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SUMMARY. Hydrogen peroxide (H2O2) is an oxidizing agent used to disinfect
recirculated irrigation water during the production of organic crops under
controlled environmental systems (e.g., greenhouses). To characterize the phyto-
toxic effects and define a concentration threshold for H2O2, three microgreen
species [arugula (Brassica eruca ssp. sativa), radish (Raphanus sativus), and
sunflower (Helianthus annuus ‘Black Oil’)], and three lettuce (Lactuca sativa)
cultivars, Othilie, Xandra, and Rouxai, were foliar sprayed once daily with water
containing 0, 25, 50, 75, 100, 125, 150, or 200 mg�LL1 of H2O2 from seed to
harvest under greenhouse conditions. Leaf damagewas assessed at harvest using two
distinct methods: 1) the percentage of damaged leaves per tray and 2) a damage
index (DI). Applied H2O2 concentrations, starting from 25 mg�LL1, increased the
percentage of damaged leaves in every species except ‘Black Oil’ sunflower, which
remained unaffected by any applied concentration. Symptoms of leaf damage
manifested in similar patterns on the surface of microgreen cotyledons and lettuce
leaves, while mean DI values and extent of damage were unique to each crop. Fresh
weight, dry weight, and leaf area of all crops were not significantly affected by daily
H2O2 spray. Identifying how foliar H2O2 damage manifests throughout the crop,
as well at individual cotyledon or leaf surfaces, is necessary to establish an upper
concentration threshold for H2O2 use. On the basis of the aforementioned metrics,
maximum recommended concentrations were 150 mg�LL1 (radish), 100 mg�LL1

(arugula) for microgreens and 125 mg�LL1 (‘Othilie’), 75 mg�LL1 (‘Rouxai’),
and 125 mg�LL1 (‘Xandra’) lettuce.

R
eusing nutrient solution pro-
vides a unique, but challenging
prospect within organic green-

house production due to the restricted
number of available pathogen control
products. Oxidizing agents, such as
ozone, peracetic acid, or hydrogen
peroxide; organic acids such as citric
or lactic acids and chlorine dioxide are
approved for Canadian greenhouse
production systems (Government of
Canada, 2018). Although themode of

action varies among products, all pro-
vide varying degrees of pathogen con-
trol based on concentration, stability,
and water quality of the nutrient solu-
tion (Raudales et al., 2014a). When
choosing a disinfectant, the cost of
H2O2 is significantly less than that of
ozone, or chlorine dioxide due to the
lack of specialized equipment required
for use (Raudales et al., 2014b).

In solution, H2O2 readily breaks
down to hydroxyl radicals (OH-) and
oxygen, making it an ideal compo-
nent of any ‘‘green’’ chemistry pro-
gram (Carrasco and Urrestarazu,
2010). The generation of OH- from
H2O2 provides direct control over
pathogens and algae within irrigation

water, although applied concentra-
tions and contact periods varied be-
tween trials (Baldry, 1983; Bosmans
et al., 2016; Raudales et al., 2014a;
Runia, 1995; Vanninen and Koskula,
1998; Van Wyk et al., 2012). H2O2

concentrations as low as 37 mg�L–1

for 15 min (Elmer, 2008) and as high
as 200 mg�L–1 for 24 h (Ehret et al.,
2001) have been found to provide
similar levels of control for Fusarium
sp. in deionized water. Exposure to
400 ppm of H2O2 for 60 min re-
moved 99.97% of tomato mosaic
virus (Tobamovirus) cells, whereas ex-
posure to 100 ppm for 5 min elimi-
nated Fusarium oxysporum conidia
(Runia, 1995). Within a greenhouse
irrigation system, 100 ppm of H2O2

