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Abstract

The mitigation of toxic cyanobacterial blooms is a much-researched and ongoing challenge.
Seasonal influences, microbial diversity, and the wide range of cyanotoxins known to be
associated with cyanobacterial blooms add layers of complexity to these environmental
threats. Strategies to remediate blooms must avoid inducing widespread cell lysis and the
release of cyanotoxins, which would compound rather than address the problem. Bacterial
isolates have been found to be effective in bloom mitigation and can impact the diversity
associated with the bloom. The present study reports on the exposure of non-axenic
cultures of colonial Microcystis sp. and filamentous Oscillatoria sp. isolated from dams
in South Africa to low ratios of four antagonistic bacterial isolates for 4 days. TEM was
used to assess ultrastructural changes, HPLC to determine the relative concentrations of
microcystin-LR and RR, and next-generation sequencing (NGS) to explore possible shifts
in diversity from control samples as a result of exposure to the biological control bacterial
isolates used. Ultrastructurally, Microcystis showed greater signs of stress than cells of
Oscillatoria, with isolate 1 (Aeromonas lacus) having the least effect overall, whilst Isolate
B (Lysinibacillus) and 3Y (Pseudomonas sp.) induced cell lysis in Microcystis. All isolates
reduced the concentration of the toxic microcystin-LR, while the -RR variant often increased
after 4 days. Minimal diversity shifts were noted in Microcystis-treated cultures, whilst
those of Oscillatoria showed a greater diversity shift, indicating an increase in families
containing isolates linked to bloom decline.

Keywords: biological control; cyanobacteria; microcystin; next-generation sequencing;
diversity; electron microscopy

1. Introduction
The harmful effects of cyanobacterial blooms on water ecosystems are well docu-

mented [1–3]. There has been a growing number of cyanobacterial blooms reported glob-
ally in the last decade, likely driven by global warming, as increased global temperatures
favour bloom proliferation. The resulting foul odour, taste, aesthetics, toxicity, and oxygen
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depletion associated with their occurrence [4,5] have prompted extensive research to better
understand and manage this threat to global ecosystems.

Biological control methods involve the use of living organisms to control the occur-
rence of cyanobacteria blooms. Examples include non-traditional and traditional bio-
manipulation, which utilize zooplankton and fish, respectively [6]. The use of bacterio-
phages, fungi, and phagotrophic protozoa is also a common example of biological control
intervention.

An approach that has been applied effectively in South Africa involves research into
the use of bacterial isolates to treat toxic cyanobacterial blooms [7,8] in wastewater and
acid mine drainage [9,10]. The use of microbial control agents has been explored over the
decades, with focus on groups from the phyla Proteobacteria (specifically Sphingomonas)
and isolates from Firmicutes (Bacillus in particular). [11] reported that yeast can inhibit
Microcystis without having an impact on other microalgae co-occurring with the targeted
cyanobacteria. However, successful biological control of cyanobacterial blooms must
address a complex series of variables. Firstly, the composition of the bloom has been
shown to vary over time, and microbial phyla are closely associated with the peak and
decline phases of blooms [12,13]. Such shifts have been linked to changes in substrate
availability [13] and the release of cyanotoxins [14]. Secondly, exploiting the use of lytic
bacteria, algae, and protozoa, which cause cellular damage and impair the functioning
of the targeted cyanobacteria [15], can lead to the undesirable leakage of cyanotoxins
such as microcystins, which are harmful to living organisms, thus compounding the
threat to the environment. Microcystin-LR is the most reported cyanotoxin among the
279 variants known to be produced by cyanobacteria, of which some are produced due to
environmental mutations [16,17] reduction in cyanotoxins in live cyanobacterial cultures
has been reported by Su et al. [18], associated with improved water quality. This finding is
less common and requires further research in terms of cyanotoxin reduction and removal
mechanisms. One of the most explored microcystin degraders is Sphingomonas sp. [19],
where the upregulation of the mlr gene in the presence of toxins reportedly plays a critical
role. Additional variables that can also influence the efficacy of a particular treatment
include the experimental conditions used to develop it (e.g., on axenic vs. non-axenic
cultures; the ratio of predatory/antagonistic bacteria to cyanobacteria), and the location of
target cyanobacteria in the water column to be treated, among others. Therefore, there is a
need for additional research into biological control of cyanobacterial blooms using bacterial
isolates that would be effective against non-axenic cyanobacterial populations, and which
also minimize toxicity through the degradation of harmful compounds such as microcystin.
It is appreciated that such interventions require adequate research for implementation, as
some experimental work thus far has been on small-scale volumes of water; therefore, the
interplay between different factors remains a needed area of investigation, especially the
microbial community interactions in biological controls.

Microcystis is naturally colonial and buoyant in form, occurring at the surface of the
water and reported more commonly as the dominant species in cyanobacterial blooms,
which are often toxic. Oscillatoria sp. is a filamentous subsurface occurring as a common
bloom-causing species, capable of producing various toxins. The responses of these two
different types of cyanobacteria provide a comparison of the ecology and susceptibility
of these bloom-causing agents. The present contribution aims to increase the present un-
derstanding of the biological control of cyanobacterial blooms by evaluating the impact
of four bacterial isolates upon non-axenic cultures of colonial Microcystis and filamentous
Oscillatoria sp. The research on these isolates and their toxin reduction has been explored
through ELISA, fluorescence microscopy, and chlorophyll changes [8]. This is a cumulative
study, further analyzing the microbial diversity changes after introducing bacterial con-
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trol agents to non-axenic cyanobacterial cultures. The hypothesis is that changes in cell
structure and microbial diversity may be noted, with the subsequent suppression or stress
of the bloom-causing agents. Transmission electron microscopy provides insights into
ultrastructural changes occurring after a four-day exposure to each isolate cultured at room
temperature, as well as isolates that are mildly heat-stressed in an attempt to stimulate their
activity. The ratio of cyanobacteria to bacteria was deliberately kept low (1:0.5) in order to
determine whether lower ratios can be effective without bringing about complete cell lysis,
which is one of the drawbacks in the large-scale implementation of the biological control of
cyanobacteria. High Performance Liquid Chromatography (HPLC) was used to monitor
the quantity of the extracellular microcystins -LR and -RR, released following exposure to
the bacterial isolates, relative to that of control samples. Lastly, possible shifts in microbial
diversity over the duration of the study were monitored using next-generation sequencing.

