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ABSTRACT: Studies in several estuarine ecosystems along the mid-Atlantic coast of the USA were
carried out to examine short-term (every 1 to 3 wk) to long-term (seasonal-annual) shifts in the
phylotypic composition of the planktonic microbial eukaryotic assemblage using terminal restriction
fragment length polymorphism (T-RFLP) analyses. Fragment patterns revealed relatively rapid and
striking shifts in the dominant phylotypes observed. Although the presence of some phylotypes was
persistent or repetitive, dramatic changes in the overall composition of the microbial eukaryotic
assemblage were observed for samples collected from a single environment at 1 to 2 wk intervals,
samples collected on the same day from neighboring locales, and samples collected from different
seasons. Bray-Curtis similarity values rarely indicated =70 % similarity for any 2 sample pairs. Non-
metric multi-dimensional scaling and detrended correspondence analysis revealed a weak degree of
relatedness among samples by location and season. Putative identifications of taxa comprising frag-
ments of specific lengths were determined for 63 of the observed 162 fragment sizes from in silico
restriction digests of partial 18S gene sequences obtained from the samples. This approach identified
a wide phylogenetic diversity of protistan taxa, despite the presence of significant ‘brown tides’
caused by the pelagophyte Aureococcus anophagefferens at some sampling times and locations. The
regularity and rapidity with which the protistan assemblage restructured itself to yield unique
combinations of dominant taxa indicates the existence of a highly dynamic and resilient microbial
community that responded swiftly to changing environmental conditions in these estuaries.
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INTRODUCTION

Estuaries of the mid-Atlantic states along the eastern
coast of the USA comprise a complex system of highly
dynamic and variable environments that have been
heavily impacted historically by coastal land use, pollu-
tion, eutrophication and fisheries exploitation. In recent
decades, these ecosystems have experienced a variety of
harmful algal bloom events, most notably recurrent out-
breaks of ‘brown tides’, noxious blooms caused by the
minute (~2 pm) pelagophyte Aureococcus anophageffer-
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ens. While the specific cause of these blooms has been
difficult to establish, a variety of factors have been impli-
cated, including changes in the delivery of nutrients
from groundwater, elevated organic nitrogen loading,
reduced stocks of bivalve molluscs, and general ecosys-
tem degradation (Cerrato et al. 2004, Gastrich et al. 2004,
Wazniak & Glibert 2004, Gobler et al. 2005). In turn, the
development of brown tide events has disrupted pelagic
and benthic food webs and, potentially, reduced overall
ecosystem diversity (Tracey 1988, Buskey & Hyatt 1995,
Lonsdale et al. 1996, Bricelj & Lonsdale 1997).
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Little information exists regarding the effect of
harmful algal blooms on the overall diversity and taxo-
nomic composition of pelagic food webs. General pat-
terns of seasonal succession are well established for
the larger phytoplankton species but, due to their gen-
eral lack of a distinctive morphology, there is little
understanding of the dynamics of small phytoplankton
species and even less information on the composition
and dynamics of most planktonic heterotrophic protists
(Protozoa). It is unknown if the latter taxonomic groups
are affected by the presence of noxious/toxic phyto-
plankton blooms, or if the rate of recovery of these
communities is adversely affected by harmful algal
blooms. These latter topics were the focus of the
present study.

Few tools exist for examining the total diversity of
natural communities of planktonic microbial eukary-
otes (protists). Characteristics employed for species
identification of protists vary greatly among the many
taxa that collectively comprise the protistan plankton
(Caron & Schnetzer 2007), and traditional microscopi-
cal approaches cannot be used to identify the many,
minute species that lack distinctive morphological
characters. Consequently, a considerable amount of
information exists regarding the species richness and
abundance of specific groups of protists in numerous
ecosystems, but little information exists regarding the
diversity of any entire protistan assemblage.

The application of molecular biological approaches
has begun to provide fruitful alternatives to traditional
methods for characterizing microbial diversity. Two
general genetic approaches have emerged for examin-
ing species diversity and composition of natural com-
munities: cloning and sequencing of ‘target’ genes,
and DNA fragment analysis. Sequencing of cloned
genes obtained from environmental samples has been
employed to provide insightful phylogenetic informa-
tion on the microbial taxa present in nature, as well as
the relative abundances of taxa within a community
(Romari & Vaulot 2004, Lovejoy et al. 2006, Countway
et al. 2007), PCR biases and other artifacts notwith-
standing (Berney et al. 2004). Such approaches are
useful for estimating the total diversity of microbial
communities because these assemblages have a high
species richness and thus sequencing can resolve the
presence of many of the ‘rare’ taxa if sufficient
sequencing effort is expended (Sogin et al. 2006).
However, studies of microbial diversity using DNA
sequencing approaches are still relatively labor- and
cost-intensive, and can therefore not readily be
applied to large numbers of samples.

Alternatively, several approaches using DNA frag-
ment analysis to assess the number and relative abun-
dances of microbial taxa have also been developed for
natural samples. Approaches commonly applied to

prokaryote and eukaryote assemblages have included
denaturing gradient gel electrophoresis (DGGE), ter-
minal restriction fragment polymorphisms (T-RFLP),
automated ribosomal intergenic spacer analysis
(ARISA) and amplified ribosomal DNA restriction
analysis (ARDRA) (Casamayor et al. 2002, Gast et al.
2004). These methods have been employed to provide
an estimate of community structure in a sample (Van
Hannen et al. 1998, Diez et al. 2001, Diez et al. 2004,
Gast et al. 2004, Zeidner & Béja 2004, Baldwin et al.
2005, Countway et al. 2005). Fragment analysis can
also provide some degree of taxonomic information
when combined with ancillary data (e.g. DNA
sequence information) that relate specific fragment
lengths to known sequenced organisms (Saari et al.
2007). While the number of taxa (i.e. unique bands)
that can be detected using fragment analyses is limited
when compared to the resolution provided by cloning
and sequencing, the relative ease and low cost of frag-
ment analysis allow its application to a much larger
number of samples. Thus, fragment analyses can be
particularly useful for comparative studies of the spe-
cies composition of natural microbial assemblages and
for detecting shifts in the relative abundance of the
most abundant taxa within a community.

For the present study, 66 samples were collected
from 6 estuarine environments along the eastern US
coast off Long Island, New York and Maryland during
2003 and 2004, which included samples taken from
Maryland waters during a major brown tide. T-RFLP
was employed to examine shifts in the composition of
the microbial eukaryotic community at each site at 1 to
3 wk intervals during the summer of both years.

MATERIALS AND METHODS

Sample collection. Plankton samples were collected
from 6 study sites, which have been historically prone
to brown tide blooms (Deonarine et al. 2006), during
the spring and summer (May to August) of 2003 and
2004 (Fig. 1). Briefly, the estuarine environments
included 4 locations on Long Island, New York: Quan-
tuck Bay (QB; 40.81° N, 72.62° W), Bay Shore Cove
(BSC; 40.70° N, 73.23° W), Patchogue Bay (PB; 40.73°
N, 73.02° W) and western Shinnecock Bay (SB; 40.83°
N, 72.57° W). Two locations were sampled in Chin-
coteague Bay, Maryland: Public Landing (PL; 38.15° N,
75.29° W) and Greenbackville (GBV; 38.02° N, 75.36°
W). Seawater was collected from just below the surface
in replicate 20 1 polycarbonate carboys. Samples were
kept cool and dark during transport to the laboratory,
where they were processed. Physical and chemical
measurements (T, salinity, chlorophyll, dissolved inor-
ganic nitrogen, disolved organic carbon, phosphate,
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particulate organic nitrogen, particulate organic car-
bon, and silicate levels) were collected according to
methods described in Deonarine et al. (2006) and Gob-
ler & Safiudo-Wilhelmy (2001). Replicate samples were
prefiltered through 80 pm Nitex mesh (to remove most
metazoa) before filtering onto GF/F Gelman glass fiber
filters. Filters were placed in cryovials and 0.5 ml of
lysis buffer were added. Samples were frozen in liquid
nitrogen and stored at —80°C until processing for DNA
extraction. A total of 66 samples was analyzed (see
Table 1).

