
Review

Autotoxicity in Strawberry Under Recycled Hydroponics and Its Mitigation
Methods

Md Asaduzzaman** and Toshiki Asao*
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Strawberry plants are grown in hydroponics for higher quality and yield, as this system excludes soil-borne
disease issues. Recycled hydroponics is practiced to make cultivation cost-effective, sustainable, and
environmentally friendly. However, due to recycling of hydroponic nutrient solution, plant root exudates
accumulate, leading to autotoxicity, a form of allelopathy that inhibits growth and development. In recent
decades, commercial cultivation of strawberry under greenhouse and plant factory conditions following
recycled hydroponics has been widely adopted globally. Subsequently, yield decline has also been reported due
to development of autotoxicity from the accumulated root exudates. In recycled hydroponic systems,
strawberry plant growth is inhibited by root exudates that contain mainly phenolic acids in the culture
solution. In this regard, elimination of these accumulated root exudates or allelochemicals from the culture
solution would restore inhibited plant growth and yield. A number of research studies have been conducted on
autotoxicity in strawberry and possible mitigation methods. These studies suggested that addition of activated
charcoal in the nutrient solution, supplementation of auxin on leaves, electro-degradation of root exudates in
nutrient solution, and supplementation of amino acids and/or LEDs can effectively remove/degrade/mitigate
autotoxicity in strawberry grown under recycling hydroponics. This review mainly discusses the autotoxicity
phenomenon in strawberry under recycled hydroponics, the responsible allelochemicals and their mechanism
of action, mitigation methods and future research endeavors in this field.

Key Words: activated charcoal, amino acids, electro-degradation, Fragaria × ananassa Duch., LED lights.

Introduction

Autotoxicity is a form of allelopathy that occurs
within plant species through the release of a variety of
phytotoxic chemicals which cause growth inhibition
(Rice, 1984; Putnam, 1985; Singh et al., 1999). This
phenomenon happens when accumulation of root exu‐
dates exceeds toxic levels due to continuous recycling
of the hydroponic nutrient solution (Yu et al., 1993;
Asao et al., 2003; Kitazawa et al., 2005; Asaduzzaman
and Asao, 2012). The effect of autotoxicity becomes
more pronounced when plants are cultivated on the
same soil for years or grown in recycled hydroponic
solutions for several cultures (Takahashi, 1984; Zhao
et al., 2015). In greenhouse and plant factory vegetable
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production, nutrient solution is usually recycled to
make efficient use of valuable fertilizers and also to
reduce environment pollution (Yang and Zhang, 2005;
Kozai, 2013; Hosseinzadeh et al., 2017). The exudated
chemicals responsible for inhibition of plant growth and
development are known as allelochemicals, autotoxic
chemicals or simply phytotoxins. These released allelo‐
chemicals are either secondary metabolites or the waste
products of the primary metabolic processes of plants.
They are diverse in nature including different organic
acids, fatty acids, phenolic acids, tannins, terpenoids,
amino acids, polypeptides, alkaloids, and nucleotides,
etc. (Gross and Parthier, 1994; Einhellig, 1995; Rice,
1995; Seigler, 1996).

In agricultural ecosystems, release of these allelo‐
chemicals from the plant happens via several natural
processes such as leachation from living and/or dead
plant parts (Overland, 1966), root exudation (Tang and
Young, 1982; Yu and Matsui, 1994, 1999; Asao et al.,
2003, 2004a, b; Kitazawa et al., 2005; Chen et al.,
2011; Asaduzzaman and Asao, 2012), decomposition of
residues, and volatilization from the plant organs (Rice,
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1974, 1984; Petrova, 1977; Singh and Kohli, 1992;
Einhellig, 1995; Inderjit, 1996; Kohli et al., 1997). In
recycled hydroponics, root exudates are common
sources of potentially bioactive allelochemicals
(Inderjit and Weston, 2003). In fact, they are one of the
main sources of plant chemicals released into the rhizo‐
sphere that are responsible for chemical interference in
plants. Research results indicated that synthesis and ex‐
udation of allelochemicals are mainly boosted by both
biotic and abiotic stress conditions, including extreme
temperatures, droughts, and exposure to UV light
(Inderjit and Weston, 2003).

Under stress conditions, roots release ions, as well as
oxygen and water, but root exudates mainly consist of
carbon-containing compounds (Uren, 2000). Plants pro‐
duce several different types of root exudates either as
mixtures of compounds with no appropriate function, or
as mixtures with some known function, such as lubrica‐
tion. Root excretions are thought to be involved in regu‐
lation of the internal metabolic processes of the plant,
such as respiration and nutrient acquisition. Although
roots produce nearly every major type of compound
found in plants, they generally do not produce chloro‐
phyll or specific compounds related to photosynthesis.
The amount of root exudates varies by plant species,
cultivar, age, and stress factors (Uren, 2000). Roots also
exude a variety of low-molecular weight organic com‐
pounds including sugars and simple polysaccharides,
amino acids, organic acids, and phenolic compounds.
Some of these compounds, especially the phenolics, in‐
fluence the growth and development of surrounding
plants and soil microorganisms. In addition, higher-
molecular-weight compounds such as flavonoids, en‐
zymes, fatty acids, growth regulators, nucleotides,
tannins, carbohydrates, steroids, terpenoids, alkaloids,
polyacetylenes, and vitamins are also released in large
quantities (Rovira, 1969; Hale et al., 1978; Curl and
Truelove, 1986; Fan et al., 1997; Uren, 2000).

In the commercial hydroponic production of straw‐
berry run out is often allowed once used culture solu‐
tions enter the surrounding environment and cause
pollution. Recycling of the culture solution under
closed hydroponics can be sustainable and economical,
but at the same time may lead to the development of
autotoxicity as a result of accumulated allelochemicals
from root exudates. In closed hydroponic systems,
strawberry roots release phenolic acids, mainly benzoic
acid, into the culture solution (Kitazawa et al., 2005).
The accumulation of root exudates in the culture solu‐
tion inhibits the growth and metabolic activities of
strawberry roots. This ultimately causes electrolyte lev‐
els in cells and root lipid peroxidation activities to in‐
crease, and free radical scavenging activity of roots to
decrease (Zhen et al., 2003). Additionally, the damaged
strawberry roots exhibit abnormal uptake of water and
mineral nutrients from the culture solution. Conse‐
quently, shoot and root growth, the number of flowers

and harvested fruits per plant, and fruit development are
adversely affected (Kitazawa et al., 2005).

Growth and yield of strawberry under autotoxicity
can be improved by the renewal of used nutrient solu‐
tion at certain interval, but this leads to a waste of
resources, time and labor. In this regard, recycling
hydroponics causes accumulation of root exudates or
allelochemicals has a crucial flaw that hampers sustain‐
able productivity under protected cultivation systems.
In recent years, researchers have found several effective
methods to eliminate growth inhibitors from recycling
hydroponic cultivation systems, such as adding activat‐
ed charcoal to the nutrient solution (Kitazawa et al.,
2005), supplementation of auxin (Kitazawa et al.,
2007), electro-degradation of root exudate in the nutri‐
ent solution (Asao et al., 2008; Asaduzzaman et al.,
2012; Talukder et al., 2019), supplementation of amino
acids (Mondal et al., 2013) and supplementation with
amino acids and LEDs (Talukder et al., 2018). The
present review discusses the autotoxicity phenomenon
in strawberry, its occurrence under recycled hydropon‐
ics, the responsible allelochemicals and their mecha‐
nism of action and also mitigation options.

Autotoxicity and Allelochemicals from Root
Exudates of Strawberry under Recycled

Hydroponics

Autotoxicity has been observed in both natural and
managed cultivation systems. Plant roots and their exu‐
dates, bark, tissues, and also volatiles can cause auto‐
toxicity and a number of studied have been reported in
alfalfa (Miller et al., 1988; Dornbos et al., 1990; Chung
et al., 2000; Chon et al., 2002), asparagus (Hartung
et al., 1990; Miller et al., 1991), apple (Börner, 1959),
cucumber (Yu and Matsui, 1994), eggplant (Chen et al.,
2011), lettuce (Asao et al., 2004a, b; Lee et al., 2006),
broad bean and pea (Asaduzzaman and Asao, 2012),
taro (Asao et al., 2003), tomato (Yu and Matsui, 1993),
and strawberry (Kitazawa et al., 2005).

In greenhouses and plant factories, commercial
strawberry growers use closed hydroponic cultivation
systems for sustainable vegetable and ornamental plant
production (Takeuchi, 2000; Oka, 2002). However, the
closed hydroponics culture technique is characterized
by the problem of autotoxicity due to continuous accu‐
mulation of allelochemicals in the culture solution
(Asao et al., 2003, 2007; Kitazawa et al., 2005). Straw‐
berry plants develop autotoxicity under recycled hydro‐
ponics and thereafter growth parameters such as
number of leaves, shoot sand root biomass decrease, as
well as a decrease in the number of flowers and fruits
per plant. Root exudates in the culture solution can be
trapped by activated charcoal and subsequent extraction
and analysis confirmed benzoic acid as being the most
damaging potential allelochemical in strawberry
(Kitazawa et al., 2005). In other studies, it has been re‐
ported that growth and metabolism of strawberry roots
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were inhibited due to accumulation of exudates in the
growth medium, leading to an increase in percentages
of cell electrolytes, a decrease in free radical scaveng‐
ing activity, and an increase in root lipid peroxidation
(Zhen et al., 2003). Consequently, an autotoxic condi‐
tion discolors the roots from brown to black and ulti‐
mately destroys them completely. These damaged roots
are unable to uptake water and mineral nutrients from
the nutrient solution and as a result, growth retardation
occurs (Kitazawa et al., 2005). In other studies, it was
suggested that the coordination of hydroxybenzoic acid
and F. oxysporum showed an elevated negative effect on
the degree of inhibition of leaf photosynthesis in straw‐
berry (Zhao et al., 2009). The long-term continuous
cropping of strawberry may also lead to unfavorable
rhizosphere soil conditions for bacterial community di‐
versity (Li et al., 2018). Further research was recom‐
mended to determine how the quality of soil was
reduced by the shift in the diversity of the soil bacterial
community.

