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ABSTRACT

Prochlorococcus, a unicellular cyanobacterium, is the most abundant
phytoplankton in the oligotrophic, oceanic gyres where major plant nutrients such as
nitrogen (N) and phosphorus (P) are at nanomolar concentrations. Nitrogen
availability controls primary productivity in many of these regions. The cellular
mechanisms that Prochlorococcus uses to acquire and metabolize nitrogen are thus
central to its ecology. One of the goals of this thesis was to investigate how two
Prochlorococcus strains responded on a physiological and genetic level to changes in
ambient nitrogen. We characterized the N-starvation response of Prochlorococcus
MED4 and MIT9313 by quantifying changes in global mRNA expression, chlorophyili
fluorescence, and Fv/Fm along a time-series of increasing N starvation. In addition to
efficiently scavenging ambient nitrogen, Prochlorococcus strains are hypothesized to
niche-partition the water column by utilizing different N sources. We thus studied the
global mRNA expression profiles of these two Prochlorococcus strains on different N
sources.

The recent sequencing of a number of Prochlorococcus genomes has revealed
that nearly half of Prochlorococcus genes are of unknown function. Genetic methods
such as reporter gene assays and tagged mutagenesis are critical tools for unveiling
the function of these genes. As the basis for such approaches, another goal of this
thesis was to find conditions by which interspecific conjugation with Escherichia coli
could be used to transfer plasmid DNA into Prochlorococcus MIT9313. Following
conjugation, E. coli were removed from the Prochlorococcus cultures by infection with
E. coli phage T7. We applied these methods to show that an RSF1010-derived
plasmid will replicate in Prochlorococcus MIT9313. When this plasmid was modified
to contain green fluorescent protein (GFP) we detected its expression in
Prochlorococcus by Western blot and cellular fluorescence. Further, we applied these
conjugation methods to show that Tn5 will transpose in vivo in Prochlorococcus.
Collectively, these methods provide a means to experimentally alter the expression
of genes in the Prochlorococcus cell.
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INTRODUCTION

"How little we know is epitomized by bacteria of the genus Prochlorococcus,
arguably the most abundant organisms on the planet and responsible for a large
part of the organic production of the ocean--yet unknown to science until 1988.
Prochlorococcus cells float passively in open water at 70,000 to 200,000 per milliliter,
multiplying with energy captured by sunlight. They eluded recognition so long because of
their extremely small size. Representing a special group called picoplankton, they are much
smaller than conventional bacteria and barely visible at the highest optical magnification”.

-E.O. Wilson, "The Future of Life" 2002

Prochlorococcus was first observed just 20 years ago on a cruise from
Barbados. A water sample was analyzed using flow cytometry which revealed a
population of red-fluorescing particles (Olson, 1985). The first Prochlorococcus
culture, called SARG, was isolated three years later by Brian Palenik from the base of
the euphotic zone in the Sargasso Sea. Prochlorococcus has since been shown to be
a unicellular, marine cyanobacterium approximately 0.5-0.8 microns in diameter. Itis
the smallest known photosynethetic organism (Partensky et al., 1999) and
approaches the minimum predicted size for an oxygen evolving cell (Raven, 1994).

Prochlorococcus is distributed worldwide between 40° N and 40°S latitude and
is likely the most abundant photosynthetic organism in the oceans (Partensky et al.,
1999). A compilation of 8,400 flow cytometric field measurements showed that
Prochlorococcus is abundant throughout the world's temperate ocean basins (Fig. 1).
Measurements in the Arabian Sea quantified Prochlorococcus at densities up to
700,000 cells per milliliter of seawater (Campbell et al., 1998). Prochlorococcus is
most abundant in oligotrophic central oceans, but it has also been found in coastal
environments such as the outflow of the Rhone River in the Mediterranean Sea
(Veldhuis et al., 1990) and the lagoons of a Pacific atoll (Charpy and Blanchot, 1996).
In addition to growing in the oxygenated, euphotic zone, Prochlorococcus has been
found to exploit a niche in the secondary chlorophyll maximum situated below the
oxycline known as the oxygen minimum zone (OMZ) (Johnson et al., 1999). As a
numerically dominant phototroph in many regions of the world's oceans,
Prochlorococcus plays a critical role in the primary production of the oceans. Studies
of photosynthetic rates estimate that the total phytoplankton production attributable
to Prochlorococcus in many areas is between 11 and 57% (Li, 1994).
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Fig. 1. Prochlorococcus cell concentrations integrated over the water column as measured by flow
cytometry show that it is abundant in geographically diverse ocean basins. The diameter of the data
points correlate to the abundance of Prochlorococcus (Partensky et al., 1999).

The vertical distribution of Prochlorococcus in the water column can extend
from the surface to below the boundary of the euphotic zone. Prochlorococcus cells
thus survive across a 10,000-fold variation in irradiance. This wide habitat range has
been hypothesized to result from the coexistence of genetically and physiologically
distinct populations adapted for growth at different light intensities. In fact, multiple
Prochlorococcus strains with distinct light physiologies have been isolated from a
single water sample (Moore et al., 1998). For example, the Prochlorococcus strains
MIT9312 and MIT9313 were isolated from the same water sample in the Gulf Stream
and differ remarkably in their growth rates as a function of light intensity (Fig. 2A).
Similarly, the MIT9302 and MIT9303 strains came from the same Sargasso Sea
sample but have different growth rates as a function of light intensity (Fig. 2B).
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Fig. 2. Pairs of physiologically distinct Prochlorococcus strains were isolated from the same seawater
sample. A. MIT9312 and MIT9313 are two isolates with different growth rates as a function of light
intensity from the same Gulf Stream sample. B. MIT9302 and MIT9303 are two isolates with different
growth rates as a function of light intensity from the same Sargasso Sea sample (Moore et al., 1998).



This co-occurrence of physiologically-distinct Prochlorococcus strains results in
Prochlorococcus being able to exploit a wider niche than would be possible as a single
strain.

Culture-based studies of Prochlorococcus light physiology have shown that
Prochlorococcus isolates can be broadly be divided into two groups: high-light
adapted strains (also called low chlorophyli B/A strains) and low-light adapted strains
(also called high chlorophyll B/A strains). High-light adapted strains grow optimally at
>100 micromoles photons m2s? (Moore et al., 1995) and are most abundant in the
surface waters (West et al., 2001). Low-light adapted strains grow best at 30-50
micromoles photons mZ2s! (Moore et al., 1995) and are most abundant at greater
depth (West et al., 2001). Molecular phylogenies based upon rDNA sequences
correlate with groupings based on physiology (Fig. 3) (Urbach et al., 1998; Moore et
al., 1998; Rocap et al., 2002). Because the DNA sequence phylogenies correspond to
differences in physiology and distribution in the water column, the high-light adapted
and low light adapted clades are referred to as “ecotypes”.
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Fig.3. Phylogenetic relationship of Prochlorococcus strains as inferred by maximum likelihood using the
165-23S rDNA spacer (Rocap et al., 2002). Low B/A strains are high-light adapted and high B/A strains are
low light adapted.

Prochlorococcus ecological genomics

In addition to field and culture based studies, Prochlorococcus is emerging as
a model system for ecological microbial genomics. To date, the complete genome
sequences of three Prochlorococcus strains have been published (Rocap et al., 2003;
Dufresne et al., 2003) and several more are currently being sequenced. The genomic
diversity of Prochlorococcus is well illustrated by comparing the genomes of the high
light-adapted MED4 and the low light-adapted MIT9313 which span the largest



evolutionary distance within the Prochlorococcus lineage (Rocap et al., 2003).
Prochlorococcus MED4 has a smaller genome (1.66 Mb) consisting of 1,716 genes and
is the smallest of any known oxygenic phototroph. MIT9313 has a relatively larger
genome of 2.44 Mb with 2,275 genes. The two genomes have 1,350 genes in
common and thus a significant fraction of the genes are ecotype-specific. These
interstrain differences in genome content reveal differences in the ecological
adaptation of the two strains (Rocap et al., 2003).
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Fig. 4. Global genome alignment of MIT9313 and MED4 as seen from the amino acid start positions of
orthologous genes. Genes present in one genome but not in the other are shown on the axes (Rocap et
al., 2003). Contiguous blocks of conserved genes shown conserved operons.

Genome-wide alignments reveal the dynamic structure of Prochlorococcus
genomes. Full genome nucleotide alignments comparing MED4 and MIT9313
genomes using the MUMmer program (Delcher et al., 1999) show that there are
basically no large regions of conservation between the Prochlorococcus genomes.
This may be largely be due to differences in GC content. MED4 is 31% GC while
MIT9313 is 50.6% CG. Comparisons at the amino acid level are better able to
identify regions of conservation between the Prochlorococcus genomes. The amino
acid complement of the two Prochlorococcus genomes can be compared using
BLASTp (Fig. 4). Amino acid aligments show that there are genomic regions where
gene order is conserved between Prochlorococcus MED4 and MIT9313. These islands
of conservation likely represent operons whose genes have been retained in order
and function across evolutionary time. The borders of the orthlologous clusters are
often flanked by transfer RNAs, suggesting that tRNAs genes serve as loci for



rearrangements.

By comparing Prochlorococcus photosynthetic genes with homologs in the NCBI
database, one can find the genomic underpinnings for the differences in light-
harvesting abilities of MED4 and MIT9313 (Hess et al., 2001). MED4 has many more
genes encoding high-light inducible proteins and photolyases to repair UV damage,
while MIT9313 has more genes associated with the photosynthetic apparatus. For
example, MIT9313 has two genes for chlorophyll-binding proteins (pcb genes) and
two genes for the Photosystem [l reaction center protein (psbA gene), whereas MED4
has only one of each. MIT9313 may have evolved a more elaborate photosynthetic
apparatus to enable it to efficiently harvest light at low intensities. rDNA phylogenies
support that MED4 has evolved more recently than MIT9313 (Fig. 3). Genomic
studies have also indicated that MED4 evolution resulted in a genome-wide
winnowing of gene content. The cpe genes involved in phycoerythrin biosynthesis
are an example of how this genomic reduction occurred. Comparing the cpe operons
of the low light adapted strains, S5120 and MIT9313, to the high light adapted strain,
MED4, shows a gradual loss of genes involved in phycoerythrin biosynthesis. For
example, in both SS120 and MED4 the cpe genes are flanked by the unrelated genes
metK and uvrD. In SS120 the cpe regions consists of 11.5 Kb containing 10 genes.
MED4 has retained cpeB, the core gene involved in phycoerythrin biosynthesis.
However, the cpeB region has been reduced to 4.5 Kb containing 7 genes. Moore et
al. (2002) found similar gene loss in the nirA operon involved in nitrate reduction.
These observations combined with the genome-wide blastP analyses (Fig. 4) support
that MiT9313 and MED4 share a common genomic backbone and many conserved
operons. However, the MED4 genome evolved by small-scale excision of non-
essential genes.

Prochlorococcus nitrogen metabolism

Prochlorococcus dominates the phytoplankton community in the central ocean
gyres where nutrients such as nitrogen (N) and phosphorus (P) are at nanomolar
levels. The small size and resulting high surface area:volume ratio of the
Prochlorococcus cell facilitates the uptake of ambient nutrients. However, survival in
an oligotrophic environment likely requires additional adaptations such as low cellular
nutrient requirements and higly efficient nutrient transport and assimilation systems.
As such, the cellular mechanisms that Prochlorococcus uses to acquire and
metabolize nitrogen are central to its ecology. One of the goals of this thesis was
to explore how two strains of Prochlorococcus, high light-adapted MED4 and
low light-adapted MIT9313, respond genetically and physiologically to N



starvation and different N sources. By comparing the nitrogen metabolism of
MED4 and MIT9313, we hope to ultimately connect the cellular mechanism
Prochlorococcus uses to respond to changes in ambient nitrogen to the
environmentai factors governing Prochlorococcus ecology. This section describes
previous field and laboratory studies on the molecular biology of cyanobacterial N
metabolism and how it relates to the Prochlorococcus ecology.

Cellular elemental stoichiometries relative to the ambient nutrient
concentrations can elucidate the relationship of the Prochlorococcus cell to its
environment. The C:N:P stoichiometry of Prochlorococcus MED4 have been
characterized (Bertillsson et al., 2003). This study found that MED4 C:N:P cell quotas
were 61:9.6:0.1 femtograms cell?, supporting that the small size of the
Prochlorococcus cell manifests as low overall nutrient quotas. Interestingly, the C:N:P
molar ratios of the cell differed significantly from 106C:16N:1P Redfield ratios
classically believed to dictate the elemental composition of biomass in the sea
(Redfield, 1958). Specifically, MED4 has elevated N requirements relative to
phosphorus. Prochlorococcus quotas are >20N:1P (Bertilsson et al., 2003) and thus
exceed the 16N:1P Redfield Ratio. If the nutrient ratios in the ambient seawater are
16N:1P and the MED4 cellular requirements are >20N:1P, then Prochlorococcus
would have a propensity to become N limited relative to P. In support of this
hypothesis, field studies have shown that nitrogen enrichment stimulated
Prochlorococcus growth in the North Atlantic (Graziano et al., 1996) supporting that N
availability can limit Prochlorococcus abundance.

Because of the important role nitrogen plays in the ecology of marine
cyanobacteria, Lindell and Post (2001) developed a moiecular assay of ntcA
expression has been to monitor the N status of field populations (Fig. 5).
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Fig. 5. An assay of ntcA expression in a Synechococcus population in the Red Sea shows that cells are not
N stressed. 'no add' treatment show ntcA expression level of natural population. '+NH4' treatment shows
ammonium addition did not decrease ntcA expression as expected if the cells were N stressed. '+MSX'
shows maximum ntcA expression when ammonium assimilation is inhibited (Lindell and Post, 2001).

ntcA is a transcriptional activator that regulates many aspects of nitrogen
metabolism in cyanobacteria. Marine cyanobacteria induce ntcA expression in



response to nitrogen stress, but not phosphorus or iron stress (Lindell and Post,
2001). As such, the level of ntcA expression can be used as a metric for N stress of
field populations of marine cyanobacteria. This ntcA assay has thus far been applied
to field Synechococcus populations in the Red Sea to show that these cells are not N
stressed.