DNA extraction. DNA extractions, PCR amplifica-
tions and T-RFLP analyses followed those described in
Countway et al. (2005) with slight modifications. At the
time of DNA extraction, 200 pl of 0.5 mm diameter zir-
conia/silica beads were added to each cryovial and the
mixture was incubated at 70°C for 5 min. Each cryovial
was vortexed at high speed for 30 s to disrupt cell walls
and membranes. Each sample was processed with 3
rounds of heating and vortexing to ensure complete
cell lysis. The liquid phase was then separated from fil-
ter debris and beads by pushing the mixture through
the tip of a 5 ml syringe. The lysis solution was ad-
justed to a final concentration of 0.7 M NaCl and
1% hexadecyltrimethyl-ammonium bromide (CTAB,
Sigma-Aldrich) and incubated at 70°C for 10 min.
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Fig. 1. Atlantic coast of the USA. Sampling locations in
estuaries along the coast of Long Island, New York and in
Chincoteague Bay, Maryland, are shown enlarged in the
inserts (BSC: Bay Shore Cove, PB: Patchogue Bay, QB:
Quantuck Bay, SB: Shinnecock Bay, PL: Public Landing,
GBV: Greenbriarville)

Extraction was performed with an equal volume of
phenol-chloroform-isoamyl alcohol (25:24:1), and
residual phenol was removed with an equal volume of
chloroform-isoamyl alcohol (24:1). DNA was precipi-
tated with 1 volume 95% ethanol and 0.1 volume of
ammonium acetate, resuspended in TE buffer (10 mM
Tris, 1 mM EDTA, pH 7.5), and stored at —20°C until
analyzed.

PCR amplification of DNA fragments. Fragments of
the small subunit ribosomal RNA gene (18S) of
approximately 600 bp were amplified from the ex-
tracted DNA using the D4 (Beckman-Coulter) fluores-
cently labeled forward primer D4-Euk-A (5'-D4-AAC
CTG GTT GAT CCT GCC AGT-3') and the unlabeled
reverse primer Euk-570R (5'-GCT ATT GGA GCT
GGA ATT AC-3'). Each 50 pl reaction contained a final
concentration of 1x PCR buffer solution (Promega),
0.5 pM of each primer, 2.5 mM MgCl, (Promega),
0.3 pg pl~! bovine serum albumin (Sigma-Aldrich), and
2.5 units Taq polymerase (Promega), to which 3 pl of a
1:10 dilution of the extracted DNA was added. All sam-
ples were amplified using the following protocol: initial
denaturation at 95°C for 2 min, 35 cylces of amplifica-
tion (95°C for 30 s, 60°C for 30 s, 72°C for 60 s), and a
final extension at 72°C for 5 min. Three replicate reac-
tions were run at the same time for each sample and
the resulting products were combined before process-
ing for T-RFLP analysis.

T-RFLP analysis. PCR products were purified and
concentrated with the UltraClean PCR clean-up kit
(Mo-Bio Laboratories) and then incubated for 60 min at
30°C with 10 U mung bean nuclease (New England
Biolabs) to remove single stranded PCR artifacts (Egert
& Friedrich 2003). Mung bean digested products were
purified with a second UltraClean PCR clean-up kit
(Mo-Bio Laboratories). The PCR products were run on
a 1.2% SeaKem agarose (Cambrex) gel in 1x TBE
buffer (Bio-Rad) to remove nonspecific products.
Bands of appropriate size (approximately 600 bp) were
excised from the gels and gel bands were purified with
the UltraClean 15 DNA purification kit (Mo-Bio Labo-
ratories). Purified DNA was separated into two 10 pnl
aliquots, each of which was used in a separate restric-
tion enzyme reaction: 10 U of the restriction enzyme
Mnl I was used in one and 10 U of Hha I in the other
(New England Biolabs). All restriction enzyme reac-
tions were incubated at 37°C overnight (about 14 to
16 h). Mnl I generally yielded higher numbers of
fragments than Hha I; therefore, only the results of the
Mnl I digests are presented.

After incubation, restriction fragments were precipi-
tated in the presence of 20 pg of glycogen (Roche)
using 2 pl of 3 M sodium acetate (Sigma-Aldrich) and
50 pl of ice-cold 95% ethanol. Samples were mixed
and then centrifuged at 4°C and 6000x g for 15 min.
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Table 1. Sample locations and pertinent physical and chemical parameters at the time of each sampling in 6 estuaries. Chloro-

phyll (Chl) units are pg I"!. Units for dissolved inorganic nitrogen (DIN: nitrate + nitrite + ammonium), phosphate, particulate

organic nitrogen (PON), and particulate organic carbon (POC) concentrations are in pM. The number of fragments (above thresh-

old) detected in each sample are listed, along with diversity estimates based on the T-RFLP data and utilizing the Shannon (H')

and Simpson (1/1) diversity indices (Brower et al. 1998). See Fig. 1 for definitions of location abbreviations. Dates are given as

dd.mm.yy. N/A: not available. T, salinity, DIN, phosphate, and PON data for QB and PL sites previously published (Deonarine
et al. 2006). Dissolved organic carbon (DOC) and silicate levels not shown

Collection T Salinity Chl DIN  Phosphate PON POC # of fragments H 11
date (°C) above threshold

QB

03.05.2003 14.98 27.35 4.34 0.84 0.51 6.46 77.35 23 1.98 3.29
19.05.2003 14.77 28.05 6.35 8.53 0.40 10.19 83.41 28 2.84 11.17
03.06.2003 17.83 23.64 17.70 0.88 0.25 13.44 101.13 19 2.07 4.36
09.06.2003 18.05 21.38 21.03 1.47 0.44 12.36 143.14 12 1.04 1.70
16.06.2003 19.38 25.23 12.99 1.07 0.36 8.36 130.88 34 2.73 7.33
25.06.2003 23.54 23.42 12.63 0.92 0.27 N/A N/A 10 1.32 2.28
30.06.2003 25.36 24.74 11.79 1.32 0.47 N/A N/A 15 1.75 3.56
21.07.2003 25.66 25.39 18.79 5.03 0.78 13.40 126.66 33 3.05 15.17
06.08.2003 26.74 26.78 26.37 0.39 0.19 16.80 155.61 27 2.41 6.13
01.05.2004 15.04 25.00 2.77 4.50 0.30 9.36 67.08 22 2.15 4.34
15.05.2004 18.70 23.26 3.84 4.65 0.50 13.27 133.61 19 1.88 3.43
03.06.2004 20.90 26.34 8.25 3.53 0.20 12.74 136.94 21 1.98 4.06
08.06.2004 19.97 27.51 11.71 4.22 0.45 12.36 100.73 28 2.79 11.17
14.06.2004 20.42 28.20 12.37 3.43 1.08 N/A N/A 31 2.80 10.07
06.07.2004 25.37 28.22 11.30 9.41 0.54 14.67 127.51 31 2.65 7.37
19.07.2004 24.42 27.75 25.97 0.62 0.88 18.22 153.21 36 3.09 14.72
SB

