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ABSTRACT: The marine cyanobacterium Synechococcus spp. is one of the most abundant picoplank-
tonic photoautotrophs in the world’'s oceans. When grown in nitrogen-limited chemostat culture under
continuous light, Synechococcus strain WH7803 displays a bimodal DNA histogram. Consequently, the
duration of each growth phase can be computed from the proportion of cells in each cell cycle phase.
We measured cellular DNA distribution, carbon and nitrogen content, and pigment composition of
Synechococcus WH7803 in a series of chemostat experiments with growth rate ranging from 0.1 to
0.9 d°!. Flow cytometric data showed that the duration of each cell cycle phase increased linearly with
doubling time, and the fraction of cells in the S and G, phases, fs,g,, was relatively constant at growth
rates of less than 1 doubling d-'. Cellular carbon and nitrogen contents were about 200 and 40 fg cell™’,
respectively, but were much higher for slowly growing cells. The carbon to nitrogen ratio, the carbon
to chlorophyll a ratio, and the ratio of zeaxanthin to chlorophyll a all decreased with increasing growth
rate. These observed relationships are useful for applying cell cycle analysis to estimate growth rate, or
for using cell abundance or pigment concentrations to estimate biomass and productivity of Syne-

chococcus in the sea.
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INTRODUCTION

Prokaryotic coccoid cyanobacteria are among the
most important components of the picoplankton (0.2 to
2 nm) in both marine and freshwater ecosystems (see
review by Weisse 1993, Partensky et al. 1999). In trop-
ical and subtropical oceanic waters, phycoerythrin-rich
(PE) cyanobacteria of the Synechococcus type (John-
son & Sieburth 1979, Waterbury et al. 1979} and the
prochlorophyte Prochlorococcus marinus (Chisholm et
al. 1988, 1992) are the 2 dominant groups, and their
relative importance varies among oceanic regions.

Growth rate estimates based on cell cycle descrip-
tors, such as frequency of dividing cells (McDuff &
Chisholm 1982) and DNA frequency distributions
(Carpenter & Chang 1988), must rely on knowledge of
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the cell cycle characteristics of relevant organisms.
Vaulot et al. (1996) reported that the Synechococcus
cell cycle in natural populations from the Mediter-
ranean Sea in summer was synchronized to the light-
dark cycle, a pattern similar to the cell cycle of
Prochlorococcus. However, flow cytometric analysis of
DNA frequency distributions of different laboratory
strains of Synechococcus has revealed 2 different
‘modes’ of cell cycle regulation (Armbrust et al. 1989,
Binder & Chisholm 1990, 1995). The first mode is con-
sistent with the slow-growth paradigm of the prokary-
otic cell cycle; all distributions were bimodal, with
peaks corresponding to 1 and 2 genome equivalents.
The second mode appears to involve asynchronous ini-
tiation of chromosome replication, the presence of
multiple chromosome copies at low growth rates, and
variability in chromosome copy number among cells in
the population. For strains possessing the later mode of
DNA replication, the Carpenter & Chang (1988) model
cannot be applied to growth rate estimation because
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no information regarding cell division can be obtained
from their cellular DNA distributions. In other words,
the dividing cells can have all possible amounts of
DNA. Analyses of field samples from the Arabian Sea
have confirmed the co-existence of these 2 cell cycle
patterns (Liu et al. 1998). Moreover, the population
possessing a bimodal cell cycle sometimes has 2 not
completely separated peaks of cells in the S and G,
phases; one occurs right after sunrise and the other
around sunset. This dual-peak distribution makes the
estimation of the duration of the S and G, phases, ts g2
from diel sampling impossible, because it is not clear
whether cells dividing in the second peak are S-phase
cells of the first peak that have not completed their
division or cells that just entered their S phase after the
first peak.

