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Abstract: Cyanobacteria rapidly form harmful algal blooms (HABs) that cause serious nutritional
imbalances in crop production via hydroponics. Allelopathic extracts from plants can be applied as a
solution for ecologically sustainable control of algal blooms. In this study, the effects of 11 aqueous
extracts of 10 allelopathic plants in controlling Microcystis aeruginosa were evaluated. Among the
extracts, walnut husk and rose leaf extracts exhibited high inhibitory levels for efficient control
of algae. High inhibitory levels were achieved owing to large amounts of water-soluble tannins,
especially tannic acid. The effective extracts were applied to a hydroponic system cultivated on leafy
perilla vegetables. Although the severe doses (IC90) did not guarantee complete algal control due
to partial algal regrowth, walnut husk and rose leaf extracts only exerted strong persistent effects
on algae control. Persistent algae inhibition contributed to the increase in perilla growth and leaf
quality. Rose leaf was potentially a more useful resource for controlling algae in a hydroponic system
because the application of rose leaf extract efficiently controlled the algae and was less toxic to perilla
growth. In contrast, the treatment of walnut husk extract also controlled algae but inhibited perilla
growth with pale green leaves.

Keywords: allelopathy; aqueous extract; cyanobacteria; eco-friendly algaecides; hydroponics;
regrowth; tannic acid

1. Introduction

Hydroponics is an efficient culture system for producing crops in facilitated agricul-
ture. It is known that the growth rate of hydroponic crops is up to 50% faster than that
of soil crops [1]. Hydroponics can benefit from the automatic control of irrigation and
fertilization, ensuring a clean culture-environment and saving space due to multi-layer
vertical production [2]. Despite these advantages, the occurrence of cyanobacteria is a
main cause of giving up the hydroponics. Cyanobacteria naturally occur and thrive in
hydroponic solutions as well as in eutrophic ponds, lakes, and rivers. They damage the
ideal hydroponic solution by forming harmful algal blooms (HABs) quickly [3]. Partic-
ularly, with the recent increase of indoor farms, the HABs in hydroponics are regarded
as troublesome. It is generally accepted that over-formed HABs will negatively affect the
nutritional balance to crop growth by consuming nutrients in the solutions, competition
with the crops, and blocking the solution filters [4–6]. Additionally, cyanotoxins, which
are generated by secondary metabolic processes in some species of cyanobacteria, are
potentially hazardous to human health [7].

Microcystis aeruginosa is a main hazardous cyanobacterial species whose algal blooms
are easily found in aquatic environments around the world [8]. There are many methods to
control the species, such as salvage, coagulation, and using copper-based algaecides [9].
However, the methods cannot be generally applied in mild-scale hydroponic systems,
due to their low efficiency, difficulty in managing resources, and occurrence of secondary
pollution [3,9,10]. Therefore, a practical and eco-friendly alternative method is required to
control cyanobacteria.
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Allelopathy is an inhibitory effect of substances produced in the secondary metabolism
of plants and microorganisms that interfere with the normal growth of surrounding organ-
isms [11]. Previous studies have reported various allelopathic plants whose extracts inhibit
growth of other organisms [12–16]. The allelopathic plants can produce allelochemicals,
which degrade cellular structures and negatively affect physiological responses of other
organisms [17,18]. There are various allelochemicals, including terpenes, phenolics, aro-
matics, tannins, alkaloids, and flavonoids [19–23]. Since the allelochemicals are derived
from plants, many attempts have been conducted to use the allelochemicals or extracts
containing the chemicals as eco-friendly algaecides [3,24,25]. However, these attempts
have focused on controlling algae rather than considering their impact on hydroponic
crops. This may discourage the use of allelopathy for hydroponic crops. Due to the variety
of allelochemicals and their functions, optimal and effective allelochemicals should be
selected when they are applied to agriculture. Therefore, this study was conducted to
compare the allelopathic effects of 11 aqueous plant extracts on the control of cyanobac-
teria (M. aeruginosa), to select efficient extracts, and to assess impacts of the extracts in
hydroponic culture.

