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We investigated the effect of ultraviolet-B (UV-B) irradiation on the development of black spot disease caused
by Diplocarpon rosae Wolf., which is a major problematic disease in rose (Rosa × hybrida) production. The
growth of D. rosae colonies was suppressed on potato dextrose agar (PDA) medium under UV-B irradiation
(peak wavelength: 310 nm; full width at half maximum: 30 nm) at an intensity of 15 μW·cm−2 with 1 h daily
treatment. In addition, black spot conidia were inoculated to the rose ‘Danjiri Bayashi’ leaves and the effective
growth suppression of black spot symptoms was observed on the leaves under UV-B irradiation. Next, various
rose cultivars were planted in two greenhouses: one for supplemental UV-B irradiation treatment and one as
a control without the treatment. In the UV-B irradiation greenhouse, the roses were irradiated at an intensity
of 3–5 μW·cm−2 every day from 23:00–23:30 and 0:00–0:30 (total: 1 h). No chemical pesticides other than
a starch agent for aphid control were used throughout the experiment. With the exception of the data for
‘Papa Meilland’ in 2019, UV-B irradiation significantly reduced the number of leaves infected with black spot
disease. In September 2019, the non-UV-B irradiated ‘Danjiri Bayashi’ and ‘Papa Meilland’ had severe black
spot symptoms on over 20 leaves. The number of plants with black spot symptoms increased in July 2020
compared to 2019. On the other hand, in UV-B irradiated plants, fewer black spot symptoms were observed
than in non-UV-B irradiated plants. Although some visible damage was observed in the UV-B irradiated
plants, the chlorophyll and carotenoid contents in the leaves decreased, indicating that UV-B irradiation had a
certain negative effect on the photosynthetic apparatus. Over a five-month period, the cumulative number of
flowers in the UV-B irradiation greenhouse did not decrease, and actually increased, depending on the cultivar,
compared to the control treatments. Our results suggest that supplemental UV-B irradiation is effective at
suppressing black spot disease in roses and can contribute to the production of pesticide-free edible rose
production.
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Introduction
Rose (Rosa × hybrida) is one of the most popular

ornamental crops in the world and is used not only as
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cut flowers, but also in aroma oils, cosmetics, processed
foods, flavor extracts, and medicinal remedies (Cutler,
2003). Roses are also planted in parks, rose gardens,
and other places where citizens can relax. The edible
flowers market is expanding with a compound annual
growth rate (CAGR) of 5.2% and will reach a value of
USD 512 million by 2030 (https://www.marketresearch
future.com/reports/edible-flowers-market-6634). For
edible flowers and roses planted in parks that are relat‐
ed to human health, it is desirable to use pesticide-free
cultivation methods as far as possible. As is well
known, because numerous pests and diseases occur in
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rose cultivation, rose production relies on various
chemical pesticides. Black spot disease is one of the
most serious diseases in roses and is caused by the fila‐
mentous fungus Diplocarpon rosae (Marssonina rosae
anamorph) (Nauta and Spooner, 2000). Black spot dis‐
ease on rose leaves weakens plants through yellowing
in young leaves and continuous defoliation (Black
et al., 1994).

Integrated pest management (IPM), proposed by
Stern et al. (1959) and promoted worldwide, is a combi‐
nation of techniques that reduces the need for the appli‐
cation of chemical pesticides and makes cultivation safe
for producers, consumers, and the environment. With
the production of pest-resistant plant varieties and the
development of pest management techniques such as
pheromone agents and optical application technology,
agriculture that does not burden either people or the
environment is approaching realization. A lot of
research is still required to realize effective IPM in
warm and humid areas with abundant biotas, such as
Japan.

The effects of ultraviolet (UV) on microorganisms
studied in the laboratory and individual leaf levels have
been reported (Hockberger, 2002). UV can be divided
into UV-A (315–400 nm), UV-B (280–315 nm), and
UV-C (200–280 nm), depending on the wavelength. As
the short-wavelength UV is absorbed by the ozone
layer, ground-level solar UV comprises UV-A and a
small amount of UV-B. UV at shorter wavelengths has
a stronger negative effect on living organisms (Slieman
and Nicholson, 2000). UV-B irradiation could suppress
powdery mildew caused by Podosphaera pannosa in
roses (Kanto et al., 2009, 2011) and strawberries
(Fragaria × ananassa) (Matsuura et al., 2012), and
white rust in chrysanthemum (Kooriyama et al., 2014).
Other than fungi, Tanaka et al. (2016) found that they
could use UV-B irradiation to control spider mites in
strawberries. Control of spider mites by UV irradiation
is a direct biological effect of UV-B irradiation
(Ohtsuka and Osakabe, 2009; Sakai and Osakabe,
2010). Probit analysis showed that spider mite mortality
has been reported to increase linearly with increasing
cumulative UV-B irradiation (Murata and Osakabe,
2013). Murata and Osakabe (2014, 2017a, b) and
Yoshioka et al. (2018) found an effective time of day to
irradiate UV-B to avoid any photoreactivation that
could allow spider mites to recover from UV-B damage.
In this way, UV-B irradiation is a technique that is
attracting attention in IPM because it has the potential
to suppress multiple parasites at the same time.

If it is possible to eradicate black spot disease, it will
be possible to control the main fungal diseases in rose
production, and the amount of pesticide application
could be greatly reduced. Therefore, we evaluated the
effect of UV-B on black spot disease inoculation in lab‐
oratory tests and investigated the effect of UV-B on the
occurrence of black spot disease over two years in a

greenhouse simulating edible rose production.

Materials and Methods
Direct effect of UV-B on D. rosae colony growth

A leaf with black spot symptoms that occurred in a
greenhouse at the Faculty of Agriculture, Kindai
University was collected and briefly sterilized with a
sodium hypochlorite solution (0.5% active chlorine),
and the black spots on the leaves were pierced with an
injection needle. Then, the tip of the needle was applied
to a potato dextrose agar (PDA) medium (Nissui,
Tokyo, Japan), and the PDA medium was cultured at
25°C. DNA was extracted from a developed colony and
amplified by PCR using primers (Diplocarpon_rosae-F:
CGCCTTGTCTCAAACACCCTCT, Diplocarpon_rosae-
R: TCCACTGGCGATGACTCTTGTC) designed accord‐
ing to sequence information (MVNX01000453.1) of
D. rosae (DortE4 strain). The amplified product was
sequenced and the sequence of 589 bp completely coin‐
cided with the target sequence of MVNX01000453.1
was confirmed. Therefore, this colony was attributed to
D. rosae and used for the experiment. These fungi were
subcultured to fresh PDA media by syringe needle
every three weeks and kept at 25°C. Petri dishes in
which the colony size grew to 2–3 mm in diameter were
irradiated with UV-B every day for three weeks. As a
control, Petri dishes containing similarly grown
colonies were covered with a UV cut film (Toshimasen;
Achilles, Tokyo, Japan) and placed under a UV-B irra‐
diation lamp (YGRKX21799; Panasonic Co., Osaka,
Japan) at 15 μW·cm−2. UV-B irradiation was conducted
at 23:00–23:30 and 0:00–0:30. The peak wavelength of
the UV-B lamp was 310 nm, and the full width at half
maximum (FWHM) was 30 nm. UV-B intensity was
measured using a UV-B meter (HD2302.0; Delta OHM,
Padova, Italy) connected to a UV-B probe (LP471UVB;
Delta OHM). Daylength of 12 h (8:00–20:00) was pro‐
vided by fluorescent lamps (FHF32EX-N-H; Panasonic
Co.), illuminating at three wavelengths with peaks
around 437, 545, and 610 nm and at an intensity of
190 μmol·m−2·s−1. The room temperature was set at
25°C. After three weeks, the colony size was measured
and the growth ratio calculated by dividing it by the
colony size at the start of the culture.

Investigation of black spot disease occurrence on inoc‐
ulated leaves

Conidia collected with distilled water from the cul‐
ture dishes after three weeks of culture were used in the
experiment. The conidia were collected by centrifu‐
gation at 5000 rpm for 10 min, sedimented conidia
were resuspended in distilled water and adjusted to 3–6
conidia·10 μL−1 using a hemocytometer. Fully devel‐
oped leaves (each leaf composed of three leaflets) at the
position of 3–5th from the youngest leaf of ‘Danjiri
Bayashi’ grown under fluorescent light (FHF32EX-N-
H; Panasonic Co.) were collected, washed briefly with
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tap water, and put into plastic containers (28 × 19 × 
14.5 cm) laid with a well-moistened paper towel. A
drop of 10 μL of conidial suspension was put on each
leaflet (3 drops were put on each leaf) via a small
wound made by a needle. The containers were kept
under a UV-B lamp (YGRKX21799; Panasonic Co.) at
15 μW·cm−2 intensity irradiated at 23:00–23:30 and
0:00–0:30. For the non-UV-B irradiation control, the
containers were covered with an ultraviolet cut film and
placed under a UV-B lamp.

Evaluation of rose pest development
The experiment was conducted in two adjacent

greenhouses (6 × 21 m) at Kindai University (Nara,
Japan). Plants were cultivated based on edible rose pro‐
duction. Only flowers were harvested, and the height of
the plant was maintained below 1 m while cutting
growing branches. Plants were maintained with 3–5
branches throughout the experiment. Fallen leaves due
to black spot disease were left in the greenhouses.
Forty-five benches (1055 × 992 × 750 mm) filled with
600 L of polyester medium (Neo Agriearth Co., Ltd.,
Nara, Japan) were placed in each greenhouse and four
rose plants were planted on each bench in May 2019.
As shown in Table S1, various cultivars in each green‐
house were grown. The greenhouses were covered with
shading material (shading rate of 30%) in the summer
(July–September), and the plants were dormant without
leaves in the winter. In both greenhouses, to prevent
excessive temperature rises, an insect repellent net
(0.4 mm) was put on the side of each greenhouse, and
fan ventilation was conducted. A liquid nutrient
(HYPONeX Japan, Osaka, Japan) was diluted to
1/1850, and 2 L of the solution was applied to each
plant once daily. In addition, 20 g of slow-release fertil‐
izer (Ecolong 413 100-day type; JCAM Agri Co., Ltd.,
Tokyo, Japan) was applied to each plant once every 2.5
months. UV-B irradiated was applied in one greenhouse
and not in the other. In the UV-B irradiation green‐
house, UV-B lamps (YGRKX21799; Panasonic Co.)
were hung over the plants. The UV-B irradiation inten‐
sity was 3–5 μW·cm−2 just above the plants, and they
were irradiated for 1 h each day, from 23:00–23:30
and 0:00–0:30. In both greenhouses, we sprayed a spec‐
ified concentration of a starch agent (Nenchaku-Kun;
Sumitomo Chemical, Tokyo, Japan) regularly to control
aphids. The starch agent, diluted to 1/100 concentration,
was sprayed over entire plants once every two to three
weeks. Spraying was done throughout the year except
early August to mid-September when aphids were not
present due to high temperatures. No chemical pesti‐
cides other than starch were used throughout the experi‐
ments. Data were collected on September 20, 2019, and
July 15, 2020, targeting all rose cultivars. The number
of leaves with symptoms of black spot disease was
counted for each plant. For the χ-square test, plants
were divided into two groups; the number of plants

with 0–9 leaves infected and the number with ≥ 10
leaves infected. In addition, to investigate the occur‐
rence of powdery mildew under the UV-B irradiation
conditions, a similar survey was also conducted for
powdery mildew in October 2020.