03.05.2003 15.85 26.94 4.00 0.80 0.28 11.41 97.94 16 1.63 2.81
19.05.2003 13.88 30.00 6.19 0.79 0.45 N/A N/A 29 2.93 13.34
03.06.2003 16.76 27.86 4.46 2.57 0.76 N/A N/A 36 3.10 13.24
16.06.2003 18.09 28.92 11.97 0.82 0.58 N/A N/A 32 2.84 9.42
30.06.2003 22.04 29.03 10.06 0.82 0.76 7.76 110.87 16 1.31 1.96
21.07.2003 23.20 29.01 13.09 0.86 1.08 12.97 97.59 14 1.37 2.14
06.08.2003 23.98 29.69 14.37 0.90 0.95 11.71 111.34 27 2.60 8.18
01.05.2004 13.39 27.55 2.61 1.56 0.52 N/A N/A 27 2.42 5.57
15.05.2004 17.33 26.55 1.90 5.53 0.65 3.16 77.09 26 2.09 3.45
03.06.2004 19.50 28.63 5.22 3.93 0.70 8.23 72.43 17 1.86 3.97
14.06.2004 21.21 27.67 10.01 0.54 0.67 17.65 187.38 16 1.46 2.27
06.07.2004 22.80 30.64 4.79 9.56 1.50 21.09 194.82 34 3.09 16.15
19.07.2004 24.06 28.65 9.77 0.90 0.50 11.70 100.90 21 2.56 10.18
BSC

03.05.2003 14.42 25.31 1.29 0.61 0.27 3.61 45.88 33 2.71 6.61
21.05.2003 15.53 26.33 2.55 0.40 0.37 3.38 53.19 31 2.80 10.71
05.06.2003 16.47 22.49 4.39 6.28 0.38 5.02 58.42 34 3.00 12.15
10.06.2003 18.77 22.43 4.40 3.56 0.18 6.94 72.02 29 2.58 6.41
18.06.2003 20.10 2241 5.77 0.85 0.31 37.16 387.02 25 2.55 8.20
25.06.2003 23.20 22.41 5.28 1.35 0.57 23.22 245.26 19 2.25 6.19
01.07.2003 25.45 23.13 3.88 3.30 0.36 21.39 213.53 26 2.68 9.74
25.07.2003 24.32 24.15 13.34 4.70 0.76 19.47 298.90 17 1.79 3.03
06.08.2003 25.39 26.23 10.67 0.85 0.71 26.88 305.30 24 2.68 10.85
01.05.2004 14.64 24.62 13.09 2.02 0.12 15.52 129.36 25 2.39 6.77
15.05.2004 18.19 25.28 4.93 1.05 0.54 16.75 180.64 33 3.16 18.07
01.06.2004 18.75 24.86 7.25 4.69 0.95 16.73 115.99 34 3.02 13.59
10.06.2004 22.82 23.54 9.07 5.65 0.42 13.85 113.01 34 3.09 14.36
23.06.2004 25.70 25.55 5.67 3.46 0.51 18.38 134.52 32 2.95 12.20
22.07.2004 26.35 28.08 3.66 0.26 1.07 21.32 185.92 29 2.72 10.31
PB

03.05.2003 14.58 24.76 2.47 3.57 0.19 4.91 72.72 31 2.89 11.63
21.05.2003 15.79 25.37 6.10 0.59 0.29 8.24 111.37 27 2.43 6.51
05.06.2003 16.32 21.87 11.93 8.15 0.53 10.62 100.92 28 2.51 6.09
18.06.2003 20.09 20.28 8.43 6.12 0.26 N/A N/A 26 2.76 11.77
01.07.2003 25.96 19.96 12.14 0.42 0.43 8.95 112.58 28 2.70 9.87
25.07.2003 24.65 20.68 17.53 7.06 0.50 37.63 339.85 18 2.34 7.89
06.08.2003 25.55 21.46 21.16 0.38 0.51 39.39 385.92 23 2.41 5.84
01.05.2004 14.44 23.44 7.94 5.72 0.23 14.36 127.23 20 1.68 2.53




Vigil et al.: Dynamics of microbial eukaryotic communities 87
Table 1 (continued)

Collection T Salinity Chl DIN  Phosphate PON POC # of fragments H 11
date (°C) above threshold
PB (continued)
15.05.2004 18.83 22.71 7.65 7.17 0.60 17.21 164.32 30 2.80 10.27
01.06.2004 19.05 22.79 7.68 4.94 0.18 15.49 140.47 28 2.84 12.40
23.06.2004 22.77 22.89 4.00 8.48 1.86 18.94 125.52 34 3.06 14.70
22.07.2004 26.44 24.13 16.70 2.63 1.22 41.76 323.32 15 1.98 4.30
PL
17.06.2004 24.78 28.09 25.54 0.96 1.41 N/A N/A 18 1.59 2.39
28.06.2004 24.38 30.40 16.09 3.24 1.15 N/A N/A 28 2.75 9.89
13.07.2004 26.30 31.17 22.34 1.09 1.08 N/A N/A 20 2.38 7.07
24.07.2004 N/A N/A N/A N/A N/A N/A N/A 28 2.83 12.46
10.08.2004 24.03 27.17 22.39 0.69 1.54 N/A N/A 22 2.41 5.68
GBV
17.06.2004 27.30 32.35 23.48 2.37 1.62 N/A N/A 20 2.36 6.90
28.06.2004 24.63 32.15 17.48 0.56 1.33 N/A N/A 25 2.56 6.94
13.07.2004 27.30 32.10 11.27 5.32 2.13 N/A N/A 27 2.55 8.25
24.07.2004 N/A N/A N/A N/A N/A N/A N/A 29 2.63 8.57
10.08.2004 25.10 27.29 14.71 6.02 2.15 N/A N/A 24 2.40 7.47

The ethanol was decanted from the pellets and the pel-
lets washed with 100 pl of 70% ethanol and cen-
trifuged at 4°C and 6000 x g for 5 min. The wash pro-
cedure was repeated and, after decanting, the pellets
were air dried for 20 min. Pelleted PCR fragments were
resuspended in 40 pl of deionized formamide (Beck-
man Coulter). Of this resuspension, 5 pl were diluted
with 34.5 pl of additional deionized formamide and
mixed with 0.5 pl of DNA Size Standard Kit-600 (Beck-
man Coulter) and run on a CEQ8000 capillary gel-
electrophoresis DNA sequencer following Countway
et al. (20095).

The reproducibility of the T-RFLP patterns obtained
in this study was examined by comparing the T-RFLP
patterns generated for 2 samples (QB: 9 June 2003; and
PB: 1 June 2004) that were subsampled and the sub-
samples processed independently for T-RFLP analysis.
The subsamples were analyzed in triplicate.

