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A B S T R A C T

Microcystis and Anabaena (Dolichospermum) are among the most toxic cyanobacterial genera and often
succeed each other during harmful algal blooms. The role allelopathy plays in the succession of these
genera is not fully understood. The allelopathic interactions of six strains of Microcystis and Anabaena
under different nutrient conditions in co-culture and in culture-filtrate experiments were investigated.
Microcystis strains significantly reduced the growth of Anabaena strains in mixed cultures with direct
cell-to-cell contact and high nutrient levels. Cell-free filtrate from Microcystis cultures proved equally
potent in suppressing the growth of nutrient replete Anabaena cultures while also significantly reducing
anatoxin-a production. Allelopathic interactions between Microcystis and Anabaena were, however,
partly dependent on ambient nutrient levels. Anabaena dominated under low N conditions and
Microcystis dominated under nutrient replete and low P during which allelochemicals caused the
complete suppression of nitrogen fixation by Anabaena and stimulated glutathione S-transferase activity.
The microcystin content of Microcystis was lowered with decreasing N and the presence of Anabaena
decreased it further under low P and high nutrient conditions. Collectively, these results indicate that
strong allelopathic interactions between Microcystis and Anabaena are closely intertwined with the
availability of nutrients and that allelopathy may contribute to the succession, nitrogen availability, and
toxicity of cyanobacterial blooms.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Over the last 140 years, toxic cyanobacterial blooms have been
reported from fresh and brackish water bodies of temperate and
tropical regions (Francis, 1878; Sivonen and Jones, 1999; Rantala
et al., 2004). Cyanobacteria such as Aphanizomenon, Radiocystis,
Cylindrospermopsis, Microcystis, Anabaena, and Planktothrix syn-
thesize potent metabolites including hepatotoxins (e.g. micro-
cystins and cylindrospermopsin) and neurotoxins (e.g. anatoxins
and saxitoxins) that can kill wild and domestic animals (Krienitz
et al., 2003; Zimba et al., 2006; Puschner et al., 2008), as well as
humans (Jochimsen et al., 1998). Some of these cyanotoxins have
been associated with elevated levels of human hepatocellular
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carcinoma cases reported in China (Kuiper-Goodman et al., 1999;
Ren et al., 2017). There is evidence that the risks associated with
cyanotoxins and cyanobacterial blooms will continue to increase
globally because of climate change perturbations coupled with the
eutrophication of aquatic ecosystems (Paerl, 2008; O’Neil et al.,
2012).

The structure of phytoplankton communities can be influ-
enced by chemical interactions between different species, a
process referred to as allelopathy (Leão et al., 2009) whereby
organisms synthesize and release bioactive compounds called
allelochemicals into the surrounding environment to positively
or negatively influence the growth of neighboring species (Rice,
1984). Allelopathy plays important roles in intra-species
communication (Schatz et al., 2007), invasive fitness (Figueredo
et al., 2007), resource and interference competition (De Nobel
et al., 1997; Van Der Grinten et al., 2005), ecological succession,
and bloom formation (Keating, 1978; Vardi et al., 2002; Legrand
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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et al., 2003). Furthermore, cyanotoxins such as anatoxin-a (ATX-
A), cylindrospermopsin, and microcystins (MCs) have been
referred to as allelochemicals because of their effects on
phytoplankton and macrophytes (Mitrovic et al., 2004; Leflaive
and Ten-Hage, 2007; Campos et al., 2013; Rzymski et al., 2014;
Chia et al., 2015, 2016).

While nutrient availability plays a key role in influencing the
ecological dynamics of phytoplankton populations (Barreiro and
Hairston, 2013a), the effect of abiotic and biotic factors on the
production of allelochemicals and their allelopathic activity has
not been extensively studied. Only a few studies have examined
the effect of specific environmental factors such as nutrient,
temperature, or pH variation on the production of allelochemicals
or allelopathic activity (Legrand et al., 2003; Gomes et al., 2015).
The excessive delivery of nitrogen (N) and phosphorus (P) has
eutrophied marine and freshwater ecosystems worldwide
(Cloern, 2001), skewing the stoichiometry of nutrients and
driving phytoplankton communities into nutrient limitation
(Graneli et al., 2009). Thus, producing allelochemicals may
reduce competition in the immediate environment, allowing
greater or longer access to a limiting resource (Legrand et al.,
2003). Examples of N and P limitation abound in freshwaters
(Gobler et al., 2016; Paerl et al., 2016). Some cyanobacteria
outcompete other species in N-deficient waters by fixing nitrogen
(i.e. diazotrophs) and producing antibiotic substances that are
active against other cyanobacteria (Flores and Wolk, 1986). This
suggests that nitrogen-fixing cyanobacteria could adopt either
resource competitive or allelopathic strategies under different
nutrient conditions against other phytoplankton species (Legrand
et al., 2003). Studies on toxic and non-toxic strains of Microcystis
spp. and Anabaena sp. revealed strain specific responses under low
nitrogen, low phosphorus and excess nutrient conditions (Li and
Li, 2012). Unfortunately, the impact of nutrient variations on the
allelopathic interactions between Microcystis spp. and Anabaena
spp, as well as the effects of allelopathy on the ability of
diazotrophic cyanobacteria to fix nitrogen has not been previously
researched. Furthermore, the physiological changes associated
with individual species during allelopathic interactions have been
poorly investigated in quantitative terms (Dunker et al., 2013;
Song et al., 2017), as resolving strain/species-specific responses
due to direct cell-to-cell contact in mixed culture experiments is
complex.

