
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 2004, p. 4692–4701 Vol. 70, No. 8
0099-2240/04/$08.00�0 DOI: 10.1128/AEM.70.8.4692–4701.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Chemotaxis of Silicibacter sp. Strain TM1040 toward
Dinoflagellate Products†

Todd R. Miller,1 Kristin Hnilicka,1 Amanda Dziedzic,1 Paula Desplats,2 and Robert Belas1*
Center of Marine Biotechnology, University of Maryland Biotechnology Institute, Baltimore, Maryland 21202,1 and

Fundacion de Investigaciones Biologicas Aplicadas, Centro de Investigacions Biologicas,
7600 Mar del Plata, Argentina2

Received 5 January 2004/Accepted 9 April 2004

The �-proteobacteria phylogenetically related to the Roseobacter clade are predominantly responsible for the
degradation of organosulfur compounds, including the algal osmolyte dimethylsulfoniopropionate (DMSP). Sili-
cibacter sp. strain TM1040, isolated from a DMSP-producing Pfiesteria piscicida dinoflagellate culture, degrades
DMSP, producing 3-methylmercaptopropionate. TM1040 possesses three lophotrichous flagella and is highly
motile, leading to a hypothesis that TM1040 interacts with P. piscicida through a chemotactic response to com-
pounds produced by its dinoflagellate host. A combination of a rapid chemotaxis screening assay and a quan-
titative capillary assay were used to measure chemotaxis of TM1040. These bacteria are highly attracted to
dinoflagellate homogenates; however, the response decreases when homogenates are preheated to 80°C. To help
identify the essential attractant molecules within the homogenates, a series of pure compounds were tested for
their ability to serve as attractants. The results show that TM1040 is strongly attracted to amino acids and DMSP
metabolites, while being only mildly responsive to sugars and the tricarboxylic acid cycle intermediates. Adding
pure DMSP, methionine, or valine to the chemotaxis buffer resulted in a decreased response to the homoge-
nates, indicating that exogenous addition of these chemicals blocks chemotaxis and suggesting that DMSP and
amino acids are essential attractant molecules in the dinoflagellate homogenates. The implication of Silicibacter
sp. strain TM1040 chemotaxis in establishing and maintaining its interaction with P. piscicida is discussed.

In the marine environment, unicellular algae and other eu-
karyotic microorganisms, such as dinoflagellates, coexist with a
diverse community of heterotrophic bacteria. Much of the car-
bon and nitrogen required for the growth of these bacteria is
supplied by the unicellular bloom-forming eukaryotes (10).
During feeding, stress, and lysis, nutrients are released from
these microbes and made available to the bacteria. The nutri-
ent plumes emitted occur on a microscale and are quickly
dispersed and diluted by diffusion and turbulence (3). Over
space and time not all species of bacteria are equally likely to
obtain these nutrients (8). While some bacterial species rely
upon high-affinity uptake mechanisms, the ability to sense and
move towards increasing chemical gradients, known as chemo-
taxis, provides motile bacteria with a distinct advantage over
their nonmotile counterparts (8). Knowledge of how marine
bacteria sense and respond to algal cells is therefore important
to our understanding of bacterial physiology and the interac-
tions between these prokaryotes and their eukaryotic hosts and
ultimately impacts our greater understanding of nutrient cy-
cling in marine ecosystems.

Algae-derived compounds that are likely to serve as che-
moattractants for marine heterotrophic bacteria include sug-
ars, amino acids, nucleosides, and other small diffusible or-
ganic compounds. Many of these molecules are common to all
living cells; however, some are algae specific. For example,
most marine unicellular algae, especially dinoflagellates and

prymnesiophytes, produce large quantities of the organosulfur
compound dimethylsulfoniopropionate (DMSP) (21). This
compound is degraded by both algae and bacteria, resulting in
the production of dimethylsulfide and acrylate, or demethyl-
ated by bacteria only, producing demethylation products in-
cluding 3-methylmercaptopropionate (MMPA) and 3-mercap-
topropionate (MPA) (30). All of these compounds can be
utilized as a source of bacterial carbon and sulfur and are
candidates for algae-specific chemoattractants (15, 22, 29, 33).

The �-, �-, and �-proteobacteria, as well as the Cytophaga-
Flexibacter-Bacteroides spp., are important members of the
marine picoplankton and are often found within algal com-
munities (13). Of these groups, the �-Proteobacteria genera
phylogenetically related to the Roseobacter clade are of partic-
ular interest. These bacteria are abundant in algal cultures as
well as within blooms of algal species (2, 17, 35). They are also
predominantly responsible for the degradation of DMSP (15),
and their activity has been correlated with blooms of high-
DMSP-producing phytoplankton, including dinoflagellates and
prymnesiophytes (35). Interestingly, Roseobacter clade species
are involved in both physical (attached or intracellular) and
physiological (toxin production and growth-enhancing) inter-
actions with dinoflagellates (2, 7, 12). Mechanisms for these
interactions may rely upon bacterial motility and chemotaxis
behavior that allow these bacteria to sense and move towards
their eukaryotic host, where they derive beneficial nutrients,
once in close physical proximity to the dinoflagellate. While
much is known about the cooccurrence of motile Roseobacter
species and bloom-forming dinoflagellates, little or no data
describing chemotactic behavior in any of the Roseobacter
clade bacteria have been reported.

