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Abstract: Hydrogen peroxide has been used as a sanitation agent for many years. Recently, hydrogen
peroxide products have been used to remove algae from irrigation lines and sanitize hydroponic
systems between uses. However, hydrogen peroxide can have phytotoxic effects on plants at high
concentrations. The goal of this research was to determine if hydrogen peroxide treatments affected
plant and algae growth in the ebb and flow hydroponic systems. The research was conducted at the
Department of Horticulture and Landscape Architecture greenhouses in Stillwater, OK. Two cultivars
of lettuce, ‘Green Forest’ and ‘Tropicana’, and two cultivars of basil, ‘Aroma II’ and ‘Genovese’,
were transplanted into the ebb and flow hydroponic systems, and three different hydrogen peroxide
products, PERpose Plus, ZeroTol, and 3% hydrogen peroxide, were applied at different rates and
combinations in two experiments. Shoot fresh weight in lettuce was found to be significantly greater
in control and 3% hydrogen peroxide treatments for both cultivars; however, in ‘Tropicana’ those
treatments were not different from any other treatment. Greater amounts of PERpose Plus and
ZeroTol, such as 60 mL, restricted plant growth in lettuce, whereas only cultivar differences for
SPAD and plant width were reported for basil. Algae growth was not significantly controlled by any
treatment in this research based on algae counts, weights, or spectrometer readings. However, algae
species quantification did show that Microspora tumidula was found in the greatest concentrations in
control, with a 96.0%, 99.2%, 94.0%, and 97.9% reduction in the 15 mL ZeroTol, 60 mL ZeroTol, 15 mL
PERpose Plus, and 3% hydrogen peroxide treatments, respectively. Other algae genera identified
included Scenedesmus, Chlamydomonas, Gloeocystis, Tetraspora, Leptolyngbya, Pennate diatoms, and
Centric diatoms.

Keywords: soilless production; controlled environment agriculture; leafy greens; ZeroTol;
PERpose Plus

1. Introduction

Hydroponics uses a nutrient solution mixed with water to grow plants. Soilless
agriculture reduces the time between plantings, with no need for fallowing or crop rotation,
as well as allows for more control over more variables, such as nutrient levels, temperature,
and more, while producing crops faster and with a greater yield than soil-based systems
because of easier oxygen and water access for the crop’s roots [1]. Many iterations of this
system have been developed, from soilless media hydroponics such as Dutch bucket to
flooding of the root zone, such as in the ebb and flow technique. Despite the iterations and
the precautions taken, some problems have existed since the beginning. One such problem
is the universal existence of algae in freshwater sources.

Algae are photosynthetic organisms that generally live in aquatic habitats and can be
unicellular or multicellular [2]. Most freshwater algae are unicellular and form colonies, or
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mats, on any surfaces in or on top of the water [3]. These microorganisms are capable of
capturing nutrients from wastewater, atmospheric carbon dioxide (CO2), or industrial flue
gas, in addition to their natural photosynthetic processes that use sunlight [4]. As algae are
common in most, if not all, freshwater supplies, it is no surprise that algae have made their
way into the agricultural sector via irrigation lines, pumps, and hydroponic systems. While
some research has suggested that cocultivation of microalgae with crops in hydroponics
can be beneficial to increasing crop biomass and releasing growth-promoting substances,
these studies have predominately used two main microalgal species: Chlorella spp. and
Scenedesmus spp. [4,5]. Because of the lack of study, it is difficult to say whether the full
range of native microalgae may not contribute to hydroponic systems in this manner [4].
On the other hand, uncontrolled algae growth can cause several issues such as clogging
lines and pumps, attracting pests such as shore flies and fungus gnats, and decreasing
dissolved oxygen (DO) from mass die-offs, as well as causing organic loading [3,4,6]. In
hydroponic systems, algae tend to collect around the edges of rafts and in tanks, which can
lead to competition with the crop, producing a lower yield [3].

Several methods exist for eliminating or preventing algae. Some of the most popular
methods include covering tanks in black plastic or covering root zones in black and white
plastic mulching, which can be more expensive because of high labor needs, and the
application of barley straw, which can often be unreliable because of the degradation
rate [2,7]. More recently, other means of preventing or eliminating algae have been tested,
such as using UV light to disrupt the integrity of algae cell membranes, as well as to degrade
any organic material released by the algae, and various chemicals used to prevent or manage
algae growth [8]. Free chlorine and 3-(3-indolyl) butanoic acid were discovered to have
some algicidal effects, especially when used in tandem with UV, while being relatively
nonphytotoxic to the crop itself [9,10]. Hydrogen peroxide is often one of the more popular
choices, especially early in the process of investigating the best chemical means to prevent
algae [11,12]. Known for its abilities as a sterilizing agent, hydrogen peroxide has been
shown to prevent or contain algal growth in various hydroponic environments [13,14].
Hydrogen peroxide has been shown to cause limited degradation of intracellular materials
when used alone, as well as having oxidative properties. This allows hydrogen peroxide to
be useful in curbing algal growth while maintaining a low phytotoxic effect on the crops
within the system [13–15]. There is a slight downside to hydrogen peroxide, which is high
phytotoxicity in seedlings.

