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Abstract

Harmful algal blooms (HABs) dominated by cyanobacterium Microcystis aeruginosa increasingly occur in
freshwaters worldwide, and adversely threaten ecosystem functioning. Plant allelopathic effects can be applied as
an emerging biological option to control and remediate HABs pollution. This study aimed to explore the growth-
inhibition effects of plant-originated kaempferol and luteolin on bloom-forming Microcystis aeruginosa (FACHB-915
strain) and elucidate their anti-algal mechanisms from the views of photosynthesis, antioxidant responses and cell
oxidative damage. Results showed that kaempferol and luteolin stress on M. aeruginosa growth were dose- and
time-dependent. In contrast to 0.5~4 mg/L dose, 16~32 m/L kaempferol and luteolin significantly inhibited growth
after 6 days-exposure and achieved 92.05%~95.20% and 74.40%~85.35% inhibition, respectively, by day 14,
partially caused by inhibited chlorophyll-a content at late phase. On day 4 and 8, stimulated photosynthetic
responses (except phycocyanin content on day 4) at 32 mg/L kaempferol and stimulated superoxide dismutase
activity at 16~32 mg/L kaempferol and 32 mg/L luteolin acted as adaptive and antioxidant defense against oxidative
stress. Despite these, enhanced oxidative damage at 16~32 mg/L kaempferol and 32 mg/L luteolin and inhibited
phycobiliproteins (e.g., phycocyanin, allophycocyanin) synthesis at 16~32 luteolin throughout the test and/or during
mid-late phase still caused inhibited growth. Innovatively, this study for the first time to reveal that plant-originated
kaempferol and luteolin at 16~32 mg/L could inhibit M. aeruginosa growth due to enhanced cell oxidative damage
and/or inhibited photosynthesis despite activated antioxidant responses and could be potentially developed as
algaecides for efficient M. aeruginosa bloom-removal and bioremediation.

Keywords: Antioxidant response; Kaempferol; Luteolin; Microcystis
aeruginosa; Oxidative damage; Photosynthesis

Introduction

Harmful algal blooms (HABs) have a cosmopolitan distribution,
and adversely affect aquatic organisms and ecosystem functioning [1].
Much attempt has been taken to remove aquatic HABs, but the physic-
chemical methods including coagulation, sedimentation, filtration, and
copper- and chlorine-based algaecides cannot be applied in large scale
due to low efficiency, high cost and/or secondary pollution [2,3]. The
HAB-remediation strategies based on biological regulation and control
is always eco-friendly and environmentally-benign. Noteworthy, many
plants produce secondary metabolites that known as allelochemicals
with high target-selectivity and specificity, low spectrum toxicity and
easily-degradability [4]. Therefore, plant allelopathy acts as a
bioremediation strategy and can be applied as an emerging biological
option to control HABs.

Flavonoids are a family of compounds mainly synthesized by plant
roots, stems and leaves [5]. Such flavonoid compounds as rutin,
quercetin  3-B-D-glucoside, salcolin and dihydroxyflavone were
recently found to pose inhibitory effect on harmful algal growth [6-8].
However, few researches have explored the anti-algal mechanisms of
flavonoids. To reveal flavonoid-caused anti-algal mechanisms may be
of greater ecological interest and environmental implication.

Besides, kaempferol and luteolin are also common flavonoid
compounds which are more extensively distributed in many botanical
types such as fruits, vegetables and medicinal herbs [9]. Previous
studies showed that kaempferol and luteolin had multi-beneficial
effects on biological health-care, including anti-bacteria, anti-
inflammation, anti-allergy and anti-tumor [10,11]. To date, the effects
of kaempferol and luteolin on harmful algae, especially Microcystis
aeruginosa that exists as the dominant algae during HABs, still
remains unidentified, and the influence mechanisms of them on M.
aeruginosa growth is largely unknown.

