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Vibrio species are an abundant and diverse group of bacteria that form associations with phytoplankton. Correlations between
Vibrio and phytoplankton abundance have been noted, suggesting that growth is enhanced during algal blooms or that associa-
tion with phytoplankton provides a refuge from predation. Here, we investigated relationships between particle-associated
Vibrio spp. and phytoplankton in Delaware’s inland bays (DIB). The relative abundances of particle-associated Vibrio spp. and
algal classes that form blooms in DIB (dinoflagellates, diatoms, and raphidophytes) were determined using quantitative PCR.
The results demonstrated a significant correlation between particle-associated Vibrio abundance and phytoplankton, with
higher correlations to diatoms and raphidophytes than to dinoflagellates. Species-specific associations were examined during a
mixed bloom of Heterosigma akashiwo and Fibrocapsa japonica (Raphidophyceae) and indicated a significant positive correla-
tion for particle-associated Vibrio abundance with H. akashiwo but a negative correlation with F. japonica. Changes in Vibrio
assemblages during the bloom were evaluated using automated ribosomal intergenic spacer analysis (ARISA), which revealed
significant differences between each size fraction but no significant change in Vibrio assemblages over the course of the bloom.
Microzooplankton grazing experiments showed that losses of particle-associated Vibrio spp. may be offset by increased growth
in the Vibrio population. Moreover, analysis of Vibrio assemblages by ARISA also indicated an increase in the relative abundance
for specific members of the Vibrio community despite higher grazing pressure on the particle-associated population as a whole.
The results of this investigation demonstrate links between phytoplankton and Vibrio that may lead to predictions of potential
health risks and inform future management practices in this region.

Bacteria within the genus Vibrio are naturally abundant in ma-
rine and estuarine environments (1), where they exhibit two

alternative growth strategies: (i) association with particles as a
biofilm or (ii) as free-living bacterioplankton (2). Association
with planktonic organisms plays an important role in the ecology
of Vibrio (3) by providing an enriched microenvironment for
Vibrio spp. (4–6). Previous research demonstrated that planktonic
copepods, in particular, enhance the survival and distribution of
Vibrio in temperate and tropical areas (7, 8). Associations with
plankton may also provide a refuge from grazing by bacterivorous
protozoa (9, 10), which can be substantial in some areas (11).
Matz et al. (9), for example, showed that the cell density of Vibrio
cholerae within a biofilm remained stable in the presence of pro-
tozoa, whereas planktonic cells were rapidly eliminated. However,
particle association may not always be advantageous, as it may
subject the cells to sinking forces or losses through “collateral
damage” when host cells are preyed upon (10).

In addition to copepods, Vibrio spp. also form attachments to
algal cells (12), and it has been suggested that Vibrio preferentially
attaches to algal cells and detritus over whole copepods (8). In-
creases in Vibrio abundance have been associated with algal
blooms and, in some cases, with specific algal groups. For exam-
ple, Turner et al. (3) showed a significant correlation between
phytoplankton abundance and total culturable Vibrio abundance
in the coastal waters of Georgia, and high Vibrio abundance has
been noted to occur in diatom-dominated phytoplankton assem-
blages in the Arabian Sea (6). In another study, the abundance of
particle-attached Vibrio cholerae increased rapidly (�4 doublings
per day) during coastal algal blooms, despite intense predation by
protozoa (10). While previous studies have demonstrated a cor-

relation between phytoplankton abundance and Vibrio concen-
trations in coastal waters, few studies have examined species-spe-
cific associations between Vibrio and phytoplankton in the natural
environment. In one study, Eiler et al. (13) found a significant
correlation between V. cholerae and Prorocentrum spp., suggesting
that these interactions may be important determinants regulating
intrageneric competition and growth of Vibrio in the marine en-
vironment.

Increased occurrences of algal blooms (14) are one conse-
quence of declining coastal water quality in the mid-Atlantic re-
gion of the United States (15). Eutrophication of Delaware’s in-
land bays (DIB), which consist of Rehoboth Bay, Indian River Bay,
and Little Assawoman Bay, has increased over the last several de-
cades, with high concentrations of nutrient inputs from agricul-
tural and urban sources (16, 17). Several harmful or potentially
harmful algal bloom species (HABs) have been identified in DIB,
and blooms of harmful algal species occur frequently (18). Among
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these are several species of harmful dinoflagellates, including Gy-
rodinium instriatum (19), Karlodinium veneficum (19), and Proro-
centrum minimum (20), as well as raphidophytes, a group of spe-
cies distributed globally in temperate coastal waters and
freshwater environments. Marine raphidophytes include genera
which are known for fish kills, of which four species bloom annu-
ally in DIB: Heterosigma akashiwo, Chattonella subsalsa, Fibro-
capsa japonica, and the recently described Viridilobus marinus (19,
21–23).

Although there are extensive data on harmful algal species in
DIB, little is known about the ecology of Vibrio in mid-Atlantic
estuaries (24) or associations between Vibrio spp. and HABs or
other phytoplankton groups in this region. Our goals were to ex-
amine community-level and species-specific relationships be-
tween particle-associated Vibrio spp. and phytoplankton groups
in DIB. Specifically, we examined correlations between the abun-
dance of particle-associated Vibrio spp. and three algal classes—
diatoms, dinoflagellates, and raphidophytes—at three sites in DIB
over 3 years. We also examined changes in abundance and com-
munity composition of particle-associated Vibrio spp. and raphi-
dophytes in size-fractionated water samples during a mixed
bloom of Heterosigma akashiwo and Fibrocapsa japonica. In addi-
tion, the impacts of microzooplankton grazing on two size frac-
tions of particle-associated and free-living planktonic assemblages
of Vibrio were assessed during a separate mixed-raphidophyte
bloom. The results of this study are broadly relevant to research on
and monitoring of Vibrio and interactions with HABs in the Mid-
Atlantic region.

MATERIALS AND METHODS
Field samples. Water samples were collected weekly from May to Septem-
ber in 2009 to 2011 from three sites within Delaware’s inland bays: RB64
in Rehoboth Bay (38°41=59.6�N, 75°06=43.6�W), IR32 in Indian River Bay
(38°34=14.5�N, 75°05=04.2�W), and SB10E in Little Assawoman Bay
(38°31=15.0�N, 75°03=40.1�W (Fig. 1). Temperature, salinity, and dis-
solved oxygen (mg liter�1) were measured for each sample using a 556
MPS YSI meter (YSI Inc., Yellow Springs, OH). Dissolved nutrient (NH4,
NO3 plus NO2 [NOx], P, and Si) concentrations were determined for
water samples collected in 2010 and 2011 only, using a segmented-flow
autoanalyzer (Seal Analytical, Mequon, WI) (25, 26). Chlorophyll a (Chl
a) concentrations were measured after extraction in 90% acetone (27) on
a Turner 10AU fluorometer (Turner Designs, Sunnyvale, CA).

