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Abstract ANT is a commonly occurring polycyclic
aromatic hydrocarbon (PAH) in natural eutrophic waters
where Microcystis blooms break out usually. In this
study, effects of ANT at different concentrations (0.02,
0.06, 0.18, 0.54, and 1.62 μg/mL) on the growth,
microcystin-LR (MC-LR) production, and expression
of three key mcy genes in Microcystis aeruginosa were
investigated. The results showed that all the tested con-
centrations of ANT inhibited M. aeruginosa growth
significantly except 0.02 μg/mL ANT in the early stage
of the experiment. In the culture media, initially applied
ANTconcentrations decreased significantly after 3 days
of incubation. ANT stimulated MC-LR production in a
concentration-dependent manner. After exposure to
ANT for 1 day, the expression of mcyB gene was
inhibited and the inhibitory effects increased with
ANT concentrations. ANT at higher concentrations
(above 0.02 μg/mL) stimulated gene expression of
mcyD (P < 0.05) and mcyH (P < 0.01) significantly,
and 0.02 μg/mL of ANT inhibited their expression
significantly (P < 0.01). With increasing culture time,
0.18 μg/mL of ANT inhibited mcyB gene expression

first and then stimulated it while gene expressions of
mcyD and mcyH were stimulated throughout the exper-
iment. Our results suggested that ANT in natural waters
could affect not only Microcystis growth but also MC
production via modifying mcy gene expressions.
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1 Introduction

Cyanobacterial blooms occur worldwide in eutrophic
freshwater ecosystems, causing of water quality deteri-
oration, aquatic animal mortality and illness, food web
destabilization, and human health menace (Iredale et al.
2012; Zhang et al. 2013). The genus Microcystis, as a
well-known main group of cyanobacterial blooms, is of
major concern since many species (strains) of this genus
can produce cyclic heptapeptide toxins called
microcystins (MCs) (Wiedner et al. 2003). Although
MCs can be produced by other cyanobacterial genera
(e.g., Anabaena, Aphanizomenon, and Planktothrix)
(Rantala et al. 2004; Fiore et al. 2009), Microcystis is
the primary producer of MCs in eutrophic freshwater
environments such as ponds, lakes, and reservoirs
worldwide (Tanabe et al. 2009).

MCs are contained within healthy cells and only
released upon lysis or when changes in cell wall perme-
ability occur (Chen et al. 2014). They are chemically
stable and slowly decomposed (Harada et al. 1996).
The concentration of MCs during the period of
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Microcystis bloom outbreak can reach above 10 μg/L
(Xu et al. 2008). As potent inhibitors of protein phospha-
tase type 1 and 2A and tumor promoters (Matsushima-
Nishiwaki et al. 1992), MCs can pose a health hazard for
humans as well as domestic animals and wildlife
(Dittmann and Wiegand 2006; Hoeger et al. 2007). The
growing concern regarding the acute and chronic effects
of MCs has resulted in the World Health Organization
(WHO) setting a guideline value of 1 μg/L for
microcystin-LR (MC-LR) in drinking water. Certain en-
vironmental factors, such as temperature (Westhuizen
and Eloff 1985), light (Wiedner et al. 2003; Renaud
et al. 2011), nutritive salt (Downing et al. 2005), heavy
metals (Gouvea et al. 2008), and zooplankton grazing
(Mohamed and Al-Shehri 2013), can affect the MC
production of Microcystis.

Polycyclic aromatic hydrocarbons (PAHs), a highly
toxic and carcinogenic class of compounds characterized
by fused aromatic rings, are typical persistent organic
pollutants usually found in waters where Microcystis
blooms breakout (Guo et al. 2011). Their solubility in
water decreases with increases in their molecular weight
(Nikolaou et al. 2009). Low molecular-weight PAHs can
dissolve in waters directly, while PAHs with high molec-
ular weight can be sorbed strongly by waterborne organic
and inorganic particles and brought down to the bottom
sediment as a sink in the aquatic system (Dong et al.
2012; Kafilzadeh 2015). The sorbed PAHs will be re-
leased to the water as an extended source to be absorbed
and accumulated by algae (Hong et al. 2008). The pres-
ence of PAHs in the waters can affect the growth of
M. aeruginosa (Zhu et al. 2012). However, effects of
PAHs on MC production and its involved mechanism
have not been reported. In this study, ANT, a commonly
occurring PAH, was selected as representative to investi-
gate effects of PAH on the production of MC-LR, which
is the most common and potent isoform of MCs in
M. aeruginosa. In addition, changes in the expression
of three key mcy genes, including mcyB, mcyD, and
mcyH, were investigated as well.

