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Microcystin (MC) is a common and widespread toxin which represents a health hazard
to humans and animals. MC toxin concentrations are monitored by various direct or
proxy techniques (HPLC, LC-MS/MS, ELISA, PPIA), however, these techniques do not
discriminate producing species from non-producing ones. In order to simultaneously
provide the identity and activity of cyanotoxin producing species in freshwater lakes, we
applied simple, and fully detailed, whole cell fluorescent in situ hybridization enhanced by
tyramid signal amplification (TSA-FISH). DNA oligonucleotide probes MICR3 and MCYA
were targeting 16S rRNA and mcyA-mRNA, respectively. The mcyA gene is coding
for the MC synthetase enzyme involved in MC synthesis. Controls were acquired with
the general eubacterial 16S rRNA probe EUB338, for TSA-FISH assay, and standard
HPLC and LC-MS/MS as standard methods for the measurements of MC concentration.
Results obtained from monoclonal strains and natural samples demonstrated a specific
identification of Microcystis species and were able to discriminate MC producing from
non-producing ones. In addition, the MCYA probe allowed the specific detection of
MC-synthetase mRNA within Planktothrix isothrix (Oscillatoriale) filaments. Two kinds
of mcyA-mRNA labeling were observed in these cells, spots like and plasmid like,
which illustrates the well-known plasticity of microbial genome to adapt to environmental
stresses. We demonstrated that a simple TSA-FISH assay allows acquiring rapidly dual
information of the presence and abundance of potentially toxic species, while identifying
species actively producing MC-synthetase mRNA, a proxy of MC toxin. This technique
has the potential to be developed into an effective environmental monitoring tool. In
addition, detail visualization of cellular mRNAs is powerful for the acquisition of ecological
and biomolecular studies of toxic cyanobacteria.
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INTRODUCTION

Many freshwater cyanobacteria produce blooms which may
be toxic to fauna, flora, and humans (Chorus and Bartram,
1999) and raises the importance of making rapid diagnosis
of toxin content and/or the toxic potential of these blooms.
General phycocyanin probes can be easily deployed in a
natural environment to rapidly detect total cyanobacteria
concentrations (Brient et al., 2008), while toxin concentrations
are measured by standard HPLC or mass spectrometry based
techniques (Lawton and Edwards, 2008). Although these latter
methods are time consuming, they remained references for
the calibration of rapid biochemical (ELISA and PPIA) assays.
Potentially toxic species are often identified by biomolecular
(PCR) assays (Carmichael and An, 1999; Pearson and Neilan,
2008; Humpage et al.,, 2012) but they involve DNA extraction
which destroys cells and colony organization. Identification
of cyanotoxin producing species requires additional time
consuming microscopic isolation, purification, and cultivation.
Thus a rapid assay, which simultaneously provides the identity
and the activity of cyanotoxin producing species, still remains a
challenge.

The mcyA gene has been frequently used in many molecular
based approaches, as it is involved in the ribosomal production of
microcystine (MC) synthetase, responsible for MC production,
through non-ribosomal pathways (Tillett et al., 2000). Many
studies have shown a transcriptional regulation of mcyA
gene in accordance with changes in toxin concentrations,
although discrepancies have been described since early
studies which suggested a post-transcriptional regulation
of mcyA gene expression (Schawbe et al, 1988; Meissner
et al, 1996). Very recently, a whole cell Tyramid Signal
Amplification-Fluorescent in situ Hybridization (TSA-FISH)
assay was developed to target mcyA mRNA transcription as
a proxy of MC-synthetase production (Zeller et al, 2016).
This assay could verify an up-regulation of mcyA-mRNA
synthesis by light, and show similar spot-like fluorescent
labeling as the rpob-mRNA probe, where the rpob gene is
involved in RNA polymerase synthesis (Gaget et al., 2011).
That study demonstrated the potential interest to distinguish
toxic from non-toxic organisms, by combining the precision
of molecular based technique with species identification,
as cellular integrity was not destroyed. However, direct
measurement of MC toxin by standard HPLC methods was

PCC 7806
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FIGURE 1 | Micrographs showing the validation of the Microcystis spp. specific MICR3 probe and the MC-synthetase specific MCYA probes on Microcystis
aeruginosa PCC 7806 (MC-producing) and PCC 9432 (non-MC-producing, Table 1) strains. The EUB338 domain specific probe was used as a general positive
control. Green and red fluorescences show FITC labeled probe and Pl-linked-DNA dyes, respectively. Exposure = 150 ms. Scale bar = 10 pm.

