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Isolation and cultivation are a crucial step in elucidating the physiology, biogeochemistry, and ecosystem
role of microorganisms. Many abundant marine bacteria, including the widespread Roseobacter clade-affiliated
(RCA) cluster group, have not been cultured with traditional methods. Using novel techniques of cocultivation
with algal cultures, we have accomplished successful isolation and propagation of a strain of the RCA cluster.
Our experiments revealed that, in addition to growing on alga-excreted organic matter, additions of washed
bacterial cells led to significant biomass decrease of dinoflagellate cultures as measured by in vivo fluorescence.
Bacterial filtrate did not adversely affect the algal cultures, suggesting attachment-mediated activity. Using an
RCA cluster-specific rRNA probe, we documented increasing attachment of these algicidal bacteria during a
dinoflagellate bloom, with a maximum of 70% of the algal cells colonized just prior to bloom termination.
Cross-correlation analyses between algal abundances and RCA bacterial colonization were statistically signif-
icant, in agreement with predator-prey models suggesting that RCA cluster bacteria caused algal bloom
decline. Further investigation of molecular databases revealed that RCA cluster bacteria were numerically
abundant during algal blooms sampled worldwide. Our findings suggest that the widespread RCA cluster
bacteria may exert significant control over phytoplankton biomass and community structure in the oceans. We
also suggest that coculture with phytoplankton may be a useful strategy to isolate and successfully grow

previously uncultured but ecologically abundant marine heterotrophs.

It is now well established that most bacteria cannot grow as
colonies on high-nutrient plates (60). Efforts to culture marine
bacteria by dilution to extinction without solid substrates (10)
have been quite successful, yielding, for example, the cultiva-
tion of several strains of the ubiquitous SAR11 group (45).
Many other abundant groups, however, including the
Roseobacter clade-affiliated (RCA) cluster, have been resistant
to cultivation with such methods. The RCA cluster, discovered
3 years ago by Selje et al. (55), contains closely related (>98.5%
similarity by 16S sequence) and abundant bacteria found world-
wide in temperate and polar waters. These bacteria have been
found attached to particles as well as free living and can comprise
up to 10% of the coastal bacterial community (55). The ecosystem
role of RCA cluster bacteria remains unknown, due in part to the
unavailability of isolates from this group.

Based on the knowledge that most of the organic matter
utilized by marine bacteria originates from phytoplankton, we
investigated the possibility that novel, non-colony-forming bac-
teria such as the RCA cluster could be isolated from the
surface and grown in the presence of algal cells. This type of
algal-bacterial interaction would be expected to be dominant
during algal blooms, when algal biomass is elevated, so we
focused our efforts on samples collected from a bloom of the
dinoflagellate Lingulodinium polyedrum. We further tested the
idea that such bacteria can affect the growth of the algal cells
(either positively or negatively), which would clarify their eco-
system role and biogeochemical consequences.
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Bacteria that kill phytoplankton have previously been doc-
umented (see review in reference 33), though algicidal activity
has not been previously associated with numerically dominant
Alphaproteobacteria such as the RCA cluster. Surprisingly,
there remains no conclusive evidence that algicidal bacteria kill
phytoplankton in nature: all studies of this subject have been
performed in the laboratory. The only attempt to directly enu-
merate algicidal bacteria in nature used a polyclonal antibody
with unknown specificity (26) and examined only bacteria in
the free-living fraction. Many algicidal bacteria require attach-
ment to their host to kill it (33), and evidence of algicidal
bacterial attachment in nature is lacking. Several studies have
also indirectly suggested that algicidal bacteria may be involved
in algal bloom decline, by utilizing a most-probable-number
analysis using laboratory algal cultures (25). Such studies add
diluted seawater bacteria (usually 0.6-pm filtrate) into algal
cultures; the highest dilutions causing cell lysis allow indirect
back-calculations of the number of putative algicidal bacteria
in the original sample. Further evidence of algicidal bacteria
killing phytoplankton in nature might entail quantification of in-
fection rates in natural blooms. This has been carried out for
eukaryotic pathogens (reviewed in reference 40) and algal viruses
(reviewed in reference 7) but never with algicidal bacteria.

