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A B S T R A C T

Toxic cyanobacterial blooms, occurring frequently worldwide, have posed serious threats to human health and
aquatic ecosystem. RNA-based quantitative PCR, which could detect potential toxin-producing cyanobacteria
that are actively transcribing toxin genes, is a more reliable method, compared to DNA-based qPCR. However,
single-stranded mRNA is labile, and their degradation may lead to an underestimate of gene expression level,
even misleading toxic risk management, and thus impeding its application. Here, the mRNA stability of mi-
crocystin synthetase genes (mcyA-J) was systematically evaluated in unicellular and colonial Microcystis with
various treatments (−80 ℃, −196 ℃, 4 °C or 25 °C with RNases inhibitors). Results revealed the highly in-
stability of toxin gene transcripts, affected by transcript structures and cell aggregation. The −196 ℃ treatment
was the most effective for stabilizing these transcripts. RNAstore® (4 °C) could stabilize these transcripts effec-
tively for a short time (less than 7 d), but their stability was strikingly reduced in colonial Microcystis.
Furthermore, decay kinetics of mcyA-J transcripts in various treatments was developed, and showed that their
decay rates were varied (0.0018–3.014 d−1), due to different molecular structures. The mcyH transcripts had the
lowest decay rate (0.0018 d−1 at −196 ℃), attributed to the fewest AU sites and stem-loops involved in its
secondary structure. Thus, mcyH was the most proper target gene for monitoring toxic cyanobacterial bloom.
These findings provided new insight into mRNA stability of toxin genes, and contributed to monitoring toxic
cyanobacterial blooms and water managements using RNA-based molecular techniques.

1. Introduction

Harmful cyanobacterial blooms in eutrophic lakes and reservoirs
have been reported all over the world (O’Neil et al., 2012). Many
species of cyanobacteria and its cyanotoxins (e.g., microcystin, nodu-
larin, saxitoxins, cylindrospermopsin) have posed serious threats to
human health, aquatic animals and aquatic ecosystems (Carmichael,
1992; Paerl and Otten, 2013). Thus, reliable, sensitive and rapid ap-
proaches to predict toxin-related risk and monitor toxic cyanobacterial
bloom, are strongly essential, and beneficial to establish early warning
systems to reduce risk of toxic cyanobacterial blooms (Merel et al.,
2013).

Microcystins (MCs) are the most frequently occurred cyanotoxins,
produced by a number of cyanobacteria (e.g., Microcystis spp., Nostoc

spp., Phormidium spp., Anabaena spp., Oscillatoria spp. and Planktothrix
spp.) (Jungblut and Neilan, 2006; Matthew et al., 2016). The genus
Microcystis is the most problematic, found in 108 countries, and 79 of
which have also reported the MCs (Harke et al., 2016). MCs have been
proven to be a potent liver tumor promoter, leading to a serious risk of
human health (Falconer et al., 1983; Pearson et al., 2010). Microcystin
is synthesized nonribosomally by a large multifunctional enzyme
complex. The gene cluster encoding this enzyme complex spanning
55 kb, is composed of 10 bidirectionally transcribed open reading
frames arranged in two putative operons (mcyA-C and mcyD-J). The six
mcyA-E, G genes encode a large multienzyme synthetases, among which
mcyA-C encode three peptide synthetases, mcyD encodes a modular
polyketide synthase, and two hybrid enzymes comprising peptide syn-
thetase and the polyketide synthase modules are encoded by mcyE and
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mcyG. Enzymes putatively involved in the tailoring, are encoded by
mcyF,I,J, and the transporting of the toxin by mcyH (Tillett et al., 2000).

DNA-based quantitative PCR methods (summary in Table S1) have
been applied to quantify toxin gene copies to predict potential toxin
production in natural freshwaters. Nonetheless, DNA-based methods
could only reveal the presence of toxin genes involved in toxin pro-
duction. For environmental samples, DNA can originate from living and
dead cells. Additionally, toxin genes can be mutated, preventing or
diminishing their transcription and subsequent toxin production
(Kaebernick et al., 2001; Mikalsen et al., 2003; Christiansen et al.,
2008). Thus, the DNA-based technique may overestimate toxigenicity
due to little insight of active toxin biosynthesis gene transcription.