PCC9432

FITC

Frontiers in Environmental Science | www.frontiersin.org

July 2017 | Volume 5 | Article 43


http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive

Brient et al.

Microcystins detection by TSA-FISH

not provided, and its in situ application remained to be
demonstrated.

The aim of the present study was to demonstrate that
(i) mcyA-mRNA TSA-FISH assay could label MC producing
laboratory strains, as well as cells from the natural environment
and (ii) identification of MC producing species could be easily
acquired simultaneously by the use of specific identity MICR3-
16S rDNA probe; when (iii) toxin concentrations were verified
by standard HPLC and/or LC-MS/MS protocols.

METHODS

Samples

Two non-axenic cultures of Microcystis aeruginosa from the
Pasteur Culture Collection (PCC, France) were used: the PCC
7806 microcystin MC-producing and a non-MC-producing PCC
9432. Two Oscillatoriales strains were also used: Planktothrix
rubescens UR1 PR1 (University of Rennes 1) a MC-producing
strain, isolated in our laboratory according to Shirai et al. (1989,
1991), and the non-toxic Planktothrix agardhii PCC 7805. They
were grown in BG11 medium at 20 & 1°C with a 14 h/10 h of L/D
period, with 38 pumol photons m~2 s~!. Lake samples were from

EUB338

MICR3

MCYA

FIGURE 2 | Micrographs showing in situ the validation of the Microcystis spp.
specific MICR3 probe and the MC-synthetase specific MCYA probes on
natural samples from Vioreau lake containing a mix of cyanobacteria and
eukaryotes. EUB388 probe is a positive control of hybridization (A1,A2). Only
Microcystis aeruginosa were targeted by MICR3 probe, while the filamentous
Dolichospermium mendotae was not labeled (arrow B1,B2). Only microcystin
producing cells (Microcystis viridis) were hybridized by MCYA probe, while
Microcystis flos aquae was not labeled (arrow C1,C2, Table 1). Arrows show
non labeled species. Green and red fluorescence show FITC labeled probe
and Pl-linked-DNA dyes, respectively. Exposure = 400 ms. Scale

bars = 50 wm (A1,A2,C1,C2), and = 10 um (B1,B2).

Vioreau reservoir (Loire-Atlantic, France) and the Drennec Lake
(Brittany, France).

Microcystins Analysis

Microcystins were extracted from strains and natural
samples after sample filtration in 75% methanol (HiperSolv
CHROMANORN) according to Meriluoto and Codd
(2005) and Spoof et al. (2003). The toxin was then
identified and quantified using high-performance liquid
chromatography (HPLC, SpectraSYSTEM P4000),
followed by UV absorbance diode-array detection (DAD,
SpectraSYSTEM UV6000) or mass spectrometry LC-MS/MS
for Drennec lake samples for validation of desmethyl
RR-microcystin.

Molecular Probes and Phylogenetic
Specificity

Oligonucleotide probes used for TSA-FISH assays were obtained
from the literature: the EUB338 probe (5-GCT GCC TCC
CGT AGG AGT-3') targets a part of the 16S rRNA Eubacteria
domain (Amann et al., 1990); the MICR3 probe (5'-TCT GCC
AGT TTC CAC CGC CTT TAG GT-3') is specific for 16S
rRNA Microcystis spp. (Rudi et al, 2000); and the MCYA
probe (5-ATG AGC CGC CAA TAA AAC ACT TT-3) is
specific for mcyA mRNA of MC-synthetase (Hisbergues et al.,
2003; Zeller et al, 2016). All probes were purchased with a
3’-C6 amino link conjugated to horseradish peroxidase (HRP)
to ensure TSA amplification, according to Urdea et al. (1988)
modification (Thermo-Fisher Scientific, Germany). Specificity
of MCYA TSA-FISH probe was confirmed (Zeller et al., 2016),
while specificity of MICR3 probe was verified by in silico analysis

TABLE 1 | Microcystins types and concentrations in cultivated strains and
environmental freshwater samples.

Strains or lakes Microcystins Microcystins

samples types concentrations
(rgmL™")
Microcystis aeruginosa MC-LR 18.96
PCC 7806 MC-RR 017
MC-YR 18.65
Planktothrix rubescens MC-LR 0.75
UR1 PR1

Microcystis aeruginosa No microcystins detected

PCC 9432

Planktothrix agardhii No microcystins detected

PCC 7805

Drennec Lake (bloom) MC-dm RR 52.00

Vioreau reservoir MC-LR 22.61

(bloom) MC-RR 4.89
MC-YR 1.02
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through the Multiple Sequence Alignment (MSA) of the on-
line ClustalW2 software (EMBL-EBI, Cambridge, http://www.
ebi.ac.uk/). The alignment matched with the 16S rRNA sequence
of M. aeruginosa PCC7806 (accession number: U03402.1), and
showed four mismatches with Woronichinia sp., the closest non-
targeted phylogenetic sequence (accession number: JN172622.1;
5-GGT CTC AGT TTC CAC CGC CTT TAT GG-3/, bold
bases are mismatches with MICR3 probe). Microcystis and
Woronichinia genera were used as positive and negative controls,
respectively, for MICR3 probe either in cultures or in the
field.