Using L. polyedrum as a model system, here we report evi-
dence consistent with the following hypotheses: (i) RCA clus-
ter bacteria can be isolated using algal cells and successfully
propagated with additions of alga-derived organic matter, (ii)
our RCA cluster strain significantly decreased the biomass of
certain phytoplankton in the laboratory, and (iii) the dynamics
of RCA cluster attachment to dinoflagellates in nature suggest
that they play a direct role in bloom decline. We also examined
previous microbial community structure analyses of algal
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blooms and suggest that RCA cluster bacteria play a major role
in regulating algal bloom dynamics worldwide.

MATERIALS AND METHODS

Culture conditions. All cultures, enrichments, and single-cell washes were
carried out in borosilicate glass. Axenic (bacterium-free) L. polyedrum CCMP
strain 1932 was grown statically in modified f/4 medium (21), with vitamin
concentrations increased fourfold, at 18°C illuminated by cool white fluorescent
tubes at 160 pE m~2 s~ 'on a 12-h/12-h light/dark cycle. Axenic status was
routinely verified with DAPI (4’,6'-diamidino-2-phenylindole) staining and mi-
croscopic examination at 1,000X resolution, as well as PCR with bacterium-
specific primers and fluorescent in situ hybridization (FISH) with bacterium-
specific probes. Surface seawater was collected from the Scripps pier, La Jolla,
CA, on several dates during an intense L. polyedrum bloom in summer 2005 and
incubated in 2-liter flasks under the culture conditions mentioned above. On one
occasion, one of these incubations crashed overnight (the algal cells formed a
pellet at the bottom of the flask). We collected the bacterial fraction of this water
by removing organisms larger than 0.6 pm by filtration and added it to the axenic
culture (primary enrichment). After bacteria were allowed to colonize the algae
for several days, single dinoflagellate cells from these incubations were collected
with a pipette and washed several times in sterilized seawater (to remove unat-
tached bacteria) before being added to new L. polyedrum cultures (secondary
enrichments). We specifically targeted dinoflagellate cells that appeared mori-
bund or unhealthy by collecting algal cells that were swimming slower or that had
lost motility completely. Secondary enrichments were analyzed with bacterium-
specific PCR-denaturing gradient gel electrophoresis (DGGE) (36) to check for
single bands indicating potentially pure bacterial isolates. Algal biomass was
monitored by measuring in vivo fluorescence with a TD700 fluorometer (Turner
Designs) to quickly identify bacterial enrichments that decreased algal growth
(compared to no-addition controls). Subsequent additions of pure RCA cluster
strain LE17 were performed at late algal exponential phase (5,000 L. polyedrum
cells ml~"), with 10° washed bacterial cells ml~' added. We tested the ability of
our bacterial strain to grow in both liquid and solid (1.5% agar, agarose, and
Noble agar) media of the following constituents: f/4 medium (autoclaved seawa-
ter from a nonbloom period with added phosphate, nitrate, trace metals, and
vitamins), both 0.22-pum-filtered and unfiltered axenic L. polyedrum cultures, and
diluted ZoBell bacterial medium (38) consisting of seawater with 0.05 g peptone
and 0.01 g yeast extract liter !, Plates were monitored for the presence of
colonies with a stereomicroscope for 3 weeks. Growth in liquid was monitored
with a FACSort flow cytometer (BD Biosciences) for 11 days. Duplicate samples
were fixed in 5% formalin for 30 min and frozen at —80°C until analysis. Samples
were thawed on ice, stained for 15 min in the dark in 1X Sybr green II (30)
(Invitrogen), and diluted 10- or 100-fold. Quantification of cells was based on
green fluorescence and forward scatter. Unstained samples and stained axenic L.
polyedrum cultures served as controls.

16S sequencing and phylogenetic analysis. One-microliter secondary enrich-
ment samples were incubated with Lyse-N-Go (Pierce Biotechnology) and am-
plified by PCR with primers 27F and 1492R (17). PCR products were purified
with a QIAquick PCR purification kit (Qiagen) and directly sequenced with
internal primers on a Megabase sequencer (Amersham). The sequences were
imported into the Jan04 ARB database (31), aligned using the island hopping
algorithm, checked manually, and added to the global tree using parsimony.
Seventeen of the most closely related sequences (and two outgroups) were
imported into PAUP*4.10b (62) and analyzed using maximum likelihood. Model
parameters were optimized from the data using Modeltest (44), and 100 boot-
strap replicate heuristic searches were performed.