Water samples were filtered under gentle vacuum (�380 mm Hg) and
size fractionated on polycarbonate filters (Millipore Isopore, Billerica,
MA) to retain the �3.0-�m size fraction. Filters were immediately placed
in CTAB buffer, consisting of 100 mM Tris–HCl (pH 8), 1.4 M NaCl, 2%
(wt/vol) cetyltrimethylammonium bromide (CTAB), 0.4% (vol/vol)
2-mercaptoethanol, 1% (wt/vol) polyvinylpyrrolidone, and 20 mM
EDTA (28), amended with 20 ng ml�1 pGEM plasmid (Promega, Madi-
son, WI) as an internal standard (21). Filtered samples were stored at
�80°C until extraction. Before extraction, all samples were heated at 65°C
for 10 min. DNA was extracted as described by Coyne et al. (29) and
resuspended in LoTE (3 mM Tris-HCl, 0.2 mM EDTA, pH 7.5) (28, 29).
DNA concentrations were determined by spectrophotometry, and sam-
ples were diluted to approximately 25 ng �l�1 for molecular analysis.

Primers (Table 1) for the RNA polymerase subunit A (rpoA), a single-
copy gene within the Vibrio genome, were previously described by Dal-
masso et al. (30). Concentrations of algal class-specific primers (Table 1)
targeting the 18S rRNA gene for raphidophytes, dinoflagellates, and dia-
toms were optimized for quantitative PCR (qPCR) as described by Coyne
et al. (21). DNA from size-fractionated water samples was amplified by
qPCR in triplicate 10-�l reaction mixtures consisting of 5 �l of SYBR
green master mix (Applied Biosystems), 0.9 �M each primer targeting

Vibrio rpoA or algal rRNA gene sequences (Table 1), and 1 �l diluted DNA
template (�25 ng). Reaction conditions for amplification of Vibrio rpoA
consisted of 2 min at 50°C, 10 min at 95°C, and then 40 cycles at 95°C for
15 s, 53°C for 30 s, and 72°C for 1 min, with added dissociation analysis.
Reaction conditions for algal groups were 2 min at 50°C, 10 min at 95°C,
and then 40 cycles at 95°C for 15 s, 56°C for 30 s and 72°C for 1 min, with
added dissociation analysis. Quantification of the internal pGEM plasmid
standard was carried out using a TaqMan-based assay in triplicate 10-�l
reaction mixtures consisting of 5 �l of TaqMan universal master mix
(Applied Biosystems), 0.9 �M each primer, 0.2 �M TaqMan probe (Table
1), and 1 �l of diluted DNA template. Reaction conditions consisted of 2
min at 50°C, 10 min at 95°C, and then 40 cycles at 95°C for 15 s, 56°C for
30 s and 72°C for 1 min. The relative abundances of Vibrio and algal
groups were determined by linear regression analysis using a standard
curve generated from rpoA plasmid and 18S rRNA plasmid from each
algal group. rpoA and 18S rRNA gene abundances in each sample were
normalized to the abundance of pGEM and reported as relative abun-
dance per volume of water filtered.

Intensive sampling. Samples were collected during a mixed-raphido-
phyte bloom of Heterosigma akashiwo (10 to 15 �m in size) and Fibrocapsa
japonica (20 to 30 �m in size) at site RB64 on 13 to 16 September 2011.
Initial cell concentrations for H. akashiwo were 2.99 � 107 cells liter�1,
while F. japonica cell concentrations were 4.1 � 105 cells liter�1. Samples
were collected from just below the surface at replicate sites 1 and 2, ap-
proximately 10 m apart, at 10:14 a.m. on 13 September 2011 (initial time
point, T0) and at 4, 26, 47, and 70 h after T0 (T4, T26, T47, and T70,
respectively). Physical parameters and Chl a and nutrient concentrations
were measured as described above for each time point. Water was prefil-
tered on site using a 150-�m filter to remove detritus and zooplankton.
Prefiltered samples were then transported to the laboratory and size frac-
tionated onto polycarbonate filters to collect the �20-�m, 3.0- to 20-�m,
and 0.2- to 3.0-�m size fractions (which contained the planktonic or
“free-living” Vibrio spp.) within 1 h of collection. DNA was extracted
from each size fraction as described above. The relative abundances of H.
akashiwo (3.0- to 20-�m size fraction) and F. japonica (�20-�m size

FIG 1 Sampling sites within the Delaware inland bays: Rehoboth Bay at
Torquay Canal (RB64), Indian River Bay at Holly Terrace Acres Canal (IR32),
and Little Assawoman Bay at South Bethany, Russell Canal East (SB10E). (Map
created in R using shoreline data for Delaware and Delaware’s inland bays
extracted using the NOAA Shoreline Explorer [http://www.ngs.noaa.gov
/NSDE/].)
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fraction) were determined using a TaqMan-based assay in triplicate 10-�l
reaction mixtures consisting of 5 �l of TaqMan Universal master mix
(Applied Biosystems), 0.9 �M species-specific primers (Table 1), 0.2 �M
TaqMan probe (Table 1), and 1 �l of diluted DNA template (�25 ng).
Reaction conditions were 2 min at 50°C, 10 min at 95°C, and then 40
cycles at 95°C for 15 s, 56°C for 30 s, and 72°C for 1 min. Quantification of
Vibrio spp., dinoflagellates (�20-�m size fraction only), and the pGEM
internal standard was carried out as above.

