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The temporal dynamics of planktonic protists in river water have received limited attention despite their ecological significance
and recent studies linking phagotrophic protists to the persistence of human-pathogenic bacteria. Using molecular-based tech-
niques targeting the 18S rRNA gene, we studied the seasonal diversity of planktonic protists in Southwestern Alberta rivers (Old-
man River Basin) over a 1-year period. Nonmetric multidimensional scaling analysis of terminal restriction fragment length
polymorphism (T-RFLP) data revealed distinct shifts in protistan community profiles that corresponded to season rather than
geographical location. Community structures were examined by using clone library analysis; HaeIII restriction profiles of 18S
rRNA gene amplicons were used to remove prevalent solanaceous plant clones prior to sequencing. Sanger sequencing of the
V1-to-V3 region of the 18S rRNA gene libraries from spring, summer, fall, and winter supported the T-RFLP results and showed
marked seasonal differences in the protistan community structure. The spring library was dominated by Chloroplastidae
(29.8%), Centrohelida (28.1%), and Alveolata (25.5%), while the summer and fall libraries contained primarily fungal clones
(83.0% and 88.0%, respectively). Alveolata (35.6%), Euglenozoa (24.4%), Chloroplastida (15.6%), and Fungi (15.6%) dominated
the winter library. These data demonstrate that planktonic protists, including protozoa, are abundant in river water in South-
western Alberta and that conspicuous seasonal shifts occur in the community structure.

Protists play an integral role in aquatic ecosystems. Protists are
responsible for primary production, mobilizing trace nutri-

ents, and controlling bacterial populations, yet they have not been
extensively studied. They form a complex group of organisms
spanning all eukaryotic kingdoms and vary substantially in size,
shape, and motility. These characteristics were once relied upon
exclusively by taxonomists for classification; however, the com-
plexity of protistan morphology demands years of study and ex-
perience for accurate taxonomic placement. Furthermore, mor-
phological-based identification is time-consuming and not always
accurate. Recent studies have shown that organisms that were
once considered to be of single morphospecies have highly vari-
able 18S rRNA gene sequences and represent many distinct species
(39). Conversely, protists that possess distinctly different mor-
phologies (i.e., considered to be different morphospecies) have
been shown to possess identical 18S rRNA gene sequences (44). As
a result, protistologists now rely on molecular-based methods,
such as terminal restriction fragment (T-RF) length polymor-
phism (T-RFLP), denaturing gradient gel electrophoresis
(DGGE), and 18S rRNA gene libraries, to study these polyphyletic
organisms.

The majority of protistan studies conducted to date have fo-
cused on protists in oceanic ecosystems (15, 21–23, 43, 49), as they
produce upwards of half of the world’s oxygen and are the basis of
aquatic food webs. Freshwater systems (41) and water distribution
systems (70) are attracting more attention as of late, due in part to
experimental evidence linking freshwater protists with the protec-
tion of human pathogens (40). Phagotrophic protists (i.e., proto-
zoans), such as Acanthamoeba spp., have been shown to play a role
in the persistence of human pathogens, including Campylobacter
jejuni (8, 67, 68), Legionella pneumophila (3, 40), Mycobacterium
avium subsp. paratuberculosis (31), and Vibrio cholerae (1, 63),
and thus may play a role in the transmission of infectious bacterial

cells to humans. This presents a significant risk for public health,
as Acanthamoeba cells are highly resistant to UV irradiation and
oxidative treatments, and they may survive water treatment pro-
cesses (40). To date, limited research has examined protists in
freshwater ecosystems (14, 18, 41, 42, 48, 59, 65). Given the po-
tential importance of protists in freshwater ecosystems to public
health, it is of the utmost importance that we achieve a better
understanding of planktonic protistan diversity.