2. Materials and Methods
2.1. Collection and Isolation of Cyanobacteria and Heterotrophic Bacteria

The methodology followed in this research is similar to that of Ndlela et al. [8] in
terms of sample collection and exposures. Bloom samples of Microcystis sp. were collected
from Brandwacht wastewater treatment works, in Mossel Bay, Western Cape, South Africa
(34◦3′3.6′′ S, 22◦3′28.8′′ E). Filamentous cyanobacteria were collected in Klippoortjie colliery
neutral mine waters (26◦07′00′′ S; 29◦08′00′′ E), near the town of Ogies, Mpumalanga,
South Africa. Samples were collected in sterile water bottles and kept on ice during
commutation. Isolates were identified by light microscopy at 1200×magnification (Zeiss
Axioscop, Zeiss Germany), using the procedures mentioned by Oberholster et al. [20] and
stored as non-axenic cultures at 4 ◦C for the duration of the study. Cyanobacteria with
colonial morphology and filamentous isolate presenting with no sheath or heterocysts were
assigned to the genera Microcystis sp. and Oscillatoria sp., respectively.

Heterotrophic bacteria showing antagonistic activity against cyanobacteria were iso-
lated from the water containing cyanobacterial isolates using a plaque assay, as mentioned
in the study by [7]. Three isolates were randomly selected from the plaque assay, namely,
isolate 1, 3w, and 3y. A strain of Bacillus, which was later identified as Lysinibacillus, was
generously donated by the Microbiology Department at Stellenbosch University and used
as a reference. Isolates were then grown as pure cultures in nutrient agar and nutrient broth
medium (Merck, Germany) at 25 ◦C.

2.2. Growth Conditions

Cyanobacteria were grown in BG-11 broth medium (Sigma-Aldrich, St. Louis, MO,
USA) in 100 mL volumes, as previously described [8], with wet weight and chlorophyll
measurements taken to confirm isolate growth over time.

Bacterial isolates were grown in 100 mL volumes of nutrient broth medium (Merck)
and inoculated in Tween 80 broth medium overnight at 25 ◦C (5 g peptone, 3 g meat extract,
10 mL Tween 80, 100 mg CaCl2.2H2O, 15 g agar per litre, pH 7.2). Master cultures were
prepared with 80% of culture medium and 20% glycerol (Merck) and stored at −80 ◦C.

2.3. Exposure Experiments
2.3.1. Pre-Growthof Cyanobacterial and Bacterial Isolates

Studies assessing antagonism against cyanobacteria are commonly conducted on
laboratory strains of cyanobacteria, usually axenic and unicellular in presentation, which
contrast markedly with colonial aggregates in a natural setting. For this reason, the present
study entails non-axenic biological control akin to a natural environment, with the cyanobac-
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teria exhibiting more of their natural characteristics. Therefore, samples collected from
blooms of Oscillatoria and Microcystis were utilized.

Environmental samples of Oscillatoria sp. and Microcystis sp. previously collected
from the field were cultured separately in 1× BG-11 broth (Sigma-Aldrich) as described
in Section 2.2. Bacterial isolates 1, 3w, 3y, and Lysinibacillus were grown separately in
Tween 80 broth over 8 h at 25 ◦C. Non-axenic isolates of 0.1 g (wet weight) of filamentous
cyanobacteria and 1 × 106 cells of Microcystis sp. were separately cultured in 100 mL
sterile BG-11 medium and grown at 25 ◦C. After 2–3 days, eight-hour-old bacterial cultures
of isolates 1, 3y, 3w, and B grown in Tween 80 broth were counted within a bacterial
counting chamber (Helber type, Marienfeld, Germany) using a light microscope (Zeiss
Axioskop, Germany). Bacterial cells were harvested by centrifugation at 10,000× g for
10 min (Thermo Scientific SL 16R, MA, USA) and washed twice with phosphate-buffered
saline (PBS) (Lonza, Switzerland).

The isolates were previously identified as: 1, Aeromonas lacus, 3Y and 3W, Pseudomonas
sp., Pseudomonas rhodesiae, and isolate B, Lysinibacillus sp., based on earlier research by
Ndlela et al. [8], as were the cyanobacterial isolates.

2.3.2. Addition of Bacterial Isolates to Cyanobacterial Cultures

Washed bacterial cells were re-suspended in 1 mL of PBS and added to 3-day-old
cyanobacterial cultures. In a separate experiment, some bacterial cells were heat-treated to
50 ◦C for 10 min after resuspension in PBS (1×) and prior to addition into cyanobacterial
cultures. This was to determine whether heat would enhance any antagonistic activity.

Based on preliminary chlorophyll a determination, 0.1 g of Oscillatoria sp. yielded
approximately 10× more chlorophyll -a compared to a million cells of Microcystis sp. (wet
weight of 0.01–0.03 g). Therefore, 10× more bacterial cells were added to the filamen-
tous cultures. Cells were added in 1:0.5 ratios of cyanobacteria/heterotrophic bacteria
(approximately 500,000 bacterial cells to a million cyanobacterial cells), shaking briefly after
addition. These flasks were allowed to stand at room temperature (25 ◦C) for four days
before vacuum filtration using 0.22 µm 250 mL Steri-cup Express filters (Merck) to separate
the cells from the culture medium. The residual cells, as well as the filtrate, were analyzed
to establish microbial diversity and changes in extracellular microcystin concentrations,
respectively. Experiments were conducted in triplicate.