A collected root exudate fraction showed the pres‐
ence of phytotoxic chemicals at considerable levels in
the recycled hydroponic solution. Root exudates could
be removed by adding activated charcoal to the nutrient
solution (Koda et al., 1977; Asao et al., 1998, 1999a;
Sato, 2004). In later studies Kitazawa et al. (2005) in‐
vestigated the effects of non-renewed nutrient solution,
and addition of activated charcoal to the nutrient solu‐
tion, on vegetative and reproductive growth of straw‐
berry. Activated charcoal has been used to trap
strawberry root exudates and then desorbed and extract‐
ed following the method described by Pramanik et al.
(2001) and Yu and Matsui (1993). GC-MS and HPLC
have been the most popular instruments used to identify
autotoxins from different parts of plant. The autotoxic
chemicals from the root exudates of strawberry have
been detected by gas chromatography coupled with a
mass spectrometer (GC-MS), showing more than 20
peaks (Fig. 1; Kitazawa et al., 2005) and the potential
identified allelochemicals include lactic acid, benzoic

acid, succinic acid, adipic acid and p-hydroxybenzoic
acid. In other studies, strawberry allelochemicals, main‐
ly phenolic acids, were identified from the decompos‐
ing residues from a continuous cropping field (Zhen
et al., 2004; Tian et al., 2015) and also from replanting
soil of different cultivars (Zhao et al., 2012; Cao et al.,
2016).

Mechanism of Action of Allelochemicals from
Strawberry Root Exudates

When plants experience autotoxicity they release al‐
lelochemicals to the rhizosphere through various means
and mechanisms. Exposure to these allelochemicals
leads to various ecological and physiological negative
effects (as shown the schematic diagram in Fig. 2; Weir
et al., 2004) on plant growth (Rice, 1984), mineral up‐
take (Lyu and Blum, 1990; Baziramakenga et al., 1994),
membrane permeability (Baziramakenga et al., 1995),
stomatal closure and water stress (Barkosky and
Einhellig, 1993), respiration (Penuelas et al., 1996),

Fig. 1. Gas chromatogram of all the components from root exu‐
dates of strawberry plants adsorbed and released from activated
charcoal. Methyl esters of lactic acid (peak 1), benzoic acid
(peak 2), succinic acid (peak 3), adipic acid (peak 4), and p-
hydroxybenzoic acid (peak 5) were identified based on known
standard retention times (Kitazawa et al., 2005).

Fig. 2. A schematic diagram showing the mode of action of phenolic acid and related compounds that affects plant growth and development
during allelochemical stress under recycled hydroponics. PS indicate Photosynthetic System.
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photosynthesis and protein synthesis (Mersie and
Singh, 1993; Rohn et al., 2002), hormonal balance
(Holappa and Blum, 1991) and enzyme activities (Rohn
et al., 2002; Doblinkski et al., 2003). It was reported
that ion and water uptake through plant roots are the
worst affected processes as they are the first organs to
come into contact with autotoxins in the rhizosphere
(Blum et al., 1999).

Autotoxic compounds may induce a secondary ox‐
idative stress manifested as increased production of re‐
active oxygen species (Weir et al., 2004). Toxic reactive
oxygen species can affect membrane permeability,
cause damage to DNA and protein, induce lipid peroxi‐
dation, and ultimately lead to programmed cell death.
Therefore, the autotoxic effects of strawberry plant root
exudates on growth and development are likely to be
caused by impairment of nutrients and water absorption
due to injured roots. Supply of mineral nutrients other
than by root uptake can sustain plant growth during this
allelochemical stress. The availability and uptake of
nitrogen is considered to be the major factor affecting
growth (Lea and Azevedo, 2006); therefore, it can be
sprayed on the leaves as a source of nutrients. In this
case, foliar application of urea to deliver supplementary
nitrogen is common (Vasilas et al., 1980; Bowman and
Paul, 1992). For example, urea applied to the foliar
parts of wheat had positive effects; these were attribut‐
ed to higher leaf photosynthetic rates and higher leaf
urease enzyme activities (Peltonen, 1993).

On the other hand, the mechanism of autotoxicity
under continuous cropping showed inhibition of en‐
zyme activity (SOD), chlorophyll content, root activity,
increased MDA content, and relative permeability of
cell membranes in leaves (Gao et al., 2008). The exoge‐
nous application of phenolic acids either alone or in a
mixture in a simulated field experiment influenced
physiological and enzymatic activities besides straw‐
berry plant growth inhibition (Li et al., 2015). Specifi‐
cally, peroxidase activity due to root exudation of
strawberry under autotoxicity was found to be higher in
less susceptible cultivars than mildly or highly suscepti‐
ble cultivars (Weissinger et al., 2013). In another study,
exogenous syringic acid was found to inhibit the net
photosynthetic rate and water-use efficiency, the prima‐
ry quinone electron acceptor of the PSII reaction center,
the PSII reaction center and the oxygen evolving com‐
plex (Lu et al., 2018). As a result, both the maximum
quantum yield of PSII primary photochemistry and the
performance index on an absorption basis were de‐
pressed, resulting in reduced function of photosynthetic
electron transport. The rhizosphere of strawberry re‐
planting soil with an autotoxicity problem showed a de‐
terioration in the physicochemical properties, enzymes
activities and also the nematodes community index (Li
and Liu, 2017). In recent studies, relatively high con‐
centrations of ferulic acid in strawberry plant rhizo‐
sphere soil were thought to stimulate the growth of

Fusarium oxysporum, thus increasing the occurrence of
Fusarium wilt (Tian et al., 2019).

Autotoxicity Mitigation Methods used for
Strawberry

In general, during the phenomenon of autotoxicity in
vegetables and ornamental plants under closed or recy‐
cled hydroponics, released allelochemicals cause phyto‐
toxicity. Researchers have used several methods to trap/
degradate/detoxify the responsible allelochemicals of
strawberry and also other vegetables. In this review, we
briefly discuss the following mitigation methods: using
activated charcoal, supplementation of auxin, electro-
degradation of the nutrient solution, application of
amino acids, application of LEDs and use of benzoic
acid degrading bacteria (Table 1). Other means of im‐
proving growth inhibition due to autotoxicity such as
application of GA3, Si, and UV/H2O2 are also discussed
briefly. In search of more suitable physical, chemical or
biological methods, such research is of interest to plant
biology researchers. To avoid this chemical stress in re‐
cycled hydroponics, finding a suitable allelochemical
detoxifying method (mainly phenolic compounds) ei‐
ther in the nutrient solution or improving the impaired
physiological processes would sustain crop production,
including strawberry. Research findings also suggested
that the growth inhibitory effect of autotoxicity on cu‐
cumber was reduced by the application of epibrassino‐
lide, which enhanced the photosynthetic capacity of
leaves, maintained chloroplast integrity and thylakoid
structures, and effectively alleviated the membrane
damage caused by lipid peroxidation and root damage
(Yang et al., 2019).

In overcoming the continuous cropping obstacles of
strawberry, a lot of research has also been conducted.
Application of phenolic acid degradation fungi B3512
and medicinal plant materials have been found to have
an inhibitory effect on strawberry wilt pathogen (Hu
et al., 2011). Research results also showed that adding
microbial soil additives could promote the growth of
strawberry, improve the dry matter accumulation and
yield, and reduce the degree of cell membrane peroxi‐
dation and the formation of MDA caused by continuous
cropping (Gao et al., 2009). Bio-preparations of T42
Trichoderma sp. and Bs-6 Bacillus subtilis were found
to significantly enhance the vegetative and reproductive
growth of strawberry by inhibiting hyphal growth and
spore germination of Fusarium oxysporium and
Rhizoctonia solani, the main disease causes in straw‐
berry continuous cropping (Zhang et al., 2007). The key
to overcoming cropping obstacles is to improve soil
permeability and reduce harmful gas contents in soil.
The ecological measure applied to prevent the occur‐
rence of strawberry replant disorder is mainly to im‐
prove the environment of the rhizosphere soil,
particularly increasing the soil permeability and oxygen
content (You et al., 2015). In recent studies, transcrip‐
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Table 1.  Mitigation methods used to counter autotoxicity in strawberry plants grown in recycled hydroponics and replanting in diseased soil.
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tomic profiling of strawberry roots in soil with and
without soil amendment revealed gene expression
changes in genotype-dependent responses (Chen et al.,
2020). There was an overall increase in the expression
of nutrient transport genes and a decrease in the expres‐
sion of defense response genes, which could be one
mechanism underlying a recovery strategy in straw‐
berry roots.