Vibrio assemblages were also evaluated in each size fraction by auto-
mated ribosomal intergenic spacer analysis (ARISA) using Vibrio-specific
primers (Table 1) (31). The 23S.1 rRNA primer was modified with the
fluorescent probe hexachlorofluorescein (HEX) at the 5= end. ARISA pat-
terns were generated from DNA extracted from known cultured Vibrio
species (kindly provided by Gary Richards, USDA ARS, Delaware State
University, Dover, DE) for comparison and to identify potential patho-
genic species. DNA was amplified after an initial denaturation for 5 min at
94°C for 16 cycles of 94°C for 1 min, 72°C for 1 min (decreased 0.5°C per
cycle), and 72°C for 1 min, followed by 22 cycles of 94°C for 1 min, 64°C
for 1 min, and 72°C for 1 min. PCR products were then denatured at 94°C
for 1 min, followed by a 1-min incubation at 84°C and a 5-min incubation
at 72°C. To reduce heteroduplex formation, PCR products were diluted
10-fold in a fresh reaction mixture and subjected to 5 additional cycles of
94°C for 1 min, 64°C for 1 min, and 72°C for 1 min (32). One microliter of
the PCR product was combined with 18 �l HiDi formamide (Applied
Biosystems) and 1 �l GeneScan-2500 size standard (Applied Biosystems)
and denatured at 95°C for 3 min. HEX-labeled PCR products were de-
tected and sized with an ABI Prism 310 genetic analyzer (Applied Biosys-
tems) using GeneScan v. 3.1 software (Applied Biosystems). Results were
imported into PeakScanner v.2.0 software (Applied Biosystems) for anal-
ysis, and peaks between 50 and 1,000 bases in length were binned at a
width of 1 nucleotide (nt). Peaks were aligned and standardized to the
total of all peak heights within each sample for comparison between
ARISA profiles using T-Rex (33).

Microzooplankton grazing. Samples were collected from RB64 dur-
ing a mixed bloom of Heterosigma akashiwo and Fibrocapsa japonica on 23

August and 25 August 2011 for two separate grazing studies. Samples were
prefiltered on site through a 150-�m filter to remove zooplankton and
detritus. Initial cell concentrations for experiment 1 were 4.3 � 106 cells
liter�1 for Heterosigma akashiwo and 2.66 � 104 cells liter�1 for Fibro-
capsa japonica. For experiment 2, initial cell concentrations were 1.15 �
107 cells liter�1 and 1.32 � 104 cells liter�1 for H. akashiwo and F. japon-
ica, respectively. For each grazing experiment, an aliquot of the water
sample (T0) was size fractionated to achieve �20-�m, 3.0- to 20-�m, and
0.2 to 3.0 �m (free-living) size fractions for both Chl a and qPCR analyses.
Site water was filtered through a 0.2-�m filter (Whatman Polycap dispos-
able capsules; GE Healthcare, Piscataway, NJ) for dilution of whole water
to achieve dilutions consisting of 25, 50, and 100% of whole water. Diluted
samples (n � 4) were enriched with f/2 nutrients. Bottles were incubated
at 25°C for 24 h at a light intensity of 228 �mol photons m�2 s�1. Samples
were then size fractionated to collect �20-�m, 3.0- to 20-�m, and 0.2- to
3.0-�m (free-living) size fractions for both Chl a and DNA extractions as
described above. The relative abundances of H. akashiwo, F. japonica, and
Vibrio spp. were determined using qPCR parameters as described above.
The Vibrio growth rate (�) per day was calculated as follows: � � [ln(rela-
tive abundance at T24) � ln(relative abundance at T0)] � day�1. Vibrio
apparent growth and grazing rates were calculated by plotting the growth
rate of Vibrio versus dilution factor. The negative slope of this relationship
is the grazing rate, and the y intercept is the apparent growth rate (34, 35),
reported as per day (day�1).

The free-living and particle-associated Vibrio assemblages within each
size fraction for the 100% (undiluted) treatments were evaluated by
ARISA as described above.

Sequencing. PCR products generated for ARISA were reamplified us-
ing unlabeled 23S.1 and 16S.6 primers (Table 1) as described above. The
PCR products were cloned into pCR4-TOPO plasmid vector (Life Tech-
nologies, Grand Island, NY, USA). Cloned sequences were then amplified
with labeled primers for ARISA to determine the corresponding lengths of
each clone. Plasmids with cloned PCR products having lengths of 318,
336, 356, and 412 bp were sequenced bidirectionally using the BigDye
Terminator Sequencing kit (Life Technologies, Grand Island, NY).

TABLE 1 Primer and probe sequences used in this study

Target (reference) Primer or probe Sequence (5=¡3=)
Heterosigma akashiwo 18S rRNA (21) Hs 1350F CTAAATAGTGTCGGTAATGCTTCT

Hs 1705R GGCAAGTCACAATAAAGTTCCAT
Hs probe HEX-CAACGAGTAACGACCTTTGCCGGAA-IBFQ1

Fibrocapsa japonica 18S rRNA (34) Fj 1350F TGCTTTAGTCATTGTGTGCAG
Fj 1705R ACCACAAACTAATGAGGAGGC
Fj probe FAM-CCCAGGCCTACCGGCCAAGGTTGTA-IBFQ1

pGEM plasmid DNA (21) M13F CCCAGTCACGACGTTGTAAAACG
pGEM R TGTGTGGAATTGTGAGCGGA
pGEM probe FAM-CACTATAGAATACTCAAGCTTGCATGCCTGCA-IBQF1

Vibrio sp. rpoA (30) rpoA 294F AAATCAGGCTCGGGCCCT
rpoA 535R GCAATTTTRTCDACYGG

Diatom (74) Diatom 1256F TAGTGAGGATTGACAGATTGAG
Diatom 1536R CAATAATCTATCCCTATCACGATG

Dinoflagellate (18) Dino 1662F CCGATTGAGTGWTCCGGTGAATAA
Euk B GATCCWTCTGCAGGTTCACCTAC

Raphidophyte (75)a BTG005C ATCATTACCACACCGATCC
Raph-ITS-R YGCCAGGTGCGTTCGAA

Vibrio sp. ITS (31) 16S.6 ACTGGGGTGAAGTCGTAACA
23S.1 CTTCATCGCCTCTGACTGC

a Modified from reference 75.

Associations between HABs and Vibrios in DIB
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Statistical analysis. Statistical comparisons were performed using the
R statistical package (36). Relative abundances determined by qPCR were
transformed using a square root square root transformation before calcu-
lating Pearson’s correlations between Vibrio sp. abundance and environ-
mental factors or algal groups. A difference was considered significant if
the P value was 	0.05. If a significant relationship was detected, a Tukey
honestly significant difference (HSD) post hoc test was conducted to de-
termine relationships. Principal-component analysis (PCA) was carried
out using the PRIMER 6.1.16 software package (Primer-E, Ivybridge,
United Kingdom) to identify factors contributing to differences between
sites or years with respect to environmental factors.