RNA-based molecular technique (RT-qPCR, reverse transcription-
polymerase chain reaction), which allows the detection of potential
toxin-producing cyanobacteria that are alive and actively transcribing
the toxin genes, is a more reliable method with high sensitivity for
monitoring toxic cyanobacterial bloom. Active mcyE gene expression
was detectable using RT-qPCR, even though microcystin concentration
was very low (below detection limit by ELISA) by Sipari et al. (2010).
Expression of biosynthesis genes of nodularin, produced solely by No-
dularia spumigena, was also detected by qPCR in Baltic Sea samples
(Jonasson et al., 2008). However, RNA molecules are more labile than
double-stranded DNA molecules. These mRNA could merely remain in
cells for a few minutes or hours (Hui et al., 2014). For water resource
managers, RNA extraction and RT-qPCR analysis could not be com-
pleted on site, and thus, these field samples should be preserved on site,
and then, they spend a few hours or days to transport to laboratories for
analysis. Inevitably, this process will lead to RNA degradation, resulting
in underestimating these toxic genes expression level, and even mis-
leading the toxin risk management in freshwaters.

RNA degradation is mediated by a series of RNases in cells (e.g.,
PNPase, Rhl B, RNase R, RNase Ⅱ, RNase J, Degradosome) (Carpousis,
2002, 2007; Luro et al., 2013; Hui et al., 2014). Many factors (e.g., RNA
sequence or structural elements, RNases activity, temperature) affect
RNA stability. Freezing could affect properties of proteins, nucleic acids
by changing hydrophobic and hydrophilic interactions, which de-
termined structure and function (Wolkers et al., 2007), and resulted in a
decrease or loss of enzymatic activity (Auer et al., 2014). Commercial

RNases inhibitors (e.g., RNAstore®, RNAlatter®) have been widely uti-
lized to inactive RNases to enhance RNA stability (Camacho-Sanchez
et al., 2013; Perez-Portel and Riesgo, 2013). Besides, RNA molecules,
which have secondary structures (stem-loop, hairpin) could prevent
endonuclease degradation, among which 3′ adenylation or 5′ stem-loop
could protect them against from 3′-5′ (e.g., RNase Ⅱ, PNPase, RNase J)
or 5′-3′ exonuclease degradation as well (Emory et al., 1992; Xu and
Cohen, 1995).

To date, the issue about mRNA stability of toxin genes was ignored
by previous studies, although it is critical for monitoring toxic cyano-
bacterial bloom using RNA-based techniques. In this study, the mRNA
stability of microcystin synthetase genes (mcyA-J) was systematically
evaluated in unicellular and colonial Microcystis with various treat-
ments (-80 ℃, −196 ℃, 4 °C or 25 °C after adding RNases inhibitors).
Besides, decay kinetics of these transcripts in various treatments were
developed, and transcripts structures were analyzed as well. The aims
of this study were to (i) explore factors affecting mRNA stability of toxin
genes, (ii) find proper toxin target gene for monitoring toxic cyano-
bacterial bloom, and effective treatments to stabilize the transcripts of
these toxin genes.

2. Materials and methods

2.1. Unicellular and colonial Microcystis sampling

A toxic strainMicrocystis aeruginosa FACHB-915 was purchased from
the Institute of Hydrobiology, Chinese Academy of Sciences. It was
cultured in BG11 medium (Hopebio, China) at 25 °C under constant
light flux (35 μmol of photons m−2 s-1) with a 12 h:12 h light–dark
cycle. The strain remained unicellular in laboratory.

Microcystis cells always form colonies in natural freshwaters (Ma
et al., 2014), and thus, the effect of cell aggregation on the stability of
mcyA-J transcripts should be investigated. Colonial samples were col-
lected in Maxi pond located in Shantou (China), where a toxic cyano-
bacterial bloom occurred in 2018 (Fig. S1). The 16S rRNA gene se-
quence analysis of the colonial samples revealed that the closest relative
was Microcystis aeruginosa FACHB-915 with 99.79% similarity and
NIES-843 with 99.21% similarity, respectively (Fig. 1). It suggested the

Fig. 1. Comparison of unicellular and colonial Microcystis. (a),
(c) showing the appearance of cell culture in conical flasks,
and (b), (d) showing cell morphology observed by microscope
at 400×magnification. Phylogenetic tree based on neighbor-
joining analysis of 16S rRNA gene sequences of unicellular,
colonial Microcystis and representatives of some other related
taxa by DNAMAN 8.0 software, and bootstrap values showing
at branch points (e). Red dashed frame showing the clustering
of the unicellular and colonial strains used for experiments in
our study (e). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of
this article.).
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Microcystis sp. was the predominant population in colonial samples.
In this study, the unicellular and colonial Microcystis were employed

to conduct RNA preservation experiments. However, colonial
Microcystis was difficult to estimate cell counts using microscopy, at-
tributed to the large irregularly shaped colonies consisted of thousands
of cells per colony in a three-dimensional matrix. Thus, chlorophyll a
was used to estimate cell density in unicellular and colonial samples.
These samples were diluted to a final chlorophyll a concentration
(30 μg L−1). To collect cells, each sample of a volume of 10mL was
centrifuged at 6000 × g for 5min, and washed with 0.9 % NaCl twice.

