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Abstract

The Greater Sudbury Area is approximately 400 km north of the city of Toronto and falls within a
large number of temperate lakes of various sizes. This area has been mined for nickel and other
metals for several decades. These activities have affected the watersheds of Northern Ontario and
have influenced the chemistry of a number of lakes. Blooms of cyanobacteria occur yearly in sev-
eral lakes, mainly in the early and late summer months. Much of the chemistry of these lakes is
known but the nature of the cyanobacterial blooms and the factors that may contribute to their
sudden appearance are not. We sampled blooms from five Greater Sudbury Area lakes and identi-
fied the species present by morphological and molecular methods. The dominant genera present
as characterized by morphological examination were Synechocystis, Leptolyngbya, Anabaena, Cy-
lindrospermum, Nostoc, Borzia, Phormidium, Pseudoanabaena, Oscillatoria, and Planktothrix. Three
of these isolates, Leptolyngbya, Anabaena, and Planktothrix were confirmed by partial rRNA se-
quence analysis.
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1. Introduction

Many filamentous and colonial species are implicated with the production of potentially harmful water blooms
(algal blooms, or cyanobacterial blooms) worldwide. Blooms are not defined in cell count, but generally de-
scribe phytoplankton biomasses much higher than normal in waterways, usually sufficient to producing a noti-
ceable change [1] in the water color and create turbidity. Blooms may form on the water’s surface or within the
water column, creating a milky-green appearance. Under low turbulence, hypertrophic or eutrophic conditions
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and high irradiance [2], cyanobacteria exceed other aquatic organisms (including proper algae) for nutrients and
are able to multiply and increase the mass and density of aerotopes [3], thus causing them to float and form sur-
face water blooms. The onset of blooms is often dependent on several nutrient levels, including the concentra-
tion of dissolved carbon, phosphorus and nitrogen (in organic forms including nitrate and ammonium) [4]-[6] as
well as sulfur in some cases [7]. The organization of the bloom depends on the species present with some spe-
cies able to control buoyancy using gas vesicles (aerotopes) allowing cells to move throughout the water strata
[8]-[12]. Genera commonly involved in bloom formation include Microcystis, Anabaena, Aphanizomenon, and
Oscillatoria [13]. Although cyanobacterial blooms may form rapidly (over the course of only a few days in
some conditions), their senescence is dependent on various environmental factors including light intensity, water
temperature [14], wind speed, and precipitation rates. Because cyanobacteria grow in all strata of watersheds,
blooms that may have begun deteriorating may be simultaneously replaced by new cells, causing what appears
to be a continuous bloom, lasting up to several months [15]. Though persistent blooms do occur, this mechanism
is also involved in many cases. Water blooms are often located close to shore, and in some cases have been as-
sociated with large quantities of fertilizer used by those with shore-line property.

In addition to the unsightly nature of cyanobacterial blooms, many species contributing to blooms are also
toxin-producing. Microcystin, a cyclic heptapeptide with hepatotoxic effects, is produced by Microcystis, Ana-
baena, Planktothrix, Nostoc, and Anabaenopsis species [13]. Other toxins produced include nodularin, cylin-
drospermopsin, saxitoxin, the anatoxin group of toxins and Lyngbya toxin-A [13]. Although these toxins are
present in blooms, the mechanism of their production is not fully understood. Because these toxins are capable
of causing severe injury to humans and animals that ingest contaminated water, it is of extreme interest to de-
velop expedient methods for testing of both cyanobacteria and cyanotoxins to ensure that water supplies are not
contaminated.