2.4. Microcystin Detection UsingHPLC

High-performance liquid chromatography (HPLC) was performed on filtered water
samples using a slightly modified method [21] to confirm whether extracellular toxin
concentrations were reduced after the addition of bacteria. Analysis was conducted with
a HP 1050 Series Liquid Chromatograph equipped with a HP 1040M DAD UV detector
(Hewlett Packard). Separations were performed in a LunaC18 column (150 × 4.6 mm)
(Phenomenex, Torrance, CA, USA) with a mobile phase consisting of water containing
0.05% (v/v) methanol in channel A and acetonitrile with 0.05% (v/v) methanol in channel
B. Linear gradient elution started with 10/60% B for 20 min followed by a 5 min hold at
60% B with a flow rate of 1 mL min. Reference standards of microcystin-LR/RR/YR were
used for the analysis (Sigma Aldrich). Experiments were conducted in triplicate, with the
exception of heat-treated cells, which were conducted as a preliminary assessment

2.5. Transmission Electron Microscopy (TEM)

TEM was used to assess the ultrastructural integrity of Microcystis and Oscillatoria
cells before and after exposure to the bacterial isolates. Control and treated samples were
pelleted through gentle centrifugation, fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.2) for 1 h, and washed in distilled water prior to post-fixation in 0.5% osmium
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tetroxide for 1 h. Samples were subsequently dehydrated in an ethanol–water graded series,
infiltrated in epoxy resin, and polymerised in an oven set at 70 ◦C overnight. Sections
(80 nm thickness) were cut using a Leica FC7 ultramicrotome (Leica, Vienna, Austria),
contrasted for observation using conventional stains, and calibrated images were captured
digitally at 100 kV using a JEOL JEM 1010 (JEOL, Tokyo, Japan).

2.6. Microbial Diversity Analysis

The effect on the diversity in the non-axenic cultures was investigated following
four days of exposure of the cyanobacteria to the four bacterial isolates at the ratio used.
Microbial diversity was determined through next-generation sequencing, using an Ion
Torrent sequencer as described by [22], with metagenomic analysis conducted using the
Ion reporter software., version 5.10 The study data were uploaded onto the ENA database
with the following study details: PRJEB42976 (ERP126890)|Microbial diversity shifts in
cyanobacteria treated with potential bacterial biological control agents.

3. Results
3.1. Transmission Electron Microscopy

TEM was used to visualize the native ultrastructure of untreated cells of Microcystis
and Oscillatoria, and to contrast this against any changes in cells exposed to bacterial isolates.
The observations were any alterations occurring in cells following a four-day exposure to
four bacterial isolates. These isolates were either cultured entirely at room temperature
or after mild heat-shock in an attempt to boost metabolic activity. The descriptions below
are informed by the detailed descriptions of cyanobacterial structure and function by [23]
and are based on the assessment of numerous cells examined, while the images shown are
representative of what was observed during the analysis.

The ultrastructures of cells in cultures of Microcystis sp. and Oscillatoria sp.
(Figures 1 and 2, respectively) were examined using transmission electron microscopy.
The morphology of untreated (control) cells was contrasted against that of corresponding
cultures exposed to the four bacterial isolates to determine their cellular morphology. Over-
all, all isolates had an effect on the ultrastructure of cells, some more marked than others,
especially for Microcystis. Prior heat treatment of bacteria had a relatively marginal adverse
impact on the cyanobacterial isolates over most of their non-heated counterparts, with the
exception of the M+B heat treatment in Microcystis sp. (see below). The most common alter-
ations noted included an increase in vacuolation, irregular thylakoid profiles, cytoplasmic
clearings, and, in more severe cases, loss of cell and vacuolar membrane integrity.

Microcystis control (untreated) cells appeared metabolically active. The cytoplasm was
tightly packed with ribosomes, with carboxysomes (involved in CO2 fixation), cyanophycin
granules (acting as a nitrogen reservoir in many cyanobacteria), and vacuoles also present
(Figure 1a). The plasmalemma of control cells was distinct and closely adherent to a
clearly defined cell wall, and thylakoids appeared regularly ordered with associated phy-
cobilisomes and neighbouring glycogen granules, suggesting active photosynthesis and
reserve accumulation (Figure 1b). Polyphosphate granules and gas vesicles, both aiding in
controlling buoyancy, were frequently seen.

Microcystis cells exposed to the M+1 (Aeromonas lacus) isolate appeared intact, showing
tightly adpressed plasmalemma and densely packed cytoplasm, but slightly distended
thylakoids (Figure 1b). Cyanophycin granules were present and prominent, as were nu-
merous gas vesicles. Carboxysomes were also seen, suggesting that photosynthetic ability
was unaffected. Cells exposed to the M+1 heat isolate looked similar, with the exception
of relatively large and irregularly shaped vacuole membranes, and a more granular ap-
pearance of the cytoplasm, suggesting the early onset of cellular stress (Figure 1g). The
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M+B (Lysinibacillus sp.) isolate appeared to have only a moderate effect upon the cells
of Microcystis, revealing a relatively greater number of small vacuoles, diffuse thylakoid
membranes, and few visible polyphosphate granules (Figure 1e). However, its heat-treated
counterpart led to widespread damage, denoted by loss of plasmalemma and vacuolar
integrity, plasmolysis, cytoplasmic clearings (respectively), and irregular thylakoid profiles,
all of which point towards irreparable cell damage (Figure 1j). Cells exposed to the M+3Y
(Pseudomonas sp.) isolate varied widely between relatively unaffected to cells showing
crenulated cell outlines (Figures 1d and 1i, respectively), and in more extreme cases, cells
that had lysed completely. Paradoxically, cells in the M+3Y heat isolate appeared close to
normal, with no evidence of visible cellular stress (Figure 1). In sharp contrast, cultures
exposed to M+3W (Pseudomonas rhodesiae) and M+3W heat showed no intact cells, only the
remains of cells after complete lysis had taken place (Figure 1c,h).