2.2. Various treatments to stabilize transcripts of toxin gene in samples

Cryopreservation (-80 ℃ freezer and −196 ℃ liquid nitrogen) had
been widely employed for long-term RNA preservation in soil and tis-
sues samples (Rissanen et al., 2010; Andreasson et al., 2013; Auer et al.,
2014; Arav et al., 2016). Thus, the cryopreservation treatments were
employed to stabilize transcripts of mcyA-J and 16S rRNA genes in
unicellular and colonial Microcystis, respectively.

RNases inhibitors (e.g., RNAstore®) could inactive RNases, and had
been proven effective to stable RNA molecules in bacteria, yeast and
tissues (Dekairelle et al., 2007; Camacho-Sanchez et al., 2013; Perez-
Portel and Riesgo, 2013). In this study, RNAstore® was purchased from
TIANGEN Biotech (China). According to manufacturer, intact RNAs
were obtained from bacterium Escherichia coli, which has been pre-
served at 4 °C after adding RNAstore® for 1 month or at 25 ℃ for 1
week. For field sampling, this treatment was more convenient than
cryopreservation treatments. Thus, the treatments (4 °C and 25 °C with
RNAstore®) were employed to stabilize mcyA-J transcripts in unicellular
and colonial Microcystis. After 0, 1, 3, 7, 14 and 28 days of preservation,
transcripts copies of mcyA-J and 16S rRNA gene were quantified by RT-
qPCR analysis.

2.3. RNA extraction from cyanobacterial samples

Before RNAs were extracted from Microcystis samples, all experi-
mental supplies were treated by DEPC RNase-free water (Solarbio®,
China). Glass mortar was dried in 60 ℃ temperature-constant oven,
which was in preparation for pre-treatment by liquid nitrogen grinding
to disrupt cells. Then, RNA was extracted using Spin Column Plant Total
RNA Purification Kit (Sangon Biotech, China). Amending procedure
was adding RNase inhibitor (ThermoFisher Scientific, USA) to inhibit
the activity of RNases, and DNase I (ThermoFisher Scientific, USA) to
remove unwanted DNA from cell lysates. RNA purity was evaluated by
A260/A280 and A260/A230 ratio, as summarized in Fig. S2. A260/A280 was
ranging from 1.8 to 2.1 and A260/A230 was about 2.0, demonstrating
high-purity RNA samples were gained in this study.

2.4. Primer design

The primers of mcyA-J and 16S rRNA gene were designed by 'Primer
Premier 5.0′ software. The PCR amplification products were analyzed
with 1.5% (w/v) agarose gel electrophoresis, and conducted by elec-
trophoresis apparatus (JY600C, China). Then, these products were se-
quenced by Major biotech (Shanghai, China), and sequence alignment
analysis was performed via NCBI database (https://www.ncbi.nlm.nih.
gov/). Melting curves of these products were further analyzed by ABI
7500 real-time PCR system (Applied Biosystems, USA).

2.5. Establishment of quantitative standard curves

Target toxin genes (mcyA-J) were cloned into p7S6 cloning vector,
which were used as plasmid standard substances. Eq. (1) was the cal-
culation of gene copy number (N). Individual standard curve was es-
tablished using 10-fold serial dilutions of single copy plasmid. Ampli-
fication efficiency of RT-qPCR was calculated using Eq. (2), and the

range of 90–105 % was credible. The mcyA-J transcripts copies were
calculated using the regression equation of plasmid standard curves.

= ×N A C
MW (1)

Where N=plasmid copy number in copies mL−1; A= constant value
6.02×1023 copies mol−1; C= plasmid concentration in g mL−1;
MW=average molecule weight of plasmid standard substance.

= −−E 10 11/S (2)

Where E= amplification efficiency of RT-qPCR; S= slope of the re-
gression equation of plasmid standard curve.

2.6. RT-qPCR procedures

RNAs were transcribed to cDNAs using TransScript One-Step gDNA
Removal, and cDNA Synthesis SuperMix (TransGen Biotech, China).
Then, cDNAs were used as templates for RT-qPCR analysis. The qPCRs
were performed in triplicates using a SYBR® Green I qPCR kit (Takara,
Japan). Samples were run in a 96-well reaction plate on the ABI 7500
real-time PCR system. The specific qPCR amplification procedures were
as follows: initial denaturation 10min, 95 ℃, 35 cycles; 30 s, 95 ℃;
annealing, 30 s, 50–58 ℃; elongation 30 s, 72 ℃. (Table S2).