This study investigates the cyanobacterial populations present in several waterways in the Sudbury area as
well as from a region of heavy farming. Identification by traditional morphological methods as well as by 16s
rRNA sequencing will be included, though morphological methods may allow for more comparable study. This
research represents the introductory phase in a series of several studies, anticipated to distinguish cyanobacteria
to the species level, and to create a more expedient testing method that could be employed to ensure public-wa-
ter safety. Cyanobacteria are exceedingly important in watershed ecosystems, and because of the intense study
of other aquatic organisms in Sudbury, cyanobacteria are a promising candidate for future investigations of wa-
tershed health. Several genera are likely to be found in the water-bloom samples, including toxin-producing ge-
nera, which have been found in previous testing by Environment Canada [16]. The species discovered from
Sudbury samples, however, may be quite distinct from those found in other locations, due to the heavy metal
and acid contamination throughout Sudbury area waterways.

2. Materials and Methods
2.1. Study Sites

2.1.1. Sudbury

Ontario (46°29'24"N, 81°0'36"W), is the site of ongoing and past mining of metals (mostly Nickel), and thus
presents a unique set of conditions for the growth of cyanobacteria. Sudbury area soils and watersheds have seen
the impact of both heavy mining activities as well as the rehabilitation efforts that have been in place since the
1970°s [17]. Several lakes in this area are now surrounded by residential housing, so fertilizer and pesticide use
may also affect cyanobacterial growth and diversity. The mining activity has also led to the acidification of sev-
eral Sudbury area lakes to a pH of less than 6 [18], potentially allowing for more tolerant forms to survive while
selecting against intolerant species, and potentially leading to the decline in cyanobacterial competitors. The re-
habilitation efforts employed include the application of limestone-fertilizer combination to soils [19], neutraliza-
tion of final effluent [17] as well as the use of lime in several lakes, but not in all affected areas [20]. Along with
the history or mining and metal contamination, Sudbury weather conditions make cyanobacterial survival more
challenging by including winter temperatures often below —30°C, summer temperatures often above 30°C and
wind gusts in excess of 100 km/hr in certain locations [16]. The Sudbury samples were taken from several wa-
tersheds including Silver Lake, Ramsey Lake, Bethel Lake, Richard Lake, St. Charles Lake, MacFarlane Lake,
Long Lake as well as a stream from the Laurentian University campus, which draws its water from Nepahwin
Lake, in close proximity to a Golf and Country Club (Figure 1(a)). These sites were chosen based on their history
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Figure 1. Study sites. (a) Sudbury, Ontario; (b) Bradford, Ontario. *Red dots signify collection sites.
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of bloom formation and the likelihood of the samples to contain viable cyanobacteria in the sample collection
period, June to September. Samples were collected from the top 8 inches of water surface.

2.1.2. Bradford

Ontario (44°7'0"N, 79°34'0"W), represents an area of intense agricultural farming including the Holland Marsh
and much farmland in the surrounding region. Because of the extensive farming activity, the water supply in lo-
cal streams, rivers and the canal network contains large quantities of fertilizers and pesticides. The Holland Riv-
er concludes in Bradford, and is severed into two canals used almost exclusively as irrigation water supply for
the agricultural fields located in the Holland marsh. Due to the proximity of the fields to the canal system, ferti-
lizer undoubtedly contaminates canal water, and may even affect the southern-most portion of the Holland River.
The site the “Canal” sample was taken from was 200 m from the base of the Holland River (downstream), from
water parallel to Peterman Lane (Figure 1(b)). This location was chosen because it represents a region of water
used to irrigate both northern and southern fields, where blooms are known to be the heaviest throughout the
summer and early autumn. Although much interest has been generated by the contamination of the Holland Riv-
er and this canal network, no significant morphological or genetic research has been undertaken in regards to the
cyanobacteria present in this region, and the potential effects of the elevated fertilizer concentrations in the wa-
ter.

