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Light emitting diodes (LEDs) are frequently regarded as a new light source for the production of
horticultural crops under closed-type conditions. However, before use of LEDs as the sole source of light
can be advanced, plant responses to light quality have to be investigated for important horticultural
plants. The objective of the present study was to evaluate cucumber (Cucumis sativus) seedlings
physiological responses to different blue (B) and red (R) photon ﬂux (PF) ratios using LEDs. Cucumber
seedlings (cv. Cumlaude) were grown in a growth chamber until the second true leaf stage (17 days) with
LED lighting and 18-h photoperiod. The treatments consisted of 100 mmol m 2 s 1 photosynthetic
photon ﬂux (PPF) with B:R PF ratios of 0B:100R%, 10B:90R%, 30B:70R%, 50B:50R%, 75B:25R%, 100B:0R%.
Another treatment consisted of B, green (G) and R PF ratio of 20B:28G:52R%. Peak wavelengths of LEDs
were 455 nm (B) and 661 nm (R) for the in the B:R treatments and 473 nm (B), 532 nm (G), 660 nm (R) in
the B:G:R treatment. Hypocotyl length decreased with the increase of B PF up to the 75B:25R% treatment.
Hypocotyl length in the 0B:100R% treatment was 164% greater than in the 75B:25R treatment. Plants
under the 100B:0R% treatment had unexpected greater plant height, hypocotyl, and epicotyl length than
plants under all other treatments. For example, the hypocotyl length under the 100B:0R% was 69% greater
than in the 0B:100R treatment and 346% greater than in the 75B:25R% treatment. Leaf area decreased
with the increase of B PF when plants were irradiated with the combination of B and R PF. The response of
leaf area under the 100B:0R% treatment was unexpected since plants in the 100B:0R% treatment had 48%
greater leaf area than plants in the 75B:25R% treatment. Chlorophyll content per leaf area, net
photosynthetic rate, and stomatal conductance increased with the increase of B PF. Shoot dry and fresh
mass decreased with the increase of B PF when plants were irradiated with the combination of B and R PF.
Plants under 0B:100R% had the lowest dry and fresh mass from all the treatments and plants under
100B:0R% showed the greatest fresh mass from all the treatments and equal dry mass as the plants under
10B:90R% treatment. The addition of G PF to the spectrum did not have any inﬂuence in cucumber plant
responses. For cucumber seedlings, morphological responses inﬂuenced plant growth since B PF
responses in growth parameters (i.e., dry mass) closely matched those in morphological parameter (i.e.,
leaf area). More research is needed to ﬁnd the optimal spectrum for the growth and development of
horticultural crops under sole source electrical lighting such as LEDs.
Published by Elsevier B.V.
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1. Introduction
Among environmental factors, light is one of the most
important variables affecting plant growth and morphology
(Kendrick and Kronenberg, 1994; Mc Donald, 2003). While effects
of light intensity on plant physiological responses have received
ample attention (Acock et al., 1971; Björkman, 1981; Corré, 1983;
Gislerød et al., 1989), research on effects of light quality on plant
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physiological responses is deﬁcient. Early research evaluating red
LEDs in combination with blue ﬂuorescent lamps showed the
importance of supplementing R light with B light for plant growth
and development. For example, Yorio et al. (1998) summarized
work done by NASA life support program on blue light requirements of lettuce, potato, radish, spinach, and wheat, and concluded
that a minimum of 35 mmol m 2 s 1 of B light (in an otherwise R
light regime) is necessary for normal plant growth and development. Also, Brown et al. (1995) showed that pepper seedlings,
when grown under 100R% light (660 nm peak wavelength), had
longer stem length and lower plant dry mass than when grown
under the combination of R LED and B ﬂuorescent light (PPF:
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300 mmol m 2 s 1, photoperiod: 12 h). After the development of
high intensity LEDs, research continued to focus on plant growth
and morphological responses to B, green (G) and R PF ratios (Massa
et al., 2008). In vegetable transplants, such as tomato, lettuce,
pepper and cucumber, different R:G:B PF ratios have been tested. In
tomato, under sole source electrical lighting, studies agree that
higher B:R ratios decrease tomato plant height (Liu et al., 2011;
Nanya et al., 2012; Wollaeger and Runkle, 2014). However,
conﬂicting results are reported on tomato growth rate. For
example, Nanya et al. (2012) showed that tomato dry mass was
greater under the 10B:90R% treatment than under 50B:50R% or
