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Abstract. A dual culture-based and non–culture-based approach was applied to characterize predator
bacterial groups in surface water samples collected from Apalachicola Bay, Florida. Chemotaxis drop
assays were performed on concentrated samples in an effort to isolate predator bacteria by their che-
motactic ability. Yeast extract (YE) and casamino acids (CA) proved to be strong chemoattractants and
resulted in three visibly distinct bands; however, dextrose, succinate, pyruvate, and concentrated cells of
Vibrio parahaemolyticus P5 as prey did not elicit any response. The three distinct bands from YE and
CA were separately collected to identify the chemotactic microbial assemblages. Plaque-forming unit
assays from different chemotaxis bands with P5 as prey indicated 5- (CA) to 10-fold (YE) higher
numbers of predator bacteria in the outermost chemotactic bands. Polymerase chain reaction–restriction
fragment length polymorphism and 16S rDNA sequencing of clones from different chemotaxis bands
resulted in identification of Pseudoalteromonas spp., Marinomonas spp., and Vibrio spp., with their
numbers inversely proportional to the numbers of predators—i.e., Bdellovibrio spp. and Bacteriovorax
spp—in the chemotaxis bands. This study indicates that predatorial bacteria potentially respond to high
densities of microbial biomass in aquatic ecosystems and that chemotaxis drop assay may be an alternate
culture-independent method to characterize predatorial bacterial guilds from the environment.

The fairly less-studied predator group of Bdellovibrio
and like organisms (BALOs) ‘‘make their living’’ by
attacking and devouring other bacteria for their own
propagation and are found in diverse environments,
including estuaries, oceans, rivers, sewage facilities,
runoff water, and manmade water supplies [7]. Our
objective in this study was to investigate the response of
aquatic bacteria and BALOs to chemotactic agents. The
study site was the surface waters of Apalachicola Bay
ecosystem, which is a fairly shallow subtropical estuary
in the northeastern Gulf of Mexico (Fig. 1). It is con-
sidered to be relatively pristine and constitutes a part of
the National Estuarine Research Reserve (NERR) sys-
tem. However, this pristine ecosystem is highly vul-

nerable to eutrophication because the surrounding areas
have witnessed dramatic urbanization during recent
years. Little is known of the microbial processes, such as
bacterial mortality, in Apalachicola Bay. Predators such
as BALOs are highly motile and can attack and prey on
other Gram-negative bacteria [6, 7, 12] and are likely
one of the factors contributing to bacterial mortality in
aquatic ecosystems [14]. However, few studies are
available on the physiology and biodiversity of BALOs.
One of the main reasons for the difficulties in the
characterization of BALOs is that for them to grow, they
require being cultured in a dual system with prey bac-
teria [12, 18].

The lack of a ‘‘universal’’ gene probe targeting
halophilic BALOs prompted us to investigate whether
chemotaxis can be used to study the predatorial re-
sponse from environmental samples. Chemotaxis is the
movement of a microorganism either toward or away
from a chemical. B. bacteriovorus has been reported
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to be chemotactic toward prey cells [20]; amino acids
[9]; pure compounds such as acetate, propionate, etc.
[21]; and yeast extract [19]. Lambert et al. have
shown that B. bacteriovorus possess a chemotaxis
system to trigger predatorial response [10], and with
the genome sequencing of B. bacteriovorus HD100,
almost 20 methyl-accepting chemotaxis proteins and 2
component-regulatory chemotaxis genes have now
been identified and fully characterized [13]. These
findings clearly indicate a role of chemotaxis in pre-
dation by BALOs. However, all of these studies fo-
cused on axenic pure strains of BALOs. Here we
report on the response of BALO assemblages, directly
from concentrated environmental samples, toward
yeast extract (YE) and casamino acids (CA) as well as
the motile environmental bacteria that are attracted to
these chemotactic agents. The characterization of
BALOs by way of this novel approach of applying
chemotaxis could serve as a culture-independent
method for characterization of the biodiversity of
predator bacteria. This could be applied to a variety of
aquatic sources to rapidly screen the activity of BA-
LOs predating on indigenous prey bacteria, but po-
tential limitations may include false-negative results if
incubations are run for longer durations, which will
lead to growth of bacteria but not chemotaxis. To our
knowledge, ours is the first such report.

Materials and Methods

Sampling site details. Surface-water samples were collected from
three sites in February 2006 from a pier located in the mid-section of
Apalachicola Bay as shown in Fig. 1 (latitude/longitude 29� 42.128¢
north, 84� 52.811¢ west).

