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ABSTRACT
DETERMINING NUTRIENT- AND PREDATOR-LIMITATION OF
SYNECHOCOCCUS POPULATION SIZE USING CELLULAR rRNA
CONCENTRATIONS
By
Paul Wesley Lepp

Cyanobacteria of the genus Synechococcus are important contributors to primary
productivity, community composition and trophic interactions in marine environments.
Despite their importance, the factors controlling the size of Synechococcus populations are
not well understood. Substantial evidence exists to suggest that synechococci are often
substrate limited. However, the evidence does not preclude the possibility of predator
control of synechococci population size. The goal of this research was to distinguish
nutrient-limitation from predator-limitation of the size of Synechococcus populations in
both laboratory cultures and the environment. Nutrient- or predator-limitation was
distinguished based on a plot of population size versus cellular 16S rRNA; which was
indicative of specific growth rate.

Light-limited batch cultures of both Synechococcus spp. strain PCC 6301 and WH
8103 exhibited a positive correlation between specific growth rate and the cellular
concentrations of both RNA and DNA. The cellular concentration of nucleic acids
decreased during light periods and increased during dark periods in both Synechococcus
sp. strain PCC 6301 and Synechococcus sp. strain WH 8103 entrained by diel cycles. The
cyclical variation in cellular nucleic acids concentrations during diel cycles was a function
of the timing of cell division.

Predator-prey models were applied to a chemostat culture of Synechococcus sp.
strain PCC 6301 prey and a Tetrahymena pyriformis predator. In the absence of predation,
Synechococcus responded to increases in nutrients by increasing equilibrium population

size, without a concurrent increase in growth rate. Addition of the predator increased the
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specific growth rate of the Synechococcus population approximately 10-fold while
decreasing the size of the Synechococcus population by one-seventh.

The cellular 16S rRNA concentrations and size of Synechococcus populations were
examined at oligotrophic and eutrophic stations in the Gulf of Mexico. Prey-dependent
models predicted that a nutrient-limited population would be larger and have slower specific
growth rates than a population limited by predation. The distribution of population size
versus specific growth conformed to the predictions of prey-dependent models better than
those of ratio-dependent models. A significant portion of the synechococci examined
appeared to be limited in population size by predation, in agreement with the reports of
heavy grazing of pelagic Synechococcus populations.
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GENERAL INTRODUCTION
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Introduction and Specific Aims

Cyanobacteria of the genus Synechococcus are reported to contribute from
approximately 2% of total primary productivity in coastal waters up to 46% of total primary
productivity in pelagic waters. Synechococci (30, 54) have proven to be both ubiquitous
and abundant by epifluorescence microscopy (S, 9, 30, 54, 55), flow cytometry (7, 34)
and nucleic acid sequence analysis (18, 47), since their discovery in marine environments.
Despite their significant contribution to total primary production and marine community
structure, little is known about the mechanisms controlling their population size. An
understanding of the mechanisms which control Synechococcus populations is essential in
determining the rate of energy transfer to other trophic levels (21), the role of synechococci
in determining microzooplankton composition and the construction of models of trophic
interactions.

The goal this research was to determine whether the size of Symechococcus
populations in the environment was primarily nutrient-limited or predator-limited.
Nutrient-limitation was distinguished from predator-limitation of population size by
modeling predator-prey interactions in chemostats containing a Synechococcus sp. prey
and a Tetrahymena pyriformis predator. Prey-dependent models of predator-prey
interactions predicted that predator-limited populations would have higher specific growth
rates than nutrient-limited populations. The relative differenc;s in growth rates was
measured using oligonucleotide probes complementary to 16S rRNA, the concentration of
which was correlated with specific growth rates. Finally, this same approach was applied
to synechococci populations in the Gulf of Mexico in order to distinguish nutrient-limitation

from predator-limitation of population size in situ.
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Background and Significance

Synechococcus physiology and ecology. Picoplankton are defined as

organisms from 0.2 pm to 2 pum in size (48). These organisms are responsible for a large

portion of the photosynthetic activity in the open ocean (16). Picophytoplankton

communities are often numerical dominated by members of the genus Synechococcus (S,

7, 55). Populations of Synechococcus range from 1x103 cells ml-! to 1x106 cells ml!
within the euphotic zone (5, 7, 9, 45, 54, 55). Beyond mere abundance, the ubiquitous
nature of Synechococcus is evident from counts by epifluoresence microscopy of samples
from the southern Pacific (55), the subartic Pacific (11), the tropical Atlantic (9, 54, 55)
and the northern Atlantic (5, 21). Cloned 16S rRNA sequences have revealed
Synechococcus spp. to be abundant in both the Pacific (47) and the Atlantic (19); results
that are supported by flow cytometry (34).

Members of the genus Synechococcus are distinguished from other cyanobacteria
by their unicellular, coccobacilli morphology, transverse binary fission in one plane and the
absence of a polysaccharide sheath (46). Marine Synechococcus spp. can be divided into
two distinct groups. The first group lacks phycoerythrin and does not have an elevated salt
requirement. This halotolerant group has been found within the continental shelf margin
but never in the open ocean. The second group contains phycoerythrin as its primary light
harvesting pigment and possesses an elevated salt requirement. This group has been
isolated on and off the continental shelf (55).

Synechococcus is capable of fixing 10 fg C cell-1h-! (9, 40, 45), principally via the
reductive pentose phosphate pathway (20). This reduction is tightly coupled to a diel light
cycle (23, 44, 45) and probably occurs within carboxysomes (51). It is believed that up to
half of the photosynthates produced are released, typically as glycolate, into the
environment and capable of supporting multiple trophic levels (16). This is supported by



the fact that the growth rate is saturated at light intensities of approximately 50 pEm-2s-!

and photosynthesis at approximately 100 pEm=2s-! (21, 40, 45). The photosynthetic
capacity of Synechococcus is often saturated by oceanic surface irradiance that can exceed
1000 LEm-2s-! on cloudless days.

Characteristic of cyanobacteria and chloroplasts, reducing equivalents are provided
by photosystems I and II (20). Although Synechococcus contains chlorophyll a, its
primary light harvesting pigments are phycocyanin, phycoerythrin, allophycocyanin and
allophycocyanin B (20). These accessory pigments, sequestered in phycobilisomes
arranged along the outside of parallel stacks of thylakoid membranes, results in a light

harvesting complex capable of supporting a maximum growth rate pmax at S0 pEm-2s-1

(40) compared with approximately 100 pEm-2s-! for eukaryotic algae (20). The low light

level at which maximal growth occurs is believed to contribute to the competitive edge that

allows Synechococcus to dominate many marine phytoplankton communities (20).
In addition to light, Synechococcus exhibits a high affinity for nitrate K, = 30 uM
(15, 22), requires less than 0.1 nM manganese and less than 0.1 pM zinc (4).

Synechococci also benefit from their small size approximately 1 pm x 0.6 pum (55), which

results in a surface:volume ratio that aids substrate uptake (16). High substrate affinity and
small size make Synechococcus extremely efficient at nutrient uptake and a key link in
micronutrient recycling and trophic transfer in pelagic systems (29). Should the
Synechococcus population become nitrogen limited, a number of diazotrophic
Synechococcus have been reported (25, 28) which could quickly displace non-nitrogen
fixing species.

Despite the advantages in oligotrophic environments afforded by small size and

high affinity for scarce resources, there is substantial support in the literature for adopting
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the position that Synechococcus is often substrate limited. Reports indicate that

Synechococcus may at times be limited for light (38), trace metals (11, 39), in particular

Fe2+ (24, 36, 37), nitrogen (22, 41), and phosphorus (31, 32, 56).

However, the evidence for substrate limitation of Synechococcus is far from
conclusive and does not preclude the possibility of predator control. One of the foremost
predictions of ecological theory is that predation can be a major factor in controlling
population size (26, 27, 33, 42). An inverse correlation has been found between
phytoplankton biomass and grazer density in lakes (41) and rivers (57). One would expect
to find similar forces at work upon the Synechococcus in marine environments where
flagellates and protozoa are known predators (8, 14, 16, 31, 32, 43). The reported in situ

grazing coefficient for flagellates and protozoan specific to Synechococcus range from 0 to

1.7 d'! (6, 8). Grazing pressure can reportedly reduce the population of Synechococcus by
30 to 50% (6, 8). Another possible control mechanism is parasitism by Synechococcus-
specific bacteriophage, which can be considered predation for the purposes of mathematical
models. Viruses have been reported to reduce phytoplankton primary productivity by as
much as 78% (29, 50). However, more recent work has demonstrated that natural
populations of Synechococcus are largely phage resistant (53). The effects of predation
and nutrient limitation on Synechococcus populations can be predicted by mathematical
models of predator-prey interactions, suchas a prey-dependent model.

Prey-dependent model of population control. In the absence of predators
or free of predator control, bacterial populations tend to reach an equilibrium population
density that is dependent on the concentration of the limiting substrate. Such a population
is referred to as being controlled by bottom-up forces. This situation is analogous to a
chemostat in which the specific growth rate is set by the flow of the limiting nutrient

through the system (17).
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According to traditional predator-prey theory the composition of a food chain is
dramatically altered by the addition of a predator species and can be mathematically
described by the coupled differential equations, first described by Lotka (35) and Volterra
(52):

dN/dt = pN - gN - gNP 1.1

dP/dt = egNP - mP 1.2

where N and P are the size of the prey and predator populations at time t. The term p

describes the specific growth rate of the prey species. The term q describes the loss of
individual organisms, which may be due to inherent mortality or efflux of the prey from the
system. The predator grazing coefficient is described by g. The trophic function eg
defines the conversion of consumed prey into predator biomass and m the mortality rate of
the predator.

The most significant result of this addition is the reduction of the equilibrium prey
population, referred to as top-down control (26, 27, 33, 42). The end result is that with
the addition of each trophic level the bottom trophic level is alternately limited by available
substrate or predation, depending the number of links in the chain Figure 1.1.