To address knowledge gaps, this study employed M. aeruginosa
FACHB-915 as model harmful algae, aiming to i) reveal the dose-
dependent effects of kaempferol and luteolin on its growth and ii)
elucidate the influence mechanisms from the views of photosynthetic,
antioxidant responses and oxidative damage during a exposure period
of 14 days. To achieve these, this study measured cell density, contents
of chlorophyll-a (CLA), phycobiliproteins (PBPs) (e.g., phycocyanin
(PC), allophycocyanin (APC), phycoerythrin (PE)), total protein (TP)
and malondialdehyde (MDA), and activities of antioxidases such as
superoxide dismutase (SOD) and catalase (CAT) of M. aeruginosa
exposed to kaempferol and luteolin at various doses. Understanding
kaempferol and luteolin stress on M. aeruginosa growth and
underlying mechanisms may provide further insights into the
ecological roles of these two common flavonoids, and also be
instructive to HABs-removal.
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Materials and Methods

M. aeruginosa cultivation and chemicals

M. aeruginosa FACHB-915 was pre-cultured in sterile BGII
medium at 25 + 1°C and a 12 h diurnal-nocturnal alternation with cool
white fluorescent lights at 25 pmol photons/m?s. After 20 days pre-
cultivation, M. aeruginosa cells reaching exponential growth phase
were collected by centrifugation (4000 g, 4°C, 10 min), and used as
inoculums for downstream experiments.

Kaempferol and luteolin were purchased from Energy Chemical,
Inc. (Shanghai, China). Individual stock solution were prepared in
dimethyl sulfoxide (DMSO) and stored at 4 before use. Other
chemicals used in this study were analytical grade except as specified
by kit.

Experimental setup

All Erlenmeyer flasks were autoclaved at 121°C for 20 min before
experimental use. For each exposure test group, individual 250 mL
flask containing 100 mL sterile BG11 medium was spiked with certain
dose of kaempferol or luteolin at test beginning without any
replenishment along test period. The final concentrations of
kaempferol or luteolin were 0.5, 1, 4, 16 or 32 mg/L in each 100 mL
medium, with DMSO amount below 0.1% (v/v). Initially-inoculated
M. aeruginosa density was 4 x 10° cell/mL. Non-stress control group
containing M. aeruginosa of the same density and < 0.1% (v/v) DMSO
was established in parallel. Each group performed in triplicate was
capped and cultivated for 14 days under the identical conditions as
pre-cultivation.

Cell density analysis

Before each sampling, the flask was shaken to thoroughly mix the
culture, and 10 mL of M. aeruginosa culture was aseptically sampled
from each flask every two days for cell counting. The cell number was
recorded by hemocytometer method using microscopy (BX53F
Olympus, Japan) at 200-folds magnification. The inhibitory ratio (IR)
of M. aeruginosa was calculated by following equation:

M-Ny

IR =
Mt

x 100% (1)

where M, and N, denote the cell density in control and test group at
day t, respectively.

CLA and PBPs synthesis analyses

Eight milliliter of culture was sampled on day 4, 8 and 14,
respectively, during test, and divided into two equal aliquots. To
quantify CLA in M. aeruginosa, the cells in one aliquot were collected
by centrifugation at 4000 g for 10 min, and re-suspended in 90%
ethanol to extract CLA under assisted ultrasonic-process at 150 W for
30 min. One milliliter of extraction supernatant after centrifugation
was taken to monitor absorbance by spectrophotometry, with 90%
ethanol as blank control. CLA was assayed following Yao [12] and
expressed in pg/cell.

The other aliquot was used to analyze PBPs in M. aeruginosa. The
cells in aliquot were collected after centrifugation at 4°C and re-
suspended in 4 mL of phosphate buffered solution (PBS) (50 mM, pH
7.28). Such re-suspension was freezed at -80°C for 8 h, and thawed in

dark at room temperature. The freezing-and-thawing cycle was then
repeated thrice. After centrifugation, the supernatant was taken to
monitor absorbance at 650, 620 and 565 nm wavelengths, respectively.
The PC, APC and PE contents (Cpg, Cpc and Cypc, expressed in pg/
cell) were calculated by following equations [13]:

Cpe= (Agpp 0.7 X Ags)/7.38 (2)
Cape= (Agsg-0.19 X Agy)/5.65 (3)

Cpp=(Agg5- 2.8 X Cp-1.34 X Cppc)/1.27 (4)

where Agsp, Agyg and Asgs denote the absorbance at 650, 620 and
565 nm, respectively.