We have used monocultures of the DMSP-producing dino-
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flagellates Pfiesteria piscicida, Pfiesteria shumwayae, and Pfies-
teria-like (Cryptoperidiniopsis) dinoflagellates as our model sys-
tem for studying Roseobacter-dinoflagellate interactions (2).
Within these cultures, bacteria native to the algal niche assim-
ilate dinoflagellate-derived nutrients and are intrinsically prop-
agated with the dinoflagellates in continuous subcultures. The
bacterial community inhabiting Pfiesteria cultures is diverse,
containing at least 19 different species depending upon the
strain examined (2). Some of these bacteria can be found
physically attached to and aiding in the growth of the dino-
flagellates, and a major component of this bacterial community
consists of bacteria related to Roseobacter species (2).

In a previous report (23), we isolated and identified four
DMSP-degrading Roseobacter species from a P. piscicida cul-
ture. All of the Roseobacter species isolated from these dino-
flagellates degrade DMSP (23), and one, strain Silicibacter sp.
strain TM1040, is highly motile in semisolid agar and in liquid
media (15). In this report, we tested the hypothesis that strain
TM1040 is chemotactic towards specific molecules produced
by the dinoflagellate.

MATERIALS AND METHODS

Bacteria and media. Silicibacter sp. strain TM1040 was isolated from a culture
of the dinoflagellate P. piscicida CCMP1830 (Provasoli-Guillard National Center
for Culture of Marine Phytoplankton) and was maintained on either HIASW
agar (25 g of heart infusion broth [Difco], 15 g of artificial seawater [ASW;
Instant Ocean], 16 g of Bacto Agar per liter) or half-strength 2216 marine agar
(2). Liquid broth cultures were made with half-strength 2216 marine broth.
Marine motility agar was prepared by supplementing half-strength 2216 marine
broth with 3.0 g of Bacto Agar per liter. For the chemotaxis plate assay, a basal
minimal (BM) medium (12.1 g of Tris HCl, 1.0 g of NH4Cl, 0.0075 g of K2HPO4,
15 g of ASW, 3.0 g of Bacto Agar per liter; pH 7.6) was used. After autoclaving,
the BM medium was cooled to 50°C and supplemented with 0.2 g of FeSO3 and
1 ml of Balch’s vitamins (5), and a single carbon source (glycerol, glucose,
succinate, or alanine) was added to a final concentration of 10 mM.

Dinoflagellates and cultivation. P. piscicida CCMP1830 was grown as previ-
ously described (2). Dinoflagellates were fed a diet of the cryptomonad prey alga
Rhodomonas sp. CCMP768, supplied as described by Alavi et al. (2).

Chemotaxis plate screening assay. A qualitative chemotaxis screening method,
described by DeLoney-Marino et al. (11), was used with only slight modification.
An isolated colony of TM1040 was inoculated in the center of a BM-glycerol
motility agar plate. After 3 days, a point where the bacteria had swam outwards
5 cm from the site of inoculation, an inoculum taken from the outer ring of the
motile colony was used to inoculate the center of a second fresh BM-glycerol
motility agar plate. Following 36 h of incubation, a putative attractant was placed
approximately 5 cm from the site of inoculation (or 2.5 cm in front of the
periphery of motile cells). Possible chemoattractant compounds were adminis-
tered as either a sterile solid or concentrated stock solutions. The cells were
further incubated for 16 h to allow for additional outward movement, at which
time measurement of diameter, shape, and chemotaxis rings internal to the
motile colony were made. The resulting data were scored on a plus-minus scale,
where minus indicates no change compared to distilled water or no attractant
controls and either one or two pluses indicates moderate to strong alteration in
motile colony phenotype (respectively). All chemotaxis assays were performed in
a 30°C walk-in incubator at 65% relative humidity.

Quantitative capillary chemotaxis assay. The capillary method of Adler (1), as
modified by Palleroni (26), was used to quantitatively measure the chemotactic
response of TM1040 toward a subset of compounds screened by the plate
method. A broth culture of TM1040 was grown overnight in half-strength 2216
marine broth at 30°C to an optical density at 600 nm (OD600) of 0.3 to 0.4, which
corresponds to the mid-exponential phase of the Silicibacter sp. strain TM1040
growth cycle. The cells were pelleted by centrifugation at 4,000 � g in a tabletop
centrifuge (Centra-CL2; International Equipment Company), the supernatant
was discarded, and the pellet was resuspended in chemotaxis buffer (CB) (15 g
of ASW, 6 g of Tris-HCl per liter [pH 7.6]) to the same OD. Five hundred
microliters of washed cells was placed in one of the wells of the Palleroni
chamber, followed by a 1-�l capillary (Microcaps; Drummond) filled with a
putative attractant diluted in CB. This process was repeated for each of the four

wells in the chamber. A capillary filled with CB only was included in each
experiment as a negative control. Depending on the experiment, capillaries
remained in the chambers for 0.5 to 2 h, after which time they were removed, and
the contents of each capillary were serially diluted in CB. Final dilutions were
then spread on HIASW agar plates and incubated for 16 h at 30°C. The con-
centration of TM1040 in each capillary was derived by counting the CFU on each
plate and multiplying by the appropriate dilution factor. To normalize all data, a
“response factor” as described by Wei and Bauer (31) was calculated by dividing
the mean number of bacteria in the attractant-filled capillaries by the mean
number of bacteria in control capillaries.

