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ABSTRACT: Direct interactions between phytoplankton and bacteria are hypothesized to impact
bloom dynamics, community succession, and primary productivity. Such impacts may be depen-
dent upon bacterial attachment to phytoplankton, but few studies have quantified this relation-
ship in natural marine waters and little is known regarding factors regulating attachment. During
a study of thin layer dynamics in Monterey Bay, California, USA, we collected over 18 000 phyto-
plankton cells and analyzed them for attached bacteria. We focused our statistical analysis on
abundant diatoms and dinoflagellates often associated with thin layers and surface slicks. More
than 90 % of phytoplankton cells analyzed did not harbor attached bacteria. When colonization
had occurred, a single attached bacterium was the most common occurrence and few cells had
multiple attached bacteria. Visually healthy phytoplankton were rarely colonized, but those col-
lected outside of dense thin layers and surface slicks had higher incidences of colonization and
were more likely to harbor multiple bacteria. Longer diatom chains had a higher probability of
being colonized and of bacteria being selectively attached to specific regions within the chains.
These results strongly suggest that phytoplankton abundance, health, and morphology regulate
colonization by bacteria in the natural marine environment.
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INTRODUCTION

The relationships between phytoplankton and
their attached bacteria are not well understood. To
date, few studies have quantified attachment be-
tween phytoplankton and bacteria in the marine
environment or examined the factors regulating this
relationship. This direct association may have impor-
tant implications for carbon and nutrient cycling as
attached bacteria have high rates of growth and may
be responsible for significant consumption and re-
lease of labile organic matter from particles (All-
dredge et al. 1986, Smith et al. 1992, 1995). Attached
or closely associated bacteria may play important
roles in harmful and non-harmful algal bloom dy-

*Email: jrgraff@science.oregonstate.edu

namics (Lovejoy et al. 1998) and may regulate bloom
toxicity (Uribe & Espejo 2003, Bates et al. 2004).
Some bacteria may reduce the growth of the phyto-
plankton from which they were isolated (Sakami et
al. 1999, Uribe & Espejo 2003). However, the inci-
dence and ecological role of algicidic bacteria is not
fully understood (Mayali & Azam 2004). In order to
better understand the ecological consequences of the
attached relationship, it is important to know the
extent of bacterial colonization of phytoplankton and
the factors regulating this process in the marine envi-
ronment.

An early investigation that quantified bacterial
attachment to pelagic diatoms collected from natural
samples reported few bacteria attached to healthy
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and growing phytoplankton with more colonization
occurring when dead diatom cells appeared within
the diatom chains (Droop & Elson 1966). Sieburth &
Pratt (1975) documented the presence of bacteria
attached to phytoplankton and noted that multiple
bacteria attached to phytoplankton were rarely ob-
served in their field samples collected from Narra-
gansett Bay, RI, USA. A mesocosm experiment indi-
cated that phytoplankton were heavily colonized by
bacteria with attachment increasing at later times in
the experiment when chlorophyll a values reached
168 ng I'! as a result of high nutrient concentrations
(Smith et al. 1995). Kaczmarska et al. (2005) found
many bacteria attached to old or broken cells of the
diatom Pseudo-nitzschia multiseries in cultures, but
few were attached to the same diatoms collected
from natural assemblages. Species-specific differ-
ences may also exist as some species may be more
heavily colonized during early stages of growth and
some at later stages (Grossart et al. 2006). To date,
the timing and extent of attachment and factors reg-
ulating this process are poorly understood.

In this study we examined the extent of bacterial
attachment to diatoms and dinoflagellates in the nat-
ural marine environment of Monterey Bay, Califor-
nia, USA. Monterey Bay is a productive marine eco-
system. In spring and early summer, upwelling of
nutrient-rich water generates levels of primary pro-
ductivity that are typically 30 % higher than during
non-upwelling seasons (Barber & Smith 1981, Shea &
Broenkow 1982, Ryan et al. 2005a). Phytoplankton
blooms in the bay can be very dense and red tides do
occur (Ryan et al. 2005b). Phytoplankton thin layers
and surface slicks also form within the bay and were
present during this study (Rines et al. 2010, Ryan et
al. 2010, Sullivan et al. 2010a). Samples collected
within phytoplankton thin layers and surface slicks
were compared to those from regions of lower abun-
dance. Diatom cell and colony morphology were
evaluated for their influence on bacterial coloniza-
tion. Phytoplankton cell abundance, morphology,
and secondary metabolites are discussed as regulat-
ing factors of bacterial colonization of phytoplankton.