2. Materials and Methods
2.1. Preparation of Aqueous Extracts

Details regarding the 11 plants used to control cyanobacteria are provided in Table 1.
The fresh samples were rinsed with distilled water and freeze-dried (IlShinBioBase Inc.,
Dongducheon, Korea) for 72 h. The dried tissues were then coarsely ground with a home
grinder. The powder (10 g) of each sample was dissolved in 1 L of 80% aqueous methanol
(v/v), which was agitated using a shaker (Daewonsci Inc., Bucheon, Korea) set to 120 rpm
under ambient conditions for 3 days. The extract solution was filtered through filter paper
(Whatman No. 3, Maidstone, UK) and the solvent was removed by evaporation using a
rotary evaporator (Eyela, Tokyo, Japan). One gram of the evaporated extract was dissolved
in 100 mL of high-performance liquid chromatography (HPLC) grade water (Daejung,
Siheung, Korea). The hydrophobics in the extracts were eliminated by fractionation using
a fraction funnel with ethyl acetate (Daejung, Siheung, Korea). The fractionated aqueous
layer was concentrated using a rotary evaporator. Each aqueous extract was dissolved in an
algal culture medium at concentrations ranging from 0.05 to 5 g L−1 to determine efficient
concentrations to inhibit algal growth by 50% (IC50) and 90% (IC90) of non-treatment.

Table 1. Plant extracts used for screening allelopathic effects on cyanobacteria growth.

Species Common Name Organ Used

Artemisia princeps Mugwort Leaf
Juglans regia Walnut Leaf (L)
Juglans regia Walnut Green husk (H)
Oryza sativa Rice Leaf

Pinus densiflora Pine Leaf
Pinus koraiensis Nut pine Leaf
Pueraria lobate Kudzu Leaf
Rosa hybrida Rose Leaf

Sorghum bicolor Sorghum Leaf
Tagetes erecta Marigold Leaf
Vitis vinifera Grape Leaf

2.2. Algae Culture

The cyanobacteria M. aeruginosa was donated by the Nakdonggang National Insti-
tute of Biological Resources (Sangju, Korea) and added into a glass conical flask (2 L)
filled with BG11 [26]. The flask was placed in an incubator (Daewonsci Inc., Bucheon,
Korea) and cultured under controlled environments. The light level was maintained at
50 µmol photons m−2 s−1 of white fluorescent light for 12 h per day. The temperature and
relative humidity were adjusted to 25 ± 2 ◦C and 85 ± 1%, respectively. After 7 days,
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a batch of M. aeruginosa was separated from the stock and added into a glass conical
flask (500 mL) filled with BG11 containing each allelopathic extract. The number of cells
was 102.5 × 105 cells mL−1 in each flask. The algal batches were cultured under the same
conditions as the stock culture for 15 days. To confirm mortality, the total medium con-
taining algae, which was treated with IC90 of each extract or non-treatment, were filtered
through 0.45 µm membrane filter (Advantec Toyo Kaisha Ltd., Tokyo, Japan) to remove the
residual extracts. Subsequently, each membrane filter was added into a new flask (500 mL)
filled with extract-free medium and sufficiently stirred at 150 rpm for 12 h. The algae was
additionally cultured in an incubator for 7 days.

2.3. Hydroponic Culture

The seeds of perilla (Perilla frutescens (L.) Britt.) were sown in plug trays filled with fine
perlite (GFC Co., Hongseong, Korea) and cultured under natural sunlight in a greenhouse.
After 20 days since germination started, and when there were two pairs of true leaf
appearance, seedlings of similar size were selected and transplanted into glass bottles
containing 300 mL of Hoagland solution [27,28]. The electric conductivity of the solution
was measured to 2.21 ± 0.1 mS cm−1. The pH value was ranged from 6.7 to 7.3. A batch
of cyanobacteria was added into the culture bottle. The initial algal concentration was
adjusted to 101.6 × 105 cells mL−1. The rose leaf and walnut husk extracts with IC50 and
IC90 were added into the culture media. The EC and pH after the addition of the algae and
extracts were not significantly changed. An air-bubble system was continuously applied
over the whole experimental period. The indoor culture room was maintained at 25 ± 2 ◦C,
70 ± 5% humidity, and 100 µmol photons m−2 s−1 of white fluorescent light for 12 h per
day, respectively.