2.7. Transcripts structures analysis

Secondary structures of transcripts were predicted using thermo-
dynamics (Mathews and Turner, 2006), based on the nearest neighbor
rules that predict the stability of RNA structure as quantified by folding
free energy change (Xia et al., 1998; Mathews et al., 2004). A series of
prediction tools (e.g., mfold, RNAfold, RNAstructure) have been de-
veloped (Zuker, 2003; Reuter and Mathews, 2010), of which mfold
(http://unafold.rna.albany.edu/) tool has been widely used in the field
of molecular biology, and thus, this tool was employed to predict sec-
ondary structures of mcyA-J transcripts and 16S rRNA in this study.

For secondary structures of RNA molecules, base pairing could form
double-stranded RNA, which is more stable than single-stranded RNA
molecules, and thus, single-stranded ratio of mcyA-J transcripts was
calculated by the Eq. (3). RNase E plays a key role in mRNA degrada-
tion, which could cut RNA internally within single-stranded regions
that are rich in AU sites with little sequence specificity (Mcdowall et al.,
1994). Thus, AU sites in single-stranded RNA molecular were esti-
mated. Furthermore, nucleotides in stem-loops could not be paired and
easily degraded, so the stem-loops were calculated as well.

− =
−

Single strandded ratio (%)
Bases in single stranded (bp)
Total bases of transcripts (bp) (3)

2.8. Statistical analysis

All experiments were conducted in triplicates. The factors affecting
stability of mcyA-J transcripts, were analyzed using Pearson correlation
coefficient analysis.

3. Results

3.1. Effectiveness of qPCR with primers for detecting microcystin-producing
cyanobacteria

To ensure the effectiveness of primers for amplifying mcyA-J and
16S rRNA genes, the PCR amplification products were analyzed by
agarose gel electrophoresis, and their lengths were ranged from 131 bp
to 238 bp (Table S2). Analysis of melting curves of these PCR products
demonstrated these primers could amplify mcyA-J and 16S rRNA genes
without nonspecific products, and the sequences had high similarity
(> 99%) with mcyA-J and 16S rRNA genes in Microcystis spp.
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The quantitative standard curves of transcripts copies of mcyA-J and
16S rRNA genes were established. There was a high correlation of CT
value and its genes copies (R2 = 0.995-0.999) (Fig. 2). The qPCR
amplification efficiency (E) was all greater than 90%, suggesting that
the qPCR with these primers for detecting microcystin-producing cya-
nobacteria in this study, was reliable (Fig. 2).

3.2. Degradation process of mcyA-J transcripts in unicellular and colonial
Microcystis with various treatments

Degradation curves of these transcripts were established in uni-
cellular and colonial samples with various treatments for 28 d (Fig. 3).
There was no degradation of the transcripts of 16S rRNA gene in the
treatment of −196 ℃. In other treatments, these transcripts of 16S
rRNA gene and mcyA-J were degraded to various extent, and the

degradation process was correlated with preservation time (Fig. 3).
Nonetheless, the degradation percentages of mcyA-J transcripts were
higher than 16S rRNA gene in the same treatment.

For unicellular samples, a rather rapid degradation process of mcyA-
J transcripts was observed from 0 d to 3d in treatments of -80 ℃ and 25
℃ preservation with RNAstore®, and more than 80% of mcyA-J tran-
scripts declined at 3 d (Fig. 3). However, the degradation percentages
were lower in 25 ℃ treatment with RNAstore® than that at -80 ℃. In
comparison, degradation process was slowest at −196 ℃ among the
four treatments, and less than 5% of mcyA-J transcripts was degraded at
3 d (Fig. 3). When samples were treated at 4 ℃ with RNAstore®, the
degradation process went through two stages (Fig. 3). A slow process
was shown from 0 d to 7 d, among which less than 20% of mcyA-J
transcripts were degraded (Fig. 3). Then, mcyA-J transcripts were de-
graded rapidly, and degradation percentage reached up to 90% at 28 d.

