytoplankton
cannot account for significant shading of the cell (see the
discussion in Babin et al. 1996). Besides this, it is worth
noting that zeaxanthin in the Cyanobacteria is located in the
cell wall (Partensky and Garczarek 2003), which prevents it
from playing any significant role in changes in the quantum
yields of fluorescence. Even if the localization of zeaxanthin
remains unclear for Prochlorococcus cells, the case of Cy-
anobacteria should be taken into account. Consequently, ze-
axanthin cannot be considered as a major source of variation
in the quantum yields of fluorescence.

The almost complete recovery of Fv/Fm at dusk suggests
that long-lifetime photoinhibition was unlikely to take place
in the PSII reaction center. The strong positive correlation
between the rate of transcription of the gene coding for D1
protein (psbA) and growth irradiance (r2 5 0.81, n 5 17)
suggests a quasi-instantaneous response of the D1 turnover
to increasing photon fluxes, even at nonsaturating levels
(Schaefer and Golden 1989). The rapid turnover of D1 mol-
ecules allows efficient repair of the PSII reaction center at
high light. This phenomenon has been proposed to be a pho-
toprotective mechanism in cyanobacteria (Golden 1995).
Such a mechanism may also contribute to the relative insen-
sitivity of this surface strain of Prochlorococcus to photo-
inhibition of PSII reaction center.

Photosynthetic parameters—It is very likely that the ini-
tial decrease in fCmax right after light onset (Fig. 3B) is partly
related to large quenching in f and f as well as to theF Fo m

small decrease in Fv/Fm (Fig. 2B) and can therefore be ex-
plained by the processes described above. During this initial
decrease in fCmax (0600–1000 h), P increases (Fig. 4B).B

max

This last part of the increase in P seems to be triggeredB
max

by light, as suggested by the step-like pattern observed
around 0600 h (Fig. 4B). It could therefore result from the
light-dependent activation of Rubisco. This mechanism has
been described for phytoplankton by MacIntyre et al. (1997).
These opposite changes in fCmax (and aB, Fig. 4A) and
P are responsible for the increase in Ek observed betweenB

max

0600 and 1200 h (Fig. 4B).
Between 1000 and 1200 h, both fCmax (and aB) and PB

max

decrease sharply while Ek varies only slightly. Such covari-
ations in fCmax (and aB) and P have often been observedB

max

at the daily time scale (Harding et al. 1981b; Rivkin and
Putt 1988). This covariability could result from the transient
occurrence of alternative sinks (i.e., other than reduction of
carbon compounds) for the use of reductants produced by
photosynthesis (Behrenfeld et al. 2004). In Cyanobacteria,
as opposed to many algae and plants, large capacity for re-
duction of O2 through Melher reaction and possibly chlo-
rorespiration have been reported (Badger et al. 2000). In
Prochlorococcus, which, like typical phycobilisome-contain-
ing cyanobacteria, lacks significant short-lifetime nonpho-
tochemical quenching, similar capacity may exist and serve
a role in energy dissipation and recycling. Significant O2

reduction through photorespiration may also occur. In this
context, it is worth noting that many genes encoding proteins
(and protein complexes) involved in carbon-concentrating
mechanisms found in cyanobacteria such as carbonic anhy-
drase and specific nicotinamide adenine dinucleotide
(NADH) dehydrogenase proteins have not been found in the
genome of Prochlorococcus (Hess et al. 2001). This obser-
vation supports the possible occurrence of photorespiration
in Prochlorococcus.

After 1200 h and until the night, the decrease in Ek results
from a decrease in P as fCmax (and aB) are nearly constantB

max

during that period (Figs. 3B and 4A) (lag-time correlation
between Ek and P between 1200 and 0000 h, Dt 5 no lag,B

max

r2 5 0.64, n 5 20, other lag times lead to less- or nonsig-
nificant relationships). This decrease in P is accompaniedB

max

by a decrease in the transcription level of the gene coding
for Rubisco (rbcL) (Fig. 5). The apparent relationship be-
tween rbcL mRNA levels and P values, which was pre-B

max

viously observed (Pichard et al. 1996), has to be interpreted
with some care, as no direct estimation of the Rubisco pro-
tein activity was done during the experiment. However, a
relationship between P and cell concentration in RubiscoB

max

has been evidenced in several phytoplankton species (Orel-
lana and Perry 1992), and it is reasonable to assume that it
is true for Prochlorococcus as well. Light-dependent deac-
tivation of Rubisco may, however, be responsible as well for
the late decrease in P as PAR decreases and in the darkB

max

(MacIntyre et al. 1997).
Globally, Ek is generally considered as a good indicator

of photoacclimation (Henley 1993). During our experiment,
the cyclic variations of Ek over a factor of two and nearly
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Fig. 7. Diel changes in the PAR (mmol quanta m22 s21) and in
the minimum f and maximum f quantum yield of in vivo chlo-F Fo m

rophyll a fluorescence (relative units), either measured data (circles)
or recalculated with the Neale model (lines).

in phase with the light cycle clearly indicate that Prochlo-
rococcus did photoacclimate to diel changes in PAR (Fig.
4B).