Another Prochlorococcus adaptation to efficiently scavenge ambient nitrogen
is the ability to assimilate diverse nitrogen species. In fact, closely-related
Prochlorococcus strains are hypothesized to niche partition the water column by
utilizing different nitrogen sources. Prochlorococcus has discrete systems to
transport and assimilate different N sources (Fig. 6). MED4 has been shown to
exclusively utilize N sources such as ammonia and urea which are rapidly recycled in
the nutrient-depleted surface waters (Moore et al., 2002). Genome sequencing
revealed that MED4 also has genes putatively encoding a cyanate transporter and
cyanate lyase (Rocap et al., 2003). Cyanate is a potential alternative N source that is
in equilibrium in aqueous solution with urea (Hargel et al., 1971).
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Fig. 6. Diagram of the Prochlorococcus cell showing discrete transport and assimilatory routes used for
different N sources. Gray indicates N sources utilized by some, but not all, Prochlorococcus strains. Note
that all N sources must first be reduced to ammonia before being assimilated as biomass (Garcia-
Fernandez et al., 2004).

Preliminary studies supported that marine Synechococcus WH8102 (Palenik et al.,
2003) and Prochlorococcus MED4 (Garcia-Fernandez et al., 2004) can grow on
cyanate as a sole nitrogen source. In contrast, low light-adapted Prochlorococcus
strains such as MIT9313 are most abundant in the deep euphotic zone (West et al.,
2001) where nitrite levels are elevated (Olson, 1981). MIT9313 grows on ammonia,
urea, and nitrite (Moore et al., 2002). Field studies using radio-labelled methionine



demonstrated that Prochlorococcus can also uptake amino acids (Zubkov et al.,
2003). Unlike the closely-related Synechococcus, no Prochlorococcus strain has been
shown to grown on nitrate and the gene for nitrate reduction, narB, is absent from
Prochlorococcus genomes (Rocap et al., 2003). A number of molecular studies have
investigated the expression and function of Prochlorococcus nitrogen-regulated
genes. These studies have focused on Prochlorococcus PCC 9511, which has been
shown to be genetically identical to MED4 in terms of the ITS (Laloui et al., 2002) and
rDNA (Rippka et al., 2000). Much can also be learned about Prochlorococcus nitrogen
metabolism by extrapolating from well-studied cyanobacteria such as Synechococcus
PCC 7942 and Synechocystis PCC 6803.

Previous studies have shown that cyanobacterial nitrogen metabolism is
governed by two master regulators, Pll and NtcA (Fig. 7). The g/nB gene encodes the
Pll protein (see Forchhammer, 2004 for a review). Pll is a signal transducer that has
been likened to the central processing using (CPU) of the cell for its role in
coordinating carbon and nitrogen metabolism (Ninfa and Atkinson, 2000). PII
monitors cellular nitrogen status by binding the metabolite 2-oxoglutarate
(Forchhammer, 1999; Tandeau de Marsac and Lee, 1999) which, in turn, enhances Pl
phosphorlyation (Forchhammer and Hedler, 1997). PIl monitors 2-oxoglutarate
because it is the primary carbon-skeleton for ammonium incorporation. 2-
oxoglutarate levels are low in ammonium-replete conditions and increase under N

starvation (Muro-Pastor et al., 2001).
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Fig. 7. Proposed mechanism for the interaction of Pll, NtcA, and 2-oxoglutarate resulting in the activation
of ntcA-regulated genes. 2-oxoglutarate levels increase under N deficiency. NtcA binds 2-oxolglutarate
and activates the transcription of its targets. Pll also binds 2-oxoglutarate and post-transcriptionally
activates genes for utilization of oxidized N sources. In addition, there is evidence that NtcA interacts
either directly or indirectly with PIl.



It has been proposed that Pl inhibits the activity of proteins for the uptake of
oxidized N species as nitrate and nitrite when cells are in the presence of ammonium.
Specifically, Synechococcus PCC7942 PIl null mutants repress transcription of the nir-
nrtABCD-narB genes for nitrite/nitrate uptake in the presence of ammonium similar to
wild-type cells. The Pll mutant, however, persists in the uptake of nitrite and nitrate
in the presence of ammonium suggesting that PII acts to post-transcriptionally inhibit
uptake of the N sources (Lee et al., 1998). The Prochlorococcus Pll amino acid
sequence contains the conserved cyanobacterial signatures, including the serine
residue that is phosphoriyated in other cyanobacteria. However, phylogenetic
analysis of Pil has shown that the oceanic cyanobacteria form a separate subclade
from other strains (Garcia-Fernandez et al., 2004). The Prochlorococcus Pll protein
also appears to function differently than other cyanobacteria in that it is not
phosphorlyated in response to nitrogen deprivation (Palinska et al., 2002). It has thus
been hypothesized that Prochlorococcus Pl has a phosphorylation-independent
means of regulation, perhaps mediated by the binding an allosteric effector such as
2-oxoglutarate (Forchhammer, 2004).

NtcA is a transcription factor in the CRP family that activates genes which are
repressed in the presence of ammonium (Vega-Palas et al., 1990). Ammonium is the
only nitrogen source utilized by all Prochlorococcus strains and is the preferred N
source (Garcia-Fernandez et al., 2004). Oxidized forms of N such as nitrite must be
reduced to ammonium for assimilation which is a significant expense with respect to
the cellular energy budget (Garcia-Fernandez et al., 2004). The repression of genes
for assimilation of alternate N sources in the presence of ammonia is common among
cyanobacteria and is called N-control (Herrero et al., 2001). NtcA activates
transcription of its targets by binding directly to their promoters with a conserved
helix-turn-helix motif in the carboxy terminus. DNAse | footprinting (Luque, et al.,
1994), in vitro oligonucleotide selection (Jiang et al., 2000), and sequence alignments
(Herrero et al., 2001) indicate that ntcA binds as a dimer to the palindrome TGTA-N8-
TACA. The expression of a number of nitrogen genes are known to be enhanced by
ntcA including amtl, glnA, and ginB (see Herrero et al., 2001 for a review). A
complex feedback exists between g/nB and ntcA (Fig. 7). NtcA enhances the
transcription of ginB (Lee et al., 1999). However, full activation of NtcA-regulated
genes requires the PIl protein (Paz-Yepes et al., 2003). NtcA can also act as a
repressor for the photosynthetic gene rbcL (Ramasubramanian et al., 1994).

The primary avenue by which cyanobacteria assimilate ammonium into carbon
skeletons is through its incorporation into glutamine by glutamine synthetase (Fig. 6)
(Wolk et al., 1976). The Prochlorococcus PCC 9511 GS enzyme, encoded by the g/nA
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gene, is biochemically similar to other cyanobacteria in many respects (El Alaoui et
al,, 2003). However, the genetic regulation of Prochlorococcus glutamine synthetase
has been shown to be quite novel. Unlike other cyanobacteria, studies have found
that neither the Prochlorococcus ginA gene (Garcia-Fernandez et al., 2004) nor the
GS protein (El Alaoui et al., 2001; El Alaoui et al., 2003) is upregulated in response to
nitrogen starvation.

Prochlorococcus has discrete transport systems for the uptake of different N
sources. Prochlorococcus takes up ammonia using the high-affinity transporter,
amtl. amtl expression in other cyanobacteria is low in the presence of ammonium
and enhanced in low N conditions (Montesinos et al., 1998; Vazquez-Bermudez et al.,
2002). In contrast, Prochlorococcus PCC 9511 amtl1 expression is not regulated by
ammonium availability and is proposed not to be ntcA-regulated (Lindell et al., 2002).
Prochlorococcus also has several transporters for alternate N sources (Fig. 6). Urea is
an important N source in many marine environments (DeManche et al., 1973) and
both MIT9313 and MED4 have ABC-type urea transporters and urease genes.
Prochlorococcus PCC 9511 urease activity is independent of the nitrogen source in
the medium (Palinska et al., 2000), suggesting that the urease genes lack genetic
regulation. MIT9313 has genes for nitrite transport and utilization whereas MED4
does not. The MIT9313 nitrite reductase (nirA) is adjacent to a proteobacterial-type
nitrite transporter, suggesting that the genes for nitrite transport and utilization were
acquired by horizontal gene transfer (Rocap et al., 2003).

In addition to genes involved in the acquisition and metabolism of nitrogen,
cyanobacteria up-regulate general stress proteins under N-starvation. For example,
cyanobacterial high light-inducible polypeptides (hli) are a family of genes that have
recently been linked to survival under diverse conditions including nitrogen stress (He
et al,, 2001). Cyanobacterial hli genes were were identified by their similarity to Lhc
polypeptides in plants (Dolganov et al., 1995). Synechocystis PCC6803 has five
genes encoding hli polypeptides, all of which are induced during nitrogen starvation
(He et al., 2001). Although the precise mechanism is yet unclear, it has been
proposed that hli genes aid in the acclimation of cells to the absorption of excess
light energy, perhaps by suppressing reactive oxygen species (He et al., 2001). The
hli genes represent an extended gene family in Prochlorococcus, MED4 has 22 hli
genes and MIT9313 has 9 genes (Rocap et al., 2003). By examining the expression
patterns of Prochlorococcus hli genes, our goal was to learn more about their role in
mediating the N-stress response.

Several of the studies described above suggest that regulation of nitrogen
genes in Prochlorococcus is fundamentally different from other cyanobacteria:
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g/nA/GS is not changed in its abundance or activity under N-stress, amt1 is not
induced under N-stress, and Pll is not phosphorylated under any tested conditions.
These differences in the regulation of Prochlorococcus N metabolism genes relative to
other cyanobacteria have been proposed as an adaptation to a homogenous,
oligotrophic environment (Garcia-Fernandez et al., 2004). Global mRNA expression
profiling combined with physiological measurements of N starvation provide an
unprecedented opportunity to address questions about novel patterns of gene
regulation in Prochlorococcus.

Prochlorococcus genetic transformation

In future studies, microarray data from multiple, independent experiments will
be combined to determine a subset of genes that are altered in expression in a
specific physiological state. For example, one will determine the subset of genes that
are upregulated under N stress, but not P or Fe stress. In order to move beyond
expression patterns and determine that a given gene is directly involved in mediating
a physiological response, one needs methods to directly connect genotype to
phenotype. Microarray experiments allow one to conclude that a given gene is
elevated in expression under N stress, but how is the N stress response altered if this
gene is disrupted?

Genetic methods provide an elegant means to directly connect genotype to
phenotype by the introduction of foreign DNA into the target cell in vivo.
Unfortunately, our direct knowledge of bacterial genetics relies upon a small number
of well-studied model systems, most of which were chosen because of their clinical
importance. Few genetic systems exist to study prokaryotes of ecological
importance. Prochlorococcus represents a potential candidate for an ecologically
relevent genetic system because many strains in are in culture and three (MED4,
MIT9313, and MIT9312) have been rendered free of contaminants.

A goal of this thesis was to develop a system for the genetic
transformation of Prochlorococcus. Prokaryotic genetic systems have three basic
prerequisites. First, one must develop a means to deliver foreign DNA into the cell.
The most common gene transfer system used in cyanobacteria is DNA-mediated
transformation. Transformation methods have been clearly demonstrated in several
strains of Synechococcus and Synechocystis (Porter, 1986). DNA-mediated
transformation involves the direct uptake of naked DNA from the environment and
thus requires conditions under which the recipient cell is competent to uptake DNA.
Celi competence can be either natural or artificial. Natural competence describes the
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condition when cells are able to naturally internalize exogenous DNA without special
treatment. Cyanobacteria such as ThermoSynechococcus elongatus have been
shown to be naturally competent (Onai et al., 2004). In contrast, artificial
competence describes conditions whereby DNA uptake requires special treatment
such as heat shock or electroporation. Electroporation has also been shown to be
effective with certain freshwater cyanobacteria (Poo, 1997). However, cells cannot
be electroporated in seawater because of its high conductivity. Cells must be instead
be resuspended in a low electrical conductivity medium of the proper osmolarity.
Prochlorococcus survives transfer to sorbitol-based media (Wolfgang Hess, personal
communication) but cells have low survivorship following electroporation.

To date, there is no evidence for natural or artifical competence in
Prochlorococcus. We therefore focused on conjugation-based methods because of
their high efficiency and insensitivity to species barriers. Conjugation is a general
means to introduce DNA from E. coli to diverse cyanobacteria (Wolk et al., 1984)
using the broad host range conjugal apparatus of the RP4 plasmid. RP4, originally
isolated from Pseudomonas, can mediate DNA transfer to a wide range of bacteria
including myxobacteria (Breton et al., 1985), thiobacilli (Kulpa et al., 1983), and
cyanobacteria (Wolk et al., 1984). These conjugation methods have even been
extended to transfer DNA from E. coli to mammalian cells (Waters, 2001). Our initial
challenge was to find a means by which conjugation methods could be adapted to

Prochlorococcus.

The role of the conjugal plasmid is to construct an apparatus by which a
second plasmid may be transferred into the recipient cell (Fig. 8). Conjugal plasmids
are quite large (approximately 60 kb) because of the numerous genes required to
build the pilus for DNA transfer.

genome : b
O plasmid transfer

E .coli Prochlorococcus

Fig. 8. Biparental mating strategy for the conjugal transfer of DNA from E. coli to Prochlorococcus. The
E. coli cell contains two plasmids, the conjugal plasmid (here the RP4 derivative pRK24) and the transfer
plasmid. The conjugal plasmid encodes genes for the pilus by which the transfer plasmid passes to the
Prochlorococcus cell.

The transfer plasmid needs two features in order to be transferred by
conjugation. First, the transfer plasmid much contain an origin of transfer (oriT)
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which is cut when then plasmid is linearized during conjugation. Second, the transfer
plasmid must encode, or be provided with, a nicking protein (mob gene) that
recognizes and cuts at the oriT. In addition, the transfer plasmid should contain an
origin of replication (oriV) and an antibiotic resistance marker. If the goal is to
ectopically express a gene, then the transfer plasmid should have an oriV that
replicates autonomously in the recipient cell. If the goal is targeted mutagenesis,
then the origin can either replicate in the recipient (shuttle vector) or not (suicide
vector). Suicide vectors are often preferable for targeted mutagenesis because the
only means by which the recipient cell can continue to be be antibiotic resistant is if
the plasmid integrates into the host chromosome. Finally, the transfer plasmid
should contain an antibiotic resistance gene that allows exconjugants to be selected
away from cells that did not receive the transfer plasmid. The transfer plasmid
conjugated into Prochlorococcus in this thesis is shown in Fig. 9.