Carbon conversion factors also introduce variability
into interpretations of microbial dynamics. Errors can
be introduced when cell abundances are converted to
biomass or growth rates to carbon production. Previous
estimates of cellular carbon content were obtained
either from laboratory batch cultures (Waterbury et al.
1986, Kana & Glibert 1987, Verity et al. 1992), or indi-
rectly from the measurement of other cellular proper-
ties (Takahashi et al. 1985, Veldhuis et al. 199%).
Most of these experiments were performed under
nutrient-replete conditions, whereas phycoerythrin-
rich oceanic Synechococcus spp. are most abundant in
nutrient-deplete oligotrophic regions (Glover et al.
1985, Burkill et al. 1993).

Continuous culture is designed to achieve a steady-
state condition amenable to simple kinetic analysis of
growth. This makes it possible to elucidate ecological
principles and physiological mechanisms of organisms
as related to natural conditions (Rhee 1980). In a nutri-
ent-limited system, the growth rate of phytoplankton
at steady-state must equal the growth chamber dilu-
tion rate, which equals the overflow rate divided by the
volume of the growth chamber (Laws & Bannister
1980). Here we report characteristics of the physiology
and cell cycle of Synechococcus spp. grown in a series
of nutrient-limited chemostat experiments. The
primary purpose of this study was to determine
whether the duration of cell division was constant at
different growth rates. Variations in physiological
properties of Synechococcus spp. such as cellular car-
bon, nitrogen and pigment contents, were also deter-
mined for different growth rates.

MATERIALS AND METHODS

Chemostat continuous culture system. Synecho-
coccus strain WH7803 was grown in /2 medium in a
continuous culture system under nitrate-limited condi-

tions. Modifications from previously described chemo-
stats (Laws & Caperon 1976, Laws et al. 1995} included
1 1 polycarbonate growth chamber and Teflon tubing
for all connections. The growth chamber, connection
tubing and medium supply container were acid-
cleaned and autoclaved before each experiment.
Medium was made from 0.2 pm filtered surface seawa-
ter from Station ALOHA with a nitrate concentration
usually less than 5 nmol kg™! (Karl et al. 1996). Con-
centrations of nitrate and phosphate were measured in
the inflow and outflow for each experiment using a
Technicon Autoanalyzer Il continuous flow system.
Ten experiments were conducted under continuous
white fluorescent light (100 pEin m™ s7') with growth
rate ranging from 0.1 to 0.9 d™! (Table 1). Average light
intensity in the growth chamber was estimated from
chlorophyll a concentration, the diameter of the
growth chamber and an assumed extinction coefficient
of 17 m? mg™! chl a using an equation adapted from
Bannister (1974). Average light intensity in the growth
chamber calculated by this method ranged from 96 to
99 % of the incident light intensity for each experiment.
Cultures were grown at room temperature (~23°C),
and desired growth rates were achieved by adjusting
the overflow rate to a proportion of the volume of the
growth chamber. Synechococcus cells were monitored
by withdrawing 1 ml subsamples daily and counting
by flow cytometry. Flow cytometric DNA analysis (see
below) conducted for a set of samples taken every 2 h
over a 24 h period during 1 experiment confirmed that
Synechococcus division remained asynchronous at
chemostat steady-state. When the biomass in the
chemostat reached steady-state, cells were harvested
for particulate organic carbon and nitrogen measure-
ments, pigment determinations, flow cytometric analy-
ses, and bulk and compound-specific stable carbon

Table 1. Dilution (growth) rates of Synechococcus strain
WH?7803 and nutrient concentrations for the chemostat exper-
iments

Growth Duration of Nutrient concentrations in media

rate experiment (i)
(a1 (d) Inflow Outflow
PO, ? NO;* PO, NO;*
0.1 18 27.2 98.3 196  <0.03
0.1 19 272 983 164 <0.03
0.2 8 289 983 179 <0.03
0.2 9 289 983 206 <0.03
0.4 30 224 1099 15.7 0.0
0.5 39 26.8 108.0 18.8 <0.03
0.6 30 24.7 1128 16.8 0.0
0.7 42 28.9 104.1 20.1  <0.03
0.7 23 27.2 98.3 194 0.0
0.9 50 320 945 29.1 46.0

*Includes NO,~
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isotope analyses (Laws et al. 1995, 1997). Plastic gloves
were worn, and sterilized labware was used during
subsampling to minimize contamination.