MATERIALS AND METHODS
Sample collection and preparation

We collected samples during the Office of Naval
Research's Layered Organization in the Coastal
Ocean (ONR-LOCO) project in Monterey Bay, Cali-
fornia. We collected 22 samples from 9 stations in the

northern region of the bay from July 20 to 27, 2006
(Fig. 1). Samples were collected from above and be-
low as well as inside the thin layers of phytoplankton
that were frequently observed during this experi-
ment (Rines et al. 2010, Sullivan et al. 2010b). Sam-
ples were also collected from patches of phytoplank-
ton that were so close to the surface that they formed
surface slicks. Potentially harmful algal bloom spe-
cies, such as the diatom Pseudo-nitzschia spp. and
the dinoflagellates Akashiwo sanguinea, and Alexan-
drium catenella often dominated samples collected
from these dense aggregations.

High-resolution optical data from vertical profilers,
both autonomous and ship deployed, were used to
direct our sampling efforts with respect to phyto-
plankton thin layers in Monterey Bay. A detailed
description of these profilers and their capabilities
has been published (Sullivan et al. 2010a). Seawater
was collected from our identified features of interest
using a SeaBird micro rosette sampler equipped with
a SeaBird SBE 49 fast cat CTD and WET Labs
WetStar chlorophyll fluorometer (see also Rines et al.
2010). Samples were immediately processed on-
board to avoid potential artifacts, including bacterial
growth and settling and aggregation of phytoplank-
ton within the sample bottles. Samples were fixed
with 37 % buffered formaldehyde to a final concen-
tration of 1%, were gently filtered onto polycarbon-
ate filters, and then stained with SYBR Green follow-
ing the protocol of Noble & Fuhrman (1998). For
quantification of free-living bacteria, 1 to 2 ml of
whole seawater were fixed and gently filtered
through 0.02 pm pore anodisc filters and stained with
SYBR Green (Noble & Fuhrman 1998). For phyto-
plankton and attached bacteria, 10 ml of whole sea-
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water were fixed and gently filtered through 5.0 pm
pore polycarbonate filters. Each filter was mounted
onto a glass microscope slide and covered with a
drop of SlowFade Anti-fade solution (Invitrogen) and
a glass coverslip. Slides were kept frozen at —20°C or
placed on dry ice during shipping until they were
analyzed.

Phytoplankton analyzed in this study were chosen
based on abundance, their presence in and formation
of thin layers and surface slicks, and our ability to
identify the cell or colony on filters using only epiflu-
orescence microscopy. This resulted in a variety of
phytoplankton taxa in our analysis including 6 dia-
toms and 6 dinoflagellates, some of which are unicel-
lular and others chain-forming species, as well as a
wide range of size classes. For example, Chaetoceros
cf. perpusillus is a small diatom that often formed
short chains of 3 cells in our samples while the much
larger C. concavicornis formed long chains that were
orders of magnitude larger that those of C. cf. perpu-
sillus. The relatively large dinoflagellate Akashiwo
sanguinea was present in our samples as single cells
while the smaller dinoflagellate Alexandrium cate-
nella was often observed in chains.

Microscopy and data collection

We visualized and quantified phytoplankton,
attached bacteria, and free-living bacteria collected
on the filters. Free-living bacteria were enumerated
at 1250x magnification in a minimum of 10 fields
using an Olympus BH-2 with epifluorescence optics.
Phytoplankton cells and their attached bacteria were
enumerated at 400x magnification using a Nikon
E800 equipped with epifluorescence optics. One half
of each 5.0 pm pore filter was analyzed for phyto-
plankton and attached bacteria. In samples where
species of interest were rare, the entire filter was
analyzed. For one sample collected in a dense sur-
face patch of Akashiwo sanguinea, less than half of a
filter was needed to view >500 cells of this species.
For the chain-forming species Pseudo-nitzschia sp. 1,
in the P.-n. delicatissima complex, we recorded the
number of phytoplankton cells per chain and the
number and location of the attached bacteria. Empty
or broken diatom frustules and phytoplankton cells
in aggregates of marine snow were not included in
our data collection and analysis. Images of live cells
of many of these taxa included in our analysis can be
found in Rines et al. 2010; particularly their Fig. 5 A &
B are images of the Pseudo-nitzschia species and
Fig. 5 H & I include the Chaetoceros species.