Fig. 9. Replicating plasmid for conjugal transfer to Prochlorococcus. pRL153 is a kanamycin-resistant
derivative of the broad host range plasmid RSF1010. It contains an oriT, the requisite mob proteins, and
an oriV that replicates in E. coli and diverse cyanobacteria. In addition, it has been modified to express
GFP from the synthetic pTRC promoter.

Beyond the ability to transfer foreign DNA, the second prerequisite for a
genetic system is the ability to express foreign proteins in the target cell. As
described above, the expression of an antibiotic resistance gene is crucial to isolate
exconjugants from their non-transformed brethren. The npt/ gene derived from
Tn903, (Oka et al., 1981) encoding the neomycin phosphotransferase conferring
kanamycin resistance, is an effective selective marker in diverse cyanobacteria
(Friedberg, 1988). However, different cyanobacteria taxa and even different strains
of the same taxa (see Appendix IV of this thesis) have widely varying sensitivities to
antibiotics such as kanamycin.

Reporter genes are another application requiring the expression of foreign
proteins. Reporter genes fused to specfic promoters are often used for the analysis
of the regulation of gene expression. The product of the reporter gene should be
easily quantifiable and its synthesis should allow selection of cells expressing the
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gene. Common reporter genes include chloramphenicol acetyltransferase (cat), beta-
galactosidase (/acZ), luciferase (lux), and green fluorescent protein (GFP) genes. The
lux genes have been used with great success in Synechococcus PCC7942 to show
global circadian oscillation of gene expression (Ditty et al., 2003). A set of
experiments in this thesis developed methods for the expression and quantification of
the reporter gene GFP in Prochlorococcus.

Another application requiring the expression of foreign proteins in the
recipient cell is transposon mutagenesis. A transposon is a DNA sequence that can
move from one place in DNA to another with the aid of a transposase enzyme.
Transposon mutagenesis is a technique by which a transposon is used to make
random insertion mutations in the host chromosome. Transposon mutagenesis has
been widely used in other cyanobacteria as a means to randomly inactivate gene
function so as to study processes such as heterocyst formation (Cohen et al., 1998).
Recently, The Tn5 transposon has been shown to transpose in the marine
cyanobacterium Synechococcus (McCarren and Brahamsha, 2005) and permit the
identification of genes required for mobility in Synechococcus WH8102. In this thesis,
we show that Tn5 will also transpose in vivo in Prochlorococcus.

Once one has developed methods for DNA transfer and expression of foreign
proteins, the final requirement for a genetic system is a means to isolate and identify
isogenic mutants. Isolation of mutants is traditionally done by streaking cells on the
surface of solid, agar-based media. However, oceanic cyanobacteria such as
Prochlorococcus and Synechococcus are notoriously difficult to grow on the surface of
plates perhaps because they are sensitive to dessication. An alternative plating
protocol has been developed in which cells are embedded in low contentration
agarose media (Brahamsha et al., 1996). This method has been applied with some
success is certain Prochlorococcus strains and is the basis for isolating isogenic
Prochlorococcus mutants in our experiments.

A Prochlorococcus genetic system thus has three requirements: introduction of
foreign DNA to Prochlorococcus by interspecific conjugation with E. coli, discovery of
plasmids for the expression of foreign genes in Prochlorococcus, and methods to
isolate isogenic mutants. Many microarray and genomic studies will be completed in
the next few years that will hypothesize cellular roles for Prochlorococcus genes
based on sequence similarities and expression patterns. Genetic these methods can
then be used to directly connect genotypic changes with a resulting Prochlorococcus
phenotype.
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Optimization strategies for microarray synthesis

Oligonucleotide microarrays, such as those developed for Prochlorococcus, are
a primary tool in the field of genomics. These oligonucleotide arrays are synthesized
using a modification of the photolithographic method developed in the semiconductor
industry. In this method, the nucleotides A, C, G, and T are added to the appropriate
positions in a series of cycles that construct the oligonucleotides in situ on the array
surface. Each cycle requires a custom mask that permits light to penetrate at
defined positions, thereby activitating the proper oligonucleotides for synthesis. The
pattern in which light passes through a series of masks directs the base-by-base
synthesis of oligonucleotides on the chip surface by repeated cycles of
photodeprotection and nucleotide addition. Because of these custom masks and the
photodeprotection reagents, the time and synthesis cost of an oligonucleotide array
is largely a function of the number of cycles required to synthesize the
oligonucleotides. Thus, it is of paramount importance to manufacture oligonucleotide
arrays in as few cycles as possible. The goal of this section of the thesis was to
computationally model strategies to reduce the number of synthesis cycles
required to fabricate oligonucleotide microarrays. This area of research is
called the synthesis strategy optimization problem.

The optimal synthesis strategy for a set of oligonucleotides is equivalent to the
shortest common super-sequence problem (Kasif et al., 2002). The shortest common
super-sequence (SCS) is a well-studied algorithmic problem in computer science
(Jiang and Li, 1997) that is known to be NP-hard, meaning that the optimal solution
cannot be found in polynomial time. The SCS problem is can also be thought of as a
special case of the multiple sequence alignment problem (Kasif et al., 2002). As
such, the discovery of an optimal strategy for a large set of oligonucleotides is
computationally infeasible. Improvements for oligonucleotide synthesis are thus
sought using heuristics.

The simplest method to construct a set of oligonucleotides is by adding
A,C,G,T in series. If the oligonucleotides are of length K, then this strategy requires a
maximum of 4K cycles. However, the optimal synthesis strategy requires many fewer
than 4K cycles. One method to decrease the required number of cycles is to allow
the oligonucleotides to be built at different rates (Fig. 10). Another way to reduce the
required synthesis cycles is to skip a cycle if the nucleotide to be added is not needed
by any of the oligonucleotides or if the set of oligonucleotides can still be synthesized
when it is deposited later (Hubbell et al., 1996). In this thesis, we investigate several
methods for further improving synthesis strategies. First, we focus on how to best
find regions within each gene containing
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Fig. 10. In situ synthesis of an array of oligonucleotides on solid surface. The set of oligonucleotides
shown in A. can be synthesized in 4 steps by allowing the oligonucleotides to grow at different rates using
the strategy shown in C. (Kasif et al., 2002).

oligonucleotides that could be efficiently deposited. Second, we develop 'greedy
approaches' that alter the nucleotide deposition order to maximize the number of
nucleotides deposited at each step. By simultaneously improving oligonucleotide
selection and deposition we significantly reduce the number of deposition cycles
required to synthesize an oligonucleotide array.
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ABSTRACT

Prochlorococcus is the most abundant phytoplankton in the oligotrophic, oceanic gyres where
major plant nutrients such as N and P are at nanomolar concentrations. Nitrogen (N) availability controls
primary productivity in many of these regions. The cellular mechanisms that Prochlorococcus uses to
respond to changes in ambient nitrogen are thus central to its ecology. We characterized the N-stress
response of two Prochlorococcus strains, MED4 and MIT9313, by measuring changes in global mRNA
expression, chlorophyll fluorescence, and Fv/Fm along a time-series of increasing N starvation. Initially,
both strains of Prochlorococcus responded to N-stress by inducing the expression of a set of genes which
promoter analysis support are an ntcA regulon. The latter stages of N-stress involved genome-wide
changes in gene expression such as repression of photosynthesis and translation. Comparison of MED4
and MIT9313 expression profiles revealed differences in the expression of central nitrogen metabolism
genes such as glnA, ginB, and amtl. In addition, the two strains up-regulated different N transporters in
response to N starvation. A subset of the high light-inducibie genes (hli genes) responded to nitrogen
starvation in both strains. In addition, we identified conserved genes of unknown function that were
highly up-regulated under N starvation and may thus be suitable as novel field probes for Prochlorococcus
N stress.

Numerous Prochlorococcus strains have been isolated that differ in their rDNA sequences and
nutrient physiologies. For example, Prochlorococcus strains are hypothesized to niche-partition the water
column by utilizing different N sources. MIT9313 is restricted to the deep euphotic zone near the
nitracline and utilizes ammonia, urea, and nitrite. MED4 is most abundant in the surface waters and grows
on ammonia, urea, and cyanate. In this study, we characterized the global mRNA expression profiles of
the two strains on these alternative N sources relative to expression in ammonia. A subset of the hli
genes were increased in both strains on alternative N sources along with a host of unknown proteins.
MIT9313 induced nitrite and urea transporters and repressed g/nB on both aiternative N sources. MED4
repressed sigA on both alternative N sources. The MED4 cyanate transporters and g/inA were increased in
cyanate media. MED4 did not alter expression of urea transporter and utilization genes in urea media.
We discuss novel findings about Prochlorococcus nitrogen metabolism and their implications for the
ecology of this globally abundant phytoplankton.

INTRODUCTION

Prochlorococcus is the most abundant member of the oceanic phytoplankton
community in diverse ocean regions (Partensky et al., 1999). Measurements in the
Arabian Sea have quantified Prochlorococcus densities of 700,000 cells per milliliter
of seawater (Campbell et al., 1998). As the numerically dominant phytoplankton,
Prochlorococcus contributes significantly to global phytoplankton productivity.
Phytoplankton productivity greatly influences global geochemical cycles and,
ultimately, the composition of the Earth's atmosphere (Falkowski et al., 1998).
Phytoplankton growth is regulated by the availability of fixed inorganic nitrogen (N} in
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many areas of the coastal (Kudela and Dugdale, 2000) and open ocean (Capone,
2000). It is thus important to understand how Prochlorococcus responds to changes
in ambient nitrogen. This study examines how two strains of Prochlorococcus, MED4
and MIT9313, respond genetically and physiologically to N starvation and different N
sources.

Prochlorococcus thrives in oligotrophic waters that are depleted of the primary
macronutrients nitrogen and phosphorus (Partensky et al., 1999), but the cells have
elevated N requirements relative to P. Prochiorococcus cell quotas are >20N:1P
(Bertilsson et al., 2003) and thus exceed the 16N:1P Redfield Ratio classically
believed to dictate the elemental composition of biomass in the sea (Redfield, 1958).
If the nutrient ratios in the ambient seawater are 16N:1P and the MED4 cellular
requirements are >20N:1P, then Prochlorococcus would have a propensity to become
N limited relative to P. In support of this hypothesis, field studies have shown that
nitrogen enrichment stimulates Prochlorococcus growth in the North Atlantic
(Graziano et al., 1996).

Prochlorococcus can be broadly divided into two “ecotypes” based upon
growth physiology and rDNA sequence. High light-adapted ecotypes including MED4
are most abundant in the surface waters and low light-adapted ecotypes such as
MIT9313 are confined to deeper in the euphotic zone near the nitracline (West et al.,
2001. Closely-related strains of Prochlorococcus are hypothesized to niche-partition
the water column by utilizing different nitrogen sources. MED4 utilitzes ammonia and
urea (Moore et al., 2002) which are rapidly recycled in the nutrient-depleted surface
waters. The MED4 genome also contains genes putatively encoding a cyanate
transporter and cyanate lyase (Rocap et al., 2003). Cyanate is potential alternative N
source that is in equilibrium in aqueous solution with urea (Hagel et al., 1971).
Culture-based studies have reported that marine Synechococcus WH8102 (Palenik et
al., 2003) and Prochlorococcus MED4 (Garcia-Fernandez et al., 2004) can grow on
cyanate as a sole nitrogen source. Low light-adapted strains such as MIT9313 are
most abundant in the deep euphotic zone (West et al., 2001) where nitrite levels are
elevated (Olson, 1981). MIT9313 grows on ammonia, urea, and nitrite (Moore et al.,
2002). Field studies using radio-labelled methionine demonstrated that
Prochlorococcus can also uptake amino acids (Zubkov et al., 2003). Unlike the
closely-related Synechococcus, no Prochlorococcus strain has been shown to grown
on nitrate; the gene for nitrate reduction, narB, is absent from Prochlorococcus
genomes (Rocap et al., 2003).

A primary goal of this study is to understand Prochlorococcus nitrogen
metabolism from the perspective of two master nitrogen regulators, ntcA and ginB.
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NtcA is a transcriptional activator of genes that are repressed in the presence of
ammonia (Vega-Palas et al., 1990). g/nB encodes the Pl protein (see Forchhammer,
2004 for a review) which has been proposed to act post-transcriptionally to inhibit the
activity of genes for the uptake of oxidized N species as nitrate and nitrite (Lee et al.,
1999). Several studies have focused nitrogen-regulated genes in Prochlorococcus. In
addition, much has been learned about Prochlorococcus N metabolism by
extrapolating from more well-studied cyanobacteria such as Synechococcus PCC
7942 and Synechocystis PCC 6803. This introduction describes what was previously
known about cyanobacterial nitrogen metabolism by highlighting several of these
studies.

NtcA is one of the master regulators of cyanobacterial N metabolism. Itis a
transcription factor in the CRP family that activates the transcription of genes which
are repressed in the presence of ammonium (Vega-Palas et al., 1990). Ammonium is
the preferred N source because oxidized N species such as nitrite must first be
reduced to ammonium for assimilation; reduction of alternative N sources is a
significant expense with respect to the cellular energy budget (Garcia-Fernandez et
al., 2004). The repression of genes for assimilation of alternate N sources in the
presence of ammonia is common among cyanobacteria and is called N-control
(Herrero et al., 2001). NtcA alters the transcription by binding the promoters of its
targets at the site TGTA-N8-TACA (Luque et al., 1994; Jiang et al., 2000; Herrero et al.,
2001). NtcA upregulates the transcription of many N-metabolism genes including
glnB (see Herrero et al., 2001 for a review). A feedback exists between Pll and NtcA.
NtcA enhances the transcription of g/inB (Lee et al., 1999). However, full activation of
NtcA-regulated genes requires the g/nB (Paz-Yepes et al., 2003).