TSA-FISH and Microscopic Observations
TSA-FISH assays were produced according to Biegala
et al. (2002); Biegala and Raimbault (2008) with slight
modifications, including DAPI (4',6-diamidine-2’-phenylindole
dihydrochloride) counterstaining, which was replaced by
propidium iodide (PI) (Biegala et al., 2003). Protocol steps are
detailed in Table S1 and information on equipment and solutions
are provided in Table S2. Cyanobacterial autofluorescence
from cultures or natural environment did not prevent from
FITC signal observation, thus copper sulfate treatment
proposed previously (Zeller et al., 2016) was not applied in this
study.

Micrographs were performed with an epifluorescence
microscope (OLYMPUS BX41) equipped with a 100 W
short arc HBO mercury lamp and dichroic filters 460-490
and 520 nm em. LP (long pass) for FITC; and 510-550 and

MICR3-HRP | B MCYA-HRP

MCYA-HRP

|

FIGURE 3 | Micrographs of toxic Microcystis aeruginosa 7806 strains
showing rRNA and mRNA labeled, respectively, with MICR3 (A) and MCYA
(B,C) probes in the periphery of each plasmid. Arrows point to extra cellular
plasmids released by the cell. Green is FITC probe labeling by TSA-FISH
Exposure is 900 nm. Scale Bar = 5 um.

590 nm em. LP for PI. Photomicrographs were captured by
a camera (Leica DMC 2900) controlled by Leica Application
Suite (LAS) V4.5. Pictures were acquired with specific time
exposures set on the positive control and kept constant on
negative control according to Riou et al. (2017). Once acquired,

MICR3

MCYA

FIGURE 4 | Micrographs showing in situ specific detection of Microcystis spp.
and microcystin producers from Vioreau reservoir and Drennec lake. Panel (A)
shows the Microcystis wesenbergii (thick arrow) targeted by MICR3 probe and
the non-labeled Woronichinia naegeliana (fine arrow) which holds four
mismatches with the MICR3 probe (negative control). Panel (B) shows
Microcystis spp. labeled with MICR3 probe, while the filamentous
Dolichospermum mendotae (fine arrow) and the densed colony forming
Woronichinia naegeliana (thick arrow, negative control) were not labeled. Panel
(C) shows Microcystis viridis (thick arrow) labeled with MCYA probe, when the
non-producing Microcystis flos aquae (fine arrow) and the Woronichinia
naegeliana (orange rounded colony, control) were not labeled by the probe.
Panel (D) shows the microcystin producing Planktothrix isothrix from Drennec
lake, labeled with MCYA probe. Exposure = 400 ms (A-C), = 500 ms (D)
Scale bar = 20 pwm (A), = 100 um (B), = 50 um (C), = 5 um (D).

FITC

=2

P. rubescens

PCC 7805

FIGURE 5 | Micrographs showing the validation of MC-synthetase specific

MCYA probes on cultures of filamentous Oscillatoriale Planktothrix agardhii

PCC 7805 (non-MC-producing) and P, rubescens (Table 1, MC-producing).
Green and red fluorescence show FITC labeled probe and PI-linked-DNA

dyes, respectively. Exposure = 400 ms. Scale bar = 10 pm.
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pictures were not modified except for PI to provide better
pictures.

RESULTS AND DISCUSSION

In this study, we successfully applied a simple TSA-FISH
protocol (Table S1) to detect specifically in cultures and the
natural environment MC-producing cells. Positive control of
TSA-FISH assay, both in culture and the natural environment,
was ensured by the eubacterial domain specific probe EUB338
(Figures 1, 2) which brightly labeled cells with fluorescein
fluorochrome (FITC). Presence of Microcystis genus was
specifically targeted by the MICR3 probe (Figures 1, 2B1,B2,
3A, 4A,B) while the Chroococcale Woronichinia spp., the
closest phylogenetic none specific genus, were not targeted
(Figure 4A thin arrow, Figure4B thick arrow), nor the
most distantly related filamentous Nostocale Dolichospermum
mendotae (Figures 2B1,B2 arrow). TSA-FISH assay is a widely
used technique for the specific detection and quantification of