Data analysis. Raw data were analyzed using the
Fragment Analysis module of the CEQ 8000 software
package (Beckman Coulter). The fragments were sep-
arated into 1 bp-wide bins, based on comparison to the
known sizes of DNA Size Standard Kit-600 that was
run with each sample, and the results were exported
into a spreadsheet. The total peak area of each sample
was normalized to the same relative scale to allow for
comparisons of relative peak abundance across sam-
ples (Kaplan & Kitts 2004). To visualize the results from
all samples simultaneously, a heatmap was generated
using the program Heatmap Builder (King et al. 2005).

Cloning and sequencing of 18S genes. The purpose
of the cloning and sequencing effort was to provide
putative identifications for the DNA fragments gener-
ated by the T-RFLP analysis. Extracted DNA from 8 of

the 66 samples was used for the amplification and
cloning of full-length, small subunit ribosomal RNA
genes (18S). Five samples from Quantuck Bay (QB:
3 May and 6 August 2003, and 1 May, 3 June and
19 July 2004) and 3 samples from Public Landing (PL:
17 June, 18 July and 10 August 2004) were used in the
cloning and sequencing work. The 5" ends of the genes
from these samples were sequenced (i.e. the fragment
labeled as part of the T-RFLP analysis) and then ana-
lyzed for the expected fragment sizes generated by
these sequences in the T-RFLP analysis (see next sec-
tion). The amplification, cloning and sequencing proto-
cols have previously been described in detail (Count-
way et al. 2005).

Briefly, genes were amplified using universal
eukaryote primers; Euk-A (5'-AAC CTG GTT GAT
CCT GCC AGT-3') and Euk-B (6'-GAT CCT TCT GCA
GGT TCA CCT AC-3') to generate products for TA
cloning and subsequent sequencing. The PCR thermal
protocol was 1 cycle of 95°C for 2 min, 35 cycles of
95°C for 30 s, 50°C for 30 s and 72°C for 2.5 min, with a
final extension at 72°C for 7 min. DNA sequencing was
carried out on a Beckman-Coulter CEQ8000 auto-
mated DNA sequencer using primers located on the
plasmid in order to obtain at least 600 bp of the 5" end
of the 18S genes (i.e. the fragment labeled and ana-
lyzed as part of the T-RFLP analysis).

Putative identifications of T-RFLP peaks. In silico
restriction enzyme digests were performed on the
DNA sequences obtained to assign putative identities
to as many T-RFLP peaks as possible. Enzyme cut sites
were identified by searching for the first site from the
5" end of the 18S genes to putatively identify fragment
lengths appearing in the T-RFLP patterns. In practice,
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fragment lengths determined from T-RFLP patterns
are affected by parameters other than bp length (e.g.
purine content). However, we have obtained good
agreement between these fragment lengths predicted
from sequence information and T-RFLP fragment
lengths using single species to groundtruth the
approach (Caron et al. 2004). Sequences obtained from
the clone libraries generated from these samples have
been submitted to GenBank (www.ncbi.nlm.nih.gov/
Genbank/, accession numbers FJ221389 to FJ222198).
Specific identities of the T-RFLP peaks were based on
the nearest BLAST match (http://blast.ncbi.nlm.nih.
gov/Blast.cgi, Altschul et al. 1997) of the 18S rRNA
gene sequences that exhibited a theoretical restriction
fragment matching the exact size of a T-RFLP peak on
one of our chromatograms (Table 2).

Multivariate statistical analysis. The community
fingerprints generated from relative abundance of T-
RFLP fragment lengths within samples were compared
among all locations and sampling dates using several
multivariate statistical tools. Relationships among sam-
ples were first visualized using 3 ‘'mapping’ techniques
of community similarity. First, detrended correspon-
dence analysis (DCA) was performed using a modified
form of the DECORANA software (available at http://
cc.oulu.fi/~jarioksa/softhelp/ceprog.html), which cor-
rects a software error in the original program (Oksa-
nen & Minchin 1997). A Bray-Curtis coefficient was
used to generate the similarity matrix using a square
root transformation to slightly upweight the contribu-
tion of rarer fragment lengths. A hierarchical agglom-
erative clustering method with group-average linkage
was used to generate a dendrogram illustrating rela-
tionships among the samples. Finally, non-metric
multidimensional scaling (MDS) was used to map
sample relationships in 2- and 3-dimensional space.
Information about sample location and time were then
overlaid on the MDS plot to explore potential structur-
ing within the data. DCA and MDS were conducted on
both normalized and square root-transformed data.
The transformation, similarity matrix, cluster analysis
and MDS plots were all generated using the multi-
variate statistical software program PRIMER version
6.1.5 (PRIMER-E, Plymouth UK). PRIMER was selected
for our analyses since it was specifically designed for
biological assemblage datasets and employs a series
of rank- and permutation-type analyses with few
assumptions about the assemblage and environmental
data.

A series of hypotheses were also tested using the
PRIMER software program. The ANOSIM test was
used to determine the level of statistical significance of
sample groupings based on sample location (compar-
ing individual sample sites, or northern and southern
regions), year (2003 vs. 2004), and the month during

which samples were taken. The ANOSIM test is the
multivariate analog to the commonly employed uni-
variate ANOVA test, but is adapted for biological
assemblages and based on a non-parametric permuta-
tion method. The BV-STEP procedure in PRIMER was
used to identify the subset of fragment lengths respon-
sible for driving the patterns observed in the DCA,
cluster and MDS analyses. This procedure worked in a
stepwise manner using increasingly larger, randomly
generated subsets of the total species/fragment
lengths list to find a subset whose species matrix had a
>0.95 correlation to the original species matrix. Alter-
nate subsets were then generated by removing the
species identified in the significant subset and repeat-
edly performing the BV-STEP procedure until a subset
whose species matrix had a >0.95 correlation to the
original species matrix could no longer be identified.

Finally, the relationship between environmental vari-
ables and community fingerprint patterns was explored
using the BIO-ENV test within the PRIMER software.
The BIO-ENV test could only be run with the samples
collected in New York due to the limited environmental
data available for the Maryland samples. This proce-
dure operates by matching similarity matrices based on
species assemblage data with an increasing number
and combination of environmental variables from the
same samples to find the best correlation between the 2
data sets. The species/fragment length similarity matrix
was generated as described above. The few missing
data points in the New York environmental data set
were approximated using the expectation-maximiza-
tion algorithm provided in the PRIMER software. The
matrix for environmental variables was generated by
normalizing measurements followed by the calculation
of Euclidean distance measures of sample dissimilarity.
The 2 matrices were then compared using a rank
correlation coefficient.

RESULTS

Temperature, phytoplankton pigment concentra-
tions, dissolved nutrient concentrations, particulate
organic carbon (POC) and particulate organic nitrogen
(PON) concentrations largely overlapped among the
different estuaries (Table 1). This result was not sur-
prising given the seasonal range over which samples
were collected and their similar regional locales. Tem-
peratures in the estuaries during the study ranged
from approximately 14 to 27°C. Maximum chlorophyll
a (chl a) concentrations were 26 pg 1'%, and the highest
concentrations were generally attained during mid- to
late summer. Similar trends were observed for PON
and POC. Dissolved inorganic nitrogen (DIN: nitrate +
nitrite + ammonium) and phosphate concentrations
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# of
clones

Phylogenetic
classification
Ciliate
Diatom

Alternative
ID #2
Tintinnopsis tubulosoides

2 %Thalassiosira concaviuscula

of
3
2

#
clones

Phylogenetic
classification
Ciliate
Dinoflagellate
Copepod

Table 2 (continued)
Alternative
ID #1
aStrobilidium sp.
®Amoebophrya sp.
“Anthessius sp.

