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Abstract. We investigated the effects of fluorescent illumination with a high red-to-far-red
ratio (R:FR) on the resistance of cucumber (Cucumis sativus) seedlings to powdery mildew
fungus (Sphaerotheca cucurbitae; PM). Seedlings were grown at a photosynthetic photon
flux (PPF) 0of 300 pumol-m *:s ' provided by fluorescent lamps with high R:FR light (R:FR =
7.0; FLy) or low R:FR light (R:FR = 1.1; FL ) until cotyledons or the first foliage leaf were
fully expanded. Spores of PM were then inoculated onto the leaves, and the seedlings were
grown for 7 days (from cotyledon stage) or 9 days (from foliage—leaf stage) under FLy. The
number of PM colonies on FLy; seedlings was 0.80x (cotyledons) and 0.62x (foliage leaves)
the number on FL, seedlings. The reduction on the FLy seedlings was probably the result
of changes in leaf morphological characteristics such as a thicker epidermal tissue as
a result of the higher R:FR illumination. The number of PM colonies on cotyledons of the
FLy seedlings was also smaller than that on seedlings grown under metal-halide lamps
providing a spectrum similar to that of natural light (R:FR = 1.2).

Pest management after transplantation is
essential in horticultural production, because
early infections can spread throughout the
crop. Therefore, in transplant production, the
transplants are sprayed with pesticides before
shipping.

Recently, closed-type transplant produc-
tion systems (CTPS) that use artificial light
have been developed as a way to produce high-
quality transplants regardless of the weather
(Kozai, 2007; Kozai et al., 2006). The use of pes-
ticides can be omitted, because the systems are
closed to pathogens and their vectors. In addi-
tion, the growing of transplants in CTPS could
further reduce the use of pesticides after trans-
plantation through the improvement of plant
resistance to pathogens by illumination with
artificial light; plant resistance to diseases can
be improved by illumination at particular wave-
lengths, notably ultraviolet (Brederode et al.,
1991; Bridge and Klarman, 1973), violet
(Wang et al., 2010), blue (Wang et al., 2010),
or red (Islam et al., 2002; Khanam et al., 2005;
Rahman et al., 2002; Schuerger and Brown,
1997; Wang et al., 2010).

Here, we focused on the R:FR of typical
commercial fluorescent lamps commonly used
in CTPS. Cucumber seedlings grown under
fluorescent lamps with a high R:FR have thick-
er leaves and consequently higher photosyn-
thetic ability (Shibuya et al., 2010a) and
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lower attractiveness to sweetpotato whitefly
(Shibuya et al., 2010b). The morphological
and physiological changes are probably the
result of responses that are the inverse of those
typical of shade avoidance (Franklin, 2008;
Smith and Whitelam, 1997). Typical commer-
cial fluorescent lamps emit little FR irradiation
and consequently have higher-than-natural
R:FRs. Because morphological changes in
leaves might affect plant resistance to patho-
gens (Szwacka et al.,, 2009), it might be
possible to improve plant resistance by high
R:FR illumination. To test this hypothesis, we
investigated the effects of adaptation to illu-
mination with high R:FR fluorescent light on
the resistance of cucumber (Cucumis sativus)
seedlings to PM (Sphaerotheca cucurbitae) in
an inoculation test.

Materials and Methods

Expt. 1

Comparison of powdery mildew resistance
of seedlings grown under high and low red-
to-far-red ratio fluorescent lamps. Cucum-
ber ‘Hokushin’ seeds were sown in plastic pots
(60 mm diameter, 55 mm height) containing
vermiculite. The seedlings were grown in a
growth chamber maintained at an air temper-
ature of 28 °C and a relative humidity of 50%
at a PPF of 300 umol-m2-s™' provided by
fluorescent lamps with either high R:FR li-
ght (FPLSSEX-N; Panasonic Corp., Kadoma,
Japan; FLy) or low R:FR light (FL20S-FR-P
Panasonic; FL;). The ratio of red (600 to 700
nm) to far-red (700 to 800 nm) light of FLy
was 7.0 and that of FL; was 1.1. The spectrum

of FLy was similar to that of FL;, except in
FR (Fig. 1). The spectra were measured with
a spectrometer (BLK-CXR-SR; StellarNet,
Tampa, FL). To keep the PPF at the leaf
surfaces steady during the experiment, the
distance between the light sources and the leaf
surfaces was kept constant. The pots were
placed in nutrient solution (A-type recipe of
Otsuka House Solution; Otsuka Chemical Co.
Ltd., Osaka, Japan) 5 to 10 mm deep. The com-
position of the solution in grams per 1000 L of
tap water was total nitrogen, 260; phosphorus,
52; potassium, 336; calcium, 164; magnesium,
36; manganese, 1.2; boron, 0.5; iron, 2.7; cop-
per, 0.03; zinc, 0.09; and molybdenum, 0.03.
Electrical conductivity was 2.6 mS-cm™', and
the pH was ~6.5 throughout the duration of the
experiment.