Investigation of total antioxidant activity and electro‐
lyte leakage of rose organs

To assess the effect of UV-B on damage or without
apparent damage, an electrolyte leakage assay was car‐
ried out following Sukumaran and Weiser (1972), with
some modifications. This value is greater if the organ is
damaged by UV-B. For the experiment, five plants were
randomly chosen for each treatment. A flower and leaf
of the same age, exposition, and height from the ground
were sampled from each plant. Four leaf discs were col‐
lected from each leaf (excluding the central rib) using a
cork borer (0.2 cm2) on paper towels. Immediately after
cutting out the leaf disks, leaf disks from single plants
were floated on 3 mL of ultrapure water in a test tube
with the adaxial surface facing downward. Tubes with
the lids on were left to sit for 30 min at 20°C. The water
in the tube was replaced with 3 mL of fresh ultrapure
water. The tubes were incubated at 20°C for 24 h in the
dark without shaking. The conductivity of the solution
was measured in each tube using an electrolytic con‐
ductivity meter (LAQUATWINEC33B; Horiba, Kyoto,
Japan). Then, the tubes were capped to minimize evap‐
oration, frozen at −80°C, and thawed at 20°C. After
this, the conductivity of the solution was measured
again. The percentage of electrolyte leakage as the ratio
of the conductivity before freezing to that after freezing
was calculated. The conductivity after freezing was
assumed to represent complete (100%) electrolyte leak‐
age.

Antioxidant analysis was carried out using a ferric
reducing antioxidant power (FRAP) assay (Benzie and
Strain, 1996), with some modifications. Leaf discs were
collected in the same manner as described for the elec‐
trolyte leakage assay experiment. The discs were placed
in 4 mL of extracting solution consisting of 98:2,
methanol:37% HCl (37%) (v/v), following Sofo et al.
(2012). The solution was let sit for 1 h at 20°C in the
dark, before shaking at 100 rpm. FRAP reaction mix
was prepared following Sofo et al. (2012). For all the
leaf and petal samples, positive controls, and standards,
the absorbance at 594 nm was measured after 60 min of
incubation at 37°C. The results were expressed on a
fresh weight (mg) basis.

Chlorophyll and carotenoid contents
Chlorophyll (Chl) and carotenoid (Car) contents (rep‐

resented as [Chl] and [Car], respectively) of rose leaves
were evaluated following the method of Lichtenthaler
(1987), with slight modification. Leaf discs were col‐
lected in the same manner as described for the elec‐
trolyte leakage assay experiment. The disc area and
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total weight were recorded. We dipped leaf discs in
5 mL of dimethylformamide and incubated them at
20°C for 24 h in the dark without shaking.

Chl a/b was calculated using the following equations:

[Chl a] = (12.00 × ABS664 − 3.11 × ABS647)
[Chl b] = (20.78 × ABS647 − 4.88 × ABS664)
[Chl a + b] = (17.67 × ABS647 + 7.12 × ABS664)

Total carotenoids (Car) were calculated using the fol‐
lowing equation:

[Car] = (1000 × ABS470 − 1.82 × [Chl a] 
   − 85.02 × [Chl b])/198

The levels of both [Chl] and [Car] were expressed as μg
on a fresh weight (mg) basis.

Cumulative numbers of flowers harvested
‘Danjiri Bayashi’ (non-UV-B irradiation: n = 30, UV-

B irradiation: n = 42), ‘Nighttime’ (non-UV-B irradia‐
tion: n = 53, UV-B irradiation: n = 8), and ‘Crimson
Glory’ (non-UV-B irradiation: n = 61, UV-B irradiation:
n = 10) were used for data collection. From April 14,
2020, to September 21, 2020 (temperature data is
shown in Fig. S1), flowers from the stalks were harvest‐
ed approximately once weekly, and the number of har‐
vested flowers was counted. After flower harvest,
branches were left uncut back, and after lateral shoots
developed, branch length was adjusted accordingly. The
number of harvested flowers was counted per plant on
each harvest day and divided by the number of plants of
each cultivar. The time-course cumulative number and
mean number of flowers per plant were compared
between treatments.

Statistical analysis
For all statistical analyses between the two treat‐

ments (non-UV-B irradiation vs UV-B irradiation),
Welch’s t-test, Student’s t-test, and the χ-square test
were performed using R v.4.1.0. (R Core Team, 2021).

Results
A direct effect of UV-B on colony growth of D. rosae

The colony size (diameter) before treatment was
4.2 ± 0.9 mm (mean ± standard deviation). The sizes
of D. rosae colonies cultured on PDA medium under
temporal UV-B irradiation were smaller than those in
the non-UV-B irradiation after three weeks of culture
(Fig. 1A). In the leaf infection test, symptomatic lesions
were observed in 30 out of 35 and 35 out of 36 in‐
oculated portions in non-UV-B irradiation and UV-B
irradiation leaves, respectively. Three weeks after
inoculation, the lesion sizes (diameter) on the UV-
irradiation leaves were smaller than those of the non-
UV-B irradiation leaves (Fig. 1B).

Effect of UV-B irradiation on black spot disease
In 2019 and 2020, we observed black spot symptoms

in the non-UV-B irradiation greenhouse. The heat map
Figures for 2019 and 2020 (Fig. 2A, B) showing the
severity of black spot disease in each plant revealed a
clear difference between the two greenhouses. In addi‐
tion, severely infected plants were found irrespective of
their location in the greenhouses (Fig. 2A, B). In 2020,
the incidence of black spots in both greenhouses was
higher than that in 2019 (Fig. 2A–F). UV-B irradiation
treatment significantly suppressed the development of
rose black spot disease in both cultivars, ‘Danjiri
Bayashi’ and ‘Papa Meilland’ (Fig. 2C–F). Significant
differences were detected in all comparisons except
‘Papa Meilland’ in 2019 (Fig. 2E, F).

Effect of UV-B irradiation on powdery mildew
We evaluated the severity of powdery mildew on

October 2020 at which time the powdery mildew
occurred severely in the UV-B irradiation greenhouse.
The heat map Figures (Fig. S2) show that the outbreak
of powdery mildew was suppressed completely in all
cultivars in the UV-B irradiation greenhouse. Powdery
mildew could be suppressed irrespective of the cultivar

(A) (B)

Fig. 1. Effect of UV-B irradiation on black spot colonies and symp‐
toms. (A) Differences in colony size on PDA medium between
non-UV-B irradiation and UV-B irradiation. Data are expressed
as means ± standard deviation of eight colonies. Data are repre‐
sented as the colony size ratio; colony diameter at three weeks
after treatments/colony diameter at the start of treatment. (B)
Differences in the diameter of lesions on leaves with non-UV-B
irradiation and UV-B irradiation after inoculation of leaves with
the D. rosae conidia. As shown in parentheses in the Figure, 30
of 35 and 35 of 36 inoculated portions had disease spots on the
non-UV-B irradiation and UV-B irradiation leaves, respectively.
Data are expressed as means ± standard deviation. In both
experiments, leaves were collected three weeks after the start of
UV-B irradiation treatment. ** means a significant difference at
P = 0.01 in Welch’s t-test.
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(Fig. S2). Severely infected plants were found irrespec‐
tive of their location in the greenhouse (Fig. S2).

Organ damage due to UV-B irradiation
Branches growing close to the UV-B lamp rarely

exhibited damage, such as leaf curling, but the UV-B
irradiation did not induce any other outstanding damage
as reported by Kobayashi et al. (2013). In both culti‐
vars, ‘Danjiri Bayashi’ and ‘Nighttime’, no significant
differences were detected in electrolyte leakage from
leaves between the samples from the non-UV-B and the
UV-B irradiation greenhouses (Fig. 3A). On the other
hand, in ‘Crimson Glory’, there was a significant
increase in electrolyte leakage from leaves with UV-B
irradiation (P < 0.05) (Fig. 3A). A leaf and petal FRAP
assay revealed no difference in the leaves between the
non-UV-B and UV-B irradiation greenhouses in the
three cultivars (Fig. 3B, C).

UV-B irradiation reduced the chlorophyll a and b
contents in the leaves of ‘Danjiri Bayashi’, ‘Nighttime’,
and ‘Crimson Glory’ (Fig. 3D). This decrease was
particularly significant in ‘Danjiri Bayashi’ (P < 0.05).
UV-B irradiation also reduced the carotenoid content
in all three cultivars and was statistically significant
(P < 0.05) in ‘Danjiri Bayashi’ (Fig. 3E). Visible dam‐
age caused by UV-B irradiation was not observed in
flowers, and no visible difference in flower size was
observed. From April 14th to September 21, 2020, there

was a slight reduction in the cumulative number of
flowers of ‘Danjiri Bayashi’ per plant under UV-B irra‐
diation (Fig. 4B, E). The cumulative flower numbers
were almost the same between the non-UV-B and UV-B
irradiation treatments for ‘Nighttime’ (Fig. 4C, F),
whereas that of ‘Crimson Glory’ increased with UV-B
irradiation compared to non-UV-B irradiation (Fig. 4A,
D).

Discussion
Suppression of black spot disease by UV-B irradiation

UV-B irradiation has been reported to be highly
effective against pathogens such as powdery mildew
(Kanto et al., 2009, 2011; Kobayashi et al., 2013;
Suthaparan et al., 2012; Willocquet et al., 1996) and
spider mites (Murata and Osakabe, 2013; Ohtsuka and
Osakabe, 2009; Sakai and Osakabe, 2010; Sakai et al.,
2012). We have discovered that UV-B irradiation is also
highly effective at suppressing black spot disease in
roses. Black spot disease is the most serious problem
not only in roses (Black et al., 1994; Dobbs, 1984), but
also in apples (MacHardy, 1996), pears (Bauske and
Buchholz, 1967), and other fruit crops, which are dif‐
ferent genus from Diplocarpon.