By definition, the size of an equilibrium population is unchanging with time and
therefore the specific growth rate must equal the rate at which individuals are removed from
the system (26, 27, 33, 42). Loss of individuals within natural pelagic populations may be
attributed to several causes: inherent mortality, emigration, sinking and predation. Of
these causes, it is probable that only predation has a significant impact on marine
Synechococcus. It is assumed for the purposes of this model that the rate of emigration

from surface water is compensated for by the rate of immigration from the surrounding

water mass. Likewise, the 2.5 cm d-! sinking rate of Synechococcus makes loss by this
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Figure 1.1 - Predicted relationship between Synechococcus equilibrium
population size based on potential nutrients and trophic interactions
(Adapted from 27).
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means negligible due to the high degree of mixing of surface water (16). Synechococcus
may be lost by the sinking of “sea-snow” that originates from zooplankton fecal pellets
(49). However, this loss may be viewed as the result of predation. Within an environment
dominated by Synechococcus and absent a predator, the mortality rate within a single
trophic level would be due to the small loss by sinking and inherent mortality. The specific
growth rate of Synechococcus would be constant and equal to the rate of sinking loss and

inherent mortality even while the equilibrium population density increases along a nutrient

gradient. Thus, a plot of the equilibrium population size versus the specific growth rate p

would result in a vertical line Figure 1.2. The appearance of a predator would increase the
mortality rate of the Synechococcus prey, at equilibrium, and would be paralleled by an
increase in the specific growth rate. Therefore, the introduction of a second trophic level
would result in a horizontal line if the equilibrium Synechococcus population density was
plotted against its specific growth rate Figure 1.2. Adding a third trophic level, a predator
specific to the Synechococcus predator, would release Synechococcus from predator
control. The Synechococcus population again becomes substrate limited and results in a
vertical plot of equilibrium Synechococcus population size versus specific growth rate.
Thus, vertical and horizontal lines should be indicative of substrate limitation or predator
limitation, respectively Figure 1.2. Although prey-dependent models are widely accepted,
alternative models of predator-prey interactions exist. These alternative models differ

significantly from prey-dependent models in the predicted outcome of trophic interactions.

Alternative models and predictions. An implicit assumption of the Lotka-
Volterra model is that predator-prey interactions are random and analogous the principle of
mass action in chemical systems (45). This analogy is one of the reasons that Lotka-
Volterra type models have recently come into contention (45). It has been argued that
natural systems are heterogeneous both spatially and in terms of the temporal scales of

predator-prey interactions and reproduction. As a result, natural systems cannot be
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modeled on the homogenous systems characterized by mass action. Ratio-dependent

models (1-3) of predator-prey interactions have been proposed to provide a mathematical

nutrient
control

ion size (N)

lat

Predator control

ibrium popu

ili
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Specific growth rate Hmex

Figure 1.2 - Model of equilibrium population size and specific growth for
predator-prey interactions.
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description of the heterogeneity in natural systems. In ratio-dependent models the prey -
density and mortality rate is dependent on the ratio of prey to predators (N/P):

dN/dt = pN - gN - gN/PP 1.3

dP/dt = egN/PP - mP 1.4

where N and P are the size of prey and predator populations at time t. The term [ describes

the specific growth rate of the prey species. The term q describes the loss of individual
organisms, which may be due to inherent mortality or efflux of the prey from the system.
The predator grazing coefficient is described by g. The trophic function eg defines the
conversion of consumed prey into predator and m the mortality rate of the predator.

The predictions of the interactions between trophic levels derived from equations
1.3 and 1.4 differ significantly from those predicted by equations 1.1 and 1.2 Figures 1.1
and 1.2. According to ratio-dependent models, an increase in primary productivity leads to
an increase in the equilibrium population size at all trophic levels Figure 1.3. Furthermore,
there is no lower productivity limit on the number of trophic levels that may be supported
by a system. A plot of the equilibrium Synechococcus population versus the specific
growth rate may result in one of several alternatives relationships predicted by ratio-
dependent models. A linear correlation between the equilibrium population density and
specific growth rate would suggest that both substrate concentration and predation
contribute to the equilibrium population size and specific growth rate. A slope of greater
than one >1 would indicate that nutrient input has a relatively greater effect upon the
equilibrium population size than predation. Likewise, a slope of less than one <1 would
indicate the opposite. A curvilinear increase in consumption rate would be the result of

predator pressure giving way to substrate limitation 1 (Figure 1.3).
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The implicit assumption of the ratio-dependent model is that temporal or spatial
heterogeneity exists within the system. It is unlikely that temporal heterogeneity could be
produced by differences in generation times between Synechococcus and its predators
because such differences are small. The estimated 1 to 2 divisions per day (13) of
flagellates is comparable to the reported replication rate of Synechococcus (4, 10). This
would exclude temporal heterogeneity as justification for application of a ratio-dependent
model to this system. The other possible basis for the application of the ratio-dependent
model is spatial heterogeneity. Spatial heterogeneity is principally the result of refugia for
the prey population. One possible refugia for Synechococcus is the abundant marine
microaggregates known as “sea-snow” (49). However, recent phylogenetic analysis failed
to detect Synechococcus within these microaggregates (12). Thus, it is unlikely that the
planktonic Synechococcus use microaggregates as refugia.

Synechococci populations both in the laboratory and the environment were analyzed
in the context of the afore mentioned models. In chapters 2 and 3 the nucleic acids
concentrations of a freshwater cyanobacterium and a marine cyanobacterium were studied
in response to changes in specific growth rate and during a 12 h light: 12 h dark diel cycle.
In chapter 4 oligonucleotide probes specific for cyanobacterial 16S rRNA were used to
document the changes in specific growth rate of synechococci populations in response to
nutrient-limitation or predator-limitation. In chapter S synechococci population size and
specific growth within the Gulf of Mexico were examined, using oligonucleotide probes
specific for cyanobacterial 16S rRNA, in light of the predictions of prey-dependent and
ratio-dependent models. Finally, chapter 6 discusses how the results of the previous
chapters apply in a broad context to predator-prey interactions within the microbial world
and the future directions such techniques and models may take.
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Chapter 2

CONCENTRATIONS OF NUCLEIC ACIDS OF SYNECHOCOCCUS SP. STRAIN
PCC 6301 DURING GROWTH IN CONTINUOUS LIGHT AND LIGHT:DARK
CYCLES
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Abstract

Cellular nucleic acids concentrations were determined for Synechococcus sp. strain
PCC 6301 grown in either light-limited batch cultures, phosphate-limited chemostat
cultures or batch cultures entrained by 12 h light:12 h dark (diel) cycles. Both light-limited
batch cultures and phosphate-limited chemostat cultures exhibited an exponential increase in
cellular RNA concentrations, cellular 16S rRNA concentrations and cellular DNA
concentrations that correlated with increases in growth rate. The ratio of RNA to DNA
remained constant with increases in growth which suggests a lack of transcriptional
regulation of ribosomal RNA operons. Cellular nucleic acids concentrations decreased
during light periods and increased during dark periods in cultures entrained by a diel cycle;
a result that was unexpected in light of experiments demonstrating a circadian increase in
transcriptional activity during the subjective light periods and a decrease in transcriptional
actitvity during subjective dark periods. The mean cellular RNA concentration during diel
growth was comparable to the cellular RNA concentration at the same growth rate under
constant illumination. Cellular 16S rRNA concentrations were closely correlated with
cellular DNA concentrations during a diel cycle. The correlation between cellular DNA
concentration and cellular 16S rRNA concentration, during a diel cycle, is consistent with
the hypothesis that cellular 16S rRNA concentration is not transcriptionally regulated.
Cellular 16S rRNA concentration also correlated with ribosomal RNA operon copy number
which suggests that gene-dosage is the primary mechanism regulating cellular 16S rRNA
concentrations in synechococci. The cyclical variation in cellular nucleic acids

concentration during diel cycles appears to be a function of the timing of cell division.
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Introduction

Cellular nucleic acids concentration is proportional to growth rate in a number of
heterotrophic bacteria (32, 33, 55). Nucleic acids concentration is also proportional to
growth rate in both filamentous and unicellular cyanobacteria under constant illumination
(43, 45). The nucleic acids content of bacteria is predominately composed of rRNA and
one-third of ribosomal rRNA (w/w) is composed of 16S rRNA. The correlation between
cellular 16S rRNA concentrations and growth rate presents the possibility of using probes
complementary to 16S rRNA to determine in situ growth rates.

The concentration and synthesis of nucleic acids have typically been studied in
cyanobacteria grown under constant illumination followed by a single dark incubation
period (3, 17, 18, 22, 24, 46, 60, 63). Growth under constant illumination, however,
may not accurately reflect the physiological state of synechococci populations growing
under the diel cycles found in the environment (16). Cyanobacteria entrained by a diel
cycle, for example, exhibit circadian rhythms in cell division (48, 62), amino acid uptake
(10), nitrogenase activity (21, 27, 28), the expression of psbA (35-37) and the expression
of dnaK (10). Circadian rhythms are not found in continuously illuminated cultures of
cyanobacteria.

In this study, we demonstrate that increases in cellular RNA concentrations and
cellular DNA concentrations correlate with increases in growth rate in light-limited batch
cultures and phosphate-limited chemostat cultures. Increases in cellular 16S rRNA
concentrations also correlate with increases in growth rate. Cellular RNA, cellular 16S
rRNA and cellular DNA concentrations, however, fluctuated in a regular pattern over the

course of a diel cycle.
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Materials and Methods

Bacterial strains and culture conditions. Synechococcus sp. strain PCC 6301
(ATCC 27144) was maintained at room temperature (RT) on BG-11 (1) agar at 86p.Em'2s’

B Synechococcus sp. strain PCC 6301 batch cultures were grown at 37°C. Growth rate
was varied by changing the photon fluence rate from 15 tEm’’s ' to 64.4 PEm’s " in light-

limited batch cultures. Diel cultures were entrained on a 12 h light: 12 h dark diel cycle for
at least seven generations prior to the start of each diel experiment.

