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Abstract: Cyanobacteria and their toxins have received significant attention in eutrophic temperate
and tropical systems where conspicuous blooms of certain planktonic taxa release toxins into fresh
water, threatening its potability and safe use for recreation. Although toxigenic cyanobacteria
are not confined to high nutrient environments, bloom-forming species, or planktonic taxa, these
other situations are studied les often studied. For example, toxin production in picoplankton and
benthic cyanobacteria—the predominant photoautotrophs found in polar lakes—is poorly understood.
We quantified the occurrence of microcystin (MC, a hepatotoxic cyanotoxin) across 18 Arctic lakes in
southwestern Greenland. All of the focal lakes contained detectable levels of MC, with concentrations
ranging from 5 ng·L−1 to >400 ng·L−1 during summer, 2013–2015. These concentrations are
orders of magnitude lower than many eutrophic systems, yet the median lake MC concentration
in Greenland (57 ng·L−1 ) was still 6.5 times higher than the median summer MC toxicity observed
across 50 New Hampshire lakes between 1998 and 2008 (8.7 ng·L−1 ). The presence of cyanotoxins in
these Greenlandic lakes demonstrates that high latitude lakes can support toxigenic cyanobacteria,
and suggests that we may be underestimating the potential for these systems to develop high levels
of cyanotoxins in the future.
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1. Introduction
Pelagic blooms of cyanobacteria are of increasing interest worldwide due to their ecological,
economic, and public health consequences [1,2]. Cyanotoxins associated with bloom events can cause
adverse health effects in humans, domesticated animals, and terrestrial and aquatic organisms [3].
Although cyanotoxin production occurs worldwide, studies of cyanotoxins have traditionally focused
on conspicuous blooms of planktonic taxa in nutrient-rich temperate or tropical systems [1,4,5].
However, toxigenic cyanobacteria are not confined to high nutrient environments or planktonic
taxa [6–14].
Cyanobacteria are often the predominant photoautotrophs in polar freshwater ecosystems [15,16]
and can play a major ecological role in these environments [17–19]. However, conspicuous pelagic
cyanobacterial blooms are extremely rare in these systems as physiological constraints imposed
by persistent low temperatures, limited nutrient supply, and high UV-exposure tend to promote
growth of benthic and picoplanktonic taxa [15,16]. By comparison to the dozens of studies in lower
latitudes (e.g., [1,5,20–24]), relatively few studies have reported the occurrence of cyanotoxins in
polar environments [5], with some in the Antarctic [7–9,11,13] and even fewer specifically in the
Arctic [6,9,10].
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Microcystins (MCs) are among the cyanotoxins most widely produced by cyanobacteria genera
Microcystins (MCs) are among the cyanotoxins most widely produced by cyanobacteria genera
worldwide [1,25]. MCs act by inhibiting protein phosphatase activity, promoting tumor growth,
worldwide [1,25]. MCs act by inhibiting protein phosphatase activity, promoting tumor growth, and
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process—referred to by the World Health Organization as free plus cell-bound MC [24]. As such,
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our MC values may underestimate the true exposure to MC for organisms within the lake by not
explicitly accounting for benthic cyanotoxin pools. For example, Wood et al. [14] detected release of low
levels of the cyanotoxin nodularin (which is structurally similar to microcystin) into the water column
by benthic periphyton mats. Thus, benthic species could be a source of toxins via both the release of
unbound toxin into the water column and any direct consumption of these organisms and/or their
epiphytes by higher trophic levels. This issue could be of particular relevance to the Kangerlussuaq
region, as many of the studied lakes contain abundant benthic colonial Nostoc spp. It is therefore
imperative for follow-up studies in this region to quantify the contributions of benthic producers such
as Nostoc to water column cyanotoxin concentrations in order to understand sources of cyanotoxin in
these lakes.
This study corroborates previous work documenting the presence of cyanotoxins in polar
environments [6–11,13]. However, previous studies have exclusively presented MC concentrations in
the context of benthic biological material, such as microbial mats and biological crusts. Therefore, we
do not yet know how the whole lake water concentrations measured in this study compare to other
polar aquatic environments. Notably, concentrations of MC in surface waters of these Greenlandic
lakes are orders of magnitude lower than in many eutrophic temperate or tropical systems that
experience extensive pelagic blooms and reach MC concentrations of up to 1.8 mg·L−1 [1,12,22].
Indeed, MC concentrations in our study lakes are about an order of magnitude below the median
whole lake water MC reported in a nation-wide survey of U.S. lakes (490 ng·L−1 free plus cell-bound
MC, [22]), and two orders of magnitude below the World Health Organization’s limit for safe human
consumption, 1000 ng·L−1 [24]. However, substantial regional variation exists and median whole lake
water MC in Greenland (57 ng·L−1 ) was 6.5 times higher than the median summer MC concentration
observed across 50 New Hampshire lakes between 1998 and 2008 (8.7 ng·L−1 , [21]).