reduced free-living and biofilm-
associated rhizogenic Agrobacterium
by 3.7 and 3.5 log cfu/mL, respec-
tively, after 72-h exposure (Bosmans
et al., 2016). Against nematodes,
application of 400 ppm for 24 h elim-
inated burrowing nematode (Rado-
pholus similis) within recirculated
irrigation water (Runia and Amsing,
1996). These rates support manufac-
turer-recommended concentrations of
either stabilized or pure, H2O2 prod-
ucts for disinfecting plant pathogens
found in irrigation water (Raudales
et al., 2014a). Improving pathogen
control at recommended rates requires
the maintenance of relatively stable
concentrations of H2O2, which is bet-
ter achieved through repeated dosing
of irrigation water, rather than an in-
crease in disinfectant concentration
(Copes, 2009). Once-daily injections
of 30 ppmH2O2 decreased the number
of hairy root disease (Agrobacterium)
infested ‘Kanavaro’ tomato (Solanum
lycopersicum) plants by 20% within
a commercial irrigation circuit after
12 weeks (Bosmans et al., 2016).
Similar effects were observed when
H2O2 foliar spray applications increased
from one to five times per week, with
both severity and incidence of Puccinia
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hemerocallidis reduced on ‘Pardon Me’
daylily (Hemerocallis) leaves (Copes,
2009). Consistent dosing of water with
H2O2 leads to the exposure of crops to
H2O2 during irrigation events and
brings the potential for a phytotoxic
response if excessive concentrations are
circulated.

Exposure of crops to H2O2 is
directly based on the irrigation
method used. Overhead irrigation,
using spray nozzles attached to auto-
mated booms, is employed for pro-
duction of microgreens, and lettuce
in southwestern Ontario, Canada.
Microgreens, seeded in shallow trays
onto the growing substrate, use over-
head irrigation to achieve even water-
ing across the tray surface. These
types of irrigation techniques result
in exposure to H2O2 as water is
sprayed directly onto the foliage of
the crop during each irrigation event.
With microgreens being harvested
anywhere from 6 to 21 d after seed-
ing, any phytotoxic symptoms from
H2O2 use would manifest rapidly
because these young crops have
not hardened against environmen-
tal stressors (Vir�sil _e and Sirtautas,
2013).

Evaluating the phytotoxic po-
tential of H2O2 yielded surprisingly
limited research concerning damage
from foliar spray applications. Al-
falfa (Medicago sativa) sprouts, foliar
sprayed with H2O2 concentrations
from200 to1000mg�L–1 via amisting
head, experienced no leaf damage or
decrease in growth (Fett, 2002). In
contrast, H2O2 phytotoxic effects
were reported at concentrations as
low as 9 and 12 mg�L–1, when applied
every 6 h, resulting in the yellowing of
radish and garden cress (Lepidium
sativum) (Coosemans, 1995). Let-
tuce seedlings exposed to 8 mg�L–1

H2O2 for 24 h experienced a decrease
in growth, whereas application of 85
mg�L–1 over 24 h resulted in seedling
death (Nederhoff, 2000). Exposure
to 500mg�L–1 was reportedly harmful
to plant roots, although application
methodology and species information
were withheld (Van OS, 1999).
Within the listed studies, neither the
volumes of applied irrigation water
nor the degree of phytotoxicity re-
spective to the given plant species
were reported. However, phytotoxic-
ity in the form of leaf senescence has
been described in nursery crops ex-
posed to 3.4 to 10 g�L–1 after one to

three foliar applications of H2O2

(Copes et al., 2003). These studies
highlight the requirement of research
to accurately characterize the degree
of H2O2 phytotoxicity displayed by
plants after repeated foliar applica-
tions of irrigation water augmented
with H2O2. Further, they provide
a framework for concentrations at
which H2O2 may cause phytotoxic
effects on young crops grown under
greenhouse conditions.

This study was conducted to
identify how organic microgreens
and lettuce plug (21 d) crops respond
to daily foliar spray with H2O2 at
concentrations commonly used to
control plant pathogens within irriga-
tion water. The results were used to
assess an upper threshold at which
H2O2 can be applied to these crops
without a reduction in market quality
and physiological growth.