Three water samples were obtained within an area of approxi-
mately 15 m2 (Fig. 1). Samples were collected by submerging a sterile
container to an approximate depth of 1 m. After collection, the samples
were placed in a cooler and transported to the laboratory at Florida A &
M University. A single composite sample representing the sampling
site was obtained by mixing the three replicate samples and filtered
through a 0.8-lm filter to exclude debris and protozoan grazers [8, 12],
and stored them at 4�C. Further experiments were set up within 2 days
of sampling.

Sampling-site biogeochemical parameters. Apalachicola Bay water
was assayed for selected parameters by a Portable Water Checker U-10
probe (Horiba, Kyoto, Japan). The probe was held under the water
before sample collection to measure the parameters at the time of
sampling.

Chemotaxis drop assay. The samples were filtered through a 0.45-
lm filter to further concentrate the small-sized predator bacteria [8,
12], and a chemotaxis drop assay was performed as previously
described [15] with minor modifications. Initial chemotaxis drop
assays were set up using the environmental samples, which resulted in
a weak chemotaxis response from the microbial community (indistinct
chemotaxis rings were observed). The experiments were repeated using
samples concentrated by centrifugation at 10,000 rpm at room
temperature for 15 minutes. This resulted in a concentrated biomass
from 4 L sample down to 40 mL. Melted agarose was mixed with each
of these bay samples to yield a final concentration of 0.3% to achieve
semiviscosity [15]. The concentrated samples were poured into large
Petri dishes to accommodate the larger sample size (40 ml/plate).
Chemotactic response was determined by placing crystals of dextrose,
yeast extract, succinate, pyruvate, concentrated cells of P5, and CA at
the center of each plate as previously described [2, 15]. The negative
control did not contain any chemoattractant. Turbid, distinct rings were
observed around the periphery of the chemoattractants within 5 to 8
hours of incubation at room temperature (25�C); however, it took
almost 12 hours to show good contrast, at which point samples from
the outer, middle, and inner chemotaxis bands were collected using 1-
ml sterile tips that had been cut in half for collection of viscous bands.
The plates were scanned to capture the images.

Plaque-forming unit assay. A 1-ml portion of each chemotaxis band
sample was added to tubes containing 3.5 ml Pp20 top agar and 0.5 ml
Vibrio parahaemolyticus P5 prey suspension as previously reported [8,
12]. The contents of the tubes were inverted once to mix and overlaid
onto Pp20 bottom agar plates. The plates were left undisturbed to
solidify and then incubated at 25�C. The plates were examined daily
for 1 week for the presence of Bdellovibrio plaques, and plaque-
forming units (PFUs) were counted after 7 days of incubation [8, 17].

Nucleic acid extraction and polymerase chain reaction
amplification. DNA from chemotaxis band samples was
extracted using the UltraClean GelSpin Kit per the manufacturer’s
instructions (MoBio, Solana Beach, CA), except the DNA was
eluted in sterile polymerase chain reaction (PCR)-grade water for
downstream processing. Quality of the DNA was evaluated by
electrophoresis through a 0.7% agarose gel with Tris-acetate-
ethylenediaminetetraacetic acid (TAE) buffer, and concentrations of
total DNA were estimated by ultraviolet absorbance at 260 nm [16].
Primers used for PCR amplification of bacterial 16S rDNA gene
sequences were 27F (5¢-AGAGTTTGATCMTGGCTCAG-3¢) and

Fig. 1. Map of Apalachicola Bay with
sampling station marked (arrow).
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1492R (5¢-TACGGYTACCTTGTTACGACTT-3¢) [11]. All
amplifications were performed in an iCycler thermocycler (Bio-Rad,
Hercules, CA) using HotStarTaq Master Mix (Qiagen, Valencia, CA).
Different dilutions of the DNA samples were desaturated at 95�C for
15 minutes, followed by 35 cycles of 94�C for 30 seconds, 55�C for 30
seconds, and 72�C for 30 seconds, followed by an extension step of
72�C for 7 minutes [4]. PCR products (5 ll) were analyzed by
electrophoresis through a 1% agarose gel in TAE buffer.