Pll is a signal transducer that has been likened to the central processing unit
(CPU) of the cell for its role in coordinating carbon and nitrogen metabolism (Ninfa
and Atkinson, 2000). PIl monitors cellular nitrogen status by binding 2-oxoglutarate
(Forchhammer, 1999; Tandeau de Marsac and Lee, 1999) which, in turn, enhances PlI
phosphorylation (Forchhammer and Hedler, 1997). PII monitors 2-oxoglutarate
because it is the branch point between C and N assimilation. 2-oxoglutarate levels
are low in ammonium-replete conditions and increase under N starvation (Muro-
Pastor et al., 2005). The Prochlorococcus PCC9511 Pll amino acid sequence contains
the conserved cyanobacterial signatures, including the serine residue that is
phosphorylated in other cyanobacteria. The Prochlorococcus PCC9511 PIl protein,
however, appears to function differently in that it is not phosphorylated in response
to nitrogen deprivation (Palinska et al., 2000).

The primary avenue by which cyanobacteria assimilate ammonium into carbon
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skeletons is through its incorporation into glutamine by glutamine synthetase (Wolk
et al., 1976). The Prochlorococcus PCC 9511 GS enzyme, encoded by the g/nA gene,
is biochemically similar to other cyanobacteria in many respects (El Alaoui et al.,
2003). However, the genetic regulation of Prochlorococcus glutamine synthetase has
been shown to be quite novel. Unlike other cyanobacteria, neither the
Prochlorococcus ginA gene (Garcia-Fernandez et al., 2004) nor the GS protein (El
Alaoui et al., 2001; El Alaoui et al., 2003) is up-regulated in response to nitrogen
starvation.

Prochlorococcus strains have discrete transport systems for several forms of
nitrogen. Ammonia is transported by the high-affinity transporter, amt1, in all
Prochlorococcus strains. In contrast to other cyanobacteria, Prochlorococcus PCC
9511 amtl expression is not regulated by ammonium availability and is proposed not
to be NtcA-regulated (Lindell et al., 2002). Genome sequencing has revealed that
Prochlorococcus has putative transporters for additional N sources. Prochlorococcus
MED4 has transporters for urea, cyanate, and oligopeptides; MIT9313 has
transporters for urea, amino acids, oligopeptides, and a nitrite permease (Rocap et
al., 2003).

Although many nitrogen metabolism genes in other cyanobacteria are
conserved in Prochlorococcus, several of the studies described above suggest that N-
regulation is fundamentally different in Prochlorococcus: ginA/GS is not changed in its
abundance or activity under N-stress, amtl1 is not induced under N-stress, and Pl is
not phosphorylated under any tested conditions. These differences in the regulation
of Prochlorococcus N metabolism genes relative to other cyanobacteria have been
proposed as an adaptation to a homogenous, oligotrophic environment (Garcia-
Fernandez et al., 2004). In addition, many N-regulated genes in Prochlorococcus are
yet to be discovered; the function of nearly half of the Prochlorococcus genes are
unknown (Dufresne et al., 2003; Rocap et al., 2003). Global mRNA expression
profiling is an unprecedented opportunity to further explore nitrogen-regulation in
this experimental system for microbial ecology of the oceans.

MATERIALS AND METHODS
Cell culture. Prochlorococcus cultures were grown at 22°C with a continuous
photon flux of either 10 pmol Q m?2 s (MIT9313) or 50 umol Q m? s (MED4) from
cool white, fluorescent bulbs. Cultures were grown in Pro99 medium (Moore et al.,
2002) supplemented to a final concentration of 1 mM Hepes pH 7.5 and 6 mM sodium
bicarbonate. All experiments were done using duplicate cultures. Log phase growth
rates are reported both as doubling times and as the specific growth rate p (day™)
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which represents the slope of the log. of culture fluorescence versus time.

To examine the MED4 and MIT9313 cellular response to nitrogen stress, 2 liter
cultures were grown through three successive 1/10 volume transfers to establish that
the growth rate was constant under these conditions. To begin the experiment, the
cells were concentrated in mid-log growth by centrifugation (15 minutes, 9000g, 22°
C), washed once, and resuspended in Pro99 (+NH, medium) or Pro99 medium lacking
any supplemented nitrogen (-N medium). Samples were taken at the following time
points: 0 hrs, 3 hrs, 6 hrs, 12 hrs, 24 hrs, and 48 hrs, for fluorescence measurements,
Fv/Fm, and RNA isolation. Culture fluorescence was measured using a Turner
fluorometer (450 nm excitation; 680 nm absorbance). Fv/Fm was quantified using a
single turnover fluorometer. Single turnover fluorescence measurements were made
using a Background Irradiance Gradient - Single Turnover fluorometer (BIG-STf) to
measure the photosynthetic conversion efficiency (Fv/Fm) of PSIl (Johnson, 2004).
Duplicate aqueous samples were dark acclimated for 15 minutes, after which, single
turnover fluorescence induction curves were measured. Photosynthetic parameters
(Fv/Fm) were estimated by fitting standard models to data to determine values of Fo
(initial fluorescence), Fm (maximal fluorescence) and Fv (Fm-Fo) (Kolber et al., 1998).

To characterize the mRNA expression changes during growth on different N
sources, two liter cultures of MIT9313 and MED4 cultures were grown to mid-log
phase in Pro99 medium. These cultures were centrifuged and the cells were
resuspended in Pro99 medium containing one of the following nitrogen sources: 800
MM ammonia (standard medium), 400 uM urea, 200 uM nitrite, or 800 uM cyanate.
Urea was added at 400 uM because it has 2 nitrogen atoms per molecule. Nitrite was
added at 200 pM because higher concentrations were found to be toxic to MIT9313.
These cultures were monitored until they had reached balanced growth and RNA
samples were taken for microarray analysis in mid-log phase.

RNA preparation. Samples were collected for RNA isolation by concentrating
150 mis of culture (15 minutes, 9000g, 22°C), resuspending in 1 ml of RNA storage
buffer (200 mM sucrose, 10 mM sodium acetate pH 5.2, 5 mM EDTA) and storing at
-80°C. RNA was isolated using the mirvana miRNA isolation kit (Ambion Inc., cat.
#1560) according to the manufacturers instructions. Prior to RNA isolation, MIT9313
cells required an initial 60 minute 1 mg ml! lysozyme incubation at 37°C. DNA was
removed using the Turbo DNase treatment (Ambion Inc., cat. # 2238) according to
the manufacturers instructions. RNA was then ethanol precipitated and resuspended
at a concentration of 100 ng pl.

DNA microarray hybridizations. 2 g total RNA was reverse transcribed,
fragmented, and biotin labeled using the Affymetric prokaryotic RNA protocols
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(http://www.affymetrix.com/support/technical). The BioArray™ Terminal labeling kit

(Enzo. Cat. no. 42630) was used for terminal labeling. Gel shift assays using 1% TBE
were included as quality controls to assure that at least 1 ug of cDNA was labeled for
each array. We followed the ProkGE-WS2v3 fluidics protocols for microarray
hybridization.

Data analysis. Expression summaries for each gene were computed from
the probe intensities in Affymetrix .CEL files by RMA normalization using Genespring
software (Silicon Genetics Corp.). Because of microarray hybridization problems with
the +NH, samples at t=24 hrs., the -N expression sumaries at this time point were
compared to the +NH, at t=12 hrs. instead. As the gene expression correlations
between +NH, time points were as high as between replicates at a single time point,
(Fig. 10, appendix VI) this had a minimal effect on our results. Normalized expression
summaries were exported and all subsequent analyses were done using scripts
written in Perl and Matlab. These scripts are available upon request.

Putative NtcA binding sites were identified by searching 100 base pairs
upstream of the start codon of each gene with a position-specific scoring matrix
derived from the nucleotide frequencies in the NtcA binding site alignment in (Herrero
et al., 2001) (see Appendix VI, Fig. 6 for a description of the scoring matrix).
Upstream regions with NtcA binding matrix scores in the top 5% of all genes
represent positive hits. We assessed the significance of the NtcA binding site
predictions by comparing the genes with putative NtcA binding sites to those induced
in -N conditions at t=3hrs. The predictive capacity of the NtcA scoring matrix was
guantified as the probability the observed number of genes up-regulated in -N
conditions would putative NtcA binding sites due to chance alone (N = number of
genes up-regulated in -N treatment. m = number of -N upregulated genes with
putative NtcA binding sites. Pn: = fraction of total genes scored as putative NtcA
targets (0.05)).

N
probability of >m genes up | .
in -N with NtcA binding = -——-—N—;—~ * P ™ (1-PriN
sites due to chance alone . (N-i)! ™ it
i=m

The log.-transformed -N/+NH; expression summaries were clustered using the
Matlab implementation of the k-means algorithm (k=30 clusters) to iteratively
minimize the sum of the squared euclidian distance from each gene to the mean of
the cluster (J) using the following formula (k = number of clusters. n = number of
genes in a cluster. x, = position of gene in expression space. ;= position of mean of
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cluster in expression space). At the end of each iteration, each gene was assigned to
the cluster with the nearest mean.
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All genes were clustered and a complete list of the members of each cluster are
available in appendix VI.

RESULTS AND DISCUSSION

Growth and physiology. Our experimental stategy for the N-starvation
experiments was to compare a time course of log-phase cells (+NH, treatment) to in
creasingly N-starved cells (-N treatment). Chlorophyli fluorescence measurements
(Fig. 1A, 1B) over the time course showed that MED4 and MIT9313 cells grew with
doubling times of 1.06 days (u=0.65 day) and 3 days (u=0.23 day), respectively.
Chlorophyll fluorescence of +NH,treatments increased logarithmically for the
duration of the experiment. The -N treatments decreased precipitously in chlorophyll
fluorescence beginning at t=12hrs, supporting that these cells became increasingly
nitrogen starved.

Fv/Fm is a biophysical metric for photochemical conversion efficiency (Kolber
et al., 1998) with values of ~0.65 indicating a healthy population. Nitrogen starvation
leads to the inability to repair and synthesize new proteins. Because photosystem Il
core proteins (PSll) turnover rapidly (Aro et al., 1993), nitrogen starvation quickly
leads to an accumulation of inactive PSIl and a decrease in Fv/Fm (Kolber et al.,
1988). A decrease in Fv/Fm has been shown to be an indicator of N starvation in
Prochlorococcus (Steglich et al., 2001). The Fv/Fm in the +NH,treatments remained
constant during the experiment at levels consistent with healthy photosystems
(Geider et al., 1993; Geider et al., 1998). In contrast, Fv/Fm in the -N treatments
remained stable for the first 12 hours and then decreased (Fig. 1C, 1D).

Together, chlorophyll fluorescence and Fv/Fm are two distinct physiological
metrics supporting that the expression profiles of the +NH, cultures reflect log-phase
cells and that the -N treatments became progressively nitrogen starved during the
experiment. It is also notable that differences in gene expression between the +NH,
and -N treatments were observed by t=3 hrs. (Fig. 2) while differences in chlorophyll
fluorescence and Fv/Fm were not evident until t=12 hrs. (Fig. 1). By t=12 hrs., the
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gene expression measurements already indicated global changes in translation and
photosynthesis (Fig. 4). Field assays that use gene expression to measure nutrient
stress in phytolankton, such as ntcA expression to measure N stress in marine
cyanobacteria (Lindell and Post, 2001), may be able to detect when cells are mildly
stressed while physiological assays require cells to be at an advanced state of
starvation.

We also examined differences in global mRNA expression changes during
balanced growth in media containing different N sources. To this end,
Prochlorococcus cells were resuspended in media containing different N sources and
transferred until the cultures reached a constant log phase growth rate. MIT9313
cultures grew on ammonia, nitrite, and urea with mean division rates of 3.00 days
(u=0.22 day™), 3.22 days (u=0.21 day?), and 3.12 days (u=0.22 day™), respectively.
MEDA4 cultures grew on ammonia, cyanate, and urea with mean division rates of 1.19
days (1=0.58 day), 1.96 days (u=0.35 day?) and 1.36 days.(u=0.51 day?).

Overview of microarray analysis methods. We analyzed the N-stress
expression profiles using three approaches: identification of all genes elevated in
expression at the second time point (t=3 hrs) (Fig. 2), interstrain comparison of the
expression profiles of individual genes across all time points (Fig. 3), and K-means
clustering of expression profiles (Fig. 4). The K-means algorithm was used to find co-
expressed genes that may function together to mediate the cellular response to N
starvation. K-means clustering of the log2(-N/+N) expression summaries revealed
clusters of differentially expressed genes which are shown for MED4 (Fig. 4A) and
MIT9313 genes (Fig. 4B).

In addition, we identified genes differentially expressed on alternative N
sources (Fig. 5). The expression of a number of genes were changed on alternative N
sources relative to ammonia in each strain (Fig. 5). In MIT9313, 26 genes were
differentially expressed in nitrite-based medium and 38 genes were in changed in
urea-based medium relative to ammonia (Fig. 5A, 5B). Nineteen of the differentially
expressed MIT9313 genes were common to both nitrite and urea, suggesting that
there is a large overlap in the cellular response to different alternative N sources.
Twenty-three MED4 genes were differentially expressed in cyanate medium and 19
genes changed in urea medium (Fig 5C, 5D). Six of the differentially expressed genes
were common to both cyanate and urea. In the following sections, we discuss
Prochlorococcus N-regulation in the context of these N-stress and N-source gene
expression results.



29

The role of NtcA in Prochlorococcus N-regulation

1. NtcA controls the initial N-stress response. The genes up-regulated
in the -N treatment at the second timepoint (t=3 hrs) for MED4 (Fig. 2A) and MIT9313
(Fig. 2B) comprise the initial response to N stress. Several genes are known to be
NtcA targets in other cyanobacteria such as urtA, glnA, ginB, amtl, and nirA. Others
have no known function. We hypothesize that many of these N-responsive genes,
both those of known and of unknown function, constitute a Prochlorococcus NtcA
regulon. We found that 12 of 18 MED4 genes (Fig. 2A) and 8 of 15 MIT9313 genes
{Fig. 2B) up-regulated in -N conditions at t=3hrs had putative NtcA binding sites.
The probability that this many of -N up-regulated genes would have high-scoring NtcA
binding sites due to chance alone is quite low (MED4 p=6e-11; MIT9313 p=9e-4).