Materials and methods
Plant materials

On 20 Mar. 2018, 72 compo-
stable trays (The HC Companies,
Twinsberg, OH) were seeded with
one of three organic certified micro-
green species [arugula, radish, and
‘BlackOil’ sunflower (Mumm’s Sprout-
ing Seeds, Parkside, SK, Canada)] and
eight 72-cell lettuce plug trays (A.M.A
Plastics, Kingsville, ON, Canada) were
seeded with three lettuce cultivars; Oth-
ilie, Rouxai, Xandra (RZH Canada,
Leamington, ON, Canada), in each
plug, by a local organic greenhouse
grower (Hamilton, ON, Canada).
Two peat-based substrates (Fafard et
Freres, Saint-Bonaventure, QC, Can-
ada) were used, each of which consisted
of a proprietary blend of peat, organic
compost, and granular fertilizer tai-
lored for either microgreens or let-
tuce. Lettuce and microgreen trays
were machine filled with the re-
quired substrate. Microgreen seeds
were then sown directly onto the
substrate surface in the following
quantities: arugula at 3.3 g/tray,
radish at 21 g/tray, and ‘Black Oil’
sunflower at 94 g/tray. Microgreen
and lettuce seeds were then covered
in a thin layer of coconut coir (Pro-
jar, Valencia, Spain). Immediately
after sowing, trays were transported
less than 1 h from the commercial
greenhouse to the University of
Guelph (Guelph, ON, Canada; lat.
43�33#N, long. 80�15#W) and stored

in a 4 �C cold room for 48 h before the
trial start.

Growing conditions
The trial took place at the Uni-

versity of Guelph research green-
houses and was conducted from 22
Mar. 2018 through 12 Apr. 2018
(21 d). Over the course of the trial,
air temperature inside the greenhouse
averaged 20.1 �C, and the relative
humidity averaged 43.1%. Only nat-
ural lighting was provided over the
course of the trial period.

Experimental setup
Eachmicrogreen tray (1250 cm2)

was divided into two experimental
units (625 cm2) using a movable
plastic shield (25 · 12.5 · 20 cm) to
allow for the application of two sep-
arate treatments per tray. The 72-cell
lettuce plug trays were cut into six
experimental units, consisting of
12 plugs each. Lettuce experimental
units each received a single treatment
and were separated during treatment
application by the aforementioned
shield to prevent spray drift. Individ-
ual species of microgreens were
grouped together to form three seg-
regated clusters on the bench surface.
Lettuce plugs were also placed adja-
cent to one another in a fourth cluster
of crops. This increased irrigation
uniformity, and reduced the required
bench space within the greenhouse.
Treatments were applied to each clus-
ter using a completely randomized
design created with the agricolae
package in R (version 3.50; R Foun-
dation for Statistical Computing,
Vienna, Austria). Each of the eight
treatments was replicated six times,
resulting in 48 experimental units per
microgreen species and the lettuce
plugs. Experimental units were ro-
tated within a cluster every 3 d using
a randomized design.

Hydrogen peroxide treatment
Plants were foliar sprayed daily

with one of the following freshly
made solutions (with deionized wa-
ter) [0 (control), 25, 50, 75, 100,
125, 150, and 200 mg�L–1] of H2O2.
The H2O2 solutions were diluted
from a 3% (w/w) stock solution
maintained using a 34.5% (w/w) bar-
rel (Anchem, London, ON, Canada).
The 3% (w/w) solution was replaced
every 7 d. All H2O2 solutions were
stored in a 4 �C cooler to prevent
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chemical decomposition. Each H2O2

solution was confirmed using titra-
tion with potassium permanganate as
outlined in Klassen et al. (1994).

Treatment protocol
Treatments began on 22 Mar.

2018 for lettuce plugs, 23 Mar. 2018
for radish, 23 Mar. 2018 for arugula,
and 24 Mar. 2018 for ‘Black Oil’
sunflower to stagger harvest dates.
Lettuce plugs received 300 mL of
solution on the first day and 109 mL
each subsequent day until harvest. All
microgreen species received 750 mL
of solution on the first day. On sub-
sequent days until harvest, radish, and
arugula, received 150 mL of solution,
and ‘Black Oil’ sunflower received
266 mL of solution. A 4-gal backpack
sprayer (61900-1; Chapin Interna-
tional. Batavia, NY) with a 29-psi
control flow valve (Chapin Interna-
tional) attached to an adjustable cone
nozzle was used to foliar apply all
treatment solutions. Treatments were
applied between 20 and 40 psi, and
monitored with a pressure gauge
attached to the handle to mimic com-
mercial growing techniques. Treat-
ment was applied once per day,
regardless of the crop, and this also
provided adequate irrigation to each
crop.