2 Materials and Methods

2.1 Algae Culture

M. aeruginosa FACHB-905 was provided by the
Institute of Hydrobiology, Chinese Academy of
Sciences. Algae were cultured in conical flasks

containing sterilized BG11 medium under a 12 light/12
dark cycle with a light density of 60 μmol/m2 s at 25 °C.
To reduce any effects related to minor differences in
photon irradiance and maintain homogeneity, the flasks
were shaken slightly four times each day and rearranged
randomly. Cultures were used till algae were in exponen-
tial growth phase.

2.2 Experimental Design

Acetone was chosen to be the carrier solvent to prepare
the stock solution of ANT (Sigma-Aldrich (Shanghai)
Trading Co., Ltd.). Based on the inhibition of
M. aeruginosa growth at different acetone concentra-
tions, the 96-h NOEC value of acetone toM. aeruginosa
was 0.5 % (v/v). Considering the NOEC value of ace-
tone, the stock solution of ANT (1.0 mg/mL) was pre-
pared. According to 96 h EC50 (3.36 μg/mL) evaluated
previously, the final concentrations of ANT in the me-
dium were set as follows: 0.02, 0.06, 0.18, 0.54, and
1.62 μg/mL. Each concentration was prepared in tripli-
cate. Different volumes of stock solution were added to
3000-mL conical flasks containing 1500 mL of algal
culture respectively, and the maximum volume of stock
solution added was 2.43 mL, resulting in the highest
final concentration of ANT (1.62 μg/mL). Acetone was
supplemented to the same final volume of 2.43 mL in
other ANT-exposed groups. Algal culture added with
2.43 mL of acetone was used as the control group.
Samples were removed from the culture every 3 days
(0, 3, 6, 9, and 12 days). In addition, samples were also
removed after exposure to ANT for 1 day.

2.3 Determination of Cell Density and Relative Growth
Rate

Algal cell density was tested using a blood counting
chamber under a light microscope (×40). To reduce
erroneous results, samples were taken 1 cm below the
water surface with movement. The relative growth rate
(RGT) of algae was calculated using the following
formula:

RGT ¼ ln NT−N0ð Þ= Δtð Þ
where N0 is the cell density at the beginning of a time
interval, NT is the cell density at the end of a time
interval, and △t is the length of the time interval in days
(tT – t0).
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2.4 Monitoring of ANT Concentrations in the Culture
Medium

Algal culture was poured through a 0.22-μmmembrane
to collect the culture medium, which was adjusted to pH
2.0. The culture medium was extracted twice, each with
equal volume of dichloromethane in a separating funnel,
and the extracted samples were combined and dried with
anhydrous sodium sulfate, and then concentrated using
a vacuum rotary evaporator (Eyela, Japan). The organic
extract was transferred to sample bottle and diluted with
dichloromethane to a constant volume of 1 mL.

The organic extracts were analyzed utilizing an
HPLC system (SPD-M20A, Shimadzu, Japan) equipped
with a C18 reversed-phase column (150 mm), using
methanol/water (v/v, 85/15) at a flow rate of 1 mL/min,
with the injection amount of 20 μL. ANTwas extracted
using the abovemethodwhich yielded 78.6 and 110.9%
recovery.

2.5 Extraction of MCs

Eighty milliliterts of algal culture was centrifuged at
10,000 rpm for 10 min at 4 °C, and then the supernatant
was discarded. The cell pellet was frozen (−20 °C) and
thawed (4 °C) repeatedly for five times. After centrifu-
gation, the supernatant I was collected and the cell pellet
added with 20–30 mL of 5 % acetic acid was stirred for
20 min and then centrifuged at 10,000 rpm (4 °C;
10 min) to collect supernatant II. The left cell pellet
dissolved with 30 mL of HPLC methanol was stirred
for 20 min, and then centrifuged to collect supernatant
III. The methanol left in supernatant III was removed
using the rotary evaporation method. Supernatants I, II
and III were mixed and filtered through a 0.22-μm
membrane to prepare filtration for the subsequent solid
phase extraction.

