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Eleršek, T. Potentially Toxic Planktic

and Benthic Cyanobacteria in

Slovenian Freshwater Bodies:

Detection by Quantitative PCR. Toxins

2021, 13, 133. https://doi.org/

10.3390/toxins13020133

Received: 18 January 2021

Accepted: 9 February 2021

Published: 11 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Genetic Toxicology and Cancer Biology, National Institute of Biology, 1000 Ljubljana, Slovenia;
tina.elersek@nib.si

2 Jozef Stefan International Postgraduate School, 1000 Ljubljana, Slovenia
3 Department of Biotechnology and Systems Biology, National Institute of Biology, 1000 Ljubljana, Slovenia;

polona.kogovsek@nib.si (P.K.); spela.baebler@nib.si (Š.B.)
4 Slovenian Environment Agency, 1000 Ljubljana, Slovenia; tadeja.ster@gov.si (T.Š.);

spela.remec-rekar@gov.si (Š.R.R.); aleksandra.krivograd-klemencic@gov.si (A.K.K.)
5 Department of Sustainable Agro-Ecosystems and Bioresources, Research and Innovation Centre,

Fondazione Edmund Mach, 38010 San Michele all’Adige, Italy; leonardo.cerasino@fmach.it
* Correspondence: masa.zupancic@nib.si

Abstract: Due to increased frequency of cyanobacterial blooms and emerging evidence of cyan-
otoxicity in biofilm, reliable methods for early cyanotoxin threat detection are of major importance
for protection of human, animal and environmental health. To complement the current methods
of risk assessment, this study aimed to evaluate selected qPCR assays for detection of potentially
toxic cyanobacteria in environmental samples. In the course of one year, 25 plankton and 23 biofilm
samples were collected from 15 water bodies in Slovenia. Three different analyses were performed
and compared to each other; qPCR targeting mcyE, cyrJ and sxtA genes involved in cyanotoxin
production, LC-MS/MS quantifying microcystin, cylindrospermopsin and saxitoxin concentration,
and microscopic analyses identifying potentially toxic cyanobacterial taxa. qPCR analyses detected
potentially toxic Microcystis in 10 lake plankton samples, and potentially toxic Planktothrix cells
in 12 lake plankton and one lake biofilm sample. A positive correlation was observed between
numbers of mcyE gene copies and microcystin concentrations. Potential cylindrospermopsin- and
saxitoxin-producers were detected in three and seven lake biofilm samples, respectively. The study
demonstrated a potential for cyanotoxin production that was left undetected by traditional methods
in both plankton and biofilm samples. Thus, the qPCR method could be useful in regular monitoring
of water bodies to improve risk assessment and enable timely measures.

Keywords: cyanotoxin detection; harmful cyanobacterial blooms; next-generation biomonitoring;
real-time PCR; qPCR; LC-MS/MS; microcystin; cylindrospermopsin; saxitoxin

Key Contribution: Currently used biomonitoring methods are not sufficient for detection of cyano-toxic
potential. In addition to planktic cyanobacteria, benthic species in biofilm can be a potential source of
cyanotoxins and therefore both groups should be included in biomonitoring for risk assessment.

1. Introduction

Cyanobacterial blooms and a subsequent release of cyanotoxins into the environment
are becoming more frequent due to eutrophication, global warming and other anthro-
pogenic pressures. They can have negative effects on all ecosystem services as well as
human and animal health and can cause economical damage by affecting tourism, recre-
ation, industry, agriculture and drinking water supply. On the European Union level, there
is no legislation prescribing regular monitoring of cyanotoxin concentration in surface
waters. The most frequently used guideline is the one for drinking water from the World
Health Organisation, setting the upper limit of 1 µg/L of microcystin-LR equivalents [1].
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Early detection of cyanotoxin threat could help water resources managers take timely
and appropriate measures. Current approaches for identification and quantification of
cyanobacterial cells and cyanotoxins—microscopic count and analytical methods, such
as high-performance liquid chromatography (HPLC), liquid chromatography–mass spec-
trometry (LC-MS), enzyme-linked immunosorbent assay (ELISA) or protein phosphatase
1A (PP1A) analyses—each have their advantages, but they can often be time-consuming,
costly or technically demanding. Emerging molecular methods, such as quantitative PCR
(qPCR), could enable fast, highly sensitive and cost-effective detection of potentially toxic
cyanobacteria [2]. This approach is based on the extraction of community DNA from envi-
ronmental samples and can therefore provide a full picture of the cyanobacterial diversity.
However, for its use in regular monitoring programs, these methods have to be thoroughly
tested and optimised in order to achieve comparability with current methods and thus
applicability in monitoring schemes.

Analytical methods for detection of cyanotoxins can determine their concentration
only at a certain point in time, whereas cyanotoxin content can vary significantly through-
out the day (depending on hydrological conditions and the presence of bacterial decom-
posers). Besides, due to a high number of variants of cyanotoxins (e.g., over 248 variants
of microcystins [3]) and a lack of standards for each of these variants, not all of them can
be measured. These methods are also too expensive to monitor the concentration daily.
On the other hand, detection and quantification of genes involved in cyanotoxin synthesis
could enable cost-effective monitoring of the potential for cyanotoxin production on a daily
basis at various locations. Moreover, all of the cyanotoxins with known genetic basis can
be analysed. This can give us comprehensive information on the toxigenic potential of
cyanobacterial communities in the environment.

The qPCR method has been applied in various studies, which have been summed up
by Pacheco et al. [2]. Majority of the studies target genes involved in microcystin (MC)
synthesis (e.g., [4], followed by cylindrospermopsin (CYN) (e.g., [5] and saxitoxin (SXT)
synthesis (e.g., [6]). There have been attempts to optimise the method for its use directly in
the field ([7] or to target various genes at once in multiplex reactions (e.g., [8]). However,
there is still no consensus on the applicability of qPCR in regular monitoring since gene
copy numbers reveal only the potential for cyanotoxin production, which is not always
in correlation with actual cyanotoxin concentrations in the environment. Precisely this
contrast between the methods indicates the advantage of qPCR over analytical methods
focused on cyanotoxin measurement, as the former one could predict also future risk rather
than assessing only the current situation.

The majority of the cyanobacterial qPCR studies are directed at microcystins, while
detection of cylindrospermopsins and especially saxitoxins is still relatively rare [2]. More-
over, most of the studies focus on plankton samples, while cyanobacteria in biofilm are
still underrepresented in molecular studies despite increasing evidence of their toxicity
with potential acute effects on animals [9–13]. Furthermore, few of these studies include
comparison of qPCR method and microscopy [2]. As microscopy is the preferred method of
biomonitoring in many countries, it is important to investigate its effectiveness in detecting
potential risk of cyanotoxin production. Additionally, all such studies are geographically
limited with little or no focus on the central European region [2]. Taking into account the
high genetic variability in naturally occurring cyanobacterial strains throughout the world
(e.g., [14]), the assays should be tested in different regions and different water bodies to
assure their wide applicability.

Therefore, the aim of this study was to expand the evaluation of qPCR assays for detec-
tion of cyanotoxin threat to understudied benthic cyanobacteria in biofilm samples, with the
emphasis on comparison of results with microscopy as well as LC-MS/MS. We focused on
water bodies in different regions of Slovenia (central Europe) and on three groups of cyan-
otoxins: microcystins, cylindrospermopsins and saxitoxins. We employed five previously
published qPCR assays for detection of the microcystin- [15–17], cylindrospermopsin- [18]
and saxitoxin-producing cyanobacteria [6]. Although the cyanotoxin potential is not neces-
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sarily linked to cyanotoxin concentration, we evaluated the correlation between the number
of gene copies, microscopically determined cell number of potentially toxic species and
cyanotoxin concentration. This is the first study in Slovenia aiming to detect cyanobac-
terial toxic potential with qPCR, and one of the few studies employing this method in
environmental biofilm samples. Only thorough understanding of strengths and weak-
nesses of the qPCR method can enable its implementation into existing environmental
monitoring strategies.

2. Results
2.1. Evaluation of the qPCR Assays

For our study, we have chosen previously published assays mcyE-Ana, mcyE-Mic,
mcyE-Pla, cyrJ and sxtA, targeting microcystin-producers from genera Dolichospermum
(ex Anabaena), Microcystis and Planktothrix, cylindrospermopsin-producers and saxitoxin-
producers, respectively ([6,15–18]; Table 1). First, we evaluated the selected qPCR assays in
terms of their specificity, sensitivity and robustness.