TP and antioxidant response analyses

To analyze TP and antioxidant response, 5 mL of M. aeruginosa
culture was sampled on day 4, 8 and 14, respectively, of test period. The
cells were collected by centrifugation at 8000 r/min for 15 min and re-
suspended in 5 mL of PBS (50 mM, pH 7.4). The re-suspension was
homogenized on ice by ultrasonic cell pulverizer working at 150 W for
60 min, during which every working time of 5 s was alternated with an
interval of 5 s. The homogenate was then centrifuged at 4000 g for 10
min to collect the supernatant.

TP content was determined according to the method of Braford [14]
and expressed in mg/10° cells. SOD and CAT antioxidases activities,
together with MDA content, were detected using specific kit provided
by Nanjing Jiancheng Bioengineering Institute, China, according to
manufacturer’s instruction. The antioxidases activities and MDA
content in M. aeruginosa were expressed in Units (U)/10° cells and
ng/10° cells, respectively.

Statistical analysis

Statistical analysis was performed using SPSS Statistics (Version
20.0). Parametric one-way analysis of variance was applied to identify
the statistically significant difference (defined as those with p<0.05)
between different groups on the same day.

Results and Discussion

Growth response to kaempferol or luteolin exposure
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Figure 1: M. aeruginosa growth following exposure to different
concentrations of kaempferol (A) and luteolin (B). Mean and
standard deviation of triplicate are shown.

M. aeruginosa growth was not significantly (p>0.05) affected at
kaempferol or luteolin exposure in early phase (until day 6) (Figure 1).
Afterward, low dose kaempferol and luteolin as 0.5~4 mg/L posed no
significant or even slightly stimulated effect on M. aeruginosa growth
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as compared to control, while 16~32 mg/L kaempferol and luteolin
posed significantly inhibitory effect (p<0.05), with the IR of 92.05%
~95.20% and 74.40%~85.35%, respectively, by day 14 (Figure 1). Thus,
for both kaempferol and luteolin, M. aeruginosa growth was
increasingly inhibited with rising exposure concentration from 16 to
32 mg/L, and kaempferol was more effective to M. aeruginosa than
luteolin at the same concentration, implying higher susceptibility of AL
aeruginosa to kaempferol than luteolin. Above results showed that
both kaempferol and luteolin slightly promoted or did not affect M.
aeruginosa growth at low doses but caused growth inhibition at high
concentrations. Interestingly, the toxicity of other environmental
chemicals, including pesticides, antibiotics and industrial
contaminants, to M. aeruginosa also followed this pattern, and their
effects on M. aeruginosa growth changed from no obvious effect or
stimulation to inhibition as exposure concentration elevated [15-17].
The slight growth stimulation at low doses of kaempferol and luteolin
could be regarded as a hormesis effect on M. aeruginosa at low toxicity
level.

Photosynthetic response to kaempferol or luteolin exposure

Chlorophyll-a content (pgieell) »

Exposure time (day)

Exposure time (day)

Figure 2: Effects of kaempferol (A) and luteolin (B) on chlorophyll a
content of M. aeruginosa on day 4, 8 and 14 of exposure test. Mean
and standard deviation of triplicate are shown. Different alphabet
letters indicate significant difference in means among different
groups on the same day.

PBPs including PC, APC and PE are major light-harvesting
photosynthetic accessory pigments in cyanobacteria and maintain the
basic mode of energy metabolism via photosynthesis. PBPs, together
with CLA, are proposed to absorb majority of incoming solar, and play
imperative roles in electron/energy transfer and energy production
during photosynthesis process [18,19]. Coupled to inhibited growth,
the CLA content at 16~32 mg/L kaempferol and luteolin was inhibited
by 19.71%~40.77% and 36.99%~66.50%, respectively, on day 14 as
compared to control, implying that decreased photosynthetic activity
was involved in M. aeruginosa growth-inhibition caused by 16~32
mg/L kaempferol and luteolin. Accordingly, no significant (p>0.05)
difference in CLA content at all kaempferol or luteolin levels on day 4
was coupled with no significant different growth at the same time,
except the case for 32 mg/L kaempferol (Figures 1 and 2). Such
coupling between CLA and growth was reported in amoxicillin-
exposure study [17]. Exceptionally, CLA was significantly (p<0.05)
stimulated to 0.28 pg/cell earlier on day 4 at 32 mg/L kaempferol,
hence CLA synthesis was more sensitive than cell division for growth
at 32 mg/L kaempferol (Figures 1A and 2A). Such stimulated CLA
synthesis in early phase of test was likely to be an adaptive response
that reflects a cellular requirement for protection against damage via
producing excessive energy [20]. From these results, the inhibitory
effects of 16~32 mg/L kaempferol and luteolin on both M. aeruginosa