Adsorption of allelochemicals in activated charcoal
The removal of inhibitory allelochemicals from the

culture solution can allow continued crop cultivation
for several cultures. Therefore, elimination of these
growth inhibitors from the recycling culture solution is
desirable for conservation-oriented agriculture. In hy‐
droponic culture systems, allelochemicals released
through plant roots can easily be trapped and isolated
using activated charcoal as applied in the recycled hy‐
droponics of strawberry (Fig. 3; Kitazawa et al., 2005).
A number of researchers suggested addition of activat‐
ed charcoal to the culture solution to improve the
growth and yield by adsorbing organic compounds
(mainly phenolics) in tomato (Yu and Matsui, 1993),
strawberry (Kitazawa et al., 2005), taro (Asao et al.,
2003), cucumber (Yu and Matsui, 1994; Asao et al.,
1998, 1999b, 2000), several leafy vegetables (Asao
et al., 2004a), and some ornamentals (Asao et al.,
2007).

Activated charcoal has a strong capacity for adsorb‐
ing organic chemicals and is an ideal adsorbent for
practical agricultural use. It has also been found to ad‐
sorb allelopathic plant exudates in soil with few effects
on soil nutrients (Callaway and Aschehoug, 2000). Be‐
cause of its very large surface-to-volume ratio, activat‐
ed charcoal can adsorb organic compounds in soils
(Zackrisson et al., 1996), and has been used both in
greenhouse and field experiments (Zackrisson and
Nilsson, 1992; DeLuca et al., 2002; Prati and Bossdorf,
2004; Thoss et al., 2004; Callaway et al., 2005;
Kulmatiski and Beard, 2006). Earlier research results
reported that under in vitro conditions, addition of acti‐
vated charcoal to a medium for plant tissue cultures
could improve growth by adsorbing toxic metabolites
(Wang and Huang, 1976).

A number of studies have used activated carbon to
neutralize the effects of allelochemicals (Mahall and
Callaway, 1992; Nilsson, 1994; Callaway and
Ashehoug, 2000; Inderjit and Callaway, 2003;
Kulmatiski and Beard, 2006). Activated charcoal with
its large surface area and pore volume, as well as its
polarity, has tremendous adsorptive capacity and com‐
plex chemical and physical properties. Its activity can
be separated into adsorption, mechanical filtration, ion
exchange, and surface oxidation (Cheremisinoff and
Morresi, 1978). Therefore, application of activated
charcoal can be a good tool for studies of allelopathy
because it acts as an adsorbent for many large organic
compounds (Cheremisinoff and Morresi, 1978).

The use of activated charcoal is an interesting experi‐
mental tool, but its high cost precludes its commercial
application. Moreover, it was found to adsorb Fe-EDTA
in a nutrient solution and subsequently created an Fe
deficiency in plants (Yu et al., 1993). Although it has
been shown to be highly effective in the laboratory set‐
ting, field performance studies are needed to investigate
its long term effects on the alleviation of autotoxic
compounds and on soil physical and chemical proper‐
ties in the subsequent culture. Activated biochar char‐
coal had a positive influence on seed germination and
early seedling development of maize and radish seeds
through the adsorption of allelochemicals, as well as on
strawberry guava (Psidium cattleianum) and lemon‐
grass (Cymbopogon flexuosa) under tropical island in‐
vasion (Sujeeun and Thomas, 2017). In another study,
the adsorption performance on granular activated car‐
bon, ion exchange and ozonation was evaluated; ben‐
zoic acid produced at 23 μg·L−1 in a reused nutrient
solution was completely removed by granular activated
carbon adsorption, ion exchange or an ozonation pro‐
cess (Hosseinzadeh et al., 2017).

Growth improvement by supplementation of auxin, GA3
and Si to the nutrient solution

The nutrient solution contains many potential sub‐
stances that can inhibit the growth and yield of straw‐
berry. In recycled hydroponics, absorption of water and
mineral nutrients is impaired by chemical interference
in the culture solution. Under such conditions, supple‐

Fig. 3. Hydroponic system used for strawberry cultivation (left). Air filter filled with 100 g of activated charcoal attached to an air pump in a
solution container (right). The activated charcoal was replaced at two-week intervals until harvesting. The used activated charcoal was either
immediately extracted with organic solvents or stored at 5°C for later extraction (Kitazawa et al., 2005).
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mentation of 5.4 μM NAA appeared to be the most
effective concentration in ameliorating the inhibited
vegetative growth of strawberry plants (Kitazawa et al.,
2007). It was found that the number of flowers and har‐
vested fruit of strawberry increased with auxin treat‐
ment, but was reduced by autotoxicity. In earlier
studies, Kitazawa et al. (2005) reported that benzoic
acid was the strongest inhibitor of vegetative and repro‐
ductive growth in strawberry. It was also suggested that
phenolic compounds disrupt the balance of endogenous
hormones in plants (Rice, 1984). Thus, benzoic acid ex‐
udated from the roots may be absorbed and disrupt the
balance of endogenous auxin in strawberry.

Phenolic compounds, including benzoic acid, disrupt
the balance of endogenous hormones in plants (Rice,
1984; Asao et al., 2001). Some substituted benzoic
acids or compounds having a benzoic acid-like struc‐
ture such as trans-cinnamic acid (Van et al., 1951),
chlorobenzoic acids (Keitt and Baker, 1966), and 2,3,5-
triiodobenzoic acid (Karabaghli-Degron et al., 1998),
are considered anti-auxin. It was also reported that
auxin controls several fundamental functions including
hormonal regulation of plant development (Lomax
et al., 1995; Hobbie, 1998; Berleth and Sachs, 2001). In
strawberry, fruit expansion and maturation reportedly
depends on auxin (Callis, 2005). Thus, benzoic acid ex‐
udated from strawberry roots may reduce the auxin ac‐
tivity and inhibit fruit enlargement. It is known that
auxin controls several fundamental functions in plant
development processes such as cell expansion and divi‐
sion, lateral root formation, vascular differentiation, and
shoot elongation (Lomax et al., 1995; Hobbie, 1998;
Berleth and Sachs, 2001). In deep water culture, various
morphological and physiological traits such as biomass
accumulation, leaf expansion, stomatal conductance,
water use efficiency, and the nitrogen use efficiency of
leaf lettuce and rocket, were found to be enhanced by
10−6 M GA3 addition to the nutrient solution (Miceli
et al., 2019). In another study, it was reported that Si
significantly enhanced the α-amylase activity and gene
expression in melon seeds under autotoxicity, and pro‐
moted the degradation of starch. The effect of Si on
antioxidant enzymes and MDA content in seeds at the

early stage of germination under autotoxicity was not
obvious. In the late stage, the addition of Si significant‐
ly alleviated the inhibition of antioxidant enzyme activ‐
ity by autotoxicity, and maintained the MDA content at
a relatively normal level. Si treatment is an effective
strategy to improve the resistance of melon seeds to
autotoxicity (Zhanga et al., 2020).

Addition of electro-degradation and UV/H2O2 to the
nutrient solution to degrade root exudates

Allelochemicals present in root exudates are accumu‐
lated in the recycled culture solution. Mitigation
through degradation of root exudates could have a pre‐
ventive role in growth retardation during this chemical
interference. A great number of studies reported that
detoxification of allelochemicals including phenols
(Fleszar and Ploszynka, 1985; Comninellis and
Pulgarin, 1991; Feng and Li, 2003), catecol
(Comninellis and Pulgarin, 1991), and hydroquinone
(Fleszar and Ploszynka, 1985; Comninellis and
Pulgarin, 1991), as well as benzene can be decomposed
through electro-degradation (Fleszar and Ploszynka,
1985). These studies indicated that phenolic chemicals
present in the treated solution are oxidized rapidly at
the anode electrode and decompose to CO2.

In later studies, electro-degradation was applied to
decompose benzoic acid exuded into the nutrient solu‐
tion from strawberry plants. It was found that fruit yield
increased significantly after applying electro-
degradation to a strawberry recycled nutrient solution
for 24 h at 2-week intervals (Asao et al., 2008). This
study suggested that frequent electro-degradation (less
than 2-week intervals) may be more effective to allevi‐
ate autotoxicity in strawberry. At the same time, it has
been found that the concentration of Fe-EDTA in an
electro-degraded solution decreased following electro-
degradation treatment. The Fe-EDTA concentration
decreased by about 90% from the initial level after
electro-degradation while this value was found decrease
30% without electro-degradation solution after 24 h. It
has been reported that at a normal concentration, Fe-
EDTA decreases due to ultraviolet degradation (Date
et al., 2002) and/or microbial decomposition, including

Fig. 4. Schematic diagram of the electrode used for the electro-degradation treatment. Different components are as follows: (1) pump, (2) plastic
tube connecting pump with electrode, (3) anode, (4) cathode, (5) central ferrite core, (6) cylindrical titanium pipe, and (7) nutrient solution
flow (Asaduzzaman et al., 2012).
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anodic degradation (Kusakabe et al., 1986). Asao et al.
(2008) recommended adjusting the Fe-EDTA concen‐
tration after electro-degradation and conducting further
experiments to determine the appropriate timing and in‐
tensity of electro-degradation.