The high number of -N up-regulated genes bearing NtcA binding sites supports
that binding specificity of Prochlorococcus NtcA is similar to other cyanobacteria. The
NtcA scoring matrix had a greater statistical capacity to predict -N induced MED4
genes than MIT9313 genes. In addition, the MED4 ntcA has a putative upstream
binding site while MIT9313 ntcA does not (Fig. 2), which was unexpected because
NtcA is autoregulatory in other cyanobacteria (Herrero, Muro-Pastor and Flores 2001).
It is possible that the relatively lower percentage of -N up-regulated genes in MIT9313
indicates that NtcA plays a lesser role in mediating the response to N stress in this
strain. Alternatively, our computational predictions may have been less accurate
because of a substitution in the MIT9313 NtcA amino-acid sequence. NtcA activates
transcription of its targets by binding directly to their promoters with a conserved
helix-turn-helix motif in the carboxy terminus. MIT9313 NtcA has a serine for alanine
substitution at position 199 in this helix-turn-helix, whereas the MED4 NtcA motif is
the same as in other cyanobacteria. It would be interesting to biochemically
determine if this amino acid substitution in MIT9313 NtcA has altered its DNA binding
affinity.

2. Differential expression of known ntcA targets. ntcA was up-
regulated in response to N-stress in both strains (Fig. 2A). In addition, we observed
other genes elevated in expression in -N at t=3hrs (gInA, amt1, urtA, nirA) that are
known to be involved in N metabolism and have been shown to be NtcA targets in
other cyanobacteria. g/nA encodes the glutamine synthetase enzyme (GS) which
assimilates ammonium by incorporating it into glutamine. The expression of both
MIT9313 and MED4 g/inA genes were elevated upon N starvation (Fig. 3C).
Prochlorococcus ginA upregulation was unexpected in light of previous studies that
have found that its protein levels and protein activity are not changed in response to
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N starvation (El Alaouti et al., 2001; El Alaoui et al., 2003; Garcia-Fernandez et al.,
2004). MIT9313 ginA mRNA levels were no longer elevated by the final time point at
t=48 hrs (fig. 3C). Previous studies that found no g/nA (GS) changes under N
starvation may have assayed g/nA at an advanced state of N starvation where ginA
expression was no longer up-regulated. Alternatively, g/lnA (GS) may have a dual-
level regulation such that the mRNA levels are elevated in response to N-starvation
but the protein levels and activity are not.

amtl encodes a high-affinity ammonium transporter. amtl expression is low
in the presence of ammonium and enhanced in low N conditions in Synecocystis
PCC6803 (Montesinos et al., 1998) and Synechococcus PCC7942 (Vazquez-Bermudez
et al., 2002). In contrast, amtl is constitutively expressed under N-deprivation in
Prochlorococcus PCC9511 (Lindell et al., 2002). Prochlorococcus PCC 9511 has been
shown to be genetically identical to MED4 in terms of the ITS (Laloui et al., 2002) and
rDNA (Rippka et al., 2000). Our results show that amtl expression was elevated in -N
conditions in both strains (Fig. 3A). Differences in amtl expression between MED4
and PCC9511 were unexpected because these strains have identical rDNA sequences.
We did, however, find that amtl was more greatly up-regulated in MIT9313 than in
MEDA4. Lindell et al., (2002) proposed that amtl expression is constitutive in a high
light-adapted strain such as PCC 9511 because it lives in the surface waters where
levels of recycled N sources such as ammonium are constant. In contrast, MIT9313
ecotypes are most abundant at greater depth. It is yet unknown if the greater range
of differential expression of amtl in MIT9313 represents an adaptation to variations
in ambient ammonium deeper in the water column.

In addition to amt1, Prochlorococcus has genes encoding transporters for
alternative N sources which are NtcA-regulated in other cyanobacteria. MED4 K-
means cluster 1 contains the most highly up-regulated genes under N starvation (Fig.
4A). Along with ntcA and ginA, this cluster contained two genes for the transport of
alternative N-sources: urtA and cynA (a putative cyanate transporter). urtA encodes
a sub-unit of an ABC-type urea transporter. Urea is an important N source in many
marine environments (DeManche et al., 1973) and both MIT9313 and MED4 have a
urea transporter and urease genes. MED4 and MIT9313 urtA genes were both up-
regulated in response to N-deficiency and have putative NtcA binding sites (Fig. 2).
MIT9313 also induced urtA expression in urea and nitrite media (Fig. 5A, 5B).
Surprisingly, the MED4 urtA was not elevated in urea media (Fig. 5D).
Prochlorococcus PCC 9511 urease activity is independent of the nitrogen source in
the medium (Palinska et al., 2000), suggesting that the urease genes lack genetic
regulation. It is thus possible that the MED4 urea transporter responds to N-
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deficiency but not specifically to urea in the medium.

MED4 also has a putative cyanate transporter/lyase with an upstream NtcA
binding site (Fig. 6C). As described above, cynA clustered among the most highly-
elevated genes under N-starvation (Fig. 4A, cluster 1). In addition, cynA and cynB
were up-regulated in cyanate media (Fig. 6C) supporting that these genes transport
cyanate. We believe, however, that cyanate growth experiments are at least partially
confounded by the hydrolysis rate of cyanate in aqueous media. The initial hydrolysis
of cyanate with pure water has a first order rate constant k=2.67x10* min* (Wen and
Brooker, 1994) meaning that half the cyanate had hydrolyzed to ammonium within
the first two days. RNA samples were taken 7 days after transfer fresh cyanate
media (Appendix VI). We thus believe that it is unjustified to conclude that MED4 can
grow in cyanate as a 'sole N source' based on culture-based experiments. On the
other hand, the mRNA expression profiles support that the putative cyanate
transporter is up-regulated under N-stress and in cyanate-based media.

MIT9313 also has nitrite reductase, nirA, which is an NtcA target in other
cyanobacteria. Gene expression patterns on alternative N sources and the gene
organization (Fig. 6C) suggest that the MIT9313 nitrite reductase (nirA) is co-
expressed along with a nitrite permease and PMM2241, a gene of unknown function.
However, these are not typical cyanobacterial nitrite utilization genes. The MIT9313
nitrite permease appears to have been horizontally transferred from protobacteria
(Rocap et al., 2003). Further, the MIT9313 nirA lacks a putative NtcA binding site (Fig.
2B).

In addition to activating transcription, NtcA may act as a transcriptional
repressor of genes such as rbcL (Ramasubramanian et al., 1994). The rbc genes
encode the central carbon-fixing enzyme, Rubisco. The MED4 rbc genes clustered
among the most repressed genes in the genome (Fig. 4A, cluster 6) whereas the
MIT9313 rbc genes were not repressed at any time points. This difference in rbc
gene expression may indicate global differences in the relationship between carbon
and nitrogen metabolism in MED4 and MIT9313. It is yet unknown if MED4 rbc
repression is mediated by NtcA. The rbc genes also showed interesting expression
patterns on alternative N sources. MIT9313 rbcS/L were repressed in nitrite medium,
while rbcS expression increased in urea medium. This opposing change in rbc gene
expression may be because urea is a carbon-containing molecule while nitrite is not.
If so, MIT9313 may be harvesting carbon in addition to nitrogen from growth on urea.

3. ntcA has novel putative targets in Prochlorococcus. In addition to
genes known to be NtcA targets in other cyanobacteria. We identified genes of
unknown function that are up-regulated in -N, have putative NtcA binding sites, and
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share genomic proximity to known N metabolism genes. For example, PMM1462 was
the second most enhanced MED4 gene in the -N treatment at t=3hrs (Fig. 2A) and
remained elevated for the duration of the experiment (Fig. 3B). PMM1462 has no
known function but has a putative NtcA binding site and is located directly upstream
from g/nB (Fig. 6A) suggesting it may be functionally related to ginB. PMM0374 also
has no known function but is adjacent to the cynABDS cluster. Although it is
divergently transcribed from cynABD (Fig. 6C), the presence of an NtcA binding site
and its proximity to the cynanate transporter suggest that PMM0374 is also involved
in N utilization.

The MED4 PMM0958 was most up-regulated gene at all time points. The only
BLAST hits to PMM0958 in the NR database are to genes of unknown function in
Prochlorococcus SS120 and Synechococcus WH8102. PMM0958 is not up-regulated
in response to P starvation (Maureen Coleman, personal communication) and it has a
putative ntcA binding site. Similarly, we found highly up-regulated putative ntcA
targets of unknown function in MIT9313. MIT9313 cluster 2 consists of six genes:
ntcA, amtl, nirA, the nitrite permease, urtA, and PMT0951 (Fig. 4B). PMT0951 has a
putative NtcA binding site but no known function. Because of the high level of
induction of these conserved hypothetical genes, mRNA profiling may be useful for
identifying novel field indicators of N starvation that are more sensitive than current
indicators.

4. N-regulated hli genes are putative NtcA targets. The hli genes
represent an extended gene family in Prochlorococcus, MED4 has 22 hli genes and
MIT9313 has 9 genes (Rocap et al., 2003). We found that hli genes were highly
elevated in expression under N -starvation and on different N sources.
Cyanobacterial high light-inducible polypeptides (Hli) are a family of genes that have
recently been linked to survival under diverse conditions including nitrogen stress (He
et al., 2001). Cyanobacterial hli genes were were identified by their similarity to Lhc
polypeptides in plants (Dolganov et al., 1995). Synechocystis PCC6803 has five
genes encoding hli polypeptides, all of which are up-regulated during nitrogen
starvation (He et al., 2001). Although the precise mechanism is yet unciear, it has
been proposed that hli genes aid in the acclimation of cells to the absorption of
excess light energy, perhaps by suppressing reactive oxygen species (He et al.,
2001).

Three MED4 hli genes (hlil0, hli21, hli22) and two MIT9313 hli genes (hli5 and
hli7) were up-regulated under N-stress. MED4 K-means cluster 2 contained 19 -N up-
regulated genes (Fig 4A), including these three hli genes. Among these three genes,
hli10 was the most highly up-regulated and the only one with putative ntcA binding



33

site. In MIT9313, hli5, the glutamine/glutamate tRNA synthetase, and hii7 clustered
independently as by far the most up-regulated genes in the genome (approximately
70-fold at t==24hrs) (Fig. 4B, cluster 1) and both have putative ntcA binding sites.
MIT9313 hli7 and MED4 hlil0 are homologs, suggesting a conserved subset of the hli
genes have evolved to respond to N stress.

MIT9313 hli5, the glutamyl tRNA-synthetase, and hli7 are adjacent in the
MIT9313 genome (Fig. 6B). Transcript levels of the Synechococcus PCC7942 glutamyl
tRNA-synthetase increase under nitrogen deficiency and this gene is believed to be
ntcA-regulated (Luque et al., 2002). This tRNA synthetase charges its cognate tRNA
with glutamate or glutamine. As the cell becomes progressively N starved, the
intracellular levels of these two amino acids plummet (Mérida et al., 1991). MIT9313
may enhance levels of this tRNA synthetase to more efficiently scavenge glutamate
and glutamine to facilitate continued of protein synthesis. It is unclear if there is a
direct functional link between the hli genes and this tRNA synthetase or if they are
simply co-expressed because they are both central to the N-stress response.

In addition, we found that hli proteins are differentially expressed on all
alternative N sources in both strains (Fig. 5). Five MIT9313 hli genes were elevated
on alternative N sources along with the tRNA synthetase located between hli5 and
hli7 (Fig. 5A, 5B). These were among the most highly induced genes on alternate N
sources. hli genes were the largest group of differentially expressed MED4 genes on
alternative N sources (Fig. 5C, 5D). Six hli genes were induced in cyanate and 5 on
urea. hli5 was the only hl/i gene up-regulated on both N alternative sources.

The specific role of hli genes in nitrogen stress is yet unknown. As
Prochlorococcus becomes N starved, the photochemical efficiency (Fv/Fm) declines as
PSIl becomes damaged (Fig. 1C, 1D). Damage to PSIlI could result in an accumulation
of potentially damaging, reactive species in the cell. We propose that a subset of the
Hli proteins in Prochlorococcus are specialized to avoid damage due to the reactive
species that accumulate as a result of N-stress. HIi genes are up-regulated on
alternative N sources because these sources represent a mild N-stress relative to
ammonium. A subset of the hli proteins may have evolved as NtcA targets to ensure
that they are rapidly up-regulated in response to nitrogen stress.

The role of ginB in the Prochlorococcus N-regulation

ginB is expressed differently in Prochlorococcus strains. We found
striking interstrain differences in the ginB expression patterns during N starvation.



MED4 ginB expression was highly elevated in -N conditions whereas MIT9313 g/nB
expression was not changed (Fig. 3B). It was unexpected that MIT9313 g/nB was not
induced under N starvation; Synechocystis PCC 6803 g/nB is an NtcA target (Garcia-
Dominguez et al., 2000) whose transcription is enhanced 10-fold under nitrogen
deprivation (Garcia-Dominguez et al., 1997).

It is possible that these interstrain differences in ginB expression are mediated
by differences in the genes upstream of g/nB. In MIT9313, there are two genes
directly upstream of ginB: PMT1479 and PMT1480 (Fig. 6A), neither of which have any
BLAST hits in the NR database. PMT1479 is the most repressed gene in the genome
under N starvation (Fig. 3B) while PMT1480 and ginB were not altered in expression
(Fig. 3B). MIT9313 gInB along with PMT1479 and PMT1480 were repressed to a
similar degree in nitrite medium (Fig. 5A) and g/nB was repressed in urea medium
(Fig. 5B). In MED4, PMM1462 is the only gene directly upstream of g/inB (Fig. 6A).
PMM1462 also has no BLAST hits in the NR database. Both PMM1462 and MED4 ginB
were up-regulated under N starvation (Fig. 2A, Fig. 3B).