Although the growth of D. rosae colonies on the
PDA medium was affected by UV-B irradiation
(Fig. 1A), UV-B irradiation only slowed the growth of
colony size and did not stop colony growth (Fig. 1A).

(A)

(B)

(C)

)
(D)

D
)

(E) (F)

**

****
20
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7
6
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3
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2
1
0

Fig. 2. Occurrence of black spot symptoms in non-UV-B irradiation and UV-B irradiation greenhouses. (A, B) Heat map indicating the distribu‐
tion of rose plants at each disease level in each greenhouse. In both figures (A) and (B), the upper heatmap shows the non-UV-B irradiation
greenhouse and the lower heatmap shows UV-B irradiation greenhouse. (A) Data for September 2019. (B) Data for July 2020. The biplanes
were counted collectively as one leaf. Cultivation benches (1–15) planted with four plants were arranged in three rows of A–C (45 benches
in total were arranged). Plants are numbered clockwise order from the upper left as 1, 2, 3, and 4. For example, plants planted on growth
bench A-1 are A-1-1, A-1-2, A-1-3, and A-1-4 from the upper left. The number in the Figure with each color intensity is the number of
leaves with black spot symptoms. Each cultivar’s name is shown in Table S1. (C, D) Histograms of the number of leaves with black spot
symptoms of ‘Danjiri Bayashi’ (non-UV-B irradiation: n = 30, UV-B irradiation: n = 43) and ‘Papa Meilland’ (non-UV-B irradiation: n = 20,
UV-B irradiation: n = 29) in (C) 2019 and (D) 2020. (E, F) Occurrence of infected leaves in both ‘Danjiri Bayashi’ and ‘Papa Meilland’
treatments in 2019 (E) and 2020 (F). The upper panel is ‘Danjiri Bayashi’ and the lower is ‘Papa Meilland’. For statistical analysis, plants
were divided into two groups—the number of plants with 0–9 leaves infected and the number with ≥ 10 leaves infected—and the χ-square
test was performed. The symbol indicates statistical difference (**: P < 0.01).
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Kobayashi et al. (2013) used a UV-B intensity of 6.5–
14.0 μW·cm−2 and reported slight damage on some rose
branches. In addition, Suthaparan et al. (2012) also

irradiated roses with UV-B for 1 or 2 h with 10–
20 μW·cm−2 to suppress powdery mildew, but damage
such as smaller leaves and dwarf plants were observed.

(A)

(B)

(C)

(D)

(E)

Fig. 3. Differences in physiological traits and plant damage between the non-UV-B irradiation and UV-B irradiation greenhouses. (A) Ion
leakage, (B, C) FRAP assay (B: leaves, C: petals). (D) Chlorophyll contents (upper: chlorophyll a; middle: chlorophyll b; lower: chlorophyll
a + chlorophyll b. (E) Carotenoid content in leaves of rose plants grown in the non-UV-B irradiation greenhouse or in UV-B irradiation
greenhouse. For each cultivar, five plants from the non-UV-B irradiation and UV-B irradiation greenhouses were used. Bars represent
standard deviations, while * represents significant differences according to Welch’s t-test (P < 0.05). n.s. means no significant difference.

**
(A)

(B)

(C)

(D)

(E)

(F)

Treatment

Treatment

Treatment

Fig. 4. A cumulative number of flowers per plant of each cultivar in the non-UV-B irradiation greenhouse and UV-B irradiation greenhouses.
(A) ‘Crimson Glory’ (non-UV-B irradiation: n = 61; UV-B irradiation: n = 10). (B) ‘Danjiri Bayashi’ (non-UV-B irradiation: n = 30; UV-B
irradiation: n = 42). (C) ‘Nighttime’ (non-UV-B irradiation: n = 53; UV-B irradiation: n = 8). Data were collected from April 14, 2020, to
September 21, 2020 (157 days). (D–F) Yields of three cultivars. Bars represent standard deviations, while ** represents significant differ‐
ences according to the Student’s t-test (P < 0.01). (D) ‘Crimson Glory’ (E) ‘Danjiri Bayashi’ (F) ‘Nighttime’.
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In our colony growing experiment, the UV-B irradiation
intensity was set at 15 μW·cm−2 with a duration time of
1 h because we considered a higher intensity and dura‐
tion than these conditions could not realistically be used
for rose production. We speculate that UV-B irradiation
does not kill the fungus, but has an effect on the growth
of D. rosae. Similar results were obtained when leaves
were inoculated with the conidia, with the effect of UV-
B appearing as a difference in the size of the lesions,
although the UV-B irradiation did not eliminate the
occurrence of the lesions (Fig. 1B).

On the other hand, clearer differences were observed
in the field experiments between the non-UV-B irradia‐
tion and UV-B irradiation greenhouses (Fig. 2A–F).
The irradiation intensity was 5 μW·cm−2, which was
lower than in the in vitro infection experiment,
15 μW·cm−2. UV-B irradiation had a positive effect on
suppressing black spots. There are two possible reasons
for the dramatic effect of the greenhouse experiment.
One is the difference in infection methods. In the in
vitro inoculation experiment, the leaves were wounded
and the conidia were directly inoculated inside the
leaves. This is because, from preliminary experiments,
no lesions were observed when conidia were placed on
either the adaxial or abaxial side the leaf. On the other
hand, under the usual cultivation conditions in the
greenhouses, a slight wound occurs in the leaves before
infection, and conidia carried by the wind adhere to the
leaves and germinate under suitable conditions. From
germination to the formation of conidia can be divided
into two phases (Gachomo et al., 2006); the early phase
and the late phase. In the early phase, conidia germinate
and develop appressoria, subcuticular vesicles, sub‐
cuticular hyphae, and haustoria. It seems that UV-B
irradiation is effective by directly affecting the conidia
in the early phase. The other possibility is resistance
induced in plants by long-term UV-B irradiation. UV-B
irradiation has been shown to induce expression of the
phenylpropanoid biosynthetic enzyme phenylalanine
ammonia-lyase (PAL) and chalcone synthase (CHS)
genes (Vogt, 2010), and phenylpropanoid metabolites
may contribute to the suppression of powdery mildew
(Kanto et al., 2011, Ota et al., 2021). Even in our exper‐
iments, it is highly possible that UV-B irradiation was
involved in metabolism related to infection resistance,
including the phenylpropanoid system. As a prelimi‐
nary test, we inoculated black spot conidia to the leaves
collected from the UV-B irradiation greenhouse and
confirmed that infection of D. rosae was possible. Thus,
it is considered that the resistance induced in the plant
body alone cannot explain the dramatic effect in the
field experiment. In addition to these possibilities, the
possibility of a physical barrier due to the synthesis of
cuticles by UV-B should be considered.

Suppression of powdery mildew by UV-B irradiation
Powdery mildew, which is one of the most economi‐

cally serious plant diseases, appears as white powder on
the leaves and stems of roses. In our experiment, we
observed powdery mildew outbreaks in some plants in
the non-UV-B irradiation greenhouse in 2020 (Fig. S2).
On the other hand, we observed almost no powdery
mildew symptoms in the UV-B irradiation plants. This
positive effect of UV-B is consistent with that of
Suthaparan et al. (2012) and Kobayashi et al. (2013). In
addition, although it was thought that insufficient inten‐
sity of UV-B could reach the inside of the plant canopy
due to shadows of the leaves and branches, powdery
mildew could be completely suppressed in all plants.
Compared with black spot disease, powdery mildew
was easier to suppress under UV irradiation conditions.
Of course, it is necessary to consider the characteristics
of the pathogen itself, but as pointed out by Kobayashi
et al. (2013), induced resistance by UV-B irradiation
may be one of the causes of complete suppression.

Positive and negative effects of UV-B on plant physiol‐
ogy

In Tanaka et al. (2016), the UV-B irradiation intensity
was 3.1 μW·cm−2 for strawberries, whereas in
Kobayashi et al. (2013) it was 6.5–14.0 μW·cm−2 roses.
Suthaparan et al. (2012) reported that UV-B irradiation
of either 10–20 μW·cm−2 for 1–2 h effectively sup‐
pressed powdery mildew in roses, with some injuries.
According to Kobayashi et al. (2013), 6.5–
14.0 μW·cm−2 daytime irradiation for 4 or 6 h induced
injuries in young leaves, whereas the same intensity for
2 h at night did not induce injuries. The irradiation
intensity we applied in this study was lower than or
equivalent to these reports, and our irradiation time was
1 h. There are reports that UV-B treatment increases
(Smith et al., 2000; Suthaparan et al., 2012) and
decreases (Balakrishnan et al., 2005; Zhao et al., 2003)
chlorophyll content in leaves. In order to evaluate the
appropriateness of UV-B intensity and duration time, it
is necessary to collect data on physiological indicators,
as well as visually observable disorders, of roses. The
amount of electrolyte leakage indicated that there was
little significant damage (Fig. 3A). In addition, the
FRAP assay did not detect any leaf or petal damage
(Fig. 3B, C). UV-B irradiation reduced the amount of
chlorophyll and carotenoid in the leaves of ‘Danjiri
Bayashi’, ‘Nighttime’, and ‘Crimson Glory’, and a
marked decrease was observed in ‘Danjiri Bayashi’
(Fig. 3D, E). From these results, we suspected that UV-
B irradiation damaged the photosynthetic apparatus to a
certain extent, even under our irradiation conditions.
Suthaparan et al. (2012) reported that UV-B increased
chlorophyll content in leaves, which differs from our
results. This may be because of the obvious damage to
their plants, such as smaller leaves, and due to the dif‐
ference in analytical methods. In a yield survey using
the number of flowers as an indicator of UV-B damage
to the plants, no decrease in yield due to UV-B irradia‐
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tion was observed in any of the cultivars (Fig. 4A–F).
The number of harvested flowers increased in ‘Crimson
Glory’ (Fig. 4A, D). Several studies have reported that
UV irradiation increases yield (Darras et al., 2012; Xu
et al., 2017), although the mechanisms are unknown.