Fig. 2. RT-qPCR standard curves of mcyA-J (a–j) and 16S rRNA genes using 10-fold serial dilutions of single copy plasmid. Error bars in the plots representing
standard deviation of triplicates. Error bars in the plots represent the standard deviation values.
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(Fig. 3).
For colonial samples, the degradation process of mcyA-J transcripts

was slowest at −196 ℃, the same as unicellular samples (Fig. 3) Unlike
unicellular samples, there was no two stages observed during tran-
scripts degradation in colonial samples at 4 ℃ treatment with RNAs-
tore®, but a faster degradation process occurred, and more than 60% of
mcyB,E,I,J were degraded at 7 d (Fig. 3). Furthermore, a rather rapid
degradation process was also observed from 0 d to 3d during the
treatments of -80 ℃ and 25℃ after adding RNAstore® (Fig. 3), the same
as the degradation pattern in unicellular samples (Fig. 3). However, the
degradation percentages were all higher than that in unicellular sam-
ples (Fig. 3).

3.3. Kinetics modeling of transcripts degradation in unicellular and colonial
Microcystis

To estimate the decay rates of transcripts in unicellular and colonial
Microcystis with various treatments, a first-order kinetics was employed
to fit these transcripts copies over preservation time. The fitted

equation was described below (Eq. (4)):

⎜ ⎟
⎛
⎝

⎞
⎠

= −N
N

kIn tt

0 (4)

Where t= preservation time; Nt = transcripts copies after a given
preservation time; N0 = transcripts copies at t= 0 d; and k = decay
rate of these transcripts.

Decay kinetics of transcripts of mcyA-J and 16S rRNA genes was
developed by fitting their transcripts copies (Fig. 4). The models fitted
well, and co-efficiencies (R2) were ranged from 0.805 to 0.999 (Table
S3). The degradation rates (k) of mcyA-J transcripts were varied from
0.0018 to 3.014 d−1 (Table S3), among which the decay rate of mcyJ
transcripts was the highest, and mcy H was the lowest both in uni-
cellular and colonial samples (Fig. 4). Nonetheless, in the same treat-
ment, the transcripts of 16S rRNA gene had lower decay rate than
mcyA-J (Fig. 4).

As shown in Fig. 4, decay rates of mcyA-J transcripts were lowest at
−196℃ among the four treatments, and the corresponding values were
0.0018-0.0092 d−1, 0.0054-0.0100 d−1 in unicellular and colonial

Fig. 3. Degradation process of transcripts of mcyA-J and 16S rRNA genes in unicellular and colonial samples with various treatments (-80 ℃, -196 ℃, 4 °C or 25 °C
after adding RNAstore®). Error bars in the plots represent the standard deviation values.
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samples, respectively (Table S3). The decay rates of these transcripts
were higher at -80 ℃ than that at 25 ℃ after adding RNAstore® in
unicellular samples, and reversely, the rate was lower in colonial
samples (Table S3).

For colonial samples, decay rates of mcyA-J transcripts increased to
some extent (Fig. 4). Strikingly, the rate of mcyH transcripts was 8 times
higher than that in unicellular samples with 25 ℃ treatment after
adding RNAstore® (Table S3). Besides, Fig.4f and 4 h presented smaller
difference of decay kinetics of mcyA-J transcripts in colonial samples
than that in unicellular samples, due to an increase of decay rates in
colonial samples (Fig. 4).

3.4. Transcripts structures analysis of mcyA-J and 16S rRNA genes

The primary structures of mcyA-J transcripts were differed in se-
quence and length, of which the sequence length of mcyH was the
shortest, while mcyD was the longest (Table S2, Fig. S3). The secondary
structures of mcyA-J transcripts were showed in Fig. S3. Particularly,
the 3′ and 5′ of mcyH transcripts formed double-stranded molecule (Fig.
S3), and it had the fewest of AU sites, stem-loops, and lowest ratio of
single-stranded among mcyA-J (Table 1). In comparison, mcyC,J tran-
scripts had the most AU sites (up to 27) and stem-loops (up to 14),
respectively, and mcyJ had highest ratio of single-stranded in its

Fig. 4. Kinetics modeling of transcripts degradation (mcyA-J and 16S rRNA) in unicellular (a–d) and colonial samples (e–h) with various treatments, including -196℃
(a, e), -80 ℃ (b, f), 4 ℃ with RNAstore® (c, g), 25 ℃ with RNAstore® (d, h).
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transcripts (Table 1). Furthermore, the transcripts of 16S RNA gene had
fewer AU sites and stem-loops than mcyA-J, but higher ratio of single-
stranded than mcy H (Table 1).