Particulate carbon, nitrogen and pigment analyses.
Triplicate 50 ml subsamples of culture from the growth
chamber were filtered onto precombusted GF/F filters
for particulate organic carbon (POC) and nitrogen
(PON) determinations using a Perkin-Elmer model
2400 CHN elemental analyzer. Cellular carbon and
nitrogen contents of Synechococcus were obtained
from POC and PON concentrations divided by cell con-
centrations from flow cytometric analyses. Since the
cultures were not axenic, cellular carbon and nitrogen
contents for Synechococcus were corrected by sub-
tracting the bacterial carbon and nitrogen, which was
calculated assuming 20 fg C and 5.6 fg N per het-
erotrophic bacterium (Lee & Fuhrman 1987). Only in 2
experiments, under very low dilution rates (0.1 and
0.2 d°'), were the bacterial cell concentrations more
than twice those of Synechococcus. Heterotrophic bac-
terial carbon estimates were never more than 10% of
the total POC in any of the experiments.

For pigment analysis, 10 ml subsamples were filtered
onto GF/F filters, placed in 90 % acetone, and sonified.
Following extraction at 0°C in darkness for >24 h, the
samples were analyzed by reverse phase-high perfor-
mance liquid chromatography (RP-HPLC) following
the methods described in Andersen et al. (1996). Quan-
tification was facilitated by addition of a known quan-
tity of internal standard (canthaxanthin) to each sam-
ple extract.

Flow cytometry. One ml samples were preserved
with paraformaldehyde (0.2 % final concentration) and
analyzed using a Coulter EPICS 753 flow cytometer
(Coulter Co., Hialeah, FL) equipped with two 5 W
Argon lasers and MSDS automatic sampler (Liu et al.
1997). Samples stained with Hoechst 33342 (final con-
centration of 2 pg ml™!') were incubated at 37°C in the
dark for 1 h to improve the precision of the histograms
of DNA fluorescence (Liu et al. 1998). Most samples
were diluted with double-filtered (0.2 pm) seawater for
optimal counting efficiency. Concentrations of Syne-
chococcus and heterotrophic bacteria were counted for
each sample. Fluorescence and right-angle light scat-
ter (RALS) were collected by photomultiplier tubes.
DNA (blue) fluorescence was normalized to 0.46 um
UV beads, and other signals were normalized to
0.57 um Fluoresbrite YG beads (Polysciences, War-
rington, PA). In addition to listmode files, 1-parameter
histogram files, containing the linear blue (DNA)
fluorescence data for Synechococcus populations,
were collected and analyzed with MCYCLE software
(Phoenix Flow Systems, San Diego, CA) to compute the
fraction of cells in the G;, S and G; phases. Assuming
completely asynchronous growth, the duration of each

cell cycle phase (t,) was calculated from the fractions of
the population in each phase (f;) and the growth rate
(1) of the culture in steady-state using the equations of
Slater et al. (1977):

tGl = —ln(l—fGl/Z)/}J (1)

toz = In(1 + fsa)/p (2)

ts = In[1 + /(1 + fe2))/ 1 (3)
RESULTS

Synechococcus cell cycle

DNA distributions of Synechococcus WH7803 were
consistently bimodal in continuous culture (Fig. 1). The
average coefficients of variation (CV} of the G; and G,
peaks were 10 to 14 % in the samples stained with the
protocol described above. The durations of each cell
cycle phase increased linearly with doubling time, and
the increase in the G, phase accounted for most of the
increased cycle time (Fig. 2). The duration of the S and
G, phases, ts,g2, was as long as 46 h when Syne-
chococcus was growing at 0.1 d”! and decreased to a
low value of ~8.1 h at 0.7 d~! (Table 2). The linear rela-
tionship between doubling time (DT) and ts,q; (fsig2 =
1.93 + 0.28 DT, r = 0.99) implies that the cells spend 28
to 36 % of their time in the S and G, phases at doubling
times of 1 d or greater. A plot of the fraction of cells in
the S and G, phases, fs5.q2 is in fact rather constant,
except when the growth rate exceeded 1 doubling d™!
(u = 0.9 d°!, Fig. 3). The nitrate concentration in the
growth chamber was high (46 pM) only in the experi-
ment performed at a dilution rate of 0.9 d-}, indicating
in that case that light or temperature limited growth
rate rather than nitrate (Table 1).
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Fig. 1. Bimodal DNA fluorescence distribution observed for