In follow up studies, the appropriate timing and in‐
tensity of electro-degradation was investigated and it
was found that electro-degradation for 2 h every four
weeks recovered autotoxicity in strawberry in Wagner’s
pot hydroponic system (Asaduzzaman et al., 2012). For
electro-degradation, an electrode having a central ferrite
core enclosed with a titanium tube coupled with a DC
power supply is used (Fig. 4; Asaduzzaman et al.,
2012). The electricity for electro-degradation is main‐
tained at 2 amps for 2 h. In a without plant experiment,
it was noted that 24 h electro-degradation of the nutrient
solution was associated with a decline in the Fe-EDTA
concentration (about 10%), a lower concentration of
Ca2+ (about 66% of the initial level), low pH (3.1) and
an increase in temperature (9.1°C) in the treated culture
solution; these problems did not appear with a 2 h ap‐
plication (Asaduzzaman et al., 2012).

Recently, it has been reported the above problems
associated with direct current electro-degradation can
be solved using alternate current electro-degradation
(Fig. 5; Talukder et al., 2019). It is hypothesized that
with alternate current electro-degradation both positive
and negative charges of the electrodes (anode and cath‐
ode) change frequently and thus iron and calcium ions
may not be precipitated to the electrode. This study also
suggested that alternate current electro-degradation of
the nutrient solution (300 L) for 24 h once every three
weeks could be applied for greater recovery of straw‐
berry yield (about 86%) grown in a closed hydroponic
culture system as shown in Fig. 6. In a recent study, it
was found that the degradation of benzoic, phthalic and
succinic acids present in a reused nutrient solution
could be achieved through UV/H2O2 application and
the amount of benzoic acid removed increased from
83% to 91% when increasing the contact time from
90 min to 270 min in the presence of 50 mg·L−1 H2O2
and with UV application (Hosseinzadeh et al., 2019).

Growth improvement of strawberry through foliar ap‐
plication of amino acids

Allelopathic compounds have been reported to en‐
hance secondary oxidative stress leading to production
of reactive oxygen species (Weir et al., 2004). These
species can affect membrane permeability, cause dam‐
age to DNA and protein, induce lipid peroxidation, and
thereafter ultimately lead to programmed cell death of
roots. Growth of strawberry plants is retarded due to
impairment of nutrient and water absorption by injured
roots under autotoxicity. Supply of mineral nutrients
other than by root uptake can sustain plant growth
under such allelochemical stress. Amino acids are ni‐
trogenous compounds that can be absorbed by leaves
exogenously (Furuya and Umemiya, 2002). It has been
reported that improvements in growth, yield and quality
of different crops such as garden croton (Mazher et al.,
2011) and Japanese pear (Takeuchi et al., 2008) can be
achieved through foliar application of amino acids.
Amino acids protect plants in several ways through cel‐
lular osmotic adjustments, detoxifying reactive oxygen
species, maintaining membrane integrity, and stabiliz‐
ing enzymes or proteins (Yancey et al., 1982; Bohnert
and Jensen, 1996). Proline has been reported to accu‐
mulate under drought conditions (Choudhary et al.,
2005), high salinity (Yoshiba et al., 1995), high light

Fig. 5. Electro-degradation of nutrient solution after a without plant
experiment for 24 hours. Alternating current—electro-
degradation (AC-ED) was applied at a 50% duty ratio, 2.0 am‐
peres alternate current, and 14.0 volts (left). Direct current—
electro degradation (DC-ED) was applied at 2.0 amperes and
18.0 volts (middle). Control-without ED application; the nutri‐
ent solution was flowed using the pump only (right) (Talukder
et al., 2019).

Fig. 6. Three-layered vertical growing beds used for cultivation of strawberry plants under controlled-environment agriculture. Each grow bed
had 50 L nutrient solution capacity and three beds placed vertically were connected to a tank filled with 300 L nutrient solution (left). Straw‐
berry plants grown in recycled hydroponics with alternate current electro-degradation (right) (Talukder et al., 2019).
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and UV irradiation (Saito et al., 2012), heavy metal ex‐
posure (Saradhi et al., 1995), and in response to biotic
stresses (Fabro et al., 2004; Haudecoeur et al., 2009).
As plant growth recovers from the detrimental effects
of stresses via the over-production of amino acids,
many researchers have suggested that the application of
exogenous amino acids may improve the growth and
yields of stressed crops (Schat et al., 1997; Maini and
Bertucci, 1999; Heuer, 2003). Recent studies have re‐
vealed that exogenous amino acids can be absorbed by
leaves (Furuya and Umemiya, 2002; Stiegler et al.,
2013).

In recycled hydroponics, continuous accumulation of
allelochemicals creates stress conditions for strawberry
plants that can be improved by amino acid spraying. In
this regard, of 22 amino acids sprayed on strawberry
plants grown using recycled hydroponics, glutamine
and hydroxyproline were found to improve fruit yield
by over 50% (Mondal et al., 2013). It has been reported
that the total dry mass of strawberry plantlets was great‐
ly improved by the application of urea, hydroxyproline,
glutamine, and GABA under in vitro conditions. Recent
studies also found a positive influence of amino acids
under an in vitro condition as an organic source of
nitrogen in alfalfa, maize, sorghum, pineapple, rice and
sugarcane (Skokut et al., 1985; Claparols et al., 1993;
Rao et al., 1995; Hamasaki et al., 2005; Grewel et al.,
2006; Asad et al., 2009).

Application of LEDs to recycled hydroponics in plant
factory strawberry production

Application of LEDs with a precisely adjusted light
spectral composition may provide improved control
over plant stress responses. Recently, LED supplemen‐
tal lighting was reported to accelerate photosynthetic
activities and promote the growth of strawberry plants
(Hidaka et al., 2013). A comparison of the photosyn‐
thetic rates of strawberry leaves exposed to red
(660 nm) or blue (450 nm) LEDs indicated that red light
led to higher quantum efficiency (Yanagi et al., 1996),
while blue LEDs at 30 μmol·m−2·s−1 or red LEDs at
100 μmol·m−2·s−1 were found to restore chlorophyll
synthesis in wheat seedlings (Tripathy and Brown,
1995). Other researchers also observed better plant re‐
sponses to red and blue LED combinations in various
crops, including increased total biomass in red leaf let‐
tuce (Stutte et al., 2009), enhanced chlorophyll a and b
accumulation in kale (Lefsrud et al., 2008), and in‐
creased growth of lettuce, spinach, and radish (Yorio
et al., 1998).

It has been reported that long-wavelength red light
could enhance phenolic compound accumulation, while
short-wavelength blue light could enhance the biosyn‐
thesis of flavonoids and lactones (Xie, 2002). The
amount of rosmarinic acid, a major component of phe‐
nolic compounds in sweet basil was found to vary
under continuous red and white light or blue light

(Shiga et al., 2009; Shoji et al., 2009). Supplemental
UV-B light at 2.5 μmol·m−2·s−1 for 1 h each day and 2 h
each day for a week significantly increased the content
of total phenolic compounds and anthocyanin concen‐
trations in sweet basil, with the short UV-B treatment
being more efficient for anthocyanin accumulation than
the long UV-B treatment (Sakalauskaite et al., 2012).
Therefore, light conditions may also influence the rate
and amount of growth inhibitors released, including
benzoic acid, which is a secondary metabolite associat‐
ed with photosynthesis. Light-emitting diodes have re‐
cently attracted attention as an artificial light source for
plant production because of their long life and lower
heat emission and power consumption compared to
fluorescent lamps. They are capable of emitting a nar‐
row wavelength band, and can produce high-quality
light suitable for plant growth. Exposure to a combina‐
tion of red light (600–700 nm) and blue light (400–
500 nm) induces diverse effects on plant growth and de‐
velopment. Additionally, photosynthetic activities were
found to be particularly effective under red and blue
light (Sadak et al., 2015). Therefore, improving retard‐
ed growth and yield of strawberry under autotoxicity
through application of different quality and intensity of
growth lights, along with amino acid supplementation,
would be highly beneficial for sustainable crop produc‐
tion.

It was found that plants exposed to a high-light inten‐
sity R:B = 8:2 LED showed greater growth; however, a
direct relationship between the LED lighting and mag‐
nitude of allelochemical exudation has not been report‐
ed (Talukder et al., 2018). It was hypothesized that
higher intensity red light LED would enhance photo‐
synthesis in strawberry plants. In earlier research, it was
reported that red wavelengths (600–700 nm) were effi‐
ciently absorbed by plant pigments (Sager and
McFarlane, 1997) and LEDs emitting at 660 nm were
considered to be most efficient; this is close to the ab‐
sorption peak of chlorophyll that saturated phy‐
tochrome, resulting in a high-Pfr photostationary state
(Massa et al., 2008).

Summary and Further Research Thrust

A better understanding of the molecular processes in‐
volved in autotoxicity and the actual secretion of phyto‐
chemicals by roots. Greater understanding of root
exudation from the molecular to the ecosystem scale
will potentially lead to the development of better plants
capable of absorbing more nutrients, detoxifying soils
more efficiently, and more effectively warding off inva‐
sive weeds and pathogenic microbes. A detailed analy‐
sis of the genotypic differences in autotoxin
metabolism, exudation and associated changes in
knockouts plants and plant growth will generate impor‐
tant evidence for autotoxicity in these crops. In addi‐
tion, there is a need to understand the underlying
mechanism and regulation of root exudation that sup‐
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ports utilization of phytochemical production for en‐
hanced agricultural benefit. A major challenge for
researchers is to characterize new transport systems and
regulatory mechanisms involved in the root secretion
process. In this regard, a greater understanding of root-
secreted phytochemicals and their role in the rhizo‐
sphere will be useful in determining the link between
below-ground and aboveground interactions and vice
versa, and also the abiotic factors that interact with biot‐
ic factors to drive ecosystem properties.