MCs were extracted on SPE C18 (Supelclean ENVI-
18) cartridge as follows: C18 cartridge was firstly acti-
vated and cleaned with 10 mL of methanol and 15-mL
distilled water in sequence, and then the filtration pre-
pared was loaded and the flow rate was 8–12 mL/min.
After washing with 10-mL distilled water and 20 %
methyl alcohol solution in sequence, 40 mL of 60 %
methyl alcohol solut ion containing 0.05 %
trifluoroacetic acid (TFA) was used to elute MCs. The
elute collected was rotary evaporated to dryness,
redissolved in 1-mL 60 % methyl alcohol solution, and

then filtrated through a 0.22-μm membrane. The filtra-
tion was applied to an HPLC system.

2.6 Determination of MC-LR Concentration by HPLC

Standard MC-LR bought from Sigma (98 % purity) and
extracted MC-LR were analyzed by HPLC (SPD-
M20A, SHIMADZU, Japan) with a Shim-Pack VP-
ODS column (250 mm× 4.6 mm). The column temper-
ature was 40 °C. The mobile phase was 60 % (v/v)
methyl alcohol-water solution containing 0.05 % (v/v)
TFA. The flow rate was 1.0 mL/min and the injection
amount was 20 μL. The detection wavelength was
238 nm. The limit of detection (LOD) was 0.1 μg/L.
The calibration curve of MC-LR was created according
to the peak area of 5 vol (4, 8, 12, 16, and 20 μL) of
10.0 μg/mL standard MC-LR solution. These standard
MC-LR solutions were extracted on SPE C18 cartridge
to determine its recovery rate of MC-LR.

2.7 RNA Extraction, Reverse Transcription
and Real-Time Analysis

M. aeruginosa cells from the 120-mL algal culture were
harvested by centrifuging at 7000 rpm for 5 min at 4 °C.
The pelleted cells were suspended in a Trizol reagent
(TOYOBO, Japan) and ground under liquid nitrogen.
Total RNAs were extracted following the Trizol reagent
manual (TOYOBO, Japan), then digested with RNase-
free DNase (TOYOBO, Japan). For reverse transcrip-
tion, 1 μg of total RNAwas mixed with random primers
p(dN)9 and reverse transcriptase according to the in-
structions of the reverse transcriptase kit (Generay,
China).

The primers ofmcyB,mcyD, andmcyHwere referred
from previous research report (Table 1). Real-time RT-
PCR was performed with 25-μL THUNDERBIRD
SYBR® qPCRMix (TOYOBO, Japan), 1.5-μL forward
primer and reverse primer (10 pmol/μL), respectively,
1-μL cDNA, and 21-μL distilled water to a final volume
of 50 μL. The amplification reactions were performed
by a MyiQ™ 5 real-time RT-PCR (Bio-Rad, USA)
using the following conditions: 1 cycle at 94 °C for
2 min followed by 40 cycles at 94 °C for 10 s, 57 °C
for 30 s, and 72 °C for 30 s. Gene expression data from
real-time qPCR were evaluated using Ct value (Livak
and Schmittgen 2001), and the 16S rRNA gene was
used as the housekeeping gene to normalize the
expression levels of the target gene since the expression
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of 16S rRNA is stable under various conditions. The
induction ratio was calculated as under using 2−ΔΔCt

(Livak and Schmittgen 2001), where ΔΔCt = (Ct, target
gene −Ct, 16S rrn)stress − (Ct, target gene −Ct, 16S rrn)control.

2.8 Statistical Analysis

Statistical analysis was performed with SPSS 13.0. The
resulting data were expressed as mean ± SD (n = 3).
Differences among means were determined using one-
way analysis of variance (ANOVA) and considered
significant at P < 0.05 and remarkably significant at
P < 0.01.