Field sampling and probe design. Surface samples during the summer 2005 L.
polyedrum bloom were collected from the Scripps pier during the period between
17 June and 12 August. Water was collected with a surface sampler on a rope and
fixed (within 10 min) in 2% (final volume) unbuffered formaldehyde. The abun-
dance of L. polyedrum cells in 2-ml aliquots was quantified with light microscopic
manual counts in 24-well plates with an inverted microscope (Olympus BX-71;
10X objective). Within 24 h, one-half of the fixed samples were filtered through
0.22-pm polycarbonate membranes and frozen at —20°C. For quantification of
bacteria attached to L. polyedrum cells, the algal cells from the other half of the
samples were allowed to gravity settle overnight at 4°C. These cells were washed
in sterile phosphate-buffered saline (PBS) buffer and stored in 50% ethanol at
—20°C until hybridization. Quantification of RCA cluster bacteria was accom-
plished using catalyzed reported deposition FISH (CARD-FISH) (41) with a 16S
rRNA probe (see below). While previously published RCA cluster-specific probe
RCA-825 (55) hybridized successfully against our isolate, it also exhibited a
positive signal against Roseobacter strain Y3F (GenBank accession no.
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AF253467), which has a 1-bp difference at the probe binding site and is not a
member of the RCA cluster. Increasing the hybridization stringency was not
successful in removing the positive signal in strain Y3F without also removing it
in strain LE17. Thus, we designed another RCA-specific probe, LE17-998 (5'-
TCTCTGGTAGTAGCACAG) with helper probes RCA-980H (5'-GATGTCA
AGGGTTGGTAA) and RCA-1016H (5'-CCCGAAGGGAACGTACCA). Us-
ing Roseobacter strain DG1128 (GenBank accession no. AY258100), which has
two base pair differences at the probe binding site, we optimized hybridization
conditions (35% formamide at 35°C hybridization temperature) to remove the
positive signal in strain DG1128 while retaining the signal in strain LE17.

CARD-FISH. Total RCA cluster bacteria during the 2005 bloom were enu-
merated using probe RCA-825, before we realized that the probe cross-reacted
with a closely related Roseobacter isolate. Subsequently, RCA cluster bacteria
attached to L. polyedrum were enumerated using probe LE17-998. Filtered
samples (for total counts) were dipped in 0.1% low-melting-point agarose and air
dried. Thawed liquid samples (for attached counts) were spotted on Teflon-
coated well slides and air dried. The slides were dipped in 0.1% low-melting-
point agarose and again air dried. Both types of samples were subsequently
treated similarly, with a protocol slightly modified from the work of Pernthaler et
al. (41). Samples were incubated in 1 mg ml™! lysozyme (Sigma) in Tris-EDTA
buffer at 37°C for 1 h. Slides or filters were then washed three times in MilliQ
water, incubated for 10 min in 0.1 N HCI, washed again three times in 1X PBS
(3 min), and finally dehydrated in an ethanol series (50%, 80%, and 95% for 3
min each). Samples were incubated for 2 h at 35°C in a hydrated chamber with
hybridization buffer (35% formamide, 900 mM NaCl, 20 mM Tris, 0.01% sodium
dodecyl sulfate, 20% Roche Diagnostic Boehringer blocking reagent) containing
1 pl probe for every 25 pl buffer (final concentration, 2 ng pl™!). Samples were
subsequently washed for 20 min at 37°C in wash buffer (70 mM NaCl, 5 mM
EDTA, 20 mM Tris, 0.01% sodium dodecyl sulfate), rinsed in MilliQ, and
overlaid with TNT buffer (0.1 M Tris-HCl, pH 7.6, 0.15 M NacCl, 0.05% Tween
20) for 15 min. Samples were then incubated with 1 pl tyramide-Alexa Fluor 488
(Invitrogen) in 100 wl 1X PBS with 0.01% Boehringer blocking reagent and
0.003% H,0O, for 30 min at room temperature in the dark. They were then
washed with TNT buffer at 55°C, rinsed in water, air dried, stained with DAPI,
and mounted with Vectashield (Vectorlabs, CA). Negative (no probe) and pos-
itive (LE17) controls were always performed concurrently with all hybridizations.
Bacteria were visualized on an Olympus BX51 epifluorescence microscope with
a standard DAPI filter set and a fluorescein isothiocyanate-Texas Red dual band
filter set (Chroma Technology Corp., VT). For attached RCA cluster counts, we
examined at least 50 individual L. polyedrum cells for each sample and counted
the total number of probe-positive bacterial cells on them. Our counts were most
probably underestimates due to the inability to detect all probe-positive bacterial
cells located behind the autofluorescent algal cells.