% match
of closest
93
92
97
99
92
100
98
92
94
94
99
96
99
96

BLAST identity

of
15
4
4

1
6
64
6

clones
Hyphochytriomycete 5

#

Phylogenetic
classification
Ciliate
Diatom
Diatom
Chlorophyte
Fungus
Diatom
Chrysophyte
Ciliate
Cercozoan
Dictyochophyte
Dinoflagellate
Diatom
Dinoflagellate

Putative ID
Eucampia antarctica
Picocystis salinarum

2Powellomyces variabilis

bCylindrotheca closterium

Ochromonas sp.
“Rhizidiomyces apophysatus
dCryptocaryon irritans

“Vampyrellidae sp.

Pseudopedinella elastica
Amoebophrya sp.

PCyclotella meneghiniana
b Amoebophrya sp.

abRimostrombidium lacustris
¢Leptocylindrus minimus

Fragment
size (bp)

351
353
355
357
358
367
369
370
372
374
375
376
377
378

were representative of moderately eutro-
N B phic estuarine ecosystems (overall ranges
o B ca. 0.4 to 9.6 pM for DIN and ca. 0.2 to
E E 2.1 pM for phosphate).
% % E An average of 25 fragments per sample
5 = © were obtained over the entire data set, wi
5 T S bt d th tire data set, with
S A [ a maximum of 36 and a minimum of 10 frag-
A A m g
= ments per sample (Table 1). A total of 162
el o . . .
£ 5 5 unique fragment sizes were obtained across
o B K] que frag t bt d
% g 2 all 66 samples. Samples collected at the
5 B :l; southern sites during an intense brown tide
§ % g on June 17 and 28 (Deonarine et al. 2006)
s ﬁ 4 did not have markedly lower diversity
% I~ E indices during these events (Table 1).
T § T-RFLP patterns were highly repro-
- . § ducible under the conditions employed in
A this study. Reproducibility of the T-RFLP
oo o § patterns was examined by comparing the
o= 2 B patterns derived from 2 samples in this
[=]
258 = < | study (QB: 9 June 2003 and PB: 1 June 2004)
== = = [} . e . . .
“g“g“g % g for which amplifications, digestions and
lallay=) N 2 = T-RFLP analysis were conducted indepen-
E g dently in triplicate (data not shown). Com-
By E o Tz n: parison of the fragment patterns yielded
928 £ g =2 standard deviations of 0.02 to 3.8% of the
g 3 g E total peak area for each fragment size
5gE £ £ 8 p g
§'§§ g £ 2 across all fragments in the analysis (an
8 '§ 8 g g % average standard deviation of 0.58 % for all
Qo Qo . . .
i -"g i 2 g = fragment sizes) with 2 exceptions. Two frag-
T35 & 2 5 ments in one of the replicates were assigned
N | *E g a fragment size 1 bp larger than its assign-
= 5 ment in the other 2 replicates. Inclusion of
58585858 & % these fragments in the analysis i d
=@ 8 g ysis increase
§ : the average standard deviation to 1.33%
T
% Z total peak area.
N.B 2 B A comparison of samples collected at
N N N — — o a2
> B approximately 1 to 2 wk intervals within a
S 8 . R .
clo lwoT o - single estuary indicated rapid temporal
%E 283 ;;g f% E E changes in the dominant phylotypes (i.e.
B ERERE 5 phylotypes defined as DNA fragments of
EEoE=s2288 72 = : s
S EREE % T Q8 unique length) present within an ecosystem
= o =R .
gg 2 g E 5 E S ST over short temporal and spatial scales, and
° 3 § E substantial differences in community com-
L; 2 22 E position across ecosystems at any given
s SESEES time. Data from each fragment pattern were
t8 .58 Ev g e
S g TEEF 25 § normalized in order to express each frag-
38 F 2
b § ‘gg S % EE’ g E E ment as a percentage of the total peak area,
%E el § g S § 2=0 and patterns across all ecosystems were
< 'S = e . .
é% gﬁ -@ § 25 =30 assembled into a single heatmap to allow
SESEASESZ EED visual comparisons among all of the sam-
PE&=8552s 268 - i
== SH3 838 538 ples (Fig. 2). A number of fragment sizes
= 8 §n g E;’; were observed to reoccur in successive
© b~ = .
E < § ég samples from each sample location (e.g.
= =58 237, 327, 329 bp), and some phylotypes
DO A NN 0D Q o = . .
BRI RR v were consistently observed in all or most
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ecosystems (e.g. 378, 381 bp); how- SScicccsoeoe pe
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S,
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ever, in general this comparison S PLEPNO DT OD

revealed numerous shifts in the domi- 8 3 g & 2 B
nant phylotypes at all sampling loca-
tions and within each ecosystem on
time spans of 1 to 2 wk.

Three raw chromatograms from the
66 T-RFLP patterns obtained in this
study illustrate the rapid changes in
community structure observed in the ]
fragment analyses of samples collected nm %
sequentially from a single site (Fig. 3). . | T .'-' o el
These 3 samples were collected from - i E——— 3
Shinnecock Bay at approximately 2 wk e
intervals. The 13 dominant phylotypes
(i.e. distinct fragment sizes indicated sert
on the chromatograms) were all differ- 3%
ent among the 3 samples.

Rapid shifts in the dominant phylo-
types of each T-RFLP pattern ob- = m = m ] "
served at all sampling locations were 0
evident in graphs depicting changes . "a e 2 -
for each given locale (Figs. 4 to 6). For =

. | | LB IIF“ Il:
example, the dominant phylotype at
PL and GBV in Maryland (i.e. the
fragment constituting most of the total
peak intensity) changed on each sam-
pling date (Fig. 4). A single phylotype ]
(389 bp, putatively identified as Aure-
ococcus anophagefferens) dominated
at both locations on only one sampling
date (17 June 2004). Only 5 of 13
dates on which samples from QB and
SB were collected on the same day . = B .. = =R 5
(4 km apart) exhibited the same domi-
nant fragment size (Fig. 5); this was
the case for only 4 of 12 dates for BSC e L o BB
and PB (20 km apart; Fig. 6). A num-
ber of the fragment sizes (e.g. 184 bp O
in the PL samples) increased from
undetectable levels in the T-RFLP
analyses on one sampling date to
briefly representing the most intense o o
fragment on the next date, and then
returning to undetectable levels with- -
in the time span of 1 mo.

A total of 24 different phylotypes (i.e. = Tl " 9 "
specific fragments) constituted the
strongest signal in at least one of the
samples, and several phylotypes domi-
nated multiple times at a single loca-
tion. For example, the fragment length
378 bp dominated in 13 different sam-
ples and was dominant more than once
in 4 of the 6 locations. Other fragments
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10%
12.5%
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17.5%
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41-50%
51-60%
61-70%

B -70%

0%
1%

20%
162 unique fragment sizes (bp) recovered are represented along the longest axis, and data for each fragment size of a given sample are displayed as a single square. The

shade or color of the square corresponds to the signal intensity of each fragment: a white-black scale was used for data between 0% (white) and 20 % (black) signal inten-
sity of the total fragment area; signal strengths greater than 20 % were binned into groups of 10 % and color-coded. Rows represent the data for each sample, labeled with

Fig. 2. Heatmap summarizing all T-RFLP data from 6 study sites. The signal from each fragment is expressed as a percentage of the total signal for each sample. In total,

the sample date on the right; columns represent the data for a single fragment size across all samples. The black lines separate data from different sampling locations
(see Fig. 1 for definition of location abbreviations). Fragments identified in the BV-STEP procedure are designated with a (t)
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contributed 10 % or more to the total T-RFLP signal in
numerous samples but never dominated the T-RFLP
patterns. For example, fragment size 228 bp was pre-
sent in all 6 sampling locations, but its highest relative
signal strength was 14 % of the total on 6 August 2003
at the BSC site.