The objectives of the present study were to investigate
allelopathic interactions between strains of Microcystis and
Anabaena. Experiments were performed using direct co-culture as
well as cell-free culture filtrate and the effect of nutrient variation
on the allelopathic interaction between Microcystis and Anabaena
was also explored. Beyond observing changes in cell densities,
experiments quantified photosynthetic efficiency, N2-fixation
rates, microcystin and anatoxin-a concentrations, and intracellular
enzyme activity. The results obtained from these studies contrib-
ute to the current understanding of the role allelopathy plays in
successional processes in aquatic ecosystems.

2. Materials and methods

2.1. Cyanobacterial strains

Six cyanobacterial strains of Microcystis and Anabaena were
investigated in this study. While the genus Anabaena has been
changed to or referred to as synonymous with other genera
including Dolichospermum and Trichormus (Rajaniemi et al., 2005;
Komárek and Zapomelova, 2007), recent whole genome compar-
isons of the order Nostocales indicates that the Anabaena and
Dolichospermum genera should perhaps be collapsed back into a
single genus complex since they share greater than 97.5%
nucleotide identity at the 16S rRNA locus whereas 97% identity
is the commonly used species cut-off and 92% identity is used to
delineate genera (Li et al., 2016). Because of this and for the sake of
continuity with prior studies with these same cultures, in the
present study, the genus Anabaena is used to refer to Anabaena sp.
54, Anabaena variabilis UTEX B377, A. flos-aquae UTEX 1444, and A.
flos-aquae CPCC 64. In addition, Microcystis aeruginosa LE 3
(Microcystis LE 3) and Microcystis sp. SR (Microcystis SR), were
isolated from Lake Erie, USA (Brittain et al., 2000) and Sassafras
River, MD, USA, respectively, and were the representative Micro-
cystis strains used in the present study. Both Microcystis cultures
produce microcystins and Anabaena sp. 54 produces ATX-A. The
strains A. variabilis UTEX B377 (unknown origin), A. flos-aquae
UTEX 1444 (isolated from Mississippi) and A. flos-aquae CPCC 64
(isolated from Lake Ontario) were obtained from the Greg L Boyer
laboratory, ESF, State University of New York, and Anabaena sp. 54
(isolated from Finland) was obtained from HAMBI culture
collection, Helsinki, Finland. The identity of the strains was
confirmed using 16S rRNA gene (Nubel et al., 1997; Urbach et al.,
2001) and the accession numbers were published under pending
accession numbers in the NCBI GenBank. Stock cultures were
maintained in BG11 medium under controlled light intensity
(30 mmol m�2 s�1), photoperiod (14:10 light:dark) and tempera-
ture (22 + 1 �C).

2.2. Mixed culture experiments of toxin-producing and non-toxin-
producing cyanobacteria

The Anabaena sp. 54, A. variabilis UTEX B377, A. flos-aquae
UTEX 1444 and A. flos-aquae CPCC 64 cultures were co-cultured
with Microcystis LE-3 and Microcystis SR in 500 mL Erlenmeyer
flasks containing 250 mL of BG-11 culture medium (Table S1).
Since previous studies have shown that initial cell density
influences species dominance, thereby giving an advantage to
the species with higher cell density (Li and Li, 2012; Ma et al.,
2015), Anabaena strains were co-cultured with Microcystis strains
in a 1:1 biovolume ratio at 4.0 � 106mM3mL�1 for each strain. The
control treatments were established with only one strain in the
culture medium. The cultures were incubated using the same
conditions stated above for the stock cultures for 7 days and
samples (10 mL) were obtained daily to quantify cell abundances,
pH, and nutrient levels. All experimental treatments throughout
this study were carried out in triplicate with cultures in
exponential growth phase.