Synechococcus WH7803 growing at 0.7 d™' in chemostat cul-

ture. X-axis: DNA fluorescence normalized to 0.46 pm UV

beads. Y-axis: relative cell density. The %CV for G, in this
example was 11.7
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Fig. 2. Durations of cell cycle phases in Synechococcus
WH7803 growing in a nitrate-limited chemostat as a function
of the population doubling time. Error bars show =1 SD of the

mean
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Fig. 3. Fraction of Synechococcus WH7803 cells in S and G,
phases (fs,c;) as a function of growth rate in a nitrate-limited
chemostat. Error bars show +£1 SD of the mean

Carbon and nitrogen content

The carbon and nitrogen cell quotas of Synechococcus
WH7803 were highly variable at different growth rates.
Nevertheless, both carbon and nitrogen cell quotas ap-
peared to decrease with growth rate exceptat g=0.9d7},
where nitrogen did not limit growth rate (Fig. 4A,B). Cel-

Table 2. Duration of each cell cycle phase of Synechococcus
WH7803 growing in nitrate-limited chemostat. Numbers in
parentheses are 1 SD of the means

Growth Duration of each cell cycle phase (h)

rate (d7") G, S G, S+ G,
0.1 180.0 (10.7) 25.7 (9.8) 22.7(7.3) 484 (4.0)
0.2 90.5{4.0) 123(0.6) 11.7(2.1) 24.0(1.5)
0.4 41.6(2.0) 7.1(0.8) 9.0 (0.0) 17.8(1.9)
0.5 314 (6.3) 56(0.7) 6.5 (2.7) 8.4 (1.9
0.6 24.5(24) 4.1(0.1) 6.2 (1.2) 9.4 (0.2)
0.7 27.6(2.1)  23(0% 4.0 (0.6) 6.3 (0.7)
0.9 12,1 (0.3)  3.9(0.2) 5.1(0.4) 9.0 (0.2}

1200 — = e,
,_;\ . ——y=3979-2599x r=072
31000
3
o 800 |
c
_g 600 |
? 40| __© s
2 T T 9
% 200 | - T o
O A
0L— — -
0 0.2 04 06 08 1
120 —e — :
o ——y=458-170x r=061
8 100 ¢
= [ ]
2 80
[
D
o
o 60 1
=
8 40 Q\Q\D\
E] o =
K} B
© 20 —
0 02 04 0.6 0.8 1
i2 ;
1 o) ——y=104-41x r=069
ERRT
£
E 9 o o
2 8 Q
e
;L ~ = '
6 c Redfield Ratio
5 - '_' *
0 02 04 06 0.8 1
Growth rate (d')

Fig. 4. Variations in the (A) cellular carbon, (B) nitrogen, and (C)

C:N ratio as a function of growth rate of Synechococcus strain

WH7803. (0, ®) Mean value of triplicate samples. (®) Data not
included in the linear regression (see text for details)

lular carbon content decreased from about 500 fg C celi™!
at u=0.2d" to around 200 fg C cell"! at 0.7 d"". Nitrogen
per cell dropped from 60 to 40 fg N cell”!. The observed
trends of decreasing cellular carbon and nitrogen quotas
and C:N ratios with increasing growth rate were statis-
tically significant (t-test of slope of linear regression,
p<0.05,0.1and 0.1, respectively). The regression line in
Fig. 4 excluded an extremely high estimate of carbon
and nitrogen content determined at u = 0.1 d™!. We are
cautious about overinterpreting this result, however,
since there were 8 times more heterotrophic bacteria
than Synechococcus cells in the sample taken from this
experiment compared to a heterotrophic bacteria:
Synechococcus ratio of less than 1 in most other experi-
ments. The C:N ratio also decreased with increasing
growth rate and approached the Redfield ratio (6.7,
atom:atom) at higher growth rates under nitrogen limi-
tation (Fig. 4C). The C:N ratio dropped to 5.1
(atom:atom) when the cultures were grown under nitrate
and phosphate replete conditions.
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Fig. 5. Variations in the (A) cellular chlorophyll a, zeaxanthin

