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Summary. This study investigated the generation of dissolved free amino acids (DFAA) by the bacterivorous flagellate
Rhynchomonas nasuta when feeding on abundant prey. Specifically, it examined whether this flagellate protist exhibits a
chemosensory response towards those amino acids. The concentrations of glycine and the L- and D-enantiomers of glutamate,
serine, threonine, alanine, and leucine were determined in co-cultures of the flagellate and bacteria. Glycine, L- and D-alanine,
and L-serine were found to accumulate under these conditions in amounts that correlated positively with flagellate abundance,
suggesting that protists are involved in their generation. Investigations of the chemotactic response of young and old forag-
ing protists to the same amino acids, offered in concentrations similar to those previously generated, showed that glycine
elicited the strongest attraction in both age groups. Young protists were strongly attracted to all the assayed amino acids,
whereas older protists maintained a high level of attraction only for glycine. These results suggest that glycine generated by
protists actively grazing in bacterially enriched patches functions as an infochemical, signaling to foraging protists the pres-
ence of available prey in the aquatic environment. [Int Microbiol 2010; 13(3):151-158] 
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Introduction

Bacterivorous protists are ubiquitous in marine ecosystems,
where they are considered the primary grazers of bacteria.
For these organisms, the efficient detection of abundant prey
is relevant for successful feeding, as it increases the probabil-
ity of predator-prey contact. Resource distribution in seawa-
ter is not homogeneous; rather, microscale patches of organic
matter originate from processes such as the exudation of phy-

toplankton photosynthetic products [7,22], excretion by zoo-
plankton [17], cellular lysis [6], and leakage of organic mat-
ter from particles [13]. These patches of organic matter
attract and nurture bacteria [4,6,30], thus creating hotspots of
bacterial production [34]. In these microzones, bacterial
abundance is typically one to three orders of magnitude high-
er than in bulk seawater [8,13]. Not surprisingly then, bac-
terivorous protists are known to feed and grow at these sites
[2,6], with some bacterivorous ciliates able to detect the col-
onizing bacteria on the basis of mechanoreception [36]. In
addition, chemosensitivity may be important for detecting
accumulations of molecules associated with bacterial growth
or derived from protist grazing activity. In fact, bacterivore
activity has been related to the generation of different types
of chemicals, including undefined colloidal and dissolved
organic matter [24,37], surfactants [15], and dissolved free
amino acids (DFAA) [1,23].
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The grazing-derived generation of DFAA in aquatic sys-
tems was previously investigated to determine the dynamics
of dissolved organic nitrogen [1,23,26]. However, DFAA
generation in patches under heavy grazing pressure may
influence the trophic dynamics of the microbial food web in
other ways as well. For example, DFAA might provide a sig-
nal for foraging grazers in the detection of zones where bac-
terial prey are abundant. This hypothesis is supported by
studies showing that some ciliates are able to detect amino
acids and to exhibit chemosensory responses [19,38] as well
as changes in swimming or feeding behavior [35]. Currently,
flagellates are considered to be the most important bacterial
grazers in seawater. While they are known to display
chemosensory responses to amino acids [16,31], related stud-
ies are scarce.

Previous studies on the grazing-mediated production of
DFAA and the ability of protists to detect them have focused
on L-enantiomer amino acids and glycine but, to our knowl-
edge, none has considered the D-enantiomers. D-Amino acids
are derived primarily from degraded bacterial cell walls [21];
hence, they are expected to be abundant in bacterial zones
under heavy grazing pressure. As such, they are good candi-
date chemical signals for protists in the detection of zones of
abundantly available bacteria.

An additional factor that may modulate the response of
protists to external stimuli is their physiological state under
different environmental conditions. Actively growing and
stationary protists may well differ in their behaviors with
respect to a variety of biological activities, including the
hunting, capture, digestion, and excretion of prey. However,
the influence of the physiological state of protists in processes
required, e.g., to hunt prey, has not been fully addressed.