30B:70R%. Wollaeger and Runkle (2014) showed greater dry mass
in tomato seedlings grown under monochromatic R than those
grown under G:R, B:G:R, B:G, B:R and monochromatic B. Liu et al.
(2011) showed that cherry tomato seedlings grown under
monochromatic B LEDs had greater dry mass than plants grown
under B:R, B:G:R and R LEDs.
Cope et al. (2014) tested different B:G:R PF ratios in the growth
and development of lettuce and peppers using broad spectrum and
monochromatic LED lights. They found higher stem length in
lettuce and hypocotyl length in peppers under the 0.3B% treatment
compared to the 92B% treatment.
In cucumbers, under sole-source lighting, Hogewoning et al.
(2010b) tested B:R PF ratios of 0B:100R%, 7B:93R%, 15B:85R%,
22B:78R%, 30B:70R%, 50B:50R% and 100B:0R%, (the total PPF of
100 mmol m 2 s 1, photoperiod: 16 h) and showed that cucumber
had higher leaf photosynthetic capacity (Amax), net photosynthetic
rate (Pn), stomatal conductance (gs), and chlorophyll concentration
with the increase of B PF until 50B:50R% treatment. Similarly,
Savvides et al. (2012) showed lower gs, hydraulic conductance, and
Pn in cucumbers grown under 0B:100R% compared to those under
100B:0R% and 30B:70R%. The two aforementioned cucumber
studies did not present any results on cucumber growth
parameters (dry mass, fresh mass, and number of leaves). Under
supplemental lighting, Hernández and Kubota (2014a) grew
cucumber transplants under different percentages of B and R PF
using LEDs (0B:100R%, 4B:96R% and 16B:84R%) and found that
under low background solar radiation (5.2 mol m 2 day 1) cucumber transplants growth rate decreased with the increase of B PF in
the supplemental lighting. The reduction of growth rate was
attributed to the reduction of leaf area also caused by the increase B
PF.
From the aforementioned studies it is fair to conclude that
vegetable transplants responses to light quality are species speciﬁc
and more research in the responses of individual species to light
quality is justiﬁed. In the present study cucumber was chosen as
the model crop for three reasons: (1) cucumber is known to be
more sensitive to light quality treatments than other vegetable
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transplants (Hemming et al., 2008; Hernández and Kubota, 2012,
2014a; Trouwborst et al., 2010b). (2) Cucumbers are the secondmost produced vegetable in greenhouses in the USA (Nanfelt,
2011). (3) To our knowledge limited information is available on
growth and morphological-related responses to a broad range of B:
R PF ratios.
The objective of the present study is to build upon the existing
research conducted under supplemental LED lighting (Hernández
and Kubota, 2014a; Hernández and Kubota, 2014b) and sole-source
electrical lighting (Hogewoning et al., 2010b; Savvides et al., 2012)
by evaluating physiological and morphological responses of
cucumber transplants to a broad range of B:R PF ratios under
sole-source electrical LED lighting.
2. Materials and methods
2.1. Plant material and growing conditions
Greenhouse cucumber ‘Cumlaude’ seeds (Rijk Zwaan, Bergschenhoek, The Netherlands) were sown in rockwool cubes (cube size:
7 cm L  7 cm W  6.5 cm H) (Grodan, Delta, Canada) then covered
with a layer of vermiculite. Seeded cubes were kept in darkness for
24 h and the substrate temperature was maintained at 28  C. Cubes
were then transferred to a growth chamber (14.8 m2). A total of
12 experimental plants were subjected to each light treatment
described below. Additional 18 plants per light treatment were
positioned around the experimental plants in order to prevent any
boundary effects on experimental plants. The plants were subirrigated as needed with nutrient solution containing (mg L 1) 90 N,
47 P, 144 K, 160 Ca, 60 Mg, 113 S, 105 Cl, as well as micro-nutrients.
The temperature set point in the growth chamber was 25  C. Air
temperature measured directly under the leaves was recorded for
each treatment with ﬁne-wire thermocouples (type T, gauge 24,
Omega Inc., Stamford, CT, USA) (8 thermocouples in the growth
chamber) (Table 1). Atmospheric moisture and air temperature
were measured in the middle of the growth chamber using a
humidity/temperature probe (HMP110, Vaisala Inc., Helsinki,
Finland) (Table 1). Atmospheric CO2 concentration was measured
in the middle of the growth chamber using a CO2 analyzer (LI-800,
LI-COR Biosciences, Lincoln, NE, USA). All sensors were connected to
a CR-23X data-logger (Campbell Scientiﬁc, Logan, UT, USA) (Table 1)
scanned every 5 s and recorded at 5-min intervals.
2.2. Light treatments
Six of the ﬁxtures used in the B:R treatments were built with B
LEDs (peak wavelength 455 nm, full width at half maximum
(FWHM): 15 nm) and R LEDs (peak wavelength 661 nm, FWHM:

Table 1
Light treatments with different blue (B), green (G) and red (R) PF ratios, average PPF per treatment, phytochrome photostationary state (Pfr/Ptotal), and growing environmental
conditions.
Parameter

Units

PPFa
(400–700 nm)
Pfr/Ptotalb
R:FR
Air canopy T
Photoperiod
Air T above canopy
Relative humidity
CO2 concentration
Nutrient solution pH
Nutrient solution EC

mmol m

a
b

Treatments

2

s



C
h

C
%
mmol mol
dS m

1

1

1

0B:100R%

10B:90R%

20B:28G:52R%

30B:70R%

50B:50R%

75B:50R%

100B:0R%

98.3  1.9

97.9  3.4

96.5  4.2

96.4  5.1

97.6  5.9

98.1  4.7

100  1.8

0.888
125.5
24.9  0.6
18
24.7  0.6
55.4  9.1
512  159
6.0
2.2

0.886
127.7
24.4  0.8

0.878
80.5
24.8  0.6

0.879
118.6
24.3  0.8

0.868
114.1
24.5  0.7

0.831
95.0
24.2  0.7

0.506
1.19
24.5  0.6

Average and standard deviation of ﬁve measurements, two measurements per repetition per treatment at the beginning and end of experiment.
Phytochrome photostationary state (Sager et al., 1988).
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20 nm). An additional ﬁxture used for B:G:R treatment in the
present study was built with B LEDs (peak wavelength 473 nm,
FWHM: 25 nm), R LEDs (peak wavelength 660 nm, FWHM: 22 nm),
and G LEDs (peak wavelength 532 nm, FWHM: 37 nm). All ﬁxtures
were 35 L  34 W cm and were connected to a digital controller
(ISC-101-4, CCS Inc., Kyoto, Japan) capable of controlling output of

B, G and R LEDs independently. Seven compartments were created
inside the growth chamber using standard shelving units and nonreﬂective black cloths. The light ﬁxtures were installed on each
compartment with a distance of 20–24 cm from the base of the
shelf to the light. The treatments consisted of six different B:R PF
ratios and one B:G:R PF ratio (Table 1,Fig. 1). Photon ﬂuxes over the