cyanobacteria (Schonhuber et al., 1999; West et al., 2001; Biegala
and Raimbault, 2008). However, the detection of messenger
RNA has long been believed to be challenging (Pernthaler
and Amann, 2004) because of low copy number of specific
mRNA copies per cell. Trcek et al. (2012) and more recently
(Zeller et al.,, 2016) successfully labeled single mRNA within
microorganisms, including M. aeruginosa strains. Both studies
showed the precision of in situ hybridization approaches using
either multiple monolabeled DNA probe (DIG-FISH) or a simple
TSA-FISH assay, respectively. In addition, once fixed with PFA
(paraformaldehyde) all proteins are crosslinked which prevent
RNA degradation from endogenous RNAse. Both observations
justified the use in this study of similar TSA-FISH protocol to
target whole cell rRNA and mRNA.

We further demonstrated in this study that MCYA probe,
specific for MC-synthetase messenger RNA, only targeted toxic
Chrooccocales cells belonging to three different species of
Microcystis. These species are M. aeruginosa from cultivated
strains (Figure 1, Table 1), Microcystis viridis and Microcystis

ribosome

mMRNA.

e Mc 165 mcyA
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FIGURE 6 | Schematic view of the proposed gene localization, transcription, and transduction steps involved in microcystin production. Top sequence in less toxic
species and bottom sequence in very toxic species. +/— Indicate post-transcriptional and post-translational regulations mentioned by Schawbe et al. (1988), Valerio
et al. (2009), and Kaebernick et al. (2000). Irregular green star show MICR3-probe targeting 16S rRNA. Regular green star show MCYA-probe targeting mcyA gene

plasmid DNA
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wesenbergii from Vioreau reservoir (Figures 2C1, 4C, Table 1).
On the contrary, the non-MC-producing M. aeruginosa PCC
9432 strain (Figure 1, Table 1) and the Microcystis flos aquae
from Vioreau reservoir were not targeted (Figure 2C1 arrow,
Table 1). In addition, the MCYA probe labeled mcyA mRNA
as many small spots within P. rubescens toxic strain (Figure 5,
Table 1), as well as the highly toxic bloom of Planktothrix isothrix
from Drennec lake (Figure 4D arrow, Table 1), while filaments
from the non-MC-producing P. agardhii PCC 7805 were not
labeled by MCYA (Figure 5, Table 1). Unexplained uniform
green fluorescence could also be seen in some filaments from this
non-toxic PCC 7805 strain.

According to our results and those from Zeller et al. (2016)
it is interesting to note that two kinds of intracellular labeling
could be observed in MC-synthetase producing cyanobacteria,
(i) small dots spread within the cytoplasm and (ii) densely
packed cytoplasmic labeling, similar to the one of 16S rRNA
probes (EUB338 and MICR3) from both Chrooccocale and
Oscillatoriale species in cultures or in situ. Moreover, a focus on
some M. aeruginosa cells from the PCC 7806 strain, cultivated
in this study, shows a clear rRNA and mcyA-mRNA co-
localized-labeling in the surrounding of densely packed plasmids
(Figures 3A,B). McyA-mRNA labeled plasmids from PCC 7806
M. aeruginosa were also found extracellularly (Figure 3C,
arrows). Previous TSA-FISH or DIG-FISH studies (Metcalf et al.,
2009; Gan et al., 2010) on mcyA genes fluorescent detection have
also shown some intracellular variability in accordance with toxin
measurements. However, the lack of controls and information
on time exposure during micrographs acquisition prevent from
a clear understanding of presented micrographs.

The variations in mcyA-mRNA labeling observed in this
study could be explained by the plasticity of microbial genome
including that of toxic cyanobacteria (Figure 6) (Toussaint and
Merlin, 2002; Tooming-Klunderud et al, 2008) where gene
clusters are either integrated in chromosomal DNA with fewer
mRNA transcripts, or can be multiplied in several hundreds of
plasmids to rapidly synthetize metabolite through the production
of intron-deprived mRNA (Schumann, 2008). We hypothesize
that ribosomes targeted by MICR3 probe are either spread in the
cytoplasm, or densely packed around the plasmids. This process
could explain both the small dots in some Microcystis strains
(Zeller et al., 2016) and Oscillatoriales (Figure 4D) and the co-
localization of rRNA and mRNA Microcystis strains PCC7806
from this study (Figures 3A,B). Interestingly toxic strains have
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