The bodonid Rhynchomonas nasuta is a common sea-
water flagellate frequently found in marine waters [25]. In
the present study, it was used as a model organism to inves-
tigate the chemosensory response of bacterivorous protists
towards amino acids generated during heavy bacterial graz-
ing. Specifically, it was hypothesized that the amino acids
comprising the peptidoglycans of bacterial cell walls would
be good candidates for eliciting chemosensory responses in
the flagellate, since D-enantiomers are more resistant than L-
enantiomers to bacterial uptake. Accordingly, the generation
of glycine and the L- and D-enantiomers of alanine, aspartate,
glutamate, and serine, associated with high bacterivore activ-
ities on dense bacterial communities, were qualitatively and
quantitatively analyzed. Of particular interest were the
chemosensory responses of this protist towards the generated
amino acids and whether the age of the flagellate culture
affects the nature and intensity of these responses.

Materials and methods

Microbial cultures and analysis. The Rhynchomonas nasuta strain used
was isolated from coastal waters in the Gulf of Biscay. The clonal R. nasuta
culture was maintained in the dark on 0.01% (w/v) cereal-leaves medium,
prepared with filtered (0.22 µm) autoclaved natural seawater (CLMS;
Sigma-Aldrich, Madrid, Spain) at 17ºC, and a mixed assemblage of marine
bacteria derived from bacteria collected during isolation of the R. nasuta
clone.

Culture experiments consisted of relatively low densities of the flagel-
late and its prey in 0.05% (w/v) CLMS. A well-grown maintenance culture
of the flagellate was gravity filtered through a 0.8-µm pore polycarbonate
filter and washed three times with 0.05% CLMS. Four co-culture experi-
ments were carried out in which bacteria in the filtered suspensions were
used as the food source for R. nasuta and their density adjusted to 106

cell/ml. Protists retained by the filter were inoculated in the co-culture exper-
iments at an initial density of 102–103 cell/ml. Protist-free cultures of bacte-
ria, thus without predation, served as controls. Cultures and controls were
incubated for 180 h in the dark at 20ºC with shaking at 75 rpm. To determine
microbial densities and concentrations of dissolved free amino acids, sam-
ples were taken every 4 h for the first 24 h of culture, and every 12–24 h
thereafter.

Protists were counted immediately after sampling in triplicate samples
of 20–500 µl with a Nikon Eclipse TE 2000-U inverted microscope (200×
Nikon Instruments Europe B.V., Amstelveen, Netherlands). The bacterial
samples were fixed with 2% (final concentration) sodium-tetraborate-
buffered formalin, DAPI (4´, 6´, diamidino-2-phenylindole) stained and fil-
trated on black polycarbonate filters. Cell numbers were counted using an
Nikon Optiphot epifluorescence microscope [27].

The concentrations of DFAA were measured by high-performance liquid
chromatography. Samples of 10 ml were filtered through 0.22-µm pore fil-
ters (PVDF, Technochroma) under very gentle vacuum (<70 mmHg). To
avoid cell disruption, care was taken to avoid cell exposure to the air at the
end of the filtration. Primary amino acids were measured by precolumn
derivatization with o-phthaldialdehyde [11,20]. To quantify the L- and D-
enantiomers, N-isobutyryl-L-cysteine was used in the derivatization [10].
The amino acids were separated on a reversed-phase column (Nova-Pak
Amino Acid Analysis Column, Waters) with a liquid-phase multistep gradi-
ent. They were eluted with three degasified eluents: eluent A was sodium
acetate 25 nM, pH 7; eluent B, was 100% HPLC grade methanol; and eluent
C was sodium acetate 25 nM, pH 5.3 [10]. Amino acids were detected with
a Waters 474 scanning fluorescence detector, with excitation at 330 nm and
emission at 445 nm. External standards were used for calibration. Glycine
and the L- and D-enantiomers of glutamate, serine, threonine, alanine, and
leucine were separated and quantified.

Positive or negative associations between the measured concentrations
of DFAA and bacterial or flagellate abundances were estimated with
Pearson’s correlation coefficient at the P < 0.05 level. Statistical analysis
was performed with SPSS v. 17.0 for Windows.