Table 1. Primers used for qPCR amplification of selected target regions. bp—base pair.

Target Cyanotox-
ins/Organisms Assay Target Gene Primer Label Nucleotide Sequence

(5′ → 3′)
Fragment

Length [bp] Reference

Microcystins
(genus

Dolichospermum)
mcyE-Ana mcyE

mcyE-F2 GAA ATT TGT GTA
GAA GGT GC

247
[15]

AnamcyE-12R CAA TCT CGG TAT
AGC GGC [16]

Microcystins
(genus Microcystis) mcyE-Mic mcyE

mcyE-F2 GAA ATT TGT GTA
GAA GGT GC

247
[15]

MicmcyE-R8 CAA TGG GAG CAT
AAC GAG [16]

Microcystins
(genus Planktothrix) mcyE-Pla mcyE

mcyE-F2 GAA ATT TGT GTA
GAA GGT GC

249
[15]

PlamcyE-R3 CTC AAT CTG AGG
ATA ACG AT [17]

Cylindrospermopsins cyrJ cyrJ
cyrJ207-F CCC CTA CAA CCT

GAC AAA GCT T
77 [18]

cyrJ207-R CCC GCC TGT CAT
AGA TGC A

Saxitoxins sxtA sxtA
sxtA-F GAT GAC GGA GTA

TTT GAA GC
125 [6]

sxtA-R CTG CAT CTT CTG
GAC GGT AA

(Cyano-)bacteria
and plant

chloroplasts
16S-cyano 16S rRNA

cyano-real16S-F AGC CAC ACT GGG
ACT GAG ACA

73 [6]
cyano-real16S-R TCG CCC ATT GCG

GAA A

2.1.1. Selection and Specificity of the qPCR Assays

Based on a literature review (Supplementary file S1), we selected nine published assays
for specificity evaluation. In addition to the assays shown in Table 1, two assays targeting
all microcystin-producers (McyE-F2b/R4 [15,19] and DQmcy [20]), and assay anaC-gen
targeting anatoxin-producers [21,22] were evaluated. Assay anaC-gen was excluded due
to too high specificity indicated in the original paper [21] and too long amplicon, originally
designed for end-point PCR application. The other eight assays were evaluated in vitro
on test environmental samples. Assays mcyE-F2b/R4 and DQmcy were excluded based
on suboptimal performance with Slovenian environmental samples (dissociation curves
indicating non-target amplification (multiple peaks) and certain results inconsistent with



Toxins 2021, 13, 133 4 of 19

microscopic observations, which could be due to regional differences in cyanobacterial
genotypes; data not shown)).

The remaining six assays were further characterised in silico and in vitro. Specificity
evaluation done in the original papers demonstrated appropriate specificity of all assays,
while BLAST analysis in this study revealed that four assays (namely mcyE-Ana, mcyE-Pla,
cyrJ and sxtA) are specific for desired target organisms and genes. Assays mcyE-Mic
and 16S-cyano showed non-target alignment; the former with Pseudanabaena sp. CCM-
UFV065, and the latter with plant chloroplasts as well as some heterotrophic bacteria,
such as Chryseobacterium or Actinobacterium, which can be found in freshwater habitats
and could thus be amplified in environmental samples. In original studies, specificity of
assays mcyE-Mic [16] and 16S-cyano [6] was in vitro tested with selected non-target genera,
namely Planktothrix, Dolichospermum and Nostoc, and with several target cyanobacterial
cultures, respectively. None of the assays showed any cross-reactivity, however, unspecific
reaction predicted with in silico analysis was not evaluated.

In cyanobacterial cultures, specific amplification occurred only in strains producing
target cyanotoxins and not in other strains (Table 2). In assay 16S-cyano, strong ampli-
fication was observed in selected plant samples, confirming cross-reactivity with plant
16S rRNA genes (Supplementary file S2). This could lead to false positive results and
overestimation of cyanobacterial abundance in environmental samples; thus, this assay
was used only for evaluation of DNA extraction and control of inhibition in qPCR reactions.

Table 2. Specificity of selected qPCR assays, with positive results shaded in grey. Average quantification cycle (Cq) values
between three technical replicates of DNA in 10−2 dilution and reference melting temperatures (Tm, in ◦C), calculated as
an average of all DNA dilutions within quantification range are shown. Raw data is available in Supplementary file S4.
MC—microcystins, CYN—cylindrospermopsins, SXT—saxitoxins, N—no specific amplification.

Cyanobacterial Cultures qPCR Assays

Strain Toxicity
16S-cyano mcyE-Ana mcyE-Mic mcyE-Pla cyrJ sxtA

Cq Tm Cq Tm Cq Tm Cq Tm Cq Tm Cq Tm
Anabaena sp.
UHCC 0315 MC-producer 23.13 81.1 25.86 75.7 N N N N N N N N

Microcystis aeruginosa
PCC 7806 MC-producer 20.14 81.0 N N 19.82 78.0 N N N N N N

Planktothrix sp.
NIVA-CYA126/8 MC-producer 23.55 81.1 N N N N 24.37 77.6 N N N N

Aphanizomenon
ovalisporum ILC-164 CYN-producer 23.87 81.2 N N N N N N 24.79 80.0 N N

Aphanizomenon gracile
NIVA-CYA 851 SXT-producer 18.79 81.3 N N N N N N N N 18.72 79.6

Reference Tm 81.1 75.9 78.2 77.6 79.9 79.5

In some of the environmental samples, melting temperatures of the amplified products
(Tm) obtained via dissociation curve analysis indicated the presence of non-target ampli-
cons. This was mostly observed with assays mcyE-Ana and mcyE-Mic, which showed up to
12.3 ◦C and up to 10.0 ◦C higher Tm then the reference Tm (Table 2, Supplementary file S4),
respectively. Additionally, primer dimers were detected in some samples with assays
mcyE-Ana, mcyE-Mic and mcyE-Pla (Tm < 70 ◦C). Therefore, results for all cyanotoxin-
specific assays were considered positive if their Tm values were within the expected
range (±0.5 ◦C). For the assay 16S-cyano, however, a wider range of obtained Tm values
(80.7–82.7 ◦C; Supplementary files S2–S5) were considered positive, as they were consis-
tent between technical replicates and the Cq values were below 30. Reference Tm values
from pure cultures corresponded closely to Tm of synthetic DNA fragments for all assays
(± ≤0.5 ◦C, data not shown). Gel electrophoresis of the samples with multiple Tm peaks
(18 samples for mcyE-Ana, 3 samples for mcyE-Pla and 2 samples for cyrJ) produced
multiple bands of different lengths, in contrast to environmental samples with one dis-
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tinctive Tm peak that produced a single band (data not shown), confirming non-specific
amplification of various DNA fragments in the former group. Therefore, such samples
were considered negative.

2.1.2. Sensitivity of the qPCR Assays.

Dilution series of the cyanobacterial culture DNA was prepared to evaluate the sen-
sitivity of the assays (Table 3; calibration curves in Supplementary file S6). All six qPCR
assays showed high sensitivity, ranging from 10 to 30 cells/mL for all assays, except sxtA,
which showed the highest sensitivity, detecting less than 1 cell/mL (Table 3). Amplification
efficiency determined from the dilution series of all assays was between 63% and 98%.

Table 3. Limit of detection (LOD), limit of quantification (LOQ), amplification efficiency and correlation coefficient for
selected qPCR assays based on calibration curves of reference cyanobacterial strains DNA. LOQ and LOD are expressed in
cells/µL DNA and in cells/mL sample, which depends on the individual sample volume. Individual calibration curves are
shown in Supplementary file S6.

Assay LOD (Cells/µL DNA,
Cells/mL Sample)

LOQ (Cells/µL DNA,
Cells/mL Sample)

Amplification
Efficiency

Correlation Coefficient (R2)
of Linear Range of Curve

mcyE-Ana 3.3, 30.1 33, 301 0.63 1.0000
mcyE-Mic 16.5, 205.9 165, 2059 0.75 0.9973
mcyE-Pla 2.4, 12.5 238, 1252 0.68 0.9969

cyrJ 5.7, 114.6 6, 115 0.73 0.9991
sxtA 0.3, 1.5 3, 15 0.98 0.9988

16S-cyano 1.6, 20.6 165, 2059 0.79 0.9968

2.1.3. Robustness of the qPCR Assays

Performance of the assays was evaluated also on typical environmental samples with
known cyanobacterial taxa composition (as determined by microscopy). Up to 14 samples
of plankton community DNA (2 from lakes, 6 from urban ponds, 1 from urban stream and
5 cyanobacterial bloom samples) were tested with specific assays. The presence of the target
organisms was mostly confirmed in samples where it was expected (Supplementary file S7),
thus proving the suitability of the method for target gene detection in environmental
samples sampled in our region.