According to the Public Health Agency of Canada’s Notifiable
Diseases On-Line website (http://dsol-smed.phac-aspc.gc.ca
/dsol-smed/ndis/index-eng.php) and Alberta Health’s 2004 Noti-
fiable Diseases Report (http://www.health.alberta.ca/documents
/Notifiable-Diseases-Report-2004.pdf), Southwestern Alberta has
substantially higher rates of campylobacteriosis than the Cana-
dian and Provincial averages (36); however, reasons for the high
rates of campylobacteriosis in this region remain enigmatic. The
waterborne transmission of C. jejuni has been suggested to be an
important factor in the epidemiology of sporadic campylobacte-
riosis. Recent laboratory studies which showed the prolonged
persistence of C. jejuni in the presence of freshwater protozoans
suggested a possible link to waterborne transmission (8, 68). Con-
sequently, there is a need for studies to investigate the diversity of
protists in freshwater systems.

We hypothesized that rich protistan communities exist in river
water in Southwestern Alberta and that community structures will
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differ among sampling sites and between seasons. The following
objectives were constructed to test this hypothesis: (i) to longitu-
dinally study freshwater protistan diversity in river water in
Southwestern Alberta (Oldman River Basin) over a 1-year period
and (ii) to identify protists in this region which may be contribut-
ing to the environmental persistence of human pathogens.

MATERIALS AND METHODS
Ethidium monoazide validation. (i) Culture of protists. Acanthamoeba
polyphaga, Tetrahymena pyriformis, Chlamydomonas moewusii, and Eu-
glena gracilis were selected for ethidium monoazide (EMA) validation. A.
polyphaga was cultured in peptone-yeast-glucose (PYG) growth medium
at 30°C and at 100 rpm for 1 week and then for an additional week in fresh
growth medium. T. pyriformis was grown in PPG growth medium (Cul-
ture Collection of Algae and Protozoa, Oban, Scotland) for 48 h at 28°C.
C. moewusii and E. gracilis were grown for 1 week in Ward’s basic culture
medium (Wards Scientific, Rochester, NY) and a modified salts growth
medium (61), with exposure to a southeast-facing window. Cells were
washed once by centrifugation at 1,000 � g for 10 min, followed by the
resuspension of the cells in 1� phosphate-buffered saline (PBS). Cell
densities were estimated by using a hemocytometer, and viability was
verified with trypan blue staining. Cultures were adjusted to a final con-
centration of 5 � 104 cells ml�1 and were divided into four 200-�l sam-
ples in 2-ml tubes for each protist.

(ii) EMA treatment. For each protist, two arbitrarily selected samples
were incubated at 100°C for 20 min (heat treated), and the remaining two
samples were maintained at 4°C for 20 min (non-heat treated). EMA is a
photoreactive cross-linker that binds irreversibly to free DNA, thereby
inhibiting PCR amplification (60), and EMA (3 �l; Molecular Probes) was
added to one heat-treated sample and one non-heat-treated sample (final
concentration of 100 �g ml�1). Following the addition of EMA, samples
were placed on ice in the dark for 5 min, and tubes (with lids open) were
then exposed to light emitted from a 500-W halogen light bulb for two
1-min intervals; the light source was situated 10 cm from the top of the
tubes, and samples were vortexed between light exposures. All samples
were then stored at �20°C until subsequent processing.

(iii) DNA extraction and PCR amplification. DNA was extracted by
using the DNeasy blood and tissue kit (Qiagen Inc., Mississauga, Ontario,
Canada) according to the manufacturer’s instructions, with the exception
that the final elution volume was reduced to 50 �l. PCR was performed by
using 5 �l of extracted DNA. PCR primers Euk1A (5=-CTGGTTGATCC
TGCCAG-3=) and Euk516R (5=-ACCAGACTTGCCCTCC-3=) were used;
these primers amplify variable regions V1 to V3 of the 18S rRNA gene,
which correspond to positions 4 to 563 of the Saccharomyces cerevisiae
(GenBank accession number AY251630) 18S rRNA gene. PCR conditions
were described previously by Diez et al. (20). PCR products were resolved
by capillary electrophoresis using the MED250 protocol with a QIAxcel
capillary system (Qiagen Inc.).