Fig. 1. Spectral distribution of LED treatments. B represents the blue PF, G the green PF and R the red PF for each treatment. Spectra were recorded and averaged at ﬁve
locations at the height of plant canopy with spectroradiometer at the beginning and end of each repetition the experiment.
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shelf surface were measured on ﬁve locations in the plant-growth
area using a spectroradiometer (PAR-NIR, Apogee Instruments Inc.,
Logan, UT, USA). The phytochrome photostationary state (Pfr/Ptotal)
was calculated for all seven LED treatments following Sager et al.
(1988) (Table 1). The height of the light ﬁxtures was adjusted
throughout the experiment in order to maintain the desired PF at
the top of the canopy. Individual experimental plants were
systematically rotated daily inside the small growing area in order
to ensure even light exposure to all plants within the treatment.
2.3. Measurements and experimental design
The experiment was conducted twice for 17 days: (1) 12
February 2014–29 February 2014; and (2) 21 April 2014–8 May
2014. Each repetition had 12 cucumber plants (experimental units)
per treatment for a total of 96 plants. Seventeen days after sowing,
net photosynthetic rate (Pn) and stomatal conductance (gs) were
measured with a portable photosynthesis system (CIRAS-2, PP
System, MA, USA) with a 100 mmol m 2 s 1 PPF (provided by the
treatment ﬁxture), under growth chamber temperature of
24.7  0.6  C and ambient CO2 concentration. Plant height,
hypocotyl length, and epicotyl length were measured using a
ruler. Stem diameter was measured one centimeter below the
cotyledons using a digital caliper. Plant shoot fresh mass was
measured using an electronic balance. Leaf chlorophyll concentration were quantiﬁed based on Moran and Porath (1980), using two
56.6 mm2 leaf circles sampled from each plant. Leaf number per
plant for leaves greater than two centimeters in length were
counted and recorded. Images of leaves and cotyledons were
obtained using a scanner and leaf area per plant was calculated
using the LIA 32 software for leaf area analysis (Nagoya University,
Japan). Leaf mass per area (LMA) was calculated by dividing shoot
dry mass by plant leaf area, as a parameter expressing the
thickness of the leaves. Plant shoots were transferred into a drying
oven at 80  C for at least 48 h to obtain the shoot dry mass.
Analysis of variance (P = 0.05) was performed to identify any
difference among treatments, considering each plant as an
experimental unit repeated two times (n = 24). Mean separations
were analyzed using Tukey-Kramer HSD (P = 0.05). In addition,
linear regression was applied to the quantitative response to
increasing B percentage. The statistical analysis conﬁrmed that
there were no signiﬁcant interactions between the treatment and
replication in time. The statistical analysis was performed using
JMP software (SAS Institute, Cary, NC, USA)
3. Results and discussion
3.1. Effects of B:R PF ratios on cucumber plant morphology
In the present study, plant height, hypocotyl length and epicotyl
length decreased with the increase of B PF (P < 0.0001) up to the
75B:25R% treatment (Figs. 2 and 3). Phytochrome photoreceptors
sense the R and far-red (FR) ratio and are known to control stem
extension. The phytochrome photostationary state (Pfr/Ptotal) is
often used to quantify the R: FR ratio. The response of stem length to
the Pfr/Ptotal is linear, with an increase in Pfr/Ptotal, the stem extension
rate decreases (Runkle and Heins, 2001; Smith,1982). In the present
study, the reduction of stem extension cannot be attributed to the
phytochrome mediated response. The Pfr/Ptotal decreased with the
increase of B PF (Table 1). However, except for the 100B:0R%
treatment, the stem extension rate decreased with the decrease of
Pfr/Ptotal (increase B PF) which is opposite to the expected response.
For example, the hypocotyl length in the 0B:100R% treatment was
164% greater than in the 75B:25R% treatment. Cryptochromes
photoreceptors are known to inhibit hypocotyl elongation and have
maximal activity when stimulated with B light in the range of
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390–480 nm (peak at around 450 nm) (Ahmad and Cashmore,1996;
Ahmad et al., 2002). In the present study, the peak wavelength of the
blue diodes was 455 nm falling in the range of maximal activity of