For intra-assay variability, the absolute difference between Cq values from three tech-
nical replicates in positive samples was determined. Relatively high intra-assay variability
was observed in samples with target gene concentration close to LOD of the assays, which
is probably due to a stochastic effect, while lower variability was observed in the rest of the
samples (Supplementary file S5). For the assay mcyE-Ana, we could not assess intra-assay
variability as we did not get any positive qPCR results from the environmental samples.
When using cyanobacterial monocultures as a template, the variability was in general lower
than with environmental samples (Supplementary files S3 and S5). This is expected, as
the presence of inhibitory compounds in environmental samples can interfere with qPCR
amplification [23], which can result in higher intra-assay variability. Inter-assay variability,
evaluated for assays mcyE-Pla, cyrJ and sxtA in two separate runs, differed between assays
but showed reasonably good reproducibility, taking into account degradation of DNA due
to freeze/thaw cycle and different inhibitory substances in environmental samples (data
not shown).

Additionally, possible inhibition of qPCR reactions was checked by testing two sub-
sequent dilutions of 10 randomly selected samples. Only one sample showed a potential
for inhibition of a qPCR reaction (BL1.5, Supplementary file S8), therefore analysis of this
sample was repeated with more diluted DNA. Robustness of the assays was demonstrated
by testing DNA extracted from different matrices (cyanobacterial monocultures, synthetic
DNA fragments, frozen or lyophilised bloom samples, environmental samples of plankton
or biofilm), of variable purity and of variable DNA concentration (data not shown), where
adequate performance was observed in all cases.



Toxins 2021, 13, 133 6 of 19

2.2. Presence of Target Genes in Environmental Samples

For the analysis of the environmental samples, negative and positive controls were
included in every qPCR run, where the former showed no amplification and the latter
showed specific amplification in all cases. Additionally, negative controls were included
in every DNA extraction and in every sampling, and their NanoDrop measurements
showed no presence of DNA. This confirmed appropriate assay performance and absence
of contamination during field sampling, DNA extraction and preparation of qPCR reaction
mixtures. Successful DNA extraction and qPCR amplification were additionally confirmed
by positive results of the assay 16S-cyano amplifying 16S rRNA genes in all samples with a
Cq range between 14 and 24 (Supplementary file S5).

Detailed results of qPCR, LC-MS/MS and microscopic analyses are depicted in
Supplementary file S8, raw data is available in Supplementary file S5. Potentially toxic
Microcystis cells (assay mcyE-Mic) were detected in 10 lake plankton samples (all samples
from Lake Vogrscek, Slivnica and Pernica). Potentially toxic Planktothrix cells (assay mcyE-
Pla) were detected in 12 lake plankton samples (all samples from Lake Bled, in low amounts
also in Lake Bohinj) and in low amounts in one biofilm sample (Lake Bled). Potentially
toxic Dolichospermum species (assay mcyE-Ana) were not detected in any plankton nor
biofilm sample. Potential cylindrospermopsin producers (assay cyrJ) were detected in
three lake biofilm samples (Lake Bled, Sava River), while potential saxitoxin producers
(assay sxtA) were detected in seven lake biofilm samples (Lake Bled, Koseze Pond) (Table 4,
Supplementary file S8). In some samples, only 1/3 or 2/3 technical replicates were positive;
all of these samples were close to LOD of the assay. This means that the target genes were
present in low quantities and thus not amplified in every subsample (stochastic effect).

Table 4. Abundance of target gene copies in environmental samples. Plankton [gc/mL]: * 1–102,
** 102–104, *** 104–106; biofilm [gc/g dry weight]: * 103–105, ** 105–107. Due to low amplification
efficiency, the gc values are not reliable and should be used as qualitative observation. Sample
description and quantification data is available in Supplementary file S8. Sample BL1.4 has only been
analysed for cyanotoxin content and not by qPCR and is thus not represented in this table. gc—gene
copies, empty—below LOD.

qPCR Assays

Sample mcyE-Ana mcyE-Mic mcyE-Pla cyrJ sxtA

PL
A

N
K

TO
N

[g
c/

m
L]

BL1.1 ***
BL1.2 ***
BL1.3 ***
BL1.5 ***
BL1.6 **
BL1.7 ***
BL1.8 ***
BL1.9 **

BL1.10 ***
BL1.11 **
BL1.12 ***

BO1
BO2
BO3 *
PE1 ***
PE2 ***
PE3 ***
PE4 **
SL1 **
SL2 ***
SL3 **
VO1 **
VO2 **
VO3 **
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Table 4. Cont.

qPCR Assays

Sample mcyE-Ana mcyE-Mic mcyE-Pla cyrJ sxtA

BI
O

FI
LM

[g
c/

g
ry

w
ei

gh
t]

BL2.1 **
BL2.2 * *
BL2.3 **
BL2.4 *
BL2.5
BL2.6 *
BL2.7 * *
BL2.8
BL2.9

BL2.10 **
SO1
SO2
SO3
LU
BI
PS

SA1 *
SA2
RI
LJ

KO **
TI
GL

2.3. Temporal Variability of Microcystin Abundance

Cylindrospermopsins or saxitoxins were not detected with LC-MS/MS in any of
the samples. Microcystins were detected in 16 out of 23 plankton samples (out of which
one was uncertain as it was too close to the background noise) and 4 out of 22 biofilm
samples (out of which 3 were uncertain) with 5 different variants observed (MC-RR, MC-
RRdm, MC-HtyRdm, MC-LRdm, MC-LR). The highest concentrations of microcystins were
measured in plankton samples from Lake Bled during winter months (up to 660 ng/L in
February, BL1.2, Supplementary file S8), which complies with the highest cell concentration
of the microcystin-producing species Planktothrix rubescens (See Section 2.5. Correlation
between Parametres). Moreover, all three microcystin variants found in these samples
are typically produced by Planktothrix rubescens. Figure 1 shows the microcystin diversity
in plankton samples of Lake Bled, where a temporal trend can be observed. In all other
samples, microcystins were either not detected or their concentrations were low; up to
6.9 ng/L in plankton samples (SL2, Supplementary file S8) and up to 11.9 ng/g dry weight
in biofilm samples (BL2.6, Supplementary file S8) and thus their diversity is not represented
in the Figure 1.

2.4. Microscopic Analyses

With microscopic analyses, we found 17 potentially toxic taxa in plankton sam-
ples (Aphanizomenon sp., Aphanizomenon flos-aquae, Aphanizomenon issatschenkoi,
Cylindrospermopsis raciborskii, Dolichospermum crassum, Dolichospermum flos-aquae,
Dolichospermum lemmermannii, Dolichospermum planctonicum, Microcystis aeruginosa,
Microcystis flos-aquae, Phormidium sp., Phormidium amoenum, Planktothrix agardhii,
Planktothrix rubescens, Pseudanabaena sp., Pseudanabaena catenata, Pseudanabaena lim-
netica) and 4 in biofilm samples (Oscillatoria sp., Phormidium sp., Phormidium autumnale,
Pseudanabaena catenata) (Figure 2, Supplementary file S9). The highest diversity of poten-
tially toxic planktic cyanobacteria was found in Lake Pernica (13 taxa), while in Lake Bohinj
none was detected. In the majority of the lakes, there was a higher diversity of potentially
toxic taxa observed in summer months (June, July, August) than in the rest of the year. Out
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of the 23 biofilm samples, in the majority of them there was one potentially toxic taxon
detected under microscope, while six of them contained none and two of them contained
two potentially toxic taxa (Koseze Pond, Lake Bled). The most common potentially toxic
genus was Phormidium, which was detected in 17 samples.
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Figure 1. Microcystin temporal variability and diversity in plankton samples from Lake Bled. The three congeners (RRdm,
HtyRdm and LRdm) are all demethylated variants, typical of Planktothrix rubescens. The temporal changes of proportions
can be explained by the succeeding of different chemotypes of the same species. Samples Feb–Dec correspond to samples
BL1.2–BL1.12 (Supplementary file S8).