and B-carotene concentrations, and (B) ratios of zeaxanthin-

to-chlorophyll a and f§-carotene-to-chlorophyll a as a function
of growth rate of Synechococcus strain WH7803

Pigment composition

HPLC data showed no clear relationships between
cellular chlorophyll a, zeaxanthin, B-carotene and

21

growth rate, although the chlorophyll a content was
generally higher in the faster-growing cells (Fig. 5A).
Ratios of zeaxanthin- and B-carotene-to-chlorophyll a
(w:w) at high dilution rates were 0.50 and 0.12, respec-
tively, and were higher at low dilution rates (Fig. 5B).
These values are in general agreement with the results
of Kana et al. (1988) and Bidigare et al. (1989). The flo-
rescence data from flow cytometric analysis showed
similar patterns (Fig. 6). There was a significant linear
relationship (r = 0.91) between the chlorophyll a cell
quotas (fg cell”!} and cellular red fluorecence ([chl] =
-0.1265 + 0.1137[red fluorescence|, geometric mean
model 2 linear regression). Red and orange fluores-
cence, representing chlorophyll and PE, respectively,
both showed an increasing trend with growth rate
(Fig. 6B,C). The ratio of red (chlorophyll) to orange
(PE) fluorescence did not show a clear trend, but was
higher (~7) at the lowest dilution rate (0.1 d°'). When
nitrate was not limiting growth rate, both red and
orange fluorescence cell”! were significantly higher,
and the red:orange fluorescence ratio was about 5. The
carbon-to-chlorophyll a ratio (w:w) was as high as 500
by weight at g = 0.1 d”' and decreased to about 150 at
u=0.7d"’ (Fig. 74).

DISCUSSION
We observed a bimodal DNA distribution for Syne-

chococcus WH7803 when grown in our chemostat sys-
tem under nitrate-limiting conditions. This observation
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Fig. 6. Variations of right-angle light scatter (RALS) and fluorescence measured by flow cytometer (normalized to 0.57 pm beads,
arbitrary units) for Synechococcus WH7803 growing in chemostat cultures under continuous light. Error bars show 1 SD for
triplicate samples
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differs from the findings of Binder & Chisholm (1995),
who reported a multimodal DNA distribution in their
slow-growing batch cultures. Binder & Chisholm
(1995) used a methanol extraction to improve the qual-
ity of staining. They also suggested that there might be
a diel variation in stainability in Synechococcus
WH7803 grown under a diel light-dark regime. We
found that a 1 h incubation at 37°C improved the qual-
ity of staining. The software we used to deconvolute
the DNA frequency distribution worked perfectly with
the low 11 to 14 % CVs for G, and G, peaks in our data.
Without further comparsions between different tech-
niques, the most likely explanation for the difference
in DNA distributions reported here and by Binder &
Chisholm (1995} is the difference in culture conditions,
e.g. batch versus continuous cultures and light versus
nitrogen limitations.

