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Highlights

e Lettuce cultivation in closed hydroponics experiences autotoxicity

e Due to autotoxicity yield and quality decrease in non-renewed nutrient solution
e Yield gradually decrease in accordance to increase culture solution reuse times

e Electro-degradation of culture solution recovers lettuce yield and quality
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Abstract

In this study we investigated autotoxicity in lettuce under successive cultivation and applied
alternating current electro-degradation (ED) to non-renewed nutrient solution to degrade the
accumulated allelochemicals and consequently to improve the retarded yield and quality of
lettuce. In our first experiment, lettuce was grown in renewed, non-renewed and non-renewed +
ED solution. Every two weeks interval nutrient solution was changed in the renewed treatment
while non-renewed solution was unchanged throughout the growing period but major minerals
were adjusted bi-weekly. ED was also applied bi-weekly for 24 hours. Compared to renewed
solution, shoot fresh weight was decreased to 24% (301.8 g plant™) in non-renewed solution.
But when ED was applied, non-renewed + ED solution produced shoot fresh weight statistically
similar to renewed solution plants. In the second experiment, lettuce was grown in renewed
nutrient solution, one culture non-renewed (non-renewed 1C), two culture non-renewed (non-
renewed 2C) and non-renewed 2C + ED solutions. In non-renewed 1C, the starting solution was
fresh nutrient solution while in non-renewed 2C it was once used. Lettuce grown in non-
renewed 2C solution produced shoot fresh yield (258.8 g plant?), about 35% lower compare to

renewed solution. When ED was applied to non-renewed 2C solution produced shoot fresh
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weight 383.3 g plant® which was statistically similar to renewed solution. Calcium and iron
concentration in lettuce followed the similar trend. Therefore, it was evident that yield and
quality of lettuce could be improved through ED in non-renewed solution in two successive
cultivations using same nutrient solution. In a following study, we tried to determine the proper
ED interval in the third experiment. Results showed that ED to non-renewed solution both
weekly and bi-weekly equally improved growth, yield and mineral concentration in lettuce.
Hence, ED at two weeks interval was sufficient.

Key words: Autotoxicity; electro-degradation; lettuce; successive cultivation; plant factory;
closed hydroponics.

1. Introduction

The commercial production of several leafy vegetables in the plant factory with hydroponic
system is progressively increased (Goto, 2012; Kozai, 2013; Salisbury and Bugbee, 1988).
Stable supply of vegetables with good quality and safety make this production technique more
popular. Lettuce (Lactuca sativa L.), which has a short growth cycle and high planting density
can be produced in large quantity in the plant factory (Seaman, 2015). There are a lot of
different hydroponics systems to grow in the plant factory, but one of the most popular methods
is with a closed hydroponics system (Takeuchi, 2000; Oka, 2002; Koshikawa and Yasuda,
2003). A closed hydroponics which is frequently known as re-circulating system refers to a
hydroponic system in which nutrient solution is not diverted from the system. The nutrient
solution flows through the growing medium into a collector where it is recovered, and then it is
reused over and over again in the same way. Closed hydroponics system lower water and
nutrient consumption, avoids the supply and disposal cost of nutrient solutions and
environmentally friendly - minimal potential for localized ground water contamination. Hence,

this hydroponic system has been encouraged recently (Ruijs, 1995; Van Os, 1995).

In closed hydroponics, crop production greatly reduced in non-renewed solution. According to
Yu and Matsui (1993, 1994), the growth and yield of tomato and cucumber were also reduced in
closed hydroponics. Many researchers found this problem in strawberry (Kitazawa et al., 2005),
taro (Asao et al., 2003), lettuce (Lee et al., 2006), several leafy vegetables including lettuce
(Asao et al., 2004a) and some ornamentals (Asao et al., 2007). Reason behind these reduced
growth and yield of crop in closed hydroponics was a problem of autotoxicity. Crop production

experiences autotoxicity due to accumulated root exudates in the rhizosphere of culture solution
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(Kitazawa et al., 2005; Asao et al., 1998, 2003, 2004a, 2004b, 2007, 2008; Asaduzzaman et al.,
2012; Singh et al., 1999; Tang and Young, 1982). The released chemical compounds create
problems in closed hydroponic culture systems as they can accumulate and inhibit the growth of
the crops. Exposure of these allelochemicals play a massive amount of ecological and
physiological roles as they inhibit plant growth (Rice, 1984), alter mineral uptake (Lyu and
Blum, 1990; Baziramakenga et al., 1994), disrupt membrane permeability (Baziramakenga et
al., 1995), cause stomatal closure and induce water stress (Barkosky and Einhellig, 1993),
influence respiration (Penuelas et al., 1996), affect photosynthesis and protein synthesis
(Mersie and Singh, 1993; Rohn et al., 2002), impair hormone balance (Holappa and Blum,
1991) and alter enzyme activities (Rohn et al., 2002; Doblinski et al., 2003). Among them, ion
uptake and hydraulic conductivity (i.e. water uptake) are worse affected processes since root is
the first organ to come into contact with autotoxins in the rhizosphere (Blum et al., 1999).
Continuous crop cultivation with recycled nutrient solution, the plant growth was greatly
reduced due to presence of the several organic acids in the reused nutrient solution (Kitazawa et
al., 2005; Asao et al., 2003, 2004a). In successive cultivation of lettuce using same nutrient
solution, the lettuce growth and yield were also reduced by the same phenomenon (Lee et al.,
2006). Removal or degradation of phytotoxic substances that have accumulated in the nutrient

solution might reduce the crop growth inhibition.