We evaluated the resistance of cucumber
seedlings to PM by compulsory inoculation
testing at two growth stages: 10 seedlings were
inoculated either when the cotyledons had
fully expanded (cotyledon stage) or when the
first foliage leaf had fully expanded (foliage—
leaf stage). The leaf areas in each treatment
groups were effectively the same at inocula-
tion. PM spore suspension was inoculated onto
the adaxial surface from a hand sprayer. The
suspension was prepared by scraping off the
spores from PM-infected cucumber leaves in
ion-exchanged water. We calculated the spore
density on leaves from the spore density in the
liquid (counted by eye under an optical micro-
scope) and the volume of liquid per leaf area
(evaluated by electric balance). The spore
density was 4.2 x 10* cm? in the cotyledon
stage and 3.0 X 10* cm™? in the foliage—leaf
stage. The inoculated seedlings were placed in
a growth chamber (LPH-220SP; Nippon Med-
ical & Chemical Instruments Co. Ltd., Osaka,
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Fig. 1. Light spectra of lamps. FLy; = fluorescent
lamp with high red-to-far-red ratio (R:FR); FL; =
fluorescent lamp with low R:FR; ML = metal-
halide lamp that provides a spectrum similar to
that of natural light. Relative photon fluxes per
unit wavelength are expressed relative to the
maximum. The R:FR was estimated by dividing
the total photon flux from red light (600 to 700
nm) by that from far-red light (700 to 800 nm).

429



Japan) maintained at an air temperature of 20
°C, a relative humidity of 50%, and a PPF of
200 umol'm s provided by fluorescent
lamps (FL20SEX-N-HG; NEC Lighting Ltd.,
Tokyo, Japan) under a 12/12-h light/dark cycle.
The spectrum of illumination from these lamps
was the almost same as that of FLy;. We counted
the PM colonies on the adaxial leaf surfaces by
eye 7 d (cotyledon stage) and 9 d (foliage—leaf
stage) after inoculation. Before inoculation, 10
(cotyledon stage) or eight (foliage-leaf stage)
extra seedlings were taken for measurement of
leaf dry mass and leaf area, from which the leaf
mass per area (LMA) was calculated. The
significance of differences between treatment
means was determined by Student’s ¢ test.
Cross-sections of cotyledon in each treatment
group were observed under a scanning electron
microscope (SU-1510; Hitachi High-Technol-
ogies Corp., Tokyo, Japan). The experiments
were conducted without replication.

Expt. 2

Comparison of powdery mildew resistance
of seedlings grown under high red-to-far-
red ratio fluorescent lamps and metal-halide
lamps. Cucumber seedlings were grown in
growth chambers illuminated with FLy or
metal-halide lamps (DR400/TL; Toshiba
Lighting & Technology Corp., Yokosuka,
Japan; ML; R:FR = 1.2) providing a spectrum
similar to that of natural light (Fig. 1), and
were then inoculated at the cotyledon stage.
The density of inoculated spores on the leaf
surface was 2.2 X 10° cm 2. We evaluated the
resistance of seedlings to PM and calculated
the LMA as in Expt. 1. The growing condi-
tions (with the exception of the light source)
and measuring methods were the same as in
Expt. 1. The results could not be compared
between experiments, because the density of
spore inoculation per leaf area differed
between the experiments.

Results and Discussion

The PM colonies were observed on the
adaxial surface of leaves. The number of PM
colonies on FLy seedlings was 0.80x (coty-
ledon) and 0.62x (foliage-leaf) that on FL
seedlings (Tables 1 and 2). This indicated
that infection by PM was inhibited on leaves
of cucumber seedlings raised under high R:FR
fluorescent illumination. The LMA of FLy
seedlings was 1.25x (cotyledon) and 1.20x
(foliage-leaf) that of FL; seedlings (Tables 1
and 2). This difference indicated that leaves
raised under high R:FR illumination were
thicker than those raised under low R:FR
illumination, as we previously found (Shibuya
et al., 2010a, 2010b). The cotyledons of FLy;
seedlings were also thicker (Fig. 2) in the
epidermal, palisade, and spongy tissues. These
morphological differences between seedlings
grown under a different light source might
partly explain the slower development of PM
colonies on FLy; seedlings. The leaf morpho-
logical characteristics of cucumber (such as
the ultrastructure of the cuticle and secondary
walls) affect tolerance to pathogenic fungi
(Szwacka et al., 2009). The cuticle structure
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Table 1. Area and dry mass per leaf area (LMA) of cotyledons of cucumber seedlings grown under
fluorescent lamps with high red-to-far-red (R:FR; FLy;) or with low R:FR (FL; ) before inoculation and
numbers of powdery mildew fungus (PM) colonies on the cotyledons 7 d after inoculation (Expt. 1).

Growing Leaf area LMA PM colonies per
condition (cm?/seedling) (mg DW/cm?) seedling
FLy 19.5+£0.5% 2.74 £0.03 68.7+4.5
FLp 19.1+£0.7 2.20 +0.04 85.8+4.0
Significance” NS ** **

“Mean + st (n = 10).

YNs = non-significant (P > 0.05); **significantly different between treatments at P = 0.01 by ¢ test.