2.3. Effect of Microcystis LE 3 cell free medium on different Anabaena
strains

Cell-free BG 11 culture medium was obtained from exponential
growth phase cultures of Microcystis LE 3 after centrifugation
(2000 G � 10 min), a process shown not to damage cells of this
strain (Harke and Gobler, 2013). The N and P content of the
Microcystis LE 3 cell free medium was supplemented to the
nutrient levels found in freshly prepared BG11 medium, ensuring
cyanobacterial growth was not nutrient limited. The initial cell
density of Anabaena sp. 54, A. variabilis UTEX B377, A. flos-aquae
UTEX 1444 and A. flos-aquae CPCC 64 was 5 � 105 cells mL�1 in
50 mL culture tubes containing 30 mL of Microcystis LE 3 cell free
medium (see Table S2), and control cultures in 30 mL of BG11
medium were also established. The cultures were incubated for
3 days as described above. Samples for cell abundances (2 mL) and
maximum quantum yield of photosystem II (Fv/Fm) (2 mL) were
collected on days 1 and 3, and samples ATX-A content (15 mL) were
collected on day 3 of the experiment.
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2.4. Co-cultivation of A. variabilis UTEX B377 and Microcystis LE 3
using partitioned chambers under different nutrient conditions

Partitioned chambers were constructed to explore the concur-
rent growth and physiological condition of individual cyanobac-
terial strains during allelopathic interactions. The partitioned
chambers were made up of two polystyrene Corning 200 mL U-
shaped canted neck cell culture flasks separated by a 0.45 mm
mesh size nylon membrane (Harke et al., 2017). Each compartment
had a vented cap to enable sample retrieval without cross
contamination. The A. variabilis UTEX B377 and Microcystis LE 3
strains were selected for co-cultivation experiments with partition
chambers due to the significant reciprocal growth inhibition
observed during the mixed culture experiments above. Further-
more, A. variabilis UTEX B377 was the only species capable of
dominating the Microcystis spp. during mix cultivation, indicating
it was the most competitive among the Anabaena spp. investigated.
The strains were co-cultured using the partitioned chambers under
high nutrient (+N + P), low nitrogen (-N + P) and low phosphorus
(-P + N) conditions (Table S3). The high nutrient condition
consisted of the N and P concentrations found in BG11 medium,
while low N and low P treatments had 7.8 mM and 0.05 mM,
respectively. The high nutrient treatments simulated the concen-
trations found in highly eutrophic aquatic ecosystems, while the
low nitrogen and low phosphorus were similar to those of
oligotrophic or nutrient limited water bodies (Reynolds, 2006;
Harke et al., 2016). Prior to the commencement of this
experimental phase, the cyanobacteria were acclimated to the
respective nutrient conditions for a minimum of 2 weeks. Cultures
of Microcystis LE 3 (4.0 � 106mM3mL�1, 150 mL) and A. variabilis
UTEX B377 (4.0 � 106mM3mL�1, 150 mL) were added to the two
compartments to give a total volume of 300 mL per treatment
combination. The control treatments consisted of only one strain
per pair of compartment chamber per nutrient condition. The co-
cultures were incubated for 7 days under the same conditions as
the stock cultures. Culture aliquots were (5 mL) collected daily
during the experiments to quantify cell density, pH, and particulate
(intracellular) MCs measurements. Samples (40 mL) for glutathi-
one S-transferase activity were collected on day 7 of the
experiment.

2.5. Data collection

pH measurements were made with pH strips (Merck, Germany)
to avoid culture media contamination. Dissolved inorganic
nutrients (nitrate, ammonia, and orthophosphate) concentrations
were colorimetrically determined on a Lachat QuikChem 8500
flow injection analysis system (Lachat Instruments; Hach Compa-
ny, Colorado, USA) (Table S4).

For the mixed cultures, Lugol’s iodine preserved samples of
Microcystis spp. were counted microscopically with a Hausser
Scientific bright-line haemocytometer counting chamber, while
those of the filamentous cyanobacterial strains were quantified
with gridded Sedgwick rafter counting chamber. The gridded
Sedgewick-Rafter chamber allowed for accurate assessment of
filamentous cyanobacterial cell densities without the layering of
cells and filaments. For all samples, a minimum of 200 cells was
enumerated. Cell and filament dimensions were measured and
biovolumes calculated according to Hillebrand et al. (1999).

Cell counts of Microcystis LE3 from the partition chamber co-
culture experiments were quantified with a CytoFLEX flow
cytometer (Beckman Coulter, USA) using fluorescence patterns
and particle size derived from side angle light scatter (Olson et al.,
1991). All data files were acquired and analyzed using the
manufacturer supplied CytExpert Software for CytoFLEX (Beckman
Coulter, USA).

Maximum quantum efficiency of photosystem II (Fv/Fm) and in
vivo chlorophyll florescence were measured from in vivo (Fi) and
DCMU (3,4-dichlorophenyl-1,1-dimethylurea)-enhanced in vivo
fluorescence (Fm) of each replicate experimental sample on a
Turner Designs TD-700 fluorometer (EX filter of 340–500 nm and
EM filter of >665 nm), using blank corrections from BG11 media
(Harke and Gobler, 2013; Parkhill et al., 2001).