Chemosensory assays: selective migration and accumula-
tion of R. nasuta. Rhynchomonas nasuta was co-cultured with its
accompanying bacteria in 0.05% CLMS. Under these conditions, the flagel-
late actively grew for 100–120 h, after which the cell density either remained
constant or slightly decreased. Samples for use in the chemosensory assays
were taken at 96 h, when the flagellates were actively growing, and at 144
h, when they were in the stationary phase of growth. 

A fraction of these samples was carefully filtered through 0.22-µm pore
filters, as previously described, with minimal cell disruption. This served as
a control solution in the chemosensory assays. The remaining portions of the
samples were also filtered but were then supplemented with the test amino
acids glycine, both the L- and D-isoforms of glutamate, and serine, threonine,
alanine, and leucine (Sigma, purity >99%) at final concentrations of 1 mM.
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When necessary, the control solution was added to the flagellates in order to
standardize the initial abundance to 104 cells/ml.

The responses of R. nasuta to the added amino acids were measured
using the method described by Leick [18] and modified by Köhidai et al.
[14]. Three to twelve tips of a 12-channel micropipette were filled with 100
µl of test (with amino acids) or control (no amino acids) solution and then
carefully placed (without ejection) into a microtiter plate filled with the R.
nasuta co-cultures. After 60 min, the contents of the tips were dispensed into
separate microfuge tubes and the protists and bacteria that had migrated into
the tips were counted as previously described. 

Optimum exposure time to amino acids was initially examined by run-
ning a series of experiments with 1 mM glycine added to a R. nasuta co-cul-
ture, with contact times ranging from 10 to 240 min. The percentage of pro-
tists that migrated towards the control and test solutions inside the tips was
then measured. An exposure time of 60 min was chosen because it was suf-
ficiently long to obtain significant migration of the flagellate in both control
and test tips and to detect significant differences between the percentages of
migration, but sufficiently short to avoid a significant increase in flagellate
densities due to cell division.

A preference index (PI) was used to quantify the flagellate response to
the DFAA. The PI was defined as PI = T / (T + C), where T is the mean den-
sity of flagellates in the test tips and C the mean density of the flagellates in
the control tips. A PI > 0.5 indicated attraction, or greater flagellate migra-
tion towards the test solution than towards the control solution. A PI < 0.5
indicated repulsion, or less flagellate migration towards the test solution than
towards the control solution. A PI = 0.5 indicated no preference, or that there
was no difference in flagellate migration towards the two solutions. 

PIs for bacteria were also estimated, taking into account that bacteria
exhibit chemotactic behavior towards several amino acids [5]; thus, the dis-
tribution of bacteria in control and test solutions may differ at the end of the
assays. It was therefore determined whether migration towards the control or
test solutions by the protists was due to previous bacterial migration. This
required an analysis of covariation between the PI of bacteria and that of
flagellates for each amino acid. No significant associations between these
two PIs were detected for any of the tested amino acids, suggesting that

changes in bacterial concentrations had only negligible effects on the swim-
ming behavior of the flagellates. 

Influences of the age of the protist culture were analyzed with Student’s
t test (P < 0.05). For each culture age, a PI significantly different from 0.5
was thus detected (P < 0.05). Significant differences in PI values among all
the assayed DFAAs were determined with the Kruskal-Wallis test, with dif-
ferences among mean values considered significant at P < 0.05. For multi-
ple comparisons, differences among PIs were detected with the post-hoc
Tamhane test (P < 0.05). All statistical analyses were performed with SPSS
v. 17.0 for Windows. 