UV-B lamps for IPM
This study revealed that black spot disease, which

causes serious damage to roses, can be suppressed by
UV-B irradiation, in addition to powdery mildew, as
previously reported by Suthaparan et al. (2012) and
Kobayashi et al. (2013). It is important to note that the
low irradiation intensity and low energy dose caused
almost no damage to the roses and prevented infection
without reducing the yield. Spider mite control is also
important for rose cultivation. Tanaka et al. (2016) con‐
trolled spider mites on strawberries with a UV-B irradi‐
ation intensity of 3.1 μW·cm−2. The irradiation intensity
was the same as the intensity in this study. Since the
control effect of UV-B irradiation has a direct effect on
spider mites, it is possible to expect such effects from
the UV-B irradiation method that we used in this study.

This time, we conducted an experiment simulating
the production of edible roses in a greenhouse where
various cultivars were planted. Multiple fungi, not only
powdery mildew but also black spot, could be con‐
trolled by UV-B irradiation. This provides basic knowl‐
edge for safe rose production, especially edible roses,
with a reduced amount of pesticides. In addition, the
knowledge regarding UV-B irradiation is expected to be
applied in parks and gardens where spraying pesticides
is undesirable.
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Control of Black Spot Disease by Ultraviolet-B Irradiation in Rose (Rosa × 
hybrida) Production
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We investigated the effect of ultraviolet-B (UV-B) irradiation on the development of black spot disease caused
by Diplocarpon rosae Wolf., which is a major problematic disease in rose (Rosa × hybrida) production. The
growth of D. rosae colonies was suppressed on potato dextrose agar (PDA) medium under UV-B irradiation
(peak wavelength: 310 nm; full width at half maximum: 30 nm) at an intensity of 15 μW·cm−2 with 1 h daily
treatment. In addition, black spot conidia were inoculated to the rose ‘Danjiri Bayashi’ leaves and the effective
growth suppression of black spot symptoms was observed on the leaves under UV-B irradiation. Next, various
rose cultivars were planted in two greenhouses: one for supplemental UV-B irradiation treatment and one as
a control without the treatment. In the UV-B irradiation greenhouse, the roses were irradiated at an intensity
of 3–5 μW·cm−2 every day from 23:00–23:30 and 0:00–0:30 (total: 1 h). No chemical pesticides other than
a starch agent for aphid control were used throughout the experiment. With the exception of the data for
‘Papa Meilland’ in 2019, UV-B irradiation significantly reduced the number of leaves infected with black spot
disease. In September 2019, the non-UV-B irradiated ‘Danjiri Bayashi’ and ‘Papa Meilland’ had severe black
spot symptoms on over 20 leaves. The number of plants with black spot symptoms increased in July 2020
compared to 2019. On the other hand, in UV-B irradiated plants, fewer black spot symptoms were observed
than in non-UV-B irradiated plants. Although some visible damage was observed in the UV-B irradiated
plants, the chlorophyll and carotenoid contents in the leaves decreased, indicating that UV-B irradiation had a
certain negative effect on the photosynthetic apparatus. Over a five-month period, the cumulative number of
flowers in the UV-B irradiation greenhouse did not decrease, and actually increased, depending on the cultivar,
compared to the control treatments. Our results suggest that supplemental UV-B irradiation is effective at
suppressing black spot disease in roses and can contribute to the production of pesticide-free edible rose
production.

Key Words: black spot, integrated pest management, powdery mildew, rose.

Introduction
Rose (Rosa × hybrida) is one of the most popular

ornamental crops in the world and is used not only as
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cut flowers, but also in aroma oils, cosmetics, processed
foods, flavor extracts, and medicinal remedies (Cutler,
2003). Roses are also planted in parks, rose gardens,
and other places where citizens can relax. The edible
flowers market is expanding with a compound annual
growth rate (CAGR) of 5.2% and will reach a value of
USD 512 million by 2030 (https://www.marketresearch
future.com/reports/edible-flowers-market-6634). For
edible flowers and roses planted in parks that are relat‐
ed to human health, it is desirable to use pesticide-free
cultivation methods as far as possible. As is well
known, because numerous pests and diseases occur in
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rose cultivation, rose production relies on various
chemical pesticides. Black spot disease is one of the
most serious diseases in roses and is caused by the fila‐
mentous fungus Diplocarpon rosae (Marssonina rosae
anamorph) (Nauta and Spooner, 2000). Black spot dis‐
ease on rose leaves weakens plants through yellowing
in young leaves and continuous defoliation (Black
et al., 1994).

Integrated pest management (IPM), proposed by
Stern et al. (1959) and promoted worldwide, is a combi‐
nation of techniques that reduces the need for the appli‐
cation of chemical pesticides and makes cultivation safe
for producers, consumers, and the environment. With
the production of pest-resistant plant varieties and the
development of pest management techniques such as
pheromone agents and optical application technology,
agriculture that does not burden either people or the
environment is approaching realization. A lot of
research is still required to realize effective IPM in
warm and humid areas with abundant biotas, such as
Japan.

The effects of ultraviolet (UV) on microorganisms
studied in the laboratory and individual leaf levels have
been reported (Hockberger, 2002). UV can be divided
into UV-A (315–400 nm), UV-B (280–315 nm), and
UV-C (200–280 nm), depending on the wavelength. As
the short-wavelength UV is absorbed by the ozone
layer, ground-level solar UV comprises UV-A and a
small amount of UV-B. UV at shorter wavelengths has
a stronger negative effect on living organisms (Slieman
and Nicholson, 2000). UV-B irradiation could suppress
powdery mildew caused by Podosphaera pannosa in
roses (Kanto et al., 2009, 2011) and strawberries
(Fragaria × ananassa) (Matsuura et al., 2012), and
white rust in chrysanthemum (Kooriyama et al., 2014).
Other than fungi, Tanaka et al. (2016) found that they
could use UV-B irradiation to control spider mites in
strawberries. Control of spider mites by UV irradiation
is a direct biological effect of UV-B irradiation
(Ohtsuka and Osakabe, 2009; Sakai and Osakabe,
2010). Probit analysis showed that spider mite mortality
has been reported to increase linearly with increasing
cumulative UV-B irradiation (Murata and Osakabe,
2013). Murata and Osakabe (2014, 2017a, b) and
Yoshioka et al. (2018) found an effective time of day to
irradiate UV-B to avoid any photoreactivation that
could allow spider mites to recover from UV-B damage.
In this way, UV-B irradiation is a technique that is
attracting attention in IPM because it has the potential
to suppress multiple parasites at the same time.

If it is possible to eradicate black spot disease, it will
be possible to control the main fungal diseases in rose
production, and the amount of pesticide application
could be greatly reduced. Therefore, we evaluated the
effect of UV-B on black spot disease inoculation in lab‐
oratory tests and investigated the effect of UV-B on the
occurrence of black spot disease over two years in a

greenhouse simulating edible rose production.

Materials and Methods
Direct effect of UV-B on D. rosae colony growth

A leaf with black spot symptoms that occurred in a
greenhouse at the Faculty of Agriculture, Kindai
University was collected and briefly sterilized with a
sodium hypochlorite solution (0.5% active chlorine),
and the black spots on the leaves were pierced with an
injection needle. Then, the tip of the needle was applied
to a potato dextrose agar (PDA) medium (Nissui,
Tokyo, Japan), and the PDA medium was cultured at
25°C. DNA was extracted from a developed colony and
amplified by PCR using primers (Diplocarpon_rosae-F:
CGCCTTGTCTCAAACACCCTCT, Diplocarpon_rosae-
R: TCCACTGGCGATGACTCTTGTC) designed accord‐
ing to sequence information (MVNX01000453.1) of
D. rosae (DortE4 strain). The amplified product was
sequenced and the sequence of 589 bp completely coin‐
cided with the target sequence of MVNX01000453.1
was confirmed. Therefore, this colony was attributed to
D. rosae and used for the experiment. These fungi were
subcultured to fresh PDA media by syringe needle
every three weeks and kept at 25°C. Petri dishes in
which the colony size grew to 2–3 mm in diameter were
irradiated with UV-B every day for three weeks. As a
control, Petri dishes containing similarly grown
colonies were covered with a UV cut film (Toshimasen;
Achilles, Tokyo, Japan) and placed under a UV-B irra‐
diation lamp (YGRKX21799; Panasonic Co., Osaka,
Japan) at 15 μW·cm−2. UV-B irradiation was conducted
at 23:00–23:30 and 0:00–0:30. The peak wavelength of
the UV-B lamp was 310 nm, and the full width at half
maximum (FWHM) was 30 nm. UV-B intensity was
measured using a UV-B meter (HD2302.0; Delta OHM,
Padova, Italy) connected to a UV-B probe (LP471UVB;
Delta OHM). Daylength of 12 h (8:00–20:00) was pro‐
vided by fluorescent lamps (FHF32EX-N-H; Panasonic
Co.), illuminating at three wavelengths with peaks
around 437, 545, and 610 nm and at an intensity of
190 μmol·m−2·s−1. The room temperature was set at
25°C. After three weeks, the colony size was measured
and the growth ratio calculated by dividing it by the
colony size at the start of the culture.

Investigation of black spot disease occurrence on inoc‐
ulated leaves

Conidia collected with distilled water from the cul‐
ture dishes after three weeks of culture were used in the
experiment. The conidia were collected by centrifu‐
gation at 5000 rpm for 10 min, sedimented conidia
were resuspended in distilled water and adjusted to 3–6
conidia·10 μL−1 using a hemocytometer. Fully devel‐
oped leaves (each leaf composed of three leaflets) at the
position of 3–5th from the youngest leaf of ‘Danjiri
Bayashi’ grown under fluorescent light (FHF32EX-N-
H; Panasonic Co.) were collected, washed briefly with
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tap water, and put into plastic containers (28 × 19 × 
14.5 cm) laid with a well-moistened paper towel. A
drop of 10 μL of conidial suspension was put on each
leaflet (3 drops were put on each leaf) via a small
wound made by a needle. The containers were kept
under a UV-B lamp (YGRKX21799; Panasonic Co.) at
15 μW·cm−2 intensity irradiated at 23:00–23:30 and
0:00–0:30. For the non-UV-B irradiation control, the
containers were covered with an ultraviolet cut film and
placed under a UV-B lamp.