4. Discussion

4.1. The highly instability of toxin genes (mcyA-J) transcripts

Previous studies have demonstrated cryopreservation (−80 ℃,
−196 ℃) was effective for long-term RNA preservation in cells and
tissues samples, which kept RNA integrity intact, and endocrine tissue
samples could be stored for 27 years at -80 °C (Andreasson et al., 2013;
Auer et al., 2014; Arav et al., 2016). Nonetheless, this study found the
mcyA-J transcripts were degraded to various extent (5–99 %) in these
treatments after 1–7 days of preservation (Fig. 3). In addition, RNAs-
tore® (4 ℃, 25 ℃), as a short-term RNA preservation for samples, had
been proven to be effective for stabilizing RNA molecules in bacteria,
yeast and tissues (Perez-Portel and Riesgo, 2013), of which intact RNAs
were obtained from bacterium E. coli, preserved at 4 °C after adding
RNAstore® for 1 month or at 25 ℃ for 1 week. In our study, Microcystis
cells are also prokaryotic bacteria. However, a fast degradation of
transcripts occurred after 1–3 days of this treatment (Fig. 3), suggesting
these transcripts of mcyA-J have highly instability.

In addition, the instability of transcripts of mcyA-J was higher than
16S rRNA gene with the same treatment (Fig. 4). It could be attributed
to the different physiological function of the two genes. The 16S rRNA
gene is a house-keeping gene, and its gene expression is less affected by
environmental factors than toxin genes (mcyA-J). In comparison, toxin
genes, as function genes, are active for regulating toxin biosynthesis.
Despite there was little knowledge about the mechanism of expression
regulation of toxin genes, other studies revealed mRNA stability and
degradation regulated by a serious of RNases, is important to orches-
trate widespread changes in RNA lifetimes in response to environmental
cues (Hui et al., 2014). Thus, the highly instability of mcyA-J could be
an important mechanism for post-transcription regulation of its gene
expression.

4.2. Cell aggregation affecting its stability of toxin genes (mcyA-J)
transcripts

There was a significant correlation between cell aggregation and the
stability of mcyA-J transcripts (r> 0.8, p < 0.01) (Table 2), and decay
rates of these transcripts were higher than that in unicellular samples
with the same treatment (Fig. 4), suggesting cell aggregation reduced
these transcripts stability. Furthermore, for RNAstore® treatment, the
increasing ratios of the decay rates of mcy A-J transcripts were more
striking than that in cryopreservation treatments (Fig. 4). Previous
studies reported colonial Microcystis cells held stronger capacity of re-
sisting oxidative stress comparing to unicellular cells when treated with
chlorine, since colonies cells attached with amorphous mucilage or

sheaths, preventing oxidant permeating (Ma et al., 2014; He and Wert,
2016). Similarly, these colonies may impede the permeation of RNases
inhibitors, thus, RNases in cells could not be inactivated sufficiently,
especially the inner cells in colonies. Consequently, lower stability of
mcy A-J transcripts was observed in colonial cells.

4.3. Molecular structures of transcripts affecting its stability of mcyA-J
transcripts

Pearson correlation coefficient between molecular structures and
the stability of mcyA-J transcript was analyzed. The sequence length
and single-stranded ratio of these transcripts had no correlation with
the instability of mcyA-J transcripts (p > 0.05) (Table S4, S5).

The stem-loops had a significant positive correlation with the in-
stability of mcyA-J transcripts in the treatment of −196 °C (p < 0.01)
(Fig. 5; Table S6). RNases was in inactivation at this extremely low
temperature (Hubel et al., 2014). However, previous studies revealed
single-stranded oligoribonucleotides containing UA and CA phospho-
diester bonds could be hydrolyzed specifically under non-enzymatic
conditions (Bibillo et al., 1999), and the mechanism is found in a wide
variety of organisms. In stem-loops, nucleotides could not be paired and
remain single-stranded. Thus, the degradation of mcyA-J transcripts
could be mediated by non-enzymatic hydrolysis in this treatment.

Furthermore, there was a positive significant correlation of AU sites
and the instability of mcyA-J transcripts (p < 0.05), except for the
treatment of −196 °C (Fig. 6; Table S7). Enzymatic reactions are con-
sidered to continue at −80 °C (Auer et al., 2014), and RNases could not
be completely inactivated in RNAstore® treatments, due to the special
sheath impeding RNAstore® permeating into cells. Besides, previous
studies demonstrated that the single-stranded regions that are AU rich,
could be recognized, and cut by large amounts of RNase E in cells
(McDowall et al., 1994). Thus, the more AU sites involved in mcyA-J
transcripts, the lower stability of mcyA-J was observed.

Table 1
Analysis of secondary structural elements of mcyA-J transcripts, which were
predicted by mfold tool.