Multivariate analysis of ARISA data was carried out using the PRIMER
6.1.16 software package (76, 77). Standardized peak heights from ARISA
were subjected to a square root transformation before analysis. The trans-
formed data were then used to produce a Bray-Curtis similarity matrix.
Multidimensional scaling (MDS) diagrams were produced from the sim-
ilarity matrix using the Kruskal fit scheme of 1, with 25 restarts and a
minimum stress of 0.01. The analysis of similarity (ANOSIM) function in
PRIMER was used to examine relationships between the particle-associ-
ated Vibrio community structure in the intensive-sampling and grazing
experiments. ANOSIM compares similarities between samples within
each group to similarities between groups and generates a value of r be-
tween �1 and 
1, such that a value of 0 supports the null hypothesis. In
the intensive-sampling experiment, ANOSIM was used to test the null
hypotheses that Vibrio communities were not significantly different (i)
between sites, (ii) between size fractions, or (iii) over time. For the grazing
experiments, we used ANOSIM to test the null hypotheses that Vibrio
communities were not significantly different (i) between size fractions,
(ii) between experiments for each size fraction, or (iii) between T0 and T24

within each size fraction. When ANOSIM revealed a significant differ-
ence, Species Contributions to Similarity (SIMPER) was used to identify
Vibrio species or operational taxonomic units (OTUs) which contributed
to differences in assemblages. The Biota-Environment STepwise (BEST)
matching function in PRIMER was conducted to identify environmen-
tal variables that were correlated with Vibrio community structure in
the intensive-sampling experiment. The BEST analysis calculates the
Spearman rank correlation coefficient (�) from combinations of vari-
ables to find the subset with the highest value of � for the Bray-Curtis
similarity matrix. For this test, transformed and normalized environ-
mental data were used to construct a Euclidean distance matrix, fol-
lowed by computation of the rank correlation comparison to the biotic
(ARISA) similarity matrix. BEST analysis generated a rank correlation
coefficient (rho) such that a value of 0 supports the null hypothesis
that the environmental data were not correlated to the biotic data.

Nucleotide sequence accession numbers. The sequences determined
in this study have been submitted to GenBank under accession numbers
KT003965 to KT003968.

RESULTS
Field samples. Altogether, 148 samples were analyzed from three
sites in DIB between 2009 and 2011. Temperatures during the
collection period ranged from 18.4 to 31.4°C, salinity ranged from
9.3 to 37, and extracted Chl a ranged from 2.82 to 386.8 �g liter�1.
The average temperature (24.8°C), salinity (22.9), and Chl a

(162.9 mg liter�1) for 2009 were significantly different from those
in 2010 (26.7°C, 26.2, and 58.1 mg liter�1) and 2011 (26.5°C, 23.4,
and 18.7 mg liter�1) (P 	 0.001). The average salinity in 2011 was
also significantly lower (23.4) than that in 2010 (26.2) (P 	 0.01).
Dissolved NOx during the 2010 to 2011 collection period ranged
from 0.14 to 49.6 �M, NH4 ranged from 0.3 to 37.5 �M, and
PO4 ranged from 0.09 to 2.82 �M. Average concentrations of
NOx and PO4 were significantly higher in 2011 (7.4 and 0.7 �M,
respectively) than in 2010 (2.7 and 0.4 �M, respectively) (P 	
0.001). Principal-component analysis (PCA) showed an in-
creased influence of NOx (PC1, 0.491; PC2, 0.206), N/P ratio
(PC1, 0.390; PC2, 0.534), and salinity (PC1, �0.380; PC2,
0.353) on the variability between water samples collected in
2010 versus 2011, with 37.4% variation accounted for on PC1
and 15.3% accounted for on PC2.

Samples that yielded low pGEM values in qPCR analysis were
eliminated due to possible inhibition, leaving a total of 132 sam-
ples, with 41 samples from IR32, 47 samples from RB64, and 44
samples from SB10E over the 3 years. The relative abundance of
particle-associated Vibrio spp. in the �3-�m size fraction as de-
termined by qPCR was significantly correlated to the relative
abundance of diatoms and raphidophytes (r � 0.745 and 0.768,
respectively; P 	 0.001) (Table 2) for all 3 years combined. The
correlation between particle-associated Vibrio abundance and di-
noflagellates was lower, though still significant (r � 0.560, P 	
0.001) (Table 2) for all 3 years combined. Pearson’s correlations
within collection years showed the highest correlation between
particle-associated Vibrio and diatom abundances for 2009 and
2011 (2009, r � 0.764; 2011, r � 0.779), while correlations be-
tween Vibrio and raphidophytes were highest in 2010 (r � 0.855)
(Table 2). Correlations between particle-associated Vibrio abun-
dance and dinoflagellates were significant only in years 2010 and
2011. Pearson’s correlations of particle-associated Vibrio sp.
abundance and each phytoplankton group were not significantly
different between sites. However, particle-associated Vibrio abun-
dance in the �3-�m size fraction for all 3 years combined was
significantly correlated with salinity (r � 0.202, P 	 0.05) (Table
2) and Chl a concentrations (r � 0.343, P 	 0.001) (Table 2) but
not with temperature (Table 2), dissolved oxygen concentrations
(data not shown), or nutrient concentrations (data not shown).

Intensive sampling. Sampling was conducted on four consec-
utive days (13 to 16 September 2011) for a total of 10 samples from
two replicate sampling locations during a mixed-raphidophyte
bloom at RB64. The temperature ranged from 22.9 to 27.2°C, the
salinity ranged from 24.2 to 24.8, and the dissolved oxygen con-
centration ranged from 0.74 to 2.41 mg liter�1. Chl a in the
�20-�m fraction ranged from 12.8 to 30.0 �g liter�1, while that
in the 3.0- to 20-�m fraction ranged from 11.4 to 21.6 �g liter�1.
Dissolved nutrients ranged from 0.69 to 2.3 �M NOx, 1.45 to 4.61

TABLE 2 Correlations between relative abundances of particle-associated Vibrio spp. and algal groups or environmental factors

Yr

Pearson’s correlation coefficienta for correlation between Vibrio abundance and:

Diatom abundance Dinoflagellate abundance Raphidophyte abundance Temp Salinity Chlorophyll a

All 0.745*** 0.560*** 0.768*** 0.105 0.202* 0.343***
2009 0.764*** 0.231 0.513** 0.258 0.135 0.535*
2010 0.657*** 0.550*** 0.855*** 0.074 0.293* 0.646***
2011 0.779*** 0.760*** 0.560*** �0.051 �0.121 0.241
a Significance levels: *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.

Main et al.