Cloning bacterial 16S rDNA and RFLP analyses. Cloning 16S
ribosomal gene was carried out with fresh PCR amplicons, which were
ligated into pCRII-TOPO cloning vector and transformed into
Escherichia coli TOP10F’ cells according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA). Clones were screened with
5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal)– and
isopropyl-b-D-thiogalactopyranoside (IPTG) indicator Luria-Bertani
agar plates supplemented with 50 lg/ml kanamycin. This was
followed by direct-colony PCR on white colonies with the promoter-
specific SP6 and T7 primers (Invitrogen, Carlsbad, CA) using the above-
mentionedPCRprogramas previously reported [3]. Restriction fragment
length polymorphism (RFLP) analyses were conducted using restriction
enzymeHhaI and analyzed in 2% agarose gel [3, 4]. Clone libraries were
subjected to rarefaction using aRarefactWin (version 1.3; S. Holland,
Stratigraphy Laboratory, University of Georgia, Athens, GA [http://
www.uga.edu/approximatelystrata/software/]) to confirm that sufficient
numbers of RFLP groups were selected to represent the microbial
diversity in the clone libraries from different chemotaxis bands.

DNA sequencing and phylogenetic analysis. Restriction profiles of
the clone libraries were compared by RFLP and grouped in operational
taxonomic units (OTUs). Selected clones were then sequenced at the
DNA Sequencing Laboratory of Florida State University with 27F
primer. Chimera detection was carried out by Chimera_Check, version
2.7, from the RDP-II Web site [5]. Sequences were also compared with
previously identified sequences in the National Center of
Biotechnology Information (NCBI) database using BLAST [1] and
were aligned by ClustalX v. 1.8 [22]. Phylogenetic tree was generated
with TREECON for Windows, version 1.3b (http://bioinformatics.psb.
ugent.be/software.php) using neighbor joining with default settings
[23]. Bootstrap resampling analysis for 100 replicates was performed to
estimate the confidence of tree topologies.

Nucleotide sequence accession numbers. The partial 16S rDNA gene
sequences from this study have been deposited in GenBank with the
accession numbers DQ659738 to DQ659774.

Results and Discussion

Biogeochemical parameters. Selected biogeochemical
parameters were noted at the time of sampling in
February 2006. The three samples collected from the site
had mid-salinity of 8.4 ppt, and pH was 7.5 to 8.0. The
temperature of the sample was 15.5�C to 16�C;
conductivity was between 14.8 and 15.0; and dissolved
oxygen ranged between 50 and 54 mg/L.

Chemotaxis drop assay. Initial chemotaxis decrease
assays were set up directly on the filtered bay samples,
which elicited a weak chemotaxis response (the
chemotactic ring was not distinct) against YE and CA
(data not shown). The same samples were then
concentrated 100 times to increase the density of

microbial biomass, and chemotaxis drop assays were
set up against the chemoattractants. Distinct chemotaxis
bands could be visualized after incubation for 5 to 8
hours, but these were left undisturbed until 12 hours, and
the results are shown in Figs. 2A through 2C. Three
distinct bands were observed against YE and CA;
however, dextrose, succinate, pyruvate, and
concentrated cells of V. parahaemolyticus P5 (a prey
usually employed for halophilic BALOs) [12], failed to
elicit any response (i.e., no distinct chemotactic ring was
observed). V. parahaemolyticus may have been unable
to form a concentration gradient of dense biomass,
which did not trigger a chemotactic response from the

C
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Chemotaxis band 3 

Chemotaxis band 1 

Chemotaxis band 2 

Chemotaxis band 3 

Chemotaxis band 2 

Chemotaxis band 1 

Negative control 

Fig. 2. Chemotactic response of concentrated Apalachicola Bay
samples in chemotaxis drop assay from (A) YE, (B) CA (as chemo-
attractants), and (C) negative control (which lacked the chemoattrac-
tant). Plates were left undisturbed and scanned to capture images of
chemotactic bands after 8 to 12 hours.
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predatorial guilds of bacteria. YE and CA as
chemoattractants would have the ability to attract all
of the motile biomass in the samples, creating a dense
concentration gradient to which BALOs could respond.

The negative control (no chemoattractant) did not
show any chemotaxis, indicating that YE and CA served
as chemoattractants for the microbial community. Por-
tions representing the three distinct bands from YE and
CA were collected separately for identification of che-
motactic microbial community by culture-dependent
and independent methods. Incubations for chemotaxis
were conducted for 12 hours so that chemotaxis bands
were clearly observed before their collection. This
length of time may be sufficient for the microbial bio-
mass to grow at the expense of substrate gradients
formed on the plate. However, proof that microorgan-
isms identified from different bands were likely che-
motactic came later after 16S rDNA phylogenetic
identification of the assemblages clearly showed that the
chemotactic community consisted of motile guilds of
marine bacteria (see section on bacterial phylogenetic
analysis).