River water sample collection and processing. Southwestern Alberta
is a semiarid ecosystem dominated by a short-grass grassland ecosystem.
The region contains the headwaters of the Oldman River and its tributar-
ies, which constitute the primary watershed of the region. A total of five
river sites in the Oldman watershed were sampled on a monthly basis over
a 1-year period (April 2008 to May 2009). Three of the five sites were along
the Oldman River from west to east (49°44=35.15�N, 113°22=27.60�W;
49°43=5.10�N, 112°51=56.97�W; and 49°51=24.41�N, 112°37=27.10�W)
and subjected to a gradation of nutrient inputs. The remaining two river
sites were tributaries of the Oldman River: Willow Creek (49°45=15.32�N,
113°24=23.72�W) and the Little Bow River (49°54=5.22�N,
112°30=24.19�W) (Fig. 1). Latitude and longitude coordinates of the sam-
pling sites were determined by using Google Earth (version 6.1.0.5001;
Google Inc. [http://earth.google.com/]). Samples were collected at 4-week
intervals, from 7 May 2008 to 13 May 2009. At each site, samples of
approximately 800 to 900 ml were obtained by using 1-liter Nalgene bot-
tles attached to the end of a sampling pole; water was collected at a depth

of �20 to 30 cm in the flowing portion of the river. Samples were stored
on ice and processed within 6 h of collection. Samples (250 ml) were
filtered through a 0.45-�m GF/F prefilter (Whatman, Florham Park, NJ),
followed by a 0.2-�m Iso-Grid final filter (Neogen Corp., Lansing, MI)
under a vacuum using a six-place filtration manifold (Advantec MFS Inc.,
Dublin, CA) fitted with an Iso-Grid filtration unit (Neogen Corp.). The
two filters per sample were combined in a 50-ml Falcon tube with 20 ml
PBS (0.1 M; pH 7.2) and mixed vigorously to detach cells. Filters were
subsequently removed, and the suspension was then centrifuged at
14,900 � g for 10 min at 4°C. The top 17 ml of the supernatant was
discarded, and pellets were resuspended in the remaining 3 ml of PBS.
Two-hundred-microliter aliquots were dispensed into each of two 2-ml
tubes, and EMA was added to samples as described above. Following EMA
treatment, samples were stored at �20°C until subsequent processing.

DNA extraction and quantification. DNA was extracted from samples
by using the QIAamp DNA stool minikit (Qiagen Inc., Mississauga, Ontario,
Canada) according to the manufacturer’s protocol, with the exception that
the entire lysate volume was carried forward following InhibitEX treatment,
and subsequent reagent concentrations were adjusted accordingly to com-
pensate for the increased volume. DNA extractions were quantified by using
a Nanodrop ND-3300 fluorimeter (Thermo Scientific) with Hoechst double-
stranded DNA (dsDNA) labeling (Life Technologies, Carlsbad, CA), using
calf thymus dsDNA as a quantification standard.

PCR conditions for T-RFLP community profiling. PCR was per-
formed by using 5 ng of DNA or 5 �l for samples in which the DNA concen-
tration was less than 1 ng �l�1. The PCR primers used were 6-carboxyfluo-
rescein (FAM)-labeled Euk1A and Euk516R. To repair single-stranded
fragments following PCR, which may result in pseudo-T-RFs (24, 25), sam-
ples were incubated with Klenow polymerase (New England BioLabs, Ips-
wich, MA) according to the manufacturer’s protocol. After Klenow treat-
ment, samples were digested with HaeIII and HhaI (Invitrogen) according to
the manufacturer’s specifications prior to ethanol precipitation and separa-
tion by capillary electrophoresis on an ABI-3130 genetic analyzer in two in-
dependent runs (Applied Biosystems, Foster City, CA).