Statistical analyses. We examined three indices of RCA cluster abundance
over the course of the bloom: (i) total cells; (ii) colonization frequency, defined
as the percentage of L. polyedrum cells colonized by at least one RCA cluster
bacterium; and (iii) colonization intensity, defined as the mean number of RCA
cluster bacteria colonizing the algal cells. It is important to note that the last
index did not include algal cells with no detected RCA cluster colonizers, making
it independent from the colonization frequency index. To examine the temporal
relationships among the datasets, we performed cross-correlation analyses by
lagging one data set with respect to the other before calculating correlations.
Data were first log-transformed to satisfy the assumptions of normality. Due to
uneven temporal sampling, bacterial data were manually lagged in both direc-
tions (0 to 3 days) relative to algal abundance data (in Microsoft Excel), and
correlation analyses for each lag were performed with the statistical software
JMP v.5.

Nucleotide sequence accession numbers. The sequences of cultures LE17 and
LE20 were deposited in GenBank under accession numbers EF661583 and
EU391659, respectively.

RESULTS

Cultivation and phylogenetic analysis. Incubation of seawa-
ter bacteria (0.6-pm filtrate) with L. polyedrum cultures fol-
lowed by single algal cell micromanipulation into new algal
cultures was successful in enriching for bacteria capable of
attachment to algal cells. Several such enrichments displayed
single bands (phylotypes) after DGGE (36) and were consid-
ered monospecific bacterial cultures (data not shown). Two
such cultures (LE17 and LE20) were associated with lower in
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FIG. 1. Maximum likelihood phylogenetic analysis of LE17 16S sequence within closely related Roseobacter sequences from the family
Rhodobacteriaceae (GenBank accession numbers in parentheses). Numbers at nodes indicate full heuristic search maximum likelihood bootstrap
values (100 replicates). Scale bar indicates percent sequence divergence. The model of molecular evolution (GTR+G+I) was chosen using

MODELTEST (44).

vivo fluorescence and were sequenced (GenBank accession
numbers EF661583 and EU391659, respectively). Strain LE17
was revealed to be a member of the RCA cluster (99.9%
sequence identity to clone NAC11-3 and 100% bootstrap sup-
port) (Fig. 1). RCA cluster sequences from the work of Selje et
al. (55) were not included in this analysis as they do not cover
the whole 16S gene (partial sequences were analyzed below).
Although a close relative (HTCC2150, 95.5% 16S sequence
similarity) has been isolated and its genome partially se-
quenced (GenBank accession number NZ_AAXZ0000000),
LE17 is, to our knowledge, the first successfully isolated and
serially transferred RCA cluster bacterium and remains in
culture 2 years after isolation.

RCA cluster dynamics in the laboratory. We investigated
the growth characteristics of strain LE17 in various types of
organic matter additions. LE17 grew to moderate abundances
(3 X 107 cells ml™') in coculture with L. polyedrum or in the
presence of its filtrate. Incubations in diluted bacterial medium
resulted in slower growth; those in nonbloom seawater
amended with inorganic nutrients showed no measurable
growth (Fig. 2). LE17 never formed visible colonies on solid
media, which were identical to the liquid media tested above
but with 1.5% agar, agarose, or Noble agar.

Since RCA cluster strain LE17 grew best in the presence of
L. polyedrum, we tested whether algal growth was in turn in-
fluenced by the bacteria to determine if strain LE17 main-
tained a mutualistic, parasitic, or commensal relationship with

the algae. Axenic L. polyedrum cultures incubated with RCA
cluster strain LE17 exhibited a dramatic and repeatable de-
crease in fluorescence compared to no-addition controls (Fig.
3, top panel), leading us to describe strain LE17 as parasitic to
algae (algicidal). Algicidal activity in laboratory cultures was

—— algal media
—&—algal filtrate
= =algal culture
= @ =bacterial media

108 -

107 4

106 -

day

FIG. 2. Abundance of RCA cluster strain LE17 over time in sea-
water with inorganic nutrient (f/4 algal medium), in L. polyedrum
stationary culture filtrate, in log-phase L. polyedrum whole culture, and
in 100X-diluted ZoBell bacterial medium (seawater with 0.05 g pep-
tone and 5 mg yeast extract liter ') measured with flow cytometry.
Error bars represent standard deviations of triplicate incubations.
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FIG. 3. Abundance of L. polyedrum cells over time monitored by
in vivo fluorescence with and without RCA cluster strain LE17 *
standard error of triplicate incubations (upper panel); colonization
intensity quantified as number of RCA cluster bacteria per algal
cell = 95% confidence intervals measured with CARD-FISH (lower
panel).