2.4. Measurement of Cyanobacteria and Plant Growth Parameters

As a growth parameter of cyanobacteria, the number of cells was counted every 3 days
using a disposable hemocytometer (INCYTO Co., Cheonan, Korea) and an optical micro-
scope (Olympus Inc., Tokyo, Japan) at a magnification of 200×. Algal growth inhibition
efficiency (IE) was calculated using cell numbers and the following formula [29]:

IE (%) = [(NControl − NTreatment)/NControl] × 100

Three parameters were measured for plant growth, such as fresh weights of perilla
plants, leaf dry weight, and chlorophyll content of perilla. The fresh weights were measured
every 5 days during the culture period by separating plants from the hydroponic system.
The plants after quick measurement of fresh weight were set again in the system. Leaf
dry weight and total chlorophyll content were measured using mature leaves which were
grown for 15 days in the culture. Total chlorophylls were extracted from dried leaf powder
(1 mg) using 80% acetone (1 mL) for 24 h. Absorbance of the extract was measured at 645
and 663 nm using a spectrophotometer (S-4100, Scinco, Seoul, Korea). The total chlorophyll
content was calculated by the previously described equation [30].

2.5. Determination of Tannic Acid Using HPLC

Ranges of water-soluble tannins in walnut husk, rose leaf, and kudzu leaf extracts were
determined using a HPLC (Waters 2695 Alliance HPLC; Waters, Milford, MA, USA). Also,
standard tannic acids purchased from Sigma-Aldrich Co. (St Louis, MO, USA) were analyzed
with the above extracts in the HPLC. The column was a Kinetex 5µm C18 100A (150 × 4.6 mm;
Phenomenex, Torrance, CA, USA). All samples were filtered through a 0.45 µm syringe filter
before analysis. The mobile phase consisted of water with 0.4% formic acid (solvent A) and
acetonitrile (solvent B). The flow rate of the mobile phase was 1.0 mL min−1 with 10 µL
injection of each sample. The gradient program was performed according to previously
described methods with modifications [31,32]. The gradient program was as follows: 0–5 min;
5% B, 5–10 min; 5–80% B, 10–15 min; 80–90% B, 15–17 min; and 90% B, and then re-equilibrated
to the initial gradient. The ranges of tannins were detected at 280 nm.
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2.6. Statistical Analyses

All data are shown using mean ± SE obtained from three experimental replicates
(n = 3). A one-way ANOVA test was conducted to determine significant differences using
SAS software (SAS Institute Inc., Cary, NC, USA). Significant differences were evaluated
using Tukey’s HSD test at p < 0.05.

3. Results and Discussion
3.1. Effects of Allelopathic Extracts on Algal Inhibition

In non-treatment of plant extracts, M. aeruginosa grew rapidly from 3 to 6 days,
presenting a logarithmic phase. The cell density reached 750 × 105 cells mL−1 on day
9 (Figure 1). After that, the algal growth did not show significant increase until day 15,
exhibiting a stationary phase. The IC50 and IC90 values of each allelopathic extract were
determined by using IE values on day 15.
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Figure 1. Growth curve of Microcystis aeruginosa in non-treated control group for 15 days of culture.

The IC50 and IC90 values of 11 allelopathic extracts were calculated using exponential
decay equations and showed dose-dependent reductions of algal growth with reliable
coefficients (r2 > 0.9) (Table 2). As described in the study of Shen et al. [33], the exponential
decay equation was applied as a rational model to exhibit the allelopathic effect of each
extract on the algal growth according to the concentration. Among the extracts, rose leaf
extract showed the highest inhibitory effect on algal growth in spite of low-dose treatment.

Table 2. IC50 and IC90 of allelopathic extracts effect on algal growth.