For microcystin (MC) analyses, 10 mL culture samples were
filtered through pre-combusted (2 h at 450 �C) glass fiber filters
(GF/C) for extracellular (dissolved) and intracellular (particulate)
MC analysis. The residue (cyanobacterial cells) and filtrate
(dissolved MC) were kept at �20 �C until analysis. Intracellular
MC was extracted with an Abraxis QuikLyse Cell Lysis kit for
Microcystins/Nodularins ELISA Microtiter Plate according to the
manufacturer’s instructions. Subsequently, the lysed samples
and filtrates were analyzed with an Abraxis Microcystins/
Nodularins (ADDA) ELISA Kit according to the manufacturer’s
instructions.

For ATX-A analysis, 15 mL of Anabaena sp. 54 cultures were
filtered onto pre-combusted (2 h at 450 �C) glass fiber filters (GF/C)
and extracted using acetonitrile (ACN):water with formic acid
solution as described by Dell’Aversano et al. (2005). The amount of
MCs, homoanatoxin, and ATX-A (including derivatives) was
assessed by liquid chromatography tandem mass spectrometry
(LC–MS/MS) using an Agilent 1200 series HPLC and Agilent 6410
triple quadrupole mass spectrometer equipped with a Peak
Nitrogen generator #NM30LA (Peak Scientific, Inc. Billerica,
MA). The analytes were separated using a flow rate of 400 mL/
min over a 57-min gradient. ATX-A was detected using appropriate
qualifier and quantifier ions (Meriluoto and Codd, 2005; James
et al., 2005) using Agilent MassHunter Qualitative Analysis
software (version B.03.01). For each sample, the peak areas of
the product ions were determined using the MS/MS integrator
option. The amount of analyte was determined by normalization to
the parent compound.

N2-fixation by A. variabilis UTEX B377 from the partitioned
chamber experiments was determined as a function of nitrogenase
activity using the acetylene reduction assay (ARA) with gas
chromatography and calculated as the amount of ethylene
produced per hour (mg cell�1 h�1) (Flett et al., 1976). Aliquots of
A. variabilis UTEX B377 cultures (5 mL) were placed in 10 mL glass
vials and sealed with rubber septa. Acetylene was added to the gas
phase of the 10 mL vials and left to incubate for 4 h under the same
growth conditions as the stock cultures. After the incubation
period, a portion of the gas phase was withdrawn and analyzed for
ethylene content using the Thermo Scientific Trace 1310 gas
chromatography with a flame ionization detector (GC-FID) system
(Thermo Scientific, Waltham, USA). An ethylene standard curve
was used to calculate the concentration of ethylene produced by A.
variabilis UTEX B377. The ratio of ethylene produced to the amount
of nitrogen fixed by A. variabilis UTEX B377 was assumed to be 4:1
as was previously determined empirically for this species (Jensen
and Cox, 1983). Peaks were viewed and analyzed with the
Chromeleon version 7.2 Chromatography Data System (CDS)
software (Thermo Scientific, Waltham, MA, USA).

For glutathione S-transferase (GST) activity analysis, total
protein was extracted from 40 mL of partitioned chamber cultures
of A. variabilis UTEX B377 in 0.1 M phosphate buffer (pH 6.5)
containing 1% (w/v) polyvinylpyrrolidone (PVP). Glutathione S-
transferase activity was analyzed using the Sigma GST activity
assay kit following the manufacturer’s instructions (Sigma-
Aldrich, St. Louis, USA).
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2.6. Statistical analysis

The data obtained were evaluated for normality and homoge-
neity of variance using the Shapiro-Wilk and Mauchly's sphericity
tests, respectively. Significant differences in biomass production of
the different strains during mixed and co-cultivation were
determined using repeated measure one-way and two-way
analysis of variance (ANOVA), respectively. The data obtained
from the Microcystis LE 3 cell free medium experiment was
analyzed using Student’s t-test. When significant differences were
detected in the ANOVA tests, Tukey’s HSD post hoc test was used
for multiple comparisons of means. All statistical analyses were
done at 5% significance level using Statistica v.10 (StatSoft, Inc.,
Tulsa, OK, USA) for Windows.
Fig.1. Percentage reduction in the biomass of Anabaena sp. 54 (A54), Anabaena flos-aquae
LE 3 (MA), and Microcystis SR (MSR) during mixed culture experiments. Error bars rep
(p < 0.05) from the control.
3. Results