Chemostat cultures of Synechococcus sp. strain PCC 6301 were grown on modified

Cg medium (29). Chemostats were illuminated at 162 y.l.Em'zs'l at 37°C and aerated at a rate

of 40 ml-min" with 3% CO, (balance air). Phosphate-limited growth was measured at

three different reservoir concentrations. Phosphate concentrations within the reservoirs

were 5 uM, 10 uM and 15 uM K HPO,. Growth rate was varied by changing the dilution

rate from 20 ml-min” to 365 ml-min" in a 250 ml Bellco Spinner flask (Bellco Glass Inc.,
Vineland, NJ). The culture was considered to have reached a stable equilibrium after
maintaining the same optical density at 750 nm and 600 nm for three volume changes of the
culture vessel.

Cell density was determined by microscopic direct counts (34) in a Petrohoff-Hausser
chamber (Hausser Scientific Partnership, Horsham, PA) or using a particle counter and
channelyzer (Coulter Electronics Inc., Miami, FL). Growth rate was defined as the
reciprocal of the generation time, given in hours.

Chemical determination of RNA and DNA. Synechococcus sp. strain PCC
6301 cells were harvested by centrifugation of 10 ml of log-phase culture at 16,000 xg for

25 min at 4 C. Cellular RNA concentration was measured by the orcinol assay (13), using

adenosine monophosphate as a standard. Cellular DNA concentration was measured by the
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diphenylamine assay (13), using deoxyribose as a standard. Cellular RNA concentrations
were estimated to be twice that of the AMP standard based on the approximately 55% G+C
ratio of Synechococcus PCC 6301 16S rRNA and 23S rRNA (19, 41). Cellular DNA
concentrations were calculated as 4.84 times the deoxyribose standard concentration based
on the 52-53% G+C ratio of the Synechococcus PCC 6301 genome (12) and the
difference between the average molecular weight of a nucleotide and the molecular weight
of deoxyribose.

Nucleic acids isolation and hybridization. Synechococcus sp. strain PCC
6301 cells were harvested by centrifugation of 1.5 ml log-phase batch culture or stable

chemostat culture at 16,000 xg for 25 min at 4°C. Cells were disrupted mechanically and
nucleic acids isolated (61). The RNA extraction efficiency was 65.712.3 % based on the
comparison between whole cell orcinol assays and orcinol assays of extracted nucleic
acids. RNase contamination was reduced by using either virgin polypropylene or
glassware treated with diethylpyrocarbonate (Sigma Chemical Co., St. Louis, MO) and

baked at 240°C for 3 h.

Nucleic acids were hybridized with a cyanobacterial-specific oligonucleotide probe
(7), this probe was complementary to the small subunit rRNA at positions 360-376
(Escherichia coli numbering). The cyanobacterial-specific probe was 5’ end-labeled with

v-?P-ATP (56) to a specific activity of ca. 0.5 pCi-pmol" probe. End-labeled probes were

purified on TSK-DEAE columns (Supleco, Bellefonte, PA) equilibrated with 50 mM
NH, OAc (7).

Nucleic acids from batch cultures or chemostat cultures were denatured by the
addition of phosphate-buffered gluteraldehyde [pH 7.0] to a final concentration of 1.5%
and incubated at RT for 15 min. Purified Synechococcus sp. strain PCC 6301 16S rRNA
(7) was denatured in the same manner and a standard curve constructed from 1 ng to 75 ng

of 16S rRNA. Escherichia coli (E. coli) nucleic acids were denatured in the same manner
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and used to determine non-specific binding of the probe. Nucleic acids from experimental
samples, 16S rRNA standards and E. coli were applied to MagnaCharge nylon membranes
(Micron Separation Inc., Westbourgh, MA) using a slot-blot apparatus (Millipore,

Bedford, MA). Approximately 1 pg, 500 ng and 250 ng from each experimental sample

and E. coli were applied to nylon membranes. Nucleic acids were UV-crosslinked
(Stratalinker 1800, Stratagene Inc., La Jolla, CA) to nylon membranes according to the

manufacturer’s instructions. Membranes were prehybridized for 30 min at 37°C in 10 ml
hybridization buffer [6X SET (56), 0.5% SDS, 1X Denhardt’s solution (56), 100 pg-ml’

poly(A)], followed by hybridization for 14-16 h at 37°C in 10 ml hybridization buffer
containing 1x10° CPM-ml" **P-radiolabeled probe. Membranes were washed twice at RT
and once at 48°C for 30 min each in wash buffer [2X SET, 0.5% SDS]. Standards and
samples were quantified using a radioanalytical image system (AMBIS Inc., San Diego,
CA).

Results

Cellular RNA and DNA concentrations of light-limited batch cultures.
Differential growth rates were established for light-limited batch cultures of Synechococcus

sp. strain PCC 6301 by varying photon fluence rates. Continuous photon fluence rates of

15 pEm’s' to 644 PEm’s resulted in growth rates of 0.008 h' to 0.051 h",

respectively. Cellular RNA and DNA concentrations were determined colorimetrically.

Cellular RNA concentrations increased from 23.942.2 fg-cell' to 45.540.9 fg<cell' with

increases in growth rate (Figure 2.1; Table 1). Cellular DNA concentrations
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Fifure 2.1 - Total cellular RNA, as determined by orcinol, from light-limited batch
cultures (®) and phosphate-limited chemostat cultures (M), as a function of growth

rate (2 = 0.92). Error bars represent standard errors (n = 3).
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increased from 11.410.5 fg-cell'! to 18.6x1.1 fg-cell' with increasing growth rate (Table
2.1). The ratio of RNA to DNA remained a constant 2.440.3 over a range of growth rates
in Synechococcus sp. strain PCC 6301 (Table 2.1).

Cellular RNA and 16S rRNA concentrations of phosphate-limited

chemostat cultures. Growth rates were varied from 0.005 h-! to 0.09 h-! in each of

three chemostats fed by reservoirs containing 15 puM, 10 uM or S uM phosphate.

Phosphate limitation does not preferentially restrict ribonucleic acid pools, but results in a
proportional loss from all macromolecular pools with decreases in growth rate (20).
Cellular RNA concentrations increased exponentially from 24.0+1.6 fgcell'! to 53.0+4.8
fgcell'! with increases in growth rate (Figure 2.1). Cellular 16S rRNA concentrations
were determined using *?P-radiolabeled, cyanobacterial-specific, oligonucleotide probes.
Cellular 16S rRNA concentrations increased exponentially from 4.6t1.9 fg-cell’ to
19.740.45 fgcell’ with increasing growth rate (Figure 2.2); regardless of the phosphate
concentration within the reservoir.

Cellular RNA, 16S rRNA and DNA concentrations of diel batch
cultures. Batch cultures of Synechococcus sp. strain PCC 6301 were entrainedina 12 h

light: 12 h dark diel cycle at 64.4 uEm”s". Entrained cultures had a growth rate of 0.03 b

(Figure 2.3) over the course of a single diel cycle (24 h). The growth rate was 0.06 h’
during the light periods of a diel cycle because cell division was arrested in the absence of
light. Cell division resumed upon reexposure to light. Entrained cultures did not exhibit a
noticeable lag in growth upon being reexposed to light. Cellular RNA concentrations
gradually decreased from approximately 40.8+4.0 fg.cell'! to 32.7+1.1 fg<cell! during
light periods and gradually returned to 38.0+1.4 fg-cell-! fg.cell'! during subsequent dark
periods (Figure 2.4A). The trend observed in cellular RNA concentrations was observed
in cellular 16S rRNA concentrations as well. Cellular 16S RNA concentrations gradually
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Cellular 16S rRNA (fg «cell?)
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Growth Rate (h™)

Figure 2.2 - Cellular 16S rRNA concentrations of Synechococcus PCC 6301 from
phosphate-limited chemostats. Phosphate concentrations of nutrient reservoirs
were 15 UM (o), 10 pM (A) and 5 pM (@). Dashed lines indicate 95%
confidence intervals (p < 0.001; r2 = 0.67).
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Figure 2.3 - Cell density of Synechococcus sp. strain PCC 6301 during diel growth.
Each day consisted of 12 h light: 12 h dark (shaded area). Error bars represent standard
errors (n=6).
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Cellular DNA (fg.cell”)

Time (h)

Figure 2.5 - Cellular DNA of Synech sp. strain PCC 6301 grown
under a 12 h light: 12 h dark (shaded area) dlel cycle. Error bars represent standard
error (n=6).
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decreased from approximately 14.946.2 fgcell! to 7.5+1.7 fgcell'! during light periods
and gradually returned to 13.842.2 fg.cell-! during subsequent dark periods (Figure 2.4B).
The trend exhibited by cellular RNA concentrations and cellular 16S rRNA concentrations

was also observed in cellular DNA concentrations (Figure 2.5). Cellular DNA
concentrations gradually decreased from 10.740.3 fg-cell". corresponding to approximately
3 genomes (23, 25), to a low of 7.910.2 fg-cell'l, corresponding to approximately 2

genomes, during light periods before returning to 10.9+0.4 fg~c¢:ll'l during subsequent dark
periods.

Discussion

Light-limited, batch cultures of Synechococcus sp. strain PCC 6301 displayed an
exponential increase in both cellular RNA concentrations and cellular DNA concentrations
that correlated with increases in growth rate. The increase in cellular RNA concentrations
is comparable to previous reports (45) of an approximately 28.7 fg-cell'I to 449 fg-cell'l
increase in cellular RNA concentrations over the same range of growth rates in
continuously illuminated, light-limited batch cultures. The exponential relationships
between RNA, DNA and growth rate observed in Synechococcus sp. strain PCC 6301
have also been observed in Anabaena variabilis (43). The correlated increase in nucleic
acids with increased growth rate appears to be a general physiological feature of
cyanobacteria, as well as heterotrophic bacteria (32, 33, 55). The cellular DNA

concentrations in this study are approximately 2.4 times the values (4.9 fg-c:.ell’I to 7.8
fg-cell") reported previously for light-limited batch cultures (45). The apparent discrepancy
between the two experiments may be attributed to previous studies reporting the

deoxyribose concentration, calculated from the standard, as a DNA concentration when in
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fact there is a 2.4 fold difference in molecular weight between deoxyribose and nucleotides
of DNA. The cellular DNA concentrations in this study agrees with the number of
genomes per cell previously reported (6) for Synechococcus sp. strain PCC 6301.