growth and CLA synthesis could appear with the prolongation of
exposure time.
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Figure 3: Effects of kaempferol (left) and luteolin (right) on such
phycobiliproteins as PC (A,B), APC (C, D) and PE (E, F) contents of
M. aeruginosa on day 4, 8 and 14 of exposure test. Mean and
standard deviation of triplicate are shown. Different alphabet letters
indicate significant difference in means among different groups on
the same day.

As time elapsed, PC, APC and PE contents of M. aeruginosa at each
kaempferol level varied in the manner generally similar to that of CLA
(Figures 2A, 3A, 3C and 3E), implying that these PBPs synthesis was
synchronously regulated in conjunction with CLA under kaempferol
exposure. One exception was that the PC content exposed to 32 mg/L
kaempferol cannot be significantly stimulated as CLA, APC and PE
contents on day 4 (Figures 2A, 3A, 3C and 3E), probably because PC
did not participate in such protective response as elevating
photosynthesis activity and energy production during early phase.

At each of 0~4 mg/L luteolin, PC, APC and PE contents of M.
aeruginosa generally increased as time elapsed, coupled with
synchronous cell growth at each of 0~4 mg/L luteolin (Figures 1B, 3B,
3D and 3F). This manifested the contribution of rising photosynthetic
activity to cell growth at lower luteolin doses. Such time-dependent
increase were also observed for PBPs contents at 16 mg/L luteolin
exposure, with PC, APC and PE contents increasing from 0.02, 0.07
and 0.23 pg/cell on day 4 to 0.38, 0.10 and 1.01 pg/cell on day 14,
respectively. Despite this, the PC, APC or PE content at 16 mg/L
luteolin exposure were almost lower than that at 0~4 mg/L luteolin on
each day, suggesting that the inhibited synthesis for light-harvesting
pigments from day 4 to 14 was one reason for the inhibited growth at
16 mg/L luteolin in later phase of test (Figure 3B, 3D and 3F). By
contrast, at 32 mg/L luteolin, the time-dependent trends of PC, APC
and PE contents differed between each other. Specifically, the
significantly inhibited PC (down to 0.15 pg/cell) and significantly
stimulated APC and PE contents (rose to 0.35 and 2.05 pg/cell,
respectively) simultaneously appeared on day 4, in contrast to no
significant change on CLA on the same day (Figures 2B, 3B, 3D and
3F). These results shed that the response of PBPs synthesis to 32 mg/L
luteolin was more sensitive than CLA synthesis in early phase. Despite
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the stimulated APC on day 4 and enhanced PE content along the test
probably as adaptive strategy to 32 mg/L luteolin stress, the inhibited
PC throughout the test and the inhibited APC and CLA contents from
day 8 to 14 jointly resulted in an inhibited growth during later phase at
32 mg/L luteolin. Among three PBPs, PC was negatively affected most
severely by 32 mg/L luteolin (Figure 3B), agreeing with Bi et al. [21]
who also revealed that PC was the most vulnerable PBP under 20 mg/L
berberine stress, and decreased photosynthetic pigments contents was
involved in berberine-induced anti-algal mechanism.