2.5. Correlation between Parametres

To further evaluate qPCR as a method to detect cyanotoxin production potential,
correlations (presented as Pearson correlation coefficient) between qPCR, LC-MS/MS and
microscopy results were determined. For plankton samples (N = 25), the numbers of mcyE
gene copies (sum of values produced by assays mcyE-Ana, mcyE-Mic and mcyE-Pla) were
positively correlated with microcystin concentrations measured by LC-MS/MS (r = 0.8375,
Figure 3A), while there was no correlation with cell number or biovolume of all potential
microcystin-producing taxa. There was also no correlation found between Microcystis-
or Planktothrix-specific mcyE gene copies and cell numbers or biovolumes of Microcystis
or Planktothrix cells, respectively. However, when results from Lake Bled were analysed
separately, there was a positive correlation between Planktothrix-specific mcyE gene copies
and both cell numbers and biovolumes of Planktothrix cells (r = 0.8831 in both cases, the
former one is presented on Figure 3B). More detailed graphical representation of results
from Lake Bled produced with different methods (Figure 4) shows similar temporal trend
observed with qPCR, microscopy and LC-MS/MS. Elevated abundances of Planktothrix
cells and microcystin concentrations in winter months correspond to a scarlet-coloured
blooms of Planktothrix rubescens (Figure 2), which were observed on Lake Bled in February
2019 and January 2020.
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Figure 2. Potentially toxic cyanobacterial taxa found in environmental samples. (A)—Aphanizomenon flos-aquae,
(B)—Aphanizomenon issatschenkoi, (C)—Dolichospermum lemmermanii, (D)—C.r. Cylindrospermpsis raciborskii, D.c.
Dolichospermum crassum, P.a. Planktothrix agardhii, (E)—D.f. Dolichorpermum flos-aquae, D.p. Dolichospermum
planctonicum, M.a. Microcystis aeruginosa, (F)—M.a. Microcystis aeruginosa, M.f. Microcystis flos-aqaue, P.a. Planktothrix
agardhii, (G)—Phormidium amoenum, (H)—Planktothrix rubescens, (I)—P.a. Planktothrix agardhii, P.c. Pseudoanabaena
catenata. The photos were taken under light microscope with 160× (A), 400× (C,H), 640× (B,D,E,F) or 1600×magnifica-
tion (G,I).
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Figure 3. Scatterplots showing the correlations between different parameters for plankton samples. Solid lines represent
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assays mcyE-Ana, mcyE-Mic and mcyE-Pla) and MC concentration. (B) correlation between Planktothrix-specific mcyE gene
copies concentration and cell concentration of all Planktothrix species (only samples from Lake Bled, N = 11).
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Figure 4. Planktothrix cell abundance in Lake Bled in 2019 determined by qPCR (assay mcyE-Pla) and microscopic analyses.
Due to low amplification efficiency and possible variability of gene copy numbers per cell, the calculated cell abundance
values are not reliable and should be used as qualitative observation. Total MC concentration measured by LC-MS/MS
is included for comparison. In microscopy, 10% variation is expected, which is the average standard deviation between
technical replicates with Bürker Türk counting chamber in our laboratory.

For plankton samples, correlations could not be determined for assays mcyE-Ana,
cyrJ and sxtA as we did not detect target genes in any of the plankton samples. For
biofilm samples (N = 23), correlations between target gene copies and relative species
abundance were determined and there was no correlation found for any of the assays.
Species abundance was evaluated semi-quantitatively (values 1–5), which might have
impacted the results.

3. Discussion

The study aimed to evaluate the suitability of a qPCR method for early detection
of potentially toxic cyanobacteria in surface water bodies in the central European region.
Systematic search for publications describing molecular assays (Supplementary file S1)
revealed several qPCR assays that were applied for detection of cyanobacteria-specific
target genes. We performed a selection of the amplicons, where we took into consideration
their specificity, sensitivity and suitability for qPCR reaction conditions. Furthermore,
we tested the performance of selected assays (Table 1) in vitro. Even though all assays
showed good performance in pure cultures (Table 2) and synthetic DNA fragments, some of
them showed unspecific amplification in environmental samples. This is a consequence of
heterogenous samples originating from water bodies and presents a high risk in application
of SYBR Green chemistry detection in environmental samples, especially when the genome
of the target organism is unknown. Nevertheless, we were able to filter the true positive
samples from the unspecific samples with reference Tm values. Based on these results, all
five selected cyanotoxin-specific assays are suitable for detection of cyanotoxin potential
in water bodies. However, as we did not detect cylindrospermopsins or saxitoxins in any
of the environmental samples, further research is needed to confirm the suitability of the
assays for potential producers of these cyanotoxins. On the other hand, assay 16S-cyano
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was shown to be inappropriate for detection of cyanobacteria, since it also amplifies plant
chloroplast DNA (Supplementary file S2). Thus, we used it as a DNA extraction and qPCR
inhibition control.

The qPCR results revealed some new information that was unknown up to date and
could not be obtained by microscopy alone. The most novel finding is the potential for
cylindrospermopsin- and saxitoxin-production in biofilm in certain water bodies (Table 4),
where it has never been reported before. In Slovenia, cylindrospermopsins have been
detected once in low amounts in a planktic sample (data not published), while saxitoxins
have never been detected. Our study indicates that despite these cyanotoxins not being
detected in the moment of sampling (Supplementary file S8), a potential for their production
exists, which might be important information for the future monitoring schemes and
research studies.

Another important finding is the discovery of cyanotoxic potential in biofilm
(Table 4). Even though the first observation of potentially toxic cyanobacteria in biofilm
samples was reported in 1997 [24] and cyanotoxins from benthic cyanobacteria are be-
lieved to have caused animal death on a few occasions [9–13,24], such studies are still
scarce. These findings suggest anatoxin-a and microcytins as the prevalent cyanotoxins in
cyanobacterial mats. However, our results indicate such microbial mats might also pos-
sess cylindrospermopsin- and saxitoxin-producing potential (found in over a third of the
biofilm samples, Table 4), which could not be detected by either microscopy or LC-MS/MS.
Although there have been some prior publications about cylindrospermopsin- [25–27] and
saxitoxin-production [28–30] by benthic cyanobacteria, the issue is still poorly investigated.
This information, together with some novel findings regarding microcystins in Slovenia
(presence of potentially toxic Microcystis in Lake Slivnica and Vogrscek throughout the
whole year, which has not been reported by regular monitoring before) might be a valuable
guideline for future water management.

In addition to applying the qPCR method to environmental samples, our aim was also
to compare its performance to traditionally used methods. While many studies have com-
pared qPCR results with cyanotoxins measurements (e.g., [5,6,31]), comparisons with mi-
croscopic counts are harder to find, so one of our goals was to evaluate qPCR in comparison
with microscopy-based biomonitoring methods. There was no correlation found between
gene copy numbers and cell numbers or biovolumes for microcystin-producing cyanobac-
terial species, neither when analysed separately by genus nor as a whole group. Regarding
Microcystis genus, there were four samples where Microcystis-specific mcyE genes were de-
tected, while Microcystis cells were not observed under microscope (Supplementary file S8).
This could mean that the numbers of Microcystis cells in these lakes were below LOD
of microscopy, but could be detected by qPCR, which is expected due to much higher
sensitivity of qPCR. Alternatively, discrepancy between results could be caused by cross-
contamination of field equipment while transferring it between lakes or by low specificity
of the assay mcyE-Mic (detecting mcyE genes in other genera or other non-target products).
The possibility of non-target detection was confirmed also by BLAST analysis, revealing
Pseudanabaena sp. as one of the assay’s potential targets. However, the majority of the
results cannot be explained by this, as Pseudanabaena was microscopically observed only in
two of these samples. This could be further investigated by DNA sequencing of obtained
qPCR products. On the other hand, there were also two samples where Microcystis cells
were microscopically identified, while Microcystis-specific mcyE genes were not detected
(Supplementary file S8). This might be due to the fact that toxic and non-toxic Microcystis
cells cannot be distinguished morphologically [32].