the cryptochrome. Therefore, the reduction of stem length by the
increase of B PF is likely attributed to the stimulated cryptochrome
photoreceptor. The decrease of stem extension in vegetable
transplants caused by the increase of B PF to a dominant R PF
spectrum has been reported (Brown et al., 1995; Liu et al., 2011;
Nanya et al., 2012; Wollaeger and Runkle, 2013). For example, Brown
et al. (1995) showed greater stem length in pepper seedlings under
the 0B:100R% treatment than under the 10B:90R% treatment (PPF:
300 mmol m 2 s 1, photoperiod 12 h). Liu et al. (2011) showed that
cherry tomato plants grown under the 0B:100R% treatment had 95%
greater plant height than plants under the 50B:50R% treatment
(1:1 energy basis) (PPF: 300 mmol m 2 s 1, photoperiod 12 h).
Nanya et al. (2012) also showed greater tomato stem length in plants
in the 10B:90R% treatment compared to those in the 50B:50R%
treatment (PPF: 150 mmol m 2 s 1, photoperiod 16 h). Wollaeger
and Runkle (2013) found that tomato, impatiens, and salvia under
25% or greater B PF were 41–57% shorter than plants grown under
100R% (PPF: 300 mmol m 2 s 1, photoperiod 18 h). In cucumber,
plants under the 0B:100R% treatment had 34% greater petiole length
than in the 30B:70R% treatment (PPF: 100 mmol m 2 s 1, photoperiod 16 h) (van Ieperen et al., 2012).
In the present study, plants under the 100B:0R% treatment had
greater plant height, hypocotyl, and epicotyl length than plants
under all other treatments (P < 0.0001) (Figs. 2 and 3). For example,
the hypocotyl length under the 0B:100R% was 69% greater than in
the 100R:0B treatment and 346% greater than in the 75B:25R%
treatment (Fig. 2). As previously discussed, a lower Pfr/Ptotal causes
a greater stem extension. In the present study the Pfr/Ptotal of the
100B:0R% treatment was 57% lower than in the 0B:100R%
treatment and 61% lower than in the 75B:25R% treatment. The
lower Pfr/Ptotal in the 100B:0R% treatment could have contributed
to the greater stem extension; however, it cannot fully explain the
observed 69–346% increase compared to other treatments.
High R:FR ratio in conjunction with B light are known to
synergistically suppress stem extension more than if only one was
present (Ahmad and Cashmore, 1997; Casal and Mazzella, 1999;
Wollaeger, 2013). For example, by comparing the responses of a
series of cryptochrome and phytochrome mutants with wildtype
Arabidopsis, Ahmad and Cashmore (1997) concluded that CRY1
(cryptochrome receptor) showed functional dependence on active
phytochrome. For instance, wild-type Arabidopsis irradiated with
blue light pulses exhibit 25% inhibition of hypocotyl growth; in
contrast, wild-type Arabidopsis irradiated with a combination of
blue and red light pulses had 40% inhibition of hypocotyl growth,
compared to plants grown in dark. In addition, studies have shown
that common responses to B light do not occur in the absence of
phytochrome. For example, phytochrome mutants (phyA, phyB) had
abnormally long hypocotyls when grown under B light and the
hypocotyl length of phytochrome mutant seedlings was comparable to cryptochome mutant seedlings (cry1), this phenomenon is
described as “coaction” (Ahmad and Cashmore, 1997; Folta and
Spalding, 2001; Neff and Chory, 1998; Whitelam et al., 1993). In the
present study, it is plausible that cryptochrome inhibition of stem
extension was not fully activated due to the lack of “coaction” caused
by the absence of red light (low phyA activation) in the 100B
treatment.
When plants receive the combination of R and B PF, leaf area
decreased with the increase of B PF (P < 0.0001) (Fig. 2). Leaf
responses to increasing B PF are similar to leaf responses to
increasing PPF (Hogewoning et al., 2010b; Poorter et al., 2009,
2010). Two known high PPF plant responses are the decrease of leaf
area and the increase of LMA. In the present study, LMA increased
with the increase of B PF (Fig. 2). It is plausible that plants under
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Fig. 2. Effect of light quality (increase of % blue photon ﬂux) on the morphological, physiological and growth rate responses of cucumber seedlings. Circles represent the
treatments containing B and R PF. Triangle represents the treatment containing green light (20B:28G:52R). LMA, gs and Pn are deﬁned as leaf mass area, stomatal conductance,
and leaf net photosynthetic rate, respectively. Dotted line represents signiﬁcant linear regression.