To eliminate these phytotoxic organic acids from the nutrient solution and to mitigate
autotoxicity in hydroponic culture, several methods have been tried such as adsorption of
allelochemicals by using activated charcoal (Pramanik et al., 2000; Asao et al., 1998, 1999a,
1999b; Yu and Matsui, 1994; Yu et al., 1993), by using amberlite XAD-4 (Lee, 2006) or by
degradation of these chemicals using micro-organisms (Asao et al., 2004b). However, the use of
activated charcoal creates blocks in the nutrient solution circulation systems in closed
hydroponics and it also adsorbed Fe-EDTA from the nutrient solution. Amberlite XAD-4 is
expensive and it creates similar problems like activated charcoal. The use of micro-organisms
can’t recover crop growth and yield completely. Besides these methods, auxin (2, 4-D and
NAA) supplementation to plant (Kitazawa et al., 2007), foliar application of amino acids
(Mondal et al., 2013, 2015; Talukder et al., 2018) and application of specific LED light to plant

(Talukder et al., 2018) can recover plant growth to some extent in spite of having autotoxicity.

Degradation of toxic compounds by electric means is another way to detoxify allelochemicals.

Several phenolic compounds, including phenol (Comninellis and Pulgarin, 1991; Fengand Li,
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2003; Fleszar and Ploszynka, 1985), catecol (Comninellis and Pulgarin, 1991), and
hydroquinone (Comninellisand Pulgarin, 1991; Fleszar and Ploszynka, 1985), in agueous
solutions and even benzene (Fleszar and Ploszynka, 1985) were found to decompose when
treated by ED means. These compounds are oxidized rapidly at the anode and decompose to
CO; (Comninellis and Pulgarin, 1991; Feng and Li, 2003; Fleszar and Ploszynka, 1985).

Based on these findings, benzoic acid from strawberry root exudates has been tried to
decompose through direct current electro-degradation (DC-ED) means (Asaduzzaman et al.,
2012; Asao et al., 2008). To avoid some awkward issues associated with DC-ED, Talukder et
al., (2019) planned to change the power source from DC to alternating current (AC) and found
that the application of AC-ED instead of DC-ED in non-renewed solution resulted in
degradation of benzoic acid from the closed hydroponics without altering the properties of
nutrient solution and confirmed the improved growth, yield and quality of strawberry.

In Japan, lettuce is widely cultivated in greenhouse using the hydroponic systems but, nutrient
solutions have not been properly changed, adjusted or analyzed during cultivation. In most
circumstances, nutrient solutions are renewed after a single use because of a new start of
cultivation, and the used nutrient solution is drained out. However, if the phytotoxic chemicals
that accumulate in the nutrient solutions are effectively eliminated, nutrient solution reuse could
be more generally adopted in hydroponic cultivation. Therefore, the present study aimed to
recover the lettuce growth from autotoxicity by means of an AC-ED machine in the successive

lettuce cultivation using same nutrient solution.

2. Materials and methods

2.1. Plant material

Lettuce (Lectuca sativa cv. Souther) was used for this experiment. Seeds were (Takii seed
company, Japan) sown in a cell trays (48 cm x 24 cm x 4 cm, 72 cells tray™) with vermiculite
substrate and were kept in a growth chamber at 25/20 °C (day/night), 60% relative humidity,
fluorescent light with intensity of 140~160 pmol m2 s and a 12 hours photoperiod. After 2-3
days seeds were germinated but cell trays were kept there for 14 days after sowing and during
this period only fresh water was supplied in the cell trays. After that lettuce seedlings were
transferred to the grow beds of hydroponic system in the plastic containers (68 cm x 53 cm x 23
cm) for nursery in an environment control room. The room was maintained at a relative

humidity of 60%, temperature 20/20 °C (day/night), CO concentration of 800 ppm, fluorescent
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light with intensity of 145 umol m?2 s and a photoperiod of 12 hours. One hundred seedlings
were accommodated in each grow bed and 30 L, 50% standard “Enshi” nutrient solutions were
used for each hydroponic system and solution was renewed bi-weekly. Continuous aeration was
maintained in the nursery by a pump (Model: MX 808ST-W, Enomoto, Micro Pump Mfg. Co.
Ltd., Japan with a maximum flow rate 25 L min.™). Seedlings were kept there for 2 weeks. Then
the more homogenous seedlings were selected as planting materials.

2.2. Nutrient solution

Lettuce seedlings were cultured in 50% standard “Enshi” nutrient solution (Hori, 1966). The pH
and electrical conductivity of the nutrient solution were 7.15 and 1.4 dS m™, respectively
whereas the electrical conductivity and pH of the tap water used to prepare this nutrient solution
were 0.22 dS m™ and 8.18, respectively.