The capillary assay was also used to measure the reduction in chemotaxis
through competition when a known attractant was supplied exogenously (i.e.,
outside the capillary). In this variation, the quantitative capillary method was
used, but a known attractant was included in the CB used to suspend the washed
cells. A capillary containing a mixture of potential chemoattractant molecules
was then placed in the chamber and incubated as described earlier. At the
completion of the assay, the percent reduction in chemotaxis was calculated
using the following formula: % reduction � [1 � (CFU ml�1

exogenous/CFU
ml�1

control)] � (100).
Preparation of cell homogenates. Dinoflagellates and Rhodomonas sp. were

grown to late exponential phase (ca. 105 to 106 cells per ml), and the cell density
was measured using a Coulter Counter (model M/SZRII; Beckman Coulter).
Dinoflagellates were harvested after starvation of the culture to remove Rhodo-
monas prey algae, which was confirmed by microscopy. The cell densities in P.
piscicida and Rhodomonas cultures were normalized to 105 cells per ml, and each
culture was then pelleted by centrifugation at 4,000 � g and 4°C for 10 min. The
supernatant was removed, and the pellets were separately resuspended with
either 1 ml of ice-cold distilled water or CB. The cells were homogenized by
sonication (Sonic Dismembrator; Fisher), and cell disruption was assessed by
microscopy. To examine the heat sensitivity of chemotaxis elicitors, an aliquot of
each homogenate was heated to 80°C for 15 min prior to the assay. All homog-
enates were then stored at �20°C. When required, the homogenates were
thawed, held on ice, and used in the capillary assay as described.

Bacterial homogenates were prepared in a similar manner. Briefly, an aliquot
from several 10-fold dilutions of the P. piscicida culture was inoculated onto
half-strength 2216 marine agar and incubated until bacterial colonies were evi-
dent. Approximately 1,000 mixed colonies were then resuspended from the agar
surface using 10 ml of CB, and the cells were collected by centrifugation at 4,000
� g for 10 min. The bacterial pellet was resuspended to an OD600 of 0.3 in CB.
Aliquots of the bacterial suspension were sonicated, and a portion was heated, as
described above.

Video microscopy. To compare the motility of TM1040 with and without an
attractant, cells were grown and prepared as described for in the capillary assay.
A sample of the washed cells was incubated at 30°C, with and without the
addition of 10 mM succinate (in CB, pH 7.0). Cell swimming and behavior over
a 5-h period were measured using phase-contrast microscopy (Nikon Optiphot
BX60) equipped with a digital video camera (Canon Elura, Lake Success, N.Y.).
After examination of the entire video, three separate fields were chosen, and
1-min intervals of each were transferred to a computer for further analysis, using
Adobe (San Jose, Calif.) Premier version 6.0 software. Individual 0.33-s frames
were exported as a tagged image file format sequence and reassembled with
IPLab version 3.55 (Scanalytics, Fairfax, Va.) as a sequence of ordered frames
(t-series). The numbers of motile and nonmotile cells per field were determined
to determine the average percentage of motile cells per field.

Transmission electron microscopy (TEM). Silicibacter sp. strain TM1040,
taken from the periphery of a motile colony growing in semisolid BM glycerol
motility agar, was inoculated in half-strength 2216 marine broth and incubated at
30°C to an OD600 of 0.3. A 400-�m-mesh carbon-coated parlodion copper grid
was floated over a 30-�l aliquot of this culture for 1 to 2 min and blotted dry.
Bacteria adhering to the grid were stained two times for 30 s with 1% uranyl
acetate and 0.04% tylose in distilled water. Negatively stained cells were viewed
using a Philips BioTwin CM120 transmission electron microscope at an operat-
ing voltage of 20 kV. The resulting images were recorded on film and scanned
into a computer, and the brightness and contrast were changed for optimum
viewing using Adobe Photoshop 7.

Analytical techniques. The concentration of DMSP in 1 ml-samples of heated
or boiled 200 �M DMSP and in heated and untreated P. piscicida homogenates
was measured using gas chromatography with flame ionization detection, as
previously described (23).

Chemicals. DMSP was synthesized from acrylate and dimethylsulfide as pre-
viously described (9). MMPA was synthesized by alkaline hydrolysis of its methyl
ester, methyl-3-(methylthio)propionate (Aldrich, Milwaukee, Wis.) (19). All oth-
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er compounds were of at least reagent grade quality and were purchased from
Sigma-Aldrich (Milwaukee, Wis.).

RESULTS

TM1040 possesses three lophotrichous flagella. Prior to be-
ginning studies of chemotaxis, motile cells of TM1040 were
visualized by TEM to confirm the presence, number, and lo-
cation of flagella. As shown in Fig. 1, TM1040 is a small (ca.
1.0- to 1.5-�m) rod- or oval-shaped bacterium with at least
three lophotrichous flagella. These flagella are located at one
end of the cell, slightly off-center from the cell pole. An anal-
ysis of the structure of filaments suggests that they are simple
filaments, rather than the complex forms found in Silicibacter
pomeroyi DSS-3 (14) or other �-proteobacteria (27).