TP synthesis at kaempferol and luteolin exposure

The TP content of M. aeruginosa at 0~4 mg/L kaempferol exposure
remained relatively low and almost the same levels (without significant
difference between each other) on each day, generally coinciding with
the case at 0~4 mg/L luteolin (Figure 4). This corresponded to the
similar growth trends at 0~4 mg/L kaempferol or luteolin exposure. In
contrast, the TP content showed a continuously decreasing trend as
time elapsed at 16~32 mg/L kaempferol or luteolin exposure (Figure
4). Moreover, compared to control, the TP at 16~32 mg/L luteolin was
stimulated to 0.32~0.23, 0.21~0.24 and 0.20~0.22 mg/10° cells on day
4, 8 and 14 (Figure 4B), while TP at 16~32 mg/L kaempferol was
significantly stimulated to 1.40~2.15 mg/10° cells on day 4 but
significantly inhibited to 0.03~0.05 mg/10° cells on day 14 (p<0.05),
exhibiting a transition from stimulation at early phase to inhibition at
later phase (Figure 4A). Stimulated TP synthesis was also observed in
M. aeruginosa exposed to antibiotic amoxicillin and herbicide diclofop
[17,22]. Previous studies proposed the stimulated TP synthesis also as
an adaptive response to alleviate exogenous stress, and a potential
result of stimulated antioxidase responses [17,23].
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Figure 4: Effects of kaempferol (A) and luteolin (B) on protein
content of M. aeruginosa on day 4, 8 and 14 of exposure test. Mean
and standard deviation of triplicate are shown. Different alphabet
letters indicate significant difference in means among different
groups on the same day.

Antioxidant responses and cell damage at kaempferol or
luteolin exposure

Exogenous stress exposure can induce excess reactive oxygen
species (e.g., free radicals, H,O,) via aerobic metabolism and cause
oxidative damage to cyanobacteria. Synthesis of antioxidants SOD and
CAT with a protein or pepetide structures exerts pivotal roles in
antioxidant defense by scavenging free radicals to ameliorate oxidative
stress [24]. SOD is the first defense against oxidative stress and
converts superoxide radical into O, and H,0, (i.e, 20,0 +2H
*>H,0,+0,), while CAT further converts H,O, into O, [25]. Hence,
to determine antioxidant responses and oxidative damages qualifies as
a promising scheme to elucidate the mechanisms of exogenous stress
on M. aeruginosa.

In this study, both SOD and CAT activities were not stimulated
and/or remained relatively low levels at 0~4 mg/L kaempferol or
luteolin exposure, corresponding to slight or no effects of such
exposure on M. aeruginosa growth along test period (Figures 5A-5D).
In comparison, SOD activity exposed to 16~32 mg/L kaempferol was
significantly stimulated to 1.36~2.98, 1.72~ 2.80 and 0.80~0.98 U/105
cells, respectively, on day 4, 8 and 14. Likewise, SOD activity exposed
to 32 mg/L luteolin was stimulated to 1.20, 1.59 and 1.49 U/10° cells,
respectively, on day 4, 8 and 14 (Figures 5A and 5B). The stimulated
SOD activity meant that M. aeruginosa cells suffered oxidative stress at
higher kaempferol or luteolin levels. However, at 16~32 mg/L
kaempferol and luteolin, apparent CAT activity stimulation was absent
on day 4 and only emerged until day 8 and 14 (Figures 5C and 5D).
The reason might be that H,0, amount produced by SOD activity on
day 4 was insufficient to induce CAT activity, as CAT can only be
activated by exogenous stress up to certain extent [26]. To restrict
H,0, amount within an acceptable range is important for algal growth
[27]. Thus, low CAT activity on day 4 might result in H,O,
accumulation in M. aeruginosa, which allowed MDA content (as
indicator for cell damage) to increase to 0.29~0.27 and 0.1 nmol/10°
cells at 16~32 mg/L kaempferol and at 32 mg/L luteolin exposure since
the early phase as day 4 (Figures 5E and 5F).
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Figure 5: Effects of kaempferol (left) and luteolin (right) on SOD
activity (A, B), CAT activity (C, D) and MDA contents (E, F) of M.
aeruginosa on day 4, 8 and 14 of exposure test. Mean and standard
deviation of triplicate are shown. Different alphabet letters indicate
significant difference in means among different groups on the same
day.