In heterotrophic bacteria, such as E. coli, the rate of transcription from rRNA operons
increases with increases in growth rate (51). The increase in transcription rates from rRNA
operons is reflected in a linear increase in the RNA/DNA ratio with increasing growth rate’
in heterotrophic bacteria (14, 32, 49, 55). Unlike in heterotrophic bacteria, the ratio of
cellular RNA concentration to cellular DNA concentration remained constant over a range
of growth rates in Synechococcus sp. strain PCC 6301 (Table 1), as reported previously
(45). The constant RNA/DNA ratio may indicate a lack of transcriptional regulation of the
rRNA operons in Synechococcus sp. strain PCC 6301. A lack of transcriptional control of

stable rRNAs is also indicated by the constant ratio of cellular rRNA concentrations to
cellular tRNA concentrations in Synechococcus sp. strain PCC 6301 (44). The constant

rRNA/RNA ratio in Synechococcus sp. strain PCC 6301 contrasts with the situation in
heterotrophic bacteria where the rRNA/RNA ratio increases with increasing growth rate
(33, 55). The rRNA/tRNA ratio increased from approximately 1.8 to 4.5 with increases in
growth rate in Salmonella typhimurium (33). Similar increases in rRNA/ARNA ratios have
been observed in E. coli (55) and Bacillus subtilis (15); although these increases were
smaller than those reported for S. typhimurium.

It was originally argued (9, 44) that the constant ratio of rRNA to tRNA, the lack of
induction or repression of key enzymes by their respective substrates, and the constant ratio
of RNA to DNA are indicative of a general lack of transcriptional control in cyanobacteria.
Transcriptional control has been demonstrated, however, for glycogen phosphorylase (58),
glucose-6-phosphate dehydrogenase (58) and psbA (40) in cyanobacteria. Although not all
gene expression lacks transcriptional control the constant RNA to DNA ratio observed in
this study (Table 1) and by Mann and Carr (45) supports the conclusion that rRNA is not

transcriptionally regulated in cyanobacteria.
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Even though rRNA does not appear to be transcriptionally regulated, cellular RNA
concentrations increased exponentially with increases in growth rate in phosphate-limited,
chemostat cultures of Synechococcus sp. strain PCC 6301 (Figure 2.1). Cellular RNA
concentrations have also been demonstrated to increase exponentially from approximately
20 fg-cell'! to 40 fg-cell'! over a range of dilution rates from 0.025 h-! to 0.1 h-! in light-
limited chemostats (54). Cellular RNA concentrations of 50-60 fg.cell'! at a dilution rate of
0.09 h-! have been reported for Synechococcus sp. strain PCC 6301 in Ca*-limited
chemostats at nonlimiting photon fluence rates (65). The cellular RNA concentration in
Ca”*-limited chemostats is comparable to the cellular RNA concentration observed at a
growth rate of 0.09 h! in phosphate-limited chemostats (Figure 2.1). One exception to the
correlation between cellular RNA concentration and growth rate, however, has been noted.
Cellular RNA concentration was found to be independent of growth rate in Synechococcus
sp. strain PCC 6301 grown in Mg**-limited chemostats (64). Synechococcus sp. strain
PCC 6301 possessed a uniformly high concentration of RNA in Mg**-limited chemostats
regardless of growth rate. Low Mg? concentrations were postulated to reduce ribosome
efficiency which resulted in a reduction in growth rate. If ribosome efficiency had not been
reduced by low Mg* concentrations the RNA concentration would have reflected growth
rate. Cellular RNA concentrations, therefore, can be used to measure growth rate except in
cases of Mg®* limitation.

The correlation between cellular RNA concentration and growth rate was also
expected to apply to cellular IRNA concentrations because rRNA comprises a constant 75%
of total RNA in continuously illuminated cultures of cyanobacteria (44). This hypothesis
was tested using cyanobacterial-specific oligonucleotide probes complementary to the small
subunit rRNA. Cellular 16S rRNA concentrations increased exponentially with increases
in growth rate in phosphate-limited, chemostat cultures of Synechococcus sp. strain PCC
6301 (Figure 2.2). The correlation between cellular 16S rRNA concentrations and growth
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rate presents the possibility of using group-specific probes complementary to 16S rRNA to
determine in .;itu growth rates.

Determining the in situ growth rate of cyanobacteria by using 16S rRNA probes
requires an understanding of the diel variations of cellular RNA concentrations. The
variation in cellular RNA concentrations was examined in batch cultures of Synechococcus
sp. strain PCC 6301 entrained in a 12 h light: 12 h dark diel cycle and possessing a diel"
growth rate of 0.043 h'. Cellular RNA concentrations gradually decreased during the light
periods of a diel cycle (Figure 2.4A). The decrease in cellular RNA concentrations does
not appear to be due to a decrease in rates of RNA synthesis. High rates of incorporation
of *H- and "“C-uracil (18, 22, 38, 58) indicate that RNA synthesis rates do not decrease in
the light. Continuous rates of RNA synthesis are also indicated by the accumulation of
rbcL gene transcripts (encoding the large subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase) in Synechococcus sp. strain PCC 8801 (11) and transcripts of the
psbA1l gene (encoding the D1 protein of PSII) in Synechococcus sp. strain PCC 7942

(36) in the light. The decrease in cellular RNA concentrations appears to be the result of

cell division. Cell division occurred only upon exposure to light in Synechococcus sp.
strain PCC 6301 (Figure 2.3). During these light periods the rate of cell division exceeded
the cells ability to double its cellular RNA content and therefore RNA concentrations
decreased on a per cell basis.

Cellular RNA concentrations decreased during the first 3 h of dark periods. This
decrease in cellular RNA concentrations does not appear to be due to cell division because
cell division is arrested during dark periods. The transient decrease in cellular RNA
concentrations during the first 3 h of darkness coincides with decreases in the light-specific
transcripts of the psbAl gene (36) and the rbcL gene (11) which offset the increase in 16S
rRNA concentrations during the same period (Figure 2.4B). Cellular RNA concentrations
increase approximately 33% over the remaining nine hours of darkness. The 33% increase

in cellular RNA concentrations is similar to the 22% increase observed by Herdman et d
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(24). The increase in cellular RNA concentrations coincides with increase in a dark-
specific transcript of unknown function (63), transcripts of the nitrogen fixing gene nifH
(11), transcripts encoding glycogen phosphorylase and glucose-6-phosphate
dehydrogenase (58), and ribosomal RNAs (53, 58, 63). Incorporation of *H- and '‘C-
uracil into both stable and unstable RNA species indicates that RNA continues to be
synthesized throughout the dark period (17, 18, 22, 38, 53, 58). The majority of dark '“C--
uracil incorporation was into RNA, with little incorporation into nucleotide pools (22). The
small amount of '“C-uracil incorporation into nucleotide pools suggests a rapid turnover
within nucleotide pools which is also indicative of continuous RNA synthesis. The small
amount of “C-uracil incorporation into nucleotide pools in Synechococcus sp. strain PCC
6301 is unlike the incorporation in E. coli (47) where up to half of the 'C-uracil
accumulates in nucleotide pools. The mean cellular RNA concentration during diel growth
was comparable to the cellular RNA concentration at the same growth rate under constant
illumination.

The decrease in cellular RNA concentrations was accompanied by a gradual decrease
in cellular 16S rRNA concentrations during the light period of a diel cycle (Figure 2.4B).
Like cellular RNA concentrations, the drop in cellular 16S rRNA concentrations appears to
be due to cell division. Cellular 16S rRNA concentrations doubled during the subsequent
dark period. The steady increase in 16S rRNA concentrations has previously been
observed in synchronized cultures of Synechococcus sp. strain PCC 6301 placed in the
dark (17, 53, 58, 63). A rise in 16S rRNA concentrations during the night was also
observed in in situ assemblages of synechococci (39). This assemblage of synechococci
exhibited a marked decline in 16S rRNA during the first 4.5 h of darkness which was due
to an increase in population density.

The accumulation of 16S rRNA in the dark implies de novo synthesis of ribosomal
RNAs (17, 18, 58) without concurrent cell division. The net result of these two factors is

an increase in 16S rRNA concentrations on a per cell basis. Cellular 16S rRNA
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concentrations increased by approximately 6 fg.cell' during the course of a dark period.
Cellular 16S rRNA comprises approximately one-third of ribosomal RNA. The
approximately 6 fg-cell”! increase in cellular 16S rRNA concentration would have resulted
in a 18 fg.cell” increase in ribosomal RNA. The calculated 18 fg-cell” increase in cellular
rRNA concentrations is in agreement with the observed increase of approximately 18
fg-cell” in cellular RNA concentrations and accounts for the majority of the 33% increase in
cellular RNA concentrations.

Cellular DNA concentrations gradually decreased from approximately 3 genomes to 2
genomes, during light periods, before returning to 3 genomes during subsequent dark
periods (Figure 2.5). Like cellular RNA concentrations, the decrease in cellular DNA
concentrations was due to the increase in population size. The average of 3 genomes
observed is consistent with the 3 genomcs-cell" reported by Binder and Chisholm (6) for
continuously illuminated Synechococcus sp. strain PCC 6301 with a growth rate (0.07 h™')
similar to the growth rate during light periods in our diel experiments. Cell division can be
synchronized in cyanobacteria by a period of dark incubation. Synchronized cultures of
Synechococcus sp. strain PCC 6301 have shown continuous incorporation of radiolabeled
thymine for up to 8 h after reentering the dark (60). The observed increase in cellular DNA
concentrations seems to be dependent on the phase of the cell cycle of the culture upon
reentering the dark (46). Synchronous cultures of Synechococcus sp. strain PCC 6301
have shown increases of 10-19% in cellular DNA concentrations within the first 4 h of dark
incubation before decreasing to a plateau maintained over the next 12-23 h (46). The
continuous, dark DNA synthesis observed in the entrained cultures of Synechococcus sp.
strain PCC 6301 used in this study contrasts with the lack of dark DNA synthesis in
asynchronous cultures of Synechococcus sp. strain WH 8101 (2) and Synechococcus sp.
strain PCC 6301 synchronized by a single dark incubation period (22, 46). It would

appear that entrained cultures of cyanobacteria possess greater resources for the synthesis
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of DNA during the dark than asynchronously growing cultures or cultures synchronized by
a single dark period.