Analysis of T-RFLP community profiles. T-RFLP data quality was
manually inspected with Genemapper (Applied Biosystems) and was sub-
sequently imported into T-REX (19). T-REX was used to standardize the
total peak height across samples (i.e., to compensate for small differences
in the amounts of digested DNA resolved per sample) and to filter “noise”
according to a method described previously by Abdo et al. (2); 3 standard
deviations were used as the threshold for discriminating between noise
and true peaks. Profiles were aligned by using a clustering threshold of 0.5
(66). Peaks not present in replicate T-RFLP profiles were removed from
subsequent analyses. Nontransposed (T-RFs as columns and samples as
rows) and transposed (samples as rows and T-RFs as columns) presence-
absence data matrices were exported from T-REX for the generation of a
four-way Venn diagram using a custom Excel macro (Microsoft Inc.,
Redmond, WA) and for use with BioNumerics (Applied Maths, St-Mar-
tin-Latem, Belgium), respectively. BioNumerics was used to generate a
distance matrix using the Bray-Curtis distance measure, which formed
the basis for the group significance test (17), and three-dimensional non-
metric multidimensional scaling (NMS) analysis was conducted by using
the MDS procedure in SAS (SAS Institute Inc., Cary, NC). NMS is an
ordination technique which arranges individual data points (in this case,
T-RFLP profiles) in three-dimensional space based on similarity or dis-
similarity; data points which cluster together are more alike than those
further apart.

Emulsion PCR and clone library construction. Sampling periods
throughout the year were categorized as spring (March 21 to June 20),
summer (June 21 to September 21), fall (September 22 to December 21),
and winter (December 22 to March 20) based on the dates for equinoxes
(March 20 and September 21) and solstices (June 20 and December 21)
according to the U.S. Naval Observatory (http://www.usno.navy.mil
/USNO/astronomical-applications/data-services/earth-seasons).

Community DNAs from representative sampling times for the spring
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(late April), summer (late August), fall (mid-October), and winter (late
December), based on the clustering of T-RFLP profiles with NMS, were
pooled and amplified with primers Euk1A and Euk516r in an oil-in-water
emulsion, according to the EMBL-90 protocol described previously by
Williams et al. (72). Emulsion PCR was performed to reduce PCR biases,
such as the bias toward 1:1 product ratios due to heteroduplex formation
and an underrepresentation of sequences which have mismatches be-
tween primer and template sequences (13, 56). Following amplification,
the emulsion was broken by two extractions with diethyl ether, followed
by one extraction with ethyl acetate and two additional extractions with
diethyl ether.

PCR products were purified by using the Qiagen PCR purification kit
(Qiagen) and subsequently ligated into the pGEM-T Easy vector (Pro-
mega) at a 3:1 vector-to-insert ratio. The chemical transformation of
Escherichia coli JM109 cells (Promega) was performed according to the
manufacturer’s protocol. Blue-white screening was used to differentiate
colonies with inserts from those without; white colonies were picked into
96-well plates containing LB medium supplemented with 4% glycerol and
100 �g ml�1 ampicillin by using a Qpix robot (Genetix, San Jose, CA)
prior to screening. Approximately 500 clones from each library were pre-
screened by HaeIII restriction digestion of M13F (5=-GTAAAACGACGG
CCAG-3=) and M13R (5=-CAGGAAACAGCTATGAC-3=) PCR-ampli-
fied products. Digested fragments were sized by using the QIAxcel
capillary system. Clones matching the restriction profile of prevalent so-
lanaceous plants (�80 to 90% of the clones) were excluded from further
analyses.

Clone library sequencing and analysis. Sequencing was performed by
a single pass with primer M13F on an ABI-3130 genetic analyzer (Applied

Biosystems). Sequences were imported into Geneious v5.1 (Biomatters
Ltd., Auckland, New Zealand), trimmed manually, and screened for chi-
meras by using Bellerophon (34). Putative chimeras were then examined
on an individual basis with Pintail (7), with S. cerevisiae (GenBank acces-
sion number AY251630) used as the reference. Sequences were aligned by
the SINA alignment service using the SILVA SSU, release 106, database
(57), imported into Geneious, and manually curated. Alignments were
then exported, and operational taxonomic units (OTUs) were determined
by using the Mothur software package (64), with a 1% sequence diver-
gence cutoff (9, 70). Sequences were classified according to the new
higher-level classification of eukaryotes (5).