Species IC50
(g L−1)

IC90
(g L−1) Equation 1 r 2

R. hybrida 0.6 ± 0.04 d2 3.5 ± 0.13 d y = 84.66e−0.61x 0.977
J. regia (L) 1.2 ± 0.03 c 4.1 ± 0.11 cd y = 94.13e−0.51x 0.973

P. densiflora 1.3 ± 0.06 c 4.3 ± 0.23 cd y = 101.02e−0.53x 0.949
J. regia (H) 1.4 ± 0.07 c 4.6 ± 0.22 bcd y = 106.11e−0.5x 0.960

T. erecta 1.5 ± 0.10 bc 5.0 ± 0.31 bc y = 101.56e−0.45x 0.972
A. princeps 1.5 ± 0.01 bc 5.1 ± 0.14 bc y = 100.14e−0.45x 0.964
V. vinifera 1.4 ± 0.06 c 5.2 ± 0.23 bc y = 101.43e−0.74x 0.971
O. sativa 1.4 ± 0.07 c 5.3 ± 0.26 bc y = 86.79e−0.41x 0.971
S. bicolor 1.7 ± 0.05 b 5.7 ± 0.24b y = 101.38e−0.40 x 0.986

P. koraiensis 2.2 ± 0.07 a 7.4 ± 0.34 a y = 97.84e−0.31x 0.971
P. lobata 2.4 ± 0.08 a 7.7 ± 0.21 a y = 104.64e−0.31x 0.983

1 IC50 and IC90 were calculated using exponential decay equations. 2 Different letters within a column indicate
significant differences at p < 0.05 according to Tukey’s HSD test.
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3.2. Algal Regrowth

In Figure 2, white bars mean IE of IC90 treatment of each allelopathic extract for 15 days.
Black bars indicate the changed IE when the algae were transferred to an extract-free
medium and cultured for 7 days. Among white bars, there were no statistical differences
(p > 0.05), which meant that IC90 treatment of each extract favorably exhibited about 90%
of IE. However, the IE values were significantly varied when the algae were transferred
to an extract-free medium and cultivated for 7 days (p < 0.001). Since transferred to the
extract-free medium, the algae treated with most plant extracts had regrown. However,
the algae treated with walnut husk and rose leaf extracts hardly regrew, exhibiting high
IE values of over 70% (Figure 2). Canton et al. [34] suggested that the growth inhibition
was overcome when favorable environmental conditions for algal growth returned, such
as lower concentrations or disappearance of algal inhibitors from the medium. The algal
regrowth indicates that allelopathic effect is exhausted, so it is no more crucial in the
mortality of algae [17]. The persistent allelopathy may be influenced by the allelopathic
extract characteristics. Compared with other extract treatments, the walnut husk and
rose leaf extract treatments had persistent allelopathic effects on algal mortality (Figure 2).
Several walnut organs contain juglone, a strong allelochemical [35,36]. Juglone is extremely
hydrophobic and insoluble in algal medium. Therefore, it is suggested that the inhibitory
effect of walnut husk extract may have been induced by hydrophilic allelochemicals.
Walnut husk extract contains a high content of phenolic compounds with a large portion of
tannic acid [37]. Tannic acid is a water-soluble compound and its allelopathic effects on
other microorganisms have been reported [38,39]. Therefore, the analysis of tannic acid in
walnut husk, rose, and kudzu leaf extracts was conducted using HPLC.
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3.3. HPLC Profiles and Algae Inhibitory Effect of Tannic Acid

The HPLC chromatograms of standard tannic acid and three aqueous extracts, such
as walnut husk, rose, and kudzu leaf, are shown in Figure 3. The standard tannic acid
showed a cluster band with several small peaks in the 8–12 min retention time. The plant
extracts also showed similar patterns of chromatograms to tannic acid. Among the extracts,
walnut husk showed the widest ranges of tannin peak area, while rose leaf and kudzu
leaf extracts presented 74.5% and 41.0% of the walnut husk peak areas, respectively. The
differences in quantitative tannic acids among the plant extracts were fairly well matched
with the cyanobacterial inhibitory activities of the extracts. It has been reported that tannic
acid is usually seen as a broad band in HPLC analysis, because tannic acid is composed of
different gallic acid esters of glucose [40]. Therefore, oligomers of hydrolysable tannins
have been observed in a broad area of plant-tissue extracts [31,41].
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kudzu leaf detected at 280 nm (A). Structures of major hydrolysable tannins in walnut husk and rose
leaf extracts (B).