These results support two novel findings regarding Prochlorococcus ginB.
First, g/nB expression patterns under N starvation differ between MED4 and MIT9313.
Interstrain differences in nitrogen regulation are thus manifested even at the level of
the central regulators. Second, the genome organization and expression patterns
suggest that ginB is co-expressed with additional genes. As is shown with the g/inB
gene organization in marine Synechococcus (Fig. 6A), this is not generally the case.
It would be interesting to know whether these genes upstream of g/nB in
Prochlorococcus encode proteins that are direct binding partners of Pil.

Given these interstrain differences in ginB expression, one might ask “what is
the role of Pli in N-regulation in Prochlorococcus?”. Characterization of ginB mutants
has been used to disentangle the function of ginB in other cyanobacteria. For
example, Synechococcus PCC7942 PII null mutants repress transcription of the nir-
nrtABCD-narB genes for nitrite/nitrate uptake in the presence of ammonium similar to
wild-type cells. Unlike wild-type, these Pll mutants uptake nitrite and nitrate in the
presence of ammonium (Lee et al., 1999), suggesting that PIl acts post-
transcriptionally to inhibit nitrite/nitrate uptake. As the cell becomes N-starved, Pl
binds 2-oxoglutarate (Forchhammer, 1999; Tandeau de Marsac and Lee, 1999) which
enhances Pll phosphorylation (Forchhammer and Hedler, 1997). Because
Prochlorococcus Pll is not phosphorylated in response to N-deficiency, it was
proposed that it has a phosphorylation-independent means of N-regulation, perhaps
mediated by the binding an allosteric effector such as 2-oxoglutarate (Forchhammer,
2004). Thus, gInB is an NtcA-target that is up-regulated in response to N-stress that
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controls the activity of genes for the utlilization of nitrite and nitrate.

Amusingly, MED4 upregulates g/nB under N-stress but lacks the genes for
nitrite/nitrate utilization whereas MIT9313 does not upregulate g/nB but has genes for
nitrite utilization. If Pli has a role in MED4 N metabolism, it is evidently independent
of nitrite/nitrate utilization. MIT9313 upregulates genes for nitrite utilization under N-
starvation (Fig. 2B) and on alternative N sources (Fig. 5A, 5B), but g/nB is not
changed in expression during N-starvation (Fig. 3B) and is actually repressed on
alternative N sources (Fig. 5A, 5B). As described above, the MIT9313 nitrite
permease appears to be horizontally transferred and the nir operon does not have a
putative ntcA binding site, suggesting a novel form of regulation. It is, however, still
possible that the activity of these proteins is still controlled by PIL.

Additional insights into Prochlorococcus N-regulation

In addition to the expression changes related to ntcA and ginB described above, there
were a few other gene expression changes worthy of discussion. Sigma factors are
sub-units of RNA polymerase that modify its affinity to mediate global transcriptional
changes in response to stress. In total, MED4 has 5 and MIT9313 has 7 sigma factors.
Each sigma factors is differentiated to alter transcription under specific conditions.
The types of conditions for which the sigma factors are specialized can reveal the
forces governing Prochlorococcous ecology. We observed that two MED4 and two
MIT9313 sigma factors were induced upon N starvation (Fig. 2F). MED4 PMM1289
was up-regulated before PMM1697, suggesting that it may be more directly involved
in the N stress response. Two MIT9313 sigma factors, PMT0346 and PMT2246
increased in expression. As Prochlorococcus expression profiles for different
environmental perturbations become available, it will be interesting to see if these
sigma factors are nitrogen-specific. We also found that SigA, the principle sigma
factor, was repressed on both cyanate and urea suggesting there was a general
repression of transcription in alternative N sources.

Another interesting finding relates to the largest cluster of MIT9313 genes
differentially expressed on alternative N sources. Subsets of this gene cluster,
PMT1570-PMT1577, were repressed on both nitrite and urea (Fig. 5A, 5B). PMT1570
encodes the large subunit of carbamoyl phosphate synthase which is involved in
arginine and pyramidine biosynthesis. PMT1573-1576 have significant sequence
similarity to the devABC transporter whose transcription is induced under N
deficiency and is ntcA-regulated in Anabaena (Fiedler et al., 2001). Interestingly, the
Anabaena devABC transporter is proposed to be involved in heterocyst development
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as an exporter of heterocyst-specific glycolipids (Fiedler et al., 1998). The
Prochlorococcus homologs are evidently not involved in heterocyst formation, but
appear to have another role related to nitrogen metabolism.

CONCLUSIONS

The majority of genes initially induced in -N conditions have putative ntcA
binding sites, supporting that NtcA mediates the initial N stress response in
Prochlorococcus. GInB, encoding a signal transduction protein that coordinates
carbon and nitrogen metabolism in other cyanobacteria, showed different expression
patterns in the two Prochlorococcus strains here studied. MED4 ginB and its putative
upstream partner PMM1462 were both elevated under N-deprivation. In constrast,
MIT9313 g/inB and the gene directly upstream, PMT1480, were not changed in
expression in -N conditions and were repressed on alternative N sources. PMT1479,
the gene upstream of PMT1480, was highly repressed under N deprivation and on
alternative N sources. Based on the expression patterns of MIT9313 g/nB and its
putatively co-expressed partners, we propose that MIT9313 ginB functions in a novel
manner relative to other cyanobacteria.

Prochlorococcus has an extended hli gene family, a subset of which appear to
be NtcA targets that are N-regulated. The most highly up-regulated MIT9313 genes
under ammonium deprivation were three adjacent genes: two hli genes and the tRNA
synthetase for glutamine/giutamate. The specific cellular role of hli genes is yet
unknown. They are hypothesized to aid cells in the absorption of excess light energy,
perhaps by supressing reactive oxygen species. We propose that a subset of the Hli
proteins have evolved to alleviate potentially damaging reactive species that
accumulate during N-stress.

Collectively, these results give a portait of how two related strains of a globally
abundant marine prokaryote respond to nutrient limitation. During N-starvation, both
strains express transporters for ammonium and urea. In addition, each strain
expresses an additional transporter that is specific to its ecology: MED4 up-regulates
a cyanate transporter and MIT9313 up-regulates a nitrite transporter. These
interspecific differences in gene expression during N-stress extend to genes involved
in central metabolism such the rbc genes and the master regulator g/inB. Previous
studies focusing on rDNA sequences have shown that the Prochlorococcus
community is composed of many-related strains (Rocap et al., 2002). This study
shows that this microdiversity among Prochlorococcus strains is also manifested as
global differences in gene expression patterns.
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Fig. 1. MED4 (A) and MIT9313 (B) chlorophyll fluorescence during the experiment
support that the cultures were in log phase growth. The vertical dashed line shows
the start of the experiment when cultures were transferred to either ,nua media (o) or
-N media (*). The discontinuity in MED4 chlorophyll fluorescence at the start of the
experiment resulted from a fraction of the cells remaining in the supernatant
following centrifugation. MIT9313 cells are larger than MED4 and are thus more
efficiently concentrated by centrifugation at speeds not damaging to the cells.
Changes in Fv/Fm of MED4 (C) and MIT9313 (D) during the experiment show that -N
cultures (*) became increasingly N starved while .nua cultures (o) remained N replete.
All data points show means of duplicate cultures; error bars show the range.
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Fig. 2. Comparison of MED4 (A) and MIT9313 (B) gene expression in -N and +NH,
media at t = 3 hours. MED4 genes up-regulated >2 fold and MIT9313 genes up-

regulated >1.5 fold in -N media are shown as circles. The gene name, function, fold
induction, and presence of an ntcA binding site for each gene are shown in the tables
at right. Gene names shown in bold have homologs which are also induced in the

other strain.
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Fig. 3. Comparison of MED4 and MIT9313 expression patterns under NH;-deprivation.
A. ntcA is up-regulated in both strains. B. MED4 g/nB and the upstream gene
PMM1462 are up-regulated. MIT9313 g/nB is directly downstream of PMT1480 and
PMT1479. Expression of ginB and PMT1480 were not different between the £N
treatments. The upstream gene, PMT1479 is the most repressed gene in the genome
under N stress. C. g/inA, encoding glutamine synthase, is up-regulated in both strains.
D. hli genes with putative ntcA binding sites are up-regulated in both strains. E.
amtl, the ammonium transporter, is induced in MIT9313; MED4 amtl is up-
regulated, but less than two fold. F. Sigma factors induced under N stress. Two
MED4 and two MIT9313 sigma factors increased in expression under N stress.
Datapoints show log2-transformed mean expression values of duplicate cultures;
error bars show one standard deviation of the mean.
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Fig. 4. Expression patterns of differentially expressed k-means cluster for MED4 (A)
and MIT9313 (B). Each datapoint shows the log2-transformed mean expression of all
genes in the cluster; bars show range from 25 to 75" percentile. Numbers in
parentheses show number of genes in each cluster.
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Fig. 5. MIT9313 (A,B) and MED4 (C,D) differentially expressed genes on alternative N
sources relative to ammonia. MIT9313 plots show all genes differentially expressed
>1 log, unit on nitrite (A) or >1.5 log, units on urea (D) relative to ammonia. MED4
plots show all genes differentially expressed >1 log; unit on either cyanate (C) or
urea (D) relative to ammonia. Datapoints show log2-transformed means of duplicate
cultures; errorbars show one standard deviation. Colored bars show genes which are
differentially expressed on both N-sources for a given strain.
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Fig. 6. Gene organization of N-responsive Prochlorococcus genes. A. Comparison of
gene organization surrounding g/nB in Prochlorococcus and marine Synechococccus.
B. N-responsive hli genes in Prochlorococcus. C. Alternative N transporters. The
MED4 cyanate transporters/lyase and the MIT9313 nitrite reductase, transporter.
Boxes labelled 'ntcA' denote putative ntcA binding sites. Black genes are
differentially expresssed either under N-starvation or on alternative N sources.
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ABSTACT

Prochlorococcus is the smallest yet described oxygenic phototroph. It
numerically dominates the phytoplankton community in the mid-latitude oceanic
basins where it plays an important role in the global carbon cycle. Recently the
complete genomes of three Prochlorococcus strains have been sequenced (Rocap et
al, 2003; Dufresne et al, 2003) and nearly half of the genes in the Prochlorococcus
genomes are of unknown function. Genetic methods such as reporter gene assays
and tagged mutagenesis are critical tools for unveiling the function of these genes.
As the basis for such approaches, we describe conditions by which interspecific
conjugation with Escherichia coli can be used to transfer plasmid DNA into
Prochlorococcus MIT9313. Following conjugation, E. coli were removed from the
Prochlorococcus cultures by infection with E. coli phage T7. We applied these
methods to show that an RSF1010-derived plasmid will replicate in Prochlorococcus
MIT9313. When this plasmid was modified to contain green fluorescent protein (GFP)
we detected its expression in Prochlorococcus by Western blot and cellular
fluorescence. Further, we applied these conjugation methods to show that a mini-Tn5
transposon will transpose in vivo in Prochlorococcus.

INTRODUCTION

Prochlorococcus, a unicellular, marine cyanobacterium, is distributed
worldwide between 40 N and 40 S latitude. Measurements in the Arabian Sea have
shown that Prochlorococcus can reach densities up to 700,000 cells ml* of seawater
(Campbell et al., 1998) and it is likely the most numerically abundant photosynthetic
organism in the oceans (Partensky et al., 1999). Culture-based studies support that
Prochlorococcus isolates have different light and nutrient physiologies.
Prochlorococcus isolates can be divided into high-light and low-light adapted strains.
High-light adapted strains grow optimally near 200 micromoles photons m?s! and are
most abundant in the surface waters; low-light adapted strains such as MIT9313
grow best near 30 micromoles photons m?s! and are most abundant in deeper
waters (Moore and Chisholm, 1999). Prochlorococcus isolates also differ in their
nutrient physiologies. For example, MIT9313 can grow on nitrate as a sole nitrogen
source whereas the high-light adapted MED4 cannot (Moore et al, 2002). Molecular
phylogenies based upon rDNA sequences correlate with groupings based on light and
nutrient physiology (Urbach et al, 1998; Moore et al., 1998).
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Many Prochlorococcus strains are in culture, but only three (MED4, MIT9313,
and MIT9312) have been rendered free of contaminants and are thus suitable for
genetic studies. The initial goal of this study was to find methods by which foreign
DNA could be introduced and expressed in the Prochlorococcus cell. To date, we
have no evidence for natural competence or susceptibility to electroporation in
Prochlorococcus. We thus focused on conjugation-based methods because of their
high efficiency and insensitivity to species barriers. For example, conjugation has
been used to efficiently transfer DNA from E. coli to other cyanobacteria (Wolk et al,
1984) including marine Synechococcus (Brahamsha, 1996) and these methods have
been extended to even transfer DNA to mammalian cells (Waters, 2001). Our initial
challenge was to find a means by which conjugation methods could be adapted to
Prochlorococcus.

We initially focused on the conjugal transfer of plasmids that are expected to
replicate autonomously in Prochlorococcus. No endogenous plasmids have been
isolated from Prochlorococcus, but broad host-range plasmids such as RSF1010
derivatives have been shown to replicate in other cyanobacteria (Mermetbouvier et
al, 1993). pRL153, an RSF1010 derivative, has been shown to replicate in three
strains of a related oceanic cyanobacterium, Synechococcus (Brahamsha, 1996). We
modified pRL153 to express a variant of Green Fluorescent Protein (GFP) called
GFPmut3.1 (Clontech, BD Biosciences) which is optimized for bacterial GFP
expression. GFPmut3.1 expression was driven by the synthetic pTRC promoter which
has been shown to be active in other cyanobacteria (Nakahira et al, 2004).

We describe conditions by which Tn5 will transpose and integrate into the
Prochlorococcus chromosome. Transposon mutagenesis has been widely used in
other cyanobacteria as a means to randomily inactivate gene function and study
processes such as heterocyst formation (Cohen et al, 1998). Recently, Tn5 has been
shown to transpose in the marine cyanobacterium Synechococcus (McCarren and
Brahamsha, 2005). In total, these data provide new opportunitites to investigate
Prochlorococcus genes in situ using reporter genes and tagged mutagenesis.