Literature Cited
Asad, S., M. Arshad, S. Mansoor and Y. Zafar. 2009. Effect of

various amino acids on shoot regeneration of sugarcane
(Saccharum officinarum L.). Afr. J. Biotechnol. 8: 1214–
1218.

Asaduzzaman, M. and T. Asao. 2012. Autotoxicity in bean and
their allelochemicals. Sci. Hortic. 134: 26–31.

Asaduzzaman, M., Y. Kobayashi, K. Isogami, M. Tokura, K.
Tokumasa and T. Asao. 2012. Growth and yield recovery in
strawberry plants under autotoxicity through electro-
degradation. Eur. J. Hort. Sci. 77: 58–67.

Asao, T., K. Hasegawa, Y. Sueda, K. Tomita, K. Taniguchi, T.
Hosoki, M. H. R. Pramanik and Y. Matsui. 2003. Autotoxici‐
ty of root exudates from taro. Sci. Hortic. 97: 389–396.

Asao, T., H. Kitazawa, T. Ban and M. H. R. Pramanik. 2004a.
Search of autotoxic substances in some leaf vegetables. J.
Japan. Soc. Hort. Sci. 73: 247–249.

Asao, T., H. Kitazawa, T. Ban and M. H. R. Pramanik. 2008.
Electrodegradation of root exudates to mitigate autotoxicity
in hydroponically grown strawberry (Fragaria × ananassa
Duch.) plants. HortSci. 43: 2034–2038.

Asao, T., H. Kitazawa, K. Tomita, K. Suyama, H. Yamamoto, T.
Hosoki and M. H. R. Pramanik. 2004b. Mitigation of cu‐
cumber autotoxicity in hydroponic culture using microbial
strain. Sci. Hortic. 99: 207–214.

Asao, T., H. Kitazawa, K. Ushio, Y. Sueda, T. Ban and M. H. R.
Pramanik. 2007. Autotoxicity in some ornamentals with
means to overcome it. HortSci. 42: 1346–1350.

Asao, T., Y. Ohba, K. Tomita, K. Ohta and T. Hosoki. 1999a. Ef‐
fects of activated charcoal and dissolved oxygen levels in the
hydroponic solution on the growth and yield of cucumber
plants. J. Japan. Soc. Hort. Sci. 68: 1194–1196 (In Japanese
with English abstract).

Asao, T., M. H. R. Pramanik, K. Tomita, Y. Ohba, K. Ohta, T.
Hosoki and Y. Matsui. 1999b. Identification and growth ef‐
fects of compounds adsorbed on activated charcoal from hy‐
droponic nutrient solutions of cucumber. Allelopathy J. 6:
243–250.

Asao, T., K. Taniguchi, K. Tomita and T. Hosoki. 2001. Species
differences in the susceptibility to autotoxicity among leaf
vegetables grown in hydroponics. J. Japan. Soc. Hort. Sci.
70: 519–521 (In Japanese with English abstract).

Asao, T., K. Tomita, K. Taniguchi, T. Hosoki, M. H. R. Pramanik
and Y. Matsui. 2000. Effects of activated charcoal supple‐
mentation in the nutrient solution on the harvested fruit num‐
ber of cucumbers grafted on the bloomless rootstock in
hydroponics. J. Soc. High Technol. Agr. 12: 61–63 (In
Japanese with English abstract).

Asao, T., M. Umeyama, K. Ohta, T. Hosoki, T. Ito and H. Ueda.
1998. Decrease of yield of cucumber by non-renewal of the
nutrient hydroponic solution and its reversal by supplemen‐
tation of activated charcoal. J. Japan. Soc. Hort. Sci. 67: 99–

105 (In Japanese with English abstract).
Barkosky, R. R. and F. A. Einhellig. 1993. Effects of salicylic

acid on plant-water relationships. J. Chem. Ecol. 19: 237–
247.

Baziramakenga, R., G. D. Leroux and R. R. Simard. 1995. Effects
of benzoic and cinnamic acids on membrane permeability of
soybean roots. J. Chem. Ecol. 21: 1271–1285.

Baziramakenga, R., R. R. Simard and G. D. Leroux. 1994. Effects
of benzoic and cinnamic acids on growth, mineral composi‐
tion and chlorophyll content of soybean roots. J. Chem.
Ecol. 20: 2821–2833.

Berleth, T. and T. Sachs. 2001. Plant morphogenesis: long-
distance coordination and local pattering. Curr. Opin. Plant
Biol. 4: 57–62.

Blum, U., R. Shafer and M. E. Lehmen. 1999. Evidence for in‐
hibitory allelopathic interactions including phenolic acids in
field soils: Concept vs. an experimental model. Crit. Rev.
Plant Sci. 18: 673–693.

Bohnert, H. J. and R. G. Jensen. 1996. Strategies for engineering
water-stress tolerance in plants. Trends Biotechnol. 14: 89–
97.

Börner, H. 1959. The apple replant problem. I. The excretion of
phlorizin from apple root residues. Contributions of the
Boyce Thompson Institute of Plant Research. 20: 39–56.

Bowman, D. C. and J. L. Paul. 1992. Foliar absorption of urea,
ammonium, and nitrate by perennial ryegrass turf. J. Amer.
Soc. Hort. Sci. 117: 75–79.

Callaway, R. M. and E. T. Aschehoug. 2000. Invasive plants ver‐
sus their new and old neighbors: a mechanism for exotic in‐
vasion. Science 290: 521–523.

Callaway, R. M., W. M. Ridenour, T. Labowski, T. Weir and J. M.
Vivanco. 2005. Natural selection for resistance to the allelo‐
pathic effects of invasive plants. J. Ecol. 93: 576–583.

Callis, J. 2005. Auxin action. Nature 435: 436–437.
Cao, Z., T. Fan, Y. Bi, G. Tian and L. Zhang. 2016. Potassium de‐

ficiency and root exudates reduce root growth and increase
Fusarium oxysporum growth and disease incidence in con‐
tinuously cultivated strawberry. New Zealand J. Crop Hort.
Sci. 44: 58–68.

Chen, P., Y. Wang, Q. Liu, W. Li, H. Li, X. Li and Y. Zhang.
2020. Transcriptomic analysis reveals recovery strategies in
strawberry roots after using a soil amendment in continuous
cropping soil. BMC Plant Biol. 20: 5. DOI: 10.1186/
s12870-019-2216-x.

Chen, S. L., B. L. Zhou, S. S. Lin, X. Li and X. L. Ye. 2011. Ac‐
cumulation of cinnamic acid and vanillin in eggplant root
exudates and the relationship with continuous cropping ob‐
stacle. Afr. J. Biotechnol. 10: 2659–2665.

Cheremisinoff, P. N. and A. C. Morresi. 1978. Carbon adsorption
applications. p. 1–53. In: P. N. Cheremisinoff and F.
Ellerbusch (eds.). Carbon adsorption handbook. Science
Publishers, Inc., MI, USA.

Chon, S. U., S. K. Choi, S. Jung, H. G. Jang, B. S. Pyo and S. M.
Kim. 2002. Effects of alfalfa leaf extracts and phenolic alle‐
lochemicals on early seedling growth and root morphology
of alfalfa and barnyard grass. Crop Prot. 21: 1077–1082.

Choudhary, N. L., R. K. Sairam and A. Tyagi. 2005. Expression
of delta1-pyrroline-5-carboxylate synthetase gene during
drought in rice (Oryza sativa L.). Ind. J. Biochem. Biophys.
42: 366–370.

Chung, I. M., D. Seigler, D. A. Miller and S. H. Kyung. 2000.
Autotoxic compounds from fresh alfalfa leaf extracts: Identi‐
fication and biological activity. J. Chem. Ecol. 26: 315–327.

Claparols, I., M. A. Santosa and M. J. Torne. 1993. Influence of
some exogenous amino acids on the production of maize

10 M. Asaduzzaman and T. Asao



embryogenic callus and on endogenous amino acid content.
Plant Cell Tiss. Org. Cult. 34: 1–11.

Comninellis, C. H. and C. Pulgarin. 1991. Anodic oxidation of
phenol for waste water treatment. J. Appl. Electrochem. 21:
703–708.

Curl, E. A. and B. Truelove. 1986. The Rhizosphere. Springer,
New York.

Date, S., S. Terabayashi, K. Matsui, T. Namiki and Y. Fujime.
2002. Induction of root browning by chloramine in Lactuca
sativa L. grown in hydroponics. J. Japan. Soc. Hort. Sci. 71:
485–489.

DeLuca, T. H., M. C. Nilsson and O. Zackrisson. 2002. Nitrogen
mineralization and phenol accumulation along a fire
chronosequence in northern Sweden. Oecol. 133: 206–214.

Doblinski, P. M. F., M. L. L. Ferrarese, D. A. Huber, C. A.
Scapim, A. L. Braccini and F. O. Ferrarese. 2003. Peroxidase
and lipid peroxidation of soybean roots in response to p-
coumaric and p-hydroxybenzoic acids. Brazilian Archiv.
Biol. Tech. 46: 193–198.

Dornbos, D. L., G. F. Spencer and R. W. Miller. 1990. Medi‐
carpin delays alfalfa seed-germination and seedling growth.
Crop Sci. 30: 162–166.