2.3. Electro-degradation of nutrient solution

AC type electrode (designed and built by Yonago Shinko Co., Ltd., Tottori, Japan) was used for
ED of benzoic acid or autotoxic chemicals in culture solution used for lettuce. In AC-ED, the
electrode had a central core made of titanium with a surface area of 53.1 cm? (anode/cathode)
which enclosed with cylindrical tube also made of titanium with a surface area of 95.5 cm?
(cathode/anode) (Talukder et al., 2019). The nutrient solution can pass through the electrode
where electro-degradation takes place. The electrodes were coupled with a digital AC power
supplier (AD-8735D, AND, Japan). During electro-degradation 500 Hz, 50% duty ratio, 1.8 A
and 24 V were maintained. Every time this process was done for 24 hours. Similar electric
condition was successfully used to detoxify benzoic acid and other autotoxic chemicals in

culture solution of strawberry (Talukder et al., 2019).

2.4. Cultivation of Lettuce

2.4.1. Experiment |

Selected seedlings from the nursery were used as planting material. Control room for lettuce
cultivation was maintained by setting the temperature at 20/20 °C (day/night), relative humidity
of 60%, CO; concentration of 800 ppm, fluorescent light with intensity of 250~280 pmol m2 s
and a photoperiod of 12 hours. Seedlings were planted to three stage vertical growing beds (125
cm x 90 cm x 10.5 cm). On 6" November 2017, twenty seedlings were planted in each growing
bed fixed with urethane cubes (23 mm x 23 mm x 27 mm). Three growing beds were filled with

50% standard “Enshi” nutrient solution with each capacity of 50 L connected to a 300 L reservoir
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tank. Nutrient solutions were recirculated at 55/5 min. (recirculate/stop) by an automatic pump
(KP-101, Koshin, Kyoto, Japan) with an automatic timer (KS-1500, luchi, Osaka, Japan) and

maximum discharge of 31 L min. ™.

There were three types of culture solutions viz. renewed, non-renewed and non-renewed + ED.
In case of renewed culture solution, solutions were renewed bi-weekly. While non-renewed
nutrient solutions were not replaced by fresh nutrient solution but major nutrients (NOs, PO.*,
K*, Ca?* and Fe®) concentration were adjusted at every two weeks interval as close as possible
to the initial concentration of the 50% “Enshi” solution based on the chemical analyses. The ED
was applied in the nutrient solution for 24 hours at two weeks interval in the setting as it was
described earlier in section 2.3. Small amount of nutrient solution (25 ml) were collected in
plastic bottles for the analyses of major nutrients. Nutrient solution was filtered with
qualitative filter paper (Advantec Grade no. 131; 125 mm). Major mineral nutrients such as K*,
Ca%*, Mg? and Fe®* was measured with an atomic absorption spectrophotometer (Z-2000,
Hitachi High-Technologies Corporation, Kyoto, Japan), NOs~ with a compact NOs;~ meter
TWIN NO;~ (B-343, Horiba, Ltd., Japan) and POs*" using spectrophotometer at 720 nm (U-
2900, Hitachi High Technology, Tokyo, Japan). Finally lettuce plants were harvested after 6
weeks of planting on 18" December 2017. Data were collected on growth attributes and yield of

lettuce at the harvest.

2.4.2. Experiment |1

Cultivation procedure from planting to harvest and control room conditions were same as
experiment . Planting was done at 4" January 2018 and harvested at 15" February 2018. There
were four types of culture solutions viz. (i) renewed, (ii) non-renewed but starting solution was
fresh 50% “Enshi” solution simply we called one culture non-renewed solution (Non-renewed
1C) that was similar to non-renewed solution in experiment I, (iii) non-renewed but starting
solution was once used culture solution simply we called two culture non-renewed solution
(Non-renewed 2C), (iv) Non-renewed 2C+ED. In renewed culture system, nutrient solutions
were renewed bi-weekly and in case of non-renewed culture systems, nutrient solutions were
not changed throughout the growing period but major mineral nutrients were adjusted bi-weekly

like first experiment. The ED process was also same as first experiment.

2.4.3. Experiment 111
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In third experiment, cultivation procedure and control room conditions were same as experiment
I & I1. In this experiment, we applied ED at two different intervals. Seedlings were planted on 5
March 2018 and lettuce harvested on 16 April 2018. There were also four types of culture
solutions viz. renewed, non-renewed, non-renewed with weekly electro-degradation (non-
renewed + weekly ED), non-renewed with bi-weekly electro-degradation (non-renewed + bi-
weekly ED). In renewed culture system, nutrient solutions were renewed bi-weekly but in all
other treatment, nutrient solutions were not changed throughout the growing period but major
mineral nutrients were adjusted bi-weekly like first experiment. ED of nutrient solution was

done like previous setting of experiment | & II.

2.5. Determination of mineral concentration in plant parts

Mineral nutrients concentrations in lettuce plants were determined. Plant parts were separated
into shoots and roots and kept in a constant temperature oven (DKN812, Yamato Scientific Co.
Ltd. Japan) for 72 hours at 80 °C. When the dry matter reaches constant weight, it was ground
into powder with a mixer machine (National MX-X53, Japan). Samples weighing 0.25 g were
mixed with 8 ml of HNO; (60% conc.) and digested by microwave sample preparation system
(ETHOS1, Milestone S.r.l, Bergamo, Italy). After digestion samples were measured up to 50 ml
of volumetric flask and then filtered with qualitative filter paper (Advantec Grade no. 131, 185
mm). The filtered sample solutions were analyzed for mineral nutrients by atomic absorption

spectrophotometer (Z-2310, Hitachi High Technologies Corporation, Tokyo, Japan).