Results

Strong bacterivore activity was observed in four experiments
with co-cultures of mixed marine bacteria and the bodonid
Rhynchomonas nasuta. The control experiment contained the
same bacteria cultured without protists. The variation of bacte-
rial abundance in the test and control experiments was similar:
initially, bacterial abundance was in the range of 0.8–6.2 × 106

cells/ml; during the first 24–30 h, abundance increased to
1.0–1.4 × 108 cells/ml; after 30 h, the abundance slightly
decreased until the end of the experiments, when it was
2.0–4.5 × 107 cell/ml. In the control experiment, the initial
density of flagellates was <1 cell/ml. In the co-culture exper-
iments, the flagellate density ranged from 90 to 5250
cells/ml. Active growth was detectable after the first 24 h of
incubation and lasted for 72–100 h. Maximum flagellate den-
sities ranged from 6 to 22 × 103 cell/ml. After the maximum

CHEMOSENSITIVITY OF MARINE FLAGELLATES

Fig. 1. Variation of microbial abundances (bacteria, closed diamonds, solid line; flagellates, open squares, dashed line) in a representative co-culture exper-
iment (A) and in the control, protist-free experiment (B).
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was achieved, the flagellate density remained constant or
decreased slightly. In the control experiment, maximum flag-
ellate densities were approximately 350 cells/ml after 100 h
of incubation. The variation of microbial abundance in one
representative culture and in the control experiment is shown
in Fig. 1. 

The concentrations of glycine and the L- and D-enan-
tiomers of serine, alanine, glutamate, threonine, and leucine
showed different trends (Fig. 2). Initially, high concentrations
of some DFAAs were detected in the culture media but after
the first 24 h of incubation their levels dropped below 300
nM, probably due to consumption by growing bacteria. After

AYO ET AL.

Fig. 2. Variation of DFAA concentrations in the four co-culture experiments and in the control, protist-free experiment. Note the dif-
ferent scale for L-glutamate.
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24 h, DFAA variation followed three primary patterns in the
co-culture experiments: (i) the concentrations of glycine, L-
alanine, and L-serine slightly increased during the first 100 h
and then remained almost constant; (ii) the concentrations of
L-glutamate and D-alanine sharply increased during the first
48–72 h and then decreased notably; (iii) the other measured
DFAAs remained at very low concentrations throughout the
experiments. None of the DFAAs accumulated during the
control experiment. 

Heterogeneous changes in several DFAA concentrations
during the incubations suggested that the appearance or disap-
pearance of these amino acids was related to the dynamics of
microbial growth. To test this hypothesis, a correlation analy-
sis (Table 1) was performed to determine whether bacteria or
flagellate abundance was associated with the concentrations of
DFAAs. Bacterial abundance was found to correlate positive-
ly with the concentrations of L-glutamate, D-alanine, and L-
threonine but negatively with the concentrations of D-gluta-
mate and L-leucine. Flagellate abundances correlated positive-
ly with the concentrations of glycine, L-alanine, and D-alanine,
less positively with L-serine and negatively with D-leucine.

The PIs (Table 2) of younger cultures (96 h) were higher
(P < 0.01) than that of older cultures (144 h). In addition,
the PIs of R. nasuta in younger cultures were significantly
higher than 0.5 (P < 0.05) towards all the DFAAs. This indi-
cated that the flagellate was able to detect differences
between the liquid it was growing in (control) and the same
liquid supplemented with 1 mM DFAA (test). However, for
protists in the older cultures, this was true only for 5 out of

the 11 DFAAs tested (glycine, L-serine, D-serine, L-gluta-
mate, and L-threonine).

The Kruskal-Wallis test showed significant differences
only in the PIs of the younger cultures for the 11 DFAAs. The
Tamhane test indicated significant differences (P < 0.05)
between the DFAAs in the group that elicited the highest PIs
(glycine, L-threonine, and L-leucine) and the group that elicit-
ed the lowest PIs (D-threonine and D-glutamate).

Discussion

The kinetoplastid flagellate R. nasuta is a bacterivorous protist
mostly found in association with solid substrates, upon which
it is able to glide and grasp in order to gather sufficient bacte-
rial food. However, it has also been detected as a free-swim-
mer in aquatic systems [3]. Due to the significant differences
in prey densities harbored in these two habitats, the probabili-
ty of encountering prey is significantly higher near or over a
particle than in a water column. Therefore, for a free flagellate
in bulk seawater, any advantage in detecting zones enriched in
bacterial prey would optimize food uptake. In this study, R.
nasuta was used as an experimental model to study: (i) the
generation of specific DFAAs under conditions of heavy bac-
terial grazing, and (ii) the abilities of other foraging flagellates
to detect those molecules. 