As environmental runoff is a concern, hydrogen peroxide degrades rapidly into two
byproducts: oxygen and water [16,17]. Both byproducts are relatively harmless in the envi-
ronment and may even increase the DO content in the remaining water [18,19]. Internally
in the plant, hydrogen peroxide exists as a signaling molecule for abiotic stresses and is
thought to protect organelle membranes and increase the stress resistance [20–22]. As an al-
gicide, hydrogen peroxide can decrease metabolic processes, destroy pigment synthesis and
membrane integrity, inhibit photosynthetic activity and genes expression, alter circadian
rhythms, and induce apoptotic-like cell death while limiting growth; however, the efficacy
of hydrogen peroxide is dependent on culture density, and how protected the pigments are
inside of the chloroplasts [11,23,24]. While hydrogen peroxide is often combined with UV
in irrigation lines to prevent algae build up, the chemical can also cause phytotoxic effects in
seedlings [13,14,25,26]. While hardier seedlings often can recover, more delicate seedlings,
such as lettuce (Lactuca sativa L.), are more prone to have a lower fresh weight and biomass
than seedlings that were not treated with hydrogen peroxide [13]. Therefore, application
time and dose, which are not universal but specific to each application, dependent on plant
species [27].

Lettuce and basil (Ocimum basilicum L.) are common crops that are grown hydroponi-
cally; however, these two crops have different preferred climates and requirements [28–30].
Nevertheless, as herbs and leafy greens are generally desired throughout the year, it is
important to be able to feasibly produce a quality crop while reducing labor and mainte-
nance costs and preventing the reduction in crop quality due to algae accumulation. Thus,
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the main objective of this research was to establish efficient rates of hydrogen peroxide
products that would adequately control or limit the algae population while not inhibiting
plant growth and crop yield of lettuce and basil.

2. Materials and Methods

Experiment one was conducted at the Oklahoma State University Department of
Horticulture and Landscape Architecture research greenhouses in Stillwater, Oklahoma.
The greenhouses are the A-frame style with a polycarbonate roof. Average air temperatures
for each run were 28.38 ◦C, with greenhouse set points at 21 ◦C/18 ◦C as the average
day/night temperature. The average humidity was 55.89%. Daily light integral (DLI)
averaged to be 19.3 mol m−2 d−1. Seeds of two cultivars of lettuce, ‘Green Forest’ and
‘Tropicana’, and two cultivars of basil, ‘Aroma II’ and ‘Genovese’, were obtained from
Johnny’s Selected Seeds (Winslow, MN, USA) and planted in Horticubes Grow Cubes
(Smithers Oasis, Kent, OH, USA) and placed under misters for 4 weeks on 9 July 2021.
Seedlings in the cubes were transplanted to an ebb and flow table (Gro Master, Maple Park
(Virgil), IL, USA) on 6 August 2021. A Styrofoam sheet was used as a float with 5 cm holes
drilled approximately 22 cm apart. A 5 cm net pot (HydroFarm, Petaluma, CA, USA) was
placed in each slot, and a single plant was placed in the net pot. The 40 gal tanks were
filled with tap water, and 147.41 g of Jack’s 5-12-26 (J.R. Peters, Allentown, PA, USA), along
with 97.52 g of calcium nitrate (American Plant Products, Oklahoma City, OK, USA) was
added initially according to the recommended rates. The pH and electrical conductivity
(EC) of the solution were checked every other day to maintain the pH between 5.5 to 6.5
and the EC at 1.5 to 2.5 mS cm−1. Treatments applied included: ZeroTol (Biosafe Systems,
East Hartford, CT, USA; 27.1% hydrogen peroxide and 2.0% peroxyacetic acid) at 45 mL,
ZeroTol at 45 mL with 50 mL of 3% hydrogen peroxide, ZeroTol at 60 mL, ZeroTol at 60 mL
with 50 mL of 3% hydrogen peroxide (Great Value 3%, Wal-Mart, Bentonville, AR, USA),
and 50 mL of 3% hydrogen peroxide, as well as a control. ZeroTol was first applied 3 d
after transplanting and was repeated weekly. Hydrogen peroxide was applied 7 d after
transplanting and was repeated weekly. All applications were made to the water tank. DO
was measured daily using a DO meter (Milwaukee Instruments, Rocky Mount, NC, USA)
after any chemical addition.

Experiment two was conducted at the same Oklahoma State University Department
of Horticulture and Landscape Architecture Research greenhouses in Stillwater, Oklahoma,
and was carried out in the same manner as experiment one, apart from the seeds being
planted on 28 March 2021, as well as on 7 May 2021, and transplanted on 26 April 2021,
and repeated on 4 June 2021. Day temperature averaged 23.01 ◦C and 27.07 ◦C per rep,
respectively, while humidity averaged 55.89% and 71.97% per repetition. Daily light
intensity averaged 20.8 and 19.34 mol m−2 d−1 DLI per repetition. There were 10 treatments
applied: ZeroTol (Biosafe Systems, East Hartford, CT, USA) at 15, 30, 45, and 60 mL once
weekly; PERpose Plus (Bioworks, Victor, NY; 33.0% hydrogen peroxide) at 15, 30, 45, and
60 mL once weekly, 3% hydrogen peroxide (Great Value 3%, Walmart, Bentonville, AR,
USA) at 70 mL weekly, and control with two replications. The first application occurred 3 d
after transplanting and was repeated every 7 d for the duration of 4 weeks. Data collection,
algae quantification, experimental design, and statistics were all carried out in the same
manner as in experiment one.