The present results from chemostat experiments
demonstrate that the duration of all cell cycle phases of

Synechococcus clone WH7803 vary with growth rate.
This result is different from the cell cycle characteris-
tics observed by Chisholm et al. (1986) for Synechococ-
cus strain WH8101. Over a range of doubling times
from 14 to 55 h adjusted by different light intensities,
they found that the G, and G, phases expanded with
increasing generation time, but that the duration of the
S phase was constant. They further predicted that
Synechococcus should arrest in both G; and G, when
placed in the dark for extended periods. They based
this conclusion on the observation of G, expansion in
response to light limitation, and on the persistent dou-
blet population observed during the dark period in
populations grown on diel photocycles (Waterbury et
al. 1986). However, the effect of N limitation on the cell
cycle of Synechococcus appears to be different from
that of light limitation. All DNA cell cycle phases were
lengthened, though not equally, with an increase of
doubling time (Fig. 2). This response is analogous to
the responses of Thalassiosira weissflogii (centric
diatom) and Hymenomonas certerae (coccolithophore)
to nitrogen limitation (Olson et al. 1986). Although the
amount of light is critical for Synechococcus cells to
start DNA synthesis and cell division as suggested by
Chisholm et al. (1986), our results suggest that nitro-
gen limitation can further prolong the duration of DNA
synthesis.

Estimating species-specific growth rates of marine
phytoplankton based on cell cycle terminal events, 1.e.
S + G, phases, requires knowledge of terminal event
duration. In highly synchronized, slow-growing spe-
cies, f5.q2 can be calculated as twice the time differ-
ence between 2 successive peaks of the fraction of cells
in the S (f5) and G, (f5;) phases (Carpenter & Chang
1988). The Carpenter & Chang (1988) model would still
be valid for populations with growth rates exceeding 1
doubling d-'. However, it is often difficult to measure
the duration of the selected terminal event for each
cohort, because the maxima for each cohort partially
overlap (Chisholm et al. 1984). Alternatively, a ¢,
obtained from laboratory cultures over a range of
growth conditions may be used for field populations
under the assumption that the natural populations
have the same cell cycle characteristics as laboratory
cultures. Our results showed a linear relationship
between the population doubling time and the dura-
tion of the S and G, phases for Synechococcus grown
in a N-limited chemostat (Fig. 2). Although this rela-
tionship may be applied to field populations, extreme
caution must be taken, because an estimate derived in
laboratory culture may not be characteristic of field
populations. Cultures growing in chemostats may
express abnormal physiology relative to natural popu-
lations. For example, Synechococcus strains main-
tained under continuous light have cell volumes about
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30% larger than cells grown on a light-dark cycle
(Waterbury et al. 1986). However, we contend that the
best approach is to use the in situ DNA histograms to
estimate the 5,5, wherever possible. Even if 2 peaks of
cells in the S and G, phases are observed, it is probably
more accurate to assume that the t5,.q, value for the
dominant set of peaks can be applied to the second set
than it is to apply an estimate from a laboratory cul-
ture. Interestingly, growth rate estimates that use a
DNA histogram-derived fs,q, value generally agree
well with independent measures of growth rate based
on cell counts (Liu et al. 1998, Shalapyonok et al. 1998},
even if there is a dual-peak in the cell cycle phases.
Only in a situation where it is absolutely impossible to
estimate {s,q; from field data because of asynchronous
division or multiple DNA peaks, the use of laboratory-
derived ts,g; becomes the only choice.

The duration of the S and G, phases observed for the
Synechococcus cells growing at 0.9 d™! was actually no
shorter than that of cells growing at ~1 doubling d°!
(0.5 to 0.7 d°?, Table 2). This indicates that fast-grow-
ing Synechococcus follow the ultradian growth mode
observed in Prochlocococcus, a close relative of Syne-
chococcus (Liu 1997, Shalapyonok et al. 1998). Instead
of shortening each cell cycle phase proportionally, the
cells achieve fast growth by dramatically reducing the
G, phase of part of the population, i.e. a portion of the
population undergoes a second DNA replication and
cell division just after the completion of the first cycle.
Meanwhile, the duration of the S and G, phases
remains relatively constant. As a consequence, the
fraction of cells in the S and G, phases is higher in the
chemostat at a growth rate of more than 1 doubling d-!
than at growth rates less than 1 doubling d-!. Observa-
tions of dual peaks of S and G, phases in near-surface
waters of the Arabian Sea, with the first peak occurring
in the morning and the second in the afternoon, sug-
gest that this ultradian growth mode may be common
for oceanic species of Synechococcus (Liu et al. 1998).