 

Figure 1. Transmission electron micrographs of Microcystis sp. exposed to four bacterial isolates
after 4 days. Unexposed Microcystis (a,f) Microcystis exposed to isolate 1 (Aeromonas lacus) (b) and
heat-treated isolate 1 (g), isolate 3w (Pseudomonas rhodesiae) (c) and heat-treated isolate 3w (h), isolate
3y (d) and heat-treated isolate 3y (Pseudomonas sp.) (i), isolate B (Lysinibacillus sp.) (e) and heat-treated
isolate B (j).

Filaments of untreated Oscillatoria cells showed the presence of a sheath, cells bound
by clearly defined plasmalemma adhering closely to the external and transverse walls,
and phycobilisomes attached to long thylakoid profiles were visible in longitudinal sec-
tions (Figure 2a,f). A few small vacuoles, carboxysomes, and cyanophysin granules were
observed in the cytoplasm, which was densely packed with ribosomes. Figure 2b shows
a filament of Oscillatoria exposed to isolate O+1. Oscillatoria cells showed visibly intact
plasmalemma and densely packed ribosomes in the cytoplasm (Figure 2b). A large num-
ber of small, electron-lucent vacuoles and polyphosphate bodies were observed in the
proximity of long thylakoid profiles, overall suggesting metabolically active cells. Cells
exposed to the heat-treated O+1 isolate shown in Figure 2g looked relatively unaffected
despite the close proximity of bacterial cells adhering to the sheath. The greater extent of
vacuolation (filled with dense deposits in this case) agrees with the corresponding O+1
treatment in Microcystis with and without heating. A similar trend to Microcystis was
also observed in the O+B isolate of Oscillatoria, where cells showed intact plasmalemma
and ordered thylakoids, albeit diffuse in appearance (Figure 2e). Polyphosphate granules
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and a few small vacuoles were noted. The O+B heat isolate induced visible vesiculation
near the plasmalemma separating adjacent cells and conferred a greater granularity to
the cytoplasm (Figure 2j). The same extent of disruption of thylakoid ordering noted in
Microcystis was not observed here. The O+3y (Pseudomonas sp.) isolate appeared to have
no influence on the ultrastructure of Oscillatoria cells, and, with the exception of a slight
increase in vacuolation, neither did the O+3y heat treatment (Figure 2d, i). Lastly, isolate
O+3w (Pseudomonas rhodesiae) had a negligible effect on cell ultrastructure (Figure 2c), while
O+3w heat resulted in a small increase in vacuolation. (Figure 2h; see inset). Further
detailed annotations of cellular structures and changes can be observed in Figures 3 and 4,
contrasting the changes in ultrastructure with the introduction of bacteria to otherwise
healthy cyanobacterial isolates.

 

Figure 2. Transmission electron micrographs of Oscillatoria sp. exposed to four bacterial isolates
after 4 days. Unexposed Oscillatoria sp. (a,f) Oscillatoria sp. exposed to isolate 1 (Aeromonas lacus)
(b) and heat-treated isolate 1 (g), isolate 3w (Pseudomonas rhodesiae) (c) and heat-treated isolate 3w (h),
isolate 3y (Pseudomonas sp.) (d) and heat-treated isolate 3y (i), isolate B (Lysinibacillus sp.) (e) and
heat-treated isolate B (j).

3.2. HPLC Analysis

HPLC allowed the concentrations of microcystin-LR and -RR to be determined in Micro-
cystis sp. and Oscillatoria sp. samples after four days (Table 1); these were the targeted toxins
for analysis in the present study. Microcystins showed approximately 14 min retention time,
which is similar to that reported by Aguete et al. (2003) [21]. Untreated Microcystis sp. cul-
tures showed an average concentration of 0.12 µg·mL−1 of microcystin-LR and 0.4 µg·mL−1

microcystin-RR. The average microcystin-LR concentrations for untreated Oscillatoria sp.
were 0.13 µg·mL−1 of microcystin-LR, whilst microcystin-RR was 0.38 µg·mL−1. The HPLC
method was sensitive to even slight changes at low concentrations.
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y 

Figure 3. Transmission electron micrographs of Microcystis cells. (A,B) Control. Arrowheads: phy-
cobilisomes; arrows: thylakoids; (C) Isolate 1; (D) Isolate 1 heat-treated; (E) Isolate B; (F) Isolate B
heat-treated; (G,H) Different degrees of damage visible in cells exposed to Isolate 3Y. Note the granular
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appearance of the cytoplasm in (H); (I) Isolate 3Y heat-treated; (J) Isolate 3W; (K) Isolate 3W heat-
treated. Unless otherwise indicated, all scale bars = 1 µm. ((A,B)—200 nm, (C–E)—500 nm, (K,F)—
200 nm). (Isolate 1, Aeromonas lacus; Isolate 3Y and 3W, Pseudomonas sp., Pseudomonas rhodesiae and
isolate B, Lysinibacillus sp.). Legends: Car, carboxysome; CW, cell wall; Cy, cyanophicin granule; Gly,
glycogen granules; Gv, gas vesicle; Pb, polyphosphate body; Pl, plasmalemma; R, ribosomes; Thy,
thylakoid; Vac, vacuole.