A chlorophyll meter (SPAD-502, Konica Minolta, Japan) was used 30 d after trans-
planting. SPAD readings were taken from each plant from the middle of the top and bottom
leaf and were averaged to determine the chlorophyll concentration. Plant height, width,
shoot fresh weight (FW), and leaf count were assessed 30 d after transplanting. Shoots and
roots were dried at 59 ◦C for 2 d to obtain dry weight (DW).

After harvesting plants, 300 mL of solution was collected from each table and given to
EnviroScience Lab (Stowe, OH, USA) for quantitative algae analysis. The lab followed the
USGS NAWQA procedures for Phytoplankton using the Utermohl method [31,32]. A visual
scale of 1 to 3 was used to grade the algae in hydroponic tanks at the end of the experiments,
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with 1 being little to no algae, 2 being a moderate number of algae on the sides and bottom
of the tank, and 3 being large mats of algae (Figure 1). The total suspended solids method
was used to measure the dry weight of algae. A 300 mL solution was collected per table and
thoroughly mixed by shaking each bottle before vacuum filtering it through a filter paper
of known weight. The suspended algae in the filter paper were then oven dried for 24 h
at 53.9 ◦C. The dry weight of algae along with the filter paper was measured, and the dry
weight of algae (mg L−1) was calculated using the following formula from Michaud [33].
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(3) = thick algae matt.

Algae dry weight = [(filter weight + dried residue (mg))−filter weight (mg)) ×
1000]/[volume used (mL)]

A hemocytometer (Hausser Scientific, Horsham, PA, USA) was used to count the
number of algae cells. A 100 µL of water sample was collected from each table, and 100 µL of
trypan blue dye was added to make the solution for the slide. Then 1 µL of the homogenous
solution was added to the hemocytometer slide. The slide was examined under a compound
microscope (Olympus, Waltham, MA, USA) at 40×, and the average number of viable
algae cells was counted. The average cell count was multiplied by 10,000× the dilution
factor (2) to calculate the algae concentration (viable cells/mL) according to LeGresley
and McDermott [34]. A water sample from each treatment was collected to measure the
chlorophyll-a of algae through spectrophotometry. The spectrophotometer (GENESYS 30,
The Lab Depot, Dawsonville, GA, USA) was used to measure the absorbance of the samples
at 750 nm, 665 nm, 647 nm, and 630 nm, according to Kumar and Saramma [35].

In both experiments, 10 plants per cultivar per species were treated as subsamples and
were randomly planted in tables. Subsamples were averaged. Treatments were arranged as
a split-plot in a randomized complete block design with two replications of each experiment.
Experiment one was replicated within a run with one table per treatment for a total of
12 tables, while experiment two was replicated over time, again with one table per treatment
for a total of 10 tables per run and 40 plants per table. Treatment was the whole main plot,
with 6 factors in the first experiment and 10 factors in the second experiment, and cultivar
was the subplot with two factors. Statistical analysis was performed using SAS/STAT
software (Version 9.4; SAS Institute, Cary, NC, USA). Tests of significance were reported
at the 0.05, 0.01, and 0.001 levels. The data were analyzed using generalized linear mixed
models methods. Tukey multiple comparison methods were used to separate the means,
which are reported as least square means.
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3. Results
3.1. Hydrogen Peroxide and Cultivar Effects on Plant Growth Parameters and Chlorophyll Content

In experiment one, there were significant interactions between cultivar × chemical
treatment for shoot FW of lettuce (Table 1).

Table 1. Test of effects for cultivar and treatment with hydrogen peroxide compounds on the growth
of two basil cultivars (‘Genovese’ and ‘Aroma II’) and lettuce (‘Green Forest’ and ‘Tropicana’) grown
in an ebb and flow hydroponic systems for 30 days at the OSU research greenhouses in Stillwater,
OK. Experiment one.

Type Cultivar Chemical
Treatment

Cultivar × Chemical
Treatment

Basil SPAD * z NS NS
Plant height NS NS NS
Plant width * NS NS
Number of

leaves NS NS NS

Shoot FW NS NS NS
Shoot DW NS NS NS
Root DW NS NS NS

Lettuce SPAD *** NS NS
Plant height * ** NS
Plant width * NS NS
Number of

leaves NS * NS

Shoot FW * *** *
Shoot DW NS ** NS
Root DW NS * NS

z Indicates significant at or nonsignificant (NS) at * p ≤ 0.05, ** p ≤ 0.01, or *** p ≤ 0.001.

Application of 3% hydrogen peroxide at 50 mL in ‘Green Forest’ resulted in the greatest
amount of shoot FW but was not significantly different from the control; however, both
were greater than all other treatments. For ‘Tropicana’, the control had the greatest shoot
FW but was not different from any other treatment. Although not significantly different, in
general, greater ZeroTol and ZeroTol plus 3% hydrogen peroxide treatments resulted in
lower shoot FW (Table 2).