Harvest protocols

ASSESSMENT OF THE PERCENTAGE

OF DAMAGED LEAVES. The percentage
of damaged leaves was determined
using the same methodology for
each microgreen species. A cylindrical
core, consisting of a hollow tube
(19.6 cm2), was used for sampling
after 6 d for radish, 11 d for arugula,
and 12 d for ‘Black Oil’ sunflower.
Microgreens were harvested on emer-
gence of true leaves. To avoid edge
effects, cores were sampled within
a 1-inch border around the edge of
each experimental unit. The core was
pushed through the canopy and into
the substrate at three random loca-
tions within this border. Microgreens
and roots, with attached substrate,
were removed from the tray and
placed onto a plastic plate. The num-
ber of damaged cotyledons, and the
total number of cotyledons were
counted and recorded separately for
each core sample. A cotyledon was
considered damaged if any part of the
leaf surface was degraded by H2O2

without discriminating the degree to

which damage had occurred. Leaf
counts (damaged or total number)
were pooled for the three sampled
locations, and the number of dam-
aged leaves was divided by total num-
ber of leaves to calculate a single
proportion for each replicate. Propor-
tions of damaged leaves were averaged
across the six replicates per H2O2 treat-
ment to generate the percentages dis-
played in Fig. 1. For the lettuce, after
21 d, three lettuce plugs were sam-
pled per tray and the number of
damaged and total number of leaves
were counted on a per-plug basis. This
followed the commercial production
practice where after 3 weeks (21 d),
plugs are transplanted to larger pots.
Leaf counts were pooled across the
three sampled plugs per replicate and
the number of damaged leaves divided
by the total number of leaves to gen-
erate a single proportion per replicate.
The proportions were then averaged
across the six replicates per treat-
ment level to produce the percentages
presented in Fig. 1. Only plugs in
which all three lettuce cultivars had
sprouted were sampled and leaves
from all three lettuce cultivars were
counted individually.

EVALUATION OF LEAVES USING

THE DI. For each replicate, regardless
of the given crop, 10 leaves were
randomly harvested between the
three microgreen cores or three let-
tuce plugs previously used to deter-
mine the percentage of damaged
leaves. Upon visual inspection of the
sampled leaves, H2O2 damage was
consistent across the affected crops
and fell into five distinct categories.
The damage categories are outlined
in Table 1. Each of the 10 sam-
pled leaves was assigned a value from
Table 1 to qualitatively assess damage
on the leaf surface. Values from the
10 sampled leaves were pooled
across the six replicates within each
treatment level and averaged per treat-
ment to generate the values pre-
sented in Fig. 2. Harvested leaves
were kept with their original cores or
plugs to be included within growth
measurements.

GROWTH PARAMETERS. Fresh
weights for microgreen species were
collected on a per replicate basis by
harvesting whole plants at a height
of 0.5 inch above the substrate sur-
face from the same three cores
sampled for the percentage of dam-
aged leaves. Growth measurements

began immediately after DI value
assessment to limit wilting. One
fresh weight was recorded per repli-
cate using all plants from the three
sampled cores. Leaf area was recorded
by selecting 10 random plants used
for fresh weight from each replicate
and removing the cotyledons at the
petiole. Twenty individual cotyledons
were passed through a leaf area meter
(LI-300; LI-COR, Lincoln, NE), and
a single value in square centimeters
was recorded per replicate. All cut
cotyledons, their petioles and stems,
were gathered with other fresh cut
plants of the same replicate before
being placed into labeled paper bags.
The bags were then left in a drying
oven at 80 �C for 3 d until a consistent
weight was reached, and one dry
weight per replicate was recorded.
Fresh weights, dry weights, and leaf
areas were averaged across the six
replicates to generate the values in
Table 2.

Previously sampled plugs for
the three lettuce cultivars, Othilie,
Rouxai, and Xandra, had all leaves
harvested at the soil line, and were
separated by cultivar for weighing.
All leaves of a single cultivar from
the sampled plugs were pooled to-
gether such that one fresh weight
value was recorded for each repli-
cate. The same leaves were then
passed through the leaf area meter,
and a single leaf area in square
centimeters was recorded per repli-
cate. Leaves were then placed into
paper bags and inserted into an 80
�C drying oven for 3 d until they
reached a consistent weight. A sin-
gle dry weight for each replicate was
recorded. These steps were repeated
for the remaining two lettuce culti-
vars, and data were averaged across
the six replicates to produce the
values under each treatment level
in Table 2.