Evaluation of rose pest development
The experiment was conducted in two adjacent

greenhouses (6 × 21 m) at Kindai University (Nara,
Japan). Plants were cultivated based on edible rose pro‐
duction. Only flowers were harvested, and the height of
the plant was maintained below 1 m while cutting
growing branches. Plants were maintained with 3–5
branches throughout the experiment. Fallen leaves due
to black spot disease were left in the greenhouses.
Forty-five benches (1055 × 992 × 750 mm) filled with
600 L of polyester medium (Neo Agriearth Co., Ltd.,
Nara, Japan) were placed in each greenhouse and four
rose plants were planted on each bench in May 2019.
As shown in Table S1, various cultivars in each green‐
house were grown. The greenhouses were covered with
shading material (shading rate of 30%) in the summer
(July–September), and the plants were dormant without
leaves in the winter. In both greenhouses, to prevent
excessive temperature rises, an insect repellent net
(0.4 mm) was put on the side of each greenhouse, and
fan ventilation was conducted. A liquid nutrient
(HYPONeX Japan, Osaka, Japan) was diluted to
1/1850, and 2 L of the solution was applied to each
plant once daily. In addition, 20 g of slow-release fertil‐
izer (Ecolong 413 100-day type; JCAM Agri Co., Ltd.,
Tokyo, Japan) was applied to each plant once every 2.5
months. UV-B irradiated was applied in one greenhouse
and not in the other. In the UV-B irradiation green‐
house, UV-B lamps (YGRKX21799; Panasonic Co.)
were hung over the plants. The UV-B irradiation inten‐
sity was 3–5 μW·cm−2 just above the plants, and they
were irradiated for 1 h each day, from 23:00–23:30
and 0:00–0:30. In both greenhouses, we sprayed a spec‐
ified concentration of a starch agent (Nenchaku-Kun;
Sumitomo Chemical, Tokyo, Japan) regularly to control
aphids. The starch agent, diluted to 1/100 concentration,
was sprayed over entire plants once every two to three
weeks. Spraying was done throughout the year except
early August to mid-September when aphids were not
present due to high temperatures. No chemical pesti‐
cides other than starch were used throughout the experi‐
ments. Data were collected on September 20, 2019, and
July 15, 2020, targeting all rose cultivars. The number
of leaves with symptoms of black spot disease was
counted for each plant. For the χ-square test, plants
were divided into two groups; the number of plants

with 0–9 leaves infected and the number with ≥ 10
leaves infected. In addition, to investigate the occur‐
rence of powdery mildew under the UV-B irradiation
conditions, a similar survey was also conducted for
powdery mildew in October 2020.

Investigation of total antioxidant activity and electro‐
lyte leakage of rose organs

To assess the effect of UV-B on damage or without
apparent damage, an electrolyte leakage assay was car‐
ried out following Sukumaran and Weiser (1972), with
some modifications. This value is greater if the organ is
damaged by UV-B. For the experiment, five plants were
randomly chosen for each treatment. A flower and leaf
of the same age, exposition, and height from the ground
were sampled from each plant. Four leaf discs were col‐
lected from each leaf (excluding the central rib) using a
cork borer (0.2 cm2) on paper towels. Immediately after
cutting out the leaf disks, leaf disks from single plants
were floated on 3 mL of ultrapure water in a test tube
with the adaxial surface facing downward. Tubes with
the lids on were left to sit for 30 min at 20°C. The water
in the tube was replaced with 3 mL of fresh ultrapure
water. The tubes were incubated at 20°C for 24 h in the
dark without shaking. The conductivity of the solution
was measured in each tube using an electrolytic con‐
ductivity meter (LAQUATWINEC33B; Horiba, Kyoto,
Japan). Then, the tubes were capped to minimize evap‐
oration, frozen at −80°C, and thawed at 20°C. After
this, the conductivity of the solution was measured
again. The percentage of electrolyte leakage as the ratio
of the conductivity before freezing to that after freezing
was calculated. The conductivity after freezing was
assumed to represent complete (100%) electrolyte leak‐
age.

Antioxidant analysis was carried out using a ferric
reducing antioxidant power (FRAP) assay (Benzie and
Strain, 1996), with some modifications. Leaf discs were
collected in the same manner as described for the elec‐
trolyte leakage assay experiment. The discs were placed
in 4 mL of extracting solution consisting of 98:2,
methanol:37% HCl (37%) (v/v), following Sofo et al.
(2012). The solution was let sit for 1 h at 20°C in the
dark, before shaking at 100 rpm. FRAP reaction mix
was prepared following Sofo et al. (2012). For all the
leaf and petal samples, positive controls, and standards,
the absorbance at 594 nm was measured after 60 min of
incubation at 37°C. The results were expressed on a
fresh weight (mg) basis.

Chlorophyll and carotenoid contents
Chlorophyll (Chl) and carotenoid (Car) contents (rep‐

resented as [Chl] and [Car], respectively) of rose leaves
were evaluated following the method of Lichtenthaler
(1987), with slight modification. Leaf discs were col‐
lected in the same manner as described for the elec‐
trolyte leakage assay experiment. The disc area and
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total weight were recorded. We dipped leaf discs in
5 mL of dimethylformamide and incubated them at
20°C for 24 h in the dark without shaking.

Chl a/b was calculated using the following equations:

[Chl a] = (12.00 × ABS664 − 3.11 × ABS647)
[Chl b] = (20.78 × ABS647 − 4.88 × ABS664)
[Chl a + b] = (17.67 × ABS647 + 7.12 × ABS664)

Total carotenoids (Car) were calculated using the fol‐
lowing equation:

[Car] = (1000 × ABS470 − 1.82 × [Chl a] 
   − 85.02 × [Chl b])/198

The levels of both [Chl] and [Car] were expressed as μg
on a fresh weight (mg) basis.

Cumulative numbers of flowers harvested
‘Danjiri Bayashi’ (non-UV-B irradiation: n = 30, UV-

B irradiation: n = 42), ‘Nighttime’ (non-UV-B irradia‐
tion: n = 53, UV-B irradiation: n = 8), and ‘Crimson
Glory’ (non-UV-B irradiation: n = 61, UV-B irradiation:
n = 10) were used for data collection. From April 14,
2020, to September 21, 2020 (temperature data is
shown in Fig. S1), flowers from the stalks were harvest‐
ed approximately once weekly, and the number of har‐
vested flowers was counted. After flower harvest,
branches were left uncut back, and after lateral shoots
developed, branch length was adjusted accordingly. The
number of harvested flowers was counted per plant on
each harvest day and divided by the number of plants of
each cultivar. The time-course cumulative number and
mean number of flowers per plant were compared
between treatments.

Statistical analysis
For all statistical analyses between the two treat‐

ments (non-UV-B irradiation vs UV-B irradiation),
Welch’s t-test, Student’s t-test, and the χ-square test
were performed using R v.4.1.0. (R Core Team, 2021).

Results
A direct effect of UV-B on colony growth of D. rosae

The colony size (diameter) before treatment was
4.2 ± 0.9 mm (mean ± standard deviation). The sizes
of D. rosae colonies cultured on PDA medium under
temporal UV-B irradiation were smaller than those in
the non-UV-B irradiation after three weeks of culture
(Fig. 1A). In the leaf infection test, symptomatic lesions
were observed in 30 out of 35 and 35 out of 36 in‐
oculated portions in non-UV-B irradiation and UV-B
irradiation leaves, respectively. Three weeks after
inoculation, the lesion sizes (diameter) on the UV-
irradiation leaves were smaller than those of the non-
UV-B irradiation leaves (Fig. 1B).

Effect of UV-B irradiation on black spot disease
In 2019 and 2020, we observed black spot symptoms

in the non-UV-B irradiation greenhouse. The heat map
Figures for 2019 and 2020 (Fig. 2A, B) showing the
severity of black spot disease in each plant revealed a
clear difference between the two greenhouses. In addi‐
tion, severely infected plants were found irrespective of
their location in the greenhouses (Fig. 2A, B). In 2020,
the incidence of black spots in both greenhouses was
higher than that in 2019 (Fig. 2A–F). UV-B irradiation
treatment significantly suppressed the development of
rose black spot disease in both cultivars, ‘Danjiri
Bayashi’ and ‘Papa Meilland’ (Fig. 2C–F). Significant
differences were detected in all comparisons except
‘Papa Meilland’ in 2019 (Fig. 2E, F).

Effect of UV-B irradiation on powdery mildew
We evaluated the severity of powdery mildew on

October 2020 at which time the powdery mildew
occurred severely in the UV-B irradiation greenhouse.
The heat map Figures (Fig. S2) show that the outbreak
of powdery mildew was suppressed completely in all
cultivars in the UV-B irradiation greenhouse. Powdery
mildew could be suppressed irrespective of the cultivar

(A) (B)

Fig. 1. Effect of UV-B irradiation on black spot colonies and symp‐
toms. (A) Differences in colony size on PDA medium between
non-UV-B irradiation and UV-B irradiation. Data are expressed
as means ± standard deviation of eight colonies. Data are repre‐
sented as the colony size ratio; colony diameter at three weeks
after treatments/colony diameter at the start of treatment. (B)
Differences in the diameter of lesions on leaves with non-UV-B
irradiation and UV-B irradiation after inoculation of leaves with
the D. rosae conidia. As shown in parentheses in the Figure, 30
of 35 and 35 of 36 inoculated portions had disease spots on the
non-UV-B irradiation and UV-B irradiation leaves, respectively.
Data are expressed as means ± standard deviation. In both
experiments, leaves were collected three weeks after the start of
UV-B irradiation treatment. ** means a significant difference at
P = 0.01 in Welch’s t-test.
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(Fig. S2). Severely infected plants were found irrespec‐
tive of their location in the greenhouse (Fig. S2).

Organ damage due to UV-B irradiation
Branches growing close to the UV-B lamp rarely

exhibited damage, such as leaf curling, but the UV-B
irradiation did not induce any other outstanding damage
as reported by Kobayashi et al. (2013). In both culti‐
vars, ‘Danjiri Bayashi’ and ‘Nighttime’, no significant
differences were detected in electrolyte leakage from
leaves between the samples from the non-UV-B and the
UV-B irradiation greenhouses (Fig. 3A). On the other
hand, in ‘Crimson Glory’, there was a significant
increase in electrolyte leakage from leaves with UV-B
irradiation (P < 0.05) (Fig. 3A). A leaf and petal FRAP
assay revealed no difference in the leaves between the
non-UV-B and UV-B irradiation greenhouses in the
three cultivars (Fig. 3B, C).

UV-B irradiation reduced the chlorophyll a and b
contents in the leaves of ‘Danjiri Bayashi’, ‘Nighttime’,
and ‘Crimson Glory’ (Fig. 3D). This decrease was
particularly significant in ‘Danjiri Bayashi’ (P < 0.05).
UV-B irradiation also reduced the carotenoid content
in all three cultivars and was statistically significant
(P < 0.05) in ‘Danjiri Bayashi’ (Fig. 3E). Visible dam‐
age caused by UV-B irradiation was not observed in
flowers, and no visible difference in flower size was
observed. From April 14th to September 21, 2020, there

was a slight reduction in the cumulative number of
flowers of ‘Danjiri Bayashi’ per plant under UV-B irra‐
diation (Fig. 4B, E). The cumulative flower numbers
were almost the same between the non-UV-B and UV-B
irradiation treatments for ‘Nighttime’ (Fig. 4C, F),
whereas that of ‘Crimson Glory’ increased with UV-B
irradiation compared to non-UV-B irradiation (Fig. 4A,
D).