2.6. Measurement of temperature, EC, pH and determination of mineral nutrients
of culture solution

Conditions of culture solution such as temperature, EC and pH were recorded at every two
weeks interval. EC was measured by EC meter (ES-51, Horiba, Ltd., Kyoto, Japan) while,
temperature and pH were measured using pH meter (D-12, Horiba, Ltd., Kyoto, Japan) at each
sampling. Amount of mineral nutrient remains in the culture solution were determined
following the analytical procedures as described in section 2.4.1. Data were taken three times

throughout the growing period.

2.7. Experimental design and statistical analysis
Different types of nutrient solutions were arranged in a completely randomized design with

three replications. Analysis of variance for all data was done using computer package MSTAT-
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C developed by Russel (1986). The mean differences of each culture solution were separated

according to Tukey’s test at P<0.05.

3. Results

3.1. Effect of ED application in non-renewed solution (Experiment 1)

Growth of lettuce significantly decreased in non-renewed nutrient solution compared to
renewed solution (Table 1; Fig. 1A). Application of AC-ED in non-renewed solution increased
the growth similar to renewed solution. Leaf number, maximum leaf length and width, longest
root length, shoot and root dry weights were improved by the ED treatment. Number of leaves
was significantly decreased in plants grown in non-renewed solution compared to renewed
solution. While application of ED showed statistically similar number of leaves as it was
produced in renewed. Likewise, the maximum leaf length and width, longest root length, shoot
and root dry weights were significantly reduced in non-renewed solution compared to renewed
solution. Due to application of ED to non-renewed solution these growth parameters showed
better performance and were statistically similar to renewed solution. Shoot fresh weight was
considered as lettuce yield and it was highest (398.3 g plant™) in renewed culture solution (Fig.
2A) which was statistically similar to non-renewed culture solution with ED (387.2 g plant?).
The lowest shoot fresh weight (301.8 g plant™?) was observed in non-renewed culture solution.
ED of non-renewed culture solution significantly affected the mineral nutrient concentration
especially calcium and iron in shoot and root of lettuce plants (Table 2). In root and shoot, both
calcium and iron concentrations were decreased significantly in non-renewed culture solution.
Other minerals like potassium, magnesium and zinc in both plant parts were not significantly
affected but average values were relatively low in non-renewed culture solution. Temperature,
EC and pH of the culture solutions measured were not differed significantly throughout the
growing periods (Table S1). The amounts of minerals (iron, calcium, nitrogen, phosphorus,
potassium and magnesium) were also not significantly affected in different culture solutions
(Table S1).

3.2. Effect of ED application in two culture non-renewed solution (Experiment I1)

The application of ED in the two culture non-renewed solution also significantly influenced the
lettuce growth (Table 3; Fig. 1B). All growth parameters such as leaf number, maximum leaf
length and width, longest root length, shoot and root dry weights were lowest in the non-
renewed 2Csolution plant. Even compare to non-renewed 1C solution, leaf number, leaf length

and width, longest root length, shoot and root dry weights were significantly decreased in plants
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grown in non-renewed 2C solution. In case of renewed solution, plants produced the highest leaf
number, maximum leaf length and width, longest root length, shoot and root dry weights. When
ED was applied to non-renewed 2C solution, plants showed all these growth parameters
statistically similar to renewed culture solution. Shoot fresh weight was highest (400.2 g plant™?)
in renewed solution plants (Fig. 2B) and it was lowest (258.8 g plant™) in non-renewed 2C
solution plants. In case of non-renewed 1C solution plants, shoot fresh weight was 310.2 g plant’
L and it was statistically higher than that of non-renewed 2C solution. But ED application to
non-renewed 2C solution recovered shoot fresh weight and it was observed 383.3 g plant™

which was statistically similar to renewed solution plants.

The calcium and iron in shoot and root of lettuce plants were also significantly influenced by
different culture solution but potassium, magnesium and zinc were not affected (Table 4).
Calcium and iron concentrations were decreased significantly in non-renewed 1C and non-
renewed 2C solution plants both in root and shoot. Calcium and iron concentration in plants
grown in renewed solution was significantly higher and was statistically similar to non-renewed
2C solution treated with ED. Potassium, magnesium and zinc concentrations in root and shoot
were relatively low in both non-renewed 1C and non-renewed 2C solution. Temperature, EC,
pH and minerals (iron, calcium, nitrogen, phosphorus, potassium and magnesium) concentration
of the culture solutions measured were also not varied (Table S2) significantly all over the

growing periods in different culture solutions.