2.2. Sample Collection and Culturing

The cyanobacterial bloom material was obtained in September 2008 from the shorelines of Silver Lake, Long
Lake, Ramsey Lake, Minnow Lake, St. Charles Lake, Richard Lake, Bethel Lake, a stream on the Laurentian
University campus and the Holland River canal-network. The Mac Farlane Lake sample was collected in No-
vember 2008, following confirmed reports of bloom formation. The collection involved sterile glassware to
avoid any potential contamination due to leaching of plastic utensils, and collection of water surrounding the cell
masses. The samples were washed with distilled water and added to 50 mL of a modified BG-11 media [21].
The BG-11 media was autoclaved in 1 liter batches at 121°C for 22 minutes, and pH adjusted (using NaOH and
HCI) to 7.5. Samples were also grown on 1% BG-11 nutrient agar plates, using the same modified BG-11 media.
Cycloheximide, at a concentration of 1 puL/1lmL modified BG-11, was added to liquid samples to ensure that
only prokaryotic life would be sustained. All samples were cultured in glass test tubes under irradiance of a
23-Watt Blue Planet™ Spiral Soft White light bulb. The light-dark cycle was implemented to allow for 13 hours
of irradiance, and 11 hours of darkness to ensure the photosynthetic and Calvin Cycle reactions were able to
proceed, as they might in early and late summer. Samples were lightly shaken daily and were exposed to sterile
air to ensure no bacterial contamination occurred due to the presence of other bacteria in the laboratory envi-
ronment. After several months of cell culturing, some cells were separated and incubated in axenic conditions, in
modified BG-11 media, in the same conditions as previously described. Modified versions of BG-11 (lacking
NaNQ3) were used in order to promote the fixation of atmospheric nitrogen in samples containing significant
numbers of heterocytes, in samples lacking visible heterocytes, the modified BG-11 media used contained Na-
NOs.

2.3. Microscopic Examination

Blooms specimens were initially evaluated for level of contamination and for primary characterization of the
mixed microorganism populations using standard light microscopy. The specimen was wet-mounted on a slide
and observed at 400x and 1000x (Leica DM 300 microscope) following staining with methylene blue. Samples
were also prepared using the Gram stain and the Toluidine Blue stain. Auto fluorescence of the specimen was
visualized using a Hal 2000 fluorescence microscope.

2.4. DNA Extraction from Axenic Cultures

Field samples were processed within 24 hours to produce axenic cultures according to the method of Vaara et al.
[22]. Cell cultures with cells visible and identifiable under light and fluorescence microscopy were used for the
sequencing portion of this study. Approximately 1.0 mL of each sample, including some BG-11 media, were
collected in 1.5 mL centrifugation tubes and sonicated using the Fisher Scientific FS20 Ultrasonic Cleaner (S/N
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RSA040604332, Pittsburgh PA) for 30 minutes. Samples were then centrifuged using at 12,000 xg for 3 minutes,
followed by removal of supernatant and resuspension with 200 uL of ddH,O. Centrifugation at 12,000 xg for 2
minutes, removal of supernatant and resuspension in 100 uLL was performed, followed by another identical cycle
using only 50 pL ddH,0. Following centrifugation, five freeze-thaw cycles using liquid nitrogen and 65°C water
were performed to ensure cellular disruption and release of DNA from the cells.

2.5. PCR Amplification and Sequence Identification

The forward primer CYA 106F (CGG ACG GGT GAG TAA CGC GTG A) and the reverse primer CYA 781R
(GAC TAC TGG GGT ATC TAA TCC CAT T) were used for the PCR amplification of each sample [23]. The
PCR protocol consisted of an initial denaturation step at 95°C for 5 min, followed by 40 cycles at 94°C for 30 s,
55°C for 30's, 72°C for 60 s, and a final single step at 72°C for 7 minutes. PCR products producing bands at 700
bp were purified using the Wizard DNA Purification System (Promega, Madison, WI). Samples of the purified
PCR products and CYA 781R primer were sent to The Integrated DNA technologies—The Centre for Applied
Genomics (at the Hospital for Sick Children, Toronto, ON). The sequences returned by the Centre for Applied
Genomics were analyzed using the BLAST server against all known cyanobacterial sequences within the NCBI
databases, with parameters constant for each sample. Sequence identifications were made based on BLAST
scores and E values [24]. The S scores are cut-off scores optimized by the algorithm to maximize the maximal
segment pair score (highest scoring pair of identical length segments chosen from 2 sequences). The higher the
S score the more similar the 2 sequences are. The E value is related to the probability P that the identified se-
guence was randomly similarity [25]. For values less than 0.01, the E and P values are equivalent. E is related to
Pasfollows:P=1-¢F.