Discussion
Suppression of black spot disease by UV-B irradiation

UV-B irradiation has been reported to be highly
effective against pathogens such as powdery mildew
(Kanto et al., 2009, 2011; Kobayashi et al., 2013;
Suthaparan et al., 2012; Willocquet et al., 1996) and
spider mites (Murata and Osakabe, 2013; Ohtsuka and
Osakabe, 2009; Sakai and Osakabe, 2010; Sakai et al.,
2012). We have discovered that UV-B irradiation is also
highly effective at suppressing black spot disease in
roses. Black spot disease is the most serious problem
not only in roses (Black et al., 1994; Dobbs, 1984), but
also in apples (MacHardy, 1996), pears (Bauske and
Buchholz, 1967), and other fruit crops, which are dif‐
ferent genus from Diplocarpon.

Although the growth of D. rosae colonies on the
PDA medium was affected by UV-B irradiation
(Fig. 1A), UV-B irradiation only slowed the growth of
colony size and did not stop colony growth (Fig. 1A).
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Fig. 2. Occurrence of black spot symptoms in non-UV-B irradiation and UV-B irradiation greenhouses. (A, B) Heat map indicating the distribu‐
tion of rose plants at each disease level in each greenhouse. In both figures (A) and (B), the upper heatmap shows the non-UV-B irradiation
greenhouse and the lower heatmap shows UV-B irradiation greenhouse. (A) Data for September 2019. (B) Data for July 2020. The biplanes
were counted collectively as one leaf. Cultivation benches (1–15) planted with four plants were arranged in three rows of A–C (45 benches
in total were arranged). Plants are numbered clockwise order from the upper left as 1, 2, 3, and 4. For example, plants planted on growth
bench A-1 are A-1-1, A-1-2, A-1-3, and A-1-4 from the upper left. The number in the Figure with each color intensity is the number of
leaves with black spot symptoms. Each cultivar’s name is shown in Table S1. (C, D) Histograms of the number of leaves with black spot
symptoms of ‘Danjiri Bayashi’ (non-UV-B irradiation: n = 30, UV-B irradiation: n = 43) and ‘Papa Meilland’ (non-UV-B irradiation: n = 20,
UV-B irradiation: n = 29) in (C) 2019 and (D) 2020. (E, F) Occurrence of infected leaves in both ‘Danjiri Bayashi’ and ‘Papa Meilland’
treatments in 2019 (E) and 2020 (F). The upper panel is ‘Danjiri Bayashi’ and the lower is ‘Papa Meilland’. For statistical analysis, plants
were divided into two groups—the number of plants with 0–9 leaves infected and the number with ≥ 10 leaves infected—and the χ-square
test was performed. The symbol indicates statistical difference (**: P < 0.01).
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Kobayashi et al. (2013) used a UV-B intensity of 6.5–
14.0 μW·cm−2 and reported slight damage on some rose
branches. In addition, Suthaparan et al. (2012) also

irradiated roses with UV-B for 1 or 2 h with 10–
20 μW·cm−2 to suppress powdery mildew, but damage
such as smaller leaves and dwarf plants were observed.

(A)

(B)

(C)

(D)

(E)

Fig. 3. Differences in physiological traits and plant damage between the non-UV-B irradiation and UV-B irradiation greenhouses. (A) Ion
leakage, (B, C) FRAP assay (B: leaves, C: petals). (D) Chlorophyll contents (upper: chlorophyll a; middle: chlorophyll b; lower: chlorophyll
a + chlorophyll b. (E) Carotenoid content in leaves of rose plants grown in the non-UV-B irradiation greenhouse or in UV-B irradiation
greenhouse. For each cultivar, five plants from the non-UV-B irradiation and UV-B irradiation greenhouses were used. Bars represent
standard deviations, while * represents significant differences according to Welch’s t-test (P < 0.05). n.s. means no significant difference.

**
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Treatment

Treatment

Treatment

Fig. 4. A cumulative number of flowers per plant of each cultivar in the non-UV-B irradiation greenhouse and UV-B irradiation greenhouses.
(A) ‘Crimson Glory’ (non-UV-B irradiation: n = 61; UV-B irradiation: n = 10). (B) ‘Danjiri Bayashi’ (non-UV-B irradiation: n = 30; UV-B
irradiation: n = 42). (C) ‘Nighttime’ (non-UV-B irradiation: n = 53; UV-B irradiation: n = 8). Data were collected from April 14, 2020, to
September 21, 2020 (157 days). (D–F) Yields of three cultivars. Bars represent standard deviations, while ** represents significant differ‐
ences according to the Student’s t-test (P < 0.01). (D) ‘Crimson Glory’ (E) ‘Danjiri Bayashi’ (F) ‘Nighttime’.

6 A. Kono, A. Kawabata, A. Yamazaki, Y. Ohkubo, A. Sofo and M. Hosokawa



In our colony growing experiment, the UV-B irradiation
intensity was set at 15 μW·cm−2 with a duration time of
1 h because we considered a higher intensity and dura‐
tion than these conditions could not realistically be used
for rose production. We speculate that UV-B irradiation
does not kill the fungus, but has an effect on the growth
of D. rosae. Similar results were obtained when leaves
were inoculated with the conidia, with the effect of UV-
B appearing as a difference in the size of the lesions,
although the UV-B irradiation did not eliminate the
occurrence of the lesions (Fig. 1B).

On the other hand, clearer differences were observed
in the field experiments between the non-UV-B irradia‐
tion and UV-B irradiation greenhouses (Fig. 2A–F).
The irradiation intensity was 5 μW·cm−2, which was
lower than in the in vitro infection experiment,
15 μW·cm−2. UV-B irradiation had a positive effect on
suppressing black spots. There are two possible reasons
for the dramatic effect of the greenhouse experiment.
One is the difference in infection methods. In the in
vitro inoculation experiment, the leaves were wounded
and the conidia were directly inoculated inside the
leaves. This is because, from preliminary experiments,
no lesions were observed when conidia were placed on
either the adaxial or abaxial side the leaf. On the other
hand, under the usual cultivation conditions in the
greenhouses, a slight wound occurs in the leaves before
infection, and conidia carried by the wind adhere to the
leaves and germinate under suitable conditions. From
germination to the formation of conidia can be divided
into two phases (Gachomo et al., 2006); the early phase
and the late phase. In the early phase, conidia germinate
and develop appressoria, subcuticular vesicles, sub‐
cuticular hyphae, and haustoria. It seems that UV-B
irradiation is effective by directly affecting the conidia
in the early phase. The other possibility is resistance
induced in plants by long-term UV-B irradiation. UV-B
irradiation has been shown to induce expression of the
phenylpropanoid biosynthetic enzyme phenylalanine
ammonia-lyase (PAL) and chalcone synthase (CHS)
genes (Vogt, 2010), and phenylpropanoid metabolites
may contribute to the suppression of powdery mildew
(Kanto et al., 2011, Ota et al., 2021). Even in our exper‐
iments, it is highly possible that UV-B irradiation was
involved in metabolism related to infection resistance,
including the phenylpropanoid system. As a prelimi‐
nary test, we inoculated black spot conidia to the leaves
collected from the UV-B irradiation greenhouse and
confirmed that infection of D. rosae was possible. Thus,
it is considered that the resistance induced in the plant
body alone cannot explain the dramatic effect in the
field experiment. In addition to these possibilities, the
possibility of a physical barrier due to the synthesis of
cuticles by UV-B should be considered.

Suppression of powdery mildew by UV-B irradiation
Powdery mildew, which is one of the most economi‐

cally serious plant diseases, appears as white powder on
the leaves and stems of roses. In our experiment, we
observed powdery mildew outbreaks in some plants in
the non-UV-B irradiation greenhouse in 2020 (Fig. S2).
On the other hand, we observed almost no powdery
mildew symptoms in the UV-B irradiation plants. This
positive effect of UV-B is consistent with that of
Suthaparan et al. (2012) and Kobayashi et al. (2013). In
addition, although it was thought that insufficient inten‐
sity of UV-B could reach the inside of the plant canopy
due to shadows of the leaves and branches, powdery
mildew could be completely suppressed in all plants.
Compared with black spot disease, powdery mildew
was easier to suppress under UV irradiation conditions.
Of course, it is necessary to consider the characteristics
of the pathogen itself, but as pointed out by Kobayashi
et al. (2013), induced resistance by UV-B irradiation
may be one of the causes of complete suppression.

Positive and negative effects of UV-B on plant physiol‐
ogy

In Tanaka et al. (2016), the UV-B irradiation intensity
was 3.1 μW·cm−2 for strawberries, whereas in
Kobayashi et al. (2013) it was 6.5–14.0 μW·cm−2 roses.
Suthaparan et al. (2012) reported that UV-B irradiation
of either 10–20 μW·cm−2 for 1–2 h effectively sup‐
pressed powdery mildew in roses, with some injuries.
According to Kobayashi et al. (2013), 6.5–
14.0 μW·cm−2 daytime irradiation for 4 or 6 h induced
injuries in young leaves, whereas the same intensity for
2 h at night did not induce injuries. The irradiation
intensity we applied in this study was lower than or
equivalent to these reports, and our irradiation time was
1 h. There are reports that UV-B treatment increases
(Smith et al., 2000; Suthaparan et al., 2012) and
decreases (Balakrishnan et al., 2005; Zhao et al., 2003)
chlorophyll content in leaves. In order to evaluate the
appropriateness of UV-B intensity and duration time, it
is necessary to collect data on physiological indicators,
as well as visually observable disorders, of roses. The
amount of electrolyte leakage indicated that there was
little significant damage (Fig. 3A). In addition, the
FRAP assay did not detect any leaf or petal damage
(Fig. 3B, C). UV-B irradiation reduced the amount of
chlorophyll and carotenoid in the leaves of ‘Danjiri
Bayashi’, ‘Nighttime’, and ‘Crimson Glory’, and a
marked decrease was observed in ‘Danjiri Bayashi’
(Fig. 3D, E). From these results, we suspected that UV-
B irradiation damaged the photosynthetic apparatus to a
certain extent, even under our irradiation conditions.
Suthaparan et al. (2012) reported that UV-B increased
chlorophyll content in leaves, which differs from our
results. This may be because of the obvious damage to
their plants, such as smaller leaves, and due to the dif‐
ference in analytical methods. In a yield survey using
the number of flowers as an indicator of UV-B damage
to the plants, no decrease in yield due to UV-B irradia‐
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tion was observed in any of the cultivars (Fig. 4A–F).
The number of harvested flowers increased in ‘Crimson
Glory’ (Fig. 4A, D). Several studies have reported that
UV irradiation increases yield (Darras et al., 2012; Xu
et al., 2017), although the mechanisms are unknown.