3.3. Effect of different intervals of ED application in non-renewed solution (Experiment I11)

The application of ED in the non-renewed culture solution significantly influenced the lettuce
growth but between the two intensities of ED application significant growth differences were
not observed (Table 5; Fig. 1C). All growth parameters were significantly affected. In case of
renewed solution, plants produced the highest leaf number, maximum leaf length and width,
longest root length, shoot and root dry weights whereas these growth parameters were lowest in
the non-renewed culture solution. When ED was applied weekly or bi-weekly to the non-
renewed solution, plants demonstrated all these growth parameters statistically similar to
renewed culture solution. Shoot fresh weight was highest (393.6 g plant?) in renewed culture
solution (Fig. 2C) and it was lowest (280.5 g plant?) in non-renewed culture solution. But, due
to weekly ED application to non-renewed solution, plants produced 377.8 g plant™ shoot fresh
weight and it was statistically similar to renewed culture solution. Bi-weekly ED application to

non-renewed solution also produced higher shoot fresh weight (382.1 g plant?) and it was also
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statistically similar to renewed culture solution and weekly ED application to non-renewed

solution.

The calcium and iron concentrations in lettuce plants were also significantly influenced by
different culture solution but potassium, magnesium and zinc concentrations were unaffected
(Table 6). In root and shoot, calcium and iron concentrations were decreased significantly in
plants grown in non-renewed solution. Calcium and iron concentration in plants grown in
renewed solution were statistically similar to non-renewed solution treated with ED either
weekly or bi-weekly. Temperature, EC, pH and minerals (iron, calcium, nitrogen, phosphorus,
potassium and magnesium) concentrations of different culture solution measured were not

varied (Table S3) significantly all over the growing periods like experiment | & II.

4. Discussions

In closed hydroponics system, the nutrient solution is recovered, replenished and recycled. This
hydroponic technique increases water and nutrient use efficiencies and reduces environmental
pollution. Therefore, recent environmental regulations to conserve ground water and to
minimize water and fertilizer consumption (Saavas, 2001) have highlighted the importance of

nutrient solution recycling and encouraged the shift from open to closed hydroponics.

Closed recycling hydroponic systems have some limitations and accumulation of
allelochemicals in the culture solution is one of them. In previous studies, many researchers
found allelochemicals in non-renewed solution from root exudation in strawberry (Kitazawa et
al., 2005; Asao et al., 2008; Asaduzzaman et al., 2012; Mondal et al., 2013), cucumber (Yu and
Matsui, 1994; Asao et al., 1998), several leafy vegetables (Asao et al., 2004a) and some

ornamentals plants (Asao et al., 2007) grown in closed hydroponics.

Therefore, the solution has to be eventually renewed. However, the disposal of culture solution
is not likely to damage the environment. Lettuce grown in closed hydroponic accumulate many
allelochemicals in the culture solutions (Asao et al., 2004a; Lee et al., 2006). For an effective
nutrient solution management and consequently, an increase in hydroponic lettuce yield, it is
indispensable to alleviate the inhibitory effect of allelochemicals. To maintain culture solution
in closed hydroponics free from allelochemicals or below the threshold levels leading to normal

growth, we conducted several experiments.

10
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In our first experiment, all growth parameters and yield of lettuce were significantly affected
due to the non-renewed nutrient solution (Tablel; Fig. 2A). Shoot fresh yield decreased to 24%
compared to renewed nutrient solution. The residual minerals concentrations in the culture
solution were not varied. Some other important growth factors for hydroponic lettuce culture as
described by Furlani et al., (1999) such as EC, pH and temperature of the culture solution also
were not varied. Hence, the retarded growth of lettuce in the non-renewed culture solution was

mainly due to inhibitory effect of the accumulated allelochemicals.

Allelochemicals delivered into the rhizosphere due to root exudation (Bertin et al., 2003) found
responsible for hampering numerous physiological reactions such as transpiration, water
utilization, photosystem Il (PSII) efficiency, nutrient uptake, dark respiration, ATP synthesis,
cell cycle, phyto-hormone metabolism and gene expression, etc. (Inderjit and Duke, 2003; Blum,
2005). That was why; we obtained reduced lettuce growth in non-renewed solution. It is well-
known that plants generate more reactive oxygen species (ROS) when exposed to stressful
conditions such as accumulation of allelochemicals in the rhizosphere (Yamamoto et al., 2003;
Halliwell, 2006; Rhoads et al., 2006). These ROS are either toxic by-products of aerobic
metabolism or key regulators of growth, development, and the defense pathway (Mehdy et al.,
1996; Laloi et al., 2004; Mittler et al., 2004). Toxic ROS can affect membrane permeability,
cause damage to DNA and protein, induce lipid peroxidation and ultimately lead to programmed
cell death. Recent findings about the biochemical and physiological effect of natural phyto-
toxins have shed light on the rhizosphere interactions (Weir et al., 2004). Several studies have
shown that allelochemical stress can cause oxidative damage, as evidenced by enhanced activity
of ROS scavenging enzymes and increased degree of membrane lipid peroxidation
(Baziramakenga et al., 1995; Politycka, 1996; Yu et al., 2003; Lara-Nunez et al., 2006; Ye et al.,
2004, 2006). Furthermore, Bais et al. (2003) found that allelochemicals induce genome-wide
changes of gene expression, and ultimately result in the death of the root cells. Therefore, we
obtained reduced root growth in non-renewed culture solution. Consequently, damaged roots
hamper water and mineral nutrient uptake. As a result, the leaf number plant?, leaf size, root
length, shoot fresh weight, shoot and root dry weight etc. were reduced. Lettuce grown in non-
renewed culture solution showed lower mineral concentration especially calcium and iron in
their plant parts (Table 2) due to impaired nutrient uptake as a result of accumulation of growth
inhibitors in the rhizosphere (Singh et al., 1999). In our previous studies (Talukder et al., 2019;
Asaduzzaman et al., 2012), we also observed lowered calcium and iron concentrations in

different plant parts of strawberry grown in non-renewed culture solution.