likely mediated by attachment, with an average of four bacte-
rial cells attached to each algal cell (Fig. 3, bottom panel).
There was a lag of several days between initial bacterial colo-
nization and the noted decrease in fluorescence. Samples col-
lected before the decreased fluorescence and examined under
the microscope revealed that RCA cluster-colonized dinoflagel-
lates appeared to swim slower than those in axenic control cul-
tures. This is consistent with our initial isolation approach target-
ing moribund L. polyedrum cells. Cell-free filtrates never
displayed algicidal or motility-inhibiting activity (data not shown),
leading us to conclude that the activity was likely mediated by
attachment.

RCA cluster dynamics in nature. The summer 2005 L. poly-
edrum bloom consisted of two major peaks in abundance sep-
arated by more than a month, interspersed with a period of
intermediate cell concentrations (Fig. 4a). In order to examine
the population dynamics of RCA cluster bacteria during this
bloom, we first quantified total free-living counts. Numbers of
RCA cluster bacteria ranged from 3 X 10° to 5 X 10° cells
ml ! (Fig. 4b). Cross-correlation analyses between free-living
RCA cluster bacteria and L. polyedrum abundances were not
statistically significant, indicating no temporal relationship be-
tween the datasets (data not shown).

For the RCA cluster colonization data, a total of 2,179 L.
polyedrum cells from 22 field samples were examined. Coloni-
zation frequency (the percentage of L. polyedrum cells colo-
nized by at least one RCA cluster bacterium) appeared to
increase with L. polyedrum abundance (Fig. 4c). The most
intense colonization occurred at the end of the second stage of
the bloom, with 51 to 72% of the algal cells colonized by RCA
cluster bacteria on 10 August (before the final bloom crash
beginning on 11 August). Cross-correlation of L. polyedrum
abundances and RCA bacterial colonization frequency showed
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a significant positive correlation with a negative 2-day lag
(dinoflagellate peaks leading the bacterial peaks), implying a
potential response in bacterial colonization to high algal num-
bers (Fig. 5).

RCA cluster colonization intensity (measured by the aver-
age number of RCA cluster bacteria on each colonized algal
cell) also seemed to increase with L. polyedrum abundances, in
magnitudes similar to what we saw in laboratory cultures (up to
an average of three RCA cluster bacteria per algal cell). Peaks
in colonization occurred on 5 July, 23 July, and 10 August,
again close to peaks in algal abundances (Fig. 4d). Cross-
correlation analyses of L. polyedrum abundances and RCA
cluster colonization intensity were statistically significant (and
negative) with a positive 2-day lag (bacteria peaked first) (Fig.
6). This implies that peaks in RCA cluster colonization inten-
sities preceded (by 2 days) crashes in L. polyedrum abundances,
consistent with predator-prey or infection dynamics. These
data are consistent with the hypothesis that RCA cluster bac-
teria killed L. polyedrum cells during the summer 2005 bloom
in La Jolla.

We searched GenBank for previous studies that examined
microbial diversity in marine phytoplankton blooms, both nat-
ural and mesocosm induced. Over 70% (11/15) of these studies
reported a sequence >99.5% similar to that of LE17 (Table 1).
These studies included blooms of dinoflagellates (13, 49, 51),
prymnesiophytes (8, 19), a raphidophyte, diatoms (35, 47), and
undescribed phytoplankton (42, 52). Although three of the
sequences were relatively short (~150 bp), they spanned vari-
able regions of the 16S rRNA, were 100% identical to the
LE17 sequence, and failed to match with any other organisms
in the database. Thus, we are confident that these short se-
quences represent the same 16S phylotype as LE17.

We also exhaustively searched the GenBank nr database and
the Global Ocean Survey (GOS) metagenomic database (data
available on the CAMERA website [http://camera.calit2.net])
for RCA cluster sequences from temperate environments (not
including the algal bloom samples mentioned above). Se-
quences >98.8% similar to the 16S of isolate LE17 were found
in 35 previous molecular diversity studies of temperate coastal
marine waters and in six coastal Atlantic Ocean samples from
the GOS data set (50) (Table 2).