DW = dry weight.

Table 2. Area and dry mass per leaf area (LMA) of first foliage leaf of cucumber seedlings grown under
fluorescent lamps with high red-to-far-red (R:FR; FLy) or with low R:FR (FL ) before inoculation and
numbers of powdery mildew fungus (PM) colonies on the first foliage leaf 9 d after inoculation (Expt. 1).

Growing Leaf area LMA PM colonies per
condition (cm?/seedling) (mg DW/cm?) seedling
FLy 37.8 £2.3" 1.93 £0.04 39.8+2.8
FL_ 350+22 1.61 +0.06 64.1 £5.1
Significance’ NS HE *

“Mean + st (n = 8; PM colonies in FLy, n = 10). Two FL; samples were removed because of leaf

malformation of unknown cause.

YNs = non-significant (P > 0.05); *, **significantly different between treatments at *P = 0.05 and **P =

0.01 by ¢ test.
DW = dry weight.

Fig. 2. Cross-sections of cotyledon of cucumber seedlings grown under (A) fluorescent lamps with high
red-to-far-red ratio (R:FR) light (FLy), (B) fluorescent lamps with low R:FR light (FL, ), or (C) metal-
halide lamps (ML) observed under a scanning electron microscope. Et = epidermal tissue; Pt = palisade
tissue; St = spongy tissue. The images were retouched using a graphics editing program.

probably differed between the FLy; and FL;
seedlings in this experiment, because the
morphological and physiological characteris-
tics of FLy; and FL; leaves were similar to
those of sun leaves and shade leaves, respec-
tively (Shibuya et al., 2010a, 2010b). The
cuticle of sun leaves is thicker than that of
shade leaves (Gratani et al., 20006).

The pest management technologies with
providing specific wavelengths of light have
been investigated for horticultural production
in the greenhouse (Suthaparan et al., 2010a,
2010b). Red light could suppress sporulation of
PM directly, and far-red light could stimulate
conidial formation and negated the effect of red
light; these direct effects indicate the presence
and operation of photoreceptors (Suthaparan
et al., 2010b). Our results indicate that the
indirect effects of light quality on PM through
the morphological changes of the host plant
also should be taken into consideration for
improving the pest management by controlling

light quality. The light quality also could affect
the plant’s resistance through physiological de-
fense mechanisms. Improved resistance of the
plant to the pathogen under red light is corre-
lated with plant antioxidant systems such as
salicylic acid-mediated defense mechanisms
(Khanam et al., 2005; Wang et al., 2010).
Moreno et al. (2009) reported that phytochrome
inactivation by FR caused a strong reduction of
plant sensitivity to jasmonates, which are key
regulators of plant immunity. Therefore, there
is a great possibility that the development of
PM colonies on FLj; seedlings was inhibited
not only thorough the morphological charac-
teristics, but through the physiological defense
mechanisms. To elucidate the mechanism of
improved resistance under high R:FR illumi-
nation, we should closely examine the physio-
logical responses in plant metabolism.

The differences in LMA, leaf structure,
and number of PM colonies between FL; and
ML were similar to those between FLy and
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Table 3. Area and dry mass per leaf area (LMA) of cotyledons of cucumber seedlings grown under
fluorescent lamps with high red-to-far-red (R:FR; FLy) or metal-halide lamps (ML) that provided
a spectrum similar to that of natural light, before inoculation, and numbers of powdery mildew fungus
(PM) colonies on the cotyledons 7 d after inoculation (Expt. 2).

Growing Leaf area LMA PM colonies per
condition (cm?/seedling) (mg DW/cm?) seedling
FLy 16.0 + 0.4 3.51+0.07 67.9+54
ML 17.8 0.8 3.21 +£0.07 99.8 +5.3
Significance NS *E ok

“Mean = st (n = 10).

YNs = non-significant (P > 0.05); **significantly different between treatments at P = 0.01 by 7 test.

DW = dry weight.

FL; (Table 3; Fig. 2). This result indicated that
cucumber seedlings adapted to FLy illumina-
tion had higher resistance to PM than seedlings
adapted to metal-halide (ML) illumination
and, because the spectrum of ML was similar
to that of natural light, would also have higher
resistance than seedlings adapted to natural
light at the same PPF. This difference could oc-
cur in commercial transplant production using
CTPS, because the daily PPF used in trans-
plant production under artificial light can equal
that of natural light (Kozai et al., 2006). The
values of LMA were greater in Expt. 2 than in
Expt. 1 (Tables 1 and 3), although the envi-
ronmental conditions were almost the same for
FLy seedlings in the two experiments. This
difference was probably the result of differ-
ences in the timing of the experiment, although
the true reasons are not clear. The absolute
values obtained in each experiment could not
be compared directly.

From these results, we concluded that the
cucumber seedlings adapted to high R:FR of
fluorescent illumination have higher resistance
to PM. The changes in leaf morphological char-
acteristics such as the thicker epidermal tissue
may be one of the causes of this improvement.
Growing transplants in CTPS by using FLy
may reduce the use of pesticides not only du-
ring transplant production, but also after trans-
plantation.
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