A possible effect of cell division on the photosynthetic pa-
rameters—During the afternoon and the following 12-h dark
period, we observed a slow recovery in f and f (Fig.F Fo m

2A) as well as in f and f (data not shown). The full9 9F Fo o

recovery up to the maximum values only occurred at the end
of the dark period. The high Kr (0.283 60.052 h21) value
determined at time of maximum PAR is incompatible with
such a slow recovery in the cultures. To illustrate this point,
we used a model that describes the dynamic changes in the
quenching and recovery processes (modified from Neale
1987),

dfF 5 2K ts PARf 1 K (f 2 f ) (8)q PS2 F r F Fidt

where fF accounts for either minimum or maximum fluo-
rescence, f is the initial value of the quantum yield, KqFi

(h21) is the rate constant for quenching of fluorescence and
t (h) is a turnover time for PS2 photochemistry under con-
tinuous light. We first determined Kr as described in the
Methods section, using the data from fluorescence yields
(note that, in the dark, Eq. 8 becomes a first-order kinetics
expression). Using this Kr value, measured sPS2 and PAR,
we then estimated the product Kqt by fitting Eq. 8 to the fF

data obtained between 0600 and 1000 h. We assumed that,
during this period, the first term on the right-hand side of
Eq. 8 accounted for most of the fF variations. This assump-
tion is justified by the fact that the first term on the right-
hand side of Eq. 8 must be much higher than the second one
to explain the steep decrease observed in fF during that pe-
riod. Using f , we obtained, on average, Kqt 5 0.56 6 0.06,Fo

with reproducible results from one day to another. Finally,
we ran Eq. 8 numerically by a step-by-step method using
the estimated Kqt and Kr values and the measured sPS2 and
PAR ones. Our calculations were conducted separately for
each day, starting at 0600 h. Therefore, the fF value obtained
at 0600 h was used as f . Note that the 0600-h value in-Fi

creased from one day to the next over the 3 d of sampling
by about 20%. To take this slight change into account, we
applied a linear interpolation between 0600 h values and
thereby obtained an adjusted f for each time step of theFi

calculation.
In Fig. 7, we compare observed and modeled results. For

f as well as for f , the modeled values are in agreementF Fo m

with the observed ones during the light period. As soon as
the light is switched off, however, the increase in the mod-
eled values is much faster than for the observed ones. This
strongly suggests that nonphotochemical quenching alone
cannot explain the slow recovery in f and f as well asF Fo m

in fCmax. When looking closer at the trends in f and fF Fo m

during the recovery phase (Fig. 7), one can notice three dis-
tinct periods. In the first one, the quantum yield of fluores-
cence starts to increase rapidly from 1200 to 2000 h, pos-
sibly because of recovery from nonphotochemical
quenching, as suggested by the agreement between the mod-
eled and observed values. In the second part, around 2000
h, when the cell division is close to peaking, the variation

in f and f slows down or even reverses its sign untilF Fo m

0000 h. Finally, in the third part, the increase in the quantum
yields of fluorescence is fast again. It starts at 0000 h after
the cell division (Fig. 7) and lasts until 0800 h in the morn-
ing (see also Holtzendorff et al. 2001). The coincidence be-
tween cell division and the slow down in f and f re-F Fo m

covery suggests that the cell division cycle may partly
govern f and f diel variations, especially at night.F Fo m

In order to better identify the different processes of the
cell cycle that could be involved, we examined the transcrip-
tion patterns of genes encoding major proteins of the pho-
tosynthetic apparatus. The transcription pattern of the pcbA
gene (encoding the protein part of the light harvesting sys-
tem of PSII, i.e., the antenna) showed a bimodal rhythm,
with a first minimum at the beginning of the light period
(0800 h), likely due to light increase (Garczarek et al. 2001).
A second minimum was observed during the first part of the
night (around 2000 h) coincident with the peak in cell di-
vision (Garczarek et al. 2001). We hypothesize that synthesis
of PSII antenna (like that of other photosynthetic proteins
such as D1 and Rubisco) was inhibited by cell division,
which in turn slowed down the recovery of f , f , andF Fo m

fCmax. After cell division, the increase in f , f , and fCmaxF Fo m

to their highest values (Figs. 2A and 3B) was coincident with
the peaks in transcription of the pcbA gene (Garczarek et al.
2001).