PFU estimation from different chemotaxis
bands. PFU assay was set up to screen the presence
of predatorial bacteria and further quantitate the
differences, if any, in the three different chemotaxis
bands (Table 1). Chemotaxis bands 1, which were the
first bands to appear and were closest to the
chemoattractants, yielded far less PFUs than did bands
2 and 3, which appeared after incubating for a longer
duration (approximately 12 hours), and were farthest
from the chemoattractants (Figs. 2A and 2B); this
difference varied from 5- (CA) to 10-fold (YE) higher
numbers of predator bacteria in the outermost
chemotactic bands (Table 1). Although this assay
targeted only those predatorial bacteria able to attack
and consume V. parahaemolyticus P5 as prey, it
indicated the presence and quantitative differences of

predatorial bacteria in the chemotactic bands. This was
followed by molecular analyses of motile community in
the chemotaxis bands obtained from YE and CA.

Bacterial phylogenetic analysis on chemotaxis band
samples. Motile microbial community from the three
different bands from YE and CA were characterized by
16S rDNA gene-sequence analysis. For all libraries,
rarefaction curves reached to a complete plateau,
indicating that clone libraries represented the entire
biodiversity of the samples (data not shown). Of 48 total
clones screened from the YE library obtained from
different chemotaxis bands, 4 OTUs were observed from
YE-bands 1 and 2 and 5 OTUs from YE-band 3.
Phylotypes were assigned the same OTUs based on
similar RFLP pattern. Distribution of sequences within
the individual clone libraries from YE are presented in
Figs. 3A through 3C. Of the 48 total clones screened
from the CA library, only 3 OTUs were observed from
each of the CA bands, indicating less diversity in this

Table 1. Quantification of BALOs by PFU assay from different che-
motaxis bands collected from YE and CA as chemoattractants

Chemotaxis band YE (PFU/ml)* CA (PFU/ml)*

1 15 € 2 25 € 2
2 75 € 3 45 € 4
3 145 € 5 125 € 2

a Surface water samples were collected from Apalachicola Bay in
February 2006 and concentrated before the assay (Materials and
Methods). PFU values in this table were normalized against the dilu-
tion factor to reflect numbers in undiluted samples.
* Mean PFU reported from 1 ml chemotaxis bands. Duplicate assays
were set up with V. parahaemolyticus P5 as prey.

Pseudoalteromonas
sp.

35%

Marinomonas sp.
25%

Vibrio sp.
24%

Bdellovibrio sp.
16%

Pseudoalteromonas
sp.
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Marinomonas sp.
20%

Vibrio sp.
10%

Bdellovibrio sp.
40%

Bacteriovorax sp.
19%

Bdellovibrio sp.
50%

Vibrio sp.
6%

Marinomonas sp.
10%

Pseudoalteromonas
sp.

15%
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C

Fig. 3. Distribution of OTUs in DNA libraries constructed from che-
motaxis bands collected from YE (as chemoattractant). (A) Band 1
(closest to chemoattractant). (B) Band 2 (middle band). (C) Band 3
(farthest from chemoattractant).
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library. Distribution of sequences within the individual
clone libraries from CA are presented in Figs. 4A
through 4C.

Phylogenetic analyses from the clone libraries are
represented in Fig. 5. In YE-band 1, 35% of the clones
were closely related with Pseudoalteromonas spp., 25%
to Marinomonas spp., 24% to Vibrio spp., and 16% to
Bdellovibrio spp., respectively. This representation
changed slightly to Pseudoalteromonas spp. 30%, Ma-
rinomonas spp. 20%, and Vibrio spp. 10% in chemotaxis
band 2; however Bdellovibrio spp. were higher in this
band, which accounted for approximately 40% of
phylotypes in the library (Figs. 3A through 3C). In band
3 (Figs. 2A and 2B), this situation was different, with
Bdellovibrio spp. being represented by almost 50%, and
a new OTU could be identified that was represented by
Bacteriovorax spp., accounting for 19% of the clone
library (Fig. 3C). Also of interest in this band library
was the low representation of Pseudoalteromonas spp.
15%, Marinomonas spp. 10%, and Vibrio spp. 6%.