3.1. Mixed culture experiments of toxin-producing and non-toxin-
producing cyanobacteria

In nearly all mixed culture experiments, Microcystis strongly
inhibited the growth of Anabaena whereas the effects of Anabaena
on Microcystis were trivial. The biovolume inhibition of Microcystis
LE 3 and Microcystis SR biomass after exposure to Anabaena strains
was 7–21% and 17–29%, respectively (Fig. 1a–b). There was greater
and significant (p < 0.05) inhibition of Anabaena cultures by both
Microcystis as A. flos-aquae UTEX 1444, A. flos-aquae CPCC 64 and A.
variabilis UTEX B377 were inhibited by both Microcystis spp. by 27–
75%, while Anabaena sp. 54 was inhibited by Microcystis LE 3 (43%;
 UTEX 1444 (AF), A. flos-aquae CPCC64 (AFC), A. variabilis UTEX B377 (AV), Microcystis
resent standard deviation for n = 3. Values with asterisk are significantly different
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p < 0.05; Fig. 1c–f). Relative to the monoculture controls, the most
sensitive Anabaena strain to the presence of Microcystis spp. was A.
variabilis UTEX B377, which experienced >50% inhibition of its
biovolume at the end of the experiment (day 7).

3.2. Effect of Microcystis LE 3 cell free medium on different Anabaena
strains

The cell free medium of Microcystis LE 3 had significant negative
effect on the cell density of A. flos-aquae UTEX 1444, A. flos-aquae
CPCC 64, Anabaena sp. 54 and A. variabilis UTEX B377, inhibiting
biomass levels by 39–83% after 3 days (Fig. 2). Concurrently, the
maximum quantum efficiency of photosystem II (Fv/Fm) of A. flos-
aquae UTEX 1444, A. flos-aquae CPCC 64 and A. variabilis UTEX B377
was significantly (p < 0.05) inhibited while Anabaena sp. 54 was
not (Fig. 3). The ATX-A content per cell of Anabaena sp. 54 was
significantly inhibited by more than 50% when grown in Micro-
cystis LE 3 cell free medium (p < 0.05; Fig. 4).

3.3. Co-cultivation of A. variabilis UTEX B377 and Microcystis LE 3
using partitioned chambers under different nutrient conditions

The highest biovolume of Microcystis LE 3 occurred under high
nutrient and monoculture (control) conditions, while the lowest
was observed under low P conditions (Fig. 5). On day 7, the
biovolume of Microcystis LE 3 was significantly (p < 0.05) inhibited
by 24% and 40% when co-cultured with A. variabilis UTEX B377
under high nutrient and low P conditions compared to the control
and low P monocultures, respectively. For Anabaena, the bio-
volume of strain UTEX B377 in co-culture with Microcystis was
significantly (p < 0.05) lower than the low N monocultures
Fig. 2. Cell density variation of Anabaena sp. 54 (A54), Anabaena flos-aquae UTEX 144
Microcystis LE 3 cell free medium (MCFM). Values with asterisk are significantly different (
(p < 0.05) and high nutrient (control) condition, while the lowest
value occurred under low P co-culture condition. Compared to the
control, Microcystis caused 43% inhibition of the biovolume of A.
variabilis UTEX B377 and >50% decline under P limitation. A
significant (p < 0.05) interaction was recorded between the
presence of Microcystis and changing nutrient conditions on the
decline in the biomass of A. variabilis UTEX B377. The highest
biovolume of A. variabilis UTEX B377 occurred under low N
concentration with or without Microcystis LE 3 presence.

The cellular chlorophyll-a content of Microcystis LE 3 declined
under low N and low P conditions while the presence of A. variabilis
UTEX B377 only significantly (p < 0.05) inhibited the pigment
content of Microcystis LE 3 under low P and high nutrient
conditions (Table 1). For A. variabilis UTEX B377, the highest
chlorophyll a concentration was detected under the low P
treatment, while the lowest concentration was recorded under
low N condition. Furthermore, the presence of Microcystis LE 3
resulted in significantly (p < 0.05) lower chlorophyll-a content
under low N condition (Table 1).

The Microcystis LE 3 cultures grown under high nutrient
conditions had the highest intracellular MC content, while the
lowest concentration was observed during co-cultivation with A.
variabilis UTEX B377 under low P (Fig. 6). The reductions in
intracellular MC content of Microcystis LE 3 from monocultures
were significant (p < 0.05) under low N and low P conditions.
Furthermore, the presence of A. variabilis UTEX B377 significantly
(p < 0.05) lowered the intracellular MC content of Microcystis LE 3
under high nutrient and low P condition only.

N2-fixation by A. variabilis UTEX B377 was significantly
(p < 0.05) reduced by the presence of Microcystis LE 3 at all
nutrient levels (Fig. 7). These rates were reduced to undetectable
4 (AF), A. flos-aquae CPCC 64 (AFC), and A. variabilis UTEX B377 (AV) exposed to
p < 0.05) from the control per time. Error bars represent standard deviation for n = 3.