5706 aem.asm.org September 2015 Volume 81 Number 17Applied and Environmental Microbiology

http://www.ncbi.nlm.nih.gov/nuccore?term=KT003965
http://www.ncbi.nlm.nih.gov/nuccore?term=KT003968
http://aem.asm.org


�M NH4, and 0.17 to 0.56 �M PO4 (Fig. 2). Cell counts ranged
from 2.99 � 107 to 1.39 � 108 cells liter�1 for Heterosigma
akashiwo and from 2.37 � 105 to 4.1 � 105 cells liter�1 for Fibro-
capsa japonica (Fig. 2). A significant correlation (Table 3) was
identified between particle-associated Vibrio and H. akashiwo
abundances in the 3.0- to 20-�m fraction for combined replicate
samples (r � 0.788, P 	 0.001). Dinoflagellates (�20 �m) were
also observed microscopically during the mixed-raphidophyte
bloom, and the particle-associated Vibrio abundance in the
�20-�m size fraction was more highly correlated with dinoflagel-
late abundance than with F. japonica abundance. Pearson’s corre-
lations between particle-associated Vibrio abundance in the
�20-�m fraction and environmental factors were significantly
positive and negative for temperature and salinity, respectively
(Table 3). However, neither temperature nor salinity was signifi-
cantly correlated to the 3.0- to 20-�m fraction of particle-associ-
ated Vibrio abundance (Table 3).

Analysis of Vibrio community structure during intensive
sampling. Changes in Vibrio assemblages in each size fraction at
sites 1 and 2 were examined using ARISA. ARISA of amplified
DNA isolated from Vibrio cultures showed major peaks for Vibrio
parahaemolyticus at 389 bp, V. tubiashii at 412 bp, V. cholerae at
542 bp, and V. vulnificus at 396 bp. Other constituents of the
Vibrio community (OTUs at 318, 336, 356, and 412 bp) were
sequenced. BLAST results indicated no significant similarities for
OTUs at 318, 336, or 356 bp to Vibrio sequences in GenBank. The
sequence for the OTU at 412 bp was 98% identical (100% cover-
age) to V. corallilyticus strain RE98, a pathogen known to cause
mortality in shellfish larvae (37).

Relationships between Vibrio assemblages were investigated by
multivariate analysis based on Bray-Curtis similarity matrices im-
plemented in PRIMER, and trends were visualized by construc-
tion of a nonmetric multidimensional scaling (MDS) ordination
plot from the matrix (Fig. 3). Cluster analysis demonstrated a
higher level of similarity in Vibrio community structure within the
0.2- to 3.0-�m size fraction, which contained planktonic or “free-
living” Vibrio assemblages (79.71% similar), and in the 3.0- to
20-�m size fraction (67.96% similar) compared to the �20-�m
size fraction (28.98% similarity). Statistical analysis by ANOSIM
showed that the Vibrio assemblages were not significantly differ-
ent between sites or over time but that there was a significant
difference in assemblages between size fractions (r � 0.571, P �
0.001). SIMPER analyses indicated average dissimilarities of
28.73, 62.07, and 47.66% between assemblages in the free-living
and 3.0- to 20-�m fractions, free-living and �20-�m fractions,
and 3.0- to 20-�m and �20-�m fractions, respectively. The rela-
tive abundance of the OTU at 389 bp, identified as V. parahaemo-

FIG 2 Environmental parameters during intensive sampling of a mixed bloom at RB64. (A) Nutrient concentrations (�M) for site 1; (B) nutrient concentrations
(�M) for site 2; (C) cell concentrations (cells liter�1) for Heterosigma akashiwo (circles) and Fibrocapsa japonica (triangles) for site 1; (D) cell concentrations (cells
liter�1) for Heterosigma akashiwo (circles) and Fibrocapsa japonica (triangles) for site 2.

TABLE 3 Correlations between relative abundances of particle-
associated Vibrio spp. and Heterosigma akashiwo, Fibrocapsa japonica,
dinoflagellates, or environmental factors during the intensive-sampling
experiment

Size
fraction

Pearson’s correlation coefficienta for correlation between
Vibrio abundance and:

Heterosigma
abundance

Fibrocapsa
abundance

Dinoflagellate
abundance Temp Salinity

3.0–20 �m 0.788*** 0.015 �0.133
�20 �m �0.212 0.543* 0.541* �0.463*
a Significance levels: *, P 	 0.05; ***, P 	 0.001.
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lyticus, was greater in particle-associated fractions and contrib-
uted most to the dissimilarity between the Vibrio assemblages in
the free-living fraction and the 3.0- to 20-�m fraction (28.37%)
and the �20-�m fraction (15.49%). The OTU at 311 bp contrib-
uted 14.53% of the dissimilarity between particle-associated
Vibrio size fractions where the average relative abundance was
lower in the �20-�m size fraction. However, we were not able to
isolate this OTU for identification.

Microzooplankton grazing. Two grazing experiments were
conducted on consecutive days during a mixed bloom of Het-
erosigma akashiwo and Fibrocapsa japonica in August 2011. For
both grazing experiments, environmental parameters at the col-
lection site were similar with regard to temperature and salinity;
however, dissolved oxygen was lower at collection time for exper-
iment 2 (Table 4). Chl a concentrations (Table 4) at the start of
experiment 1 (T0) were 27.6 �g liter�1 for the �20-�m size frac-
tion, 19.2 �g liter�1 for the 3.0- to 20-�m size fraction, and 9.2 �g
liter�1 for the 0.2- to 3.0-�m (free-living) size fraction. In exper-
iment 1, grazing rates on Vibrio, as determined by qPCR, ranged
from 1.98 to 5.37 day�1 and were not significantly different be-
tween size fractions (P � 0.05) (Fig. 4A to C; Table 5). After 24 h,
the relative abundance of Fibrocapsa japonica increased by 155%,
whereas Heterosigma akashiwo decreased in relative abundance by
43%, as determined by qPCR. Grazing rates on the total phyto-
plankton community, based on Chl a concentrations, ranged
from �0.036 day�1 in the �20-�m size fraction to 0.337 day�1 in
the free-living size fraction for experiment 1 and were significantly
higher for the free-living fraction than for the �20-�m and 3.0- to
20-�m size fractions (P 	 0.05 and P 	 0.0001, respectively)
(Table 5).

In experiment 2, Chl a concentrations at T0 were 31.9 �g li-
ter�1 for the �20-�m size fraction, 9.1 �g liter�1 for the 3.0- to

20-�m size fraction, and 10.8 �g liter�1 for the free-living size
fraction (Table 4). Grazing rates on Vibrio during this experiment
were significantly different between size fractions, with the highest
predation on Vibrio in the 3.0- to 20-�m size fraction and lowest
in the free-living size fraction (P 	 0.05) (Fig. 4D to F; Table 5).
After 24 h, the relative abundance of H. akashiwo increased by
126%, while that of F. japonica decreased by 5% as determined by
qPCR. Grazing rates on the total phytoplankton community for
experiment 2 were significantly lower in the �20-�m size fraction
than in the free-living and 3.0- to 20-�m size fractions (P 	 0.05
and P 	 0.01, respectively) (Table 5).