Chemotaxis of TM1040 is enhanced by prior starvation.
Initial observations suggested that TM1040 cells held for 1 to
2 h in CB (a starvation condition) were more responsive to
methionine than cells that had not been starved (data not
shown). To examine this more closely, chemotaxis of starved
and unstarved TM1040 toward methionine was measured by
using a quantitative capillary assay. As shown in Fig. 2, starving
the bacteria of nutrients prior to the assay resulted in a greater
maximal response to the attractant, which was maintained for
at least 2 h. This can be seen by comparing the starved-cell
response to methionine to the unstarved response to methio-
nine in Fig. 2. After 0.5 h, the mean concentration of bacteria
in methionine-filled capillaries was 5.3 � 107 CFU per ml and
increased thereafter, with increasing exposure time rising from
1.8 � 108 CFU per ml at 1 h to a maximum of 2.4 � 108 CFU
per ml at 1.5 and 2 h. By contrast, without starvation the
maximum mean concentration of bacteria in methionine-filled
capillaries reached a peak of 2.1 � 108 CFU per ml at 1.5 h and
decreased thereafter. The bacterial concentration in control
capillaries for either starved or unstarved cells reached an
equilibrium of 2 � 107 CFU per ml after 0.5 h.

The difference between the chemotactic responses of starved
and unstarved cells is also shown in Fig. 2. The response factor
is calculated by dividing the concentration of bacteria in at-
tractant-filled capillaries by the concentration of bacteria in
control capillaries (31). The response factor of starved cells to
methionine is higher than the response of unstarved cells at all
times except 0.5 h (where equilibrium has yet to be reached).
Significantly, a comparison of the response factors of starved
cells and unstarved cell confirms that starvation improves the
chemotactic response of TM1040 and maintains it longer.

Motility is affected by starvation. The motility of the starved
TM1040 cells was measured by light microscopy. While star-
vation enhanced the chemotactic response, it also reduced
swimming motility, and prolonged starvation resulted in a ma-
jority of the cells becoming nonmotile. After 2 h, the percent-
age of motile cells under starvation conditions decreased dras-
tically to a mean of 5.93% (n � 69), and by 4 h all of the cells
were nonmotile (n � 66). In comparison, the percentage of
motile cells under nonstarvation conditions did not change
after 5 h and was similar to the percentage of motile cells after
1 h (mean, 26.64%; n � 69). Thus, while starvation stimulates
chemotaxis, it also depletes the energy supplies required to
rotate the flagella. Based on these results, a starvation period

of 1.5 h was considered optimal and was used in all further
capillary assays.

TM1040 is attracted to dinoflagellate homogenates. Does
TM1040 sense and respond to dinoflagellates? To determine
this, chemotaxis of TM1040 toward cell homogenates of P.
piscicida and other constituents of the dinoflagellate culture
was measured using the capillary assay. It is important to
emphasize that the P. piscicida culture normally contains three
different types of organisms: the dinoflagellates, the prey algae
(Rhodomonas sp.), and a diverse bacterial population that in-
cludes TM1040 (2). Rhodomonas can be virtually eliminated
from the cultures through attrition from dinoflagellate feeding,
but the bacterial community cannot be removed without ad-
versely affecting the dinoflagellates themselves (2). So, a strat-
egy was developed to measure the chemotaxis of TM1040
towards three cell homogenates: dinoflagellates plus associated
bacteria, Rhodomonas, and a mixture of heterotrophic bacteria
obtained from the same dinoflagellate culture (see Materials
and Methods). In this manner, the relative contribution of each
population towards eliciting a chemotactic response from
TM1040 could be assessed.

As is shown in Fig. 3, TM1040 responded strongly to P.
piscicida homogenates, producing a response factor of 6.4. This
response is mediated in part by heat-labile compounds because
heating of the same homogenates prior to the assay reduced
the response by 36% (response factor � 4.1) (Fig. 3). TM1040
is substantially less chemotactic to Rhodomonas homogenates,
and this response did not change upon heating of the algal
homogenate, remaining at a mean of ca. 2.5 (Fig. 3). Equally,
bacterial homogenates were also poor elicitors of TM1040
chemotaxis, giving a mean response factor of only 1.9 and 1.7,
with or without heating, respectively. These results indicate
that TM1040 is more strongly attracted to components present
in P. piscicida cell homogenates, some of which are heat labile.

DMSP compounds and amino acids are strong chemoat-
tractants of TM1040. A chemotaxis plate assay (11) was used
to screen a large number of pure compounds thought to be in
dinoflagellate cell homogenates for their ability to affect the
chemotactic behavior of TM1040. This assay utilizes a minimal
medium with 0.3% agar (BM glycerol motility agar) that allows
the bacteria to swim through the agar matrix. Bacteria inocu-
lated into the center of the agar consume nutrients and create
a concentration gradient that increases outward from the point
of inoculation. The bacteria sense the increasing gradient and
swim outwards, seeking higher concentrations of nutrients,
which is manifested as a symmetrical “motile” colony. If an
attractant is placed at a short distance in front of the advancing
motile colony, it forms a second gradient moving towards the
oncoming cells that will affect the symmetry of the colony by
reducing the net outward swimming of the bacteria. This is
shown in Fig. 4. When inoculated in BM glycerol motility agar
(Fig. 4A), TM1040 cells swim outward from the point of inoc-
ulation to form a colony that often contains one or two internal
bands of cells (Fig. 4A). These bands have been associated with
subpopulations of bacteria that are responding to different
attractants (32).