Fig. 3. Cucumber seedlings (Cucumis sativus) ‘Cumlaude’ grown under 100 mmol m 2 s 1 photosynthetic photon ﬂux, 18 h photoperiod. B represents the % blue PF in the light
spectrum. CWF represents plants grown under cool-white-ﬂuorescent lamps (data not shown). Picture was taken at 15 days after seeding, two days before the end of the rep 2.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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higher B PF were responding as being under higher PPF even
though they were grown under equal low PPF (100 mmol m 2 s 1).
The decrease of leaf area and increase of LMA with the increase of B
PF has been reported. For example, Hogewoning et al. (2010a)
tested cucumber plant responses under 5%, 18% and 23% B light
using high pressure sodium lamps (HPS), a lamp with a spectrum
close to the sun, and ﬂuorescent lamps, (PPF: 100 mmol m 2 s 1,
photoperiod 16 h). Leaf area under the 23% B treatment was
signiﬁcantly lower than the other two treatments. Hernández and
Kubota (2014a) tested cucumber plant responses to 0B:100R%,
4B:96R%, and 16B:86R% light using LEDs as supplemental lighting
and found a decrease in leaf area and an increase LMA with the
increased of B PF under low solar DLI conditions (5.2  1.2 mol
m 2 day 1) (supplemental PPF: 55 mmol m 2 s 1, photoperiod
18 h). Trouwborst et al. (2010a) also found lower leaf area and
greater LMA under HPS supplemented with B LED lights than
under HPS alone (supplemental PPF: 221 mmol m 2 s 1, photoperiod 20 h). Hogewoning et al. (2010b) found an increase of LMA
with the increase of B PF when plants were grown under different
B:R PF ratios (PPF: 100 mmol m 2 s 1, photoperiod 16 h).
In the present study, plants under the 0B:100R% did not follow
the trend of leaf area increasing in decreasing B PF, observed for the
plants grown under combined R and B PF. For example, plants
under the 0B:100R% treatment had 30% lower leaf area than plants
under the 10B treatment (plants with the greatest leaf area)
(Fig. 2). Plant responses to monochromatic R light are species
speciﬁc. For example, Wollaeger and Runkle (2014) showed that
leaf area of tomato, salvia and petunia was 47–130% greater in
plants grown under monochromatic R compared to those grown
under 25% or more B added to R. Ohashi-Kaneko et al. (2007) also
reported greater leaf area in leaf lettuce and komatsuna on plants
grown under monochromatic R compared to plants grown under
the combination of R and B light. In contrast, Brown et al. (1995)
found 36% greater leaf area in the R:B treatment than the
monochromatic R treatment in pepper plants. In spinach and
cherry tomato no leaf area differences were found between plants
in the monochromatic R treatment and plants in the R:B treatment
(Liu et al., 2011; Ohashi-Kaneko et al., 2007). In cucumber, it has
been reported that the absence of B light caused abnormal plant
growth and development (Hogewoning et al., 2010b; Savvides
et al., 2012). The cucumber plants in the present study did not
develop and grow normally either under the 0B:100R% treatment,
which likely caused the reduction of leaf area.
The response of leaf area under the 100B:0R% treatment was
unexpected and did not follow the trend observed under the
combination of B and R (Fig. 2). The leaf area in the 100B:0R%
treatment was as high as the 10B:90R% treatment (Fig. 2). Liu et al.
(2011) compared plant growth and morphology of cherry tomatoes
under different monochromatic color wavelengths and leaf area
was not different between the R, Y, G and B treatments. In
cucumber, to our knowledge, the present study is the ﬁrst report
showing greater leaf area in the 100B:0R% treatment compared to
the other B:R PF ratio treatments.
3.2. Effects of B:R PF ratios on chlorophyll, net photosynthetic rate and
stomatal conductance
In the present study, chlorophyll content per leaf area increased
with the increase of blue PF up to the 75B:25R% treatment
(P < 0.0001) (Fig. 2). In green algae, Oh-Hama and Hase (1981)
showed that blue light is critical to initiate chlorophyll biosynthesis. In addition, several reports showed an increase in chlorophyll
concentration with the increase of B PF in algae (Jeffrey, 1980;
Jeffrey and Vesk, 1981; Vesk and Jeffrey, 1977). Tripathy and Brown
(1995) showed how blue supplementation restored chlorophyll
biosynthesis of wheat seedlings germinated under R light alone.
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More recently, as greenhouse supplemental light quality, Hernández and Kubota (2014a) tested different percentages of R and B PF
using LEDs for the growth and development of cucumber seedlings
and found an increase on chlorophyll content per leaf area with the
increase of blue PF under low DLI conditions (5.2  1.2 mol m 2
day 1). Under sole-source lighting Hogewoning et al. (2010b) also
grew cucumber seedlings under different percentages of B PF (the
remaining PF was red) and found an increase of chlorophyll per leaf
area with the increase on B PF up to the 50B:50R% treatment. In the
present study, we suggest that plants growing under lower B PF
had decreased capabilities to biosynthesize chlorophyll.
Plants under the 100B:0R% treatment did not follow the trend of
increasing chlorophyll concentration with the increase B PF. Plants
under the 100B:0R% treatment had 16, 17, 24, and 24% lower
chlorophyll concentration than plants under the 20B:28G:52R%,
30B:70R%, 50B:50R% and 75B:25R% treatments, respectively
(P < 0.0001) (Fig. 2). This response is similar than the one reported
by Hogewoning et al. (2010b) in cucumber seedlings. Chlorophyll
biosynthesis may also depend on the coaction of cryptochrome and
active phytochrome. The active form of phytochome was lower in
the 100B:0R% treatment (lower PSS) (Table 1) and this may have
caused the lower chlorophyll biosynthesis in the 100B:0R%
treatment.
Leaf net photosynthetic rate and gs increased with the increase of B
PF (P = 0.0125 and P < 0.0001, respectively). McCree (1972)
described the inﬂuence of light quality on Pn of ﬁeld and growthchamber grown plants and created the relative quantum efﬁciency
curve (RQE). The RQE curve shows that photons of wavelengths
within the PAR range are not equally efﬁcient in driving photosynthesis. According to the RQE curve, red light (600–700 nm) is 25–30%
and 5–30% more efﬁcient than blue (400–500 nm) and green