DISCUSSION

Our results highlighting the physical interaction of bacteria
from the Roseobacter group with phytoplankton, in particular
dinoflagellates, are consistent with previous studies. Labora-
tory work has shown that cultured Roseobacter strains physi-
cally interact with dinoflagellates (34). Culture-independent
field studies have shown that Roseobacter bacteria are often
associated with algal blooms (reviewed in reference 9). Using
this previous knowledge, we have isolated a member of the
RCA cluster, one of the most common marine phylotypes in
the ocean (37), and provided evidence to support the hypoth-
esis that these bacteria affect algal bloom dynamics through
pathogenesis.

Our finding that RCA cluster strain LE17 did not form
visible colonies and yet required organic matter inputs is per-
haps unexpected. It is contrary to a previous report that sug-
gested that oligotrophic bacteria are unable to form colonies
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FIG. 5. Cross-correlation analyses between log-transformed L.
polyedrum abundances and RCA cluster colonization frequency during
the summer 2005 bloom. The number inside each chart refers to the
lag (in days). A lag of —2 days was statistically significant and positive.
The last panel shows a graphical representation of the relationship
between algal numbers (black line) and bacterial colonization fre-
quency (gray line).

while copiotrophic bacteria are able to do so (58). Perhaps
many marine bacteria, whether copiotrophic or oligotrophic,
cannot form visible colonies on solid surfaces, consistent with
the noted differences between cultured and uncultured phylo-
genetic diversity taken from the same seawater sample (3). In
addition, our data documenting the inability of strain LE17 to
grow in nonbloom seawater may shed some light on previous
difficulties in growing RCA cluster bacteria (and some other
abundant marine bacteria) with dilution-to-extinction meth-
ods. We suggest that adding organic matter to such dilutions
may be a fruitful approach to grow copiotrophs that cannot
form colonies. One additional puzzling characteristic of our
strain is its inability to form colonies on L. polyedrum agar
coupled with its ability to colonize L. polyedrum cells in liquid
media. The most likely explanation is that our strain (and
potentially many marine bacterial particle colonizers) can form
colonies of a limited size, after which the drawbacks of colony
formation outweigh the benefits. These colonies may simply be
too small to be detected by stereomicroscope. Previous work
has indeed shown that many marine bacteria make microcolo-
nies on agar visible only with an epifluorescence microscope
(57).

Our laboratory experiments further revealed that strain
LE17 displayed a parasitic relationship with the dinoflagellate
L. polyedrum. We have yet to resolve the exact mechanism of
this interaction, although it appeared to be based on physical
interaction between the organisms. Two perplexing aspects
remain: (i) the number of LE17 cells attached to L. polyedrum
cells was never particularly high, and (ii) we did not observe
LE17 cells inside the L. polyedrum cells. The first finding raises
the question of how a few attached bacteria on a large
dinoflagellate can have any effect on its physiology. Our colo-
nization intensities are consistent with previous work that
showed that as few as two or three bacteria attached to a large
cyanobacterial cell could affect its nitrogen fixation rates (39).
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colonizlation intensit
,
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FIG. 6. Cross-correlation analyses between log-transformed L.
polyedrum abundances and RCA cluster colonization intensity during
the summer 2005 bloom. The number inside each chart refers to the
lag (in days). A lag of +2 days was statistically significant and negative.
The last panel shows a graphical representation of the relationship
between algal numbers (black line) and bacterial colonization intensity

(gray line).

The second aspect could cast a doubt on the ability of strain
LE17 to be parasitic without being intracellular. However,
many ectoparasites exist at all levels of biology, including bac-
terial ectoparasites on nematodes (63) and protist ectopara-
sites on phytoplankton (61). In addition, intracellular localiza-
tion does not imply parasitism, as many dinoflagellates harbor
intracellular bacterial symbionts and commensals (5, 32).
Based on the knowledge that RCA cluster strain LE17 re-
quired attachment to kill L. polyedrum in the laboratory, we
proceeded to test the hypothesis that RCA cluster attachment
dynamics during an L. polyedrum bloom were consistent with a
pathogenic interaction. The null hypothesis that we attempted
to reject was that attachment dynamics were random and
showed no temporal interaction with algal numbers. In a
Lotka-Volterra-type predator-prey system (here the bacteria
are the predators and L. polyedrum the prey), peaks in the
predator populations follow peaks in the prey. These peaks in
predators cause subsequent decreases in the prey population,
followed by decreases in the predator. Thus, increases in RCA
cluster bacteria just after peaks in the L. polyedrum population
and subsequent decreases in the L. polyedrum population
would be consistent with our hypothesis that LE17 was a factor
in bloom termination. Our colonization data demonstrated
such dynamics with statistical robustness: increased RCA clus-
ter colonization frequency occurred 2 days after L. polyedrum
peaks, and L. polyedrum abundances were low 2 days after
peaks in RCA cluster colonization intensity. The latter finding
is most significant because it strongly suggests that L. poly-
edrum directly responded to RCA cluster colonization. An
alternative and, we believe, less likely explanation is that RCA
cluster colonization responded first to another factor that was
ultimately responsible for bloom demise. However, for this to
occur, this unknown factor would have to have a delay of more
than 2 days before bloom decline: first a delay for RCA cluster
attachment to increase in response to it, followed by an addi-
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TABLE 1. Characteristics of RCA cluster sequences from phytoplankton blooms