When comparing experiments 1 and 2, grazing rates on Vibrio
were significantly lower in experiment 2 for the free-living size
fraction (P 	 0.001) and significantly higher in experiment 2 for
the 3.0- to 20-�m fraction (P 	 0.01), while grazing rates between
the �20-�m fractions were not significantly different. The rela-
tive abundance of H. akashiwo was 268% greater at the beginning
of experiment 2 compared to experiment 1, while the relative
abundance of F. japonica was 201% greater in experiment 1 com-
pared to experiment 2. For the total phytoplankton community,
grazing rates were significantly higher in experiment 2 for the
�20-�m and 3.0- to 20-�m size fractions compared to experi-
ment 1 (P 	 0.001) (Table 5).

Analysis of Vibrio community structure during the grazing
experiments. ARISA was used to examine the changes in the
Vibrio community structure during the two grazing experiments.
ARISA identified a total of 23 distinct OTUs for both experiments.
Analysis of the Vibrio assemblages in experiment 1 by ANOSIM
indicated a significant difference between the free-living size frac-
tion and particle-associated Vibrio spp. in both the 3.0- to 20-�m
and �20-�m size fractions (r � 0.544 [P � 0.008] and r � 0.492
[P � 0.016], respectively) at 24 h (T24). However, there was no
significant difference between particle-associated Vibrio assem-
blages in the 3.0- to 20-�m and �20-�m size fractions. SIMPER
analysis indicated that the OTU at 336 bp contributed the greatest
dissimilarity between the free-living and both the 3.0- to 20-�m
size fraction (21.63% dissimilarity) and the �20-�m size fraction
(20.35% dissimilarity), with greatest abundance in the free-living
size fraction. For experiment 2, there was also a significant differ-
ence in Vibrio community structure between the free-living and
both the 3.0- to 20-�m and �20-�m size fractions (r � 0.214
[P � 0.048] and r� 0.260 [P � 0.024], respectively) and also
between the 3.0- to 20-�m and �20-�m size fractions (r � 0.364,
P � 0.04). The OTU at 318 bp contributed the most dissimilarity
between the free-living size fraction, where it was not detected,
and the 3.0- to 20-�m size fraction (15.05% dissimilarity). This
OTU also contributed the most dissimilarity between the 3.0- to
20-�m and �20-�m size fractions (14.71% dissimilarity), with
higher abundance in the 3.0- to 20-�m size fraction. The OTU at

FIG 3 MDS plot of ARISA of Vibrio assemblages from the intensive-sampling
experiment during a mixed-raphidophyte bloom in September 2011. Symbols
are labeled with the collection time in hours. Open symbols, site 1; closed
symbols, site 2.

TABLE 4 Environmental parameters for grazing experiments at
collection time

Expt
Temp
(°C) Salinity

Dissolved
oxygen

Chlorophyll a (�g liter�1) in size
fraction:

mg
liter�1 % �20 �m 3.0–20.0 �m

Free-
living

1 29.09 26.77 6.64 101.3 27.6 19.2 9.2
2 27.03 27.06 2.85 43 31.9 9.1 10.8
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389 bp, tentatively identified as V. parahaemolyticus, contributed
12.82% to the dissimilarity between particle-associated assem-
blages and 11.92% to the dissimilarity between free-living and 3.0-
to 20-�m size fractions, with greatest abundance in the 3.0- to
20-�m size fraction.

ANOSIM analysis of Vibrio assemblages revealed a significant
difference between experiments 1 and 2 for all size fractions com-
bined (r � 0.161, P � 0.005). However, when comparing Vibrio
assemblages within each size fraction between these two experi-
ments, there was a significant difference in Vibrio assemblages
only in the 3.0- to 20-�m size fractions (r � 0.719, P � 0.029). The
OTU at 389 bp, identified as V. parahaemolyticus, contributed the
most (15.15%) dissimilarity in this size fraction between experi-
ment 1 (where it was undetected) and experiment 2. Despite sig-
nificant differences in Vibrio community structure between the
3.0- to 20-�m size fractions in experiments 1 and 2, similarities
included the OTU at 318 bp, which contributed 24.52% of the
similarity between Vibrio assemblages in this size fraction.

Changes in Vibrio assemblages over time. There were no sig-
nificant differences in the Vibrio assemblages between the T0 and

T24 time points for the free-living and 3.0- to 20-�m size fractions.
In the �20-�m size fraction, however, there was a significant dif-
ference in the Vibrio assemblages between T0 and T24 (r � 0.513,
P � 0.044). The OTU at 318 bp contributed the most (13.48%)
dissimilarity between T0 and T24 in the �20-�m size fraction,
where it was undetected after 24 h for both experiments 1 and 2
combined.

Importantly, there were also some trends in the changes in
abundance of several OTUs that were consistent for both experi-
ments (Table 6). After 24 h of incubation (T0 to T24), the OTUs at
356, 425, and 542 bp (tentatively identified as V. cholerae) de-
creased in abundance in the 3.0- to 20-�m size fraction in both
experiments. In the �20-�m size fraction, the OTUs at 356 and
318 bp decreased in abundance after 24 h of incubation, while the
OTUs at 557 and 412 bp (tentatively identified as V. corallilyticus)
increased in abundance for both experiments at T24. Furthermore,
the OTU at 318 bp increased in abundance in the 3.0- to 20-�m
size fraction in both experiments, where it was undetected at T0,
while at the same time it decreased in the �20-�m size fraction in
both experiments, where it was undetected at T24.

DISCUSSION

In the marine environment, bacteria that are associated with par-
ticles represent approximately 10% of the total community (38)

FIG 4 Microzooplankton grazing on size-fractionated Vibrio during a mixed-raphidophyte bloom. (A to C) Experiment 1; (D to F) experiment 2. (A and D)
�20-�m size fraction; (B and E) 3.0- to 20-�m size fraction; (C and F) 0.2- to 3.0-�m (free-living) size fraction.