Table 1. The average change in Microcystis and Oscillatoria microcystins -LR and -RR in samples
treated with bacterial isolates, relative to the control untreated samples. Microcystin concentrations
from cyanobacterial isolates exposed to bacterial isolates. The change in microcystin concentration
is recorded as a percentage reduction, relative to untreated (control) samples. In samples where
microcystins increased more than the control, the change was regarded as a negative reduction.
Negative numbers (red) indicate increased toxin concentrations relative to the control, whilst positive
numbers (black) indicate an expected percentage reduction in microcystins relative to untreated
(control) samples over four days.

Isolate
microcystin-LR
Concentrations
(µg/mL)

microcystin-LR
Reduction (%)

microcystin-RR
Concentrations
(µg/mL)

microcystin-RR
Reduction (%)

M control 0.120667 0.37411
M+ 1 0.100167 16.98895 0.417133 −11.5002
M+ 3w 0.068533 43.20442 0.426833 −14.093
M+3y 0.104167 13.67403 0.343367 8.217726
M+ B 0.0796 34.03315 0.323267 13.59048

M control 0.102 0.4857
M+ 1 heat 0.2173 −113.039 0.445 8.379658
M+ 3w heat 0.1568 −53.7255 0.4245 12.60037
M+ 3y heat 0.2276 −123.137 0.371 23.6154
M+ B heat 0.1723 −68.9216 0.4387 9.676755

O control 0.1027 0.375567
O+ 1 0.079533 22.55761 0.410967 −9.42576
O+ 3w 0.066867 34.89127 0.3826 −1.87273
O+ 3y 0.059933 41.64232 0.389733 −3.77208
O+ B 0.0608 40.79844 0.381367 −1.54433

O control 0.1372 0.3702
O+ 1 heat 0.15944 −16.2099 0.3681 0.567261
O+ 3w heat 0.0613 55.3207 0.3639 1.701783
O+ 3y heat 0.0847 38.26531 0.3854 −4.10589
O+ B heat 0.1475 −7.50729 0.3637 1.755808

Negative numbers indicate an increase in toxin concentration relative to the control sample.

Changes in microcystin concentration were expressed as reduction percentages relative
to the control samples, using these values as a baseline. Overall, HPLC findings of the
exposures of non-heat-treated bacteria indicate a slight increase in microcystin-RR, whilst
all the isolates show the capacity to decrease microcystin LR concentration. Prior heat
treatment of bacterial cells, however, resulted in high concentrations of microcystin-LR
release, especially for Microcystis. Other peaks were visualized, suggesting the presence
of other toxins or degradation by-products of microcystin-LR, but these could not be
quantified unequivocally.
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A

Figure 4. Transmission electron micrographs of Oscillatoria cells. (A,B) Control. Arrowhead: septum
forming between adjacent cells; Sh, sheath; (C) Isolate 1; (D) Isolate 1 heat-treated. Note dense inclusions
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in vacuole and neighbouring bacteria; (E) Isolate B; (F) Isolate B heat-treated; Arrowhead: septum
forming between adjacent cells; (G,H) Different degrees of damage visible in cells exposed to Isolate
3Y. Note the granular appearance of the cytoplasm in (H); (I) Isolate 3Y heat-treated; (J) Isolate 3W;
(K) Isolate 3W heat-treated. Note inset showing diffuse, yet intact thylakoids and plasmalemma.
Unless otherwise indicated, all scale bars = 1 µm. (B)—200 nm, (D)—500 nm. (Isolate 1, Aeromonas
lacus; Isolate 3Y and 3W, Pseudomonas sp., Pseudomonas rhodesiae, and isolate B, Lysinibacillus sp.).
Legends: Bac, bacteria; Car, carboxysome; CW, cell wall; Cy, cyanophicin granule; Gly, glycogen
granules; Gv, gas vesicle; Pb, polyphosphate body; Pl, plasmalemma; R, ribosomes; Thy, thylakoid;
Vac, vacuole.

3.3. Microbial Diversity Changes

This preliminary analysis aimed to examine possible shifts in microbial diversity dur-
ing cyanobacterial exposure to bacterial isolates. The findings of the Ion reporter software’s
metagenomics analysis were represented by way of consensus data from all the samples
(Figures 5 and 6). The diversity in Microcystis sp. samples was mostly uniform, with minor
shifts in Sphingobacteriaceae, Pseudomonadaceae, and Commonadaceae. The addition
of bacterial isolates resulted in microbial diversity shifts, with an increased dominance of
Pseudomonadaceae noticed in Oscillatoria sp. exposed to isolates 1, 3w, and 3y (Aeromonas
lacus; isolate 3Y, Pseudomonas sp., and 3W, Pseudomonas rhodesiae). An increase in Sph-
ingobacteriaceae, which has antagonistic bacterial isolates, was also noticed in samples
treated with isolate B. Treated Oscillatoria samples showed a reduced presence of the family
Phormidiaceae relative to the untreated control. Phormidiaeceae falls under the order
Oscillatoriales, which can be assumed as a representation of the filamentous cyanobacteria,
and was reduced in the presence of isolate 1, 3y (Pseudomonas sp.), with slight reductions in
the presence of isolate B (Lysinibacillus sp.).Further assessment of the changes in diversity
and the possible implications are illustrated in Supplementary Material Figures S1 and S2.