In experiment one, there were significant treatment effects and cultivar effects in
lettuce. Treatment effects were found in plant height, the number of leaves, shoot DW,
and root DW in lettuce (Table 3). Lettuce plants were the tallest in control, though not
different from the 3% hydrogen peroxide treatment. The 45 mL of ZeroTol and 50 mL
of 3% hydrogen peroxide treatment plants were the shortest but were not different from
the 60 mL of ZeroTol and the 60 mL of ZeroTol and 50 mL of 3% hydrogen peroxide
(Table 3). The 3% hydrogen peroxide treatment had the greatest number of leaves but
was not different from any other treatment except the 60 mL of ZeroTol. The control had
the greatest shoot DW but was not different from any other treatment except the 60 mL
of ZeroTol. Similarly, root DW was greatest in control but was not significantly different
from any other treatment except the 45 mL of ZeroTol and 50 mL of 3% hydrogen peroxide
treatment (Table 3). The cultivar effect was significant for parameters including SPAD index
and plant height and width. There were significant cultivar effects in basil for experiment
one as well. ‘Aroma II’ had the greatest SPAD value and was significantly different from
‘Genovese’ (Table 4).
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Table 2. Least square means interaction between lettuce cultivars and hydrogen peroxide treatment
for shoot fresh weight of two cultivars (‘Green Forest’ and ‘Tropicana’) grown in ebb and flow
hydroponic systems for 30 days after transplanting at OSU research greenhouses in Stillwater, OK.
Experiment one.

Cultivar Chemical Treatment Shoot FW
(g Plant−1)

Green Forest Control 271.12a z

3% H2O2 (50 mL) 298.80a
ZeroTol (45 mL) 159.26bc
ZeroTol (60 mL) 114.60bc

ZeroTol (45 ppm) and 3%
H2O2 (50 mL) 108.40c

ZeroTol (60 ppm) and) 154.79bc

Tropicana Control 223.18ab
3% H2O2 (50 mL) 209.43abc
ZeroTol (45 mL) 148.85bc
ZeroTol (60 mL) 135.15bc

ZeroTol (45 ppm) and 3%
H2O2 (50 mL) 148.09bc

ZeroTol (60 ppm) and 3%
H2O2 (50 mL) 134.40bc

z Means (n = 20) within a column followed by the same lowercase letter are not significantly different by pairwise
comparison in the mixed model (p ≤ 0.05).

Table 3. Least square means of rates of two hydrogen peroxide products on height, leaf number,
shoot dry weight, and root dry weight of lettuce (‘Tropicana’ and ‘Green Forest’) grown in ebb and
flow hydroponic systems at OSU research greenhouses in Stillwater, OK, in experiment one.

Chemical Plant Height
(cm)

Number of
Leaves

Shoot DW
(g Plant−1)

Root DW
(g Plant−1)

Control 28.34a z 12.94ab 10.04a 1.27a
3% H2O2 (50 mL) 26.45ab 15.35a 9.81a 1.10ab
ZeroTol (45 mL) 22.80b 12.85ab 6.50ab 1.07ab
ZeroTol (60 mL) 29.40bc 11.79b 5.59b 0.95ab

ZeroTol (45 mL) and
3% H2O2 (50 mL) 17.19c 12.54ab 6.54ab 0.80b

ZeroTol (60 mL) and
3% H2O2 (50 mL) 22.35bc 13.10ab 6.67ab 0.93ab

z Means within a column followed by the same lowercase letter are not significantly different by pairwise
comparison in the mixed model (p ≤ 0.05).

Table 4. Least square means of basil and lettuce on SPAD index and plant height and width grown in
ebb and flow hydroponic systems at OSU research greenhouses in Stillwater, OK, in experiment one.

Type Cultivar SPAD Index
(Unitless)

Plant Height
(cm)

Plant Width
(cm)

Basil Aroma II 33.99a z 35.53a 17.35a
Genovese 32.38b 33.53a 15.34a

Lettuce Green Forest 40.57a 23.96a 27.59b
Tropicana 35.24b 21.86b 28.83a

z Means within a column followed by the same lowercase letter are not significantly different by pairwise
comparison in the mixed model (p ≤ 0.05).

In experiment two, there were significant treatment effects for shoot DW for both basil
and lettuce (Table 5). In basil, 45 mL of ZeroTol had the greatest shoot DW but was not
different from any other treatments except the 60 mL of PERpose Plus (Table 6). In lettuce,
15 mL of PERpose Plus had the greatest shoot DW but was only different from treatments
of 60 mL of ZeroTol and 60 mL of PERpose Plus. Significant cultivar effects were observed



Horticulturae 2022, 8, 569 7 of 16

for lettuce as ‘Green Forest’ plants were significantly taller and had a greater SPAD value
than ‘Tropicana’ (Table 7).

Table 5. Test of effects for hydrogen peroxide treatments and two basil and two lettuce cultivars
grown in an ebb and flow hydroponic system at OSU research greenhouses in Stillwater, OK, for
experiment 2.

Type Cultivar Chemical
Treatment Cultivar × H2O2

Basil SPAD NS z NS NS
Plant height NS NS NS
Plant width NS NS NS

Number of leaves NS NS NS
Shoot (FW). NS NS NS
Shoot (DW) NS * NS
Root (DW) NS NS NS

Lettuce SPAD *** z NS NS
Plant height * NS NS

Number of leaves NS NS NS
Shoot (FW) NS NS NS
Shoot (DW) NS *** NS
Root (DW) NS NS NS

z Indicates significant at or nonsignificant (NS) at * p ≤ 0.05, ** p ≤ 0.01, or *** p ≤ 0.001.