One possible explanation for the increése in cellular DNA concentrations is the
initiation of genome replication during the dark. Replication has been demonstrated by the
continuous incorporation of radiolabeled thymine into synchronized cultures of
Synechococcus sp. strain PCC 6301 for up to 8 h after reentering the dark (60). The’
initiation of DNA replication is presumed to be either inhibited (16, 24) or aborted (46) in
the absence of light. The initiation of genome replication is, by inference, a light-dependent
reaction. Cellular nucleic acids concentrations were measured during diel growth by two
sampling regimes in our study. The first regime briefly exposed cultures to light (<10 min)
during sampling in the dark portion of the diel cycle. This regime raised concerns that brief
exposure to light may have allowed a portion of the population to initiate genome
replication during the dark. This concern was addressed by a second sampling regime in
which all culture manipulations were performed in the dark during the dark phase of the
diel cycle. Both regimes produced similar cellular DNA concentrations and the same trend
of increasing cellular DNA concentration during the dark. These results demonstrated that
brief exposure to light does not significantly perturb cell cycle events.

A second possible explanation for the increase in cellular DNA concentrations is the
initiation of genome replication shortly before entering the dark and continued DNA
synthesis throughout the dark period of a diel cycle. Continuous DNA synthesis
throughout the dark period would imply a genome replication time (C) in excess of 12 h. A
replication time of 12 h is significantly longer than the 65 min C period estimated by Mann
and Carr (45) from shift-up experiments with asynchronous cultures of Synechococcus sp.
strain PCC 6301. A difference in C periods would indicate that genome replication times
vary between light and dark periods or with growth rate. Variations in genome replication
times are not without precedence in the literature (4, 5). Genome replication times have

been reported to vary between 60 min and 4 h for cultures of Synechococcus sp. strain
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PCC 6301 (24, 46, 60). DNA synthesis has been reported to “run-out” within 3 h of
placing a synchronous culture of rapidly growing Synechococcus sp. strain PCC 6301 in
the dark (6). Synchronous cultures of Synechococcus sp. strain PCC 6301 with
generation times of 8 h were reported to have DNA synthesis periods of up to 8 h (3). The
long replication time reported by Asato and Folsome would be consistent with our
observations of long C period in slowly growing cultures of Synechococcus sp. strain
PCC 6301. At present we cannot distinguish between a slow DNA synthesis rate and
initiation of DNA synthesis during the dark.

It is unlikely that the increase in cellular DNA concentrations can be explained by an
increase in plasmid copy number. Synechococcus sp. strain PCC 6301 contains two

cryptic plasmids of approximately 48.9 kb and 7.9 kb (42, 57, 66). The approximately 2.8

fg-cell‘l increase in cellular DNA would require the cell to carry more than 53 copies of the
largest plasmid, an event that seems improbable.

The pattern of decreasing cellular nucleic acids concentration during light periods and
increasing cellular nucleic acids concentrations during dark periods is in part a consequence
of the dynamics of the growth rate of the cyanobacteria population. Population density
increased exponentially when exposed to light, but was arrested immediately upon entering
the dark phase of a diel cycle (Figure 2.3). The immediate arrest of cell division has also
been observed in Synechococcus sp. strain PCC 6301 (22, 46), Synechococcus sp. strain
WH 8101 (2) and Oscillatoria agardhii (67) in the absence of light. The immediate arrest of
cell division contrasts with the increase in population size observed in Synechococcus sp.
strain WH 8101 and Synechococcus sp. strain WH 7803 during the first 3 h of darkness
(5, 6, 68). This contrast may be explained by the longer generation times of
Synechococcus sp. strain WH 8101 and Synechococcus sp. strain WH 7803 in these
experiments. Variability in the period of cell division (D) has been documented (8, 26) and
is expected to be longer in slowly growing cells. A protracted D period may have allowed

cell division that was initiated before entering the dark period to continue to completion in
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the dark in slowly growing Synechococcus WH 8101 ar;d Synechococcus WH 7803. The
extended period of cell division would have resulted in an increase in cell density during the
first few hours of darkness. Cell counts demonstrated that Synechococcus sp. strain PCC
6301 does not undergo reductive cell division during the dark such as the reductive division
exhibited by heterotrophs during starvation (52). Furthermore, based on the constant
optical density at 600 nm and 750 nm (data not shown) biomass did not appear to decrease
as might be expected of heterotrohic bacteria during a downshift in nutrients. Population
density increased without the noticeable 30 min to 4 h lag time that has previously been
observed in Synechococcus sp. strain PCC 6301 (6, 24) and in marine Synechococcus sp.
strain PCC 6301 (2, 68) emerging into the light from the dark. The lag period, however,
may have been shorter than the sampling period (3 h) used in this study.

The cellular nucleic acids concentration of cyanobacteria correlates with growth rate
under conditions of continuous illumination. This correlation is true regardless of whether
growth rate is limited by available nutrients or light.

Superficially the periodic absence of a cyanobacterium’s primary energy source
(light) may be considered analogous to carbon-starvation in heterotrophic bacteria.
Heterotrophic bacteria, such as E. coli, quickly degrade ribosomal RNAs when faced with
starvation conditions (30, 31). Cyanobacteria, however, continue to accumulate ribosomal
RNA despite being confronted by starvation conditions. Degradation of ribosomes would
be detrimental in the long run for a photoautotroph faced with periodic, short-term
starvation. The ability to retain high concentrations of active ribosomes allows
Synechococcus sp. strain PCC 6301 to quickly resume exponential growth upon being
reexposed to light (Figure 2.3).

The cyclical rise and fall of cellular RNA concentrations appear to be a consequence
of initiation of genome replication and rRNA synthesis. Synechococcus sp. strain PCC

6301 contains two ribosomal RNA operons per genomes (rrm) (19, 50) and therefore

contains approximately 4 rRNA op::rons-cell'l at the beginning of the dark period and 6



40

rRNA opv;:rons-cell'| at the end of the dark period. Although the cellular 16S rRNA
concentration doubles by the end of the dark period, 16S rRNA molecules per rRNA
operon only increase from approximately 2100 16S rRNA molecules per operon to 2780
16S rRNA molecules per operon. The transcription rate of rRNA operons, therefore, is
nearly invariant based on the ratio of 16S rRNA molecules to 16S rRNA operons within
the cell. This result supports the hypothesis that rRNAs are not transcriptionally regulated
and that the correlation between cellular RNA concentrations and growth rate is due to gene
dosage effects. Gene dosage effects have also been postulated to account for the observed
correlation between growth rate and cellular ribulose-1,5-bisphosphate
carboxylase/oxygenase concentrations (59). The implication of this hypothesis is that the
growth rate is regulated or restricted by the DNA content of the cell. Cellular rRNA
concentrations appear to be influenced primarily by genome copy number and gene dosage
effects (50). Genome copy number and gene dosage effects may be one mechanism

responsible for the expression of circadian rhythms in prokaryotes.
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Abstract

Light-limited batch cultures of Synechococcus sp. strain WH 8103 exhibited a
positive correlation between specific growth rate and the cellular concentrations of both
RNA and DNA. Like heterotrophic bacteria, the ratio of RNA to DNA increased with
growth rate in Synechococcus sp. strain WH 8103. Cellular RNA and 16S rRNA
concentrations generally decreased during light periods and increased during dark periods
in cultures entrained by a diel cycle. There was a significant increase in total cellular RNA
concentrations and cellular 16S rRNA concentrations during the last 3h of the dark period
that may indicate an increase transcription rates. The trend in cellular DNA concentrations
during a diel cycle differed from that observed in Synechococcus sp. strain PCC 6301.
Cellular DNA concentrations of Synechococcus sp. strain WH 8103 increased during the
first half of the dark period before decreasing to basal levels during the later half of the dark
period. A similar trend was observed during the light period of a diel cycle. The variation
in cellular nucleic acids concentration during diel cycles may be in part a function of the

timing of cell division, in addition to transcriptional regulation.

Introduction

Since their discovery in marine environments, synechococci (19, 40) have proven
to be both ubiquitous and abundant (15, 19, 26, 40, 41). It has also been recognized that
marine synechococci are significant contributors to primary production within the world’s
oceans (16, 26, 41).

There has been little investigation, however, in marine synechococci into the
changes in cellular nucleic acids concentrations during diel cycles or accompanying changes

in specific growth rates. Cellular nucleic acids concentrations are proportional to growth



48

rate in a number of heterotrophic bacteria (20, 21, 33) and both filamentous and unicellular
cyanobacten‘a' under constant illumination (23, 25, 28). Kramer (23) has demonstrated a
correlation between total cellular RNA concentrations and specific growth rates in the
marine cyanobacterium Synechococcus sp. strain WH 7803. Radiolabeled uracil
incorporation demonstrated that stable RNA concentrations increased with growth rate in
Synechococcus sp. strain WH 7803. The correlation between cellular 16S rRNA
concentrations and growth rate presents the possibility of using probes complementary to
16S rRNA to determine in situ growth rates of marine synechococci, as has been done with
sulfate-reducing bacteria in a biofilm (32).