The degree to which microbial communities differed based on 18S
rRNA gene sequence was assessed by using the Unifrac P-test (33). All 198
protistan 18S rRNA gene sequences from river water, along with Giardia
lamblia (ATCC 50803) as the outgroup, were aligned within the SILVA
database and imported into Mothur to remove common gaps prior to tree
building in Geneious. A rooted phylogenetic tree was constructed from
the trimmed alignment by using the neighbor-joining method and the
Tamura-Nei distance metric. The Newick-formatted tree was then ana-
lyzed by using Unifrac (33). Chao1 and ACE species richness estimates
were performed by using Mothur (64).

Nucleotide sequence accession numbers. The 18S rRNA gene se-
quence data were deposited in the GenBank database under accession
numbers JX068881 to JX069077.

RESULTS
Ethidium monoazide validation. A substantial reduction in PCR
amplicon band intensity (ranging from a weak product to no de-

FIG 1 Map of Southwestern Alberta showing river sampling sites along the Oldman River (O1, O2, and O3), Willow Creek (W1), and Little Bow River (L1).
Wastewater outflows for the Town of Fort MacLeod, City of Lethbridge, Town of Picture Butte, and Town of Coaldale are marked with asterisks from left to right.
(Source: Alberta Environment and Sustainable Resource Development.)
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tectable product) was observed for samples heated at 100°C for 20
min and exposed to EMA for all protists tested (Fig. 2). Unheated
samples treated with EMA yielded PCR products slightly less in-
tense than the no-EMA samples, indicating a minimal penetration
of live cells.

T-RFLP community profiles. T-RFLP profiles targeting the
18S rRNA gene were determined for 70 river water samples from
the Oldman watershed of Southwestern Alberta. Considerable
variability in the number of T-RFs was observed among samples,
and the numbers of T-RFs ranged from 17 to 112 (Fig. 3). The total
number of unique T-RFs detected throughout the study was 331.
The highest numbers of T-RFs for any given season were detected
during the spring (253 T-RFs) and winter (236 T-RFs) (Fig. 4).
Protistan diversity was reduced in the summer and fall, and 127
and 107 T-RFs were observed, respectively. The T-RFLP finger-
prints had high heterogeneity, with a beta diversity value of 6.59,
as determined with T-REX. NMS analysis of T-RFLP profiles re-
vealed a pattern of seasonal relatedness independent of sample

location; the three-dimensional plot exhibited a stress value of 14
(Fig. 5). The group significance test supported the clustering of
samples into distinct groups by season (P � 0.05); however, there
was greater variation in the spring-summer, spring-winter, and
fall-summer comparisons (Table 1). The numbers of T-RFs exclu-
sive to the spring, summer, fall, and winter sampling periods were
59, 8, 6, and 46, respectively (Fig. 4). A total of 59 T-RFs were
common to all four seasons.

Clone libraries. Eighty-five OTUs from 198 18S rRNA gene
sequences were observed for river water. The spring library was
dominated by centrohelid, stramenopile, and Chloroplastida
clones (�29, 20, and 20%, respectively) (Fig. 6). Summer and fall
libraries were dominated by Saccharomycetes, primarily Candida
spp. (Table 2), which accounted for 83% and 88% of the clones,
respectively. Alveolata (33%), Euglenozoa (23%), Chloroplastida
(14%), and fungal (14%) clones were most common in the winter
library. ACE predicted 94, 29, 131, and 79 OTUs for the spring,
summer, fall, and winter libraries, respectively, while Chao1 pre-