Fig. 3. Photosynthetic efficiency (Fv/Fm) of Anabaena sp. 54 (A54), Anabaena flos-aquae UTEX 1444 (AF), A. flos-aquae CPCC 64 (AFC), and A. variabilis UTEX B377 (AV) exposed
to Microcystis LE 3 cell free medium (MCFM). Values with asterisk are significantly different (p < 0.05) from the control per time. Error bars represent standard deviation for
n = 3.

Fig. 4. Anatoxin-a content of Anabaena sp. 54 (A54) during cultivation with
Microcystis LE 3 cell free medium of (MCFM). Bar with asterisk is significantly
different from the control (p < 0.05). Error bars represent standard deviation for
n = 3.
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levels by Microcystis LE 3 exposure under low P conditions (Fig. 7).
Exposure to Microcystis LE 3 also significantly (p < 0.05) increased
GST enzyme activity in A. variabilis UTEXB 377 under high nutrient
and low P conditions (Table 1).

4. Discussion

The present study revealed that different strains of Microcystis
and Anabaena can have reciprocal growth inhibitory and stimula-
tory effects on each other. While Microcystis strongly suppressed
Anabaena under nutrient replete conditions, precise growth effects
were dependent on strain/species and were influenced by nutrient
conditions. Furthermore, the interaction between cyanobacteria
strains in combination with changing nutrient conditions altered
the concentrations of cyanotoxins such as microcystins and
anatoxin-a, antioxidant enzyme activities, and N2-fixation by
Anabaena. These findings provide important new insight regarding
the ecology and toxicity of harmful cyanobacterial blooms.

4.1. Growth, pigment content, photosynthetic efficiency of
photosystem II and GST activity

The Microcystis strains generally dominated Anabaena strains
during this study. These results agree with those of previous
studies that Microcystis spp. are capable of inhibiting or stimulating
the growth of cyanobacteria and microalgae (De Nobel et al., 1998;
Dunker et al., 2013; Zhang et al., 2014; Bittencourt-Oliveira et al.,
2015). The mixed-cultivation of the six cyanobacterial strains was
performed under nutrient-replete and optimum pH conditions,
suggesting that the inhibition was likely due to allelopathic
interactions between the strains. This hypothesis was affirmed by
the ability of Microcystis LE 3 cell-free medium to significantly
inhibit the growth of all Anabaena strains. The presence of
Microcystis LE 3 also promoted the activity of GST in A. variabilis
UTEX B377, an enzyme that plays important detoxification and
biotransformation roles in plants exposed to bioactive secondary
metabolites (Bártova et al., 2011) and a finding further supporting
the hypothesis that allelochemicals mediated the interactions
between these two cyanobacteria. Growth inhibition of the
Anabaena spp. was likely caused, in part, by the significant decline
in photosynthetic efficiency of photosystem II, which influenced



Fig. 5. Changes in biovolume of Microcystis LE 3 (MA) (a–c) and Anabaena variabilis UTEX B377 (AV) (d–f) during co-cultivation with partitioned chambers under high nutrient
(+N + P), low nitrogen (�N + P) and low phosphorus (�P + N) conditions. Co-culture biovolumes with asterisk are significantly different (p < 0.05) from those of the respective
monocultures of the strains. Error bars represent standard deviation for n = 3.

Table 1
Chlorophyll a content (pg cell�1) of Microcystis LE 3 (MA) and Anabaena variabilis UTEX B377 (AV), and glutathione S-transferase (GST) activity (nkat 10�6 cells) of A. variabilis
UTEX B377 during co-cultivation using partitioned chambers under high nutrient, low nitrogen, and low phosphorus conditions. Values are mean plus or minus standard
deviation for n = 3, and those with asterisks are significantly different from the control.

Parameters Strain High nutrient Low nitrogen Low phosphorus

Chlorophyll a MA (control) 1.40 + 0.01 1.10 + 0.03 1.20 + 0.03
MA (co-culture) 1.18 + 0.05* 1.13 + 0.02 1.03 + 0.03*
AV (control) 2.23 + 0.20 1.94 + 0.05 2.53 + 0.12
AV(co-culture) 2.25 + 0.03 1.79 + 0.00* 2.56 + 0.02

GST activity AV (control) 12.14 + 1.80 4.09 + 0.38 7.00 + 0.22
AV(co-culture) 18.64 + 2.36* 5.03 + 0.19 12.43 + 1.29*
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macromolecular allocations and biomass production (Larkum
et al., 2003). Sukenik et al. (2002) reported that Microcystis-free
media inhibited photosynthesis by abolishing internal carbonic
anhydrase activity in the dinoflagellate Peridinium gatunense. The
inhibition of Anabaena strains was likely caused by secondary
metabolites released by Microcystis LE 3 into the growth medium
and is in agreement with evidence that Microcystis spp. release
bioactive substances into their environment to influence the



Fig. 6. Intracellular microcystins content of Microcystis LE 3 during co-cultivation
with Anabaena variabilis UTEX B377 (AV) with partitioned chambers under high
nutrient (+N + P), low nitrogen (�N + P) and low phosphorus (�P + N) conditions.
Co-culture microcystins concentrations with asterisk are significantly different
(p < 0.05) from those of the respective monocultures of Microcystis LE 3. Error bars
represent standard deviation for n = 3.