This study is one of the first cyanotoxin studies to explicitly report the results of QC sample
analyses when using ELISA (enzyme-linked immunosorbent assay) techniques (e.g., not reported
in [9–11,13,20–23]). While we found that intra-assay precision was relatively high, inter-assay precision
was considerably lower. Were it more widely reported, this simple metric could be useful in comparison
of both measurements and methodologies across studies. Reporting assay statistics can lend important
insight into the precision of the techniques used, and consequently, the interpretation of results. Taking
our moderate levels of inter-assay variability into account allows us to better evaluate what constitutes
a meaningful difference in sample concentrations and what falls within assay error.
Finally, we observed an increase in median concentrations of MC in these lakes from 2013 to
2015 (Figure 1). While we do not know whether this pattern is representative of a longer-term trend,
there may be cause for concern in that Arctic regions are experiencing the fastest and most pronounced
impacts of climate change [26]. Projections suggest that West Greenland will continue to see increases
in temperature and the size and frequency of precipitation events in the future [27]—changes that may
promote the growth of cyanobacterial populations [2,28]. Arctic lakes such as these may therefore
be susceptible to shifts in the cyanobacterial community, and with that, the type and amount of
toxins produced.
In conclusion, the presence of cyanotoxins in these Greenlandic lakes demonstrates that
high-latitude lakes can support toxigenic cyanobacteria and that we may be underestimating the
potential for these systems to develop high levels of toxicity in the future.
4. Materials and Methods
We tested for MC in whole lake water samples to evaluate the potential presence of free
plus cell-bound MC in 18 lakes located in the Kangerlussuaq region of southwestern Greenland
(67◦ 010 N, 50◦ 410 W). These lakes are situated along a ~30 km transect extending from the head of the
Søndre Strømfjord and the margin of the Greenland Ice Sheet, and include small kettle ponds, shallow
cryogenic lakes, large cirque lakes, and deep fault-valley lakes (Table S1). In June and July of 2013–2015,
we collected and combined three subsamples of water (250–1000 mL) from the upper 1 m of each lake
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to represent one composite sample per lake. All water samples were immediately frozen (−20 ◦ C)
until laboratory analyses.
In analyzing·Lake water MC concentrations we followed extraction protocols adapted from [18].
MC was detected using the high sensitivity protocol for an enzyme-linked immunosorbent assay
(ELISA) with a method limit of detection (LOD) of 30 ng·L−1 (Envirologix, Inc., Portland, ME, USA).
The ELISA kit does not distinguish between microcystin variants and as such we use the term MC to
refer to four possible microcystin toxin variants (MC-LR, MC-LA, MC-RR, MC-YR) and the structurally
similar nodularin toxin. Prior to the ELISA, the entirety of each water sample was subjected to a
toxin extraction process consisting of triplicate cycles of freeze-thaw (−80 ◦ C, minimum freeze time
of 1 h) and incubation in a sonic water bath (5–10 min intervals). Samples were centrifuged and the
supernatants collected for analysis. When extracted samples were below the method detection limit,
water was transferred to borosilicate serum bottles, refrozen, and lyophilized in a freeze-dry system
(Labconco) under vacuum (~30 × 103 mbar) at −50 ◦ C for 18–24 h. Samples were then rehydrated
with distilled water to achieve a 10-fold increase in the original concentration and final measurements
were corrected for this concentration factor. We analyzed the change in lake MC concentrations over
time using a one-way ANOVA controlling for lake as a random effect in R (version 3.2.0) using the
“stats” package [29] aov() function and ggplot2 [30] for graphical output.
To evaluate assay precision, we analyzed quality control (QC) samples using randomly selected
water samples collected in Greenland (2013–2015). We replicated subsamples within ELISA plates
(intra-assay variation) and across plates run on different days (inter-assay variation) to determine the
degree of repeatability in measurements of MC concentrations. We calculated intra-assay variation
as the standard deviation (SD) of duplicate sample concentrations within a plate divided by the
mean concentration of those duplicates × 100, expressed as the % coefficient of variation (% CV).
We determined inter-assay variation by calculating the % CV across plate-specific sample means.
Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/8/9/256/s1,
Figure S1: Median concentrations in lake water MC in Greenlandic lakes from 2013 to 2015, Table S1: Physical
parameters of Greenlandic study lakes; Table S2: Means, medians, and coefficients of variation for each lake
water sample.
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Abbreviations
The following abbreviations are used in this manuscript:
MC

Microcystin, a potent hepatotoxic cyanotoxin produced by a wide range of cyanobacterial taxa and
frequently detected. MC refers to four possible microcystin variants (MC-LR, MC-LA, MC-RR, MC-YR)
and nodularin toxin (this ELISA does not distinguish between microcystin toxin variants).
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