11
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On the other hand, application of ED to the non-renewed culture solution increased the growth,
yield and mineral concentrations in lettuce that were similar to renewed culture solution. The
possible reason for this improved plant growth performances due to application of ED in non-
renewed culture solution might include the degradation of inhibitory chemicals and no negative
effects on solution. Similar results were also obtained in closed hydroponic production of
strawberry (Talukder et al., 2019; Asaduzzaman et al., 2012).

In second experiment, lettuce was grown in two types of non-renewed solution viz. non-
renewed 1C and non-renewed 2C. Growth, yield and minerals concentrations decreased in
plants grown in non-renewed 2C solution compared to non-renewed 1C solution and also
compared to renewed solution (Table 3 & 4; Fig. 2B). This might be due to higher concentration
of allelochemicals in the non-renewed 2C solution. As non-renewed 2C solution was used for
longer period for the cultivation of lettuce compare to non-renewed 1C solution, higher amount

of allelochemicals accumulated there.

Currently, some research findings detected many organic acids such as benzoic, phenylacetic,
cinnamic, p-hydroxybenzoic, lauric, phthalic, vanillic, palmitic, and stearic acids etc. from the
root exudates of lettuce grown in non-renewed solution (Asao et al., 2004a; Lee et al., 2006) and
identified as major growth inhibitors. Lee et al., (2006) also determined that number and
concentration of these organic acids in the nutrient solution highly varied with reuse time,
generally showing the increasing trend with the increase reuse time. A few allelochemicals were
exuded from the roots at comparatively low concentration in the first culture. Later on numbers
of allelochemicals and their concentrations were found increased in the non-renewed 2C
solution. As the number of allelochemicals were found increased in the non-renewed 2C
solution, they affected plant growth badly by additive or synergistic means (Inderjit, 1996). As a

result, more retarded growth of lettuce was obtained in non-renewed 2C solution.

But, while ED was applied to non-renewed 2C solution the growth, yield and minerals
(especially calcium and iron) concentration in lettuce significantly increased which were similar
to lettuce grown in renewed solution due to the degradation of allelochemicals. Thus, it revealed
that two successive cultivation of lettuce with the same nutrient solution could be achieved

through electro-degradation of culture solution.
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In a following study, we tried to determine the interval of ED application in the third experiment.
ED was applied at one week and two weeks interval. Plants grown in non-renewed solution
resulted lower growth, yield and minerals concentration resembling first and second culture
experiments (Table 5 & 6; Fig. 2C). ED applied both weekly and bi-weekly produced
statistically similar growth, yield and minerals concentration in lettuce which were also similar
to that of plants grown in renewed culture solution. Therefore, we could decide that bi-weekly
ED application was enough for successive lettuce cultivation and additionally, it reduced the
electricity cost compare to weekly ED. Recently, several other reports (Talukder et al., 2019;
Asaduzzaman et al., 2012) also found different suitable ED application intervals in closed
hydroponic for different crops such as tri-weekly ED application for strawberry.

AC-ED machine, a low cost tool, when applied to non-renewed solution in two successive
lettuce culture using same nutrients at two week interval completely recovered the retarded
lettuce yield from autotoxicity. Total cost of this process was lower than culture solution
renewal cost. Moreover, renewal process causes environmental problem due to disposal of used

solution. Therefore, use of ED process would be more supportive for lettuce growers.

5. Conclusion

Lettuce cultivation in the non-renewed hydroponics resulted reduced yield and quality. Plants
grown in the two culture non-renewed solution resulted more reduced yield and quality of
lettuce than one culture non-renewed solution. In the successive cultivation, lettuce grown in the
non-renewed solution gradually reduced yield and quality in accordance to the nutrient solution
reuse times. Due to ED application to non-renewed solution recovered the retarded yield and
quality completely in both one culture non-renewed solution and two culture non-renewed
solutions. We suggest that ED treatment to non-renewed solution (300 L) for 24 hours at two
week intervals can be applied for complete recovery of the retarded lettuce yield and quality in

two or more successive closed hydroponic cultivation using same nutrient solution.
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Fig. 1. Effect of electro-degradation (ED) of non-renewed culture solution on the growth of lettuce grown
in closed hydroponics, (A) first experiment (B) second experiment and (C) third experiment. ED was
applied for 24 hours at every two weeks interval in first and second experiment whereas it was weekly
and bi-weekly in third experiment. [Non-renewed 1C = One culture non-renewed solution and Non-
renewed 2C = Two culture non-renewed solution].
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Fig. 2. Effect of electro-degradation (ED) of non-renewed culture solution on the shoot fresh weight of lettuce
grown in closed hydroponics, (A) first experiment (B) second experiment and (C) third experiment. ED was applied
for 24 hours at every two weeks interval in first and second experiment whereas it was weekly and bi-weekly in
third experiment. [Non-renewed 1C = One culture non-renewed solution and Non-renewed 2C = Two culture non-
renewed solution].
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Table 1. Effect of electro-degradation of non-renewed nutrient solution on the growth of hydroponically grown lettuce plants (Experiment I).