Table 6. The least square means of rates of two hydrogen peroxide products on growth of basil
(‘Genovese’ and ‘Aroma II’) and lettuce (‘Green Forest’ and ‘Tropicana’) grown in the ebb and flow
hydroponic systems at OSU research greenhouses in Stillwater, OK. Experiment two.

Type Chemical Treatment Shoot DW (g)

Basil Control 7.98ab z

3% H2O2 (70 mL) 7.79ab

ZeroTol (15 mL) 7.82ab
ZeroTol (30 mL) 7.78ab
ZeroTol (45 mL) 8.35a
ZeroTol (60 mL) 7.27ab

PERpose Plus (15 mL) 7.99ab
PERpose Plus (30 mL) 7.29ab
PERpose Plus (45 mL) 8.16ab
PERpose Plus (60 mL) 6.58b

Lettuce Control 14.01abc
3% H2O2 (70 mL) 14.38abc

ZeroTol (15 mL) 15.16ab
ZeroTol (30 mL) 13.04abc
ZeroTol (45 mL) 14.89ab
ZeroTol (60 mL) 11.17bc

PERpose Plus (15 mL) 15.24a
PERpose Plus (30 mL) 15.07ab
PERpose Plus (45 mL) 13.83abc
PERpose Plus (60 mL) 10.51c

z Means within a column followed by the same lowercase letter are not significantly different by pairwise
comparison in the mixed model (p ≤ 0.05).
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Table 7. The least square means of cultivars (‘Green Forest’ and ‘Tropicana’) on the growth of lettuce
grown in the ebb and flow hydroponic systems at OSU research greenhouses in Stillwater, OK, for
experiment two.

Type Cultivar SPAD Index
(Unitless)

Plant Height
(cm)

Lettuce Green Forest 40.47a 20.12a z

Tropicana 33.38b 14.62b
z Means within a column followed by the same lowercase letter are not significantly different by pairwise
comparison in the mixed model (p ≤ 0.05).

3.2. Hydrogen Peroxide Effects on Algae

In both experiments, there were no significant effects of hydrogen peroxide treatments
on algae DW, cell number, or chlorophyll-a content (Table 3). However, the means of
algae DW and algal cell counts were fewer in the presence of hydrogen peroxide products.
However, visually, tanks that had been treated with greater concentrations of hydrogen
peroxide, such as 60 mL of either PERpose Plus or ZeroTol, appeared to have fewer algae
than tanks treated with lower concentrations, such as 15 to 45 mL of either PERpose Plus
or ZeroTol, with the exception of 3% hydrogen peroxide, which appeared to cause algae
matting on top of the surface of the water, and the control (Table 8).

There were some differences in algal species that inhabited different treatment tanks.
Microspora tumidula was found in all treatment tanks at the greatest concentration except
for the 60 mL of PERpose Plus, where Microspora was not present (Table 9). Microspora
tumidula was found in greatest concentrations in the control, with a 96.0%, 99.2%, 94.0%,
and 97.9% reduction in the 15 mL ZeroTol, 60 mL ZeroTol, 15 mL PERpose Plus, and 3%
hydrogen peroxide treatments, respectively. Similarly, Gloeocystis vesiculosa was found to
be dominant in all treatment tanks except for the control where Gloeocystis was not found
and the ZeroTol 60 mL treatment where Gloeocystis was in low concentrations. Gloeocystis
vesiculsosa was found to be highest in the ZeroTol treatment (15 mL), with a 99.2%, 66.7%,
83.6%, and 66.5% decrease in the 60 mL ZeroTol, 15 mL PERpose Plus, 60 mL PERpose Plus,
and 3% hydrogen peroxide treatment, respectively. Chlamydomonas spp. was the only algae
genus to be found in every treatment tank but was found to be at lower concentrations in
the PERpose Plus 60 mL and ZeroTol 60 mL treatments, with a 99.9% and 96.5% reduction,
respectively. The genus Scenedesmus was present in different species in all treatments except
for ZeroTol 60 mL treatment and was found in the greatest concentration in the 15 mL
ZeroTol treatment, with the greatest reduction in the control, 87.9%, and the 3% hydrogen
peroxide treatment, 79.2%. Pennate diatoms were present in all treatments except ZeroTol
15 mL and PERpose Plus 15 mL treatments, with the greatest concentration in the 60 mL
ZeroTol treatment, though there were 97.8%, 93.9%, and 97.4% reductions in the control,
60 mL PERpose Plus, and the 3% hydrogen peroxide treatment, respectively. Centric
diatoms were similarly distributed in all treatments except the ZeroTol 15 mL treatment,
with the greatest reduction of 97.7% in control. Leptolyngbya spp., Microspora pachyderma,
Sphaerocystis planktonica, and Tetraspora cylindrica were found only in control, PERpose
Plus 15 mL, PERpose Plus 60 mL, and 3% hydrogen peroxide, respectively. Overall, in the
ZeroTol treatments, there was less diversity than in the other treatments (Table 9).
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Table 8. The least square means of different rates applied weekly of three hydrogen peroxide products
on algae samples taken 30 days after lettuce and basil were grown in the ebb and flow hydroponic
systems in Stillwater, OK.