For the Planktothrix species, elevated cell and microcystin concentrations in Lake Bled
in the beginning of the year (Figure 4) correspond to a moderate Planktothrix rubescens
bloom in 2019. Elevated concentrations at the end of the year contributed to a massive
bloom formation that occurred in the end of January 2020 (field observations), which
was influenced also by other nutritional factors taking place that month, so it cannot be
explained only by our measurement in 2019. Despite the lack of correlation between
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microscopic and qPCR-based abundance of Planktothrix cells in the whole dataset, there
was a positive correlation when the analysis was performed only with samples from Lake
Bled (Figure 3). Those 11 samples represent a majority of qPCR-positive samples for this
assay (mcyE-Pla; Table 4), which indicates that the lack of correlation in other samples
is primarily caused by samples with negative qPCR and positive microscopy results. In
most of such samples, the dominant Planktothrix species was P. agardhii (Lake Pernica,
Supplementary file S9), which might suggest that the assay does not amplify target genes
in the whole genus equally. Alternatively, the discrepancy might be caused by the presence
of non-toxic P. agardhii strains and the inability of microscopic analyses to differentiate
between them, which has been shown in previous studies [33]. Regarding Dolichospermum
genus, the complete lack of genus-specific mcyE genes in all analysed samples (assay mcyE-
Ana) despite some microscopic observations (Lake Pernica, Lake Bled; Supplementary
file S9) might indicate that the assay does not amplify target genes in all Dolichospermum
strains, or that the present taxa were in fact not possessing mcyE genes.

Furthermore, qPCR was also compared to LC-MS/MS results. A positive correlation
was found between mcyE gene copy numbers (sum of all analysed genera) and microcystin
concentrations (Figure 3), which corroborate numerous prior studies (e.g., [16,31,34]).
However, there were also some discrepancies between qPCR and LC-MS/MS results. In
some samples, target genes were detected (mostly below LOQ), while cyanotoxins were
not (Supplementary file S8). Similar inconsistencies have been observed in other studies as
well (e.g., [6,35].) Authors’ potential explanations include low concentration of cyanotoxins
(below LOD of analytical method), degradation of cyanotoxins in the samples, lack of gene
expression or mutations leading to non-toxicity. It has to be noted that these results are not
always expected to match, as analytical methods (such as LC-MS/MS) measure the actual
cyanotoxin concentration in a particular moment of sampling, while qPCR detects only the
potential for cyanotoxin production. It has been indicated that despite the presence of mcy
genes, their expression can vary in time significantly [36]. The toxin production depends
on physical parameters (e.g., temperature), growth phase [37] and nutrient content [38].
Therefore, quantification of gene copies alone cannot always predict toxin concentration.

Regarding the methodology itself, our study confirmed that qPCR has significantly
higher sensitivity (LOD = 1.5–205.9 cells/mL, Table 3) than microscopic cell count (Bürker
Türk counting chamber, LOD = 10.000 cells/mL) of Slovenian samples, which are not pre-
concentrated. Detection of less than 1 cell/mL (assay sxtA) could be explained by multiple
gene copies of the target gene per cell [6] and possible free DNA in the sample. Specificity
of all assays was tested and proved appropriate in the original publications. On top of that,
our experiments showed that the assays are highly specific in cyanobacterial monocultures
(Table 2), while there was some non-specific amplification observed in environmental
samples—especially with assays mcyE-Ana and mcyE-Mic. Some of these amplicons are
probably primer dimers (Tm < 70 ◦C), which were observed also in the original study [16].
In order to eliminate false positives, the authors measured fluorescence at a temperature
higher than Tm of primer dimers (77 ◦C). On the other hand, we also observed non-target
amplicons with higher Tm (mostly > 80 ◦C), which indicates amplification of non-target
regions. These samples did not show distinctive Tm peaks, but rather multiple smaller
peaks, and we confirmed the presence of various non-specific amplicons also by gel
electrophoresis. Cq values of such samples were therefore a product of amplification
of various templates and could not be considered positive. These false positive signals
were excluded from further analyses. The results suggest that the SYBR Green chemistry
might not be the most suitable for environmental samples. Specificity and quantification
could be improved by using TaqMan chemistry (Roche Molecular Systems Inc., USA) with
fluorescent probes or by complementing qPCR results with sequencing of the products.

In some of the assays, amplification efficiency was relatively low (Table 3). While
in the original studies amplification efficiency exceeded 90% [6,16,18] for all evaluated
assays, in our study that was the case only for assay sxtA. This difference might be caused
by sequence variability of uncharacterised cyanobacterial cultures, which is even more
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significant between different geographical regions of sampling. Possible mismatches in
the target regions due to high sequence variability between cyanobacterial strains can
lead to low amplification efficiency. Moreover, the effect of the sample impurities and
secondary structure of genomic DNA has to be considered as well. Therefore, the LOD
and LOQ values, as well as calculated gene copy numbers and cell numbers, might not
be fully reliable and should be taken only as a qualitative observation. The reliability of
the assay mcyE-Pla might be additionally decreased by a narrow linear dynamic range
(Supplementary file S6), which should be addressed in future studies. Moreover, the
efficiency of DNA extraction from environmental samples should be evaluated for a more
accurate quantification of cells and comparability of results.

For implementation in existing monitoring programs, it is important to quantify cells
of the target organisms, not merely gene copies. This might be uncertain in the phylum
of cyanobacteria due to unknown number of target gene copies per cell. Genetic cluster
mcy is thought to appear in only one copy per genome [39,40], while gene sxtA appears on
average in 3.58 copies per cell in strain A. circinalis AWQC131C [6]. Besides, cyanobacteria
can contain up to 10 or even more copies of genome per cell [41]; ploidy level differs
between species and strains, while it depends also on the growth phase and environmental
parameters [42,43]. Therefore, it has to be noted that the calculated cell numbers represent
an average for all the genotypes containing target genes from environmental samples,
estimated based on assumption that they contain the same number of gene copies as
the reference strains. This issue could be avoided if the risk assessment guidelines were
adapted for operation with number of gene copies instead of cells.

To enable a thorough cyanotoxin risk assessment in regular monitoring, an assay for
detection of anatoxin-a production potential should be designed and optimised. In this
study, anatoxin-a was excluded, because literature search did not reveal any appropriate
qPCR assays for detection of all anatoxin-producing cyanobacteria. What is more, it
would be beneficial to optimise a single assay for detection of mcyE genes in all potential
microcystin-producers instead of genus-specific assays in order to simplify the test and
lower the costs.

4. Conclusions

This is the first study in Slovenia aiming to detect cyanotoxic potential with qPCR, as
well as one of the few studies employing this method in environmental biofilm samples.
We conclude that the method is appropriate for detection of potentially toxic cyanobacteria
in water bodies for the purpose of rapid screening and early warning, which could improve
risk assessment and protection of human and ecosystem health. Its advantages are early
risk detection, short time of analysis and cost effectiveness, while the main downside of
the tested assays is suboptimal specificity in environmental samples as a result of SYBR
Green chemistry used.

In particular, we aimed to expand the evaluation of the qPCR method also to under-
studied benthic cyanobacteria in biofilm samples, with the emphasis on comparison with
microscopy and LC-MS/MS. The study demonstrated that in both plankton and biofilm
samples there might be a potential for cyanotoxin production which is left undetected
by traditional methods. This might be especially important in urban water bodies with
regular human and animal visitors. In such water bodies, qPCR could provide additional
information if implemented in biomonitoring programs, ensuring appropriate precautions
to avoid negative effects of acute and chronic exposure to cyanotoxins.

Furthermore, the study indicated that microscopy as the preferred and often the only
method of regular biomonitoring is not sufficient for detecting cyanotoxic potential. Simi-
larly, LC-MS/MS did not detect cyanotoxins in all the samples with observed potential for
their production. Implementation of the qPCR method with monitoring strategies could
serve for assessing potential toxicity of cyanobacterial blooms or microbial mats and form-
ing recommendations for visitors, as well as in evaluating the efficiency of implemented
measures for removal or destruction of cyanobacterial cells or cyanotoxins.
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5. Methods and Materials
5.1. Cyanobacterial Cultures and Synthetic DNA Fragments

For specificity testing and cell quantification, reference cyanobacterial cultures were
used: microcystin-producing Anabaena sp. UHCC 0315 (University of Helsinki, Fin-
land) [16], Microcystis aeruginosa PCC 7806 (Pasteur Institute, France) [16] and Plank-
tothrix agardhii NIVA-CYA 126 (Norwegian Institute for Water Research, Norway) [17],
cylindrospermopsin-producing Aphanizomenon ovalisporum ILC-164 (Israel Oceanographic
and Limnological Research, Israel) [44] and saxitoxin-producing Aphanizomenon gracile
NIVA-CYA 851 (Norwegian Institute for Water Research, Norway) [45]. The cultures were
grown in standard medium BG11 (Gibco, ThermoFisher Scientific, Waltham, MA, USA)
under natural light conditions at room temperature. For DNA extraction (see Section 5.3.
DNA Extraction and Quality Control), the cultures were filtered through Sterivex columns
(Milipore Sterivex-GP Pressure Filter Unit, Merck KGaA, Germany) with 0.22 µm pore
size; the volume filtered was between 5 and 19 mL. We estimated cell concentration using
Bürker Türk counting chamber and light microscopy.