UV-B lamps for IPM
This study revealed that black spot disease, which

causes serious damage to roses, can be suppressed by
UV-B irradiation, in addition to powdery mildew, as
previously reported by Suthaparan et al. (2012) and
Kobayashi et al. (2013). It is important to note that the
low irradiation intensity and low energy dose caused
almost no damage to the roses and prevented infection
without reducing the yield. Spider mite control is also
important for rose cultivation. Tanaka et al. (2016) con‐
trolled spider mites on strawberries with a UV-B irradi‐
ation intensity of 3.1 μW·cm−2. The irradiation intensity
was the same as the intensity in this study. Since the
control effect of UV-B irradiation has a direct effect on
spider mites, it is possible to expect such effects from
the UV-B irradiation method that we used in this study.

This time, we conducted an experiment simulating
the production of edible roses in a greenhouse where
various cultivars were planted. Multiple fungi, not only
powdery mildew but also black spot, could be con‐
trolled by UV-B irradiation. This provides basic knowl‐
edge for safe rose production, especially edible roses,
with a reduced amount of pesticides. In addition, the
knowledge regarding UV-B irradiation is expected to be
applied in parks and gardens where spraying pesticides
is undesirable.

Acknowledgements
We would like to say a special thank you to

Dr. Takahiro Hayashi (Kindai University) for his valu‐
able advice in carrying out the experiments, and to
Ms. Saho Masuda, and Mr. Eiichi Taguchi (Tenkara no
Okurimono Farm) for technical assistance with rose
cultivation and for providing the polyester medium.

Literature Cited
Balakrishnan, V., K. C. Ravindran, K. Venkatesan and S.

Karuppusamy. 2005. Effect of UV-B supplemental radiation
on growth and biochemical characteristics in Crotalaria
juncea L. seedlings. Electron. J. Environ. Agric. Food Chem.
4: 1125–1131.

Bauske, R. J. and W. F. Buchholtz. 1967. Leaf spot control on
quince understocks increases stand of dwarf pear.
HortScience 4: 148–149.

Benzie, I. F. F. and J. J. Strain. 1996. The ferric reducing ability
of plasma (FRAP) as a measure of “antioxidant power”: The
FRAP assay. Anal. Biochem 239: 70–76.

Black, W. A., D. H. Byrne and H. B. Pemberton. 1994. Field
study of black spot resistance in rose. HortScience 29: 525.

Cutler, R. R. 2003. Culinary uses and nutritional value. p. 707–
716. In: A. V. Roberts (ed.). Encyclopedia of rose science.
Elsevier, London, UK.

Darras, A. I., V. Demopoulos, I. Bali and C. Tiniakou. 2012.

Photomorphogenic reactions in geranium (Pelargonium × 
hortorum) plants stimulated by brief exposures of
ultraviolet-C irradiation. Plant Growth Regul. 68: 343–350.

Dobbs, R. B. 1984. Research battles black spot in roses. Am.
Rose Annu. 69: 44–54.

Gachomo, E. W., H. W. Dehne and U. Steiner. 2006. Microscopic
evidence for the hemibiotrophic nature of Diplocarpon
rosae, cause of black spot disease of rose. Physiol. Mol.
Plant Pathol. 69: 86–92.

Hockberger, P. E. 2002. A history of ultraviolet photobiology
for humans, animals and microorganisms. Photochem.
Photobiol. 76: 561–579.

Kanto, T., K. Matsuura, M. Yamada, T. Usami and Y. Amemiya.
2009. UV-B radiation for control of strawberry powdery
mildew. Acta Hortic. 842: 359–362.

Kanto, T., K. Matsuura, T. Ogawa, T. Usami and Y. Amemiya.
2011. Control of strawberry powdery mildew by UV-B radi‐
ation. Plant Prot. 65(1): 28–32 (In Japanese).

Kobayashi, M., T. Kanto, T. Fujikawa, M. Yamada, M. Ishiwata,
M. Satou and T. Hisamatsu. 2013. Supplemental UV radia‐
tion controls rose powdery mildew disease under the green‐
house conditions. Environ. Control Biol. 51: 157–163.

Kooriyama, K., R. Hakuzan, M. Yamada and M. Ishiwatari. 2014.
Effect of ultraviolet-B (UV-B) irradiation time on attack of
chrysanthemum rust. Hort. Res. (Japan) 13(Suppl. 2): 281
(In Japanese).

Lichtenthaler, H. K. 1987. Chlorophylls and carotenoids: pig‐
ments of the photosynthetic biomembranes. Meth. Enzymol.
148: 350–382.

MacHardy, W. E. 1996. Pathogen development and host tissue
reaction. Apple scab biology, epidemiology, and manage‐
ment. APS press, St. Paul, USA.

Matsuura, K., T. Kanto, M. Yamada and M. Ishiwata. 2012.
Effects on strawberry powdery mildew and fruits yield using
different methods to radiate UV-B. Ann. Rept. Kansai Plant
Prot. 54: 125–126 (In Japanese).

Murata, Y. and M. Osakabe. 2013. The Bunsen-Roscoe reci‐
procity law in ultraviolet-B-induced mortality of the two-
spotted spider mite Tetranychus urticae. J. Insect Physiol.
59: 241–247.

Murata, Y. and M. Osakabe. 2014. Factors affecting photo‐
reactivation in UVB-irradiated herbivorous spider mite
(Tetranychus urticae). Exp. Appl. Acarol. 63: 253–265.

Murata, Y. and M. Osakabe. 2017a. Photo-enzymatic repair of
UVB-induced DNA damage in the two-spotted spider mite
Tetranychus urticae. Exp. Appl. Acarol. 71: 15–34.

Murata, Y. and M. Osakabe. 2017b. Developmental phase-
specific mortality after ultraviolet-B radiation exposure in
the two-spotted spider mite. Environ. Entomol. 46: 1448–
1455.

Nauta, M. M. and B. M. Spooner. 2000. British Dermateaceae:
4B. Dermateoideae gerna B-E. Mycologist 14: 21–28.

Ohtsuka, K. and M. Osakabe. 2009. Deleterious effects of UV-B
radiation on herbivorous spider mites: they can avoid it by
remaining on lower leaf surfaces. Environ. Entomol. 38:
920–929.

Ota, E., F. Nishimura, M. Mori, M. Tanaka, T. Kanto, M.
Hosokawa, M. Osakabe, M. Satou and M. Takeshita. 2021.
Up-regulation of pathogenesis-related genes in strawberry
leaves treated with powdery mildew-suppressing ultraviolet
irradiation. Plant Pahtol. 70: 1378–1387.

R Core Team. 2021. R version 4.1.0: A language and environ‐
ment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. <https://www.R-project.org/>.

Sakai, Y. and M. Osakabe. 2010. Spectrum-specific damage and

8 A. Kono, A. Kawabata, A. Yamazaki, Y. Ohkubo, A. Sofo and M. Hosokawa

https://www.R-project.org/


0

5

10

15

20

25

30

35

40

45

50

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

April                   May                  June                  July                  August              September

Te
m

pe
ra

tu
re

 (℃
)

50
45

40
35
30
25
20
15

10

0
5

Fig. S1 Temperatures in the greenhouses (35°N, 136°E) in the period April–September 2020.
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Fig. S2 Occurrence of powdery mildew symptoms in non-UV-B irradiation greenhouse and in UV-B irradiation 
greenhouse. Heat map showing the distribution of rose plants at each disease level in each greenhouse. The upper heatmap 
shows non-irradiation and the lower heatmap shows UV-B irradiation. Data for October 2020. The biplanes were counted 
collectively as one leaf. Cultivation benches (1–15) planted with four plants were arranged in three rows of A–C (45 
benches in total were arranged at each greenhouse). Plants are numbered clockwise order from the upper left as 1, 2, 3, and 
4. For example, plants planted on the growth bench A-1 are A-1-1, A-1-2, A-1-3, and A-1-4 from the upper left. The number 
in the figure with each color intensity is the number of leaves with powdery mildew symptoms. Each cultivar’s name is 
shown in Table S1.



Table S1 The list of rose cultivars used for the experiments

Position Cultivar Position Cultivar Position Cultivar Position Cultivar Position Cultivar Position Cultivar