 

Figure 5. Microbial diversity in untreated Microcystis sp. exposed to isolate 3y (S001), to isolate B
(S002), to isolate 3w (S003), isolate 1 (S004), and unexposed (S005), Microcystis sp. after four days
(Isolate 1, Aeromonas lacus; Isolate 3Y and 3W, Pseudomonas sp., Pseudomonas rhodesiae, and isolate B,
Lysinibacillus sp.).
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Figure 6. Microbial diversity in untreated Oscillatoria sp. exposed to isolate B (S001), to isolate 3w
(S002), to isolate 1 (S003), isolate 3y (S004), and unexposed (S005), Oscillatoria sp. after four days.
(Isolate 1, Aeromonas lacus; Isolate 3Y and 3W, Pseudomonas sp., Pseudomonas rhodesiae, and isolate B,
Lysinibacillus sp.).

4. Discussion
Biological control of cyanobacteria has been studied mainly from a perspective of

predatory or ammensalic bacteria and their lytic action, primarily on lab strains of cyanobac-
teria. To advance the understanding of how these control agents influence water quality, the
present study used reduced bacterial ratios upon non-axenic cyanobacterial strains isolated
from naturally occurring blooms. Findings from earlier studies informed the approach
applied in the current study. Firstly, lowered ratios have a bacteriostatic effect as opposed to
inducing total lysis, thereby preventing toxin release and subsequent bloom progress [24].
Secondly, the presence of microcystin-degrading bacteria has been found to influence a
shift in toxic to non-toxic Microcystis isolates [25]. Against this backdrop, the theory of
biological control and its role in either fast-tracking bloom succession or possibly having
minimal diversity impacts was explored.

Based on these findings, the current study assessed the response of two cyanobacterial
isolates from different parts of the water column to assess the antagonistic effects of
bacterial isolates at half the recommended 1:1 ratio. The current study compared 3 bacterial
isolates from surface water, which included: Isolate 1, Aeromonas lacus; Isolate 3Y and 3W,
Pseudomonas rhodesiae, and Isolate B, Lysinibacillus sp. This was to assess whether the isolates
had a similar impact as the reports of Bacillus in an earlier study [26], thereby serving as a
form of reference. The present study found a reduction in toxicity, with the concentration of
the more toxic variant of microcystin (-LR) reduced after a four-day period, contrasting with
a general increase in the less toxic microcystin. This study is based on earlier work by Ndlela
et al. [8,27], where ratios of bacterial cells were introduced at half those of the cyanobacterial
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population and found to have an improved water quality impact after 4 days. In addition to
reduced toxin concentration, water quality improvements were also noted by an improved
bio-indicator response/survival. Initial analysis in these studies was conducted through
ELISA, and bio-indicators were used in addition to assess water quality improvements.
This study provides additional insights into the impacts of these biological control agents,
looking at specific toxins, ultrastructural changes in the cyanobacteria, and the shifts in the
microbial community, to better understand the effect of this biological control.

4.1. Ultrastructural Analysis

Exposure of cells to a stress-inducing agent involves two key factors: (a) the intensity of
the stress, and (b) its duration. In the present study, the intensity of stress (i.e., the presence
of bacteria) was deliberately kept low by using a lower-than-recommended (sub-lethal)
ratio of bacteria to cyanobacteria. In doing so, it was possible to observe incipient changes
that provide clues to the mechanisms of damage at play that would have otherwise been
missed if cell damage had been severe and immediate. On the other hand, the duration of
the study was limited to four days based on previous results, and, therefore, the findings
reported here are a snapshot of cellular activities at that time.

TEM revealed that isolate 1 (Aeromonas lacus) induced only small increases in vac-
uolation in both Microcystis and Oscillatoria, appearing more marked in the heat-treated
isolates. At the opposite extreme, isolate B (Lysinibacillus sp.) and 3W (Pseudomonas rhodesiae)
induced complete lysis in Microcystis, and cytoplasmic granularity and plasmalemma vesic-
ulation in Oscillatoria. Isolate 3Y (Pseudomonas rhodesiae) introduced ultrastructural changes
falling somewhere in between these extremes. Although speculative, the ultrastructural
changes observed are suggestive of different levels of expression of free radical-mediated
damage, although other causative agents cannot be discounted. If correct, this assumption
would be supported by the findings of Zhou et al. (2016) [28], who reported an increase
in catalase and peroxidase activity in Microcystis exposed to Pseudomonas. Since these
enzymes have a free radical-quenching role, an increase in expression, coupled with the
similar ultrastructural changes observed by those authors after 3 days of exposure to the
enzymes reported here, suggests the activation of cellular repair mechanisms in an attempt
to counter oxidative damage. Only a longer sampling regime would reveal the ultimate fate
of cells following exposure, i.e., whether they tolerate the stress (albeit at a lower metabolic
rate, in a bacteriostatic state), or fail to repair damage and eventually lyse.

The principle of heat treatment was explored primarily on the basis that certain bacte-
rial cell enzymes may be enhanced at exposure to increased temperatures [29] and therefore
may enhance the antagonistic effects that these bacteria may have, although it is also
possible that not all enzymes would react in the same manner. However, although the ac-
celerated damage of both Microcystis and Oscillatoria was observed in heat-treated cells, the
resulting impacts on water quality, specifically microcystin concentration changes, showed
increased microcystin –LR release, indicative of cell lysis, as observed in the ultrastructural
changes. This may mean that heat treatment, although it causes more pronounced cell
damage, may not be ideal for environmental applications due to subsequent toxin release.

4.2. HPLC Analysis Findings

To date, it is not clear what the primary role of microcystins in cyanobacteria is [29–31]
Various factors, such as temperature and [32] phosphorus [33] nutrient, and nitrogen avail-
ability [34] have been associated with the production of different microcystin congeners,
but the relationship between these various factors remains unclear.