As measured by this method, TM1040 is chemotactically
responsive to a number of different chemicals, most notably
DMSP and its catabolites, as well as amino acids (Fig. 4). For
example, addition of DMSP (Fig. 4B) caused a marked defor-
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FIG. 1. TEM of Silicibacter sp. strain TM1040. A culture of TM1040 was prepared in half-strength 2216 marine broth and grown for 20 h at
30°C without agitation. Motile cells were blotted onto copper disks, stained with 1% uranyl acetate, and visualized by TEM. Three simple
lophotrichous flagella attached to the pole of the cell are apparent (arrow). Bar � 0.5 �m.
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mation in the periphery of the motile colony, highlighted by
flare of bacteria and disruption of the outer ring. Responses to
methionine (Fig. 4C) and valine (Fig. 4D) also had significant
effects on the periphery of the motile colony. In comparison,
there was no detectable change in the appearance of the motile
colony when either arabinose (Fig. 4E) or fructose (Fig. 4F)
was tested, suggesting that these two sugars do not affect
TM1040 chemotaxis.

The response to other chemicals was scored on a plus-minus
scale (Table 1). TM1040 is attracted to all amino acids, similar
to the response observed with methionine or valine. The bac-
terium responded strongly to the DMSP metabolites, acrylate
and MMPA, while only weakly to MPA. These responses were
similar to that of methionine and valine. Of the 12 sugars that
were tested, TM1040 responded positively to (in order of re-
sponse) sucrose, N-acetylglucosamine (NAG), galactose, glu-
cose, and maltose. The tricarboxylic acid cycle (TCA) interme-
diates, citrate and fumarate, also elicited a strong positive
response from TM1040, while only a mild response to succi-
nate and no response to �-ketoglutarate was seen.

As described, BM glycerol medium was used because
TM1040 can utilize glycerol as a sole carbon source, as has
been observed for other roseobacters (28). However, it is
known that chemotaxis behavior in other bacterial species can
be affected by the availability of background nutrients (11).
Indeed, when glucose was used in place of glycerol as the sole
background carbon source, TM1040 chemotaxis was severely
affected, and many of the chemicals that were attractants using
BM glycerol failed to produce an effect in BM glucose (Table
2). The two exceptions were acrylate and succinate, which both
produced a moderate response in the glucose background (Ta-

ble 2). In contrast to glucose, when either succinate or alanine
was used as the sole carbon source, TM1040 chemotactic be-
havior was similar to what had been observed in BM glycerol
medium, albeit the response was often less intense. Not sur-
prisingly, since chemotaxis relies on the establishment of chem-
ical gradients, TM1040 did not respond to any chemical when
the same chemical was incorporated into the BM motility me-
dium (Table 2).

Quantitative chemotaxis toward pure compounds. The re-
sults of the chemotaxis screening assay were used to select a
subset of chemicals for further testing, using a quantitative
capillary assay. As the data in Fig. 5 show, the response of
TM1040 to a given attractant is concentration dependent, e.g.,
concentrations below 2 �M failed to elicit a significant re-
sponse, while a 200 �M concentration of an attractant produce
strong chemotaxis (Fig. 5A). Among the amino acids tested,
methionine and valine gave the strongest response factors
(means of 9.8 and 6.1, respectively), while lysine and glycine
produced a similar response (mean, ca. 3.5) from TM1040.
TM1040 also showed strong chemotaxis toward DMSP, which
produced a response factor of 8.2 (Fig. 5B). The only break-
down product of DMSP that is a significant chemoattractant
for TM1040 is MMPA (mean response factor of 3.8). In com-
parison, all the sugars tested produced only a weak to mild
chemotactic response from TM1040 (means of 	3 [Fig. 5C]).
Of these sugars, TM1040 was most attracted to glucose, pro-
ducing a mean response factor of 2.1. Figure 5 also shows the
response of TM1040 to TCA intermediates. Of the three TCA
intermediates that were tested (succinate, �-ketoglutarate, and
citrate), none were found to be significant chemoattractants
for TM1040, suggesting that these chemicals play a minor role
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FIG. 2. The effects of starvation on the chemotactic response of
Silicibacter sp. strain TM1040. The chemotaxis of unstarved versus
starved cells to 200 �M methionine was measured using the capillary
assay (Materials and Methods). Chemotaxis of starved cells to either
methionine (black bars) or buffer lacking nutrient (white bars) is com-
pared to the response of unstarved cells either to methionine (dense
cross-hatched bars) or to the buffer lacking nutrient (sparse cross-
hatched bars). The response factor, calculated by dividing the mean
number of bacteria in methionine-filled capillaries by the mean num-
ber of bacteria in buffer-filled capillaries, is significantly increased in
the starved cells (■ ) compared to that in the unstarved cells (E). The
values shown are the mean and standard deviation (n � 12).
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FIG. 3. Chemotaxis of Silicibacter sp. strain TM1040 toward cell
homogenates. Chemotaxis of TM1040 toward heated (80°C) (white
bars) and untreated (black bars) homogenates was measured using the
capillary chemotaxis assay (Materials and Methods). The response
factor is calculated by dividing the mean number of bacteria in homo-
genate-filled capillaries by the mean number of bacteria in buffer-filled
capillaries. The chemotactic response of TM1040 to the untreated
dinoflagellate homogenate is 
2.5 times greater than the response to
either algal or bacterial homogenates, and heating the dinoflagellate
homogenate reduces the response factor by ca. 40%. The values shown
are the mean and standard deviation (n � 8).
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in the overall response of TM1040 toward dinoflagellates.
Overall, the results from the capillary assay agree with the data
obtained from the qualitative assay using BM motility agar.