Eight clone libraries of 18S genes were established
and the 5' ends of these genes sequenced in order to
determine the probable taxonomic identities of specific
fragments recovered in the T-RFLP analysis. A phylo-
genetically diverse array of protistan taxa was re-
vealed by the sequencing effort. Clones related to dia-
toms, ciliates, chlorophytes and dinoflagellates domi-
nated the clone libraries. The resulting sequences
were subjected to an in silico restriction digestion in
order to provide putative taxonomic identities of
T-RFLP fragments based on a comparison of the frag-
ment sizes in the in silico digestion to those obtained
from the T-RFLP analysis. Out of a total of 849 partial
18S sequences, 629 were of suitable size, quality, and

Fig. 4. T-RFLP data for the dominant phylotypes (specific
fragment sizes) for Public Landing (PL) and Greenbriarville
(GBV), Maryland, over the sampling period. Signal intensities
for each fragment are expressed as a percentage of total
signal intensity (vertical axis). For clarity, only fragment sizes
constituting major signals are shown
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Fig. 5. T-RFLP data for the dominant phylotypes (specific
fragment sizes) for Quantuck Bay (QB) and Shinnecock Bay
(SB), New York. For details, see Fig. 4

vector orientation to permit a prediction of the frag-
ment size that would be generated from that sequence
in our T-RFLP assay. Sequences were submitted to
NCBI using BLAST, and the sequences yielding the
same organism as the first named taxon (at least to
genus) were grouped together.

Of the 162 fragment sizes observed, 63 returned a
putative identification as a result of this analysis
(Table 2). For example, the 17 June 2004 samples from
the PL and GBYV sites corresponded to a brown tide
caused by Aureococcus anophagefferens (Deonarine
et al. 2006), and the fragment patterns for these
samples revealed a dominant signal from a fragment
389 bp in length, which is the predicted fragment size
of 5 A. anophagefferens sequences contained in the
clone libraries. The signal from this fragment dimin-
ished in relative abundance within 2 wk and a new
taxon replaced the brown tide organism as the domi-
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Fig. 6. T-RFLP data for the dominant phylotypes (specific
fragment sizes) for Bay Shore Cove (BSC) and Patchogue Bay
(PB), New York. For details, see Fig. 4

nant T-RFLP signal. Sequences of markedly different
identity yielded the same theoretical fragment size in
some cases. For each fragment with multiple possible
identities, the sequence that yielded that fragment size
and occurred most commonly in the clone libraries was
chosen as the most likely identity of that fragment.
Less abundant sequences were designated as alterna-
tive identifications (Table 2). Nineteen of these frag-
ments yielded a second possible identity, 9 fragments
had a third possible identity and 3 had a fourth (i.e.
these sequences yielded different BLAST matches but
the same fragment sizes).

Taxa that exhibited strong signals in the T-RFLP
patterns often correlated well with sequences that dis-
played high relative abundances in the clone libraries
(compare data in Figs 4 to 6 with Table 2). Fragments
that represented dominant signals in the T-RFLP
patterns and were also well represented in the clone
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libraries included Geminigera cryophila (cryptophyte,
184 bp), Crustomastix stigmatica (chlorophyte, 185 bp),
Minutocellus sp. (diatom, 228 bp), Ostreococcus tauri
(chlorophyte, 229 bp) Strombidium sp. (ciliate, 236 bp),
Varistrombidium sp. (ciliate, 237 bp), Takayama cf.
pulchellum (dinoflagellate, 238 bp), Nannochloris
atomus (chlorophyte, 286 bp), Chaetoceros calcitrans
(diatom, 344 bp); Rimostrombidium sp. (ciliate, 351 bp),
Amoebophrya sp. (dinoflagellate, 378 bp) and Aureo-
coccus anophagefferens (pelagophyte, 389 bp). The
presence of many of these species has been substanti-
ated by their concurrent detection using light and/or
electron microscopy (Deonarine et al. 2006).

Notable exceptions to the correlation between frag-
ment intensity in T-RFLP patterns and representation
in the clone libraries existed. Several fragments that
produced intense bands in the T-RFLP patterns were
poorly represented or unrepresented among the theo-
retical fragment sizes obtained based on in silico

digestion of the sequenced clones (e.g. fragment sizes
of 137, 327 and 381 bp). Many fragments could not be
assigned putative taxonomic identities, presumably
because of the limited number of samples that could be
cloned and the limited number of sequences per
library that could be sequenced in this study. Similarly,
some fragment sizes were absent from the T-RFLP pat-
terns that should have been dominant fragments based
on in silico digestion of sequences commonly encoun-
tered in the clone libraries. Sequences of the ciliate
Strombilidium sp. (theoretical fragment size of 290 bp),
the chlorophyte Nannochloris maculata (328 bp) and
the diatoms Chaetoceros sp. (342 bp) and Cyclotella
meneghiniana (377 bp) were commonly encountered
in the clone libraries but could not be correlated with
specific fragments in the T-RFLP analysis.

Cluster dendrograms of T-RFLP patterns illustrated
considerable differences among assemblage structure
for most of the samples (Fig. 7). None of the paired
samples revealed similarities greater than 70% and
most pairings yielded values between 40 and 60 %.

0__
Nevertheless, MDS and DCA demonstrated an under-
lying structure within this diverse data set (Fig. 8).
Ordination plots revealed a separation of the Long
Island samples into 2 groups consisting of the QB/SB
samples and the BSC/PB samples. Samples from the
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Fig. 7. Percentage similarity among all samples. Samples collected from the same location are designated with the same symbol.
See Fig. 1 for definition of location abbreviations
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GBV site were distributed at the interface of the 2
groups, while the PL samples grouped within the
BSC/PB group. Both MDS and DCA conducted on
untransformed and square root-transformed T-RFLP
data resulted in the same general pattern. The square
root-transformed plots are shown in Fig. 8. MDS plots
on 3 dimensions reduced the Kruskal stress statistic to
0.19 while demonstrating the same pattern of sample
grouping; however, only the 2-dimensional plot is
shown in Fig. 8 due to the difficulty of displaying
3-dimensional plots.

The location-based structuring among samples
observed in the ordination diagrams was confirmed
by an ANOSIM test, which revealed a significant dif-
ference between the T-RFLP data by sample location
(global ANOSIM test, p < 0.05). The T-RFLP commu-
nity fingerprints of the Long Island samples were
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Fig. 8. Ordination diagrams derived from square root-

transformed T-RFLP data. (A) Multidimensional scaling

(MDS) plot constrained to 2 dimensions. (B) Detrended

correspondence analysis (DCA) plot. For clarity, only the

ordination of the samples is displayed for the first 2 axes
derived by DCA

then compared to each other. All locations were sig-
nificantly different from each other, except for QB vs.
SB (pairwise ANOSIM test, p = 0.06, all other p <
0.05). There were no significant differences among
samples grouped by year (p = 0.36) or between sam-
ples collected from the northern sites (Long Island)
relative to the 2 southernmost stations (p = 0.12).
Community structuring along seasonal lines was evi-
dent from significant differences between samples
grouped as early summer (May and June combined)
vs. those grouped as late summer (July and August
combined) (p = 0.009). Investigation of possible corre-
lations of the significant groupings among the com-
munity T-RFLP patterns with environmental variables
using the BIO-ENV procedure revealed a weak but
significant correlation for a subset of 5 variables: chl
a, DOC, POC, salinity and temperature (p = 0.001, p =
0.306).