STATISTICAL ANALYSIS. For the
percentage of damaged leaves per
tray, chi-square test of independence
was performed to detect whether
there were treatment effects between
treatment levels. If treatment effects
were significant (P £ 0.05), contrasts
were generated between treatments
using estimated marginal means to
evaluate differences as part of the
emmeans package in R (version
3.50). For DI values, a Kruskal-Wallis
test was performed to detect whether
there were treatment effects. When
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treatment effects were detected, a
multiple comparisons of means (P £
0.05) was conducted using a Fisher
least squares difference test as part of
the agricolae package in R. Growth
parameters were analyzed using anal-
ysis of variance (ANOVA) from the
agricolae package in R.

Results

VISIBLE DAMAGE. H2O2 phyto-
toxic symptoms manifested in similar
patterns, although the appearance
differed, for the two microgreen spe-
cies and three lettuce cultivars af-
fected by the applied treatments

(Table 1); ‘Black Oil’ sunflower was
unaffected by any H2O2 treatment.
Lettuce leaf damage manifested as
circular shaped areas regardless of
the assigned DI value. As H2O2 dam-
age increased, the three lettuce culti-
vars exhibited necrotic browning,
although this remained difficult to
distinguish against the background
leaf color. Affected areas on micro-
green cotyledons continuously dark-
ened against surrounding cotyledon
tissue color as DI values rose. Dam-
aged areas appeared ‘‘wet’’ on the
cotyledons and manifested in irregu-
lar shapes when compared with the
lettuce cultivars. The visibility of
H2O2 damage varied between the
six crops, with damaged areas on
‘Rouxai’ lettuce being most visible
against the dark red plant tissue.
Damaged areas on ‘Othilie’ leaves
were the least visible of any crop, with
H2O2 damage providing little con-
trast against light green leaf tissue.
Visibility of leaf damage in the
remaining crops decreased in the fol-
lowing order: radish, arugula, and
‘Xandra’ lettuce.

Fig. 1. Percentage of damaged leaves for two microgreen species (arugula, radish) and three lettuce cultivars (Othilie, Rouxai,
Xandra) after daily foliar spray with one of eight hydrogen peroxide concentrations (0, 25, 50, 75, 100, 125, 150, or 200
mg�LL1). Percentages were generated by dividing the pooled values for the total number of leaves by the number of damaged
leaves within three cores [3 inch2 (19.63 cm2)] or three lettuce plugs sampled from each replicate. Each core, or plug,
represented a subsample, and each bar represents the mean of six replicates (three subsamples per replicate) ± SE. Percentages
were generated by crop for (A) radish, (B) arugula, (C) ‘Othilie’, (D) ‘Rouxai’, and (E) ‘Xandra’. Bars bearing the same letter
within the same species or cultivar were not significantly different (P £ 0.05) by chi-square test of independence; 1 mg�LL1 =
1 ppm.

Table 1. Damage index (DI) used to assign qualitative values to each microgreen
species (radish, arugula, and ‘Black Oil’ sunflower) species and lettuce cultivars
(Othilie, Rouxai, Xandra). Values represent the types of damage that emerged on
cotyledons or leaves after daily foliar spray with one of eight concentrations [0,
25, 50, 75, 100, 125, 150, or 200 mg�LL1 (ppm)] of hydrogen peroxide.

DI value Appearance of leaf surface

0 No degradation of leaf cuticle at any location on leaf surface.
1 Formation of small spots or areas on, or just inside, the outer edges of the

leaf surface. Damaged spots appear as darkened areas against the leaf
background.

2 Progression in location and size of damaged spots or areas from outer leaf
edges onto inner leaf surfaces. Damaged spots or areas may begin
browning slightly.

3 Formation of a ‘‘band’’ of damaged spots or single larger area between the
outer edges of the leaf surface progressing toward base of leaf. Spots or
areas may be turning slightly brown or necrotic.