A-1-1 Crimson Glory B-1-1 Ophelia C-1-1 Samurai A-1-1 Danjiri Bayashi B-1-1 Goethe Rose C-1-1 Papa Meilland
A-1-2 The Poet's Wife B-1-2 Crimson Glory C-1-2 Nighttime A-1-2 Just Joey B-1-2 Goethe Rose C-1-2 Danjiri Bayashi
A-1-3 Yves Piaget B-1-3 Crimson Glory C-1-3 Nighttime A-1-3 Danjiri Bayashi B-1-3 Danjiri Bayashi C-1-3 Papa Meilland
A-1-4 Nighttime B-1-4 Nighttime C-1-4 Papa Meilland A-1-4 Just Joey B-1-4 Goethe Rose C-1-4 Papa Meilland
A-2-1 Nighttime B-2-1 Crimson Glory C-2-1 Nighttime A-2-1 Just Joey B-2-1 Goethe Rose C-2-1 Papa Meilland
A-2-2 Papa Meilland B-2-2 Crimson Glory C-2-2 Crimson Glory A-2-2 Papa Meilland B-2-2 Crimson Glory C-2-2 Papa Meilland
A-2-3 Crimson Glory B-2-3 Nighttime C-2-3 Papa Meilland A-2-3 Danjiri Bayashi B-2-3 Papa Meilland C-2-3 Papa Meilland
A-2-4 Nighttime B-2-4 Papa Meilland C-2-4 Nighttime A-2-4 Papa Meilland B-2-4 Crimson Glory C-2-4 Papa Meilland
A-3-1 Nighttime B-3-1 Crimson Glory C-3-1 Danjiri Bayashi A-3-1 Papa Meilland B-3-1 Papa Meilland C-3-1 Danjiri Bayashi
A-3-2 Crimson Glory B-3-2 Danjiri Bayashi C-3-2 Crimson Glory A-3-2 Papa Meilland B-3-2 Danjiri Bayashi C-3-2 Danjiri Bayashi
A-3-3 Charlotte Austin B-3-3 Nighttime C-3-3 Nighttime A-3-3 Papa Meilland B-3-3 Goethe Rose C-3-3 Danjiri Bayashi
A-3-4 Crimson Glory B-3-4 Papa Meilland C-3-4 Nighttime A-3-4 Papa Meilland B-3-4 Crimson Glory C-3-4 Danjiri Bayashi
A-4-1 Nighttime B-4-1 Nighttime C-4-1 Danjiri Bayashi A-4-1 Danjiri Bayashi B-4-1 Goethe Rose C-4-1 Danjiri Bayashi
A-4-2 Crimson Glory B-4-2 Nighttime C-4-2 Crimson Glory A-4-2 Papa Meilland B-4-2 Papa Meilland C-4-2 Danjiri Bayashi
A-4-3 Jubilee Celebration B-4-3 Crimson Glory C-4-3 Papa Meilland A-4-3 Danjiri Bayashi B-4-3 Goethe Rose C-4-3 Papa Meilland
A-4-4 Samurai B-4-4 Danjiri Bayashi C-4-4 Nighttime A-4-4 Crimson Glory B-4-4 Goethe Rose C-4-4 Danjiri Bayashi
A-5-1 Crimson Glory B-5-1 Nighttime C-5-1 Crimson Glory A-5-1 Papa Meilland B-5-1 Papa Meilland C-5-1 Danjiri Bayashi
A-5-2 Crimson Glory B-5-2 Nighttime C-5-2 Danjiri Bayashi A-5-2 Double Delight B-5-2 Crimson Glory C-5-2 Danjiri Bayashi
A-5-3 Just Joey B-5-3 Crimson Glory C-5-3 Nighttime A-5-3 Goethe Rose B-5-3 Crimson Glory C-5-3 Rocse
A-5-4 Nighttime B-5-4 Danjiri Bayashi C-5-4 Nighttime A-5-4 Just Joey B-5-4 Crimson Glory C-5-4 Danjiri Bayashi
A-6-1 Papa Meilland B-6-1 Nighttime C-6-1 Danjiri Bayashi A-6-1 Double Delight B-6-1 Double Delight C-6-1 Danjiri Bayashi
A-6-2 Nighttime B-6-2 Crimson Glory C-6-2 Crimson Glory A-6-2 Double Delight B-6-2 Double Delight C-6-2 Danjiri Bayashi
A-6-3 Marco Polo B-6-3 Fragrant Apricot C-6-3 Nighttime A-6-3 Double Delight B-6-3 Nighttime C-6-3 Danjiri Bayashi
A-6-4 Crimson Glory B-6-4 Danjiri Bayashi C-6-4 Nighttime A-6-4 Bathsheba B-6-4 Marco Polo C-6-4 Danjiri Bayashi
A-7-1 Papa Meilland B-7-1 Crimson Glory C-7-1 Nighttime A-7-1 Fragrant Apricot B-7-1 Fragrant Apricot C-7-1 Danjiri Bayashi
A-7-2 Nighttime B-7-2 Crimson Glory C-7-2 Papa Meilland A-7-2 Fragrant Apricot B-7-2 Fragrant Apricot C-7-2 Danjiri Bayashi
A-7-3 Goethe Rose B-7-3 Nighttime C-7-3 Danjiri Bayashi A-7-3 Yves Piaget B-7-3 Fragrant Apricot C-7-3 Danjiri Bayashi
A-7-4 Crimson Glory B-7-4 Danjiri Bayashi C-7-4 Crimson Glory A-7-4 Fragrant Apricot B-7-4 Fragrant Apricot C-7-4 Danjiri Bayashi
A-8-1 Princess Alexandra of Kent B-8-1 The Poet's Wife C-8-1 Danjiri Bayashi A-8-1 Papa Meilland B-8-1 Danjiri Bayashi C-8-1 Danjiri Bayashi
A-8-2 Nighttime B-8-2 Crimson Glory C-8-2 Crimson Glory A-8-2 Papa Meilland B-8-2 Danjiri Bayashi C-8-2 Danjiri Bayashi
A-8-3 Papa Meilland B-8-3 Nighttime C-8-3 Nighttime A-8-3 Danjiri Bayashi B-8-3 Danjiri Bayashi C-8-3 Danjiri Bayashi
A-8-4 Crimson Glory B-8-4 Danjiri Bayashi C-8-4 Nighttime A-8-4 Papa Meilland B-8-4 Papa Meilland C-8-4 Danjiri Bayashi
A-9-1 Nighttime B-9-1 Crimson Glory C-9-1 Papa Meilland A-9-1 Haikara B-9-1 Crimson Glory C-9-1 Graefin Diana
A-9-2 Papa Meilland B-9-2 Nighttime C-9-2 Nighttime A-9-2 Crimson Glory B-9-2 Graefin Diana C-9-2 Haikara
A-9-3 Crimson Glory B-9-3 Crimson Glory C-9-3 Danjiri Bayashi A-9-3 Velvet Fragrance B-9-3 Haikara C-9-3 Graefin Diana
A-9-4 Nighttime B-9-4 Danjiri Bayashi C-9-4 Crimson Glory A-9-4 Haikara B-9-4 Velvet Fragrance C-9-4 Velvet Fragrance
A-10-1 Nighttime B-10-1 Crimson Glory C-10-1 Anne-sophie PIC A-10-1 Goethe Rose B-10-1 Nighttime C-10-1 Ophelia
A-10-2 Crimson Glory B-10-2 Danjiri Bayashi C-10-2 Danjiri Bayashi A-10-2 Goethe Rose B-10-2 Just Joey C-10-2 Ophelia
A-10-3 Nighttime B-10-3 Papa Meilland C-10-3 Nighttime A-10-3 Bathsheba B-10-3 Ophelia C-10-3 Just Joey
A-10-4 Danjiri Bayashi B-10-4 Nighttime C-10-4 Crimson Glory A-10-4 Goethe Rose B-10-4 Danjiri Bayashi C-10-4 Ophelia
A-11-1 Crimson Glory B-11-1 Crimson Glory C-11-1 Papa Meilland A-11-1 Goethe Rose B-11-1 Just Joey C-11-1 Danjiri Bayashi
A-11-2 Crimson Glory B-11-2 Papa Meilland C-11-2 Nighttime A-11-2 Goethe Rose B-11-2 Goethe Rose C-11-2 Just Joey
A-11-3 Nighttime B-11-3 Danjiri Bayashi C-11-3 Danjiri Bayashi A-11-3 Goethe Rose B-11-3 Just Joey C-11-3 Nighttime
A-11-4 Danjiri Bayashi B-11-4 Nighttime C-11-4 Crimson Glory A-11-4 Goethe Rose B-11-4 Goethe Rose C-11-4 Just Joey
A-12-1 Crimson Glory B-12-1 Crimson Glory C-12-1 Papa Meilland A-12-1 Papa Meilland B-12-1 Danjiri Bayashi C-12-1 Munstead Wood
A-12-2 Crimson Glory B-12-2 Papa Meilland C-12-2 Danjiri Bayashi A-12-2 Bathsheba B-12-2 Nighttime C-12-2 Munstead Wood
A-12-3 Crimson Glory B-12-3 Nighttime C-12-3 Nighttime A-12-3 The Poet's Wife B-12-3 Just Joey C-12-3 Munstead Wood
A-12-4 Danjiri Bayashi B-12-4 Danjiri Bayashi C-12-4 Crimson Glory A-12-4 Boscobel B-12-4 Princess Alexandra of Kent C-12-4 Munstead Wood
A-13-1 Crimson Glory B-13-1 Crimson Glory C-13-1 Double Delight A-13-1 Papa Meilland B-13-1 Nighttime C-13-1 Jubilee Celebration
A-13-2 Crimson Glory B-13-2 Crimson Glory C-13-2 Danjiri Bayashi A-13-2 Papa Meilland B-13-2 Scepter'd Isle C-13-2 Samurai
A-13-3 Papa Meilland B-13-3 Danjiri Bayashi C-13-3 Nighttime A-13-3 Rose Pompadour B-13-3 Just Joey C-13-3 Jubilee Celebration
A-13-4 Danjiri Bayashi B-13-4 Nighttime C-13-4 Crimson Glory A-13-4 Scepter'd Isle B-13-4 Abracadabura C-13-4 Jubilee Celebration
A-14-1 Crimson Glory B-14-1 Munstead Wood C-14-1 Papa Meilland A-14-1 Guy Savoy B-14-1 The Poet's Wife C-14-1 Danjiri Bayashi
A-14-2 Crimson Glory B-14-2 Crimson Glory C-14-2 Crimson Glory A-14-2 Papa Meilland B-14-2 Charlotte Austin C-14-2 Goethe Rose
A-14-3 Papa Meilland B-14-3 Danjiri Bayashi C-14-3 Nighttime A-14-3 Desdemona B-14-3 Papa Meilland C-14-3 Danjiri Bayashi
A-14-4 Danjiri Bayashi B-14-4 Nighttime C-14-4 Crimson Glory A-14-4 Desdemona B-14-4 Marie Henriette C-14-4 Jude The Obscure
A-15-1 Crimson Glory B-15-1 Crimson Glory C-15-1 Nighttime A-15-1 Crimson Glory B-15-1 Rouge Pierre de Ronsard C-15-1 Danjiri Bayashi
A-15-2 Crimson Glory B-15-2 Crimson Glory C-15-2 Crimson Glory A-15-2 Charlotte Austin B-15-2 Madame de Stael C-15-2 The Poet's Wife
A-15-3 Papa Meilland B-15-3 Nighttime C-15-3 Nighttime A-15-3 Charlotte Austin B-15-3 Pierre de Ronsard C-15-3 Danjiri Bayashi
A-15-4 Danjiri Bayashi B-15-4 Danjiri Bayashi C-15-4 Crimson Glory A-15-4 Charlotte Austin B-15-4 Paul Bocuse C-15-4 Danjiri Bayashi

UV-B non-irradiation greenhouse UV-B irradiation greenhouse

In each house, cultivation benches (1-15) planted with 4 plants were arranged in 3 rows of A‒C (45 benches in total were arranged) as shown in Fig. 1 and Fig. S1. Plants are numbered clockwise order from the upper left as 1,
2, 3 and 4.
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