3. Results and Discussion

Algal blooms occur every year around the Greater Sudbury Area between the months of July and September;
although blooms have been reported to occur as early as April and as late as November. This seems to be de-
pendent on the variation in the seasons. In the Sudbury area, some years have a long winter season where the
lakes are still mostly frozen at the surface in April. Some of the chemical properties of the lakes from which
samples were identified are listed in Table 1. The blooms are more often than not made up of mixed algae, di-
atoms, and cyanobacteria. Light microscopy determined the presence of cyanobacteria within a mixture of algae
species (including Scenesdesmus sp.), diatoms (Asterionella sp., Tabellaria sp., and Fragilaria sp.), Bodo sp.,
and Taenia sp. ova, within the crude samples after collection (Figure 2). After the application of cycloheximide,
algae and other eukaryotes were no longer present, and thus the growth was selective for cyanobacteria. The
Gram stain technique was used to determine that all samples were Gram negative in accordance with literature
[26], and the Toluidine Blue stain was used to differentially stain the nucleic acids within the cyanobacteria. The
appearance of darker blue/purple regions in the cyanobacterial cells is indicative of the nucleoid region of the
cells. The various genera present produced slightly varying arrangements of nucleotides, but all were concen-
trated in the central regions of the cells (Figure 3). Fluorescence microscopy was used to verify the presence of
cyanobacteria in the samples by comparing sample fluorescence to that of CY5, producing magenta coloration
in the presence of cyanobacteria (Figure 4). Akinetes, present in some samples, remained the most heavily

Table 1. Select chemical parameters of the lakes from which cyanobacteria were identified by rRNA sequencing (repro-
duced from Hutchinson, 2014).

Total phosphorus (ug/L)

Spring overturn End of summer N el Felugh) gl
Silver Lake 6.1 NA 220 116 71
Richard Lake 9.3 NA 63 32 8
MacFarlane Lake 10.7 211 66 78 10
Long Lake 7.2 NA 64 89 16
Lake Nepahwin 10.8 75.9 74 53 15
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Figure 2. Collected crude sample images of other organisms present. (a) Bodo (toluidine blue stain); (b) Asterionella aggre-
gating with Anabaena (fluorescence) (scale bar: 20 pum).

W

L)

Figure 3. Toluidine blue staining of cyanobacterial samples. (a) and (b) Leptolyngbya. *Arrows indicate concentrated Tolui-
dine blue dye (scale bar: 20 um).

stained following de-staining, due to their storage of DNA [27] [28]. Polyphosphate granules also stain heavily;
creating heavily stained cell centers. Using traditional morphological methods, several genera of cyanobacteria
were found in the Sudbury lakes and Bradford canal samples. The mixed population observed with light micro-
scopy is listed in Table 2. Figure 4 depicts light and fluorescent microscopy images of the samples. PCR ampli-
fication of axenic cultures yielded 6 workable amplification products, which were subjected to agarose gel elec-
trophoresis, and viewed under UV irradiation to confirm the presence of a band at approximately 700 bp. The
sequences of 5 samples (one of the six produced unusable sequence data) were obtained from the Integrated
DNA technologies—The Centre for Applied Genomics (at the Hospital for Sick Children, Toronto, ON) following
amplification and purification of the PCR products. Results of the BLAST search with these sequences are
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Figure 4. LM, BFM and FM images of sample cyanobacteria. (a) Leptolyngbya sp. (scale bar: 50 um); (b)
Leptolyngbya (scale bar: 50 um); (c) Synechocystis (scale bar: 20 um); (d) Mixed culture (scale bar: 20 um); (e)
Synechocystis (scale bar: 20 um); (f) Oscillatoria (scale bar: 20 um); (g) Cylindrospermosum (scale bar: 20
um); (h) Anabaena (scale bar: 20 um); (i) Anabaena (scale bar: 20 um).
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depicted in Table 3. Although many of the species returned as good “hits” by BLAST corresponded with the
morphological analysis, many of the second and third sequences matches in the list were not even within the
same family of cyanobacteria. This could be due to the primer mismatches produced using CYA 106F [29].