Effect of diel variations in photosynthetic parameters on
carbon fixation—Cumulated amount of carbon fixed per unit
div-Chl a [QB; mg C (mg div-Chl a)21] in cyclostat 1 can
be calculated over the course of the day from

t

B BQ (t) 5 P (t) dt (9)E
0

where PB(t) is obtained from Eq. 4 without considering P ,B
o

and t is the time elapsed in hours since 0600 h. To apply
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Fig. 8. Carbon accumulation in cyclostat #1 calculated over
each light period of the 3-d experiment. (A) PB instantaneous carbon
fixation rate [mg C (mg div-Chl a)21 h21]. (B) QB cumulated fixed
carbon values over one light period [mg C [mg div-Chl a]21]. The
data were interpolated every 10 min with values of P and aBB

max

either fixed (values considered are those of 1400 h, filled symbols)
or variable during the day (open symbols).

Eq. 9 to our measurements of light and photosynthetic pa-
rameters, aB has to be modified as in Babin et al. (1996) to
account for the difference between the irradiance spectra in
the cyclostat and in the incubator, by considering the ratio
between ā* determined for the cyclostat and that determined
for the incubator (Eq. 7). Figure 8 shows calculated values
of Pmax and QB as a function of time for cyclostat 1 and for
the 3 d of the experiment (empty symbols). Linear interpo-
lation of measured P and aB allowed calculations at 10-B

max

min intervals.
As a result of diel variations in aB and P , the PB versusB

max

time relationship is skewed to the left and maximum PB sys-
tematically occurs between 0800 and 1100 h. This pattern
differs much from what would be observed with constant aB

and P values (Fig. 8A, dark symbols, with aB and PB B
max max

values observed at 1400 h as an example). If the diel cycle
is taken into account, half of the maximum QB is reached
around 1040 h, and two thirds of daily carbon fixation occurs
before 1200 h (Fig. 8B). An afternoon depression in carbon
fixation has been reported in several studies (Schanz and

Dubinsky 1988, and references therein). Our results suggest
that this depression is due to the decrease in aB and P inB

max

the afternoon, while in the morning, carbon fixation is
achieved at a maximum rate before the photosynthetic ap-
paratus is affected by high irradiance and Rubisco gets de-
activated in the afternoon by decrease in light intensity.

The diel variations of the photosynthetic parameters of
phytoplankton are often characterized by maxima in aB and
P during the day when midday irradiance is low to mod-B

max

erate and during the night when midday irradiance is high
(see Introduction). In this study, where Prochlorococcus
cells were exposed to high midday irradiance, both aB and
P were maximal at the beginning of the light period,B

max

strongly decreased at midday, and remained low until the
middle of the dark period. Our results suggest that the initial
decrease in aB and P results from exposure to high irra-B

max

diance and that the slow recovery by night is related to the
cell division cycle. We believe that, under low to moderate
irradiance, only the cell cycle drives the diel variations in
aB and P , which leads to lowest values by night, as it hasB

max

often been observed in natural phytoplankton. To verify this
hypothesis, similar experiments will have to be conducted
with different midday irradiances. Transfer of the culture to
continuous light may also be considered, although synchro-
nization of cell division is, at least for Prochlorococcus, rap-
idly lost under continuous light (Jacquet et al. 2001).

Despite the abundant literature on diel variations of pho-
tosynthetic parameters of phytoplankton, there is still not
much known about the mechanisms underlying these varia-
tions. Only few studies have actually attempted to dissect
the phenomenon by analyzing the different structural com-
ponents and functional properties of the photosynthetic ap-
paratus under controlled conditions. This is what we started
to achieve in this study. Still, our results are much descrip-
tive, but they did allow us to clarify to some extent the
contribution of nonphotochemical quenching (or photoaccli-
mation in general) and to emphasize the potential role of
cell-cycle processes. We believe that this study will open the
way to more mechanistic approaches of the problem.

Models that describe and predict phytoplankton growth
based on photoacclimation and mass balance have been de-
veloped for continuous light conditions and do not account
for diel variations in the photosynthetic parameters and other
critical cellular processes (Geider et al. 1998). Our study
illustrates the constraint imposed by the light cycle and the
complexity of the mechanism responsible for these diel var-
iations. How to represent photoacclimation under a natural
light cycle is unclear. Also, within a day, balanced growth
is never actually achieved because the light and cell cycles
impose sequential cellular activities during the course of the
day. One of the major challenges in phytoplankton modeling
is to consider the natural light cycle and the diel changes it
induces in the photosynthetic properties and other critical
cellular processes.
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