Data analysis

We constrained our statistical analysis for each
phytoplankton species to samples containing a mini-
mum of one cell per milliliter. This resulted in an
analysis of samples with a minimum of 5 cells per
sample. For the most abundant phytoplankton spe-
cies in our samples, particularly those forming thin
layers, surface slicks, and dense subsurface chloro-
phyll maxima, we compared bacterial colonization
rates between samples of high and low cell concen-
trations using a (-test.

We used the statistical software package R v. 1.25
(www.R-project.org) to investigate if diatom chain
length, expressed as the number of cells per chain,
was a good predictor for the presence of bacteria
attached to Pseudo-nitzschia sp. 1. Observations of
chain lengths greater than 10 cells were limited but
were included in this particular analysis. Data were
analyzed using a logistic regression model in R. We
calculated the Hosmer-Lemeshow statistic (Microsoft
Excel) to assess how well the data fit a logistic regres-
sion. The Hosmer-Lemeshow statistic measures lack
of fit, follows a chi-square distribution, and a p > 0.05
suggests the data have reasonable fit to the regres-
sion of interest (Sokal & Rohlf 1987).

We assessed site-specific colonization by bacteria
to diatom chains of Pseudo-nitzschia sp. 1 and Chae-
toceros concavicornis. Pseudo-nitzschia sp. 1 was
present in our samples as single cells and as chains
reaching up to 15 cells in length. Cells of this pennate
diatom are elongated, have tapered ends when
viewed in valve view, and form step-like chains over-
lapping at their tapered ends. For this species, we
measured the length, width, and dimensions of the
overlapping stepped regions of a representative
sample of cells and chains using the image analysis
software ImageJ (http://rsbweb.nih.gov/ij/) and as-
sumed a cell depth equal to its maximum width.
These measurements were used to calculate the sur-
face areas of cells and overlapping regions of the di-
atom chain. The surface area of each cell available for
colonization was adjusted to account for overlapping
regions by subtracting the surface area of 1 overlap-
ping region for terminal cells and 2 for internal cells.
The surface area for each cell or overlapping region
was transformed into a percentage of the total avail-
able surface area for each observed chain length. The
percentage for each region was multiplied by the
total number of bacteria attached to each specific
chain length. This resulted in an expected frequency
of attached cells at each particular colonization site.
The expected attachment frequency was compared
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to the actual attachment values for each colonization
site using a G-test (Sokal & Rohlf 1987). This analysis
was constrained to chain lengths of 2 to 8 cells as the
number of observations of longer chains was limited
and precluded their use in this analysis. For C. con-
cavicornis, the positions of attached bacteria were
recorded as located either on the central portion of
the cell or on the very long setae.

RESULTS

The vast majority of the >18000 phytoplankton
cells observed were free of attached bacteria
(Table 1). When colonization had occurred, the most
common observation was a single bacterium attached
to a phytoplankton cell. Multiple bacteria attached to
a phytoplankton cell were uncommon. However, we
did observe more than 11 bacteria attached to a few
cells of Akashiwo sanguinea (Table 1). Diatoms had
fewer epiphytic bacteria than dinoflagellates. On av-
erage, 94 % of diatom cells were free
of attached bacteria versus 87.6 % of

tions of 1 cell mI~! up to 707 cells ml~'. In contrast, the
diatoms Eucampia zodiacus and Pseudo-nitzschia sp.
2, a species in the seriata complex, occurred in nar-
row ranges of concentrations, 1 to 13 and 2 to 14 cells
ml?, respectively. The dinoflagellates A. sanguinea
and Alexandrium catenella and the diatom Pseudo-
nitzschia sp. 1 were the 3 most variable phytoplank-
ton species with respect to cell concentrations.
Phytoplankton species that were abundant in thin
layers, surface slicks, or subsurface maxima had
fewer attached bacteria than the same species col-
lected outside of these regions. On 2 occasions we
sampled dense surface slicks that visibly discolored
the water and included Akashiwo sanguinea as a
dominant community member. This dinoflagellate
was present in concentrations of 64 and 707 cells ml™!
inside these patches. The attachment of bacteria to
this species was lowest in these samples with 92.3 %
of cells free of bacteria (Table 2). In contrast, only
39 % of A. sanguinea cells in 6 samples with concen-
trations ranging from 1 to 17 cells ml™! were free of