An earlier study [8] found fluctuations in the total microcystin toxin reduction for
water samples of cyanobacteria treated with individual bacterial isolates. Although the
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study was conducted in BG-11 medium, preliminary testing in sewage waters was also
conducted; however, this may indicate some fluctuations in the natural environment. This
aspect of the study needs to be further optimized in future research. HPLC was employed
in the present study to clearly assess the changes in the toxin concentrations, primarily
microcystin-LR and -RR, even at very low concentrations. Only filtrate water samples from
the exposure experiments were analyzed using HPLC, which then represent extracellular
toxins released into the water body by the cyanobacteria. HPLC data indicated the presence
of two measurable microcystin variants, viz. microcystin-LR and -RR. While more variants
may have been present, these could not be quantified with the standards available at the
time, which were limited to microcystin-LR, -RR, and -YR. Although microcystin-LR and
-RR are reportedly the most common variants [35–37], others have recommended screening
for more hydrophobic microcystins such as -LF and -LA, which are reported to be as toxic
as microcystin-LR on living organisms [38]. This was not conducted in the current study
but is considered for future work, as it is appreciated that other toxin changes may occur in
conjunction with the more commonly studied -LR and -RR variants.

microcystin-LR has been reported to be up to 10 times more toxic than microcystin-RR,
based on mouse bioassays [16,38]. In the current study, control microcystin-RR concentra-
tions almost doubled compared to those of microcystin-LR in the Microcystis sp. control fil-
trate water (0.12 and 0.4 µg·mL−1, respectively) and Oscillatoria sp. (0.13 and 0.38 µg·mL−1,
respectively). Results obtained from the exposure experiments confirm that the bacteria
used successfully reduced the extracellular toxicity of the water tested. A reduction in the
more toxic microcystin-LR by 2 to 28% was recorded in exposed Microcystis filtrate samples.
Similarly, 4 to 73% reductions were observed in the filtrate water of Oscillatoria sp. treated
with the different bacterial isolates. Based on the HPLC findings, isolates 3w, 3y, and B
(isolate 3Y and 3W, Pseudomonas rhodesiae, and isolate B, Lysinibacillus sp.) were the most
effective in toxin reduction in both species.

Surprisingly, in Microcystis samples, the severity of the ultrastructural changes ob-
served in non-heat-treated exposures is inversely related to the reduction in microcystin-LR
concentration. This ranges from a small extent of vacuolation accompanied by a 2% -LR
reduction in isolate 1 (A. lacus), to variable structural alterations observed at a 14 and 18%
reduction in isolates 3Y and B (Lysinibacillus sp. and P. rhodesiae, respectively), to complete
cell lysis in isolate 3W (P. rhodesiae), associated with a 28% reduction. These findings could
attest to an effective degradation of microcystin-LR in this species by these isolates in spite
of the lysis induced. This trend was not observed in Oscillatoria, as the overall cellular
integrity was maintained more uniformly than in Microcystis. With regard to the marked
increase in -LR levels observed for Microcystis exposed to heat-treated isolates, it would
seem plausible to suggest that while some enzymes responsible for the enhanced cellular
deterioration observed may have been promoted by this treatment, enzymes responsi-
ble for the hydrolytic cleavage of the toxins coded by the mlr gene [14], may have been
negatively affected.

Differences in the ability of bacteria to degrade microcystin have been reported.
Most degraders of microcystin-LR have also been reported to degrade other variants,
such as microcystin-RR and -YR [39–41]. Microcystin variants differ in the attachment of
aminoacids in the X and Z positions. In the case of the microcystins -RR (arginine -arginine)
and -LR (leucine-arginine), the difference is the amino acid in the X position [42]. Lower
rates of degradation of microcystin-LR and -RR by an isolate of Bordetella sp. were reported
when these variants occurred together than when separately [39]. In the present study, the
concentration of microcystin-RR remained almost unchanged during the four-day period,
in contrast to microcystin-LR, despite being more abundant in control samples of both
species. Furthermore, a marked increase in microcystin-RR concentration was observed
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following exposure to bacterial isolates. It is possible that degradation of microcystin-RR
may require a longer timeframe than that used in the present study. Microcystin degrada-
tion by bacterial communities required an eight-day period for the complete removal of
the toxin [43] while Pseudomonas was reported to reduce microcystin-LR over a three-week
period [43]. The study by [28] investigating the impact of Pseudomonas aeruginosa on Micro-
cystis was conducted over a 7-day period. These findings collectively endorse the merits of
a longer period of assessment.

4.3. Diversity Shifts

Evidence points to the existence of microbial succession associated with bloom-
forming cyanobacteria, marked by peaks and declines of specific phyla. A study by [44]
found an increase in Firmicutes and Sphingomonas in cyanobacterial waters where micro-
cystin degradation was occurring. Coupled with this, there was an increase in bacterial
isolates after 7 days of microcystin degradation that are not primarily known for this
capability. This is similar to the findings in this study, where Proteobacteria increases were
also observed, with Oxalobacteriaceae (nitrogen fixers) co-occurring in abundance with
Microcystis, indicating a possible beneficial symbiotic relationship, where the abundance
decreases upon treatment with bacterial isolates except for isolate B. Other studies have
described the succession observed with bloom decline and found that a successional pattern
occurs in the abundance of phyla at the beginning and the end of the bloom [13,41,45].
The diversity shifts in Oscillatoria samples indicate this, with an increase in known antag-
onistic bacteria containing families such as Firmicutes and Sphingobacteriaceae, which
are typically linked to bloom decline and/or microcystin degradation. This has also been
observed with Microcystis sp. blooms, where Firmicutes was also among the phyla linked
to microcystin degradation co-occurring with the bloom [46]. This is further supported by
recent research, noting an increase in Firmicutes and Proteobacteria phyla where cyanobac-
teria were treated with hydrogen peroxide. This led to an inhibitory effect on various
cyanobacterial species, with subsequent microbial taxa shifts [47]. Previous studies [48]
suggested that microcystin degraders within the environment proliferate in response to
the presence of toxins in the water, indicating an interplay between cyanobacteria and
microcystin degraders. [13] described possible scenarios based on the literature on phyla
co-occurrences with cyanobacteria, specifically how the antagonistic phyla are found in
larger aggregates of colonial cyanobacteria. Microcystins could potentially be an available
substrate, creating a competitive advantage under limited nutrient conditions when a
bloom is in full effect.