The BV-STEP procedure within the PRIMER soft-
ware identified a subset of 24 from a total of 162
fragments that were key to driving the changes in
community structure observed in the MDS plots and
within the series of ANOSIM tests. This subset corre-
lated strongly with the original similarity matrix con-
taining the total data set (R = 0.95). These fragments
were then removed from the data set and the proce-
dure repeated to determine whether an additional sub-
set with a high correlation could be identified. The
highest correlation from the remaining data, drawn
from a combination of 45 variables, was R = 0.69.

DISCUSSION

The microbial communities studied retained high
species diversity even during major bloom events, and
the dominant taxa changed repeatedly, significantly
and frequently (within 1 to 2 wk) in all environments
sampled. The overall level of similarity among the
microbial assemblages was low. However, samples
taken 1 yr apart but at the same location and during
the same season displayed the greatest similarity
observed in the present study. These findings indicate
a highly dynamic and resilient assemblage of microbial
eukaryotes that adjusts rapidly to subtle changes in
environmental conditions.

T-RFLP analysis of microbial eukaryote diversity

DNA fragment analysis has proven to be an appro-
priate approach for assessing shifts in the species com-
position of the dominant protistan taxa within natural
assemblages of microbial eukaryotes (Van Hannen et
al. 1998, Diez et al. 2001, Schabereiter-Gurtner et al.
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2001). Previous work comparing the results of DNA
fragment analysis for assessing community structure to
cloning and sequencing have demonstrated a good
agreement between the 2 methods (Countway et al.
2005). DNA sequencing has proven to be more effec-
tive than fragment analysis in assessing total species
richness and, in particular, the presence of rare phylo-
types (Stoeck & Epstein 2003, Romari & Vaulot 2004,
Lovejoy et al. 2006, Countway et al. 2007), while frag-
ment analysis adequately captures information on the
‘common’ phylotypes (in the present study, an average
of 25 fragments were observed in each T-RFLP pattern;
Table 1) with significantly less analytical effort and at
lower cost than large sequencing projects. The current
study extends the use of T-RFLP to the investigation of
microbial assemblages across multiple environments
and of more samples than would have been practical
using cloning and sequencing.

Computational tools for obtaining putative identities
of specific DNA fragment sizes obtained by fragment
analysis approaches have begun to appear (Kent et al.
2003, Marsh 2005); however, at present these tools
have been employed primarily for prokaryotic organ-
isms for which a large sequence database exists. In
the present study, more than 600 eukaryotic
sequences from several of the same DNA samples
processed for T-RFLP were used to assign putative
identifications to 63 of the 162 unique fragment sizes
observed (Table 2). This analysis revealed the pres-
ence of a wide phylogenetic diversity of microbial
eukaryotes, including chromalveolates (especially cili-
ates, dinoflagellates, diatoms, chrysophytes, pelago-
phytes), chlorophytes, cryptophytes, and fungi. The
underlying assumptions for assigning these identities
were that a fragment of a certain size represented one
and only one eukaryotic taxon, and that the taxa rep-
resented in the fragment patterns were also repre-
sented in the clone libraries. As noted in ‘Results’,
several protistan taxa yielded the same fragment size
and would therefore not be uniquely distinguished by
the DNA fragment analysis. In these cases, putative
identifications of a specific fragment size were as-
signed based on the frequency of the different taxa in
the clone libraries, but alternative taxonomic identifi-
cations were also reported (Table 2).

The T-RFLP methodology employed in this study has
proven to be robust and reproducible (albeit proof in
this study is based on only 2 samples). The 2 samples
processed independently in triplicate showed an aver-
age standard deviation of 0.58 to 1.33 % total peak area
per fragment. Only 2 out of more than 100 fragments
had sizes that differed in the triplicate patterns (and by
only 1 bp). It should be noted, however, that the detec-
tion of minor signals in the T-RFLP pattern (fragments
constituting <1% the total signal area), was variable.

This result is analogous to the variability associated
with observing lowest abundance operational taxo-
nomic units when sequencing eukaryotic environmen-
tal clone libraries (Stoeck et al. 2003, Countway et al.
2005, Lovejoy et al. 2006, Caron & Schnetzer 2007,
Countway et al. 2007).

Rapid changes in microbial eukaryote assemblages

The most striking result from our fragment analysis
was the highly dynamic nature of the composition of
the microbial eukaryotic assemblage within and
among the environments investigated in this study.
Compositional differences in the dominant taxa were
observed among the 6 sites surveyed during the study,
and at temporal scales as short as 1 wk at each site.
Overall, low levels of similarity among the 66 samples
were revealed by cluster analysis. Few samples (11 of
66) exhibited more than 60% overall similarity, and
none of the samples were =270 % similar (Fig. 7). Corre-
lation with environmental variables as determined
using the BIO-ENV procedure revealed a significant
but weak relationship (p = 0.001, p = 0.306). It was not
surprising that the highest correlation between envi-
ronmental variables and community T-RFLP patterns
in this study was weak, given the high variability
observed among samples in the cluster analysis, the
large number of locations and sampling times, and the
presumably multiple trophic levels combined in the
T-RFLP analysis.

The same microbial eukaryotic taxon remained dom-
inant on successive sampling dates in only a small
number of successive samples across all study sites
(Figs. 4 to 6). In the latter case, these samples still
demonstrated shifts in the subdominant taxa. In many
cases, dominant taxa occurred as subdominants when
they were not the most abundant taxon (e.g. 379 bp at
PL; Fig. 4), while other taxa were undetectable on the
sampling dates prior to or following the dates on which
they dominated an assemblage (231 bp on 15 May
2004 or 378 bp on 3 June 2004 at SB; Fig. 5). The abil-
ity of DNA fragment analysis techniques to assess
overall community structure at relatively fine temporal
scales across numerous geographical locales has pro-
vided unique insights into the highly dynamic nature
of microbial eukaryotic assemblages.

Substantive changes in the composition of the
eukaryotic community on these time scales are not
without precedent. Sieracki et al. (2004) noted a rapid
succession of phototrophic and heterotrophic pico-
and nanoplankton in Quantuck Bay, Long Island
during 2000. Transitions between dominant taxa oc-
curred on time scales of 1 to 3 wk, consistent with the
findings of the present study. Similarly, a significant
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but transient bloom of the minute prasinophyte Ostre-
ococcus sp. occurred in West Neck Bay along the
coast of Long Island during June of 2001 (O'Kelly et
al. 2003). That bloom appeared and dissipated in less
than 2 wk and attained a peak abundance of 5 x 10°
cells ml™t.