4 Damage has advanced down toward the petiole of the leaf beyond the estimated
central point of the leaf. Spots or damaged areas may be necrotic.
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PERCENTAGE OF DAMAGED

LEAVES. The percentage of damaged
leaves described the extent of visible
damage for microgreen species or
lettuce cultivars. The control (0
mg�L–1) caused no damage to any
crop, and maximum damage oc-
curred at 200 mg�L–1 for the affected
species. In all species and cultivars,
except for ‘Black Oil’ sunflower, all

H2O2 treatments showed a significant
increase in damage compared with
the control, although the percentage
varied extensively (Fig. 1). Radish was
least affected, with leaf damage reach-
ing a maximum of 8.1% (Fig. 1A).
‘Othilie’ and ‘Rouxai’ lettuce were
most affected by H2O2 treatment
and reached maximum damage values
of 57% (Fig. 1C) and 51% (Fig. 1D),

respectively. Maximum damage to
arugula of 41% (Fig. 1B) and ‘Xandra’
lettuce of 29% (Fig. 1E), fell between
that found for radish and ‘Rouxai’
lettuce. Percentage of leaf damage to
four of the six crops (radish, arugula,
‘Othilie’, and ‘Xandra’ lettuce) did
not differ significantly between 50
and 100 mg�L–1 of H2O2 treatment.
Damage to ‘Rouxai’ (Fig. 1D) was
found to increase significantly be-
tween 50 and 100 mg�L–1 of H2O2

treatment. Increasing concentration
from 100 to 150 mg�L–1 resulted in
an almost doubling of the percentage
of damaged leaves for the affected
crops (Fig. 1) other than radish.

DAMAGE INDEX. DI values man-
ifested in similar patterns at lower
concentrations of H2O2, and maxi-
mum DI values occurred at 200
mg�L–1 for all affected crops. Treat-
ment with 50 mg�L–1 of H2O2 caused
a significant increase inmeanDI value
compared with the control for radish
(Fig. 2A), arugula (Fig. 2B), ‘Othilie’
(Fig. 2C), and ‘Rouxai’ (Fig. 2D)
lettuce. Damage to ‘Xandra’ (Fig.
2E) lettuce was significantly greater

Fig. 2. Average damage index (DI) values for two microgreen species (radish, arugula) and three lettuce cultivars (Othilie,
Rouxai, Xandra) after daily foliar spray with one of eight concentrations of hydrogen peroxide (0, 25, 50, 75, 100, 125, 150,
or 200mg�LL1). DI values were generated by assigning sampled leaves to the categories in Table 1. DI values were generated by
crop for (A) radish, (B) arugula, (C) ‘Othilie’, (D) ‘Rouxai’, and (E) ‘Xandra’. For each replicate, 10 leaves were randomly
selected from threemicrogreen cores [3 inch2 (19.63 cm2)] or three lettuce plugs, and each leaf was assigned to a category based
on the observed damage. The assignedDI values were pooled across the six replicates so that each bar represents themean of six
replicates ± SE. Bars bearing the same letter within the same species or cultivar were not significantly different (P £ 0.05) by the
Kruskal-Wallis test; 1 mg�LL1 = 1 ppm.

Table 2. Fresh weight, dry weight, and leaf area for three microgreen species
(arugula, radish, and ‘Black Oil’ sunflower) and three lettuce cultivars (Othilie,
Rouxai, and Xandra) after daily foliar spray treatment with eight concentrations
of hydrogen peroxide [0, 25, 50, 75, 100, 125, 150, or 200 mg�LL1 (ppm)].

Crop

Fresh wt (g)z Dry wt (g) Leaf area (cm2)z

mean ± SE
y

Microgreen species
Radish 10.8 ± 0.240 0.82 ± 0.013 23 ± 0.5
Arugula 7.4 ± 0.089 0.41 ± 0.006 16 ± 0.3
‘Black Oil’ 20.2 ± 0.390 1.57 ± 0.033 33 ± 0.4