TABLE 5 Grazing rate and apparent growth (day�1) for grazing
experiments

Expt
Size
fraction

Vibrioa Chl aa

r2

Grazing rate
(apparent
growth),
day�1 r2

Grazing rate
(apparent
growth), day�1

1 Free-living 0.886 5.37 (4.37) 0.234 0.337 (0.333)
3.0–20 �m 0.170 1.98 (0.92) 0.762 0.248 (0.421)*
�20 �m 0.948 5.32 (5.63) 0.512 0.036 (0.076)***

2 Free-living 0.926 2.97 (4.08)*** 0.564 0.617 (0.310)
3.0–20 �m 0.971 7.31 (7.30)*** 0.845 0.659 (1.219)*
�20 �m 0.926 5.29 (5.93)* 0.842 0.240 (�0.301)**

a Significance levels: *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.

TABLE 6 Relative changes in OTU abundance after 24 h that were
consistent for both grazing experiments

OTU (bp)

Change in abundance in size fraction:

Free-living 3.0–20 �m �20 �m

318 NCa � �
356 NC � �
412 NC NC �
425 NC � NC
542 NC � NC
557 NC NC �
a NC, no change.
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but may account for up to 90% of total bacterial production dur-
ing blooms of phytoplankton (39). Although there is a distinct
correlation between bacterial and phytoplankton biomass, little is
known about how these communities interact at the species level
(40). Several studies suggest that species-specific interactions with
bacteria may play a major role in controlling phytoplankton pop-
ulation dynamics (40, 41). For example, bacterial attachment has
been shown to stimulate the growth of some dinoflagellates, such
as Gambierdiscus toxicus (42), Alexandrium fundyense (43), and
Pfiesteria spp. (44), while other bacterial species have been shown
to have algicidal effects on phytoplankton (45–47). Furthermore,
survival, growth, and abundance of particle-attached bacterio-
plankton, such as Vibrio, may be positively affected by the release
of bioavailable dissolved organic matter (DOM) from phyto-
plankton (13, 48). Increased growth of pathogenic members of the
bacterioplankton due to organic matter from phytoplankton may
have serious implications for human and ecosystem health. Pre-
vious studies, for example, showed that the growth of V. cholerae
increased with amendment of phytoplankton-derived DOM to
levels that were 3 orders of magnitude higher than an infectious
dose (49).

The objectives of this study were to examine the community-
level and species-specific relationships between particle-associ-
ated Vibrio and phytoplankton populations in Delaware’s inland
bays, the influence of environmental factors on these relation-
ships, and the role of microzooplankton grazing in structuring
particle-associated Vibrio assemblages. In previous studies, envi-
ronmental factors such as temperature (4, 48, 50–52) and salinity
(51–54) explained the majority of variance in total (free-living and
particle-associated) Vibrio abundance compared to other physical
parameters (reviewed in references 55 and 56). Temperature and
salinity can also influence the formation of Vibrio biofilms in es-
tuarine environments (55, 57). Temperature, in general, is corre-
lated with increased attachment of Vibrio spp., but other, uniden-
tified environmental factors may play a larger role in biofilm
formation (reviewed in reference 58). In the study presented here,
water temperatures in DIB were not significantly correlated to
abundances of particle-associated Vibrio spp. (r � 0.105) (Table
2) for any of the years tested but were significantly correlated to
particle-associated Vibrio spp. in the �20-�m size fraction during
the intensive-sampling experiment. The relationship between sa-
linity and biofilm formation by Vibrio is more variable and may be
species specific, but it can also be influenced by substrate or envi-
ronmental conditions. The optimal salinity for attachment of V.
cholerae to macroalgae and seagrasses, for example, was found to
be 1.0 to 1.5% NaCl (12), while others (59) found that changes in
salinity had no effect on attachment of this species to chitin.
Within DIB, salinity can vary widely and is affected by tidal cycles,
evaporation, and rainfall (60). The average salinity was higher in
2010 with a lower range of salinity distributions than in other
years during this study, and this may have contributed to the
higher relative abundance of particle-associated Vibrio spp. in this
year compared to 2009 or 2011 (r � 0.293) (Table 2). This is in
contrast to a report by Hsieh et al. (61), who found an increase in
particle-associated Vibrio abundance with decreased salinity, and
may be due to species-specific interactions between Vibrio and
phytoplankton. Indeed, when we measured Vibrio abundance in
the intensive-sampling experiment, the particle-associated Vibrio
abundance in the �20-�m size fraction (but not the 3.0- to
20-�m fraction) was negatively correlated to salinity.

At the phytoplankton community level, the abundance of par-
ticle-associated Vibrio spp. in the �3-�m size fraction was signif-
icantly correlated with both diatom and raphidophyte abun-
dances in samples collected in all 3 years (Table 2), while
correlations with dinoflagellate abundance were significant only
in years 2010 and 2011. With the exception of the 2009 dinofla-
gellate-Vibrio correlation, the abundance of particle-associated
Vibrio spp. was more highly correlated to abundance of each phy-
toplankton class than to any of the environmental parameters
collected. Group- or species-specific associations between Vibrio
spp. and phytoplankton may be due to production of algal exu-
dates which activate biofilm formation in Vibrio. Mannitol, for
example, is a common exudate from marine phytoplankton (62)
and has been shown to induce transcription of the biofilm matrix
genes in V. cholerae (63). Other exudates may be involved in spe-
cies-specific interactions. Chitin, produced as a component of the
diatom frustule in some species (64), has been shown to stimulate
expression of functional type IV pili in V. parahaemolyticus, re-
sulting in an increase in adherence (64). In addition, Seymour et
al. (65) demonstrated a positive chemotactic response by V. algi-
nolyticus to exudates from laboratory cultures of Heterosigma
akashiwo, while other bacterial species tested showed no response.
Other studies have investigated antagonistic interactions between
Vibrio and phytoplankton species in laboratory culture. For exam-
ple, algicidal activity by a South Carolina isolate of Vibrio spp.
resulted in cell lysis of Chattonella subsalsa, Fibrocapsa japonica,
and H. akashiwo (66). In another study, Kim et al. (67) demon-
strated that the raphidophyte Olisthodiscus luteus (later changed
to Heterosigma akashiwo) inhibited the growth of V. alginolyticus
by reactive oxygen species-mediated processes. In addition, the
bioluminescence of V. fischeri was inhibited 5-fold by the cellular
exudate of F. japonica (68). While these laboratory culture exper-
iments suggest a mechanism for species-specific associations, they
do not provide much information about the role of these interac-
tions in structuring Vibrio assemblages in the natural environ-
ment.