Fig. 7. Nitrogen fixation by A. variabilis UTEX B377 during co-cultivation with
Microcystis LE 3 (MA) using partitioned chambers under high nutrient (+N + P), low
nitrogen (�N + P) and low phosphorus (�P + N) conditions. Co-culture N2-fixation
values with asterisk are significantly different from those of the respective
monocultures of A. variabilis UTEX B377. Error bars represent standard deviation for
n = 3.

74 M.A. Chia et al. / Harmful Algae 74 (2018) 67–77
growth of competing phytoplankton (Johnson et al., 2009;
Hiltunen et al., 2012; Barreiro and Hairston, 2013b).

Nutrient limitation strongly influenced allelopathic interac-
tions between Microcystis and Anabaena. The A. variabilis UTEX
B377 strain appeared to be at a disadvantage under high nutrient
and low P conditions when it experienced the greatest inhibitions
in biomass when exposed to Microcystis LE 3, while the reverse
occurred under low N condition. This is an indication that the
allelopathic effect of Microcystis is highest under high N and low P
conditions and implies that nutrient variation influences phyto-
plankton interactions by stimulating or inhibiting the production
of secondary metabolites, and/or making cyanobacteria more
vulnerable to allelochemicals. This finding complicates the
relationship between nutrients and community dynamics by
creating direct bottom-up effects (Barreiro and Hairston, 2013a).
While Harke et al. (2016) observed that Microcystis dominated the
cyanobacterial community (including Anabaena populations) of
Lake Erie under low phosphorus conditions by up-regulating
phosphorus scavenging genes (pstSCAB), this may have also been
assisted by the production of allelochemicals. Interestingly, GST
activity was elevated in A. variabilis UTEX B377 cultures exposed to
Microcystis LE 3 under all conditions except low nitrogen. Thus, A.
variabilis appeared to be less inhibited by Microcystis under low N
conditions, which suggests the lowered allelopathic effect of the
latter and/or the higher tolerance of the former was likely related
to the ability of A. variabilis to fix nitrogen under low N conditions.

4.2. Toxin production

The production of MC has been linked to various physiological
processes such as cell division (Kurmayer, 2011), colony formation
and homeostasis (Gan et al., 2012), and N (Harke and Gobler, 2013;
Harke et al., 2016) and P (Kuniyoshi et al., 2013) availability. The
higher concentration of MC detected in Microcystis LE 3 under high
N concentration was likely due to the higher biosynthesis of the
toxin under these conditions (Harke and Gobler, 2013; Harke et al.,
2016). Conversely, nutrient limitation may account for the lower
concentrations of the toxin in Microcystis LE 3 under low N and low
P conditions, as the synthesis of MCs can be proportional to growth
rate (Briand et al., 2012). The present results further revealed that
competitive pressure from A. variabilis UTEX B377 resulted in
lower MC concentrations in Microcystis LE 3 under low P and high
nutrient conditions. In agreement with the results of the present
study, Chen et al. (Chen et al., 2016) observed that Microcystis
displayed down-regulation of MC synthetase genes and lower MC
concentration when co-cultured with A. flos-aquae. Since MC-LR at
moderate concentrations (25 mg L�1) seems to have no significant
effect on the growth of A. variabilis UTEX B377 (unpublished data),
MC is likely not an allelochemical. The results of the present results
differ from those of Li and Li (2012), which demonstrated that MC
producing Microcystis responded to competition with Anabaena by
increasing the production of the toxin. Overall, the results of the
present study and those reported by other authors show that
interspecific interactions and nutrients can play a central role in
regulating the MC content of Microcystis spp.