The concentration and synthesis of nucleic acids have typically been studied in
cyanobacteria grown under constant illumination followed by a single dark incubation
period (1, 13, 14, 17, 18, 29, 36, 38). The same is true of the incorporation studies of
Kramer (23) in Synechococcus sp. strain WH 7803. Growth under constant illumination,
however, @y not accurately reflect the physiological state of synechococci populations
growing under the diel cycles found in the environment (12).

Another significant reason to study Synechococcus sp. strain WH 8103 is recent
evidence by Binder and Chisholm (2) that synechococci display two distinct replication
phenotypes. To date all studies of cellular RNA concentrations have been done with
marine and freshwater synechococci exhibiting the asynchronous replication phenotype.
These organisms contain even or odd numbers of complete genomes (eg, 3 or 4
genomesecell'). The study of the variations in cellular RNA concentrations in
Synechococcus sp. strain WH 8103 represents the first study of the variations in cellular
RNA concentrations in a Synechococcus sp. exhibiting a synchronous replication
phenotype (2). Organisms exhibiting a synchronous replication phenotype conform to the
Helmstetter-Cooper model of genome replication (5, 9) and possess an even number of

genomes.
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In this study, we demonstrate that increases in cellular RNA concentrations and
cellular DNA concentrations corelate with increases in growth rate in light-limited batch
cultures of Synechococcus sp. strain WH 8103. Unlike Synechococcus sp. strain PCC
6301, the RNA/DNA ratio increased with growth rate in Synechococcus sp. strain WH
8103. It is argued that this increasing ratio is indicative of transcriptional control, primarily
of the IRNA operons. The cellular concentration of total RNA and 16S rRNA in
Synechococcus sp. strain WH 8103 displayed trends similar to those of Synechococcus
sp. strain PCC 6301 during a diel cycle, except for an increase in last hours of the dark
period that may also be indicative of up-regulation of transcription rates from the IRNA
operons. The trends in cellular DNA concentrations in Synechococcus sp. strain WH 8103
during a diel cycle are also discussed in context of the trends observed in Synechococcus

sp. strain PCC 6301.
Materials and Methods

Bacterial strains and culture conditions. Synechococcus sp. strain WH 8103
(provided by John Waterbury, Woods Hole Oceanographic Institute, Woods Hole, MA)

was maintained at RT on SN liquid media (41) at 86 pEm’s .

Synechococcus sp. strain WH 8103 batch cultures were grown at 25°C. Growth rate
was varied by changing the photon fluence rate from 15 pEm’s  to 53 pEm’s " in light-
limited batch cultures. Diel cultures were entrained on a 12 h light: 12 h dark diel cycle for

. . . . 2 -
at least seven generations prior to the start of each diel experiment at 64.4 hEm s g

Cell density was determined using a particle counter and channelyzer (Coulter

Electronics Inc., Miami, FL). Cell volume was determined using a particle counter and
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channelyzer (Coulter Electronics Inc.). Specific growth rates (i; h') of Synechococcus sp.

strain WH 8103 in batch cultures were calculated from eq. 2.1.

Chemical determination of RNA and DNA. Synechococcus sp. strain WH

8103 cells were harvested by centrifugation of approximately 6x10® cells from log-phase

cultures at 16,000 xg for 25 min at 4°C. Cellular RNA concentration was measured by the
orcinol assay (10), using adenosine monophosphate as a standard. Cellular DNA
concentration was measured by the diphenylamine assay (10), using deoxyribose as a
standard. Cellular RNA concentrations were estimated to be twice that of the AMP.
Cellular DNA concentrations were calculated as 4.84 times the deoxyribose standard
concentration based the difference between the average molecular weight of a nucleotide
and the molecular weight of deoxyribose. |

Nucleic acids isolation and hybridization. Synechococcus sp. strain WH

8103 cells were harvested by centrifugation of approximately 9x10’ cells of log-phase

batch culture at 16,000 xg for 25 min at 4°C. Cells were disrupted mechanically and
nucleic acids isolated (37). RNase contamination was reduced by using either virgin

polypropylene or glassware treated with diethylpyrocarbonate (Sigma Chemical Co., St.

Louis, MO) and baked at 240°C for 3 h.

Nucleic acids were hybridized with a cyanobacterial-specific oligonucleotide probe
(4); this probe was complementary to the small subunit rRNA at positions 360-376
(Escherichia coli numbering). The cyanobacterial-specific probe was 5’ end-labeled with

¥-*2P-ATP (34) to a specific activity of ca. 0.5 pCi-pmol" probe. End-labeled probes were
purified on TSK-DEAE columns (Supleco, Bellefonte, PA) equilibrated with 50 mM
NH,OAc (4).

Nucleic acids from batch cultures or chemostat cultures were denatured by the

addition of phosphate-buffered gluteraldehyde [pH 7.0] to a final concentration of 1.5%
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and incubated at RT for 15 min. Purified Synechococcus sp. strain WH 8103 16S rRNA
(4) was denatured in the same manner and a standard curve constructed from 1 ng to 75 ng
of 16S IRNA. Escherichia coli (E. coli) nucleic acids were denatured in the same manner
and used to determine non-specific binding of the probe. Nucleic acids from experimental
samples, 16S rRNA standards and E. coli were applied to MagnaCharge nylon membranes
(Micron Separation Inc., Westbourgh, MA) using a slot-blot apparatus (Millipore,

Bedford, MA). Approximately 1 pg, 500 ng and 250 ng from each experimental sample

and E. coli were applied to nylon membranes. Nucleic acids were UV-crosslinked
(Stratalinker 1800, Stratagene Inc., La Jolla, CA) to nylon membranes according to the

manufacturer’s instructions. Membranes were prehybridized for 30 min at 37°C in 10 ml

hybridization buffer [6X SET (34), 0.5% SDS, 1X Denhardt’s solution (34), 100 pg-ml’

poly(A)], followed by hybridization for 14-16 h at 37°C in 10 ml hybridization buffer
containing 1x10° CPM.ml"' **P-radiolabeled probe. Membranes were washed twice at RT
and once at 48°C for 30 min each in wash buffer [2X SET, 0.5% SDS]. Standards and
samples were quantified using a radioanalytical image system (AMBIS Inc., San Diego,
CA).

Results

Cellular RNA and DNA concentrations of light-limited batch cultures.
Differential growth rates were established for light-limited batch cultures of Synechococcus

sp. strain WH 8103 by varying photon fluence rates. Continuous photon fluence rates of
15pEm’s " to 53 pEm’s " resulted in growth rates of 0.014 h” to 0.037 h”". Cellular RNA

and DNA concentrations were determined colorimetrically. Cellular RNA concentrations

increased from 15.641.2 fg-cell” to 29.241.2 fg-cell” with increases in growth rate
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Figure 3.1 - Concentrations of nucleic acids of Synechococcus sp. strain
WH 8103 from light-limited batch cultures. Error bars represent standard
errors (n=3).
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(Figure 3.1). Cellular DNA concentrations increased from 10.240.5 fg.cell-! to 12.9110.8
fgcell’ with increasing growth rate (Figure 3.1). The ratio of RNA to DNA increased

from 1.5 to 2.3 with increases in growth rate (Figure 3.1). The concentration of RNA

increased on a per volume basis from 47.3 fgepum® to 74.9 fgepum® with increasing growth

rate (Table 3.1).
Cellular RNA, 16S rRNA and DNA concentrations of diel batch

cultures. Batch cultures of Synechococcus sp. strain WH 8103 were entrained in a 12 h

light: 12 h dark diel cycle at 64.4 pEm’s". Entrained cultures had a growth rate of 0.015

h! (Figure 3.2) over the course of a single diel cycle (24 h). Entrained cultures exhibited a
marked decline in cell density 3 h after the beginning of the dark period. Cell density
declined from 1.45x10° cellsml” to 1.23x10° cellssml” during this period; a decline of
15%. Entrained cultures did not exhibit a noticeable lag in growth upon being re-exposed
to light and possessed a growth rate of 0.044 h™' during the light periods of a diel cycle.
There was a 30% drop in both cellular RNA and 16S rRNA concentrations during the first
3 h of the dark period (Figure 3.3). Both total cellular RNA and 16S rRNA concentrations
gradually increased 18% over the following 6 h during the dark period. Transcription of
RNA and 16S rRNA appeared to be up-regulated during the final 3h of the dark period; the

concentration of both increasing 66%. Total cellular RNA concentrations increased to a
high of 24.9+2.2 fg-cell-l during the first few hours of the light period before gradually

declining to 16.2+1.8 fg-cell'l at the beginning of the next dark period (Figure 3.3A).

Cellular 16S rRNA concentrations showed a similar increase during the first few hours of
the light period, increasing to a high of 19.4+4.2 fg-cell", but then dropped precipitously to
7.143.3 fg-ccll"; a 60% decrease (figure 3.3B). Cellular 16S rRNA concentration

appeared to increase slightly over the following 6 h to 9.1+2.4 fg-cell'l at the beginning of
the next dark period.
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Cellular DNA concentrations exhibited a trend that was nearly the opposite of that
exhibited by cellular RNA concentrations and cellular 16S rRNA concentrations. Cellular

DNA concentrations gradually increased from 4.140.4 fg<cell to 6.740.3 fgcell during
the first 6h of the dark period (Figure 3.4). This increase corresponds to an increase in
genome copy number from approximately 1 to 1.5 genomesecell’ (2). Cellular DNA
concentrations gradually fell to 4.0+0.7 fgecell' during the final 6h of the dark period.
Unlike the trend observed in cellular RNA concentrations, cellular DNA concentrations
increased gradually over the first 9h of the light period, to 5.310.1 fgecell’, before
decreasing to 4.210.1 fgecell’ at the beginning of the next light period.