The cyanobacteria present in the samples were similar to those reported throughout Canada, North-Western
Ontario and some prairie forms [30]. Cyanobacteria are found worldwide, including in the arctic and Antarctic
[31]. Temperature is also a very important environmental factor in the growth of cyanobacteria, as each species
(or genera) tends to have its own optimal growth temperature range, with their own extremes [32]. Although the
optimal growth ranges of cyanobacteria normally center on 24°C, the cyanobacteria found in Polar Regions have
very broad ranges of growth tolerance, and thus can survive extremely cold seasonal temperatures [33]. Al-
though the isolates of arctic, Antarctic and subarctic regions were not genetically adapted to low temperatures,
they were tolerant to winter conditions because of the varying temperature range of the environment [33].
Northern Ontario cyanobacteria likely follow the same trend as these species, as the yearly temperature range is
highly variable from below —30°C to above 30°C [16]. The temperature range experienced by the Bradford sam-
ples was similar, with higher summer and winter temperatures (35°C and —25°C, respectively).

Cyanobacteria are typically acclimatized to specific (and sometimes narrow) ranges of irradiance, and in-
creasing this irradiance can cause photo inhibition [1]. The effects of photo inhibition are difficult to assess in
environmental samples of blooms, as the species present within blooms may impart protective qualities on one
another; for instance the presence of carotenoids [34]. Although photo inhibition lowers the rate of photosynthe-
sis, the exact effects depend on light intensity, exposure period [1], as well as accessibility to required nutrients.
Production of axenic cultures in the laboratory was problematic most likely because it is difficult to replicate the
natural light-nutrient requirements of those species in the laboratory. Light-nutrient requirements of cyanobacte-
ria differ between species [35], so for optimal growth rates differential light intensities and exposure periods
should be used. The spectral distribution of light may also play an effect, as significant variation in growth rates
can be achieved using red, blue, green and white light [36].

The supply of phosphorus and nitrogen has a massive effect on the growth of cyanobacteria, and can be briefly
explained using the Total Nitrogen:Total Phosphorus (TN:TP) ratio. Because many bloom-forming cyanobacteria

Table 2. Genera observed in viable lake samples.

Sample Location Sample Name Genera Observed”
Bradford Canal S2 Synechocystis
MacFarlane Lake S3,S8 Leptolyngbya or Phormidium, Anabaena, Cylindrospermum
Nepahwin Lake S6 Anabaena, Nostoc, Borzia
Long Lake S12 Leptolyngbya, Phormidium
Richard Lake S13 Pseudoanabaena, Phormidium
Silver Lake S14 Oscillatoria, Planktothrix

“Using microscopic examination.

Table 3. Sample sequence BLAST results. All sequences were BLASTED against 16S rRNA sequences in the database.