The selected bacteria were exposed at their exponential growth phase, pre-grown in
Tween 80, which has been known to increase cell permeability, among other enhanced cell
properties, such as stress protection, growth enhancement, and oleic acid supplementa-
tion [8,49]. However, testing for cyanobacterial response using bacteria at other stages of
the growth curve, over longer time periods, may also be useful, although nutrient depletion
and other factors will need to be considered. The current study simulated ideal growth
conditions from a nutritional and physicochemical perspective under laboratory condi-
tions, yet with the advantage that cultures were from the field and non-axenic, therefore
representative of an environmental bloom.

4.4. Mode of Action—Preliminary Findings

The mode of action in terms of microcystin reduction by the bacterial isolates employed
in this study has not been fully elucidated. While lipopeptides are produced by some of
the genera identified in this research, preliminary testing did not show the presence of
antimicrobial biosurfactants such as lipopeptides in the culture supernatant. However,
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if the bacterial isolates are in fact microcystin degraders, the reduction in colonies and
mucilage around the Microcystis sp. isolate can be explained through the findings of [50],
where microcystin-degrading bacteria were found to degrade microcystins released from
the mucilage of the cyanobacteria. Other studies indicate the use of microcystins by
Pseudomonas aeruginosa isolates as a sole carbon source [51], which may be the case in the
present study. Sphingomonas and related isolates have often been reported as microcystin
degraders; however, other isolates have been identified as well [37,52–54]. Earlier research
indicated the presence of the microcystin-degrading gene cluster, mlr A, B, C, and D, in
Sphingomonas and other related species [40]; however, the study by Yang et al. [39] reported
a Bordetella sp. isolate, which contained this gene cluster. A study [55] indicated that none
of the previously reported mlr genes were present in Arthrobacter sp., Brevibacterium sp.,
and Rhodococcus sp. isolates, indicating another mode of microcystin degradation or the
presence of different genes for microcystin degradation.

Earlier studies of the isolates described here have shown reduced ecotoxicity by way of
bio-indicators in water treated, as described in this research [27]. The current application of
bacterial isolates pre-grown in Tween (increased cell permeability) [8] and applied at lower
ratios has indicated a minimal shift in bacterial diversity, and where observed, diversity
similar to that observed in bloom successions. Moreover, the combination of these methods
in an earlier study [27] improved water quality based on bio-indicator survival, in line
with toxin reduction, while eliciting cyanobacterial cell stress. The mode of action could
not be classified, and additional research is required to better understand the theories
within a mixed microbial community. Examples of this include further experiments to
identify microcystin-degrading genes in the isolates, furthering understanding of how
the changes occur over longer periods of time, as well as understanding of the interplay
between specific microorganisms in a mixed system, which is not easy to understand, based
on studies assessing cyanobacterial and microbial resistance gene expressions in a similar
system [56].

This study indicates the potential of biological control against nuisance blooms, al-
though their efficacy under varying conditions needs to be considered. Earlier studies [57]
also mentioned efficacy, host specificity, and mass culturing considerations as challenges
and factors in the piloting and upscaling of bacterial control agents. The research con-
ducted in this study is not exempt from these unknowns and future considerations when
introducing biological control agents on a larger scale.

In summary, the bacterial isolates selected in this study, namely isolates 1, 3w, 3y, and
B (isolate 1, Aeromonas lacus; isolate 3Y and 3W, Pseudomonas sp., Pseudomonas rhodesiae,
and isolate B, Lysinibacillus sp.), even at the low ratio used, were capable of eliciting stress
responses and reducing the concentration of microcystin-LR in filamentous and colony-
forming cyanobacteria to various degrees. HPLC analysis of filtrate water showed 3w to
be the most effective in reducing the concentration of extracellular toxins of both isolates
of cyanobacteria, indicating that bacterial isolates appear to have microcystin-degrading
abilities. However, the relationships between the stress induced, the reduction in toxicity
of the variants produced, and the elucidation of the degradation mechanism need to be
confirmed with further studies and a greater sample size. Similarly, a greater sampling
frequency and for a longer period will also prove beneficial. Molecular testing of genes
present in microcystin degraders may offer confirmation of the theory that the isolates
in the study are microcystin degraders. Lastly, next-generation sequencing was useful in
establishing that minimal shifts had occurred in Microcystis-treated cultures, whilst those of
Oscillatoria showed greater diversity, indicating an increase in families containing isolates
linked to bloom decline. The ability to induce and monitor such shifts opens the door to
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being able to manipulate the timing of the succession patterns of cyanobacterial blooms
and thus potentially arrest growth, if not completely, at least in the least toxic phase.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/phycology6010025/s1, Figure S1: Microbial diversity in untreated
Microcystis sp. (S001) exposed to isolate 3y (S001), to isolate B (S002), to isolate 3w (S003), isolate
1 (S004) and unexposed (S005), Microcystis sp. after four days. Figure S2: Microbial diversity in
untreated Oscillatoria sp. exposed to isolate B (S001), to isolate 3w (S002), to isolate 1 (S003), isolate 3y
(S004) and unexposed (S005), Oscillatoria sp. after four days.
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