Microzones in nature that bear high bacterial and protist
abundances were simulated in this study by using dense co-
cultures of R. nasuta and a mixture of marine bacteria. In
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Table 1. Correlation coefficients among bacterial abundances or flagellate abundances and the measured DFAA concentra-
tions. Significance levels are marked as (*) for P < 0.050 and (**) for P < 0.010, n = 73

Bacterial abundance Flagellate abundance

Pearsons’s r coefficient Significance Pearsons’s r coefficient Significance

Gly 0.053 0.656 0.669 ** <0.001

L-Ala 0.017 0.889 0.694 ** <0.001

D-Ala 0.340 ** 0.003 0.515 ** <0.001

L-Ser –0.135 0.253 0.277 * 0.018

D-Ser –0.119 0.316 0.213 0.071

L-Glu 0.276 * 0.018 0.170 0.151

D-Glu –0.303 ** 0.009 –0.130 0.273

L-Thr 0.427 ** <0.001 –0.112 0.344

D-Thr 0.000 0.998 0.057 0.635

L-Leu –0.386 ** 0.001 0.206 0.081

D-Leu –0.750 0.526 –0.080 * 0.016



156 INT. MICROBIOL. Vol. 13, 2010 AYO ET AL.

these batch co-cultures, very high bacterial abundances were
achieved; consequently, protist abundances increased from
initial values of 102–103 cell/ml to maximum values of 22 ×
103 cell/ml. DFAA concentration under these conditions sig-
nificantly decreased during the first 24 h in both the co-cul-
ture and the control. This was associated with the high
growth rates of the bacterial communities during this period.
Afterwards, most of the detected amino acids were present in
very low concentrations in both the co-cultures and the pro-
tist-free control, suggesting either that they were not pro-
duced by the bacteria or the flagellates or that they were
indeed generated but then rapidly taken up by the rapidly
growing bacterial community. However, after the initial
sharp decrease of these amino acids in the co-culture experi-
ments, the concentrations of some of them increased again,
albeit with different patterns. Thus, the concentrations of
glycine, L-alanine, and L-serine noticeably increased from 48
to 72 h and then remained relatively high; the concentrations
of L-glutamate and D-alanine showed a pronounced peak
from 48 to 72 h, but then noticeably decreased. These five
DFAAs did not accumulate in the control experiments, sug-
gesting that their appearance was associated with protist
activity. Furthermore, DFAA production was not an artifact
due to cell rupture during filtration, because the increase
would have occurred with most or all of the amino acids;
moreover, the amino acids would have accumulated during
the entire incubation period. 

Significant positive correlations between flagellate abun-
dance and amino acid concentrations were noted for four of
the five amino acids that accumulated (glycine, L-alanine, D-
alanine, and L-serine), suggesting that these DFAAs were
generated by bacterivorous flagellates. Similar results were
previously reported in experiments conducted with different
assemblages of bacterivorous protists and bacterial prey
[1,23]. However, those studies lacked detailed information
about the composition and quantity of DFAAs. Total DFAA
concentrations ranging from 0.02 to 3.0 mM were reported in
previous studies [1,9]. Those concentrations were slightly
lower than the total DFAA concentrations detected in our
study (0.3–16.2 mM). Andersson et al. [1] suggested that
glycine, serine, and alanine are the dominant amino acids, but
only the relative concentration of serine showed a good cor-
relation with flagellate abundance. Nagata and Kirchman
[23] detected the generation of different amino acids,
depending on the offered prey. They found that alanine, tyro-
sine, glycine, threonine, and arginine accumulated when the
prey was a mixed bacterial community, whereas glycine, ala-
nine, asparagine, and aspartate accumulated when the prey
was Vibrio splendidus. However, these studies did not pro-
vide information about the enantiomers present.