For positive controls of qPCR reactions and gene copy quantification, synthetic DNA
fragments (gBlocks, Integrated DNA Technologies, Coralville, IA, USA) specific to the
selected target regions were used. Their nucleotide sequences were determined based
on reference sequences from NCBI GenBank [46]; Anabaena sp. 90 (AJ536156.1) for mcyE-
Ana, Microcystis aeruginosa PCC 7806 (AF183408.1) for mcyE-Mic, Planktothrix agardhii 213
(EU151891.1) for mcyE-Pla, Aphanizomenon sp. 10E6 (GQ385961.1) for cyrJ, Anabaena circi-
nalis AWQC131C (DQ787201.1) for sxtA and Anabaena circinalis AWQC131C (AF247589.1)
for 16S-cyano (Supplementary file S10).

5.2. Environmental Sampling

In total, 25 plankton and 23 biofilm samples were collected from 7 lakes or reservoirs
and 8 rivers or streams in Slovenia in 2019 (Supplementary file S8); one of them (plankton,
BL1.4) was included only in cyanotoxin analysis. Plankton samples were collected in lakes
with integrating water sampler (Hydro-Bios, IWS III, Germany) 11 times in the pilot area,
Lake Bled, and 3–4 times elsewhere. Biofilm samples were collected once in rivers and se-
lected lakes, by brushing biofilm off stones or—if stones were not available—macrophytes,
wooden substrate or bricks. Sampling was performed according to national guidelines
for monitoring of ecological state of water bodies intercalibrated in the frame of Water
Framework Directive implementation. All field equipment used for community DNA
samples was treated beforehand with 10% H2O2 solution and rinsed with distilled water.
The sampling procedure was controlled in the field by using blank controls with Milli-Q
water (Merck KGaA).

Each sample was collected in three aliquotes for community DNA extraction, micro-
scopic cell count and cyanotoxin analysis. For DNA extraction from plankton samples,
60–1000 mL of water was filtered through Sterivex columns (Milipore Sterivex-GP Pressure
Filter Unit, Merck KGaA) with pore size 0.22 µm. The columns were stored on –20 ◦C
for up to 161 days. For biofilm, 10 mL of biofilm-Mili-Q water mixture was mixed with
40 mL of absolute ethanol and stored on 4 ◦C for up to 147 days. For cyanotoxin analysis,
plankton (200–2000 mL) or biofilm (5 or 10 mL) samples were filtered through GF/C filters
(Whatman, GE Healthcare, Chicago, IL, USA) with pore size 1.2 µm and dry weight was
determined (for biofilm). Filters were stored on –20 ◦C for up to 14 months before analysed
with LC-MS/MS. Cyanobacterial cell count was performed under light microscope with
counting chambers (e.g., Hydro-Bios, Germany). For plankton samples, cell numbers were
counted, and volumes were calculated for each species (i.e., biovolumes). For filamentous
cyanobacterial species, where cell numbers cannot be directly counted, first their biovol-
umes were calculated based on the measurements of filament length and width, and then
this was converted to cell numbers based on species-specific cell biovolumes known from
literature or from our previous measurements. For biofilm samples, species abundance
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was evaluated semi-quantitatively by assigning each species a value of 1–5 based on their
abundance (0—not detected, 1—very rare, 2—rare, 3present, 4—frequent, 5—dominant).

5.3. DNA Extraction and Quality Control

DNA extraction was performed using commercially available kits following manufac-
turers’ instructions; for cyanobacterial cultures and plankton samples DNeasy PowerWater
Sterivex kit (Qiagen, Germany) and for biofilm samples NucleoSpin Soil kits (Macherey-
Nagel, Germany) were used. DNA was stored at –20 ◦C for further analyses. In each
extraction, a blank control using sterile water (B. Braun, Germany) was included. DNA
concentration and purity of the samples and blank controls were evaluated using spec-
trophotometer NanoDrop (Thermo Scientific, ThermoFisher Scientific) with 1.5–2 µL of
DNA sample and elution buffers from DNA extraction kits as a background.

5.4. qPCR Setup, Assay Validation and Quantification

After a literature review of previously designed qPCR assays for the detection of
potentially toxic cyanobacteria, nine published assays were selected and evaluated based
on their performance described in the published papers and in silico and in vitro character-
isation in this study. In addition to the specificity evaluation done in the original papers
(in silico and in vitro for all primers), in silico specificity check was performed with NCBI
Primer-BLAST [47] using nr/nt database. Furthermore, specificity was tested in vitro on
five different cyanobacterial cultures (see below) for all assays, and for assay 16S-cyano
additionally with selected heterotrophic bacterial strains that could be present in fresh-
water habitats (Salmonella enterica, Escherichia coli, Pseudomonas fluorescens, Brevundimonas
sp., Arcobacter butzleri) and with selected plant samples to check for amplification of plant
chloroplasts (Solanum lycopersicum, Vitis vinifera, Alnus glutinosa, Clematis sp.). The final set
of assays included five qPCR assays to target cyanotoxin-producing cyanobacteria and an
additional assay to target 16S rRNA gene, which served as a DNA extraction and qPCR
inhibition control (Table 1). Amplification was performed on qPCR cycler Applied Biosys-
tems 7900HT (ThermoFisher Scientific). First, different primer concentrations (0.3 µM
and 0.9 µM) and reaction volumes (10 µL and 20 µL) were tested and optimised for each
assay. Final reaction volume was 10 µL, consisting of 5 µL of SYBR Green PCR Master
Mix (Applied Biosystems, ThermoFisher Scientific), 0.9 µM (assays mcyE-Ana, mcyE-Pla,
cyrJ, sxtA and 16S-cyano) or 0.3 µM (assay mcyE-Mic) of each primer and 2 µL of DNA
template in 10−1 dilution. Potential for qPCR inhibition was evaluated on up to five se-
lected samples for assays mcyE-Pla, cyrJ and sxtA, by analysing two subsequent dilutions
(10−1 and 10−2) for each sample. Reactions were performed in 384-well clear PCR plates
(Thermo Scientific, ThermoFisher Scientific), covered by MicroAmp™ optical adhesive
film (Applied Biosystems, ThermoFisher Scientific). Temperature profile was as follows:
2 min on 50 ◦C, 10 min on 95 ◦C, followed by 45 cycles of 15 s on 95 ◦C and 1 min on 60 ◦C.
Dissociation stage with initial denaturation for 15 s on 95 ◦C, followed by 15 s on 60 ◦C
and a gradual increase up to 95 ◦C, was added at the end. Every reaction was performed
in three technical replicates. Positive (specific synthetic DNA fragments) and negative
controls (nuclease-free water, Sigma-Aldrich, St. Louis, MS, USA) were included in every
experiment. qPCR amplification conditions were the same for synthetic DNA and DNA
isolated from cultures or environmental samples.

qPCR results were analysed with software SDS (version 2.4.1, Applied Biosystems,
ThermoFisher Scientific). Threshold values were set manually for each assay within linear
part of exponential curve, allowing for the comparison of Cq values between runs. For
each sample, the amplification curve (giving Cq value) and dissociation curve of the
amplified product (giving Tm value) was checked. To exclude false positives, results were
considered positive if the following two criteria were met: Cq was within detection range
and there was a distinctive peak with appropriate Tm. Cut-off values for Cq (values at
the highest dilution within detection range) and reference values for Tm (average Tm
values of all DNA dilutions within quantification range) were determined based on results
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from cyanobacterial cultures. Tm values served to control the specificity of amplification,
therefore only values in the expected range were considered positive.

Samples that resulted in multiple peaks with one of them showing appropriate Tm
were further analysed with agarose gel electrophoresis. qPCR products were run on 2%
agarose gel with 1× Tris Acetate-EDTA (TAE) buffer stained with ethidium bromide at
100 V for 90 min. Samples contained 4 µL of each product and 1 µL of 6×Mass Ruler DNA
Loading Dye (Thermo Scientific, ThermoFisher Scientific), and GeneRuler 100 bp DNA
Ladder (Thermo Scientific, ThermoFisher Scientific) was used to determine the product
length. Visualisation of amplicons was performed under UV light using UVP ChemStudio
PLUS Imaging System (Analytik Jena, Germany).