Einhellig, F. A. 1995. Allelopathy: current status and future goals.
p. 1–42. In: Inderjit, K. M. M. Dakshini and F. A. Einhellig
(eds.). Allelopathy: Organisms, Processes and Applications.
ACS Symposium Series No. 582, American Chemical
Society, Washington, DC.

Fabro, G., I. Kovács, V. Pavet, L. Szabados and M. E. Alvarez.
2004. Proline accumulation and AtP5CS2 gene activation are
induced by plant-pathogen incompatible interactions in
Arabidopsis. Mol. Plant–Microbe Inter. 17: 343–350.

Fan, T. W. M., A. M. Lane, D. Crowley and R. M. Higashi. 1997.
Comprehensive analysis of organic ligands in whole root
exudate using nuclear magnetic resonance and gas
chromatography-mass spectrometry. Anal. Biochem. 251:
57–68.

Feng, Y. J. and X. Y. Li. 2003. Electro-catalytic oxidation of phe‐
nol on several metal-oxide electrodes in aqueous solution.
Water Res. 37: 2399–2407.

Fleszar, B. and J. Ploszynka. 1985. An attempt to define benzene
and phenol electrochemical oxidation mechanism. Electro‐
chem. Acta. 30: 31–42.

Furuya, S. and Y. Umemiya. 2002. The influence of chemical
forms on foliar-applied nitrogen absorption for peach trees.
Proc. Intl. Sem. Foliar Nutr. Acta Hort. 594: 97–103.

Gao, F., B. Yin, J. Hu, W. Zhen and Y. Qi. 2009. Study on the
overcoming continuous cropping obstacles of strawberry
using soil additives taking autotoxicity effective degradation
strains B3512 as functional bacteria. J. Hebei Agric. Sci. 9:
20–22 (In Chinese with English abstract).

Gao, Z., X. Zhang, H. Ge and L. Zheng. 2008. Modeling the ob‐
stacle effects of strawberry root exudates. Plant Nutr. Fert.
Sci. 2008: 189–193.

Grewel, D., R. Gill and S. Gosal. 2006. Role of cysteine in en‐
hancing androgenesis and regeneration of indica rice (Oryza
sativa L.). Plant Growth Regul. 49: 43–47.

Gross, D. and B. Parthier. 1994. Novel natural substances acting
in plant growth regulation. J. Plant Growth Regul. 13: 93–
114.

Hale, M. G., L. D. Moore and G. J. Griffin. 1978. Root exudate
and exudation. p. 163. In: V. R. Domergues and S. V. Krupa
(eds.). Interactions between non-pathogenic soil microorgan‐
isms and plants. Elsevier, Amsterdam.

Hamasaki, R. M., E. Purgatto and H. Mercier. 2005. Glutamine
enhances competence for organogenesis in pine apple leaves

cultivated in vitro. Braz. J. Plant Physiol. 17: 383–389.
Hartung, A. C., M. G. Nair and A. R. Putnum. 1990. Isolation and

characterization of phytotoxic compounds from asparagus
(Asparagus officinalis L.) roots. J. Chem. Ecol. 16: 1707–
1718.

Haudecoeur, E., S. Planamente, A. Cirou, M. Tannieres, B. J.
Shelp, S. Morera and D. Faure. 2009. Proline antagonizes
GABA-induced quenching of quorum-sensing in
Agrobacterium tumefaciens. Proc. Nat. Acad. Sci. USA 106:
14587–14592.

Heuer, B. 2003. Influence of exogenous application of proline
and glycine betaine on growth of salt-stressed tomato plants.
Plant Sci. 165: 693–699.

Hidaka, K., K. Dan, H. Imamura, Y. Miyoshi, T. Takayama, K.
Sameshima, M. Kitano and M. Okimura. 2013. Effect of
supplemental lighting from different light sources on growth
and yield of strawberry. Environ. Cont. Biol. 51: 41–47.

Hobbie, L. J. 1998. Auxin molecular genetic approaches in
Arabidopsis. Plant Physiol. Biochem. 36: 91–102.

Holappa, L. D. and U. Blum. 1991. Effects of exogenously ap‐
plied ferulic acid, a potential allelopathic compound, on leaf
growth, water utilization, and endogenous abscisic acid lev‐
els of tomato, cucumber, and beans. J. Chem. Ecol. 17: 865–
886.

Hosseinzadeh, S., G. Bonarrigo, Y. Verheust, P. Roccaro and S.
Van Hulle. 2017. Water reuse in closed hydroponic systems:
Comparison of GAC adsorption, ion exchange and ozona‐
tion processes to treat recycled nutrient solution. Aqua. Eng.
78. 190–191.

Hosseinzadeh, S., D. Testai, M. BKheet, J. De Graeve, P. Roccaro
and S. Van Hulle. 2019. Degradation of root exudates in
closed hydroponic systems using UV/H2O2: Kinetic investi‐
gation, reaction pathways and cost analysis. Sci. Total
Environ. 687: 479–487.

Hosseinzadeh, S., Y. Verheust, G. Bonarrigo and S. Van Hulle.
2017. Closed hydroponic systems: operational parameters,
root exudates occurrence and related water treatment. Rev.
Environ. Sci. Biotenol. 16: 59–79.

Hu, J., B. Yin, W. Zhen and P. Liu. 2011. Selection of complex
biological control agents to prevent replant diseases on
strawberry. Chinese Agric. Sci. Bull. 2011: 249–252.

Inderjit. 1996. Plant phenolics in allelopathy. Bot. Rev. 62: 186–
202.

Inderjit. and R. M. Callaway. 2003. Experimental designs for the
study of allelopathy. Plant Soil. 256: 1–11.

Inderjit. and L. A. Weston. 2003. Root exudates: an overview.
p. 235–255. In: H. de Kroon and E. J. W. Visser (eds.). Root
ecology. Ecological Studies 168, Springer, Verlag Berlin,
Heidelberg, New York.

Karabaghli-Degron, C., B. Sotta, M. Bonnet, G. Gay and F. Le
Tacon. 1998. The auxin transport inhibitor 2,3,5-
triiodobenzoic acid (TIBA) inhibits the stimulation of in
vitro lateral root formation and the colonization of the tap-
root cortex of Norway spruce (Picea abies) seedlings by the
ectomycorrhizal fungus Laccaria bicolor. New Phytol. 140:
723–733.

Keitt, G. W. and R. A. Baker. 1966. Auxin activity of substituted
benzoic acid and their effect on polar auxin transport. Plant
Physiol. 41: 1561–1569.

Kitazawa, H., T. Asao, T. Ban, Y. Hashimoto and T. Hosoki.
2007. 2,4-D and NAA supplementation mitigates autotoxici‐
ty of strawberry in hydroponics. J. Appl. Hort. 9: 26–30.

Kitazawa, H., T. Asao, T. Ban, M. H. R. Pramanik and T. Hosoki.
2005. Autotoxicity of root exudates from strawberry in hy‐
droponic culture. J. Hort. Sci. Biotechnol. 80: 677–680.

Hort. J. Preview 11



Koda, T., S. Ogiwara and T. Hiroyasu. 1977. Effects of addition
of activated charcoal into the nutrient solution on the growth
of mitsuba (Cryptotaenia japonica Hassk.) in hydroponics.
J. Japan. Soc. Hort. Sci. 46 (Suppl.): 270–271 (In Japanese
with English abstract).

Kohli, R. K., H. P. Singh and D. R. Batish. 1997. Phytotoxic po‐
tential of Populus deltoides Bartr. ex Marsh. I. Comparative
contribution of different parts. Ind. J. Forest. 20: 300–304.

Kozai, T. 2013. Resource use efficiency of closed plant produc‐
tion system with artificial light: Concept, estimation and ap‐
plication to plant factory. Proc. Jpn. Acad. 89: 447–461.

Kulmatiski, A. and K. H. Beard. 2006. Activated carbon as a
restoration tool: Potential for control of invasive plants in
abandoned agricultural fields. Restoration Ecol. 14: 251–
257.

Kusakabe, K., H. Nishida, S. Morooka and Y. Kato. 1986. Simul‐
taneous electrochemical removal of copper and chemical
oxygen demand using a packed-bed electrode cell. J. Appl.
Electrochem. 16: 121–126.

Lea, P. J. and R. A. Azevedo. 2006. Nitrogen use efficiency. 1.
Uptake of nitrogen from the soil. Ann. Appl. Bio. 149: 243–
247.

Lee, J. G., B. Y. Lee and H. J. Lee. 2006. Accumulation of phyto‐
toxic organic acids in reused nutrient solution during hydro‐
ponic cultivation of lettuce (Lactuca sativa L.). Sci. Hortic.
110: 119–128.

Lefsrud, M. G., D. A. Kopsell and C. E. Sams. 2008. Irradiance
from distinct wavelength light emitting diodes affects sec‐
ondary metabolites in kale. HortSci. 43: 2243–2244.

Li, H. Q., L. L. Zhang, X. W. Jiang and Q. Z. Liu. 2015. Allelo‐
pathic effects of phenolic acids on the growth and physiolog‐
ical characteristics of strawberry plants. Allelopathy J. 35:
61–76.

Li, W. H. and Z. Z. Liu. 2017. The dynamic characteristics of soil
enzyme activity and nematode diversity in replanted straw‐
berry rhizosphere soil. Acta Hortic. 1156: 235–242.

Li, W., Q. Liu and P. Chen. 2018. Effect of long-term continuous
cropping of strawberry on soil bacterial community structure
and diversity. J. Integr. Agr. 17: 2570–2582.