It can be assumed that the source of the amino acids is the
bacterial prey. We initially hypothesized that glycine and the
D-isomers of alanine, aspartate, glutamate, and serine, which
are major components of the peptidoglycans of bacterial cell

Table 2. Preference indexes (PIs) showed by Rhynchomonas nasuta in cultures of 96 h and 144 h
towards the 11 DFAA. PIs significantly different from 0.5 are marked as (*) for P < 0.05 and as (**)
for P < 0.01 

Preference indexes (PIs)

96 h 144 h

Mean SEa n Mean SE n

Gly 0.92** 0.016 5 0.83** 0.042 5

L-Ala 0.87** 0.038 4 0.58 0.099 5

D-Ala 0.80** 0.031 4 0.71 0.114 4

L-Ser 0.89** 0.014 4 0.67* 0.039 5

D-Ser 0.85** 0.014 4 0.74* 0.056 5

L-Glu 0.88** 0.025 3 0.73* 0.081 5

D-Glu 0.79** 0.012 3 0.63 0.078 5

L-Thr 0.92** 0.013 5 0.74* 0.075 5

D-Thr 0.78** 0.015 4 0.52 0.084 4

L-Leu 0.92** 0.038 3 0.57 0.091 5

D-Leu 0.91** 0.008 4 0.65 0.095 5

a SE, standard error.



157INT. MICROBIOL. Vol.13, 2010

walls, accumulate because they are more resistant than L-
enantiomers to bacterial uptake [12]. However, our results
indicated that, of those candidates, only glycine and, to a
much lesser extent, D-alanine tended to accumulate. Another
potential source could be a bacterial prey that is rich in the
detected amino acids, including a large set of non-pathogen-
ic environmental bacteria that have giant proteins on their
cell surfaces [28,29]. These proteins (10,000 amino acids) are
longer than average bacterial proteins (300 amino acids)
[32]. They have a distinct amino acid composition and are
very rich in glycine, alanine, threonine, and serine, which
represent 30–40% of all their amino acids. This possibility
fits well with our observations of glycine, L-alanine, and L-
serine accumulations.

Following identification of the DFAAs in the first exper-
iment, the differential response of R. nasuta towards these
amino acids was analyzed. The tested flagellates came from
96-h cultures that comprised “young,” actively growing cells
and from 144-h cultures made up of older cells that had
reached the stationary phase of growth. Culture age was
found to affect the flagellate’s ability to detect the assayed
amino acids. Protists from young cultures were strongly
attracted to all the assayed amino acids while protists from
the older cultures were strongly attracted only to glycine. It
seems that, when physiological conditions improve, non-
growing protists undergo rearrangements in their cell-surface
biochemistry that allow them to detect external chemical
stimuli. The effect of age on the chemotactic abilities of bac-
terivorous protists is, nonetheless, unresolved. Snyder [33]
observed that well-fed ciliates have a more rapid, intense
response to bacterial surface compounds than starved cells.
In contrast, Leick and Hellung-Larsen [19] reported that
starved and growing Tetrahymena cells show similar
responses to dissolved peptides and amino acids.

Our data suggested the following scenario: hotspots of
bacterial growth resulted in the generation of amino acids,
including mainly glycine, but also L- and D-alanine, L-serine,
and L-glutamate, while supporting bacterivorous activity. A
non-growing flagellate foraging in the vicinity of the hotspot
would be able to detect the accumulated glycine and swim
towards the source. Upon its arrival, it would encounter suf-
ficient bacterial prey so as to grow and reproduce. Young
flagellates could remain nearby, detecting not only glycine
but also small quantities of other amino acids.

In summary, the amino acids glycine, L- and D-alanine, L-
serine, and L-glutamate were found to accumulate during
heavy feeding of the marine flagellate R. nasuta. In addition,
there was a positive association between the abundance of
the bacterivorous flagellate and the accumulation of glycine,
L-and D-alanine, and L-serine, suggesting that flagellates are

involved in their generation. Among these four amino acids,
glycine always elicited the strongest response from R. nasu-
ta; in contrast, the effects of L- and D-alanine were age-
dependent and only significant in young flagellates. Based on
these results, we propose that, in bacterially enriched patch-
es, actively grazing bacterivorous protists generate glycine, a
chemical signal able to attract foraging protists towards
available prey in aquatic environments.