Chemotaxis toward P. piscicida homogenates is inhibited by
externally supplied attractants. As was noted in the data pre-
sented in Table 2, in the presence of an externally supplied
attractant distributed homogeneously throughout the medium,
chemotaxis toward a point source of the same attractant is
inhibited because the gradient is deflated.

Using this knowledge, experiments were designed to identify
the heat-labile attractants found in the dinoflagellate homog-
enates. As shown in Table 3 and in accord with the data in Fig.
3, the response of TM1040 to untreated dinoflagellate homog-
enate in the absence of any externally supplied attractant was
greater than its response when the homogenate was preheated
to 80°C. This relationship was altered, however, when DMSP,
methionine, or valine was supplied externally in the buffer
(Table 3). In these cases, the mean number of bacteria in the
untreated capillaries was 3.33 � 104, 3.03 � 104, or 1.53 � 104

CFU per ml, giving a reduction in chemotaxis of 54, 58, or
78%, respectively (Table 3). An externally added attractant
also reduced TM1040 chemotaxis to heated homogenates, with

FIG. 4. Screening of putative attractant compounds using the qualitative chemotaxis assay. Chemotaxis behavior of TM1040 was assessed using
BM glycerol motility agar on which a compound to be tested is placed (indicated by the dot to the left of the swimming colony). (A) Chemotaxis
of Silicibacter sp. strain TM1040 through BM glycerol motility agar results in an ever-increasing colony of motile bacteria that is punctuated by one
or more internal bands of bacteria (indicated by the arrows) and the periphery (diamondhead arrow). Shown is the response of TM1040 to DMSP
(B), methionine (C), valine (D), arabinose (E), and fructose (F). In the presence of either DMSP, methionine, or valine, the outer ring is disturbed
and becomes asymmetrical, indicating a chemotactic response from the cells. In contrast, neither arabinose nor fructose causes a change in the
symmetry of the colony, suggesting that TM1040 does not respond to these compounds.

TABLE 1. Change in motile colony morphology of TM1040 in
response to attractants, compared to the control

Attractant(s) Responsea

Amino acids
Alanine, arginine, asparagine, aspartic acid, glutamic acid,

methionine, phenylalanine, proline, threonine, valine ............... ��
Glycine, histidine, cysteine, isoleucine, leucine, lysine,

serine, tryptophan, tyrosine............................................................ �
DMSP metabolite(s)

DMSP, acrylate, MMPA .................................................................... ��
MPA...................................................................................................... �
DMSO .................................................................................................. �

Sugars
Galactose, N-acetylglucosamine, sucrose ......................................... ��
Glucose, maltose, glycerol.................................................................. �
Lactose, arabinose, fructose, fucose, mannose, ribose,

xylose................................................................................................. �
TCA Intermediate(s)

Citrate, fumurate................................................................................. ��
Succinate .............................................................................................. �
Alpha-ketoglutarate ............................................................................ �

a The strength of the response indicates the change in motile colony morphol-
ogy when a chemical is spotted near the colony periphery compared to the
control, no spotted chemical.
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external valine producing the greatest reduction (74%), fol-
lowed by methionine (48%) and DMSP (11%).

DMSP in P. piscicida homogenates is destroyed by heating.
These results suggest that while DMSP is an attractant in
untreated homogenates, its attractant quality is reduced upon
heating, possibly due to degradation of the molecule. Destruc-
tion of 200 �M DMSP in CB was assessed after heating the
samples to either 80 or 100°C for 15 min. At both tempera-
tures, negligible (	2%) loss of DMSP was observed. These
results indicate that pure DMSP is not a heat-labile molecule.

An alternative explanation for why heat reduced the che-
moattractant quality of the homogenates is that heat acts in-
directly through an intermediate to inactivate DMSP. This
hypothesis predicts that the concentration of DMSP decreases
when a homogenate is heated. The DMSP concentration in
untreated and heated homogenates was measured. In un-
treated P. piscicida homogenates the mean concentration of
DMSP was 8.21 � 1.2 �M. After the homogenate was heated,
the concentration of DMSP fell below the level of detectability
(	1 �M). These data indicate that heat-activated components
of P. piscicida homogenates enhance the degradation of DMSP
and may explain the reduction in chemotaxis of TM1040 to-
ward heated homogenates.