Table 2. Comparison of the frequency of bacterial attachment rates to phyto-

dinoflagellates. plankton collected from locations of extremely high abundance (surface slicks,
thin layers, and subsurface maxima) and regions of low abundance
Phytoplankton —— Abundant —Not abundant—  p
Phytoplanlfton abul'ldal.lce and Cells free  Cells Cells free  Cells
bacterial colonization of attached ml™! of attached ml™!
bacteria (%) bacteria (%)
Phytoplankton species abundance
was hlgle variable during the course Akashiwo sanguinea 92.3 64-707 39.0 1-17 <0.05
£ thi tudv. Akashi . Alexandrium catenella 94.5 12-60 81.7 2-10 >0.05
ob this study. Akashiwo sanguinea Pseudo-nitzschiasp. 1~ 94.9  31-220 89.9 2-18 <0.05
had the widest range with concentra-

Table 1. Percentage of phytoplankton cells with a specific number of attached bacteria

Phytoplankton Cells with bacteria attached (%) Algal cells
No. of bacteria viewed
0 1 2 3 4 5 6-10 11+
Diatoms 94.0 5.3 0.7 0.1 0.1 0.2 0.4 12045
Chaetoceros cf. perpusillus 97.1 2.7 0.2 5671
Pseudo-nitzschia sp. 1 93.9 54 0.4 0.1 0.1 0.1 5196
Pseudo-nitzschia sp. 2 93.0 5.7 0.9 0.1 0.1 0.1 759
Chaetoceros concavicornis 83.6 14.6 1.1 0.4 0.4 268
Eucampia zodiacus 99.1 0.9 112
Haslea sp. 97.4 2.6 39
Dinoflagellates 87.6 8.6 1.7 0.6 0.7 0.5 1.6 3.1 6593
Prorocentrum minimum 91.3 6.9 1.5 0.3 1958
Alexandrium catenella 85.9 12.0 1.5 0.7 1341
Akashiwo sanguinea 79.2 8.2 2.7 1.7 1.0 0.9 3.2 3.1 1165
Prorocentrum micans 92.3 5.7 1.3 0.1 0.3 0.2 0.1 945
Ceratium furca/lineatum 85.9 12.0 1.5 0.7 601
Dinophysis fortii® 91.3 6.9 1.5 0.3 583
D. fortii comprised approximately 90 % of this genus in samples. D. acuminata was also present in samples, but it was not
possible to distinguish between these species on filters
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colonization (Table 2). Alexandrium catenella was
present in 15 samples in concentrations greater than
1 cell ml~! and was abundant in a surface slick and in
subsurface thin layers at concentrations of 12 to
60 cells ml™!. Cells of this species collected from these
dense aggregations had low rates of colonization
with a sample average of 94.5 % of cells free of bacte-
ria (Table 2). When A. catenella were less abundant,
in concentrations of 2 to 10 cells ml™, they were more
heavily colonized with 81.7 % of cells free of attached
bacteria (Table 2). Pseudo-nitzschia sp. 1 did not
form surface slicks or thin layers during the sampling
period, but it was present in concentrations of 31 to
220 cells ml~! in subsurface samples. Cells of Pseudo-
nitzschia sp. 1 in these samples had fewer attached
bacteria than in samples with concentrations of 2 to
18 cells ml™', 94.9 and 89.9% cells free of coloniza-
tion, respectively (Table 2). Bacterial colonization
was significantly different (p < 0.05) between the
high abundance samples and low abundance sam-
ples for A. sanguinea and for Pseudo-nitzschia sp. 1.