In CA libraries (Figs. 4A through 4C), band 1
consisted of 43% of Pseudoalteromonas spp., 39% of
Marinomonas spp., and 18% of Bdellovibrio spp.,
respectively. Similarly, band 2 consisted of Pseudoal-
teromonas spp. 35%, Marinomonas spp. 30%, and

Bdellovibrio spp., which were higher at 35% of the
phylotypes in the library. In band 3, however, the same
situation was observed as that in YE, with Pseudoalte-
romonas spp. 19%, Marinomonas spp. 6%, and Bdell-
ovibrio spp., which were higher at 75%. Of particular
interest in the CA libraries was the complete absence of
sequences associated with Vibrio spp., indicating that
CA may not be a good chemoattractant or that Vibrio
spp. were consumed to extinction by the predators
(Figs. 4A through 4C).

Although this study is based on a single composite
sample from three samples that were collected within
the same site, it has important ecologic conclusions.
This is one of the first clues as to how BALOs may
potentially respond to shifts in natural populations of
bacteria in the environment. As the bacterial population
concentrates in an area driven by migration toward a
possible source of nutrition, BALOs are potentially at-
tracted to the area of bacterial concentration. This situ-
ation may be analogous to the chemotaxis assays from
our study, indicating that the motile bacterial assem-
blages first converge around YE and CA, leading to
higher population densities around the chemoattractant,
triggering predator bacterial communities to sense and
respond to the presence of high numbers of prey bac-
terial communities, resulting in predation. This may be
one of the reasons that BALOs were found in high
numbers from aquatic biofilms or submerged surfaces
but not in surrounding waters [8, 24]. BALOs potentially
sensed and responded to high populations of bacterial
prey associated within biofilms compared with low
numbers found in the water column. In fact, B. bacte-
riovorus has been shown to be chemotactic to high
concentrations (108 cells/mL) of prey cells [20], and,
more recently, methyl-accepting chemotaxis proteins
have been identified from this microorganism, which
indicate that they sense prey bacteria [10].

As motile bacteria migrated toward the attractants,
they formed three concentric bands. The inner band
closest to the attractant was found to have greater
numbers of the motile heterotrophic bacteria and fewer
numbers of BALOs. This is reversed in the outermost
bands, in which the numbers of predator bacteria dras-
tically increased and, correspondingly, the other motile
bacteria decreased (Figs. 3 and 4 and Table 1). It is
highly likely that the bacterial assemblages closest to the
chemotactic agents were exposed to a greater concen-
tration of the nutrient, which may have promoted growth
of the bacterial assemblages during the 12-hour incu-
bation period. To the contrary, the bacteria in the outer
band farthest away from the chemotactic agent were
exposed to a lower concentration of the nutrient and did
not exhibit an equivalent level of growth. Previous
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Marinomonas sp.
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18%

Bdellovibrio sp.
35% Pseudoalteromonas
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19%

Marinomonas sp.
6%

Bdellovibrio sp.
75%
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A

Fig. 4. Distribution of OTUs in DNA libraries constructed from che-
motaxis bands collected from CA (as chemoattractant). (A) Band 1
(closest to chemoattractant). (B) Band 2 (middle band). (C) Band 3
(farthest from chemoattractant).
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observations have shown that BALOs show greater
growth, as measured by larger plaque size on plates or
more rapid clearing of prey in broth-enrichment cultures
when grown on a minimal rather than an enriched
medium. Based on this, it appears that the more nutrient-
enriched inner band of bacteria yielded lower production
of BALOs than the less nutrient-rich outer bands. Al-
though the experiment was designed using a time frame
to avoid bacterial growth, it is possible that one or two
rounds of cell division(s) could have occurred in the
inner bands during the 12-hour incubation period.

Pseudoalteromonas spp., Marinomonas spp., and
Vibrio spp. identified from YE and CA bands are Gram-
negative and motile [6], and therefore, all could serve as
potential prey for Bdellovibrio and Bacteriovorax spp.
However, the data also indicate a prey preference. After
comparing outer chemotaxis band 3 from YE and CA
(where predatorial groups are more prevalent), the clone
libraries are represented by Pseudoalteromonas spp. >
Marinomonas spp. > Vibrio spp. The most likely
explanation for this is that Vibrio spp. are preferentially
predated, as previously reported by other investigators
[7, 12, 14, 24].

This study indicates that predator bacteria sense and
respond to the changes in the shifts of microbial prey
population in the environment and that chemotaxis can
be used as a culture-independent tool to characterize
motile, predatorial bacteria without the need to culture
them in dual predator–prey systems from aquatic eco-
systems.
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