While a number of studies have shown that physicochemical
conditions influence ATX-A production by cyanobacteria (Rapala
et al., 1993; Gagnon and Pick, 2012; Gagnon and Pick, 2012; Heath
et al., 2014), the effect of biological factors on the production of the
toxin by cyanobacteria has not been previously investigated. This
study demonstrates, for the first time, that allelopathic inter-
actions influence the level of ATX-A toxin in Anabaena spp., as the
cell-free medium of Microcystis LE 3 caused a more than 50%
reduction in ATX-A content of Anabaena sp. 54. The reduction of
ATX-A concentration in Anabaena sp. 54 by allelochemicals from
Microcystis is because it inhibited phytoplankton growth (Chia
et al., 2016), and increased oxidative stress in phytoplankton
species (Chia et al., 2015, 2016) and aquatic macrophytes (Mitrovic
et al., 2004; Ha and Pflugmacher, 2013a,b). Therefore, the ability of
Microcystis to inhibit the production of this molecule may provide
it a competitive advantage over Anabaena sp. 54. Regardless, given
the severe potency of this neurotoxin (Zimba et al., 2006), the
finding that ATX-A levels in Anabaena can be suppressed by
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Microcystis has broad and important implications for both
ecological succession and human health.

4.3. Nitrogen fixation

N2-fixation is a fundamental biogeochemical process in
marine, brackish and freshwater ecosystems (Herrero et al.,
2001). The highest N2-fixation rates by A. variabilis UTEXB377
occurred under high nutrient conditions, which suggest that the
cyanobacterium did not use the high nitrate concentration but
rather used N2-fixation to meet cellular demands (Herrero et al.,
2001; Popa et al., 2007). Nitrogenase activity is often high when
environmental N concentrations or forms do not meet cellular N
demands (Postgate, 1998; Moisander et al., 2012). The lowest N2-
fixation rates occurred under low P conditions, a finding consistent
with prior studies of diazotrophic cyanobacteria grown under
limiting conditions in culture (De Nobel et al., 1998; Boussiba and
Gibson, 1991; Layzell et al., 1985) and Lake Erie (Harke et al., 2016).
The ability of Microcystis LE 3 to inhibit N2-fixation by A. variabilis
UTEX B377 may be related to the oxidative stress caused by
allelochemicals from Microcystis LE 3 that induce higher catalase,
peroxidase, and superoxide dismutase activities of A. variabilis
UTEXB377 (unpublished data), thereby indicating increased
reactive oxygen species (ROS) production (Yu, 1994). Such
increases in ROS have been shown to be involved in the rapid
reduction of nitrogenase activity due to the alteration of protein
structure and the inhibition of nitrogenase synthesis in diazo-
trophic cyanobacteria (Berman-Frank et al., 2003). Furthermore,
the biosynthesis of nitrogenase is extremely sensitive to enhanced
O2 levels (Gallon, 1992; Berntzon et al., 2013). Therefore, the ROS
and O2 produced by A. variabilis UTEXB377 in the presence of
Microcystis and/or directly produced by Microcystis likely contrib-
uted to the suppression of N2-fixation.

Filamentous, nitrogen-fixing cyanobacteria such as Anabaena
spp. strongly influence nutrient cycling (Herrero et al., 2001).
During this study, Microcystis and changing nutrient conditions
disrupted the N2-fixation capability of Anabaena strains: a finding
with important implications on the nature and availability of N in
aquatic ecosystems. While low N in the environment will lead to
the dominance of Anabaena over Microcystis, the reverse will occur
under high nutrients and low P conditions. In part, this explains the
well-defined successional processes that have been recorded
between Anabaena and Microcystis populations in aquatic ecosys-
tems such as Lake Biwa Japan (Nalewajko and Murphy, 2001), Lake
Okeechobee Florida (Havens et al., 2003), Lake Taihu China (Liu
et al., 2011), Lake Erie (Harke et al., 2016), and the Baltic Sea
(Andersson et al., 2015). In these environments, the general trend
has been the replacement of Anabaena and other diazotrophs by
Microcystis under low P and high N conditions, and replacement of
Microcystis by Anabaena under low N and high P conditions. This
study demonstrates that in addition to the physiological effects of
exogenous N and P variation, direct interference via allelopathy by
Anabaena and Microcystis will contribute towards the success of
this particular non-diazotrophic cyanobacterium in aquatic
ecosystems.

5. Conclusions

The results of the present study revealed significant allelopathic
inhibition of Anabaena strains during co-cultivation with Micro-
cystis spp. and these allelopathic effects were verified using cell
free medium. Changing nutrient conditions altered the allelopathic
interactions between Microcystis LE3 and A. variabilis UTEXB377
with A. variabilis UTEXB377 most sensitive to the presence of
Microcystis LE3 under low P and high nutrient conditions but
conditions favoring Anabaena under low N. Allelochemicals from
Microcystis LE3 induced lower ATX-A content and N2-fixation in A.
variabilis UTEXB377 whereas alleloc

hemicals from Anabaena led to lower microcystin levels in
Microcystis. From the results of the present study, it evident that
low N will lead to the dominance of Anabaena over Microcystis,
while the reverse will occur under high nutrients and low P
conditions with such alternation between genera partly controlled
by allelopathic interactions between the species.
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