Experiment Chemical Treatment Dry Weight
(mg L−1)

Algal Cells
(105)

Chl a
(µg L−1) Visual Scale z

1 Control 0.66a y 13.66a 740.53a 3
3% H2O2 (50 mL) 0.61a 13.38a 801.59a 3
ZeroTol (45 mL) 0.71a 12.98a 708.35a 2
ZeroTol (60 mL) 0.86a 13.26a 755.07a 1

ZeroTol (45 mL) and
3% H2O2 (50 mL) 1.00a 13.28a 856.90a 2

ZeroTol (60 ppm) and
3% H2O2 (50 mL) 0.64a 12.57a 875.28a 2

2 Control 0.47a z 6.50a 945.57a 3
3% H2O2 (50 mL) 0.26a 5.42a 1209.09a 3
ZeroTol (15 mL) 0.37a 6.42a 616.90a 2
ZeroTol (30 mL) 0.37a 6.75a 637.19a 2
ZeroTol (45 mL) 0.43a 5.97a 716.51a 2
ZeroTol (60 mL) 0.23a 6.24a 509.46a 1

PERpose Plus (15 mL) 0.21a 6.15a 573.41a 2
PERpose Plus (30 mL) 0.15a 6.01a 597.24a 2
PERpose Plus (45 mL) 0.21a 5.93a 607.17a 2
PERpose Plus (60 mL) 0.14a 5.76a 690.83a 1

z Visual scale: 1 = little to no algae, 2 = some algae collected on sides and bottom, 3 = thick algae matt.
y Means (n = 10) within a column followed by the same lowercase letter are not significantly different by pairwise
comparison in the mixed model (p ≤ 0.05).

Table 9. Effects of different rates of three hydrogen peroxide products on taxonomic counts of algae
present in ebb and flow hydroponic systems 30 days after production of lettuce and basil in OSU
research greenhouses, Stillwater, OK for experiment one.

Chemical Treatment Scientific Name Average
Cells/mL z Average Natural Units/mL z

Control Microspora tumidula 478,071 976
Leptolyngbya spp 48,771 2342

Scenedesmus acuminatus 92 92
Scenedesmus acutus 46 11

Pennate Diatom spp. Live 11 11
Centric Diatom spp. Live 11 11

Chlamydomonas spp. 11 11

3% H2O2 (70 mL) Microspora tumidula 10,035 1476
Gloeocystis vesiculosa 9888 325
Chlamydomonas spp. 6316 6316
Tetraspora cylindrica 1476 30

Centric Diatom spp. Live 472 472
Scenedesmus acuminatus 236 148

Pennate Diatom spp. Live 118 118

ZeroTol (15 mL) Gloeocystis vesiculosa 29,494 1756
Microspora tumidula 18,956 568
Chlamydomonas spp. 12,913 12,913
Scenedesmus acutus 930 258

Scenedesmus quadricauda 207 52
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Table 9. Cont.

Chemical Treatment Scientific Name Average
Cells/mL z Average Natural Units/mL z

ZeroTol (60 mL) Pennate Diatom spp. Live 4527 4527
Microspora tumidula 3587 244
Chlamydomonas spp. 451 451

Centric Diatom spp. Live 394 394
Gloeocystis vesiculosa 225 19

PERpose Plus (15 mL) Microspora tumidula 28,620 942
Gloeocystis vesiculosa 9818 355

Microspora pachyderma 826 8
Chlamydomonas spp. 496 496
Scenedesmus acutus 314 99

Scenedesmus quadricauda 83 25
Centric Diatom spp. Live 83 83

PERpose Plus (60 mL) Gloeocystis vesiculosa 4846 1183
Sphaerocystis planktonica 1165 949

Scenedesmus acutus 301 103
Pennate Diatom spp. Live 272 272

Scenedesmus acuminatus 213 188
Centric Diatom spp. Live 150 150

Chlamydomonas spp. 9 9
z Derived from a 300 mL solution.

3.3. Effects of Hydrogen Peroxide on Dissolved Oxygen

In experiment one, hydrogen peroxide treatments significantly affected DO rates
(Figure 2). The control had some of the lowest DO levels compared with the other treatments
but was only significantly different from the 60 mL of ZeroTol and 50 mL of 3% hydrogen
peroxide treatment on day 25. DO means below 5.05 mg L−1 were not significantly different
from any other rates except the 60 mL of ZeroTol and 50 mL of 3% hydrogen peroxide
treatment on day 25, which had a mean of 9.95 mg L−1 (Figure 2). Similar to experiment one,
in experiment two, hydrogen peroxide treatments caused an increase in DO on treatment
days (Figure 3). However, these treatments only caused a significant increase in DO on the
day of application.Horticulturae 2022, 8, x FOR PEER REVIEW 11 of 16 
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Figure 2. Effects of the rate of two hydrogen peroxide products, ZeroTol (Z) and 3% hydrogen perox-
ide (3%) (45 mL Z, 60 mL Z, 45mL Z, and 50 mL 3%, and 60 mL Z and 50 mL 3%) on dissolved oxygen
(DO) levels of nutrient solution in ebb and flow hydroponic systems at OSU research greenhouses
in Stillwater, OK. Treatments were applied weekly starting on day three. Stars show significant
differences between at least two treatments that day for experiment one.
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Figure 3. Effects of rate of three hydrogen peroxide products, ZeroTol (Z), PERpose Plus (PP),
3% hydrogen peroxide (15, 30, 45, and 60 weekly; 15, 30, 45, and 60 mL weekly; 70 mL weekly), and
control on dissolved oxygen (DO) levels of nutrient solution in ebb and flow hydroponic systems at
OSU research greenhouses in Stillwater, OK. Treatments were applied weekly starting 3 days after
transplanting3 for ZeroTol and Purpose Plus and 7 days for hydrogen peroxide for experiment one.