Our estimate of cell carbon for Synechococcus is sim-
ilar to previous studies when p = 0.7 47!, but higher
under lower growth rates. Waterbury et al. (1986)
reported that carbon per cell of the same strain ranged
from 150 to 290 fg C cell”! during a diel cycle, with the
lowest values occurring during the period of no cell
division. Kana & Glibert (1987) measured 200 to 300 fg
C cell”! for the same strain cultured under a wide
range of growth irradiances. Burkill et al. (1993) and
Veldhuis et al. (1997) both estimated, using different
approaches, a carbon content for Synechococcus of
175 fg C cell™! in near-surface waters of the northwest-
ern Arabian Sea; cellular carbon increased with depth
as cell volume increased. Unfortunately, due to instru-
ment constraints, we did not have reliable flow cyto-
metric forward angle light scatter (FALS) data, which

is a more direct indicator of the cell size. The RALS, on
the other hand, is a complex function of size and
refractive index (Morel 1991). Laboratory experiments
with Synechococcus revealed a strong correlation
between refractive index and intracellular carbon con-
centration (Stramski et al. 1995). RALS did show a gen-
eral decreasing trend with increasing growth rate in
our expeniments (Fig. 6A), although no significant lin-
ear relationship was observed between the RALS and
cellular carbon content.

In the present experiments, the C:N ratio for Synech-
coccus WH7803 was high for low growth rates and
approached the Redfield ratio at 0.7 d~!. For the same
strain growing in nitrogen replete media under a wide
range of light levels, Kana & Glibert (1987) reported
low C:N values for cells growing at low light levels and
values close to the Redfield ratio for cells growing at
irradiances above light saturation (>160 pE m™ s,
Our observed C:N ratio of 6.65 for cells growing at
0.7 d! agrees with their values for cells growing at
100 pE m? s'. The high C:N ratios of slow-growing
cells is presumably due to the accumulation of carbon
storage products at low growth rates (Shuter 1979).
The low C:N ratio of 5.07 (atom:atom) under nutrient-
replete conditions (u = 0.9 d!) also agrees with the
estimate of Verity et al. (1992) and the expected Red-
field ratio for cyanobacteria (Cushing 1995). Since the
Redfield ratio is associated with nutrient-saturated
growth in algae, our results suggest that Synechococ-
cus WH7803 was not nitrogen limited in this chemo-
stat. The high nitrate concentration in the outflow
medium and the low cellular C:N ratio, which matches
those reported by Kana & Glibert (1987) for cultures
growing under light limitation, imply that the culture
growing at 0.9 d™! was light limited.

Kana et al. (1988) found that the cellular zeaxanthin
content of Synechococcus WH7803 remained constant
over a wide range of growth irradiances and that de-
creases in chlorophyll a at high growth irradiances
were responsible for elevated zeaxanthin-to-chloro-
phyll aratios. Zeaxanthin is considered to be more con-
servative than chlorophyll a (i.e. less variable) in re-
sponse to nitrogen availability and therefore a better
predictor of biomass of field populations (Gombos &
Vigh 1986, Kana et al. 1988). The present results con-
firmed previous findings over a range of growth rates
under constant irradiance. For the growth rates exam-
ined, the carbon-to-zeaxanthin ratio was less variable
than either the carbon-to-chlorophyll a or the carbon-
to-B-carotene ratio (Fig. 7). Investigators attempting to
estimate the biomass of field population using pigments
as biomarkers should be aware of the varability in cel-
lular pigment concentration and pigment-to-carbon ra-
tios for a given species living under different nutritional
conditions and at different depths in the water column.
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In conclusion, we have found that when Synechococ-
cus strain WH7803 is grown under N-limited condi-
tions (1) the fraction of cells in the S and G, phases
remains relatively constant, and (2) the cellular carbon,
nitrogen and pigment content of this strain and their
ratios vary with growth rate. These observed relation-
ships should improve our ability to estimate Syne-
chococcus growth rate, productivity and biomass in
future field studies.
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