We investigated species-specific associations between Vibrio
and two raphidophytes, F. japonica and H. akashiwo, during
mixed blooms of these species in DIB. These raphidophytes and
their associated Vibrio assemblages were separated by size frac-
tionation, with H. akashiwo retained in the 3- to 20-�m fraction
and F. japonica in the �20-�m fraction. Cross-contamination
between size fractions was minimal as verified by PCR analysis.
The results of our intensive-sampling experiment, in which sam-
ples were collected from two replicate locations over the course of
4 days, demonstrated a significant positive correlation between
the abundances of particle-associated Vibrio spp. and H. akashiwo
and a nonsignificant negative correlation between particle-associ-
ated Vibrio and F. japonica abundances (r � �0.212). Changes in
the particle-associated Vibrio assemblages during the intensive-
sampling experiment were then evaluated using ARISA. ARISA
patterns are generated due to heterogeneity of the Vibrio internal
transcribed spacer (ITS) length, allowing for discrimination of
Vibrio strains (31), but it should be noted that heterogeneity in
sequence lengths between strains of the same species may increase
the complexity of mixed-community analysis (70). In this study,
ANOSIM analysis of ARISA patterns produced by the Vibrio com-
munity showed a significant difference in Vibrio population struc-
ture associated with each size fraction, supporting the hypothesis
that associations between Vibrio spp. and phytoplankton are spe-
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cies specific. Interestingly, ARISA indicated that the relative abun-
dance of the OTU at 389 bp, identified as V. parahaemolyticus, was
greater in the both particle-associated size fractions than in the
free-living fraction. There are no previous reports of associations
between V. parahaemolyticus and raphidophytes, but others have
noted higher abundances of this species attached to particles (71).

Attachment of Vibrio to particles, specifically algal cells, in the
marine environment may provide a refuge from predation (10).
Here, we extended this hypothesis to investigate the effects of graz-
ing on Vibrio assemblages associated with size-fractionated phy-
toplankton populations during a mixed-raphidophyte bloom. Vi-
ral lysis may also increase mortality or impact the bacterial
community structure (72), but the effects of viral lysis can be
highly variable (see, e.g., reference 73) and were not examined
here. Overall, our results indicated that losses to grazing in the
particle-associated Vibrio population may be equal to or even
greater than losses in the free-living population (Table 5). How-
ever, growth rates of the particle-associated Vibrio population
were consistently higher in the �20-�m size fraction than in the
free-living population, so that in experiment 1, at least, the in-
creased growth conferred by this association may outweigh the
losses attributable to predation. From the data collected here, we
were not able to identify phytoplankton in the �20-�m size frac-
tion that were associated with Vibrio. Demir et al. (34) found little
grazing on F. japonica in DIB, suggesting that association with this
species may provide Vibrio with a refuge from predation. How-
ever, growth and grazing on Vibrio were not correlated to the
relative abundance of F. japonica, which increased in abundance
(155%) at T24 in experiment 1 but decreased (by 5%) in experi-
ment 2. Results of the grazing experiments along with the inten-
sive-sampling experiment suggest that the abundance of F. japon-
ica has no impact on growth or grazing of the �20-�m size
fraction of particle-associated Vibrio spp. in the natural environ-
ment.

In contrast, both growth and grazing rates significantly in-
creased for Vibrio in the 3.0- to 20-�m size fraction between ex-
periments 1 and 2 (Fig. 4B and E), corresponding to an increase
(119%) in the relative abundance of Heterosigma akashiwo in this
size fraction between experiments. Demir et al. (34) showed
higher microzooplankton grazing pressure on H. akashiwo from
DIB compared to other raphidophyte species, implying that
Vibrio spp. that are associated with Heterosigma will also face in-
creased predation. It is notable, though, that growth rates for
Vibrio were also highest for this size fraction in experiment 2.
These results support the idea that Vibrio assemblages exhibit
multiple growth strategies, as suggested by Worden et al. (10),
where free-living Vibrio may grow rapidly (Fig. 4C and F) with
nutrient input, but that association with particles in the environ-
ment can also be beneficial, resulting in an increased growth rate
(Fig. 4A, D, and E) despite increased grazing pressure.

The effects of grazing on the population structure of free-living
and particle-associated Vibrio spp. revealed differential impacts
on Vibrio species, such that association with particles may confer
protection for some species over others. Furthermore, several spe-
cies or OTUs, as noted above, consistently increased or decreased
within the same size fraction for both grazing experiments (Table
6), supporting the hypothesis that associations between Vibrio and
phytoplankton are species specific. There was also evidence that
some particle-associated Vibrio species (the OTU at 318 bp, for
example) may increase in abundance in one size fraction while

decreasing in other size fractions. It is possible that Vibrio species
remained within the same size fraction for the duration of the
experiment, in which case specific association with phytoplankton
that are more heavily grazed within one size fraction would result
in a decrease in their abundance, while associations with other size
fractions confers protection for the same species. Alternatively, a
concurrent increase of some OTUs within one size fraction and a
decrease in another may be due to a remobilization of Vibrio cells
from one size fraction to another to avoid predation. In either
case, the results of our study indicate that species-specific associ-
ations between Vibrio and phytoplankton provide some species
with a clear advantage in periods of high grazing pressure.

Enhanced growth of Vibrio pathogens even in the presence of
increased grazing pressure may have significant implications for
human and ecosystem health. The OTU at 389 bp, for example,
was tentatively identified as V. parahaemolyticus, a human patho-
gen responsible for gastroenteritis and wound infection (24, 56).
This OTU was a large portion of the free-living size fraction at the
beginning of the grazing in experiment 2 but decreased in relative
abundance in this fraction while increasing in the 3.0- to 20-�m
and �20-�m size fractions. In a similar manner, the OTU at 412
bp, tentatively identified as V. corallilyticus, an oyster pathogen
(37), increased in the �20-�m size fraction in both grazing exper-
iments. These results suggest that association with particles may
provide some Vibrio species, including potential pathogens, with a
growth advantage over other members of the community, in spite
of increased grazing pressure on the population as a whole.

The results of this investigation may lead to predictions of po-
tential outbreaks of Vibrio by association with algal bloom species.
Distinct differences between Vibrio assemblages associated with
different size fractions of phytoplankton in DIB suggest not only
that blooms are a vector for Vibrio but that species-specific asso-
ciations may determine the potential risk to human and ecosystem
health. Specifically, our investigation points to associations that
favor interactions between Vibrio and H. akashiwo over F. japon-
ica, while results of microzooplankton grazing experiments also
demonstrate that these associations may benefit some species of
Vibrio while at the same time result in greater loss to the popula-
tion as a whole due to grazing.
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