2.9 Results

Figure 1 shows the effects of ANT on the growth and
relative growth rate of M. aeruginosa. All the tested
concentrations of ANT inhibited M. aeruginosa growth
significantly (P < 0.05) except 0.02 μg/mL of ANT at
day 3, which stimulated algal growth significantly
(P < 0.05). With the prolongation of culture time, algal
cell densities in 0.02 and 0.06 μg/mL ANT-exposed
groups gradually increased, while cell densities of
M. aeruginosa exposed to higher concentrations (above
0.06 μg/mL) of ANT decreased first at day 3 and then
increased significantly at day 6. The specific growth rate
of M. aeruginosa was markedly increased at day 6,
exhibiting an overcompensatory growth response.
ANT evoked overcompensatory growth in a
concentration-related manner. Change of ANT concen-
trations in the culture medium is shown in Fig. 2. In the
culture media, initially applied ANT concentrations de-
creased significantly in the early stage of experiment.
After 3 days of incubation, ANTconcentrations remain-
ing in the culture media initially exposed to 1.62 μg/mL

ANT and 0.02μg/mL ANT decreased to 0.090 and
0.006 μg/mL, respectively.

As shown in Fig. 3, the calibration curve of MC-LR
was linear (y = 2.7477x − 0.1272) with the correlation
coefficients (r2 = 0.9985). The recovery rate of MC-LR
on the SPE C18 car tr idge was 0.7853. The

Table 1 PCR primer sequences
used in the present experiment Gene Primer sequence (5′-3′) Reference

16S rRNA F GCCGCRAGGTGAAACTAA Song et al. (2011)
R AATCCAAAGACCTTCCTCCC

mcyB F CCTACCGAGCGCTTGGG Song et al. (2011)
R GAAAATCCCCTAAAGATTCCTGAGT

mcyD F GGCTGCGTAGCGGTTTCCTT Song et al. (2011)
R CGGCTTTATCTCCTCAACAGTCTC

mcyH F TCTAAGGGAGGTCGTTTT He et al. (2011)
R TTATGTTGAGCGTCTATCTG
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Fig. 1 Effects of ANT on the growth (a) and relative growth rate
(b) of Microcystis aeruginosa
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concentrations of the sampled MC-LR were rectified
with the recovery rate obtained. As shown in Fig. 4,
ANT could stimulate MC-LR production in a
concentration-dependent manner (P < 0.05). At the end
of the experiment, MC-LR produced in M. aeruginosa
exposed to 0.06 μg/mL ANT reached 6.16 μg/107 cells,
which was significantly higher than that (5.20 μg/107

cells) in the control group (P < 0.05). The highest MC-
LR production was observed inM. aeruginosa exposed
to 1.62 μg/mL ANT. It was 1.32-fold of that in the
control group, reaching 6.87 μg/107 cells.

Figure 5 shows the expression of three keymcy genes
inM. aeruginosa exposed to different concentrations of
ANT for 1 day. ANT downregulated gene expression of
mcyB and the inhibitory effects increased with ANT
concentrations. ANT (0.02 μg/mL) inhibited gene ex-
pressions of mcyD and mcyH significantly (P < 0.01),
while higher concentrations (above 0.02 μg/mL) of

ANT stimulated gene expressions of mcyD (P < 0.05)
and mcyH (P < 0.01) significantly. The effects of
0.18 μg/mL of ANTon the three key mcy genes expres-
sions of M. aeruginosa at different culture times are
shown in Fig. 6. With the prolongation of culture time,
0.18 μg/mL of ANT inhibited mcyB gene expression
first and then stimulated it, while gene expressions of
mcyD and mcyH were stimulated throughout the
experiment.

3 Discussion

PAHs, as typical persistent organic pollutants usually
found in eutrophic waters with common occurrence of
Microcystis blooms (Guo et al. 2011), could affect the
growth of M. aeruginosa. Naphthalene, phenanthrene,
and pyrene were dominant PAHs in surface water (Li
et al. 2010), and Zhu et al. (2012) found a solution that