Acknowledgements. This work was supported by grants from UPV-
EHU GIU 07/30, MEC BOS2003-06211 and CTM2006-08023 to J.I., A.T.
and Z.B. were supported by predoctoral grants from UPV-EHU.

References

1. Andersson A, Lee C, Azam F, Hagström Å (1985) Release of amino-
acids and inorganic nutrients by heterotrophic marine microflagellates.
Mar Ecol Prog Ser 23:99-106 

2. Artolozaga I, Valcárcel M, Ayo B, Latatu A, Iriberri J (2002) Grazing
rates of bacterivorous protists inhabiting diverse marine planktonic
microenvironments. Limnol Oceanogr 47:142-150 

3. Artolozaga I, Ayo B, Latatu A, Azúa I, Unanue M, Iriberri J (2000)
Spatial distribution of protists in the presence of macroaggregates in a
marine system. FEMS Microbiol Ecol 33:191-196 

4. Azúa I, Unanue M, Ayo B, Artolozaga I, Iriberri J (2007) Influence of
age of aggregates and prokaryotic abundance on glucose and leucine
uptake by heterotrophic marine prokaryotes. Int Microbiol 10:13-18 

5. Barbara GM, Mitchell JG (2003) Marine bacterial organisation around
point-like sources of amino acids. FEMS Microbiol Ecol 43:99-109 

6. Blackburn N, Fenchel T, Mitchell J (1998) Microscale nutrient patches
in planktonic habitats shown by chemotactic bacteria. Science
282:2254-2256 

7. Bowen JD, Stolzenbach KD, Chisholm SW (1993) Simulating bacterial
clustering around phytoplankton cells in a turbulent ocean. Limnol
Oceanogr 38:36-51 

8. Duarte CM, Vaqué D (1992) Scale dependence of bacterioplankton
patchiness. Mar Ecol Prog Ser 84:95-100 

9. Ferrier-Pagès C, Karner M, Rassoulzadegan F (1997) Release of dis-
solved amino acids by flagellates and ciliates grazing on bacteria.
Oceanol Acta 21:485-489 

10. Fitznar HP, Lobbes JM, Kattner G (1999) Determination of enan-
tiomeric amino acids with high-performance liquid chromatography
and pre-column derivatisation with o-phthaldialdehyde and N-isobu-
tyrylcysteine in seawater and fossil samples (mollusks). J Chromatogr
832:123-132 

11. Fuhrman JA, Bell TM (1985) Biological considerations in the measure-
ment of dissolved free amino-acids in seawater and implications for
chemical and microbiological studies. Mar Ecol Prog Ser 25:13-21 

12. Jørgensen NOG, Stepanaukas R, Pedersen AGU, Hansen M, Nybroe O
(2003) Occurrence and degradation of peptidoglycan in aquatic environ-
ments. FEMS Microbiol Ecol 46:269-280 

13. Kiørboe T, Jackson GA (2001) Marine snow, organic solute plumes,
and optimal chemosensory behavior of bacteria. Limnol Oceanogr
46:1309-1318 

14. Köhidai L, Lemberkovics É, Csaba G (1995) Molecule dependent
chemotactic responses of Tetrahymena-pyriformis elicited by volatile
oils. Acta Protozool 34:181-185 

15. Kujawinski EB, Farrington JW, Moffett JW (2002) Evidence for graz-
ing-mediated production of dissolved surface-active material by marine
protists. Mar Chem 77:133-142 

CHEMOSENSITIVITY OF MARINE FLAGELLATES



158 INT. MICROBIOL. Vol. 13, 2010

16. Lee ES, Lewitus AJ, Zimmer RK (1999) Chemoreception in a marine
cryptophyte: Behavioral plasticity in response to amino acids and
nitrate. Limnol Oceanogr 44:1571-1574 