The inhibitory effects of tannic acid on cyanobacterial reproduction and chlorophyll-a
content are shown as EC50 values in Figure 4. The EC50 values were 20.8 and 17.1 µg mL−1

for cell reproduction and chlorophyll-a content, respectively. Švanys et al. [38] reported that
both chlorophyll-a content and photosynthetic yields were significantly reduced by tannic
acid treatment, with an EC50 value of approximately 24 µg mL−1. In addition, it was re-
ported that tannic acid significantly inhibited the chlorophyll-a synthesis of cyanobacterium
Nostoc sp. by more than 90% and reduced the growth rate by lowering the photosystem II
and chlorophyll-a content of M. aeruginosa [39,42]. Walnut husks and rose leaves are rich in
polyphenolic compounds, which are allelochemicals with antimicrobial capacity [43–46].
According to these studies, allelopathic effects are caused by high content of hydrolysable
tannins and their derivatives, such as ellagic, gallic, and tannic acids [37,47,48]. Therefore,
it seems reasonable that the degree of tannic acid quantity in our study is a critical factor
for cyanobacterial growth inhibition.
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3.4. Application of Allelopathic Extracts in Hydroponic Culture

Figure 5 shows the increase in the whole biomass of perilla cultured with or without
algae. All perilla seedlings grew rapidly for 5 days regardless of algae and extract treatment.
In the untreated extract group (Figure 5A), the increase in biomass did not change from 5
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to 15 days of culture using algae-free medium. However, biomass was continually reduced
via culturing using algae-added medium. When the rose leaf or walnut husk extract was
added to the medium, the IC90 treatment of each extract contributed to the normal growth
of perilla seedlings. In contrast, the IC50 treatment of each extract had no positive effect on
perilla growth (Figure 5B,C).
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During the initial culture, no negative effect of algae on perilla growth was observed.
However, perilla growth after 10 days of culture was negatively affected by the logarithmic
expansion of algal density, as shown in Figure 1. No negative effect was observed after
IC90 treatment of the allelopathic extracts. Although it has been argued whether algae are
either positively or negatively affected by crop growth [49–51], numerous efforts have been
made to reduce algal infestation in practical agricultural fields. Because most algae rapidly
reproduce and form algal blooms in hydroponic solution [52], excessively reproduced
algae compete for nutrients with crops and release allelopathic toxins in certain algal
species [6,52].

Perilla leaves were also damaged by the presence of algae (Table 3). In the hydroponic
medium, the number of algal cells increased more than five times higher than the initial cell
number and presented 579 × 105 cells mL−1 after 15 days of culture. When the perilla was
cultured in this medium, the leaves were damaged by excessive algal reproduction. The
damaged leaves presented the lowest biomass of 0.38 g leaf−1, and their size was shrunken
(Table 3 and Figure 6). When the rose leaf or walnut husk extract was added to the medium,
the algal cells slowly or hardly grew for 15 days. Therefore, the leaf biomass increased
and leaf size did not shrink, except for the IC50 treatment of rose leaf extract (Table 3 and
Figure 6). The chlorophyll content of perilla leaves may be damaged by algal inoculation.
The chlorophyll content of algal-damaged leaves was reduced by approximately 15%
compared to that of normal leaves (Table 3). Treatment with allelopathic extracts inhibited
algal growth and maintained greenish perilla leaves. However, the IC90 treatment of walnut
husk extract only caused a modest reduction in chlorophyll content in the perilla leaves
(Table 3 and Figure 6). In the IC90 treatment of walnut husk extract, EC and pH changes did
not influence chlorophyll degradation in perilla leaves. There were no significant changes
in EC and pH values during the culture period (Figure S1). The mean values of EC exhibited
2.262 ± 0.01 and 2.195 ± 0.03 mS cm−1 on initial and harvest day, respectively. The EC
values were included within a reasonable EC range for perilla growth [28]. In addition, the
mean values of pH were 6.8 ± 0.02 and 7.1 ± 0.06 on initial and harvest day, respectively.
In hydroponics, most vegetables have tolerance within the pH range of 5.5 to 7.5, but
the targeted pH is 5.6-5.8 in order to have effective and balanced nutrients absorbance
by the plants roots [1]. The walnut husk extract contained a high content of tannins
(Figure 3). As an allelochemical, it has been argued whether the effect of tannins on plants
is negative. Kraus et al. [53] stated that there is little evidence of the direct effects of tannins
on physiological processes in plants. However, other researchers have reported negative
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effects of tannins on some plants. Hydrolysable tannins, especially gallic acid, had an
inhibitory effect on the root architecture of Arabidopsis thaliana seedlings in soil [54]. Tannic
acid inhibited root elongation in wheat seedlings [55]. In addition, the aqueous extract of
Aloe ferox roots, which contain high tannin content, significantly inhibited the germination
and initial growth of tomato seeds [56]. Based on these studies, it was confirmed that
tannins negatively affect germination and initial growth of seedlings. However, there are
few studies on the effect of tannins on mature plants; therefore, it cannot be mentioned
that tannins in walnut husk extract directly resulted in the chlorophyll damage in mature
perilla leaves. Despite this limitation, our results suggest further studies of tannin effects
as an allelochemical.