In the present study, a fragment that was putatively
identified as Ostreococcus tauri dominated the T-RFLP
patterns from QB, Long Island, during early May 2003
and 2004. Moreover, other fragments putatively identi-
fied as other minute chlorophytes (e.g. species of Nan-
nochloris and Picocystis), as well as other small algae,
appeared commonly as dominants in T-RFLP patterns
on various dates and at various locations. This result
appears to indicate that small eukaryote algae were a
persistent component of the phytoplankton communi-
ties of these ecosystems, although the particular
species that dominated the assemblage was highly
variable. This finding is consistent with the 'pico-algal
niche' hypothesis (Sieracki et al. 2004) which was
developed from the'open phytoplankton niche’
hypothesis (Smayda & Villareal 1989). This hypothesis
contends that a small algal ‘niche’ is a common compo-
nent of estuaries, but that complicated interactions of
physics, chemistry and biology result in frequent and
relatively unpredictable changes in the dominant
taxon among the myriad of small phytoplankton spe-
cies present in a community.

Previous work has documented a rapid response of
natural microbial eukaryotic communities to relatively
minor perturbations, such as containment of seawater
in incubation bottles (Countway et al. 2005). The
microbial communities assessed in our study changed
rapidly, presumably in response to minor changes in
environmental conditions or biological interactions,
while maintaining similar levels of diversity. The
succession of dominant taxa observed in the present
study implies that many of the taxa that were originally
present in these ecosystems at relatively low abun-
dance were capable of attaining high abundances in a
relatively short period of time.

High levels of dissimilarity for the microbial eukary-
otic assemblages were also apparent at small spatial
scales among the study sites examined in this study.
Only 1 out of 11 sample pairs that clustered at a simi-
larity level of >60 % were samples that were collected
on the same date from adjacent geographical locations
(QB and SB, 16 June 03; Fig. 7). These results indicate
that both small-scale heterogeneity and small-scale
temporal variability contributed to the highly dynamic
nature of the composition of microbial eukaryotic
assemblages.

Microbial eukaryotic assemblage composition at a
particular sampling locale generally demonstrated the
highest degree of similarity for samples collected

during the same season but in different years (Figs. 4 to
7). Three of the 4 highest Bray-Curtis similarity values
(ca. 68%) obtained from the cluster analysis were
observed for pairs of samples collected from the same
locations on different years (SB: 30 June 03 and
14 June 04; BSC: 3 May 03 and 15 May 04; BSC: 1 July
03 and 22 July 04; Fig. 7). Specific microbial eukaryotic
taxa often appeared at similar times of year during the
2 years of the study. For example, a fragment of 378 bp
dominated the assemblages during May and early
June of 2003 and 2004 in all of the Long Island estuar-
ies (Fig. 5 & 6). Similarly, a fragment of 230 bp (puta-
tively identified as a Ostreococcus tauri) dominated at
similar seasons in both years in QB and SB (Fig. 5). The
occurrence of specific taxa at certain times of the year
is not surprising in itself, but the otherwise high spatial
and temporal variability of the microbial eukaryotic
assemblage makes these seasonal reoccurrences
striking.

Overall diversity of the microbial eukaryotic assem-
blages, as measured by species richness and evenness,
remained relative high in all environments throughout
the study. The overall species richness observed in
these samples was 10 to 36 dominant phylotypes in a
single sample, as estimated by the total number of
fragments detected in the T-RFLP patterns (Table 1).
However, it is important to recognize that samples that
were strongly dominated by one or a few taxa (i.e.
intense signals for particular fragments) could reduce
the total number of fragments that might be detectable
using T-RFLP because the method is affected by the
relative abundances of peak heights. Nevertheless,
there was no clear trend apparent in the distribution of
these values among the samples. Similar to total
species richness, diversity indices calculated for the
samples varied over a significant range (Shannon
index: 1.04 to 3.16; Simpson index: 1.70 to 18.07) but
there was no apparent relationship with location or
timing of sample collection (Table 1).

The Shannon and Simpson indices were not dramat-
ically affected by the presence of a brown tide at the
PL or GBV sites during June 2004 (Table 1). A frag-
ment of 389 bp (putatively identified as Aureococcus
anophagefferens; Table 2) dominated the T-RFLP
patterns from these latter estuaries on 17 June 2004
(Fig. 4), and corresponded to a peak abundance of
2.5 x 10%and 1.2 x 10° cells ml™! of A. anophagefferens
(PL and GBYV respectively) (Deonarine et al. 2006). The
samples collected from those ecosystems at that time
yielded diversity values that were not the lowest
values observed in the study (61st in PL and 46th in
GBV out of 66 samples). It is presently unknown how
the estimation of species diversity using these indices
might be affected by molecular analyses that require
amplification of DNA by PCR. Moreover, we note that
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the bloom in CB had begun in May and declined by an
order of magnitude during the 10 d after our 17 June
sampling, suggesting that the event was nearing its
end. Nevertheless, our results indicate that these
assemblages may recover rapidly from perturbations
caused by brown tides.

Forces shaping community structure

A more comprehensive understanding of the com-
munity dynamics and the influence of environmental
factors in shaping these communities was gained
through the use of MDS and DCA to visually summa-
rize the variation in the dataset. Clustering assumes
that discrete groupings of similar samples exist within
the data, while ordination methods attempt to visualize
the relationship between the samples when consider-
ing multiple variables simultaneously and with no
prior assumption that discrete groups are present
(McGarigal et al. 2000). The results of the 2 ordination
methods were remarkably similar with 2 broad groups
observed. These groups were separated largely
according to their sampling location, with QB and SB
from Long Island forming one group while BSC, PB,
GBV and PL formed the other (Fig. 8). This finding is
noteworthy given that the 2 methods operate on differ-
ent mathematical principles (Kenkel & Orloci 1986,
Minchin 1987, Wartenberg et al. 1987, Peet et al. 1988).

The ANOSIM tests confirmed the general groupings
of samples in the ordination plots and further indicated
significant grouping of the data according to the 6
sampling locations. The global test value was signifi-
cant (p < 0.05), indicating some degree of structuring
according to sample location, and each pair-wise com-
parison of sites was significantly different from the
other, except for a marginally non-significant value for
the QB/SB pair (p = 0.06). The interpretation of these
results was clearer when combined with the ordination
diagrams, which visually indicated that, in addition to
the grouping of samples by single locations, 2 larger
groups containing samples from multiple sites were
also present. The ANOSIM results also confirmed the
presence of seasonal shifts in the microbial community
composition, resulting in a separation of May and June
from July and August samples.

The use of DNA fragment analysis to investigate
changes in the dominant microbial eukaryotes in
estuarine ecosystems revealed extremely high small-
scale spatial and temporal heterogeneity within this
component of the microbial community. Comparison of
T-RFLP patterns from 6 estuaries over a 2 yr period
revealed major changes among the dominant taxa that
took place unexpectedly rapidly and at smaller spatial
scales than anticipated. These findings were facilitated

by the application of molecular approaches and
methodologies that have greatly increased our knowl-
edge of microbial eukaryote diversity and distribution
(Diez et al. 2001, Casamayor et al. 2002, Massana &
Jurgens 2003, Countway et al. 2005). The results of the
present study imply that very subtle changes in
environmental conditions or foodweb structure may be
sufficient to result in dramatic changes in the dominant
microbial eukaryotic taxa within these estuaries. While
we still lack a clear understanding of the interplay of
forcing factors (e.g. macro- and micronutrients, physi-
cal parameters, trophic interactions) resulting in these
changes, our observations add to the understanding of
the rate at which eukaryote microbial community
composition can change.
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