Discussion

Light-limited, batch cultures of Synechoc:occus sp. strain WH 8103 exhibited a
correlation in both cellular RNA and DNA concentrations with increases in growth rate.
The correlation between RNA, DNA and growth rate observed in Synechococcus sp. strain
WH 8103 have been observed in both heterotrophic bacteria (20, 21, 33) and cyanobacteria
(23, 25, 28). Both cellular RNA and DNA concentrations were approximately half those
of Synechococcus sp. strain PCC 6301 at comparable growth rates (Figure 2.1 and 3.1).
Total cellular RNA concentrations for Synechococcus sp. strain WH 8103, however, were
significantly higher than Synechococcus sp. strain PCC 6301 on a per volume basis (Table
2.1 and 3.1). The high per volume RNA concentrations in Synechococcus sp. strain WH
8103 were more comparable to the concentrations observed in E. coli than the
concentrations observed in Synechococcus sp. strain PCC 6301.

Synechococcus sp. strain WH 8103 possessed one genome equivalent at slow
growth rates (2) and were comparable to those of Synechococcus sp. strain PCC 6301 at

low growth rates. However, cellular DNA concentrations did not increase as quickly with



56

22 -
_l¢~2.0-
E
2 +
g 18 o
E ¢
2 16 -
: ¢
Q“_
g y
=
O 12 4
1.0 i

Time (h)

Figure 3.2 - Cell density of Synechococcus sp. strain WH 8103 during diel growth.
Each day consisted of 12 h light: 12 h dark (shaded area). Error bars represent
standard errors (n=6).
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Figure 3.3 - Cellular RNA ations of Synech sp. strain WH 8103 during
diel growth. (A) Total cellular RNA concentrations.

(B) Cellular 16S rRNA concentrations. Error bars represent standard

errors (n=4).
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Figure 3.4 - Cellular DNA concentrations of Synechococcus sp. strain WH 8103
during diel growth. Error bars represent standard errors (n=6).
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growth rate in Synechococcus sp. strain WH 8103 as in Synechococcus sp. strain PCC
6301. The ratio of RNA to DNA increased with growth rate in Synechococcus sp. strain
WH 8103 as a result of the cellular RNA concentration increasing more rapidly than cellular
DNA concentration (Figure 3.1). This increase in the RNA/DNA ratio is similar to increase
in RNA/DNA ratio observed in heterotrophic bacteria (11, 20, 30, 33). The increasing
RNA/DNA ratio in heterotrophic bacteria primarily reflects an increase in rRNA
concentration resulting from increased transcription rates from the rRNA operons (31).
The increase in RNA/DNA ratios in Synechococcus sp. strain WH 8103 would appear to
indicate that Synechococcus sp. strain WH 8103 is capable of increasing transcription rates
from the rRNA operons. The increasing RNA/DNA ratios observed in Synechococcus sp.
strain WH 8103 are unlike those of Synechococcus sp. strain PCC 3601 which exhibited
constant RNA/DNA ratios (Table 2.1) and is arguably incapable of regulating transcription
rates from its rRNA operons (7, 27). .

As in Synechococcus sp. strain PCC 6301, understanding the diel variations in the
concentrations of nucleic acids in Synechococcus sp. strain WH 8103 is a required first
step in using TIRNA concentrations to determine in situ growth rates. The variation in
cellular nucleic acids concentrations were examined in batch cultures of Synechococcus sp.
strain PCC 8103 entrained in a 12 h light: 12 h dark diel cycle and possessing a diel growth
rate of 0.015 h'.

Total cellular RNA and 16S rRNA concentrations decreased by 30% during the first
3 h of dark periods (Figure 3.3). This decrease in cellular RNA concentrations does not
appear to be due to cell division because cell division was arrested during dark periods.
The transient decrease in cellular RNA concentrations during the first 3 h of darkness is
similar to that observed in Synechococcus sp. strain PCC 6301 and probably originates
from a decreases in light-specific transcripts (8, 22). Total cellular RNA and 16S rRNA
concentrations increased approximately 18% over the following 6 hours of the dark period.

This increase is similar to the 33% increase observed in Synechococcus sp. strain PCC
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6301 over a 9 h period (Figure 2.4) and the 22% increase in Synechococcus sp. strain
PCC 6301 in the dark observed by Herdman et al (18). It is reasonable to assume that this
increase is due to dark specific transcripts, such as those encoding glycogen phophorylase
and glucose-6-phosphate dehydrogenase, as has been documented in Synechococcus PCC
6301 (35). The concentration of both total cellular RNA and 16S rRNA increased by 66%
during the final 3h of the dark period. This increase is likely a consequence of up-
regulation of transcription rates from the rRNA operons. This up-regulation supports the
hypothesis drawn from the increase in RNA/DNA ratios, that Synechococcus sp. WH
8103 is capable of transcriptional regulation of the rRNA operons. The gradual increase in
16S rRNA concentrations during dark periods followed by a dramatic increase in 16S
rRNA concentrations is similar to the trend observed in sitt for marine synechococci by
Kramer and Singleton (24) using a 1.5-kb probe. The rapid increase in total cellular RNA
and 16S rRNA shortly before light periods would be expected of an organism exhibiting a
circadian rhythm. Both total cellular RNA and 16S rRNA concentrations increased slightly
during the first few hours of the light period, but were followed a 60% drop in
concentration over the succeeding 3h. This decrease may be partially explained by
increases in cell density that exceed transcription rates, as was seen in Synechococcus sp.
strain PCC 6301. Cellular concentrations of total RNA gradually decreased over the course
of the light period and entered the next dark period at a concentrations comparable to that
observed at the beginning of the first dark period. Cellular 16S rRNA concentrations
remain moderately stable over the final 6h of the light period. The large drop in 16S rRNA
followed by relatively stable 16S rRNA concentrations may represent a down-regulation in
rRNA transcription rates supporting the interpretation that increasing RNA/DNA ratios are
indicative of transcriptional regulation.

Cellular DNA concentrations exhibited a trend that was nearly the opposite of that
exhibited by cellular RNA concentrations and cellular 16S rRNA concentrations. Genome

copy number increased from approximately 1 to 1.5 genomesecell' (2) during the first 6h
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of the dark period (Figure 3.4). This trend was similar to that observed in Synechococcus
sp. PCC 6301 (Figure 2.5) and like Synechococcus sp. strain PCC 6301 the mechanism
driving the increase in DNA concentration may be the initiation of replication before
entering the dark period and continued DNA synthesis during the dark period. Genome
copy number in Synechococcus sp. strain WH 8103 was half that observed in
Synechococcus sp. strain PCC 6301 and is consistent with the findings of Binder and
Chisholm (2). Binder and Chisholm (2) found that Synechococcus sp. strain WH 8103
possessed 1 to 2 genomesecell’ and regulated replication in a manner consistent with the
Helmstetter-Cooper model (5, 9). Synechococcus sp. strain PCC 6301 possessed
between 2 and 6 complete genomes resulting from an asynchronous genome replication
phenotype (3). Cellular DNA concentrations decreased during the final 6 h of the dark
period. This decrease was unlike the decrease during light periods observed in
Synechococcus sp. PCC 6301 where the decrease in cellular DNA concentrations appeared
to be due cell division. The decrease in cellular DNA concentration in Synechococcus sp.
WH 8103 occurred during the dark period, when cell division was arrested, and therefore
the decrease could not originate from the same mechanism as in Synechococcus sp. PCC
6301. The decrease in cellular DNA concentrations in Synechococcus sp. strain WH 8103
did coincide with a noticeable decrease in cell density during the later half of the dark period
and will be discussed later. Cellular DNA concentrations increased from a mean of 1
genomescell "' to 1.25 genomescell” during the first 9h of the light period. Again the trend
observed Synechococcus sp. strain WH 8103 contrasted with the trend of decreasing
cellular DNA concentrations observed in Synechococcus sp. strain PCC 6301 during the
light periods of a diel cycle. It appears as if the rate of replication exceeded the growth rate
of the population resulting in a temporary increase in cellular DNA concentrations. The
increased DNA concentrations may precede the peak percentage of dividing, which occurs
shortly before entering dark periods most Synechococcus spp. (2, 6). Cellular DNA

concentrations then decrease to 1 genomescell' before entering the next dark period.
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As in Synechococcus sp. strain PCC 6301 the observed trends in nucleic acids
concentrations in.Synechococcus sp. strain WH 8103 may be in part a consequence the
dynamics of population growth. Cell division appeared to be arrested shortly after entering
the dark period (Figure 3.2). There was a significant decrease in cell density during the last
9 h of the dark period. This same decrease was noted by Binder and Chisholm (2) in
Symnechococcus sp. strain WH 8101, however, they offered no explanation for its origin.
One possible explanation for the decrease in cell density is due to lysis by cyanophage. To
date a large number of cyanophage from three families of DNA viruses (Myoviridae,
Styloviridae and Podoviridae) have been isolated from marine Synechococcus spp. (39,
42). These cyanophage were isolated by enrichment from filtered seawater on various
strains of marine synechococci and plaque purification. However, it is possible that
temperate bacteriophage were resident within the synechococci population before the
addition of ﬁlt_ercd seawater and may be resident in many of the axenic marine
Synechococcus spp. currently available. The replication of DNA viruses may account for
some or all of the increase in cellular DNA observed during the first half of the dark period.
Likewise, cell lysis by cyanophage may also account for the decrease in cellular DNA
concentrations during the later half of the dark period. The technique used to measure
cellular DNA concentrations required an initial wash and centrifugation of cell material in
1X SSC, a procedure that would have left the soluble DNA from lysed cells in the
supernatant. Cell density increased linearly during the whole of the light period. A linear
increase in cell density can arguably be observed in the results of Binder and Chisholm (2)
and could be the result of cell lysis by cyanophage.