Gene AU site Stem-loop Single-stranded ratio (%)

mcyA 18 11 42.4
mcyB 14 12 44.1
mcyC 20 14 39.1
mcyD 23 13 38.7
mcyE 9 9 35.6
mcyF 11 9 60.3
mcyG 19 11 40.1
mcyH 9 7 31.0
mcyI 19 12 36.9
mcyJ 27 10 38.2
16S rRNA 4 9 36.4

Table 2
Effect of cells aggregation on the stability of mcyA-J transcripts by Pearson
correlation analysis between decay rates of these transcripts in unicellular
samples and colonial samples.

−196 ℃ −80 ℃ RNAstore, 4 ℃ RNAstore, 25 ℃

r 0.91 0.97 0.83 0.88
p 0.0018** 0.0003** 0.0004** 0.002**

r: Pearson correlation coefficient.
p: p-value. *p < 0.05, **p < 0.01.

Fig. 5. Effect of stem-loops involved in its secondary structures on mRNA sta-
bility of mcyA-J in the treatment of -196 ℃ by Pearson correlation coefficient
analysis of stem-loops and the decay rates of mcyA-J transcripts. r: Pearson
correlation coefficient. p: p-value.
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In addition, other molecular structures could be also important for
stabilizing these transcripts. For example, transcripts of mcyH has the
highest stability among mcyA-J, because the 3′ and 5′ terminal of its
transcripts forming double-stranded could enhance its stability.
Previous studies found 3D structures of RNA molecules, and plenty of
non-protein coding short RNAs could also regulate mRNA stability
(Czech and Hannon, 2011; Popenda et al., 2012; Aalto and Pasquinelli,
2012; Morris and Mattick, 2014). Thus, the mechanism for regulating
the mRNA stability of toxin genes, should be further investigated.

4.4. Effective sample preservation treatments for cyanobacterial samples

The results of this study revealed the highly instability of mcyA-J, so
the Microcystis samples were not proper for long-term RNA preserva-
tion. For short-term preservation, −196 ℃ treatment was most effec-
tive to stabilize mcyA-J transcripts. Furthermore, RNAstore® treatment
was temperature dependent, and 4 ℃ treatment could slow down RNA
degradation process, attributed to the combined inhibition of RNase
inhibitors and low temperature. Thus, the treatment of RNAstore® (low
temperature) could be also employed for short-term RNA preservation
in Microcystis (1–7 d).

In practice, to monitoring toxic cyanobacterial bloom, a rapid
analysis on site is the best, but to date, it is technically limited. Thus,
effective treatments for field samples, should be employed to stable
mcyA-J transcripts. For field sampling, −196 ℃ treatment was more
effective than RNAstore® (4 ℃), but was not convenient. Thus, the on-
site treatment of RNAstore® (4 ℃) was suggested, but time-limited (1–3
d), then, these field samples should be analyzed as soon as possible or
transferred into −196 ℃ in laboratory to prolong preservation time.

In this study, we only investigated the Microcystis, which is most
problematic, but other genus (e.g., Nostoc spp., Phormidium spp.,
Anabaena spp., etc.) have been also reported to dominate toxic cyano-
bacterial bloom. These genera have the same cellular structures (sheath
or mucilage surrounding cells). Thus, the effective treatments to sta-
bilize transcripts in Microcystis, are also applicable for other genera of
cyanobacteria. Furthermore, unlike Microcystis, other genera remained
unicellular in natural waters, and thus, the same treatment of
RNAstore® would be more effective for these unicellular cyanobacteria
than colonial Microcystis. However, other genera or strains are different
in cell size, thickness and constituent of cell wall, among which the
unicellular cells of the other common toxic genus Planktothrix and
Cylindrospermopsis, are larger than Microcystis. Whether these char-
acteristics of species/strains-specific would affect RNA stability of toxin
genes, should be further studied.

4.5. Proper toxin target gene for monitoring toxic cyanobacterial bloom

Decay rates of mcyA-J transcripts were estimated in various treat-
ments, respectively. (Fig. 4). Results showed their rates were different
in the same treatment, among which mcyH had the lowest rate (Fig. 4),
suggesting its stability of transcripts was highest. In contrast, the sta-
bility of mcyE was only subordinate to mcyH in the treatments of
RNAstore® and−80℃, while in the treatment of−196℃, mcyF ranked
second (Fig. 4). Besides, mcyC and mcyD had the lowest stability in the
treatment of −196 ℃, while the stability of mcyJ was the lowest in the
treatments of RNAstore® and -80 ℃ (Fig. 4). It indicated the stability of
mcyA-J except for mcyH, was flexible highly depending on samples
treatments. Besides, this study revealed transcripts stability has nega-
tive significant correlation of AU sites and stem-loops, and thus, the
highest stability of mcyH in all treatments, was attributed to the fewest
AU sites and stem-loops among mcyA-J. Thus, mcyH was the most
proper target gene for monitoring toxic cyanobacterial bloom using RT-
qPCR in all treatments, and the other mcyA-J, as proper target genes,
should be further evaluated according to specific treatment conditions.