DISCUSSION

The results of the present study show that Silicibacter sp.
strain TM1040, originally isolated from P. piscicida dinoflagel-
late cultures, senses and responds chemotactically to com-
pounds produced by the dinoflagellate cells. Thus, this repre-
sents the first report of chemotaxis behavior of a Roseobacter
clade bacterial species. Since Roseobacter species are prevalent
in marine environments and abundant within blooms of DMSP-
producing phytoplankton, chemotaxis to DMSP by these bac-
teria is likely to be an important mechanism in establishing
close interactions with the dinoflagellate at both the physical
and physiological levels.

Several conclusions may be drawn from these data. First,
Silicibacter sp. strain TM1040 senses and responds chemotac-
tically to dinoflagellate cell homogenates, and the response is
reduced when the homogenate undergoes heat treatment
prior to testing. Second, DMSP, MMPA, and amino acids
elicit a strong, positive chemotactic response from Silicibac-
ter sp. strain TM1040. Third, the concentration of DMSP in
dinoflagellate cell homogenates is significantly reduced upon
heating. Fourth, addition of DMSP (or amino acids) into the
buffer suspending the bacteria inhibits chemotaxis to unheated
dinoflagellate cell homogenates but not heat-treated homoge-
nates. Fifth, prior starvation of the bacteria enhances their
chemotactic response but also results in an ultimate decrease
in swimming motility.

Cell homogenates of P. piscicida produce a strong chemo-
tactic response from Silicibacter sp. strain TM1040 (Fig. 3).
This response is specific to the dinoflagellate homogenate,
which elicits a response factor that is 
2.5 times greater than
the response factor from either Rhodomonas algal cell homog-
enates or homogenates of a mixture of bacteria obtained from
the dinoflagellate culture. The simplest interpretation of these
results is that the dinoflagellate cell homogenates contain che-
moattractant molecules that are specific to the dinoflagellate,
such as DMSP. This suggestion is reinforced by the results
from the chemotaxis assays, showing a strong response from
TM1040 when pure DMSP is used (Fig. 4 and 5). Moreover,
when DMSP is homogenously applied in the chemotaxis as-
says, thus eliminating the concentration gradient of this attract-
ant required for chemotactic sensing, its presence results in a
significant reduction in the chemotaxis of TM1040 to a DMSP
point source (in the capillary or a spot on BM motility agar).
The ability to reduce the response of TM1040 to DMSP by
deflating the DMSP gradient is strong evidence for chemotaxis
of this roseobacter to the dinoflagellate product.

DMSP is not the only compound that elicits a response from
Silicibacter sp. strain TM1040. MMPA and amino acids such as
methionine and valine also produce a strong response, which is
also reduced by exogenous application of the respective at-
tractant molecule, suggesting that TM1040 is capable of sens-
ing more than just DMSP. This is reasonable, since most mo-
tile bacteria can sense and chemotactically respond to multiple
elicitors (4) and having this capacity increases the survival of
the bacteria by providing the cell with multiple inputs to con-
trol chemotaxis towards complex nutrient sources.

The response of TM1040 to heat-treated dinoflagellate cell
homogenates was significantly reduced compared to the re-
sponse to untreated homogenates (Fig. 3 and Table 3). One
explanation for the reduced response is that heat treatment
causes the loss of an important attractant molecule, such as
DMSP. This explanation, however, is complicated by the
knowledge that in vitro pure DMSP is not degraded by ele-
vated temperatures (
80°C), yet heating a dinoflagellate cell
homogenate reduces the concentration of DMSP in the ho-
mogenate to below detectable levels. Thus, some other com-
ponent in the homogenates must, when heat treated, act to
destroy DMSP. Since most enzymes are sensitive to heating, it
is not likely that the loss of DMSP at 80°C is due to enzymatic
cleavage, but at elevated temperatures DMSP does react with
halides to produce volatile methyl halides (18). This process
occurs naturally in algal cultures and is significantly enhanced

TABLE 2. Change in motile colony morphology of TM1040 in
response to putative attractants when grown in BM

motility agar with different carbon sources

Chemical
Change in morphology with carbon sourcea

Glycerol Glucose Succinate Alanine

Acrylate �� � �� �
Alanine �� � � �
Alpha-ketoglutarate � � � �
DMSO � � � �
DMSP �� � � �
Galactose �� � � �
Glucose � � � �
Glutamic Acid �� � � �
Lactose � � � �
Lysine � � � �
Maltose � � �� ��
N-acetylglucosamine �� � � �
Succinate � � � ��
Valine �� � � �

a TM1040 was inoculated into the center of a BM motility agar plate contain-
ing a single carbon source (glycerol, glucose, succinate or alanine) and allowed
to grow and move outwards. Chemicals were then spotted near the periphery of
the motile colony, and the change in colony appearance compared to the control
(no spotted chemical) was recorded on a plus/minus scale.
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by heating (18). Such a mechanism would have the overall
effect of lowering the concentration of DMSP in heated ho-
mogenates and could help explain the reduced chemotaxis of
TM1040 toward heated homogenates.

The loss of DMSP in the dinoflagellate cell homogenates
upon heating also provides clues as to why exogenously added
DMSP reduces TM1040 chemotaxis to untreated homogenates
but not to heat-treated ones. In considering this, it is important
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FIG. 5. Quantitative measurement of the chemotactic response of Silicibacter sp. strain TM1040 to pure compounds. Chemotaxis of TM1040
was assessed using the capillary assay with a subset of potential attractants discovered using the qualitative assay. Capillaries were filled with either
buffer (as a control) or 2 �M (white bars) or 200 �M (black bars) attractant. The response factor was calculated by dividing the mean number of
bacteria in attractant-filled capillaries by the mean number of bacteria in buffer-filled capillaries. DMSP and amino acids produced the strongest
chemotactic response from TM1040. NAG, N-acetylglucosamine; Pro, propionate; AKG, �-ketoglutarate. The values shown are the means and
standard deviations (n � 12).