Lettuce cultivars
Othilie 0.74 ± 0.010 0.17 ± 0.003 23 ± 0.5
Rouxai 0.71 ± 0.010 0.20 ± 0.003 31 ± 0.4
Xandra 0.61 ± 0.007 0.15 ± 0.003 22 ± 0.3

z1 g = 0.0353 oz, 1 cm2 = 0.1550 inch2.
yData values aremeans of the 48 sampled data points pooled for individual crops after no treatment effects were detected
using analysis of variance in R (version 3.50; R Foundation for Statistical Computing, Vienna, Austria).
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than the control when treated with
100 mg�L–1 or greater of H2O2. Aru-
gula was the only tested crop to re-
cord a mean DI greater than 1.0 at
100 (DI 1.03), 150 (DI 1.5), and 200
(DI 1.9) mg�L–1 (Fig. 2B), although
mean values remained below DI 2.
DI 3 and 4 values were seldom
assigned to arugula cotyledons (data
not shown), and arugula DI values
were not significantly different when
H2O2 concentration increased from
75 to 125 mg�L–1. Similar to arugula,
‘Othilie’ and ‘Rouxai’ lettuce leaves
were assigned few DI 3 and DI 4
values (data not shown), reaching
maximum values of 0.88 (Fig. 2C)
and 0.94 (Fig. 2D), respectively.
Mean DI values for ‘Rouxai’ lettuce
were significantly different between
75 and 100 mg�L–1 (Fig. 2D) treat-
ments. In contrast, significant differ-
ences in DI values were found for
‘Othilie’ lettuce treated with 100
and 125 mg�L–1 (Fig. 2C) of H2O2.
Radish DI values did not differ sig-
nificantly as H2O2 concentration in-
creased from 100 to 200 mg�L–1,
reaching a maximum DI value of
0.53 (Fig. 2A). Radish, ‘Othilie’,
and ‘Rouxai’ lettuce surpassed the
‘Xandra’ lettuce maximum DI value
of 0.32 (Fig. 2E) at the 125 mg�L–1

treatment level. Similar to the per-
centage of damaged leaves, a change
in concentration from 100 to 150
mg�L–1 resulted mean DI values al-
most doubling (Fig. 2) for all affected
crops other than radish.

GROWTH. For any of the crops in
the trial, applications of H2O2 were
found to have no significant effect on
growth when fresh weights, dry
weights, and leaf areas were analyzed
using a completely randomized de-
sign ANOVA. Thus, growth data for
individual microgreen species and let-
tuce cultivars was pooled across all
treatments for each metric and pre-
sented in Table 2.

Discussion
Results from this study demon-

strate how daily foliar application of
irrigation water containing low con-
centrations of H2O2 induce a phyto-
toxic response for various crops.
Foliar damage was unique to each
affected crop (Fig. 1A–E), and ‘Black
Oil’ sunflower remained unaffected at
any of the tested H2O2 concentra-
tions. Phytotoxic symptoms of H2O2

were visible over the treatment range

of 25 to 200 mg�L–1 and manifested
in similar patterns between affected
crops (Table 1). However, leaf area
and fresh and dry weights did not
differ between H2O2 treatments for
individual microgreen species or let-
tuce cultivars.

Previous research reported growth
benefits when evaluating H2O2 foliar
spray applications at concentrations
similar to those in this experiment
(Aftab et al., 2011; Ahmad et al.,
2014). Within these studies, H2O2

was applied over an extended time
frame compared with the current
trial. We did not observe an increase
in any growth parameter under the
tested conditions, which suggested
that, at low concentrations, daily
foliar spray with H2O2 will not hin-
der crop growth, despite the appear-
ance of leaf damage. However, the
short microgreen growth cycle lim-
ited interpretation regarding how
daily H2O2 foliar spray affects plant
growth over longer time frames. We
suspect that daily applications over-
whelm the antioxidant enzymes that
maintain a tight concentration range
of H2O2 used for cellular signalling
processes beneficial to plant growth
(Neill et al., 2002; Petrov and Van
Breusegem, 2012). Our findings in-
dicate growth parameters should not
be relied on to develop an H2O2 use
threshold at the applied concentra-
tions. Instead, the severity of foliar
phytotoxicity provided an improved
estimate of the threshold for daily
applications of H2O2.