Furthermore, if field samples were analyzed quickly on site, the
degradation of these transcripts would be avoided, so, mcyA-J are
proper toxin target genes for monitoring toxic cyanobacteria bloom.
Actually, mcyA-J have their own important roles in microcystin bio-
synthesis. For example, mcyA-C encode three peptide synthetases, and
the transporting of the toxin is encoded by mcyH (Tillett et al., 2000).
To our knowledge, whether all of these mcyA-J transcripts copies have
high correlation with microcystin-producing cyanobacteria, is un-
known. Thus, proper mcyA-J biomarker for monitoring toxic cyano-
bacterial should be further assessed by the correlation analysis of mcyA-
J genes expression and microcystin concentration or microcystin-pro-
ducing cyanobacteria in natural waters.

Although microcystins (MCs) are the most frequently occurred cy-
anotoxins, produced by a number of cyanobacteria (e.g., Microcystis
spp., Nostoc spp., etc), other cyanotoxins (nodularin, saxitoxins, cylin-
drospermopsin) have been reported in natural waters, and are also
encoded by corresponding toxin genes (Mihali et al., 2008; Carmichael
et al., 1992). This study revealed the transcripts stability of toxin genes
(mcyA-J) is determined by AU sites and stem-loops involved in their
secondary structures. Therefore, to enhance transcripts stability of
other target toxin genes, their transcripts should contain AU sites and
stem-loops as fewest as possible, which could be predicted by RNA
structure prediction tools (e.g., mfold), just as we did successfully in
this study.

4.6. Implications for monitoring toxic cyanobacterial bloom

The transcripts of toxin genes have highly instability, but this issue

Fig. 6. Effect of AU sites involved in its secondary structures on mRNA stability of mcyA-J by Pearson correlation coefficient analysis of stem-loops and the decay
rates of mcyA-J transcripts. r: Pearson correlation coefficient. p: p-value.
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was ignored by previous studies, and even some conflicting studies was
presented by previous literatures. For example, Sipari et al. (2010)
implied RNA-based method had high sensitivity for detecting toxin-
producing cyanobacteria, since active mcyE gene expression was de-
tectable using RT-qPCR when microcystin concentration was very low
(preservation condition of field samples: −196 ℃). However, Ngwa
et al. (2014) found mcyE transcripts had no correlations with micro-
cystin concentrations (preservation condition: -20 ℃). The conflicting
results may be attributed to highly instability of mcy E transcripts at -20
℃, as evidenced more than 50% of these transcripts were degraded at
-80 ℃ after 1 d in this study. These transcripts degradation could ser-
iously affect the sensitivity of RT-qPCR, and lead to underestimating the
toxin genes expression, even misleading toxin risk management.
Therefore, transcripts stability was vitally important for monitoring
toxic cyanobacterial bloom using RNA-based qPCR.

Molecular biological process occurs earlier than the change of water
quality indicators (e.g., cell density, toxin level), since toxin biosynth-
esis follows a series of steps starting with toxin genes transcription into
mRNA. Thus, the monitoring mRNA of toxin genes can actually play a
key role in early warning, which is of great significance to take inter-
vention measures in advance and avoid the outbreak of toxic cyano-
bacterial bloom. However, selecting proper target genes and effective
sample preservation treatments are essential prerequisites for estab-
lishing a reliable early warning method. Our study has offered sug-
gestions to address this issue, and will provide important references for
colleagues in various countries.

5. Conclusions

This study revealed the highly instability of toxin gene transcripts,
affected by cell aggregation and molecular structures, but this issue was
ignored by previous studies. Among toxin genes, mcyH with the highest
stability of its transcripts due to the fewest AU sites and stem-loops, was
the most proper target gene for monitoring toxic cyanobacterial bloom.
The −196 ℃ was the most effective treatment to stabilize these tran-
scripts of toxin genes, and RNAstore® (4 °C) could effectively stable
these transcripts of toxin genes for a short time (1–7 d). Nonetheless,
cell aggregation reduced these transcripts stability especially RNAstore®

treatment. Thus, water resource managers and ecologists should pay
more attention to these colonial Microcystis. Field analysis of colonial
samples maybe necessary, or effective treatments should be employed
to stabilize these transcripts of toxin genes.
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