While most phytoplankton had a low occurrence of
attached bacteria, each species had a range of values
for bacterial colonization rates (Fig. 2a). Akashiwo
sanguinea was present in 8 samples and exhibited a
wide range of cells free of attached bacteria, 39 to
92.3%. Eucampia zodiacus was present in 5 samples
and had the narrowest range in rates of colonization,
with 90 to 100 % of cells free of colonization. We also
found a wide range of colonization rates within sam-
ples. One or 2 species were often highly colonized
while others remained relatively free of attached
bacteria (Fig. 2b).

Phytoplankton morphology

Pseudo-nitzschia sp. 1 chain length was a signifi-
cant factor in determining the presence or absence of
attached bacteria (Fig. 3). We observed single cells
and chains with lengths ranging from 2 to 15 cells for
this species. Longer chains were less abundant in our
samples but had a higher probability of being colo-
nized in comparison to more abundant short chains
or single cells (Fig. 3). The Hosmer-Lemeshow statis-
ticresulted in a p > 0.05, suggesting that the data rea-
sonably fit a binomial distribution where shorter
chains have a low probability of being colonized and
longer chains a higher probability.

Our analysis of site-specific colonization of Pseudo-
nitzschia sp. 1 chains also indicated that phytoplank-
ton morphology may influence bacterial colonization
patterns. The observed frequency distributions of at-
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Fig. 2. Boxplots of phytoplankton cells free of colonization
for (a) 12 species and (b) within 22 samples from Monterey
Bay, CA. The box has lines at the lower quartile, median,
and upper quartile values; whiskers indicate the maximum
and minimum of the data, and statistical outliers are shown
as individual circles. In (a) the number in parentheses fol-
lowing each species name represents the number of samples
in which it was present in concentrations >1 ml~!. Numbers
in parentheses on the x-axis of (b) represent the number of
species of the 12 analyzed that were present in the sample

tached bacteria upon Pseudo-nitzschia sp. 1 cells sig-
nificantly deviated from our expected distribution
(p < 0.05) for 3 of the 7 chain length categories
(Fig. 4). The largest positive deviations, i.e. more ob-
servations of bacteria than expected, occurred on the
terminal cells and the first overlapping region of the
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Fig. 3. Logistic regression for the presence of attached bac-
teria to chains of Pseudo-nitzschia sp. 1. Predicted values (O)
from the regression and observed values (®). This significant
regression (Hosmer-Lemeshow, p > 0.05) indicates that
chain length is a good predictor for the presence of attached
bacteria where longer chains have a higher probability of
being colonized. Chain lengths of 11, 13, and 14 were
observed a single time in our samples

diatom chains (Fig. 4). The largest negative de-
viations occurred near the middle regions of longer
chains. The large diatom Chaetoceros concavicornis
was present in 2 samples. A total of 268 cells were an-
alyzed from these samples and 52 bacteria were ob-
served attached to these cells. Of the 52 attached bac-
teria, 50 were located on the long setae of the cells
and only 2 were located on the central valve region.

Free-living bacteria and fluorescence

The abundance of free-living bacteria ranged
from 1.9 x 10° to 4.5 x 10° cells mI~!. This was weakly
and not significantly correlated to in situ chlorophyll
fluorescence measurements, R? = 0.20, p > 0.05. The
abundance of bacteria within thin-layers was slightly
depressed in comparison to non-layer regions of the
water column. Removing the data from inside thin
layers of Alexandrium catenella and a subsurface
maxima of Pseudo-nitzschia sp. 1 strengthened the
correlation between free-living bacteria abundance
and in situ chlorophyll fluorescence, R? = 0.55, p <
0.05 (Fig. 5).

DISCUSSION

The majority of diatoms and dinoflagellates in
Monterey Bay were free of attached bacteria. This
confirms the earlier work of Droop & Elson (1966)
and more recently Kaczmarska et al. (2005), who also
found few bacteria attached to phytoplankton in
environmental samples. Cells of Akashiwo san-
guinea collected from surface slicks in Monterey Bay
were robust autotrophic phytoplankton and were
less colonized than the same species collected out-
side of these dense aggregations. In contrast, cells of
A. sanguinea present in low concentrations appeared
unhealthy, with low fluorescence when viewed
under the microscope, and were more heavily colo-
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Fig. 4. Site-specific colonization by bacteria upon chains of Pseudo-nitzschia sp. 1, for chain lengths of 2 to 8 cells. Numbers