(500–600 nm) light, respectively. The lower RQE of B light is caused
by its absorption by pigments that are less efﬁcient in transferring
energy to the reaction centers (carotenoids) or by pigments that are
photosynthetically inactive (anthocyanins) (Cope et al., 2014;
McCree, 1972). From the results reported by McCree (1972), it is
expected to see a decrease in Pnwith the increase of B PF; however, in
the present study, the opposite trend was observed (Fig. 2). It has
being reported that cucumber plants grown under the absence of B
light develop a dysfunctional photosynthetic apparatus and have
very low gs and leaf hydraulic conductance (Hogewoning et al.,
2010b; Savvides et al., 2012) this could have caused the lower Pn
under the 0B:100R% treatment in the present study. In cucumber,
Hogewoning et al. (2010b) reported an increase of photosynthetic
characteristics (Pn, Amax, chlorophyll concentration, and gs) with the
increase of B PF. In addition, Hogewoning et al. (2010b) also showed
an increase on LMA, chlorophyll concentration and gs with the
increase of B PF. They concluded that increasing B light was capable
of stimulating “high irradiance leaf characteristics” even under
constant irradiance (Hogewoning et al., 2010b). The present study is
in agreement with the ﬁndings reported by Hogewoning et al.
(2010b) since Pn, LMA, chlorophyll concentration, and gs also
increased with the increase of B PF.
The increased gs with the increase of blue PF is correlated with
the increase in number of stomata (stomatal density), stomatal
width, and stomatal pore aperture also caused by the increase of
blue PF (Hogewoning et al., 2010b; Savvides et al., 2012). In the
present study, stomatal counts were not performed; however, it is
plausible that cucumber leaves grown under higher B PF had
higher stomatal density and higher stomatal pore aperture which
consequently resulted in higher gs.
3.3. Effects of B:R PF ratios on plant growth
No differences in leaf number were found between any of the
treatments (P = 0.1373). Since higher leaf temperatures can
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promote the development of leaves and since no differences were
detected in the different treatments, it is safe to conclude that leaf
temperature was not different between the treatments. This is
corroborated by no differences of air temperature measured just
above the leaf canopy in the different treatments (Table 1).
When plants were irradiated with the combination of R and B
PF, shoot dry and fresh mass decreased with the increase of B PF
(P > 0.0001) (Fig. 2). This may seem logical since the RQE of red
wavelengths is greater than that of the blue wavelengths;
consequently, a light environment with higher amounts of R
would have greater Pn and greater growth rate. However, in the
present study, Pn increased with the increase of B PF (P = 0.0125)
(Fig. 2). Therefore, the decreased of growth rate with the increase
of B PF cannot be attributed to Pn. Another explanation for the
reduction in growth is the reduction of leaf area caused by the
increase of B PF. As previously mentioned, in the present study leaf
area decreased with the increase of B PF. The reduction of leaf area
decreases the capacity of the plants to intercept light, under light
limited conditions (6.48 mol m 2 day 1), less light interception
will reduce plant growth. Similar results were observed under
greenhouse supplemental lighting conditions. Hernández and
Kubota (2014a) grew cucumber seedlings under different B:R
ratios and found no differences in Pn; however, researchers found a
decreased in leaf area and growth rate with the increase of B PF
under low DLI conditions (5.2  1.2 mol m 2 day 1).
Plants grown under the 0B:100R% treatment had the lowest
growth rate (dry and fresh mass) from all the treatments (P < 0.0001)
(Fig. 2). Plant growth rate responses under R compared to the
responses under the combination of R and B are species speciﬁc. For
example, Wollaeger and Runkle (2014) showed that tomato, salvia
and petunia had 48–112% greater shoot fresh mass when grown
under 100R% light than when grown under 25% or more B light (PPF:
160 mmol m 2 s 1, photoperiod 18 h). In komatsuna leaves, OhashiKaneko et al. (2007) reported 43% greater dry mass under R light
than white light (PPF: 300 mmol m 2 s 1, photoperiod 12 h). In
contrast, pepper seedlings grown under R light had lower plant dry
mass compared to plants grown under 99:1 R:B PF ratio (PPF:
300 mmol m 2 s 1, photoperiod 12 h) (Brown et al., 1995). Cucumber had lower gs, lower Pn, lower leaf hydraulic conductance, and
dysfunctional photosynthesis system when grown under monochromatic R light (Hogewoning et al., 2010b; Savvides et al., 2012).
Hogewoning et al. (2010b) postulated that cucumber seedlings need
a qualitative threshold of 7 mmol m 2 s 1 to eliminate physiological
disorders caused by R light growing environment. The present study
and previous research suggest that cucumber seedlings grown
under sole source electrical lighting require B light in order to have
adequate growth and development.
Plants grown under the 100B:0R% treatment showed the greatest
fresh mass from all the treatments and as high plant dry mass as the
plants under 10B:90R% treatment (Fig. 2). This was not expected since
in the present study the increase of blue light in a red and blue light
environment decreased growth rate and leaf area. The greater growth
rate in the 100B:0R% treatment can be attributed to several
morphological and physiological factors. Plants under the 100B:0R%
treatment did not have a decreased in leaf area compared to the
10B:90R% treatment. Therefore, the ability to intercept light was not
reduced compared to other R:B treatments (20B:28G:52R%, 30B:70R%,
50B:50R%, 75B:35R%). In addition, cucumber seedlings grown under
the 100B:0R% treatment had high LMA, Pn and gs. We postulate that
greater leaf area, LMA, leaf Pn and leaf gs increased whole plant
photosynthetic rate and consequently growth rate in the 100B:0R%
treatment. Few research reports on the growth rate of plants under
100% B light are available (Gu et al., 2012; Hogewoning et al., 2010b;
Lian et al., 2002; Liu et al., 2011; Wollaeger and Runkle, 2014). For
example, Wollaeger and Runkle (2014) found no differences in
shoot fresh mass and shoot dry mass in impatiens, tomato, salvia