MATERIALS AND METHODS

Microbial growth conditions. The microbial stains used in this study are listed in
table 1. Prochlorococcus MIT9313 was grown at 22°C in Pro99 medium (Moore et al,
1995) with a continuous photon flux of 10 pmols Q m?s? from white fluorescent
bulbs. Prochlorococcus MIT9313 grew under these conditions with a doubling time of
3.3 days (u=0.24 days?). Growth of cultures was monitored by chlorophyll
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fluorescence using a Turner fluorometer (450 nm excitation; 680 nm absorbance).
Chlorophyll measurements were correlated to cell counts by flow cytometry.
Prochlorococcus was plated in seawater-agarose pour plates (Brahamsha, 1996). The
plate medium consisted of Pro99 medium supplemented with 0.5% ultra-pure low
melting point agarose (Invitrogen Corp., product 15517-014). Prochlorococcus cells
were pipetted into the liquid agarose when it had cooled below 28°C. Plates
subsequently solidified with cells embedded in the agarose.

E. coli strains were grown in Luria-Bertani (LB) medium supplemented with
ampicillin (150 pg mi?), kanamycin (50 ug ml?), or tetracycline (15 pg ml?) as
appropriate at at 37 °C. Cultures were continuously shaken except for cultures
expressing the RP4 conjugal pilus which were not shaken to minimize the probability
of shearing the conjugal pili.

Conjugation. pRL153 was conjugally transferred to Prochlorococcus from the E. coli
host 1100-2 containing the conjugal plasmid pRK24. pRL27 was transferred from the
E. coli conjugal donor strain BW19851. E. coli were mated with Prochlorococcus
MIT9313 using the following method. A 100 mi culture of the E. coli donor strain
containing the transfer plasmid was grown to mid-log phase ODe¢ 0.7-0.8. Parallel
matings under the same conditions using E. coli lacking conjugal capabilites were
done to confirm that they were not sufficient for Prochlorococcus to become
kanamycin-resistant. The E. coli cultures were centrifuged three times for 10 minutes
at 3000 g to remove antibiotics from the medium. After the first two spins, the cell
pellet was resuspended in 15 mls LB medium. After the third spin, the pellet was
resuspended in 1 ml Pro99 medium for mating with Prochlorococcus.

A 100 mi culture of Prochlorococcus MIT9313 was grown to late-log phase (10®
cell mi?). The culture was concentrated by centrifugation for 15 minutes at 9000 g
and resuspended in 1 ml Pro99 medium. The concentrated E. colj and
Prochlorococcus cells were then mixed at a 1:1 volume ratio and aliquoted as a set of
20 pl spots onto HATF filters (Millipore Corp., product HATF08250) on Pro99 plates
containing 0.5% ultra-pure agarose. The plates were then transferred to 10 pmol
photons m?s* continuous, white light at 222 C for 48 hours to facilitate mating. The
cells were resuspended off the filters in Pro99 medium and transferred to 25 ml
cultures at an initial cell density of 5 x 10°celis mi?*. Kanamycin was added to the
cultures after the Prochlorococcus cells had recovered from the mating procedure
such that the chlorophyil fluorescence of the culture had increased two-fold. 50 ug
ml* kanamycin was added to cultures mated with pRL153 and 25 ug ml" was added
to those mated with pRL27.
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Isolation of pure Prochlorococcus cultures after conjugation. Once the mated
Prochlorococcus cultures had grown under kanamycin selection, cells were
transferred to pour plates containing 25 pug ml! kanamycin to isolate colonies.
Prochlorococcus colonies were excised using a sterile spatula and transferred back to
liguid medium containing 50 pg mi* kanamycin. Once the MIT9313 cultures had
reached late log-phase, a 100 ul aliquot of the culture was spread onto LB plates to
titer the remaining E. coli. Unfortunately, 10° to 10° E. coli cells mlI? often remained
viable in the MIT9313 cultures even after isolating MIT9313 colonies on Pro99-
agarose plates. To eliminate the remaining E. coli, the MIT9313 cultures were
infected with E. coli phage T7(Demerec and Fano, 1945: Studier, 1969) at a
multiplicity of infection (MOI) of 10° phage per E. coli host. The E. coli were again
titered on LB plates the following day to show that no viable cells remained.

Plasmid isolation from Prochlorococcus. Plasmid DNA from MIT9313 cultures
expressing pRL153 was isolated from 5 mis of stationary phase cultures using a
Qiagen mini-prep spin column kit. As found by Brahamsha, 1996 with
Synechococcus, the yield of pRL153 from Prochlorococcus was too low to visualize
directly by gel electrophoresis. We thus electroporated competent E. coli with the
plasmids isolated from Prochlorococcus in order to compare the structure of pRL153
from MIT9313 to the original plasmid. Foliowing transformation into E. coli, pRL153
was isolated from kanamycin resistant E. coli transformants and digested with ECORV
and Hindlll to compare its structure with the original plasmid. All restriction enzymes
used in this study were purchased from New England Biolabs (Beverly, MA. USA) and
were used according to the manufacturer's instructions.

pRL153-GFP Plasmid construction. pRL153 was modified to express GFPmut3.1
from the synthetic pTRC promoter to determine if GFP expression could be detected
in Prochlorococcus (Fig. 1). pRL153 contains unique sites for Hindlll and Nhel in the
Tn5 fragment that are outside the kanamycin resistance gene. pTRC-GFPmut3.1 was
cloned into into the unique Nhel site to create pRL153-GFP. To this end, pTRC-
GFPmut3.1 was PCR amplified from pJRCO3 using PFU polymerase (Invitrogen Corp.,
Carlesbad, CA. USA) using primers with 5' Nhel sites: forward primer (pTRC):
5'-acgtac-gctagc-ctgaaatgagctgttgacaatt-3' and reverse primer (GFPmut3.1)
5'-cgtacc-gctagc-ttatttgtatagttcatccatge-3'. pTRC-GFP PCR product was then Nhel
digest, CIP-treated, and ligated with Nhel-digested pRL153. The ligation was
electroporated into E. coli and the pTRC-GFP insertion was confirmed by DNA
sequencing. GFP expression from pRL153-GFP in E. coli was visualized by
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epifluorescence microscopy.

Western blot. Total protein extracts from Prochlorococcus were made by
centrifuging 50 mls of cells, resuspending in 10 mM TrisCl with 0.1% SDS, and boiling
at 95°C for 15 minutes. Samples were resolved by SDS-PAGE on a 4-15% Tris-HCI
gradient gel (Bio-Rad Corp., Hercules, CA. USA), transferred to nitrocellulose
membrane and blocked using 4% nonfat dry milk in PBS with 0.1% Tween-20 (PBS-T).
GFP was detected by incubation with rabbit polyclonal anti-GFP (Abcam Corp.,
Cambridge, UK) antisera diluted 1: 5,000 in PBS-T. Peroxidase-conjugated donkey
anti-rabbit IgG secondary antibody (Amersham Biosciences, Piscataway, NJ. USA) was
used at a dilution of 1: 10,000. Chemiluminescent detection was achieved by
incubation with the ECL reagent (Amersham Biosciences). Blots were stripped for 20
minutes in 50°C stripping buffer (62.5 mM Tris-HCI pH 7.5, 2% SDS, 100 mM beta-
mercaptoethanol) and reprobed with polyclonal rabbit antisera specific to
Prochlorococcus MED4 pcb protein as a loading control.

GFP detection. GFPmut3.1 has maximal excitation and emission wavelengths of
501 nm and 511 nm, respectively. The fluorescence emission spectra of MIT9313
cells expressing pRL153-GFP, and control cells of equal density expressing pRL153,
were quantified using a Perkin EImer Luminescence Spectrometer LS50B. The cells
were excited at 490 nm and their cellular fluorescence was measured at 5 nm
intervals from 510-700 nm. Cells from duplicate, independently mated +GFP and
-GFP MIT9313 cultures were measured. We quantified fluorescence differences
between +GFP cells as -GFP cells as mean of the +GFP measurements minus the
mean of -GFP measurements.

Identification of transposon insertion sites in Prochlorococcus. The Tn5
delivery vector pRL27 carries Tn5 transposase that is expressed from broad host-
range tetA promoter from RP4 (Larsen et al., 2002). The transposon itself contains a
kanamycin resistance gene as a selectable marker and the origin of replication from
plasmid R6K which requires that the pir protein be supplied in trans for the plasmid to
replicate. Because the transposon contains an origin of replication, transposon
insertions could be cloned and sequenced to determine the insertion site in the
Prochlorococcus genome. Genomic DNA was isolated from Tn5-mated MIT9313
exconjugants using a Qiagen DNeasy Tissue kit (Qiagen Corp., Valencia, CA. USA). 1
Hg of genomic DNA was digested with BamHl. The genomic DNA was ethanol
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precipitated and religated using T4 DNA ligase (New England Biolabs, Beverly, MA.
USA) overnight at 16°C. 20 ng of the ligated DNA was electroporated into E. coli and
plasmids were isolated from 10 kanamycin-resistant E. coli transformants. EcoRI
digestion of the plasmids revealed 3 distinct restriction patterns which were
sequenced using an outward-facing primer from within the Tn5 casette
(aacaagccagggatgtaacg).

RESULTS

pRL153 replication in Prochlorococcus. MIT9313 cultures mated with E. coli
containing the plasmids pRK24 and pRL153 grew under kanamycin selection in liquid
culture; controi MIT9313 cultures mated with E. coli lacking the conjugal plasmid did
not grow (Fig. 2), indicating that conjugation with E. coli was required for
Prochlorococcus to become kanamycin resistant. Plating of Prochlorococcus is
notoriously difficult; plating efficiencies are low and variable and not all strains have
been successfully plated at all. We were unable to isolate kanamycin-resistant
MIT9313 colonies when cells were plated directly after mating. We were, however,
able to get kanamycin-resistant colonies to grow (plating efficiencies of 1 per 100-
10,000 cells) after 6 weeks when the cells had grown in liquid medium for one
transfer after mating. This suggests that initially growing MIT9313 in liquid after
mating may allow the cells to physiologically recover from the mating procedure such
that they survive then to form colonies.

We were unable to use standard plating methods to calculate mating
efficiencies because we could only isolate Prochlorococcus colonies after the cells had
first grown in liquid medium after mating. We thus estimated the conjugation
efficiency using the following method that assumes that chlorophyll fluorescence
correlates with cell counts for log-phase cells. Chlorophyll fluorescence values from
the log-phase cells shown in Fig. 2 were correlated to cell abundances using flow
cytometry. A linear regression correlating time to the number of transconjugant cells
in culture was fit to the data points between days 25 and 55 of Fig. 2: (R = 0.044*t +
4.82 where R is logis(tranconjugant cells) and t is days). We calculated the number of
transconjugant cells immediately after mating as the intersection of the regression
line with the ordinate axis. Using this value, one can calculate the conjugation
efficiency to be about 1% by dividing the initial number of transconjugants (6.9x10*
cells) by the number of cells initial transferred into the culture (6.5x10° cells) .

We found that 10?2 to 103 E. coli cells mi! often persisted in the MIT9313
cultures even after the Prochlorococcus colonies had been excised from the Pro99-
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agarose pour plates and transferred back into the liquid medium. Residual E. coli
were removed by infecting the cultures with E. coli phage T7 at a multiplicity of
infection (MOI) of 10° phage per host. T7 infection at any MOI resulted in no adverse
effects on Prochlorococcus viability.

Once we had obtained axenic Prochlorococcus cultures, we examined the
structure of pRL153 in Prochlorococcus. pRL153 must autonomously replicate in
Prochlorococcus without suffering structural rearrangements in order to to stably
express foreign proteins. We isolated plasmid DNA from MIT9313 cultures to
compare the pRL153 structure from MIT9313 to the original plasmid. To this end, E.
coli was transformed with plasmid DNA isolated from Prochlorococcus. We typically
obtained approximately 100 E. coli transformants when DH5-alpha cells competent to
10° transformants ug™* DNA were transformed with one-fifth of a plasmid DNA prep
from an MIT9313 culture of 5x108 cells. These efficiencies support that the total
plasmid yield was 5 ng of pRL153. Based on the molecular weight of DNA (1bp = 660
daltons), one can calculate that 5 ng of plasmid DNA from 5x10°® cells constitutes a
plasmid isolation efficiency of 1.06 plasmids per MIT9313 cell. Restriction digestion
of the rescued plasmid DNA supports that the gross structure of pRL153 is generally
conserved in Prochlorococcus (Fig. 3). In total, we examined the digestion patterns of
20 plasmids; 19 of the plasmids appeared identical to the original pRL153. The final
plasmid (Fig. 3, lane 3) appears to have acquired an additional DNA segment. We did
not further characterize this plasmid. It is most likely that this plasmid
rearrangement occurred in either Prochlorococcus or in E. coli prior to conjugal
transfer. It is, however, also possible that restriction digestion was incapable of
cutting this plasmid.

Western blot of GFP protein. The GFP protein was detected in mated
Prochlorococcus MIT9313 cells by Western blot. MIT9313 cells mated with pRL153-
GFP expressed a protein recognized by the GFP antibody at the expected size of 27
kD (Fig. 4A). This band was absent in control preparations from MIT9313 celis lacking
pRL-GFP. Blots were stripped and re-probed with an antibody to Prochlorococcus
MED4 pcb protein to confirm that equal amounts of protein had been loaded in the
+GFP and -GFP lanes (Fig. 4B).

GFP expression in Prochlorococcus. pRL153 was modified to express GFPmut3.1
from the pTRC promoter. We isolated MIT9313 cultures expressing pRL153-GFP and
quantified GFP expression in these cultures (+GFP) by comparing their fluorescence
spectra to MIT9313 cells expressing pRL153 (-GFP cells) (Fig. 5). Emission at 680 nm



corresponds to chlorophyll fluorescence. The observation that both the +GFP and
-GFP cells had the same emission at 680 nm supports that both treatments had the
same overall chlorophyll fluorescence. GFPmut3.1 has a maximum emission at 511
nm. We observed that +GFP cells fluoresced significantly brighter specifically in the
wavelengths of GFP emission, supporting that MIT9313 cells containing pRL153-GFP
were expressing measurable quantities of GFP.