Description Total Score % Query Coverage E Value Max ldent. Accession Sequence length

S2 Synechocystis 723 100% 0 98% Qi|156446603|EU078508.1 582 bp

S3 Leptolyngbya 667 100% 0 91% 0i|82697091|AJ639895.1 582 bp
Anabaena 746 99% 0 97% gi|154361749|EU022721.1

S6* 614 bp
Trichormus variabilis 746 99% 0 97% gi[78217345|DQ234833.1

S7 Synechocystis 268 96% 7e-69 90% 0i|189484788|EU729078.1 250 bp

S8 Leptolyngbya 757 99% 0 99% 0i|82697091|AJ639895.1 599 bp

*BLAST analysis produced two different results with the same match percentage.
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are N,-fixing (Anabaena, Aphanizomenon, Nodularia) [1], when the N:P ratio declines, their ability to thrive
exceeds the ability of other aquatic organisms, enabling them to reproduce and form massive blooms. Nitrogen
plays a key role in the formation of gas vacuoles, and thus is critical for control of cell buoyancy [1]. Nitrogen
metabolism in cyanobacteria is closely connected with carbon fixation, as both processes compete for reductants
produced through photosynthesis, and when nitrogen levels decline, the nitrogen uptake capacity is increased
requiring a new supply of reductants and carbons skeletons for creation of useful nitrogenous compounds [37]
[38]. Nitrogen is stored in cyanobacteria within phycocyanin and cyanophycin, in cases of nitrogen starvation
cells lose pigments because of the degradation of phycocyanin [39].

Polyphosphate granules within cyanobacterial cells offer phosphate stores. Under phosphorus-limited condi-
tions the phosphorus uptake potential increases to allow for maximal capturing, while the cellular concentrations
and phosphorus dependent growth rates decline, in order to store and conserve as much as possible [1]. Eutro-
phication, especially by phosphorus, often leads to shifts in phytoplankton composition towards bloom-forming
types of cyanobacteria [12] [40] [41]. Studies performed on several oligotrophic Canadian lakes showed that
when the TN:TP ratio was high (14:1), algal species dominated, while when the TN:TP decreased to 5:1 nitro-
gen-fixing cyanobacteria dominated [42] [43]. This also shows the immense role of phosphorus, as at higher rel-
ative concentrations (thus lower TN:TP ratios), cyanobacteria growth increases.

Metal stress can cause grave effects on cyanobacteria. Metal contaminants (zinc, copper, etc.) and the use of
fertilizers and detergents containing phosphorus has been found to cause cumulative effects on cyanobacteria by
inhibiting growth; although the presence of calcium and phosphate in the presence of metals has also been found
to reduce their toxicity to cyanobacteria [44] [45]. Morphological effects of elevated copper include the produc-
tion of sub-spherical rather than coccoid Synechococcus PCC 6301 [45] as well as the inhibition of photosynthe-
sis in Nostoc calcicola [46]. Polyphosphate granules are involved in the sequestration of metals; therefore they
are more abundant in cells stressed by zinc or copper-triads [47]. Strains collected from metal-polluted areas
have shown tolerance to elevated levels of metals in subsequent axenic culture [45] [48].

Metallothioneins (MTSs) bind to and sequester metals of the zinc and copper triads [49] so the determination of
metallothionein-coding and transporter-coding genes could provide insight into the processes used by the Sud-
bury cyanobacteria to survive in the metal rich waters. Several metallothioneins and transporters have been cha-
racterized in other cyanobacterial strains and those in Sudbury samples are likely similar in function. Nickel and
aluminum, also found at elevated levels in many Sudbury lakes; do not appear to have any functional role in
cyanobacteria, and aluminum has been reported to accumulate in and immobilize polyphosphate granules,
eventually leading to phosphorus starvation in the cell [50].

4. Conclusions

Morphological examination of several samples from five lakes in The Greater Sudbury Area in near Northern
Ontario showed the presence of Synechocystis, Leptolyngbya, Anabaena, Cylindrospermum, Nostoc, Borzia,
Phormidium, Pseudoanabaena, Oscillatoria, and Planktothrix.

Axenic cultures of five isolates were generated and their identities were confirmed by sequencing of the 16S
rRNA as Synechocystis (samples S2 and S7), Leptolyngbya (samples S3 and S8), and Anabaena (sample S6).
Various species of Anabaena and Planktothrix are capable of producing toxins, but the isolates in this study
were not screened for toxin production.
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