% Similarity to S GenBank No. of
ource Clone name . Reference -

LE17 accession no. base pairs
99.5 Chattonella bloom, coastal Japan N7 AB254272 Unpublished 151
100 L. polyedrum bloom, California coast ATT9” AF125336 13 164
100 Mesocosm bloom, California MBE14 AF191765 47 169
99.9 Emiliania huxleyii bloom, Georgia NACI11-3 AF245632 19 1,414
100 Phytoplankton microcosm, Spain ST-11 AY573528 42 492
100 Mesocosm Phaeocystis bloom, North Sea Band_4¢ AY672827 8 505
100 Dinoflagellate bloom, Catalan coast (Spain) BH7 DQ008454 51 512
100 Spring phytoplankton bloom, Wadden Sea GWS-a3-FL* DQ080937 Unpublished 498
100 Spring phytoplankton bloom (North Sea) F089¢ DQ289544 52 562
99.9 Diatom bloom, Oregon coast NH10_24 DQ372848 35 1,426
99.6 Bay of Fundy Alexandrium bloom AFB-2¢ AY353557 49 475

“ Clone representative of several RCA cluster clones.

® Clone collected from the attached fraction.

tional 2-day delay between RCA cluster attachment and no-
ticeable bloom decline. We also propose that RCA cluster
attachment may have acted in concert with another factor
(such as nutrient limitation) to cause bloom decline. However,
since LE17 can kill nutrient-replete L. polyedrum in the labo-
ratory, we do not believe that another factor was necessarily
involved.

We found 16S sequences from the same phylotype as strain
LE17 (>99.5% similarity) in the majority of past phytoplank-
ton bloom molecular diversity studies, suggesting that these
bacteria may also play a role in those bloom dynamics. Unfor-
tunately, the majority of these studies did not include a tem-
poral component, and it is unknown whether RCA cluster
colonization of algal cells increased at the end of the blooms.

TABLE 2. Characteristics of RCA cluster sequences found in nonbloom temperate environments