Lomax, T. L., G. K. Muday and P. H. Rubery. 1995. Auxin trans‐
port. p. 509–530. In: P. J. Davies (eds.). Plant hormones.
Kluwer Academic Publishers, Dordrecht, The Netherlands.

Lu, X. F., H. Xhang, S. S. Lyu, G. D. Du, X. Q. Wang, C. H. Wu
and D. G. Lyu. 2018. Effect of exogenous phenolic acids on
photosystem functions and photosynthetic electron transport
rate in strawberry leaves. Photosyn. 56: 616–622.

Lyu, S. W. and U. Blum. 1990. Effects of ferulic acid, an allelo‐
pathic compound, on net P, K, and water uptake by cucum‐
ber seedlings in a split-root system. J. Chem. Ecol. 16:
2429–2439.

Mahall, B. E. and R. M. Callaway. 1992. Root communication
mechanisms and intracommunity distributions of two
Mojave Desert shrubs. Ecol. 73: 2145–2151.

Maini, P. and B. M. Bertucci. 1999. Possibility to reduce the ef‐
fects of the viruses with a biostimulant based on amino acids
and peptides. Agro Food Ind. Hi-Technol. 10: 26–28.

Massa, G. D., H. H. Kim, R. M. Wheeler and C. A. Mitchell.
2008. Plant productivity in response to LED lighting.
HortSci. 43: 1951–1956.

Mazher, A. A. M., S. M. Zaghloul, S. A. Mahmoud and H. S.
Siam. 2011. Stimulatory effect of kinetin, ascorbic acid and
glutamic acid on growth and chemical constituents of
Codiaeum variegatum L. plants. Amer.-Eur. J. Agric.
Environ. Sci. 10: 318–323.

Mersie, W. and M. Singh. 1993. Phenolic acids affect photosyn‐

thesis and protein synthesis by isolated leaf cells of velvet
leaf. J. Chem. Ecol. 19: 1293–1310.

Miceli, A., A. Moncada, L. Sabatino and F. Vetrano. 2019. Effect
of gibberellic acid on growth, yield, and quality of leaf let‐
tuce and rocket grown in a floating system. Agron. 9: 382.
DOI: 10.3390/agronomy9070382.

Miller, H. G., M. Ikawa and L. C. Peirce. 1991. Caffeic acid iden‐
tified as an inhibitory compound in asparagus root filtrate.
HortSci. 26: 1525–1527.

Miller, R. W., R. Kleiman, R. G. Powell and A. R. Putnam. 1988.
Germination and growth inhibitors of alfalfa. J. Nat. Prod.
51: 328–330.

Mondal, F. M., M. Asaduzzaman, Y. Kobayashi, T. Ban and T.
Asao. 2013. Recovery from autotoxicity in strawberry by
supplementation of amino acids. Sci. Hortic. 164: 137–144.

Nilsson, M. C. 1994. Separation of allelopathy and resource
competition by the boreal dwarf shrub Empetrum
hermaphroditum Hagerup. Oecol. 98: 1–7.

Oka, S. 2002. Development of the labor-saving cultivation tech‐
niques by raising the labor-saving cultivars of vegetables
(Part 1). Bull. Natl. Agr. Res. Cent. Western Region.
Okayama Prefecture. 13: 26–27 (In Japanese).

Overland, L. 1966. The role of allelopathic substances in the
“smother crops” barley. Amer. J. Bot. 53: 423–432.

Peltonen, J. 1993. Interaction of late season foliar spray of urea
and fungicide mixture in wheat production. J. Agron. Crop
Sci. 170: 296–308.

Penuelas, J., M. Ribas-Carbo and L. Giles. 1996. Effects of alle‐
lochemicals on plant respiration and oxygen isotope frac‐
tionation by the alternative oxyldase. J. Chem. Ecol. 22:
801–805.

Petrova, A. G. 1977. Effect of phytoncides from soybean, gram,
chickpea and bean on uptake of phosphorus by maize. p. 91–
97. In: A. M. Grodzinsky (eds.). Interaction of plants and
microorganisms in phytocenoses. Naukova Dumka, Kiev (In
Russian with English abstract).

Pramanik, M. H. R., T. Asao, T. Yamamoto and Y. Matsui. 2001.
Sensitive bioassay to evaluate toxicity of aromatic acids to
cucumber seedlings. Allelopathy J. 8: 161–170.

Prati, D. and O. Bossdorf. 2004. Allelopathic inhibition of germi‐
nation by Alliaria petiolata (Brassicaceae). Am. J. Bot. 92:
285–288.

Putnam, A. R. 1985. Weed allelopathy. p. 131–155. In: S. O.
Duke (eds.). Weed physiology: Reproduction and ecophysi‐
ology. CRC Press, Boca Raton FL.

Rao, A. M., K. P. Sree and P. B. K. Kishor. 1995. Enhanced plant
regeneration in grain and sweet sorghum by asparagine, pro‐
line and cefotaxime. Plant Cell Rep. 15: 72–75.

Rice, E. L. 1974. Allelopathy. Academic Press, New York.
Rice, E. L. 1984. Allelopathy. 2nd ed., Academic Press, New

York.
Rice, E. L. 1995. Biological Control of Weeds and Plant

Diseases, University of Oklahomka Press, Norman, USA.
Rohn, S., H. M. Rawel and J. Kroll. 2002. Inhibitory effects of

plant phenols on the activity of selected enzymes. J. Agri.
Food Chem. 50: 3566–3571.

Rovira, A. D. 1969. Plant root exudates. Bot. Rev. 35: 35–57.
Sadak, M., M. T. Abdelhamid and U. Schmidhalter. 2015. Effect

of foliar application of amino acids on plant yield and some
physiological parameters in bean plants irrigated with sea‐
water. Acta Biológica Colom. 20: 141–152.

Sager, J. C. and J. C. McFarlane. 1997. Radiation. p. 1–29. In:
R. W. Langhans and T. W. Tibbitts (eds.). North Central
Region Research Publication No. 340, Iowa Agriculture and
Home Economics Experiment Station Special Report

12 M. Asaduzzaman and T. Asao



No. 99. Plant growth Chamber Handbook, Iowa State Univ.
Press, Ames, IA.

Saito, Y., H. Shimizu, H. Nakajima, T. Miyasaka and K. Doi.
2012. Influence of light quality, specially red light by using
the LED in lettuce cultivation. Environ. Eng. 24: 25–30.

Sakalauskaite, J., P. Viškelis, P. Duchovskis, E. Dambrauskiene,
S. Sakalauskiene, G. Samuoliene and A. Brazaityte. 2012.
Supplementary UV-B irradiation effects on basil (Ocimum
basilicum L.) growth and phytochemical properties. J. Food
Agric. Environ. 10: 342–346.

Saradhi, P. P., S. Alia Arora and K. V. S. K. Prasad. 1995. Proline
accumulates in plants exposed to UV radiation and protects
them against UV induced peroxidation. Biochem. Biophys.
Res. Comm. 209: 1–5.

Sato, N. 2004. Effect of the substances accumulated in the nutri‐
ents solution by the rock wool circulated hydro culture to the
rose seedlings growth. J. Japan. Soc. Hort. Sci. 73 (Suppl.
2): 497 (In Japanese with English abstract).

Schat, H., S. S. Sharma and R. Vooijs. 1997. Heavy metal-
induced accumulation of free proline in a metal-tolerant and
a non-tolerant ecotype of Silene vulgaris. Physiol. Plant.
101: 477–482.

Seigler, D. S. 1996. Chemistry and mechanisms of allelopathic
interactions. Agron. J. 88: 876–885.

Shiga, T., K. Shoji, H. Shimada, S. Hashida, F. Goto and T.
Yoshihara. 2009. Effect of light quality on rosmarinic acid
content and antioxidant activity of sweet basil, Ocimum
basilicum L. Plant Biotechnol. 26: 255–259.

Shoji, K., E. Goto, S. Hashida, F. Goto and T. Yoshihara. 2009.
Effect of light quality on the polyphenol content and antioxi‐
dant activity of sweet basil (Ocimum basilicum L.). In: Pro‐
ceedings of the VI International Symposium on Light in
Horticulture, Tsukuba, Japan, 15–19 Nov. 2009, 907: 95–99.

Singh, D. and R. K. Kohli. 1992. Impact of Eucalyptus
tereticornis Sm. shelterbelts on crops. Agroforestry Sys. 20:
253–266.

Singh, H. P., D. R. Batish and R. K. Kohli. 1999. Autotoxicity:
concept, organisms and ecological significance. Crit. Rev.
Plant Sci. 18: 757–772.

Skokut, T. A., J. Manchester and J. Schaefer. 1985. Regeneration
in alalfa tissue culture. Plant Physiol. 79: 579–583.

Stiegler, J. C., M. D. Richardson, D. E. Karcher, T. L. Roberts, J.
Richard and R. J. Norman. 2013. Foliar absorption of vari‐
ous inorganic and organic nitrogen sources by creeping bent
grass. Crop Sci. 53: 1148–1152.

Stutte, G. W., S. Edney and T. Skerritt. 2009. Photoregulation of
bioprotectant content of red leaf lettuce with light-emitting
diodes. HortSci. 44: 79–82.

Sujeeun, L. and S. C. Thomas. 2017. Potential of biochar to miti‐
gate allelopathic effects in Tropical island invasive plants:
Evidence from seed germination trials. Trop. Conser. Sci.
10: 1–14.