TABLE 3. Reduction in chemotaxis of TM1040 toward untreated and heated P. piscicida homogenates by
external addition of known attractants

Treatmenta

No. of bacteria per capillary (CFU, 104)b with:

Controld
Attractant added to external bufferc

DMSP % Reductione Methionine % Reduction Valine % Reduction

None 7.24 (� 1.39) 3.33 (� 0.15) 54.01 3.03 (� 0.32) 58.15 1.53 (� 0.15) 78.87
Heat 3.51 (� 0.35) 3.10 (� 0.16) 11.68 1.80 (� 0.11) 48.72 0.91 (� 0.24) 74.07

a Chemotaxis of TM1040 toward heated (80°C for 15 min) or untreated P. piscicida homogenates was measured using the capillary assay (see Materials and Methods).
b Standard deviation is given in parentheses.
c Prior to the assay, DMSP, methionine, or valine was added to external buffer containing motile cells of TM1040 at a final concentration of 200 �M and mixed to

homogeneity.
d The control was buffer only.
e % Reduction, the percent reduction in CFU per capillary compared to the control.
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to keep in mind that TM1040 responds to several attractants,
not just DMSP, and bacteria respond to a gradient of the
respective attractant. Anything that reduces that attractant
gradient also reduces chemotaxis. Therefore, the application of
exogenous DMSP adversely affects TM1040 chemotaxis to the
untreated cell homogenates (Table 3), which contain DMSP
(23), because the DMSP gradient is disrupted. In contrast, the
heat-treated dinoflagellate cell homogenates lack DMSP, so
the exogenous application of DMSP has no effect because the
cells are not responding to DMSP attraction. We speculate
that the bacteria are instead responding to other attractants
that are still present and active in the heat-treated samples.
This is borne out by the data in Table 3 showing the effect of
methionine and valine addition on chemotaxis of TM1040 to
the heat-treated homogenate. In both cases, addition of the
exogenous amino acid results in a significant reduction in che-
motaxis, suggesting that the bacteria are sensing methionine
and/or valine gradients, and not DMSP gradients, when they
swim towards heat-treated homogenates.

The chemotactic response of Silicibacter sp. strain TM1040 is
increased when the cells are starved prior to measuring che-
motaxis (Fig. 2). These results are interesting and potentially
significant to the survival of TM1040, since they suggest that
chemotactic behavior of this roseobacter in the oligotrophic
marine environment may be modulated by the concentration
of nutrients surrounding the cells. This is not unusual, and
similar results have been reported with other bacteria. As an
example, Wei and Bauer (31) observed a sixfold increase in the
chemotactic response of Rhizobium meliloti L5-30 to 10 mM
glutamine when the cells were starved for 3 h. Similarly, che-
motaxis of Pseudomonas aeruginosa to inorganic phosphate is
dependent upon starvation of the cells for phosphate (20).

The enhancement of chemotaxis when TM1040 is starved is
a two-edged sword, however, because prolonged starvation
ultimately results in the loss of swimming motility. While the
mechanism responsible for the loss of motility is not known,
starvation almost certainly causes the energy reserves in the
cell to be depleted, and this is likely to adversely affect the
rotation of the flagella on TM1040. This phenomenon, i.e., loss
of motility under prolonged starvation, is frequently observed
with motile marine bacteria. While most marine bacteria iso-
lates are motile in culture (34), only a small fraction (	10%) of
bacteria in natural assemblages are motile at any given time
(25). This motile fraction increases to ca. 80% after 15 to 30 h
of enrichment with suitable nutrients (24), presumably through
prolonging the percentage of time the bacteria are motile (16).
This phenomenon may be an adaptation to save energy when
marine bacteria experience nutrient-depleted conditions, while
also enhancing chemotactic sensitivity to nutrients if and when
they become available.

Many physiological characteristics of the Roseobacter clade
of bacteria, such as Silicibacter sp. strain TM1040, make them
well suited for life in close proximity to dinoflagellates and
algal cells. Since the area immediately surrounding a dino-
flagellate is hypothesized to be a habitable niche for some
marine bacteria (6), it is not surprising to find that a dino-
flagellate-associated bacterium like TM1040 has mechanisms
to exploit this niche. At present, these mechanisms include
swimming motility and the chemotactic response of the cells to
DMSP and other dinoflagellate molecules, as well as the en-

zymatic mechanisms to degrade and utilize DMSP (23) These
are but two obvious physiological functions that enhance the
survival of these bacteria when associated with a dinoflagellate
cell. It comes as no surprise, therefore, that a preliminary
analysis of the genome of Silicibacter sp. strain TM1040 reveals
several genetic loci that may serve to enhance the interaction
of this bacterium with its dinoflagellate host (unpublished
data). These data suggest that TM1040 is a very good model
for studying bacterium-dinoflagellate interactions.
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