Assay sensitivity (LOD, LOQ, linear dynamic range) of the assays was evaluated from
the cyanobacterial culture calibration curves. LOD was defined as a number of cells where
at least 2/3 technical replicates produced a positive result. LOQ was defined as number
of cells in sample that gave Cq value at the lower end of the linear curve and the CV of
technical replicates did not exceed 2%. Amplification efficiency (e) was calculated by the
equation e = 10−1/S—1, where S represents the slope of the linear dynamic range of the
calibration curve. Potential for qPCR inhibition was evaluated by comparing differences
between average Cq values of two subsequent dilutions for the same sample.

For results with 3/3 positive technical replicates, average Cq value (which was the
basis for quantification of cells and gene copies) and absolute difference between Cq values
of technical replicates (which served for assessing intra-assay variability) were calculated.
Quantification was performed using calibration curves approach. The calibration curves
were generated from eight subsequent dilutions of cyanobacterial cultures DNA for quan-
tification of target cells, or of synthetic DNA fragments for quantification of target gene
copies. DNA concentration of stock solution of DNA fragments was 10 ng/µL (accord-
ing to the manufacturer), from which gene copy numbers were calculated based on the
following equation:

gene copy number =
DNA amount[ng]× 6.022× 1023

DNA f ragment lenght[bp]× 650× 109

Results with calculated values below LOQ were given a value of LOQ/2. Results with
1/3 or 2/3 positive technical replicates were given a value of LOQ/10. These values were
used for all following analyses. To ensure comparability of results despite variable volumes
of plankton samples filtered prior to DNA extraction and variable densities of biofilm
samples, gene copies per microliter of DNA were converted into values per millilitre of
water (plankton) or gram of dry weight (biofilm).

Intra-assay variability was tested by using three technical replicates within each exper-
iment. Repeatability (inter-assay variability) of qPCR reactions was tested by repeating the
experiment two times with the same template DNA and under the same conditions on up to
five selected samples for assays mcyE-Pla, cyrJ and sxtA, and comparing average Cq values
of the two technical repetitions. Robustness of the assays was evaluated by testing them on
diverse set of samples; cyanobacterial monocultures, synthetic DNA fragments, frozen or
lyophilised cyanobacterial bloom samples and environmental samples (plankton, biofilm).

5.5. Cyanotoxin Analysis with LC-MS/MS

Intracellular cyanotoxins were extracted from filters applying the protocol described
by Cerasino and Salmaso [48] and quantified with LC-MS/MS. The extraction was carried
out by using a mixture of acetonitrile in water (60/40 v/v), containing 0.1% formic acid. Ex-
tracted toxins were injected into a LC-MS/MS system, composed of a Waters Acquity UPLC
system (Waters, Milford, MA, USA) coupled to a SCIEX 4000 QTRAP mass spectrometer
(AB Sciex Pte. Ltd., Singapore). The mass detector was operated in scheduled MRM (Multi-
ple Reaction Monitor) mode, using positive electrospray ionisation (ESI+). Quantification
of microcystins was performed following the protocol from Cerasino and Salmaso [48],
which has the capability of determining the 11 most common microcystin variants, namely
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RR, [D-Asp3]-RR (RRdm), [D-Asp3]-HtyrR (HtyRdm), YR, LR, [D-Asp3]-LR (LRdm), WR,
LA, LY, LW, LF. Analysis of cylindrospermopsins and saxitoxins was performed following
the protocol from Ballot et al. [49], targeting CYN, STX, dcSTX, NeoSTX, GTX1, GTX4,
GTX5, C1 and C2.

5.6. Data Analysis

Calibration curves and their Pearson correlation coefficients were prepared in Mi-
crosoft Excel (2007). Correlations and linear regression curves between gene copy numbers
and microcystin concentrations, cell numbers and biovolumes were determined with Pear-
son correlation coefficient, using Prism 6 (GraphPad Inc., San Diego, CA, USA) with 95%
confidence interval. For biofilm samples, relative abundance was calculated by summing
up the values of individual target species and normalising the summed value to 100%.
In order to include negative values (below LOD) in correlation analysis, they were re-
placed with a minimum detected value for each assay divided by 100 (for microscopy and
LC-MS/MS results) or by 10 (for qPCR results).
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23. Rački, N.; Dreo, T.; Gutierrez-Aguirre, I.; Blejec, A.; Ravnikar, M. Reverse Transcriptase Droplet Digital PCR Shows High
Resilience to PCR Inhibitors from Plant, Soil and Water Samples. Plant. Methods 2014, 10, 1–10. [CrossRef] [PubMed]

24. Mez, K.; Hanselmann, K.; Beattie, K.; Codd, G.; Hauser, B.; Naegeli, H.; Preisig, H. Identification of a Microcystin in Benthic
Cyanobacteria Linked to Cattle Deaths on Alpine Pastures in Switzerland. Eur. J. Phycol. 1997, 32, 111–117. [CrossRef]

25. Seifert, M.; McGregor, G.; Eaglesham, G.; Wickramasinghe, W.; Shaw, G. First Evidence for the Production of Cylindrospermopsin
and Deoxy-Cylindrospermopsin by the Freshwater Benthic Cyanobacterium, Lyngbya wollei (Farlow Ex Gomont) Speziale and
Dyck. Harmful Algae 2007, 6, 73–80. [CrossRef]

26. Mazmouz, R.; Chapuis-Hugon, F.; Mann, S.; Pichon, V.; Méjean, A.; Ploux, O. Biosynthesis of Cylindrospermopsin and 7-
Epicylindrospermopsin in Oscillatoria sp. strain PCC 6506: Identification of the Cyr Gene Cluster and Toxin Analysis. Appl.
Environ. Microbiol. 2010, 76, 4943–4949. [CrossRef] [PubMed]

27. Gaget, V.; Humpage, A.R.; Huang, Q.; Monis, P.; Brookes, J.D. Benthic Cyanobacteria: A Source of Cylindrospermopsin and
Microcystin in Australian Drinking Water Reservoirs. Water Res. 2017, 124, 454–464. [CrossRef]

28. Smith, F.M.J.; Wood, S.A.; van Ginkel, R.; Broady, P.A.; Gaw, S. First Report of Saxitoxin Production by a Species of the Freshwater
Benthic Cyanobacterium, Scytonema Agardh. Toxicon 2011, 57, 566–573. [CrossRef]

29. Lajeunesse, A.; Segura, P.A.; Gélinas, M.; Hudon, C.; Thomas, K.; Quilliam, M.A.; Gagnon, C. Detection and Confirmation
of Saxitoxin Analogues in Freshwater Benthic Lyngbya wollei Algae Collected in the St. Lawrence River (Canada) by Liquid
Chromatography-Tandem Mass Spectrometry. J. Chromatogr. A 2012, 1219, 93–103. [CrossRef]

30. Belykh, O.I.; Tikhonova, I.V.; Kuzmin, A.V.; Sorokovikova, E.G.; Fedorova, G.A.; Khanaev, I.V.; Sherbakova, T.A.; Timoshkin, O.A.
First Detection of Benthic Cyanobacteria in Lake Baikal Producing Paralytic Shellfish Toxins. Toxicon 2016, 121, 36–40. [CrossRef]

31. Otten, T.G.; Xu, H.; Qin, B.; Zhu, G.; Paerl, H.W. Spatiotemporal Patterns and Ecophysiology of Toxigenic Microcystis Blooms in
Lake Taihu, China: Implications for Water Quality Management. Environ. Sci. Technol. 2012, 46, 3480–3488. [CrossRef]