Table 3. Leaf growth and chlorophyll content of perilla grown under algae-free and -treated hydroponic media with
non-treatment, rose leaf, and walnut husk extract.

Extract Concentration
(g L−1)

Algae
Inoculation

Algae Harvest 1

(×105 cells mL−1)
Leaf Biomass
(g DW leaf−1)

Chlorophyll
Content

(mg g−1 DW)

Non-treatment 0 − 0 0.52 ± 0.00 abc 2 10.09 ± 0.28 abc
0 + 579 ± 1.93 a 0.38 ± 0.06 d 8.67 ± 0.54 de

Rose leaf 0.6 (IC50) − 0 0.56 ± 0.01 a 10.72 ± 0.41 a
0.6 (IC50) + 263 ± 1.59 b 0.42 ± 0.01 cd 10.13 ± 0.16 ab
3.5 (IC90) − 0 0.54 ± 0.03 ab 10.72 ± 0.34 a
3.5 (IC90) + 103 ± 2.19 d 0.49 ± 0.04 abc 9.34 ± 0.20 bcd

Walnut husk 1.4 (IC50) − 0 0.46 ± 0.03 abcd 9.31 ± 0.21 bcd
1.4 (IC50) + 172 ± 1.37 c 0.51 ± 0.01 abc 8.81 ± 0.74 cde
4.6 (IC90) − 0 0.45 ± 0.04 bcd 7.94 ± 0.15e
4.6 (IC90) + 105 ± 1.39 d 0.45 ± 0.03 bcd 6.52 ± 0.21 f

1 The number of algal cells which were harvested on 15th day after hydroponic culture. 2 Different letters within a column indicate
significant differences at p < 0.05, according to Tukey’s HSD test.
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4. Conclusions

Our research findings provide the basis for developing methods of utilizing allelo-
pathic extracts to control the growth of harmful algae and using water-soluble allelochemi-
cals derived from plants. Findings from this research can be used to distinguish between
ambiguous allelopathic effects on either the inhibition or mortality of algae by measuring
the effect of each extract over a long period of time. Two effective extracts to control
cyanobacteria were selected: rose leaf and walnut husk extracts. It was confirmed that the
extracts contained high amounts of tannins, which mainly contributed as allelochemicals
to cyanobacteria. In addition, rose leaf extract was found to be a potentially better resource
for cyanobacterial control in agricultural hydroponic culture than walnut husk extract due
to different degrees of crop damage caused in the cultivation system.

Supplementary Materials: The followings are available online at https://www.mdpi.com/article/
10.3390/agronomy11112350/s1, Figure S1. Changes of electrical conductivity and pH of nutrient
solutions during hydroponic culture.
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