17. Lehman JT, Scavia D (1982) Microscale patchiness of nutrients in
plankton communities. Science 216:729-730 

18. Leick V, Helle J (1983) A quantitative assay for ciliate chemotaxis. Anal
Biochem 135:466-469 

19. Leick V, Hellung-Larsen P (1985) Chemosensory responses in
Tetrahymena: the involvement of peptides and other signal substances.
J Protozool 32:550-553 

20. Lindroth P, Mopper K (1979) High performance liquid chromatograph-
ic determination of subpicomole amounts of amino-acids by precolumn
fluorescence derivatization with o-phthaldialdehyde. Anal Chem
51:1667-1674 

21. McCarthy MD, Hedges JI, Benner R (1998) Major bacterial contribu-
tion to marine dissolved organic nitrogen. Science 281:231-234 

22. Mitchell JG, Okubo A, Fuhrman JA (1985) Microzones surrounding
phytoplankton form the basis for a stratified marine microbial ecosys-
tem. Nature 316:58-59 

23. Nagata T, Kirchman DL (1991) Release of dissolved free and combined
amino-acids by bacterivorous marine flagellates. Limnol Oceanogr
36:433-443.

24. Nagata T, Kirchman DL (1992) Release of macromolecular organic
complexes by heterotrophic marine flagellates. Mar Ecol Prog Ser
83:233-240

25. Patterson DJ, Nygaard K, Steinberg G, Turley CM (1993) Heterotrophic
flagellates and other protists associated with oceanic detritus throughout
the water column in the Mid North-Atlantic. J Mar Biol Assoc UK
73:67-95 

26. Pérez MT, Pausz C, Herndl GJ (2003) Major shift in bacterioplankton
utilization of enantiomeric amino acids between surface waters and the
ocean’s interior. Limnol Oceanogr 48:755-763 

27. Porter KG, Feig YS (1980) The use of DAPI for identifying and count-
ing aquatic microflora. Limnol Oceanogr 25:943-948 

28. Reva O, Tümmler B (2008) Think big—giant genes in bacteria. Environ
Microbiol 10:768-777 

29. Scanlan DJ, Ostrowski M, Mazard S, et al. (2009) Ecological genomics
of marine picocyanobacteria. Microbiol Mol Biol Rev 73:249-299 

30. Seymour JR, Simó R, Ahmed T, Stocker R (2010) Chemoattraction to
dimethylsulfoniopropionate throughout the marine microbial food web.
Science 329:342-345 

31. Sibbald MJ, Albright LJ, Sibbald PR (1987) Chemosensory responses of
a heterotrophic microflagellate to bacteria and several nitrogen-com-
pounds. Mar Ecol Prog Ser 36:201-204 

32. Skovgaard M, Jensen ML, Brunak S, Ussery D, Krogh A (2001) On the
total number of genes and their length distribution in complete micro-
bial genomes. Trends Genet 17:425-428 

33. Snyder RA (1991) Chemoattraction of a bactivorous ciliate to bacteria
surface compounds. Hydrobiologia 215:205-213 

34. Stocker R, Seymour JR, Samadani A, Hunt DE, Polz MF (2008) Rapid
chemotactic response enables marine bacteria to exploit ephemeral
microscale nutrient patches. Proc Natl Acad Sci USA 105:4209-4214 

35. Strom SL, Wolfe GV, Bright KJ (2007) Responses of marine planktonic
protists to amino acids: feeding inhibition and swimming behavior in
the ciliate Favella sp. Aquat Microb Ecol 47:107-121 

36. Taylor WD, Berger J (1980) Micro-spatial heterogeneity in the distribu-
tion of ciliates in a small pond. Microb Ecol 6:27-34 

37. Tranvik L (1994) Colloidal and dissolved organic-matter excreted by a
mixotrophic flagellate during bacterivory and autotrophy. Appl Environ
Microbiol 60:1884-1888 

38. Van Houten J, Preston RR (1988) Chemokinesis of Paramecium. In:
Görtz HD (ed). Paramecium, Springer-Verlag, Heidelberg, pp 282-300

AYO ET AL.