Tn5 transposition in Prochlorococcus. Similar to the matings with pRL153, we
found that MIT9313 mated with the E. coli conjugal donor strain BW19851 expressing
pRL27 became kanamycin resistant. MIT9313 cultures in mock-matings with non-
donor E. coli expressing pRL27 did not become kanamycin resistant. Because the
Tn5 cassette in pRL27 contains an origin of replication, we could cione and sequence
the insertion sites of the transposon in the Prochlorococcus genome. In total, we
isolated 10 plasmids which represented 3 independent genomic insertions, the most
common of which is shown in Fig. 6. The insertion shown in Fig. 6 in is in a phage-
derived duplication fragment in the gene PMT0236 which encodes a putative
serine/threonine protein phosphatase.

DISCUSSION

The primary contribution of this paper is to describe the foundations of a
genetic system for Prochlorococcus. We found conditions under which an
interspecific conjugation system based on the RP4 plasmid family can be used to
transfer DNA into Prochlorococcus MIT9313. pRL153, an RSF1010-derived plasmid,
replicates autonomously in MIT9313 conferring resistance to kanamycin and can be
used to express stably foreign proteins such as those for kanamycin-resistance and
GFP. In addition, we found that Tn5 will transpose in vivo in Prochlorococcus. Once a
liquid culture of kanamycin-resistant cells has been isolated, pour plating methods
can be used to isolate individual colonies. These colonies can be transferred back to
liquid medium for further characterization.

This study is the first report of GFP expression in oceanic cyanobacteria, which
has a number of potential applications. For example, one could create transcriptional
fusions between Prochlorococcus promoters and GFP to study the diel cycling of gene
expression in Prochlorococcus. Rhythmicity of gene expression is particularly
interesting because of results in other cyanobacteria supporting that the expression
of all genes cycle daily and are controlled by a central oscillator (Golden, 2003).
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Second, GFP expression could provide a means to sort transgenic from non-
transgenic cells by flow cytometry. Faced with variable and overall low plating
efficiencies, flow sorting cells is an attractive alternative in order to isolate mutants
following conjugation. Alternatively, RSF1010-derived plasmids could be modified to
cause Prochlorococcus to express other foreign proteins. For example, a His-tagged
MIT9313 protein could be cloned into pRL153 and transferred into Prochlorococcus by
conjugation. The ectopically expressed, tagged protein could then be purified to
determine which proteins interact with it in vivo.

Tn5 transposition provides a means to make tagged mutations in the
Prochlorococcus chromosome. The Tn5 transposon from pRL27 can be conjugally
transferred to Prochlorococcus to generate a population of transposon mutants in
liquid culture. In this study, we cloned and sequenced 10 Tn insertions and identified
3 independent insertion events. Because the tranconjugant culture represented a
mixed-population of transposon mutants, some competitively dominant mutants
likely increased in relative abundance and were among those that we identified.
These mutants may have been relatively abundant in the culture because they had
transposon insertions in selectively-neutral sites in the chromosome such as a phage-
derived duplication segment (Fig. 6). Our results suggest that Prochlorococcus
transconjugants do not survive to form colonies if they are plated directly after
mating. Itis, however, important to plate the transconjugants as early as possible to
avoid certain mutants overtaking the culture, resulting in a low diversity of
transposon mutants. The methods described in this study show that genetic methods
including transposon mutagenesis are tractable in Prochlorococcus, thus providing a
foundation for future genetic studies in this ecologically important microbe.
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pRL153-GFP

Fig. 1. Diagram of the RSF1010-derived plasmid pRL153 modified to contain pTRC-
GFPmut3.1. pRL153 consists of bp 2118-7770 of RSF1010 ligated to bp 680-2516
thereby replacing the sulfonamide resistance gene of RSF1010 with the kanamycin
resistance gene of Tn5. pRL153 was then further modified to express GFP mut3.1

from the pTRC promoter.



59

—~ ¥ ——-pRK24, +pRL153
—EO— +pRK24, +pRL153| -

In(Relative Fluorescence)

Fig. 2. MIT9313 cultures grown in medium containing 50 ug ml*kanamycin after
mating with E. coli containing the conjugal plasmid pRK24 and pRL153 (solid line with
diamonds). Control MIT9313 cultures mated with E. coli lacking pRK24 (dashed line
with stars) did not grow under kanamycin selection. Curves are the average of
duplicate cultures, error bars show one standard deviation from the mean. The
horizontal dotted line shows the minimum limit of detection of the fluorometer.
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Fig. 3. EcoRV/Hindlll digestion of pRL153 plasmids isolated from MIT9313 cultures.
Lane 1: EcoRI/Hindll digested phage lambda DNA. 2: pRL153 prepared from E. coli.
3-8: pRL153 derived from MIT9313 cultures. The digestion pattern in lane 3 shows
that the structure of pRL153 is not always retained in MIT9313. However, lanes 4-8
support that the pRL153 structure is generally conserved.
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Fig. 4. Western blot comparing Prochlorococcus cells expressing GFP (+GFP) to -GFP
Prochlorococcus controls. A. Prochlorococcus exconjugants express the GFP protein
at the expected size of 27 kD whereas -GFP Prochlorococcus cells do not. B. To
demonstrate that equal amounts of protein had been added in the +GFP and -GFP
lanes, the blots were probed with an antibody to the Prochlorococcus pcb protein.
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Fig. 5. MIT9313 cells expressing GFPmut3.1 have a higher cellular fluorescence in the
GFP emission spectrum (maximum emission 511 nm) than cells lacking GFP.

MIT9313 cells expressing pRL153-GFP and control cells lacking GFP were excited at
490 nm and their fluorescence spectrum from 510-700 nm was measured. The
fluorescence of +GFP Prochlorococcus cells was measured relative to -GFP cells; the
mean of duplicate -GFP measurements was subtracted from the mean duplicate
+GFP fluorescences. The dashed line shows the relative fluorescence of +GFP to
-GFP E. coli cells measured by the same method. The horizontal dotted line shows
the zero line where the relative fluorescence of +GFP cells is equal to -GFP cells.
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Tn Insertion CCCCGAGCTCTTAATTAATTTAAATCTAGAGTCGACCTGCAGGCATGCAAGCTTCAGGGT
PR127 CCCCGAGCTCTTAATTAATTTAAATCTAGAGTCGACCTGCAGGCATGCAAGCTTCAGGGT
9313 genomE ~— - s e e e e e e e e e e e e Me e —mee s ——

Tn Insertion TGAGATGTGTATAAGAGACAGCATTTCAGGTTCTARGGCTTCTGCTTGTTTTCGTTGTTG
PRL27 TGAGATGTGTATAAGAGACAG- ~— === === mmmm e mmm e o e e
9313 genome =  —-—-m===—m--m--m——e-ae CATTTCAGGTTCTAAGGCTTCTGCTTGTTTTCGTTGTTG

Tn Insertion CTCTTGTTGCCAGATCTCAGTTGCGAGCTGCTCATCCCAAATCTGGTAAGAGATCATGAT
PRL27 = =  mmeee e e m e e m e m e e e meese s cesec—c—me—-
9313 genome CTCTTGTTGCCAGATCTCAGTTGCGAGCTGCTCATCCCAAATCTGGTAAGAGATCATGAT

Fig. 6. Alignment of a cloned transposon insertion from MIT9313, the pRL27 plasmid,
and the MIT9313 genome. The first 85 bp of the cloned insertion correspond to the
transposon cassette from pRL27 and the following sequence shows the point of
insertion of the transposon into the MIT9313 genome at bp 271,016 into PMT0236
encoding a serine/threonine protein phosphatase.
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Strains Description Source

E. coli

1100-2 conjugal donor Bandrin et al, 1983
(obtained from Yale E. coli
stock center)

DHb5-alpha cloning strain used for all  |Invitrogen Corp., Carlsbad,

transformations CA.
BW19851 host for pRL27 B. Metcalf, Univ. lllinois
Phage

E. coli phage T7

phage to kill E. coli in
Pro99 medium

D. Endy, MIT

Prochlorococcus

MIT9313 conjugal recipient Chisholm lab, MIT
Plasmids Description Source

pRL153 RSF1010-derivative P. Wolk, MSU

pRK24 conjugal plasmid D. Figurski, Columbia

University
pJRCO3 pTRC-GFPmut3.1 A. Van Oudenaarden, MIT
pRL27 Tn5 plasmid B. Metcalf, Univ. lllinois

Table 1. Strains and plasmids used in this study
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ABSTRACT

Oligonucleotide arrays are powerful tools to study
changes in gene expression for whole genomes.
These arrays can be synthesized by adapting photo-
lithographic techniques used in microelectronics.
Using this method, oligonucleotides are built base
by base directly on the array surface by numerous
cycles of photodeprotection and nucleotide addi-
tion. In this paper we examine strategies to reduce
the number of synthesis cycles required to con-
struct oligonucleotide arrays. By computer model-
ing oligonucleotide synthesis, we found that the
number of required synthesis cycles could be sig-
nificantly reduced by focusing upon how oligo-
nucleotides are chosen from within genes and upon
the order in which nucleotides are deposited on the
array. The methods described here could provide a
more efficient strategy to produce oligonucleotide
arrays.

INTRODUCTION

The advent of genomics has facilitated a shift in molecular
biology from studies of the expression of single genes to
studies of whole-genome expression profiles. Genome-wide
expression profiling is a powerful tool being applied in gene
identification, drug discovery, pathological and toxicological
mechanisms and clinical diagnosis. By simultaneously meas-
uring the expression of thousands of genes, researchers can get
a picture of the transcriptional profile of a whole genome in a
given physiological condition. One of the leading technologies
for expression profiling is oligo or gene chips. Oligo chips
consist of oligonucleotides immobilized upon a support
substrate, commonly silica. They have certain advantages
over other technologies. Since all of the oligomers can be
carefully designed, inter-feature variability is low. Also, oligo
chips can be designed to contain several oligonucleotides
representing each gene, allowing more quantitative analysis of
expression levels.

One of the most successful methods used to make
oligonucleotide chips is an adaptation of photolithographic

techniques used in microelectronics (http://www.affymetrix.
com). Initially, a specific mask is fabricated for each cycle of
nucleotide addition that permits light to penetrate only at
positions where nucleotides are to be added. A synthesis cycle
consists of shining light through the mask onto the chip
surface. The positions where light passes through the mask
and reaches the chip are activated for synthesis by the removal
of a photolabile protective group from the exposed end of the
oligonucleotide. Thus, the pattern in which light penetrates the
masks directs the base by base synthesis of oligonucleotides
on a solid surface (1). After photodeprotection the chip is
washed in a solution containing a single nucleotide (A, C, G or
T) that binds to oligonucleotides at the deprotected positions.
This method results in the in situ synthesis of oligonucleotides
on an array surface. Light-directed chemical synthesis has
been used to produce arrays with as many as 300 000 features
(up to 1 000 000 on experimental products) with minimal
cross-hybridization or inter-feature variability (2).

When using photolithography to make DNA arrays, the
series of masks and the sequence in which nucleotides are
added defines the oligonucleotide products and their locations.
Because a separate photolithographic mask must be designed
for each synthesis cycle it is advantageous to build oligo chips
in as few deposition cycles as possible. To this end, we
developed an algorithm to reduce the number of cycles
required to build an array of oligonucleotides. If the length of
the oligomer is N and the number of possible subunits of the
oligomer is K, our goal was to build a set of oligomers in as
many fewer than N X K steps as possible. The simplest
strategy for the in situ synthesis of oligonucleotides upon an
array surface is to first add A everywhere it is needed for the
first base, then C, G and T. Using this strategy, a set of
oligonucleotides of length N can be synthesized in a maximum
of 4N steps (3). An array of 25mer oligonucleotides thus
would take 100 cycles to build.

Our strategy reduced the number of required synthesis
cycles by focusing upon two areas of improvement. First, we
focused upon how to best select regions of each gene to be
used for oligonucleotides. From within each gene we selected
oligonucleotides that could be deposited most efficiently.
Once the set of oligonucleotides had been selected they could
be deposited on the array surface. The second part of our
strategy was to determine a deposition order of nucleotide

*To whom correspondence should be addressed. Tel: +1 617 253 8686; Fax: +1 617 253 7475; Email: tolonen @mit.edu
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bases on the array surface with a minimum number of steps.
We allowed the deposition order to vary so as to add the most
common base at each point in the deposition process. During
deposition we added bases at every available position and thus
allowed oligonucleotides to be built at different rates. Thus,
after four cycles, a given oligonucleotide could theoretically
have no bases added and another have four bases. By
simultaneously optimizing oligonucleotide selection and
deposition we significantly reduced the number of deposition
cycles required to synthesize an oligonucleotide array.

MATERIALS AND METHODS

Our strategy consists of two basic parts. Initially, we focused
upon selecting those oligonucleotides from each gene that
could be most efficiently deposited upon the array. Second, we
determined an order of oligonucleotide deposition that could
efficiently deposit these oligonucleotides. The source code
used in modeling is freely available and can be obtained by
emailing tolonen@mit.edu.

Oligonucleotide selection

First, we determined a candidate set of unique 25mer
oligonucleotides to be deposited on the array. As the input
to our program, we arbitrarily selected the second chromo-
some of Arabidopsis thaliana (ftp://ncbi.nlm.nih.gov/
genbank/genomes/A _thaliana/CHR_II/). This chromosome is
19.6 Mb and contains 4036 genes. In this paper we modeled
the deposition of the first 1000 genes on the chromosome that
were >300 bp. However, our strategy could be applied to any
number of genes in any genome. For each gene we chose five
non-overlapping 25mer oligonucleotides to be deposited on
the array. To define the source for each oligonucleotide we
parsed the 3” 300 bp into five 60 bp regions. Thus, each 60 bp
region consisted of a total of 35 potential 25mers. We
subjected each potential oligonucleotide to a series of simple
tests for biological suitability. The tests required that each
oligonucleotide be unique in the genome, have a GC content
between 25 and 75% and have no region of self-comple-
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