32. Ouahid, Y.; Pérez-Silva, G.; Del Campo, F.F. Identification of Potentially Toxic Environmental Microcystis by Individual and
Multiple PCR Amplification of Specific Microcystin Synthetase Gene Regions. Environ. Toxicol. 2005, 20, 235–242. [CrossRef]

http://doi.org/10.1016/j.toxicon.2005.02.031
http://doi.org/10.1016/j.toxicon.2009.12.019
http://doi.org/10.1016/j.toxicon.2012.04.335
http://www.ncbi.nlm.nih.gov/pubmed/22534073
http://doi.org/10.3390/toxins10020060
http://doi.org/10.3390/toxins12110726
http://doi.org/10.1111/j.1365-294X.2006.03044.x
http://www.ncbi.nlm.nih.gov/pubmed/17032280
http://doi.org/10.1073/pnas.0304489101
http://www.ncbi.nlm.nih.gov/pubmed/14701903
http://doi.org/10.1128/AEM.69.12.7289-7297.2003
http://doi.org/10.1128/AEM.01058-06
http://www.ncbi.nlm.nih.gov/pubmed/16957235
http://doi.org/10.4236/aim.2013.35058
http://doi.org/10.1111/j.1462-2920.2007.01488.x
http://doi.org/10.1016/j.toxicon.2010.12.018
http://doi.org/10.1016/j.hal.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/29724471
http://doi.org/10.1128/AEM.06022-11
http://doi.org/10.1186/s13007-014-0042-6
http://www.ncbi.nlm.nih.gov/pubmed/25628753
http://doi.org/10.1080/09670269710001737029
http://doi.org/10.1016/j.hal.2006.07.001
http://doi.org/10.1128/AEM.00717-10
http://www.ncbi.nlm.nih.gov/pubmed/20525864
http://doi.org/10.1016/j.watres.2017.07.073
http://doi.org/10.1016/j.toxicon.2010.12.020
http://doi.org/10.1016/j.chroma.2011.10.092
http://doi.org/10.1016/j.toxicon.2016.08.015
http://doi.org/10.1021/es2041288
http://doi.org/10.1002/tox.20103


Toxins 2021, 13, 133 19 of 19

33. Christiansen, G.; Molitor, C.; Philmus, B.; Kurmayer, R. Nontoxic Strains of Cyanobacteria Are the Result of Major Gene Deletion
Events Induced by a Transposable Element. Mol. Biol. Evol. 2008, 25, 1695–1704. [CrossRef] [PubMed]

34. Ostermaier, V.; Kurmayer, R. Application of Real-Time PCR to Estimate Toxin Production by the Cyanobacterium Planktothrix sp.
Appl. Environ. Microbiol. 2010, 76, 3495–3502. [CrossRef]

35. Al-Tebrineh, J.; Merrick, C.; Ryan, D.; Humpage, A.; Bowling, L.; Neilan, B.A. Community Composition, Toxigenicity, and
Environmental Conditions during a Cyanobacterial Bloom Occurring along 1100 Kilometers of the Murray River. Appl. Environ.
Microbiol. 2012, 78, 263–272. [CrossRef]

36. Wood, S.A.; Rueckert, A.; Hamilton, D.P.; Cary, S.C.; Dietrich, D.R. Switching Toxin Production on and off: Intermittent
Microcystin Synthesis in a Microcystis Bloom. Environ. Microbiol. Rep. 2011, 3, 118–124. [CrossRef] [PubMed]

37. El Semary, N.A. Investigating Factors Affecting Growth and Cellular McyB Transcripts of Microcystis aeruginosa PCC 7806 Using
Real-Time PCR. Ann. Microbiol. 2010, 60, 181–188. [CrossRef]

38. Pimentel, J.S.M.; Giani, A. Microcystin Production and Regulation under Nutrient Stress Conditions in Toxic Microcystis Strains.
Appl. Environ. Microbiol. 2014, 80, 5836–5843. [CrossRef] [PubMed]

39. Kaebernick, M.; Dittmann, E.; Börner, T.; Neilan, B.A. Multiple Alternate Transcripts Direct the Biosynthesis of Microcystin, a
Cyanobacterial Nonribosomal Peptide. Appl. Environ. Microbiol. 2002, 68, 449–455. [CrossRef] [PubMed]

40. Tanabe, Y.; Kaya, K.; Watanabe, M.M. Evidence for Recombination in the Microcystin Synthetase (Mcy) Genes of Toxic Cyanobac-
teria Microcystis spp. J. Mol. Evol. 2004, 58, 633–641. [CrossRef]

41. Labarre, J.; Chauvat, F.; Thuriaux, P. Insertional Mutagenesis by Random Cloning of Antibiotic Resistance Genes into the Genome
of the Cyanobacterium Synechocystis Strain PCC 6803. J. Bacteriol. 1989, 171, 3449–3457. [CrossRef]

42. Zerulla, K.; Ludt, K.; Soppa, J. The Ploidy Level of Synechocystis sp. PCC 6803 is Highly Variable and is Influenced by Growth
Phase and by Chemical and Physical External Parameters. Microbiology 2016, 162, 730–739. [CrossRef]

43. Becker, S.; Fahrbach, M.; Bo, P.; Ernst, A. Quantitative Tracing, by Taq Nuclease Assays, of a Synechococcus Ecotype in a Highly
Diversified Natural Population. Appl. Environ. Microbiol. 2002, 68, 4486–4494. [CrossRef] [PubMed]

44. Jiang, Y.; Xiao, P.; Yu, G.; Shao, J.; Liu, D.; Azevedo, S.M.F.O.; Li, R. Sporadic Distribution and Distinctive Variations of
Cylindrospermopsin Genes in Cyanobacterial Strains and Environmental Samples from Chinese Freshwater Bodies. Appl.
Environ. Microbiol. 2014, 80, 5219–5230. [CrossRef] [PubMed]

45. Ballot, A.; Cerasino, L.; Hostyeva, V.; Cirés, S. Variability in the Sxt Gene Clusters of PSP Toxin Producing Aphanizomenon gracile
Strains from Norway, Spain, Germany and North America. PLoS ONE 2016, 11. [CrossRef]

46. Clark, K.; Karsch-Mizrachi, I.; Lipman, D.J.; Ostell, J.; Sayers, E.W. GenBank. Nucleic Acids Res. 2016, 44, 67–72. [CrossRef]
[PubMed]

47. Madden, T. The BLAST Sequence Analysis Tool. In The NCBI Handbook, 2nd ed.; National Center for Biotechnology Information:
Bethesda, MD, USA, 2013. Available online: https://www.ncbi.nlm.nih.gov/books/NBK153387/ (accessed on 23 June 2020).

48. Cerasino, L.; Salmaso, N. Co-Occurrence of Anatoxin-a and Microcystins in Lake Garda and Other Deep Perialpine Lakes. Adv.
Oceanogr. Limnol. 2020, 11, 11–21. [CrossRef]

49. Ballot, A.; Swe, T.; Mjelde, M.; Cerasino, L.; Hostyeva, V.; Miles, C.O. Cylindrospermopsin- And Deoxycylindrospermopsin-
Producing Raphidiopsis Raciborskii and Microcystin-Producing Microcystis Spp- And Meiktila Lake, Myanmar. Toxins 2020,
12, 232. [CrossRef] [PubMed]

http://doi.org/10.1093/molbev/msn120
http://www.ncbi.nlm.nih.gov/pubmed/18502770
http://doi.org/10.1128/AEM.02771-09
http://doi.org/10.1128/AEM.05587-11
http://doi.org/10.1111/j.1758-2229.2010.00196.x
http://www.ncbi.nlm.nih.gov/pubmed/23761240
http://doi.org/10.1007/s13213-010-0024-5
http://doi.org/10.1128/AEM.01009-14
http://www.ncbi.nlm.nih.gov/pubmed/25038094
http://doi.org/10.1128/AEM.68.2.449-455.2002
http://www.ncbi.nlm.nih.gov/pubmed/11823177
http://doi.org/10.1007/s00239-004-2583-1
http://doi.org/10.1128/JB.171.6.3449-3457.1989
http://doi.org/10.1099/mic.0.000264
http://doi.org/10.1128/AEM.68.9.4486-4494.2002
http://www.ncbi.nlm.nih.gov/pubmed/12200304
http://doi.org/10.1128/AEM.00551-14
http://www.ncbi.nlm.nih.gov/pubmed/24928879
http://doi.org/10.1371/journal.pone.0167552
http://doi.org/10.1093/nar/gkv1276
http://www.ncbi.nlm.nih.gov/pubmed/26590407
https://www.ncbi.nlm.nih.gov/books/NBK153387/
http://doi.org/10.4081/aiol.2020.8677
http://doi.org/10.3390/toxins12040232
http://www.ncbi.nlm.nih.gov/pubmed/32272622

	Introduction 
	Results 
	Evaluation of the qPCR Assays 
	Selection and Specificity of the qPCR Assays 
	Sensitivity of the qPCR Assays. 
	Robustness of the qPCR Assays 

	Presence of Target Genes in Environmental Samples 
	Temporal Variability of Microcystin Abundance 
	Microscopic Analyses 
	Correlation between Parametres 

	Discussion 
	Conclusions 
	Methods 
	Methods and Materials and Synthetic DNA Fragments 
	Environmental Sampling 
	DNA Extraction and Quality Control 
	qPCR Setup, Assay Validation and Quantification 
	Cyanotoxin Analysis with LC-MS/MS 
	Data Analysis 

	References