and petunia under 100B:0R% and under 50B:50R%. Liu et al. (2011)
found that the dry mass of tomato seedlings was higher for plants
grown under B light than those grown under R light and R:B light.
Hogewoning et al. (2010b) found that cucumber plants had lower
photosynthetic capacity, and chlorophyll content under the
100B:0R% treatment compared to other R:B treatments; however,
results on plant growth rate and morphology were not presented.
Based on aforementioned research reports and the present study we
conclude that plant responses to 100% B light are species speciﬁc.
3.4. Cucumber seedlings responses to the addition of green light to red
and blue light
Green light was part of the light spectrum in the 20B:28G:52R%
treatment. This treatment was composed by 20, 28, and 52 mmol
m 2 s 1 of B, G and R PF, respectively. The addition of 28% green
light to the R and B spectrum did not have any effects on the growth
(shoot dry mass, shoot fresh mass, number of leaves, LMA, and
chlorophyll concentration) and morphology (plant height, hypocotyl length, epicotyl length, stem diameter, and leaf area) of
cucumber seedlings since plant responses to the 20B:28G:52R%
treatment can be explained by the percent blue PF (20B).
Earlier research concluded that G light (510–585 nm) repressed
the growth of algae, fungus, some higher plants, and plant cell
cultures (Klein, 1964; Klein et al., 1965; Wang and Folta, 2013).
More recently, Kim et al. (2004) grew lettuce (Lactuca sativa
‘Waldmann’s Green’) under B:R and B:G:R (PPF: 150 mmol m 2 s 1,
photoperiod: 18 h) and found that plants grown under 24% G had
greater fresh mass, dry mass and leaf area than plants grown under
B:R. Kim et al. (2006) summarized the lettuce work done at the
NASA Kennedy Space Center and concluded that G light up to 24%
increased lettuce growth, and more than 50% G caused a reduction
in plant growth. Wollaeger and Runkle (2013) found that tomato,
impatiens, and salvia transplants had the same shoot dry weight
when grown under light environments composed of G:R, B:G:R,
and B:R. However, petunia shoot dry weight was greater under the
G:R treatment than that in the B:R treatment. In the present study
addition of G light (20B:28G:52R) did not seem to have an effect in
the growth rate of cucumber seedlings as all growth parameters
followed the trend of other R:B treatments. From the results of
previous research and the present study it is evident that the effect
of G light on plant growth rate is species speciﬁc.
The addition of green light to a blue and red spectrum is known
to increase hypocotyl length at low photon ﬂuxes (Bouly et al.,
2007; Wang and Folta, 2013; Wang et al., 2013). For example, Wang
et al. (2013) found that Arabidopsis hypocotyl length was increased
with the addition of green light to a low B and R PF background
(1–10 mmol m 2 s 1). However, when the B and R background was
increased (10 mmol m 2 s 1), green light did not have any effect
on hypocotyl length. In the present experiment, cucumber plants
were grown under higher than 10 mmol m 2 s 1 of B and R PF
(combined R and B: 72 mmol m 2 s 1) and this may have prevented
the increase of hypocotyl length by the addition of G PF.
In the present study, Pn and gs showed no signiﬁcant differences
between the plants in the treatments containing B and R and the
plants in the treatment containing B, G, and R. Research has shown
that green light can reduce gs by reducing stomatal opening in
several plant species (Frechilla et al., 2000; Kim et al., 2004; Talbott
et al., 2002; Wang and Folta, 2013). More speciﬁcally, green light
can reverse blue light stomatal opening when G PF is double the PF
of B (Frechilla et al., 2000).
4. Conclusion
Cucumber physiological responses such as Pn, gs and chlorophyll
concentration increased with the increase of B PF. However, the
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growth rate of cucumber seedlings decreased with the increase of B
PF when both red and blue were present in the light environment.
Growth rate was the poorest when monochromatic R PF was used as
the only light source and, contrary to our expectations, growth rate
was enhanced when monochromatic B PF was used as the only light
source. For cucumber seedlings, morphological responses such as
stem extension, leaf area and LMA had an observable inﬂuence in
the growth rate since growth rate parameters (i.e., dry mass) closely
matched morphological parameter (i.e., leaf area). Plant growth
responses of both physiological and morphological nature to
different kinds of light qualities are species speciﬁc. In order to
elucidate the optimal spectrum for cucumber growth under solesource lighting, it is necessary to conduct future research at higher
PPF and analyzed the plant responses when transfer to commercial
greenhouse growing conditions. Additional research on plant
responses to sole-source light spectrums has to be conducted in
other important horticultural crops before standard optimal light
recipes can be established.
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