Fig. 2 Change of ANT concentrations in the culture medium
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the mixture of these PAHs could markedly promote the
growth of M. aeruginosa. ANT is also a commonly
occurring PAH in natural aquatic environments. It has
been included in the US Environmental Protection
Agency’s Priority Pollutant List for its genotoxic and
immunotoxic properties. In the early stage of the exper-
iment, the lowest concentration (0.02 μg/mL) of ANT,
which was selected considering ANT concentrations in
lakes in China (Guo et al. 2012), could stimulate
M. aeruginosa growth. Wong (2000) found that algal
growth was stimulated by low concentrations of 2, 4-D
and glyphosate and inhibited at high concentrations.
Hormesis, the stimulatory effects caused by low levels
of potentially toxic agents (Calabrese 2005), might be
responsible for the stimulation of growth by the low
level of ANT and other toxicants. High concentrations
of ANT could inhibit M. aeruginosa growth in the first
3 days, and alga restored their growth after 6 days of
incubation, which was accompanied with a rapid de-
crease of initial ANT concentrations in the culture me-
dia. It was impossible to maintain stable ANT concen-
trations in the culture media at different incubation times
because of inevitable removal of ANT by algal adsorp-
tion and absorption, evaporation, and degradation
(Hong et al. 2008). High initially applied ANT concen-
trations decreased significantly after 3 days of incuba-
tion, which resulted in algal growth inhibition in the first
3 days and growth restoration in the following incuba-
tion time.

It has been found that MCs played important role in
enhancing and maintaining the Microcystis colony size
by increasing the production of extracellular polysac-
charides (Gan et al. 2012). The colony formation of
Microcystis provided a competitive advantage over oth-
er phytoplankton species (Wu et al. 2007). Increased

MC production could also be used as a defense device
against zooplankton grazing by inhibiting feeding rate
(DeMott 1999). In this study, we found ANT could
stimulate MC-LR production in a concentration-
dependent manner, suggesting that ANT could be a
stimulus of MC production and ANT pollution in natu-
ral waters might contribute to the persistence of algal
colonies and the dominance of Microcystis. Some pre-
vious studies found that there was a positive linear
relationship between MC content and the growth of
M. aeruginosa under stress (Long et al. 2001; Pan
et al. 2008). However, according to our results, intracel-
lular MC concentrations were higher under poorer
growth conditions of M. aeruginosa in the early stage
of ANT exposure. M. aeruginosa might have different
growth responses to various stimulatory factors in-
volved in MC production.

MCs are synthesized non-ribosomally by the
thiotemplate function of a large, modular enzyme com-
plex encoded within the 55-kb mcy gene cluster
(Pearson et al. 2004). The product of the mcy gene
cluster is a large multienzyme complex of mixed poly-
ketide synthase (PKS) and non-ribosomal peptide syn-
thetase (NRPS) modules (Kaebernick et al. 2000;
Noguchi et al. 2009).The gene cluster spans 55 kb and
comprises ten genes arranged in two gene clusters that
are divergently transcribed, mcyA to mcyJ, encoding
three peptide synthetases (mcyA, mcyB, and mcyC), a
modular polyketide synthase (mcyD), two hybrid en-
zymes comprising peptide synthetase and polyketide
synthase modules (mcyE and mcyG), and enzymes pu-
tatively involved in the tailoring (mcyJ,mcyF, andmcyI)
and transport (mcyH) of MCs (Tillett et al. 2000). In this
study, mcyB and mcyD were chosen as representatives
of the microcystin NRPS and PKS genes, respectively.
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Transporter gene mcyH involved in the intra (or extra)-
cellular transportation of MCs was also investigated
with respect to expression in cells exposed to different
concentrations of ANT. This is the first genetic study
focusing on the effects of PAHs upon the transcriptional
regulation of genes responsible for MC synthesis. The
gene expression of mcyB was downregulated by all the
tested concentrations of ANT, while gene expressions of
mcyD and mcyH were upregulated by higher concentra-
tions (above 0.02 μg/mL) of ANT. We proposed that
ANT could affect, eventually modified, the expression
of mcy genes, and their transcriptions required different
thresholds of ANT to initiate and upregulate.
Throughout the experiment, expressions of three key
mcy genes in M. aeruginosa were stimulated except
mcyB gene expression at day 1. ANT might stimulate
MC production via upregulating mcy gene expressions.

In summary, ANT exposure could not only affect the
growth of M. aeruginosa but also stimulate MC-LR
production by modifying mcy gene expressions. The
presence of ANT pollution in natural waters might play
a subtle role in the breakout of Microcystis blooms.
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