Comparison of the macromolecular composition and diel response of
Synechococcus sp. strain WH 8103 with that Synechococcus sp. PCC 6301 reveals a
number of fundamental differences between the two organisms. Most notably
Synechococcus sp. WH 8103 exhibits an increase in RNA/DNA ratios with growth rate
that is absent in Synechococcus sp. PCC 6301. Synechococcus sp. WH 8103 exhibits
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trends in nucleic acids concentrations during diel cycles that are similar those observed in
Synechococcus sp. PCC 6301 with the exception of what may be up-regulation of

transcription rates shortly before entering the light period.
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Abstract

Currently there is controversy whether in situ microbial population size is controlled
primarily by available nutrients (bottom-up control) or by predation (top-down control).
Prey-dependent models predict that as the availability of nutrients increase, prey
populations not controlled by predation will respond by increasing the size of the
population without a concurrent increase in the mean growth rate of the population.
Likewise, populations controlled by predation are predicted to respond to an increase in
available nutrients by an increase in growth rate without a concurrent increase in population
size, as a result of an increase in the predator population size. Models of predator-prey
interactions were applied to a two tier trophic system consisting of Synechococcus PCC
6301 prey and a Tetrahymena pyriformis predator in chemostat culture. Synechococcus
PCC 6301 responded to increases in available nutrients by increasing equilibrium
population size without a concurrent increase in growth rate in the absence of a
Tetrahymena pyriformis predator. Addition of a Tetrahymena pyriformis predator
increased the growth rate of the synechococci population 7- to 10-fold, as measured by
cellular 16S rRNA concentration, while simultaneously decreasing the synechococci
population size by one-seventh. Increases in nutrients to the two-tier trophic system were
not consumed by the synechococci population because Synechococcus had already
achieved maximal growth rates. Clearance rates of synechococci by T. pyriformis were
comparable to previous reports. This work demonstrates that group-specific 16S rRNA
probes can be used to distinguish between control of population size by nutrient-limitation

or predation.

Introduction

The contribution of bacteria to oceanic production via the microbial loop (3, 16)

has become well document in the last decade and is now recognized as an intregal part of
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the oceanic food web (67). Picophytoplankton, photoautotrophic organisms 0.2 pm to 2

pm in diameter, are responsible for a significant percentage of the photosynthetic activity in

the open ocean and are often numerically dominated by members of the genus
Synechococcus (23, 26, 50, 83). This dominance may be due to high substrate affinity
and small size that makes Synechococcus extremely efficient at nutrient uptake and a key
link in micronutrient recycling and trophic transfer in pelagic systems (8, 39). The highly
efficient nutrient uptake and the possibility of fixing nitrogen (38) would seem to indicate
that Synechococcus is rarely nutrient limited in the natural environment.

Despite the advantages in oligotrophic environments afforded by small size and
high affinity for scarce nutrients, there is substantial support in the literature for adopting

the position that Synechococcus populations are often substrate limited. Synechococcus

spp. may at times be limited for light (57), trace metals (11, 12, 59), in particular Fe2+ (4,
25, 30, 54, 5-5), nitrogen (27, 60), and phosphorus (43, 46, 80, 84).

However, the evidence for nutrient-limitation of Synechococcus is far from
conclusive and does not preclude the possibility of predator control. One of the foremost
tenants of ecological theory is that predation can be a major factor in controlling population
size (32, 33, 49, 62). An inverse correlation has been found between phytoplankton
biomass and grazer density in lakes (60) and rivers (85). One would expect to find similar
forces at work upon the Synechococcus in marine environments where microflagellates and

ciliates are known predators (10, 21, 43, 46). In situ grazing coefficients for flagellates

and ciliates specific to Synechococcus range from 0 to 0.2 h' (8, 10, 21). Grazing
pressure can reportedly reduce the population of Synechococcus by 30 to 100% (8, 10).
Another possible control mechanism is parasitism by Synechococcus specific
bacteriophage, which can be considered predation. Viruses have been reported to reduce
phytoplankton primary productivity by as much as 78% (34, 40, 76). However, more
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recent work has demonstrated that natural populations of Synechococcus are largely phage
resistant (82).

Although attempts at determining whether population size and growth rate of
heterotrophic bacteria as a whole are controlled by nutrient-limitation (bottom-up forces) or
predation (top-down forces) have been made (5), there have been few attempts to determine
whether a specific-group or genus of bacteria is controlled by nutrient-limitation or
predation; primarily due to technical limits of delimiting a specific group (66). To date,
most investigations of microbial predator-prey interactions have been done on entire
communities of heterotrophic bacteria. The trophic interactions of Synechococcus spp. are
essential to understanding pelagic food webs (8). This work was designed to address the
predator-prey interactions within a restricted group, the synechococci, and to demonstrate
that 16S rRNA probes can be used to distinguish top-down from bottom-up control of any
group for which a specific probe can be designed.

Materials and Methods

Strains and culture conditions. Synechococcus sp. strain PCC 6301 (ATCC 27144)

was maintained at room temperature (RT) on BG-11 (1) agar at 86 pEm’s . Batch
cultures of Synechococcus sp. strain PCC 6301 were grown at 64.4 pEm’s in modified

Cg (36) containing 0.25 pM to 20 uyM K,HPO,. Maximal growth rate and K, were

determined from a double reciprocal plot of the initial growth rate of each phosphate-limited

culture.
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Tetrahymena pyriformis (ATCC 30039) was maintained at RT on rich media

containing 5.0 g-L" protease peptone (Difco, Detroit, MI), 5.0 g-.L"' tryptone peptone
(Difco, Detroit, MI) and 11 puM K,HPO,.

Chemostat cultures of Synechococcus sp. strain PCC 6301 were grown on
phosphate-limiting Cg medium (37). Chemostats were illuminated at 162 PEm’s" at 37°C
and aerated at a rate of 40 ml-min™' with 3% CO, (balance air). Phosphate-limited growth
was measured at three different reservoir concentrations. Phosphate concentrations within

the reservoirs were 5 uM, 10 uM and 15 pM K HPO,. Growth rate was varied by

changing the dilution rate from 20 pl-min" to 365 pl-min in a 250 ml Bellco Spinner flask

(Bellco Glass Inc., Vineland, NJ). The culture was considered to have reached a stable
equilibrium after maintaining the same obtical density at 750 nm and 600 nm for three
volume changes of the culture vessel.

Phosphate concentration within each chemostat containing only Synechococcus PCC

6301 was calculated using the formula:

S = (K,*D)(}s-D) @4.1)

The Fiske and Subbarow (22, 29) assay for inorganic phosphate was used to determine
phosphate concentrations within chemostats.
Cell density was determined by microscopic direct counts (45) in a Petrohoff-Hausser

chamber (Hausser Scientific Partnership, Horsham, PA) or using a particle counter and
channelyzer (Coulter Electronics Inc., Miami, FL). Specific growth rates (u; h') of

Synechococcus sp. strain PCC 6301 in batch cultures were calculated from eq. 2.1.

Tetrahymena pyriformis (T. pyriformis) was enumerated by stereoscopic counts of
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thirty 100 pl aliquots taken from three 1 ml chemostat subsamples at each time point. Cell

volume of T. pyriformis was calculated as an ellipsoid (13) from the equation:

V =(4/3)nw?l (4.2)

where w is one-half the width of the organism and ] is one-half of the length of the

organism. A value of 0.11 pg C-um™ was used for conversion of ciliate biovolume to

carbon equivalents (75, 79).

Nucleic acids isolation and hybridization. Synechococcus sp. strain PCC

6301 cells were harvested by centrifugation of approximately 9x10’ cells of log-phase

batch culture or stable chemostat culture at 16,000 xg for 25 min at 4°C. Cells were
disrupted mechanically and nucleic acids isolated (74). The RNA extraction efficiency was
65.712.3 % based on the comparison between whole cell orcinol assays and orcinol assays
of extracted nucleic acids. RNase contamination was reduced by using either virgin
polypropylene or glassware treated with diethylpyrocarbonate (Sigma Chemical Co., St.
Louis, MO) and baked at 240°C for 3 h.

Nucleic acids were hybridized with a cyanobacterial-specific oligonucleotide probe
(7); this probe was complementary to the small subunit rRNA at positions 360-376

(Escherichia coli numbering). The cyanobacterial-specific probe was 5’ end-labeled with -

p.ATP (70) to a specific activity of ca. 0.5 pCispmol’ probe. End-labeled probes were

purified on TSK-DEAE columns (Supleco, Bellefonte, PA) equilibrated with 50 mM
NH,OAc (7).
Nucleic acids from batch cultures or chemostat cultures were denatured by the

addition of phosphate-buffered gluteraldehyde [pH 7.0] to a final concentration of 1.5%
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and incubated at RT for 15 min. Purified Synechococcus sp. strain PCC 6301 16S rRNA
(7) was denatured in the same manner and a standard curve constructed from 1 ng to 75 ng
of 16S IRNA. Escherichia coli (E. coli) nucleic acids were denatured in the same manner
and used to determine non-specific binding of the probe. Nucleic acids from experimental
samples, 16S rRNA standards and E. coli were applied to MagnaChargé nylon membranes
(Micron Separation Inc., Westbourgh, MA) using a slot-blot apparatus (Millipore,
Bedford, MA). Approximately 1 mg, 500 ng and 250 ng from each experimental sample
and E. coli were applied to nylon membranes. Nucleic acids were UV-crosslinked
(Stratalinker 1800, Stratagene Inc., La Jolla, CA) to nylon membranes according to the

manufacturer’s instructions. Membranes were prehybridized for 30 min at 37°C in 10 ml

hybridization buffer [6X SET (70), 0.5% SDS, 1X Denhardt’s solution (70), 100 pg-ml’

poly(A)], followed by hybridization for 14-16 h at 37°C in 10 ml hybridization buffer
containing 1x10° CPM-ml"' **P-radiolabeled probe. Membranes were washed twice at RT
and once at 48°C for 30 min each in wash buffer [2X SET, 0.5% SDS]. Standards and
samples were quantified using a radioanalytical image system (AMBIS Inc., San Diego,
CA).

Results

Kinetics of phosphate-limited growth in Synechococcus sp. strain

PCC 6301. Batch cultures of Synechococcus PCC 6301 were grown at 64.4 pEm’s" in
Cg media (36) containing 0.25 uM to 20 uM K,HPO,. The maximal specific growth rate

approached 0.13 h (Fig. 4.1A), in close agreement with maximum specific growth rate

reported by Ihlenfeldt and Gibson (36). The K, was calculated to be 0.55 uM K,HPO,
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