% Similarity to S GenBank No. of base o
ource Clone name . - Reference
LE17 accession no. pairs
100 Saline lake, Japan 1w AB154432 524 28
100 Japan coast HB02-8b AB265989 169 22
100 Coast of Georgia GAI-36 AF007259 400 18
100 Long Island Sound pC2-12 AF055225 298 16
100 Coastal North Sea OTU_E AF207853 534 65
99.0 Coastal Georgia EC-I1 AF287022 392 11
100 Weser estuary, Germany WM11-37 AF497861 523 54
100 English Channel DGGE band 5 AJ242822 515 15
99.0 Mediterranean coast, France S1-090-F-C-Nrl AJ508432 523 Unpublished
99.5 North Sea, Germany UNHYB_26” AJ630678 450 53
100 Oregon coast HTCC152¢ AY102029 647 10
99.7 Marine sediment s29 AY171302 1,018 27
100 Coast of Skagerrak Sea SKAS55¢ AY317122 429 57
99.3 Black Sea oxycline BSBd6-20/40m” AY360519 829 64
98.8 Estuary, Portugal RAN-63 AY499446 592 23
99.1 North Sea, United Kingdom PEL-52 AY550815 550 14
100 Estuary, Massachusetts PI_RT343° AYS580461 816 1
100 Coastal salt pond, United States SP_C23 AY589480 783 56
99.8 Estuary, Oregon LS-F4 AY628657 608 4
100 Wadden Sea, Germany Flo-37° AY684343 465 20
100 Salt marsh, Georgia SIMO-662° AY712199 451 Unpublished
100 Coast of Scotland FFW402 AY828410 719 Unpublished
99.5 Fjord, Norway LURI12 AY960287 570 48
99.7 California coast SPOTSAPRO1_5m124° DQ009296 1,400 6
99.9 Eutrophic bay, Washington PB1.27 DQ071074 1,386 29
99.7 Northeast Pacific, 2,500-m depth CTDO005-37B-02 DQ513055 1,427 24
99.2 Coast of Chile Chilil-G4? DQ669616 404 43
99.6 O, minimum, Chilean coast ESP10-K2711-52 DQ810325 1,301 Unpublished
99.6 North Sea, Denmark NS5 DQ839250 539 Unpublished
99.9 Coast of China PV2-27 EF215774 918 Unpublished
100 North Atlantic, 1,700 m 001733_3285_1268" NA® 60 59
99.5 Coast, North Carolina OM65” U70682 643 46
99.6 Northwest Mediterranean T41_191 DQ436604 751 Unpublished
100 Plum Island Sound, United States PIdgge30 AY308694 132 12
99.6 Coastal Mediterranean Isolate a EF018061 498 Unpublished
100 Gulf of Maine? 1097156605048 NA 694 50
99.8 Brown’s Bank, Maine? 1097156701473 NA 1,226 50
99.9 Bedford Basin, Nova Scotia® 1097159073554 NA 935 50
100 Newport Harbor, RI¢ 1097169034943" NA 1,470 50
98.7 Cape May, NJ¢ 1097173026724 NA 946 50
100 NAgs Head, NC? 109720503350 NA 1,213 50

“ “Unpublished” indicates that sequences found in GenBank are not yet associated with a publication.

b Representative sequence among several RCA cluster clones.

¢ Reported dilution-to-extinction culture but unable to successfully propagate.
4 Sample from the GOS metagenomic analysis.

¢ NA, not available.
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One exception is a study of an L. polyedrum bloom from 1997
in the same location as our study (13), in which the RCA
cluster sequence (clone ATTY9) was detected in the attached
fraction at the end of the bloom and subsequently disappeared
postbloom, consistent with our findings. To further validate the
hypotheses that RCA cluster bacteria kill phytoplankton in
general, more studies on RCA cluster attachment dynamics
coupled with isolation of RCA cluster bacteria causing mor-
tality of a range of phytoplankton taxa are needed.

We also found phylotypes >98.7% similar to LE17 from
many other coastal temperate sites worldwide, suggesting that
the success of the RCA cluster transcends episodic phyto-
plankton blooms. It may become abundant under any eutro-
phic condition, perhaps making it one of the most successful
marine copiotrophic bacteria in the oceans. Indeed, based on
the GOS metagenomic survey, this organism has been identi-
fied as one of the 20 most abundant phylotypes in surface
marine waters (37, 50). In addition, the widespread distribu-
tion of the RCA cluster raises the possibility that these bacteria
are also killing phytoplankton under nonbloom conditions, a
hypothesis that remains to be tested. One additional intriguing
aspect is that strain LE17 is unable to grow in nonbloom
seawater and yet is widely distributed in coastal samples not
taken during algal blooms. However, since there is no standard
definition of “algal bloom,” we contend that many of the sam-
ples were probably obtained from eutrophic waters that con-
tained high phytoplankton biomass but no apparent water dis-
coloration. In addition, moderate phytoplankton biomass
might be enough to support RCA cluster growth, particularly
in microzones of high nutrients within the phycosphere of
phytoplankton cells (2).

The first successful cultivation of a member of the RCA
cluster and its recognition as an algicidal bacterium are note-
worthy for several reasons. First, it demonstrates the useful-
ness of cocultivation with another organism(s) to isolate bac-
teria that will not grow on their own. While most efforts have
focused on decreasing organic matter and using nonsolid me-
dia (10), here we have shown that organic matter enrichments
to single bacterial cells may be a fruitful approach to isolating
previously uncultured organisms. Second, the isolation of a
strain of the RCA cluster will allow future biochemical, phys-
iological, and genomic analyses of one of the most common
bacterial phylotypes in the oceans. Third, it lends support to
the hypothesis that bacterial killing of phytoplankton cells is
not an artifact of laboratory incubations and that this phenom-
enon is an important mechanism shaping phytoplankton com-
munity structure in aquatic environments.
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