4. Discussion
4.1. Effects of Hydrogen Peroxide and Cultivar on Lettuce and Basil

Hydrogen peroxide and cultivars affected lettuce shoot FW in this research. Individ-
ually, cultivar can have a significant impact on shoot FW. Similar to this study, Lau and
Mattson [36] found that 37.5 mg L−1 of 3% hydrogen peroxide, added in increments every
3 d to maintain concentration, produced a lettuce FW that was not different from the control,
but the 75 mg L−1 produced lettuce with less FW than the control and 37.5 mg L−1 treatment
due to indiscriminate damage of healthy tissue. In ‘Jessica’ and ‘Bolaria’ cucumber (Cucumis
sativus L.) seedlings, hydrogen peroxide applications to limit algae caused a decrease in
shoot weight, but the phytotoxic effects of the hydrogen peroxide treatments appeared to
be dependent on temperature and amount of light affecting the speed at which hydrogen
peroxide broke down [14]. Caixeta et al. [13] found that, in lettuce seedlings, hydrogen
peroxide spray treatments to limit algae, fungus gnats, and shore flies on germinating seeds
did not significantly affect the FW compared with the control but did affect germination
rates. In contrast, Kučerová et al. [37] found that hydrogen peroxide increased lettuce
cultivar ‘Král Máje I’ shoot weight slightly, but not significantly, from the control, which
was thought to be due to plant tissue lignification. The concentration used and timing of
application during the crop’s life cycle appears to have a great impact on the potential
phytotoxicity of hydrogen peroxide applications. A combination of original cultivar shoot
FW and high levels of hydrogen peroxide stress can lower shoot FW in lettuce, as seen in
the current study where increased rates and concentrations of hydrogen peroxide lowered
shoot FW significantly from the control in both ‘Green Forest’ and ‘Tropicana’.

In this research, greater amounts of hydrogen peroxide products tended to decrease
plant growth, especially in plant height, the number of leaves, root DW in lettuce, and shoot
DW in lettuce and basil. Symptoms associated with hydrogen peroxide toxicity include
leaf scorching, reduced plant growth, and plant mortality [38]. Similar to our findings, Lau
and Mattson [36] found that greater levels of hydrogen peroxide stunted root and shoot
growth significantly more than the control and lower concentrations of hydrogen peroxide
in lettuce. Thakulla et al. [39] found that lower amounts of hydrogen peroxide products
applied weekly can help increase height, shoot DW and root DW, but greater concentrations
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applied weekly or biweekly decreased significantly in the biomass and height of tomatoes.
Deng et al. [40] reported similar findings in sweet potato (Ipomoea batatas L.) seedlings with
concentrations of less than or equal to 2.5 mM of exogenously applied hydrogen peroxide
reported having positive effects on seedling growth and root formation, while treatments
that exceeded 5 mM of hydrogen peroxide had the opposite effect. Similarly, in our study,
low concentrations of 3% hydrogen peroxide and low doses of stronger peroxide products
were less phytotoxic than greater concentrations of hydrogen peroxide.

4.2. Hydrogen Peroxide Effects on Algae

Hydrogen peroxide products often combine hydrogen peroxide with peracetic acid to
provide stability and high reactivity on both inorganic and organic compounds [41]. Rates
and timing of application have been found to be largely dependent on crop, algal species
and density, water chemistry and environment, and specific system [19,42,43]. Rates as low
as 12.3 mg L−1 hydrogen peroxide combined with 8 mg L−1 peracetic acid to control algae to
185 mg L−1 hydrogen peroxide plus 120 mg L−1 peracetic acid with 1 min contact time are
recommended to control some pathogens [38]. Thakulla et al. [39] found that concentrations
of 70 mL of ZeroTol or PERpose Plus applied biweekly to 40-gallon tanks significantly
decreased algae concentrations. Because of its strong oxidizing abilities, hydrogen peroxide
produces hydroxyl radicals under light exposure, which destroys proteins, lipids, and
DNA, severely damaging unicellular organisms [44,45]. In algae specifically, hydrogen
peroxide can decrease metabolic processes, destroy pigment synthesis and membrane
integrity, inhibit photosynthetic activity and gene expression, alter circadian rhythms, and
induce apoptotic-like cell death while limiting growth [11,24].