FIG 2 QIAxcel capillary electrophoresis of 18S rRNA gene amplicons from
Acanthamoeba polyphaga (lanes 1 to 4), Tetrahymena pyriformis (lanes 5 to 8),
Chlamydomonas moewusii (lanes 9 to 12), and Euglena gracilis (lanes 13 to 16).
EMA-treated samples are presented in odd-numbered lanes, and non-EMA-
treated samples are presented in even-numbered lanes. The first two lanes for
each protist are cells that were not heat treated, whereas the second two lanes
per protist are cells that were heat treated. The markers on the left side of the
image correspond to fragment sizes (base pairs).

FIG 3 Number of terminal restriction fragments over a 1-year sampling pe-
riod (May 2008 to May 2009). Vertical bars associated with means represent
the standard deviations across the five sample sites. Means denoted with single
asterisks differ (P � 0.05) from means indicated by double asterisks.

FIG 4 Four-way Venn diagram of unique terminal restriction fragments de-
tected in river water by season.

FIG 5 Nonmetric multidimensional scaling plots of T-RFLP community pro-
files from river water (stress value of 14), with ellipses A to D encompassing
90% of the respective markers by season. Markers that appear close together
are more similar than distant markers.
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dicted 87, 15, 97, and 37, respectively (Table 2). The Unifrac P-test
confirmed differences between seasonal clone libraries (P �
0.001).

DISCUSSION

The temporal dynamics of the protistan community structure as-
sociated with freshwater systems, particularly rivers, have yet to
benefit from the explosion of molecular-based investigations into
microbial ecology and biogeography. Such studies have focused
mostly on Bacteria and Archaea, using 16S rRNA gene sequences
as a target and, to a lesser extent, oceanic picoeukaryotes (i.e.,
protists �0.2 �m in size) targeting 18S rRNA gene sequences.
Using T-RFLP and clone library analyses, we observed conspicu-
ous temporal shifts in protistan community structures in South-
western Alberta rivers.

NMS analysis of T-RFLP profiles revealed a high level of simi-
larity between sampling sites over time, as samples clustered ac-
cording to time (season) rather than location. This occurred de-
spite the fact that sampling sites were located in areas subject to
differing natural (i.e., organic matter or an embankment) and
anthropogenic (i.e., upstream/downstream from wastewater
treatment plant effluent, proximity to highways, agricultural run-
off, and urban versus rural sites) factors. Anthropogenic factors,
in particular, have been shown to have pronounced effects on
microbial planktonic communities in freshwater systems (29).

The stress value of the ordination was 14, which indicates that the
ordination is satisfactory and is a good representation of the T-
RFLP data (46).

There are currently two predominant models of protistan bio-
geography: the moderate endemicity model (26, 27) and the ubiq-
uity model (69). The ubiquity model proposes that protists are
cosmopolites and can be found anywhere in which their niche
requirements are met, whereas the moderate endemicity model
postulates that while the majority of protists are cosmopolites, a
significant amount (roughly one-third) exhibit a limited biogeo-
graphical range (27). Despite the high variance in T-RF richness
between sampling sites at any given time, the collective seasonality
of T-RFLP community profiles suggests that a stable core group of
protists exists in river water in Southwestern Alberta. As such, our
results for protists in river water are consistent with the moderate
endemicity model. Similarly, Nolte et al. (48) previously observed
seasonality in the distribution of protists in Lake Fuschlsee (Salz-
hammergut, Austria); they observed that changes in community
structure were not merely quantitative but also qualitative, as taxa
observed in 1 month would drop below the detection threshold
the following month.