Symptoms of H2O2 phytotoxic-
ity, displayed in Table 1, progressed
from the outer edges to the center of
the leaf surface. Using this knowl-
edge, we consulted a professional
greenhouse grower (Hamilton, ON,
Canada) to identify when damaged
leaves were no longer marketable to
consumers. Previous consumer test-
ing, which determined preference for
microgreen and lettuce consumption,
increased with leaf quality and other
desirable sensory attributes, further
contributed to this decision (Ares
et al., 2008; Xiao et al., 2015). The
DI and percentage of damaged leaves
were found to accurately characterize
H2O2 phytotoxicity based on these
recommendations. DI 3 and 4 values
were identified as being undesirable
to consumers within our study, al-
though these were well defined only
for radish and ‘Rouxai’ crops. DI 4

values were easily identified for aru-
gula, ‘Othilie’, and ‘Xandra’ crops,
whereas DI 3 damage may be mis-
identified as DI 2 damage without
careful inspection. DI 1 or 2 leaf
damage retained a similar color in-
tensity to the leaf background leaf
damage for arugula, ‘Othilie’, and
‘Xandra’ crops but were distinctive
for radish and ‘Rouxai’. The variabil-
ity in DI values suggests an opportu-
nity exists to misidentify DI 1 or 2
compared with DI 3 or 4 values when
investigating H2O2 damage among
multiple crops. Further, computer
software, normally used to quantify
foliar damage (Graham et al., 2009;
James, 1971), could not be applied as
H2O2 damage was not distinctive
enough to be recognized by soft-
ware for any of the affected crops.
Quantifying the percentage of dam-
aged leaves per tray, along with the
DI of individual leaves, provides a
more accurate measure of H2O2 leaf
damage.

The small leaf size of micro-
greens and lettuce seedlings dictates
a time-consuming process to inspect
individual leaves for H2O2 damage.
Because the majority of affected crops
recorded a mean DI >1.0, widespread
foliar phytotoxicity from H2O2 spray
better characterized excessive H2O2

concentrations. Large quantities of
leaves, assigned DI ‡1, were readily
observable with the naked eye, pro-
viding growers a method to rapidly
diagnose foliar H2O2 damage. As
H2O2 concentration rose, leaves la-
beled DI 1 or 2 increasingly grouped
together on the tray surface to pro-
vide an additional visual indicator
of foliar phytotoxicity. Low damage
rates, as was found in radish, may
limit the applicability of this tactic
because damaged leaves appeared
sporadically throughout sampled
cores. Despite this, leaf damage in
all affected crops increased with con-
centration from 25 to 200 mg�L–1,
similar to the DI.

Variability in leaf damage be-
tween the tested species made devel-
oping a single threshold for H2O2 use
difficult. The phytotoxic response to
H2O2 foliar spray was focused on the
outer leaf edges as mean DI values
were relatively consistent, and the
maximum percentage of damaged
leaves varied from <10% for radish
(Fig. 1A) to >50% for both ‘Othilie’
(Fig. 1C) and ‘Rouxai’ (Fig. 1D). On
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this basis, the commercial value of
affected microgreen species or lettuce
cultivars was not diminished by treat-
ment with 50 mg�L–1 for any of the
crops. However, because both the per-
centage of damaged leaves and DI
values doubled when the H2O2 con-
centration increased from 100 to 150
mg�L–1, a conservative estimate for
H2O2 use may be required to limit
potential crop losses when using this
product. Crops with thicker leaves ap-
pear to be less affected by foliar spray, as
suggested by the observed response of
‘Black Oil’ sunflower. The degree to
which H2O2 penetrates the leaf cuticle
remains unknown and may shed light
on why ‘Black Oil’ sunflower was un-
affected by H2O2 foliar spray.

Conclusions
Each crop in this study exhibited

a distinctive response to foliar applica-
tions of H2O2 and thus required
a unique threshold. For the described
methodology, we recommend maxi-
mum H2O2 concentrations as follows:
radish at 150 mg�L–1, arugula at 100
mg�L–1, ‘Othilie’ lettuce at 125mg�L–1,
‘Rouxai’ lettuce at 75 mg�L–1, and
‘Xandra’ lettuce at 125mg�L–1. Beyond
these treatment concentrations, we
found leaf damage advanced rapidly
while becoming more easily visible to
growers, and potentially consumers.
Further, these concentrations will not
cause a decrease in the physical growth
of microgreen species or lettuce culti-
vars, a key aspect of marketing these
high-value crops. Future studies should
focus on continued phytotoxicity trials
using the guidelines we have provided
because it is evident that each crop type
will exhibit a unique response to daily
applications of H2O2.
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