Hydrogen peroxide can cause antioxidant defense systems to activate in algae, allow-
ing the microorganisms to survive oxidative stresses until a certain threshold [46]. In this
research, rates of 15 to 70 mL of different hydrogen peroxide products (ZeroTol, PERpose
Plus, and 3% hydrogen peroxide) were used; however, there were no significant effects
on algae growth and density. Weenink et al. [47] found that high populations of green
heterotrophic algae may rapidly degrade hydrogen peroxide applications, protecting the
other populations of algae. Water composition, especially metal components, and UV
exposure can impact the rates of hydrogen peroxide decomposition, and that elevated
pH can influence the rapid decomposition rate of hydrogen peroxide and, therefore, its
algicidal properties [11,48,49].

Sampling and analytical methods used in this work may have also caused discrepan-
cies found between the visual grading and quantitative algae data. Marker and Bolas [50]
found that no method can be precise due to variation in collection method, including
biomass dry weight, counting algae cells, and chlorophyll-a extraction. Biomass dry weight
is only able to measure all organic and inorganic mass found within the sample and at-
tribute the entirety of that mass is algae [51]. This leads to other materials, such as root
particles or insect eggs, being included in the total dry weight. Similarly, using a hemocy-
tometer to count individual algae cells can be subjective and impractical [50]. Counting
individual algae cells or colonies can be difficult because of the obscuration from other
particles and the clustering of cells [52]. Misidentification of nonalgae particles is also
common, leading to higher cell counts, and different species of algae can cause increased
or decreased cell counts because of filamentation and clumping [50,53]. Proper dilution
is required as well, which adds more uncertainty to quantification [52,53]. Measurements
of chlorophyll-a can also be imprecise because of the different species of algae containing
different concentrations of chlorophyll and their dependence on nutrient content and light
exposure [51]. Furthermore, the solvent choice for extraction is important and can be highly
variable [51]. Simon and Helliwell [54] found that mechanical disruption of algae cells was
necessary to optimize pigment extraction and that methanol was a more efficient solvent
than acetone as long as due care was taken with the process. Similarly, Schumann et al. [55]
found that mechanical homogenization improved extraction up to 20%, but chlorophyll-a
extraction efficiency was strongly species-specific and influenced by the growth conditions.



Horticulturae 2022, 8, 569 13 of 16

Thakulla et al. [39] reported similar algae species as those found in this study, with
Chlamydomonas spp. found in all treatments, and Gleocystis vesiculosa found in greater con-
centrations in most treatments. Chlamydomonas spp. has been found in hydroponic systems
frequently [10,43,56]. Scenedesmus spp. have been similarly prevalent, though Nonomura
et al. reported that Scenedesmus species were rare in samples taken in Japan [4,10,43,55].
Microspora tumidula was not found to be common in reported literature, though it was one
of the most common species of algae found in this research.

4.3. Effects of Hydrogen Peroxide on Dissolved Oxygen

Increases in DO were observed in relation to hydrogen peroxide treatments. Hydrogen
peroxide decomposes into oxygen and water at different rates depending on environmental
factors [41,57]. Tusseau-Vuillemin et al. [58] found that hydrogen peroxide could be used
as a precursor to DO in place of aeration due to the increased transfer rate of oxygen to
solution. Without the presence of active catalysts such as metals or UV light, hydrogen
peroxide degrades slowly in water and will only contribute slightly to the dissolved
oxygen content [59]. The presence of carbons can activate hydroxyl radicals that lead to
either the degradation of hydrogen peroxide or oxidation of organic compounds in the
water [60]. Similar to our study, Lau and Matton [36] found that DO was greatest after the
application of hydrogen peroxide, and greater concentrations led to greater DO content.
However, the United States Environmental Protection Agency [42] reported that, under
aquatic aerobic nonsterile conditions, hydrogen peroxide had a half-life of 1.1 to 5.3 h,
which could be accelerated by the presence of metals in the water or UV radiation such
as sunlight. Soffer et al. [61] found that chrysanthemums (Chrysanthemum x morifolium L.
‘Bright Golden Anne’) and the weeping fig (Ficus benjamina L.) both grew faster in oxygen-
saturated water. According to Ruso et al. [62], basil can persist with DO levels as low as
4 mg L−1, with optimal levels at 6.5 mg L−1. However, lettuce only needs a DO content
of at least 1.6 mg L−1 [63]. Thus, increased DO did not equate to increased plant growth
in this experiment due to the minimum requirements of each plant being met and the
phytotoxic effects of greater hydrogen peroxide concentrations.

5. Conclusions

In this study, applications of hydrogen peroxide did not have significant effects on
algae growth based on algae counts, weights, or spectrometer readings. There were,
however, significant impacts on plant growth. Higher levels of hydrogen peroxide reduced
plant growth, especially in lettuce, while lower concentrations of hydrogen peroxide were
not toxic to the plants and the algae. Basil growth was relatively unaffected by hydrogen
peroxide except at the greatest concentration of PERpose Plus. Most studies evaluate single
species, but this research shows a potential limitation of growing both species together if
using hydrogen peroxide to treat algae, as basil has a greater tolerance, as reported for the
first time. Further research is needed to identify what rates of hydrogen peroxide products
could successfully limit algae growth while remaining nontoxic to plants. Combination
treatments may be the key to limiting algae while not affecting plant growth. Lower rates
of hydrogen peroxide combined with UV light treatments may be effective in hydroponic
systems, as it has been shown to be effective in irrigation systems.
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