Takahashi, K. 1984. The replant failures of vegetables. Research
Reports Nat. Res. Inst. Veg. Tea Sci. Japan 18: 87–99 (In
Japanese).

Takeuchi, M., C. Arakawa, Y. Kuwahara and H. Gemma. 2008.
Effects of L-pro foliar application on the quality of ‘Kosui’
Japanese pear. Acta Hort. 800: 549–554.

Takeuchi, T. 2000. The nutrient uptake of strawberry cultivar
‘Akihime’ in rockwool hydroponics with a nutrient solution
circulating system. Bull. Shizuoka Agr. Exp. Sta. 45: 13–23
(In Japanese with English abstract).

Talukder, M. R., M. Asaduzzaman, H. Tanaka and T. Asao. 2018.
Light-emitting diodes and exogenous amino acids applica‐
tion improve growth and yield of strawberry plants cultivat‐

ed in recycled hydroponics. Sci. Hortic. 239: 93–103.
Talukder, M. R., M. Asaduzzaman, H. Tanaka and T. Asao. 2019.

Electro-degradation of culture solution improves growth,
yield and quality of strawberry plants grown in closed hy‐
droponics. Sci. Hortic. 243: 243–251.

Tang, C. S. and C. C. Young. 1982. Collection and identification
of allelopathic compounds from the undisturbed root system
of bitalta limpograss (Helmarthria altissima). Plant Physiol.
69: 155–160.

Thoss, V., A. Shevtsova and M. C. Nilsson. 2004. Environmental
manipulation treatment effects on the reactivity of water sol‐
uble phenolics in a subalpine tundra ecosystem. Plant Soil.
259: 355–365.

Tian, G., Y. Bi, J. Cheng, E. Zhang, T. Zhou, Z. Sun and L.
Zhang. 2019. High concentration of ferulic acid in rhizo‐
sphere soil accounts for the occurrence of Fusarium wilt dur‐
ing the seedling stages of strawberry plants. Physiol. Mol.
Plant Pathol. 108: 101435. DOI: 10.1016/j.pmpp.2019.
101435.

Tian, G., Y. Bi, Z. Sun and L. Zhang. 2015. Phenolic acids in the
plow layer soil of strawberry fields and their effects on the
occurrence of strawberry anthracnose. Eur. J. Plant Pathol.
143: 581–594.

Tripathy, B. C. and C. S. Brown. 1995. Root-shoot interaction in
the greening of wheat seedlings grown under red light. Plant
Physiol. 107: 407–411.

Uren, N. C. 2000. Types, amounts, and possible functions of
compounds released into the rhizosphere by soil-grown
plants. p. 19–40. In: R. Pinton, Z. Varanini and P. Nannipieri
(eds.). The Rhizosphere: Biochemistry and organic sub‐
stances at the soil-plant interface. Marcel Dekker, Inc, New
York.

Van, O. J., R. Blondeau and V. Horne. 1951. Trans-Cinnamic acid
as an anti-auxin. Am. J. Bot. 38: 589–595.

Vasilas, B. L., J. O. Legg and D. C. Wolf. 1980. Foliar fertiliza‐
tion of soybeans: absorption and translocation of 15N-
labelled urea. Agron. J. 72: 271–275.

Wang, P. J. and L. C. Huang. 1976. Beneficial effects of activated
charcoal on plant tissue and organ cultures. In vitro 12: 260–
262.

Weir, T. L., S. W. Park and J. M. Vivanco. 2004. Biochemical and
physiological mechanisms mediated by allelochemicals.
Curr. Opin. Plant Biol. 7: 472–479.

Weissinger, H., C. Gosch, H. Abdel-Fattah, A. Spornberger and
K. Stich. 2013. Peroxidase activity in roots and root exu‐
dates of strawberry-linked to the resistance to root
pathogens? Mitteilungen Klosterneuburg 63: 208–212.

Xie, B. 2002. Study on the factors related to the communication
of flavonoid and terpene in ginkgo biloba leaves. J.
Shandong For. Sci. Technol. 4: 1–3.

Yanagi, T., K. Okamoto and S. Takita. 1996. Effect of blue and
red light intensity on photosynthetic rate of strawberry
leaves. Acta Hort. 440: 371–376.

Yancey, P. H., M. B. Clark, S. C. Hands, R. D. Bowlus and G. N.
Somero. 1982. Living with water stress: evaluation of os‐
molyte systems. Science 217: 1214–1222.

Yang, P., M. Azher Nawaz, F. Li, L. Bai and J. Li. 2019. Brassi‐
nosteroids regulate antioxidant system and protect chloro‐
plast ultrastructure of autotoxicity-stressed cucumber
(Cucumis sativus L.) seedlings. Agron. 9: 265. DOI:
10.3390/agronomy9050265.

Yang, Q. and C. Zhang. 2005. Serial interview on plant factory
(IV): Plant factory based cultivation system (I). Appl. Eng.
Technol. Rural Areas (Greenhouse Horticulture) 8: 38–39.

Yorio, N. C., R. M. Wheeler, G. D. Goins, M. M. Sanwo-

Hort. J. Preview 13



Lewandowski, C. L. Mackowiak, C. S. Brown, J. C. Sager
and G. W. Stutte. 1998. Blue light requirements for crop
plants used in bioregenerative life support systems. Life
Supp. Bios. Sci. 5: 119–128.

Yoshiba, Y., T. Kiyosue, T. Katagiri, H. Ueda, T. Mizoguchi, K.
Yamaguchi-Shinozaki, K. Wada, Y. Harada and K.
Shinozaki. 1995. Correlation between the induction of a
gene for delta 1-pyrroline-5-carboxylate synthetase and the
accumulation of proline in Arabidopsis thaliana under os‐
motic stress. Plant J. 7: 751–760.

You, Z. J., Y. Xing, W. Guan, H. P. Ma and Z. M. Liu. 2015.
Evaluation of the soil ecological measure for overcoming re‐
plant disorder of strawberry. Eur. J. Hort. Sci. 80: 128–133.

Yu, J. Q. and Y. Matsui. 1994. Phytotoxic substances in root exu‐
dates of cucumber (Cucumis sativus L.). J. Chem. Ecol. 20:
21–31.

Yu, J. Q. and Y. Matsui. 1999. Autointoxication of root exudates
in Pisum sativum. Acta Hort. Sinica 26: 175–199 (In
Chinese).

Yu, J. Q. and Y. Matsui. 1993. Extraction and identification of
phytotoxic substances accumulated in nutrient solution for
the hydroponic culture of tomato. Soil Sci. Plant Nutr. 39:
691–700.

Yu, J. Q., K. S. Lee and Y. Matsui. 1993. Effect of addition of ac‐
tivated charcoal to the nutrient solution on the growth of
tomato grown in the hydroponic culture. Soil Sci. Plant Nutr.
39: 13–22.

Zackrisson, O. and M. C. Nilsson. 1992. Allelopathic effects by
Empetrum hermaphroditum on seed germination of two
boreal tree species. Can. J. Forest Res. 22: 1310–1319.

Zackrisson, O., M. C. Nilsson and D. A. Wardle. 1996. Key eco‐
logical function of charcoal from wildfire in the boreal for‐
est. Oikos 77: 10–19.

Zhang, L., Y. Huang, H. Cheng, G. Zhang, C. Dong and R. Chen.
2007. Disease control with bio-preparation in continuous
cropping of strawberry. Soils 39: 604–607 (In Chinese with
English abstract).

Zhanga, Z., J. Fana, J. Wua, L. Zhanga, J. Wanga, B. Zhanga and
G. Wang-Pruski. 2020. Alleviating effect of silicon on melon
seed germination under autotoxicity stress. Ecotoxicol.
Environ. Safety 188: 109901.

Zhao, X., Y. Qi and W. Zhen. 2012. Allelochemicals and allelopa‐
thy of the root exudates of different resistant strawberry cul‐
tivars to replant disease. J. Agric. Univ. Hebei 3: 100–105
(In Chinese with English abstract).

Zhao, X., W. Zhen, Y. Qi, X. Liu and B. Yin. 2009. Coordinated
effects of root autotoxic substances and Fusarium
oxysporum Schl. f. sp. fragariae on the growth and replant
disease of strawberry. Front. Agric. Chin. 3: 34–39.

Zhao, Y., L. Wu, L. Chu, Y. Yang, Z. Li, S. Azeem, Z. Zhang, C.
Fang and W. Lin. 2015. Interaction of Pseudostellaria
heterophylla with Fusarium oxysporum f. sp. heterophylla
mediated by its root exudates in a consecutive monoculture
system. Sci. Rep. 5: 8197. DOI: 10.1038/srep08197.

Zhen, W., K. Cao and X. Zhang. 2003. Simulation of autotoxicity
of strawberry root exudates under continuous cropping. Acta
Phytoecol. Sin. 28: 828–832.

Zhen, W., X. Wang, J. Kong and K. Cao. 2004. Determination of
phenolic acids in root exudates and decomposing products of
strawberry and their allelopathy. J. Agric. Univ. Hebei 4: 74–
78 (In Chinese with English abstract).

Ziying, L., L. Huang, B. Yuan, L. Xiaolin, X. Shengguang and T.
Huang. 2018. Study on screening degrading bacteria and its
degradation effect on benzoic acid of autotoxic compounds
in strawberry cropping obstacle. Acta Agric. Zhejiangensis
30: 1699–1704.

14 M. Asaduzzaman and T. Asao