T-RFLP targeting the 18S rRNA gene proved to be instrumen-
tal in providing a snapshot of protist communities and assisted in
the selection of sites for Sanger sequencing in the current study.
Due to the costs associated with the sequencing of clone libraries,
it was not logistically possible to process all 70 libraries in this
manner. In previous studies using T-RFLP to characterize bacte-
rial communities (i.e., targeting the 16S rRNA gene), T-RFs were
identified via in silico restriction digests of sequences from known
databases (4). However, recent evidence suggests that this is not a
robust analysis method due to the differential migration of T-RFs
with variable pyrimidine contents and inaccurate sizing resulting
from the differential migration of the LIZ-labeled size standard
and FAM-labeled PCR products (38). Furthermore, multiple taxa
may occupy a single T-RF. As these biases are consistent between
samples and replicate runs, T-RFLP remains a valid method for
community profiling. Given that the identification of T-RFs based
on in silico analyses of sequence databases is not reliable, we se-
lected sites for Sanger sequencing based on the similarities and
differences in T-RFLP profiles rather than specific protistan as-
semblages inferred from T-RFs.

The study of protists in freshwater systems, especially rivers,
poses the added challenge that terrestrial and aquatic plant matter
and microeukaryotes are present in high numbers, and there are
no PCR primers capable of excluding them while retaining the
ability to amplify a broad array of protists. We observed that all
18S rRNA gene libraries generated in the current study were dom-
inated by clones later identified as a solanaceous plant, perhaps

TABLE 2 Summary of 18S rRNA gene libraries, including ACE and
Chao1 nonparametric richness estimates

Library
No. of
clones

No. of
OTUs

No. of predicted OTUs

ACE Chao1

Mean Lower Upper Mean Lower Upper

Spring 61 29 94 51 217 87 48 208
Summer 46 8 29 10 274 15 9 50
Fall 58 32 131 65 332 97 55 219
Winter 47 21 79 52 130 37 25 79

TABLE 1 Pairwise significance matrix of protist T-RFLP community
profiles of seasonally partitioned data

Season

P valuea

Spring Summer Fall Winter

Spring 0.391 �0.001* 0.131
Summer �0.001* �0.001* �0.001*
Fall 0.017* 0.125 �0.001*
Winter �0.001* �0.001* �0.001*
a Values indicated with an asterisk are significantly different (P � 0.05).

FIG 6 Distribution of 18S rRNA gene sequences (percent) at the first-rank
taxonomic level (level 5) by season.
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that of a common agricultural weed in the study area (10). As
plants have been shown to have between 500 and 40,000 copies of
the 18S rRNA gene per diploid cell (73), a single contaminating
cell could severely hinder the detection of protists. Our regimen
for sample processing may have benefitted from a prefiltration
step; however, it is uncertain if this would have impacted the re-
covery of large or attached protists.

In our study, we used EMA to prevent the PCR amplification of
nonviable protists. EMA has been used extensively in studies in-
volving prokaryotes (60); however, to our knowledge, this is the
first study regarding the ecology of protists to use EMA for the
differentiation of live from dead cells. Previous uses of EMA in-
volving eukaryotic cells included distinguishing viable from dead
cells using flow cytometry (50) and removing contaminating eu-
karyotic DNA from yeast extracts (58). EMA has been docu-
mented to penetrate some bacterial species with intact cell mem-
branes (52), which could result in an underestimation of diversity;
however, prior to this study, it was unclear if this occurs with
protists. Our results indicate that although some penetration of
live cells did occur, EMA is suitable for reducing DNA from dead
cells in the study of protistan diversity. In some ecosystems, such
as human fecal samples, a large proportion of microbial cells are
not viable, and community analyses in the absence of EMA may
result in a dramatic overestimation of community richness and
even inaccurate conclusions, for example, concluding no change
in the community composition of all organisms when there may
me a marked shift in viable organisms (51).