As an index of lipid peroxidation, increased MDA content is a
widely-used indicator for oxidative damage to cell [28]. Intracellular
redox environment is sustained by the balance between production
rate of oxidants and their removal by antioxidant system, but when
such balance transforms to more oxidized state and/or the oxidants
cannot be sufficiently removed by antioxidants, oxidative damage
could occur [29,30]. The significantly increased MDA content
indicated M. aeruginosa cell damage via lipid peroxidation (Figures 5E
and 5F). Similar to SOD/CAT activities, MDA formation was also
exposure concentration- and time-dependent, and MDA content trend
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was generally correlated to SOD/CAT activities at each kaempferol or
luteolin level: i) Exposed to 16~32 mg/L kaempferol and 32 mg/L
luteolin, significantly-increased MDA content on each day indicated
M. aeruginosa cell damage, causing inhibited M. aeruginosa growth.
Noteworthy, most significant SOD and CAT activity stimulation on
day 8 could subsequently alleviate oxidative damage on day 14,
according to decreasing MDA content from day 8 to 14 (down to 0.09,
0.13 and 0.12 nmol/10° cells, respectively) (Figure 5). To some extent,
such relatively-alleviated oxidative stress on day 14 further inactivated
SOD/CAT, leading to lower SOD/CAT activities on day 14 (SOD down
to 0.80, 0.98 and 1.49 U/10° cells, CAT down to 5.67, 4.88, 3.38 U/10°
cells) (Figures 5A-5D).

ii) At 16 mg/L luteolin, significantly-stimulated SOD and CAT
activities were absent on day 4 but both stimulation presented on day
8, as compared to control, exhibiting that SOD activity linked to CAT
activity as discussed above. Together considering no stimulation in
MDA content on day 4, it is conferred that 16 mg/L luteolin did not
induce oxidative stress and antioxidant responses at early phase as day
4. Until day 8 and 14, oxidative stress occurred as indicated by
increased MDA content, accordingly SOD and CAT antioxidant
responses was activated (Figures 5B-5F). This showed that the
interactive scenario between oxidative stress-antioxidant responses at
16 mg/L luteolin differed with that at 16~32 mg/L kamepferol and at
32 mg/L luteolin. Thus, growth-inhibition at 16 mg/L luteolin could be
partly due to enhanced cell oxidative damage during mid-late phase
(from day 8 to 14), differing with the case at 16~32 mg/L kamepferol
and at 32 mg/L luteolin where cell damage occurred throughout test
period.

Above data revealed that 16~32 mg/L kaempferol induced not only
antioxidant responses but also oxidative damages in M. aeruginosa
during 14 day-exposure, largely due to the upset in cellular redox-
balance. In contrast, no stimulation or relatively low MDA content
coupling to non-stimulated SOD/CAT activity responses at 0~4 mg/L
kaempferol and luteolin could ensure a smooth growth of M.
aeruginosa (Figure 5).

Conclusions

Applying the allelophathic effects of plant-originated compounds to
inhibit the growth of bloom-forming algae is a promising
environmentally-benign and eco-friendly option to control and
remediate HABs. Flavonoids are a family of compounds mainly
synthesized by plant roots, stems and leaves. Innovatively, plant-
originated kaempferol and luteolin were tested as algaecides against
excessive growth of M. aeruginosa here. In conclusion, this study for
the first time to reveal growth-inhibition effects of kaempferol and
luteolin on M. aeruginosa and their algicidal mechanisms during a
longer exposure than most previous studies. Results showed that
kaempferol and luteolin stress on M. aeruginosa growth were dose-and
time-dependent. The time-dependent data clearly clarified the
dynamic relationship between physiological responses and cell growth
of M. aeruginosa under various kaempferol or luteolin doses. In
contrast to 0.5~4 mg/L doses, 16~32 m/L kaempferol and luteolin
significantly inhibited growth after 6 days-exposure and achieved
92.05% ~95.20% and 74.40%~85.35% inhibition, respectively, by day
14, partly caused by inhibited CLA content at late phase. On day 4 and
8, stimulated photosynthetic responses (except PC content on day 4) at
32 mg/L kaempferol and stimulated SOD activity at 16~32 mg/L
kaempferol and 32 mg/L luteolin acted as adaptive and antioxidant
defense against oxidative stress. Despite these, enhanced oxidative

damage at 16~32 mg/L kaempferol or luteolin and inhibited PBPs (e.g.,
PC, APC) synthesis at 16~32 luteolin throughout test and/or during
mid-late phase, in conjunction to inhibited CLA contents at late phase,
still caused inhibited M. aeruginosa growth. This study shed that two
of the widely-distributed flavonoids kaempferol and luteolin could be
potentially developed as anti-algal agents for efficient M. aeruginosa
bloom-removal and bioremediation.
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