represent the deviation from the expected rate of colonization for a specific site as determined by available surface area for the

cells or overlapping regions of the diatom chain. Chain mid-line: line drawn through the middle of the chain of this particular
length; cells: no. of cells in this size chain; obs: no. of observations of attached bacteria to this length of chain
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dense subsurface chlorophyll maxima composed of Pseudo-
nitzschia sp. 1

nized. This observation also aligns with those of
Droop & Elson (1966), who found that healthy, grow-
ing diatoms were nearly free of attached bacteria but
were more heavily colonized when they became
senescent at the end of a bloom. Thus, phytoplankton
health and/or growth stage likely plays a role in reg-
ulating the process of bacterial colonization.

Phytoplankton cell and colony morphology may
also regulate bacterial attachment. In the present
study, bacteria more often colonized longer diatom
chains of Pseudo-nitzschia sp. 1. A longer chain
length results in an increased surface area and, all
things being equal, would increase the likelihood of
encountering bacteria. Longer chains may also be
older than short chains thereby providing more time
for attachment to occur. In addition, bacteria may
attach to specific locations upon phytoplankton cells
or colonies. Regions near the ends of the chains of
Pseudo-nitzschia sp. 1 were more heavily colonized,
and the setae of the large diatom Chaetoceros con-
cavicornis harbored more bacteria than did the cen-
tral valves of the cells. While it has not been shown
here or in other studies, phytoplankton morphology
could increase encounter rates of specific regions of
the cell or colony with bacteria.

In this study we did not observe chains of Pseudo-
nitzschia sp. 1 longer than 15 cells. Results of the
logistic regression analysis indicate that chains
longer than 15 cells would have a probability of 1 for
having attached bacteria. It is conceivable that larger
chains were more rare and were thus undersampled

or that turbulence limited chain length for this spe-
cies. It is also possible that bacteria influence phyto-
plankton morphology, life cycle, or limit the size of a
phytoplankton chain or colony. Thus far, it has been
shown that bacteria can alter dinoflagellate swim-
ming behavior (Mayali et al. 2008) and cause tempo-
rary cyst formation in dinoflagellates (Mayali et al.
2007). In the ocean, the enzymatic activities of bacte-
ria act to degrade particulate organic matter from
large particles into the dissolved phase (Smith et al.
1992). This activity may limit the size of a phyto-
plankton chain or colony by degrading the mucilage
or apical pads that join phytoplankton cells of some
species together (Hoagland et al. 1993), thus altering
chain or colony morphology. The influence of a bac-
terial metabolite on algal morphology has been
observed in macroalgal cultures (Matsuo et al. 2005).
However, a similar relationship has not been demon-
strated between phytoplankton and bacteria.

The range of bacterial colonization rates for differ-
ent algal species within the same sample highlights
the species-specific differences within a phyto-
plankton community. Such differences may be im-
portant for plankton community succession and
bloom dynamics. Evidence for bacteria terminating
phytoplankton blooms (Mayali & Azam 2004) or,
in contrast, providing the vitamins necessary for
growth and production (Croft et al. 2005) is still
unclear. Some species may proliferate with a bene-
ficial symbiotic relationship while others perish due
to bacterial attack. Variability of attachment rates to
a particular phytoplankton species, such as the bac-
terial colonization of cells forming thin layers and
those of the same species outside of these layers,
may be important for the proliferation of members
of a phytoplankton population into a bloom or for
their continued existence at background or unde-
tectable concentrations.