There was a significant disparity between the T-RFLP and
clone library analyses in measured community richness. For ex-
ample, 331 unique T-RFs were observed, compared to only 89
OTUs. Furthermore, richness estimates based on Chao1 and ACE
suggest that additional taxa are present. This could be due to the
use of Sanger sequencing, which often fails to fully illuminate the
rare biosphere due to throughput constraints. In contrast, alter-
natives such as second-generation sequencing platforms (i.e., 454
pyrosequencing) are prone to sequencing errors, which result in
an overestimation of the rare biosphere (28). Sanger libraries offer
unmatched accuracy, and at the time of this study, Sanger read
lengths more than doubled those of 454 pyrosequencing (45); the
limited pyrosequencing read lengths restrict the taxonomic as-
signment of protists to the second rank (6). To compensate for the
relatively small number of clones that we could logistically se-
quence, we prescreened clones based on HaeIII restriction profiles
to avoid the sequencing of clones belonging to solanaceous plants.
This allowed us to screen nearly 2,000 clones. A similar method
was utilized previously by Diez et al. (21) to study the genetic
diversity of protists in oceanic water, except that the restriction
digest profiles were used to group clones to maximize OTU dis-
covery via Sanger sequencing libraries.

Heterophrys spp., the dominant centrohelids detected in the
spring (14 clones) and winter (1 clone) libraries, are a group of
phagotrophic protists (16) and thus may affect the persistence of
enteric bacteria in rivers. The spring is a particularly interesting
time for studies regarding the fate of enteric bacteria due to the
large amount of agricultural runoff (i.e., animal fecal matter),
which has been associated with increases in levels of coliform bac-
teria (30) and spikes in enteric disease (53). Phagotrophic protists
such as Acanthamoeba spp., Hartmanella spp., Naegleria spp., and
Tetrahymena spp. have been linked with the environmental per-
sistence of a wide array of pathogenic bacteria (12). Legionella

pneumophila, for example, escapes the phagosome into the cyto-
plasm and is able to replicate within the protozoan host (47).
While the protists mentioned above were not detected in the pre-
sent study, this may be due to the common association of amoe-
boid protists with biofilms (35). Nonetheless, studies targeting
Heterophrys sp. in relation to the persistence of enteric pathogens
in river water are warranted.

We observed that centrohelids and Chloroplastidae dominated
river water during the spring, representing 28.1% and 29.8% of
clones, respectively. Dramatic declines in both were noted for the
summer and fall libraries, which were dominated by fungi, specif-
ically Candida spp., a genus containing the ubiquitous human
pathogens Candida albicans and C. tropicalis (11). Kopylov and
Kosolapov (42) also reported a reduction in numbers of hetero-
trophic protists in early summer in the Ob river of West Siberia,
which corresponded with increased levels of heterotrophic bacte-
ria. Photosynthetic protists (i.e., Chloroplastidae) face increased
competition from cyanobacteria, which bloom during the in-
creased temperatures that accompany the summer months as they
enter their temperature optima (37). Cyanobacteria are also
smaller, thus providing advantages over the larger Chloroplasti-
dae, such as a lower sinking rate (71) and more efficient nutrient
acquisition due to the lower diffusion boundary layer, which is a
result of having a higher surface-area-to-volume ratio (55). Sal-
manian et al. (62) suggested previously that Candida spp. play a
role in the environmental persistence of Helicobacter pylori, which
was once considered part of the genus Campylobacter and is asso-
ciated with gastric ulcers in humans (54). Those researchers found
bacterium-like bodies (BLBs) present in vacuoles of Candida spp.
isolated from foods that were confirmed to be viable through live/
dead staining. Furthermore, Candida spp. containing BLBs were
PCR positive for the H. pylori ureAB genes in 9 out of 15 cases (32).

In conclusion, we observed through the use of T-RFLP and
clone library analyses that protists were common in river water in
Southwestern Alberta, and seasonal succession trends were con-
sistent with the moderate endemicity model. The majority of T-
RFs were found in the spring and winter, which were dominated
by Alveolata, Centrohelida, and Chloroplastidae (spring) and Al-
veolata, Euglenozoa, Chloroplastida, and fungi (winter). Summer
and fall were dominated by saccharomycetous fungi. Our study
also illustrates some of the complications that researchers face in
studying protists using the 18S rRNA gene as a target.
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