Types of nutrient Number of Maximum leaf ~ Maximum leaf  Longest root Dry weight (g plant™)
solution leaves plant* length (cm) width (cm) length (cm) Shoot Root

Renewed* 22.2a" 320a 26.1a 50.7 a 10.3a 1.78a
Non-renewed” 17.7Db 26.5Db 21.3Db 449D 85b 1.29b
Non-renewed + ED* 22.4 a 3l6a 25.7 a 49.6 a 10.1a 1.72a

“Nutrient solution was renewed bi-weekly.

YNutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-weekly.
*Nutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-weekly after
ED applied.

“Means within a column followed by different letters are significantly different according to the Tukey's test at P<0.05.
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Table 2. Effect of electro-degradation of non-renewed nutrient solution on the mineral concentrations of hydroponically grown lettuce plants

(Experiment 1).

Types of nutrient Ca (mg g* DW) Mg (mg g* DW) K (mg g DW) Fe (mg kg DW) Zn ((mg kg DW)
solution Root Shoot Root  Shoot Root Shoot Root Shoot Root Shoot
Renewed? 28a% 3la 3.6 5.1 86 100 496 a 203 a 79 27
Non-renewed’ 18b 23b 3.2 5.0 81 99 314 b 107 b 66 25
Non-renewed + ED* 27 a 33a 3.5 5.2 83 102 511a 212 a 84 29
Significance NS NS NS NS NS NS

“Nutrient solution was renewed bi-weekly.

YNutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-weekly.
*Nutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-weekly after

ED applied.

“Means within a column followed by different letters are significantly different and NS indicate non-significant according to the Tukey's test at

P<0.05.
DW= Dry weight
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Table 3. Effect of electro-degradation of two culture non-renewed nutrient solution on the growth of hydroponically grown lettuce plants
(Experiment I1).

Types of nutrient Number of Maximum leaf ~ Maximum leaf ~ Longest root Dry weight (g plant?)
solution leaves plant?  length (cm) width (cm) length (cm) Shoot Root
Renewed* 24.2 @' 34.3a 26.7 a 46.3 a 11.0a 1.85a
Non-renewed 1CY 18.7b 28.3b 23.7Db 409b 9.2 bc 149D
Non-renewed 2C* 151c 22.7¢c 170c 34.3¢C 8.4c 1.06c¢c
Non-renewed 2C+EDY 23.3 a 32.5a 26.3a 44.9 ab 10.3 ab 1.67 a

“Nutrient solution was renewed bi-weekly.

YNutrient solution was new at starting and was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi
solution bi-weekly.

*Nutrient solution was one culture used non-renewed solution at starting and was not renewed throughout the culture period but major nutrients
were adjusted to standard 50% Enshi solution bi-weekly.

“Nutrient solution was one culture used non-renewed solution at starting and was not renewed throughout the culture period but major nutrients
were adjusted to standard 50% bi-weekly after ED applied.

YMeans within a column followed by different letters are significantly different according to the Tukey's test at P<0.05.
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Table 4. Effect of electro-degradation of two culture non-renewed nutrient solution on the mineral concentrations of hydroponically grown lettuce

plants (Experiment I1).

Types of nutrient Ca(mg g DW) Mg (mg g DW) K (mg g DW) Fe (mg kg DW) Zn (mg kgt DW)
solution Root Shoot Root  Shoot Root Shoot Root Shoot Root Shoot
Renewed? 29a" 28 a 3.9 5.0 86 98 510 a 202 a 87 28
Non-renewed 1CY 16 b 21b 3.8 4.8 82 92 344 b 121b 79 24
Non-renewed 2C* 14 b 21b 3.7 4.7 80 99 312b 119b 72 21
Non-renewed 2C+ED" 29 a 29a 3.9 4.9 89 105 558 a 210 a 82 26
Significance NS NS NS NS NS NS

“Nutrient solution was renewed bi-weekly.

YNutrient solution was new at starting and was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi

solution bi-weekly.

*Nutrient solution was one culture used non-renewed solution at starting and was not renewed throughout the culture period but major nutrients

were adjusted to standard 50% Enshi solution bi-weekly.

“Nutrient solution was one culture used non-renewed solution at starting and was not renewed throughout the culture period but major nutrients

were adjusted to standard 50% bi-weekly after ED applied.

VMeans within a column followed by different letters are significantly different and NS indicate non-significant according to the Tukey's test at

P<0.05.
DW= Dry weight
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Table 5. Effect of different intervals of non- nutrient solution electro-degradation on the growth of hydroponically grown lettuce plants
(Experiment 111).

Tvoes of nutrient solution Number of Maximum leaf Maximum leaf Longest root Dry weight (g plant?)
yp leaves plant? length (cm) width (cm) length (cm) Shoot Root
Renewed? 23.1a" 33.8a 27.1a 42.3a 10.2 a 1.92a
Non-renewed” 18.7b 22.3b 23.3b 359b 7.7b 1.28b
Non-renewed+ED weekly* 22.6a 32.1a 27.2a 433 a 9.8a 1.86 a
Non-renewed+ ED Bi-weekly" 22.8 a 335a 26.3a 41.7 a 10.3a 1.84a

“Nutrient solution was renewed bi-weekly.

YNutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-weekly
*Nutrient solution was not renewed throughout the culture period and major nutrients were adjusted to standard 50% Enshi solution bi-weekly but
ED was applied weekly.

“Nutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-weekly and
ED was also applied bi-weekly.

YMeans within a column followed by different letters are significantly different according to the Tukey's test at P<0.05.
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Table 6. Effect of different intervals of non- nutrient solution electro-degradation on the mineral concentrations of hydroponically grown lettuce

plants (Experiment I11).

. . Ca(mg g DW) Mg (mg g DW) K (mg g DW) Fe (mg kg DW) Zn (mg kg* DW))
Types of nutrient solution Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot
Renewed? 30a" 29a 4.1 5.4 88 98 560 a 248 a 86 28
Non-renewed” 17b 19b 3.7 4.9 82 94 313b 149 b 81 20
Non-renewed+ ED weekly* 26a 27 a 3.9 5.2 86 99 558 a 249 a 82 22
Non-renewed+ ED Bi-weekly” 273 29a 39 5.3 85 99 626 a 251 a 86 26
Significance NS NS NS NS NS NS

“Nutrient solution was renewed bi-weekly.

YNutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-weekly
*Nutrient solution was not renewed throughout the culture period and major nutrients were adjusted to standard 50% Enshi solution bi-weekly but

ED was applied weekly.

“Nutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-weekly and

ED was also applied bi-weekly.

YMeans within a column followed by different letters are significantly different and NS indicate non-significant according to the Tukey's test at

P<0.05.
DW= Dry weight
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Table S1.Influence of nutrient solution electro-degradation on the solution temperature, pH, electrical conductivity and residual
nutrient concentrations in the experiment 1.

Types of nutrient solution Temperature Residual nutrient content (ppm)

(°C) pH EC (dSm™) Foi' Cal' Mg K NO>- P,Os
Renewed” 21.8 7.11 1.36 3.77 104 31.3 79.0 1680 27.3
Non-renewed” 21.7 7.11 1.34 3.83 114 31.0 78.3 1663 26.7
Non-renewed + ED* 21.1 7.10 1.33 3.74 103 30.3 79.6 1643 26.0
Significance NSV NS NS NS NS NS NS NS NS

“Nutrient solution was renewed bi-weekly.

YNutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-
weekly.

*Nutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-
weekly after ED applied.

"NS indicate non-significant according to the Tukey's test at P<0.05.
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Table S2.Influence of nutrient solution electro-degradation on the solution temperature, pH, electrical conductivity and residual

nutrient concentrations in the experiment II.

Types of nutrient solution ;l;gr;lp erature pH EC (dS m™) R;selgual nut(r;:zrit Conti/rf;z@ pm) < NO3- P205"
Renewed” 21.1 7.05 1.32 3.84 101 31.3 77.3 1746 26.0
Non-renewed 1CY 21.7 7.10 1.34 3.91 109 31.6 78.3 1732 26.7
Non-renewed 2C* 21.0 7.11 1.34 3.86 104 31.0 78.3 1733 26.4
Non-renewed 2C+EDY  20.8 7.07 1.34 3.88 103 30.3 79.6 1741 24.6
Significance NSY NS NS NS NS NS NS NS NS

“Nutrient solution was renewed bi-weekly.

YNutrient solution was new at starting and was not renewed throughout the culture period but major nutrients were adjusted to standard

50% Enshi solution bi-weekly.

*Nutrient solution was one culture used non-renewed solution at starting and was not renewed throughout the culture period but major
nutrients were adjusted to standard 50% Enshi solution bi-weekly.
"Nutrient solution was one culture used non-renewed solution at starting and was not renewed throughout the culture period but major
nutrients were adjusted to standard 50% bi-weekly after ED applied.
YNS indicate non-significant according to the Tukey's test at P<0.05.
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Table S3.Influence of nutrient solution electro-degradation on the solution temperature, pH, electrical conductivity and residual

nutrient concentrations in the experiment II1.

Types of nutrient solution ;l;gr?perature pH EC (dS m™) R;Selgual nug;ff L conlt/e[:rgl‘;fppm) < NOs~ P.Os
Renewed” 21.1 7.07 1.29 3.82 105 30.1 77.7 1680  24.7
Non-renewed” 21.0 7.08 1.36 3.89 108 31.3 78.3 1780  26.0
Non-renewed+ ED weekly* 21.1 7.11 1.34 3.88 104 31.0 78.1 1780  26.7
Non-renewed+ ED Bi-weekly™ 20.8 7.07 1.34 3.84 103 30.3 79.7 1713 24.6
Significance NSY NS NS NS NS NS NS NS NS

“Nutrient solution was renewed bi-weekly.

YNutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution bi-

weekly

*Nutrient solution was not renewed throughout the culture period and major nutrients were adjusted to standard 50% Enshi solution

bi-weekly but ED was applied weekly.

“Nutrient solution was not renewed throughout the culture period but major nutrients were adjusted to standard 50% Enshi solution

bi-weekly and ED was also applied bi-weekly.

YNS indicate non-significant according to the Tukey's test at P<0.05.
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