In Monterey Bay, abundant phytoplankton from
surface slicks, thin layers, and subsurface maxima
harbored few attached bacteria while the same
phytoplankton species, when present in lower con-
centrations, had a higher percentage of colonized
cells. These results are in direct contrast to those of
Vaqué et al. (1989), who found that the greatest
extent of attachment in a microcosm study occurred
when phytoplankton and bacteria were at their high-
est concentrations. This led Vaqué et al. (1989) to
propose that encounter probability and attachment
were limited until both groups reached high abun-
dance. Smith et al. (1995) also found higher rates of
attachment in an enclosed mesocosm experiment
when phytoplankton and bacteria concentrations
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were high. Still, others have found few bacteria
attached to phytoplankton collected from natural
waters (Droop & Elson 1966, Kaczmarska et al. 20095).
Based on encounter rate theory, the expectation is
that higher abundances of organisms would increase
encounters between phytoplankton and bacteria.
Our results suggest that abundance alone is a poor
predictor of the extent of bacterial colonization of
phytoplankton in the marine environment and that
significant differences exist between enclosure
experiments and field studies with respect to this
process. Additional factors such as phytoplankton
health and physiology or growth phase are potential
mechanisms controlling the process of bacterial colo-
nization of phytoplankton. Moreover, phytoplankton
motility and survival strategies may be important
for understanding this relationship. For example,
vertically migrating dinoflagellates may encounter
more bacteria as a result of their swimming behavior.
Conversely, the ability of dinoflagellates to regulate
their position within the water column could lead
to an overall reduced exposure to their bacterial
neighbors, i.e. by swimming away from regions of
the water column with a high concentration of bacte-
ria and into to depths with low concentrations of bac-
teria (Gasol et al. 2005). In the present study, the
dinoflagellate Alexandrium catenella formed thin
layers with high fluorescence during the day (Rines
et al. 2010). In these layers, A. catenella had low
numbers of attached bacteria (Table 2), and there
were lower than expected free-living bacteria in the
immediately surrounding water (Fig. 5) based on the
relationship between fluorescence and free-living
bacteria in non-layers. Phagotrophy and bactivory
are also potential strategies that flagellates use to
regulate the abundance of their microbial neighbors.
The ingestion of Eubacteria and Cyanobacteria has
been demonstrated for some dinoflagellate species
(Jeong et al. 2005, Burkholder et al. 2008). At the
time of our study, the layer- and surface slick-form-
ing dinoflagellates, A. catenella and Akashiwo san-
guinea, appeared to be very strong autorophs, and
bactivory has not been shown for these species
(Burkholder et al. 2008).

Phytoplankton chemistry is another mechanism
that could mediate the extent of attachment and may
account for some of the attachment variability we
observed. Microalgal exudate chemistry varies by
species and in relation to light levels, nutrient sup-
plies, growth phase, and abundance (Fogg 1977,
Zlotnik & Dubinsky 1989, Myklestad 1995, 2000).
Secondary metabolites produced by phytoplankton
can impact the growth of other phytoplankton

(Kubanek et al. 2005) and have deleterious effects
upon zooplankton (Miralto et al. 1999, Ianora et al.
2003). Phytoplankton may also produce compounds
as a means of protection from pathogens or competi-
tion (Cole 1982, Naviner et al. 1999, Adolph et al.
2004). In our study, high concentrations of phyto-
plankton found in thin layers and surface slicks
appeared to inhibit colonization by bacteria. Healthy
phytoplankton in dense aggregations could produce
and concentrate secondary metabolites that deter
bacterial colonization, similar to the concentration of
toxins in some harmful algal blooms. Stressed or
unhealthy phytoplankton may not produce these
metabolites, at which point higher rates of coloniza-
tion could take place or may produce compounds
that are attractive for attaching bacteria. In this study,
the abundance of free-living bacteria in thin layers
was depressed in comparison to samples collected
outside of thin layers. These results indicate that the
growth or presence of bacteria was inhibited within
these layers relative to the surrounding waters.

CONCLUSIONS

The results of this study suggest that abundant
and healthy phytoplankton in the marine environ-
ment rarely harbor attached bacteria. In contrast,
bacteria readily colonize many non-living particles
in the marine environment such as transparent
exopolymers and marine snow (Alldredge et al.
1986, Passow & Alldredge 1995). Very different
mechanisms may control the colonization of living
and non-living particles by marine bacteria. The
most common observation of attachment of a single
bacterium to a phytoplankton cell raises numerous
questions regarding the impact of the attached
relationship. Nevertheless, phytoplankton can be
heavily colonized at times. Possible mechanisms
that control the process of bacterial attachment to
phytoplankton include abundance, morphology,
algal health, exudate chemistry, and species-spe-
cific interactions. The ecological role of the attached
relationship will become clearer as the factors reg-
ulating the process of bacterial colonization to
phytoplankton are elucidated.
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